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ABSTRACT

This thesis discusses the numerical simulation of extreme fluctuations
of the drag force acting on an object immersed in a turbulent medium.
Because such fluctuations are rare events, they are particularly difficult
to investigate by means of direct sampling. Indeed, such approach
requires to simulate the dynamics over extremely long durations. In
this work an alternative route is introduced, based on rare events
algorithms. The underlying idea of such algorithms is to modify the
sampling statistics so as to favour rare trajectories of the dynamical
system of interest. These techniques recently led to impressive results
for relatively simple dynamics. However, it is not clear yet if such
algorithms are useful for complex deterministic dynamics, such as
turbulent flows. This thesis focuses on the study of both the dynamics
and statistics of extreme fluctuations of the drag experienced by a
square cylinder mounted in a two-dimensional channel flow. This
simple framework allows for very long simulations of the dynam-
ics, thus leading to the sampling of a large number of events with
an amplitude large enough so as they can be considered extreme.
Subsequently, the application of two different rare events algorithms
is presented and discussed. In the first case, a drastic reduction of
the computational cost required to sample configurations resulting
in extreme fluctuations is achieved. Furthermore, several difficulties
related to the flow dynamics are highlighted, paving the way to novel
approaches specifically designed to turbulent flows.



RESUME

Cette these porte sur I’étude numérique des fluctuations extrémes de
la force de trainée exercée par un écoulement turbulent sur un corps
immergé. Ce type d’événement, tres rare, est difficile a caractériser
par le biais d’un échantillonage direct, puisqu’il est alors nécessaire
de simuler 1’écoulement sur des durées extrémement longues.

Cette these propose une approche différente, basée sur 1’application
d’algorithmes d’échantillonnage d’événements rares. L'objectif de ces
algorithmes, issus de la physique statistique, est de modifier la statis-
tique d’échantillonnage des trajectoires d’un systéme dynamique, de
maniere a favoriser 'occurrence d’événements rares. Si ces techniques
ont été appliquées avec succes dans le cas de dynamiques relativement
simples, I'intérét de ces algorithmes n’est a ce jour pas clair pour des
dynamiques déterministes extrémement complexes, comme c’est le
cas pour les écoulement turbulents.

Cette these présente tout d’abord une étude de la dynamique et de la
statistique associée aux fluctuations extrémes de la force de trainée sur
un obstacle carré fixe immergé dans un écoulement turbulent a deux
dimensions. Ce cadre simplifié permet de simuler la dynamique sur
des durées tres longues, permettant d’échantillonner un grand nombre
de fluctuations dont 'amplitude est assez élevée pour étre qualifiée
d’extréme. Dans un second temps, I'application de deux algorithmes
d’échantillonage est présentée et discutée. Dans un premier cas, il est
illustré qu’une réduction significative du temps de calcul d’extrémes
peut étre obtenue. En outre, des difficultés liées a la dynamique de
I’écoulement sont mises en lumiere, ouvrant la voie au développement
de nouveaux algorithmes spécifiques aux écoulements turbulents.
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Feelings don't dictate outcomes.

— Gwen Jorgensen [72]
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INTRODUCTION

A striking property of turbulent flows is the random occurrence of
strong coherent structures, emerging from the apparent disorder of
the flow. Such structures, for instance vortices, are linked to intense
fluctuations of the velocity gradients and pressure fields. Considering
extreme fluctuations, the typical return period of these events is very
long compared with the typical timescale of the turbulent fluctuations.
In this sense, such extreme fluctuations are rare events.

In spite of their scarcity, extreme fluctuations in turbulent flows
can have dramatic consequences on the structure of the flow itself,
as well as on immersed objects. Examples include the fluctuations
of turbulence intensity in wall-bounded flows near the transition
to turbulence [63, 119, 138] or rare transitions between attractors in
turbulent flows, for instance in zonal jet dynamics [12].

In addition, the formation of strong dynamical structures in the
vicinity of an immersed object can have an important mechanical
impact, such as extreme fluctuations of the drag and lift forces. An
example is the impact of extreme wind loads on tall structures, such
as buildings [91] or wind turbines [74, 87, 88]. In addition to the po-
tential wreckage of the system—as illustrated in figure 0.1—extreme
wind gusts can be held responsible for premature fatigue of the struc-
ture [87]. Other examples include vehicle aerodynamics [23, 67] or
marine biology [36].

Since the drawings of Da Vinci in the early 1500s, the physics of
turbulent flows remains poorly understood. Although the governing
equation, the Navier-Stokes equations, can be derived from elementary
conservation laws, they encode complex dynamics characterised by

Figure o.1: Collapsed wind turbine in Bouin, France. It is attributed to ex-
treme winds that occurred during the Carmen storm that hit
western France in early January 2018. The turbine had been in
place for 15 years. It is worth noting that it resisted several similar
and even stronger storms, such as Xynthia in February 2010.
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interactions across all scales. To this date, there exist no definitive
universal theory capable of predicting the statistics of fluctuations in
turbulent flows. The characterisation of the dynamics related to rare
events is therefore a step towards a more complete understanding of
the physics of turbulent flows.

NUMERICAL SIMULATIONS OF TURBULENT FLOWS
Numerical experiments

Because of the extreme mathematical complexity of the equations de-
scribing fluid flows, analytical investigation of turbulence with pencil
and paper is out of the question. On the basis of a suitable mathe-
matical model, an alternative approach to experiments is numerical
simulation. With the advent of modern computers and High Perfor-
mance Computing, Computational Fluid Dynamics (CFD) has become
a major tool in the study of turbulent flows, for both fundamental
research and engineering problems, in both academic and industrial
contexts [46].

The large computational cost of simulating turbulence

However, the computational approach in hindered by the tremen-
dous computational cost associated with the numerical integration
of the Navier-Stokes equations. As a matter of fact, a dimensional
analysis shows that the amount of grid points N> required to resolve
the small scales in three dimensional turbulent flows grows as a power
aw of the Reynolds number: N®> ~ Re/4. Numerical integration of
the Navier-Stokes equations, without any additional approximations,
is referred to as Direct Numerical Simulation (DNS). To fix ideas, the
largest DNS to date has been published in 2015 [178]. It solves the three
dimensional, incompressible Navier-Stokes equations in a periodic
box with a resolution of 8.1923 spatial mesh points.

When it comes to industrial or geological flows, DNS are out of
the question. Indeed, for the Reynolds numbers encountered in such
applications, the computing resources required by a DNS exceed the
capacity of the most powerful computers available. As a consequence,
practical applications must rely on computational approaches based
on approximations, such as Large Eddy Simulation (LES) [146] or
Reynolds Averaged Navier-Stokes (RANS) methods.

The need for rare event methods

In this context, the numerical simulation of rare events in turbulent
flows appears like a daunting task. Indeed, the common approach
relies on the simulation of the flow over very long durations, in
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order to obtain a representative sample of extreme events [104, 147,
150]. In view of the previous discussion, this direct method involves
tremendous computational burden. Moreover, it is limited to simple
flows which numerical simulation require low computational effort.
In most cases however, rare events simply cannot be accessed.

There is thus a need for computational techniques decicated to the
simulation of extreme events in turbulence, in order to bypass the
requirement for long integration times. In this thesis we address the
numerical sampling of extremes in turbulent flows, based on computa-
tional methods originating from statistical physics. Such methods are
applied on top of the numerical simulation of the flow and alter the
statistics of extremes, so that they are sampled with a higher probabil-
ity;as opposed to a direct simulation of the flow over long durations.

RARE EVENT SAMPLING

Systems at equilibrium

In computational statistical mechanics, equilibrium systems are
commonly simulated by means of Monte Carlo methods [10]. For
systems in static equilibrium, the fluctuating behaviour is simulated
by sampling states according to the stationary distribution. This distri-
bution has a Boltzmann-like form and can be sampled using classical
Markov Chain Monte Carlo strategies such as the Metropolis-Hastings
algorithm [34]. For systems in dynamic equilibrium, rare events sam-
pling is commonly achieved by means of Path Sampling. In this ap-
proach, rare transitions between different regions of phase space are
sampled using equilibrium Monte Carlo methods in trajectory space.
Path Sampling techniques emerged with the development of Transition
Path Sampling in 2001 [11]. Subsequently, a large body of methods
has been developed, such as Transition Interface Sampling [44] or
Milestoning[77]. Path Sampling methods are primarily applied to the
simulation of rare events in biomolecular systems [45]. Importantly,
this approach requires that the dynamics are reversible in time, with a
Boltzmann phase space stationary distribution [2, 45].

Rare event sampling in turbulent flows

By contrast, the dynamics of non-equilibrium systems is not re-
versible, and the stationary distribution is not known. It is for instance
the case for turbulent flows. Consequently, the sampling must be per-
formed at the level of the trajectories. To this date, the computational
investigation of rare events in turbulence have been primarily based
on simplified hydrodynamical models with stochastic forcing [64, 65,
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69, 71]. An example is the random-forced Burgers equation [8]. In
this framework, it is possible to derive an action for trajectories, see
chapter 1, section 1.2.1. It plays a role analogous to the energy for
trajectories in phase space. As a result, it allows for a Monte Carlo
sampling of the path measure [111, 112]. A second approach is based
on the instanton method [65]. It also relies on the knowledge of an ac-
tion describing the landscape of the path measure. In the limit of weak
stochastic forcing, trajectories connecting two states in phase space
are expected to concentrate on the most probable path, referred to as
the minimum action path. This path can be computed by numerically
minimising the action [13, 32, 69, 101].

Methods based on the knowledge of the action, whether they per-
form Monte Carlo sampling or minimisation of the action, are limited
to stochastic dynamics. However, most turbulence problems are fully
deterministic. In addition, even in situations where a small noise is
present, it is expected to play little role in the physical mechanisms
responsible for extreme events.

As a consequence, more general methods are required in order
perform computational studies of extremes in turbulent flows, and
especially flows that are of interest for the engineer.

Rare event algorithms that work for non-equilibrium dynamics

In this thesis we address a different route to rare event sampling in
turbulent flows. We consider the application of rare event algorithms
that are not limited to stochastic dynamics and that have been proven
relevant in chaotic deterministic systems [177]. More importantly,
there are applicable to non-equilibrium, irreversible dynamics. Most
of these algorithms rely on the simulation of a population of copies
of the system. Along the simulation, copies are replicated according
to how well they perform with respect to the realisation of a rare
event. In this way, the ensemble of trajectories is enriched in trajecto-
ries corresponding to extreme events. In this thesis we focus on two
specific algorithms: the Adaptive Multilevel Splitting [27, 141] and the
Giardina-Kurchan-Tailleur-Lecomte algorithm [57, 120]. Although
both methods are relatively recent, the corresponding algorithms are
rooted in older ideas such as Diffusion Monte Carlo methods [89],
go-with-the-winners algorithms [68, 167] or splitting algorithms [61].
As an illustration, figure 0.2 depicts the procedure corresponding to
one iteration of the Adaptive Multilevel Splitting algorithm.

In this work we address the applicability of both the GKTL and AMS
algorithms to the numerical simulation of rare events in turbulent
flows. Although both algorithms are very general, to this date they
have never been applied to the numerical simulation of the Navier-
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1 branched on 2
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Q1< Qy< Qs

Figure o.2: Illustration of an iteration of the AMS algorithm. In this example
we consider two regions of phase space A and B for which
transitions to one another are very rare. In this sketch, three
trajectories are computed from the initial condition x located
within the basin of attraction of A. They are computed until they
either reach B or fall to A. The levels {Q};<;<3 correspond to
the maximum value of a score function over the corresponding
trajectory, that quantifies how close each trajectory got from B.
Having the lowest level among the ensemble, trajectory 1 (dashed)
is discarded from the ensemble of trajectories. Trajectory 2 is then
randomly selected and copied until it reaches the maximum of 1,
identified by a red dot. From there, dynamics are integrated until
it either reach A or B. In typical applications this procedure is
iterated many times until all trajectories reach B.

Stokes equations. Their relevance and practicality for very complex
dynamics such as turbulent flows is an open question.

A SIMPLE FRAMEWORK FOR A FIRST STUDY

Together with [12], the work described in this thesis is the first
attempt at sampling rare events in turbulent flows without relying
on the definition and minimisation of an action in trajectory space.
In addition, the flows considered in this work are fully deterministic.
The objective of the present work is to assess the relevance of rare
event algorithms to mitigate the computational cost associated with
the numerical simulation of extreme events in turbulence.

Two-dimensional turbulent flow past a square cylinder

As a first application of the AMS and GKTL algorithms, we consider
a simple geometry in which a square obstacle is embedded into a two-
dimensional channel flow. An example is given in figure 0.3. While the
relevance of two-dimensional turbulence is questionable for practical
applications, it provides a convenient framework for the study of
extremes, as well as first tests with rare events algorithms. Indeed, the
simulation of two-dimensional flows is much less demanding than
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Figure 0.3: Snapshot of the velocity field surrounding a square obstacle. The
flow goes from left to right and upstream turbulence is generated
by means of a grid.

their three-dimensional counterparts. In this simplified framework,
extremes can be investigated on the basis of a very long simulation of
the flow.

Extreme fluctuations of the drag force

More precisely, we focus on extreme fluctuations of the longitudinal
force acting on the obstacle, referred to as the drag force. The study of
drag fluctuations on immersed obstacles is relevant to numerous con-
texts, such as ground vehicle aerodynamics [23, 67], astrophysics [82]
or civil engineering [91]. While the characterisation of the statistics
and dynamics of fluctuating drags have been addressed in previous
studies [7, 82, 162], the study of extreme events have been left aside.
Consequently, in the first part of this thesis we present a study of the
extreme drag fluctuations acting on a square cylinder, based on a very
long simulation of the flow. Extreme drag fluctuations are identified
and locally re-simulated in order to compute the physical quantities,
as well as visualise the corresponding flow fields. From the sampling
of roughly one hundred events, we are able to distinguish the common
properties of rare events of similar extreme amplitudes. Furthermore,
we propose a classification of extremes according to two dynamical
scenarios.

In a second part of the thesis the GKTL and AMS are applied to the
sampling of extreme drag fluctuations on a square cylinder. Thanks
to the relative simplicity of the flow, the results obtained from the
algorithms can be compared to the direct sampling based on a very
long simulation. Using the GKTL algorithm we compute the large
deviation rate function describing the tail statistics of the time-averaged
drag. We show that the GKTL algorithm yields an accurate estimate for
a much lower computational cost than direct sampling.

By contrast, we find that the AMS algorithm does not lead to a
significant computational gain. This result highlights the fact that
the application of the AMS to chaotic deterministic dynamics, such as
turbulent flows, is not straightforward. The reasons for this difficulties
are illustrated and perspectives of adaptation of the algorithm are
discussed.
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The Lattice Boltzmann Method

Throughout this work, numerical simulations of turbulent flows
are based on the Lattice Boltzmann Method (1.BM) [92, 155]. Since its
first appearance in the late 1990s, the LBM is attracting ever-growing in-
terest in numerous communities, as it offers a very simple algorithmic
procedure applicable to a wide variety of problems in fluid mechanics,
including turbulence. In this thesis we make use of a novel formu-
lation of the LBM, called the central-moments based lattice Boltzmann
scheme [144]. It is very well suited for the simulation of turbulent
flows.

Plan of the thesis

In chapter 1, general aspects of the statistics of rare events are pre-

sented. Basic results from large deviation theory are also introduced.

In chapter 2 we discuss two two-dimensional geometries in which a
square obstacle is immersed in a turbulent flow.

On the basis of these flows, extreme drag fluctuations are sampled
from the integration of the dynamics over very long durations. Chap-
ter 3 presents the characterisation of both the dynamics and statistics
corresponding to these extreme events.

In chapter 4 the GKTL algorithm is introduced. Its connection with
large deviation theory is highlighted. Moreover, its practical implemen-
tation for complex, chaotic deterministic dynamics is discussed.

The application of the GKTL algorithm to the sampling of extreme
drag fluctuations is presented in chapter 5

Finally, in chapter 7 we address the numerical computation of return
times for rare events, i.e the typical timescale of occurence of the
fluctuations. The estimation of return times—or return periods—is
discussed based on either long timeseries of the observable of interest,
or rare events algorithms such as the AMS or GKTL algorithms.






RARE EVENTS, THE POISSON PROCESS AND
THEORETICAL APPROACHES

In many physical systems, the mean state and the typical fluctua-
tions about this state, usually studied in statistical physics, are not the
only quantities of interest. Indeed, fluctuations far away from the mean
state, although they are usually very rare, can play a crucial part in
the macroscopic behaviour of the system. For instance, they can drive
the system to a new metastable state, possibly with radically different
properties [9o]. Such transitions arise in a wide variety of situations,
such as Josephson junctions [93], quantum oscillators [38], turbulent
flows [15], magneto-hydrodynamics dynamos [9], diffusion-controlled
chemical reactions [25], protein folding [124], climate dynamics [126].
Even if the system returns to its original state after undergoing the
large fluctuation, the impact of this event may be so large that it is
worth being studied on its own. One may think for instance about
heat waves [136] and tropical cyclones, rogue waves in the ocean [39],
strong dissipative events in turbulent flows [179], shocks in financial
markets [43]. Here, we are concerned with the study of such atypical
fluctuations starting from the equations (deterministic or stochastic)
that govern the system’s dynamics. This approach is different from
and complementary to the purely statistical methods which try to
extract the best possible information about the distribution of rare
events from an existing timeseries, such as, for instance, extreme value
statistics [48, 55, 107].

1.1 THE PHENOMENOLOGY OF RARE EVENTS

In this thesis we discuss rare events in dynamical systems. Typi-
cally, we consider extreme fluctuations of a given observable A of the
dynamics beyond a threshold a. This situation is depicted in figure 1.1
for the example of an Ornstein—Ulhenbeck (OU) process. In this par-
ticular example, the dynamics is stochastic and one-dimensional. The
observable A is chosen as the state variable itself A(x) = x. The values
of A appear to randomly fluctuate around an average value, (A) = 0.
The typical timescale of these fluctuations is the correlation time of the
process, wich is denoted by 7. in the following. It can be thought of
as the time it takes for the evolution of the process to become statisti-
cally independent of its previous values at earlier times. Furthermore,
the evolution of A displays typical fluctuations around the average,
having a typical timescale of occurrence close to the correlation time.
By contrast, the process also displays fluctuations to values far away
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0 2 x 102 4 x 102 6 x 102 8 x 102 103
t

Figure 1.1: An example of a random process associated to events reaching
a given threshold. (a): Sample timeseries (black line), generated
from an Ornstein-Uhlenbeck process (1.4); o =1/ V/2 is the stan-
dard deviation. We are interested in fluctuations which reach a
prescribed threshold a = 3.60 (dashed red line). These events are
identified by the red dots.

from the average, identified by the red dots in figure 1.1. The typical
timescale of occurrence of these fluctuations is much larger than the
correlation time. In the example of figure 1.1 only 6 events above
the level denoted by the dashed red line are sampled in a timeseries
spanning 103 correlation times. These rare fluctuations are located
in the tails of the Probability Density Function (PDF) describing the
statistics of the values of A.

In the following we refer to the typical timescale of occurrence of a
fluctuation A > a as its return time, denoted by r(a). More precisely,
we define the waiting time

T(a,t) =min{t > t|A(T) >a} —t (1.1)
Then the return time r(a) for the threshold a is defined as
r(a) =E[t(a,t)]. (1.2)

The return time therefore corresponds to the average duration one has
to wait in order to observe a given fluctuation A > a.

1.1.1  The Poisson approximation for rare events

In practice, we must distinguish two kinds of events A(t) > 4. On
the one hand, there are correlated events corresponding to fluctuations
around the threshold a, on a timescale of the order of the correlation
time. On the other hand, there are successive events such as those
depicted in figure 1.1, which can be considered as statistically inde-
pendent events. Because the return time of rare events is much larger
than the correlation time of the process, we therefore consider the
fluctuations around the threshold a as the same event. In other words,
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we neglect the temporal strucutre of rare fluctuations A(t) > a and
consider them as one-time events.

The random occurrence of statistically independent one-time rare
events can be modelled by a Poisson process [37, 43, 102]. A Poisson
process is described by a single parameter A(a) which quantifies the
typical rate at which events A(t) > a occur. Let T be the intermediate
time interval between two consecutive events. For a Poisson process,
the distribution of intermediate times is:

0 300 600 900 1200 0 300 600 900 1200

T T

(@) (b)

Figure 1.2: PDF of waiting times between two consecutive fluctuations of am-
plitude a = 2.5, estimated from a timeseries of length T; = 10°
of the Ornstein—Uhlenbeck process (1.4) (blue triangles), and
assuming that the events follow a Poisson process with rate
Ma) = 1/r(a), P(1) = A(a)e M7 (black solid line), where r(a)
is computed from the timeseries. The correlation time of the
Ornstein-Uhlenbeck process is 7. = 1. (a) Taking all intervals into
account, including those corresponding to oscillations around
the threshold. (b) Discarding small intervals (T < 1) linked to
oscillations around the threshold.

Figure 1.2a shows the Probability Density Function (PDF) of the time
interval between two occurrences of an event x(t) > a, drawn from a
sample timeseries {x(t) }o<:i<T generated with an Ornstein—-Uhlenbeck
process defined as

£(t) = —x(t) + V2(t), (1.4

where 77 is a Gaussian white noise. One can see that most of the
contributions are indeed small intervals of the order of the correlation
time. Discarding all the time intervals below the correlation time,
one obtains the PDF displayed in Fig. 1.2b, which coincides with the
exponential distribution corresponding to a Poisson point process. The
rate of the process corresponds to the return time of the fluctuation:

r(a) =1/A(a).

11
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1.1.2  How to access the return time numerically ?

Although the statistics of rare events can be described by a simple
Poisson process with a simgle parameter A(a), the numerical estima-
tion of this parameter is a difficult task. Because rare events occur over
times much larger than the correlation time, the dynamical equations
describing the evolution of the system must be integrated over a very
large number of correlation times in order to sample a statistically
significant number of events. In many applications, the numerical
simulation of a few correlation times is a scientific and technological
challenge in itself. An example is the simulation of turbulent flows.
Therefore, there is a need for computational methods improving the
sampling of rare events. More precisely, statistical algorithms which,
coupled with the simulation of the dynamics, sample extreme fluctu-
ations with integration times accessible to state-of-the-art numerical
simulations.

1.2 LARGE DEVIATION THEORY

The theoretical framework which has been developed over the last
decades in statistical physics to tackle the investigation of rare events
is that of large deviation theory [35, 42, 49, 164, 174]. Large deviation
theory is concerned with the asymptotic decay of the probability of
rare events as a function of a small parameter €. Let us consider a
PDF Pe. For instance it could be the PDF of the sample mean Sy over
N Independent Identically Distributed (i.i.d.) variables {X,}1<n<n:
Sy = % ZnNzl X;,. In this case € = 1/N. A PDF P is said to verify a
large deviation principle if there exist a so-called rate function I so that

limelnPe(a) = I(a). (1.5)

e—0

The large deviation principle is commonly written as
Pe(a) < e, (1.6)

where the symbol f, =, 8¢ denotes logarithmic equivalence as € goes
€E—
to 0: In(fe) ~ In(ge). As I(a) can be shown to be convex, the large
e—

deviation principle states that the probability of observing a fluctuation
a away from the typical value a*, for which I(a*) = min I(a), decays
a

exponentially with €. The rate of the decay is I(a).

The term large deviation theory can actually refer to different theo-
ries, depending on the nature of the parameter €. For instance, the
Donsker-Varadhan theory of large deviations describes the decay of
the probabilities of the fluctuation of the integral of a process x(t), in
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the limit of large integration times. The corresponding large-deviation
principle reads:

p <; /OTf(t)dt = a> = e~ T, (1.7)

—00

Another example is Freidlin-Wentzell theory of large deviations. It
deals with the probabilities of trajectories in stochastic dynamical
systems in the limit of weak noise. It leads to large deviation results
that describe the exponential decay of the probability of trajectories
away from the most probable one.

In the following we briefly discuss Freidlin-Wentzell theory. We
illustrate that in stochastic systems with weak noise, the dynamics of
rare events can often be predicted. Then, we present the main ideas of
the Donsker-Varadhan theory of large deviations. We explain that it
can be understood as a generalisation of the central limit theorem that
goes beyond typical fluctuations.

1.2.1 Large deviations for trajectories in stochastic dynamics

Freidlin-Wentzell theory deals with dynamical systems perturbed
by a stochastic term of weak amplitude. The stochastic differential
equation that describes such a system writes

x=b(x) +V2er(x)n(t), (1.8)

where the system x(t) has dimension N, b(x) is a M-dimensional
vector field, o(x) isa N x M matrix and 7(t) = (1" (t));< < isa M
dimensional white noise term

!

" (O™ (t) = Spmed(t —t).

We denote by Pe(x, T|xo,0) the probability to find the system in
state x at time t = T given the initial condition x( at time ¢ = 0. At the
core of Freidlin-Wentzell theory is the derivation of a large deviation
principle, not only for the transition probability Pe(x, T|xo,0) but
also for the probability Pe [x()] to observe any trajectory x(t) for the
system in the interval [0, T]. The probability density P. [x(t)] is thus
a functional: it depends on the whole trajectory x(t) which is itself a
function of time.

For the sake of simplicity, we consider the case where x is a scalar
and o(x) = 1. In this case the probability P, [x(t)] verifies a large
deviation principle as follows:

Pe [x] < e~ Al (1.9)

13
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The functional A[x] is called the path action and writes

Alx] = i/OT(x — b(x))?dt (1.10)

One can see that the action is always positive. It is consistent with
the fact that it is a large deviation functional, analogous to the large
deviation rate function I(a) in (1.5). More importantly, the minimum
of the action is zero and is always reached for the deterministic path
of equation x = b(x).

So far, we did not specify the initial conditions for the path x(f).
The large deviation result (1.9) is valid for any path in the interval
[0, T]. In this section, we are concerned with the transition probability
Pe (x7,T|x0,0) to reach a final state xt starting from xp. We thus
have to restrict ourselves to the paths that satisfy the two constraints
{x(T) = x7,x(0) = x0}. The large deviation result (1.9) is still valid
for this particular class of paths.

The probability Pe (x7, T|xo,0) can actually be written as a path
integral

P(xT,T!xo,m:/ Dlx] e delo dGWOPO) (g 1)
{x(T)

:xT/x(O):x()}

where the integral runs over all trajectories starting from the initial
condition xp at t = 0 and reaching xr at t = T. Equation (1.11)
indicates that the most probable trajectories with prescribed initial
and final states are minimizers of the action with prescribed initial
and final points. The optimal action is denoted

A(xo,x7, T) = min { A[x]|x(0) = x0,x(T) = x7}. (1.12)

Following the large deviation principle (1.9), the probability of transi-
tion paths from xg to xT concentrates around the action minimizer for
€ — 0. Such a path is called an instanton.

1.2.1.1  Fluctuation paths

When the initial point xo belongs to an attractor of the determin-
istic dynamics, it is expected that the action A(xo, x7, T) decreases
with time. The action minima starting from an attractor and having
an infinite duration will thus play an important role. Those action
minimizers starting from an attractor and with an infinite duration
are called fluctuation paths. They are defined as

A(xp, X) = min {A[x] lim x(—T) = x9,x(0) = X} (1.13)

T—o00
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Freidlin-Wentzell theory therefore suggests that, in the limit of low
noise, the probability of trajectories of such fluctuations concentrate
on the fluctuation paths. As a consequence, in the limit of low noise,
the dynamics leading to extreme fluctuations is predictable, as it corre-
sponds to the minimisation of (1.13). One of the original motivations
of this work is to assess the validity of this result result for complex
chaotic dynamics such as turbulent flows. Indeed, from a modelling
perspective, turbulent flows can be viewed as a stochastic dynamics
with a weak noise, i.e. small scale turbulent fluctuations. Indeed, it
is not clear if the behaviour of the large scale motions can be well
described by a determinisic dynamics perturbed by a stochastic noise,
resulting from small scale turbulent fluctuations.

1.2.2  Independent Identically Distributed variables and the Donsker-Varadhan

theory of large deviations

We now turn to a different kind of large deviation theory which
plays a central role in this thesis. It describes the exponential decay
of the probability of fluctuations away from the average in the limit
where the average is computed over a large number of realisations
for random variables, or over long durations for random processes. In
particular we will illustrate that it generalises the central limit theorem.

1.2.2.1 Large deviation principle for a sum of i.i.d. variables

Let X be a random variable described by a PDF P. Furthermore we
note 4 = [E[X] and ¢? = E[X?] — 2. In the following we consider the
sample mean over N realisations of X, defined as

S 1 ix (1.14)
N = — . .
Nn:l !

We know from the law of large numbers that Sy o e Furthermore,
—00

the central limit theorem states that the PDF of Sy converges in law
towards a Gaussian PDF with mean y and standard deviation ¢/ V/N.
Actually, it can be proved that the sample mean Sy verifies a large
deviation principle’:

P(Sy=s) = e N0 (1.15)

This result is actually the first result of large deviation theory. It dates back to the
1930s and is due to the Swedish mathematician Harald Cramer who first applied this
result in actuarial science and insurance mathematics. Accordingly, it is known as
Cramer’s theorem.

15
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Figure 1.3: Illustration of the large deviation principle for the sample mean
over N Bernoulli variables with parameter y. (a) Probability Den-
sity Function P(Sy = s). One can see that the distributions are
more and more concentrated around the mean value y of the
Bernoulli process as N is increased. In addition, the typical width
of the PDF decreases like 1/+/N. (b) Estimates of the rate function
for finite N corresponding to the PDFs displayed in figure 1.3a.
As N is increased, the estimates converge towards the rate func-
tion I(s). In addition, the Gaussian approximation (1.20) is only
accurate over a 1/vN range around the mean value y, i.e. the
minimum of the rate function. I thank Eric Woillez for these
figures.

As a matter of fact, this result contains both the law of large numbers
and the central limit theorem. Following (1.15), the expectation value
u reads:

= /ds sP(s) ~ /dsse_NI(s). (1.16)

As N is increased, a saddle point approximation therefore yields y =
I(s*) with s* the minimizer of I(s) . This is illustrated in figure 1.3b.
As N grows, the distribution of Sy therefore concentrates around the
average value of y. This corresponds to the law of large numbers and
is illustrated in figure 1.3b. Let us now consider the reduced random
variable Zy = (Sy — p)/cv/N. A linear change of variable in the large
deviation principle (1.15) leads to

o
VN
where C is a prefactor. Considering small deviations from y, a series
expansion at second order yields:

@) ~ 1(0) + () + 75 a2 (1.18)

Recalling that I(y) = I'(4) = 0, one gets

P(Zy =2) ~ ;NC (N, p)ye2!"

(4)z%0?

(1.19)



1.2 LARGE DEVIATION THEORY

Because of the normalisation constraint [ P(z)dz = 1, the prefactor
1 . .
nC (N, 1) must converge to the normalisation constant, with I (y) =

1/02%. As a result,

lellglo P(Zy=1z)= Ee_iz (1.20)
which corresponds to the central limit theorem. We stress here that the
large deviation principle (1.15) goes beyond the central limit theorem.
Indeed, it states that, for a fixed s, the probability decays exponentially
as N is increased. In addition, the rate of decay is I(s). Figure 1.3b dis-
plays the quantity Iy = — 3 In(P(s)/P(u)) for the sum of N Bernoulli
variables, for different N. It illustrates that the different curves con-
verge towards the rate function I as N is increased. In addition, the
Gaussian approximation is also displayed, computed using (1.20). It
illustrates that P(s) is not Gaussian. Indeed, the central limit theorem
is only valid for fluctuations amplitude up to 1/v/N. A fluctuation
further away from yu is always possible, but with exponentially small
probability. Such atypical fluctuations are called rare events.

1.2.2.2 Large-time large deviations (Donsker-Varadhan)

In the following we give a heuristic justification that the existence
of a large deviation principle for the sum of iid. random variables
can be extended to the time integral over continuous-time processes.
Consider a random process f(t) with a correlation time 7. In the
following we consider time-integrals such as

T
/0 f(t)dt. (1.21)

In addition, we assume that T is large enough so that the integral can
be split in a sequence of N integrals over a duration AT > T.:

T/AT

T iAT
/Of(t)dt: 1:21 /(i_l)ATf(t)dt' (1.22)

Under the assumption AT > 1., equation (1.22) can be considered as
a sum over iid. variables. As a result, we write the following large
deviation principle, based on the large deviation principle for i.i.d.
variables discussed in the previous section:

1 /T
P| = Hdt=a) = e @, 1.2
This result is often referred to as large-time large deviations, or Donsker-
Varadhan large deviations. It plays in important role in this manuscript
as it is the cornerstone of the GKTL algorithm, that allows to numeri-
cally sample extreme fluctuations of large-time averaged observables.
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Part1

THE PHENOMENOLOGY OF EXTREME DRAG
FLUCTUATIONS

Even though they are very rare, extreme events are worth
being studied on their own. First of all, because they of-
ten have a big impact on the dynamics. Furthermore, ex-
treme events often feature interesting physical mechanisms,
which understanding can provide new insights on the gen-
eral behaviour of the system under study. In the following
two chapters, we describe both the statistics and the dy-
namics of extreme fluctuations of the drag force acting on
a square cylinder mounted in a two-dimensional channel.
In chapter 2 we describe several simple flow configurations
for which the numerical investigation of extreme events
can be achieved by means of very long simulations. In
chapter 3, we investigate the physics of extreme fluctu-
ations of the drag acting on the obstacle, as well as the
time-averaged drag.






TEST FLOWS

In this chapter, we describe the choice and design of flow geometries
that will serve as test cases throughout this thesis. First of all, the
corresponding dynamics will be simulated over very long durations in
order to investigate the statistics and dynamics of extreme fluctuations
of the drag force acting on an obstacle immersed in the flow. Second,
we will apply rare events algorithms on the basis of these test flows,
in order to assess the applicability of such approaches to rare event
sampling in turbulent flows. Rare event algorithms are usually not
very restrictive about the properties of the dynamics on which they
are applied. In addition, as far as most algorithms are concerned,
dynamics is often seen as a black box. As a consequence there are, a
priori, no restrictions over the choice of the flow dynamics.

In practice however, we would like to keep it simple. Clearly, testing
rare event algorithms on complex, three-dimensional turbulent flows
such as the flow past a turbine or a truck appears like an unreasonable
first step. Indeed, the numerical simulation of such flows involves
tremendous computational resources. This is especially true when con-
sidering the simulation of rare events, as we aim at computing the flow
dynamics over long times, in order to sample extreme fluctuations
directly. In addition to the study of extreme events, the integration of
the dynamics over long durations will provide a reference for the re-
sults of the algorithms to compare to. Rare events algorithms involved
in this work rely on the evolution and replication of a population of
clones of the flow. In practice, it requires the storage and manipulation
of information about the state of the clones in memory, for instance
the velocity and pressure fields. Therefore, we would like to work on
a test flow that can be simulated using a rather coarse grid, in order
to limit the volume of data and to be able to use a large number of
copies of the flow.

In summary, a suitable test flow must verify the following require-
ments :

e It must feature fully developed turbulence

e Simulation of long time series, say 1 million of characteristic
times, must be performed in a wallclock time of the order of the
week.

e Required spatial resolution must be low enough to mitigate
memory storage requirement, as well as computing time.

21
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Natural candidates are two-dimensional flows. Nowadays, most
simulations of two-dimensional turbulence can be performed on a
laptop, as they involve much less computations and data storage
than their 3D counterparts. In addition, numerical simulations of
two-dimensional flows are easier to implement, analyse and visualise.
However, the physics of 2D turbulence differs from 3D turbulence. As
a result, two-dimensional flows are often regarded as unrealistic and
irrelevant to industrial purposes. Nonetheless, 2D turbulence embed
the key features that we believe make the application of rare event al-
gorithms to turbulence a challenging and worthy problem: long-range
spatio-temporal correlations that result in the chaotic occurrence of
flow structures, accountable for intense fluctuations of the macroscopic
fields such as the pressure or the velocity. This work is motivated by
the argument that, if it succeeds in establishing a proof-of-principle
for rare event algorithms on the basis of 2D flows, extension to 3D
turbulence should be straightforward, and only hindered by difficul-
ties linked to the numerical simulation of complex three-dimensional
turbulent flows, and not by the rare event algorithms themselves.

If the restriction to two-dimensional flows is a already a big step,
there still remain a great number of possible choices for the test flow
itself. In CFD, two iconic flows are the Lid-Driven Cavity Flow and the
flow in a channel, often referred to as the Hagen-Poiseuille flow in the
laminar regime. These two different geometries are classical bench-
marks on which numerical methods for flow simulation are commonly
tested. As a consequence, extensive literature and corresponding ex-
perimental and numerical results are available. The Lid-Driven Cavity
flow has the advantage of being ruled by the most simple possible
boundary conditions, namely no-slip boundaries on walls aligned
with the grid, except for a constant imposed velocity for the lid. How-
ever, such flow has been found to be exceptionally stable, meaning
that if a turbulent regime is ever to be reached, it is only for very
high Reynolds numbers. By contrast, the flow in a channel, in presence
of an obstacle at its centre, is known to reach turbulence for moderate
Reynolds number, thus involving moderate computational resources
for its numerical simulation.

In the following we discuss two geometries. Both are two-dimensional
channel flows with square cylinders at a fixed position along the axis
of the channel. The first test flow has periodic boundaries at the inlet
and outlet, and is forced through a force density following the channel
axis. The second test flow is imposed a parabolic velocity profile at
the inlet and an open boundary at the outlet. Turbulence is generated
by a grid, that is an array of short walls and holes positioned next to
the inlet. These two flows verify the criteria listed above.



2.1 THE LATTICE BOLTZMANN METHOD

In this chapter we describe the numerical simulation of these two test
cases. The simulation are based on the Lattice Boltzmann Method [92,
155], a numerical method that solves the Navier-Stokes Equations.
Note that this method somewhat differs from conventional Compu-
tational Fluid Dynamics approaches. Indeed, it does not rely on the
discretisation of the Navier-Stokes Equations, but instead on the simu-
lation of the dynamics of an ensemble of fictitious particles evolving
along a discrete lattice according to the Lattice Boltzmann Equation. This
equation originates from the discretisation of the Boltzmann Equation,
that provides a statistical description of the physics of dilute gases.
The Lattice Boltzmann Method is discussed in section 2.1, which fo-
cuses on the practical aspects of the simulation of fluid flows using
the LBM. The discussion of the theoretical foundations and justification
of the method is left aside, and key references are given for interested
readers. Sections 2.2 and 2.3 discuss the numerical simulation as well
as the properties of both test flows, respectively. In each case, the
statistics of the drag acting on the obstacles are described on the basis
of a very long timeseries, resulting from a simulation of the flow over
a long duration.

2.1 THE LATTICE BOLTZMANN METHOD

In this section we give a very brief presentation of the Lattice
Boltzmann Method. The method is further discussed in appendix B.
The Lattice Boltzmann Method (LBM) offers a computationally efficient
particle-based alternative to conventional continuum-based approaches
to simulate fluid dynamics [155]. The fluid is considered at a kinetic
level intermediate between the microscopic and the macroscopic. More
precisely, the fluid is viewed as populations of particles that collide,
redistribute and propagate along the different links of a discrete lattice.
The complexity of the flow emerges from the repeated application
of simple rules of collision and streaming of these populations at
each lattice node. The flow variables such as velocity and pressure
are obtained by averaging locally over the populations of particles
moving in the different directions (Fig. 2.1). This obviously refers to
a kinetic description of fluid dynamics and rigorous connections can
be established with the Boltzmann equation [31], under the so-called
LBGK approximation [129].

Formally, the LBM scheme reads as
fi(x+ ciAt, t + At) = fi(x, t) + Qi(x, t) fori=0, ..8 (2.1)

where f;(x, t) represent the amount of mass (per unit volume) carried
by the particles moving (with speed ¢;) in the i*"-direction at position
x and time t. Additionally, Q;(x,t) is the collision operator, that can
encore many properties of the fluid, such as the viscosity.
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Figure 2.1: [llustration of a particular node of the lattice. The velocity space
describing the motion of particles is descretised according to 9
velocities {¢; }o<i<s. The velocity ¢y correspond to particles at rest.
This particular discretisqtion is referred to as D2Qg: two spatial
dimensions and g velocities.

In its simplest form, the collision operator acts like a relaxation
towards equilibrium with a single timescale 7, referred to as the
Lattice Bhatnagar-Gross—Krook (LBGK) operator [129]:

fi(x, t) — fieq(x, t)

T

Qi(x,t) = — At fori=0, ..8, (2.2)
where the {f;"(x, t) }o<i<s denote the values of the populations corre-
sponding at thermodynamic equilibrium.

The macroscopic quantities are recovered locally by summing the
contributions

p = ) fi (2:3)

pu = Zfici (2.4)
1 e

= —m Zi:CiCi(fi —fiq) (2-5)

(2.6)

Where p, u and S are the density, velocity and strain-rate on the lattice
node, respectively. The pressure is intrinsically given by p = c2p in
a weak-compressibility approximation, where cs may be interpreted
as the speed of sound. The relaxation parameter T is related to the
kinematic viscosity of the fluid: T = At/2 +v/c2.

Since its emergence in the early gos [154, 155], the LBM evolved into
many variants [92], depending on the choice of the collision operator.
In this thesis, we make use of a specific LBM scheme referred to as the
central-moments based LBM [143, 144]. This particular LBM formulation
shows exceptional stability for highly turbulent flows.
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2.2 TEST FLOW (1)1 CHANNEL FLOW WITH PERIODIC BOUNDARY
CONDITIONS

In this section we describe the first of the two test flows on which
this project is based, referred to as test flow (1). Its numerical simu-
lation is carried out with the Lattice Boltzmann Method, introduced
in the previous section. Test flow (1) consists in the flow in a two-
dimensional channel with periodic boundary conditions along the
channel axis. The flow is forced through a constant, homogeneous
force density acting on the whole domain.

In a first version, a single square cylinder is introduced at the
centre of the channel. This first version is referred to as test flow
(0). Due to the periodicity along the flow direction, turbulence is
triggered by the interaction of the obstacle with its own wake. In
section 2.2.1 we describe the flow in more detail and present results
for the computation of the drag acting on the obstacle. On the basis
of a long simulation of the flow, we observe that the autocorrelation
function of the drag has a zero valued integral, indicating that the
corresponding PDF does not verify a large-deviation principle. We
then explain this pathological behaviour through the conservation of
momentum across the computational domain.

In section 2.2.2 we present a modified version of test flow (0), re-
ferred to as test flow (1). In this version, two identical square cylinders
are introduced in the flow, along the channel axis line. In this setup,
the PDF describing the statistics of the drag on a single square does
verify a large-deviation principle. We first characterise the flow by dis-
cussing numerical parameters, as well as the corresponding Reynolds
numbers and average velocity profile along the channel axis. Then,
we illustrate the statistics of the drag acting on the obstacles, on the
basis of a very long simulation of the flow. We show that, for both ob-
stacles, the autocorrelation of the drag displays an exponential decay.
Furthermore, both drag timeseries display similar PDF, for which both
negative an positive tails are well described by an exponential PDF.

2.2.1  Test flow (0): a single obstacle, pathological large deviation behaviour

In this section we discuss a first version of test flow (1), in which
a single obstacle is introduced in the channel. In the following we
refer to this flow as test flow (0). The corresponding geometry is
sketched in figure 2.2. It consists in a two-dimensional channel with
periodic boundaries at the inlet and the outlet. In concrete terms, fluid
particles flowing through the outlet reappear at the inlet, such as the
flow in a torus. The fluid is set in motion by means of a constant
and homogeneous force density acting over the whole domain. The
walls of the channel correspond to no-slip boundaries, at which both
components of the velocity field vanish. Last but not least, a square
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Figure 2.2: Sketch of the computational domain for test flow (o) with a single
obstacle. The computational domain is periodic along the channel
axis and the flow is forced through a constant, homogeneous
force density of amplitude Fy. No-slip boundary conditions are
imposed on both the surface of the obstacle and the top and
bottom walls of the channel.

cylinder with no-splip boundaries is introduced at the centre of the
computational domain.

In the following we discuss the choice of the numerical parame-
ters for the numerical simulation of test flow (o) using the Lattice
Boltzmann Method. Namely, the lattice spacing Jx, the force density
amplitude Fy and the relaxation parameter 7.

2.2.1.1  Choice of numerical parameters

The choice of numerical parameters follows three guidelines:

1. The resulting flow must have a high enough Reynolds number
so that the flow exhibits developed turbulence.

2. Strong stability of the simulation, as it will further be used to
sample extreme events.

3. Small computational burden for the simulation of the dynamics.
Typically, we expect the wallclock time for the simulation of one
characteristic time to be of the order of the second.

To begin with, space is discretised into a regular, isotropic lattice.
Denoting by R the diameter of the square cylinder, the lattice spacing
is set to 6x = R/16. Following dimensions indicated in figure 2.2, the
computational domain therefore consists in a grid of 65 x 193 lattice
nodes.

As mentioned in section 2.1, the LBM solves the incompressible
Navier-Stokes Equations in the weakly compressible limit. As a result,
we choose the intensity of the force density Fy so that the typical
velocity remains small with respect to the speed of sound in the
fluid. More precisely, we denote by Ma(x, t) the local, instantaneous
Mach number Ma, denoting the ratio between the fluid velocity and
the speed of sound. Therefore, we choose Fy so that Ma(x) < 1
everywhere in the computational domain, where Ma(x) denotes the
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time-average of Ma(x). In the absence of obstacle in the flow, the well-
known Hagen-Poiseuille equation [97] connects the pressure gradient
along the channel as a function of the flow velocity along the axis of
the channel. This relation does not hold in the presence of an obstacle,
as its interaction with the flow alters the momentum balance. In this
case, the average flow velocity in the channel can be directly related to
the forcing amplitude by integrating the momentum balance equation
over the whole computational domain, and averaging over time. As a
result, we set Fy = 1.2 x 1079, leading to Ma =~ 4 x 1072 at the inlet, at
the centre of the channel. This value has been estimated by measuring
the longitudinal velocity over a duration 10*T,, where Ty = R/Uy
with R the diameter of the cylinder and U the estimated average
velocity of the upstream flow. We find Uy = 0.02. Furthermore, we
checked that this estimate is representative of the order of magnitude
of the average Mach number across the whole computational domain.

With Fy and Jx fixed, the remaining parameter is the relaxation
parameter 7, determining the Reynolds number of the flow. As men-
tioned in section 2.1, this parameter is linked to the kinematic viscosity
of the fluid. In lattice units, i.e.,, Ax = At =1, v = 1(7 — 1). However,
this parameter is critical with respect to the stability of the simulation.
Indeed, the Lattice Boltzmann Method is known to become highly un-
stable as T — 1/2. In order to set T, we therefore gradually decreased
T from T = 0.51—a value high enough so that stability makes no
doubt— until either the corresponding Reynolds number was consid-
ered high enough, or the stability limit was reached. In the following
we set T = 0.50005, leading to v = 1.67 X 1072 in lattice units. For
this value, the flow features developed turbulence and typical Mach
number fluctuations E[Ma?] ~ 1072 < 1. A simulation of the flow
over a duration 10*Ty showed no sign of instability.

On the basis of the present geometry, illustrated in figure 2.2, we
define a Reynolds number based on the dimension of the obstacle:

R
ReR:u%zleo‘l.

By construction, the Reynolds number based on the cross section of
the channel is Reyy =~ 4Reg = 8 x 10%.

We define the turnover time 1 as the typical timescale of advection
by the flow. It is defined based on the diameter of the obstacle and the
mean flow velocity as follows:

R

= Uy (2.7)

T
In addition, the simulation timestep At is

R
At=14x10"3—.
X U()
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Figure 2.3: Velocity field in the computational domain for test flow (o). Denot-
ing by R the diameter of the square cylinder, the lattice spacing
is 0x = R/16. The forcing amplitude is set to Fy = 1.2 x 10-°,
leading to a mean flow velocity Uy = 0.0017. Finally, the relax-
ation pulsation w is set to w = 1.9998. The Reynolds number
based on the mean flow velocity and the diameter of the square
is Reg = 2500. The zoom on the upper part of the figure displays
the underlying lattice on which space is discretised and meso-
scopic populations are advected following the Lattice Boltzmann
Method, described in section 2.1.

A typical velocity field is illustrated in figure 2.3, along with the
underlying lattice over which space is discretised.

2.2.1.2  The drag autocorrelation has a zero-valued integral

One of the main objective of this thesis is to establish a proof-
of-principle for the application of a large-deviation algorithm to the
computation of the statistics of rare fluctuations of the drag acting on
an obstacle. In this section we make an important observation: the
large-time integral of the autocorrelation function of the drag in test
flow (o) is zero. We then relate this observation to the large-deviation
properties of the large-time averaged drag and explain that the PDF of
the drag does not verify a large deviation principle in this specific case.
Please refer to chapters 1 and 4 for a discussion of the objectives of
this work and large-deviation rate functions, respectively.

In the following we note f;(t) the drag acting on the square cylinder
at a given time t. Let C(7) be the autocorrelation function of the drag
defined as

C(T) _ IE[fd<t)fd(t + T)] — E[fd]zl (2.8)

Crz
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(a) Autocorrelation of the drag force
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(b) Finite time integral of the autocorrelation

Figure 2.4: (@) Autocorrelation function of the drag force f; acting on the
square obstacle immersed in the flow, as pictured in figure 2.3.
The unit of time is the turnover time 1y = R/ Uy. On can see that
the autocorrelation does not decay towards o but instead oscillates
before vanishing at larger times. (b) Finite time-integral #r as a
function of the integration time, as defined in (2.9).

where ¢ is the standard deviation defined as 0% = E[f;(t)?] — E[f4]*.
Furthermore, let us define 17 as the time integral of the autocorrelation
function:

A

1 T
T
0

_0_2

(E[fa(t)fa(t+ 7)) — E[fa]?) dt. (2.9)

This integral is expected to have a finite limit T = lim; . T;. Indeed,
the autocorrelation is expected to decay rapidly towards zero due to
the effect of large-scale turbulent fluctuations. Therefore there exists a

mixing timescale, or correlation time T., from which C(7) =~ 0,V1 > 7.
This properties are discussed further in this section and in chapter 3.

The autocorrelation C(7) is illustrated in figure 2.4a. It has been
estimated from a long simulation of the flow over 10°Ty, resulting
in a timeseries for the drag acting on the obstacle. It shows that

the autocorrelation displays oscillations before actually vanishing.

In addition, figure 2.4b illustrates the convergence of the integral t;
in (2.9) as the integration time increases. Surprisingly, it suggests that
T = limr Tr = 0. In the following we illustrate that his property
leads to a pathological large deviation behaviour.

29
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2.2.1.3 The link with large deviations
The large deviation principle for the time-averaged drag Fr =
fOT fa(t)dt writes:
P(Fr=a) = e Tl (2.10)

where I(a) denotes the rate function. See chapter 1 for a discussion of
Large Deviation Theory. Considering small fluctuations around the
average E[Fr| = p, we expand the rate function as follows:

I//
I(a) ~ gﬂ) (a—p)?, (2.11)
where we used that I(y) = I'(4) = 0. The large deviation princi-
ple (2.10) turns to

_ - (a B V)z "
P(Fr =a) =, exXp T 5 I"(u)|, (2.12)
illustrating the Gaussian behaviour for small fluctuations around the
average. The variance of Fr is therefore linked to the curvature of the
rate function as follows

1
2 S —
T 1S T () (213)
In the following we connect the curvature I’ (y) to the time-integral
of the autocorrelation 7. The variance or can be written as
2 e ?
El(Fr~ B =B | (1 [ () - Gt

= |:’1}2 /OTdtl /()Tdtz(fd(tl) _]E[fd])(fd(tz) —]E[fd]):| (2.14)

With the change of variable (t1,t,) — (f,t + T), (2.14) leads to

Tor =2 [ Elfa(t+ ) fult)] - Elfiar = 17 (215)

Therefore, assuming that limr_, 77 = 0, equation (2.13) leads to
I"(y) = +oo (2.16)

2.2.1.4 Momentum balance in a channel with periodic boundaries

We now explain the observations made in the previous section,
based on the conservation of momentum in the computational domain.
We show that, with periodic boundaries at the inlet/outlet of the
channel, the total drag acting on the obstacle can be written as a linear
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function of the first derivative of the velocity average over the whole
computational domain. We then show that this entails that the integral
of the drag autocorrelation function 7 vanishes at large times.

We start by recalling the Navier-Stokes Equations for an incompress-
ible flow:

%1; + (u-V)u=vAu+ Fe, — VP (2.17a)
V-u=0 (2.17b)
u(x) =0, Vx € 9D (2.170)

where u denotes the velocity field, v the kinematic viscosity and P the
pressure field. The solid boundaries are denoted by 0D and consist of
the top and bottom walls of the channel as well as the surface of the
obstacle. See figure 2.2 for a sketch of the computational domain. Let
U(t) be the velocity integrated over the whole computational domain,
which we denote as Cj; in the following:

U(t) = /Cd U(r, t)dr

We now write an equation for the evolution of U by integrating (2.17a)
over the whole computational domain. To begin with, we write the
integral of the viscous and pressure terms as a surface integral over
the boundaries:

/(vAu—VP)dr:v/ Vu-n—/ P-n
C, aD aD

where n is a unit vector tangential to 0D. This integral represents the
total force applied by the fluid on the boundaries. It can therefore be
split into the contribution of the force applied on the channel walls
and the force applied on the obstacle. We denote by F,;;;s and F
these two contributions, respectively. As a result:

Foairs + Fops = / (vAu — VP)dr =v Vu-n— P-n
e, aD aD
Unless specified otherwise, the force density is constant and homoge-
neous across the whole domain. Its volume integral therefore simply
yields:

/ Foeydr = FV
Je,

where V = H x L denotes the total volume of the computational
domain, see figure 2.2. Eventually, the integration of equation (2.17)
over the computational domain C; leads to

dU

a = _Fwalls - Fobs + FyVey (2'18)
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which projection on the channel axis yields

de o
dt

—Foans - €x — fd + RV (2.19)

The contribution F,;, - ey results from viscous friction at the top
and bottom walls of the channel. In contrast, the drag f; acting on
the square is largely dominated by the pressure difference between
the front and the back of the obstacle. Based on the relatively high
Reynolds number, Reg = 2500, we make the approximation:

Fwalls ey K fd

The relative contribution of pressure effects versus viscous effects to
the overall drag is discussed in chapter 3. Under this approximation,
the drag f; can be written as

duX
fa= = (2.20)

We now show that (2.20) entails that the large-time limit of the
integral of the drag autocorrelation is zero. Note that, through time-
averaging (2.20), one gets

E[f4] —hm / fi(Hdt = RyV.

The integral of the autocorrelation function C(7) therefore reads

tr o= L [ (E[f ht+ﬂ]<%W)d
= —RVE fo Ux )dt — R VE fo U, (0 dt+IEfO U, (t)U,(0)dt
(2.21)

The first two terms are actually zero, invoking statistical stationarity
of the flow:

T
E /O (L (#)dt = E[U(T) — U(0)] = 0
and

T
IE/ (L (0)dt = E[U;(0)] = lim / fdt =0
0 T—oo T

The third term corresponds to the temporal correlation of the longitu-
dinal velocity with its derivative. It reads

B [ 00U 0)dt = BIU(T)U(0)] - BIUO)U 0] 0 (222
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This last limit entails

lim & =0 (2.23)
T—00

2.2.1.5 Conclusion: a pathological case

As far as large-deviation theory is concerned, the drag acting on a
single obstacle immersed in a channel flow with periodic boundaries is
a pathological case. Indeed, we showed in this section that the integral
of the autocorrelation function has a zero value. In section 2.2.1.2
we showed that in this case, the PDF describing the statistics of the
drag acting on the obstacle displays a pathological large deviation
behaviour. We stress that the calculations presented in this section rely
on two ingredients. First, the periodic boundaries at the inlet/outlet
of the channel lead to equation (2.19), which states that the interaction
of the flow with the boundaries is solely balanced by the forcing term.
Second, we neglected the interaction with the top and bottom walls of
the channel compared to the interaction with the obstacle. The reason
for that is twofold. First, the Reynolds number is high, indicating that
pressure effects dominate viscous effects. Second, we assume that the
obstacle is bluff. It means that its drag is dominated by the pressure
difference between its upstream section and its downstream section.
In contrast, this approximation is not justified for streamlined bodies,
for which the pressure difference is very small, even at relatively high
Reynolds numbers, and the drag has an important viscous contribution
with respect to the pressure contribution. See the introduction of
chapter 3 for a discussion of bluff and streamlined bodies.

As a result, the geometry discussed in this section, illustrated in
figure 2.2, is clearly not appropriate for the test of a large-deviation
algorithm. A workaround is to introduce a second obstacle in the
channel. In this case, the reasoning presented in this section holds true
for the system consisting of the fwo obstacle. As a consequence, the PDF
for the drag acting on an individual obstacle will verify a large-deviation
principle. This configuration is presented in the next section.

2.2.2 Test flow (1): flow in a periodic channel past a tandem of square
cylinders

In the previous section we showed that the flow past a single square
cylinder in a periodic channel is a very special case in which the PDF
of the drag acting on the obstacle does not verify a large-deviation
principle. In this section we describe a simple modified version of
the flow presented in the previous section, in which two obstacles
are introduced in the channel. In this way, the PDF of the drag for a
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Figure 2.5: Sketch of the computational domain for test flow (1). The com-
putational domain is periodic along the channel axis and the
flow is forced through a constant, homogeneous force density of
amplitude Fy. No-slip boundary conditions are imposed on both
the surface of the obstacles and the walls of the channel.

single obstacle verifies a large-deviation principle. Throughout this
manuscript, this flow will be referred to as test flow (1).

2.2.2.1 Description of test flow (1)

The corresponding geometry is illustrated in figure 2.5. The com-
putational domain is periodic along the channel axis and the flow
is forced through a constant, homogeneous force density Fye, acting
across the whole domain, where e, is a unit vector which direction is
parallel to the channel axis. Note that the two square cylinders have
the same diameter R.

The numerical parameters for test flow (1) are kept the same as
for the flow presented in the previous section. That is dx = R/16,
Fyp = 1.2 x 107% and T = 0.50005. Following figure 2.5, the computa-
tional domain consists in a grid of 129 x 513 grid points. Figure 2.6a
illustrates the average longitudinal velocity profile along the channel
axis. It results from the time-average over a simulation of the flow
in stationary regime over a duration 5007, in which the longitudinal
velocity was measured along the channel axis.

In addition, figure 2.6b displays the turbulence intensity profile along
the channel axis. The turbulence intensity I is defined as the ratio
between the root mean square fluctuations of the velocity and the
average velocity. That is:

s

U (X) — 1y (x))2 4+ uy(x)2
o) = V) ,,,(i))) +uy(x) oo

Where u;(x) = lim7_ 7 fOT ui(x,t)dt denotes the average veloc-
ity at position x, and u refers to the velocity magnitude u(x) =

u(x) + uj(x). We define the mean flow velocity Uy as the max-
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(b) Average turbulence intensity profile along the channel axis

Figure 2.6: Average longitudinal velocity u, and turbulent intensity I profiles
along the centre of the channel for test flow (1). The velocity was
measured and averaged in stationary regime over 5007). The x
axis is the position along the centre of the channel with respect to
the inlet. The unit of length is the length L of the computational
domain.
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Figure 2.7: Typical velocity and vorticity fields for test flow (1)

imum average velocity along the channel axis. From 2.6a, it reads
Up =~ 1.6 x 1072 in lattice units. The Reynolds number based on the
diameter of the square R is therefore

R
Reg = u% ~ 16000

The corresponding velocity and vorticity fields are illustrated in fig-
ure 2.7.
Finally, the simulation timestep is

At = 103U£0 (2.25)
The numerical simulation is implemented with the help of the pipeLBM
C++ library developed for this thesis project. See appendix A for more
details about the pipeLBM library. Simulation of one eddy turn-over
time 19 is achieved in roughly 1.5 seconds on a single Intel Core
i7-4800MQ CPU processor core with a 2.70 GHz clock rate.

2.2.2.2  Statistics for the drag acting on the square cylinders

We now describe the statistical properties of the drag acting on
both square cylinders embedded in the channel. This description is
based on a very long simulation of the flow over T;,; = 4 X 1007,

that results in a drag timeseries for both obstacles: { f él) Yo<t<T,, and

{f d(Z) Yo<t<T,, where the superscripts (1) and (2) denote the upstream
obstacle and downstream obstacle, respectively.

Figure 2.8 displays the resulting estimate of the PDF for the drag
fluctuations for both the upstream and downstream obstacles. It illus-
trates that both PDF are strongly non-Gaussian. Furthermore, they look
very similar for positive fluctuations. Remarkably, extreme positive
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Figure 2.8: Estimate of the Probability Density Function for the fluctuations
of the drag acting on both upstream and downstream square
cylinders embedded in test flow (1), illustrated in figures 2.5
and 2.7. Both estimates have been computed over a timeseries
spanning Tir = 4 X 10°7. Note that this figure describes the PDF

of the fluctuations f; — f; where f; is the average computed over
the whole timeseries.

fluctuations seem to be well described by an exponential PDF. The mea-
sured variance in both cases lead to very similar values, indicating that
both obstacles feature typical drag fluctuations with similar amplitude.
Extreme negative fluctuations for the downstream square seem to be
described by an exponential PDF as well, although it is less clear for
the upstream obstacle, for which extreme negative fluctuations are less
likely. In addition, both PDF are skewed toward positive fluctuations

with a skewness coefficient 'yil) =0.14 and ’yiz) = 0.035.

Furthermore, we find that the average drag on the upstream square
is greater than on the downstream square. Note that this cannot be
seen on figure 2.8 as it shows the PDF of fluctuations around the
average value. This difference is significant: the average drag acting
the the downstream obstacle is 35% lower than the one acting on the
upstream square. Such a difference is explained by the fact that the
downstream obstacle sits in the wake of the upstream one, which
corresponds to a region of lower pressure.

Figure 2.9 displays the estimate for the correlation function C(71)
based on the timeseries for both obstacles. It shows that in both cases
the drag decorrelates exponentially in time, a property that will be
useful to describe extremes of the averaged drag in chapter 3. Based
on figure 2.9, we define the correlation time T, as the zero crossing time
of the autocorrelation function. We find 7. ~ 41.

37
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Figure 2.9: Estimate of the correlation function C(7) for both drag acting
the squares cylinders embedded in test flow (1), illustrated in
figures 2.5 and 2.7. The autocorrelation is defined as C(1) =

(E[fa(t)fa(t + 7)) — E[fy(t)])/0? where 0 = E[f7] — E[fy]* is
the standard deviation. The correlation time T. is defined as the
zero-crossing time of the autocorrelation. Both autocorrelation

functions have been computed over a timeseries spanning T;,; =
1067,.

2.3 TEST FLOW (2)2 GRID-GENERATED TURBULENCE PAST A SQUARE
CYLINDER IN A CHANNEL

In the previous section, we described test flow (1), designed to serve
as a test case for the investigation of rare drag fluctuations and the
use of rare event algorithms. In test flow (1), turbulence is triggered
through the interaction of the square cylinders with their own wake.
This geometry is very practical with respect to its numerical simulation.
Indeed, it consists in flat walls modelled by no-slip boundaries and
periodic inflow and outflow. However, test flow (1) is far from any
realistic industrial or environmental configurations.

In this section we describe a second test-case for the application of
rare events algorithms to the simulation of extreme drag fluctuations.
Similarly to test flow (1), it consists of the two-dimensional flow past a
square cylinder in a channel. This time however, there is no periodicity
along the channel direction. A steady parabolic velocity profile is
imposed at the inlet, and the channel is open at the outlet. Turbulence
is generated by means of a grid following the inlet of the channel.
Throughout this manuscript, we refer to this flow as test flow (2).

In section 2.3.1 we describe test flow (2) in more details. We first
describe the boundary conditions at the inlet and outlet, as well
as numerical parameters. Then, flow parameters such as Reynolds
numbers, mean flow velocity and turbulence intensity are discussed.
In section 2.3.2, the statistics of the drag acting on the square cylinder
are described by means of a very long simulation of the flow. We
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Figure 2.10: Sketch of the computational domain for test flow (2). A steady,
Poiseuille velocity profile is imposed at the inlet (left-hand side
of the domain). It is followed by a grid consisting of small no-
slip boundaries which longitudinal extent is one grid spacing
dx. The upstream side of the obstacle is positioned at one half
of the channel length. At the outlet (right-hand side of the
domain), an open boundary is implemented, based on a linear
interpolation of the longitudinal velocity along the channel axis.
Additionally, a sponge layer is introduced in the vicinity of the
outlet in order to damp spurious density waves emitted at the
outlet boundary [168]. In this region the viscosity of the fluid is
artificially increased from its original value v to a higher value
 ~ 10%v. It is represented by the red area.

illustrate that the autocorrelation function and PDF have properties
similar to test flow (1). The autocorrelation displays an exponential
decay and both tails of the PDF are well described by an exponential
PDF. In addition, we highlight the asymmetry of the PDF and show
that it is related to the interaction between the flow and the obstacle.
More precisely, we compute the PDF for the drag acting on the surface
of the obstacle, without actually introducing the obstacle. We illustrate
that it results in a symmetric, algebraic PDF.

2.3.1  Description of test flow (2)

The computational domain for test flow (2) is sketched in figure 2.10.
Similarly to test flow (1), it consists in a two-dimensional channel
in which a square obstacle is introduced. However, the flow is not
periodic along the channel axis. Instead, a parabolic velocity profile
u;, (v) is imposed at the inlet:

u;,(y) = —%(y — H)ye, (2.26)

where e, is a unit vector aligned with the channel axis. Therefore, the
velocity ug is imposed at the centre of the channel.

At the outlet, an open boundary condition is implemented. That
is, we impose the velocity and pressure at the outlet in a way that is
consistent with the incoming flow from the bulk of the computational
domain. More precisely, let x denote the distance from the inlet, located
at x = 0. Furthermore, let us denote by u,,:(y) the velocity field at
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the outlet, corresponding to the right-hand side of 2.10, located in
x = L. The velocity field at the outlet is computed by means of a first
order linear extrapolation based on the nearest neighbours and second
nearest neighbours lattice nodes at L — dx and L — 2dx:

Uout(y) =2u(x = L —dx,y) —u(x = L —20x,y). (2.27)

where dx is the distance between two adjacent lattice nodes. The value
of this distance is discussed below. The extrapolated velocity is then
imposed using finite-difference regularised boundary conditions [100].
Please refer to section 2.1 for a discussion of regularised boundary
conditions. Furthermore, see the chapter 5 of [92] and references
therein for a discussion of open boundaries in the LBM.

Because the LBM recovers the incompressible Navier-Stokes equa-
tions in the weakly compressible limit, open boundaries are known
to be responsible for the reflection of density waves generated follow-
ing the initial timesteps [84, 148]. The persistence of these spurious
density waves in the domain can significantly alter the accuracy of
the simulation and generate numerical instabilities. A common way
to mitigate the reflection of such density waves at an open boundary
is to introduce a sponge layer [168, 169]. It is a region in the vicinity
of the boundary where the viscosity is artificially increased, so as to
damp the waves. In practice, the relaxation pulsation is decreased
quadratically to a fraction of its value from a given distance L — Xspge
of the outlet [168]. We denote by wspee the relaxation pulsation inside
the sponge layer. It is defined as

(X - xSpg@)z

Wepge(X) = <1 —099 s

) W, Xspge < x < L. (2.28)

2.3.1.1  Numerical parameters

We now briefly discuss the choice of the numerical parameters for
test flow (2),i.e. the lattice spacing dx, the inlet velocity Uy and the
relaxation parameter 7. The choice of numerical parameters for test
flow (2) follows the same guidelines as for test flow (1), described on
page 26. Similarly to test flow (1), space is discretised on a regular,
isotropic lattice. The lattice spacing is set to dx = R/16, where R
denotes the diameter of the square cylinder. Following figure 2.10, the
computational domain consists in a grid of 129 x 513 points.

The characteristic inlet velocity ug is chosen small enough so that
Ma < 1, where the inlet Mach number Ma = uy/cs is the ratio
between the inlet velocity and the speed of sound. As mentioned in
section 2.2.1.1, the reason for this choice is twofold. First of all, the
incompressible limit is achieved for Ma < 1. Second, the LBM can be
shown to recover the incompressible Navier-Stokes equations with
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Figure 2.11: Snapshots for the velocity and vorticity fields in the computa-
tional domain for test flow (2). The Reynolds number based
on the mean upstream flow velocity and the diameter of the
cylinder is Re ~ 1700. The flow is computed using the central-
moments based Lattice Boltzmann Method [143, 144]. Denoting
by R the diameter of the square, the lattice spacing is dx = R/16.
At the inlet a steady parabolic profile is imposed with charac-
teristic velocity up = 0.05. Finally the relaxation parameter w is
set to 1.996. Please refer to section 2.1 for more details about the
Lattice Boltzmann Method.

errors scaling like Ma?. In the following, we set Uy = 5 x 1072 in
lattice units.

Lastly, the relaxation parameter is set to T = 0.501. As pointed out
in section 2.1, values of T too close to 1/2 can cause numerical instabili-
ties. More precisely, recall that T = 1/2 + 5, and Ax = V/3csAt. With
Ax and c; fixed, the value of T directly sets the value of the kinematic
viscosity of the fluid. Therefore, with Ax and Uy fixed, we set T so
that the flow displays developed turbulence without instabilities. In
a way similar to section 2.2.2, we progressively decreased T until the
flow displayed a satisfactory turbulence intensity. Figure 2.11 illustrate
the corresponding velocity and vorticity fields in the computational
domain.

The Reynolds number for test flow (2) can be defined in several
ways, depending on which typical length and velocity it is based on.
To be consistent with test flow (1), we define the Reynolds number
based on the diameter of the square and the mean flow velocity past
the grid.

Re = % ~ 1700 (2.29)
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Figure 2.12: Average velocity 7, and turbulent intensity I profiles along the
centre of the channel for test flow (2). The velocity was measured
and averaged in stationary regime over 4507). The x axis is the
position along the centre of the channel with respect to the inlet.
The unit of length is the length L of the computational domain.
The red shaded area denotes the start of the sponge layer, that
extends until x = 1. In this region the viscosity is gradually
increased in order to damp density waves reflected at the outlet
boundary. The grey shaded area denotes the obstacle.
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where Uj is the average velocity along the channel axis, at equal
distance of the grid and the upstream side of the obstacle. We find
Up ~ 0.036.

In addition we explicit the simulation timestep At in units of the
turnover time 19 = R/ U:

At=22x10418 (2.30)
Uo

The numerical simulation is implemented with the help of the pipelLBM
C++ library developed for this thesis project. See appendix A for more
details about the pipeLBM library. Simulation of one eddy turn-over
time Ty is achieved in roughly 16 seconds on a single Intel Core iy-
4800MQ CPU processor core with a 2.70 GHz clock rate. Figure 2.11
illustrates typical realisations of both velocity and vorticity fields in
the computational domain.

Figure 2.12a illustrates the average velocity profile along the channel
axis. It results from the time-average over a simulation of the flow
in stationary regime over a duration 4507, in which the longitudinal
velocity was measured at different locations along the channel axis.
In addition, figure 2.12b displays the turbulence intensity profile along
the channel axis, which represents the relative importance of velocity
fluctuations with respect to the mean flow velocity. Its definition is
given in equation (2.24) on page 34.

2.3.2 Statistics for the drag on the obstacle

In the previous section we described the numerical simulation of
test flow (2), which geometry is illustrated in figure 2.10, as well as
several aspects of the flow itself. We now turn to a description of
the statistics for the fluctuations of the drag f; acting on the square
cylinder embedded in test flow (2). This description is based on a very
long simulation of the flow over Tj,; = 4.5 x 10%1, leading to a long
timeseries { f;(t) }o<t<T,, Of the drag acting on the obstacle.

The corresponding estimate of the PDF is shown in figure 2.13. It
is found to be asymmetric and skewed towards positive fluctuations.
Additionally, figure 2.13a clearly illustrates that both negative and pos-
itive tails are remarkably well described by an exponential PDF. Recall
that similar observations were made for test flow (1) in section 2.2.2.2.

2.3.2.1  The influence of the flow-obstacle interaction on the statistics of the
drag

In order to further investigate the properties of the PDF describing
the drag fluctuations, we perform the following experiment. We per-
form a similar simulation of test flow (2) over the same duration T}y,
however without embedding the obstacle in the channel. We therefore
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Estimate of the Probability Density Function describing the statis-
tics of the fluctuations of the drag f; acting on the obstacle em-
bedded in test flow (2). This estimate has been computed from a
very long simulation of the flow resulting in a drag timeseries
spanning 4.5 x 10°7y. (a) Illustration of the asymmetry of the
distribution, which is skewed towards positive fluctuations. It
compares both negative and positive tails of the PDF, where the
negative tail is represented for positive values by means of a
symmetry operation with respect to the Y-axis. Furthermore,
it shows that both tails are very well described by an expo-
nential PDF. The quantity represented along the X-axis is the
reduced-centred drag fluctuation: f = (f; — f4)/0 where f;
and o are the average drag and standard deviations, respectively,
computed over the whole timeseries. (b) Comparison of the PDF
describing the fluctuations of the drag with the PDF describing
the drag acting on a square cylinder that does not interact with
the flow. One can see that the statistics are dramatically modified.
The PDF in the case of the virtual obstacle is symmetric and its
tails are well described by a power-law PDF.
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Figure 2.14: Numerical simulation of test flow (2) in which the obstacle does
not interact with the surrounding flow. In this case the drag
is simply computed over the surface represented by the white
square. We stress that in this case no conditions are imposed on
the velocity on the surface. Figure 2.13b shows that the statistics
for this quantity are very different from the statistics describing
the drag on a square that actually interacts with the flow, i.e.
with no-slip boundary conditions for the velocity on the surface.

compute the drag acting on the surface of a virtual obstacle, that does
not interact with the surrounding flow. This experiment is illustrated
in figure 2.14.

The resulting estimate of the PDF is shown in figure 2.13b. It is
compared with the estimate resulting from the simulation of test flow
(2). A striking difference is that the PDF describing the drag on the
virtual square cylinder is symmetric. As a result, drag fluctuations
of a given amplitude below the average are as much as likely as
fluctuations of the same amplitude above the average. Moreover, the
probability of extreme drag fluctuations decays faster in the case of the
non-interacting obstacle. As a matter of fact, it is illustrated in 2.13b
that the corresponding PDF is well described by an algebraic PDF.

2.4 CONCLUSION

In this chapter we introduced two test cases for the investigation
of extreme fluctuations of the drag force acting on a square cylinder
immersed in a turbulent flow. The geometry of both test flow (1) and
test flow (2) was deliberately chosen as simple as possible. The reason
for this choice is twofold. First, both test flows must be computed over
very long durations. As a result, a simple geometry is required for the
simulation to be performed in a reasonable amount of time. Second,
we will use the test flows as test cases for rare events algorithms.
However, both test flow (1) and test flow (2) show enough complexity
to provide a solid base for the assessment of the relevance of rare
algorithms based approaches in CFD problems. We believe that the
application of rare event techniques to these simple flows will lay the
groundwork for future complex applications.

At the heart of the numerical simulations discussed in this section—
and throughout this manuscript— is the Lattice Boltzmann Method.
This relatively recent approach to Computational Fluid Dynamics
receives increasing interest from scientists in a wide variety of fields,
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and therefore benefits from an ever-growing community of users. The
research activity around the Lattice Boltzmann Method is intense, as
the method is particularly attractive for a large range of applications.
Among them is the simulation of flows with simple geometries aligned
with the lattice. For such flows, the algorithmic simplicity of the LBM
leads to minimal implementation efforts with respect to conventional
CFD methods. In this project we make use of an enhanced formula-
tion of the LBM, called the central-moments based Lattice Boltzmann
Method [143]. It yields exceptional stability, and therefore allows for
the simulation of flows with high Reynolds numbers.

During the early stages of this thesis, test flow (1) was first im-
plemented using the conventional LBGK [31] scheme, see section 2.1.
Because of constraints on the stability of the simulation, only rather
low Reynolds number could be achieved. For such low Reynolds
numbers, around Re ~ 700, the evolution remains correlated for long
times, as a result of the periodicity of the domain. Because of the
difficulties associated with a large correlation time—mostly the large
computational burden of simulating a large number of correlation
times—test flow (2) was introduced, using the central-moments based
LBM method. Test flow (1), as presented in this chapter, was only
designed at a later stage of this work. As a result, extreme events
in test flow (1) have not been addressed yet. In the remainder of this
manuscript, we therefore concentrate on test flow (2.)

In the following chapter we describe the study of extreme drag
fluctuations of the drag acting on the square cylinder embedded in
test flow (2), on the basis of a very long simulation of the flow dy-
namics. In the subsequent chapters we describe the application of
both the Giardina—Kurchan-Tailleur-Lecomte and Adaptive Multi-
level Splitting to test flow (2) and discuss the corresponding results.
More precisely, we will use them to sample extreme fluctuations of the
instantaneous drag f;, as well as the averaged drag, acting the square
cylinders embedded in test flow (2). In particular we will investigate
how efficiently both algorithms are capable of sampling and simulat-
ing flow dynamics leading to extremes, compared to a direct approach
consisting in brute force sampling based on a very long simulation.



DYNAMICS OF EXTREME FLUCTUATIONS OF THE
DRAG ACTING ON A BLUFF BODY IMMERSED IN A
TWO-DIMENSIONAL TURBULENT FLOW

Solid bodies can be classified into two categories, depending on
their shape, as illustrated in figure 3.1. On the one hand, for streamlined
bodies, the boundary layer remains attached to the surface of the body.
Consequently, the wake is characterised by a rather small spatial extent.
Therefore, a high pressure is recovered near the downstream extremity
of the object, referred to as the base. As a result, the force resulting
from the pressure difference between the forebody—the upstream point
of the body— and the base is small and drag essentially originates
from the viscous friction induced by the flow in the boundary layer.
Examples of streamlined bodies include aerofoils, race cars and aero
bike helmets. On the other hand, bluff bodies are bodies which shape
favours boundary layer separation, often simply mentioned as flow
separation, that prevents the re-compression of the flow in the vicinity
of the base. As a consequence, the base pressure is much lower than
the forebody pressure, which leads to high levels of pressure drag, also
referred to as form drag, due to its connection with the shape of the
body. Roughly speaking, flow separation is favoured by large cross-
sectional areas, as well as sharp corners. Typical examples of bluff and
streamlined bodies are pictured in figure 3.1.

As a matter of fact, most bodies are bluff bodies. Therefore accurate
characterisation of flows past bluff bodies is of major importance in a
wide variety of fields. Examples include wind loading on tall buildings,
bridges [85, 91, 159] or wind turbines [74, 87, 114]. In ground vehicle
aerodynamics, one of the major objective is reduction of the pressure
drag induced by the detached flow in the rear of a car or a truck. It is
motivated by the important energy savings that can be achieved by
designing more aerodynamic vehicles [23, 157].

In most of these studies however, the description is limited to the
average behaviour of the flow and typical fluctuations. Even though
they are rare, extreme fluctuations of the drag can be expected to have
a strong impact, both on the immersed body and on the structure of the
flow. In bluff body aerodynamics, a key question is the description and
quantification of the respective contribution of the coherent structures
forming in the vicinity of the body to the overall drag [47, 142]. We
believe the study of flow configurations leading to extreme values of
the drag can provide useful information that will help deepen our
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Streamlined body ==
Bluff Body

Figure 3.1: Typical examples of streamlined and bluff bodies. Blue lines
represent the trajectory of fluid particles, referred to as streamlines
(see note 3). In the case of the streamlined body, streamlines stay
attached to the surface of the obstacle. A a result, the spatial
extent of the wake is diminished, and a high pressure is recovered
at the downstream point of the body. By contrast, the important
cross flow section of bluff bodies entails a flow separation, as the
trajectory of fluid particles detach from the surface of the body. A
a result, the pressure near the downstream surface of the obstacle
is considerably lower than the pressure near the upstream surface,
resulting in a large drag.

understanding of the physical mechanisms underlying strong drag
forces on bluff bodies.

In this chapter we propose a description of flow dynamics result-
ing in extreme fluctuations of the drag acting on a square cylinder
immersed in a turbulent flow. We first investigate fluctuations of the
instantaneous drag, denoted as f; and defined as the total contribution
of the pressure and viscous efforts over the surface Sy of the body:

falt) = /Sb<—p1 +7) - edS, (3.1)

where IZ-]- = 61-]-, T is the viscous stress tensor, ex a unit vector aligned
with the mean flow direction and dS a surface element.

Additionally, we also provide a description of extremes of the time-
averaged drag, denoted as Fr and defined as

Fr(t) = ;,/:JFT fa(T)dr. (3.2)

In the following the averaging window T will always be chosen signif-
icantly greater than the correlation time of the instantaneous drag 7,
typically T = 107.

Extreme fluctuations of the instantaneous drag f; must be associated
with atypical flow configurations, resulting in a very high, or low, value
of the pressure difference between the forebody and the afterbody. In
many applications, the reliability of immersed structures is guaranteed
up to a fixed threshold for the drag, or related mechanical efforts. On
the other hand, the characterisation of fluctuations of the averaged
drag Fr is useful in cases where the structure of interest exhibits a
typical response time, of the order of magnitude of T. In the following,
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we focus on positive extreme fluctuations, i.e., very large values of the
drag force.

Note 1. The correlation time T,

In the following, we denote by T, the correlation time of the instantaneous drag
fa. It refers to the typical time over which the drag de-correlates from its previous
values, under the effect of large scale turbulent velocity fluctuations. In practice,
we define this correlation time as the time over which the autocorrelation vanishes,
iie. E[X(t)X(t+ 1.)] — E[X]? ~ 0. The autocorrelation is computed over the
whole control simulation by means of the Wiener-Khintchine theorem. In practice,
we find for test flow (2) that T, ~ 4 x Uy/L where Uy is the mean flow velocity
and L the cross-section of the obstacle. Please refer to chapter 2, section 2.2.2.2
for more details about the correlation time and its computation for both test flows.

We sampled extreme fluctuations based on a very long numerical
simulation of the test flows presented in chapter 2. Due to the two-
dimensional nature of the flows and their relative simplicity, hundreds
of thousands of correlation times could be simulated in roughly a
weektime. Because the return period of typical fluctuations is close to
the correlation time, the simulation of the flow over such very long
durations allowed to sample very rare events with respect to typical
events. In section 3.1, the sampling of extreme drag fluctuations from a
long drag timeseries is described. Then, section 3.2 describes the study
of instantaneous fluctuations. In section 3.2.1, it is shown that the ma-
jor contribution to the extreme drag fluctuations is due to exceptional
pressure drops in the vicinity of the base of the cylinder. By contrast,
the pressure fluctuations near the forebody due to the upstream turbu-
lence plays a lesser role. The flow dynamics leading to such extreme
pressure drops—and therefore extreme drag fluctuations— are then
described in section 3.2.2. In the present chapter, we concentrate on
extremes for test flow (2). The flow fields for the four highest sampled
fluctuations are shown to display very similar features, suggesting
a common dynamical scenario for the formation of extreme drag
configurations. A deeper analysis then reveals that extremes can be
described in terms of two scenarii, in both of which a low pressure
region is constrained in the vicinity of the base by the surrounding
flow. A discussion of the temporal aspects of such dynamics is also
provided.

Section 3.3 focuses on fluctuations of the averaged drag over 107..
To begin with, section 3.3.1 illustrates that extreme values of the
average drag result either from a few number of intense fluctuations
of the instantaneous drag, or from a series of a greater number of
fluctuations occurring in a sequence. However, it is not clear from
the data if one scenario is dominating. Section 3.3.2 describes an
analogy based on simple stochastic dynamics with a fast decay of
the correlations. It is shown that for an algebraic and Gaussian PDF,
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fluctuations of the average are dominated by a single fluctuation or a
sequence of independent fluctuations, respectively. More importantly,
the case of an exponential PDF is shown to be a marginal case for
which both contributions are equally likely. The connection with the
drag fluctuations then lies in the statistics of rare drag fluctuations
observed in chapter 2, that are well described by an exponential PDF.

3.1 SAMPLING OF EXTREMES FROM A TIMESERIES

An extreme fluctuation of the drag, whether it is instantaneous or
averaged, refers to an atypical excursion from values close to the aver-
age or typical fluctuations, to regions located above a given threshold.
The higher the threshold, the rarer the event. In this section, we define
precisely what we consider as rare events and how we sample them
from a simulation of the dynamics over long durations.

Let {X(f) }o<t<T,, be a timeseries describing the evolution of an
observable X over time. In the context of this work, X denotes either
the instantaneous drag, e.g. X(t) = f;(t), defined by (3.1), or the
drag averaged over a duration T, e.g. X(t) = Fr(t), defined by (3.2).
Furthermore, let 7, be the correlation time of X, see note 1 on page
49. We then set a threshold a and define extremes of X as the local
maxima over regions for which X > a. More precisely, we denote by
{(tr, X¥) hi<i<n the set of the N extremes sampled in the timeseries,
where 7 denotes the time at which the maximum is attained and
X7 its value. Let 17 be the typical timescale for the formation of an
extreme fluctuation of X. Roughly speaking, this is the time it takes
to depart from typical values and attain the peak value, and then fall
back to the typical region. Therefore, we expect 7 to be of the order
of magnitude of the correlation time 7.. Extreme fluctuations of X a
then defined as follows:

tr = nax X(t)
sty 6:3)

Xt = X(t)

1

with ¢; defined as

min(t >0 | X(t) > a), ifi=1
,_ [mintt=01 x> 0) .
min(t > t; 1+ 7¢ | X(t) > a) otherwise

Figure 3.2 illustrates the sampling of extremes in the case of the
instantaneous drag, with 2 = 30 and T = 2T with ¢ the standard
deviation computed over the timeseries.
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Figure 3.2: Sample timeseries for the instantaneous drag acting on the square
cylinder in test flow (2). In this example the threshold is set to
a = 30 and the corresponding sampled extreme fluctuations are
marked by red stars. The sampling of these events is based on
equations (3.3) and (3.4) with 77 = 27..

As the length T;,; of the timeseries is fixed, increasing the threshold
a will naturally lead to fewer and fewer events. Let N,(a) be the num-
ber of events resulting from the sampling of extremes with a threshold
a. In practice, we would like to choose a so that the fluctuation is ex-
tremely rare. However, the timeseries must contain a statistically signif-
icant number of extreme fluctuations, say N.(a) = 100 events. In order
to choose a value for 4, it is useful to recall the notion of return time,
introduced in chapter 1. The return time r(a) associated with an ampli-
tude a is the typical timescale of occurrence of a fluctuation X > a. It is
defined as r(a) = E[t(a, t)] where 7(a,t) is the waiting time for a fluc-
tuation of amplitude a from time t: 7(a,t) = min{T > t|A(7) > a} —t.
The return time is therefore the average time one must wait to observe
fluctuations of amplitude above a. As a result, the number of events
N, (a) sampled from a timeseries of duration T}, with a threshold a is

No(a) ~ f(f;g (3.5)

In order for the sampled fluctuations to be extreme, we must set a
so that r(a) > 1. In practice, test flow (2) has been simulated over
Tior = 10°7.. In the following, we refer to this simulation as the control
run. In order to sample roughly N,(a) = 100 events, the threshold a
must then be set so that r(a) ~ 10*1.. Figure 3.3 illustrates the return
time plot associated with fluctuations of the instantaneous drag for test
flow (2). It displays the amplitude of the fluctuations as a function of
the return time, and has been computed on the basis of a timeseries for
f4 spanning 10°7.. The computation of return times from a timeseries
is described in chapter 7.
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Figure 3.3: Return time plot for the instantaneous drag fluctuations based
on a timeseries of duration Ty = 10°7, for test flow (2). The
fluctuation is defined as ) = (f; — f) /0 with f; the average and
o the standard deviation computed over the timeseries. It illus-
trates that a return time r(a) = 10*1. corresponds to fluctuations
of order a ~ 7.6¢. The computation of such plot is described in
chapter 7.

3.2 FLUCTUATIONS OF THE INSTANTANEOUS DRAG

Section 3.1 described the sampling of extreme fluctuations of an
observable X from a timeseries {X(t)}o<¢<T,,- In this section, we
focus on the instantaneous drag: X(t) = f;(f). test flow (2), described
in 2, have been simulated over T;,; = 10°7.. Following figure 3.3, the
threshold was set to 4 = 7.6¢ in order to sample roughly 100 events
having a return time of at least 10*7.. This resulted in a set of 104 events.
These extreme events were then re-simulated in order to compute the
corresponding velocity and pressure fields, as well as other relevant
observables, as explained in note 2 on page 52. Figure 3.4 displays
both the PDF of f; computed on the basis of the timeseries and the
amplitude of the sampled events. It illustrates that these fluctuations
are indeed located in the far tail of the PDF.

Note 2. Re-simulation of the sampled extreme fluctuations

The state of the flow, e.g. the ensemble of Lattice Boltzmann populations at
each computational node, as well as the velocity and pressure fields could not
be stored at each LBM timestep along the simulation of the flow over 106TC,
which represent roughly 2 x 10° timesteps. Indeed, doing so would have entailed
tremendous memory storage, not to mention the potential computational overhead
of constantly writing large amount of data on disk. As a consequence, during the
control run, the state of the flow was only periodically written on disk. This allows
to re-simulate each identified fluctuations from the nearest saved state so as to
compute the velocity and pressure fields, and any other observable of interest over
this particular event. This approach is actually crucial to the investigation of the
physical mechanisms underlying extreme drag fluctuations, as the hydrodynamic
quantities of interest were not known at the time the control run was carried out.
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Figure 3.4: Continuous blue line: Estimate of the PDF for the fluctuations
of the instantaneous drag f} in test flow (2), computed over a
timeseries of duration Tyt = 10°7.. The fluctuation is defined
as f = (fg— fa)/0 with f; and o the average and standard
deviation computed over the timeseries. Red stars: Sampled fluc-
tuations above the threshold a = 7.60.

This section provides a description of extreme fluctuations of the
instantaneous drag acting on the square cylinder in test flows 1, on
the basis of the events sampled from the simulation of the flow over
10°7,. First, section 3.2.1 discusses the respective role of the forebody
pressure fluctuations due to the turbulent upstream flow and pressure
fluctuations in the vicinity of the base of the cylinder. It shows that, in
all sampled extreme fluctuations, drag fluctuations are dominated by
the effect of exceptional pressure drops at the base. Then, section 3.2.2
describes the flow fields associated with several extreme events sam-
pled from the timeseries. It leads to the classification of extremes
in two categories, according to the physical scenario leading to the
extreme pressure drop causing the drag fluctuation.

3.2.1  Contribution of forebody and base pressure to the drag fluctuation

For bluff bodies in high-Re flows, the total drag force is dominated
by the pressure difference between the forebody, the solid surface in
contact with the upstream flow, and the base in contact with the low
pressure region resulting from the flow separation induced by the
obstacle. For instance, in both test flow (1) and test flow (2), it was
verified that the contribution of the viscous stress tensor to the integral
in (3.1) accounts for less than 0.01%. Consequently, we neglect the
contribution of viscous effects to the drag and solely retain the inertial
effects, i.e. the difference between the forebody pressure and the base
pressure.

In the case of a laminar upstream flow, drag fluctuations can be
expected to result from flow structures forming near the base of the
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obstacle. In [47], Fabiane et al proposed a decomposition of the flow
past a cylinder, in order to quantify the relative contribution of two
different areas:

e The external flow region, accounting for both the viscous stress
and the pressure difference resulting from flow separation

e The back flow region, accounting for vorticity generated near
the base

For moderate Reynolds numbers, for which the wake exhibits periodic
vortex roll-up, it is shown that most of the fluctuations originate from
the back flow region, and are strongly correlated with the vortex roll-
up dynamics. In addition, drag fluctuations are reported to increase
with the Reynolds number, as vortices are emitted closer and closer to
the base.

The influence of upstream turbulence on the drag acting on a par-
ticle has been investigated in [82]. It is shown that an increasing
upstream turbulent intensity leads to a shortening of the wake, and
therefore to a decreasing of the averaged base pressure due to steeper
averaged velocity gradients along the mean flow axis. In addition, it
is reported that the averaged forebody pressure remains unchanged
as the upstream turbulence intensity is increased, therefore leading to
an overall increase of the drag. Turbulence intensity is also shown to
increase the intensity of typical drag fluctuations, indicating that they
are mainly connected with large scale fluctuations of the upstream
flow. However, extreme fluctuations have not been addressed.

For a turbulent upstream flow, it is not clear whether extreme drag
fluctuations are caused by strong pressure drops related to vorticity in-
teractions occurring at the base of the obstacle, or exceptional forebody
pressure resulting from the upstream turbulence. In the following we
address this question based on the extreme events sampled from the
control simulations of test flow (2).

For each of the sampled events, the drag fluctuation f is split
into the contribution of the forebody pressure fluctuation p} and base

pressure fluctuation pj,. Respectively denoting by f;, Pr and Ppgse the
average drag, forebody pressure and base pressure, this decomposition
writes

fé:fd_fd:(pf_?f)_(pbase_M):p}_p/base (36)

where p; and py,s denote the instantaneous forebody and base pres-
sure, computed by integration of the pressure over the upstream or
downstream surface of the square, respectively. Average quantities
are computed as time averages over the whole control timeseries.
Figure 3.5 displays both the relative contribution of the forebody pres-
sure fluctuation p} and base pressure fluctuation pj . to the total
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Figure 3.5: Contribution of the forebody and base pressure fluctuation to
the overall drag fluctuation for the 104 events extracted from the
control run for test flow (2). Both contributions are computed as
Phase’ fi and p}/ f} where the prime indicates fluctuations with
respect to the average value computed over the timeseries. To
each value of the drag corresponds a value for the base pressure
fluctuation (blue dots) and for the forebody pressure fluctuation
(red triangles). Note that the sum of these two values is 1 and
that a negative contribution from the forebody pressure indicates
events for which an extreme fluctuation occurs even though the
forebody pressure is lower than its average. This type of event has
been been only observed once among the 104 events. This figure
illustrates that drag fluctuations are mostly caused by fluctuations
of the base pressure. In contrast, the forebody pressure does not
deviate as far from its average value. In addition, both thick
continuous lines result from a least-squares fit of the data to a
second order polynomial. They highlight that the segregation
between the two contributions seems to increase as the amplitude
of the fluctuation increases.

fluctuation f é, for the 104 extreme events extracted from the control
simulation of test flow (2). One can see that, in each and every case,
the major contribution to the drag fluctuation originates from the
base pressure fluctuation. Furthermore, figure 3.5 shows that, as the
amplitude of the fluctuation increases, the contribution from the base
pressure fluctuation also increases, with respect to the contribution
from the forebody pressure. This indicates that, similarly to the case of
a laminar flow impacting an obstacle, drag reduction can efficiently be
achieved by mitigating pressure fluctuations at the base of the obstacle.

3.2.2  Qualitative description of flow configurations leading to extreme drag
fluctuations

In section 3.2.1, it was observed that, despite the turbulent nature of
the upstream flow, pressure fluctuations in the vicinity of the forebody
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(a) Density field and streamlines (b) Vorticity field

Figure 3.6: Flow fields corresponding to a typical value of the drag acting on
the square cylinder: f; ~ f; where f; denotes the average drag
computed over the control timeseries for test flow (2).

play little role in the extreme drag fluctuations sampled from the
control simulation. In contrast, the majority of the fluctuations were
shown to originate from exceptional pressure drops near the base of
the cylinder.

In this section, we investigate the flow dynamics leading to such
pressure drops. The starting point of this study is the visualisation
of the flow fields corresponding to a few extremes. Remarkably, we
illustrate that they all display very similar configurations. From these
observations, we draw up hypothesis regarding the dynamical sce-
nario leading to such extremely low values of the base pressure and
confront them with the whole ensemble of sampled extremes. Eventu-
ally, we will propose a classification of extremes into two categories,
depending on the corresponding flow dynamics.

3.2.2.1  lllustration of a typical event

Before we describe the case of extreme fluctuations, we begin by
characterising a flow configuration corresponding to a typical event.
Figure 3.6 displays the vorticity field and density field for a flow con-
figuration resulting in a drag close to the average value. Recall that the
density field is related to the pressure field through the state equation
p(x) = c2p(x) where p denotes the pressure, p the density and c? the
speed of sound in the fluid. See chapter 2, section 2.1 for more details
about this relation. In addition, figure 3.6a displays the velocity stream-
lines. These lines are tangential to the velocity vector field in each
point of the domain, and gives a graphical representation of advection
by the flow at a given time. Streamlines are further discussed in note 3.
As can be seen in figure 3.6b, the vicinity of the base is surrounded by
irrotational flow. As a consequence, the pressure difference between
the forebody and the base must solely result from the contribution
of the flow separation induced by the obstacle. Recall that viscous
effects are neglected with respect to pressure effects. As a matter of
fact, vorticity produced by shear alongside the boundaries of the cylin-
der is advected downstream by the mean flow. This can be seen in
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figure 3.6. Positive vorticity—coloured in red— is produced along the
bottom boundary layer, resulting in a positive vortex. However, this
vortex forms far enough from the base so that is does not perturb the
irrotational flow surrounding the base of the obstacle. Therefore, it
does not lead to any pressure drop and, consequently, to any increase
of the drag.

Note 3. Streamlines

Streamlines are a useful tool when it comes to visualising a vector field, for instance
the velocity field describing the flow of a fluid at a given moment in time. A
velocity streamline is a curve that is tangential to the velocity field at each point
in space. For a stationary flow, streamlines correspond to the trajectory of fluid
particles. Even though flows concerned in this work are unstationary, visualisation
of streamlines is useful to provide a graphical representation of advection by the
flow at a given moment in time. Let dr(x) = (dx(x),dy(x)) be an infinitesimally
small displacement along the streamline at position x. The line is defined by

dx  uy
xdr=0& — = — .
u x dr " (3-7)
In practice, a streamline is computed by integrating equation (3.7) from an initial
seed point rg. In this work, we used Paraview [I] for flow visualisation. Streamlines
are computed by specifying an ensemble of seed points from which (3.7) is

integrated both forward and backward in time.

3.2.2.2 Extreme events

In the following we illustrate that extreme fluctuations actually
result from vorticity being trapped in the vicinity of the base of the
cylinder, in contrast with typical fluctuations where it is advected
downstream by the mean flow. We denote by * the time correspond-
ing to the peak drag for a given extreme. Following note 2, the events
sampled from the control simulations for test flow (2) have been
re-simulated from t* — 27. to t* + 27.. As an illustration, figure 3.7
displays the evolution of the drag over time for the four events hav-
ing the highest amplitude in the control simulation for test flow (2).
Figures 3.8 and 3.9 illustrate the corresponding configuration of the
flow for the same fluctuations. More precisely, figure 3.8 displays the
vorticity field in the vicinity of the square cylinder, at t = t*. One can
see that, in each case, vorticity is produced very close to the base of
the obstacle. In addition, its amplitude is significantly higher than the
vorticity fluctuations displayed in figure 3.6 for a typical event. This
vorticity originates from the interaction of the flow with the obstacle.
In the examples of figure 3.8, vorticity is produced through viscous
interactions at the bottom boundary of the obstacle. Note that the four
greatest fluctuations in the control simulation for test flow (2) result
from the production of positive vorticity along the bottom boundary.
We stress here that this is a mere coincidence as the geometry, as
well as its discretisation, is symmetric with respect to the pipe axis.
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Figure 3.7: Drag timeseries for the four extreme fluctuations having the high-
est amplitude in the control simulation for test flow (2). Timeseries
are centred around t = t*, denoting the instant for which the max-
imum drag is attained. The duration 7. denotes the correlation
time of the drag, see note 1 on page 49. Extreme fluctuations, i.e.
excursions to atypical values followed by a relaxation to typical
values, happens over roughly a correlation time. Vorticity and
pressure fields at t = t* for the four events can be found in fig-
ures 3.8 and 3.9. Flow dynamics for event (a) are illustrated in
figure 3.10.

Figure 3.9 displays the density field at t = t* as well as the streamlines
for the velocity field, see note 3. Figure 3.9 highlights that the pressure
drop responsible for the drag fluctuation results from the formation
of a strong vortex localised very close to the obstacle. In addition, a
vortex pair is localised further downstream, consisting of two vortices
with a sign opposite to the vortex in the vicinity of the base, as shown
in figure 3.8. Visualisation of streamlines in figure 3.9 suggests that
this downstream vortical region shields the strong vorticity located at
the base from advection by the mean flow.

Remarkably, the four extreme events featured in figures 3.8 and 3.9
display very similar flow configurations in which strong vorticity is
produced through viscous shear along a boundary of the obstacle
tangential the to flow direction. In contrast with the typical event
depicted in figure 3.6, this vorticity is not advected by the mean flow
and develops very close to the base, leading to a strong pressure drop.

In order to understand better the development of such a configu-
ration, we now describe an example of flow dynamics leading to an
extreme fluctuation. This example is based on the event featured in
figures 3.8 and 3.9. Figure 3.10 illustrates the evolution of the vorticity
field from one half of a correlation time before the peak drag. It shows
that from roughly t* — 7./2 to t* — 7./3, the top boundary layer is
perturbed by a vortex advected by the flow above the obstacle. This
can be seen in frames 3.10a trough 3.10g. The interaction of this vortex
with the top boundary layer results in a boundary layer separation
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Figure 3.8: Vorticity field at t = +* for the four highest drag fluctuations
in the control simulation for test flow (2). The corresponding
drag timeseries can be found in figure 3.7. The high value for
the drag results from the formation of a strong negative (red)
vortex inducing a pressure drop at the base of the obstacle. The
formation of such a structure is aided by important vorticity
production at the bottom boundary of the obstacle coupled with
the influence of positive vorticity in the vicinity of the base.

that eventually leads to the formation of a large—of the scale of the
obstacle—negative vorticity region further downstream of the cylinder,
visible in frame 3.10k. This vortex does not have a direct impact on the
pressure at the base of the obstacle. However, it interacts with vorticity
produced along the bottom boundary of the cylinder, as illustrated by
frames 3.10k to 3.10p. Indeed, by contrast with the typical event de-
picted in figure 3.6, vorticity produced along the bottom boundary is
not advected downstream. Instead, it is transported in the close vicin-
ity of the base by the downstream negative vorticity region resulting
from the separation of the top boundary layer.

3.2.2.3 Type 1 events

The description of the flow for the four highest fluctuations in the
control simulation leads to the following hypothesis: extreme drag
fluctuations are caused by intense vorticity localised very close to the
base of the obstacle, generated by a strong shear layer on either the top
or bottom boundary, as well as the action of a large opposite vorticity
region originating from a boundary layer separation on the opposite
boundary.

We now test the validity of this scenario on the basis of the 104
events extracted from the control simulation of test flow (2). To do so,
we highlight the correlation between an increase of the shear along
either the top or the bottom boundary of the cylinder and an increase
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Figure 3.9: Density field at t = t* for the four highest drag fluctuations in
the control simulation for test flow (2). Recall that the density p
is proportional to the pressure p, following the ideal gas state
equation p = c2p. See chapter 2 and appendix B. Additionally,
velocity streamlines are depicted, representing advection by the
flow at t = t*, see note 3. Blue areas indicate areas of lower
pressure while red regions indicate regions of higher pressure.
The formation of a vortex very close to the base boundary leads
to a strong pressure drop. The downstream vortices originating
from the top boundary layer separation are clearly visible and
constrain the formation of the base vortex to a region very close
to the base boundary.
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Figure 3.10: Flow dynamics corresponding to a particular type 1 event, which

drag timeseries and flow fields at t = t* are displayed in fig-
ures 3.7, 3.8 and 3.9, respectively. In each frame the vorticity field
is displayed, as well as the velocity streamlines, representing
advection by the flow at each instant. See note 3 for a discus-
sion of streamlines. The maximum of the drag is attained for
t = t* and corresponds to frame 3.10p. The sequence starts
with a shear boundary layer forming over the top boundary of
the obstacle (frames 3.10a to 3.10d). This boundary layer sep-
arates (frames 3.10e to 3.10j) and results in the formation of a
large positive eddy in the vicinity of the base of the obstacle
(frames 3.10k and 3.10l). In the meantime, frames 3.10j to 3.10m
depict the formation of an attached strong shear layer at the bot-
tom boundary. Eventually, frames 3.10n to 3.10p illustrate that
this results in vorticity production very close to the base, aided
by the large positive eddy originating from the top boundary
layer separation.
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Figure 3.11: Averaged shear on either the top or bottom boundary of the ob-
stacle as a function of the drag. Grey lines denote the trajectories
in the (f4,0) for the 86 type 1 events. The thick blue line repre-
sent the mean path. It was verified that every event results from
a clockwise excursion away from the region of typical events,
indicating that drag fluctuations are preceded by an increase of
the shear on either the top or bottom boundary.

of the drag. More precisely, we consider the averaged shear 7 along
the top or the bottom boundary:

— 1 dux(x)
r= LJs, 9y

dx (3.8)

where L denotes the diameter of the cylinder, u, the longitudinal
component of the velocity field and S, the surface of either the top
or the bottom boundary, depending on the event. For each extreme
fluctuation in the control run, 7 is plotted as a function of the instan-
taneous drag f,, for t* —27. <t < t* 4 27.. Each extreme event in
the control simulation can therefore be associated to a path in the
space (f4,77). The resulting plots are displayed in figure 3.11. For
tr =27 <t <t'—1 and t* + 1. <t < t* 4 27, paths concentrate in
the region describing typical values for both 7 and f;. As illustrated
in figure 3.7, the drag abruptly varies for t* — 7. <t < t* + 7. Corre-
spondingly, paths in the (f;, ) space display excursions to atypical
values for both 4 and f;. Interestingly, these excursions always go
clockwise, that is, 7 attains its maximum value before f; does. This
confirms that the increase of 7 acts as a precursor for extreme drag
fluctuations.

As a matter of fact, this correlation between 4 and f; was observed
for roughly 80% of the extreme events sampled from the control
simulation. Figure 3.11, as well as visualisation of the corresponding
flow indicate that these events can all be described by dynamics very
close to the ones described in figure 3.10. In the following we refer to
this events as type 1 events.
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3.2.2.4 Type 2 events

The remaining 20% of the extracted extreme fluctuations must
be ruled by different dynamics. Visualisation of the corresponding
flow field suggests that these can actually be described by a common
alternative scenario, and in the following we will refer to these events
as type 2 events.

Figure 3.12 illustrates the dynamics of one of the type 2 events
sampled from the control simulation. It displays the vorticity field
and velocity streamlines at several instants from t ~ t* — 7. /2 until
t = t*, where t* denotes the time at which the peak fluctuation is
attained. In addition, figure 3.12m illustrates the corresponding drag
timeseries, for t* — 27, <t < t* + 27.. In this scenario, vorticity is still
produced by shear on the top or bottom boundary, but at a much
earlier stage. Figure 3.12a shows that a strong shear layer forms over
the top boundary for t ~ t — 7. /2. It results in a large recirculation
bubble in the vicinity of the base, that forms over a timescale of
roughly 7./2. Eventually, figure 3.121 shows the vorticity field and
streamlines at t = t*. The recirculation bubble is detached from the
base and forms a large area of negative vorticity. This results in a strong
upward transverse velocity, as illustrated by the concentration of the
streamlines along the base of the obstacle, leading to a local pressure
drop. The corresponding velocity field is shown in figure 3.13b.

In order to test this scenario, we proceed in a similar way as for
type 1 events, characterised by figure 3.11. For the 20% of sampled
fluctuations that do not correspond to type 1 events, we wish to
assess if the base transverse velocity fluctuations can be considered a
signature of the drag fluctuations. More precisely, for each event we
measure the transverse velocity u, over a region close to the base of
the obstacle and compute the average:

s, base 1
“yb = ]/S”y(x)dx (3.9)

where S denotes the integration region, and A the corresponding
area. The integration region S is pictured in figure 3.13b. The average
base transverse velocity Tyhase is then plotted as a function of the drag
for each event, for t* — 27, < t < t* 4 27.. Similarly to figure 3.11,
figure 3.13a displays the corresponding paths in the two dimensional
space (fd,fybase). For t € [t* — 27,;t" — 1. /2JU[t* + ©./2;t" + 27],
paths concentrate in the region describing typical values for "
and f;. However, we verified that for t* — 7./2 <t < t* 4+ 1./2, each
path consists in an excursion far away from this region. Furthermore,
these excursions go clockwise, suggesting that an increase of ujbm

acts as a precursor for a increase of the drag f;.

Even though all the 104 sampled events can be considered rare—
they all have a return time of at least 10* correlation times—they span a
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Figure 3.12: Formation of a type 2 drag fluctuation over time. Streamlines
are coloured according to the transverse velocity u,. Red ar-
eas indicate regions of upward transverse velocity while blue
areas indicate regions of downward transverse velocity. The
maximum of the drag is attained for t = t* and corresponds
to frame 3.10l. The sequence illustrates the formation of a large
eddy in the vicinity of the base of the obstacle, resulting from
vorticity produced by a shear layer forming at the top boundary
(frames 3.10a to 3.10¢e). The eddy is then detached from the base
as flow separation occurs at the top boundary. As illustrated in
frame 3.10l, the detached eddy lead to a strong upward velocity
at the base of the obstacle, leading to a low pressure.
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Figure 3.13: Base averaged transverse velocity LTyb“se as a function of the

drag, for the 18 type 2 events. The velocity Tybase refers to the

transverse velocity magnitude u, averaged over a small region
of space in the vicinity of the base of the obstacle. This region
is depicted by the red rectangle in figure 3.13b. Grey lines in

figure 3.13a represent the trajectories for each type 2 events. The

thick blue line represents the mean path. In the space ( fd,fybuse),

the 18 type 2 events result from a clockwise excursion away
from the region describing typical values. This indicates that
drag fluctuations are preceded by an increase of the transverse
velocity magnitude.

wide range of fluctuation amplitudes. Having segregated the ensemble
of events into two different scenarii, we would like to assess if one
particular scenario leads to higher fluctuations than the other one.
Figure 3.14 shows the intensity of the fluctuations corresponding to
each of the 104 extracted events. Events are sorted according to their
intensity. It shows that, among the ensemble of sampled events, higher
fluctuations are only achieved through type 1 events.

3.2.3 Conclusion

From a long control simulation of the flow, roughly one hundred
extreme fluctuations have been extracted. They all have a return time
greater than 10* correlation times of the instantaneous drag. The anal-
ysis of the respective contribution of the forebody and base pressure
to the overall drag fluctuation leads to the conclusion that, even with a
turbulent incoming flow, fluctuations of the base pressure play a major
role in the occurrence of unusually large drag events. Visualisation of
the flow dynamics for the sampled events resulted into the ensemble
being split into two different types of events. Type 1 events represent
80% of the sampled events and correspond to the formation of a small,
intense vortex very close to the base of the obstacle. This vortex results
from vorticity production by a strong shear layer along either the top
or bottom boundary of the obstacle, as well as the influence of a large
downstream vortical region resulting from a boundary layer separa-
tion over the boundary which is opposite to the one of the previously
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Figure 3.14: Classification of the 104 events sampled from the control simula-
tion of test flow (2), according to the corresponding fluctuation
amplitude. The highest fluctuations in the set of sampled events
result from type 1 events.

mentioned shear layer. This second vortex forces the smaller vortex to
form very close to the base. One could wonder about the persistence of
such an event. Can the base vortex be blocked for duration of the cor-
relation time ? Actually, it is never observed. Indeed, the downstream
vortex is rapidly advected by the mean flow, therefore freeing the
base vortex which is, in turn, advected downstream. Such fluctuations
therefore happens on a relatively short timescale with respect to the
correlation time, as illustrated by figure 3.7. Instead, what makes this
type of event unusual is that vorticity generated by viscous shear on
the top or bottom surface is not directly advected downstream, but
concentrates near the base. Type 2 events represent the remaining 20%
of the sampled events. In this scenario, the pressure drop results from
an intense transverse velocity in the vicinity of the base, generated by
a detached vortex resulting from flow separation at either the top or
bottom boundary of the obstacle.

3.3 FLUCTUATIONS OF THE AVERAGED DRAG

In section 3.2, we presented a qualitative study of the mechanics
underlying extreme fluctuations of the instantaneous drag. We showed
that they correspond to excursions to very high values of the drag,
with the overall fluctuation—the excursion followed by the relaxation—
lasting roughly one correlation time. In this section we turn to extreme
fluctuations of the averaged drag over a macroscopic duration, that
is a duration several times bigger than the typical timescale of the
large scales of the upstream turbulence. Considering the interaction of
turbulence with a structure, atypical values of the averaged drag are
expected to have a high impact for systems having a large response
time with respect to the timescale of the surrounding turbulence.
Examples of responses are the deformation of structures such as wind
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turbine blades, or oscillations of tall building under fluctuating wind
loads.

Following a strategy similar to section 3.2, we sample extreme
averaged drag fluctuations from the control simulation for test flow
(2), spanning Ty, = 10°7,. Let Fr be the drag averaged over T. From
the control timeseries for the instantaneous drag f;, we deduce the
control timeseries {Fr}r<;<T,, by integration over time:

1 rt
Fr(t) = T /tind(’L’)dT, for T <t < Tt (3.10)

In the following, the time-average is performed over a duration T =
107.. Note that 7. is of the order of the typical timescale of the large

scale velocity and pressure fluctuations of the upstream flow, see note 1.

Therefore, T = 107. can be considered a macroscopic duration with
respect to the flow past the obstacle. As mentioned in section 3.1—and
observed in figure 3.7— extreme fluctuations of the instantaneous drag
fa are expected to develop over roughly a correlation time. Let 70 be
the correlation time for the averaged drag Fr. Because of the correlation
induced by the integration, we expect 7! ~ T. With the length of the
control timeseries fixed, larger integration times T therefore leads to
the sampling of fewer events. In a way of conclusion, the choice of
T = 107 results from the balance between a time that is long enough
to be considered larger than the timescale of large-scale turbulent
fluctuations and small enough so that enough fluctuations can be
sampled from the control timeseries. In the following, Fr denotes the
averaged drag over T = 107, unless specified otherwise.

Furthermore, we denote by o7 the standard deviation computed
over the control timeseries for Fr. Note that the control timeseries for
Fr has a total duration Ty — T ~ Tior =~ 10°7, =~ 105TCT . Similarly to
section 3.2, the choice of the threshold a for the sampling of extreme
fluctuations is based on the return time plot for the fluctuations of
Fr, computed over the control timeseries (not shown). This leads
to a = 3.70r, corresponding to a return time of 10°7! in order to
sample roughly 100 events from the control timeseries, resulting in 85
independent extreme fluctuations for Fr.

The main question we address in this section concerns the structure
of the fluctuations of the averaged drag. Do extreme values of the
averaged drag over a macroscopic duration result from a series of
statistically independent low-amplitude fluctuations ? Or from a few
number of very large fluctuations ? In section 3.3.1 we describe several
extreme fluctuations of Fr sampled from the control timeseries. More
precisely, the instantaneous drag timeseries corresponding to these
extreme values of Fr are displayed. Their analysis suggests that both
very large fluctuations and unusual series of independent positive
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typical fluctuations equally participate in the extreme values of the av-
eraged drag. In oreder to better understand this property, we propose
an analogy with simple stochastic systems with a fast decay of the
correlation time in section 3.3.2. We illustrate that this property may
result from the exponential tail statistics of the instantaneous drag,
observed in chapter 2

3.3.1 Examples of extreme fluctuations of the averaged drag

Examples of timeseries of the instantaneous drag f; corresponding
to extreme fluctuations of the average drag, with T = 107, are given
in figure 3.15. In each case, several timeseries corresponding to typical
events are displayed for comparison. Figure 3.15 illustrates that the
occurrence of extremes for the average drag cannot easily be reduced
to a few numbers of well-defined scenarii. Indeed, the featured time-
series display very different structures, even though their respective
average all lead to fluctuations between 4.4c and 5.1¢. For instance, in
figure 3.15c the exceptionally large value of the average results from
two very intense fluctuations, as well as a large number of positive
typical fluctuations of order ¢. In figure 3.15b, the extreme value for
the overall average results from the succession of approximately 7
independent fluctuations around 3¢, while negative fluctuations never
go beyond —o. In general, it can be seen in figure 3.15 that extreme
fluctuations of the averaged drag over 107, result from timeseries in
which fluctuations are almost always positive. Furthermore, both very
large fluctuations, f; > 50, as well as more typical values, o < f; < 20,
seem to play a role in the extreme values of the average. On the one
hand, very large fluctuations are much less likely to occur, but have a
strong impact of the average. On the other hand, typical fluctuations
have a lesser impact, but they are more likely. Therefore, they can
occur a greater number of times in the timeseries.

From the qualitative study of the 85 sampled events, we define two
contributions to extreme values of the averaged drag:

1. The contribution of very large fluctuations, typically occurring
once or twice in the timeseries.

2. The contribution of series of typical positive independent fluctu-
ations.

However, on the basis of the 85 events sampled from the control run,
it is not clear if contribution (1) or (2) dominates.

In the following, we consider a drag timeseries over several cor-
relation times 7. as a sequence of several independent fluctuations
over a timescale 7.. We motivate this approach by observing that the
instantaneous drag f; has rapidly decaying temporal correlations. In
the next section, we describe the analysis of extreme fluctuations for
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(b) FT = 4.7(7T
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t/7.
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(d) FT = 4.4(7T

Figure 3.15: Instantaneous timeseries corresponding to the four highest fluc-
tuations of the averaged drag on the control run (thick blue line).
The grey lines in the background represents timeseries for which
the overall average is typical.
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one-dimensional stochastic processes with a fast decay of temporal
correlations.

3.3.2 Average extremes for some simple random processes

Recall from chapter 2 that rare fluctuations of the instantaneous
drag f; are well described by an exponential PDF. That is:

P(f<fa<f+e) ~ ede
f—oo

This is illustrated in figure 3.16a on page 71. In addition, figure 3.16b
illustrates that the dynamical process defined by the time evolution
of the drag f; over time has exponentially decaying temporal corre-
lations. This property is illustrated in figure 3.17 in which a process
having short-range, exponential, temporal correlations is compared to
a process with long-range, algebraic correlations.

In this section, we describe some statistical properties of extremes for
one dimensional stochastic dynamics, with different stationary PDFs.
Accordingly, these dynamics all present a fast decay of the temporal
correlations. For such dynamics, the evolution over several correlation
times can therefore be described as a sequence of independent fluc-
tuations. Section 3.3.2.1 shows that, for a sequence of ii.d. variables,
an extreme value of the average over the sequence originates from
different scenarii depending on the underlying PDF. More importantly,
we show that the case of an exponential PDF is a marginal case.

Finally, we illustrate these results by sampling extreme values of
the time-average of one dimensional stochastic dynamics with rapidly
decaying temporal correlations. It confirms that a process with an
exponential PDF is a marginal case, in which neither large fluctuations
nor series of positive typical fluctuations preferentially contribute to
a very large value of the average. This results are consistent with the
observations of section 3.3.1 and figure 3.15 concerning the structure
of extreme fluctuations of the average drag.

3.3.2.1 Extremes of a sequence of i.i.d. variables

In the previous paragraph, we stressed that the evolution of the
drag over time can be viewed as a temporal process with a very fast
decay of the correlations over time. Accordingly, a fluctuation of the
averaged drag Fr, with T = 107, may be considered as the result of a
sequence of statistically independent fluctuations. Motivated by this
observation, we propose in this section a study of the typical extremes
for a finite sequence of independent, i.i.d. random variables.
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(b) Autocorrelation function of the the instantaneous drag f;

Figure 3.16: (a) PDF describing the statistics of the instantaneous drag fluc-
tuations f; = (fs — f4)/0. This PDF has been estimated on
the basis of a timeseries spanning T;,; = 1007, fd and o de-
note the average and the standard deviation computed over
the whole timeseries, respectively. The linear fits highlight the
exponential behaviour of the the PDF for rare events. (b) Auto-
correlation function for the instantaneous drag f;, defined as
(E[f4(t +T) fa(t)] — E[f4]?)/0? and estimated from a timeseries
spanning Ty = 10°7.. This figure shows the exponential decay
of the correlations over time.
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InC(7)
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(a) Exponential decay of the correla-
tions

10°

T T R B TR (c) Potentials V;(x) and V5 (x)

(b) Algebraic decay of the correlations

Figure 3.17: Temporal correlations for two stochastic processes described
by (3.15) with a PDF P(x) oy 1/]x[°. The difference lies in

the choice for the potential term in (3.15). Figure 3.17b illus-

trates the autocorrelation function of x for V(x) = Vp(x) =

5In(x tanh(Bx) + €) o 5In(|x|) with B = 100 and € = 1072.
X|—00

Figure 3.17a illustrates the autocorrelation function for V(x) =
Vi(x) = x%/2. One can see that the choice of the potential term
has a drastic impact on the range of the temporal correlations. In
the first case (figure 3.17b), correlation display an algebraic decay.
In the second (figure 3.17b), correlations decay exponentially.
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Let {X, }1<n<n be a sequence of N independent realisations of a
R-valued random process described by a PDF P. Furthermore, let a be
the sum over the sequence:

N
a= Z Xy.
n=1

In the following we consider two limit cases:

1. The value of the average a/ N results from a single extreme reali-
sation of the order of X, ~ a. The (N — 1) remaining realisations
take typical values.

2. The value of the average a/N results from all N realisations in
the sequence having roughly the value a/N.

As an illustration, case (1) models extremes such as the one pictured in
tigure 3.15, in which the high value of the averaged drag results from
only two very large fluctuations. In contrast, case (2) is illustrated by
figure 3.15, in which the high value of the overall drag results from a
sequence of more typical fluctuations.

Let us denote by p; the probability that an extreme value of the
average over the sequence {X, }1<,<n results from case (1), and p
the probability that it results instead from case (2). Assuming inde-
pendence of the realisations, one can check that:

N

X =0 =P (5)" and X =0 =P G)

The ratio pi(a)/p2(a) thus describes the respective contribution of
both cases to the extreme value of the average over the sequence of
realisations. In the following we consider the case of three different
PDFs from which the sequence { X, }1<,<n is drawn. We illustrate that,
in the limit of rare events, this ratio depends on the behaviour of the
tail of P.

2 .
GAUSSIAN PDF  In this case we choose P(x) ~ Cez, with C a
X—00

prefactor independent of x. As a result,

P Cei§(l*ﬁ) — 0 (3.12)

pz a—oo a—o0
Consider a sequence of N Gaussian distributed random variables
which overall average is a large value a/N. Equation (3.12) illustrates
that it is very likely that the large average results from all the realisa-
tions having roughly the same value close to a2/ N. By contrast, it is
very unlikely that the average is due to a single realisation having a
value close to a.
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ALGEBRAIC PDF  In this case we chose P(x) ~ C/x*. As a result,
X—r00

a\ N
p2(a) = (N ) ~ CNNwg—Ne

a% a—o0

The ratio can therefore be expressed as

p2 Na a—Na

E ol CN™" xa e 0 (3.13)
Consider a sequence of N power law distributed random variables
which overall average is a large value a/N. Equation (3.13) illustrates
that it is very likely that the large average is due to a single realisation
having a value close to a. The other realisations take typical values
distributed around the average. By contrast, it is very unlikely that
the average results from all the realisations having roughly the same
value close to a/N.

EXPONENTIAL PDF In this case we chose P(x) ~ Ce **. As a

X—00
result,
P2 ~ - N —aa __
Dy oo C (e N) e =1 (3.14)

This case is therefore marginal. Consider a sequence of N i.i.d. variables
distributed according to a PDF with an exponential tail. Say the average
over a realisation of the sequence is a large value a/N. This value of
the average can result from the realisation of a single variable having a
value close to a. Additionally, it can also result from all the realisations
having roughly the same value close to a/N. Equation (3.13) suggests
that these two scenarii are equally likely.

3.3.2.2 Illustration of extremes for 1D random dynamics with a fast decay
of the correlations

For a finite sequence of i.i.d. variables, we computed in the previous
section the probabilities that an unusually high average over the
realisations result from either a single very large fluctuation, or from
the succession of independent lower amplitude fluctuations. These
probabilities depend on the underlying PDF.

In this section we consider simple random processes for which
temporal correlations decay very rapidly over time. Recall that this
is the case of the temporal process defined by the evolution of the
drag over time. For this process, the autocorrelation function was
shown to decay exponentially as the lag increases. This is illustrated
in figure 3.16b. When a dynamical process displays a fast decay of
temporal correlations, a given realisation over several correlation times
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can therefore be interpreted as a sequence of independent realisations
over one correlation time.

Let x(t) be a R-valued random process defined by the following
stochastic differential equation:

=W S (5.15)

where the potential term V' (x) describes the deterministic part of the
dynamics and 7 is a Gaussian white noise. Furthermore, the amplitude
of the stochastic part is allowed to vary with x through the term a(x).
The stationary distribution for equation (3.15) can be shown to be of
the form [ref1]

Ps(x) o a(lx)exp <— /Ox a(lu)flzdu> . (3.16)

The rate of decay of the temporal correlations of x is linked to the
potential V(x). As an example, consider the process defined by (3.15)
and:

V(x) |x|:w aln(|x|) (3-17)
a(x) =1 (3.18)

From equation (3.16), the corresponding stationary PDF in the limit of
rare events is algebraic, that is: P (x) o |x|~*. Figure 3.17b illus-
X|—>00

trates that the corresponding correlation function decays slowly over
time. This is connected to the logarithmic structure of the potential.

As a second example, let us now consider the process defined by
equation (3.15) and

2
V(x) == (3.19)
a(x) = (1+2%)/a (3.20)
One can check from (3.16) that this choice also leads to an algebraic
PDF: P(x) ~ |x|~* However, in contrast with the first example,

|x|—
figure 3.17a shows that this process displays an exponential decay of

temporal correlations.

In the following, we numerically integrate (3.15) over long durations
in order to sample extreme fluctuations of the time-average of x. To
illustrate the results of section 3.3.2.1, we consider three cases :

GAUSSIAN PDF V(x) = x2/2 and a(x) = 1, leading to P(x) o e X2/2.

ALGEBRAIC PDF V(x) = x?/2 and a(x) ~ x?/a, leading to
X—00

P(x) o 1/[xl"
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EXPONENTIAL PDF V(x) ~ x|, leading to P(x) o e %l

|x|—00 X—500
The corresponding autocorrelation functions all display an exponential
decay of the correlations.

Given a timeseries for the instantaneous process {x(t) }o<¢<T,,, We
are interested in extremes for the the time-averaged process defined
as

t
Xr(t) = /t_Tx(t)dt for T <t < Ty (3.21)

In each case, the dynamics described by equation (3.15) has been com-
puted over Tjy = 10°7, where 7, denotes the correlation time of the
process estimated by the vanishing time of the autocorrelation func-
tion of the process. Following (3.21), the timeseries for the averaged
process has then been obtained by performing a moving average over
the timeseries for the instantaneous process {x(t) }o<t<T,,,-

Figure 3.18 illustrates extremes of the time-averaged process over
T = 107, for each of the three statistics. The averaging duration T was
set to mimic the averaging of the instantaneous drag in section 3.3.1. It
shows that extremes of the averaged process originate from different
behaviours, depending on the nature of the PDF for the underlying
process. In the case of the algebraic PDF, displayed in figure 3.18a,
the high value of the average results from a single, exceptionally
large fluctuation while the rest of the timeseries concentrates around
typical values. In contrast, for the Gaussian process displayed in
figure 3.18b, the extremely high value of the overall average results
from a large number of relatively typical positive fluctuations over
roughly a correlation time. Figure 3.18¢ illustrates that the exponential
PDF is a marginal case. Indeed, the large value of the average results
both from unusually large fluctuations of the instantaneous process
(around t = 7. and t = 57;) and a large number of independent positive
fluctuations of the order of 2¢.

Recall that the statistics of extreme positive fluctuations of the in-
stantaneous drag f; are well described by an exponential PDF, as
shown in figure 3.16a. Furthermore, the autocorrelation function
C(t) = E[fs(t) fa(t + T)] — E[f4]* was found to decay exponentially
as a function of the lag 7. As a consequence, the evolution of the drag
over time can be modelled by a stochastic process with short-range
temporal correlations, in which the perturbations from small-scale
turbulence fluctuations play the role of the noise.

In this context, the interpretation of figure 3.15 on page 69 is con-
sistent with the results from the analysis of the statistical properties
of the one-dimensional stochastic dynamics presented in this section.
Figure 3.15 illustrates that the temporal structure of the extreme fluc-
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Figure 3.18: Sample timeseries related to extreme fluctuations of the time-
average of the process x(t) defined by (3.15) for three stochastic
dynamics: a process with a power law stationary PDF(3.18a),
a Gaussian process(3.18b) and a process with an exponential
PDF(3.18¢). The averaging window has been set to T = 107.. The
three timeseries displayed in this figure correspond to the highest
fluctuations in the averaged timeseries. This figure illustrates that
fluctuations for the averaged process originate from different
mechanisms depending on the stationary distribution of the
process. In all three cases, the average is 0 and materialised by a
red straight line.
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tuations of the averaged drag could not easily be reduced to either
one of the two following configurations:

1. The extreme value of the average results from only a few number
of very large fluctuations, while the major part of the timeseries
concentrates around typical values. See for instance figure 3.15c.

2. The extreme value of the average results from a unusually large
number of independent positive fluctuations, relatively typical
with respect to case (1). See for instance figure 3.15a

As a matter of fact, in this section we showed that a process with
short-range temporal correlations for which rare events are described
by an exponential PDF is a marginal case. As a consequence, extreme
fluctuations of averaged drag do not preferentially originate from
either scenario (1) or (2).

3.4 GOING FURTHER: THE NEED FOR RARE EVENT ALGORITHMS

Extreme fluctuations of the drag force, whether it is instantaneous
or time-averaged, correspond to events in which it departs from typ-
ical values to reach a given threshold of very high amplitude. The
characterisation of the mechanical processes that lead to such extreme
events is crucial for application. Indeed, it leads to a better under-
standing and/or control on the behaviour of systems immersed in
turbulent flows.

3.4.0.1 Summary of the main results

In this chapter, we investigated the dynamics of very rare fluctu-
ations of the drag acting on a square cylinder embedded in a two-
dimensional channel flow, in which upstream turbulence is generated
by a grid. We showed that extreme fluctuations of the instantaneous
drag are related to violent pressure drops occurring in the vicinity
of the base of the cylinder. By contrast, the upstream pressure does
not vary as much. Furthermore, the study of 100 events with a return
period larger than 10* correlation times suggested that extreme fluctu-
ations result from only two scenarii. The dominant scenario features
the interaction of two vortical structures that result in a strong concen-
tration of vorticity near the base of the obstacle. This scenario describes
the majority of the events, and in particular the most extreme.

In section 3.3, we illustrated the timeseries corresponding to very
high values of the time-averaged drag over 10 correlation times. It
suggested that such extreme values can result from two mechanisms.
On the one hand, the occurrence of a small number of extreme fluc-
tuations of the instantaneous drag, while the rest of the timeseries
displays typical, relatively small positive fluctuations. On the other
hand, a larger number of fluctuations of moderate amplitude which
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sum eventually leads to a very high value of the averaged drag. In-
terestingly, these two scenarii have been found to play an equal role
in the sampled extremes. In section 3.3.2, we illustrated the relative
importance of these two scenarii for extreme values of the average of
three different one-dimensional stochastic processes. We showed that,
for a process with an exponential tail, the two scenarii are equally
likely.

3.4.0.2 Rare event algorithms

In this chapter, extreme events have been sampled by means of di-
rect sampling. That is, we simulated the flow over very long durations
in order to sample a significant number of events that we considered
as rare. We stress that this approach is made possible by the relative
simplicity of the flow, which allows us to compute very long timeseries
in a reasonable amount of time. Naturally, such a direct sampling is
impossible for more complex flows, such as three-dimensional flows
around complex geometries at very-high Reynolds numbers. Addition-
ally, the study presented in this chapter is limited. Indeed, to sample a
larger number of fluctuations, or rarer fluctuations, longer simulations
are required. For instance, to perform an analysis over 10 times more
events with similar amplitudes, the dynamics must be simulated over
a duration 10 times longer. The control simulations involved in this
study have been performed in a wallclock time of the order of the
week. Ten times longer timeseries therefore lead to a wallclock time of
several months. In addition, it would generate a tremendous amount
of data, most of which would be irrelevant to the study of extremes.

In this thesis we propose a novel route for the computational
study of extremes in turbulent flows. Instead of relying over very
long simulations, we consider the application of rare events algorithms,
originating from statistical physics. The objective of these algorithms
is to modify the statistics of the sampling in a controlled way, so as to
favour the occurrence of rare events. To this date, such algorithms have
been successfully applied to relatively simple dynamics, compared to
turbulent flows [21, 54, 158]. Their relevance for complex deterministic
dynamics, such as turbulent flows, remains unclear. This question is
addressed in the following chapters.
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Part II

RARE EVENTS ALGORITHMS

The study of rare events by means of direct sampling, i.e.
very long simulations, is limited. Indeed, targeting events
with a specific probability, the dynamics must be simu-
lated on a duration that grows like the inverse square-root
of this probability. For turbulent flows, which numerical
simulation often require important computing time, such
direct approach is simply unfeasible. In the subsequent
chapters we assess the applicability and efficiency of two
different rare events algorithms for rare event sampling in
turbulent flows. The underlying idea of these algorithms
is to modify the sampling of trajectory space by following
an ensemble of weighted copies of the dynamics. Even
though such techniques have been successfully applied
to rather simplified stochastic dynamics, it is not clear if
they are useful for complex deterministic systems, such as
turbulent flows.






THE GIARDINA-KURCHAN-TAILLEUR-LECOMTE
ALGORITHM

The previous chapter illustrated the study of extremes drag events,
on the basis of a very long numerical simulation of test flow (2). This
could only be achieved thanks to the relative simplicity of the flow,
allowing for the integration of the dynamics over a long duration.
However, such an approach is hopeless for more complex flows in an
industrial or environmental context, such as high Reynolds flows past
cars or wind turbines. Indeed, such long simulation would require
tremendous computational resources and computation time, if even
technically feasible. In such cases, performing highly-resolved sim-
ulation of the flow over a few turnover times is already a challenge
in itself. How to optimise computational effort to capture dynamical
events with a return time much larger than the typical timescale of
the flow ?

This chapter introduces the GKTL algorithm, a rare event algorithm
designed to compute large deviation rate functions by means of im-
portance sampling. Roughly speaking, the GKTL algorithm allows for a
biased sampling of trajectories, selecting preferentially rare trajecto-
ries considered as more important. Eventually, it results in sampling
flow trajectories according to a biased probability measure, for which
typical events are rare events with respect to the original dynamical
measure of the flow. In contrast, directly simulating the flow over long
durations amounts to unbiased sampling, often referred to as direct
sampling or direct simulation.

In section 4.1.1, we give a brief introduction to importance sampling,
a general statistical method at the basis of the GKTL algorithm. Then,
section 4.1.2 describes the algorithm itself, as well as how importance
sampling is effectively achieved in order to sample rare trajectories.
The relation between the GKTL algorithm and large deviation theory
is highlighted in section 4.1.3. As an illustration, the GKTL algorithm
is applied on the OU process in section 4.1.4. In section 4.2, we specifi-
cally discuss the implementation of the GKTL algorithm for turbulent
dynamics.

4.1 THE GKTL ALGORITHM

Over the past few decades, there has been an intense renewal of
interest in large deviation theory. Indeed, it offers an insightful and pow-
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erful description of both equilibrium and non-equilibrium statistical
physics [165]. Accordingly, important research effort has been made
towards the development of computational tools capable of computing
large deviation rate functions, that are analogous to free energies in non-
equilibrium systems. Such quantity encodes the statistical properties
of the fluctuations, including rare events.

Among these numerical methods is the cloning algorithm [57, 59,
103], introduced in 2006 by Giardina, Kurchan and Peliti [59] to com-
pute large deviations of time averaged quantities in discrete Markov
processes. A year later, similar ideas were applied to the simulation of
trajectories of atypical chaoticity in nonlinear deterministic systems,
such as the Fermi-Pasta-Ulam-Tsinguou chain [158]. Note that the
algorithmic procedure is actually rooted in older ideas, introduced
in Diffusion Monte Carlo [89] and Go with the Winners algorithms [68,

167].

The algorithms rely on the parallel evolution of an ensemble of
independent copies of the system. At a fixed period T, copies are either
discarded from the ensemble or duplicated, at a rate that depends on
their history over the period. In this way, the population is dynamically
enriched with copies exhibiting large fluctuations of a given observable
of the dynamics. This leads to importance sampling in trajectory space,
i.e. the generation of an ensemble of trajectories in phase space that
is drawn for a biased path measure that favours the rare events of
interest. The cloning algorithm has been given different names in the
literature: the Giardina—Kurchan-Tailleur-Lecomte (GKTL) algorithm,
the cloning algorithm or simply the Diffusion Monte Carlo algorithm.
In the following, it is referred to as the GKTL algorithm. Note that a
very similar method is the Del-Moral-Garnier algorithm [118].

Because it works directly in trajectory space, the GKTL algorithm
does not rely on the a priori knowledge of the stationary distribution.
It is therefore directly applicable to non-equilibrium dynamics. The
GKTL outputs an ensemble of trajectories of the dynamical system
that are associated to large fluctuations of a time-averaged observable
of interest. In addition, a statistical weight is attributed to each sam-
pled trajectory, allowing for the computation of expectation values
according to the unbiased probability.

In the following section we give a brief introduction to the concept
of importance sampling, at the basis of the GKTL algorithm.
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4.1.1  Importance Sampling

Importance sampling [22, 163] is a general strategy for reducing
the variance of statistical estimators:

N
Elfly = [ dXf(X)p(x) ~ 5 L £(%0) @)

Where f denotes the value of an observable. The expectation value
of f with respect to p, i.e. E,[f], is estimated on the basis of a sample
mean over a set { X, }1<,<n of independent realisations drawn from
p. This follows from the law of large numbers. For a fixed N, the
statistical error affecting the sample mean in (4.1) can be reduced by
sampling realisations from a different PDF, which we denote by g. This
probability distribution is chosen so that it is centred on realisations
that contribute the most the average in (4.1).

The very general idea of importance sampling appears in numerous
fields. An example is the numerical estimation of thermal averages in
equilibrium systems, such as

dre BUMO
(O)p = ! frzre—ﬁu(r)(r) - / drPéG)(r)O(r), (4-2)

where P! denotes the Gibbs measure associated to the inverse tem-
perature B = 1/k;, T . The integrals runs over a space of states denoted
by r. The weight of these states depends on the temperature of the sys-
tem and are given by the Boltzmann factor e #Y(*) where U(r) is the
energy of the system in state r. In order to compute the average (4.2),
one could think of generating states r uniformly and accept or reject
them with a probability proportional to Péc). This direct sampling
approach is however unpractical. Indeed, in practice the state space
contains an extremely large number of states, and only a small subset
actually contributes to the average in (4.2). As a result, virtually all
proposed states would end up rejected, resulting in a very inefficient
sampling. Instead, a common approach to the computation of thermal
averages is Markov Chain Monte Carlo (MCMC) sampling. In this
approach a sequence of correlated realisations is constructed, which
stationary distribution is Péc). This process is commonly referred
to as importance sampling in the statistical physics community. The
most famous MCMC sampling algorithm is the Metropolis-Hastings
algorithm [34, 122].

In the context of rare event sampling, the tails of a distribution
p can be efficiently sampled using a biased distribution g for which
rare events of p are typical. In the following we describe importance
sampling in the context of rare event sampling. We first motivate the
method by illustrating the inefficiency of a direct approach in which
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Figure 4.1: llustration of importance sampling. Sampling of rare events in
the set A coloured in red is made efficient by sampling a biased
distribution g, for which such events are typical.

realisations are drawn from the original PDF p. We then discuss the
variance reduction resulting from the sampling from an alternative
distribution. In particular, we show that there exist an optimal choice
of this distribution for which zero variance is achieved.

4.1.1.1  Importance sampling for rare events

Let X be a realisation of a random process described by the probability
density p. Furthermore, let A be a region in the tails of p, such that
pa = P(X € A) < 1. In the following we address the numerical
computation of the probability that a realisation falls into the region
A:

pa=Eylla] = [ dXp(X)14(X), @3)

with 14 =1if X € A and 14 = 0 otherwise. A most straightforward
way of computing such probability is to draw an ensemble of inde-
pendent realisations { X, }1<,<n and to count how many fall into the
region A. This results in a direct estimator of (4.3), analog to (4.1):

N
pa=v Y 1a(Xa). (4-4)

Denoting the standard deviation of p4 by o(p4), the relative error on
the estimate is given by err(pa) = o(pa)/pa. For small probabilities
pa, the relative error reads

err(Pa) = ! (4.5)

with N the number of independent realisations. In order to maintain
the relative error constant as p4 becomes smaller and smaller, the
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sample size must then grow as 1/p 4. Direct sampling of rare events
thus involves tremendous computational effort and is prohibitive for
computationally demanding dynamics such as turbulent flows.

Importance sampling instead consists in drawing realisations from
a different PDF p, and to rewrite (4.3) as

pa = [ 0Xp00EAX) = ELL001A00), 46)

where IE[] denotes the expectation value with respect to g and £(X) =
p(X)/p(X). The corresponding importance sampling estimator for p 4 is

N
Z Xn 1A Xn (4-7)

where the {X,}1<,<n are drawn from . One can check that g
is also an unbiased estimator of p4, i.e. E[p4] = E[pa]. Why bother
introducing ¢ ? This can be understood by considering the variance of

pa:

(fa) = E[£2(X)14(X)] ;IIEZ[['(X)lA(X)]

_ % ( / dXo(X)L(X)1a(X) — p31> . 5

One can see that, choosing £(X) = L") (X) = pa14(X), the variance

vanishes. This amounts to choose p(X) = %1 A(X), a PDF in which

all the mass is located in the region A. Naturally, such a ratio £ (X)
cannot be chosen in practice, as it is based on the quantity one wants
to compute, i.e. p4. The underlying idea of importance sampling is
that significant variance reduction can still be achieved by choosing
p so that £ is close to £(°P!). In other words, this means choosing £
so that the rare events of interest are typical for g, thus significantly
reducing statistical errors.

In the remaining of this section we explain how importance sam-
pling can be achieved at the level of the trajectories of a dynamical
system, such as a turbulent flow. The choice of the biased measure
relies on an exponential change of measure, which is motivated by large
deviation theory related to the asymptotics for the probability of a
large-time averaged observable of the dynamics.

4.1.1.2  Importance sampling extremes of dynamical observables

For dynamical systems, importance sampling must be implemented
at the level of trajectories. A trajectory {X(t) }o<t<r, refers to a dynam-
ical solution of the numerical model over a time-interval [0; T,]. Let o
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be an observable over the trajectories and Or, its time-integral over a
duration T,

T,
Or, [{X() }oster,] = /0 o[X(#)]dt.

The GKTL algorithm is a procedure to sample trajectories according to
an importance ratio L [{X(#) }o<i<7,], that gives a heavier weight to
trajectories having a higher value of Or,.

More precisely, let Py ({X(t) }o<t<1, = {x(f) }o<t<T,) denote the sta-
tionary path measure of the system. It is the probability density that a
trajectory {X(t)}o<t<T, corresponds to a given trajectory {x(f) }o<i<T,-
For the sake of convenience, in the following we write Py ({x() }o<t<T,)
as a shorthand notation for Py ({X(t) }o<t<T, = {x(t) }o<t<T,). The
GKTL algorithm samples trajectories according to [120, 130]

exp (k S o[x(t)]dt)
Ep, [exp (k fOT” o[x(t)]dt

Ly [{X(#) fo<i<T,]

Pr ({x(t) o<t<t,) = )} Po ({x(t) o<i<t,)

(4-9)

where Ep,[.] denotes the ensemble average with respect to the path
measure Py. The distribution Py is thus analogous to the biased dis-
tribution g featured in figure 4.1, and P to p. The importance ratio
Li[{X() }o<t<t,] depends on a free parameter k, that rules how much
weight is given to trajectories having larger values of Or,. The form of
the importance ratio originates from the large deviation behaviour of
the probability for the averaged observable T% Jo " o[x(t)]dt, in the limit
of large T,. The link between the GKTL algorithm and large deviation
theory is highlighted in section 4.1.3.

4.1.2  The GKTL algorithm

This section describes the algorithm that results in the sampling of
trajectories according to the biased measure Py, defined in (4.9). The
algorithm relies on the simulation of an ensemble of copies in parallel,
from an initial time t = 0 to a final time t = T,. For a turbulent flow,
this means carrying out an ensemble of simulations, starting on inde-
pendent initial conditions. Along their evolution in time, copies are
either cloned or discarded from the ensemble with a period T < T,,
according to their history. More precisely, trajectories are selected ac-
cording to the value the time average of a given observable 0. In out
application, o will be the instantaneous drag acting on an obstacle im-
mersed in a turbulent flow. The algorithm thus consists in M = T, /7
consecutive stages, each one consisting of the independent evolution
of the copies from nt to (n + 1)7, followed by a selection procedure.
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The algorithm is designed so that, at a time t, = nT, a copy j is given
a weight

exp (k n"+1 x(t)]dt
wj: ( J ) (4.10)

Y- 1exp (k fnnH dt)

As a result, in average, copy j is replaced by W; clones’. It will be
checked further that this amounts to sample trajectories of duration
T, according to the biased measure Py, see equation (4.9).

4.1.2.1  Description of the algorithm

Let there be N. copies of a dynamical system of interest. The
corresponding trajectories over the interval [0; T,] are denoted by
{xU)(t)}o<t<T,. Additionally, let us partition the interval [0; T,] into
sub-intervals of length 7. The GKTL algorithm can be outlined as
follows :

e Initialisation : x\) (t = 0) = x(()]), 1<j< N,

e FOR 7 from1to M = L
- FOR j from 1 to N,

x Compute dynamics from t = nt to t = (n+ 1)1 for
clone j

* Give clone j a weight w; = exp (k fnnﬂ o[x(j)(t)]dt)

- Compute the sum of the weights over the j copies :
(n+1)T )
= Zexp ( / o[x(])(t)]dt>

- FOR j from 1 to N, copy j is replicated into m; clones with

w;
— ]
m; = E| Z, + €]
where E[-] represent the integer part and € is a random

number drawn uniformly in [0;1[. If m; = 0, the copy is
discarded.

The procedure described above leads to effectively sampling trajec-
tories according to the biased measure P &) Indeed, the selection stage
acts like a bias that modifies the probability of observing a trajectory
in the ensemble.

1 The precision in average is required because W; is not necessarily an integer. See the
full description of the algorithm further down.
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To illustrate this, let us compute the probability of observing a given
trajectory {x(f) }o<¢<r in the ensemble after the first selection stage, at
time t = 7. It can be done by considering how the selection modifies
the original probability Py. In the limit of large N,

_ oK Jo X (Hlde k [y o[XU()]dt
e e TR [AE08],
where the empirical average over the N independent and identically

distributed random variables {e /o ( (D)dty, i, approximates the
expectation value. Using the definition of the weights (4.10), one finds

kaTo x(t)]dt
Ne—o | [ k [ of ]dt}
Po

P ({x(D) Yo<i<r) Po ({x(t) Yosi<r) (4.12)

The procedure is then iterated over the second evolution and selection
stage, and Py thus becomes

P (st

c

ok S5 olx(b)dt

S N
0

k

Po ({x(t) bo<t<2r) (4.13)

Furthermore, one can see that from (4.13):

E [ekaZTO[X(f)]df} . (4.14)

[ k [T ol ]dt} . E [ek fTZTo[x(t)]dt} n

n

Equation (4.9) then follows by induction, in the limit N. — co.

At this point, an important subtlety must be stressed. Relation (4.11)
holds true after the first selection stage, if the N, trajectories start on
independent initial conditions. However, in general, trajectories in the
ensemble are not mutually independent and the law of large numbers
does not apply. Still, it can be shown [117] that (4.11) holds true for
subsequent iterations. This has been assessed for a whole family of
genealogical algorithms, including this one. An additional result is
that the typical relative error entailed by this approximation is of order

of 1/+/N..

4.1.3 The GKTL algorithm to compute large deviation rate functions

The cloning algorithm was first designed to compute large devi-
ations rate functions numerically. In the limit of large observation
times, the tail statistics of additive observables can be described by
large deviation theory. The central object of large deviation theory is
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the large deviation rate function, which describes the rate of decay
of the probability as fluctuations from the typical value gets more
and more rare. Let Ot be an observable defined as a time-integral as
such O = fOT o(t)dt. It can be shown that the probability distribution
verifies a large deviation principle, that is:

T
p (;/0 o(t)dt:a> = ¢ T (4.15)

T—o0

where the symbol fr 8T denotes logarithmic equivalence as T

—0

goes to infinity: In(fr) o In(gT). The large deviation principle can
—00

be interpreted as the distribution of Or/T getting more peaked as T

grows, and asymptotically described by a unique rate function I(a).

See chapter 1 for a brief introduction to large deviation theory.

As a matter of fact, the GKTL algorithm does not directly compute
the rate function. Instead, it yields its Legendre transform, which
corresponds to the SCGF for the observable Or. The SCGF is a useful
object when working with large deviations. It is discussed in the next
section.

4.1.3.1  The Gartner-Ellis theorem

When working with a probability distribution, say P(x), it often
proves useful to introduce the cumulant generating function defined as
InE[¢"¥]. In view of (4.15), large deviation theory makes extensive use
of the scaled cumulant generating function defined as

A(k) = lim %ln]E[eTkx]. (4.16)

T—o00

This definition can be written as

IE[eTkx] — eT/\(k).

Therefore, the large deviation principle (4.15) leads to

/eT(ku—I(u))da ~ STAW).
T

—»00

In the limit T — oo, a saddle point approximation writes
A(k) = suplka — I(a)]. (4-17)
a

The scaled cumulant generating function is often easier to compute
than the rate function. For instance in equilibrium statistical physics,
numerous methods are available to compute free energies, which
corresponds to the cumulant generating function of minus the entropy.
An important theoretical question is then to determine under which
hypothesis relation (4.17) can be inverted.
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The Gartner-Ellis theorem states that, if A is differentiable on R, then
the rate function I exists and is the Legendre transform of A :

I(a) = suplka — A(k)|k € R] (4.18)
k

Therefore, a common strategy to compute rate function is to first
compute the SCGF, and deduce the rate function from (4.18). To that
end, the GKTL algorithm yields the SCGF.

4.1.3.2 The SCGF from the GKTL algorithm

Looking back at the definition of the biased measure P%)(4.9), one
notices that the denominator of the importance ratio can be linked
to the SCGF A(k). It can be seen from equations (4.13) and (4.14) that
it corresponds to the product of the normalisation factors for each
selection/mutation procedure, defined in relation (4.11)

Z(k,T) = Z1 2y Zy1Zy ~ lE[ekfoT“o[X(f)ldf} ~ eT'0) (4.10)

Ne—o0 Py Ty—o0

The SCGF can thus be computed from the normalizers Z,, as

1
Ak) = T In]]Z, (4.20)
in the limit of large number of copies N, and integration time Tj.

Results from convexity analysis yield that if A is differentiable, e.g.
the Gartner-Ellis theorem applies, then the rate function is convex.
Equation (4.18) then translates into

I(a) = k(a)a — A(k(a)), whith k(a) defined by A'(k(a)) —a =0,
(4.21)

which can be used to compute the rate function.
In the limit T — oo, one can show from (4.16) that the expectation

value of the time-average O7 /T with respect to the biased distribution
Py o ekOrPy verifies

E[Or/T]p, T A (k). (4.22)

4.1.4 Illustration on the Ornstein—Ulhenbeck process

As an illustration of the GKTL algorithm, we now present its appli-
cation to a simple one-dimensional stochastic process for which the
large deviation rate function and corresponding SCGF can be derived
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analytically. In the following we consider an OU process x(t) defined
by the following stochastic differential equation:

x(t) = —x(t) + V25 (t), (4.23)
where 7 is a Gaussian white noise. In this case the autocorrelation
function is

Elx(x(t+7)] _ —«

C(r) = 2 =e7, (4-24)

where 02 = [E[x?]. Note that IE[x] = 0. We now write the rate function

explicitly. Let us consider the time-averaged process Xt defined as

t+T
i) =3 [ xodr (4.25)

The PDF for Xt can be shown to be Gaussian with mean y = 0 and
standard deviation or. Furthermore, one can show that, in the limit of
large integration times:

5 2

O 1Y T (426)

As a result, the PDF of Xt writes:

lim P(Xy =a) = lex —Tﬁ (4-27)
e T A U +27
The rate function I(a) describing the decay of the probability for the
fluctuations of Xt in the limit of large T is thus:

I(a) = — (4.28)

and the corresponding SCGF is given by (4.17):

Mk) = supfka — 1(a)] = &2 (4:29)

In order to illustrate the GKTL algorithm, we first compute A(k)
from a direct sampling approach. More precisely, we generate a very
long timeseries {x(t)}o<¢<T,, by simulating the process (4.23) over
Tiot = 10°. An estimate of A(k) is then computed on the basis of this
timeseries. The estimation of a SCGF from a timeseries is discussed in
chapter 5. We refer to this estimate as the direct estimate. this estimate

can only accurately estimate A(k) on a finite range k € [Kyin; kmax]-

Indeed, for values k > kyu,x, or equivalently k < k,,;,, the fluctuations
having a major contribution in the average in (4.16) are too rare to
be sampled in statistically significant numbers. We now compute
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Figure 4.2: Estimation of the Scaled Cumulant Generating Function (SCGF)
from a direct estimation and from the GKTL algorithm. A first
estimate is computed from a timeseries {x(f) }o<;<T,, With Tjor =
10* (continuous line). The blue stars represent the result (4.20) of
1000 independent runs of the GKTL algorithm for various values of
k. Each run ha a computational cost of 10*. This figure illustrate
that the GKTL algorithm is capable of computing the SCGF for
values of k, unreachable from a direct sampling approach, for a
fixed computational cost. The rate function I(a) can be deduced
from the estimate of the SCGF using (4.21)

an estimate of A with the GKTL algorithm. We use N. = 256 copies.
The total length of the trajectories is set to T, = 40, and the cloning
period is set to T = 1. As a result, the evolution/cloning sequence
is repeated M = 40 times. We define the computational cost of this
experiment as the total time over the process (4.23) has been simulated:
Nc x T, =~ 10*. Importantly, it corresponds to the computational cost
of the direct estimate: T;,; = 10%.

Figure 4.2 shows that, for a similar computational cost, the GKTL algo-
rithm provides a far better estimate of the rate function. For values in
the vicinity of k = 0, both the direct estimation and the GKTL algorithm
provide reliable estimates. In this region, roughly —0.002 < k < 0.002,
typical fluctuations largely contribute to the average in (4.16). For
values further away from k = 0 however, the direct estimate is unable
to yield an accurate estimate, as too few fluctuations are sampled. By
contrast, the GKTL algorithm biases the sampling of these fluctuations
through the cloning mechanism, and therefore provides a much better
estimate. The GKTL algorithms preferentially selects copies that display
short-lived fluctuations over the cloning period 7. As a results, it sam-
ples trajectories for which the succession of short lived fluctuations
over T results in a long-lived fluctuation over T, = M. to illustrate
this, we consider the time-averaged process Xt defined in (4.25) with
T = 40, a value large enough so that the large deviation limit T — oo
can be considered valid.
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Figure 4.3: Average value of the moving average Xr over the N, = 256
trajectories sampled by the GKTL algorithm for three different
values of the bias k. The value of the averaging window is set
to T = 40, a value large enough so that the large deviation
limit T — oo can be considered valid. As a matter of fact, the
consistency of this approximation is verified by the typical values
of Xt along the trajectories, which verifies equation (4.22). The
duration of the trajectories sampled by the algorithm is T, = 280.

Figure 4.3 displays the average of Xt along the trajectories sampled
by the GKTL algorithm with T, = 280. The average is computed as an
empirical mean over the N, trajectories:

N .
E[Xr1]p, (t) ~ Ni Y x¥(t)dt t e [T;T,] (4.30)
c ]':1

Where X(T] ) (t) denotes the moving average over a duration T computed
over the trajectory {x)(t)}o<;<r1, for copy j, defined over [T; T,]. The
subscript P, denotes the ensemble average with respect to the biased
measure Py, see equation (4.9) for a definition of Py. Figure 4.3 illus-
trates the property (4.22). Indeed, in the large time limit, the average
value with respect to Py is A’ (k). In this example, it follows from (4.29)
that A'(k) = k.

4.1.5 Can the GKTL algorithm provide similar results for turbulent flows ?

The GKTL algorithm achieves importance sampling at the level of
trajectories in dynamical systems. Trajectories are sampled according
to the biased measure Py (4.9), instead of the stationary measure Py.
In this way, trajectories corresponding to long-lived fluctuations of
the observable of interest are sampled with a higher probability. Fur-
thermore, the importance ratio P,/ Py is computed by the algorithm.
Indeed, the GKTL algorithm yields the SCGF, from which statistics with
respect to Py can be computed over a set of trajectories sampled from
the biased measure Py. Finally, the knowledge of the SCGF in the vicin-
ity of a given value k = k* allows for the computation of the rate
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function I(a*), with a* = A/(k*). It describes the decay of the proba-
bility of rare fluctuations of the averaged observable of amplitude a*,
as the average duration is increased, in the large-duration limit. The
rate function can then be used to recover the PDF through the large
deviation principle (4.15).

We stress here that the dynamics are not modified, as importance
sampling is only achieved through the selection procedure. This makes
the GKTL algorithm very general, as it is independent of the underlying
dynamics. More specifically, there are a priori no restrictions to the
application of the algorithm to turbulent dynamics. In the following
section, as well as in chapter 5, we assess the practicality and efficiency
of the GKTL algorithm for rare event sampling in turbulent flows.
The study is based on test flow (2), presented in chapter 2. It is
motivated by the fact that rare events in most turbulent flows are
not accessible through a direct sampling approach, because of the
large computational effort required to compute the dynamics. The
GKTL algorithm therefore appears like a promising tool to perform
computational studies of extreme events, simulating the dynamics of
the flow over durations that are accessible to numerical simulations. In
the following section, we discuss several practical and general aspects
of the application of the GKTL algorithm to turbulence. To begin with,
we explain that randomness must be artificially introduced in the
dynamics of the copies and discuss several solutions. In a second part,
we describe several implementation strategies, with a focus on parallel
computing. The actual application of the GKTL algorithm to the test
flows is presented in chapter 5. Several experiments are described and
the corresponding results are analysed and discussed.

4.2 APPLICATION OF THE GKTL ALGORITHM TO A TURBULENT
FLOW

The previous section described the GKTL algorithm in its general
form, unregarding of implementation issues. In spite of the relative
simplicity of the algorithm, its implementation for complex, determin-
istic dynamics deserves discussion.

The randomness of turbulent dynamics results from the strong
variations of the macroscopic quantities describing the flow, as well
as extreme sensibility to initial conditions. However, turbulent flows
are described by the Navier-Stokes equations, which corresponding
dynamics is deterministic. The deterministic nature of the dynamics is
a hindrance to the application of rare events algorithms. For instance,
in the GKTL algorithm, this entails that descendants of a given copy
created at time nT will follow the exact same path from nt to (n+1)7,
resulting in a poor sampling of trajectory space.
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A workaround is to introduce small perturbations in the dynamics,
exploiting the sensibility to initial conditions in order to separate
trajectories. Naturally, this breaks one of the key feature of the GKTL
algorithm: the fact that only statistics, and not dynamics, are modified.
However, for highly chaotic systems for which sensibility to initial
conditions is extreme, the amplitude of the perturbation can be chosen
small enough so that it does not impact the statistics of the dynamics.
Still, the perturbation will cause trajectories to separate over a finite
time Ty, related to the Lyapunov time of the dynamics. This duration
can be thought of as the time it takes for two trajectories starting on
very close initial conditions to decorrelate. These aspects are illustrated
and discussed in section 4.2.1.

The number of spatial mesh points needed to fully resolve a tur-
bulent flow can be expected to grow as a power of the Reynolds
number [51]. In practice, this implies that saving a state of the flow
at a given time in memory comes at an important storage cost. The
GKTL algorithm is based on the parallel simulation of a great num-
ber of flows, which means that at a given time, not only one state
must be stored in memory, but N, states. Being intrinsically parallel,
the GKTL algorithm benefits from modern computer architectures. In
particular, on computer clusters, the copies can be distributed across
several computing nodes. Not only it allows for faster simulation—in
terms of wallclock time)—but it also mitigates the memory load on
one single node. However, the cloning stage entails communications
between the nodes, involving transfers of a large amount of data from
one to another. In section 4.3, we discuss the parallel implementa-
tion of the GKTL algorithm. In addition, the question of the impact of

the communications on the overall performance of the algorithm is
addressed.

4.2.1  Perturbation of the trajectories

For clones of a copy to separate over time, randomness must be
introduced at the level of the dynamics. It can be achieved using a
perturbation acting all along the dynamics, that is, adding a random
component to the dynamics varying at each timestep of the numerical
model. For instance, the inlet velocity in test flow (2) could be affected
by a Brownian perturbation at all times. An alternative is to introduce
an instantaneous perturbations after the cloning stage, perturbing the
restart states of descendant clones.

The two options have been used in different previous works, see for
instance [158] and [177]. On the one hand, adding a constant small
noise to the dynamics provides a clearer theoretical framework. In-
deed, the effect of noise can be studied considering the corresponding
stochastic differential equation in the weak noise limit. Note that the
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noise can also model an external perturbation with a physical reality,
for instance a fluctuating upstream volumetric flow rate. However
this approach results in a modification of the dynamics itself, and
not only the initial conditions of the clones. In practice this can lead
to difficulties, for instance if the dynamics is computed through ex-
ternal software which code cannot be modified to implement such a
perturbation. In the second approach, the effect of the instantaneous
perturbation introduced following the cloning stage is harder to anal-
yse. However, we do not conduct a precise analysis of the effect of the
perturbation in this work. As a result, we opt for the latter approach.

The state of the flow at time ¢ is characterised by the pressure” field
p(x) and velocity field u(x). A natural way of perturbing such a state is
to introduce a perturbation velocity field du(x) and its corresponding
density field dp(x). Let us give an example: say copy j is cloned twice,
yielding j; and j», following the cloning stage at iteration 7. For the
dynamics of j; and j» to separate over time, the state of one of the
two clones, say j, is perturbed. More precisely, the initial state for
iteration 1 + 1 for copy j, becomes X, (t = nt) = (w + du, p/ + p).
Because the flow is turbulent, the perturbation is expected to result
in an exponential divergence of the trajectories of j; and j, over time.
More precisely, the trajectories for j; and j, are expected to decorrelate
over a timescale 1 like

[lur (£) = ua(t)]] ~ [Sulfe"/™ (4-31)

where

ul[(f) = (/|u(x,t)|2dx>l/2 with [u(xt)| = /13 +13

The case of the Lattice Boltzmann Method is somewhat special.
Indeed, it differs from conventional CFD methods as it does not di-
rectly compute the dynamics of the macroscopic fields such as the
velocity or pressure. Instead, it computes the dynamics of an ensem-
ble of mesoscopic degrees of freedom—referred to as populations in
section 2.1—from which macroscopic observables can be computed by
simple averaging over the mesoscopic populations sitting on a given
computational node. However, populations are not easily deduced
from a given macroscopic state, for instance prescribed values for the
initial velocity and pressure (ug, po) [152]. For incompressible flows, a
common practice is to initialise the populations at equilibrium:

filx £ = 0) = f(po, uo(x)), (4-32)

Within the LBM context, it is often more convenient to work with the density p. Recall
that, following the weak compressibility approximation, the density is proportianal
to the pressure through the ideal gas state equation p = csp. See appendix B for a
description of the LBM.
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with pg a uniform density field. However, the resulting pressure field
is not consistent with the Navier-Stokes equations as it does not solves
the Poisson equation corresponding to the initial velocity field ug [110].
Furthermore, discarding the non-equilibrium part of the populations
makes the initial populations inconsistent with derivatives of the
velocity field, and especially strain rate tensors. As a consequence,
the simulation suffers from initial layers [24]. Therefore, a common
practice is to first simulate the flow over a transient regime, following
initialisation, before any measurements are performed.

The issue of the initialisation of the LBM has been addressed in
several works, following two different routes. The first approach is to
solve the Poisson equation directly, and then approximate the non equi-
librium part of the populations using a regularisation procedure [99,
152]. A more recent approach consists in an iterative scheme that both
solves the Poisson equation and provides the initial values for the
non-equilibrium populations [110]. This method was then enhanced
in subsequent works [24, 83].

In the context of the GKTL algorithm, populations must be initialised
on the perturbed macroscopic state (u + du, p + dp) at each iteration.
In order to avoid the resolution of the Poisson equation for each clone,
after each cloning stage, two alternative perturbation methods were
explored:

1. A spatio-temporal perturbation of the forcing field over a short
period of time following the initial condition.

2. The addition of a random perturbation on the restart state itself,
however acting at the level of the mesoscopic Lattice Boltzmann
populations, instead of the velocity and pressure fields.

4.2.1.1  Perturbation of the forcing field

If a perturbation cannot be applied directly on the state of the flow,
one can act on its external parameters, such as the forcing field for
test flow (1) or the inlet velocity for test flow (2). See chapter 2 for
a presentation of test flow (1) and test flow (2). To illustrate this, we
focus on test flow (1), in which a perturbation is added to the external
forcing driving the flow downstream. In this context, the constant and
homogeneous forcing field Fye, is replaced by

F(x) = Fy x (1+en(x,t))ex with n(x,t) = n(x)n:(¢),

where € is a scaling parameter so that e7(x,t) < 1 and e, a unit
vector aligned with the channel axis. In the following we denote by
Tp the timescale of the perturbation. Furthermore, we require that the
perturbation occur on a timescale much shorter than the cloning period
of the GKTL algorithm, i.e. T, < T. As a consequence, we restrict the
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choice of 1 so that #;(t) i 0. Such perturbation is then characterised
—Tp

by the corresponding added momentum per unit volume €7, F.

A first choice for 7 is to keep the homogeneous structure of the
forcing, ie. 17,(x) = 1, while abruptly varying its intensity over a
timescale 7,. The simplest form for #;(t) is a step function with unit
value over [0, 7,]. For the perturbation to be successful we also require
that the timescale over which trajectories separate is much smaller
than the cloning period 7.

However, we observed in numerical experiments that an abrupt
increase of the forcing amplitude generates density waves propagating
over the whole domain, as illustrated in figure 4.4. The greater the
value of €, the greater the amplitude of the waves. Unfortunately, we
observed that the order of magnitude for the amplitude € necessary
for a rapid separation of the trajectories result in the emission of
waves with a drastic effect on the drag force acting on the obstacle.
Modulating the perturbation by a smoother function of time such
a Gaussian pulse, keeping the added momentum constant, did not
mitigate the amplitude of the density waves. It is also possible to
give the perturbation 7 a spatial structure. For instance, 7,(x) was
set to be a realisation of a Gaussian random field with Gaussian
covariance function (17,(x + )57y (x)) « exp(—1?/2L2,,,) where Lgo
was set to match the typical size of the large scale eddies. Numerical
experiments indicated that such forcing does not lead to a significantly
faster separation oh the trajectories, and still requires high values for
€, causing density waves to alter the flow dynamics.

The practicality of the perturbation depends on two properties.
First, it must occur on a timescale shorter than the cloning period,
ie. Ty < 7. Second, the resulting separation of trajectories must take
place over the timescale of the cloning period, i.e. T, ~ 7.

In the next chapter, we justify that a good choice of Tis T =~ 7,
with 7, the correlation time of the drag acting on the obstacle, see sec-
tion 5.1.2.1. The correlation time is the timescale over which the value
of the drag decorrelates from its previous values. For a discussion of
the correlation time, see chapter 3, page 49 Choosing T of the order of
the correlation time 7., we concluded that the design of the perturba-
tion acting on the force density driving test flow (1) is very difficult,
as it results in spurious density waves polluting the simulation. In
addition, we made similar observations in the case of the perturbation
of the inlet velocity for test flow (2). Note that this limitation origi-
nates from the intrinsic compressible nature of the Lattice Boltzmann
Method, allowing density waves to propagate in the computational
domain.
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Instantaneous drag signal

no perturb

e=1

Instantaneous drag signal

no perturb

Figure 4.4: Drag timeseries illustrating the separation of two trajectories over
time, subject to a small perturbation at time t = 0. The pertur-
bation corresponds to abrupt increase of the forcing amplitude
over T, = 0.1. The top panel illustrates the case where the am-
plitude of the perturbation is limited so that no density waves
are emitted due to the perturbation. The bottom panel pictures
the propagation of density waves through the fluid domain as
the amplitude of the perturbation is increased so that the two
trajectories separate over a few correlation times. In this case the
measurement of the drag strongly suffers from the emission of
density waves.

4.2.1.2  Perturbing a the level of the populations

As stated in the introduction of section 4.2.1, it is difficult to ini-
tialise a LBM simulation on the basis of prescribed macroscopic fields
such as the velocity or pressure. An alternative is to introduce the
perturbation directly at the level of the mesoscopic populations ma-
nipulated by the LBM. See section 2.1 for a discussion of the LBM. In
this section we address the design of such a perturbation. To start off
with, we note that the Lattice Boltzmann Equation (B.1) is linear, up
to nonlinear terms located in the collision operator. As explained in
appendix C, under the LBGK approximation, these terms are of order
one in the Mach number, O(u/c;). See section 2.1 and appendix B for
a description of the Lattice Boltzmann Equation (LBE) and the LBGK
approximation.

Such observation suggests that a linear combination of solutions of
the lattice BGK equation can itself be considered as a solution, up to
errors scaling like u/c;. In the following we denote by {fi(x)}1<i<s
the set of populations on the lattice node x. A perturbation is designed

101



102

THE GKTL ALGORITHM

as a random linear combination of solutions { fi(n) (x) }1<n<n, pre-
computed before hand through a simulation of the flow in stationary
regime. At each lattice node x, populations are then replaced as

N
filx) = filx) + e} anf'(x), 1<i<9, (4-33)
n=1
with the set {a, }1<m<n drawn uniformly from [0,1] and € the ampli-
tude of the perturbation. The perturbed populations are then rescaled
so that no mass is added in the system. For more details concerning
this procedure, see appendix C.
Figure 4.5 illustrates the separation of two trajectories following
a perturbation computed as (4.33). It displays the time evolution of
the drag force corresponding to each trajectories. By contrast with a
perturbation affecting the external forcing—see section 4.2.1.1—the
amplitude of the emitted density waves is greatly reduced, for a similar
separation timescale.
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Figure 4.5: Separation of trajectories after the introduction of a small pertur-
bation at t = 0, for two values of the amplitude of the perturbation
€. Each curve represent the drag timeseries corresponding to each
trajectory. Each one of them results from the integration of the
dynamics from the same initial condition. The dashed timeseries
denoted by € = 0 was obtained by integrating the dynamics with-
out introducing any perturbation. The perturbation is introduced
at the level of the mesoscopic populations involved in the LBM
simulation of the flow, according to equation (4.33). By contrast
with figure 4.4, the drag force is not polluted by spurious density
waves propagating in the domain.

4.3 IMPLEMENTATION OF THE GKTL ALGORITHM FOR TURBU-
LENT FLOWS

In the previous section we described an important aspect of the
application of the GKTL algorithm to turbulent flows. Indeed, random-
ness must be artificially introduced in the dynamics as the trajectories
are cloned, so that copies can separate over time. In this section we
turn to practical aspects concerning the implementation of the GKTL
algorithm for complex dynamics such as turbulent flows. More pre-
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cisely, we discuss the interplay between the simulation of the flow
on the one hand, and the sampling algorithm on the other hand. For
simple, one dimensional dynamics such as the OU process discussed in
section 4.1.4, implementation of the GKTL algorithm is straightforward.
The state for each copy, i.e one real number, can be stored in mem-
ory at all times, for instance in an array which values are exchanged
following the cloning stage. During iteration 7, copies can simply be
simulated from t = (n — 1)7 to nT in a sequence.

Note that the evolution of a copy over [(i — 1)7; 7] is independent
from the evolution of the other copies. Therefore, there is no reason to
perform the corresponding computations in a sequence: they could
very well be carried out in parallel. For simple systems such as the
OU process, using hundreds of copies, parallelization of the evolution
stages is certainly not worth the additional implementation effort.
However, the situation is drastically different for complex dynamics
such as turbulent flows, for which the computation of the dynamics
involves a lot more computations. In this case, parallelisation of the
algorithm is required for a practical use of the algorithm.

An attractive property of the GKTL algorithm is its embarrassingly
parallel nature. An algorithm is said to be embarrassingly parallel
when it can easily be decomposed into parallel tasks, with very little
or no coordination needed between them. This class of algorithms
greatly benefit from modern computer architectures, that are able
to run many concurrent independent tasks at the same time. At a
larger scale, such algorithms are a great fit for computer clusters, i.e.
aggregates of interconnected computers, or nodes. Such architectures
usually allow programs to perform faster, due to the high level of
parallelism available. However, in general, nodes do not share the
same pool of memory, and if data produced on a given node is needed
on another, it must travel through the links of the network, therefore
resulting in an overhead time. On the one hand, no matter how efficient
it is in theory, an algorithm that requires frequent communications
between distant nodes may perform very badly on a computer cluster,
its efficiency decreasing with the number of involved computing nodes.
Such algorithm is said to have poor scalability. On the other hand,
because they are composed of independent tasks, embarrassingly
parallel offer very good scalability. In the GKTL algorithm, coordination
is required between the different copies during the cloning stage. It
will thus offer very good scalability if the cost of simulating the
dynamics during the evolution stage greatly exceeds the overhead
entailed by the cloning stage. It is expected for turbulent flows, as the
simulation of the dynamics is computationally expensive.

In this section we discuss several parallel implementations of the
GKTL algorithm. On the basis of the test flows presented in section 2,
we illustrate that the overall time spent on communications between
nodes in the cloning stage account for less that 5% of the time required
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to simulated the dynamics over the evolution stage. In the following
we start by discussing an implementation in which the computation
of the dynamics and the cloning stage are performed by two different
programs. Then we present a message-passing implementation in which
nodes communicate their state to each other.

4.3.1 Separated implementation

The GKTL algorithm can be decomposed into two independent steps.
During the iteration i, the copies first evolve from (n — 1)7 to nt: this
is referred to as the evolution stage. Next, each copy is attributed a
weight which value depends on the evolution of all the copies. Then,
copies are either cloned or discarded from the ensemble depending
on the value of their relative weight (4.10). Finally, the final state of
the discarded copies for t = iT is erased and replaced by a the final
state of a cloned copy. These last three points are grouped into one
single step: the cloning stage. See section 4.1.2.1 for a description of the
algorithm. The evolution stage can easily be performed in parallel, as
the simulation of the dynamics of a copy does not require information
from other copies. By contrast, the cloning stage is a global operation. In
order to compute the weight of a copy, information must be gathered
from all the copies.

A way to implement the GKTL algorithm is to separate the two
stages into two different programs. This allows for a straightforward
parallelisation as several independent instances of the program com-
puting the dynamics can be run in parallel on different nodes. This
program must write the final state of the copy on disk, as well as the
corresponding weight w;, where j denotes the index of the copy, see
page 89. When all the instances are done, another program reads in
the weights and compute the relative weights (4.10) for each copy. It
then computes the number of clones for each copy and assigns the
different final states at iteration i to the corresponding copies. They
will then serve as initial conditions for iteration i 4 1. In practice a
third program can be used to effectively perform the algorithm, that
is scheduling the execution of the cloning and execution stages.

This implementation is the most straightforward way of performing
the GKTL algorithm when the dynamics are computed by external
software. By external software we denote a program which code is
not accessible or too complex to be embedded in a unified GKTL
code. For instance, this would be the case for applications of the GKTL
algorithm with industrial CFD packages such as ANSYS Fluent [4],
openFOAM [86] or proLB [79]. The main advantage of this imple-
mentation is its simplicity. However, it leads to reading and writing
large amount of data on disk. We stress that file input/output are
relatively slow operations with respect to accessing data in memory.
However, for highly turbulent flows in complex geometries, the cost
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of performing the simulation of the copies over the evolution stage is
expected to always greatly exceed the cost of the cloning stage.

For simpler systems, such as the test flows involved in this works—
see chapter 2— we describe in the next section an alternative imple-
mentation. In this implementation the GKTL algorithm is performed
by a single program in which simulation of copies is performed by
processes communicating with each other through message-passing.

4.3.2 Message-Passing implementation

In this thesis we apply the GKTL algorithm on the simple test flows
presented in chapter 2. As mentioned in chapter 2 and detailed in
appendix A, the simulation of the flow is accessible through simple
library calls within a C++ program. As a consequence, it can easily be
embedded in a unified code that perform the GKTL algorithm. This
implementation makes use of distributed parallelism. In the following, it
is assumed that the N, copies of the flow are evenly distributed across
a set of {P;}o<i<n,-1 processes, that reside on separate computing
nodes, with separate memory. Note that the current state of each copy
is stored in memory. This is made possible by the two-dimensional
geometry of the test flows, as well as their relatively coarse mesh. More
precisely, the state of a copy corresponds to the set of lattice Boltzmann
populations { f; }o<i<s at each lattice nodes. For instance, for test flow
(2), it represents 513 x 129 x 9 reals numbers. In double precision, this
amounts to roughly 4MB of data. We stress that the state of the N,
copies do not reside in the same pool of memory, but instead are
dispatched among the N, nodes. On the HPC facilities involved in this
work [128] (Tier-2 facility), the typical available memory per process is
15GB. Therefore, the upper limit for the number copies N, does not
originate from memory limitations, but rather from computing time.

Because each copy resides in a separate memory pool, processes ex-
change information during the cloning stage through message-passing.
Message-passing parallelism introduces a programming model in
which computing nodes are viewed as processes, and functions are
used to explicitly transmit data to one process to another. Message
passing parallelism was developed by the Message-Passing Interface
(MPI) Forum in 1993 and is without contest the most widely used
method for writing distributed parallel programs. Note that mrr1 is
not a programming language, but rather a standard describing a set
of functions that can serve as building blocks for parallel programs.
Many implementations of Mp1 are available. This works makes use of
the open source library openMPI [52].

4.3.2.1  Centralised implementation

In practice, a process computes the dynamics of N./ N, copies in a
sequence, and the corresponding node hosts the corresponding states
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\i/

Figure 4.6: Parallel, centralised implementation of the GKTL algorithm. In this
example we assume that each one of the processes {P; }o<i<n,-1
hosts one copy, i.e. N, = N.. The evolution of the copies is com-
puted locally within each process, as well as the corresponding
weight w;, see page 89. Then, the master process Py gathers the
weights and compute the relative weight W; (4.10) for each copy
j. On the basis of these weights, the master process Py computes
the number of clones for each copy and decides of the communi-
cations between the processes in order to distributes the states of
cloned copies to discarded ones. Finally, it sends the correspond-
ing information, denoted by {c;}o<j<s5, to the other processes
{Pi}1<i<n,—1. Note that the master process is a process like any
other, i.e., it hosts a copy and participates in the communications.

in memory. As mentioned above, the cloning stage is a global operation.
To compute the relative weights (4.10), information must be gathered
from all the processes. We therefore define a master process, denoted by
Py, in which the weights of each copies will be centralised. As a result,
P, is in charge of computing the relative weights of each copies. It then
compute the number of clones for each copy and then performs the
cloning. Finally, it elaborates a communication plan, which describes the
communication of states across the processes. For instance, a process
hosting a discarded copy is ordered to receive a state from a process
hosting a cloned copy. By contrast, a process hosting a cloned copy
is ordered to send the corresponding state to a process hosting a
discarded copy. This communication plan is then communicated to all
the processes {P;}1<i<n,-1, as illustrated in figure 4.6.

In practice, for each duplicate of a cloned copy, the master process
Py cycles through the processes {P; }1<i<n, -1, looking for a discarded
copy to replace. Note that the amount of communications between
distant nodes can be reduced by preferentially distributing states of
cloned copies among copies within the same process. This is illustrated
in figure 4.7.

4.3.2.2  Decentralised implementation

In a very recent work [21], an alternative to the above centralised
implementation is proposed. It was published shortly after the above
implementation was designed. This implementation does not involve a
master process. The relative weight W; for each copy j is computed in
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(b) Preferential redistribution within the
process

Figure 4.7: Schematic representation of two communication patterns between
processes during the cloning stage. In this example, each four
processes host four copies of the flow, represented by red boxes.
The number of clones produced by each copy is indicated to the
left side of the box. Ticked boxes indicate copies discarded from
the ensemble. Processes holding copies producing more than
one clone must redistribute the clones among processes. Data
transfers between different process are represented by a continu-
ous red arrow, while data transfers involving copies within the
same process are pictured by dashed blue arrows. In the second
implementation (fig. 4.7b), communications are planned so that
clones are redistributed among the same process preferentially,
thus greatly reduced to amount of data transfer between different
processes.
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parallel by each process through a collective communication, referred
to as MPI_Al1Reduce. Furthermore, the cloning stage is implemented
in a different way than the one presented in section 4.1.2.1, which al-
lows each individual processes to determine its own communications.
The index of the required clones are then exchanged among process
through a second collective communication of type MPI_AllGather.
An important reduction of the number of communications is achieved
by packing every communications from process A to process B into
one single message, and to plan communications ensuring that they
always go one way: either from process A to process B or from B to A.

The optimisation of the cloning stage in [21] is motivated by the
fact that the simulation of the underlying dynamics requires relatively
low computational effort. In this case, the computational cost of per-
forming the communications during the cloning stage may not be
negligible with respect to the cost of simulating the dynamics over the
evolution stage. As a result, a reduction of the number of communica-
tions can provide a significant increase in performance. The situation
is different with the simulation of turbulent flows, for which the com-
puting time required to simulate the dynamics over the evolution time
greatly exceed the computing time associated with the cloning stage.
Therefore, we do not expect a significant increase in performance from
the reduction of the communications. In the following we illustrate
this remark on the basis of test flow (2). We show that the overall
computational effort for the cloning stage represents less than 5% of
the overall computational effort for the evolution stage.

4.3.3 Average walltime for the evolution and cloning stages

In this section we compare the computational cost of the dynamics
of evolution stage with the computational cost of the cloning stage.
Moreover, the cloning stage is decomposed into:

e The transfer of the individual weights w; from the processes
{Pi}1<i< N,-1 to Po, the calculation of the relative weights W; as
well as the elaboration of the communication plan, as well as its
broadcast to the processes {Pi}1<i<n,-1

e The ensemble of point-to-point communications through which
processes send and receive states.

To illustrate the relative weight of both the evolution and cloning
stages, we perform three GKTL experiments with three different values
of the bias k. These experiments are based on test flow (2), described
in chapter 2. The number of copies is set to N, = 128. The cloning
period is T = T, with 7, the typical correlation time of the drag acting
on the obstacle. The evolution/cloning sequence is repeated M = 40
times, leading to an total length of the trajectories T, = 407.. Note that
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the algorithm terminates by a cloning step. In practice the number of
processes N, is chosen close to the number of copies N¢. The reason for
that is the high computational cost of the evolution stage. Therefore,
piling up several copies into one process leads to large computing
times. In these experiments we set N, = N. = 128.

The computational effort for each step is quantified through its
average elapsed real time, referred to as walltime in the following. The
average is computed over the N, copies. For instance, the average
walltime for the evolution stage is:

1 Nc .
wevo(”) - ﬁ Z wE{J)o(n) (434)
Cc ]':1

where wg,) (n) denotes the measured walltime for the simulation of
the dynamics of copy j over the cloning period T at iteration n. Simi-
larly, we denote by w (1) the average walltime for the computations
performed by the master process during the cloning stage. Finally,
Weomms(n) denote the average walltime for the communications in
which states are distributed across the N, processes. Figure 4.8a illus-
trates the ratios Weomms (1) /Wepo (1) and Wy (1) /Wepo (1) as a function
of the iteration n for three different values of the bias k. Addition-
ally, figure 4.8b displays the percentage of discarded copies that is
discarded along the iterations of the algorithm. It illustrates that, as k
is increased, more copies are discarded. It therefore results in a larger
number of communications. As a result, figure 4.8a illustrates that the
cost of the communication stage increases with k. Figure 4.8a shows
that the walltime for the communications amounts for less than 5%
of the walltime for the simulation of the dynamics over the cloning
period T.

In a way of conclusion, the optimisation of the cloning stage can-
not be expected to yield significant performance gains. For complex
systems, the bottleneck resides in the simulation of the dynamics over
the cloning period. Note that the impact of the computations and
communications associated with the cloning stage increases as the
cloning period T is decreased. However, the cloning period should not
be chosen much shorter than the correlation time of the underlying
dynamics. This is justified in chapter 5.

In the following the GKTL algorithm is implemented following
the message-passing centralised implementation discussed in section 4.3.2.
The simulation of the dynamics is encapsulated in the pipeLBM C++
library developed for this thesis, described in appendix A. Finally, the
perturbation of the copies following the cloning stage is implemented
at the level of the Lattice Boltzmann populations, as discussed in
section 4.2.1.2 and appendix C. In the following chapter we present
the application of the GKTL algorithm to the sampling of extreme drag
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(a) (Continuous) Ratio of the average walltime for the communica-
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Figure 4.8: (a) Comparison of the average walltime for the communications
between processes following the cloning stage (continuous) and
cloning stage (dashed) with the average walltime for the evolution
stage. The average walltimes are computed over the N, = 128
copies and represented as a function of the index m of the M = 40
iterations of the evolution/cloning procedure. The continuous
lines represent W = Weopm (1) / Wevo (1) Where Weomm denotes the
average measured walltime for the point-to-point communications
in which states are received and sent across the processes. This
walltime is normalised by the average time of the evolution time
Wepo- The dashed lines represent W = W (1) / Wepo (1) Where Wy,
denotes the average walltime for the computations performed by
the master process for the cloning stage. (b) Number of created
clones, or equivalently, number of discarded copies N¢jonings, as a
function of the iterations of the algorithm. One can see that, as
k is increased, a larger part of the population is discarded. As a
result, a larger number of communications is observed.
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fluctuations in turbulent flows. In section 4.1.4, the algorithm was
shown to significantly reduce the computational cost of the sampling
of extreme fluctuations for the OU process However, it is not clear if
similar gains can be achieved on the basis of turbulent flows.
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IMPORTANCE SAMPLING LARGE DRAG
FLUCTUATIONS WITH THE
GIARDINA-KURCHAN-TAILLEUR-LECOMTE
ALGORITHM

Chapter 4 introduced importance sampling, a widely used statis-
tical method to sample rare events at a much lower computational
cost than brute force sampling [22]. The underlying idea is to gener-
ate realisations of the process according to a biased PDF, from which
extreme events are sampled with a higher probability—importance—
than from the original PDF of the process. See figure 4.1 on page 86 for
an illustration. The construction of the biased distribution depends
on the application. When the PDF of the process of interest verifies a
large deviation principle, a common method for designing the biased
distribution is to perform an exponential change of measure [166]. In the
case of the time-averaged drag, it reads:

Z(k%Ta) exp <k /OTH fd[X(t)]dt> Po ({x(t) Yo<t<T,)

(5.1)

Pr ({x(t) Yo<t<t,) =

where f; denotes the instantaneous drag, and T, the duration of the
average. In addition, {X(#) }o<t<7, is a formal notation for a trajec-
tory of the flow, in phase space. The distribution Py ({X(t) }o<t<T,)
is the stationary PDF of the dynamics, or stationary measure, and
P ({X(t) }o<t<T,) is the biased distribution resulting from the ex-
ponential change of measure with parameter k. Finally, Z(k, T,) is
a normalisation constant ensuring that Py ({X(t) }o<t<T,) is a nor-
malised PDF. From the biased PDF Py, high values of fOT“ falX(£)]dt
are more likely to occur than from the original PDF Py. Because of
the large deviation behaviour of the PDF of T% fOT” falX(t)]dt described
in the previous chapter, importance sampling based on (5.1) can be
shown to be optimal in the limit T, — co. Furthermore, in this limit,
Z(k, Ty) e eTMk) with A(k) the Scaled Cumulant Generating Func-

tion (SCGF) defined by A(k) = limr, . 7 InEp, [exp(k fOT” falX(8)]dt)].

The GKTL algorithm described in chapter 4 is a numerical method
to sample realisations of a dynamical process according to the biased
measure Py. It implements importance sampling at the level of trajec-
tories, based on the simulation of an ensemble of copies of the system.
The algorithm was successfully applied for relatively simple chaotic
dynamics [57, 94, 158], involving only a few degrees of freedom. Re-
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cently, it has been successfully applied to the computation of heat
waves using a simplified climate model [130].

This chapter describes the application of the GKTL algorithm to the
importance sampling of dynamical trajectories in the DNS of a 2D
turbulent flow past an obstacle. In general, numerical simulations
of fluid flows comes at a great computational cost, especially in in-
dustrial or geological contexts. In this case, direct sampling of rare
events by means of the simulation of the flow over very long times is
simply unthinkable. Therefore, numerical simulations are limited to
the average behaviour of the system, as well as typical fluctuations.
A successful application of the GKTL algorithm to the simulation of
extreme events in turbulent flows could therefore pave the way to a
whole new range of computational studies, providing numerical esti-
mates for the statistics of extreme fluctuations as well as simulations of
the flow patterns corresponding to such rare events. Such information
would certainly prove useful in many applied domains, such as wind
energy, car aerodynamics, or civil engineering. From a fundamental
point of view, it could provide a deeper insight into the physics of
turbulent flows, of which little is understood.

However, the practicality of rare event algorithms for actual complex
systems is still an open question. The objective of this chapter is to
establish of proof of principle for the application of the GKTL algorithm
to turbulent flows. In this chapter we show that the GKTL algorithm
is able to provide a reliable estimate for the tails of the PDF of the
averaged drag acting on a an obstacle in a two-dimensional turbulent
flow, in the limit where the average is taken over long durations.
We also show that it allows for an improved sampling of extreme
fluctuations of the averaged drag.

In the following we use the GKTL algorithm to generate trajectories
of duration T, according to the biased PDF (5.1). We are interested in
sampling extreme fluctuations for the averaged drag over a duration
T < T,, computed as a moving average over the trajectories:

T
FT(t) = ':]l_'/t_de<t>dt with T S t S Tg (52)

where f; denotes the instantaneous drag over the trajectories sampled
by the algorithm.

The practicality of a rare event algorithm can be assessed based
on how efficiently it samples extremes, and how accurately it com-
putes their probability with respect to crude direct sampling. For
the comparison to be fair, both must be compared on the basis of
their computational cost, measured in terms of the overall duration over
which the dynamics have been computed. A direct simulation of the
flow over a duration T has a computational cost of T, and a GKTL run
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involving the simulation of N, copies over a duration T, has a cost of
N, x Ty,.

The structure of this chapter is as follows. First, section 5.1 shows
that the GKTL algorithm is able to efficiently compute the large de-
viation rate function for the time-averaged drag. The rate function
describes the rate of decay of the probability of fluctuations of the
averaged drag over long durations. As a result, we provide an estimate
of the tails of the PDF describing the statistics of the fluctuations of
the averaged drag. First, Section 5.1.1 describes the construction of a
reference estimate for the rate function, based on a timeseries of finite
duration. Secondly, section 5.1.2 discusses the parameters of the GKTL
algorithm and illustrates that the rate function can be computed with
the GKTL algorithm, involving a much lower computational cost than
what would be required by a direct sampling approach.

In addition to the probability of rare events, the GKTL algorithm
gives access to the corresponding dynamics. Section 5.2.2 describes
how the GKTL can be used to study the flow dynamics leading to
extreme drag fluctuations. As a matter of fact, the algorithm leads to
an ensemble of discontinuous paths, resulting from copies being dis-
carded and replaced by clones of others. Section 5.2.2 gives a technical
account on how the continuous paths—those effectively distributed
as Pr—can be obtained. This can be done either on-the-fly over the
course of the algorithm, or as a post processing step. The construction
of the continuous paths is actually essential to compute their probabil-
ity, as shown in section 5.2.4 Finally, section 5.2.5 illustrates that the
GKTL is capable of sampling extremes of the averaged drag at a much
reduced computational cost.

5.1 EFFICIENT COMPUTATION OF THE LARGE DEVIATION RATE
FUNCTION

The GKTL algorithm has originally been designed to compute large
deviations rate functions. Indeed, it outputs the SCGF, from which the
rate function can be computed through a Legendre transform. See
chapter 1 and section 4.1.3, as well as references therein for a discussion
of large deviation rate functions. To this date, the GKTL algorithm
have been mostly applied to rather simplified dynamics. One of the
objectives of this work is to assess its relevance for turbulent flows. In
this section, we compute the large deviation rate function describing
the exponential decay of the probability of extreme fluctuations of the
averaged drag. More importantly, we show that, with the help of the
GKTL algorithm, we are able to compute the statistics of rare events at
a much reduced computational cost, compared with direct sampling.

In order to validate the computation, a reference estimate of the
SCGF is first computed on the basis of a drag timeseries obtained
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from a brute force simulation of the dynamics over a duration T.
This computation is described in section 5.1.1. A second estimate
of the SCGF is then computed using the GKTL algorithm with a lower
computational cost. It is finally compared to a third estimate, directly
computed from a timeseries involving the same computational cost
as the latter estimate. It is shown in section 5.1.2.2 that the estimate
from the algorithm correctly recovers the reference solution, while the
direct estimate fails.

5.1.1 Direct estimation of the rate function on the basis of a finite timeseries

In the following we describe the construction of a reference estimate
for the SCGF, describing the large deviation statistics for the time-
averaged drag. This work is based on the methodology proposed by
Rohwer et. al in [137].

Let {f4(t) }o<t<T be a drag timeseries over a duration T. Recall the
definition of the SCGF:

A(k) = lim l1n]E[ekfonN)df] (5.3)
T—oo T

An estimator for (5.3) can be constructed using a block-averaging
method. In order to evaluate the ensemble average in (5.3), the time-
series is split into blocks of equal length AT and the average is com-
puted as an empirical mean over the blocks. The length of the blocks
AT is chosen long enough so that blocks can be considered statistically
independent. The resulting estimator for the SCGF is

R 1 mAT

1 M
Aar(k) = Tln v Y exp <k/(
m=1

m—1)AT

flt)dt) | M= (5)

The SCGF being defined in the limit where the integration window
goes to infinity, e.g. T — oo in (5.3), the length AT must be taken
much larger than the typical correlation time of the timeseries, that is :
AT > 1.. However, the larger AT, the fewer terms are involved in the
empirical mean in (5.4), resulting in a poor estimate.

Additionally, for a fixed AT, the domain of validity of the esti-
mate (5.4) is bounded. Indeed, as |k| is increased, the estimate suffers
from the so-called linearization effect [137], that originates from the
finiteness of the timeseries. Because A1 consists in a sum of exponen-
tials, as k is increased it is dominated by the largest term in the sum.
More precisely,

mAT

AAT(k) k;1 kEyax with Fuuyx = 1?;}%)(1\/1{. (m71)Ade(t)dt} (5.5)

There is thus a threshold kgﬂ past which the estimate A cannot be
trusted. Similarly, as k decreases away from 0, the sum is dominated by
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Figure 5.1: Convergence of the estimator of the SCGF defined in (5.4) as
the block length AT is increased, for three different values of
k. Each estimate is normalised by its average value over the
range AT € [107;207.], denoted as A. Convergence is achieved
as the block length approaches the large-time limit involved in
the definition of the SCGF. As AT is increased, the number of
blocks M decreases due to the finiteness of the timeseries. As a
result, fewer terms contribute to the empirical average in (5.4)
and the corresponding statistical error increases. In the following
we choose AT* = 671, as the value for which the estimate is
converged, up to relative errors of the order of 5%.

the term involving the minimum over the timeseries. As a result, there
is also a negative threshold kgf) past which the estimate A cannot be
trusted. In the following, we only focus on positive fluctuations and
therefore only refer to k£+) as k.. Moreover, it was shown in [137] that
the empirical sum involved in (5.4) is normally distributed around
its expectation value only for 0 < k < k./2. Over this range, error

bars can therefore be computed on the basis of the standard deviation
computed over the set {exp (k f(’ZA_Tl)AT fd(t))}lngM. For k./2 <

k < ke, even though A(k) converges towards A(k), this convergence
is non-Gaussian and error bars must be computed on the basis of
independent repetitions of the estimate, thus requiring much more
data.

To find a suitable block length one must therefore operate a trade-
off between a large value of AT that guarantees the large-time limit
T — oo in (5.3) and a sufficient number of blocks that mitigates the
linearization effect. An important issue is thus the estimation of the
minimum block length AT* for which one can consider the limit
Ak, T) S A(k) as attained, up to a given a error tolerance.

Figure 5.1 illustrates the convergence of A7 as the block length
is increased. The minimal block length AT* is chosen so that the
estimates are converged up to relative errors of 5%, leading to AT* ~
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Figure 5.2: Contribution of the largest term in the sum in (5.4) for blocks
of length AT* = 67, as a function of k. Because it is a sum of
exponentials, the largest terms quickly dominates, resulting in
artificial linear tails for the SCGF. In this work, we consider the
estimate A valid as long as r(k) < 15%, that is, for k < 0.02.

67.. This criterion is arbitrary. On the one hand, it is strict enough to
ensure satisfactory convergence of the estimate. On the the other hand,
it is lax enough so that a statistically significant number of blocks
is involved in the sum in (5.4). This criterion is actually validated a
posteriori by the computation of the SCGF from the GKTL algorithm.

With the block length fixed, the region of validity of the estimate
A(k) can now be assessed. That is the critical value k. corresponding
to the inset of the linearization effect must be estimated. To do so we
quantify the contribution of the largest term in the sum in (5.4). We
therefore define the ratio r(k) as follows:

kaax mAT
k ith Fuay = t)dt}.
r( ) ZM ekfm 1Ade(t)dt W 1£r7’}’la§XM{ (mfl)Ade( ) }
m=1

(5.6)

Figure 5.2 displays the evolution of (k) as k is increased. It illus-
trates that the contribution of the largest term in the sum of exponen-
tials in (5.4) progressively increases as k in increased. As a result, it
gives rise to an artificially linear estimate of the SCGF (5.5). The thresh-
old k. then is chosen as the value of k past which (k) is above 15%,
leading to k. ~ 0.02. Again, this criterion is arbitrary and justified a
posteriori through the comparison of the direct estimate with respect
to the estimate computed from the GKTL algorithm, see section 5.1.2.
Note that the value of k. depends on the total duration of the time-
series Ty, as Ty increases, so does k.. Furthermore, we stress that
the value of k. is not strictly fixed. Indeed, it must only be interpreted
as a rough estimate of the upper bound of the range over which the
estimate (5.4) can be trusted.
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Eventually, figure 5.3a displays the direct estimate of the SCGF based
on equation (5.4). The corresponding timeseries spans T = 10°7, and
AT = AT* = 67.. Additionally, figure 5.3a displays the estimate of the
SCGF, assuming that the PDF of the averaged drag is Gaussian. It is
defined as [160]:

A8 (k) = 2¢k* with © = lim iz /Ot (E[fa(F) fa(F + 7)) — E[fa)?) dF

t—oo O

(5.7)

where ¢ denotes the standard deviation of the drag f;. Figure 5.3b
displays the corresponding rate functions, computed using the Gartner-
Ellis theorem (4.21).

Figure 5.3 shows that, for small fluctuations, the statistics of the
averaged drag Fr can be considered Gaussian. However, for a >
0.02, the departure from Gaussian statistics is clear. More precisely,
figure 5.3a illustrates that the Gaussian estimate of the SCGF is below
the direct estimate. As explained in note 1, this entails that a given
fluctuation of the averaged drag Fr > a is more probable than if the
statistics were Gaussian: the PDF of Fr has fat tails.

The direct estimate shown in figure 5.3a will now serve as a reference
solution for the estimation of A(k) using the GKTL algorithm.

Note 1. The PDF of the averaged drag has fat tails
In the large time limit, the large deviation principle writes:

P(Fr=a) = e T, (5.8)

T—o00

The rate function can be written as a Legendre-Fenchel transform of the SCGF:

I(a) = kga — Ak
(@) = kaa = Mka) (5.9)
M (ky) = a.
As a consequence, the tangent to the SCGF in k = k, is defined by
Ya(k) = ak — I(a), (5.10)

and its intersection with the Y-axis gives the value of the rate function I(a).
Therefore, the direct estimate of the rate function, In7, takes values below the
Gaussian estimate 18)(a). This can be seen in figure 5.3b. Following the large
deviation principle (5.8), the probability that the averaged drag Fr takes a given
value a is underestimated by the Gaussian approximation.

5.1.2 Estimation of the SCGF using the GKTL algorithm

In the previous section, we computed the SCGF out of a very long
timeseries of the drag. We showed that the resulting estimate suffers
from the finite size of the timeseries, and that its validity is limited to
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Figure 5.3: Reference estimates for the SCGF and rate function for the drag
force acting on the square cylinder embedded in test flow (=2).
(a) Estimate of the SCGF Aar(k), based on a timeseries spanning
T = 10°7,, using the estimator (5.4) with blocks of length AT =
AT* = 671.. Following figure 5.2, this estimate is only relevant
until k < k; ~ 0.02. This is due to the linearization effect (5.5). In
addition, the Gaussian estimate (5.7) is displayed. As explained
in note 1, the value of the rate function I(a) for a particular k, can
be graphically deduced from the sCGF. (b) Estimate of the rate
function, computed from A7 (k) as a Legendre transform. More
precisely, for each value of k we compute far(a) = ka — Ax7(k),
where a = A/ (k). This relation results from the Gartner-Ellis
theorem (4.18).
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a critical value k.. Indeed, the computation of the SCGF involves the
estimation of the average

E [ Eys fd(t)dt} _

As k is increased, extreme values of fOT fa(t)dt have an increasing
contribution to the average. For k > k., not enough samples are
available in the timeseries for an accurate computation of the average.
The objective of the GKTL algorithm, described in the previous chapter,
is to sample preferentially these extreme values, leading to a better
estimation of the SCGF.

In this section, we describe the computation of the SCGF using the
GKTL algorithm for the statistics for the time-averaged drag. To begin
with, we discuss the choice of the different parameters of the algorithm.
Then, we compare the estimation of the SCGF resulting from the GKTL
algorithm to the reference estimate obtained in the previous section.
We show that the GKTL algorithm yields an accurate estimate of the
SCGF in the region where the reference estimate is valid. In addition,
the GKTL estimate is compared to a second direct estimate obtained
with a similar computational cost as the GKTL run. It shows that the
GKTL algorithm allows for the estimation of the SCGF over a larger
range. However, we illustrate that, similarly to the direct estimates
computed as (5.4), the validity of the GKTL estimate is limited to values
k< k?lg , Where k?lg is a critical value of the bias k past which the GKTL
estimate becomes linear.

5.1.2.1 Setting the parameters

The GKTL algorithm depends on four parameters: the duration of
the trajectories T;, the cloning period T, the number of trajectories N,
and, for deterministic systems, the perturbation amplitude € required
for clones to separate over time, see 4.2.1. Recall that the algorithm
can be shown to yields the value of the SCGF A(k) in the double
limit T, — oo and N; — 0. See chapter 4 for more details about the
algorithm.

THE DURATION OF THE TRAJECTORIES T, At first sight, a natural
value for T, is the estimate of the large time limit found in the previous
section, AT*. As a matter of fact, the algorithm first undergoes an
equilibration period T, before the series of cloning stages effectively
results in importance sampling the biased distribution Py. Only when
this stationary regime is attained is the estimate of the SCGF converged.
This transient regime is illustrated in figure 5.4, where it can be seen
that T, is actually much longer that the large-time limit AT* estimated
in the previous section. For an accurate computation of the SCGF, one
must therefore set T, 2 Tey.

~
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THE NUMBER OF COPIES N, With T, fixed, N. determines the
overall computational cost of the algorithm. The objective of this
section is to compare the results from the algorithm to a reference
solution computed by means of direct sampling. In this case, such
reference solution was computed from a timeseries spanning 10°7..
The number of copies is then chosen so that N, x T, < 10°7.. More
precisely, we perform an experiment with N, = 256. As a comparison,
a second experiment is carried out with N, = 1536.

THE CLONING PERIOD T It determines the frequency at which
selection is imposed over the ensemble of copies. Recall from chapter
3 that fluctuations of the averaged drag over long durations result
from independent short-lived fluctuations, occurring over roughly one
correlation time 7. of the drag. The role of the GKTL algorithm is to
capture these short-lived fluctuations, in order to sample trajectories
with an unusually high, or low, average over T,. In addition, recall that
the correlation time 7, can be thought of as the timescale over which
the drag decorrelates from its previous values, and is therefore close to
the time over which two clones decorrelate, following the introduction
of a perturbation in the flow. These aspects are discussed in more
details in chapter 4, on page 101. In order to guide the choice of T, we
describe two limit cases. First, let us choose T such that T < .. In this
case, clones do not separate before the selection stage is performed.
This actually result in loss of information, as good candidates can be
discarded from the ensemble before they achieve a large fluctuation
over an interval 7.. On the other hand, choosing 7. > 7. leads to a
poor sampling of fluctuations over durations of the order of 7., and
therefore to a poor sampling of extreme fluctuations of the averaged
drag Fr. A rule of thumb for the choice of the cloning period T is
therefore T ~ 7. [59].

Following the cloning stage, a small perturbation is introduced for
each clone that has been discarded and that restarts on the state of
another copy. This is required so that they explore different regions of
phase space over time. Choosing a perturbation with a large amplitude
can however result in spurious fluctuations that would not occur in
unperturbed dynamics. On the other hand, a perturbation of very
small amplitude results in an increased separation time of the clones.
The perturbation amplitude € should therefore be chosen so that clones
separate over a duration close to the cloning period 7. A way to check
that the perturbation does not significantly alters the statistics is to
perform a control simulation of the flow, introducing a perturbation
with a period 7. Statistics computed over this perturbed control run
must not differ from statistics computed over unperturbed dynamics.
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Convergence of the estimate of the SCGF from the GKTL algorithm
as the length of the trajectories T, in increased, for several choice
of the cloning period T and perturbation amplitude e. These plots
illustrates the equilibration period the algorithm goes through
before converging towards a stationary regime. As € is increased,
the estimates based on a low cloning period AT provide less
accurate results.
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5.1.2.2  Description of the numerical experiment

The objective of the present experiment is to assess the validity and
efficiency of the estimation of the SCGF from the GKTL algorithm. To
do so, the GKTL estimate will be compared to the reference solution
computed on the basis of a very long timeseries. This computation is
described in section 5.1.1. Recall that this reference estimate is only
valid for 0 < k < 0.02, and that its computational cost is C,r = 10°7..

We perform 50 independent GKTL runs for 50 equally spaced values
of the bias k in the interval [0.005;0.02]. For k < 0.005, the SCGF is
very well approximated by the Gaussian estimate—see figure 5.3—
and its estimation poses no challenge. With the exception of k, the
different parameters are equal among the GKTL runs. Consistently with
figure 5.4, the total duration of the trajectories is set to T; = 407.. In
addition, the number of copies is set to N, = 256. The computational
cost of each GKTL run is therefore C;; = N: X T; ~ Cpr/100. The
cloning period T is set to T = 7./2. The amplitude of the perturbation
introduced for new copies is € = 0.002.

In order to assess the efficiency of the GKTL algorithm, we also esti-
mated the SCGF from a timeseries of duration Cy; = Cy,r /100, using
the direct estimator (4.4). This computation is identical to the com-
putation of the reference estimate presented in the previous section,
except for the total duration of the timeseries, that is 100 times shorter.
In practice the control timeseries, spanning T = 10°7,, can be split
into 100 independent shorter timeseries of duration 10*7., on the basis
of which a direct estimate of the SCGF can be computed.

Figure 5.5 displays the estimates A(k) for the 50 GKTL runs, as a
function of k, in the domain of validity of the reference estimate.
Each GKTL estimate has a computational cost C,e. The accuracy of
such estimates can be assessed by comparison with the reference
estimate, computed with a computational cost C,.r = 100 X Cqy. Last
but not least, figure 5.5 displays two independent direct estimates
from shorter timeseries, with a computational cost Cj¢ = Cyer/100.
The latter estimates clearly illustrate the linearization effect, discussed
in section 5.1.1. The linear behaviour of the estimate as k in increased
is an artefact resulting from the finiteness of the timeseries. The slope
of this tail varies from one estimate to another, as its value correspond
to the highest fluctuation sampled in the underlying timeseries. See
section 5.1.1 for a discussion of direct estimates of the SCGF and
the linearization effect. Figure 5.5 illustrates that the GKTL algorithm
allows for an estimation of the SCGF over a much larger range, with
respect to a direct estimation with the same computational cost.

IMPORTANT REMARK  One could argue that, because we performed
50 independent runs, the computation of the GKTL estimate over
the whole domain k € [0.005;0.02] has a computational cost of 50 x
Cag = Ciep. While this is true, we stress that, in order to compute
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Figure 5.5: Comparison of the estimation of the SCGF from either the GKTL
algorithm or a direct estimation from a timeseries of similar com-
putational cost. The parameters for the GKTL experiments are
N, = 256, T, = 407, T = 7./2 and € = 2 x 1073, Each orange
star correspond to a single GKTL run for a specific value of the
bias k. Each run has a computational cost Calg = N, x T, =~ 10*..
The continuous blue line represents the reference solution, com-
puted from a time series of computational cost C,.y = 10°7.. The
dashed blue lines correspond to two independent realisations
of the direct estimation of the sCGF with a cost Cy = 10%7,.
They are computed on the basis of two independent chunks of
duration 10*1. extracted from the reference timeseries of dura-
tion 10°7.. The continuous orange line corresponds to estimate
of the SCGF based on the GKTL runs, computed through thermo-
dynamic integration, see note 2. This figure illustrates that, for a
similar computational cost, the GKTL algorithm yields an accurate
estimate of the SCGF over a larger range compared with direct
estimation from a timeseries.

a direct estimate for a particular value k = k*, the SCGF must also
be estimated for k < k*. By contrast, the GKTL algorithm directly
targets k = k*, yielding a single estimate A(k = k*). As an example,
consider the estimation of the SCGF for k* = 0.02. As discussed in
section 5.1.1, the minimum duration of the timeseries on which a
reliable direct estimate can be computed is Tyt = 10°7, so as to
avoid the linearization effect. By contrast, figure 5.5 illustrates that this
value can be approached—up to errors of roughly 10%— by the GKTL
algorithm with a computational cost 100 times lower.

Note 2. Thermodynamic integration
Let Fr, be the time averaged drag over a duration T,. Recall from page 92 the
following property of the SCGF:

EplFr] ~ N(K), (511)
T—oo

where IE’pk[.] denotes the expectation value with respect to the biased path

measure resulting from the GKTL algorithm. The SCGF can therefore be written as
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an integral over previous runs for lower values of k. In particular, taking T = T,
on can write

k* Ne .
AK) = /0 Nic JETS (5.12)
j=1

where the expectation value Ep, [Fr,] is approximated as the empirical average

over the trajectories sampled by the algorithm. More precisely, Fl(j k)

a

time average over the whole trajectory j in a GKTL run with bias k. Provided

denotes the

that one has performed several GKTL runs for values k < k* with a relatively
small spacing dk, equation (5.12) provides a less noisy estimator for the SCGF
at k = k* [94, 103]. Note that this approach, referred to as thermodynamic
integration, is a common tool for computing thermodynamic quantities, such as
free energies, in molecular dynamics simulations [34].

5.1.2.3 How far can the GKTL algorithm go ? Limit of the GKTL estimate

In the previous discussion we concluded that the GKTL algorithm
leads to a better estimate of the SCGF with respect to a direct estimation
from a timeseries. However, it can be seen in figure 5.5 that the GKTL
estimate slightly departs from the reference estimate for k 2 0.015.
Figure 5.6a illustrates the GKTL estimate displayed in figure 5.5 on a
wider range of values of the bias k (continuous orange line). It shows
that, similarly with direct estimates from timeseries, the GKTL estimate
becomes linear as k in increased. Recall from chapter 4, equation (4.22)
that the derivative of the SCGF can be written as:

Ep, [Fr] A (k) (5.13)

T§00
where Fr denotes the time average over a timeseries of duration T
and Ep, [Fr| the expectation value of Fr with respect to the biased
measure P, sampled by the algorithm. From figure 5.6a there exists
a critical value of k. past which Al (k) ~ C,Vk > k. with C a constant
independent of k. As a result, the value of E[Fr]p, saturates as k is
increased: Ep, [Fr| =~ C,Vk > k.. Such a behaviour could be explained
by the existence of an upper bound C to the values of Fr. However,
this hypothesis is ruled out by a second GKTL experiment in which
the number of copies is increased to N, = 1536. Figure 5.6a illustrates
that, for this experiment, the GKTL estimate of the SCGF also displays
linear tails. However, the corresponding slope has a different value.
Furthermore, the onset of linearity is attained for further values of
the bias k. This result suggests that the linear behaviour of the GKTL
estimates for high values of k is artificial: it is due to the algorithm,
instead of the physics of the flow.

Both estimates displayed in figure 5.6a have been computed from
100 independent GKTL runs at equally spaced values of the bias k in
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Figure 5.6: (a) Estimation of the SCGF over a large range of values for the
bias k. The direct estimate (dashed) is only valid for k < 0.02.
Past this value, its linear behaviour is an artefact resulting from
the finiteness of the timeseries. The continuous lines represent
two estimates of the SCGF using the GKTL algorithm with 256
copies and 1536 copies, respectively, other parameters being equal.
The total duration of the trajectories is T, = 407, T = 7./2
and € = 0.002. both estimates result from the thermodynamic
integration of 100 GKTL runs for equally spaced values of the
bias k in the interval [0.005;0.04]. One can see that both esti-
mates become linear as k is increased. (b) Average value of the
time-averaged drag over the N, sampled trajectories, for each
GKTL run The time average is Computed over the whole trajec-

tories: F =4 fT“f k) t)dt where {fd]’ (t)}OStSTu denotes
the drag tlmeserles for Copy j of the GKTL run with k = k*. The
expectation value is approximated by an empirical mean over the
N trajectories, i.e. E[Fr,]Jx ~ x ZNC E; U This approximation is
discussed in section 5.2.4 further below
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the interval [0.005;0.04]. The continuous lines result from a thermo-
dynamic integration based on those 100 runs. See note 2 for a dis-
cussion of thermodynamic integration. Figure 5.6b displays the value
of Ep, [Fr| as a function of k, where T is chosen as the total duration
of the trajectories, i.e. T = T,. In the following we therefore use the
notation Ep_[Fr,|. It is displayed in figure 5.6b for each of the 100 inde-
pendent runs, for the two experiments with N; = 256 and N, = 1536,
respectively. For each run, the value of Ep,[Fr,] is approximated by
the empirical average of Fr, over the N, trajectories, see the caption
of figure 5.6b. As can be seen in figure 5.6b, the estimate of Ep, [Fr,]
fluctuate from one run to another, as each run is independent from
the other. However, it shows a clear tendency: for lower value of k, the
value of Ep, [Fr,] increases as a function of k. This is expected, as the
algorithm imposes a stronger selection, sampling higher values of the
averaged drag with a higher importance. By contrast, for higher values
of the bias k, figure 5.6b illustrates that the value of Ep, [Fr,] saturates
and fluctuates around a limit value independent of k. Moreover, this
limit value, which we called C in the above, depends on the number
of copies N.

To sum up, figure 5.6 suggests that, for a given GKTL experiment
with N, and T, there exist a critical value of the bias k. = k.(N;) past
which the amplitude if the averaged drag fluctuations sampled by
the algorithm saturates. Moreover, this limit amplitude depend on
the choice of the number of copies: C = C(N;). The higher N, the
further the GKTL can go. We stress that this behaviour is systematic,
as opposed to statistical. Note that this limit amplitude C may also
bear dependence on the other parameters of the algorithm, such as
the duration T, the cloning period T or the perturbation amplitude
€. This dependence was not investigated in this work and is left to
further studies.

5.2 ANALYSING GKTL DATA

In the previous section, we applied the GKTL algorithm to the eval-
uation of the large deviation rate function describing the probability
of rare drag fluctuations on the square cylinder embedded in test flow
(2). By comparison with a direct evaluation of similar computational
cost, we illustrated that the GKTL algorithm leads to a far more efficient
estimation of the rate function. Large deviations rate functions, as well
as Scaled Cumulant Generating Functions and Probability Density
Functions are useful tools to describe the statistics of observables. In-
deed, they tell us how frequent a typical fluctuation can be expected
to be, or how unlikely is an extreme fluctuation with respect to typical
events. However, such statistical quantities do not provide insight
into the dynamics leading these fluctuations. Yet, understanding of the
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physical mechanisms underlying extreme fluctuations in turbulent
flows is of just as much interest as the description of their statistics.
In this section we discuss the study of the dynamics behind extreme
drag fluctuations using the GKTL algorithm.

As described in 4, the GKTL algorithm relies on the effective simu-
lation of the underlying dynamical process. In the case of this work,
this corresponds to solving the Lattice Boltzmann Equation in the
computational domain, see section 2.1. In addition to the estimation
of the SCGF, it results in an ensemble of N, simulations of the flow,
where N, denotes the number of copies involved in the algorithm. In
principle, each one of these simulation correspond to the simulation of
an extreme event, that can be visualised and analysed like any other
numerical simulation of fluid flows. The GKTL algorithm therefore
appears like a formidable tool to investigate the physics of extremes
in turbulent flows.

5.2.1 Discontinuous and reconstructed trajectories

We now make an important remark. The algorithm does not directly
outputs the sampled trajectories corresponding to rare events. Instead,
it leads to discontinuous paths that result from the branchings resulting
from the cloning stages along the course of the algorithm. This aspect is
better understood through the visualisation of the algorithm presented
in figure 5.7.

Following a cloning stage, discarded copies—marked by a cross
in figure 5.7—continue their evolution through the next evolution
stage starting from the final state of another copy. In order to compute
expectation values over the original stationary PDF Py, based on the
biased sampling introduced by the algorithm, one must compute the
integral of the observable over the continuous trajectories effectively
sampled from Py. This can be seen from equation (5.1), and will be
explained in more details in section 5.2.4 below. The continuous paths
are sketched by red lines with arrows in figure 5.7. In the following
we refer to the computation of the continuous trajectories from the
discontinuous paths as the reconstruction of trajectories. Continuous
trajectories are referred to as reconstructed trajectories. In section 5.2.2,
we give a precise definition of the reconstruction procedure, for any
observable of the dynamics.

Naturally, the reconstruction of the continuous trajectories is cru-
cial to the study of atypical trajectories sampled through the GKTL
algorithm. In practice, it can take many different forms, depending
on the data that is required. For instance, one could only need the
values of the average drag over the continuous trajectories, so as to
compute expectation values as will be explained in section 5.2.4. One
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Figure 5.7: Visualisation of the GKTL algorithm in terms of discontinuous
and continuous paths in phase space. The M iterations of the
evolution/cloning procedure are separated by vertical dashed
lines. Within a particular iteration m, continuous lines denote the
evolution of the four copies over [t,,_1; t;]. Dots mark the cloning
stages. Therefore, to each iteration m correspond N, = 4 partial
trajectories {Xj)(t) }t, ,<t<t,, 1 <j < 4. The starting point of the
algorithm is tp = 0 from which copies evolve until t; = 7. At
this point, copies j = 2 and j = 4 are discarded and branched on
copies j = 1 and j = 5 that result in two clones. This procedure
is repeated M — 1 = 5 times until the last evolution step from
ts = 5T to tg = 67 after which the algorithm terminates. Fig-
ure 5.7a displays the discontinuous paths for copy j = 4 as green
lines. Discontinuities result from the different cloning stages. In
contrast, figure 5.7b displays the continuous reconstructed trajec-
tories (red lines with arrows) for all four copies. As a consequence
of the various cloning stages, all reconstructed trajectories orig-
inate from j = 1 and strongly overlap over a significant part of
their history. To each trajectories, either discontinuous or continu-
ous, can be associated a timeseries for a given observable O. In
section 5.2.3, we discuss different methods of obtaining the recon-
structed trajectories in figure 5.7b from the discontinuous paths
shown in 5.7b. In a first method, the whole discontinuous paths
are written on disk. This approach is straightforward to imple-
ment but leads to unnecessary storage. For instance, one can see
in figure 5.7a that the whole branch originating from copy j = 5
is not involved in any of the reconstructed trajectories. A straight-
forward alternative is not to write the partial timeseries for clones
that are discarded. However, some timeseries will be written even
though they are irrelevant to the reconstructed trajectories. This
the case for example of the dashed partial timeseries coloured
in blue in both figures above. A solution for automatically erase
irrelevant partial timeseries is reference counting, see note 3. A third
method consists in saving the trajectories in memory along the
iterations, and overwrite partial trajectories for discarded copies.
In this way reconstruction is achieved on-the-fly.
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could also want to compute the timeseries for an observable along the
reconstructed trajectories, for instance the drag acting on the obstacle,
or visualise the dynamics of the flow fields. In section 5.2.3 we discuss
several ways of performing the reconstruction in practice, depending
on the situation.

Finally, in section 5.2.5 we illustrate the efficiency of the GKTL algo-
rithm based on the sampling of trajectories leading to extreme drag
fluctuations. We show that, for equal computational costs, the GKTL
algorithm provides a greater number of realisations of extreme events
with respect to direct sampling. Moreover, we illustrate that it allows
for the study of the dynamics of extreme events that would be unreach-
able by a direct approach. This is complementary to the illustration
of the efficient evaluation of the large deviation rate function in sec-
tion 5.1.2. However, we point out that most trajectories overlap at early
times

5.2.2  Reconstruction of the continuous trajectories

In the following we denote by T, = Mt the total length of the
trajectories generated by the algorithm, with M the number of stages
and 7 the cloning period. Recall that an iteration refers to the parallel
temporal evolution of all the copies over a duration 7, followed by a
cloning stage in which some are discarded an others duplicated. In
this section, we consider that the algorithm terminates by an evolution
stage, that is, the Mth cloning stage is not actually performed. By
omitting the last cloning step, we assure that trajectories at least differ
over the interval [T, — 7; Ta], see figure 5.7. Please refer to chapter 4
for further details about the algorithm itself.

Let X(#) denote the state of the flow, corresponding to the solution
of the numerical model, at time ¢t. In the case of the Lattice Boltzmann
Method, X(t) represents the ensemble of mesoscopic populations
at each node of the lattice, see chapter 2, section 2.1 for a discus-
sion of the Lattice Boltzmann Method. Furthermore, let us denote
by {X;(t)}o<i<T, the discontinuous path for copy j over the course
of the algorithm. An example is given in figure 5.7a. In addition, let
{X;(t) }o<t<t, be the continuous trajectory corresponding to copy j. In
the following we label by i the iterations of the algorithms, so that
the cloning times are {t; }o<j<p—1 with t; = iT. Note that we view the
to = 0 as a cloning time, even though no actual cloning occurs. Finally,
let us denote by p]@ the parent of the copy j at iteration i. The parent
refers to the copy from which the copy j pulled its initial condition
following cloning stage i. As the algorithm terminates by an evolution

stage, there is actually no cloning stage M and we define p](M) =].
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The reconstruction consists in tracing back the history of the copies
from the last evolution stage for i = M to the first, for i = 0. More
precisely, it reads

{Xi() b<r<ti = X 0 (D e<icty,, 0<i<M—1, 1<j<N,

Pj
(5.14)

The reconstruction is illustrated in figure 5.7. In practice, we are not
interested in the states X themselves, but on physical observables
that depend on the current state visited by the flow. For instance,
the velocity field in the computational domain, or the drag acting
on an obstacle. In the following section we discuss several ways of
implementing the reconstruction, either on-the-fly over the course of
the algorithm, or as a post-processing step.

5.2.3 Implementation(s) of the reconstruction in practice

In this section we discuss several ways of performing the reconstruc-
tion (5.14), depending on the observable(s) of interest. Let O denote
a given observable. For instance it could be the drag acting on the
obstacle (O = f;) or the velocity field on the computational domain:
O = u. In the following we refer to a timeseries as any sequence of
measurements of O at equally spaced points in time, whether O is a
scalar or a scalar field.

5.2.3.1 Method 1: Writing the full discontinuous timeseries on disk

We begin by discussing the most straightforward way, implementation-
wise, of carrying out the reconstruction (5.14). It consist in a brute
force approach in which the observable of interest is written on disk
during the evolution stages. The reconstruction is performed as a
post-processing step, after the algorithm is terminated.

Recall from chapter 4 that the simulation of each copy during
the evolution stages is carried out by N, processes over which the
N, copies are dispatched. In this first method the current value of
O along the evolution of each copy is periodically written on disk
by each process. This corresponds to directly writing O on disk
along the discontinuous paths, of which one example is given in
figure 5.7a. A second ingredient is to keep track of the label p](-l)
of the parent copy for each copy after the cloning stage. In this
way, the timeseries for O can be reconstructed by tracing backwards
the algorithm: first {O[X;(t)]}r—r<i<1, = {O[Xj(t)]} }1,—r<t<T,, then
{OX;(B)]}r-ar<r<t,— = {OX o (D]} (#) }1,-2v<t<7, ¢ - and so on.

Clearly, this method is not c;ptimal, neither in terms of memory

management nor in terms of the time spent writing data on disk. In
addition, it entails that the whole N, discontinuous timeseries for O
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must be written on disk, leading to unnecessary data storage. Indeed,
only a small part of this data is actually involved in the reconstructed
timeseries. However, it has the advantage of being straightforward to
implement, as processes perform the same operations and do no not
have to communicate with one another. Furthermore, debugging is
facilitated as the reconstruction procedure is totally separated from
the algorithm itself. In the following we discuss a variant of the
reconstruction procedure in which the timeseries for O is temporarily
saved in memory before being written on disk. Note that in the case
where O is a observable consisting of a large number of real numbers,
such as the velocity field with a high spatial resolution, it might not
be possible to store the timeseries of the field in memory. In this case
there may be no choice but to write fields directly on disk. We stress
however that it is not the case of this work. For instance, a snapshot of
the velocity field for test flow (2) amounts to roughly 500KB of data.

5.2.3.2 Method 2: On-the-fly reconstruction

A different way of obtaining the reconstructed timeseries is to per-
form the reconstruction on-the-fly over the course of the algorithm. In
this approach the whole timeseries {O;(t) }o<t<r, is stored in memory.
As an example, consider the case say in which copy j is discarded
and replaced by a clone of copy I, following cloning at stage i. As a
consequence, the timeseries for copy j up to time t; = it, {O;(t) }o<t<t;,
is overwritten by the timeseries for copy I. The obvious advantage of
this method is that the GKTL directly yields the reconstructed time-
series, bypassing the need for an additional reconstruction step. It
also mitigates the number of disk writings as timeseries are stored in
memory and are written on disk only once the algorithm terminates.
However, it does not mitigate disk usage as, in the end, just as much
data is written on disk as in the case of the previous method. As
illustrated in figure 5.7, trajectories overlap over a significant part of
their history. As a result, most reconstructed timeseries will contain
the same data.

This method is actually most useful when computing the time
integral of O along the reconstructed trajectories, without having to
actually store the reconstructed timeseries for O. Along evolution
stage i, from t; to t;1 1, the time-integral of O is updated as follows:

/OtopZ(r)]dT:/Ot"O[X(T)]dH/t:O[X(T)]dT (5.15)

If copy i is discarded and replaced by a clone of copy [, the final value
of the integral after stage j, fot *Oj[X(7)]dr, is overwritten by the value
for copy I.
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5.2.3.3 Method 3: Minimum file I/O

We finally present a third way of performing the reconstruction,
that minimises data storage and file Input/Output. Method 1 relies
on continuously writing the timeseries for O on disk over the course
of the algorithm and perform the reconstruction as a post-processing
step. In contrast, in method 2 the whole timeseries for O is saved in
memory and each time a copy is discarded from the ensemble, its
timeseries is overwritten.

Method 3 sits in between method 1 and 2. In this approach, the
partial timeseries {O;(t) }o<t<t, is saved in memory along evolution
stage i. Following the corresponding cloning stage at iteration i, this
partial timeseries is written on disk only if copy j is not discarded.
Reconstruction is performed as a post-processing step, similarly to
method 1. Note that this indeed mitigates the amount of data written
on disk, but does not reduces it to its minimum. Indeed, when a copy
is discarded, its whole trajectory becomes irrelevant to the reconstruc-
tion procedure. This can be seen on figure 5.7: the partial timeseries
corresponding to the dashed blue lines are written on disk, although
they are not involved in any of the reconstructed trajectories, depicted
by red lines in figure 5.7b. A way to reduce the amount of disk usage
to its minimum is to employ reference counting, described in note 3.
Its use has been mentioned in the application of the AMS algorithm
(see chapter 6) to molecular dynamics simulations, facing the same
kind of memory management issue [5]. In this way the partial time-
series {O;) (f) fo<t<t; that are no longer relevant to the reconstructed
timeseries are automatically erased from disk.

Note 3. Reference counting

In computer science, reference counting is a common approach to implementing
garbage collection [175], that is automatic reclaiming of memory allocated for
objects that are no longer needed by the program. The situation of the GKTL
algorithm is analogous, as one wants to automatically get rid of partial timeseries
irrelevant to the reconstructed timeseries. The GKTL algorithm can be visualised as
an array of N X N, partial timeseries, illustrated in figure 5.7. A partial timeseries
is label by a couple (i,j), where i denotes the current iteration and j the index
of the copy. Reference counting consists in associating to each partial timeseries
the number of reconstructed trajectories in which it is involved, referred to as the
reference count. This can be done on the fly over the course of the algorithm.
Indeed, if a copy is discarded after cloning stage i, its history is traced back
through stages i — 1, i — 2.. following the corresponding parent labels p](-i) and
decrementing the reference count of the corresponding partial timeseries. If the
reference count of a partial timeseries reaches 0, it is erased.

5.2.3.4 Flexible reconstruction

In the previous paragraphs we presented three different methods
for computing the reconstructed timeseries for an observable O, on
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the basis on the discontinuous path effectively computed by the algo-
rithm. As a matter of fact, one may be interested in several different
observables. Furthermore, the observables of interest must be chosen
before the algorithm is performed.

In order to gain flexibility in the post-processing, the algorithm can
be implemented in a way that the state X of each copy is written on
disk before each evolution stage. Because the dynamics are determin-
istic, the reconstruction procedure described above can be adapted to
re-simulate the dynamics, in a piece-wise manner, over the evolution
stages [T, — T; Ta), [T — 27; T, — 7], [T, — 37; T, — 27, etc.. In this way
one is able to compute any observable along the reconstructed trajec-
tories, as a post-processing step. This can be useful, for instance, if
one is just interested in visualising the flow fields for only a subset
of trajectories. Consistently with method 3, states at iteration i can
be saved in memory and written only if the copy is not discarded.
Additionally, reference counting can be applied to erase irrelevant
states over the course of the algorithm.

5.2.4 Computation of expectation values over the reconstructed ensemble

Reconstructed trajectories are sampled according to the biased
measure P. Because the importance ratio between Py and the original
dynamical measure Py is known, statistics for Py can be computed
from the knowledge of events sampled according to P.

Following (5.1), each sampled trajectory is attributed a weight

Z(k, Tp)e kJo" fatx(t)dt

with Z(k, T,) computed as (4.19) on page 92. For any dynamical ob-
servable depending on a trajectory of the model, O, ({X(t) }o<i<T,),
an expectation value can be computed as an empirical average over
the reconstructed trajectories

Ep, [OTﬂ ({X(t)}ogtsnﬂ

Ly —k o Fa (X (1))t
Nreo N. ; Or, ({Xn(t)}ogtg,,) e Z(k, T,),
(5.16)

where the {X, }1<,<n, are the reconstructed trajectories. Recall that
reconstructed trajectories are not independent, and therefore the pre-
vious result does not simply results from the law of large numbers.
However, it can be shown that (5.16) holds true as N, — oo [117].
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Figure 5.8: (a): Importance sampling for the time-averaged drag acting on
the obstacle embedded in test flow (2). The drag is averaged
over T = 107,. The GKTL algorithm is used with N, = 16384
copies and T, = T = 107 for three increasing values of the
bias k. Additionally, the cloning period is T = 1./2, resulting
in M = 20 iterations of the evolution/selection procedure. Note
that in this particular example the last cloning stage at t;9 is not
performed. As k is increased, the sampled PDF is shifted towards
extreme values. Along the X-axis we display the fluctuation Fj. =
Fr — Fr, where the average Fr and standard deviation o7 have
been computed over a timeseries spanning 10°7,. One can see that
the distribution for k = 0.03 is peaked for a particular value of the
fluctuation. This indicates that a significant part of the sampled
trajectories actually overlap over the major part if their history.
A a result, the average drag only differ by a small amount. (b):
Number of independent copies among the ensemble of sampled
trajectories as a function of the stage n. This illustrates that a
major part of the trajectories overlap. This effect is illustrated in a
different way in figure 5.7b.
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5.2.5 Importance sampling extreme drag fluctuations

In section 5.1.2.2 we computed the rate function describing the
statistics of extreme fluctuations of the time-averaged drag. However,
it does not give information concerning the dynamics corresponding to
rare events. In this section we address the question of the applicability
of the GKTL algorithm to the investigation of the dynamical aspects of
extreme events in turbulent flows.

We first make an important remark. Recall that the GKTL algorithm
samples trajectories according to a biased path measure defined as

Pe(x(0hocien) = ey exe (k[ Alx(01dr) Po (x(0)octer)
(5.17)

We stress that relation (5.17) is valid for any choice of T,. Technically,
the large time limit T, — oo is only required if one is interested in
computing the large deviation properties of the observable, such as
the SCGF or the rate function. In this section, we are only interested
in sampling trajectories {X(#) }o<t<1, that exhibit large values of the
averaged drag Fr, with T < T,. As a result, in the following we
consider durations that are shorter than the time T, it takes for the
algorithm to yield a converged estimate of the SCGF. See figure 5.4 for
an illustration of this convergence.

During each cloning stage of the GKTL algorithm, several trajectories
are discarded from the ensemble and replaced by clones of other
trajectories. As a result, most trajectories in the reconstructed ensemble
are not independent, and overlap over a significant part of their history.
This effect is illustrated in figure 5.7b on page 130. In this context,
it is not clear if the reconstructed ensemble of trajectories sampled by
the GKTL algorithm is useful to the investigation of the dynamics of
rare events. Indeed, one has to check that the reconstructed ensemble
contains more independent events than the number of fluctuations
sampled in a long simulation of the flow with the same computational
cost.

We therefore performed three GKTL experiments, corresponding
to three different values of the bias k, all other parameters being
equal. On the one hand, as k is increased, we expect the algorithm
to sample rarer events. On the other hand, we expect the number of
independent trajectories to decrease. In order to illustrate that the
algorithm can be used with shorter durations T, < Teq, we set T, =
107.. Note that choosing smaller durations T, may lead to difficulties.
Indeed, as pointed in the previous chapter, the cloning period T should
be set to a value of the order of the correlation time, in order for
cloned trajectories to separate over time. As a consequence, choosing
a duration T, too close to the correlation time would result in a
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small number of cloning stages, and therefore a poor sampling of
rare trajectories. In addition we consider the time-averaged drag Fr
defined in (5.2) with T = T, = 107.. Therefore, equation (5.2) becomes

1 /T
Fr=Fp, = /0 fa(b)dt, (5.18)

In the following experiments we apply the GKTL the algorithm with a
high number of copies: we set N, = 16384. Each experiment therefore
has a computational cost of N, x T, = O(10°t.). Finally, we set the
cloning period T = 7./2 and the perturbation amplitude € = 0.02.

Figure 5.8a illustrates the amplitude of the fluctuations of Fr, corre-
sponding to the sampled trajectories for each three experiments. More
precisely, it illustrates the estimate of the biased drag PDF pi in each
case:

pk(F) = Ep, [0(Fr,[{x}o<i<T,] — F)]
Ne
~ 25(P%)[{X}03tgn] —F). (5.19)
Cc j:1

Moreover, figure 5.8a displays an estimate of the unbiased drag PDF
po(F) = Ep,[6(Fr, — F)]. Note that this figure is analogous to figure 4.1
on page 86. One can see that, as k is increased, the biased PDF is shifted
towards extreme values. However, the experiment with k = 0.03 does
not seem to increase the sampling of rare event with respect to the
experiment with k = 0.025. Actually, the shape of the estimate of the bi-
ased PDF shows that the reconstructed trajectories concentrate around
a single value of the fluctuation Fj, = Fr, — Fr, =~ 507,, where Fr, and
or, denote the average and standard deviation of Fr,, respectively. This
suggests a strong overlap of trajectories in the reconstructed ensemble,
which we address next.

Figure 5.8b illustrates the overlap of trajectories in the reconstructed
ensemble. Along the X-axis, we represent the M = T,/7 iterations
of the evolution/selection procedure. For each iteration m we plot
the number of independent trajectories, i.e. the number of trajectories
that exhibit different paths {X(f)}(,—1)r<i<mr OVer the interval t €
[(m —1)T;mT]. In practice we trace back the history of the trajectories
backward in time starting from the final time T, = M7, in a way
very similar to the Method 1 presented in section 5.2.3. Figure 5.8b
illustrates that, at early times, the vast majority of the trajectories
in the reconstructed ensemble overlap. This is also illustrated, in a
different way, by the red trajectories in figure 5.7b. Say N trajectories
of the reconstructed ensemble overlap over the interval [0; mT], with
1 <m < M. Among these N trajectories, only one trajectory j actually
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Overlap o 20 30 40 50
0% 759 258 32 5 0
25% 942 372 62 9 0
50% 1594 799 155 22 0
Nﬁiauss) 2599.408 372738 22.117 0.519 0.005
(a) k = 0.02
Overlap o 20 30 40 50
0% 305 179 52 5 0
25% 451 310 144 39 4
50% 1019 834 521 198 27
NI(\%Z““SS) 2599.408 372738 22.117 0.519 0.005
(b) k = 0.025
Overlap o 20 30 40 50
0% 100 8o 33 8 1
25% 186 166 110 46 7
50% 539 510 391 205 36
NI(\%Z““SS) 2599.408 372738 22.117 0.519 0.005
(©) k = 0.03

Table 5.1: Number of independent trajectories corresponding to fluctuations
FIT,, > a with a=0,20... in the reconstructed ensemble, for the
three experiments k = 0.02,0.025,0.03. Parameters of the GKTL
experiments are N, = 16384, T, = 107, T = 7./2 and € = 0.02. In
each case we count as independent trajectories with an overlap of
0% (zero overlap), 25% and 50%, respectively. In addition, N ](\,éia“ss)

is the average number of fluctuations F;. > a on can expect from

N, realisations obtained from a direct sampling approach. This

number is based on the fact that the PDF of Fr, is Gaussian. It is

defined in (5.20).

originates from ¢t = 0. Indeed, the N — 1 others have been discarded
following the selection stage of a given iteration 17 > m, and replaced
by a clone of trajectory j over the interval [0;/77]. In the following
we call fully independent trajectories the trajectories that do not overlap
at all over [0;T,], i.e. trajectories that do not overlap over the first
period [0; T]. From figure 5.8b one can see that the number of fully
independent trajectories is very small compared to the total number
of trajectories N..

In this context, can the GKTL yield more independent events than
a direct sampling based on a long simulation ? If yes, how much
more ? Table 5.1 displays the number of independent trajectories
that correspond to fluctuations F}a > a with a = o7, 207,307, ..., fOr
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each of the three experiments. In each case, we count the number of
trajectories according to the allowed degree of overlap. For instance,
allowing a 25% overlap, we consider trajectories that overlap over
[0; T, /4] as independent. In order to compare with a direct sampling
approach, we could perform a very long simulation of computational
cost N; x T, divide it into N, realisations Fr, and count the number
of fluctuations F%ﬂ > a above a given threshold value a. However, we
found that the PDF describing the statistics of fluctuations F; —with
T, = 10T.— is very close to a Gaussian PDF. As a result, the expected
number of fluctuations F; > a among N realisations is

_2/9,2
X /ZUTa

NE") ~ Ne x P(Ff, > a) = dx. (5.20)

N [
27'[0]"9 a

Considering small fluctuations F}ﬂ > gwitha = 0 and a = 20, one can
see in table 5.1 that the number of sampled independent trajectories
actually decreases as k is increased. This results from the fact that the
overall number of independent trajectories decreases as k is increased,
as illustrated in figure 5.8b. More importantly, considering fluctuations
above 3¢, the GKTL experiments for k = 0.025 and k = 0.03 provide a
larger number of fluctuations than a direct sampling approach with
similar computational cost. For instance, table 5.1b shows that the
experiment with k = 0.025 provides 5 fully independent trajectories
corresponding to fluctuations F, > 3c. This is ten times more than
what can be expected from a direct sampling. Notice however how
drastic is the reduction of the number of independent trajectories as the
allowed degree of overlap is diminished. Allowing for a 50% overlap,
the reconstructed ensemble for the experiment k = 0.025 contains
roughly 200 independent trajectories corresponding to fluctuations
F; > 30. Generally speaking, we observe in all three experiments that
the number of independent trajectories is very small compared to the
total number of trajectories N. = 16384. For instance, table 5.1c shows
that, allowing a 50% overlap between independent trajectories, 521
trajectories can be used to study the dynamics leading to fluctuations
F; > 30. This represents 521/ N, ~ 3% of the overall computational
cost of the experiment. We stress that, in spite of this rather poor yield,
the GKTL still results in a larger amount of extreme fluctuations, with
respect to a direct sampling approach. However, there is clearly room
from improvement.

5.3 DISCUSSION

In this chapter, the use of the GKTL algorithm was illustrated in
two ways. First, the computation of the SCGF describing the large-time
large deviations of the averaged drag was presented. More precisely,
using the GKTL algorithm—following the implementation discussed
in the previous chapter—we were able to compute the large deviation
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rate function describing the probability of observing rare drag force
fluctuations, far above the average drag level acting on the obstacle.
We showed in figure 5.5 that for a similar computational cost, the
GKTL algorithm allows for the estimation of the rate function over
a wide range of fluctuations, that could not be computed from a direct
sampling approach. However, we highlighted in figure 5.6b that the
computational gain from the GKTL is limited by the number of copies.
Indeed, we observed that, past a given value of k, the estimate of the
SCGF becomes linear. Furthermore figure 5.6b illustrates that, for two
different values of the number of copies, the slope of the linear tail
of the SCGF is different, and that statistical errors do not overlap. As
a result, we conclude that this linearization is an systematic artefact
resulting from the algorithm.

In a second part, we addressed the practicality of the GKTL algo-
rithm for the study of the dynamics corresponding to extreme fluctua-
tions of the drag force acting on the obstacle embedded in test flow
(2). As a matter of fact, the GKTL algorithm has seldom be used to
study the dynamical aspects of rare events, as the majority of previous
works using the algorithm mostly address the computation of statis-
tical quantities, such as large deviation rate functions. However, in
the context of the study of turbulent flows, the investigation of the
dynamics of rare events is particularly useful to gain insight into the
physical mechanisms leading to extreme fluctuations of the quantity
of interest. We performed three GKTL experiments for different values
of the bias k, with a high number of copies. First of all, we illustrated
that the GKTL algorithm does sample a higher number of extreme
events than a direct approach of similar computational cost. However,
because trajectories in reconstructed ensemble overlap, the number
of actually independent trajectories sampled by the algorithm is very
low with respect to the total number of trajectories N.. As a result, a
very high number of copies is required to sample extreme events. This
requirement can potentially hinder the application of the GKTL to the
simulation of more computationally demanding flows.

In a way of conclusion, we find that the GKTL algorithm significantly
increase the sampling of extreme fluctuations of the drag force acting
on the obstacle immersed in test flow (2) . However, we observe
that, for a fixed number of copies, there is a critical value of the
bias k past which the majority of trajectories in the reconstructed
ensemble overlap over a significant part of their history. Furthermore,
the experiments discussed in this chapter suggest that a rather large
number of copies is required to sample extremes using the GKTL
algorithm. Is is not clear whether similar sampling performance can
be achieved by performing several independent experiments with a
reduced number of copies.
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Generally speaking, we observe that the efficiency of the sampling
of extreme drag fluctuations is limited in a way that have not been
reported in previous applications such as [57, 130]. The precise reasons
for these limitations is not clear yet.

In this work we considered the flow past a square cylinder in
channel. Notice that this flow is convective, i.e. the fluid structures
responsible for the extreme drag fluctuations are advected by a mean
flow. In our application of the GKTL algorithm we based the sampling
on the value of the drag acting on the square, that is depending on the
flow configuration in the vicinity of the obstacle. However, because
fluid structures are advected downstream, a high value of the drag
does not last more than a few turnover times. In other words, a high
value of the drag at a given instant ¢ cannot be considered a precursor
of high drag fluctuations in the future. By contrast, consider the case
of an OU process defined as

x(t) = —x(t) + V2n(t), (5.21)

for which we showed in chapter 4 that the GKTL algorithm yields
significant efficiency. Starting from a rare value x*, a copy can actually
persist in taking rare values in the vicinity of x* with suitable realisa-
tions of the noise #(t). Trajectories with such realisations of the noise
can be sampled by the GKTL algorithm.

By contrast, the phenomenology of the fluctuations of the drag
acting on the obstacle immersed in test flow (2) is different. Indeed,
there is not such idea of persistence. Starting from a state corresponding
to an unusually large value of the drag f}, the system will rapidly
relax towards common drag values, as the fluid structures responsible
for the fluctuations will be swept by the mean flow.

These remarks pave the way to further improvement of the GKTL
algorithm. For instance, an alternative approach could rely on a sam-
pling based on the occurrence of flow structures at a given distance of
the obstacle.



THE ADAPTIVE MULTILEVEL SPLITTING FOR THE
SIMULATION OF EXTREME DRAG FLUCTUATIONS

So far in this thesis, rare events leading to extreme values for the
drag around the obstacle have been sampled by means of importance
sampling. It has been implemented at the level of the trajectories, in
order to favour the occurrence of paths associated with an atypically
high (or low) value of the average drag on the obstacle over the
trajectory. The choice of the importance ratio was inspired from large
deviation theory related to the asymptotics for the probability of the
large-time averaged drag. We illustrated that the resulting biased
measure could be numerically sampled using a population dynamics
algorithm. Note that this case is rather exceptional: in general it is very
difficult to sample numerically a good importance ratio that favours
the rare events of interest.

The GKTL algorithm [57, 120] allows for the estimation of the statis-
tics of extreme fluctuations of an averaged observable of the dynamics,
thanks to large-deviation theory. Furthermore, the sampled trajecto-
ries also yield the detailed dynamics of the system leading to the
large fluctuations of the observable. In addition to fluctuations of the
time-averaged drag, fluctuations of the instantaneous drag certainly
are of interest. That is, we would like to numerically sample flow
trajectories over which the drag acting on the obstacle goes beyond a
given threshold. However, there is no general result for the asymptotic
form of the probability for the instantaneous drag. In this chapter
we introduce the Adaptive Multilevel Splitting (AMS), a rare event
sampling method that is not restricted to time-averaged observables.

An alternative approach to importance sampling is multilevel split-
ting. It does not rely on sampling a modified distribution, but instead
in decomposing a rare event into a sequence of consecutive events.
As such, intermediate events are much less rare, conditioned on the
realisation of the previous events in the sequence.

To clarify this idea, let us consider the example in figure 6.1. Let X;
be a Markovian IR-valued stochastic process with typical value xp, and
a > 0 a given threshold for which a fluctuation X > a is very rare. Say
we are interested in computing the probability g = Py, (X > a) that
the random process is larger than a, starting from the initial condition
xo. A multilevel splitting approach consists in decomposing the event
X > a into a sequence of | events X > Q; with

XO:Q1<Q2<...<Q]_1<Q]:IZ
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A .
S N\ e

Figure 6.1: Illustration of the multilevel splitting strategy. From initial condi-
tion xp, there is a very little probability that the process X; will
reach the level a before falling back to the typical region around
xp. A straightforward way of computing such a probability is to
compute many realisations and count how many succeed to reach
a. Naturally, as the event X > a is very rare, this would require
a tremendous amount of realisations. Instead, splitting methods
suggest to decompose the fluctuation into a finite number of in-
termediate fluctuations. First X > Q1, then X > (Q,|X > Q; and
finally X > Q3|X > Q, where A|B denote the realisation of A
conditioned on the realisation of B. In this way, each intermediate
event is much more likely to occur and its probability easier to
compute. Generally, the process is duplicated upon reaching a
given level Q;. The choice of the levels and the number of replicas
depends on the specific splitting method in use.

Lo

and to compute p as

-1
P(X>a)=P(X>Q)[[P(X>QinlX>Q) (6.1)
j=1

In this way, each intermediate conditional probability is expected to be
much greater than the target probability g = P(X > a). The splitting
approach is sketched in figure 6.1. Similarly to the GKTL algorithm, the
numerical computation of each conditional probabilities relies on the
simulation of an ensemble of copies of system. Copies that successfully
reach a given threshold are duplicated, while the others are discarded
from the ensemble.

The original idea of splitting can be traced back to Kahn and
Harris in 1951 [73]. It was somewhat forgotten until the gos when it
underwent a revival initiated by the publication of the RESTART method,
to compute probabilities of failure in communication systems [171—
173]. The main incentive for the application of splitting methods in this
field was the apparent simplicity compared to importance sampling,
for which it often proves difficult to sample a modified probability.
The multilevel splitting strategy was first studied theoretically, in a
simplified framework, by Glasserman et al [60, 61] and a few years
later by Lagnoux [95]. Both works result in expressions for the variance
of the estimator for the target probability depending on the choice
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of the thresholds {Q;}1<j<j, and the number of duplicates that are
spawned at each steps.

However, the biggest drawback of multilevel splitting is that good
knowledge of the system is required to set the thresholds and the
number of duplicates in order to reduce the variance. In its original
form, multilevel splitting is therefore unsuitable for complex systems,
for which analytical computations cannot be carried out. In response
to this, Cerou and Guyader proposed a splitting algorithm [27] in
which the thresholds are not set beforehand, but rather set in an
adaptive manner over the course of the algorithm. As a consequence,
the method is referred to as Adaptive Multilevel Splitting (AMS) and
is now the state-of-the-art approach for rare event sampling by means
of splitting.

The objective of the work presented in this chapter is to assess the
efficiency and practicality of the AMS for rare event sampling in the
context of turbulent flows. More precisely, we address the sampling
of trajectories resulting in extreme fluctuations of the instantaneous
drag f; acting on an obstacle surrounded by a turbulent flow. In fact,
we will use a modified version of the AMS: the Trajectory Adaptive
Multilevel Splitting (TAMS). We developed this variant in order to
compute the probability that a trajectory of fixed duration results in
a observable of the dynamics going beyond a given level. As will be
discussed in chapter 7, this probability is useful to compute return
times of rare events, that is the typical timescale at which they occur.
A return time is a very useful quantity for applications.

In this chapter we do not compute return times but rather apply the
TAMS with the aim of generating rare trajectories of the flow resulting
in a very large drag. This study will be based in test flow (2) presented
in chapter 2.

The structure of this chapter is as follows. First, the AMS is presented
in section 6.1. We outline the algorithm and describe the main theoret-
ical results concerning the resulting estimator for the probability of
the rare event of interest. The TAMS is then discussed in section 6.2.1.
We first give a practical outline of the algorithm in section 6.2.1, before
we highlight its connection with the classical AMS in section 6.2.2.
The TAMS is illustrated on a simple on case in section 6.3. We show
that for a one-dimensional stochastic process the algorithm leads to
a tremendous improvement of the sampling of rare fluctuations. In
section 6.4, we present the application of the TAMS to the sampling of
extreme drag fluctuations in test flow (2). We show that the sampling
suffers from a naive definition of the score function, that quantifies
the performance of the replicas with respect to the realisation of the
fluctuation.
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6.1 THE AMS ALGORITHM

The Adaptive Multilevel Splitting (AMS) algorithm has originally
been designed [27] to efficiently and accurately estimate probabilities
of rare events of the type Py, 1, (T8 < T4) € (0,1): the probability that
a Markov process (X;) ity initialised with X;, = x, hits a set B before
hitting a set A (with AN B = @), where 1z = inf {t >t; X; €C}is
the hitting time of a set C. In typical applications sets .4 and B are
metastable states, from which the dynamics can transition to the other
one under the effect of random perturbations.

In addition to the sets A and B, a crucial ingredient of the AMS
algorithm is a score function ¢ that quantifies the distance from a state
of the system to either A or B. In many application, it is designed so
that {(x) =0ifx € Aand {(x) =1if x € B.

1 branched on 2

Q1 < Qy < Q3

Figure 6.2: Illustration of an iteration of the AMS algorithm. In this sketch,
three trajectories are computed from the initial condition x located
within the basin of attraction of A. They are computed until they
either reach B or fall to .A. The levels { Q};<;<3 correspond to the
maximum value of the score function ¢(x) over the corresponding
trajectory. They quantify how close each trajectory got from B5.
Having the lowest level among the ensemble, trajectory 1 (dashed)
is discarded from the ensemble of trajectories. Trajectory 2 is then
randomly selected and copied until it reaches the maximum of 1.
This point is referred to as the branching point and is represented
by a red dot in the figure. From there, dynamics are integrated
until it either reach A or B.

The AMS algorithm is illustrated in figure 6.2 and can be outlined as
follows. First, N, trajectories are simulated starting from x = xo with
xo located in the basin of attraction of A. Each trajectory is computed
independently from the others until it either reaches B or falls back to
A. Next, the performance of the trajectories is assessed by computing
their level Q,, that is the maximum of the score function over the
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trajectory, see figure 6.2. Then, we compute the lowest level Q* among
the trajectories:

. .
Q"= min Qu (6-2)
The corresponding trajectory is discarded from the ensemble. It can be
seen as the copy that went the least far away from .A. Then, a trajectory
is uniformly chosen among the N; — 1 remaining and duplicated
until the point where it goes beyond Q. This is referred to as the
branching point and is identified by a red dot in figure 6.2. In practice
the discarded trajectory is overwritten by the selected trajectory until it
reaches Q. From that point on, it is freely simulated until it reaches B
or falls back to A. This procedure is referred to as a selection-mutation
step.
In typical AMS applications, it is repeated until the N, trajecto-
ries reach B. If it is repeated ]| times, the AMS estimator § for g =

Py 1, (T8 < Ta) is [27]

) 1)/
QNC — (1 — M) (63)

One of the main properties of the AMS algorithm is the following
unbiasedness result. For every N, for every score function ¢, pn, is an
unbiased estimator of g:

E[pn] = p. (6.4)

Thus only the statistical error Var(py,) depends on the choice of N.
For a proof, as well as more general statements and a discussion
on the influence of the time discretisation of the Markov dynamics,
see [17, 18]. This result has an important practical consequence [17]
: instead of performing a single AMS experiment with M copies, one
can perform K independent realisations with N, = M/K copies and
compute the resulting estimator as an empirical mean over of the
realisations. Because their are independent, the K realisations can be
performed in parallel. Additionally, the choice of the score function can
be shown to have an important impact on the statistical error, see [17,
141]. Moreover, it has been proved, in different contexts, see [19, 28],
that 4y, is a consistent estimator of 4: the convergence ;. N 1

holds true, in probability. More precisely, it is proved in [28], that the
estimator 4y, satisfies a Central Limit Theorem,

V(v —q) = N (0,0%(E9)), (6:5)
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with an asymptotic variance 02(¢&,q) € [—¢*Ing,2q(1 — q)]. The mini-
mal variance —g?In g is obtained when choosing

E(x) = &(x) =Py (18 < T4)- (6.6)

The optimal score function ¢, is referred to as the committor function.
In practice, it is of course not known, as it is what the algorithm aims
at estimating: p = ¢(xo). Nevertheless, a crucial point to implement
the AMS algorithm is to choose a score function that provides a good
approximation of the committor.

The AMS was first applied in the probability and statistical physics
communities to rather simple systems, the subject of investigation
being the algorithm itself more than the dynamics[17, 27, 141]. In 2015,
the AMS was applied to compute reactive trajectories of the stochastic
1D Allen-Cahn equations, showing that the AMS is able to provide
good results for stochastic dynamics with a large number of degrees
of freedom [139]. Recently, the AMS was introduced in the fields of
biophysics and biochemistry. It was coupled with Molecular Dynam-
ics (MD) simulations and was reported to yield satisfying results both
for a simple test case [5] and the simulation of a more complex bio-
chemical process: the dissociation of a protein-ligand complex [161].
In fluid mechanics, the AMS was used to investigate multi-stability
in stochastic models of transitional wall flows [138]. The common
point between these works is that they all aim at computing transition
pathways between meta-stable states. Here we are instead interested
in computing the probability that a trajectory with a fixed duration
T, goes beyond a given level. This is motivated by the computation
of return times, discussed in chapter 7. To do so, we introduce a
modified AMS algorithm, called the Trajectory Adaptive Multilevel
Splitting (TAMS) algorithm, presented next.

6.2 THE TRAJECTORY ADAPTIVE MULTILEVEL SPLITTING ALGO-
RITHM

In the previous section, we presented the AMS algorithm. It in-
troduces a modified sampling based on the splitting of trajectories
according to a score function that quantifies the performance of the tra-
jectories with respect to realisation of a rare event. The AMS eventually
yields the probability that trajectory reaches a target set B before a set
A, which we denoted by P(13 < 74). Additionally, it yields an ensem-
ble of trajectories that effectively reach the target 5. Note that these
trajectories have different durations. The AMS was originally designed
in order to compute rare transition rates between metastable states.
In the following we are interested in rare events in which a given
observable reaches a threshold a. In this context a natural quantity
is the probability IP(1z < T,) that the fluctuation is achieved before
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a finite time T,. For instance it is useful to compute return times of
rare events, that is the average waiting time for a the realisation of
a given event. In chapter 7, we show that return times can be easily
deduced from the probability IP(7z < T,). However, this probability
is different from the one that is computed by the AMS, and additional
computations are required to deduce P(13 < T,) from P(13 < T4).

In this section we propose a novel version of the AMS, that yields
directly the probability IP(1z < T,). We call this variant the Trajectory
Adaptive Multilevel Splitting (TAMS). It is a special case of the AMS.
In the TAMS, trajectories all have the same duration T,. This greatly
simplifies the algorithm as well as its application.

We start by outlining the algorithm in section 6.2.1. Then, in sec-
tion 6.2.2 we discuss its connection with the original AMS algorithm.
We show that the TAMS can be expressed within the original AMS
framework by defining the sets A and B for an auxiliary process. This
allows the TAMS to directly benefit from the mathematical properties
of the AMS presented in section 6.1.

6.2.1  Description of the TAMS algorithm

We consider a continuous time Markov model x(t) able to generate
trajectories. It can be either a stochastic process, for instance a diffusion,
or a chaotic deterministic dynamical system. Let us now describe the
algorithmic procedure.

We start by simulating N, independent trajectories, denoted by
{xslo) (t) f1<n<n,, for a fixed duration T,. To each of these trajectories,
we associate a weight wg = 1. The iteration j > 1 of the algorithm starts

with the evaluation of the performance of all replicas {xﬁlj - (1) hi<n<n,
at the previous iteration j — 1, measured by the maximum of the score
function ¢ over the whole trajectory:

oV = sup &(t,xi V(1) 6.7)

0<t<T,

We select the trajectories corresponding to the lowest Q,(qj): let us

denote Q]* = minj<,<n, Q,(j ) and n]*,l, cer, ”;,éj the indices such that:
QW =... = Qg) = Q. (6.8)

One might expect intuitively that ¢; = 1. This is not necessarily the
case, as explained in [17]: because of the discretisation of the dynamical
equations in the numerical model, two or more trajectories may yield

the same level Q,(j ). This effect is illustrated in figure 6.4.

(-1

*

iy

) (g #nja,... l’l]‘,gj) randomly

We then proceed to the mutation step. For each trajectory x

(1 < £ < ¢;), we choose a trajectory x%_l

149



150

THE AMS FOR THE SIMULATION OF EXTREME DRAG FLUCTUATIONS

3 trajectories

01 < Q< Qs
0 T,
t

Figure 6.3: Illustration of one selection-mutation step in the AMS algorithm
for the computation of the probability that an observable A :
R? — R reaches values larger than Q over a trajectory of duration
Ta.

among the N, — /; remaining trajectories, and define the time t;,

defined as the smallest time f such that (¢, Y 71)( t)) > Q. Finally,

() ()

we define the new replica x,. by copying the trajectory x,/, ’ from

to to tj, and simulating the rest of the trajectory, from ¢;, to T,. For
a Markov process, for instance a diffusion, a new realisation of the
noise is used in order to simulate the new trajectory from ¢; to T,. For
a chaotic deterministic system, a small amplitude noise is added to
the initial condition at time ¢;. The other trajectories are not modified:
xflj) = x( 1 for n # n* ,n]*e. The selection-mutation process is
illustrated on figure 6.3. We associate to the trajectories x,(j ) forming
the ensemble at step j the weight w; given by [17, 27, 29]:

j , l;
w; = H <1 — Ifl:) = <1 — I\i) Wj1. (6.9)

i=1

jree

Note that we could mutate more replicas at each step by selecting an
arbitrary number of levels Q,(f ), instead of just the minimum Q]* as
described above. The particular case described above is sometimes
referred to as the last particle method [151].

The selection-mutation process is iterated | times (two possible defi-
nitions of | are given below). The number of resampled trajectories is
given by | = 2]1.21 ¢;. Note that J > ], but the two need not necessarily

coincide. In the end, the algorithm generates M = N, + ] trajecto-

ries, given explicitly by the set {xn }1<n<NC U {x }1<g<g 1<j<]s OF

equivalently, the set {xn F<n<n, U {x }1<g<g .1<j<j- Each trajec-

tory has an associated weight, given by the iteration until which it was
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a member of the ensemble: w; for the final trajectories {xsl] )}1§n§Ncr

and w;_1 for the trajectories {xfgl)}lgg 1,1<j<j mutated at iteration
1 <j < J. Let us relabel these traj,ectories and their associated weights
as {(Xm, Wm) }1<m<m. Normalising the weight with W = ¥ _ w,, we
obtain the probabilities p,, = w,, /W associated with the trajectories.

Note that instead of just one realisation of the algorithm, one may
carry out K independent realisations, thus yielding M = Y'X_, (Nc(k) +
Ji) trajectories with the associated weights, where Nc(k) and J; denote
the number of initial trajectories and resampled trajectories for realisa-
tion k, respectively. The probabilities for the trajectories are computed
following equation (6.3).

In addition, for any observable O[x(t)], we can define an estimator
based on our sampling of trajectory space:

M
Om = Z—:1 PmOxm (t)]. (6.10)

6.2.1.1  Computational cost of an TAMS run

The number of iterations | can be set to be a prescribed integer.
In that case, the stopping criterion for the algorithm is simply j = J.
Alternatively, it can be a random number such that all the trajectories
in the ensemble reach a threshold level Q. The stopping criterion is

then Q,(j ) > Q for all 1 < n < N.. The latter case is more common in
existing AMS implementations, however both cases are covered by the
general framework developed in [17], and give consistent results. The
two possible choices are further discussed in the case of the application
of the TAMS for the computation of return times in chapter 7.

Let us now estimate the computational cost of a TAMS run. The
number of trajectories generated by a TAMS run is M = N, + ], as
pointed out above. Each resampled trajectory is not simulated over
the whole duration T,, but over 7 < T,, with T a random number
depending on the branching point. We thus define ¢ € [0, 1] so that
E[t] = 9T, is the average duration of the resampled part of a mutated
trajectory. Performing K identical and independent realisations of the
TAMS algorithm, the average computational cost associated with a
given experiment is then approximately

C=Kx (N;+9])T,. (6.11)

6.2.1.2 Extinction

As mentioned in [17], and illustrated in figure 6.4, several trajecto-
ries can yield the same level, due to the discreteness of the numerical
model. As a matter of fact, both the parent and the resampled tra-
jectory are likely to end up with the same level as the threshold Q7
increases. Indeed, for high thresholds, the resampled trajectory is very
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Figure 6.4: Sketch of a resampling step resulting in two trajectories having
the same level. At iteration j, the resampled trajectory is overwrit-
ten by the parent trajectory until the first point for which it is
above the threshold Q}*. From this point, the resampled trajectory

quickly falls back below the threshold. However, from the point
of view of the discretised dynamics, the blue and red trajectories
now have the same level. Both must therefore be resampled at
iteration j + 1.

likely to fall back right after the branching point. If this branching
point is the maximum of the parent trajectory, as it is likely the case
for high values of Q7, then both trajectories must be resampled at the
iteration j 4 1. This situation is illustrated in figure 6.4. If the threshold
Qj is very high, there is a good chance that the resampling of the
two trajectories will fail in the same way, resulting in the resampling
of three trajectories, and so on and so forth. In the event that the
resampling fails N, times, no parent trajectory is available, and the
algorithm stops. This is referred to as extinction. The exact critical
value of QF for which extinction happens varies from one realisation
of the TAMS to the other. However, its order of magnitude depends on
the number of trajectories as well as their duration.

6.2.2  Connection with the AMS for time-dependent observables

In this section, we describe the connection between the Trajectory
Adaptive Multilevel Splitting (TAMS) algorithm and the classical AMS
algorithm. The aim is to deduce the mathematical properties of the
TAMS algorithm from the known ones for the AMS algorithm. For in-
stance, a conclusion is that the optimal score function is the committor
function (6.14).

As stated in section 6.1, the Adaptive Multilevel Splitting (AMS)
algorithm was originally designed [27] to estimate probabilities of rare
events of the form Py (T < T4). In this section, we show how the
problem of estimating the probability that the maximum value of a
time-dependent observable over a trajectory is higher than a given
threshold falls within the scope of the AMS algorithm. In this way, the
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TAMS algorithm directly benefits from the theoretical properties of the
AMS algorithm outlined in section 6.1.

We consider a R%-valued Markov process (Xt) L with contin-
uous trajectories, for some fixed final time T, and a ’Eime-dependent
observable O[X, t]: this is a time-dependent functional of the process
X, taking value in RR. It may be defined for times belonging to a sub-
set of [0, T,|, but for simplicity we shall still denote T, the final time.
The aim is to estimate the probability that the observable reaches a

threshold a at some point of the trajectory, i.e.

g(a) = Py, [Orgr}eg%ﬂO[X, t] > a] . (6.12)
The notation Py, refers to the probability over realisations of the
Markov process with initial condition Xy, = xo. The AMS algorithm
provides an estimator §(a) for this quantity. Indeed, the event

{ max O[X, t] > tz}
0<t<T,

can be identified with the event {75 < T4} for an auxiliary Markov
process Y;, with an appropriate definition of the sets A and B, as
follows:

Y; = (t,0[X,t]) € [0,T,] xR,
A={(Tsz); z<a}, (6.13)
B={(tz);, tel0,T,],z>a}.

Note that Y is not necessarily a time-homogeneous process. In
section 6.2.1, we described the TAMS algorithm that gives a procedure
to sample the process Y to provide a good estimate of g(a), based on
a score function ¢, which measures the distance between A and B (in
many implementations of the AMS, {(d.A) = 0 and ¢(0B) = 1). In the
specific case of the TAMS algorithm, the optimal score function (the
committor IP[15 < T4]) depends on time and takes the form:

E(t,x; Ty,a) = Py | max O[X,s] > a|, (6.14)

t<s<T,

The corresponding estimator 4(a) will be very useful to compute
return times of rare events, and is described in chapter 7, section 7.3.1.
It then follows from the above discussion that the convergence
properties of the TAMS algorithm are a direct consequence of the
known results for the AMS algorithm, described in section 6.1.
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63 APPLICATION OF THE TAMS TO THE ORNSTEIN-ULHENBECK
PROCESS

In the previous section, we introduced a modified version of the
Adaptive Multilevel Splitting (AMS) algorithm, referred to as the Tra-
jectory Adaptive Multilevel Splitting (TAMS) algorithm. Its definition
is motivated by the estimation of probabilities of trajectories with a
fixed duration T,, from which return times of extreme fluctuations can
easily be deduced. The computation of return times is discussed in
chapter 7.

In this section, we illustrate the TAMS algorithm by addressing the
sampling of extreme fluctuations of a random variable x following an
Ornstein—Ulhenbeck (OU) process:

X(t) = —ax(t) + V2en(t) (6.15)

where « and € are numeric constants and # a Gaussian white noise.
The Probability Density Function (PDF) describing the fluctuations of x
can be shown to be Gaussian, with a standard deviation o = v/e/a. In
this case, using trajectories of length T,, the TAMS algorithm ultimately
yields the probability that x reaches a threshold a at some point of the
trajectory:

q(a) = Py, [og}i)ix(t) > a} (6.16)
where P, indicates the probability over realisations of the OU process
with initial condition X;, = x¢. In the following xy is always drawn
from the stationary distribution of the process. Furthermore, the TAMS
also yields an ensemble of M = N + J trajectories where N, in the
number of initial trajectories and | the number of resampled trajec-
tories. Recall that the last N, resampled trajectories all correspond to
fluctuations x > a. We choose the score function ¢ as the observable
itself: ¢ = x. This is motivated by the fact that the dynamics is one-
dimensional. See appendix D for further discussion of the choice of
the score function. In the following we show that the TAMS is capable
of sampling very rare trajectories with a computational cost much
lower than the one required by a direct sapling approach. To do so, we
discuss the computational cost associated with the sampling of fluctu-
ations of a given amplitude with the TAMS algorithm. We compare it
with the typical return time of such a fluctuation and illustrate that
the computational gain induced by the TAMS with respect to direct
sampling grows rapidly with the amplitude of the fluctuation. We
then illustrate the estimation of the probability q(a) and show that
the TAMS algorithm is capable of computing accurate estimates of the
probability for very rare fluctuations.
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6.3.1 Efficient sampling of very rare trajectories

The TAMS is described by two parameters: the number of initial
trajectories N, and their duration T,. As mentioned in section 6.1, the
AMS estimator for the probability g(a) is unbiased, i.e., E[4(a)] = q(a).
As a consequence, it was suggested in [17] that a good practice is to
use a relatively low number of initial trajectories, and perform several
independent realisations of the algorithm. In the following we set
N, = 32.

The duration of the trajectories T, must be set larger than the corre-
lation time 7 of the process, so that an excursion far from the typical
value has sufficient time to occur. On the other hand, setting T, > 7.
may not provide a significant advantage. Indeed, resampling long
trajectories can lead to new fluctuations, however decorrelated from
the one the resampling is based on. These fluctuations would therefore
occur independently from the TAMS, a situation that is tantamount to
direct sampling. In the following we set T, = 5.

The efficiency of the TAMS algorithm is analysed as follows. To
each iteration j of the algorithm, we associate a computational cost C;
corresponding to the cumulative duration of the resampled trajectories
for iterations 1 < [ <. It reads

il
G = (Ne + E Z &) % T (6.17)
I=1m=1

where I; is the number of resampled trajectories at iteration j and
a1 Ty is the duration over which the resampled trajectory is effectively
simulated. Recall that for 0 < t < ay,T,, it is simply copied from
its parent trajectory. The computational cost C; corresponds the the
overall computational effort spent computing the dynamics up to
iteration j.

Following the notations of section 6.2.1, let Q7 be the level at itera-
tion j, that is the maximum value of x(t) over the selected trajectory be-

fore it is resampled. Recall that, by definition, Q,(j ) > Q]*, 1<n<N,,

where Q,gj ) is the maximum of x(t) over the trajectory n at iteration j.

At iteration j, each member of the ensemble of N, trajectories dis-
plays a fluctuation of amplitude a > Q7. This ensemble of trajectories
has been computed with a cost C;. In the following, we compare C; to
the typical computational cost required to sample fluctuations a > QF
from a direct simulation of the process (6.15), without algorithm.
Roughly speaking, this cost corresponds to the typical return time of
the fluctuations. That is the timescale of occurrence of fluctuations
having an amplitude at least equal to Q7. Proper definition and sam-
pling of return times is addressed in chapter 7. The efficiency of the
algorithm can be quantified by comparing the cost of the TAMS algo-
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Figure 6.5: Illustration of the efficiency of the TAMS algorithm with respect
to direct sampling. The amplitude of fluctuations for the OU
process (6.15) are represented along the Y-axis. Along the X-axis
is represented the typical computational cost required to sample
fluctuations of the corresponding amplitude in both the TAMS and
direct sampling. In the latter, the typical computational cost is
simply the return time r(a). The computational cost associated to
alevel a is the TAMS is denoted by C(a). The orange line represents
the evolution of the level Q% as a function of the cost C(a). The

blue stars represent the maximum of x(t) over the resampled
trajectory after it is resampled, that is at iteration j + 1. Finally,
the solid black line is the analytical solution for the return time
of amplitude a [105].

rithm at iteration j to the return time of the corresponding fluctuations
Q:.

We perform a numerical experiment with the TAMS algorithm with
N; = 32 and T, = 5. The initial condition for the N, initial trajectories
is drawn from the stationary PDF of the process (6.15). The stopping
criterion for the algorithm is chosen based on the value of the level:
Q]* > Q with @ = 100. At each iteration j we record the current
level Q7. Additionally, we record the simulation time of the resam-
pled trajectories «;,, T, in order to compute the computational cost
C; following (6.11). In the following we drop the dependence in the
iteration j and simply call C(a) the computational cost associated to a
level Q]* = g in the TAMS.

Figure 6.5 displays the fluctuation amplitude a as a function of
the computational cost C(a). In addition, it also features the corre-
sponding return time r(a), that can be computed analytically [105].
It clearly illustrates the gain from the TAMS algorithm: from a > 4o,
extreme fluctuations are sampled within the TAMS at a much lower
computational cost. As an example, figure 6.5 shows that the typical
return time of fluctuations 2 > 100 is roughly 10?!7.. This means
that, in order to sample typically one of such fluctuations, the process
must be simulated over a duration of the order of 102! 7. In contrast,
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Figure 6.6: Ensemble of N, = 32 trajectories at four different iterations j, for
which Q]* > g with a = 40, 60,80 and 100.

fluctuations a > 100 are sampled by the TAMS for an overall cost of
roughly 5 X 1037,

Figure 6.6 illustrates the ensemble of N, = 32 trajectories at the first
iterations j for which Q]* > g with a = 40, 60,80 and 100.

6.3.2 Estimation of the probabilities of rare fluctuations

In the previous section, we illustrated that the TAMS successfully
samples very rare fluctuations of the OU process defined in (6.15). We
showed that it allows for the simulation of the dynamics leading to
such fluctuations for a computational cost much smaller than the one
required by a direct simulation of the process. In the following, we
briefly illustrate the estimation of the probability of such fluctuations.

Following the strategy suggested in [17], we divide the computation
into K independent realisations. Each one of them correspond to a
TAMS run in which the initial trajectories are drawn in the stationary
PDF of the OU process (6.15). Consistently with the experiment de-
scribed above, these runs are based on N, = 32 trajectories simulated
over a duration T, = 57.. Each one of them is iterated until all trajecto-
ries reach a prescribed threshold g, that is until the first iteration j for
which QF > a. This therefore results in a set of {fy(a) }1<x<x of reali-
sations of the estimate of the probability g(a) that the process reaches
a at some point over [0; T,]. The final estimate is then computed as an
empirical mean over the realisations:

K
= 2 qx (6.18)

N \

Figure 6.7 illustrates the convergence of the empirical mean (6.18) as
a function of the number of independent realisations K. In addition, it
displays the confidence interval [§x — Adk; dx — Ajk| associated with
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Figure 6.7: Convergence of the TAMS estimate jx(a) as a function of the
number of realisations of the algorithm. Each individual TAMS
run is based on N, = 32 trajectories with duration T, = 57. The
threshold a is set to 60, where ¢ is the standard deviation of
the OU process (6.15), is this case ¢ = 1/ V2. The dashed lines
represent the bounds of the confidence interval on the estimate,
defined by (6.19).

the estimate. It is computed based on the empirical variance over the
realisations:

A, — - _ 2
AqK - \/K K o 1 = (qk qK) (619)

REMARK The definition of a symmetric confidence interval is dis-
cutable. Indeed, as the individual estimates §; are lower bounded
by 0, their distribution is not symmetric. A more rigorous approach
requires the definition of asymmetric error bars, that can be obtained
for instance by modelling the distribution of the §i by a log-normal
distribution or another type of asymmetric distribution.

64 APPLICATION OF THE TAMS TO EXTREMES IN TURBULENT
FLOWS

In the previous section, the TAMS algorithm has been tested on
one-dimensional Markovian dynamics: the Ornstein—-Ulhenbeck (OU)
process, defined by (6.15). We illustrated that in this case the TAMS
leads to a tremendous improvement in the sampling of very rare
trajectories associated with extreme fluctuations of the process. The
TAMS therefore appears like a promising tool to investigate extreme
fluctuations in dynamical systems. In this sections we discuss the
application of the TAMS to turbulent flows. More precisely, we aim
at sampling dynamical paths leading to extreme values for the drag
acting on the square cylinder embedded in test flow (2).
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A crucial step in any application of the AMS is the choice of the score
function ¢. In the simplified case of Markovian stochastic dynamics
x(t) with one unique attractor, the optimal score function can be
shown to be almost independent of time, when the trajectories are
much shorter than the typical period of occurrence of the rare event
of interest. See appendix D for a discussion of the optimal score
function. In this case, the optimal score function is very close to the
static committor {p(a) = Pro(Tt < T4). See section 6.2.2 above for
the definition of the sets A and B. In one dimension, this motivates
the choice of the score function as ¢(x,t) = x. Indeed, an increase of
x certainly leads to an increase of the static committor and vice-versa,
provided that the probability is monotonic. However, this context is
rather exceptional. When the dynamics involves more than one degree
of freedom, this is not necessarily the case. For practical applications
of the AMS and TAMS algorithms on complex dynamics, the choice of
the score function should rely on prior knowledge of the system and
heuristic considerations about the dynamics of rare events. However,
as a result of the complexity of the dynamics, finding an efficient score
function close to the committor (6.14) is very difficult.

In this section we assess the application of the TAMS algorithm to
turbulent dynamics based on the most naive choice for the score
function: it is simply chosen as the observable of interest itself. More
precisely, we address the numerical sampling of extreme fluctuations
of the drag f; acting on an obstacle in a turbulent flow, using the drag
itself as the cost function. In what follows, the TAMS is applied to test
flow (2). Note that, in contrast with the GKTL algorithm, the TAMS is
not limited to time-averaged observables. In this section we therefore
discuss the application of the TAMS in the two following cases:

e Instantaneous drag: f;[X(f)], where {X(t) }o<t<T, denotes a tra-
jectory of the numerical model and f; the corresponding drag
timeseries. In this case the score function is defined as ¢(X) = f;.

e Time-averaged drag: Fr[X(t)] = + ftth falX(t)]dt with a pre-
scribed duration T for the averaging window. Note that, in this
case, the time-averaged drag timeseries is defined on a different
interval than the underlying timeseries, here [T, T,]. In this case
the score function is defined as &(X) = Fr

We stress that, within this setup, there is a priori no reasons for the
drag itself to be close to the optimal score function. The objective of
the work presented is this section is twofold. First, we want to describe
qualitatively the behaviour of the TAMS in this setup. Second, we want
to assess the ability of the TAMS to sample trajectories associated to
rare fluctuations of the drag for a lower computational cost than the
one required by a direct sampling.
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In this section we discuss the results of several TAMS experiments
with varying trajectories duration T, and number of trajectories N..
The efficiency of the TAMS is analysed in a way very similar to sec-
tion 6.3. To each iteration of the algorithm, we associate a computa-
tional cost based on the overall computational effort spent in simulat-
ing the flow from the beginning of the algorithm. The computational
cost is computed in the same way as in section 6.3, i.e. following
equation (6.17). See page 151 for a discussion of the computational
cost of the TAMS. Note that, in the case of the average drag, resampled
trajectories are never re-simulated over [0; T|, as the average drag Fr
is defined on the interval [T; T,]. Therefore the computation of the
computational cost in (6.17) must be slightly modified, considering
trajectories with a duration T, — T instead of Tj,.

Let fd(j ) (resp. F;j )) be the maximum of the drag (resp. averaged
drag) along the resampled trajectory following iteration j. In the
following, we compare the cost of the TAMS algorithm up to iteration

j to the typical return time of fluctuation of amplitude a > fd G ), or

a> I#] ). This is very similar to section 6.3, except that, in this case, we
consider the maximum over the resampled trajectory, instead of the
threshold Q7. The two approaches are equivalent. In theses cases the
return time cannot be computed analytically and is computed on the
basis of a very long timeseries of the observable. The computation of
return times based on long timeseries is discussed in chapter 7.

6.4.0.1 Implementation of the TAMS for turbulent flows: the libTAMS li-
brary

Despite its apparent algorithmic simplicity, the implementation of
the TAMS for deterministic complex systems can be rather tricky. For
instance, for turbulent flows, trajectories cannot be stored in memory.
Selected trajectories must therefore be recomputed up to the branching
point starting from restart states periodically saved along the dynam-
ics. In addition, prior to the resampling step, the branching state of
the resampled copy must be slightly perturbed, in order for the re-
sampled trajectory to separate from its parent. In what follows the
perturbation is applied in the same way as for the GKTL algorithm. See
chapter 4, section 4.2.1 for more details about the perturbation of the
trajectories. Additionally, considering an averaged cost function, such
as the averaged drag Fr, the selection step must be done according to
the moving average of the instantaneous observable.

As a consequence, the implementation of the TAMS very specific
to a given problem, depending on the properties of the dynamics.
Even though the structure of the algorithm does not change from a
one-dimensional stochastic system to a DNS of a turbulent flows, data
structures and implementation of the steps of the algorithm must be
modified accordingly. Consequently, code-reuse is error-prone.
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Motivated by these observations, we proposed a general object-
oriented modelling of a TAMS simulation, independent of the underly-
ing dynamics. This resulted in the development of the 1ibTAMS C++
library which aims at facilitating the implementation and analysis of
the TAMS applications. Using 1ibTAMS, it is possible to write a TAMS
code applicable to any kind of dynamics and choice for the choice
function, whether it is time-integrated or not. This greatly helps de-
bugging and analysis, as the code can be validated and tested on
simple stochastic systems for which computations and post processing
are much easier. The 1ibTAMS library is presented in appendix E.

6.4.1  Plan of numerical experiments

In order to test the TAMS for turbulent flows, we performed several
numerical experiments based on test flow (2). The total duration of the
trajectories T, and the number of copies N, have been chosen follow-
ing the same remarks as in section 6.3. Recall that the unbiasedness
property of the AMS estimator (6.4) suggests to divide a run into K
independent realisations, involving a lower number of copies. Consis-
tently with the experiments presented in section 6.3, we first perform
tests with N, = 32 trajectories. As a comparison, we perform the same
experiments with a number of trajectories that is four times larger,
i.e. No = 256. The duration of the trajectories T, must be set larger
than the typical correlation time of the drag, so that an excursion far
the typical value has the time to occur. In the following we denote
by 7. the typical correlation time of the drag. It corresponds to the
timescale over which the autocorrelation function of the drag vanishes.
See chapter 2 for a discussion of the estimation of 7. for test flow (2).
We stress that in the case of the averaged drag, the relevant correlation
timescale is not 7., but the correlation time of the averaged process.
In the following we denote by 7! the correlation time of the averaged
drag over a duration T, Fr. The correlation time of the averaged drag
is close to the duration of the integration: 7! ~ T. As explained in
section 6.3, setting T, > t.or T, — T > TCT is not expected to provide
better results. In what follows we run experiments for the instanta-
neous drag with T, = 51, as well as T, = 207, for comparison. In
addition, we perform similar experiments for the averaged drag over
57,. In this case TCT ~ 5T.. As a consequence, we run two experiments
with T, — T =57 and T, — T = 207/, respectively.

The N, trajectories are initialised at t+ = 0 on random initial con-
ditions from which the flow dynamics is computed until t = T,. At
each iteration of the algorithm, we record the maximum drag f gg] ), or
maximum averaged drag E é] ), over the resampled trajectory. In con-
trast with the experiment presented in section 6.3, we do not prescribe

a stopping criterion for the algorithm. Instead, the selection/muta-
tion procedure is iterated until all trajectories have reached the same
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level. This limit is known as extinction and is discussed above in sec-
tion 6.2.1.2. The objective of this series of experiments is to estimate
the maximum gain from the TAMS algorithm with respect to direct
sampling, before extinction is reached. It is expected to depend on
the values of N. and T;. In the following we discuss the results of the
experiments for both instantaneous and averaged drag. We illustrate
that extinction is reached before significant gain is achieved with re-
spect to direct sampling. Furthermore, for T, = 57 we show that at
extinction all the trajectories concentrate on the trajectory having the
highest maximum in the initial set of trajectory. In addition, we show
that for T, = 207 too few fluctuations are sampled before extinction
to improve the sampling. We illustrate that they are actually unrelated
to the branching procedure.

6.4.2 TAMS for the instantaneous drag

The TAMS was first applied with ¢(X) = f;(X), that is, resampling
trajectories based on their maximum for the instantaneous drag f;.

In a way similar to figure 6.5, figure 6.8 displays the maximum f[y )
over the resampled trajectories as a function of the computational cost
C; of the algorithm at iteration j, computed as (6.17). The difference
between the two figures 6.5 and 6.8 is striking. Figure 6.8 illustrates
the the TAMS does not lead to any computational gain with respect to
direct sampling, unregarding the duration of the trajectories or the
number of trajectories. In fact, the TAMS does not lead to new drag
events with an amplitude higher that the maximum event among
the initial trajectories. As a consequence, iterations of the algorithm
are pointless, as resampled trajectories eventually concentrate on a
common parent, that was already sampled during the initialisation
step. Figure 6.9 illustrates this concentration of resampled trajectories
along iterations, until extinction. It clearly shows that the trajectory
ultimately responsible for the extinction is present in the ensemble
of trajectories from the initialisation step. Increasing the number of
copies to N. = 256 and the length of the trajectories to T, = 207, leads
to similar conclusions.

The early extinction displayed in figure 6.9 can be interpreted as
follows. Because the dynamics is deterministic, the resampled tra-
jectory separates from the parent over a timescale of the order of a
few correlation times T, resulting from the perturbation introduced
at the branching point. We denote by 1, the separation timescale.
Let 1, be the time at which the maximum of the parent trajectory
is attained. Furthermore, let t, be the time at which the branching
occurs. If 7, — t;, < 17, the resampled trajectory will follow the parent
trajectory and fall back to typical values of the drag before it later
separate. This is well verified in practice, and illustrated in figure 6.9c.
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As a result, the selection/mutation procedure introduced by the TAMS
does not lead to trajectories with higher fluctuations.

6.4.3 TAMS for the time averaged drag

In this case, the TAMS is applied with ¢(X) = Fr(X). More precisely,

E(X(1) = ;/;de[x(t)]dt for T<t<T, (6.20)

The selection is then done according to the maximum values of ¢ for
each trajectory for T <t < T,. The TAMS was used with N, = 32 and
N, = 256, for trajectories of length T, = 5TCT +T,and T, = ZOTCT + T,
with 7/ the correlation time of the averaged drag. In practice, 7/ ~ T.
Therefore, the duration of the time-averaged drag timeseries over the
trajectories is 5t and 201/, respectively. In a way similar to figure 6.8,
figure 6.10 displays the maximum drag over the resampled trajectories
F é] ) at iteration j as a function of the computational cost C;, defined
in (6.11). The maximum over the initial trajectories {Fd(,on)}1§n§ N, is
also displayed.

Similarly to figure 6.8, figure 6.10 illustrates that most of the it-
erations of the TAMS result in fluctuations already sampled in the
ensemble of trajectories. This effect can be explained in the same way
as in the case of the instantaneous drag. The resampled and the parent
trajectories do not separate before the maximum of the parent trajec-
tory is reached. As a consequence, the resampling cannot lead to a
higher fluctuation close to the branching point. As a matter of fact, the
resampling procedure can lead to higher fluctuations if the trajectories
are long enough so that the resampled trajectories have time to fully
decorrelate from their parent. Is this case their is a probability that
the resampled trajectory exhibits a rare fluctuation. Naturally, this
probability is very small as it corresponds to the original probability
of the fluctuation. An example is illustrated in figure 6.11, in which
one can see that a second fluctuation occurs well after the one the
resampling step is based upon. As a result, this second fluctuation is
uncorrelated from the first one. As in the case of the instantaneous
drag, we conclude that the TAMS, using the averaged drag itself as a score
function, is unable to improve the sampling of rare drag fluctuations.

6.4.4 Discussion

The failure of the TAMS can be imputed to the poor choice for the
score function, here defined as the observable itself. Let us explain
why. A new trajectory is resampled from the threshold a2 and at a
branching time t,, determined by the TAMS algorithm. The resampling
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Figure 6.8: Maximum of the instantaneous drag along the resampled trajec-

tories, denoted by f 05] ), as a function of the corresponding com-
putational cost C;, defined in (6.17). In both figures, the TAMS is
iterated until extinction. The solid black line indicates the typical
fluctuation amplitude a as a function of the corresponding return
time r(a). It is the typical timescale of occurrence of fluctuations
above a. Furthermore, the square markers depict the maximum
:g,on)' 1 < n < N, over the initial trajectories. This figure illustrates
that in both experiments the TAMS does not improve the sampling
of rare fluctuations. On can see that the maximum values among
the resampled trajectories concentrates on values already sam-
pled over the initial trajectories. Eventually, extinction is reached
as the algorithm is unable to generate a fluctuation higher than
the maximum fluctuation in the initial ensemble of trajectories.
This behaviour is illustrated in figure 6.9 on the basis of the drag
timeseries involved in the experiment of figure 6.8a.



64 APPLICATION OF THE TAMS TO EXTREMES IN TURBULENT FLOWS 165

(a) Initialisation (b) Iteration 50

(c) Iteration 100 (d) Iteration 181

Figure 6.9: Visualisation of the drag timeseries corresponding to the set of
trajectories in the ensemble, at different iterations along the algo-
rithm. In this experiment, the TAMS is used with the instantaneous
drag f; as a score function. Trajectories have a duration T, = 51¢
and their number is N. = 32. One can see that, as the number of
iterations increases, the number of independent resampled trajec-
tories drastically decreases until extinction at iteration 181. The
timeseries corresponding to the two initial trajectories exhibiting
the highest fluctuations are displayed in colour. In all four figures,
colour is inherited from the parent trajectory. It illustrates that
the two strongest initial trajectories quickly become predominant
in the ensemble, as the other are discarded. As can be seen in
figure 6.9¢, trajectories only separate well after the maximum is
reached. Therefore, resampling the blue trajectories based on the
red trajectories can only change the overall maximum by a very
small amount. Consequently, blue trajectories are discarded one
after the other, each time resampled into another instance of the
red trajectory. This new instance has roughly the same maximum
as the others.
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Figure 6.10: Maximum of the instantaneous drag along the resampled tra-

jectories, denoted by If“;] ), as a function of the corresponding
computational cost C;, defined in (6.17). In both figures, the
TAMS is iterated until extinction. In this experiment N, = 32 and
the trajectories are computed over T, = 1057.. The score function
is the averaged drag Fr with T = 5t.. Therefore, averaged drag
timeseries have a duration T, — T = 1007, ~ 207 where 7/ de-
notes the correlation time of the averaged drag. The solid black
line indicates the typical fluctuation amplitude a as a function
of the corresponding return time r(a). It is the typical timescale
of occurrence of fluctuations above a. Furthermore, the square

markers depict the set of maximum values {F;?,zhgng N, over
the initial trajectories. This figure is similar to both figures 6.8a
and 6.8b. It illustrates that, in this experiment, the TAMS does
not improve the sampling of rare fluctuations. One can see that
the maximum values among the resampled trajectories concen-
trates on values already sampled in the ensemble. The maximum

0)

value over the set of initial trajectory, i.e. maxl:"; ., is marked by
no T,

a dashed straight line. As illustrated in figure 6.11, fluctuations
above this value originate from the long duration of the trajec-
tories, which allows resampled trajectories to fully decorrelate
from their parent in between the branching point and t = T,.
However this does not help in improving the sampling as these
fluctuations are sampled according to natural probability, that
is very small. In fact, the whole point of using the TAMS is to
sample such fluctuations with a higher probability. An example
is the resampling step associated to the iteration marked by
the blue star in the figure. The timeseries for the parent and
resampled trajectories are illustrated in figure 6.11. Eventually,
extinction is reached when the branching point is too close from
t = T, so that the resampled trajectory does not have the time to
fully separate.
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is initiated by adding a small noise at time t; (or by resampling over
the interval [t, T, for stochastic dynamics). Let us assume that the
parent trajectory reaches an extremum of the observable a,, attained at
a time t,,,x > t;. Because the dynamics reduced to the score function
is not Markovian, it is very unlikely that a resampling at time ¢, is
enough to change significantly the dynamics afterwards: changing
significantly the dynamics afterwards may require to change part of
the history of the trajectory including times that are prior to t,. A
drastic example of this is obtained when t,,,x — t; is much smaller
than the decorrelation timescale of the dynamics, that is close to
the correlation time T, or TCT . In this case, a small change at time ¢,
produces nearly no effect at time t,,,,, and the resampled trajectory is
nearly the same as the parent trajectory. Consequently, the maximum
a is only changed by a small amount.

These results confirm that the efficiency of the TAMS highly depends
on the choice of the score function. The design of an efficient score
function must rely on a priori knowledge of the dynamics leading
to the rare events of interest. For complex systems systems such as
turbulent flows, it is therefore very difficult to find a good score
function.

Generally speaking, the AMS algorithm have been reported to signif-
icantly improve the sampling of extreme events in several systems [5,
138, 139]. However, in all these studies, the dynamical equations are
intrinsically stochastic. By contrast, the dynamics considered in the
present work is deterministic. Moreover, is it extremely complex, with
respect to previous applications of the AMS. In this case, it is very
difficult to design a score function that is well suited to the particular
problem at hand. Indeed, it would require to have a priori knowledge
of the dynamics of the system, and more specifically about extreme
events. Paradoxically, it is precisely because we do not have such
knowledge that we want to apply rare event algorithms.

As a consequence, we tested the TAMS algorithm with the most
straightforward score function possible: the drag itself. The study
presented in this chapter illustrates that, with such a choice of score
function, the TAMS cannot improve the sampling of extreme events.

Further studies must be performed in order to identify the reasons
of the limitations of the TAMS for complex deterministic dynamics, as
well as highlight the difference with previous successful applications
of the AMS algorithm. The precise understanding of these limitations
will then be useful to address the construction of novel algorithms
based on the AMS and the TAMS, suited for complex deterministic
dynamics, such as turbulent flows.



COMPUTING RETURN TIMES FROM TIMESERIES
ANALYSIS AND RARE EVENT ALGORITHMS

In the previous chapters, we presented the application of two rare
event algorithms, the Giardina—Kurchan-Tailleur-Lecomte and the
Adaptive Multilevel Splitting, to the sampling of extreme fluctuations
of the drag acting on an obstacle immersed in a turbulent flow. In
chapter 5, we focused on extreme fluctuations of the drag averaged
over several correlation times. We showed that the application of the
GKTL algorithm allows for a significant improvement in the sampling
of extremes, with respect to brute force sampling by means of a
simulation of the flow over a long duration. A consequence of this
better sampling is better estimation of the probability of rare events.
For instance, we showed in chapter 5 that the GKTL algorithm leads to
a much improved estimate of the tails of the SCGF describing extreme
fluctuations of the drag averaged over several correlation times.

In this chapter we are interested in the average waiting time be-
tween for the occurrence of a rare event, referred to as its return time.
It is a useful statistical concept for practical applications. For instance,
insurances or public agency may be interested by the return time of
a 10 m flood of the Seine river in Paris. However, the computation
of return times for extreme fluctuations cannot be addressed with
the sole knowledge of the stationary PDF of the underlying process,
as justified in section 77.1. Furthermore, due to their scarcity, reliably
estimating return times for rare events is very difficult using either
observational data or direct numerical simulations.

For rare events, an estimator for return times can be built from the
extrema of the observable on trajectory blocks. In this chapter, we show
that this estimator can be improved to remain accurate for return times
of the order of the block size. More importantly, we show that this
approach can be generalised to estimate return times from numerical
algorithms specifically designed to sample rare events. So far, those
algorithms often compute probabilities, rather than return times. The
approach we propose provides a computationally efficient way to
estimate numerically the return times of rare events for a dynamical
system, gaining several orders of magnitude of computational costs.
We illustrate the method on two kinds of observables, instantaneous
and time-averaged, using two different rare event algorithms, for
a simple stochastic process, the Ornstein—Uhlenbeck process. As an
example of realistic applications to complex systems, we finally discuss
extreme values of the drag on an object in a turbulent flow.
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7.1 INTRODUCTION

The theoretical framework which has been developed over the
last decades in statistical physics to tackle the investigation of rare
events is that of large deviation theory [35, 42, 49, 165, 174]. Numerical
methods have also been developed to efficiently sample rare events,
which are not amenable to classical Monte-Carlo methods [6, 96, 106];
see [22, 145] for general references on rare event simulation. Those
algorithms can be roughly divided into two main classes: those which
work in state space, and evolve a population of clones of the system
according to selection rules biased to favour the appearance of the
desired rare event [27, 56, 68, 118, 139], and those which try to sample
directly in path space the histories of the system which exhibit the
phenomenon of interest [11, 40, 41, 66, 69, 101]. In chapters 4, 5 and 6
we discussed the application of algorithms of the former class to the
study of rare events in fluid mechanics problems. Note that most
of those algorithms ultimately compute one-time statistics. Typically,
they yield the stationary probability distribution of the system, for
which they sample efficiently the tails, or alternatively, large deviation
rate functions or scale cumulant generating functions. They can also
compute reactive trajectories corresponding to the transition between
two metastable states.

For many practical applications however, the most useful informa-
tion about a rare event is its return time: it is the typical time between
two occurrences of the same event. For instance, this is how hydrolo-
gists measure the amplitude of floods [156]. As a matter of fact, one
of the motivations of Gumbel, a founding father of extreme value
theory, was exactly this problem [70]. Other natural hazards, such as
earthquakes [33] and landslides [127], are also ranked according to
their return time. Similarly, climatologists seek to determine how the
frequency of given heat waves [109, 131] or cold spells [26] evolves
in a changing climate [149]. Public policies rely heavily on a correct
estimate of return times: for instance, in the United States, floodplains
were defined in the National Flood Insurance Program in 1968 as areas
vulnerable to events with a 100-year return time. Such definitions are
then used to determine insurance policies for home owners. In the
industry as well, return times are the metric used by engineers to
design systems withstanding a given class of events. Another prop-
erty describing rare events is the average time between successive
records [62]; here, because of its importance in practical applications,
we focus on the return time, i.e. the average time between events of a
given amplitude. Just like the extreme values of any observable, the
return time of a rare event is very difficult to estimate directly from
observational or numerical data, because extremely long timeseries
are necessary.
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The return time may be estimated heuristically by interpreting it
as a first-passage time. The first-passage time (sometimes also called first
exit time) is defined as the time it takes for a stochastic process to
reach the boundary of a given domain for the first time; the properties
of this random variable have been studied extensively in statistical
physics [16, 133]. Then, the return time r(a) for an event of amplitude a
may be at first sight related to the inverse of the stationary probability
ps:r(a) = 1.(a)/ps(a). We stress that the correlation time 7.(a) usually
depends on a, but remains bounded when p;(a) goes to zero. This
is true for instance for a system perturbed by a small-noise € at the

level of large deviations: r(a) =, el(@)/¢ where the quasi-potential U
€—

is defined by p;(a) = e~U@/¢ [49]. However, the return time is only
e—

roughly proportional to the inverse of the stationary probability [123].
In order to compute 7.(a) one has to go beyond large deviation theory.
For instance for gradient dynamics and for first exit time problems,
exact formulas exists [53, 98, 134], valid at leading order in €. We
stress that different formulas are obtained depending on the hypoth-
esis made on the domain that the particle exits. Generalisations to
irreversible non gradient dynamics also exist, see [14] and references
therein. From these computations, it appears clearly that 7.(a) is not
simply related to ps(a) and that the return time r(a) is a trajectory
property, not amenable to a one-point statistics like p;(a).

From a modelling perspective, it is natural to assume that successive
occurrences of a rare event are independent from one another [37, 43,
102]. Then, the average number of events occurring in a time interval
is proportional to the length of that interval. This is the definition
of a Poisson process. In this case, all the statistics are encoded in a
single parameter, the rate of the Poisson process. In the following,
we will assume that we are dealing with the simple case of a well
identified process that can be described by a single return time or rate.
This is often a sufficient framework; indeed the long time behaviour
of many systems can be described phenomenologically, or exactly in
some limits, as Markov processes described by a set of transition rates
describing independent processes, see for instance [49] for systems
driven by a weak noise. We note however that many other physical
systems are not amenable to such a simple effective Markov processes,
for instance structural glasses or amorphous media.

There is thus a need to develop rare event algorithms specifically
designed for computing return times, valid also when large deviation
estimates are not relevant. This is the aim of this chapter. The approach
developed in this work relies on the combination of two observations.
First, if one assumes that rare events are described by a Poisson process,
then return times can be related to the probability of observing extrema
over pieces of trajectories, which are of duration much larger than the
correlation time of the system, but typically much smaller than the
computed return times. Second, several classes of rare event algorithms
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can be easily generalised to compute the probability of extrema over
pieces of trajectories, rather than to compute single point statistics.
We show that combining these two remarks enables us to build a
powerful tool to compute return times in an elementary way with
simple and robust algorithms. As a side remark, we also discuss a new
way to construct return time plots from a timeseries, which provides
an important improvement for return times moderately larger than
the sampling time, even when we are not using a rare event algorithm.

We illustrate the method by computing return times, first for an
instantaneous observable (one-point statistics) using the Adaptive
Multilevel Splitting (AMS) algorithm [27, 29], and second for a time-
averaged observable, using both the AMS algorithm and the GKTL
algorithm [58]. The computation of return times with the AMS algo-
rithm actually makes use of a generalisation called the Trajectory
Adaptive Multilevel Splitting (TAMS) algorithm, introduced in chap-
ter 6, that is more appropriate to this problem. As a matter of fact, we
first formulated the TAMS algorithm motivated by the computation of
return times. This generalisation has several practical advantages: it
computes directly return times r(a) for a full range of return level a
rather than a single one, and it avoids the tricky estimation of time
scale on an auxiliary ensemble, and the sampling from this auxiliary
ensemble. As a test, we first carry out these computations for a simple
stochastic process, the Ornstein—Ulhenbeck (OU) process, for which
analytical results are available and the accuracy and efficiency of the
algorithm can be tested thoroughly. Then, to demonstrate the useful-
ness of the method in realistic applications, we briefly showcase a
problem involving a complex dynamical system: extreme values of
the drag on an object immersed in a turbulent flow.

The structure of this chapter is as follows: in section 7.2, we in-
troduce the method to compute return times from a timeseries and
from rare event algorithms. We apply the method to compute return
times for the instantaneous and time-averaged observables for an
Ornstein—Uhlenbeck process using both the GKTL and AMS algorithms
introduced in chapters 4 and 6, respectively. In section 7.3 we discuss
and illustrate the use of the AMS for return times for fluctuations of
instantaneous observables. In section 7.4 we address the computa-
tion of return times for time-averaged observables using both GKTL
and AMS algorithms. Eventually, we discuss the application to com-
plex dynamical systems in section 7.5. Conclusions are presented in
section 7.6.

7.2 RETURN TIMES: DEFINITION AND SAMPLING METHODS

We consider a statistically time homogeneous ergodic process (a
stationary timeseries) {A(t)},., . Typically, A : R? — R is an observ-
able on a system of interest, considered here as a R?-valued stochastic
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(a) Sample timeseries from an OU process

0 2 x 102 4 x 102 6 x 102 8 x 102 10°
t
(b) Waiting time (4, f)

Figure 7.1: An example of a random process (a) and the waiting time (b) asso-
ciated to events reaching a given threshold. (a): Sample timeseries
(black line), generated from an Ornstein—Uhlenbeck process (7.1)
a=1e=1/2,0=1/ V/2 is the standard deviation). We are
interested in fluctuations which reach a prescribed threshold a
(red dashed line). These events are identified by the red dots. (b):
Time evolution of the waiting time 7(a,t) (see (7.2)) associated to
the above timeseries: it is a succession of affine parts with slope
—1. Note that in principle, there should be small time intervals
such that 7(a,t) = 0, corresponding to the duration of the event
with A(t) > a, separating the triangles. Here, the duration of the
events is too small for such intervals to be visible.

process (Xt),. ,» and we shall denote A(t) = A(X;). We are interested
in the statistical distribution of events in which the observable reaches
a prescribed threshold a. The occurrence of such events is illustrated
for a sample Ornstein—Ulhenbeck (OU) process, on Fig. 7.1a. The OU
process is defined as follows:

£(t) = —ax(t) + V2ey (1 (7.1

where « and € are numeric constants and # a Gaussian white noise.
Note that « and € can be absorbed by a change of timescale.

In a first section we give a precise definition for the return time of a
rare event. Based on this definition, we describe an efficient approach
to the computation of return times from a timeseries of the process
of interest in section 7.2.1. In a second part, we extend this approach
to the computation of return times based on the output of rare event
algorithms.
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7.2.1  Computing return times from a timeseries

7.2.1.1 Definition of return times

We define the return time for a given threshold a as the average
time one has to wait before observing the next event with A(f) > a.
More precisely, we define the waiting time

T(a,t) =min{t > t|A(T) >a}—t (7.2)

As an illustration, the waiting time (4, t) is shown for our sample
Ornstein—Uhlenbeck process on Fig. 7.1b. Then, the return time r(a)
for the threshold a is defined as

7(a) = Exopo [T(a, )], (7.3)

where E is the average with respect to realisations of the process X
with initial condition X;, = xo (hence the notation E = E, , in that
case), or is a time average for an ergodic process. From now on, we
shall omit the indices when there is no ambiguity. The return time
r(a) is independent of time because the process is homogeneous.
The problem we consider in this section is that of estimating r(a)
from a sample timeseries of duration T, : {A(t) }<;<,- The definition
leads to an obvious estimator for r(a), the direct estimator ?p defined

by
. 1 (T 1 N 72
Pola) = /O ()t = ) O, (7.4)

where T, is the duration of the successive intervals over which A(#) <
a, and Nj is the number of such intervals. The last identity in (7.4) is
illustrated graphically in Fig. 7.1b: the integral of 7(a,t) is given by
computing the total area beneath the triangles.

In the limit of rare events, the return time will also be the average
time between two successive independent events. However the defini-
tion (7.3) for the return time has the big advantage of not having to
deal with the definition of independent events, which is cumbersome
when time correlations are not negligible. We explain this further in
the following section.

7.2.1.2  Return times and the distribution of successive events

Estimating return times using (7.4) implies computing the time
intervals T, between successive events with A(t) > a. When a is large
enough, most of the times A(t) < a and very rarely A(t) > a. Then
we can distinguish two kinds of contributions to the time intervals
Ts. On the one hand, we have correlated events corresponding to
fluctuations around the threshold value a4, on a timescale of the order
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of the correlation time. From our point of view, these correspond to
the same event, with a finite duration. On the other hand, there are
successive events such as those depicted in Fig. 7.1a, which can be
considered as statistically independent events. Therefore, we expect
those events to form a Poisson point process, and the corresponding
time intervals 7, should be distributed according to the distribution of
time intervals of a Poisson process: P (T) = Aexp (—AT) [37, 43, 102].

10°

. . . ] 1 . . . .
0 300 600 900 1200 0 300 600 900 1200
T T

(@) (b)

Figure 7.2: PDF of waiting times between two consecutive fluctuations of am-
plitude a = 2.5, estimated from a timeseries of length T; = 10°
of the Ornstein-Uhlenbeck process (7.1) witha =1 and e =1/2
(blue triangles), and assuming the events follow a Poisson process
with rate 1/r(a), P(t) = e~/ /r(a) (black solid line), where
r(a) is computed from the timeseries. The correlation time of
the Ornstein—Uhlenbeck process is 7. = 1/a = 1. (a) Taking all
intervals into account, including those corresponding to oscilla-
tions around the threshold. (b) Discarding small intervals (T < ;)
linked to oscillations around the threshold.

Figure 7.2a shows the Probability Density Function (PDF) of the time
interval between two occurrences of an event A(t) > a, drawn from
a sample timeseries generated with an Ornstein-Uhlenbeck process.
One can see that most of the contributions are indeed small intervals
of the order of the correlation time. Discarding all the time intervals
below the correlation time, one obtains the PDF displayed in Fig. 7.2b,
which coincides with the exponential distribution corresponding to a
Poisson point process.

When 4 is large, 7(a) > 1. where 7. is the correlation time of the pro-
cess. Then the contribution of intervals 7, of duration comparable to
T, in the formula (7.4) becomes asymptotically negligible compared to
the contribution of the time intervals 7, > 7.. Graphically, this may be
seen as the fact that the sum in (7.4) is dominated by the contribution
of very big triangles, while for small a all the triangles have roughly
the same area. Then, the return time r(a) coincides with the average
time between two statistically independent events exceeding the value
a. In other words, rare fluctuations can be considered as independent
from one another, their duration can be neglected compared to their
return time, and the distribution of such events is well approximated
by a Poisson process of rate A(a) = 1/r(a).
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Neglecting the duration of the extreme events yields Z T~ Ty.
As a result, one can check that

S 72 N, 1 &7 1E [7? 1
Zl"w N 1gm [ IEIM_ L )
=2 anlTnNdnzlsz%ooz E [7] Aa)

where the average in this computation is taken with respect to the
Poisson process interval PDF P (T) = Aexp (—AT).

One may be tempted to use the estimator 7}, (a) = N%, Zi\]d 1 Tn instead
of the estimator 7p defined by (7.4). For an actual Poisson process,
that would just give the same result. However this estimator would be
more sensitive to the effect of a finite correlation time, since the con-
tributions from time intervals 7, = T, between successive events will
only become negligible linearly in 7. /r(a), as opposed to quadratically
in formula (7.4).

From now on, we shall assume that the statistics of rare events is
Poissonian. This is a reasonable approximation for many dynamical
systems as long as there is a well-defined mixing time after which
the initial conditions are forgotten. Of course, it would not hold for
systems with long-term memory. Note that this assumption is similar
to the Independent Interval Approximation used in the context of persis-
tence [16]. In the next paragraph, we use this assumption to derive
new expressions that allow for accurate and efficient sampling of the
return times.

7.2.1.3 Sampling return times for rare events

In this section we present an alternative way to compute return
times, that provides an easier and more efficient way to draw return
time plots for rare events than using the direct estimator (7.4). Let us
divide the timeseries {A(t)}ogthd in M blocks of duration AT > T,
so that T; = MAT, and let us define the block maximum

ay, = max{A(t) |[(m—1)AT <t <mAT}, (7.6)

and sy (a) = 1 if a,, > a and 0 otherwise, for 1 < m < M. This
procedure is illustrated in figure 7.3.
For rare events, i.e. r(a) > 1., the number of events

N(it)= Y. su(a)
m<[t/AT]

is well approximated by a Poisson process with density A(a) = 1/r(a).
Then, assuming 7. < AT < r(a), the probability g, (a) that a,, be
larger than a is well approximated by g, (a) ~ AT/r(a). As gu(a)
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AT =T/M, M =3
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t/7e

Figure 7.3: Illustration of the computation of return times from a timeseries
based on the block-maxima method. The total timeseries is di-
vided into M blocks, which individual duration is long enough
so that they can be considered independent realisations of the
process. For each of these blocks, the block-maximum (7.6) is com-
puted, depicted as red stars in this figure. In the present example,
this result in a set of M = 3 maxima, which values will be used
to compute return times based on (7.8). We stress that this figure
is a pedagogical illustration: in practice we use a much longer
timeseries, typically of length Ty, = 10°7, and therefore a much
greater number of blocks. The timeseries displayed in this figure
originates from a realisation of the OU process (7.1) with a« =1
and € =1/2.

can be estimated by +; Yo" ; s,,(a), an estimator of r(a) is the block
maximum estimator:

R Ty

p(a) = =i (7:7)

w1 Sm(a)
This is the classical method for computing the return time of rare
events, valid when AT < r(a) [125].
We now introduce a new, more precise estimator, also valid when

AT /r(a) is of order one. It is obtained by using g,,(a) = 1 — e 2T/7(@),
Then, a better estimator of r(a) is the modified block maximum estimator:

AT
In <1 —LyM, sm(a)> '

Pp(a) = — (7.8)

To compute these estimators in practice, we sort the sequence
{am}1 <<y in decreasing order and denote the sorted sequence

{ﬁm}lgmgM

such that @, > d; > ... > ). Based on (7.7), we then associate to the
threshold 4, the return time r(d,,) = MAT/m. Indeed, Z?A:'l se(dm) =
m, which means that m events with amplitude larger than 4,, have
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Figure 7.4: Return time plots for the Ornstein-Uhlenbeck process (7.1) with
€ = 1/2, « = 1, estimated from a timeseries of length T; =
10°7, using the direct estimator #p (7.4) (pentagrams), the block
maximum estimator 75 (7.7) (AT = 100, solid blue line), and the
enhanced block maximum estimator 7 (7.8) (AT = 100, solid red
line and white triangles). These estimates are compared to the
analytical solution [105](dashed black line).

been observed over a duration MAT. Alternatively, using the more
precise estimator 75 (7.8) we associate to the threshold 4, the return

time 7 (@) = —ﬁ. The return time plot represents d,, as a
M
function of r (d,,), as illustrated for instance on Fig. 7.4. Let us stress

again that formulas (7.7) and (7.8) and this method of plotting the
return time are meaningful only if doing block maxima, and for ranges
of parameters such that 7. < AT < r(a) for (7.7) or 7. < AT for (7.8).

Figure 7.4 illustrates the three methods for computing return times
from a timeseries: from the definition (7.4) and the two formulas (7.7)
and (7.8). The sample timeseries used in this figure is extracted from
an Ornstein-Uhlenbeck process, for which the return time curve can
also be computed analytically [105]. One can see that both formu-
las (7.7) and (7.8) lead to the same estimate for events with r(a) > AT.
However, formula (7.7) fails to yield a correct estimate as soon as
r(a) ~ AT.

For rare events, plotting return times using (7.7), as is classically
done, proves itself much more convenient and efficient than the naive
sampling using (7.4). It is important to note however, that the use
of (7.7) is valid only after computing maxima over an interval of
duration AT much larger than 7., a remark that not been considered
in many previous publications. Moreover, the generalisation (7.8) we
propose in this paper is much more accurate for events with a return
time of order of AT. This procedure to compute return time plots
can also be generalised in combination with the use of rare event
algorithms, as we shall see in the next section.



7.2 RETURN TIMES: DEFINITION AND SAMPLING METHODS

7.2.2  Computing return times from a rare event algorithm

In section 7.2.1, we defined the return time for a time-homogeneous
stochastic process and explained how to efficiently compute it for rare
events from a timeseries. However, a major difficulty remains. Indeed,
we still have to generate numerically the rare events in the timeseries,
which comes at a large computational cost. In the present section,
we explain how to apply the above method to the data produced by
algorithms designed to sample efficiently rare events instead of direct
simulations.

As illustrated in chapters 4, 5 and 6, rare event algorithms provide
an effective ensemble of M trajectories { X, (t) }o<t<t, (1 < m < M).
Note that the length T, of the trajectories generated by the algorithm
does not necessarily coincide with the length T; of the trajectory
generated by direct sampling: in practice, as we shall see, T, < Tj.
For each of these trajectories, we compute the maximum of the ob-
servable over the time evolution a,, = maxo<¢<T, (A(X(t))). This is
similar to the block maximum method described in section 7.2.1.3,
with each trajectory playing the role of a block. There is however a
major difference: unlike in the block maximum method, the different
trajectories sampled by the rare event algorithm do not have identical
statistical weight. To each trajectory X,,(t), and thus to each maximum
an, is associated a probability p,, computed by the algorithm. Hence,
rather than just a sequence {a,,}, ., rare event algorithms yield a
sequence {ay, P}« The generalisation of the block maximum
formula (7.8) to non-equiprobable blocks is straightforward and leads
to the estimator

— Ta
In (1 - Z%:l Pmsm(a>> .

A

Pala) =

(7.9)

Of course, we could construct similarly an estimator generalising (7.7),
but as we have seen in the previous section, the estimator (7.8) yields
better performance.

In practice, to plot the return time curve, we sort the sequence
{@m, Pm}1<,<p in decreasing order with respect to the a,,, and denote
the sortedisefquence {dm, ﬁm}lngM such that @, > d, > ... > idp. We
then associate to the threshold i,, the return time

s sy T,
) = AT 710

Indeed, the sum of the weights of the events with amplitude larger
than 4, is Y., py. Again, the return time plot represents a as a
function of r (a).

We stress that the method described here does not depend on
the observable of interest, or on the details of the algorithm itself.
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In the remainder of this chapter, we provide a proof-of-principle for
this method, by considering two kinds of observables, sampled by
two different algorithms. In section 7.3.1 we first study the return
times for instantaneous observables using the Adaptive Multilevel
Splitting (AMS) algorithm. Second, in section 7.4 we turn to time-
averaged observables using both the AMS and the Giardina—Kurchan-
Tailleur-Lecomte (GKTL) algorithm. We show that the method allows to
accurately compute return times at a much smaller computational cost
than direct simulation. In both cases, we apply the technique to the
simple case of an Ornstein—-Uhlenbeck process, for which the results
are easily compared with direct simulation and theoretical predictions,
before illustrating the potential of the method for applications in
complex systems in section 7.5.

7.3 RETURN TIMES SAMPLED WITH THE ADAPTIVE MULTILEVEL
SPLITTING ALGORITHM

In this section, we present the computation of return times by ap-
plying the method presented in section 7.2.2 to the Adaptive Multilevel
Splitting, introduced in chapter 6. This algorithm follows the strat-
egy of splitting methods for the estimation of rare event probabilities,
which dates back to the 1950s [73]. Many variants have been proposed
since then. The AMS algorithm can be interpreted as simulating a
system {x;(f)} of interacting replicas (instead of independent replicas
in a crude Monte Carlo simulation), with some selection and mutation
mechanism. In chapter 6 we described a modified version of the AMS,
referred to as TAMS, specifically designed to compute the probability
of trajectories of finite durations that go beyond a fixed threshold.
The main motivation for the formulation of the TAMS algorithm is
actually the computation of return times through relation (7.9). In
section 7.3.1, we show how the algorithm enables us to estimate return
times, under the Poisson statistics assumption made in section 7.2.
Finally, we illustrate in section 7.3.2 the method by computing the
return times for an Ornstein-Uhlenbeck process.

7.3.1  Computing return times with the TAMS

Recall that the TAMS algorithm generates an ensemble of M trajec-
tories x,,(t) with associated probability p,,, as explained in chapter 6
on page 151. Additionally, recall that for any observable O[x(t)], we
can define an estimator based on our sampling of trajectory space:

M
Om = Zl pmOlxm(t)]. (7.11)
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It follows directly from (7.11) that an estimator of g(a) is:

M
gm(a) = Z PmSm(a), (7.12)
m=1

where a,, = maxo<;<1, A(x(t)) is the maximum value for the observ-
able over the trajectory m, p,, the associated probability, see 6, page
151, and s, (a) = 1if a, > a, 0 otherwise (7.2.1.3).

As explained in 7.2.1.3, the return time is related to g(a) by the hy-
pothesis that these events are Poissonian, and we obtain the estimator
for the return time #y(a) = m(l—TW given by (7.9) (alternatively,
we could use #p(a) = qMT%)' In essence, to draw return time plots,
it suffices to sort the set {(am, pm)}1<,<py according to the a,, and
use (7.10), as described in 7.2.2. Note that in practice, with the particu-

lar choice of score function (¢, x) = A(x), storing the levels Q,(j ) for
the killed trajectories directly provides the corresponding values ay,.

By definition, the estimators 4y;(a) and #ps(a) are random variables.
In chapter 6, section 6.1, we describe their statistical properties, and
how to interpret them in terms of consistency and efficiency of the AMS
algorithm. In particular, we show that §(a) is an unbiased estimator
of g(a), study the variance, and show the existence of a Central Limit
Theorem.

The total number of generated trajectories is M = N + J, where N,
is the number of trajectories in the initial ensemble and | = 2]121 lj is
the total number of resampled trajectories along the | iterations of the
algorithms. The number of resampled trajectories at iteration j is /;. In
the following we discuss two choices for the number of iterations J.
First, the TAMS can be used with a fixed number of iterations. Alterna-
tively, as is often seen in the AMS literature, one may decide to iterate
the algorithm until all trajectories reach a prescribed threshold a. Then
J is a random number. In that case, the threshold a becomes the control
parameter for the stopping criterion. Under those circumstances, the
estimator 4y can be expressed as

J 0.

ito) =TT (1= )- 713)

=1

This formula remains valid in the case where the number of iterations
J is prescribed: it suffices to define the threshold a a posteriori, by
choosing a = minj<,<n;, a,(qj ) the minimum value of the a, among the
final trajectories. The formula could also be used to compute 4 (b)
with b < g, simply by changing the number of iterations required to
meet the stopping criterion. In practice, the most convenient approach
is to use the expression given in (7.12).

In the above, we have defined the AMS estimators 4y and 7)1 based
only on the number of trajectories generated by the algorithm. In fact,
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the N, initial trajectories and the | resampled trajectories (generated
during the ] iterations) are qualitatively different. In practice, the user
does not choose the parameter M directly, but rather the number of
ensemble members N, on the one hand, and either the threshold a or
the number of iterations | on the other hand. Recall from chapter 6
that the number of initial trajectories N, governs the convergence of
the estimators. Another practical constraint on the choice of N, is
the problem of extinction: for some systems, if N, is too small, all the
members of the ensemble become identical after a number of itera-
tions. Extinction is discussed in chapter 6, in section 6.2.1.2. The other
parameter (the threshold a or the number of iterations ) selects the
type of events we are interested in. Indeed, from (77.13), we obtain an
approximate relation between the number of resampled trajectories |

and the target return times: we write Ingp;(a) = 2]].:1 In (1 — f]—fc) For
large N, this leads to Injp(a) ~ — 2]]':1 (;/N; =~ —]/N,. Targeting
rare events with probability 10—, i.e. return times of order 10PT,, fis
then O(N,B). This indicates how to choose the number of iterations
J in practice. In particular, for rare events, we should often be in the
regime | = N.f.

To sum up, to compute return time plots r(a), one may either fix
the target amplitude 4, and run the algorithm for a random number
of iterations, until the observable reaches a for all the trajectories.
Alternatively, one can fix the target return time r(a), and iterate the
algorithm a fixed number of times by choosing | = N.In(r(a)/T,). In
the former case, the prescribed amplitude a needs not correspond to
the largest event for which we should estimate the return time, but
it will approximately be the case as soon as N. < ], i.e. if a is large
enough for fixed N,. Similarly, in the latter case, the largest return
time computed by the algorithm will approximately be equal to the
prescribed target return time when N, < J.

Please note that this method computes the probability to exceed a
threshold 4, by averaging over trajectories or over K algorithm realisa-
tions the sampled value of g(a). This gives an unbiased estimator of
q(a), as explained in chapter 6. The standard deviation of this estima-
tor is of order 1/+/KN.. When computing r(a) through the nonlinear
relation 7(a) = —T,/In (1 — §(a)), we thus obtain an estimator of r(a)
with a bias of order of 1/(KN;) and a standard deviation of order
1/+/KN. If however we had made averages over return times among
algorithm realisations, then the estimator for each realisation would
have been biased with a bias of order 1/N,, and the final estimator af-
ter K realisations would still be biased with a bias of order 1/ N, [105].
Please refer to chapter 6, section 6.1 for a discussion of statistical
properties of the AMS and TAMS algorithms.
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7.3.2  Return times for the Ornstein—-Uhlenbeck process from the Trajectory
Adaptive Multilevel Splitting algorithm

In this section we consider the Ornstein—-Ulhenbeck process x(t) de-
fined in (7.1). Additionally, we define the correlation time 7, as

7. = lim [ (E[x(0)x(T)] — E[x]*)dt (7.14)
T—c0 J0

Choosing « = 1 and € = 1/2, the correlation time is 7. = 1 and the
variance is 02 = 1/2. We now illustrate the use of the TAMS algorithm
for computing the return times r(a) for the variable X; being larger
than a threshold a. This amounts to choose the observable as A(x) = x.
We use the TAMS algorithm described in chapter 6 with a score function
¢(x,t) = x. This choice of score function is motivated by the fact that
the optimal score function is nearly independent of time, except on a
small boundary layer, as explained on appendix D. Additionally, in
one dimension, the level set of x will be the same as the level set of
the static committor function.

The algorithm relies on three numerical parameters : the length of
the generated trajectories T, the maximum threshold value a,,,, and
the number of replicas N.. As explained in chapter 6, section 6.1, the
relative error depends on N.. Additionally, one has to choose T, > 1,
as explained in section 7.2.1.3. We see empirically that a good trade-
off between this requirement and computational burden is to choose
trajectories of length T, equal to a few correlation times.

Figure 7.5 shows the return time plot computed using N. = 100
replicas, T, = 57; and a = 7c, using the TAMS in conjunction with the
methodology described in section 7.3.1. For comparison, figure 7.5
also features the theoretical value, estimated by computing the mean
first-passage time [105], as well as the estimate obtained from a direct
sampling with the same computational cost as the TAMS run. We
see that return times are very well recovered by the TAMS algorithm.
Furthermore, figure 7.5 clearly illustrates the computational gain from
the TAMS algorithm. Indeed, for the same computational cost as direct
sampling, the use of the TAMS algorithm gives access to return times
for much rarer events: we can now accurately compute return times
on the order of 10'3, about seven orders of magnitude larger than
direct sampling.

7-4 RETURN TIMES SAMPLED WITH THE GIARDINA-KURCHAN-
TAILLEUR-LECOMTE ALGORITHM

In the previous section, we illustrated the use of the TAMS algorithm
in conjunction with formula (7.9) to compute return times of large
fluctuations of the Ornstein—Ulhenbeck process defined in (7.1). We
showed in figure 7.5 that it leads to a significant computational gain
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Figure 7.5: Return time plot for a random variable following an Ornstein—
Uhlenbeck process (7.1) witha =land e =1/2 (0 = 1/V/2 is
the standard deviation). The solid red line represents the esti-
mate obtained using the TAMS with N, = 100 replica, T, = 57,
and a = 7c. The total number of trajectories (both initial and
resampled) is M ~ 2 x 103 so that the total computational cost is
O(10°7.). It is compared to the modified block maximum estima-
tor 7 applied to a sample timeseries of length T; = 10°7. (blue
stars) and to the analytical result, explicited in [105]. The shaded
area represents the confidence interval on the estimation of the
fluctuation amplitude a, for a fixed value for the return time r(a).
It is computed as the empirical mean over the 100 interpolated re-
turn time plots originating from the 100 independent realisations
of the algorithm.

with respect to the computation of return times based on a long
timeseries of the process.

In the present section, we illustrate the computation of return times
using the method described in section 7.2.2 for a time-averaged ob-
servable. Even though it could be done using the TAMS algorithm
presented in chapter 6, we instead illustrate the use of a different rare-
event algorithm, namely the GKTL algorithm introduced in chapter 4. It
is specifically designed to compute large deviations of time-averaged
dynamical observables.

7.4.1  Return times for the time-averaged Ornstein—Uhlenbeck process from
the GKTL algorithm

On the basis of the OU process defined in (7.1), we consider the time
averaged position

Xr(t) = ;,/;T x(s)ds, t € [T, T,] (7.15)

where the position x follows an Ornstein—-Uhlenbeck process (7.1)
between times 0 and T,. We denote by (7% the variance of Xt and
7,7 the correlation time. In this section we illustrate the application
of the GKTL algorithm to the computation of the return times r(a)
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Figure 7.6: Return time plot for the time-averaged Ornstein—Uhlenbeck pro-
cess X1 (7.15) with« = 1 and € = 1/2 (¢ = 1/+/2 is the standard
deviation), estimated from the GKTL algorithm (solid red line) and
AMS algorithm (solid blue line). The GKTL algorithm was used
with N, = 500 replica, T, = 207, and k = 0.9. It was repeated
K = 100 times. The TAMS algorithm was used with N, = 100
replicas, T, = 50 and a = 6.507. It was repeated K = 10 times.
Finally, the dashed black line represents the result of a direct
sampling over a timeseries of length T; = 10%7,. Parameters of
both the GKTL and AMS algorithms were chosen so that 100 re-
alisations of the algorithms amount to a computational cost of
0O(10°7,). The cost of the direct sampling is 10°7..The shaded
area represents the confidence interval on the estimation of the
fluctuation amplitude a4, for a fixed value for the return time r(a).
It is computed as the empirical mean over the 100 interpolated re-
turn time plots originating from the 100 independent realisations
of the algorithm.

for Xt being larger then a. We make use of the GKTL algorithm with
trajectories of duration T, > T, computing the time-averaged position
X7(t) for T < t < T, as a moving average.

Similarly to the case of the TAMS (see section 7.3.2), the application
of the GKTL algorithm depends on three numerical parameters: the
number of trajectories N, the length of the trajectories T, and the bias
parameter k. The number of trajectories N. governs the relative error, as
explained in chapter 4, and one should use T, so that T, — T > 7.1, as
explained in section 7.2.1.3. Finally, as for the strength of the selection
k, its relation with the amplitude of the generated fluctuations is not
known beforehand, and one has to set its value empirically *.

In Fig. 7.6, we show the return times r(a) for Xr, with T = 107,
computed from the GKTL algorithm described in chapter 4, following
the methodology described in 7.2.2. In order to validate the compu-
tation, the estimate obtained from the algorithm is compared to the
direct sampling method (7.8). For rare events (r(a) > 1. 1), the results
from the GKTL algorithm agree well with direct sampling. Further-

When the duration of the average is long enough so that a large deviation regime
is attained, the relation between the value of k and the typical amplitude of the
fluctuations generated by the algorithm is known from the Gartner-Ellis theorem. See
chapters 1 and 4, as well as Ref. [165] for further details.
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Figure 7.7: PDF of the time-averaged observable X7, with T = 107, for the
Ornstein-Uhlenbeck process with a« = 1 and € = 1/2 (¢ = 1/1/2
is the standard deviation): computed from a direct simulation
of length T; = 10° (black line), and based on the trajectories
generated by the GKTL algorithm with 500 replicas, T, = 207, and
k = 0.9 (blue line).

more, the comparison of the computational costs for the two different
methods shows the efficiency of the algorithm. Indeed, for direct sam-
pling, the length of the sample trajectory, 10°7. in the case of Fig. 7.6,
naturally sets an upper bound on the return times one is able to
compute. By contrast, the total cost of the GKTL estimate is 10°7, and
one can see in Fig. 7.6 that it allows to reach return times larger by
many orders of magnitude. Figure 7.7 shows an estimate of the PDF
for X along the trajectories generated using the GKTL algorithm. Even
though importance sampling is performed for the observable X7, the
observable averaged over the whole trajectory of length T,, it better
samples the tail of the PDF for X7, resulting in better estimation of the
corresponding return times.

Figure 7.6 also shows the return time for X7 (t) being larger than
a computed using the TAMS algorithm, as described in section 7.3.2.
We use as a score function the time-averaged observable itself ¢(t) =
X7(t), for T < t < T,. The selection is then done according to the
maximum value of X7(t) for each trajectory for T < t < T,. More
precisely, following the notations of section 7.3.2, for iteration j we
denote by Q7 the lowest maximum of X7 over the trajectories in the

set {xE,j ) (t) Yo<t<T,1<n<N- Following the TAMS algorithm described in
chapter 6, the /; new replica are defined by copying the trajectories

xg[l) from 0 to the smallest time ¢ such that X(T],;;)(t) > QF and
simulating the rest of the trajectory from this time to T,.

The agreement between the two estimates illustrates that the method
to compute return times from rare event algorithms proposed in 7.2.2
can be applied to any rare event algorithm suitable for the type of
observable under study. Here, while the AMS algorithm allows for
computing return times for both the instantaneous and time-averaged
observables, the GKTL algorithm is not suited for instantaneous ob-
servables.
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7.5 APPLICATION: RETURN TIMES FOR EXTREME DRAG FORCES
ON AN OBJECT IMMERSED IN A TURBULENT FLOW

In sections 7.3.1 and 7.4, the AMS and GKTL algorithms were shown
to greatly mitigate the amount of computational effort required to the
computation of return times of rare events for simple one-dimensional
stochastic dynamics. A key issue with rare event algorithms is to
understand if they are actually useful to compute rare events and
their return time for actual complex dynamical systems. In this sec-
tion, we give a brief illustration that more complex dynamics can be
studied. We illustrate the computation of return times using rare event
algorithms for a turbulent flow. The possible limitations of rare event
algorithms are further discussed in the conclusion.

Unlike simple low-dimensional models, such as the OU process,
numerical simulations of turbulent flows of interest for physicists
and/or engineers require tremendous computational efforts. As a
consequence, direct sampling of rare events based on a long time
series is simply unthinkable for such systems. A common practice in
the engineering community is to generate synthetic turbulent flows,
without resolving explicitly the small scales, to study numerically
the physical phenomena of interest [116, 153]. However, the main
difficulty is to capture synthetically the correct long-range spatio-
temporal correlations of turbulence and such approaches can not
capture the essential effects of coherent structures. We suggest here
that rare event methods such as the GKTL and the AMS algorithms can
be used in order to study extremes in turbulent flows without having
to rely on such modelling.

In this section we address the computation of the return time of
extreme fluctuations of the drag force applied by a turbulent flow on a
immersed obstacle. As explained in chapter 1 and 3, the computation
of flow trajectories associated to such extremes is of great interest
both for fundamental issues and applied problems, such as reliability
assessment for industrial structures. More specifically, we focus here
on the averaged drag Fr(t) = 7 :JrT fa(t)dt, which corresponds to
the averaged sum of the efforts from the flow, projected along the flow
direction. See chapter for a mathematical definition of the drag f;.
The length of the averaging window depends on the nature of the
application. For instance, it could be related to the typical response
time of a material, in order to average out high frequency excitations
that have a minor impact on the deformation of the structure. Note
that the choice of the observable is arbitrary. For instance, one could
choose to study other related physical quantities, such as the lift or
torque.

In order to establish a proof-of-principle for the computation of return
times using rare event algorithms for fluid mechanics problems, we
here focus on test flow (2). Recall that this configuration consists in the
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flow past a square cylinder in a two-dimensional channel, in which
upstream turbulence is generated by the interaction of an incoming
steady laminar flow with a grid. Please refer to chapter 2 for a detailed
discussion of test flow (2), as well as several illustrations of the flow
fields for this configuration. In the following, we used the correlation
time, denoted as 7, as the unit of time. It is defined as the zero-crossing
time of the autocorrelation function of the drag acting on the obstacle.
See chapter 2 for a definition and discussion of the correlation time.

7.5.1  Computation of the reference solution for return times

As a preliminary step, we compute an estimate of the return times
for the fluctuations of the averaged drag Fr acting on the square em-
bedded in test flow (2) from a very long timeseries. This timeseries
is computed by mean of a very long simulation of the flow over
T; = 10°7.. The resulting estimate for the return times will serve as a
reference solution. We refer to this estimate as the direct estimate. Note
that this step is analogous to the computation of a reference solution
for the large deviation rate function in chapter 5. The direct estimate
is computed based on the method described in section 7.2.1. Note that
the maximum return time accessible from a direct estimation, related
to the rarest event in the timeseries, is bounded. Indeed, following for-
mula (7.9), the maximum return time accessible by the direct estimate
cannot exceed the total duration of the timeseries, here denoted as T;.

7.5.2  Computation of return times with the GKTL algorithm and compari-
son with the reference solution

Figure 7.8 illustrates the computation of the return times for the drag
averaged over 57, using the GKTL algorithm. It shows that the use
of the algorithm makes possible the computation of rare events at a
much lower computational cost than direct sampling.

More precisely, the algorithm has been applied using N, = 128
replicas simulated over 10 correlation times. The return time plot
presented in Fig. 7.8 is based on the data from K = 10 repetitions of
the algorithm, leading to an overall computational cost of, roughly, 10*
correlation times. From a direct sampling of similar computational cost,
the rarest accessible event has a return time close to the computational
cost itself, in this case is 10*7.. Figure 7.8 shows that the use of the
GKTL algorithm allows for the computation of return times of much
rarer events. The reference estimate has been computed from a time
series spanning 10° correlation times. For events having a return time
close to 5 x 10° correlation times, the computational cost of estimating
the return times using the GKTL algorithm is 50 times lower than direct
sampling.
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Figure 7.8: Illustration of the computation of return times for the averaged
drag over the square obstacle in test flow (2). The averaging
window is 5 correlation times. The dashed black line represents
the reference return times computed from a timeseries spanning
10° correlation times, using (7.8). The solid blue line represents
the return times obtained using the GKTL algorithm.

The occurrence of plateaus in Fig. 7.8 is due to the increasing mul-
tiplicity of trajectories as the amplitude a increases. Indeed, because
of the selection procedure involved in the GKTL algorithm, a subset of
trajectories can share the same ancestor. Henceforth, they are likely to
differ only by a small time-interval at the end of their whole duration.
In such cases, it is common that the maximum over the trajectory is
attained in earlier times. As a consequence, this subset of trajectories
will contribute the same value to the set of maxima from which return
times are computed. This effect is accentuated in the present case of
a deterministic system, as it takes some time for copies to separate
after being perturbed at a branching point. A straightforward way of
mitigating the occurrence of such plateaus is to increase the number
of trajectories or/and the number of repetitions of the algorithm. As
an illustration, Fig. 7.9 shows the return time plot obtained using 50
repetitions instead of 10 in Fig. 7.8.

7.6 CONCLUSION

In this chapter, we have considered the question of estimating the
return time of rare events in dynamical systems. We have compared
several estimators, using usual timeseries, generated with direct nu-
merical simulations, as opposed to rare event algorithms. To do so,
we generalised the approach relating the return times to the extrema
over trajectory blocks. This approach relies on the fact that rare events
behave, to a good approximation, like a Poisson process: this allows
for the derivation of a simple formula (see (7.7)) for estimating the
return times based on block maxima. We slightly improved this for-
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Figure 7.9: llustration of the computation of return times for the averaged
drag over the square obstacle pictured in test flow (2), using 50
repetitions of the GKTL algorithm. The parameters are the same as
in Fig. 7.8. This figure illustrates the reduction in the occurrence
of plateaus for the return time curve obtained using the GKTL
algorithm. The dashed black line represents the reference return
times. The solid blue line represents the return times obtained
using the GKTL algorithm.

mula (see (7.8)) and further showed that it is possible, provided only
minor modifications, to evaluate it with data produced by rare event
algorithms. Indeed, the traditional block maximum method consists
in dividing a given trajectory in blocks with arbitrary length, larger
than the correlation time of the system, and smaller than the return
time one seeks to estimate. Moreover, we stressed that there is actually
a class of rare event algorithms which yields precisely an ensemble
of trajectories exhibiting the rare event more often than direct simula-
tion, together with the probability of observing each member of the
ensemble.

Hence, we have generalised the block maximum formula to non-
equiprobable trajectory blocks; this allowed us to use directly rare
event algorithms, such as the AMS and the GKTL algorithm, to estimate
return times for rare events. Using the Ornstein-Uhlenbeck process as
an illustration, we showed that the method is easy to use and accu-
rately computes return times in a computationally efficient manner.
Indeed, compared to direct sampling, combining the generalised block
maximum approach to rare event algorithms allowed for computing
return times many orders of magnitude larger, at fixed computational
cost. This method does not depend on the dynamics of the system or
on the type of observable, as long as a suitable rare event algorithm is
selected. This approach paves the way to numerical computation of
return times in complex dynamical systems. To showcase the potential
of the method, we discussed briefly an application of practical interest:
extreme values of the drag force on an object immersed in turbulent
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flows. Another example of application given very recently is the study
of heat waves [130].






CONCLUSION

Objects immersed in turbulence are subject to randomly varying
forces, resulting from their interaction with the surrounding flow.
Moreover, such forces can undergo extreme fluctuations, linked to
violent variations in the flow, such as abrupt changes of the pressure or
velocity. Even though these fluctuations are rare events, their potential
impact on the immersed structure make such fluctuations worth be
studied.

In this thesis we addressed the numerical simulation of extreme
fluctuations of the drag force acting on an immersed object. Although
the characterisation of typical drag fluctuations have been addressed
in previous works [3, 23, 67, 82, 170], extreme events have rarely been
studied.

Direct sampling of extreme drag fluctuations

In a fist part, we applied a direct sampling approach. That is, we
carried out very long simulations of the interaction of a turbulent
upstream flow with a square cylinder, in order to sample extreme
fluctuations of the drag force. The flow geometry, introduced in chap-
ter 2, was chosen so that the dynamics could be integrated over a very
large number of characteristic times, thus allowing the sampling of a
significant number of extreme events.

Extreme fluctuations of the instantaneous drag

From the resulting timeseries, we focused on rare events for which
the instantaneous drag f; reached a given threshold. In practice, we
chose the value of the threshold so that the return period of the
sampled events is much bigger than the timescale of the typical fluctu-
ations, while still sampling a large number of extreme fluctuations. The
simulation and the analysis procedure were implemented so that each
fluctuations could be individually re-simulated as a post-processing
step, therefore allowing us to look into the details of the corresponding
dynamics. We showed that extreme fluctuations of the instantaneous
drag are linked to very specific flow configurations, in which vorticity
concentrates very close to the downstream side of the square. Such
atypical configuration results from the interaction of a large vortical
structure with vorticity generated through strong shear along either
the top or bottom boundary of the square. The large vortex results
from the interaction at earlier times of the upstream turbulent struc-
tures with the boundary layer opposite to the boundary where the
vorticity is later generated.

193



194

CONCLUSION

Extreme fluctuations of the time-averaged drag

In addition, we also sampled extreme fluctuations of the time-
averaged drag

= [ o

. Such fluctuations are relevant to many applications, especially when
the behaviour of the system under study exhibits a typical response
timescale close to T. By contrast with the extremes of the instantaneous
drag, we found that the timeseries {f;(7)}i<r<i+7 corresponding
to extreme values of Fr(t) do not display a common structure. In
chapter 2, we illustrated that the statistics of the extreme fluctuations
of the instantaneous drag f; are well described by an exponential PDF.
Motivated by this observation, in chapter 3 we investigated extreme
fluctuations of the time-average for three different stochastic process
with different PDF: a Gaussian PDF, a power law PDF and finally an
exponential PDF. Furthermore, we designed each process so that it
displays a fast decay of the correlation over time. We showed that, for
the process with the Gaussian PDF, extreme positive fluctuations of
the time average over 107, primarily result from a series of positive
independent fluctuations, and very few negative fluctuations. The
extreme value of the overall average results from the accumulation of
these independent fluctuations. By contrast, we showed that extremes
of the time average of the process with the power law PDF exhibit
radically different behaviour. Indeed, they mostly result from a few
(typically one or two) very high fluctuations of the instantaneous drag
fa, while the rest of the timeseries exhibits typical fluctuations. More
importantly, we illustrated that the process with the exponential PDF
is a marginal case. For this process, we found that extremes of the
time-averaged process over 107. can both result from few very high
fluctuations or a large number of positive smaller fluctuations.

When investigating extreme events, the direct sampling approach
based on very long simulations is limited. Indeed, longer timeseries
are necessary to sample a larger number or fluctuations of a fixed
amplitude, or rarer events. Moreover, very long integration of the flow
dynamics is restricted to simple flows.

Rare events algorithms

In this thesis we explored an alternative approach to rare event
sampling in turbulent flows, based on rare-events algorithms. We con-
sidered the application of two algorithms, the Giardina—Kurchan—
Tailleur-Lecomte algorithm [57, 120] and the Adaptive Multilevel
Splitting algorithm [27, 140], that are suited to both non-equilibrium
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and deterministic dynamics. Both rely on the evolution of a population
of trajectories, that can either be replicated or discarded in order to
foster the sampling of extreme events. These algorithms have been
successfully applied in previous works to various problems involving
rather simplified dynamics [21, 54, 57, 158]. In this thesis we addressed
their application to turbulent flows, thus representing a great leap
in complexity from previous studies. More precisely, we applied the
GKTL and AMS algorithms on the basis of the two-dimensional flow for
which we studied extreme drag fluctuations from a direct sampling
approach. In this way, the results obtained using the algorithms could
be compared to very long simulations of the flow.

The Giardina—Kurchan-Tailleur—Lecomte algorithm

In chapter 4, we discussed the implementation of the GKTL algo-
rithm for complex dynamics such as turbulent flows. In addition to
its efficiency, the practicality of a rare event algorithm in terms of
actual implementation is an important element for applications. In
particular, we highlighted that, in the case of complex dynamics, the
optimisation of the cloning stage does not lead to a significant in-
crease in performance. Indeed, for cloning periods of the order of the
correlation time, the computational cost of simulating the dynamics
of the clones overwhelms the computational cost associated with the
message passing during the cloning stage.

Using the GKTL algorithm, we computed the large-deviation rate func-
tion for the drag force acting on a square obstacle. Large deviation rate
functions are notoriously difficult to compute with direct approaches,
as very long timeseries are required. We showed the GKTL algorithm
provides an accurate estimate of the rate function for rare events that
otherwise could not be addressed with a direct sampling approach
of similar computational cost. However, we highlighted that the effi-
ciency of the algorithm is limited. Indeed, the GKTL estimate of the
Scaled Cumulant Generating Function displays linear tails, similarly
to direct estimates obtained from finite timeseries. The slope of the tail
increases with the number of copies. As a matter of fact, we showed
that, as the bias k is increased for a fixed number of copies, the am-
plitude of the fluctuations sampled by the GKTL algorithm saturates.
Moreover, we showed that this limit value increases with the number
of copies.

In a last part, we showed that the GKTL algorithm effectively yields a
greater number of independent trajectories corresponding to extreme
fluctuations of the time-averaged drag, with respect to direct sampling.
However, we illustrated that the number of independent trajectories
is very small with respect to the total number of trajectories in the
population. Furthermore, the number of copies required for sampling
a statistically significant amount of independent trajectories grows
very rapidly with the bias k. In a way of conclusion, even though the
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GKTL algorithm can sample extreme events inaccessible from a direct
sampling of similar computational cost, its yield is rather poor.

The Trajectory Adaptive Multilevel Splitting algorithm

The GKTL is restricted to time-averaged observables. In chapter 6,
we considered the Adaptive Multilevel Splitting algorithm, in order to
sample extreme fluctuations of the instantaneous drag. More precisely,
we aimed at sampling rare trajectories in which the instantaneous
drag f, reaches a given threshold. As a matter of fact, we developed
the Trajectory Adaptive Multilevel Splitting, a modified version of
the AMS in which all trajectories have the same fixed duration. As a
consequence, the TAMS algorithm is particularly easy to use. Its main
interest is the computation of return times, described in chapter 7,
which is considerably simplified with respect to the original AMS
algorithm. It yields the probability that an observable reaches a given
threshold during a fixed time. On the basis of the Ornstein-Ulhenbeck
process, we illustrated that the TAMS is able to probe very rare events
for one-dimensional stochastic dynamics. By contrast, we provided
evidence that the application of the AMS and TAMS is difficult for
complex deterministic dynamics.

Indeed, we showed that choosing the score function as the drag force
itself prevents the algorithm to sample new, rarer trajectories. More
precisely, duplicated trajectories do not lead to higher fluctuations.
Indeed, because the dynamics is deterministic, duplicated trajectories
separate from their parent after a finite time of roughly a few correla-
tion time. As a result, when duplicated trajectories are restarted close
to a drag maximum, they simply follow the parent trajectory and do
not lead to higher fluctuations. Consequently, in this case, the TAMS is
unable to generate a diverse ensemble of trajectories that exhibit large
fluctuations.

Although the AMS and TAMS algorithms can lead to a significant
improvement in the sampling of extremes for stochastic dynamics [5,
138, 139], we showed that its application to complex deterministic
dynamics is not straightforward.

The computation of return times

In the last chapter, we addressed the computation of return times
for rare events, a useful concept for applications. Considering an ob-
servable x(t), the return time r(a) was defined in chapter 7 as the
the average waiting time for a fluctuation x > a. We stressed that
computing return times cannot be done from the sole knowledge of
the probability. As a consequence, we described a methodology to
compute return times from long timeseries, based on the block-maxima
method and the Poisson statistics of rare events. More importantly,
we showed that this procedure can straightforwardly be extended to
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rare event algorithms such as the GKTL algorithm or the AMS algo-
rithm. Therefore, we illustrated the computation of return times of
both instantaneous and time-averaged observables based on the two
algorithms and on the Ornstein—Ulhenbeck process. Furthermore, we
computed return times for extreme fluctuations of the time-averaged
drag acting on a square cylinder using the GKTL algorithm, illustrating
that return can be computed for a lower computational cost. However,
due to the very few number of independent trajectories, the return
time plot obtained with the GKTL estimate displays spurious plateaus.
This effect can be reduced by using a larger number of copies, therefore
leading to a larger number of independent trajectories.

Perspectives

In this work we laid the groundwork for the development and
implementation of rare event algorithms designed for turbulent flows.
Using the GKTL algorithm, we computed the statistics and dynamics
for extreme fluctuations of the time-averaged drag at a much lower
computational cost than the one required by a direct sampling ap-
proach. However, our experiments highlight that the efficiency of the
sampling might be limited in some cases. Even for values of the bias
k for which the algorithm outputs a fairly accurate estimation of the
SCGF, we observe that the ensemble of sampled trajectories contains
very few independent trajectories, typically less than 5% of the total
number of copies. Furthermore, our experiments suggest that a rela-
tively high number of copies is required, with respect for example to
the number of copies used in [130].

Even though these limitations have been reported in several ap-
plications and analysis of the GKTL algorithm [21, 78, 121, 132], we
observed that they particularly alter the performance of the GKTL in
our case. By contrast, such limitations have not been reported in [130],
which addresses the application of the GKTL algorithm with a sim-
plified model of climate dynamics. The reasons for the difference in
efficiency of the algorithm are not clear yet, and will be addressed in
further studies. Nonetheless, a possible direction is as follows. The
GKTL algorithm can be expected to be efficient for systems in which
extreme events are related to the persistence of the system in states for
which the observable of interest exhibit an extreme value. In this way,
once the system have reached such a state, the GKTL algorithm can
select the short lived fluctuations over a cloning period for which the
observable of interest persists in taking an extreme value. For instance,
this corresponds to the phenomenology in [130]. As a matter of fact,
we illustrated in chapter 2 that the qualitative dynamics of the flows
concerned in this work is very different. Indeed, flow configurations
responsible for extreme values of the drag are swept away by the mean
flow. Starting from a flow state in which the drag is extreme, it will
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quickly return to typical values. As a result, the flow configuration
in a sole region of the computational domain cannot be considered
a precursor of extreme fluctuations at future times. consequently, the
selection of the trajectories based on the past value of the drag is not a
relevant choice.

We believe this is actually why the TAMS fails to sample new trajec-
tories leading to higher fluctuation. The value of the drag force itself
at a given instant is a very poor choice of score function. A better score
function should probably be a non local function of space, taking both
the flow configuration in the vicinity of square and the structure of
the upstream turbulence into account. Naturally, the design of such of
cost function is very difficult. An alternative route would be to alter
the algorithm itself, keeping the drag as a cost function For instance,
one could restart resampled trajectories a few correlation times before
the actual branching point, so that it has time to partially separate
until the branching point. If the resampled trajectory actually achieves
a higher fluctuations, it is accepted and simulated until the final time.
It it does not, it is rejected and another parent trajectory is selected
instead. If such a procedure can potentially sample rare trajectories, it
probably does not conserve the mathematical properties of the AMS,
and further work is necessary in order to design a method which
properties can be related to the ones of the AMS.
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THE PIPELBM C++ LIBRARY

This appendix briefly describes the implementation of the numer-
ical simulations for the flow dynamics involved in this work, intro-
duced in chapter 2. It is achieved using a C++ library developed
specifically for this project. This appendix does not discuss the details
of the implementation. Rather, it describes the motivations behind the
development of such a library, its architecture and its main features.

A.1 A SPECIFIC LBM IMPLEMENTATION

The numerical simulation of the test flows presented in chapter 2 is
the backbone of this thesis. Throughout this manuscript, it is coupled
with rare event algorithms that rely on the integration of the flow
over time, as well as the computation of specific observables. Exam-
ples include the drag acting on an obstacle immersed in the flow, the
velocity, pressure, or vorticity fields at given locations in the computa-
tional domain, or the different contributions to the mechanical stresses
on the surface of the obstacle. The numerical simulation of the two-
dimensional flow in a pipe is an academic problem in computational
fluid dynamics, that can surely be solved with the help of available
CFD codes.

However, we chose to base the numerical simulations on a code
specifically developed for this project. It is specific to the simulation
of a two-dimensional flow past obstacle in a channel. The main rea-
son for this choice is the interaction of the simulation of the flow
with rare event algorithms. Indeed, this interaction was expected to
result in unnecessary difficulties, using complex CFD software. By
contrast, the LBM code developed for this work, referred to as pipeLBM,
was specifically designed to ease the implementation of rare events
algorithms.

More precisely, the implementation is object-oriented. Object-oriented
programming is a programming paradigm which relies on the defini-
tion of objects that interact with one another [113, 115]. Objects possess
both attributes, representing data, and methods which describe opera-
tions on this data. For instance, obstacles in the flow can be described
as objects. Examples of possible attributes include the dimension of
the obstacle and its position. Furthermore, possible methods are the
application of the corresponding boundary conditions for the velocity
or the computation of mechanical stresses over the corresponding
surface.
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Object-oriented programming is particularly adapted to this project,
as it leads to the encapsulation of the LBM code into objects. From the
point of view of the rare event code (or any other code that uses
the pipeLBM library), the simulation of the flow can be achieved by
interacting with objects without having to temper with the actual
LBM code. A direct consequence of encapsulation is a clear separation
between the code that performs the rare event algorithm and the code
that performs the simulation of the dynamics. This leads to better
code maintenance, reuse and debugging.

In section A3, the use of pipeLBM is illustrated on a simple example.
Then, a validation is presented in two different contexts. First, a
convergence analysis is carried out on the basis of the Poiseuille
flow. Then, the drag coefficient on a 2D square obstacle is computed
and compared to reference values.

A.2 ARCHITECTURE OF THE PIPELBM LIBRARY

The pipeLBM library consists of two types of objects, referred to as
classes. First the pipeLBM class is responsible for the implementation
of the method, i.e the streaming and collision algorithm introduced in
chapter 2, section 2.1. Second, the Obstacle class describes the imple-
mentation of obstacles in the flow, such as square cylinders or grids.
It implements the corresponding boundary conditions and provides
methods to compute physical observables linked to the obstacle, such
as the drag.

A.2.1 The pipeLBM class

The pipelBM class describes a particular Lattice Boltzmann model.
Is is defined by

e The dimensions of the lattice (or equivalently the lattice spacing).
e The relaxation parameter 7.

e The boundary conditions at the inlet and outlet.

e The forcing amplitude.

The main role of the pipeLBM class is to implement the correspond-
ing Lattice Boltzmann algorithm, i.e. streaming and collision of the
populations. Instances of the pipeLBM class provide methods to per-
form initialisation of the simulation in different contexts, iterations of
the dynamics and boundary conditions, as well as several diagnostics
on the current state of the flow. The main features of the pipelLBM class
are outlined below.



A.2 ARCHITECTURE OF THE PIPELBM LIBRARY

A.2.1.1  Boundary Conditions

A pipeLBM object is responsible for applying the boundary condi-
tions describing the behaviour of the flow along the top and bottom
boundaries of the domain, and at both the inlet and outlet. The top and
bottom boundaries are modelled as rigid walls with a no-slip bound-
ary condition and are implemented through the halfway bounce-back
rule for the boundary populations. Boundary conditions for the in-
let and outlet can be set by the user through interaction with the
corresponding pipelLBM object. By default, the pipelLBM class is instan-
tiated with periodic boundaries for the inlet and outlet. For the inlet, a
parabolic velocity profile can be chosen instead. It is simply imposed
by setting the boundary populations to the corresponding equilibrium
value. For the outlet, an open boundary can be setup, based on a linear
extrapolation of the velocity filed along the pipe axis (see chapter 2,
section 2.3). Additionally, a sponge layer can be defined in order to
damp spurious density waves reflected at the boundary and smoothen
the flow. It is based on quadratic increase of the viscosity in the vicinity
of the outlet.

A.2.1.2 Initialisation

A pipelLBM simulation can be initialised as follows in several ways :

e Fluid at rest. In this case all populations are set to equilibrium
withu=0and p =1.

e From a binary file describing a given state. This file contains the
D, x Dy, x 9 populations describing the state of the flow.

e From a randomised initial condition. In this case an initial state
is generated based on the random superposition of several pre-
computed states, using the method described in appendix C.
In practice, a pipelLBM object must be provided the path to a
directory containing a series of binary files corresponding to
pre-computed states of the flow.

In addition, a pipeLBM object provides a method to perturb the current
flow state, based on the method described in chapter 2, section 4.2.1.2,
as well as in appendix C. Similarly to the initialisation on a random
state, the corresponding method must be given a set of binary files
containing pre-computed states of the flow.

A.2.1.3 Streaming and Collision

From a user point of view, the streaming/collision/boundary con-
ditions sequence at the core of the Lattice Boltzmann algorithm is
encapsulated in a single pipeLBM method performing one or several
Lattice Boltzmann timesteps. The pipelLBM class implements both the
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classical Lattice BGK scheme [31] and the central-moment cascaded
scheme [143, 144].

A.2.1.4 Flow diagnostics

The pipelBM class provides methods to get information on the
current state of the flow. Examples include longitudinal and transverse
velocities at point, vorticity and stress tensor on obstacles in the flow,
see section A.2.2. Flow fields such as velocity and pressure can be
written on disk at any time, either in the form of raw binary files or
VTIK files for visualisation with Paraview.

A.2.2  The Obstacle class

This work is concerned about flows past obstacles. In addition to
pipelBM, a second class, referred to as Obstacle, has been introduced
to deal with the definition and interaction of obstacles in the channel
with the flow. Its main tasks are :

e Definition of the corresponding solid boundaries
e Application of the boundary schemes

e Computation of efforts applied by the flow on the obstacle, such
as the drag or lift.

Naturally, these tasks depend on the nature of the obstacle. As a
consequence, Obstacle is an abstract class that cannot be instantiated
as such. However, it provides a structure for further specifications.
For instance, classes like squareObstacle or gridObstacle are inher-
ited from the abstract Obstacle class and properly define their own
implementation of the boundary conditions or computation of the me-
chanical stresses. The Obstacle and derived classes are independent
of the pipelLBM class. However, the pipelLBM class handles Obstacle
objects to take the corresponding boundary into account in the LBM
scheme. This interaction makes use of polymorphism, as pipeLBM meth-
ods deal with references to Obstacle objects, whether they actually are
a square, a grid, or any user-defined shape.

A.3 EXAMPLE : FLOW PAST A SQUARE

This section describes a simple example of an application of the
pipeLBM library to the computation of the flow around a square obsta-
cle. A parabolic velocity profile is imposed at the inlet and an open
boundary condition is implemented at the outlet.

To begin with, the following header must be specified:
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A3 EXAMPLE : FLOW PAST A SQUARE

#include "libpipeLBM.h"

A pipelBM object is created, providing the lattice dimension along
both space directions:

int Dx = 257; // Number of lattice points along the pipe
axis

int Dy = 65; // Number of lattice points along the
transverse axis

pipeLBM smylB = new pipeLBM(Dx, Dy); // Instancation of the
pipeLBM class

By default, the pipelBM class is instantiated with periodic bound-
aries at the inlet and outlet and parameters leading the a flow with
Re = 10. This can be changed as follows

myLB—>setInletBC (" poiseuille"); // Parabolic velocity
profile at the inlet

myLB—>setOutletBC ("open"); // Open boundary at the outlet

double Uo = o0.05; // Characteristic velocity , in this case
maximum velocity for the inlet profile

dobule tau = o.501; // Relaxation parameter

double Fo = o0.0; // No volumic forcing in this example

myLB—>setParameters(tau, Uo, Fo);

Additionally, a sponge layer can be defined. Its definition calls for two
values. The first one is the abscissa from which viscosity is progres-
sively increased to a maximum value (typically 10 times the original
viscosity of the fluid). From the second value, the viscosity is kept
constant at its maximum value until the outlet.

int spongeOrigin = (int) 3%(Dx—1)/4+1;

myLB—>setSpongelLayer (spongeOrign, Dx); // viscosity is
quadratically increased from x=spongeOrigin to the outlet
at x=Dx—1.
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Next, the square cylinder must be defined :

int R = 8; // Dimension of the obstacle

int xo = (Dx—1)/2; // x—coordinate for the lower—left corner
of the square

int yo = (Dy—1)/2 — R/2; // y—coordinate for the lower—left
corner of the square

squareObstacle smySquare = new squareObstacle(xo,yo,L);

An important step is to define the corresponding geometry in the
pipeLBM object.

myLB—>setObstacles (mySquare) ;

Prior to the simulation, the fluid is initialised at rest :

myLB—>initializeToEquilibrium () ;

Finally, the flow dynamics is integrated. In the following, the drag
acting on the square cylinder is computed at each time step and
gathered into an array. Additionally, flow fields are periodically written
on disk as VTK files for visualisation with Paraview.

int To = R/Uo; // Defines the turnover time in units of
timesteps

int Tf = 10%To // Compute the dynamics over roughly 10
turnover times

double xdrag_timeseries = new double[Tf];

for (int t=o0;t<Tf;t++)

{
myLB—advanceOneTimestep (mySquare); // Performs one LB
iteration
myLB—>computeStress (mySquare); // Compute various
mechanical efforts on the square
drag_timeseries[t] = mySquare.getDrag(); // Gathers the
current value for the drag on the square

if (t%100==0)

{

myLB—>writeVIK(t); // Writes VIK files describing
velocity and pressure field at iteration t.

}




A.4 TEST CASES

A.4 TEST CASES

This section illustrates the application of the pipelLBM library to two
different academic test cases: the Poiseuille flow and the flow past a
square obstacle. Results for those configurations can be compared to
analytical and experimental solutions, respectively.

A.4.1  The Poiseuille flow

The Poiseuille flow denotes the flow in a pipe with periodic bound-
aries at the inlet and outlet as well as no-slip boundary conditions
on the pipe walls. In the laminar regime, the Navier-Stokes equations
can be solved exactly. The analytical velocity field is the well-known
parabolic profile

uy(y) = —4—(y—H)yey, (A.1)

with H the diameter of the pipe and e, a unit vector aligned with the
pipe axis.

The Poiseuille flow was simulated using the pipelLBM library for
comparison with (A.1) along a section of the pipe. More precisely, we
define the error over N grid points as

1 N

E= | L) — ) (A2)

The error can be decomposed into 3 different contributions. First, the
lattice Boltzmann method is affected by the usual error coming from
the discretisation of time and space: it is second order accurate in
both. Second, an additional error term arises from the discretisation
of velocity space in the Boltzmann equation. This term scales as the
square of the Mach number, defined as the ratio between the typical
velocity of the flow and the speed of sound. The Mach number scales
like Ax/At, where At and Ax denote the simulation timestep and
lattice spacing, respectively. It leads to

E = O(Ax?) + O(Af?) + O(Ax*/ At?). (A.3)

Please refer to appendix B for a discussion of errors in the LBM.
A convergence analysis can then be carried out by refining the grid
several times, each time comparing the numerical results to the ana-
lytical solution. On order to exhibit the second order convergence in
space, the lattice spacing is varied keeping the relaxation time constant
(or equivalently, the viscosity in units of the lattice constants Ax and
At). This approach is often referred to as diffusive scaling [92]. Indeed,
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when doing so, the timestep scales like Ax2, and therefore the error
in (A.3) reduces to E = O(Ax?). Figure A.1 displays the results from
the convergence analysis. The flow was simulated using the Lattice
BGK scheme[31]. The length of the computational domain was set to
3H and the relaxation parameter was set to T = 0.55.
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Figure A.1: Error (A.2) computed over a cross section of the channel, for x =
L/2. The numerical estimate for the velocity field is compared to
the analytical profile (A.1).
The error was computed for different numbers of lattice nodes
along the transverse direction : Dy =17, Dy = 33, Dy = 65,
Dy, = 129. As expected, it scales like the square of the inverse of
the number of grid points.

A.4.2  The laminar flow past a square cylinder

The second test case is the numerical simulation of the laminar flow
past a square cylinder immersed in the pipe. For this fairly simple flow,
reference values for the drag coefficient of the square are available
in the literature []. The flow is solved using the pipelLBM library with
a parabolic velocity profile imposed at the inlet and open boundary
at the outlet. The dimension of the square is denoted as R and the
blockage ratio Bl = H/L is set to Bl = 8. See figure 2.2 on page
26 for a sketch of the computational domain. Note that in the case
of figure 2.2 the boundary conditions at the inlet and outlet of the
domain are periodic, which is not the case here. The central-moment
cascaded LBM scheme is employed. Finally, the section of the channel
is discretised using 129 lattice nodes. The flow is simulated until the
stationary regime for several values of the Reynolds number. The
velocity is kept constant to # = 1072 (lattice units) and the relaxation
parameter 7 is varied accordingly.
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Figure A.2: Drag coefficient as a function of the Reynolds number. The esti-

mate from pipeLBM is compared to reference values from[],
showing good agreement. Re = 50, Up = 0.01, D, = 129,
D, =385, R = 16.

The drag coefficient for the square is a function of the Reynolds
number only and is defined as

Ca= 1 Ji 2
2PRUj

with f; the drag force acting on the square, p the density of the fluid,
R the dimension of the square and Uy the typical velocity of the fluid
impacting the obstacle (in this case the inlet velocity). Comparison
between the reference values presented in [20] and the result from

the pipeLBM implementation is displayed in figure A.2, showing good
agreement.
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In this appendix extends section 2.1. We give a brief introduction the
the Lattice Boltzmann Method (LBM), with a focus on its practical
application. In section B.o.1 we give an overview of the genesis of
the LBM. Then, in section B.o.2 we introduce the Lattice Boltzmann
Equation (LBE), a discrete analog to the Boltzmann equation that
describes the dynamics of dilute gases. The main properties of the LBM
are then outlined. Finally, in section B.0.3 we discuss practical aspects
of LBM simulations: algorithmic procedure, boundary conditions and
choice of parameters.

B.0.1 Lattice Gas Cellular Automaton

The LBM originates from Lattice Gas Cellular Automata [75, 76].
A Lattice Gas Cellular Automata describes the dynamics of an en-
semble of particles evolving on a discrete lattice according to a set of
rules. Typically, these rules describe the propagation of the particles
from their current location to neighbouring nodes. Additionally, this
propagation is constrained by rules describing collisions, i.e. configura-
tions for which two or more particles are located on the same node.
The motivation driving the development of Lattice Gas models was
the description of the macroscopic behaviour of fluid on the basis of
very simplified models, which simple microscopic rules verify basic
properties [50, 135]. Although Lattice Gas Cellular Automata (LGCA)
were regarded with great enthusiasm at first, they revealed to be hin-
dered by several limitations and spurious effects, that prevented them
from being useful in concrete applications. Nonetheless, the LGCA
laid the groundwork for the formulation of the LBM, which emerged
from LGCA in the early gos [80, 81, 108]. For a review of the early
developments of the LBM from LGCA, see [154, 155].

B.0.2 The Lattice Boltzmann Equation

The LBE can be thought of as a discrete analog of the Boltzmann
equation, that describes the dynamics of a dilute gas from a statistical
approach. More precisely, time, space as well as velocity space are
discretised. In this way, the gas particles propagate on the nodes of the
lattice along a discrete set of velocities, illustrated in figure 2.1. More
precisely, we denotes by fi(x, t) the amount of mass (per unit volume)
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carried by the particles moving (with speed ¢;) in the i*-direction at
position x and time t. The LBE writes

filx + ciAt, t + At) = fi(x, t) + Qi(x, t) fori =0, ..8. (B.1)

where ;(x,t) is the collision operator, sometimes referred to as the
collision kernel. The left-hand side of equation (B.1) describes the prop-
agation of particles across the lattice, often referred to as steaming. The
right-hand side describes the effect of collisions between particles.
Using the LBM terminology, the f;’s are referred to as populations. For
two-dimensional flows, the most common choice for the discretisation
of velocity space is the so-called D2Qg lattice, illustrated in figure 2.1.
In this representation, the state of each lattice node x at time ¢ is
represented by a set of 9 populations { fi(x, t) }o<t<g that correspond to
9 possible velocity directions. Note that we included the null velocity
as i = 0, which describes particles that do not move. Similarly to
kinetic theory [30], macroscopic quantities such as the velocity field or
density field can be recovered as moments over the populations:

p= 2f (B-2)
pu = Zfici (B.3)
= —2;2{) Y cici(fi — ;) (B.4)
(B.5)

Where p, u and S are the density, velocity and strain-rate on the lattice
node, respectively.

Importantly, the mesoscopic behaviour of the LBE can be shown to
yield the Navier-Stokes equations at a macroscopic level. This can be
achieved through a Chapman-Enskog analysis' [31, 92], a multiscale
method based on the expansion of the populations f; around local
equilibrium. The pressure field p(x,t) can be computed from, the
density field p(x, t) through the ideal equation of state

p=cip (B.6)

where ¢; may be interpreted as the speed of sound. The Chapman-
Enskog analysis recovers the Navier-Stokes equations in the weak-
compressibility regime, i.e. Ma = u/c; < 1 where Ma denotes the
Mach number defined as the ratio between the typical velocity and
the speed of sound. In this regime, the incompressible Navier-Stokes
equation are recovered up to compressibility errors scaling like Ma?.

Note that the weak-compressibility approximation has an important
practical impact: the pressure can be computed locally by summing

The Chapman-Enskog analysis was originally published in 1917 [30] as a way to
derive macroscopic equations from Boltzmann's equation.
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the contribution of the populations {f;}¢<i<g on a given lattice node.
As a result, there is no need for the resolution of a Poisson equation, as
in conventional methods [46]. Additionally, the Chapman-Enskog anal-
ysis yields an expression for the kinematic viscosity v, as a function of
the properties of the collision operator ().

B.0.3 The LBM in practice

B.0.3.1 Lattice Bhatnagar—Gross—Krook

There are actually many variants of the LBM, depending on the
choice for the collision operator in (B.1) Its simplest formulation is
referred to as the LBGK operator [129]:

i A
;= -~ (B.7)

where T is a timescale that describes the relaxation towards equilib-
rium. This equilibrium is described by the equilibrium populations f;'

u-¢  (u-¢)? “'“>, (B.8)

4 — wol1 _
f wip ( + c2 + 2t 2c2

where the {w; }o<i<g are a set of weights which value depending the
choice of the lattice geometry [155, 176].

In this context, the kinematic viscosity v can be related to the relax-
ation time 7 [155]:

v:%(T—A/z) (B.9)

B.0.3.2 The Lattice Boltzmann algorithm: streaming and collision

Under the LBGK approximation, the LBE reads

Fi(x+ it t+ M) = Fi(xt) + %(fi(x,t) CF(x 1) fori=0, .8
(B.10)

The algorithmic procedure of the LBM is very simple. Indeed, it consists
of two distinct parts, described as follows.

COoLLISION On each node of the lattice, the collision operator is
applied on the populations:

il (x, ) :fi(x,t)-k%(fi(x,t) —fx, 1) fori=0, .8, (B.1)
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Figure B.1: Illustration of bounce-back rule for no-slip boundaries. Incoming
populations are streamed outside the fluid domain, before being
streamed back from the direction they came from.

where {f"(x,t)}o<i<s denote the post-collision populations on the
node x at time t. Note that this operation is local, indeed, it does not
require information from the other node. As such, the collision step is
particularly well-suited for parallel architectures.

STREAMING The second step of the LBM is the streaming of the
post-collision populations to neighbouring nodes, according to (B.10):

filx + ciAt, t 4+ At) = U (x, t). (B.12)

Iterations of the Lattice Boltzmann Method are therefore amenable to
the collision step, followed by the streaming of the population on the
lattice.

B.0.3.3 Boundary conditions

Within the Lattice Boltzmann framework, boundary conditions
can be imposed through specific collision rules for the populations
at boundary nodes. For instance, no-slip boundaries are commonly
achieved by means of the so-called Bounce-Back rule, that is the reflec-
tion of a subset of the populations in order to ensure a zero momentum.
It is illustrated in figure B.1. Velocity or pressure boundary conditions
can be imposed in many ways [100]. However, the different methods
are not equal in terms of stability and/or accuracy, and the choice of
the boundary schemes therefore depend on the application.

In this work, no-slip boundaries are imposed following the halfway
bounce-back rule [155], illustrated in figure B.1. In addition, velocity
boundaries are imposed by computing the strain-rate tensor on the
boundary nodes, using finite differences. From the knowledge of the
strain rate tensor, it is possible to compute a set of regularised popula-
tions {f; }o<i<s that are consistent with the macroscopic dynamics of
the flow [99, 100]. This specific approach is known in the literature as
the Finite-Difference regularised boundary conditions [100, 152].
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B.0.3.4 Simulation parameters and lattice units

A Lattice Boltzmann simulation relies on three parameters: the
lattice spacing Ax, the simulation timestep At and the relaxation
parameter 7. These three parameters are not independent, indeed,
relation (B.9) can equivalently be written as

1/ 1\ Ax?
vV = g (T— 2) E, (B.13)

where we used that ¢2 = (1/3)(Ax?/At?) [155] and defined the non-
dimensional relaxation parameter T = 7/At.

In most cases, it is convenient to work in the system of units in which
Ax =1 and At = 1. This is motivated by the similarity principle in fluid
dynamics, which states that two flow having the same geometry and
Reynolds number

Re = ol (B.14)
v
have similar dynamics. In the above uy and L denote the character-
istic velocity and length of the problem, respectively. In lattice units,
equation (B.13) reduces to

7= % (f - ;) . (B.15)

In many applications the velocity ug can be considered an additional
parameter of the simulation.

What happens if one chooses T = 1/2 ? Infinite Reynolds number
? As the viscosity is decreased, the lattice Reynolds number uAx /v
is increased, where u denote the typical velocity fluctuations at the
scale Ax. As a result, important numerical errors result from the fact
large gradients at the lattice scale at not well resolved. Note that this
is not specific to the LBM, but is a cross-cutting issue in all numerical
simulations of turbulent flows. In the limit T — 1/2 the LBM scheme
because highly unstable. In practice, this means that small errors can
rapidly diverge, i.e. the simulation “explodes”.

In addition, because of the weak-compressibility approximation, one
must ensure that the typical velocity ug in the computational domain
is small with respect to the Mach number. In lattice units, it writes

7o < 1/,/(3) (B.16)

ERRORS In the incompressible flow limit, the compressibility error
grows like O(Ma?) = O(ily). For a fixed physical velocity ug, the
lattice viscosity iy = uo(At/Ax) increases with At/Ax. Therefore, the
compressibility error grow like O(At?/Ax?).
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In addition, it can be shown that the spatial discretisation error
is O(Ax?) and that the time discretisation error is O(At?) [92]. As a
result, the choice of parameters can be difficult. For instance, reducing
the lattice spacing Ax does not necessarily decrease the overall error.
Indeed, even though the spatial discretisation error is reduced, the
compressibility error is increased.

There are various ways of setting the parameters for a LBM simula-
tion. For instance, one could set the lattice velocity # first, ensuring
that Ma < 1. For a given target Reynolds number iiyL /7, the choice
of Ax (or equivalently the size N of the lattice) constrains the choice
of the relaxation parameter ¥ = 3v + 1/2. Indeed,

(N —1)

Re==2 12"

(B.17)
where N is the number of lattice nodes along the relevant dimension.
Equivalently, fixing T constrains the choice of Ax (or N). Additionally,
the timestep At can be expressed in units of the turnover time L/ ug:

At = (B.18)

]
=~ S



INTRODUCTION OF A PERTURBATION IN THE
FLOW STATE WITHIN THE LATTICE BOLTZMANN
METHOD

In this appendix we explicit the construction of the perturbation
introduced within the GKTL and GKTL algorithms, so that cloned tra-
jectories separate over time. The application of this perturbation is
described in chapter 4, section 4.2.1.2.

The numerical model for the flow dynamics is the Lattice BGK
equation, presented in chapter 2, section 2.1:

filxt et 40 = filot) = [t~ f1x 0] fori=0/CH

For the sake of simplicity and without loss of generality, we do not
introduce any forcing term in (C.1). The equilibrium populations ffq
are derived from a second order truncation of the Maxwell-Boltzmann
equilibrium distribution. It reads

¢ (u-¢)?  u?

4 _ LU -4
fi = wip + wip c2 + 2ct 2c2

fori =0, ..8. (C.2)

The lattice weights w; are numerical constants and ¢; stands for the i
lattice vector, as pictured in figure 2.1. The macroscopic fields p and u
are computed as a local average over the populations:

8
p=2 fi (C3)
i=1
8
pu = Z ¢ fi (C.g)
i=1
Formally, (C.1) rewrites as
6 2 5
3 1
7 4 8

Figure C.1: Sketch of a lattice node
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ﬁ(x—l—ciAt,t—l—At)—(l—l)flxt ka ( ) (C.5)

The left hand side of (C.5) is linear, which entails that a linear com-
bination of solutions is itself solution. The nonlinear part is located
in the order one part of the equilibrium populations (C.2) and its
amplitude is of the order of Ma. In order to construct a perturbation,
the non-linear part of the LBGK equation (C.1) is neglected and the
perturbation is built from the linear combination of N pre-computed

solutions {fi(”), 1 <i<8}<u<n of (C1).

N

=Y anf", (C.6)

n=1

where {a, }1<,<n is a collection of random weights drawn uniformly
in [0; 1[. This is motivated y the fact that, throughout this work, we
are interested in incompressible flow for which Ma < 1. As a result,
the error on the perturbed state is expected to be of order one in the
Mach number, that is, to scale as u/cs.

In order to tune the intensity of the perturbation, we introduce the
norm || - |

1/2 9
170 = ([ xnPax)  witn 1f| = (szk>

A perturbed state { f;(x, t) }1<i<g is created from a state {fi(o) (x,1) }1<i<s
as follows

z f’
=74 e g

Note that we then have by construction ||f — f(O||(t = 0) = €, where
we took the origin of time as the instant at which the perturbation was
introduced.

The last step consists in renormalizing the populations so that no
mass is added in the system. Indeed, at each lattice node, the density
perturbation is

1/2

fori =0, ..8. (C)

, £
Px) = Z 17601 ||f’||22f

n=1i
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The total added mass is therefore

n=1 i=0
p(n"> ) (C.8)
— NM© L‘
111

The sum under the integral in (C.8) is the density at the lattice node

x corresponding to the flow state { fl.(n) (x) o<i<s- By conservation of
the mass, the mass corresponding to such states must be equal to the

mass of the system, as they are solution of the numerical model (2.1).

After the perturbation, the total mass of the system is then

- €
M= (1+N—0 | MO, C.
( * Hﬂ!l) (C9)

To guarantee mass conservation, the { f;(x) }o<;<s must therefore be
re-scaled as follows
~ 1 ~
fi(x) — —— fi(x) fori =0, ..8. (C.10)
(1 V)
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THE OPTIMAL SCORE FUNCTION

This section is a theoretical discussion of the properties of the optimal
score function; it may be skipped by readers who are only interested
in the application of the TAMS algorithm for computing return times.

As mentioned in section 6.1, the statistical properties, and in partic-
ular the variance of the AMS estimator §(a), depend on the choice of
the score function ¢. The variance is minimal for a particular choice of
the score function, sometimes referred to as the committor. In a very
generic manner, for the AMS algorithm, it is given by ¢ = P[tz < T4].
In the specific case of the TAMS algorithm, the optimal score function
takes the form:

E(t,x; Ty,a) =Py | max O[X,s] > a|, (D.1)

t<s<T,

for all (t,x) € [0, T,] x R?, where we denote P, the probability over
the process initialised at position x at time ¢, and the threshold a and
trajectory duration T, are fixed parameters. Note that the optimal
score function depends both on time and space. Of course, we cannot
use this score function in practice, because it is exactly what we
are trying to compute. Indeed, as mentioned above, the algorithm
ultimately provides an estimate of the probability g(a) = (0, xo; To, a).
Nevertheless, a crucial point to implement the AMS algorithm is to
choose a score function that provides a good approximation of the
committor. In practical applications, constructing the score function
will often be based on heuristic considerations, but it may also be
useful to have theoretical results about the optimal score function.
Here, we want to explain the qualitative properties of the time-
dependent committor (D.1) specific to the TAMS algorithm. For sim-
plicity, we shall only discuss the case of an instantaneous observable:
O[X,t] = A(X:). Moreover, for the precision of the discussion, we
assume that the stochastic process X solves the stochastic differential
equation dX; = b(X;)dt + V2edW;, where b is a vector field with a sin-
gle fixed-point x,. We further assume that the basin of attraction of x,
is the full phase space. With this hypothesis, the invariant measure of
the diffusion is concentrated close to the attractor x, when € < 1. Let
us assume that the set C = {x | A(x) < 0} is a neighbourhood of x,
on which most of the invariant measure mass is concentrated. We call
C the attractor. The target set D = {x | A(x) > a} is similarly defined.
The hitting times for the sets C and D are the random variables given
by 7, = inf{t > 0 | A(X;) < 0} and 7, = inf{t > 0 | A(X;) > a},
respectively, where the process is started from a point x at time t = 0,
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such that 0 < A(x) < a. We finally define the static committor
¢o(x,a) = Pypo[tu < Ti). The aim of the following discussion is to
explain the relation between the time-dependent committor (D.1) and
the static committor ¢o(x,a).

On the one hand, the time-dependent committor ¢ satisfies a back-
ward Fokker-Planck equation

aE 3

— = —L[g]/ with L = b187x1 + eaTciz' (D.2)

ot

in the domain A~1([0,4]) C R? with boundary condition (t, x; T,, a) =
1 for x € 9D, and final condition ¢&(T,, x; T,,a) = 0. This follows di-
rectly from the backward Fokker-Planck equation for the transition
probability P(y,s|x, t), and the fact that, with an absorbing boundary
condition on D, &(t, x; T,,a) =1 — [ dyP(y, T,|x, t). Note that when
T, —t>r(a), &(t,x; Ty,a) ~ 1 everywhere (¢ converges to 1). On the
other hand, &y(x,a) satisfies L[] = 0, but with different boundary
conditions: {o(x,a) = 1if x € 9D and &o(x,a) = 0 if x € 9C. In the
next paragraph, we argue that when T, — t is much smaller than r(a),
the time-dependent committor ¢(t, x; T,, a) given by (D.1) is well ap-
proximated by the static committor {y(x, a), except in two boundary
layers: a spatial one of size € for x close to the attractor, and a temporal
one of size 1, for t close to Tj,.

Using the notations of chapter 6, the events {13 < T4} can be decom-
posed into the disjoint union of events for which the observable reaches
the threshold a before or after hitting 0. The typical time for X to reach
C is the correlation time 7.. If we assume that T, — t > 1., we have
the approximation &(t, x; T,,a) ~ &o(x,a) + [1 — &o(x,a)]E(t, xx; T, a)
(we have used here the approximations (T, y; Ta, @) =~ &(Tx, Xx; Ta, a)
for any y € 9C, and &(T, x«; Tp,a) == &(t, x4; Ty, a)). Moreover, when
T, —t < r(a), the Poisson approximation & (t, x; Tp,a) ~ (T, —t)/r(a)
holds. To sum up, in the limit 7. < T, — t < r(a),

T, —t

r(a)

Let us now introduce the quasipotential V. We note that

&t x; To,a) > Go(x,a) + 1= Go(x,a)]. (D.3)

Golx,a) <, exp(—(_inf V() ~V(x)/e)

while
r(a) = inf V €).
(@) =, ep((_inf | V()/e)
We can thus conclude that ¢o(x,a) dominates this expression for all x
except in a region of size € around the attractor x,.
As a conclusion, when T, — t is much smaller than r(a), the time-
dependent committor &(t, x; T,,a) (D.1) is well approximated by the
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Figure D.1: Contour lines of the time-dependent committor E (t, x; Ty, u) for
the Ornstein—Uhlenbeck process (with &« = 1,6 = 1/2; in par-
ticular 7. = 1), obtained by solving numerically the backward
Fokker-Planck equation (D.2), witha =4, T, = 5.

static committor {o(x,a), except in two boundary layers: a spatial one
of size € for x close to the attractor, and a temporal one of size 7. for ¢
close to T,. This is illustrated in Fig. D.1, representing the committor
&(t,x; T, a) for the Ornstein-Uhlenbeck process (with « = 1, =
1/2), obtained by solving numerically the backward Fokker-Planck
equation (D.2), with a = 4, T, = 5. Courtesy of Corentin Herbert.
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THE LIBTAMS LIBRARY

This appendix provides a brief description of the 1ibTAMS C++
library, that I developed in the context of this thesis. As of June 2018,
the 1ibTAMS library is a work in progress, and is in the alpha-test phase.
As such, the source code has not been released yet, and the estimated
release date of the first beta version is early 2019. Nonetheless, all the
TAMS experiments presented in chapter 6 are based on code written
using early versions of the 1ibTAMS library.

The objective of the 1ibTAMS library is to facilitate both the design
and writing of codes implementing the TAMS algorithm, introduced in
chapter 6. It provides an object oriented framework, articulated around
several classes. These classes provide an ensemble of methods that
can be used to implement TAMS code with any type of dynamics,
wether the score function defined as an instantaneous observable or
as a time-average. We stress that libTAMS is not an implementation
of the TAMS algorithm, but rather a framework in which a user can
easily write a TAMS code with the dynamics of its own choice.

The development of the 1ibTAMS library is motivated by two re-
marks:

e The TAMS algorithm, described in section 6.2.1 is is completely
independent of the dynamics under study. Moreover, it is very
simple, and its structure is not changed whether the cost function
is based on an instantaneous observable or a time-average.

e Paradoxically, the implementation of TAMS code is specific to
the dynamics under study. For instance, for a cost function
defined as a time-average of an observable, the parts of the code
that perform the computation of the cost function, the selection
step, as well as the duplication of the parent trajectory must
be modified. In addition, although the implementation of the
TAMS algorithm can be straightforward for simple dynamics, its
implementation for complex deterministic dynamics is tricky.

As a result, in spite of the great simplicity and generality of the
TAMS algorithm, it is very difficult to write a single TAMS code that
can be used for different dynamics with different level of complexity.
Among other aspects, that is a serious hindrance to validation of TAMS.
For instance, a code implementing the TAMS algorithm for a turbulent
flow should be easily transposable to the case of an one-dimensional
system, for which analytical results are available.
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The 1ibTAMS library provides a single framework to implement
TAMS codes with any type of dynamics, whether it is stochastic, deter-
ministic, low-dimensional or high-dimensional. In addition, it handles
both instantaneous and time-averaged score functions. The different
steps of the TAMS algorithm, as well as the related data, are encap-
sulated into objects that can be manipulated in order to write very
general TAMS codes. Put differently, the 1ibTAMS library is designed
in such a way that, from a user point of view, the code is only (very)
slightly modified depending on the properties of the dynamics under
study.

E.0.1 Object-oriented modelling of the TAMS algorithm

The simplicity and and general formulation of the TAMS algorithm
makes it very well suite for an object-oriented implementation. Object-
oriented programming is a programming paradigm which relies on the
definition of objects that interact with one another [113, 115]. Objects
possess both attributes, representing data, and methods which describe
operations on this data.

Recall from chapter 6 that an iteration j of the TAMS algorithm
consists of the following steps:

1. Selection of the /; resampled trajectories which maximum over
the score function is Q.

2. For each I; resampled trajectories:

a) Selection of a parent trajectories among the N — /; remain-
ing trajectories.

b) Overwriting of the resampled trajectory by the parent, until
the branching point where the score function goes beyond

*

Qr.

¢) Simulation of the dynamics from the branching point to the
final time T,.

3. Computation of the threshold Q]*

As of June 2018, the 1ibTAMS consists of three different classes:

e TAMS This is the base class, from which others are derived (in-
herited). It provides a framework for implementing the TAMS
algorithm for a score function defined as an instantaneous inte-

gral.

e TAMSAVG This class overloads several of TAMS’s methods to imple-
ment the TAMS algorithm with a cost function being defined as
the time-integral of some dynamical observable.
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e rejecTAMS This class can be used to implement a modified TAMS
algorithm in which resampled trajectories are branched from
a shifted threshold and accepted/rejected depending on their
maximum.

In the following we describe a simple example of application of the
LibTAMS library. In this example we consider the computation of the
probability of rare excursions of a simple one-dimensional stochastic
process. In section E.2 we discuss the application of the 1ibTAMS to
complex deterministic dynamics, such as turbulent flows. In this case,
the main difficulty originates from the fact that the trajectories cannot
be stored in memory. Then, in section E.3 we describe the application of
the 1ibTAMS library to problems in which the score function is defined
as a time-average observable of an observable. Finally, section E.4
addresses the implementation of a modified TAMS algorithm, in which
resampled trajectories are simulated from a an earlier time. As of June
2018, this modified TAMS scheme is still under study.

E.1 A SIMPLE LIBTAMS CODE: RARE EXCURSIONS OF AN ORNSTEIN—
ULHENBECK

This first section introduces the core libTAMS routines on a sim-
ple example. We consider a one-dimensional, real valued variable x
following an OU process defined as

dX, = —aXdt + \/2edW; (E.1)

In the following we assume that simulation of such dynamics is man-
aged by a separate code. More precisely, we assume that the simulation
of (E.1) is encapsulated in an object myOU. As such, this object provides
methods such as advanceOneTimeStep(), setInitialCondition() or
getState().

Say we are interested in using the TAMS algorithm to compute
the probability g(a) that x goes over a threshold a over a duration T,.
Formally, this probability writes

q(a) =P < max x(f) > a> (E.2)

0<t<T,

First things first, one must include the 1ibTAMS.h header :

#include "libTAMS.h"

In order to use the libTAMS methods, one must first declare a lib-
TAMS object. In our case, we instantiate the class TAMS. That provides
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a framework for the implementation of the TAMS algorithm based on
a cost function defined as an instantaneous dynamical observable.

TAMS<double> myTAMS(Nc, Nt);

The use of TAMS<double> declares a TAMS object for which the state of
the dynamical system is represented by a single double. The parame-
ters Nc and Nt represent the number of running trajectories and the
number of timesteps they consist in, respectively.

E.1.1 Initialisation

The first step of the TAMS algorithm consists in simulating the Nc
trajectories from 0 to T, starting from independent initial conditions.
Let’s initialise the N, trajectories by drawing a random state in the
stationary measure :

for(int j=o0;j<Nc;j++)
{
xo = randNormal(o0.0,1./sqrt(2)); //Draw random initial cond.
in stat. measure
myOU—>setInitialCondition (xo0); // Set initial state to xo
//

A trajectory is said to be active if it is currently being computed,
whether it is during initialisation or during a resampling process. To
set trajectory j as active, we use setActiveTraj.

myTAMS—>setActiveTraj(j);

REMARK  Most libTAMS methods require that a trajectory is set as active.

The next step is to compute the dynamics, in order to record the
evolution of the cost function along the trajectories. In this simple
case, the cost function is the dynamical variable itself. To set the value
for the cost function, setCostFunction(double Cf, int t) must be
called at each timestep :

for(int t=o;t<Nt; t++)
{
myOU—>advanceOneTimestep () ; // Compute state at next
timestep
x = myOU->getState (); // Gathers value of the cost
function (in this case the state)
myTAMS—>setCostFunction(x, t); // Set the cost function at
time t to be x
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/]

For low dimensional systems, it is possible to keep the full ensemble
of running trajectories in memory. This is needed since we do not
before hand which trajectory will act as parent, and which one of its Nt
states will be the branching state. To record the states composing the
trajectory, we use setState in a similar way we used setCostFunction

myTAMS—>setState (x,t);

Once the N, trajectories have been computed, one must compute
the corresponding maxima. A way to do this is to use the method
myTAMS ->computeMaxima(), that computes the maximum over each
running trajectory, and updates the threshold z.

myTAMS—>computeMaxima () ;

To sum up, a full implementation for the initialisation step using
the 1ibTAMS library is

for(int j=o0;j<Nc;j++)
{
xo = randNormal(o.0,1./sqrt(2));
myOU—>setState (x0) ;
myTAMS—>setActiveTraj(j);
for(int t=o0;t<Nt;t++)
{
myOU—>advanceOneTimestep () ;
x = myOU->getState () ;
myTAMS—>setCostFunction(x, t);
myTAMS—>setState (x, t);
}

)
myTAMS—>computeMaxima () ;

E.1.2 [terations of the TAMS

Now that the Nc trajectories have been computed, the cost function
an states recorded, as well as the maxima, it is time to implement
the core of the TAMS algorithm. In this example we are interested in
computing the probability that x goes over a threshold a between 0
and T,. The stopping criterion will therefore be that all Nc running
trajectories go over a.
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In TAMS terminology, the threshold, noted Z, refers to the current
minimum of the Nc maxima over each trajectory. An iteration of
the TAMS begins with the selection of the trajectories for which the
maximum coincide with Z.

while (myTAMS—>getZ () <=a)
{
K = myTAMS—>makeSelection () ;

The simple query getZ returns the current threshold, that is the mini-
mum of the set of maxima over the running trajectories. The method
makeSelection computes Z and selects the K trajectories for which the
maximum is equal to Z.

REMARK  Most of the time K=1 but it can be that K>1, as mentioned in
chapter 6.

For each selected trajectories, a parent trajectory must be drawn
among the N, — K non selected trajectories. This is achieved using
drawParent()

for (int k=o0; k<K;k++)

{
myTAMS—>drawParent () ;

Next, the parent trajectory is copied until it reaches the threshold Z :

for (int k=o; k<K;k++)
{
myTAMS—>drawParent () ;

myTAMS—>setActiveTraj (k) ;
tBranch = myITAMS—>copyTrajToBranchingPoint () ;
//

The method copyTrajToBranchingPoint () returns in integer, repre-
senting the branching time. It is defined as the first time the parent’s
cost function is strictly above to the current threshold.

We must now simulate the dynamics from tBranch to Nt, using
the state of the parent trajectory at t=tBranch as an initial condition.
This particular state is referred to as the branching state. To get the
branching state, we use the method getRestartState :

xo = myIAMS—>getRestart(); // Get restart state into xo
myOU—>setState (x0) ;
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The last two steps are the computation of the dynamics and the
computation of the new maximum over the resampled trajectory. This
is similar to the initialisation step.

for (int t=tBranch;t<Nt;t++)
{
myOU—>advanceOneTimestep () ;
x = myOU-—>getState () ;
myTAMS—>setCostFunction (x, t);
myTAMS—>setState (x, t);

}
myTAMS—>updateMaxima () ;

The value of the maximum over the (resampled) trajectory j is updated
using updateMaxima. It computes and sets the maximum over the
active trajectory. It also updates the threshold z.

Last but not least, let’s not forget to update the current threshold Z :

myTAMS—>updateZ () ;

A full libTAMS implementation for the iterations of the TAMS
algotihm is

while (Z<=a)
{
K = myTAMS—>makeSelection () ;
for (int k=o; k<K;k++)
{
myTAMS—>drawParent () ;
myTAMS—>setActiveTraj (k) ;

tBranch = myTAMS—>copyTrajToBranchingPoint () ;

xo = myIAMS—>getRestart () ;
myOU—>setState (x0) ;
for (int t=tBranch+1;t<Nt;t++)
{
myOU—>advanceOneTimestep () ;
x = myOU->getState () ;
myTAMS—>setCostFunction(x, t);
myTAMS—>setState (x, t);
}
myTAMS—>updateMaxima () ;
}
}
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E.1.3 General case

The previous example illustrated most of the machinery provided by
libTAMS. In general, to use the class TAMS, one should call

TAMS<T> myTAMS(Nc, Nt);

The symbol T denotes a given data type that represents a state of the

system under study. It could be an int, double, or even a structure.

For instance, the state of a system evolving in 3D space could be
represented by a structure containing 3 double values :

struct 3Dpoint{
double m_x;
double m_y;
double m_z;

s| 1

TAMS<struct 3Dpoint>(Nc,Nt) ;

E.2 HIGH DIMENSIONAL DYNAMICS

For dynamics with a large number of degrees of freedom, it is
often very inefficient (if even possible) to store the whole ensemble
of trajectories in memory. In this case, 1ibTAMS provides solutions to
read /write states on disk from the running trajectories. In particular,
this allows to re-simulate the system, starting from one of these saved
states, up to the the branching time, so as to obtain the branching
state.

The states written on disk in this way are referred to as saved states
and the corresponding time is called a timestamp.

To enable this feature, the TAMS class must be instantiated using two
additional parameters :

1. The number of degrees of freedom representing a state of the
system : ndof In other words, a state of the system can then be
represented by an array of size ndof*sizeof(T).

2. The minimal duration between consecutive saved states (in units
of model timesteps) : savingStatePeriod

1| TAMS<T>% myTAMS = new TAMS<double>(Nc, Nt, ndof,

savingStatePeriod);
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Along the simulation of the dynamics, states are recorded through
TAMS: :<T>setCostFunction(double costFunctionValue, int time, Tx
pointerToState). The third additional argument is a pointer to the
block of memory hosting the current state of the system.

REMARK To mitigate disk usage, only new global maxima are written,
always with a minimal spacing of savingStatePeriod timesteps.

Implementation of the TAMS algorithm for high dimensional sys-
tems requires to add one additional step to the usual TAMS procedure.
Having computed the branching point, one must then find the closest
timestamp and re-simulate the dynamics up to the branching point,
starting from the corresponding saved state. The saved states are writ-
ten in a binary file. There is one of file per running trajectory. The
modified procedure then reads

1. Select the K trajectories whose maximum is Z

2. For each selected trajectories do
a) Draw a parent at random
b) Copy its cost function up to tBranch

c) Browse the recored timestamps for current active trajectory
to find the nearest before tBranch

d) Simulate dynamics from the corresponding saved state up
to tBranch

e) Free simulation from tBranch to Nt

E.2.1  Writing the states on disk

First of all, a file must be opened. It is specific to the current active
trajectory :

|| myTAMS—>setActiveTraj (k) ;
myTAMS—>openStateFile () ;

If a state file was currently opened, openStateFile closes it first. The
method openStateFile() opens the binary file corresponding to the
currently active trajectory. If the file exists, it is overwritten.

Next, at some point during the simulation of the dynamics, it is pos-
sible to write the current state of the system on disk using writeState.
It takes two arguments :

e A pointer to an array of size ndof*sizeof(T) containing the the
current state of the system to be written.

¢ An integer representing the correspond time
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Say one is using an object Dynamics myDynamics and that class Dynamics

provides a method Dynamics::getState() to get the current state,
writeState can be used as follows :

myTAMS—>setActiveTraj (k) ;
myTAMS—>openStateFile () ;

T pointerToState;
for (int t=<tMin;t<tMax; t++)
{
//Compute dynamics and do all sort of stuff
pointerToState = myDynamics. getState () ;
myTAMS—>writeState (pointerToState , t);
/]

E.2.2  Getting the restart state

After computing the branching time tBranch, one must simulate the
dynamics starting from the nearest landmark available. This particular
state is reffered to as the restart state. To get the restart state and time,
libTAMS provides several methods :

e int getRestartTime() Computes and returns the restart time

e Tx getRestartState() Returns a pointer to an array containing
the restart state

e int getRetstart(T* pointerToState) Computes and returns
the restart times, as well as copy the restart state to the location
in memory pointed to by pointerToState.

To illustrate the use of these methods, let us consider to examples

E.2.2.1  Example 1 : Using getRestart

Consider again the case where the dynamics is implemented through
an object Dynamics myDynamics. Suppose that myDynamics has its state
as an attribute, and that the corresponding array is allocated in its
constructor. A typical use of getRestart would be

Dynamics myDynamics;

/..

tBranch = myTAMS—>copyTrajToBranchingPoint(); // Compute

branching time

5| ptToState = myDynamics—>getState () ; // Dynamics:: getState ()

returns a pointer to the array in memory

tRestart = myTAMS—>getRestart(ptToState); // Then getRestart
fills the array with the restart state and return the
corresponding timestamp.
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E.2.2.2  Example 2 : Using getRestartTime in conjunction with getRestart-
State

Consider again the case where the dynamics is implemented through
an object Dynamics myDynamics. Suppose that myDynamics has a method
setInitialCondition(T* pointerToInitCondition) that takes a pointer
to an array of T as a parameter. A typical use of getRestartTime and
getRestartState would then be

Dynamics myDynamics;

2| /) ...

4| tBranch = myTAMS—>copyTrajToBranchingPoint(); // Compute
branching time
tRestart = myITAMS—>getRestartTime () ;

Tx pointerToRestartState = myTAMS—>getRestartState () ;
myDynamics. setInitialCondition (pointerToRestartState);

o

E.3 TAMS FOR AN INTEGRATED COST FUNCTION

The libTAMS library allows for the implementation of the TAMS
algorithm, based on a cost function that is defined as a time-integral
of an observable of the dynamics under study. If the instantaneous
variable of interest is x(t), then the integrated cost function is defined
as

t
&(t) :/ Tx(t’)dt’ T<t<T, (E.3)
t—

Use of integrated cost functions is implemented in the TAMSAVG class.
It is initialised as follows :

TAMSAVG<T> myTAMS(Nc, Nt, Nint);

Where Nc and Nt stand for the number of trajectories and timesteps,
respectively. The third parameter is the number of timesteps over
which the integration is performed. For high dimensional system, it
is possible to enable the writing and reading of states from disk, by
adding the parameter ndof as described in the previous section

TAMSAV(G<T> myTAMS(Nc, Nt, Nint, ndof);




~

E4 TAMS WITH REJECTION

Apart from its definition, a TAMSAVG object is to be use in the same
way as TAMS. For instance, the cost function is set passing the instanta-
neous observable and the corresponding timestep to setCostFunction.

double instantObs;
for(int t=tmin;t<tmax;t++)
{
/..
myDynamics . computeOneTimeStep () ;
instantObs = myDynamics. computeSomeDynamicalObservable () ;

myTAMS—>setCostFunction (instantObs , t);

/]

Times returned by TAMSAVG methods are defined with respect with
respect to t = 0 and not t = T which is the time origin of the integrated
cost function.

E4 TAMS WITH REJECTION

For some problems it can be useful to implement a modified TAMS
algorithm, in which resampled trajectories result in a branching at an
earlier time than the first time the parent’s cost function reach Z. This
is for example useful for deterministic dynamics, in which case two
trajectories starting from very close initial conditions fully separate
over a finite time.

Using libTAMS it is possible to implement a TAMS algorithm in
which active trajectories are branched at the time when the selected
parent reaches $Z-6Z, instead of Z, thus branching at an earlier time
t*. The resulting resampled trajectory can then either be accepted or
rejected :

e If it reaches any point above Z in between t* and T,, then it is
accepted.

e Else, it is rejected.

Methods to implement such modified TAMS algorithm can be used
using objects rejecTAMS. Such objects can be defined as follows :

rejecTAMS myTAMS(Nc, Nt, dZ);

where Nt and Nc are the number of running trajectories and Nt the
number of timesteps. The parameter dZ is a double representing the
threshold shift. Again, for high dimensional systems, it is always
possible to enable reading/writing on disk by specifying the number
of degrees of freedom of the dynamics :
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rejecTAMS myTAMS(Nc, Nt, dZ, ndof);

Using libTAMS to implement a TAMS algorithm wit rejection is
very similar to implementing a regular TAMS algorithm. The only to
differences are :

e The parent trajectory is copied until it reaches Z — 6Z

e A resampled trajectory can be rejected if it do not reach Z over
its history.

Using rejecTAMS, the method copyTrajToBranchingPoint only copies
the selected parent up to the point when its cost function gets strictly
above Z — 6Z. This defines the shifted branching time. After simulat-
ing the trajectory from tBranch to Nt, one must call the method
makeRejection(), that decides whether the resampled trajectory is
kept as part of the ensemble of running trajectories or not. If not, the
selected active trajectory is not modified.

A typical code using rejecTAMS is very similar to one using a regular
TAMS object

5| /* Initialize parameters

)| rejecTAMS<T> myTAMS(Nc, Nt, dZ);

7| bool isAccepted;

int Nt;
int Nc;
double dZ;

*/
/*Create rejecTAMS objectx/

/* Initialization
Simulate the Nc trajectory from o to Nt—1 and records cost
function or state

x/
int K, tBranch;

T x;
for (int i=o;i<Niter;i++)
{
K = myTAMS—>makeSelection () ;
for (int k=o; k<K;k++)
{
myTAMS—>drawParent () ;
myTAMS—>setActiveTraj (k) ;

tBranch = myTAMS—>copyTrajToBranchingPoint () ;

x = myTAMS. getRestart () ;
myDynamics. setInitialCondition (x);
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for(int t=tBranch;t<Nt; t++)

{

}

myDynamics . advanceOneTimestep () ;

x = myDynamics. getState () ;

myTAMS. setState (x,t);

Cf = myDynamics. getSomeObservable () ;
myTAMS. setCostFunction (Cf, t);

isAccepted=myTAMS. makeRejection () ;

}

)
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