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Abstract

The last few years have witnessed a tremendous development of the computational field of uncertainty
quantification (UQ), which includes statistical, sensitivity and reliability analyses, stochastic or robust
optimal control/design/optimization, parameter estimation, data assimilation, to name just a few. In
all these problems, the solution of stochastic partial differential equations (PDEs) is commonly faced,
for which many computational methods have been proposed, such as the extensively used Monte Carlo
method and its several variants, the fast convergent stochastic Galerkin projection method and the
nonintrusive stochastic collocation method. The large advancement of these computational methods
with sparse and adaptive techniques has enabled efficient solution of the aforementioned UQ problems
that feature high dimensionality, low regularity and arbitrary probability measures. However, when it
becomes very expensive to solve the underlying deterministic PDEs, e.g., only a few tens or hundreds
of full solutions are affordable in practice, these computational methods can not be applied directly
since they may need millions of full solutions, or even beyond, in order to achieve a certain accuracy.

In this thesis, we develop, analyze and demonstrate novel stochastic computational strategies and
algorithms based on model order reduction techniques, in particular based on reduced basis methods,
to tackle this challenge in solving several typical UQ problems. We first compare the convergence
properties and computational costs of the reduced basis method and the sparse grid stochastic colloca-
tion method, and demonstrate that the former is much more efficient than the latter without loss of
accuracy in solving large-scale and high-dimensional UQ problems. In dealing with arbitrary probabil-
ity measures, we propose a weighted reduced basis method inspired by the generalized polynomial
chaos, and establish explicitly a priori error estimates for both one-dimensional and multidimensional
stochastic/parametrized problems. A weighted empirical interpolation method with improved conver-
gence property is proposed in order to decompose nonaffine random fields, which paves the way for
effective application of the reduced basis method in solving more general UQ problems. A hybrid and
goal-oriented adaptive reduced basis method with certification is proposed to efficiently and accurately
solve a large class of UQ problems, involving pointwise evaluation, in particular failure probability
for reliability analysis. Moreover, taking advantage of the sparsity and reducibility of UQ problems,
we develop an adaptive and reduced computational framework that enables precise detection of the
distinctive importance and the interaction of different dimensions, as well as automatic construction
of a generalized sparse grid and reduced basis approximation of the quantities of interest.

Besides the development and demonstration of the model order reduction techniques in solving var-
ious demanding forward UQ problems, a large effort of this thesis has been devoted to the analysis
and the efficient solution of inverse UQ problems, in particular stochastic optimal control problems.
We succeed in proving not only the existence but also the uniqueness of the optimal solution via a
stochastic saddle point formulation in the case of elliptic and Stokes constraints. A detailed analysis
is carried out for the stochastic regularity of the optimal solution w.r.t. the random input data under
certain smoothness hypothesis. We tailor the main ingredients of the developed adaptive and reduced
computational strategy to solve stochastic optimal control problems with several different PDE con-
straints. The efficiency and accuracy of this strategy demonstrate its potentials in solving more general
large-scale and high-dimensional inverse UQ problems with arbitrary probability measures.
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Résumé

Les derniéres années ont vu un développement considérable du champ de calcul de la quantifica-
tion des incertitudes (QI), qui comprend des analyses statistiques, de sensibilité et de fiabilité, des
controle optimal/conception optimal/optimisation stochastique ou robuste, estimation de parametres,
I'assimilation de données, pour n’en nommer que quelques-uns. Dans tous ces probléemes, la résolu-
tion d’équations aux dérivées partielles (EDP) stochastiques est souvent confronté, pour la quelle de
nombreuses méthodes de calcul ont été proposées, telles que la méthode polulaire de Monte-Carlo
et ses différentes extensions, la méthode de projection de Galerkin stochastique de convergence ra-
pide et la méthode de collocation stochastique non-intrusive. Le grand progres de ces méthodes de
calcul avec des techniques clairsemées et adaptatives a permis une solution efficace des problémes QI
mentionnés ci-dessus qui comportent une grande dimension, une régularité faible et des mesures de
probabilité arbitraires. Cependant, quand il devient trés cotliteux de résoudre les EDP déterministes
sous-jacentes, par exemple, que quelques dizaines ou centaines de solutions compleétes sont réalisable
dans la pratique, ces méthodes de calcul ne peuvent pas étre appliquées directement car elles peuvent
avoir besoin des millions de solutions complétes ou d’avantage afin d’atteindre certaine précision.

Dans cette these, nous développons, analysons et démontrons de nouvelles stratégies stochastiques de
calcul et des algorithmes basés sur des techniques de réduction de 'ordre de modele, en particulier les
méthodes des bases réduites, pour relever ce défi dans la résolution de plusieurs problemes typiques
de I'QL. Nous comparons d’abord les propriétés de convergence et les cofits de calcul de la méthode
de bases réduites et la méthode de collocation stochastique sur grilles clairsemées, et démontrons
que la premiere est beaucoup plus efficace que la derniéere sans perte de précision dans la résolution
des problemes QI de grande échelle et de grande dimension. En traitant des mesures de probabilité
arbitraires, nous proposons une méthode de bases réduites pondérée inspirée par les polynomes de
chaos généralisé, et établissons explicitement des estimations d’erreur a priori pour les problémes
stochastiques/paramétrés a la fois unidimensionnel et multidimensionnels. Une méthode d’inter-
polation empirique pondérée avec une meilleure propriété de convergence est développée afin de
décomposer des champs aléatoires nonaffine, qui ouvre la voie a I'application effective de la méthode
des bases réduites a résoudre des problemes plus généraux de I'QI. Une méthode des bases réduites
hybride et adaptative basée sur les objectifs avec certification est proposée pour résoudre efficacement
et avec précision un grand nombre de problémes QI concernant I’évaluation ponctuelle, en particulier
probabilité de défaillance pour I'analyse de fiabilité. Par ailleurs, profitant de la rareté et de réducti-
bilité des problemes QI, nous développons un cadre d’adaptation et de calcul réduit qui permet une
détection précise de I'importance particuliere et de I'interaction des différentes dimensions, ainsi
que la construction automatique d'une approximation des quantités d’intérét de grilles clairsemées
généralisée et de bases réduites.

Outre le développement et la démonstration des techniques de réduction d’ordre de modéle dans
la résolution d’'une multiplicité de problémes direct de QI exigeants, un grand effort a été consacrée
dan cette these a 'analyse et la résolution efficace des problémes inverses de QI, en particulier des
problémes de controle optimal stochastique. Nous réussissons a prouver non seulement |’existence,
mais aussi 'unicité de la solution via une formulation de point selle stochastique dans le cas de
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contraintes elliptiques et Stokes. Une analyse détaillée est effectuée pour la régularité de la solution
stochastique optimal en ce qui concerne les données d’entrées aléatoires sous certaines hypotheéses
de régularité. Nous adaptons ces ingrédients principaux de la stratégie de calcul adaptative et réduite
pour résoudre les problemes de contrdle optimal stochastique avec plusieurs différentes contraintes de
EDP Lefficacité et la précision de cette stratégie démontrent son potentiel a résoudre des problémes
inverses de QI plus généraux, de grande échelle et de grande dimension avec mesures de probabilité
arbitraires.

Mots-clés : quantification des incertitudes, équations aux dérivées partielles stochastiques, approxi-
mation creuse, méthode de collocation stochastique, méthode de bases réduites, analyse de fiabilité,
contrdle optimal stochastique
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Introduction

This thesis is devoted to developing, analyzing and verifying novel stochastic computational strategies
and algorithms based on model order reduction techniques, in particular a reduced basis method, for
the solution of several specific uncertainty quantification problems. We start by illustrating uncertainty
quantification problems; then we provide a short survey of the state of the art in stochastic computa-
tional methods. We close this introduction by a presentation of the main contributions of this thesis
and its organization.

Uncertainty quantification problems — motivations and scopes

Thanks to the fast development of computing hardware and numerical algorithms, the last few decades
have witnessed tremendous growth of mathematical modelling and computational simulation, which
nowadays become a routine as the third pillar in many scientific research and practical engineering ap-
plications besides theoretical investigation and experimental exploration. For example, the modelling
and simulation of blood flow in human cardiovascular system have undergone large advancement
because of better understanding of the morphology and functionality of the system, the availability of
abundant clinical data as well as fast growing of computational resources and algorithms [75]. Specifi-
cally, various mathematical models targeted for part of cardiovascular system such as a portion of artery
where diseases locate, or the entire arterial tree that delivers oxygen and nutrients to the whole body;,
have been established by fluid conservation laws and structural deformation theories. In particular,
fluid (e.g., Navier-Stokes) equations and elastic (or viscoelastic) equations are coupled together to
characterize the fluid structure interaction property of blood flow; geometrical multiscale models
are established for large and small arteries; models for tissue perfusion, mass transfer, bypass design,
to name just a few, have also been developed with specific objectives. Meanwhile, the development
of associated computational techniques have greatly improved the applicability of cardiovascular
modelling and simulation to conduct physiology and pathology investigations and perform clinical
and/or surgical optimizations.

However, for all these mathematical models with different objectives, the corresponding simulation
results may differ from reality or observations due to various uncertainties that are inevitably en-
countered in the modelling and simulation processes. First of all, uncertainties may arise from the
model inputs [46, 135], including physical parameters representing material properties such as Young
modulus of the blood vessel, initial or boundary conditions prescribed as blood flow rates or stresses,
external loadings such as surrounding tissue pressure and working effort, computational geometries
that are extracted and reconstructed from patients by MRI or some other techniques. These input
uncertainties can be hardly determined as deterministic quantities, either because they may possess in-
trinsic randomness or because the measurements are not sufficient to produce precise inputs. Another
source of discrepancy between the simulation results and reality comes from approximation errors,
e.g., discretization errors in numerical approximation of the fluid structure interaction equations,
and/or potential flaws during the computational implementation of the numerical algorithms. A more
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fundamental source of uncertainties may be the inappropriate construction or oversimplification of
the models themselves, e.g., models neglecting viscoelastic effect or more complex local fluid field,
because of limited understanding of the complexity, diversity and variability of the underlying physical
processes of the blood flow in multiple time and space scales. In order to incorporate these different
and influential uncertainties and conduct more realistic and robust modelling and simulation tasks,
three interrelated research branches in computational science and engineering have been developed in
recent years [57]: (i) uncertainty quantification, which deals with propagation of various uncertainties
from inputs to outputs of given physical systems that are described by mathematical models, and
inversion of available data, experimental measurements or objectives for the outputs with the aim
of reducing the uncertainties in the inputs; (ii) verification, that aims at verifying the accuracy of the
approximation of the original mathematical models; (iii) validation, that studies how to validate the
efficacy of the mathematical models against the underlying physical processes.

This thesis focuses on the first branch of solving uncertainty quantification problems in both forward and
inverse settings, as illustrated in Figure 1, where the few topics of this thesis are highlighted with bold font.
In short, the object under study can be assembled in the following three components. At the core, the
underlying physical processes are described by some appropriate mathematical models, for instance
elliptic or parabolic equations for heat or mass transfer, elastic or viscoelastic equations for structure
deformation, Stokes or Navier-Stokes equations for fluid flow. In order to set up a mathematical model,
we need to provide the necessary model inputs, such as physical parameters, boundary or initial
conditions, computational geometries. However, due to lack of knowledge or intrinsic randomness,
as mentioned before, the inputs may not be prescribed with deterministic values due to various
uncertainties. Therefore, the model outputs, e.g., the stochastic solution itself, functional of the
solution or multiple quantities of interest related to the solution, may only be evaluated or measured
statistically. According to the available data and the objectives of the study, two different kinds of
problems can be faced: one kind is known as forward problems, i.e., given random inputs of the model,
we are interested in evaluating some statistical outputs; the other kind is known as inverse problems,
i.e., provided observed or measured outputs, we aim at reducing the uncertainties of inputs or updating
the state variables.

representation forward proble numerlcal methods
e.g.
probability theory statlstlcal moments (quasi) Monte Carlo
fuzzy set theory reliability analysis projection/collocation
extreme value theo sensitivity analysis model reductlon
input uncertainties mathematical models tatlstlcal outputs
e.d. e.d.
physical parameters elliptic eq. for diffusion stochastlc solutlon
boundary/initial cond. lastic eq. for deformatio functional of solution
omputational geomet tokes eq. for fluid flow, multiple quantltles

A

solving strategies

inverse problems data/measurements

e.g. €.g. e.g.
variational approach control/optimization [< objective functions
Bayesian inference parameter estimation priori information

Kalman filter data assimilation state observations

Figure 1: Schematic representation of solving forward and inverse uncertainty quantification problems

To solve a forward uncertainty quantification problem, the first step is to identify and represent the
input uncertainties in a concrete mathematical structure, e.g., in the framework of probability, fuzzy set
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or extreme value theories. Secondly, before solving the mathematical models with random inputs, the
objectives (quantities of interest) should be clearly defined, which may involve computing statistical
moments, e.g., expectation or variance, performing risk or reliability analysis via evaluation of failure
probability, conducting sensitivity analysis to seek the most influential uncertainties. Based on different
objectives of the forward problems, suitable numerical methods need to be used to solve the models.

On the other hand, in solving a inverse uncertainty quantification problem, we are provided with some
data or measurements on the statistical outputs, such as desirable objective functions of the outputs,
some a priori information on the quantities of interest or observations of the state variables. With these
data at hand, our aims could be assimilating them in the model to update the state variables, controlling,
optimizing or estimating certain input variables, e.g., force, geometry or physical parameters, in order
to drive the outputs as close as possible to the objective functions or observations. Depending on
different aims, the inverse problems can be classified as optimal control, optimization, parameter
estimation, data assimilation, etc., which are generally ill-posed from the mathematical viewpoint. To
facilitate the solution of these ill-posed problems, different computational strategies can be adopted
accordingly, for example, penalized variational approach based on Lagrange multipliers, regularized
Bayesian inference by Markov chain Monte Carlo methods or optimal maps, Kalman filters, etc.

Various mathematical and computational challenges are encountered in solving the forward and
inverse uncertainty quantification problems. The first challenge is how to effectively identify and repre-
sent the input uncertainties or statistical observations of different types, especially how to compress
high-dimensional uncertainties into a low dimensional space, while capturing the important properties
of the uncertainties. Many advanced statistical methods come into play, including linear or nonlinear
regression, principle component analysis (Karhunen-Loéve expansion), maximum entropy, etc.. Pro-
vided that the uncertainties are well represented with appropriate mathematical structure, a further
challenge is to study whether the models with random inputs, most often formulated as stochastic
partial differential equations, are well-posed or not in terms of existence, uniqueness and regularity
of the stochastic solution. This challenge is more involving in stochastic and functional analyses, for
which the theories are far from mature to deal with nonlinear, multiscale and multiphysics models.
Nowadays, a more significant and relevant challenge for computational science and engineering is how
the models, even if their well-posedness is not fully understood, can be solved efficiently and accurately
by a computer. In particular, this challenge is naturally confronted when one has to efficiently solve
the stochastic models with arbitrary probability measures when the uncertainties are represented in
the probability framework, to practically harness the total computational burden when the underlying
model at one stochastic realization becomes very expensive to solve, to accurately approximate the
solution in a high-dimensional stochastic space facing the common difficulty well-known as the “curse
of dimensionality". This thesis is mainly devoted to developing, analyzing and verifying stochastic
computational strategies and algorithms specific to several different uncertainty quantification problems
with the aim of reducing their computational complexity.

Stochastic computational methods - state of the art

In order to solve both the forward and the inverse uncertainty quantification (hereafter abbreviated
as UQ) problems in an efficient and reliable way, the essential task is to design and analyze efficient
and accurate stochastic computational methods, which has been the main topic of the UQ research
community in recent years. As a matter of fact, various stochastic computational methods have been
developed and analyzed depending on the structures and properties of the UQ problems, including —(far
from being extensive and complete)- perturbation method, Neumann expansion methods, Monte Carlo
methods, stochastic Galerkin methods, stochastic collocation methods, and more recently methods
based on model order reduction techniques [72, 80, 190, 208, 10, 207, 8, 137, 136, 16, 151, 89, 31, 24, 194,
18].
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The perturbation method [109] based on Taylor expansion of random functions was developed for
random functions featuring only small fluctuation around a deterministic expectation, while Neumann
expansion method [210] uses Neumann expansion of the inverse of stochastic operator around a
deterministic operator. Both methods are applicable only to deal with small uncertainties, thus suffer
from inevitable errors and extremely involved for high order expansions. The most commonly used
“brute-force" Monte Carlo method [72] basically samples points in probability space and simplifies a
stochastic system to a deterministic one at the sampling points, so that only a deterministic system
needs to be solved and statistical information can be easily obtained by taking moments. However, it
converges very slowly with a convergence rate of 1/v/N for N samples and becomes prohibitive for
achieving accurate results, especially for those stochastic systems that are already quite computationally
intensive in their deterministic settings. In order to accelerate the convergence, several improvements
have been proposed such as quasi Monte Carlo [147, 62], Latin hypercube sampling [125, 103], multi-
level Monte Carlo [95, 81]. Sampling the most representative points in order to accelerate Monte Carlo
methods become critical in practical applications.

The stochastic Galerkin method has recently received increasing attention in plenty of applications [193,
205, 83]. It relies on spectral expansion of the random functions on some polynomial chaos, for instance
Hermite polynomials of independent random variables, and the Galerkin approach to approximate
the expansion in deterministic space [80, 7]. By adopting the techniques of the deterministic Galerkin
approximation, both a priori and a posteriori error estimations can be derived [10]. Moreover, it enjoys
fast convergence if the solution is sufficiently regular [55, 54]. The stochastic Galerkin method has
also been extensively used for practical applications using generalized polynomial chaos [208] for
uncertainties with more general distributions inspired by the structural coherence of different types
of orthogonal polynomials and stochastic processes [186]. However, a very large algebraic system is
typically associated to the stochastic Galerkin approach, which requires the availability of efficient
solvers [67], such as Krylov iterative solvers with appropriate preconditioners.

The stochastic collocation method was developed from the non-intrusive deterministic collocation
method [164] and sparse grid techniques [33]. It finds its application in a variety of fields, for instance
chemical and environmental engineering [139] in the early years. Nevertheless, its numerical proper-
ties such as error convergence analysis, computational cost, as well as various extensions has been
discovered and developed only in the recent years [207, 8]. In principle, the stochastic collocation
method employs multivariate polynomial interpolations for the integral in the variational formulation
of the stochastic system with respect to probability space rather than the Galerkin approximation in the
spectral polynomial space. Due to the heavy computation of a deterministic system at each collocation
point in high-dimensional space, isotropic or anisotropic sparse grids with suitable cubature rules
[148, 149, 9] were successfully applied and analyzed for the stochastic collocation method to reduce
the computation. Moreover, hierarchical construction of a generalized sparse grid [79, 110] have also
been developed for the application of the stochastic collocation method. This method is preferred for
more practical applications because it entails the advantages of both direct computation as Monte
Carlo method and fast convergence as stochastic Galerkin method [12].

Despite the great development of the sparse techniques for stochastic Galerkin and collocation meth-
ods, there are still several common and major challenges to face, for instance low regularity of the
solution in stochastic space and the already mentioned curse of dimensionality, which require a large
number of stochastic realizations of the input uncertainties for accurately capturing the random out-
puts, resulting in prohibitive computations by directly using these stochastic computational methods.
In addition to selecting the appropriate spectral basis for the expansion of different probability dis-
tributions of random inputs, two other approaches to capture local behaviour of the solution and to
alleviate high-dimensional computational cost have been developed: the first one is to generalize
the polynomials from globally smooth functions to piecewise polynomial basis [190], wavelet basis
[119] and multi element polynomial chaos [203]; the second one is to efficiently reduce the compu-
tational cost by adaptivity - adaptive choice of polynomial basis [198], adaptive element selection in
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multielement polynomial chaos [74], adaptive spectral decomposition [151], as well as adaptive sparse
grid collocation [127]. More efforts are still in large demand for considerable reduction of stochastic
computation loads in UQ problems featuring low regularity and high dimensionality.

Rather different from the methods and approaches presented above, especially the stochastic Galerkin
and collocation methods based on dictionary bases, another type of stochastic computational method
based on model order reduction techniques can also be applied and characterized by a large potential to
be able to accelerate the solution of UQ problems, which include methods based on proper orthogonal
decomposition [16, 204] or generalized spectral decomposition [151, 154], balanced truncation method
[141, 89], Krylov-based method [70, 181], reduced basis method [178, 20]. The basic idea behind
these model order reduction techniques is to project the associated large algebraic system, by using a
combination of techniques such as singular value decomposition and/or in combination of greedy
algorithms, to a small system that can effectively capture almost all the information carried by the
original model. Among all of these reduction techniques, one of the most appealing in solving UQ
problems is the reduced basis method. Briefly speaking, it seeks to parametrize the random inputs
and select the most representative points in the parameter space by means of a greedy algorithm
endowed with an a posteriori error estimate [178, 158, 24]. The essential idea for harnessing heavy
computational burden is to separate the whole computational procedure into an offline stage and an
online stage. During the former, the most computationally demanding elements (sampling parameters,
assembling matrices and vectors, solving and collecting snapshots of solutions, etc.) are computed
and stored once and for all. While during the online stage, only the parameter related elements are left
to be computed and a small and very inexpensive Galerkin approximation problem to be solved. The
reduced basis method was initially introduced for structure analysis [150] and recently has undergone
vast development in theory [131, 178, 158, 87, 86, 49] and applied to many engineering problems
[162, 51, 163, 117, 175, 41, 45]. This method is similar to the stochastic collocation method in terms
of sampling and differs from the latter method because it uses a posteriori error estimate, and thus
providing a great potential in the reduction effort for the total number of full solves of the original large-
scale model; consequently, it helps in breaking the curse of dimensionality of solving high dimensional
UQ problems whenever the stochastic solution manifold lies in a low dimensional probability space.

In solving inverse UQ problems, in particular the stochastic optimal control problems considered
in this thesis, a very large, naturally coupled and ill-conditioned system is obtained from variational
approach with Lagrange multiplier [200], which involves the forward model, an adjoint model and an
additional system-closing model (e.g., the equation representing an optimality condition). Besides
the difficulties in suitable application of the aforementioned stochastic computational methods, an
additional computational challenges comes from the necessity of solving many times the forward and
the adjoint stochastic model by iterative methods, e.g., steepest gradient method [161, 200], or solving
once the coupled optimality system by “one-shot" method [185, 169]. To alleviate the computational
effort by iterative method, sequential quadratic programming [197] and trust-region algorithm [112]
have been applied and proved to be efficient, while to reduce the computational cost in solving the
ill-conditioned system by one-shot method, efficient preconditioning techniques have been developed
[185, 169]. However, when solving the underlying stochastic model becomes too expensive, it is
only affordable for tens or hundreds of full solve in practice, making the methods introduced above
impossible to be directly applied since the number of samples needed easily goes beyond the amount
could be handled, especially for high-dimensional problems. Since quantities of interest usually
reside in low dimensional manifold, model order reduction techniques may be applied using proper
orthogonal decomposition or reduced basis approximation for parametrized optimal control problems
(113, 132, 107]. As recently found in [57], an important area of future work is the use of model reduction
for optimization under uncertainty.
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Thesis contributions — methodologies, algorithms and theories

Methodological contributions

We carry out a detailed comparison between the reduced basis method and the most advanced sparse
grid stochastic collocation method in solving a benchmark uncertainty quantification problem [50].
Conclusions are drawn from the comparison that model order reduction techniques, specifically the
reduced basis method, are both more efficient and accurate in solving large-scale and high-dimensional
uncertainty quantification problems.

Moreover, we develop a verified adaptive and reduced computational framework in solving high-
dimensional UQ problems by taking advantage of the computational opportunities of sparsity in
stochastic dimension and reducibility in the model order [42]. This framework can not only facilitate
automatic detection of the sparsity — distinct importance and interaction of different stochastic di-
mensions but also extract and reconstruct the feature of stochasticity of the quantities of interest with
affordable computational effort.

Furthermore, we tailor and apply this computational framework in solving stochastic optimal control
problems constrained by partial different equations, which feature typical difficulties of solving inverse
uncertainty quantification problems, and demonstrate that this framework can dramatically reduce
the total computational cost without sacrificing numerical accuracy [47, 43, 45].

Algorithmic contributions

While the development of the generalized polynomial chaos [208] has brought remarkable progress and
influences in solving uncertainty quantification problems that feature arbitrary probability measures,
less attention has been paid in the model order reduction community in order to treat arbitrary
probability measures. In this thesis, a weighted algorithm associated with the probability distribution
of the input uncertainties for both the reduced basis method [49] and the empirical interpolation
method [48] is proposed and demonstrated to be very efficient in handling random variables with
arbitrary probability distribution. The algorithm is rather simple yet it can effectively capture the most
representative feature of stochastic solution with less modes, and can compete with the most accurate
Gauss quadrature formula for integration in terms of accuracy and nodes, even in a single dimension.

For several types of uncertainty quantification problems, in particular for risk analysis, surrogate or
reduced model techniques have been criticized due to the flaw of accuracy [121], i.e., producing an
inaccurate or even an erroneous quantity of interest. In this thesis, we develop a hybrid algorithm based
on the reduced basis method, which not only eliminates the flaw of accuracy but also tremendously
reduces the computational cost in Monte Carlo sampling [41]. In order to further reduce the number of
reduced bases that require full solves of the underlying model, a goal-oriented adaptive algorithm is
proposed and proved to achieve the same accuracy as the hybrid algorithm and needs much less full
solves. The hybrid and goal-oriented adaptive algorithms are successfully extended to compute failure
probability for a series of models based on different types of partial differential equations [41].

In solving stochastic optimal control problems constrained by partial differential equations, it is a
common practice to resolve the corresponding stochastic optimality system coupling a state equation,
an adjoint equation and an optimality condition. This requires not only the deterministic approxima-
tion of the optimal solution in the physical space by either iterative approach or one-shot approach,
resulting in heavy computational effort in the first stage, but also the stochastic approximation in the
probability space that leads to much heavier computational demand in a further stage. In this thesis,
we take advantage of the fact that the stochastic optimal solution resides in a low-dimensional manifold
to tailor an adaptive and multilevel algorithm based on the reduced basis method and the sparse grid
stochastic collocation method [47, 43, 45]. This algorithm is proved to be able to considerably alleviate
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the total computational effort for the global approximation, and thus it is suitable for more general
large-scale stochastic and robust optimization problems.

Theoretical contributions

Since the beginning of the development of the reduced basis method, the main research efforts in
the literature have been focused on deriving a posteriori error estimate for various models. A priori
error estimate was only obtained in [131] for a particular elliptic equation in a single parametric
dimension, and in [30, 20] in an indirect way by comparison to Kolmogorov N-width. In this thesis,
we derive a priori convergence analysis for the reduced basis method, in particular with the weighted
algorithm, in both a single parametric dimension and multiple dimensions based on Fourier analysis
and the stochastic regularity of the model solution with respect to the input random variables [49].
The derivation is carried out for elliptic equation but can be readily applied to more general models as
long as we can obtain the stochastic regularity of the solution, which depends on the regularity of the
input data, by the same procedure as in this thesis. Moreover, we prove that the reduced basis method
converges at least as fast as the stochastic collocation method [50].

The empirical interpolation method was originally proposed in [11] to decompose nonaffine fields for
the purpose of efficient application of reduced basis method, where a rather crude a priori convergence
result was obtained. Recently, the result was refined with comparison to Kolmogorov N-width in the
context of multipropose interpolation procedure under more general settings in [129]. In this thesis,
we succeed in improving the a priori convergence result obtained in [129] by a factor of 2% in the
development of the weighted empirical interpolation method [48]. For its proof, we have adopted the
ideas used in [20] for the prove of an indirect a priori error estimate of a weakly greedy algorithm. In
fact, the construction of an efficient empirical interpolation operator also employs a weakly greedy
algorithm.

The stochastic optimal control problems constrained by partial differential equations are ill-posed
problems, which pose typical difficulties for other inverse uncertainty quantification problems. Even
when appropriate regularization is applied, which guarantees the existence of the stochastic optimal
solution by Lions’ argument [123] as proved in [91], the uniqueness of the solution has not been
proved. In this thesis, we prove both existence and uniqueness of the stochastic optimal solution in
a tensor product stochastic Hilbert space for several different models, including the linear diffusion
[43], advection-diffusion [47] and Stokes equations [45], with both boundary and distributed control
functions. We also obtain the stochastic regularity of the stochastic optimal solution via a saddle point
formulation and using Brezzi’s theorem [27]. Moreover, a priori error analysis for the finite element
- stochastic collocation - reduced basis approximation of the optimal solution in both physical and
stochastic space is carried out in detail and verified by numerical experiments in different settings.

Limitations and potentials

The mathematical models we have considered are admissibly simple, such as those based on linear
elliptic equations, parabolic equations, and Stokes equations. Consequently, immediate applications
of the theories and algorithms are limited to these types of equations. Moreover, the scopes of the
uncertainty quantification problems we have studied are also limited to several typical requests,
e.g., evaluation of statistical moments, computational of failure probability for risk analysis, solving
stochastic optimal control problems with linear constraints. Particularly, more general inverse problems
such as nonlinear optimal control, parameter identification and data assimilation, which bear further
computational challenges, are not addressed in this thesis. More specific limitations will be provided at
the end of each chapter and in the conclusions of this thesis.

Fortunately, model order reduction techniques, in particular the reduced basis method, are not re-



Introduction

stricted to the models here addressed and have been applied to nonlinear elliptic equations [86],
Navier-Stokes equations [60], Maxwell equations [51], and even multiscale [1] and multiphysics [117]
models. Meanwhile, model reduction techniques have also been developed and applied to solve shape
optimization, parameter identification and data assimilation problems [133, 122, 37]. Therefore, we
hope that the concrete demonstration of the superior performance of the stochastic computational
strategies and algorithms in tackling several common computational challenges developed in this
thesis can be profitably applied in solving more practical and complex uncertainty quantification
problems.

Thesis organization

The thesis is presented through addressing a series of issues in developing model order reduction
techniques, in particular the reduced basis method, to solve uncertainty quantification problems.
We introduce the basic notations, function spaces, useful tools and common settings of uncertainty
quantification problems in the preliminary chapter. The first part of this thesis (chapter 1-5) is mainly
focused on forward problems and the second part (chapter 6-8) is specifically devoted to stochastic
optimal control problems. In the last chapter, we summarize some general conclusions and list a few
perspectives. More details of the main body of the thesis are provided as follows.

Chapter 1: Comparison of stochastic collocation and reduced basis methods

In this chapter, we compare the convergence property and the computational cost of the stochastic
collocation method and the reduced basis method in solving a simple benchmark UQ problem. The
convergence rates of the two methods are summarized and compared based on the results available
in the literature. Moreover, we prove that the reduced basis approximation error is bounded from
above by the stochastic collocation approximation error. The computational cost of the two methods is
compared for both offline construction and online evaluation. Furthermore, an efficient combination
of the reduced basis method and the stochastic collocation method is demonstrated to feature a
fast evaluation of statistical moments of the stochastic solution. Conclusions are drawn from the
comparison that the stochastic collocation method is preferred for small-scale and low-dimensional
problems, while the reduced basis method performs better for large-scale and high-dimensional
problems, as supported by our numerical experiments.

Chapter 2: A weighted reduced basis method for arbitrary probability measures

In this chapter, input uncertainties with arbitrary probability measures are first considered for more
efficient application of the reduced basis method, which is currently only used for stochastic problems
with uniformly distributed random inputs or parameter space with Lebesgue measure [24]. In order to
deal with more general stochastic problems with other distributed random inputs, we propose and
analyze a new version of the reduced basis method with a weighted a posteriori error bound and name
it as “weighted reduced basis method". The basic idea is to suitably assign a larger weight to samples
that are more important or have a higher probability to occur than the others according to either the
probability distribution function or some other available weight function depending on the specific
application at hand. The benefit is to lighten the reduced space construction using a smaller number of
bases without lowering the numerical accuracy. Moreover, we carry out a priori convergence analysis
of the proposed method based on the Fourier analysis for analytic functions.
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Chapter 3: Decomposition of nonaffine fields — weighted empirical interpolation

In this chapter, we treat one of the crucial ingredients for achieving the main advantage of the reduced
basis method - offline-online computational stages separation that critically relies on decomposition
of nonaffine random fields. In the context of arbitrary probability measures, we propose a weighted
empirical interpolation method by considering a weighted optimization problem. Moreover, a priori
error estimates for the convergence property of the proposed method is obtained, which improves
the result in [129]. To demonstrate numerically its effectiveness and efficiency, we apply the weighted
empirical interpolation method in approximating nonlinear parametric functions, geometric Brownian
motion in one dimension, exponential Karhunen-Loéve expansion in multiple dimensions, as well
as reduced basis approximation to nonaffine stochastic elliptic problems, and compare it with the
conventional empirical interpolation method and the sparse grid stochastic collocation method.

Chapter 4: A hybrid and goal-oriented adaptive strategy for risk analysis

In this chapter, we address the question of how to accurately and efficiently apply the reduced basis
method in the context of risk analysis, which is one important type of uncertainty quantification
problems. We develop a hybrid and goal-oriented adaptive computational strategy based on the
reduced basis method with accuracy certification. In dealing with high-dimensional random input
problems, we propose and demonstrate that the reduced basis approximation space constructed by a
goal-oriented greedy algorithm governed by an accurate and sharp a posteriori error bound for the
output approximation error is quasi-optimal, resulting in low-dimensional approximation space when
the stochastic solution and output live in a low-dimensional manifold. For an accurate evaluation of
the failure probability when the limit state surface is not smooth, we design a hybrid computational
approach with goal-oriented adaptation, which is proved to result in the same failure probability as
Monte Carlo sampling for several models based on different types of partial differential equations.

Chapter 5: Breaking the curse of dimensionality — sparsity and reducibility

This chapter is devoted to the presentation of an adaptive and reduced computational framework in
addressing the common computational challenge of curse of dimensionality faced in many uncertainty
quantification problems. We take advantage of the sparsity, weak interaction and distinct importance
of different dimensions, and develop a verified dimension adaptive algorithm based on hierarchical
surpluses and generalized sparse grid construction. This algorithm can effectively detect the sparsity
of the solution in stochastic space and successfully avoid the stagnation phenomenon that could be
encountered in the adaptive approximation. In order to alleviate the heavy computational burden
at many sampling points in high dimensions, we turn to the reducibility of the full system and use
areduced basis approximation according to the quantities of interest whenever new grid points are
included in the hierarchical construction of the generalized sparse grid. This adaptive and reduced
computational framework is then compared with other techniques, such as analysis of variance and
anisotropic sparse grid, for a wide range of high-dimensional stochastic problems.

Chapter 6-8: Analyses and fast solvers for stochastic optimal control problems

The last three chapters are devoted to the analyses and the development of fast solvers for stochastic
optimal control problems constrained by partial differential equations of different types. In the analysis
of the well-posedness of the problems, including existence and uniqueness of the stochastic optimal
solution, saddle point formulations are established and proved to be equivalent to the stochastic opti-
mal control problems, as well as the Karush-Kuhn-Tucker optimality systems obtained by variational
approach via Lagrange multipliers. The finite element method with quasi-optimal preconditioner
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and the stochastic collocation method are commonly applied for the approximation of the solution in
physical and stochastic spaces, respectively. In order to achieve fast solve of the stochastic optimality
system, the weighted reduced basis method is employed by tailoring the saddle point problem as a
weakly coercive elliptic problem. Stochastic regularity of the solution with respect to different random
variables are studied in detail. Provided certain regularity on the input random data, analytical exten-
sion of the stochastic solution in a complex region is obtained for all the considered problems, which
lead to explicit analysis of the global error analysis with contribution from finite element approximation
error, stochastic collocation approximation error and reduced basis approximation error.

Chapter 6 deals with a stochastic optimal Robin boundary control problem constrained by an advection-
dominated elliptic problem, where the advection field is prescribed as a random field under the
assumption of finite dimensional noise assumption. Finite element approximation is adopted with
SUPG (Streamline Upwind/Petrov-Galerkin) stabilization. In this chapter, we derive and demonstrate
the error estimates for both physical and stochastic approximations.

Chapter 7 presents the results about a weighted reduced basis method for a stochastic optimal control
problem with distributed control function constrained by an elliptic equation, where uncertainties are
provided in the diffusion coefficient that may represent heat conductivity of heterogeneous material or
permeability of porous media of groundwater flow. In particular, experiments are designed to test the
efficiency and accuracy of the weighted reduced basis approximation.

Chapter 8 extends the methods developed in Chapter 7 to solve a stochastic optimal control problem
constrained by Stokes equations, where we consider a distributed control function and that uncer-
tainties are present in the viscosity field and the Neumann boundary conditions. Particular attention
is paid to the construction of the reduced basis space due to the outer saddle point structure of the
stochastic optimality system with an inner saddle point structure of the Stokes equations. A multilevel
greedy algorithm associated with the construction of isotropic or anisotropic sparse grid is proposed,
whose computational efficiency is illustrated by several numerical experiments.

10
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The following two figures illustrate the organization of the thesis in two tracks.
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Preliminary

In this chapter we introduce some basic notations, function spaces, useful tools and the basic settings
of uncertainty quantification problems which will be employed all along the rest of the thesis.

Basic notations and function spaces
Let D be an open and bounded physical domain in R (d = 1,2,3) with Lipschitz continuous boundary
0D [165, 161]. Let D = DudD be the closure of D; x = (x3,..., x;) € D stands for the spatial coordinate.

For 1 < p < oo, we consider the family of Banach spaces L” (D) which consist of the set of measurable
functions (according to the Lebesgue measure) v defined in D, such that

fDlv(x)l”dx<oo, 1<p<oo, (1)
or, when p = oo,
ess sup,¢plv(x)| ={C = 0]|v(x)| < C almost everywhere in D} < co. 2)
The associated norms of these spaces are given by
1/p
vllzr oy == (fDIU(x)I’”dx) , 1<p<oo, 3)

or, when p = oo,
[|v]l ooy = €8S sup e plv(X)]. 4)

When endowed with the scalar product
(w, V)12(p) ::f wx)vx)dx Yw,ve LZ(D), (5)
D

the Banach space [2(D) becomes a Hilbert space. Indeed, it is a special case (when s = 0) of the Hilbert
spaces in more general setting H*(D), s =0,

H(D):= {v : D — R| v is measurable and Dbve LZ(D), Bl < s}, (6)

where the partial derivative is defined as DA v := /Pl v/ Oxf .. ~x5d for every nonnegative multi-index
p=(B1,...,64) and |B| = B +---+ B4. The associated norms and seminorms are given by

1/s 1/s
Nvllgsp) = ( > ||DﬁU|IiS(D)) and |v|gsp) := ( > ||DﬁV||is(D)) , )
IBl=s |Bl=s
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respectively. The endowed scalar product in H*(D) reads

(w, sy = Y (Dﬁw,Dﬁv)Lz(D) Vw,ve H(D). @)
|Bl<s

Finally, we define the Hilbert space H(} (D):={ve H(D):v=00ndD}.

Let (Q,%, P) denote a complete probability space, where Q is a set of outcomes w € Q, & is a o-
algebra of events and P : & — [0, 1] with P(Q) = 1 is a probability measure [64]. A real-valued random
variable is defined as a measurable function Y : (Q, %) — (R, 98), being 28 the Borel o-algebra on R.
The distribution function of a random variable Y : Q — I' € R, being I' the image of Y, is defined
as Fy :I' = [0,1] such that Vy eI, Fy(y) = P(w € Q: Y(w) < y). Let dFy(y) denote the distribution
measure. Provided that dFy (y) is absolutely continuous with respect to the Lebesgue measure dy,
which we assume hereafter to be the case, there exists a probability density function p : I' — R such
that p(y)dy = dFy (y). For any positive integer K € N, we can define the real-valued K-dimensional
random vector Y = (Y3,..., Yx) : (Q,F) — (RK, 8X), where each of its element Yi,1< k<K, isarandom
variable. The image of the random vector Y is denoted as T =T'; ®---® 'y c RK, with y = (y1,..., yx) €T
representing its element. By the definition of the K-dimensional probability density function p: ' — R,
the probability measure is written as p(y)dy = p(y1,...,¥x)dy1 ---dyx. Note that the new measure
space (I', B(I), p(y)dy) is isometric to (Q, %, P) under the random variable/vector Y.

For any 1 < p < oo and any random variable v defined in the probability space (Q2, %, P), we define the
statistical p-th moment of v as

E[vP] ::f vP(w)dP(w), 9)
Q
and the associated stochastic Banach space as
Lf,(Q) :={v:Q— R|vis arandom variable in (Q, %, P) such that E[|v|”] < oo}, (10)

whose norm is equipped as y
IIUIIL;;(Q)=(le(w)|”dP(w)) p‘ (11
When p =2, Li) (Q) is a stochastic Hilbert space with the scalar product defined as
(W, )2 0 =wi(w)u(w)dP(w) Yw,veL5(Q). (12)
Suppose the random variable v is a function of the random variable/vector Y, then we have
E[vP] = fQ vP (Y (w))dP(w) = fr vP(y)dFy(y) = fr vP(yp(ydy, (13)
sothatve Lf,’(l") and ||V||L§(Q) = ”V”Lﬁ(r)’ where

ij(l“) = {w :I — R| w is a measurable function in (I', B(I), p(y)dy) such that E[|w|"] < oo}, (14)

and its norm is given by
1/p
1ollyp 0y = ( | IV(y)I’”p(y)dy) . 15)

Correspondingly, when p =2, L’Z3 (I') is a Hilbert space endowed with the scalar product

(w, V)Lg(rﬁfrw(y)v(y)p(y)dy Vw,veLf)(F). (16)
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For p = 0o, we define L*°(I') similar to L>°(D) with norm [|v||zeor) = ess supyerl v(y)l.

Let v: D x Q — Rrepresent a real-valued random field, i.e., real-valued random variable defined in Q
for almost every x € D, for which we define the following tensor-product Hilbert spaces:

L@ ® H*(D) :={v: D x Q — R| for almost surely w € Q, v(-,w) € H*(D) and |[v|| gs(p) € L ()}
17)
We denote A#°(D) = L%,(Q) ® H*(D) for short and equip them with the following norms:

1/2
IvllzesD) := (fﬂllv(',w)llés(mdP(w)) . (18)

When s = 0, we employ the abbreviated notation %2(D) alternative to #° (D) by convention. Moreover,
the scalar product in the tensor-product Hilbert spaces is defined as

(w, u)JfS(D)zfQﬁZ (Dﬁw,Dﬁv)Lz(D)dP(w) Vw,ve .75 D). (19)
IBl=s

When the random field v is a function of some random variable/vector Y at almost every x € D, we may
define the spaces Lg (I) ® H%(D) (which is isomorphic to the spaces Lf,’ (T; H5(D))), similar to Lf, Qe
H3(D) and use the same shorthand notation /45 (D) = L% (I ® HS(D) and ¥2(D) = L% () ® L2(D).

The definitions can be generalized for a vector-valued random field v = (v1,...,v4) : D x Q — RY. We
denote the Hilbert space #%% (D) = (L3 @ e H (D))d (or £%4(D) for s = 0), which is associated with
the norm IIUIIJLaS,d(D) = Z;.izl [lv;]| 7sp) and the scalar product (v, W) psd(py = Z;’l:l (vi, W) 765 (D).

When considering a spacial-temporal random field, or a stochastic process, v: (0, T) x D x Q — R, we
may adopt the conventional manner [165, 161] for the definition of the space

T
L0, T;JfS(D)):z{v:(O, T) — #°(D)| v is measurable andf ||v(t)||;€S(D)dt<oo}, (20)
0
1 < g < 0o, endowed with the norm
T lq
Wvllzaco, 7,705 (D)) = (fo ||v(t)|IZfS(D)dt<00) . (21)

Another most often used space for spatial-temporal random field, C°0, T; #25(D)), consists of 2% (D)-
valued continuous functions in (0, T), endowed with the norm

||V||C0(0,T;Jf8(1))): sup ||vllzes ). (22)
te(0,7)

Karhunen-Loéve expansion

Random input data or uncertainties of a given physical system can be mathematically formulated as
spatial, temporal or spatial-temporal random fields in general. Efficient and accurate representation
and approximation of the random fields play a critical role in facilitating the development of advanced
stochastic computational methods that feature faster convergence, higher accuracy and cheaper com-
putational cost than the Monte Carlo method. By Parseval’s identity formula in stochastic Hilbert space
[124], any square-integrable random field can be represented by a (possibly infinite) linear combina-
tions of orthogonal functions, in particular by any orthonormal basis of the stochastic Hilbert space
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where the random field is defined. One special orthonormal basis is known as Karhunen-Loéve (KL)
expansion [108, 124], and can also be found in different contexts as Proper Orthogonal Decomposition
(POD) or Principle Component Analysis (PCA). A general presentation of the KL expansion is provided
as follows.

Suppose v: D x Q — R s a square-integrable spatial random field, i.e. v € £2(D). Suppose also that the
random field v has a continuous and bounded covariance function defined as

Clvl(x, x") = El(v(x,) — E[v] () (v(x',) ~E[W](x))], Vx,x" €D, (23)

where the expectation function E[v] of the random field v is given by
[E[v](x):zfﬂv(x,a))dP(w), VxeD. (24)
Let us define an integral operator T, associated with the covariance function C as
Ty [w](x) := fD Clvl(x, xw(x)dx'. (25)

Then T, is compact, positive and self-adjoint [124]. By spectral theorem [170], we have that T, possesses
the eigenpairs (1, vk)?zl, ie.
Tylve] = Ak vk, (26)

where the eigenfunctions v, k = 1,2, ..., form an orthonormal basis of L?(D), and the eigenvalues
satisfy Ay = 1, = --- > 0. Provided that the covariance function C is smooth, the eigenvalues decay
exponentially fast to zero [189]. Moreover, by Mercer’s theorem [170], for almost every (a.e.) w € Q, the
following Karhunen-Loéve expansion holds

()
v(x,0) =E[](x)+ ) VAvp(0)Yi(w), VxeD, 27
k=1
where Yy, k=1,2,..., are uncorrelated random variables with zero mean and unit variance, defined by
1
Vi (w) = —f (v(x, w) - E[v](x)) vk (x)d x. (28)
vV /lk D
We truncate the Karhunen-Loéve expansion of the random field v with K terms as

K
vk (X, w) :=E[v](x) + ) VArvp () Yi(), VYxeD, (29)
k=1

then vg represents the best K-term approximation of the random field v in %2 (D) and the associated
approximation/truncation error reads

1/2

(o @)

||v—vK||$z(D):( > Ak) : (30)
k=K+1

The superiority of the KL expansion compared to other spectral expansion is that it provides the optimal
orthonormal basis in the sense that the best K-term approximation is achieved when considering the
total mean squared error (30).

Throughout the thesis, we make the following basic assumption for a random field of interest.

Assumption 0.1 The random field v: D x Q — R depends on K -dimensional (K = 1,2,...,) independent
random variables Y := (Y3,..., Yx) : Q — RX with the imageTl := ]'[Ik(=1 Ty RX and the joint probability
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density function p := Hl,le ok : T — R. Moreover, for the sake of simplicity, we assume
K K
v(x, Y () = vp(x) + Y, vp(0) Yi(w) = v(x,y) = vo(x) + ), v(X)yk, (31)
k=1 k=1

where we can identify vy = E[v] and v = \/ AV oF yx = V Ak Y, k=1,...,K for a random field with the
truncated Karhunen-Loeve expansion (29).

This assumption is not necessarily satisfied in many practical applications. For instance, a slightly
more general representation of the random field is given by the affine expansion
K K
v(x, Y () = vp(x) + Y vk (0)Ok(Y (@) = v(x,) = vo(x) + Y_ vk(x)Ok(y), (32)
k=1 k=1

where Oy, 1 < k < K, are functions of the random vector Y. The affine expansion of the random field
is a crucial condition for efficient offline-online computational decomposition of the reduced basis
method. However, in more general situations, one may face nonlinear, nonaffine random field, such as
K K
v(x, Y (@) = vp(x) +exp| Y ve(x) Vi(w) | = v(x,y) = vo(x) +exp| Y. vk(X)yk |, (33)
k=1 k=1

which is widely used for approximating positive random field. In this circumstance, suitable affine
decomposition techniques may be employed in order to achieve the computational efficiency of the
reduced basis method, e.g. empirical interpolation method as introduced in chapter 3.

We remark that for a square-integrable vector-valued random field v = (vy,...,v4) : DxQ — [R{d, i.e.
v € #29(D), the Karhunen-Loeve expansion is defined similar to the scalar case as

v(x,w) =E@](x)+ ) VA () Vi), (34)
k=1

where the random variables Yy, k=1,2,..., are given by

d
Vi) =) D(vj(x,w) —Elv;l1(x)(vg) j(x)dx, (35)
j=1

and (Ag, v)77, are the eigenpairs of the integral operator T, which is defined as

d iy
(Tylw)(x)); = Zf CH vk, xwixdx', 1<i=<d. (36)
j=1"D

Here, the covariance matrix function C is given by
CH l(x, x) =El(v; (x,") - Elvi] () (vj(x',) —Elv;](x)N], 1<i,j<d. 37

Similar to Assumption 0.1, we also assume finite dimensional noise for a vector-valued random field.

Stochastic partial differential equations
The solution of uncertainty quantification problems depends on the underlying mathematical models,

which are usually formulated as partial differential equations with random inputs: these are known as
stochastic partial differential equations (PDEs). We remark that stochastic PDEs are conventionally
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referred to those PDEs with the random inputs given by Brownian motion or Wiener process [202]. In
this thesis, we adopt a broader meaning of stochastic PDEs and specifically deal with the PDEs with
random inputs under Assumption 0.1 of finite dimensional noise.

A general formulation of a stochastic PDE reads: find u: (0, T) x D x Q — R, such that

Lu(t,x,w)w) =f(tx,w) Y(xw)e©T)xDxQ,
Bult, x,w);w) =gt x,w) Y, x,w) e(0,T)x0DxQ, (38)
u0,x,w) =h(xw) VY(x,w)eDxQ,

where u is the stochastic solution; f, g, h are the random fields representing forcing term, boundary and
initial conditions, respectively; £ and ‘B are the stochastic differential operators defined in the entire
domain D and on the boundary 0D, respectively. A special case of a linear and coercive stochastic
elliptic PDE has been widely considered as the benchmark model for the development of stochastic
computational methods to solve more general stochastic problems formulated as PDEs with random
inputs [206, 80, 10, 138, 76, 207, 8, 151, 50, 49]. For demonstration and illustration of the efficiency and
the accuracy of novel stochastic methods and algorithms, we also employ this model throughout the
thesis besides considering more general problems as (38).

A linear stochastic elliptic problem is formulated as: find u : D x Q — R such that it holds almost surely

-V-(a(x,0)Vu(x,w)) = f(x,0) V(x,w)eDxQ,

(39)
ulx,w)=0 V(x,w)edDxQ,

where the divergence V- and the gradient V are taken with respect to x; the homogeneous Dirichlet
boundary condition is prescribed on the whole boundary 6D for simplicity. For the random forcing
term f and the coefficient field a, we consider the following assumptions.

Assumption 0.2 The random forcing term f is square integrable, i.e.

1/2
||f||$z(D)=( fg fD fowPdxdP@) <oo. (40)

The random coefficient a is assumed to be uniformly bounded from below and from above, i.e., there
exist two coOnstants pin and Amayx With 0 < Gymin < Qmax < 00 such that

PweQ: amin<alX,w) < amax VYxeD)=1. (41)

Assumption 0.3 Inherited from Assumption 0.1, f depends on finite dimensional noise, i.e.,

K K
frw) =fxYw)=folx)+ ) i)Y = fx,p)=fox)+ )Y filx)y 42)
k=1 k=1
where Y1,..., Y are independent random variables; fi. € I2(D),1<k<K. Similar finite dimensional

noise assumption is made for the random coefficient field a, i.e.,

K K
a(x,w) = a(x,Y () = ag(x) + ), ar(x)Vi(w) = a(x,y) = ag(x) + Y_ ar(X)yr, (43)
k=1 k=1

where the leading term is assumed to be dominating and uniformly bounded away from0, i.e.,

36 > 0, amin the same as in (41) s.t. ag(x) 26 Vx € D, and ||ak||[~p) < 2amin,1 < k< K. (44)
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Remark 0.0.1 When the random variables Y,',1 < k < K,, for a and Yf, 1<k <Ky, for [ are not the
same, we collect themasY = (Y%,..., YI?a, Ylf, . Ylff) and reorder them as (Y1,..., Yg) withK = Kq+ Ky.

Under the above assumptions, the stochastic elliptic problem is transformed to a parametric elliptic
problem, which reads: find u: D x I' — R such that the following equations hold:

=V-(alx,y)Vu(x,y) = f(x,y) Y(x,y)eDxT,

(45)
u(x,y)=0 VY(x,y)€dDxT.

For the solution of the elliptic problem (45), we provide two weak formulations facilitating different
stochastic computational methods. The first is called D-weak/I'-strong formulation, or semi-weak
formulation, which reads: Vy €T, find u(y) € H(} (D) such that

Alu,v;y)=F(v;y) VUEHé(D), (46)

where A(-,; y) and F(-; y) are parametrized bilinear and linear forms written as
K K
A, v;y) = Ao, )+ Y A, )y and  F(v;p) = (fo, )+ ) (f WYk (47)
k=1 k=1
with the deterministic bilinear forms Ag(u, v) given by Ag(u, v) := (axVu,Vv),k=0,1,...,K.

The D-weak/T-strong formulation (46) is suitable for nonintrusive methods, i.e. the methods that
can directly use the deterministic solver of the underlying PDE at any given sample y € T', such as the
stochastic collocation method. As for the application of the stochastic spectral Galerkin projection
method, where the solution is projected onto the basis in both physical space and stochastic space, we
use the D-weak/I'-weak formulation: find u € JBOI (D) such that

A (u,v)=F @) Yve s, (D), (48)

where the bilinear and linear forms are given by

K
d(u,v)sz ao(x)Vu-va(y)dxdy+foak(x)kau-va(y)dxdy, (49)
rJp =1JrJD
and P
9(1/):[[fo(x)vp(y)dxdy+2fffk(x)ykvp(y)dxdy. (50)
rJp =1JrJD

To study the well-posedness of the semi-weak solution of problem (46) and the weak solution of
problem (49), we need the following theorem [68].

Theorem 0.0.1 (Lax-Milgram Theorem). Assume that X is a real Hilbert space, with norm||-||x and
inner product (-,-). Let < -,- > denote the pairing of X with its dual space. Suppose the bilinear mapping
B: X x X — R satisfies the conditions

|B(u, )| < vyllullxllvllx VYu,vekX, (51)

and
allull}y <B(u,u) VueX, (52)

for some positive constants a,y. Suppose also that f : X — R is a bounded linear functional on X. Then
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there exists a unique element u € X such that
B(u,v)=<f,v> VveX. (53)
Because of Assumption 0.2, the bilinear and linear forms in (47) satisfy the conditions (51) and (52) in

H(} (D), and thus the existence of a unique parametric solution u(y) € H(} (D) Vy €T to problem (46) is
guaranteed by the Lax—Milgram theorem. Moreover, we have the a priori estimate for the solution

min

Cp
Hull s ———f WMl VyerT, (54)
Y El (D) Amin(y) Wy Yy
where apin(y) = mingep a(x, y) and Cp is the constant of the Poincaré inequality ||v|| 2 p) < CplIVVI|12(p),

Yve H(} (D). Existence and uniqueness of the solution of problem (49) is also guaranteed by this theo-
rem in the stochastic Hilbert space Jfol (D), and the following a priori estimate holds

P
1l gty < —2— 11l 2 (55)
0 Amin

where apip is defined in Assumption 0.1; Cp satisfies ||v|| p2(p) < CplIVV|| 2, YV € Jﬁol (D).

More often, we are not interested in the solution u itself but on a functional s(u; y) of the solution as
model output, e.g., the compliant outout s(u; y) = F(u; y), as well as its statistics, e.g., the expectation

Elsl = fr s(w; Y)p(ndy. (56)

This chapter provides a common background for the thesis. More general stochastic PDEs such as
parabolic equations, Stokes equations, and those involving noncompliant outputs, nonaffine random
inputs as well as specific assumptions, definitions and notations will be introduced when in need.
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1] Comparison of stochastic collocation
and reduced basis methods

Among many stochastic computational methods to solve uncertainty quantification problems, the
stochastic collocation (SC) method based on sparse grid techniques [33, 207, 8, 149] is one of the most
popular and widely used methods. It features fast convergence properties comparable to the stochastic
Galerkin method and simple implementation typical of the Monte Carlo method. However, this method
is computationally prohibitive for high-dimensional problems because of the heavy computational
cost involved by the solution of the underlying model at one random realization. This constraint has
prompted the development of various model order reduction techniques, in particular the reduced
basis (RB) method [130, 178, 158].

In this first chapter, our target is the comparison of the stochastic collocation method and the reduced
basis method focusing on a rather simple benchmark, a stochastic elliptic problem. Two important
comparison criteria are considered: 1), convergence results of the approximation error; 2), computa-
tional costs for both offline construction and online evaluation. Numerical experiments are performed
for test problems with stochastic dimensions (the number of independent random variables) from
low (in magnitude O(1)) to moderate (O(10)), and to high (O(100)). The main result stemming from
our comparison is that the reduced basis method converges better in theory and faster in practice
than the stochastic collocation method for smooth problems, and is more suitable for large scale and
high-dimensional stochastic problems when considering computational costs.

This chapter is organized as follows. In section 1.1, we set up the benchmark model and provide a
regularity result for the comparison of the two methods. The general formulation for the stochastic
collocation method and the reduced basis method are introduced in section 1.3 and 1.2, respectively.
A theoretical comparison of convergence results in both univariate case and multivariate case, and a
direct comparison of the approximation error are carried out in section 1.4. A detailed comparison
of the computational costs for the two methods is provided by evaluating the cost of each step of the
algorithms in section 1.5. In section 1.6, we perform a series of numerical experiments to assess the
convergence rates and computational costs of the two methods. Finally, remarks about the possible
limits of this comparison and some extensions to more general stochastic problems are given in the
last section 1.7.

Reference for this chapter:

P, Chen, A. Quarteroni, and G. Rozza. Comparison between reduced basis and stochastic collocation methods for elliptic problems.
Journal of Scientific Computing, 59:187-216, 2014.
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Chapter 1. Comparison of stochastic collocation and reduced basis methods

1.1 Benchmark model

The linear and coercive stochastic elliptic PDE introduced in the preliminary chapter is adopted as
our benchmark model. For simplicity, only the diffusion coefficient is considered as the source of
uncertainties. Since any approach for the approximation of the solution in the stochastic space depends
on the regularity of the solution with respect to the random vector y € I', we summarize briefly the
regularity results in Lemma 1.1.1 following [54] for infinite dimensional problems (K = c0).

Lemma 1.1.1 The following estimate for the solution of the problem (46) holds
||6}//u||L°°(1";X) < Bv|'b", (1.1)

wherev = (vy,...,v) ENK, [v| = vy + -+ vk, H} (D) € X € HY(D), B = ||ulloo(r;x), and

o K
by = laklloowy oy I 1.2)
k=1

Amin

Furthermore, Lemma 1.1.1 implies thanks to the Taylor expansion the following regularity result which
represents a generalization of the result in [13] from RX to CX.

Corollary 1.1.2 The solution u:T — X is analytic and can be analytically extended to the set

K
Z:{zeCK:lek—yklbk<1Vy€l“}. (1.3)
k=1

We may also write for 1y <1/(Kbg),1 < k=<K,

3, ={zeCX: dist(z;, T}) <14 V1< k<K}. (1.4)

Remark 1.1.1 The comparison of the two methods depends essentially on the following factors: the
regularity of the stochastic solution in the stochastic space, the dimension of the stochastic space, and
the complexity involved by the solution of a deterministic system at one stochastic realization. The
conclusions drawn from the comparison results for the linear elliptic problem at hand are supposed to
hold similarly for more general problems as long as the above factors are concerned.

1.2 Stochastic collocation method

Given any realization y € T', the stochastic collocation method [8] essentially adopts the Lagrange inter-
polation to approximate the solution u(y) based on a set of deterministic solutions at the collocation
points chosen according to the probability distribution function of the random variables. Therefore,
we have to solve one deterministic problem at each collocation point. In order to achieve accurate and
inexpensive collocation approximation of the stochastic solution as well as its statistics, it is important
to select efficient collocation points. Let us introduce the univariate stochastic collocation at first.
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1.2. Stochastic collocation method

1.2.1 Univariate interpolation

Given the collocation pointsinT, e.g., y° < y! < y? <--- < ¥V, as well as the corresponding solutions
u(y™),0 < n < N, we define the univariate N-th order Lagrange interpolation operator as
N
Unu(y) = Y, uy"I"y), (1.5)

n=0

where ["(y),0 < n < N, are the Lagrange characteristic polynomials of order N given in the form

= [[ 222 0=n=n (1.6)
y_m#nyn_ym’ - .

One evaluation of %y u(y) at a new realization y € I requires O(N?) operations by formula (1.5). In
order to obtain efficient and stable polynomial interpolation, we use barycentric formula [164] and
rewrite the characteristic polynomials as

noo 1 1 X m w"
! (y)_l‘[mﬂ(y"—ym)‘y—y" ”];Io(y—y )—l(y)y_yn, 0snsN, 1.7
—_— —_—
wh 1y

where w",0 < n < N, are barycentric weights, so that the interpolation operator (1.5) becomes

N w" N w" N wh
UNu(y) = u(y™ , where I(y) = _— (1.8)
NIy r;)y_yn Y /r;oy_yn Y n;oy_yn

which instead needs only O(N) operations for one evaluation provided that the barycentric weights are
precomputed and stored. The expectation of the solution can therefore be approximated by

1
r\y =0y - )"
where w",0 < n < N, are quadrature weights. In order to improve the accuracy of the numerical integral
in (1.9) and the numerical interpolation in (1.8), it is more suitable to select the collocation points as
the quadrature abscissas. Available quadrature rules include Clenshaw-Curtis quadrature, Gaussian
quadrature based on various orthogonal polynomials; see [164] for details.

N wh N w N
Elu] = E[%nul = ) (f ( yn/ 2 )p(y)dy) u(y™ =y wuy", (1.9
n=0 - n=0 n=0

1.2.2 Multivariate tensor product interpolation
Let us rewrite the univariate interpolation formula (1.5) with the index k for the k-th dimension as

Un u(yi) = Z u(yZ’“)lZ"(yk), where ®k={yZ"€Fk,nk=0,...,Nk} for some Ni. = 1; (1.10)
ng k
Vi €0

then the multivariate interpolation is given as the tensor product of the univariate interpolation

(Un, - @Un)uy)= Y, - Y ut Ly ) e e LN (yx). (1.11)

_}’fl €0l y;éK cOK
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The corresponding barycentric formula for the multivariate interpolation is given as

(un, ® U )uly)= ), b, 1) > b (yK) (y'“ ) (1.12)
N i N : T . . rerey ’ .
1 I3 i 691 Z by, (yl) VKoK Y by 1 K

leo! "K€®K

where h,’;k o) = L'U,’ik/(yk - yZ’“) with barycentric weights Lbﬁk, 1 < k < K, precomputed and stored.
The multivariate barycentric formula reduces the tensor product interpolation from O(Nl2 X oo X
N12<) operations by (1.10) to O(V; x --- x Nk) operations by (1.12). Corresponding to the univariate
interpolation, the expectation of the solution by the multivariate interpolation is given as

Elu] = E[(%n, ®- @ Un)ul= Y -+ Y uly e,y (wy x-- x wik), (1.13)
yleo! y;KEGK

where the quadrature weights wZ’“ ,1 <k =K, can be precomputed and stored by

ka :frk( (yk)/ Z b Jp(yk)dyk (1.14)

nk cOk

We remark that the number of the collocation points or quadrature abscissas grows exponentially fast as
(N7 +1) x---x (Ng +1), or (N + D)X if Nj =--- = Nk, which prohibits the application of the multivariate
tensor product interpolation for high-dimensional stochastic problems, i.e., when K becomes large.

1.2.3 Sparse grid interpolation

In order to alleviate the curse of dimensionality in the interpolation on the full tensor product grid,
various sparse grid techniques [33] have been developed, among which the Smolyak type [149] is
one of the most popular constructions. For isotropic interpolation with the same degree g = K for
one-dimensional polynomial space in each direction, we have the Smolyak interpolation operator

Fquy)= Y (—l)q_""( k-1 )(%“@-‘@%"K) u(y), (1.15)
q-K+1<lil<q q-1il

where |i| = i1 + -+ + igx with the multivariate index i = (iy, ..., ix) defined via the index set
K
X(q,K):=3ie NS :Vir=1,Y ir<qy, (1.16)
k=1

and the set of collocation nodes for the sparse grid (see the middle of Figure 1.1) is thus collected as

Hg K= | (07 x-x0ek), (1.17)
g-K+1<lil<q

where the number of collocation nodes #0% =1 if i; = 1, and #0% = 2%~1 + 1 when it > 1 in a nested
structure. Note that we denote % '* = %y, defined in (1.10) for Nj = 2ik~1 Define the differential
operator A% =/ — /i1 [ =1,..., K, with %° = 0, we have an equivalent expression of the Smolyak
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1.2. Stochastic collocation method

interpolation [8]

Fqu(y) = Z (Ail ® ---®Ai’<) u(y)
i€X(q,K)
(1.18)

=SFyguly) + Z (Ai1®---®AiK) u(y).
lil=q

The above formula allows us to discretize the stochastic space in hierarchical structure based on nested
collocation nodes, such as the extrema of Chebyshev polynomials or Gauss-Patterson nodes, leading to
Clenshaw—Curtis cubature rule or Gauss-Patterson cubature rule, respectively [149, 110].
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Figure 1.1: Two dimensional collocation nodes by Clenshaw—Curtis cubature rule in tensor product
grid g = 8 (Left), sparse grid g = 8 (Middle), anisotropic sparse grid g = 8 and a = (1, 1.5) (Right)

The Smolyak sparse grid [207] is originally developed as isotropic in every one-dimensional polynomial
space. The convergence rate of the solution in each polynomial space may vary due to different
importance of each random variable, which helps to reduce further the computational effort by
interpolation based on anisotropic sparse grid [148] given by

Ffuy) = Y (Ate-eauy), (1.19)
i€Xq(q,K)

where the weighted index X, (g, K) is defined as

K
Xo(q,K):={ieNK,i=1:) irar <min(a)q ;. (1.20)

k=1
Here, a = (ay,..., ak) represents the weights in different dimensions, provided by either a priori or
a posteriori error estimate; see [148]. Figure 1.1 displays the full tensor product grid, the sparse grid
and the anisotropic sparse grid based on Clenshaw-Curtis cubature rule. We can observe that the
isotropic and anisotropic sparse grids are much coarser than the full tensor product grid, leading to
considerable reduction of the stochastic computation without much loss of accuracy, as we shall see in

the convergence analysis and the numerical experiments in the following sections.

For certain specific problems, some other advanced techniques turn out to be more efficient than both
the isotropic and the anisotropic Smolyak sparse grid techniques. For example, the quasi-optimal
sparse grid [13] is assembled in a greedy manner to deal with the “accuracy-work” trade-off problem;
the adaptive hierarchical sparse grid [127, 74] is referred to constructing the sparse grid adaptively in
hierarchical levels with local refinement or domain decomposition in stochastic space, which is more
suitable for low regularity problems; the combination of analysis of variance (ANOVA) and sparse grid
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Chapter 1. Comparison of stochastic collocation and reduced basis methods

techniques [88, 100] to deal with high-dimensional problems, which will be studied in chapter 5.

1.3 Reduced basis method

Different from the interpolation approach used by the stochastic collocation method, the reduced
basis method employs Galerkin projection in the reduced basis space spanned by a set of deterministic
solutions [158, 178, 161]. Given any space X of dimension .4 for the approximation of the solution of
problem (46) (for instance, finite element space), we hierarchically build the N dimensional reduced
basis space Xy for N =1,..., Ny, until satisfying tolerance requirement at Ny, 4 < A/, as

Xy =spanfu(y™),n=1,...,N} (1.21)

based on suitably chosen samples Sy = {y',..., y"N} from a training set Z,4;, < I' (\V is small under
smoothness hypothesis [158]). The solutions {u(y™),n =1,..., N} are called “snapshots" corresponding
to the samples {y”,n=1,..., N}. Note that X; c X, c --- < Xy, ... Given any realization y € T', we seek
the solution uy(y) in the reduced basis space X by solving the following Galerkin projection problem

Alun,v;y) =F() VYveXy. (1.22)

Note we assume that f is deterministic for the comparison, so that F(v) does not depend on y. With
un(y) we can evaluate the output sy (y) = s(un(y)) as well as compute its statistics, e.g., expectation
E[sy], by using, e.g., Monte Carlo methods or quadrature formulas as used in stochastic collocation
method. Four specific ingredients of the reduced basis method play a key role in selecting the most
representative samples, hierarchically building the reduced basis space, and efficiently evaluating
the outputs. They are the training set, the greedy algorithm, the a posteriori error estimate and the
offline-online computational decomposition, which are addressed respectively follows.

1.3.1 Training set

Two criteria should be fulfilled in the choice of the training set: (i) we should minimize ineffectual
samples in order to avoid unnecessary computation with limited gain, and (ii) sufficient to capture
the most representative snapshots in order to build an accurate reduced basis space. In practice, the
training set is usually chosen as randomly distributed or log-equidistantly distributed in the parameter
space [178, 158]. As for stochastic problems with random variables obeying probability distributions
other than uniform type, we propose to choose the samples in the training set according to the
probability distributions. Furthermore, for the sake of comparison with the stochastic collocation
method, we take the training set such that it contains all the collocation points used by the stochastic
collocation method. Adaptive approaches for building the training set have also been explored starting
from a small number of samples to a more significant set in the space I'; see for example [212].

1.3.2 Greedy algorithm

Given a training set Z;,4;, < I' and a first sample set S; = {y!} as well as its associated reduced basis
space X; = span{u(y")}, we seek the sub-optimal solution to the L% (Z,,4i,; X) optimization problem
in a greedy way as [178]: for N = 2,..., Npay, find yN = argmaxyez,,,;, An-1(y), where Ayn_; is a
sharp and inexpensive a posteriori error bound constructed in the current N — 1 dimensional reduced
basis space (it will be specified later). Subsequently, the sample set and the reduced basis space
are enriched by Sy = Sy-1 U {yN land Xy = Xy_1 @ span{u(yN )}, respectively, to have an efficient
hierarchical spaces and sample sets. For the sake of efficient computation of Galerkin projection and
offline-online decomposition, we can normalize the snapshots by Gram-Schmidt process to get the
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1.3. Reduced basis method

orthonormal basis of Xy = span{({y,...,{n} such that ({;;,{n)x = 0mn, 1 < m,n < N. We remark that
another algorithm that might be used for the sampling procedure is proper orthogonal decomposition
(POD [178]), which is rather expensive in dealing with L2Eain: X) optimization and thus more
suitable for low-dimensional problems.

1.3.3 A posteriori error estimate

The efficiency and reliability of the reduced basis approximation by the greedy algorithm relies critically
on the availability of a cheap and sharp a posteriori error bound A y, which can be constructed as
follows: for every y €T, let R(v; y) € X' be the residual in the dual space of X, defined as

R(;y):=F(v)-Alun(y),v;y) VvelX. (1.23)

By the Riesz representation theorem [68], we have a unique function é(y) € X such that (é(y),v)x =
R(v;y)Vv e X and llé(y)llx = [IR(:; )|l x, where the X norm is defined as ||v||x = A(v, v; 7) at some
reference value y € I’ (we choose j as the center of I' by convention). Define the error e(y) := u(y) —
upn(y), by (46), (1.22), and (1.23) we have the following equation:

Ale(y), ;) =R(;y) VveX. (1.24)

By choosing v = e(y) in (1.24), recalling the coercivity constant a(y) with the definition of its lower
bound ap(y) < a(y) of the bilinear form A(:,-; y), and using Cauchy-Schwarz inequality, we have

arsMlleM% < Ale(y), e();y) = Re(y); ) < IRC, Pixlle(lx = 1éWlIxlle(]lx, (1.25)
so that we can define the a posteriori error bound A y for the solution u as
An:=lleWlix/ars(y), (1.26)

which yields [|u(y) — un()llx = Ay by (1.25). As for the output in the compliant case, i.e., s = f, we
have the following error bound

Is() = sn ()] =1swy) — sun )| = Ale(y), e(y); ¥) < leWIIx/aLs(y) =: AN (D). (1.27)

As for more general output where s # f, an adjoint problem of (46) can be employed to achieve a faster
convergence of the approximation error |s— sy| [163]. The efficient computation of a sharp and reliable
a posteriori error bound thus relies on the computation of a lower bound of the coercivity constant
arp(y) as well as the value ||é(y)||x for any given y € I'. For the former, we can apply the successive
constraint linear optimization method [102] to compute a lower bound ag(y) of a(y) or simply use a
uniform lower bound a;p < a(y)Vy € I provided that they are close to each other. For the latter, we
turn to an efficient offline-online computational decomposition procedure.

1.3.4 Offline-online computational decomposition

The evaluation of the expectation E[sy] and the a posteriori error bound A y requires to compute the
output sy and the solution u many times. Similar situations can be encountered for other applications
in the context of many query (optimal design, control) and real time computational problems. One
of the key ingredients that make reduced basis method stand out in this ground is the offline-online
computational decomposition, which becomes possible due to the affine assumption such as that
made in (43). To start, we express the reduced basis solution in the form [178]

N
un() =Y. unmWm. (1.28)
m=1
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Chapter 1. Comparison of stochastic collocation and reduced basis methods

Upon replacingitin (1.22) and choosing v = {,;,1 < n < N, we obtain the problem of finding uy,(y),1 <
m < N, such that

N K
Y Al + Y e Ar@m () | unm(¥) = FCn), 1<n<N. (1.29)
m=1 k=1

From (1.29) we can see that the values Ai((,,{n),k=0,1,...,K,1 <m,n < Npyqax, and F({,),1<n <
Npax, are independent of y, we may thus precompute and store them in the offline procedure. In the
online procedure, we only need to assemble the stiffness matrix in (1.29) and solve the resulting N x N
stiffness system with much less computational effort compared to solving the original A" x A" stiffness
system. As for the computation of the error bound A (), we need to compute ||é(y)||x at the selected
sample y in the course of sampling procedure. We expand the residual (1.23) as

N K
R(w;y) =F() - Alun, v;y) = F(V) = ) unn (Z VieArCn, v)), where yp = 1. (1.30)
k=0

n=1

Set (¢, v)x = F(v) and (jf,’f, Vx=-Ar(nv),YVve X, 1=n<N,0< k<K, where ¢ and 3,’{ are the
representatives of F and A}’ (defined as A}(v) = — A ({n, v), Vv € X) in X whose existence is guaranteed
by the Riesz representation theorem. By recalling (é(y), v)x = R(v; ¥), we obtain

K N K N
ek = (€, €)x+ Y. Y. yrunn(y) (2(%,$5)x+ > ykruNnr(y)(gf,f,ﬁ)x). (1.31)
k=0n=1 k'=0n'=1

Therefore, we can compute and store (¢,%)x, (%,fé’,f)x, (Z,If,ffr’l‘,/)x, 1<sn,n <Nyuu0<kk' <K, in
the offline procedure, and evaluate ||é(y)||x in the online procedure by assembling (1.31).

Remark 1.3.1 Different from the stochastic collocation method that was presented regardless of the
underlying system, the reduced basis method is introduced for a linear, coercive and affine elliptic
problem. In fact, the same approach presented above can be extended to more general problems [178, 163],
e.g., time dependent, nonlinear, noncoercive and nonaffine problems, as long as an a posteriori error
bound is cheap to obtain and the offline construction and the online evaluation can be efficiently
decomposed using proper techniques [11, 129, 87, 86]; see, e.g., [162, 51, 163, 117, 175] for many different
kind of recent applications.

1.4 Comparison of convergence analysis

In this section, we provide a comparison of the theoretical convergence results between the stochastic
collocation method and the reduced basis method. In the first part, a preliminary comparison is carried
out based on the available convergence results in the literature at the best of our knowledge on the
state of the art. Then we perform a direct comparison between the approximation errors of the two
methods.

1.4.1 Preliminary comparison of convergence results

Let us first consider a priori error estimate for one-dimensional Lagrange interpolationfor y e I' = [-1,1]
without loss of generality. In fact, we can map any bounded interval I into [-1,1] by shifting and
rescaling. The convergence result for the univariate approximation error is given as follows.

Proposition 1.4.1 Thanks to the analytic regularity in Corollary 1.1.2, we have the exponential conver-
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1.4. Comparison of convergence analysis

gence rate for the one-dimensional stochastic collocation approximation error in L (T'; X) norm
llu—Unullreor:x) < Cnr N = Cye 1PN, (1.32)

wherer =V1+12+71=(V5+1)/2=1.6 owing to (1.4) and assumption (44); see [8]. The constant Cy is
bounded in a logarithmic rescaling Cy < CIn(N + 1), where C is a constant independent of N.

Remark 1.4.1 The same result has been obtained in L?(T'; X) norm in [8] except that the constant Cy in
(1.32) is independent of N. For the sake of comparison with the convergence rate of the reduced basis
method, we consider (1.32) in the norm of L°(T'; X) with the constant Cy depending on N.

Proof Firstly, we demonstrate that the operator % : C°(I'; X) — L*°(T'; X) is continuous. In fact, by the
definition of %y in (1.5), we have the following estimate

N
> u(ymiy

n=0

[1% N ul| 1o (T x) = Sup
yer

X (1.33)

N
<sup| Y [I"(MI| max |lu(y"llx < ANIlullcor.x),
el \nzo n=01,..,.N

,,,,,

where A(N) is the optimal Lebesgue constant bounded by (see [162])

N
A(N):=Sup(z |l”(y)|)s?—)+gln(N+1). (1.34)
yel' \n=0 4 /4

Therefore, by the fact Zyw = w¥Yw € Zy([I) ® X (where 22 (I) is the space of polynomials of order
less than or equal to N), we have that for every function u € C°(T’; X),

lu—2Nnullreor;x) < - wllreor;x) + 1N (W — W|peor;x) < A+ AN lu—wllcor:x)- (1.35)

Moreover, the following approximation error estimate holds for every function u € C%(T; X) (see [8])

2
inf - < —r N ) 1.36
we?i{;l(l")@X”u WHCO(F,X) r—lr T?EaZX“u(Z)“X ( )
A combination of (1.33), (1.34), (1.35), and (1.36) leads to the result stated in (1.32) with the constant
Cy such that Cy < CIn(N + 1), where C depends only on max,es ||u(2)||x and r. O

For the same one-dimensional parametric problem, a priori error estimates have been established for
the reduced basis approximation [130, 178]. Note that in the context of the reduced basis approximation,
the result is based on the assumption that the parameter y is positive with 0 < ymin < ¥ < Ymax < oo.
For the sake of consistent comparison with the stochastic collocation method, we still take the same
parameter range I' = [-1,1] and introduce a new parameter by p = y + (1 + §) with § > 0 so that
He 0,2+ 0] with min =06 >0and Umax = 2+ 0. Correspondingly, the coefficient becomes a(x, y) =
ap(x) + ay (x)y = (ap(x) — (1 +0) a; (x)) + a; (x)  and will be denoted as dg(x) + a; (x)u for convenience.
We state the convergence result for one-dimensional reduced basis approximation given in [158, 178]
in the following proposition.

Proposition 1.4.2 Suppose thatInpy, = In(Umax/Umin) > 1/2e and N = Ngpjp = 1+ [2elnp, 14 (S]+ is
the maximum integer smaller than s); then

1t — unllzoor.x) < Ce™ W=D/ Werie=1), (1.37)
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where uy is the reduced basis approximation of the solution in the reduced basis space spanned by N
snapshots, and C is independent of N. Note that the samples ., ..., un are taken as equidistant within
In(min), In(Wmax)] in the way thatIn(u,) —In(u,-1) =In(w, )/ (N-1),2<n< N; see [158].

To our knowledge, the a priori error estimates in Proposition 1.4.1 for the stochastic collocation
approximation and in Proposition 1.4.2 for the reduced basis approximation are the state of the art
results currently available in the literature. Both of them show an exponential convergence rate for the
approximation of the analytic solution with respect to the parameter y € I'. In order to guarantee the
positiveness of dg(x) in Proposition 1.4.2, we require § < 1/2 by assumption (44). Therefore, the minimal
value of N, i, is 1+[2eIn(u,)]; = 9, so that the convergence rate in (1.37) becomes e~ (N~"D/8 = 1,13~ (N-1)
for N dimensional reduced basis approximation, which is larger than r~™= (r > 1.6) in the stochastic
collocation approximation (1.32) using N collocation nodes corresponding to %/ —;. From this closer
look, it would seem that the error bound of stochastic collocation approximation converges faster than
that of the reduced basis approximation in the univariate case under the above specific assumptions.

In the multivariate case, the property of convergence rate inherits that of the univariate case thanks
to the full tensor product structure of the multivariate Lagrange interpolation (1.10) in the stochastic
collocation approximation. A priori error estimate is obtained in the following proposition.

Proposition 1.4.3 Under assumption (44) and the analytic regularity of the solution in Corollary 1.1.2,
beingT = [-1,11X for simplicity, the following convergence result holds:

K
llu—2Unullporx) < ) Cn e meNe, (1.38)
k=1
where 1y = ,/1+T?C+Tk >1,1< k=<K, from (1.4 and N = (Ny,...,Nx) is the interpolation order
corresponding to the interpolation operator (Un, ® --- ® Uny).

Proof We split the interpolation error in (1.38) into K pairs by adding and subtracting the same term

u—%Unulliom;x) == (Un, ® - ®UN) Ull1ooT;x)
Sllu—(Un, ®F ®--- 0 F)ullror;x)
+|(UN,® I @ @IV U~ (UN, ®UN,®F ®---® F)Ull [T x)
‘. (1.39)
+(Un, @ ®UNy_; ® F)U—~ (UN, ®++ ®UNy | o(1;x)

K
< Z CNke_ln(rk)Nk,
k=1

where .# is the identity operator and Cy, < CIn(Ng +1). The first inequality is due to a recursive
application of triangular inequality, while the second is a direct consequence of Proposition 1.4.1 for
univariate interpolation. We remark that more general results have been obtained for unbounded I
and arbitrarily distributed random variables other than the uniform type in [8], with norm L% T;X)
instead of L*°(T; X). O

Remark 1.4.2 IfCy, = Cp,, 1 =1 >1,1<k =K, and N = N1,2 < k < K. Then the total number of
collocation nodes is N = K™"' and the error estimate in Proposition 1.4.3 becomes

In(r
In(K) | (1.40)

lu—%nulliorx) < Cny KN~
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1.4. Comparison of convergence analysis

which decays very slowly when K is large and the region of analyticity r is small. For instance, when
_In(n
K =10 and r = 1.6 as in Proposition 1.4.1, we need at least N = 10'° in order to have KN~ & <0.1.

The convergence analysis of the isotropic and anisotropic Smolyak sparse grids stochastic collocation
methods have been studied in [149] and [148] in the norm Lf, ([; X). Using the same argument in the
proof of Proposition 1.4.1, the following results in L>°(T'; X) norm are straightforward.

Proposition 1.4.4 Suppose that the function u can be analytically extended to a complex domain Z(I'; ).
By using isotropic Smolyak sparse grid and Clenshaw-Curtis collocation nodes, we have

llu—SFyullporx) < Cy-x1 N, (1.41)

where: Cy-k+1 is aconstant dependingon q—K+1 andr s.t. C4—g+1 < C(r) In(29-K+149); Ny =#H(q,K)
is the number of collocation nodes; r = min(In(,/77),...,In(y/7x))/ (1 +In(2K)) with ry,..., g defined in
(1.38). Using the anisotropic Smolyak sparse grid with Clenshw-Curtis collocation nodes, we have

||u—5”qau||L°0(r;X) < Cq—K+1N;r(a), (1.42)

where r(a) = min(a)(In(2)e—1/2)/ (ln(2) +Zlk(=1 min(a)/ak) anday =In(y/1i), k=1,...,K.

As for the reduced basis approximation in multivariate problems, there is unfortunately no direct a
priori error estimate in the literature. However, there is indeed a comparison between the Kolmogorov
N-width given by (slightly different from the notation in [20])

dyT;X):= inf sup inf |lu(y)—w R 1.43
N5 X) dim(SN):NyQFWNEXNH ) —wnllx (1.43)

which defines the error of the optimal approximation, and the convergence rate of the N dimensional
reduced basis approximation error by the greedy algorithm. In (1.43), the notations are the same as in
section 1.3: Sy is a subset of samples with cardinality N; Xy = span{u(y), y € Sy} is a function space
spanned by the snapshots. Essentially, the Kolmogorov N-width measures the error of the best or
optimal N dimensional approximation over all possible N dimensional approximation. As for the
reduced basis approximation with the reduced basis space Xy constructed from a greedy algorithm,
we define its L*°(T") error as

on() =sup ing{ u(y) — wnllx. (1.44)

yel WNEXN

In practice we use a posteriori error estimator Ay as introduced in section 1.3 instead of the true error
infyyexy [lu(y) — willx for the greedy selection of quasi-optimal samples, which satisfies

cAy< inf |lu(y)—wnllx <CApN, where0<y= £ <1. (1.45)
wneXN C

A recent result [20] established a relation between the Kolmogorov width dy and the reduced basis
approximation error o y, which is summarized in the following proposition.

Proposition 1.4.5 Suppose that AM > 0 s.t. dy(I'; X) < M. Moreover, assume that3r > 0,
ifdnT;X)<MN ™" thenony() <CMN™" VYN>0, (1.46)
where the constant C depends only on r andy. Moreover, assume that3a > 0,
ifdy([T;X) < Me N thenon(@T) <CMe™ N’ VYN=o0, (1.47)

where the constants s =r/(r +1) and c, C depends only on a,r andy.
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This proposition basically states that whenever the Kolmogorov width decays at either an algebraic or
exponential rate, the greedy algorithm will also generate a quasi-optimal approximation space with the
error decaying in a similar way. By the definition of Kolmogorov width, which measures the error of the
optimal approximation among all the possible approximations, we have that the stochastic collocation
approximation error can not be smaller than or decay faster than the Kolmogorov width. In particular,
we have that the Kolmogorov width is smaller than the isotropic and anisotropic sparse grid collocation
approximation error, i.e.,

dn, (T; X) = minf|lu — L5 ullror;x), 1w —y; ul|poo(r;x)}- (1.48)

If qu ;X)) < MN; T then 7 = maxir, r(a)}, where r and r(a) are the algebraic convergence rates in
(1.41) and (1.42), respectively. Therefore, we have the following a priori error estimate: the reduced
basis approximation error o, (I') = CMN, 7, which decays faster than the stochastic collocation
approximation error. Moreover, if the stochastic solution is analytic in the probability space, as is the
case for the elliptic problem (39) with analytic solution in Corollary 1.1.2, the Kolmogorov width can
achieve exponential convergence rate for analytical problems in practice [20], so that the reduced
basis approximation error also decays exponentially and much faster than the stochastic collocation
approximation error, as demonstrated by numerical experiments presented and discussed in section
1.6.

Both the Kolmogorov width dy(I; X) and the greedy error o (T') are provided on the whole region T'.
However, in practice they are defined over the training set Z;,,;, < I'. When the latter is dense enough,
ie., dy(T; X) and on(I') are indistinguishable from dy (E4in; X) and o N (Erqin), the comparison
above is valid. On the other hand, if the training set Z;,,4;, is rather sparse in I', which is usually the
case in high-dimensional problem, the comparison might be invalid. In order to have more rigorous
and fair comparison of the reduced basis approximation and the stochastic collocation approximation,
we perform a direct comparison of their approximation errors in the next section.

1.4.2 Direct comparison of approximation errors

As mentioned above, selecting an appropriate training set Z;,,;, for the reduced basis approximation is
crucial. For its effective comparison with the stochastic collocation approximation, we choose training
set as the set represented by the collocation points used in the latter approximation, which we denote
as 2, in general for both the full tensor product grid and the sparse grid. Let us denote also the
interpolation formula on = as % : C°(I'; X) — L (I'; X); then we have the following proposition for a
direct comparison.

Proposition 1.4.6 Provided that the training set Z;4in, for the reduced basis approximation is taken
the same as the collocation set g for the stochastic collocation approximation, we have

llu—unllreor;x) < Cllu— Fscullroor; x), (1.49)

where C =3amax! Amin With amayx, Amin defined in (41)) is a constant independent of N.

Proof By the definition of the reduced basis approximation uy in (1.28), we have

llu—un|lreom;x) =supllu(y) — un(WIlx
yel

C .
< gsyteur) wlell);fN Nu(y) —wllx (1.50)

C . C .
<— sup inf |lu(y)—wllx+—= sup inf |lu(y)-wllx,
3 yemg/Sy WeXN 3 yer/z, WweXn
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where C = 3a,4x/ amin is a constant independent of N according to the Céa lemma [165]; the first
inequality is due to the property of Galerkin projection on the space Xy, the second one comes from
the fact that T' = Sy U (E./Sn) U (I'/E,), and the reduced basis approximation error vanishes for any
y € Sy so that only the last two terms in (1.50) remain. For the second term of (1.50), we have

sup inf |[u(y)—wllx < sup inf lu(y)-vlix+ inf |lv-wllx, (1.51)
yer/Esc weXyn yer/Esc veXse weXn

where the function v is defined in the space X, that is spanned by the solutions at the collocations
points in Z¢.. Therefore, the first term of (1.51) satisfies

sup inf [[u(y)—viix = sup [lu(y)—FscuMllx =supllu(y) - Lscuy)llx, (1.52)
yeT /e VEXsc yel/Eg, yel

and the second term of (1.51) can be bounded by noting that v is one solution at some y € = as

inf [[v—wllx < sup inf [[u(y)—wllx= sup inf |lu(y)—wllx. (1.53)
weXy yeEg, WEXN yeEe/Sy WEXN

A combination of (1.50), (1.51), (1.52), and (1.53) leads to the following error bound:

2C . C
lu—upnllorxy < — sup inf [[u(y)— wllx + —supllu(y) — Lscu(y)llx. (1.54)
yeEsc! Sy WEXN 3 yer

Moreover, we can construct the reduced basis space in such a way that the reduced basis approximation
error in the collocation/training set = (the first term of (1.54)) is smaller than the stochastic collocation
approximation error over I' (the second term of (1.54)), i.e.,

sup inf [lu(y) — wllx <supllu(y) — FLcuyllx, (1.55)
T

YeE e/ Sy WEXN ye

which is always viable and an extreme case is that all the collocation points are included in the sample
set, i.e., Z5; = Sn, so that the first term of (1.54) vanishes. Therefore, by substituting (1.55) into (1.54),
we obtain (1.49). |

Since the evaluation of the statistics by the Monte Carlo algorithm converges very slowly, we propose
the approach of evaluating the solution by the reduced basis method at all the collocation nodes first
and then applying quadrature formula (56) to assess the statistics. To improve the accuracy of this
approach, we also build the training set Z;,,;, as the collocation/quadrature nodes E5; = Z;r4i5. In
fact, we have the error estimate between the expectation E[s] and the value E[s,;] approximated by
reduced basis method (E[s] is the value approximated by the stochastic collocation method)

|E[s] —E[s,p]l < |E[s] — E[ssc]l + |E[ssc] — ELs;p11, (1.56)
where the first term represents the quadrature error, and the second term is bounded by (1.27) as

|Elsse] —Elsrpll = Y. w'ls(y") = s ()l

yleEge
5;22?('30’)‘%(”' (1.57)
< }Ie@x [Isllx/ 1 u(y) — un () x,

where w' > 0 are quadrature weights. As long as the reduced basis approximation error is smaller than
the quadrature error, (1.56) is dominated by the first term, i.e. the quadrature error.
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Chapter 1. Comparison of stochastic collocation and reduced basis methods

1.5 Comparison of computational costs

In this section, we aim at comparing in detail the computational costs in terms of operations count
and storage of the reduced basis method and the stochastic collocation method. Let us begin with the
computational cost (C(-) stands for operations count and S(-) for storage) for the stochastic collocation
method, which is listed along side Algorithm 1. The major computational cost for the reduced basis
method is listed along side Algorithm 2.

A few notations are given in order: Nyc =#0 = (N1 +1) x - -+ x (Nx +1); Nt =#Zr4in; Nrp = Nmax; Wy is
the average work to evaluate the lower bound a g over the training set; Wy is the work to solve once the
linear system arising from (46) with C(4?) < W < C(A®), and W,, is the work to evaluate (£, %) x
in (1.31) with C(A) < W), < C(A?). The total computational costs (apart from that of the common
initialization) for the reduced basis method and stochastic collocation method are calculated from
Algorithms 1 and 2 and presented in Table 1.1.

computational cost SC RB
offline operations count | C(Nsc(Ws+K)) | C(N;Wy + Ny Ws + KNbeV + KZNfb Wi + N K? Nfb)
online operations count C(Ns¢) C(Nf’b + Kerb + Kszb)
total storage S(Ns¢ (AN +K)) S(N;pN +K*NZ, +KNp)

Table 1.1: Computational costs of the stochastic collocation (SC) and the reduced basis (RB) methods

More in detail, the offline cost for the stochastic collocation method is dominated by the solution of
the problem (46) for N, times with total operations C(Ny.(Ws + K)). Its online cost scales as C(N,) by
the multivariate barycentric formula or quadrature formula. The total storage is dominated by that
for all the solutions S(N,.(4")). As for the reduced basis method, the offline cost is the sum of that
for precomputing the lower bound C(N;W,), solving the system for N, times with total operations
C(N;pWs + KN?, /), computing error bound with operations C(K?N?, W;,), and searching in the
training set with operations C(N,K? Nfb). The online cost is the sum of that for assembling (1.29) with
operations C(K N fb), solving it with operations C(IV; f’b), and evaluating the error bound with operations
K*N?,; as for statistics by quadrature formula, we need C (Nsc(Nfb + KN?)) operations. The total
storage for the reduced basis method takes S(N,, A + K szb + KN;) for storing the solution, stiffness
matrix as well as the training set.

From Table 1.1 we can observe that an explicit comparison of computational costs for the reduced basis
method and the stochastic collocation method crucially depends on the number of collocation points
N, the size of the training set Ny, the dimension of the reduced basis N;, and parameters K, and the
work of computing the lower bound W,. In general, provided that the problem is computationally
consuming in the sense that .4 is very large, and provided that N = N, we have N,;, < Ny so that
the reduced basis method is much more efficient in the offline procedure under the condition that
W, <« W; by the successive constraint linear optimization algorithm. As for the online evaluation of
the solution at a new y € T', this advantage becomes even more evident especially in high dimensions
since the online operations count for the reduced basis method is much smaller than that for the
stochastic collocation method, i.e., C(N?, + KN, + K*N?,) < C(Ny). However, as for the evaluation
of the statistics, e.g., expectation E[u], the online operations count C(NSC(Nf’b +K erb)) is larger for
the reduced basis method than the online operations count (C(Ns.)) for the stochastic collocation
method. Moreover, if we choose the size of the training set larger than the number of collocation
points N; > N, which is usually the case in practice for low-dimensional problems (K =1,2,3), or
else the work W, for the computation of the lower bound a; p is not significantly smaller than Wy, the
stochastic collocation method can perform as well as or even better than the reduced basis method
when N; > Ni.
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1.5. Comparison of computational costs

Algorithm 1 The stochastic collocation method

1: procedure OFFLINE CONSTRUCTION

2:

Initialization: mesh, parameters, finite element functions ¢;,1 < i < .4/, etc;
Precompute and store stiffness matrix (Ag);; = Ax(@;,¢;),0 < k < K and vector (F); = F(¢g;);

Precompute and store the collocation nodes © = ©! x --- x ok, > C(Nsc)/S(KNge)
fork=1,...,Kdo
for n;. =0,...,Ni do

Precompute and store the barycentric weights LDZ’“ ( y;c”“), yZ’C € 0y; > C(N)/S(1)
Precompute and store quadrature weights w,’ik by formula (1.14); > C(Np)/S(1)
end for
end for
forn=1,...,N;. do
Compute and store the solution u(y"), y" € ©; > C(W)/S(AN)
end for

end procedure

: procedure ONLINE EVALUATION

Given y € T', compute the solution u(y) by interpolation (1.12), (1.15), or (1.19); > C(Ngc)
Evaluate the expectation E[u] by (1.13); > C(Ngc)

18: end procedure

Algorithm 2 The reduced basis method

1: procedure OFFLINE CONSTRUCTION

Initialization: mesh, parameters, finite element functions ¢;,1 < i <./, tolerance ¢, etc.;
Precompute and store stiffness matrix (Ag);; = Ax(@;,¢;),0 < k < K and vector (F); = F(¢g;);
Precompute and store Z,4i, and arp(y), ¥ € Esrain by SCM; > C(N:Wy)/S(Ny)
Initialize y* € Zrqin, S1 = {y'h X1 = {1}, {1 = u(yN/u(yMllx > C(Wy)/S(A)
Compute and store A ({1,{1) and F({1),0<k<K; > C(KA)IS(1)
Compute and store (€,6)x, (€, L5 x, (LF, LF)x,0< kK <K; > C(K*W,)/S(K?)
for N=2,...,Npax do
Compute AY,_ () =1é(y)l|x/arg(y) by (1.31); > C(K?N%Ny)/S(Ny)
Choose yN = argmaxyez,, i, A]’(,_l(y); > C(INy)/S(1)
ifA]‘(,_l(yN) < ¢ then
Nyjax = N —1; Break;
end if
Set Sy = Sy—1 U yN and compute u(y"); > C(K+ W) /S(A)
Orthogonalize Xy = span{(1,...,{y_1, u(y")}; > C(AN)/S(N)
Compute and store A ({1, ) and F({y) for (1.29); > C(KNA)/S(N?)
Compute and store (€, £) x, £k, £5)x for (1.31); > C(K2NW;)/S(K*N)
end for
: end procedure
: procedure ONLINE EVALUATION

Given y €T, assemble and solve (1.29) and compute Ay (y); > C(Nf’h + Kth + KZNer)
Evaluate statistics by quadrature formula with Ny abscissas; > C(N, SC(Nfb +K erb))

23: end procedure

37



Chapter 1. Comparison of stochastic collocation and reduced basis methods

1.6 Numerical experiments

In this section, we provide numerical substantiation to our previous analysis on the convergence rate
and on the computational costs for the comparison of the reduced basis method and the stochastic
collocation method. More precisely, we consider a stochastic elliptic problem in a two dimensional unit
square D = (0, 1)? with element x = (x], x2). The deterministic forcing term f = 1is fixed. The coefficient
a(x,w) is arandom field (depending only on x;) with finite second moment, whose expectation and
correlation are given as

(x1 - x})?
0

1
Elal(x) = ﬁ, for a suitable ¢ > 0; Clal(x,x') = T100? exp( ), x,x' €D, (1.58)

where L is the correlation length. The Karhunen-Loéve expansion of the random field a is

112 0o
a(x,w) = — (c+ (\/_Tn) Y1)+ Y VA (sin(nmxi) y2, (@) +cos(nnx1)y2n+1(w))), (1.59)
n=1

where the uncorrelated random variables y,, n = 1, have zero mean and unit variance, and the eigen-
values 1, n = 1, have the following expression

2
e Bt

V= (Van) e (-

(1.60)

The random field a(x, w) will be chosen as in (1.61) and (1.64) below. All the numerical computation is
performed in MATLAB on an Intel Core i7-2620M Processor of 2.70 GHz.

1.6.1 Numerical experiments for a univariate problem

For the test of a univariate stochastic problem, we take

N

1/2
1 .
alx,w) = ﬁ (1 + (T) sin(2nx1) )1 (w)), (1.61)

where y; (w) obeys uniform distribution with zero mean and unit variance y; (@) ~ % (—v/3, v/3). We
implement Algorithm 1 for the stochastic collocation approximation with Clenshaw-Curtis nodes (the
same as Chebyshev-Gauss-Lobatto nodes [35, 199]), defined for y; € T'; = [=v/3,V/3] as

n_ _ nn _
= \/§COS(N), n=0,...,N. (1.62)

We also implement Algorithm 2 for the reduced basis approximation with equidistant training set
Z¢rain With cardinality N, = 1000, which is rather dense in the interval [-v/3, v/3]. We take randomly
the testing set Z5; with Neg; = 1000 samples and define the L*°(T') error between the “true" solution
u (here finite element solution) and approximate solution ugpprox as

lu—approxllLeor;x) = IeIlaX Nu(y) — uapprox(Mllx. (1.63)

Y&€Zrtest
We also compute the statistical error |E[||u||x] — Ell|#approxllx]| with the expectation defined in (1.9).

Figure 1.2 illustrates the convergence of the error with respect to the number of collocation nodes
and reduced bases for the stochastic collocation approximation and reduced basis approximation,
respectively. From the left side of Figure 1.2, we observe that both approximations achieve the ex-
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1.6. Numerical experiments

comparison in one dimension ) comparison of expectation

: ; : T T
stochastic collocation approximation I collocation appr l )
—e— reduced basis approximation —e— reduced basis — Monte—Carlo approximation|

| |U_uapprox‘ ‘LW(I':X)

S,

Ellullx] = EllluzpproxIx]
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Figure 1.2: Comparison for convergence rate of the error ||u—ugpprox!lror;x) (left) and the expectation
[Elullx] — Elllttapproxl|x]| (right) between the true and the approximate solutions in 1D

ponential convergence rates in accordance with Propositions 1.4.1 and 1.4.2. The reduced basis
approximation (with convergence rate = exp(—1.8N)) turns out to be slightly better than the stochastic
collocation approximation (with convergence rate = exp(—1.3N)). As for the computation of the ex-
pectation E[||u — ugpproxllx], we apply Clenshaw-Curtis rule [199] for the stochastic approximation
and Monte-Carlo algorithm for the reduced basis approximation. The right side of Figure 1.2 shows
that the quadrature rule with exponential convergence rate = exp(—1.6N) is apparently superior to
Monte-Carlo algorithm with algebraic convergence rate ~ N~'/2 for the univariate problem.

As for the computational costs, though the reduced basis approximation needs slightly fewer snapshots
than the stochastic collocation approximation, it costs more for the computation of a posteriori error
estimator by greedy sampling over a large training set in the offline construction. In Table 1.2 for the
univariate problem, we observe that for small-scale problems, i.e., the mesh size h is large, the offline
construction of the reduced basis approximation is apparently more expensive than the stochastic
collocation approximation. When the problem becomes large-scale, i.e., the mesh size h is small, the
computational cost is dominated by the cost required for the solution of the finite element problem;
then the reduced basis approximation is as efficient as the stochastic collocation approximation or even
better. Moreover, it takes C(Ngc) = C(28) operations count for the online evaluation of the solution
u(y) for any given y € I by the stochastic collocation method while the reduced basis method needs
more computation C(N;B) = C(8000) > C(Nsc) = C(28). From Table 1.2 we can see that the online
computational cost of the reduced basis approximation increases with the scale of the problem and
takes more cost than that of the stochastic collocation approximation, which depends only on the
number of collocation points Ngc. In the computation of expectation, the reduced basis - Monte-
Carlo approximation is much more expensive than the stochastic collocation approximation with
corresponding quadrature rule for the univariate problem. In order to alleviate the computational
costs, we can first evaluate the solution at the collocation nodes by the reduced basis method and then
use the quadrature formula to compute the expectation. However, this is not so useful if the number
of collocation nodes is comparable to the number of reduced bases, as in the univariate case. We will
compare the proposed approach with the stochastic collocation method for multivariate case later.
From the univariate experiment, we conclude that the stochastic collocation approximation is more
efficient than the reduced basis approximation for small-scale problem in terms of computational
costs and become less efficient as the problem becomes large-scale and expensive to solve.

Figure 1.3 depicts the procedure of the reduced basis construction by greedy sampling algorithm and
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Chapter 1. Comparison of stochastic collocation and reduced basis methods

time #(s) | size h 1/8 1/16 1/32 1/64 1/128
trp(1D,N; = 10%) 4(0.0003) 7(0.0003) 12(0.002) | 14(0.005) 33(0.02)
tsc(1D,Ngc =28) | 0.04(0.0002) | 0.1(0.0002) | 1(0.0002) | 6(0.0002) | 31(0.0002)

Table 1.2: 1D offline (online in brackets) computational costs measured in CPU time by the reduced
basis (RB) and the stochastic collocation (SC) methods achieving the same accuracy.
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Figure 1.3: Comparison of greedy sampling (top) and hierarchical Clenshaw—Curtis rule (bottom). The
bigger the size of the nodes, the earlier they are selected in the hierarchical approximation. Middle: the
distribution of the greedy samples for reduced basis (o) and Clenshaw—Curtis nodes (-).

the hierarchical stochastic collocation construction based on Clenshaw-Curtis nodes. At the top of
Figure 1.3, we use larger size of dots to show earlier samples selected in the greedy algorithm, which is
very similar to the hierarchical collocation construction shown at the bottom of Figure 1.3 in terms of the
position and selected order of the nodes. This effect can be observed more closely in the middle figure,
where the greedy samples is in full consistency with the Clenshaw-Curtis nodes. In fact, the maximum
distance of the corresponding points between the greedy samples and the Clenshaw—Curtis nodes (CC)
is 0.074, and the mean distance is 0.023. For comparison, we also test Chebyshev—Gauss nodes (CG),
Legendre—Gauss nodes (LG) and Legendre-Gauss-Lobatto nodes (LGL) (see[35]), and the results are
listed in Table 1.3, from which we can see that Clenshaw—Curtis nodes are the best choice, followed
by Legendre-Gauss-Lobatto nodes. Note that the average distances of the samples in the training set
are 21/3/1000 = 0.0035 and 2+/3/10000 = 0.00035, which are much smaller than the quantities in Table
1.3, so that we are confident with the intrinsic difference between the samples selected by the greedy
algorithm and the collocation nodes. This numerical coincidence has also been observed for empirical
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1.6. Numerical experiments

interpolation method [11, 129], which is efficiently used in affinely approximation of nonlinear terms
for nonlinear problems in the framework of the reduced basis approximation. This fact sheds light on
the similarity of projection and interpolation in the common framework of nonlinear approximation,
in the way that the greedy algorithm for the reduced basis projection tends to select the points on
which the Lebesgue constant, arising in the stochastic collocation/interpolation, is minimized.

Ny CcC CG LG LGL
1000 | 0.074(0.023) | 0.108(0.033) | 0.131(0.047) | 0.082(0.024)
10000 | 0.076(0.022) | 0.110(0.034) | 0.134(0.049) | 0.085(0.024)

Table 1.3: Comparison of the maximum distance (average distance in (-)) between greedy samples in
the reduced basis approximation and collocation nodes for the stochastic collocation approximation.

1.6.2 Numerical experiments for multivariate problems

For the test of a multivariate problem, we truncate the random field a(x,w) from Karhunen-Loéve
expansion (1.59) with five uniformly distributed random variables y = (y1,---, y5) € T = [-/3,v/3]°, and
the correlation length L = 1/8 so that the two eigenvalues 1 = 0.2132, 1, = 0.1899, written as

a(x,w) = 00 4+ (T) Y1@)+ Y /A (sin(nmxy) yo, () + cos(naxy) yon+1 (@) | (1.64)
n=1
) comparison in five dimensions \ comparison of expectation
10 T T T 10 = T T T T
—%— sparse grid stochastic collocation approximati ¢ R - —%— sparse grid stochastic collocation approximation
=~ stochastic collocation approximation

stochastic collocation approximation 9 - ol
—O&— reduced basis approximation

— © - reduced basis — Monte-Carlo approximation
—OS— reduced basis - collocation approximation

”u_uapproxl |Lm(l";>(

Figure 1.4: Comparison for the convergence rate of the error ||z — tapprox|lreor;x) (left) and the expec-
tation |E[||ul|x] — E[ll#approx!|x]| (right) between the true and the approximated solutions in 5D.

The tensor product of one-dimensional Clenshaw-Curtis nodes (1.62) for N =1,2,3,4,5,6,7 aswell as a
single node [0,0,0,0,0] are used for the stochastic collocation approximation, while the Smolyak sparse
grid with level g —5=1,2,3,4,5,6,7 are used for the stochastic sparse grid collocation approximation.
For the reduced basis approximation, we select the same 7° samples as used in the tensor product
stochastic collocation nodes. The convergence results for L>°(I') error and the expectation error are
displayed in Figure 1.4. From the left side of Figure 1.4, we observe obviously a larger convergence rate
for the reduced basis approximation (still achieving an exponential convergence rate = exp(—0.2N))
than the stochastic collocation approximation (only gaining a convergence rate = exp(0.0002N) or
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Chapter 1. Comparison of stochastic collocation and reduced basis methods

time #(s) | size h 1/8 1/16 1/32 1/64 1/128
trp(5D,N; =10%) | 50(0.0008) 55(0.001) 57(0.002) 76(0.01) 159(0.05)
trp(5D,N; =7°) | 839(0.0005) | 843(0.001) | 846(0.002) | 864(0.009) 949(0.05)
tsc(5D,Nsc = 7°) 17(0.02) 58(0.02) 755(0.02) | 3619(0.02) | 17252(0.02)

Table 1.4: 5D offline (online in brackets) computational costs measured in CPU time by the reduced
basis (RB) and the stochastic collocation (SC) methods achieving the same accuracy.

rather an algebraic convergence rate ~ N~1°). The sparse grid collocation achieves more accurate
approximation than the tensor product collocation at the beginning, and loses this advantage to the
latter due to slower convergence for our specific experiment in five dimensions (5D).

As for the convergence of the expectation E[||u||x], as seen from the right side of Figure 1.4, the highest
convergence rate (gaining an exponential convergence rate) is still achieved by the reduced basis -
collocation approximation, essentially by constructing the reduced basis at first and then evaluating the
solution at the collocation/quadrature points by the reduced basis approximation. Similar convergence
behaviour can be observed for the tensor product and the sparse grid collocation approximations,
which are still better than the reduced basis - Monte-Carlo approximation, though this advantage
becomes less important than that in the univariate case.

For the comparison of computational costs, besides the same 7° training samples as used in the tensor
product stochastic collocation nodes, we also use N; = 1000 < 7° randomly generated samples as the
training set and obtain the same number of reduced bases to achieve the same accuracy due to the
smoothness of the solution in the parameter space. From Table 1.4, we may see that the offline compu-
tational cost for the stochastic collocation approximation grows exponentially fast as the complexity of
the problem, while for the reduced basis approximation, it increases slightly and is dominated linearly
by the cardinality of the training set Z;,4;, from the comparison between 7° = 1.7 x 10* and 103, which
is almost the same ratio of the CPU time 839/50 = 17. In comparison, the reduced basis approximation
becomes much more efficient than the stochastic collocation approximation in offline construction
for large-scale problems while it loses moderately to the latter for the online computational cost. In
the computation of the expectation, the reduced basis - collocation approximation is much faster
than the stochastic collocation approximation: 949(offline) + 0.05 x 7°(online) = 1789 <« 17252 for
large-scale problem (k2 = 1/128) while this becomes opposite for small-scale problem (i = 1/8) since
839 +0.0005 x 7° = 847 > 17.

empirical convergence convergence rate
. : . T :

lllull = Uaporod Xl

Figure 1.5: Empirical convergence (left) and fitted convergence (right) rates in dimension 1 < k <9.
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1.6. Numerical experiments

In solving the five dimensional stochastic problems, we can see that both the stochastic collocation
and the reduced basis methods achieve better convergence property than the Monte-Carlo algorithm.
However, when the number of random variables or parameters becomes very large, the tensor product
stochastic collocation approximation would need too many collocation points so that the quadrature
formula losses its advantage over the Monte-Carlo algorithm. Meanwhile, the size of the training set for
reduced basis construction also grows exponentially with the dimensions of the problem. Therefore,
it is necessary to alleviate the computational cost. When the random variables y¢,1 < k < K have
different importance for the stochastic problem, it would be worthless to put the same weight on
the ones with little importance as on those with much larger influence. For instance, the first few
eigenvalues 1; = 0.4782,1, = 0.0752, A3 = 0.0034, 14 = 0.000045 decay so fast for a large correlation
length (L = 1/2) in the Karhunen-Loéve expansion (1.59) that the random variables have distinct
weights in determining the value of the coefficient a(x, yi, ..., yx).

The key idea behind the anisotropic sparse grid is that we take advantage of the anisotropic weights,
placing more collocation points in the dimensions that has a slower convergence in order to balance
and minimize the global error [148]. How to obtain a sharp estimate of the importance or the weight of
different dimensions is crucial to use the anisotropic sparse grid. One way is to derive a priori error
estimate with the convergence rate, e.g., exp(—In(r¢)N),1 < k < K in (1.38), as accurate as possible.
However, deriving an analytical estimation of the convergence rate for general problems is rather
difficult. Alternatively, we may perform empirical estimation by fitting the convergence rate from
the numerical evaluation for each dimension (see Figure 1.5), and use the estimated convergence
rates as « in (1.19) for the anisotropic sparse grid construction [148]. For the test of the efficiency of
the anisotropic grid, we take the correlation length L = 1/2, ¢ = 5 for the coefficient a(x, w) in (1.59)
and truncate it with nine random variables y = (y1,...,9) € I = [-V/3,V/3]°. Instead of the norm
lu— tapproxllreo(r,x), we use |[||ullx — lluapprox!lx!lreor) to reduce the evaluation cost.

comparison in nine dimensions comparison of expectation

T T T T T
—<— anisotropic sparse grid 4 = —&— anisotropic sparse grid
—%— isotropic sparse grid ~ —%— isotropic sparse grid
—— tensor product grid tensor product grid H
—©— reduced basis — © - reduced basis - Monte-Carlo|
—©— reduced basis - collocation

||||U||x—"UapproxHxHL”(r)
[Elllull] = Elllupprox!Ix]l

Figure 1.6: Comparison for the convergence rates of [|[|ullx — |[Uapprox|l x|z (eft) and the expecta-
tion |E[||ullx] = Ellluapproxllx]l (right) between the true and the approximate solutions in 9D.

We use the isotropic sparse grid and the anisotropic sparse grid at the interpolation level g -9 =
1,2,3,4,5,6 for the stochastic collocation approximation in (1.15) and (1.19), and choose the training
samples as the collocation nodes in the sparse grid at the deepest interpolation level g—9 =6 (100897 =
10° nodes) for the reduced basis approximation. From Figure 1.6 we can see that the reduced basis
approximation converges much faster than the stochastic collocation approximation in both L>*(T")
norm and the expectation norm. The offline computational cost of the reduced basis approximation for
small-scale problems h =1/8,1/16,1/32 is larger than that of the stochastic collocation approximation,
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time #(s) | size h 1/8 1/16 1/32 1/64 1/128
trg(9D,N; = 10%) 85(0.0007) 91(0.001) 93(0.002) 121(0.01) 235(0.04)
trp(9D,N; =~ 10°) | 8577(0.0008) | 8582(0.001) | 8585(0.002) | 8610(0.01) 8722(0.04)
tsc(9D,Nsc = 10°) 154(0.13) 305(0.13) 4804(0.13) | 23401(0.13) | 101795(0.13)

Table 1.5: 9D offline (online in brackets) computational costs measured in CPU time by the reduced
basis (RB) and the stochastic collocation (SC) methods achieving the same accuracy.

while for large-scale problems & = 1/64,1/128 this becomes rather opposite; see Table 1.5. Besides,
we also use 10% randomly generated training samples for the reduced basis approximation, and we
still obtain the high accuracy in both L*°(I') norm and the expectation norm because the solution
is very smooth in the parameter space. We can see from Table 1.5 that the computational cost with
10® samples is far less than that of the sparse grid stochastic collocation approximation for both
the offline construction and the online evaluation. In fact, the online construction of the reduced
basis approximation stays the same as dominated by the number of reduced basis N,j as O(Nf’b +
K erb + KZNer), while the online cost for the stochastic collocation approximation grows with the
number of collocation points in an approximately linear way O(Nj)(10%/7° = 0.13/0.02). Figure 1.6
also brings us to the fact that the anisotropic sparse grid is more efficient than the isotropic sparse grid
for anisotropic problems. Meanwhile, we can see that the stochastic collocation approximation based
on tensor product grid starts to converge slower than N~!/2, which is the typical convergence rate of
the Monte-Carlo method.

1.6.3 Numerical experiments for higher dimensional problems

In this last numerical experiment of this chapter, we deal with high-dimensional stochastic problems,
pushing the number of dimensions from 9 to 21, and from 51 up to 101, and comparing the perfor-
mance of the reduced basis approximation and the stochastic collocation approximation. Note that in
high dimensions K =101, it is prohibitive to use the stochastic collocation method with tensor product
grid (since we would need 3'%! = 1.5 x 10*8 collocation points in total with 3 collocation points in each
dimension), we use instead sparse grid of the anisotropic type to reduce the computational cost. The
correlation length is L = 1/128, which enables us to consider an anisotropic problem but with the eigen-
values decaying very slowly (1; = 0.0138, 159 = 0.0095). The constant in (1.59) is chosen as ¢ = 20 to
guarantee that the stochastic problem is well posed with coercive elliptic operator. For the reduced ba-
sis approximation, we use 1000 samples randomly selected in T’ = [-+/3,v/3]X, K =9,21,51,101 thanks
to the rather smooth property of the solution in the parameter space, and for the stochastic colloca-
tion approximation, we construct adaptively an anisotropic sparse grid with 10,102,103, 10%,10%,105
collocation nodes in an hierarchical way governed by the hierarchical surpluses [110]. To evaluate
the error [|(llullx — l[Uapprox!lx)llreer), we randomly select 100 samples in I'. For the computation
of the expectation as well as the error |E[||ullx] — Ellluapproxllx1l, we apply the reduced basis - collo-
cation approximation with 10° collocation nodes constructed from the anisotropic grid. The error
IEMullx] —Elllapproxllx]l is evaluated as a posteriori error by taking the best stochastic collocation
approximation as the true or reference value.

The results for the high-dimensional stochastic problems are displayed in Figure 1.7, from which we can
observe an exponential decay rate for both the L°°(I') error and the expectation error by the reduced
basis approximation, which is much larger than that of the stochastic collocation approximation.
As the dimension increases from 9 to 101, the convergence rate decreases very fast for both the
reduced basis approximation and the stochastic collocation approximation. As for the computational
cost of the reduced basis method, it takes 86(K = 9),424(K = 21),2479(K = 51),8986(K = 101) CPU
seconds, respectively, for the offline construction with the mesh size h = 1/8, growing as tgp 0(K?),
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1.7. Summary

which verify the formula in Table 1.1 by Algorithm 2. In contrast, it would take tsc o< O(K™) where
w=¢qg-K=0,1,2,... is the interpolation level of the isotropic Smolyak formula (1.15), which prevents
large w for high-dimensional problems. We remark that although our numerical results are very
promising for the reduced basis approximation, the size of the samples in the training set #=,,;,, = 1000
and the testing set #Z;,5; = 100 is rather small for the high-dimensional problems, which may bring
insufficiency as for the approximation elsewhere. In order to increase the accuracy of the reduced
basis approximation, we may construct the training set adaptively by replacing it with new set once the
reduced basis approximation is good enough in the current one; see [212]. We also remark that the cost
of the offline construction grows linearly with respect to the cardinality of the training set tgg < Ny, as
seen in Table 1.1.

comparison in 9, 21, 51, 101 dimensions comparison of expectation

L
*

””u"X_”uapprox”X”Lm(I‘)

Figure 1.7: Comparison for the convergence rates of ||||ullx — [|uapprox|lx|lzeo ) (eft) and |E[[|ul|x] -
Elllapproxllx]l (right) between the anisotropic sparse grid stochastic collocation (SC) and the reduced
basis (RB) methods in high dimensions 9D, 21D, 51D and 101D.

1.7 Summary

In this chapter, we carried out a detailed comparison of computational costs and accuracy between the
reduced basis method and the stochastic collocation method for linear stochastic elliptic problems.
The reduced basis method adopts Galerkin projection on the reduced basis space constructed from
a greedy algorithm governed by a posteriori error estimate. It takes advantage of the affine structure
of the stochastic problem to decompose the computation into an offline more expensive procedure
and an online quite inexpensive procedure. The stochastic collocation method, on the other hand,
follows essentially the Lagrange interpolation on the collocation nodes, which are taken as quadratures
abscissas in order to achieve high order interpolation as well as integration for statistical computation.

The reduced basis method achieves an exponential convergence rate for smooth problems regardless
of dimensions in our test case. The stochastic collocation method also exhibits an exponential conver-
gence rate in the low-dimensional cases, though with a slower rate than the one featured by the reduced
basis method; in contrast, in the multivariate case, especially for high-dimensional problems, it only
achieves algebraic convergence rate. The computation of the stochastic collocation method takes less
effort than the one needed by the reduced basis method in small-scale and low-dimensional problems,
while it grows much faster than the reduced basis method in large-scale and high-dimensional prob-
lems, resulting in much heavier computational effort than the latter one. Note that the comparison
depends essentially on the regularity of the stochastic solution, the dimension of the parameter space
as well as the complexity of solving the underlying deterministic system, so that we presume that
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Chapter 1. Comparison of stochastic collocation and reduced basis methods

similar comparison results hold reasonably beyond the case of linear stochastic elliptic problems
considered here.

We succeeded in applying the reduced basis method and the anisotropic sparse grid stochastic colloca-
tion method in high-dimensional problems up to the order of (100). Nevertheless, the application is
admittedly insufficient since the number of samples and collocation nodes is rather small. More ad-
vanced techniques such as sensitivity analysis and adaptive construction [88, 100] for both methods are
being actively developed from the research community, more specifically to deal with high-dimensional
stochastic systems. Moreover, the comparison has only been carried out for problems with solutions
which depend smoothly on the parameters. As for non-smooth or low regularity stochastic problems,
we expect that the reduced basis method, by taking advantage of solving a reduced problem (1.22)
with the same mathematical structure as the original problem (46), can avoid Gibbs phenomenon
as encountered by stochastic collocation method built upon dictionary basis (here Lagrange basis
function), thus gaining further benefit on convergence; see also further examples in chapter 4 and
in [41]. More research focusing on both theoretical and computational aspects is still needed when
considering the reduced basis method and the stochastic collocation method, as well as their efficient
combination, for solving more general problems, e.g., nonlinear, multiscale and multiphysics problems
that feature low regularity and high dimensionality in the stochastic space.
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Y4 A weighted reduced basis method for
arbitrary probability measures

The results of the comparison between the reduced basis method and the stochastic collocation method
in chapter 1 demonstrate that the former method is more efficient and cheaper than the latter for
solving large-scale uncertainty quantification problems. However, our comparison was carried out only
for uniformly distributed random variables. To our knowledge, the reduced basis method is currently
used only for stochastic problems with uniformly distributed random inputs or parameter space with
Lebesgue measure [24, 50]. In order to deal with more general uncertainties problems with arbitrary
probability measures, we propose and analyze a extended version of the reduced basis method and
name it the “weighted reduced basis method."

The basic idea of the weighted reduced basis method is to suitably assign a larger weight to those
samples that are more important or have a higher probability to occur according to either the probability
distribution function or some other available weight function depending on the specific application at
hand. The benefit is to lighten the reduced space construction using a smaller number of bases without
affecting the numerical accuracy. This idea is inspired by the generalization of polynomial chaos [208],
where different polynomial bases representing the stochastic solution are chosen according to the
probability density function of the input random variables, leading to fewer bases with the weights of
the orthogonal polynomials exactly the same as the probability density function.

A priori convergence analysis for reduced basis method by greedy algorithm has been carried out
in previous works [131, 30, 20, 115] under various assumptions. More specifically, the exponential
convergence rate for a single-parameter elliptic PDE was obtained in [131] by exploring an eigenvalue
problem; the algebraic or exponential convergence rate for greedy algorithm in multidimensional
problem was achieved implicitly depending on the convergence rate of Kolmogorov N-width in [30]
and improved in [20]; an exponential convergence rate was also recently obtained in [115] through
direct expansion of the solution on a series of invertible elliptic operators. Different from these work, in
this chapter we carry out a priori convergence analysis of the weighted reduced basis method based
on Fourier analysis or constructive spectral approximation for analytic functions, as used in [8] for
convergence analysis of the stochastic collocation method, which results in a direct a priori convergence
rate for both single and multidimensional problems, and can be straightforwardly generalized to more
general stochastic models once the stochastic regularity of the solution is obtained.

This chapter is organized as follows. Section 2.1 is devoted to the development of the weighted reduced

Reference for this chapter:

P, Chen, A. Quarteroni, and G. Rozza. A weighted reduced basis method for elliptic partial differential equation with random input
data. SIAM Journal on Numerical Analysis, 51(6):3163-3185, 2013.
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Chapter 2. A weighted reduced basis method for arbitrary probability measures

basis method, which is followed by regularity analysis and a priori convergence analysis in section
2.2. Numerical examples for both the one-dimensional problem and the multidimensional problem
are presented as verification of the efficiency and convergence properties in section 2.3. Some brief
remarks about further research perspectives are provided in the last section 2.4.

2.1 Aweighted reduced basis method

We employ the linear and coercive stochastic elliptic PDE introduced in the preliminary chapter as the
benchmark model to develop the weighted reduced basis method in this section. The basic idea of the
weighted method is to assign different weights in the construction of reduced basis space at different
values of parameter y € I" according to a prescribed weight function w(y). The motivation is that when
the parameter y has distinctive weights w(y) at different values y € T, e.g., stochastic problems with
random inputs obeying probability distribution far from uniform type, the weighted approach can
considerably attenuate the computational effort for large scale computational problems. The weighted
reduced basis method consists of the same elements, namely greedy algorithm, a posteriori error
estimate and offline-online decomposition, as presented in chapter 1, section 1.3. In this chapter, we
only highlight the new weighted scheme.

Let X be a high-fidelity approximation space of Hg (D), equipped with the norm ||v||x = v/ A(v, v; §)
Yv(y) e H(} (D) at some reference value y € T'. Let X, be a weighted approximation space with norm

HvWlx, =wllvillx VYveX,Vyel, 2.1

where w : I' — R, is a weight function taking positive real values. Note that both X and X,, are
equivalent to H(} (D). The weighted greedy algorithm essentially deals with the L>°(T’; X,,) optimization
problem in a greedy way [178], seeking a new parameter y"V € I' such that

yN = argsup|lu(y) - un(Mllx,, 2.2)
yer'

where we recall that uy is the reduced basis approximation of the solution u. By solving the infinite
dimensional problem (2.2) we would locate the least matching point yN eTinl|-|lx, norm. A com-
putable (finite dimensional) greedy algorithm relies on (i) replacing the parameter domain I' by a finite
training set Z,4;, < I with cardinality |Z;,4in| = R¢rain < 00, and (ii) replacing the mismatching term
llu(y) — un(¥)llx, by acheap weighted a posteriori error bound A ]‘\‘} that should be as sharp as possible,

ie.,
enAND) <= u(y) —un(Wllx, < CNAND), (2.3)

where Cy/cy is expected to be close to 1. Let us look at an example of the weight function.

Example 2.1.1 As shown in (1.27), the reduced basis approximation of the compliant output sy =
F(up;y) has an error that scales quadratically with respect to the reduced basis approximation error of
the solution [178], i.e.

s() = sn ()l o¢ u(y) = un (DIl 2.4)

Therefore, in the evaluation of the expectation of s by formula (56), we may choose the weight as the
following function of the probability density p:

wy =vp(y) Vyel, (2.5)

so that the approximation error of the expectation can be bounded by

Els] —Elsn] = fr(S(y) —snMpdy < ITIsupls(y) — sn()]p(y) < T sup(Ak(y)?, (2.6)
yer yer
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2.2. Regularity and a priori error estimates

where we assume thatT is bounded.

Similar to (1.29), the reduced basis system can be written as

N K K
Z AO(Cmr(n)"‘ Z ykAk((mv(n) uNm(y): (f[);(n)"‘ Z(fk!(n)yk! l=n=<N. 2.7)
m=1 k=1 k=1

To solve (2.7) efficiently, we precompute and store A ({;,,{,),0< k< K,1 <m,n < N4y and (fx,(5),0 <
k = K,1 = n < Np,4x in the offline procedure. In the online procedure, we only need to assemble the
stiffness matrix in (2.7) and solve the resulting N x N stiffness system with much less computational
effort compared to solving a full A x A stiffness system. As for the computation of the error bound
AIM\}( ¥), we need to evaluate ||é(y)||x at y chosen in the course of sampling procedure. The residual can
be expanded as

R(v;y) = F(v;y) - Alun, v;y) = Z (fir )Yk — Z UNn
k=0

Z Al p, v)yk), where yp = 1. (2.8)
k=0

Set (6, V) x = (fx, V) and (3,’{, V)x =—Ap((yv),Vve X, 1<n<N,0< k <K, where 6 and 2,’{ are the
representatives of f and A]’C‘ (defined as A,’C‘(v) =—Ar((n,v), Vv e X) in X, respectively, whose existence
is secured by the Riesz representation theorem. By recalling (é(y), v)x = R(v; ¥), we obtain

lewlix = J’k( y ykr(%k,%kox)
k=0 2.9)

+ Z > ykuNn(y)(Z Yi2( G, L) x + Z Z Vi tnw (LR, L5k |.
k=0n= k'=0n'=1

Therefore, we can compute and store (€, €x) x, (<€kr,$,f)x, (f,’f,fr’f,’)x, 1=nn' <Npa,0<k, k' <

K, in the offline procedure and evaluate ||é(y)||x in the online procedure by assembling (2.9) with
O((K + 1)2N?) scalar products, which is far more efficient provided that O((K + 1)2N%) < N,

2.2 Regularity and a priori error estimates

We work in the full space, which we still denote as X for ease of notation, rather than in the high fidelity
discretization space (e.g., finite element space) for proving regularity and a priori error estimates for the
weighted reduced basis method; the regularity with respect to random variables y € I" and convergence
results of the weighted reduced basis approximation hold the same in the discretization space.

2.2.1 Regularity results

Lemma 2.2.1 Under Assumption 0.3, the solution to problem (46) satisfies u € Cor; H& (D)). Moreover,
if u and @i are two weak solutions of problem (46) associated with data a, f and a, f, respectively, we
have the stability estimate

Cp | = _
lu =@l cor; 1 (py) = ||f Aleow.zmoy + —5— s— I fllco;z2oplla— allcor;r(py) (2.10)
Ami min

Proof We rewrite (46) explicitly as
VyeT, f alx,y)Vu(x,y)-Vv(x)dx =f fl,yvx)dx VYve H& (D). (2.11)
D D
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A similar problem holds for f and d. By subtraction we obtain the difference equation:

faV(u—ﬂ)Vvdx:f (f—f)vdx+f (a—-a)Vi-Vvdx. (2.12)
D D D

By taking v = u — @1, applying the Cauchy-Schwarz and Poincaré inequalities, and using Assumption
0.2 we have

2 = - - - ~
Aminllu— u“H&(D) = CP”f_f”LZ(D)”u_ u”H&(D) + ||u||H&(D)||u_ u”Hé(D)“a_a”LOO(D); (2.13)

so that the following stability estimate holds for Vy € T by the fact || ]| HL(D) < (Cpl/amin)ll f llz2(py (due
to the Lax—Milgram theorem and Assumption 0.2 holding also for a):

C = Cp =
1u(y) = B g ) < a—"_n FO = Fllzm + az_P” Follppllaw) —aplsem.  (2.14)
min min
Setting a(y) = a(y +6y) and f(3» = f(y +8y) such that y + §y € T, we have by Assumption 0.3 that
a(y) — a(y) in L(D) and f(y) — f(y) in L*(D) so that &(y) = u(y +8y) — u(y) in H) (D) when 8y — 0.
Therefore, the solution is continuous with respect to the parameter y € T, i.e., u € C'(I; H& (D)). d

A direct application of Lemma 2.2.1 leads to the following lemma for the existence of partial derivatives
of the solution with respect to the parameter y € I" as well as their bound in H& (D).

Lemma2.2.2 Foranyy€T, there exists a unique 0, u(y) in H(} (D) provided that Assumption 0.3 are

satisfied forany y €T andv = (v1,...,vk) € A, where A < NK is a multiple index set. Moreover, we have
the following estimate:

Cp

||53V/U(J’)||H1(D)SB(J/)|V|!77V+ |V|' Z (T]V7ek||fk||L2(D)), (215)
0 Amin k0

where

Cp [lak!| oo D)

B(y) =

K
WD lzmy, Wii=i+-+vidl, 0" =[]0k k= (2.16)
k=1

min Amin

Proof We use an induction argument for the proof in the following few steps.

Step 1. First, when |v| = 0, there exists a unique solution u € H(} (D) of problem (46) for every y e I’
thanks to the Lax-Milgram theorem. Moreover, the estimate

C
Oy u | g oy = Ul (py < —£ f N2y = B(y) (2.17)
0 0 Amin

holds, which verifies (2.15) for |v| = 0.

Step 2. For |v| = 1, we are about to prove that there exists a unique function a;u( y) satisfying the
following general recursive equation (write a(y) in short for a(x, y), etc.),

fa(y)VOY,u(y)-Vv:— Z Vi akva;_e’“u(y)‘Vv+ Z frv VUEH&(D), (2.18)
b kv #0 D k:v=e, YD

where ey is a K dimensional vector with the k-th element as 1 and all the other elements as 0. To see
this, let us first show that for |[v| =1, i.e., v = ¢, 1 < k < K, there exists a unique solution O}u(y) to (2.18).

50
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We take the perturbation @(y) = a(y — hey), f(y) = f(y — hey), and ii(y) = u(y — hey) in (2.12) and set
DZu = (u(y) — u(y — hey))/ h; then (2.12) becomes

fa(y)VD’,ju(y)wszkv—f axVu(y—hey)-Vv Vve HL(D), (2.19)
D D D

which results in a unique solution D’; u(y) e H& (D) by the Lax—Milgram theorem. Taking the limit z — 0,
we have by the continuity result in Lemma 2.2.1 that u(y — heg) — u(y) so that D’hC u(y) — 6JV,u( ¥) exists.
Therefore, G;u( y) is a unique solution of (2.18) for v = e, 1 < k < K. By induction we suppose that there
exists a unique function af,u(y) satisfying (2.18) for |V| = |v| -1, i.e, ¥V =v—ej forsome j =1,...,K;
then we claim that there exists a unique function 6; u(y) satisfying (2.18) for each v such that |v| > 1. By
the same argument of perturbation and continuity property, we are able to take the derivative of (2.18)
with respect to y;, where v is replaced by v = v — ¢; in (2.18), yielding

fa(y)va;u(y)-va a;vo, “uy)-vu=- Y ka axvoy *u(y)-Vu
D D k#j:vi#£0 D 2.20)
—(vj—l)f ajvalv,feju(y)-Vv+ o | fiv
D k:v=ey

which can be simplified by summing up the same terms to end up with (2.18). By the Lax-Milgram
theorem, we have that there exists a unique solution 0y u(y) € Hé (D) to (2.18).

Step 3. We are going to show that the estimate (2.15) holds for |v| = 1 in this step. Upon replacing v by
0, u(y) in (2.18), we have by Assumption 0.2 as well as the Cauchy-Schwarz and Poincaré inequalities
the following estimate:

105 uMligpy = 2. vinklldy™ ““ulll g p) + Y fellzmy- 2.21)

k:vi#0 Amin k:v=ey

Observe that when |v| =1, i.e.,, v = ¢, 1 < k < K, estimate (2.21) becomes

Cp
||a;u(y)”Hl(D) = “aJ’ku(y)“Hl(D) s BNk + _||fk||L2(D); (2.22)
0 0 amin
which is the same as in (2.15). If |[v| > 1, estimate (2.21) becomes

103U gy S 2 Vinklldy S ull g p)- (2.23)
k:vi#0

Suppose estimate (2.15) holds for any |V| < |v| with |v| > 1; then we have

10wy = Y i1y ullgy

Jvj#0
Cp v-ej—e
—VI=Dt Y (0T el i)

min kv #0

< ) vjnj(B(y)(|v|—1)!nV‘ef+
e (2.24)

C
=B(y)( > vj)(|v|—1)!nv+—"( > vj)ﬂvl—l)! Y @ fill 2 )

jivj#0 min |\ j:v;#0 kv #0

Cp

=BV +——WIt > (0"l fill2py) = Cay MIVIMY,

min k:vi#0
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where

¥ I fellr2(py

Cor()=B()+Cp (2.25)

)
kv 0, g oo 20 || @k N L20(D)

so that estimate (2.15) also holds for v with |v| > 1. O

An analytic extension of the solution u in a certain region X such that I c X is a consequence of the
regularity result in Lemma 2.2.2 provided conditions are suitable, as stated in the following lemma.

Lemma 2.2.3 Holding all the assumptions in Lemma 2.2.2, and defining
< K
T={zeC:FyeTstlm-lz—yDl=> nilzx—yxl<1p, (2.26)
k=1
we can find an analytic extension of the stochastic solution u in the complex region £ and we define

X([;1):={zeX:dist(z,T) <1} c X for the largest possible vector T = (11,...,Tg).

Proof By the Taylor expansion of u(z) about y € T" in the complex domain we obtain

oY u(y)
uz)=Y yv' (z—y)" 2.27)

v

with v! = v;!---vgl. Thanks to the regularity result in Lemma 2.2.2, we obtain

u(y) |Y
|| =X el
HymD Y
[vI!
=Car(y) > T!(TI lz—yl)"

n=0:|v|l=n
K n
=Cay( ) (Z nk|zk—yk|)
n=0\k=1
: Car(y)
1 —lelenkIZk—J/kI'

(2.28)

where the second inequality is due to Lemma 2.2.2 and the first equality follows from the generalized
Newton binomial formula. In the complex region defined in (2.26), we obtain that the function u(z)
admits a Taylor expansion around y € I so that the solution u can be analytically extended to the
complex region (2.26). O

2.2.2 Aprioriconvergence analysis

To prove the exponential convergence of the weighted reduced basis method for problem (46) for the
case of one random variable, i.e., I' © R, we bound the error by another type of constructive spectral
approximation or more specifically, extension of the Chebyshev polynomial approximation for analytic
functions (see [61, Chapter 7]). The idea has also been used in the proof of the exponential convergence
property of the stochastic collocation method [8]. Based on this idea we also obtain the a priori error
estimate of the reduced basis approximation for multidimensional problems, e.g., T < R, K > 1.

We define the weighted space CY,(T'; X) equipped with the following norm

1211t 0 = max@vR)lx) (2.29)
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for any positive continuous bounded weight function w : I' — R,. Because of Assumption 0.3, the
linear coefficient a and forcing term f satisfy a € C°(T'; L°(D)) and f € C,(T'; L*(D)).

Theorem 2.2.4 Under Assumption 0.3 with T c R, the error between the reduced basis solution uy =
Pynu (recall that Py : u — uy represents the Galerkin projection operator) and the “truth" solution u of
problem (46) enjoys the exponential convergence

u—Pnu < CY% ™ max |ju(z 2.30
Il Nulleo rx) z€Z(F;T)|| (@)x (2.30)

where the constant C¥ depends on the weight w and is independent of N, and the rate r is defined as

27 472
l<r=log m+ 1+W ) 2.31)

where T is defined in Lemma 2.2.3.

Remark 2.2.1 The convergence rate stated above does not depend on the specific problem (39). In fact,
as long as u = u(y) is an analytic function, the exponential convergence rate (2.30) holds for reduced
basis approximation as demonstrated in the proof of this theorem later. The same a priori convergence
property can therefore be established for problems other than the elliptic problem (39) under linear or
affine assumptions (43) as studied in [131, 115].

Proof First, we note that the results obtained in the above lemmas in H& (D) norm are still valid in the
equivalent X norm. Given a bounded and continuous one-dimensional domain I' ¢ R, we introduce
the change of variables y(f) = y+ |2ﬂ twith ¢t € [-1,1] and y the center of domain T, sothat y: [-1,1] =T
is bijective. Let the solution of problem (46) be set as @ (t) = u(y(t)) for t € [-1, 1]; then we have that
1:[-1,1] — X can be analytically extended to X([—1,1],27/|T'|) by Lemma 2.2.3. Consequently, there
exists a spectral expansion of # on the standard Chebyshev polynomials ¢k : [-1,1] — Rand |c,| <
1,n=0,1,...,in the form

. U S .
A =—+ Y dnca(D). (2.32)
2 n=1
The n-th Chebyshev coefficient fulfils [61]
N 1 (* . _n N
un:—f Gi(cos(f))cos(nt)dt, |linllx <2p manllu(z)IIX, n=0,1,..., (2.33)
7 zeD,

where the elliptic disc D, is bounded by the ellipse E, with foci 1 and the sum of the half-axes

0 =27/|T|+v/1+ (472/|T|?). Define the N-th order Chebyshev polynomial approximation of I as the
truncation of (2.32) up to N terms, written as

N
+ ) Upcn(0); (2.34)

n=1

. Uo
Myi=—
NE=5

then the truncation error is bounded by using |c,| < 1,n =N +1,..., and (2.33) as follows:
N N ~ 2 —log(p) N ~
la-Tnallcogryxs Y llallxs—e max||(2)]|x, (2.35)
0- 1 z€D,

n=N+1

Therefore, by the identity () = u(y(t)), t € [-1,1], we have

. 2
Vmax||i(2)|lx = —— e max |lu(@llx, (2.36)

o o-1 zeX ([T

|| || = "
u—Ilyullcor.x) < e
N CU(T;X) Q 1
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where we define r :=log(p), as given in (2.31). It is left to prove that the reduced basis approximation
error can be bounded by the above truncation error. In fact, for any function v € 25(I) ® X, a tensor
product of polynomials with total degree at most N and X, we have that .y v = v [36, 8], where .#y is
the Lagrange interpolation operator based on the interpolation points y",n=1,..., N + 1; see [8]. We
have the following estimate with the help of the Lagrange interpolation operator

lu—Pnriullx =Co inf |lu-vllx
veEXN+1

= Collu—Fnullx

< C inf - +||lv—-F
"m@i&n@x(”“ vllx +1lv—Fnullx) (2.37)

=Cp inf (lu—vllx+IIFfnv—Inullix)
vePyI)eX

=(C+C) inf Jlu-vllx,
vePy )8 X
where the first inequality is due to Cea’s lemma [165] with constant Cy < co and the second due to
the fact infyexy,, Ilu— vilx < [lu— Fnullx; as for the last inequality, we have used the property that
the Lagrange interpolation operator .#y is linear and ||.#yv||x < C1l|v]IxVv € CO(T, X) for a constant
C) < oo, see [8]. Moreover, because the Chebyshev polynomials ¢; € 2y ([-1,11),k=0,1,..., N, we have

inf |lu—-vlx=

__inf lla—0lix lla—-Tnallx =lu—Iyullx. (2.38)
vePy(DeX D@y ([~1,1)0X

A combination of (2.36), (2.37), and (2.38) leads to the following bound for the reduced basis approxi-
mation error with C =2(Cy + C1)e’ /(p—1):

llu— Pyullx < Ce ™

max ||u(2)]lx. (2.39)
zeXZ([;T)
Since the reduced basis approximation Py u satisfies the linear system (2.7), which can be written in
the compact form as
A(Pyu,v;y)=F(v;y) YveXn, (2.40)

we obtain the same regularity for Py u as for the solution u to system (46) with respect to the parameter
y. In particular, Pyu € C%(T;X), so that u— Pyu € C% (T; X). Multiplying both sides of (2.39) by
the weight function w and taking the maximum value over the parameter domain I', we obtain the
exponential convergence result (2.30) with the constant C* = Cmaxyer w(y).

a

Remark 2.2.2 The exponential convergence result (2.30) holds for the case of a single parameter in
a bounded parameter domain |I'| < co. Extension to a single parameter in the unbounded domain,
e.g., a normal distributed random variable, requires that the data a and f feature a fast decrease at
the parameter far away from the origin, and the constructive approximation by spectral expansion on
Chebyshev polynomials (2.32) is replaced by the one on Hermite polynomials [8]. The proof follows the
same procedure as for Theorem 2.2.4 and we omit it for simplicity.

As for the reduced basis approximation in the multidimensional case, we have the following a priori
error estimate:

Theorem 2.2.5 Under Assumption 0.3 withT c RK, K > 1, the approximation error of the reduced basis
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2.2. Regularity and a priori error estimates

solution can be bounded by
& N,
u—Pnu < max |lu(z Cle™TkNk, 2.41
llu—Pyully i) < max |l ()||Xk§l h (2.41)

where the constants C!,1 < k < K, depend on the weight w and dimension k but is independent of the
number of nodes in the k-th dimension Ny, N = ]'[Ik(=1 Ny, and the rate ry is defined as

27 472
1<rp=log| =~ +\/1+ —% |, 1<k=<K. (2.42)
Tkl Il
Proof Let us choose the training set as all the nodes of a tensor product grid, i.e., Z44ip 1= {(yf1 Yeves yZK),

1 < ni < N, 1 < k < K}, for instance the Gauss quadrature nodes corresponding to the probability
density function of the random vector y. We define the reduced basis space X k1<k<K, asa
linear combination of the snapshots u(y) at y = (y,lc,y]j),...,(yllcv,y]j), where y; €T, 1 =n <N, and
Yy is any point in the rest of the K — 1 dimensional domain denoted as I';.. Correspondingly, we
define the Galerkin projection operator Pllf, X - X]’\‘,, 1 < k < K, such that P]’%u is the solution of
the reduced problem (2.40) in X 1’\‘, whenever u is the solution of the original problem (46) in X at
any y = (yx, y;) € T x T}, Let Xy be the reduced basis space spanned by the snapshots at all the
N= Hlk(:l Nj. samples and Py : X — Xy be the associated Galerkin projection operator; then we have
for the solution u € X of problem (46) at any y = (y1, y;‘) el x FT,

Pyu=Pyo---oPNu, (2.43)
the symbol o being the composition of the projection operators. By triangular inequality, we have
llu—Pyullx <llu=Pyullx +||Py(u-Pyo---o Pyullx, (2.44)

where we can bound the first term as in (2.39) by

-rnN

llu—Plully < Cre max flu(2llx < Cie™ max flu@lly, (2.45)
V4 3T

(21,2])€X(T1 xT];7)

where z1, z{ are the complex elements associated with y; and y;’; the constant C; has similar definition
as C in (2.39) and ry. is defined in (2.42). As for the second term, thanks to the fact that IIP}V viix <llvllx
we have

IPy(u—P30---0 PXN)llx < llu— P4 00 PNullx. (2.46)

By iteration, we obtain the error bound

K
u—Pyullx < max ||lu(z Cre "Nk, 2.47
I N Ul x zeZ(r;n” ()IIXkZ::l k (2.47)

which leads to the a priori error estimate (2.41) by multiplying by the weight function w on both sides
and noting that Pyu € Cﬂ, (T'; X), where the constants C,t” = Cymaxyer w(y),1=k=<K. O

Remark 2.2.3 In practice, the training set 2,4, can be chosen in a more general way, e.g., by sampling
according to the probability density function, and the cardinality of the reduced basis space Xy is much

lower than H’,le Ny given in the theorem. In fact the error estimate obtained in this theorem is rather

. — /(B+1) . . .
crude. An improved convergence rate e NPT has achieved in [20] provided that the Kolmogorov
rNP

N-width by the optimal N dimensional approximation decays as e~ in a more general setting, e.g., if
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Chapter 2. A weighted reduced basis method for arbitrary probability measures

T is not bounded. However, the Kolmogorov N-width is not available in general.

A direct consequence of Theorems 2.2.4 and 2.2.5 for the convergence of quantity of interest and its
statistical moments is summarized in the following corollary:

Corollary 2.2.6 Suppose that the assumptions in Theorem 2.2.4 hold, we have
[1s(20) — S(PNu)“Cg)(r) <lIsllxlu— PNuHCg)(F;X)r (2.48)

and for the k-th order statistical moment, where k = 1,2,..., we have

M k-1
E[s* (W] -Els*(Pyw]l = | Y w(y™ (s y™) — s(Pn; y™) Zsk_l_l(U;ym)Sl(PNU;ym))
m=1 1=0 (2.49)

< Ml|s(w) - s(PN Wl co 1y Cy,

where C¥ is a constant depending on the output s and the statistical moment k with C! = 1.

2.3 Numerical examples

In this section, we present several numerical examples to illustrate the efficiency of the weighted
reduced basis method compared to the classical reduced basis method and the stochastic collocation
method. The output of interest is defined as the integral of the solution over the physical domain D

s =[ u(x,y)dx. (2.50)
D

We define the following two errors as criteria of different numerical methods:
lIs=snllco y and  [E[s] —E[sn]l, (2.51)

where sy is the approximated value of s obtained using N bases for (weighted) reduced basis method
or N collocation points for the stochastic collocation method. In particular, we use the weight func-
tion in one dimension as the probability density function of the random variable obeying Beta(«, 8)
distribution with shape parameter a and f providing distinctive property of the weight, defined as

. - 1 a-1 _ 5 p-1 -

w(y;a,p) = 2B(a, B) dI+y" Q- yvel[-1,1], (2.52)
where the beta function B is a normalization constant such that the total probability integrates to 1. In
our numerical experiments, we use the Gauss-Jacobi quadrature formula to compute the expectation
(2.51) with the solution at the abscissas evaluated by the reduced basis methods. As for the stochastic
collocation method, we use the Gauss-Jacobi abscissas as the collocation points, which is more accurate
than other choices, especially when the weight function is more concentrated. We specify the detailed
setting of the weighted reduced basis method in the following subsections. The physical domain is
asquare D = (—1,1)? and homogeneous Dirichlet boundary conditions are prescribed on the entire
boundary dD.
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2.3. Numerical examples

2.3.1 One-dimensional problem

We set the stochastic coefficient a(x,w), x = (x1, x2) € D, in problem (39) (depending only on x;) as
1
a(x,w) = 1—0(1.1 +sin(2rx;)Y (w)) (2.53)

with random variable Y ~ Beta(a, 8) with (a, 8) = (1,1), (10, 10) and (100, 100), respectively. We remark
that when (a, f) = (1,1) the weighted reduced basis method becomes a reduced basis method with
uniformly distributed random variable, which has been examined in [50]. The left of Figure 2.1 depicts
the shape of weight at different locations. For simplicity, the forcing term is taken with a deterministic
value f = 1. We use the same tolerance £ = 1 x 10~ 1% for three different weight functions to stop the
greedy algorithm; n,4i;, = 1000 samples are uniformly selected to construct the reduced basis space.
Another 1000 samples are used to test the accuracy of different methods. The exponential convergence
of the error ||s— syl 0 ) and its error bound in logarithmic scale for three different weight functions are
displayed on the right side of Figure 2.1 for the weighted reduced basis method. The maximum number
of bases Ny, = 16,11,6 built at the training samples are visualized with selection order identified by
the marker size on the left side of Figure 2.1; they are quite different for different weight functions.
From the location and selecting order of the samples on the left of Figure 2.1, we can conclude that the
weight function plays an important role in choosing the most representative bases.

: T : : :
—— Beta(1,1) [ca —e— Beta(1,1) true error
Beta(10,10) » —+— Beta(10,10) true error
6k Beta(100,100) | | -2F —<— Beta(100,100) true error  H
— © ~ Beta(1,1) error bound
— * — Beta(10,10) error bound
—at — ¢ — Beta(100,100) error bound
51 4
T ot
L * ooF
4 -
s ¥ x * 7
2 * * o B
ar | g
=3
S _iof
2t o B
o o © ol
o o 0 O q
[ —14f

L
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 0 2 4 6
Y

zoF

Figure 2.1: Left: probability density function of Beta(a, §) distribution with different a, § and samples
selected by weighted reduced basis approximation; the bigger the size the earlier it has been selected.

Right: convergence of the error log;, (I |s— syl |Cf’u (r)) by the weighted reduced basis method.

In the comparison of the convergence property of the reduced basis method, the weighted reduced
basis method as well as the stochastic collocation method, we select the weight function of Beta(10, 10)
and compute the two errors defined in (2.51) with the results shown in Figure 2.2. It is evident that the
weighted reduced basis method outperforms the reduced basis method in both norms, and these two
methods are more accurate than the stochastic collocation method in the || - ||C3, () norm. As for the
expectation, the weighted reduced basis method is the best and the reduced basis method does not
beat the stochastic collocation method because it does not take the weight into account.

However, as demonstrated in [50], the computation of both reduced basis methods for the one-
dimensional stochastic problem is more expensive than that of the stochastic collocation method
because of the offline construction with a large number of training samples, especially for the problem
requiring low computational effort in one deterministic solving. Similar numerical examples for some
other weight functions are presented in the appendix for expository convenience.
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Figure 2.2: Left: convergence of the error log,, (Ils — syl e (F)) by the reduced basis method (RBM),

the weighted reduced basis method (WRBM) and the stochastic collocation method (SCM). Right:
convergence of the error log,, (| E[s] — E[sn]]) by RBM, wRBM, and SCM, both with K = 1, Beta(10, 10).

2.3.2 Multidimensional problem

For the test of a multidimensional problem, we consider the following coefficient

alx,w) = o (4+ (T) Y1@)+ Y VA (sin(nmxy) yon () + cos(naxy) yon+1 @) |, (2.54)
n=1

where yi, 1 < k <5, obeying Beta(100,100), L =1/4 and A; = 0.3798, A, = 0.2391. A sufficient number of
N¢rain = 10000 samples (in fact n¢4;, = 1000 provides almost the same result in this example) obeying
independent and identically distributed y; ~ Beta(100,100),1 < k < 5, are taken within the parameter
domain T = [-1, 1]° to construct the reduced basis space and another 1000 samples following the same
distribution are taken independently to test different methods. We compare the performance of the
weighted reduced basis method, the reduced basis method, and a sparse grid collocation method, with
results displayed in Figure 2.3. The two reduced basis methods are obviously more efficient in both
norms (2.51) with the weighted type providing faster convergence: the number of bases constructed
for the weighted reduced basis method (V4 = 15) is half that necessary for the reduced basis method
(Nmax = 30).

As for the computational effort, the stochastic collocation method with sparse grid depends critically
on the dimension [149], while the reduced basis methods are near the best approximation in the
sense that they considerably alleviate the “curse of dimensionality” for analytic problems and save the
computational effort significantly for high-dimensional problems, especially those with big cost for
one deterministic solving. The weighted reduced basis method uses fewer bases than the conventional
reduced basis method in both offline construction and online evaluation and thus costs less compu-
tational effort, particularly for high concentrated weight function, as shown in the above examples.
For a detailed comparison of computational cost for the reduced basis method and the stochastic
collocation method in various conditions, notably for large-scale and high-dimensional problems, see
[50] and results anticipated in chapter 1.
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Figure 2.3: Left: convergence of the error log,, (Ils— snlleo (F))' Right: convergence of the error
log,, (|E[s] — E[sn]l), computed by RBM, wRBM, and SCM, both with K = 5, Beta(100, 100).

2.4 Summary

We proposed a weighted reduced basis method to deal with parametric elliptic problems with distinctive
weight or importance at different values of the parameters. This method is particularly suited in
solving stochastic problems with random variables obeying various probability distributions. Analytic
regularity of the stochastic solution with respect to random variables was obtained under certain
assumptions for the random input data, based on which an exponential convergence property of this
method was studied by constructive approximation of general functions with analytic dependence
on the parameters. The computational efficiency of the proposed method was compared to the ones
of the classical reduced basis method and the (sparse grid) stochastic collocation method and was
demonstrated numerically for both univariate and multivariate stochastic elliptic problems.

There are a few potential limitations we would like to warn the reader about: first, the performance
of the weighted reduced basis method for low regularity problems is to be investigated, possibly
improved by combination with the hp-adaptive reduced basis method [65]. Second, the efficient
empirical interpolation method [11, 48] needs to be applied in order to use the weighted reduced basis
method to solve nonlinear stochastic problems or linear stochastic problems with nonaffine random
inputs exhibiting various probability structure. Finally, we would like to mention that application of
the weighted reduced basis method to more general problems, e.g., parabolic problems [87], fluid
dynamics [162], multiscale and multiphysics problems [117], stochastic optimization problems [47],
and inverse problems [133], as well as more general stochastic problems with different probability
structures is seen as upcoming perspectives.

Appendix A

To further illustrate the efficiency of the weighted reduced basis method, we present the following
numerical examples with some widely used weight functions other than those introduced in section
2.3.

1. Weight function as truncated probability density function of normal distributed random variable:

1 =2 )
Voro P ( 207

)

a(x,w) = %(3.1 +sin(2rx)) Y (@)I(1Y| < 3)), Y ~Normal(u,0); w(y) =
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Chapter 2. A weighted reduced basis method for arbitrary probability measures

2. Weight function as truncated probability density function of gamma distributed random variable:

a(x,w) = %(10.1 +sin(27x)) Y ()I(Y <10)),Y ~ Gammal(k,y); w(y) =

1 k-1 y
exp(—=);
rrw? Py

3. Weight function as truncated probability density function of Poisson distributed random variable:

V,—A

1 A
a(x,w) = E(IOO.I +sin(2zx)) Y (w)I(Y < 100)), Y ~ Poisson(1); w(y) = )

The selected samples for different weight functions and error of log,,(I|s — syl |C°w ) are displayed
in Figures 2.4, 2.5, and 2.6, respectively, from which we can observe that the samples are effectively
chosen according to the weight functions. Consequently, both the offline construction and the online
evaluation become more efficient by the weighted reduced basis method than the conventional one.

3

-2

:
Normal(0,1)
Normal(1,0.5) o o
Normal(2,0.15) o

T :
—e&— Normal(0,1)

—+— Normal(1,0.5)
_4t —4— Normal(2,0.15)||

Figure 2.4: Left: probability density function of ¥ ~ Normal(y, o) with different y,0 and samples
selected by weighted reduced basis approximation; the bigger the size the earlier it has been selected.

Right: convergence of the error log;, |15 — snll -0 by the weighted reduced basis method.
10 c9,(r)
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Figure 2.5: Left: probability density function of ¥ ~ Gamma(k,y) with different y and samples selected
by weighted reduced basis approximation; the bigger the size the earlier it has been selected. Right:

convergence of the error log (Ils - SN||C3, (r)) by the weighted reduced basis method.
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Figure 2.6: Left: probability density function of Y ~ Poisson (A1) with different A and samples selected
by weighted reduced basis approximation; the bigger the size the earlier it has been selected. Right:

convergence of the error log (Ils - sNIICow (r)) by the weighted reduced basis method.
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8] Decomposition of nonaffine fields — a
weighted empirical interpolation

A critical assumption made in both chapter 1 and chapter 2 to achieve the efficiency of the reduced
basis method is that the random fields have an affine structure, which makes the offline-online decom-
position possible. However, in practice the random fields are not necessarily given in the form of affine
expansion; for instance, a lognormal random field

K
g, y) = eXp(Z gk(x)yk), (3.1
k=1

is most often assumed for a diffusion coefficient that is strictly positive. This is of course nonaffine in the
random variables y = (y1,..., yx). In order to retain the advantage of the offline-online decomposition,
a common strategy consists in approximating the nonaffine structure by an affine function involving a
separation of physical variables and random variables.

The empirical interpolation method [11] was originally developed to approximate the nonaffine coeffi-
cients of a partial differential equation in order to effectively decompose the reduced basis method into
the offline construction and the online evaluation. Since its development, many applications of this
method have been considered and several extentions proposed [86, 129, 201, 63, 176, 118, 40, 163]. In
particular, we mention its application and analysis in the context of the reduced basis approximation
for nonlinear elliptic and parabolic equations [86], in the geometrical parametrization of domains and
shapes [132], and its extension to a general, multipurpose interpolation procedure [129], in which a
priori error estimate compared to Kolmogorov N-width was obtained.

The basic idea behind empirical interpolation for parametric function g(x, y) is to choose the parameter
samples y',y?,... and the interpolation nodes x!, x?,... recursively in a greedy approach according
to the criteria that the values y™ and x™ selected at each step m =1,2,... are the most representative
ones in L* norm, that is the ones where the function is worst approximated by the interpolation
formula constructed from the previous steps [11]. This is essentially different from the conventional
interpolation construction which requires the interpolation nodes to be chosen a priori according
to a specific rule, e.g., roots of orthogonal polynomials [164]. The so called “magic points" [129]
(y™, x™),m=1,2,... obtained by the goal-oriented or the function-specified empirical interpolation
procedure are supposed to identify an interpolation formula by capturing some specific features (e.g.,
regularity, extreme values) of the given function, thus providing higher interpolation accuracy. Another

Reference for this chapter:

P, Chen, A. Quarteroni, and G. Rozza. A weighted empirical interpolation method: A priori convergence analysis and applications.
ESAIM: Mathematical Modelling and Numerical Analysis, in press, online doi: 10.1051/m2an/2013128, 2013.
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superiority of the empirical interpolation construction is attributed to the affine expansion of the
function given in whatever form, leading to the separation of the physical variables and the random
variables in the following expression:

M
glx,y) = Iumlgl=) 0;()q;x), (3.2)
j=1

which can be efficiently exploited in conducting mathematical manipulation, e.g., numerical integra-
tion or reduced basis approximation [86]. Conventionally, one supposes that the parameter y, if viewed
as arandom variable, is uniformly distributed in a bounded space I

However, in many applications, e.g., stochastic problems with parametrized random variables that obey
normal distribution, the request of the boundedness of the parameter space I' and that of the uniform
distribution of the parameter y is quite difficult to be fulfilled. In these situations, the approximation
to some quantities of interest (e.g., statistics of the function) based on the parameter samples and
interpolation nodes, selected by the empirical interpolation procedure, would not lead to results that
are as accurate or efficient as those expected when taking distinct weights of the parameter at different
values into account. In this chapter we propose a weighted empirical interpolation method (WEIM) by
considering a weighted optimization problem and analyzing its convergence properties by improving
the a priori error estimate obtained in [129]. To demonstrate numerically its effectiveness and efficiency,
we apply the wEIM to approximating nonlinear parametric functions, geometric Brownian motion in
one dimension, exponential Karhunen-Loéve expansion in multiple dimensions as well as reduced
basis approximation to nonaffine stochastic elliptic problems, and we compare it with the conventional
empirical interpolation method (EIM) and sparse grid stochastic collocation method. It is worth
mentioning that constructing a goal-oriented numerical method is a quite common procedure in
adaptive finite element methods [14, 82] and has also been applied to construct adaptive reduced basis
method [41].

This chapter is organized as follows. We present the weighted empirical interpolation method in section
3.1. A priori convergence analysis is carried out in section 3.2, followed by section 3.3 where different
applications of this method are addressed. Some limitations and perspectives of the weighted empirical
interpolation are provided in section 3.4.

3.1 Weighted empirical interpolation method (WEIM)

For notational convenience, we introduce the spaces L°°(D) defined in a bounded physical domain
DcR%deN, and Cg, (I') defined in a parameter space (not necessarily bounded) I' c RX K eN,,
which are equipped with the following norms:

181120y = esssup|g(x)| and |Igllco )y = maxw(y)|g(y)] 3.3)
xeD w yer

for a given positive weight function w: I' — R,. We also define the Bochner space L (D; Cg,(l")) fora
parameter dependent function equipped with the norm

12l oo, = esssup |[maxw(y)|g(x, )|)Emaxw( )(esssu g (x, )I). (3.4)
Ellroich,ry = €98 SUP | EX WIS, VI | = TaX WLI{ eSS SUpIgLn y

We note that L*°(D), as used in [11, 86, 129], is usually replaced with C%(D) for conventional interpola-
tion of continuous functions [164].

At the discrete level, the physical domain D is replaced by a set of vertices x € Vy with finite cardinality
ny = | Vx| < o0, for instance finite element nodes, and the parameter space I' is represented by a sample
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3.2. A priori convergence analysis

set Z, of finite cardinality n, = |=,| < co. We present the weighted empirical interpolation method
in Algorithm 3. We emphasize that the initial sample y! is chosen such that the weighted function is
maximized in L% (Vy; CLOU(EJ,)) norm:

w(y) (ess sup |g(x, y)l)] . (3.5)

y! = argmax
ye=y x€eVy

In the course of the construction procedure, the quasi-optimal samples y™*1, M > 1, can be chosen

by a greedy algorithm to minimize the weighted optimal approximation error (3.6) in the subspace

Wy :=spanig(-,y"),1 <i< M}, ie, find yM*l e =y such that

M+1

¥ = arg;‘%e:u( . (3.6)
Zy

w(y) (hérl/ll;M llg(y) - hlle(vx))

However, the weighted L* optimization problem (3.6) is expensive to solve by linear programming if
|Vx| and |Z,| are large. In practice, it can be efficiently replaced by a weighted L? optimization problem
[86] or by a surrogate weighted L> optimization problem (3.9) [129].

We state several properties of the weighted empirical interpolation method in the following lemmas,
whose proof is straightforward by noting the fact that the weight function w : I' — R is positive, and
therefore omitted here; see, for instance, [11, 86, 129] for details.

Lemma3.1.1 Forany M < My, 4, the subspace Qp; = span{qm,1 < m < M} is of dimension M. More-
over, the matrix BM formed in (3.12) is lower triangular with unity diagonal and thus invertible.

Lemma 3.1.2 For any function h € Qyy, the empirical interpolation formula given by (3.7) is exact, i.e.,
rv+1(x,y) =0Vx € Vyandy € Zy. In general, for any function g € L™ (D; C%,(I), we have

g — Pmlglllromy = (1 + Apm) hier(lgf llg — hll ooy with Apr<2M —1. (3.13)
M

Remark 3.1.1 In practice, the empirical interpolation method is always carried out on a discrete finite
vertex set V. instead of the domain D. In order to make this idea more explicit, a variant version of the
empirical interpolation method, under the name of discrete empirical interpolation method (DEIM), is
proposed in [40] to solve nonlinear problems. In particular, nonlinear systems of ordinary differential
equations (which have similar structure as nonlinear time-dependent partial differential equations after
spatial discretization) were efficiently treated by the DEIM in [40].

3.2 Apriori convergence analysis

The interpolation error obtained in (3.13) with the Lebesgue constant Ap; < 2M _1 (see proof in [86])
by the empirical interpolation procedure is too pessimistic, far from the result for conventional
interpolation error based on certain prescribed interpolation nodes (e.g., Chebyshev nodes with
Ay ~log(M) [164]). An explicit a priori convergence rate of the weighted empirical interpolation error
is not available for generic functions. In order to measure the accuracy of the approximation by the
weighted empirical interpolation method, in the following theorem we compare it with the Kolmogorov
N-width [160], which quantifies the optimal approximation error of a subset & in a Banach space #
by any possible N dimensional subspace Fy, defined as

dn(F, /) .= inf sup inf - . 3.14
N ( ) FNchgegfeFN”g fllz ( )
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Algorithm 3 The weighted empirical interpolation method

1: procedure INITIALIZATION:

2 Given finite vertex set Vy c D, sample set =, < T, weight w and function g € L*(V,; C?U(Ey));
3 find y' € =y such that yl= argmaxyez, w(y)(esssup ey, 18(x, y)I); set Wy = span{g(x, y1};

4 find x! € V, such that x' = argesssup,cy. |g(x, y))I;

5: definery =wg,q1(x) =11 (x,yl)/rl (xl,y ),Bll1 =1, set M = 1, specify tolerance €,;;

6: end procedure

7: procedure CONSTRUCTION:

8. while M < My, & rayr(x™, yM) > £, do

9 find ©M (y) = (@V(y),...,@%(y))Tbysolving

M . .
Y 0V g =g, y) 1<i<M; (3.7)
i=1
10: define ryp1:DxI'—>Ras
A M
v (6, ) = g6, )) = ) 07 (1 q;(x); (3.8)
i=1
11: find yM*! € £, such that
yM*! = argmax [ w(y) (ess sup [rp+1(x, y)l)] , (3.9)
yezy X€Vy
12: find x™*! € V, such that
KM+l = argess sup |rM+1(x,yM+1)|; (3.10)
xeVy
13: define gar+1: D — Ras
v yMt)
Qe () = (3.11)
14: update matrix BM*1 ¢ RIM+DX(M+D 59
B%I”:qj(xi) 1<i,jsM+1; 3.12)
15: set M = M+1;

16: end while

17: end procedure

18: procedure EVALUATION:

19: For Vy € E,, construct approximation (3.2) by solving (3.7), then evaluate (3.2) at Vx € V5.
20: end procedure

In the context of empirical interpolation, we consider # = L*°(D) and & = F¢(D) as the image of the
function ginT,i.e. g:T — Fg(D).

Theorem 3.2.1 The error of the weighted empirical interpolation method can be bounded as follows:
l1g —Imlglllovy) = Cw(M + 1)2MdM(Fg(Vx),L°°(Vx)), (3.15)

where the constant C,, depends on the weight function w but is independent of M.
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3.2. A priori convergence analysis

Remark 3.2.1 In fact, the result (3.15) is obtained in the subspace L*°(Vy) for the constructive weighted
empirical interpolation method and can be straightforwardly extended to L°° (D) when the vertex set
Vi tends to D such that the points outside the vertex set V; can be sufficiently well represented by the
points inside. To be rigorous, we take the vertex set V. such that for almost every x € D, there exists y € V

satisfying
18(x) — g =I1lg - Fmlgllrwy- (3.16)

Consequently, we have the error bound

llg — Fmlglllro D) = 118 — Fmlglllro vy + 118 — Pmlglllroo vy
=2|lg—Imlglllrovy)
< Cp(M + 1)2M* dpy (Fg (Vy), L® (V)
< Cp(M + 1)2M* dyy (Fg (Vy), L® (D).

(3.17)

The proof of (3.15) adopts a constructive approach inspired from that for the greedy algorithm for the
reduced basis method [20]. Some preliminary results are provided in the next two lemmas.

For simplicity, we use the shorthand notation r,,(x) = r;;,(x, y™),1 < m < M + 1, obtained in Algorithm
3 and define the functions ¢;(x') = r;(x/),1<i,j<sM+1,and t;(x') =0,1< j<s M+1,i>M+1.

Lemma3.2.2 The matrix TM*! defined by Tl.l‘;”l =t (x"),1<1i,j<M+1, is upper triangular with

dominating diagonal elements, i.e., t; xh=0,i> Jyand|t; (xh) = |t (xhH,i< j-

Proof From the result of Lemma (3.1.1), we know that the matrix BM*! is lower triangular with unity
diagonal. By the definition of g;,1 <i < M +1, in (3.11) and the definition of #;,1 < j < M +1, we
have #;(x") = q;(x/)r;(x"), so that t;(x") = q;(x/) =0,i > j, and |£;(x")| < |£;(x))| = |rj(x))],i < j, due to
(3.10). O

Lemma3.2.3 Foranyl < m< M+ 1, there exists a unique b= (b,...,by)T € R™ such that

m
Im(X)em(x) =) bjtj(x) VxeVy, (3.18)
j=1

where e, 1 < m< M+ 1, are unit vectors, i.e., e, (x™) =1 and e, (x") = 0 if n # m. In addition, we have
b =1 and the bound |b;| <2™ "1 1< i< m, sothat|by| + -+ |by| <271,

Proof For any x = x!i>M+1, we have em(x) = 0 and £;(x) = 0, so that both sides of the equation
vanish and we only need to verify the statement for x = x*,1 < i < M + 1, in which case the system (3.18)
becomes

s=Th withs=(0,...,0,r,(x™)7T. (3.19)

Thanks to Lemma 3.2.2, we have that T is invertible and thus there exists a unique solution b. Moreover,
the last row of the system (3.19) 1, (x™) = t;,, (x™) by, leads to the solution by, = 1 since 1, (x") = t;,, (x™).
For any other row 7,1 < i < m, we have by the fact that T is an upper triangular matrix

m .
0= E bjtj(x’). (3.20)
j=i
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Chapter 3. Decomposition of nonaffine fields — a weighted empirical interpolation

Recall that |7; (xH =14 (xi)l,j > i, which yields the following bound for b;,1 <i < m,

moti(x)
b=l 2 s

m
Py = ) Ibjl, (3.21)
j=i+

j=i+l

sothat |b;| <2™" "1 1<i<m,and |by|+---+]|b,,| < 2™ being b, = 1 and using a recursive argument.
O

We are now ready to prove Theorem 3.2.1 using the representation of the residual in Lemma 3.2.3.

Proof Suppose there exists a subspace Hy; < L*°(Vy) of dimension M achieving the Kolmogorov
M-width as defined in (3.14), then we have a sequence of elements h; € Hy,1 < j < M +1, such that

1£j = hjlleo(vy) < dm(Fg(Vie), L®(Vy)), 1< j< M+1. (3.22)

We define the functions .
Sm(x) =) bjhjx),1sm<M+]1. (3.23)

j=1

Since all the elements hj,1 < j < M + 1, belong to the M dimensional subspace Hys and sy, is a linear
combination of these elements for any m = 1,..., M, there exists a vector a = (a1,...,apm+1) T with

|ay|+---+|ap1] =1 such that
M+1

Y amsm=0. (3.24)
m=1
Thanks to the result in Lemma 3.2.3, together with bound (3.22) and representation (3.23) and (3.24),
we obtain the following bound for every x € V:

M+1 M+1
Y amrm@en@)| =Y am (rmx)en(x) = sp(x)
m=1 m=1

(3.25)

.....

M+1
< a max mém— S 00
mZ:"1| m| m=1 M+1|| mém m“L (Vy)

max [|tj = hjllreov,
j=l..,m J J (V)

= max
m=1,...M+1

m
> 1bjl
=

< 2Mdp (Fg(Vy), L® (V).

Since |a1|+- -+ |ap+1| = 1, there must exist @, such that |a,,| = 1/(M + 1). Setting x = x™ in (3.25),
we have |, (x™)| < 2Mdy (Fg (Vy), L®(Vy)), and thus

rm (x™)] < (M + 1)2M dpg (Fg (Vie), L (V). (3.26)

By the construction of the weighted empirical interpolation approximation in Algorithm 3, we have

esssup |7ar+1 (01 < 11y KT < Iryg (M) < - < I (x™). (3.27)

xeVy

A combination of (3.26) and (3.27) leads to the following error bound:

18 — PumlglliLeo(vy) < €sssup [rpy41(X)] < (M + 1)2MdM(Fg(Vx),L°°(Vx)). (3.28)

xeVy
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3.3. Numerical experiments

a

Corollary 3.2.4 Under the assumption dy(Fg(Vy), L®(Vy)) < ce™™ with r >10g(2), we have the fol-
lowing a priori error estimate of the wEIM: ¥ g € L®(Vy; C%, (2 )

g — Parlgllroo(v,) < c(M +1)e~ " 7108@IM (3.29)

Remark 3.2.2 The result (3.29) is an improvement of that recently obtained in [129], in which r is
required to satisfy r > 2log(2) and the exponential convergence rate becomes r —21og(2). In fact, when
the function g is analytic with respect to the parameter y € R, the Kolmogorov width is bounded by the
exponentially decaying error from the truncation of Fourier expansion of order M of g; see [61].

Remark 3.2.3 The result obtained in Theorem 3.2.1 can not be improved in the exponential growth
2M for a priori convergence analysis of general parametric functions. In fact, it can be proved that
llg — Pmlglllrovy = (1 - E)ZMdM(Fg(Vx), L*®°(Vy)) for arbitrary small € > 0 under certain assumptions;
see [20].

3.3 Numerical experiments

In this section, we study the accuracy and the efficiency of the weighted empirical interpolation method
(WEIM) compared to the conventional empirical interpolation method (EIM) as well as the stochastic
collocation method (SCM) for one-dimensional problems and the sparse grid stochastic collocation
method (SG-SCM) [149] for multidimensional problems. Given a function g, we denote by gy, its
approximation using M “elements" (either basis functions for wEIM and EIM, or interpolation nodes
for SCM and SG-SCM) and we define the approximation error in the following two norms

||g_gM||L00(D;CO(r)) and ||[E[g]_[E[gM]||L°°(D); (3.30)

where the expectation E[g] is computed by Gauss quadrature formula specified when in need.

3.3.1 Parametric function in one dimension — geometric Brownian motion

We consider a geometric Brownian motion S; satisfying a stochastic ordinary differential equation
dS; =kS;dt+0S;dB; (This is, e.g., the most widely used model of stock price S; at time ¢ with drift k,
volatility o and standard Brown motion By [157]). The solution is given by S; = exp(cB; + (k — a2/2)p).
For simplicity, we set Sg = 1, 0 = 1 and k = 1/2 so that S; can be written as S; = exp(v/ZB1), where B is
a standard Gauss random variable B; ~ .4 (0,1). By denoting x=t, y= B, e RK,K=1,and g = S;, we
seek the following affine expansion by wEIM given in Algorithm 3

M
g(x,y) =exp(vVxy) = gu(x,y) = Z 0;(y)q;(x) where y ~ A(0,1). (3.31)
Jj=1

Moreover, we are interested in the expectation of g at time x, which can be approximated by Gauss-
Hermite quadrature with abscissas and weights (y,, w,),1<n <N,

M 0o M [ N
E gl ~ Y ( f ej(y)p(y)dy) g~y (3 @;(yn)wn) q; (), (3.32)
j=1\J-o0 j=1\n=1

where p is standard normal density function. The advantage of (3.32) is that we do not need to compute
the function g for y,,1 < n < N, at every x but only at the empirical interpolation nodes x™,1 < m < M,
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Chapter 3. Decomposition of nonaffine fields — a weighted empirical interpolation

which is attributed to solving a small linear system (3.7) for ©(y,),1 < j < M,1 < n < N. When the
evaluation of the function itself at (x, y) is expensive and we have a large number of points x, the wEIM
can be employed for efficient computation of the statistics. We set the tolerance as £,,; = 1 x 1072, and
take 1000 equidistant points in the vertex set V, and 1000 normal distributed samples in the sample
set Z,; we also take an independent 1000 normal distributed samples to test different interpolation
methods. The weight in Algorithm 3 is taken as the normalized Gauss density function w(y) = p(y)/p(0).
As for the evaluation of the expectation of E[gys], we use 12 quadrature abscissas in (3.32), which is
sufficiently accurate for this example. We examine the convergence of “EIM bound" and “wEIM bound"
(rp(xM)), error by “EIM test" and “wEIM test" (error computed from test samples) and test error by
stochastic collocation method “SCM test".

I 3
EIM bound A\ EIM

EIM test Y ——wEIM
or +++ wEIM bound H 2k - --sCM H
——wEIM test -\
- - -SCM test ‘\ \

_ab

10g10(/1g-Gyl,~(p,c%ry))
1og10(/[E[g]-Elgyll - o

Figure 3.1: Comparison of the convergence rates of EIM, wEIM and SCM in different norms. Left:
decreasing of the error ||g — gmll e (p:coy); right: decreasing of the error [|E[g] — E[ga]ll (D).

The convergence property of different methods is displayed in Figure 3.1, from which we can see that
all the methods achieve an exponential convergence rate and wEIM converges faster than both SCM
and EIM in L (D; C°(I')) norm. However, as for the expectation in L*° (D) norm, SCM is the best and
wEIM is evidently better than EIM, which does not take the weight into consideration. The reason for
these results is that wEIM and EIM select the samples by L7 (Z,) and L>(Z,) optimization, leading to
small error in L% (D; C°(I")) norm and relatively large error for the evaluation of the expectation.

3.3.2 Parametric function in multiple dimensions — Karhunen-Loéve expansion

For the case of multidimensional parameters, we consider the function g truncated from Karhunen-
Loeve expansion of a Gaussian random field with correlation length L and eigenvalues 1,1 < n < Ny,
written as [149]

n=1

\/EL % N;
g(x, ¥)— go(x) = Cexp (T) Y1)+ Y VA (sin(nax) yan (@) + cos(nax) yone1 @) |, (3.33)

where y; ~ A4(0,1),1 <i <2N;+ 1, are standard Gauss random variables defined in the sample space
Q 3 w. This function is widely used, e.g., in modelling the random property of porous medium in
material science, geophysics, etc.. To compare the convergence properties of different methods, we
take go =0, C = exp(5), Ny =2, L=1/8, and 1; = 0.213,1, = 0.190; x € [0,1] is discretized by 1000
equidistant vertices. We set tolerance £;,; = 1 x 107'2, and use 1000 five dimensional independent nor-
mal distributed samples and another 1000 test samples. For the computation of E[g], we apply SG-SCM
based on Gauss-Hermite quadrature with the deepest interpolation level 4 in each dimension [149].
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T T T ' ‘
__________________ EIM bound —_ i
. EIM test wEW
ok . “+ WEIM bound of~ - - -SG-SCMH
R .~ —— WEIM test s
S \ - - -~ SG-SCM test RIS

1og10(1g-gyll =’y
log10(/[E[g]-Elg)ll o))

Figure 3.2: Comparison of the convergence rates of EIM, wEIM and SG-SCM in different norms. Left:
decreasing of the error ||g — gl 1o (p.cor)); right: decreasing of the error ||E[g] — E[ga]ll 1o (D).

Figure 3.2 depicts the convergence rate of different methods, from which we can observe that in multi-
dimensional problems wEIM and EIM perform much better than SG-SCM in both ||g — gumll 1o (p.cory)
error and ||E[g] —E[gm]llr~(p) error. Both wEIM and EIM achieve fast exponential convergence rate and
considerably alleviate the “curse of dimensionality" suffered by SG-SCM. wEIM uses only 29 samples
while EIM needs 80 samples and thus 80 expansion terms, which is far less efficient than the weighted
version in practical applications, e.g., in approximating the nonaffine terms of reduced basis method.

3.3.3 Parametric PDEs - application to the reduced basis method

As mentioned before, EIM was originally developed to deal with nonaffine terms in reduced basis
discretization of partial differential equations (PDEs) in [11]. The efficiency of the reduced basis
method depends critically on the number of affine terms for both offline construction and online
evaluation [86, 50, 116, 134]. Therefore, wEIM is more suitable for reduced basis approximation of
nonaffine parametric equation with weighted parameters or random variables with arbitrary probability
measures.

We consider the following elliptic equation with a random coefficient and homogeneous Dirichlet
boundary condition: find u: D x Q — R such that

-V(gx,w)Vulx,w)=f(x) x,w eDxQ, (3.34)

where the random coefficient g(x,w) is a Gauss random field represented by a truncated Karhunen—
Loeve expansion as in (3.33). We set D = (0, 1)?, f=1 8 =01, C=exp®), L=1/16, N; =5,
A1 =0.110,A2 = 0.107,A13 = 0.101, 14 = 0.095, A5 = 0.087, and identify the eigenfunctions in (3.33) as
sin(nmx;) and cos(nmx,) with x1, x» € [0, 1]. The tolerance for weighted empirical interpolation method
is taken as £;,; = 1 x 107'2. Note that the problem has 11 independent and normal distributed random
variables yx ~ . A47(0,1),1 < K <11, and all the random variables have relatively equivalent importance
due to very close eigenvalues. Therefore, we employ isotropic sparse grid stochastic collocation method
based on Gauss-Hermite quadrature [149] for the computation of statistics.

We first run wEIM and EIM with finite element vertices | Vy| = 185 and normal distributed samples | =, | =
10000 to build an affine expansion 3.2 for the coefficient g of problem (3.34). Another independent 1000
normal distributed samples are used to test the accuracy of the two expansions. The results are shown
on the left of Figure 3.3, from which we can observe that wEIM is much more efficient with only 31
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affine terms than EIM requiring 94 terms to achieve the same approximation accuracy in L*(D; C°(I))
norm.

: : T T
EIM bound JEE— ——M=1

EIM test s ——M=11]
2r ++++ wEIM bound [| M=21
—— wEIM test —S—M=31

-

10g10(/lg-Gyyl,~(p,c2))
s
10g10(/Is-8y yll )

Figure 3.3: The convergence rate of wEIM in reduced basis approximation. Left: decreasing of the error
|l — gmll oo (p.cory) for EIM and wEIM; right: decreasing of the error ||s — sy, pllzoo(r)-

We use the affine expansion constructed by wEIM to build a weighted reduced basis approximation,
as introduced in chapter 2, with finite element discretization in physical domain D to the stochastic
elliptic problem (3.34). The quantity of interest is the integral of the solution over the physical domain
D, s= [, udx, which is computed from the finite element solution. We denote s,y the approximation
of s based on using N reduced bases and M affine terms. The convergence of ||s — sy allzeom) is
displayed on the right side of Figure 3.3, which demonstrates that wEIM is efficient in the application
of the reduced basis method resulting in only a few elements in the reduced basis space. Moreover, we
can see that the accuracy of wEIM, represented by different number of affine terms M =1,11,21,31, is
clearly quite influential to the accuracy of the reduced basis approximation.

——WEIM-RBM ——WEIM-RBM
- - -SG-SCM a5k - - -SG-SCM

—2p> ~<. 4 d

Semmmeo oo AN E

-4r \ ~ 7 -35 v Y 7

\
_ab \ N 4
\

10g10(l1s-Syy 1)
log10((E[s]-Els,, )
IS
&

‘

.

Figure 3.4: Comparison of the convergence rates between methods wEIM-RBM and SG-SCM. Left:
decreasing of the error ||s — sy |l zoor); right: decreasing of the error |E[s] — E[sy,pm]l-

Finally, we compare the proposed approach, a combination of weighted empirical interpolation with
reduced basis approximation (WEIM-RBM), to one of the most efficient stochastic computational
methods - SG-SCM [149] for their accuracy and efficiency. The result of this comparison, for the
[Is — sy, Ml o) norm, is depicted on the left of Figure 3.4, from which the curse of dimensionality of
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SG-SCM can be obviously observed. In contrast, wEIM-RBM effectively alleviates this computational
burden, using merely 15 bases to accurately approximate the stochastic solution depending on 11
independent normal distributed random variables.

As for the approximation of expectation E[s], we only need to compute the quantity sy, » with N =15
and M = 31 by online evaluation of reduced basis method at the sparse Gauss quadrature abscissas
and then E[sy, )] by sparse grid Gauss quadrature formula.

The comparison of wEIM-RBM with SG-SCM on the right side of Figure 3.4 shows that in order to
achieve the same accuracy, it takes only 7 bases by reduced basis approximation while 2575 collocation
nodes for stochastic collocation approximation. It is worth to mention that the online evaluation of
the reduced basis method is independent of the degree of freedom (] Vy|) of the deterministic system.
Therefore, when solving the underlying deterministic system is computational demanding (with large
|Vx]) and the dimension of the stochastic space becomes high (with more random variables), wEIM-
RBM is much more efficient than SG-SCM for nonaffine stochastic problems; see [50] for detailed
comparison of computational cost.

3.4 Summary

In order to approximate parametric functions with weighted parameters, e.g., random variables with
various probability distributions, we extended the empirical interpolation method by taking the weight
into account for the construction of the interpolation formula. A priori convergence analysis of the
weighted empirical interpolation method has been provided. We obtained a direct comparison of the
interpolation error to the Kolmogorov width, which improved the result obtained recently in [129].

By the applications in approximating geometric Brownian motion in one dimension and exponential
Karhunen-Loéve expansion in multiple dimensions, we demonstrated numerically the exponential
convergence rate of the weighted empirical interpolation method and its advantage in accuracy and
efficiency over the empirical interpolation method as well as over the sparse grid stochastic collocation
method. We also applied the proposed method to the weighted reduced basis approximation [49] for
a nonaffine stochastic elliptic equation and illustrated its efficiency and especially its effectiveness
in alleviating the curse of dimensionality in comparison with the sparse grid stochastic collocation
method.

The weighted empirical interpolation method can be straightforwardly applied to nonlinear stochastic
partial differential equations with reduced basis approximation and can also be employed effectively in
several fields embracing weighted parameters or random variables, e.g., image science, geophysics,
mathematical finance, material science, bioengineering, to cite a few without being exhaustive.
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Hybrid and goal-oriented adaptive re-
duced basis methods for risk analysis

In chapter 1, the reduced basis method was demonstrated to be very efficient and sufficiently accurate
in solving uncertainty quantification problems, then further improved in chapter 2 thanks to the
weighted algorithm for evaluation of statistical moments. Besides statistical moments and their related
quantities of interest, such as variance-based sensitivity analysis, other quantities of interest depend
on pointwise evaluation of the stochastic/parametric outputs. In this framework, risk analysis provides
the most representative example. This chapter is devoted to the development of suitable algorithms in
order to accurately apply the reduced basis method for uncertainty quantification problems requiring
pointwise evaluation, in particular, but not limited to, evaluation of failure probability.

Several computational methods, such as the Monte Carlo method [72], the first or second order re-
liability method [166, 187], the response surface method [69, 29], etc., have been developed for the
evaluation of failure probability for risk prediction or reliability analysis of a given system featuring var-
ious uncertainties or random inputs. However, efficient and accurate evaluation of failure probability
is difficult to achieve, especially for a given system modeled by partial differential equations (PDEs)
with high-dimensional random inputs. As a matter of fact, evaluation of the output at each realization
requires a complete solution of the underlying PDE with expensive computational cost, making the
direct approach of solving PDEs and evaluating outputs for a large number of realizations sampled
from the high-dimensional probability space prohibitive [187, 148]. Secondly, the topological and
geometrical properties of the limit state surface defined by a critical failure value play a crucial role in
the design of appropriate computational methods, which bring a significant difficulty for accurate ap-
proximation when the surface lacks smoothness and/or features possible discontinuity, disconnectivity
and singularity [69, 166]. At third, it is a common challenge to perform effective and efficient sampling
in the probability space in order to evaluate an extreme failure probability of some rare event with high
consequence [29, 120]. In this chapter, we are mainly treating the first two difficulties of computational
complexity and accurate approximation. The third one will be tackled in a forthcoming research work
by combining the computational strategies developed in this work with suitable sampling techniques,
such as importance sampling with efficient adaptive procedure guided by sensitivity analysis [38].

To avoid solving the full PDE many times, efficient computational methods have been designed for
constructing accurate and inexpensive surrogate models of the original PDEs. However, it has been
noticed [121] that no matter how accurate the surrogate model is, the resulting failure probability
evaluated via the surrogate model can be incorrect due to the nonsmoothness of the limit state surface.

Reference for this chapter:

P Chen and A. Quarteroni. Accurate and efficient evaluation of failure probability for partial differential equations with random
input data. Computer Methods in Applied Mechanics and Engineering, 267(0):233-260, 2013
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For instance, when approximating a function by either projective or interpolative methods based on
prescribed dictionary bases, the approximation error of the surrogate function can converge to zero
when the number of basis functions increases. Nevertheless, the surrogate function may oscillate
about the original function due to jump discontinuity because of the Gibbs phenomenon, producing
therefore erroneous failure probability estimates if the discontinuity lies in the limit surface space. To
deal with this problem, a hybrid approach consisting in combining the outputs computed from both
the surrogate and the original models was proposed in [121]. The idea is that whenever the surrogate
output is close enough to the critical value controlled by a threshold parameter, one uses the original
output computed by solving the full PDE. However, the threshold parameter of the proposed direct
algorithm as well as the step size and the stopping criterion of the iterative algorithm are exposed
to arbitrariness, potentially leading to a biased failure probability estimate or less efficient surrogate
model. When it comes to high-dimensional problems, most of the surrogate models constructed by
projective and interpolative approximation based on prescribed dictionary bases may become poorly
accurate. In real-world engineering problems, most of the high-dimensional stochastic problems
reside in a relatively low-dimensional stochastic manifold named universality phenomenon [196],
which provides rationality for the application of model order reduction techniques to reconstruct the
low-dimensional manifold of the stochastic solution based on a series of snapshots, i.e., solutions at
some representative samples.

In this chapter, we develop a hybrid and goal-oriented adaptive computational strategy based on the
certified reduced basis method introduced in chapter 1 and 2 in order to efficiently and accurately
evaluate the failure probability of a PDE with random inputs. In dealing with high-dimensional random
input problems, we introduce a reduced basis approximation space constructed by a goal-oriented
greedy algorithm. An accurate and sharp a posteriori error bound for the approximate output is
employed for the construction, which results in a limited number of reduced bases when the output
lives in a low-dimensional manifold. For an accurate evaluation of the failure probability when the
limit state surface is nonsmooth, we design a hybrid computational approach. The idea is to use the
surrogate model constructed by the reduced basis method to evaluate a surrogate output. If the latter
can be determined to be a failure or a success by a certification indicator, we use this certified output
and do not need to solve the full PDE. Otherwise, we solve the full PDE and evaluate the truth output in
order to judge if it is a failure. Since the sample of the uncertified output is very near to or lives in the
limit state surface, we enrich the reduced basis space by the solution at this sample to build a more
accurate surrogate model, especially for samples near the limit state surface.

For efficient application of the computational strategy to more general PDE models, we present some
generalizations of our technique, including the adapted primal-dual approach, POD-greedy sampling
algorithm, and empirical interpolation algorithm for efficient decomposition of nonaffine functions.

This chapter is organized as follows. In section 4.1 we state the problem of failure probability evaluation
based on a benchmark model, followed by section 4.2 for the development of the hybrid and goal-
oriented adaptive algorithm based on the reduced basis method. We extend the proposed methods to
more general PDE models in section 4.3 and carry out a series of experiments to compare and illustrate
the advantages of our methods in section 4.4. Summary on the advantages of this algorithm and further
development is provided in the last section 4.5.

4.1 Problem statement

We first present the generic formulation of failure probability of some quantities of interest depending
on the stochastic solution of a given elliptic partial differential equation (PDE) with random inputs as
introduced in the preliminary chapter, and we will later extend our proposed methods to more general
PDE models in section 4.3.
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4.2. Reduced basis methods for evaluation of failure probability

Recall that u: D x Q — R stands for the solution of the stochastic elliptic problem (39). Suppose that
it depends only on a given finite random vector y(w) = (y1 (@), ..., Yk (@) : Q —-T = ]'[Iki1 'y < R with
probability density function p : I' — R. In the context of risk prediction or reliability analysis, without
loss of generality we are interested in computing the following failure probability [121]:

Py:=P(weQ:s(u(yw))) < so) = fr%ro Mpedy, 4.1

where s is a functional of the stochastic solution u, conventionally called limit state function or
performance function in reliability problem; sy is a critical value defining the failure domain I'y:={y €
I': s(u(y)) < so} and the characteristic function Zr, is defined as

_ 1 inyr(),
‘%Fo(y)_‘{ 0 ifyeT,. 4.2)

The Monte Carlo method can be straightforwardly applied to solve the stochastic system as well as
evaluate the failure probability [72]. The idea is to generate a series of samples y" €T, m=1,2,...,M
according to the probability density function p(y), solve the underlying PDE problem at each sample
to get the stochastic solution u(y™), compute the output of interest s(u(y")) and evaluate the failure
probability (Monte Carlo failure probability, denoted as P}") by taking the average as

1 M
Pl'=— > Zr,(y"™M. (4.3)
M m=1

This method requires no additional effort for modification of the deterministic solver of the PDE.
However, in practical application it is too expensive because one PDE has to be fully solved for each of
a large number of samples, leading in general to a prohibitive computational cost. Several accelerated
variations of Monte Carlo method have been developed and used in evaluation of failure probability,
such as quasi Monte Carlo, Latin hypercube sampling, multi-level techniques, to name a few [171, 81,
62].

4.2 Reduced basis methods for evaluation of failure probability

We first present the formula for the reduced basis method in the evaluation of failure probability, then
we propose a hybrid approach for evaluation of the failure probability guided by a posteriori error
bound. Finally, we present a goal-oriented adaptive reduced basis method for efficient evaluation of
the failure probability.

4.2.1 Thereduced basis method

We apply the reduced basis method introduced in chapter 1 to first compute the surrogate output sy
with Algorithm 2 and then evaluate the surrogate failure probability by

S _ 1 i m
P§= i n;:l,%rg o™, (4.4)

where the surrogate approximate failure domain is defined as I'j := {y € I' : sy (y) < so}. Unfortu-
nately, the surrogate output sy may lead to an inaccurate failure probability due to the reduced basis
approximation error. In fact, this drawback is commonly present for most of the surrogate models.
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Chapter 4. Hybrid and goal-oriented adaptive reduced basis methods for risk analysis

4.2.2 Ahybrid reduced basis method

As already noticed, the Monte Carlo method is an accurate and straightforward approach for evaluation
of the failure probability by (4.3), however it is prohibitively expensive as it requires the solution of a
large number of PDEs. In contrast, surrogate models built on other methods may improve compu-
tational efficiency at the expense of producing incorrect output and thus wrong failure probability
estimate. In order to balance the trade-off of computational efficiency and numerical accuracy, a
hybrid approach with either direct or iterative algorithms has been developed in [121]. The direct
hybrid algorithm predefines a neighborhood region of the critical value by a threshold parameter, then
it uses a surrogate model to compute the (surrogate) outputs at samples outside that region and directly
solves the PDEs to evaluate the (direct) outputs at samples inside the region. However, the choice of
the threshold value depends crucially on the accuracy of the surrogate model, which is not provided in
general. On the other hand, the iterative hybrid algorithm replaces some surrogate output closest to
the critical value by direct outputs and conduct the replacement iteratively until meeting a posteriori
error tolerance. This algorithm does not need to choose the value of a threshold parameter but the
accuracy of the failure probability estimate is again affected by the unknown error of the surrogate
model. To improve on this, we propose a hybrid reduced basis method certified by a posteriori error
bound, achieving both the computational efficiency and the numerical accuracy.

Since the approximation error of the output at sample y can be bounded by (1.27), we can define the
certified surrogate failure domain

Ig:={yel:sn(y) <s0, AN <so—sn(}, (4.5)
and the uncertified surrogate failure domain
Ig:={yel:AN() =1s0— sy} (4.6)
Whenever the sample y falls in the certified surrogate failure domain I', we have
s() = () —sn() +sn () < AN +sn () < so— SN () + sn(Y) = o, 4.7)

so that any sample y € I'j also falls in the original failure domain I'g. As for the sample in uncertified
failure domain y € T}, we compute a real output s(y) = s(u(y)) from the solution u(y) by fully solving
the PDE (46). Thus, the hybrid failure domain is defined as

IH=TSu(T¢niyel:s(y) < so}), (4.8)
and the hybrid failure probability is evaluated by

1

h
PO:M

N

L (Y™, (4.9)
1 0

By construction, we have that the evaluation of the hybrid failure probability is cheap thanks to the use
of the surrogate model and accurate, as it is equal to the Monte Carlo failure probability, Pé’ =Py

In dealing with high-dimensional problems, we usually apply an iterative algorithm for Monte Carlo
sampling with an increasing number of samples to enhance computational efficiency on the one hand
and provide a posteriori error estimate for the Monte Carlo evaluation on the other. The following
Algorithm 4 describes the hybrid reduced basis method.
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Algorithm 4 Iterative algorithm for the hybrid reduced basis method

1: procedure OFFLINE CONSTRUCTION:
2: Construct a reduced basis space X by Algorithm 2.
3: end procedure

S

: Initialize tolerance €;,; and a posteriori error ef = 2¢€;01, choose the number of initial samples M,
adaptive size parameter f as well as a maximum iteration number I;,;4y;

5: procedure ITERATIVE EVALUATION:

6 fori=1,..., 1,54 do

7: sample =,s with |Z/| = M, pre-compute and store a;p(y), y € Ep by SCM [102];

8 compute surrogate output sy (y) and the error bound A} (y) by (1.27) for Vy € Zj;

9: evaluation the failure probability Pé’ i by formula (4.9);

10: if i > 1 then

11: compute the a posteriori error for failure probability ef = IPgl’i - Pgl’i_l [;
12: if e/ <€/, then

13: Lnax =1;

14: return;

15: end if

16: end if

17: increase the number of sample size by setting M = f+1 M;

18: end for
19: end procedure

4.2.3 Agoal-oriented adaptive reduced basis method

In order to avoid too many direct solves of the full underlying PDE, we need to increase the portion of
the samples in the certified surrogate failure domain, which in turn requires using a more accurate
surrogate model constructed with more reduced basis functions. However, the computational cost of
both the offline construction and the online evaluation of the reduced basis method critically depends
on the number of reduced basis functions, suggesting therefore the use of alow number of reduced
basis functions, especially for high-dimensional problems. In addition, when the surrogate output is far
from the critical value, a rather crude surrogate approximation with a small number of reduced basis
functions would be sufficient as long as the a posteriori error bound for the approximation error of the
output is smaller than the distance between the surrogate output and the critical value. To take full
advantage of the reduced basis approximation and a posteriori error bound, we develop a goal-oriented
adaptive strategy to construct a surrogate model with fine approximation of the output manifold close
to the limit state surface {y € I': s(y) = so} and coarse approximation of the output manifold far away
from it.

Goal-oriented adaptive strategies have been developed in many contexts (e.g. [155, 156]). For their
application in the construction of surrogate models, we first run the Algorithm 2 for the reduced basis
method with a relatively small training set Z,,,;, and large tolerance &,,; as stopping criteria. Given
any new sample set Z); with M samples, we compute the surrogate outputs sy and the associated
error bounds A}, from which we define the following adaptive criteria

AN ()

———— VyeZIuy. (4.10)
[sn(y) — Sol ye=u

AN =
We remark that in some extreme case, there may exist too many samples for which sy is too close to sp.
In this case, we can pick the sample such that the condition |sy — sg| = € with €5 > 0 very small is also

satisfied.
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We apply again the greedy algorithm to select the most mismatching sample

yN*tl = arg max A% (y) such that A% (y) =1, (4.11)
Ye=m

and enrich the reduced basis space by Xy+1 = Xy @ span{( N+11 where (V*! is the orthonormalized
version of the solution u(yN*!). We carry out the sample procedure of reduced basis construction
with N'= N+ 1 until A% ( yN*1) < 1. Then we compute the failure probability by formula (4.4), which is
accurate (the same as Monte-Carlo evaluation) since Ay () <|sn(y) — SolVy € Ep.

Algorithm 5 combines the goal-oriented adaptive strategy with the iterative scheme for Monte Carlo
evaluation of failure probability. As a byproduct of the adaptive construction of the reduced basis
space, the failure probability is computed asymptotically based on a posteriori error in Algorithm 4
and 5. In order to further quantify the precision of the failure probability, one may also provide the
binomial confidence interval for the failure probability [187], e.g. the normal approximation interval
Py + z1_q,/2v/Po(1— Py)/M, being Py the failure probability computed by either the hybrid or the
adaptive algorithm with M Monte Carlo samples, z1_4,/2 a percentile of a standard normal distribution
associated with a prescribed tail probability a,.

4.2.4 Remarks on approximation error and computational cost

The approximation error of the failure probability by the three different approaches described above
can be generally split into the one arising from the surrogate models and the other from Monte
Carlo method. In the first approach (described in section 4.2.1), the approximation error of the
surrogate model may lead to a large error or even wrong evaluation of the failure probability due to
the discontinuous or singular properties of the limit state surface, while in the last two approaches
(described in section 4.2.2 and 4.2.3), the contribution of the approximation error from surrogate
models is null and the Monte Carlo approximation error takes full responsibility with a slow algebraic
decaying rate M~1/2.

As for computational cost, the first approach is the cheapest one as it does not necessitate to solve a
full PDE in the evaluation procedure once the offline construction is finished. In contrast, the hybrid
approach is relatively expensive, as it requires to solve the full PDE whenever the a posteriori error
bound is larger than the distance between the surrogate output and the critical value. The goal-oriented
adaptive approach is much cheaper than the hybrid one since it starts from a rather crude reduced
basis construction and replaces many direct outputs in the hybrid approach by surrogate outputs
based on adaptively enriched reduced basis space. Moreover, it might be even cheaper than the first
approach if its total offline construction is less expensive than that of the first approach.

4.3 Extension to more general PDE models

The development of both hybrid and goal-oriented adaptive reduced basis methods is based on
the benchmark linear elliptic coercive affine PDE with random inputs (39), which is assumed to be
compliant in the output, time independent, affine in the random inputs and coercive. In this section,
we remove these limitations and extend the proposed methods to more general PDE models. The key
elements in the extension are to accurately compute cheap, reliable and sharp a posteriori error bound
for the approximation error of the output and efficiently decompose the approximation procedure into
the offline construction stage and the online evaluation stage. We remark that most of the techniques
we are using have been well studied for the development and application of the reduced basis method
[163], and we briefly summarize them with specific application in the context of failure probability
computation. In addition, most of the proposed algorithms can be extended to the case of multiple
functional outputs of the solution field. In fact, for a small number of independent functional outputs,
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Algorithm 5 Iterative algorithm for goal-oriented adaptive reduced basis method

1: procedure OFFLINE CONSTRUCTION:
2: Construct a crude reduced basis space Xy by Algorithm 2.
3: end procedure

S

: Initialize tolerance €;,; and a posteriori error ef = 2¢€;01, choose the number of initial samples M,
adaptive size parameter f as well as a maximum iteration number I;,;4y;

5: procedure ADAPTIVE CONSTRUCTION:

6 fori=1,..., 1,54 do

7: sample =,s with |Z/| = M, pre-compute and store a;p(y), y € Ep by SCM [102];

8 compute surrogate outputs sy (y) and adaptive criteria A%, (y) by (4.10) for Vy € Zy;

9 choose adaptive sample yV*! = argmaxyez,, Ay (1);

10 while A]“V(yN“) >1do

11 augment the sample space Sy1 = Sy U {yV ™}

12: solve problem (46) at yN*! to obtain u(yV*1);

13: orthonormalize the solution u(yN*!) by Gram-Schmidt process to get { y41;

14: augment the reduced basis space Xy+1 = Xy @ span{{n+1};

15: compute and store Ag((n+1,0n), Ag(ln,{N+1),1 =g =< Qul=n<N+1and F;({n+1),
1=g=0Qyp

16: compute and store (64, €4)x, (<€q,££;,v+1)x, (2;,\]“,25,);(, (2",%;\,”1))(, l1<q,q' <Qy,
1=p,p'<Qul<sn=N+1;

17: setN=N+1;

18: compute sy(y) and A% (y) by (4.10) Vy € Epy;

19: choose adaptive sample yV*! = argmaxyez,, A% (1);

20: end while '

21: evaluation the failure probability Py’ by formula (4.4);

22 if i > 1 then _ _

23: compute the a posteriori error for failure probability el’.J =Py’ - Pg"_l l;

24: if ef < €97 then

25: Lax = 1;

26: return ;

27: end if

28: end if

29: increase the number of sample size by setting M = i+ M;

30: end for
31: end procedure

we may treat each of them separately as in the case of a single functional output. When there are many
coupled functional outputs, a common coarse reduced basis space is more convenient to be used in
combination with suitable refinement with respect to each functional output in order to keep the total
computational cost under control.

4.3.1 Noncompliant problems

When the output is compliant, i.e., s(y) = s(u(y);y) = F(u(y);y),y € I', we obtain a posteriori error
bound A*]‘V( y) being quadratic with respect to the residual norm [|é(y)||x. However, when the output is
noncompliant in more general conditions, i.e.

s(y) =s(u(y); y) = Lu(y); y), (4.12)
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where L: X — Ris a bounded and affine functional, L # F, we have the following upper bound

1
[s() = s =L x (@) —unMlx < WIIL(y)IIXfIIé(y)IIX, (4.13)

which depends only linearly on the residual norm ||é(y)|| x. Moreover, evaluation of the dual norm of
the functional ||L(y)|| x’ is expensive and might not be uniformly bounded in the probability domain T'.
In order to seek an effective and efficient a posteriori error bound for the output approximation error,
we apply the primal-dual computational strategy [178, 158, 163] by solving an additional problem,
known as the dual problem associated to the functional L: Vy €T find the dual variable y/(y) € X such
that

Alv,w(y);¥y) =—-L(v;y) VvelX. (4.14)

By the same reduced basis approximation procedure as in section 4.2.1, we construct the reduced basis
space for the approximation of the dual variable v as XZ‘\Z‘M = span{(’f”, .. .,(7\,‘;“} where (ﬁ”, 1<n,<
N, are determined via orthonormalization from the solution {y(y™),1 < n < Ng,} (at suitable values
of y,1 =< n < Ng,), then the reduced basis solution ¢y, (y) at sample y € T is obtained by solving the
reduced system

AW YN, ;) = -Lw;y) Yve Xyt (4.15)

Let us denote the primal reduced basis space as X 1’\7 = span{{ pr ¢ K,r } and rewrite the reduced
pr pr
system for the primal reduced basis solution uy,, as

Ay, (), v;Y) =Fv;y) Yve Xy . (4.16)
Furthermore, let us define the primal residual and dual residual respectively as
RP"(1;y) = F(1;y) - Aun,,, (), v;y) and  R™(v;y) = —L(v; y) = AW, ¥ n,, (1 1) (4.17)
By solving the primal and dual reduced system, we can evaluate the noncompliant output by
sN() = Lun,, () = R (wn,, (1); ). (4.18)

The following lemma provides an efficient a posteriori error bound for the output [178, 158, 163].

Lemma 4.3.1 The approximation error on the output |s(y) — sn(¥)| is bounded from above by the
following a posteriori error bound A3, (y)

IIRP™ (5 W x IR (5 ) xr
arp(y)

Is() —snWI = A () = VyerT, (4.19)

where ||RP" (; )|l x and IIRd “( Mxr are the dual norms of the primal and dual residuals, respectively.

Remark 4.3.1 Besides converging faster, the primal-dual computational strategy does not require the
computation of the dual norm ||L(y)||x,Yy € T. On their turn, the dual norms ||RP" (;Y)||x» and
IIRd”(-; Wllx can be efficiently evaluated by the offline-online computational decomposition.

As for the evaluation of failure probability in noncompliant problems, the reduced basis method in
Algorithm 2 remains the same as in the compliant case, and the hybrid reduced basis method in
Algorithm 4 is essentially the same as in compliant problems except for the replacement of a posteriori
error bound (4.19). In the goal-oriented adaptive Algorithm 5, we enrich simultaneously both the
primal and the dual reduced basis spaces governed by the a posteriori error bound (4.19) in order to
gain more computational efficiency for the evaluation of failure probability in noncompliant problems.
In this way, we recover the “square effect" in the convergence of the error.
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4.3.2 Unsteady problems

If the state variable depends not only on the spatial variable x € D but also on the temporal variable
t € I =10, T], we have to face an unsteady PDE; a suitable time discretization needs to be operated on
both the offline construction of reduced basis space and the online evaluation of the output. For the
sake of simplicity [87, 163], we consider the following parabolic problem in semi-weak formulation:
find u(y) € L?(I; X) n C°(I; L? (D)) such that it holds, almost surely

M(Z—L;(t;y), v;y|+ Ay, v;y) =gMF(v;y) VvelX, (4.20)

subject to initial condition u(0; y) = uy € L?>(D). Here, g € L?(I) is a time dependent control function; X
is a spatial approximation space as defined in section 4.2.1, e.g., a finite element space; the bilinear
form A and linear form F are defined as in the elliptic problem, and the bilinear form M is assumed to
be uniformly continuous and coercive and featuring the following affine expansion

Qm
Mw,v;y) = Z G);"(y)Mq(w, v) Yw,veX. (4.21)
q=1

Using (without loss of generality) the backward Euler scheme for time discretization, we find at every
time step

MU' (y), v; y) + AtAW! (), v; y) = Atg(t)F(v; ) + M(u"‘l(y), v;y) VreX, (4.22)

subject to the initial condition u(t°; ¥) = up, where At is the time step size, u' = u(tt; »,0<i<Ir=
T/At. We remark that we don't take into account the time discretization error for the sake of simplicity.
We consider a compliant output s(¢'; ) = F(u!(y); ¥),1 < i < I, y € I'. For noncompliant output, we
apply the primal-dual computational strategy presented in section 4.3.1; see unsteady problems with
more general outputs in [87, 173, 145]. A reduced problem associated to (4.22) can be formulated as:
find ufv(y) € Xn,1 < i < Iy such that

M(ufv(y), vy + AtA(us(y), v;y) = Atg(t)F(v;y) + M(u}'\,_l(y), v;y) Yve Xy, (4.23)

where the reduced basis space Xy can be constructed by a POD-greedy sampling algorithm governed
by cheap a posteriori error bound as well as an efficient offline-online computational decomposition
procedure, which are presented in the following subsections respectively.

A POD-greedy algorithm

In unsteady problems, the samples for the construction of the reduced basis space involve not only the
random samples y € Z;,4ip C RX in multiple dimensions but also the temporal samples thelcR 1<
i < It in one dimension. A pure greedy sampling algorithm in both probability space and temporal
space has been demonstrated inefficient and resulting in occasional infinite loop [93]. A POD-greedy
algorithm, based on POD selection in temporal space and greedy selection in probability space, has
been effectively used in [93, 146] for tackling these difficulties. A general formulation for POD is stated
as follows: given a training set X;,4;, with n;,4i, elements, the function Xp; = POD(X;4in, M) leads to
an optimal subset Xj; c span{X;,4i,} with M bases such that

1/2

. 1 .
Xy =arg inf inf ||lv— w||§( . (4.24)
Yyespan{Xyrgint | Berain veXirain weYy

83



Chapter 4. Hybrid and goal-oriented adaptive reduced basis methods for risk analysis

In practice, we solve the eigenvalue problem C{ = A{, where the correlation matrix C is assembled by
the weighted correlation of the elements v, € X;,4in, 1 < 1 < Ryrgin as

Cimn = (Vm» Vi) x, 1 = m, n < Nyrain, (4.25)

Ntrain
and the subset Xj; = span{{,,,1 < m < M} where {,;,1 < m < M are the orthonormal eigenfunctions
corresponding to the M largest eigenvalues. Provided a tolerance ¢, is given, we can also redefine
the function Xps = POD(X¢rain, €poq) such that the sum of n44;, — M smallest eigenvalues is smaller
than €,;. The POD-greedy algorithm for the construction of reduced basis space in unsteady problems
isrecalled in Algorithm 6 [163, 93, 146].

Algorithm 6 A POD-greedy algorithm

1: Initialize a random sample y* € Z;4;,, the tolerances €,,; and €04, an empty reduced basis space
Y as well as a maximum number of reduced basis functions Ny, 4y, set N = 0;

2: procedure ITERATIVE CONSTRUCTION:

3 while N < N, do

4 solve the parabolic problem (4.22) at sample y* and time t/,1<i < Iy;

5: compute Xy, = POD({ui(y*), 1<i<I}hepoa);

6: enrich the reduced basis space Y = Y U Xp,;

7 update the number of reduced basis functions N = N + M,, where M, < My;

8 construct the reduced basis space Xy = POD(Y, N);

9 choose sample y* = argmaxyez,,,;, A} (T;y) by greedy algorithm;

10: if AfV(T;y*) < &;,; then
11: Npax = N;

12: return;

13: end if

14: end while
15: end procedure

We underline that in Algorithm 6 the step integer M, is controlled by the tolerance of the internal POD
algorithm, offering flexibility in choosing the number of reduced basis functions from the elements
ui(y*), 1 <i < I;, and M, is chosen to be smaller than M; in order to minimize duplication of the
reduced basis functions (several options/combinations are possible). The random sample y*, which
might be the same in different iteration steps, is chosen by greedy algorithm governed by cheap and
sharp a posteriori error bound A} (T;y), y € T constructed in the following sections.

Construction of a posteriori error bound

We follow the procedure in section 1.3.3 of chapter 1 to derive an a posteriori error bound for the
parabolic problem (4.22). Firstly, we define the reduced residual for 1 <i < I,

. ) 1 . . .
R'(v;y)=g(t")F(v;y) - EM(uf\,(y) —ul' ), vy - Al ), ;) Yve Xn. (4.26)
By Riesz representation theorem [68], we have a unique function éi(y) € X,1 < i < I, such that

(éi(y), V)x = Ri(v;y) and IIéi(y)IIX = ||Ri(-;y)||X,,1 < i < I;. Furthermore, it can be proven that the
reduced basis approximation error for the output is bounded by [87]

Y el 1<si<I. 4.27)

Is(th;3) = syt ) < AS (5 y) =
Y= Snity Ny arg(y) /o
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Offline-online computational decomposition

By expansion of the reduced basis solution at time t,1 < i < I, in the reduced basis functions
. N
un =Y UnymNm, (4.28)
m=1

we have the reduced basis problem by Galerkin projection in (4.22) as: find u;'Vm(y), l=m=sN,1<is<I;
such that

N Qnm N Qq

> Y Or M )y, (D + ALY Y O3 Agm, Cn) ey, (¥)
m=1q=1 m=1q=1 29
& f N Qm ) (4-29)
=Arg(rh) ZIGQ(y)Fq(Cn) + Zl Zlgg’(y)Mq(cm,(n)u;V‘,;(y) l<ns<N,
q= m=1q=

where the matrices My ((1,{n),1=g<Qpu,1=mn=<N, Ay({m{n)1=qg=<Qq1<m,n<N andthe
vectors Fy({n),1< g <Qf,1=<n=< N can be pre-computed and stored in the offline construction stage.
In the online evaluation stage, we only need to assemble and solve a N x N system (4.29) to get the
solution ”5\7( ) and evaluate the output by NQ operations

ub (). (4.30)

) ) N [ Qf
sn(thy) = F(u}V(y);y) = Z (Z ®£(y)Fq((n)

n=1\g=1

As for the evaluation of the error bound (4.27), we substitute the reduced basis solution (4.28) in the
residual (4.26) and compute the residual norm ||&*(y)||x by assembling

_ CQrQr
18I = g2 (tH )Y 046!, ()€, 6 x
q /

Q

+2 @f L OR W) G 1) x 0y, )

(th X
P

t

N
+2g(th 2 Y ). O} (1O (1) (€q, L) x Uy, (V)
" - 4.31)
N N Qn Qm
DI @m(y)G’"(y)wNn(y)w”,ﬂ”)x(pNn,(y)
n=lp'=1q=1q'=1

a

N N Qm
Yy y ®m(y)®“,(y)¢Nn(y)(M”,2” )xuly, ()
n=ln'=1g=1q'=1

A
N N . / :
+y ) 1®Z(y)®f,,(y)u}\,n(y)($”,$§)xuj\,n,(y),

where ¢} (y) = ul, () -~ ul (1), €41 < < Qr and £},1 < G < Qu, 1< n< N are defined as in the
elliptic case, and M;,l < g = Qm,1 = n< N are defined such that (%], v)x = -M;((,,v),Vv € X,
which are pre-computed and stored in the offline stage. In the online stage, we only need to assemble
(4.31) by O((Qf + NQp, + NQ,)?) operations, which is very efficient because the values Qf Qm, Qu, N <
A are small.

Methods for the evaluation of failure probability in unsteady problems is not different than those
used in the elliptic problems. In particular, we can use the same goal-oriented adaptive and iterative
procedure of Algorithm 5 with the POD-greedy sampling Algorithm 6 governed by the a posterior error
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bound (4.27).

4.3.3 Nonaffine problems

The affine assumption is crucial for an effective offline-online computational decomposition. In the
case of a more general nonaffine random field denoted by g(x, y), we apply the empirical interpolation
method as introduced in chapter 3 to approximate the random field g(x, y) by finite affine terms, given
by (3.2). Note that for pointwise evaluation, we assume a constant weight function w = 1 in Algorithm
3.

Global a posteriori error estimate

Let us now extend the affine Assumption 0.3 to more general nonaffine random fields for both the
diffusion coefficient a and the force term f in (39). By the empirical interpolation introduced in chapter
3, we obtain the following affine decomposition

Qa Qr
a=aq, =9,lal=) O5(y)agx)and f = fo, =Io,[f1= ) @f;(y)fq(x). (4.32)
q=1 q=1

For the reduced basis approximation with affine decomposition of the nonaffine random inputs, we
state the following two lemmas for global a posteriori reduced basis approximation error estimate of
the solution and the output.

Lemma 4.3.2 Suppose the approximation by affine decomposition (4.32) results in a high-fidelity ap-
proximate solution uq and a reduced basis solution ug n. The following a posteriori error bound for the
reduced basis approximation error holds

lu() - uoNWllx = G + ANY), (4.33)

where A}, is the a posteriori error bound for the reduced basis approximation as defined in (1.26) of
chapter 1, &g the error due to the affine approximation of the data a and f, defined as

G GG
EX = - o0 + = o (D), 4.34
o) aLB(y)llf(y) Jor M=) a%B(y)”a(y) aqQ, Wyl for (Mlzen) (4.34)

C1, C, two constants bounded by (4.52) and a1 p(y),y € I' a lower bound of the coercivity constant of the
bilinear form (4.38) with respect to the norm|| - || x.

Remark 4.3.2 We remark that instead of using the L*(D)-norm, we may use L” (D)-norm for1 < p < oo
under the condition that a, f € LP (D), which leads to a smaller error estimate.

Proof The total approximation error can be bounded by the sum of two terms

u(y) — ugnWIlx = uly) —ugMllx +lug(y) — ugn(MIx, (4.35)

the former due to the affine approximation error of the random fields a and f, the latter arising from
the reduced basis approximation error, respectively. Using (1.26), we have

llug(y) — uoN(Mllx < Al (4.36)
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Thus, we only need to control the first part with an error bound denoted as

lu(y) —uoWllx <E5(). 4.37)

To bound the first term, we consider the weak formulation of the problem (39) with the original random
fields a and f as well as the approximate ag, and fq,,

(aVu,Vv) = (f,v) Yve Hy(D) (4.38)

and
(ag,Vuq,Vv) =(fo,l/) VVEH&(D), (4.39)

respectively. Subtracting (4.39) from (4.38), we have
(aVu—aQaVuQ,VU):(f—fo,v) VUEH&(D), (4.40)
which can be transformed by adding and subtracting aVu as
(@V(u—uq),Vv) = (f - fo,, )+ (ag, - @Vuqg,Vv) Vve Hy(D). (4.41)
By taking v = u — uq in (4.41) and applying the coercive property, we have
Lh.s.z allu(y) — uq)Ik = arsWllu) - uglix- (4.42)
As for the right hand side of (4.41), we have the following bound by Hélder’s inequality,

rh.s<|1f(y) = for Ml llu(y) — ugr1(p)

(4.43)
+lla(y) — aq, (Ve IVug (W g2y IV (u(y) — uo (W) 2(py-
By applying Poincaré inequality in L!-norm [2], we have that
Ilu(y) - MQ(J’)”LI(D) = CPHV(U(J/) - uQ(J’))“Ll(D) (4.44)

where Cp < dp/2 with dp standing for the diameter of the domain D. Moreover, we have again by
Cauchy-Schwarz inequality the following relation

NV (@ (y) —uq gy < CollV(w(y) — ug (2, (4.45)

where Cp = /| D| with | D| representing the Lebesgue measure of the domain D. By the definition of the
norm ||v||x = y/(a()Vv, Vo) at a reference value y € I', we have

IVvll 2 < Cxllvlix  Vve Hy(D), (4.46)

where Cx < /lI1/a(})|l1op). Using the inequalities (4.44), (4.45) and (4.46), we have the following
bound for the right hand side (4.43)

r.h.s < CpCpCxIIf (1) = fo, Mremlu(y) — uqlix

2 (4.47)
+ Cxlla(y) — ag, Wiz llug M xIuly) — ug (¥l x.
Furthermore, by setting v = 1 in the weak formulation (4.39), we obtain
CpCpC
lugW)llx < ==X || fo, DIz (4.48)
L(y)
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for which we have used the following coercive property with lower bound a3(y) < aq,(¥)

(ag,Vug, Vug) = ag, MllugMI% = arsMllugI% (4.49)

as well as the following bound by the inequalities (4.44), (4.45) and (4.46)

(fopuQ) = lfo; Ml luqWlippy = CoCpCxll fo; Wl mlug (M|l x- (4.50)

A combination of (4.47) and (4.48) leads to the following bound for the right hand side of (4.41)

r.h.s < CpCpCxlIf(y) = fo; Wlremylluly) — uq(Mlx

CpCpC3 (4.51)
——=lla(y) — aq, W=yl for Moyl u(y) — uo(|lx-

arg(y)
By comparing the left hand side (4.42) and the right hand side (4.51), we obtain the error bound (4.34)
depending only on the data a, f and their empirical interpolation errors, where C; and C, are defined
as
1

— . 4.52
a(y) (4:52)

L>e(D)

and G := C% <

d
Cy:= CpCpCx < VD2
2 L®(D)

a(y)
O

Lemma 4.3.3 As for the approximation error between the compliant output s(y) = (f (), u(y)) and the
approximate compliant output so,N(y) = (fo,(¥), uq,n(y)), we have

Is() = sqN I = EG() + AN, (4.53)

where A3, is the a posteriori error bound for the reduced basis approximation corresponding to (1.27),
85 is the error due to the affine approximation of data a and f, defined as

2

C
l(y) 1f ) = for Doyl fo, Wiy + CLl fF Dl ey o (), (4.54)

&3 =
o) .

where the constant Cy, the lower bound a1p(y) and éaé‘ (), y €T, are defined in Lemma 4.3.2.

Proof Similar to the proof of Lemma 4.3.2, we split the output approximation error into

[s(¥) = so, NN = 1s() = s+ o () — so,n (W], (4.55)

where the first part corresponds to the affine approximation error of the random fields a and f and the
second part arises from the reduced basis approximation error bounded by

1sQ(¥) = son (NI = AN (D), (4.56)
which can be evaluated from (1.27). As for the first part, we seek a bound denoted as
Is() = s = 6. (4.57)
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By definition of the output s = (f, ) and the approximate output sq = (fo T uq), we have

[s(3) = s = 1(f W), uy) + (fo,; 1), ug (1)
< I1FW) = fo; 1), u@NI+I(f (), u(y) — ug ()l
<IfW) = for My lugWI Loy + 1 Doy 1u(y) — ugMzip)

< Gllf ) = for Wiy lugWlx + Crll f Wl ey 1u(y) — uq(Mllx
2
LG

arg(y)

(4.58)

1F ) = for Wyl for WD) + C1||f(J/)||L°°(D)£Zf(}’)y

where the first inequality is due to the triangular inequality, the second one to the Holder’s inequality,
the third one follows from combining (4.44), (4.45) and (4.46), and the fourth inequality follows from
using (4.48) and the error bound (4.37), respectively. O

Remark 4.3.3 Asaresult of Lemma 4.3.2 and Lemma 4.3.3, the approximation error for both the solution
and the output can be split into two components: one arising from the empirical interpolation error
of the random fields and another one from the reduced basis approximation error. Unfortunately,
the evaluation of the empirical interpolation error for each sample y € T in (4.34) and (4.54) involves
computing || - || (p)y norm with at least O(/) operations, being N = |Vy| the number of the finite
element nodes. This would spoil the cheap online evaluation cost for a large number of samples required
in the computation of failure probability, especially when A& becomes very large.

Inexpensive a posteriori error bound

To order to overcome the drawback of computational inefficiency pointed out in Remark 4.3.3, we seek
the upper bounds éag’h and éaé’b for the affine approximation error of the solution & < 83'17 and the

output & < éag‘b, whose computational cost is small and independent of A",
By the empirical interpolation Algorithm 3, we obtain from (3.9) and (3.10) the error bound
lla(y) — ag, (Wl = F&H(XQ“H,J/Q”H) Vye Ejf (4.59)

and
Nf ) = for Mo = réfﬂ(foH,ny“) Vye 35, (4.60)

a f
where T Out1 and er+1

nonaffine random fields a and f, respectively. Although the relation (4.59) and (4.60) hold true only in

are the the empirical interpolation errors defined in (3.8) corresponding to the

the sample sets E; and E; , we remark that in practice they also often hold in the whole probability
domain T', especially when the cardinality of sample sets is big or the random fields are rather smooth
with respect to the random vector y.

Since computing || fo f Mz in (4.34) and (4.54) for y € I is expensive, we bound the quantity
llug (Y|l x in (4.47) directly by

HugW)lx < llugN(NIx + AN, (4.61)
(instead than by (4.48)), which can be cheaply evaluated in the online stage. Now we can compute
the following error bound for the affine approximation error of the solution by using (4.59), (4.60) and
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(4.61),

éau b(y) l(fo+1’ny+1)

(y) Qf+
C
+
ars(y) TQu

(4.62)

L&t YRty (luo N (DI + AL ().

As for the error bound éaé’h (), we also need to compute || f (¥)||oo(p) for y € T', which is rather expensive.
Alternatively, we can bound the second term [(f (y), u(y) — uq(y))| in (4.58) by

[(f (), w(@) — uo)I =1a(y)Vu(y), V(u(y) — ug ()l
< amax ColluMIxIlu(y) — ug(Mllx (4.63)
< amaxCa (B (1) + AR () +lug Nl 0EG " ),

where the first inequality follows from the definition of the constants a;,,x in (41) and C, in (4.46),
while the second inequality holds because of the triangular inequality with the associated error bounds

NuWlx < lu(y) —ugNIlx +lug(y) —ugn(MIx + lugn (M x. (4.64)

In conclusion, a cheaper error bound for the output é"é’b (y) reads

&5 (y):= Clr +1(fo+1 YU (IlugnWlix + A% (K) w6
+amaxcz(||uQN||x+A W +65" W) 5" W), '

The error bound é"s () is cheap to evaluate since the solution ug,n(y) and the error bounds A}, (y)
and 55 b ¥) can be computed online with at most O((Qy + N Q.)?) operations, and the other constants

in (4.65), i.e., C1, réfH (xr*1 yQr+Yy a4, Ca, are evaluated only once for all the samples.

On the evaluation of failure probability

In the evaluation of failure probability, the reduced basis method stays the same as presented in
Algorithm 2, while the a posteriori error bound used in the hybrid reduced basis method in Algorithm
4 is modified as the global a posteriori error bound é"é’h + AY;. In both methods, we prefer to construct
a more accurate empirical interpolation for the nonaffine random fields and a richer reduced basis
space with small approximation error in order to improve the computational accuracy and efficiency,
especially for .4 large entailing a costly solution of the full PDE. As for the goal-oriented reduced basis
method, we adopt different computational strategies for different properties of the nonaffine random
fields.

When the random fields are rather regular (smooth manifold) with respect to the random vector y,
the decay of the optimal approximation error or Kolmogorov width dy is very fast, so the empirical
interpolation error also converges rapidly to zero thanks to Theorem 3.2.1. In this case, the affine
approximation error could be very small and dominated by the reduced basis approximation error.
Therefore, goal-oriented adaptive reduced basis construction is still effectively governed by the a
posteriori reduced basis approximation error bound. Whenever the distance between the approximate
output and the critical value is smaller than the affine approximation error bound at sample y €T, i.e.,
[sq,n(¥) = Sol < é%’b (), which is extremely rare, we solve the full PDE to evaluate an accurate output.

On the other hand, if the nonaffine random fields are far from smooth in the probability space, the
affine approximation error bound é"é’b (y) could be relatively large for small Q. In order to guarantee
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that the affine approximation error bound is dominated by the reduced basis approximation error
bound, the number of the affine terms Qg, Q might be very large, resulting in relatively more expensive
online evaluation with O((Qf + N Q.)?) operations. In this circumstance, we choose to start from a
crude approximation with small Qg, Qf, N for sake of computational efficiency and adaptively enrich
the bases in the reduced basis space as well as refine the empirical interpolation with more affine terms
governed by the error bounds A}, and 5’81’.

4.4 Numerical experiments

In this section, we carry out several numerical experiments to illustrate the computational difficulties
encountered by conventional methods and demonstrate the accuracy and efficiency of our proposed
methods for the evaluation of failure probability. Moreover, we apply our methods to more general
PDE models including noncompliant, unsteady and nonaffine problems.

4.4.1 Benchmark models
One-dimensional problems

First of all, we study the benchmark model of the elliptic coercive affine scalar problem (39) with
different one-dimensional random inputs. The physical domain is specified as a square D = (0,1)?. We
take a deterministic force term f =1 for simplicity and consider the random diffusion coefficient a in
different cases. The solution of the PDE model in the physical domain is approximated by piecewise
linear finite element functions. In the probability domain I', we approximate the solution by the
stochastic collocation method introduced in chapter 1 and the reduced basis method. For the latter, we
use a uniform lower bound a5 < a(y), Vy €T, for the sake of computational efficiency, see [174, 178].

s
N
ToORe
VAVAVAVAYY
AAATDS

Figure 4.1: Finite element mesh for the physical domain D with 1 disk (left) and 9 disks (right).

In the first test, we take a random field a(x, y) = (1.1 + y%1(x))/10,x € D,y € T where y is a random
variable uniformly distributed in " = [-1, 1] and & is a characteristic function supported on a disk with
radius 0.4 and center (0.5,0.5), i.e., Z1 (x) = 1if (x; —0.5)? + (x2 — 0.5)? < 0.4%; see the left of Figure 4.1.
Note that the random field a is a first order polynomial of y, thus smooth in the probability domain T".
In the second test, we take a(x, y) = (1.1 + (1 —2%y5()ZX1(x))/10,x € D, y € T', where the characteristic
function is Xy 5(y) = 1if |y| < 0.5. The random field a is now discontinuous in the probability domain
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T, in fact taking only two different values. The critical value of the output is taken as sy = 0.2845 in the
first test and sy = 0.2726 in the second. For the approximation of the output s in probability domain,
we first approximate the solution u by employing the stochastic collocation method with hierarchical
Clenshaw—Curtis rule [149], where the number of collocation nodes is N = 2" + 1,1 < n < 5, then
evaluate the output sy = s(uy) at the approximate solution uy.

T :
——s=5s(y)
N=3
——N=5 ||
——N=9
N=17
—+—N=33

:

——s=s(y)
N=3

—=—N=5 ||

Figure 4.2: The stochastic collocation approximation of the output with different collocation nodes.
Left: the random coefficient a is smooth; right, the random coefficient a is discontinuous in I

Figure 4.2 displays the output s(y), y € I' and the stochastic collocation approximation of the output
for both the smooth and the discontinuous random fields. From the left of Figure 4.2, we can observe
that the output approximated by the stochastic collocation method converges to the accurate output
when increasing the number of collocation nodes. The worst approximation error maxyer |s(y) — sy (¥)I
computed in the sample set Z,,¢,, with |Z,,¢,,] = 1000 is shown in Table 4.1, which decreases to zero
very fast and the failure probability P(w € Q : s(y(w)) < sp) converges to the true value 0.20. As for
the discontinuous test, we can see from the right of Figure 4.2 that the approximate output oscillates
around and does not converge to the accurate output, because of the Gibbs phenomenon (see also
[61]). Due to the Gibbs phenomenon, the worst approximation error does not converge to zero but
increases and the failure probability evaluated by the stochastic collocation method is far from the
true value 0, as can be seen in Table 4.1 for Test 2. In order to compute an accurate failure probability,
the threshold value in the hybrid approach must be so large that too many outputs (at samples in half
of the probability domain in this example) have to be evaluated by fully solving the underlying PDE,
which severely deteriorates the advantage of hybrid scheme. In the extreme case, the hybrid scheme
may not gain any computational efficiency due to the fact that the outputs at most of the samples have
to be evaluated by solving a full PDE.

Test \ Number of collocationnodes | N=3 | N=5 | N=9 | N=17 | N=33
Test 1, maxyer [s(y) — sy ()| 0.41 0.16 0.026 | 7.7e-4 | 6.3e-7
Test 1, P(w € Q: s(y(w)) < o) 0.46 0.31 0.27 0.21 0.20
Test 2, maxyer [s(y) — sy (y)| 0.95 0.95 1.03 1.06 1.07
Test 2, P(w € Q: s(y(w)) < o) 0.00 0.28 0.22 0.24 0.20

Table 4.1: Worst approximation error and failure probability of Test 1 (smooth) and Test 2 (discontinu-
ous) evaluated by the stochastic collocation method with different number of nodes.

In comparison, the worst approximation error for the output by the reduced basis method (where we
have set £,,; = 1.0 x 10714) decreases extremely fast, reaching 2.4 x 104 with only four bases in the
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first test of smooth random field, and it completely vanishes with only two bases in the second test of
discontinuous random field. The failure probability evaluated by the reduced basis method is exact
in both tests. This remarkable computational accuracy and efficiency can be attributed to the fact
that the reduced basis method takes the solution (only two different solutions in the discontinuous
case) as the approximation basis and solves a reduced PDE that inherits the same structure of the
full PDE. Consequently, when the random input function is discontinuous as shown in this example,
the reduced basis method overcomes the challenge of Gibbs phenomenon by avoiding the usage of
dictionary basis. This conclusion holds for more general nonsmooth random input functions as long
as the model outputs depend smoothly on the inputs.

Multidimensional problems

To further investigate the computational accuracy and efficiency of different methods for the evaluation
of failure probability, we consider a multidimensional problem with many random inputs. The physical
domain D and force term f are specified as in previous case. We suppose that there are nine disks in the
domain (see the right of Figure 4.1) and define the background coefficientas ag(x,y) =1,xe D,y el
and coefficients in the disks as ag(x,y) = 10 Xy (x),1 < k<9,x€ D,y € T, where y;,1 < k <9 are
independent and obeying uniform distribution in I'y. = [-2, 2], the characteristic functions are defined
as Zi(x) =1, (x1 —xF)2 + (x — x5)? < 0.12, with the centers at the points ((2i—1)/6,(2j-1)/6),1<i,j <3
where 3(i — 1) + j = k. The random coefficient a is defined as a = (ap + a; +--- + a9)/10.

: : : :
—— stochastic collocation method —<¢— stochastic collocation method
—o&— reduced basis method —e— reduced basis method

[s(y)-sn()I
maXy =[s(y)-sn(Y)|

Figure 4.3: Comparison of output error between stochastic collocation approximation and reduced
basis approximation. Left: error at one sample; right: worst approximation error.

In this numerical test, we employ the sparse grid stochastic collocation method introduced in chapter 1
to approximate the output s directly; 100 realizations of the random input y € I' are sampled according
to its probability distribution to specify the training set for the construction of the reduced basis space
and another 100 realizations are sampled to test the two approximation methods. Figure 4.3 reports
the comparison of the output error |s — sy| between stochastic collocation approximation and reduced
basis approximation. On the left, the comparison is performed at one sample randomly chosen from
the probability domain I, from which we can observe that the reduced basis approximation error
decreases monotonically and much faster than the stochastic collocation approximation error, which
starts to oscillate when the number of collocation nodes gets large due to over fitting problem (Gibbs
phenomenon). On the right, the comparison is carried out for the worst approximation error (the
largest approximation error among 100 test samples randomly chosen in the probability domain), which
shows that the reduced basis approximation is much more efficient than the stochastic collocation
approximation in that only a small number (< 38) of the full PDEs need to be solved in order to gain the
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same worst approximation error compared to a significant large number (= 26017) of samples for the
sparse grid collocation approach. The method becomes especially efficient when the solution resides
in a low-dimensional manifold while the random inputs are in high dimensions.

Figure 4.4 displays the effectivity of the employment of a posteriori error bound. On the left, we report
the decay of the error bound A}, and the real output error |s — sy| with respect to the number of
reduced basis functions at one sample randomly chosen from the probability domain. On the right, the
effectivity defined as AJSV/|S — syl at 100 test samples is shown. It proves that Af\, > |s— sy| for all the
samples and the error bound Afv is not far from the real error |s — sy| at most of the samples, so that it
is reasonable to use the a posteriori error bound for both certification of the approximation output and
construction of the reduced basis space.

T T T T T : T
error bound A}
o real error [s-s,|
ol «

Z * * * *
@ * * M * %
(2] * % *
4 rz *%k K * s * * *x *
— ] * ok * *
e g ¥ * *
= > 10'F * N « 9
[ = o * oy ¥ ** 4 *x K Rk **
3 5 * * *x X * * g:«
g X . * K Ve x X
b= " e
[} * *
E *
N B . * *
* *
*
j # * .
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sample index

Figure 4.4: Left: comparison of error bound Afv and real error |s — sy| with respect to the number of
reduced basis functions N at one sample; right: effectivity Afvlls — syl at 100 test samples.

For the evaluation of the failure probability, we test both the hybrid reduced basis method and the
goal-oriented reduced basis method. From the same training set with 100 samples, we construct a fine
reduced basis space with tolerance £;,; = 1 x 10~* for the former method, resulting in 38 bases, and a
coarse reduced basis space with tolerance £,,; = 1 x 1072 for the latter method, leading to 18 bases. We
compute the failure probability by hybrid algorithm 4 and goal-oriented adaptive Algorithm 5 by setting
My = 1000 initial samples, the scaling parameter 8 = 4 and a posterior error tolerance €;,; = 1 x 1073,
We remark that a small value of the adaptive parameter 8 leads to a relatively small number of samples
in each adaptation step, which is favorable for computational efficiency for the offline construction of
the reduced basis space since there are less samples that need to be searched over. Large 8 potentially
produces large difference of the a posteriori error ef in Algorithm 5, which drives I,,,4, big and results
in relatively more accurate failure probability. Here and in the following numerical experiments, we set
B =4 as a trade-off between computational efficiency and numerical accuracy. The comparison results
are recorded in Table 4.2, from which we can see that the reduced basis space for the hybrid method is
fine enough and we only need to solve 329 full PDEs in total in order to evaluate the outputs at 341000
samples. By the goal-oriented adaptive approach, the total number of full PDEs that should be solved is
132. Nevertheless, only 36 PDEs need a full solving thanks to the adaptation of the reduced basis space
at each iteration, which achieves further computational efficiency. Moreover, owing to an effective and
cheap a posteriori error bound, both the hybrid approach and the goal-oriented adaptive approach
result in the same failure probability (0.027 for a critical value sy = 0.25) as being solved directly by
Monte Carlo method. In summary, both the hybrid and the goal-oriented adaptive reduced basis
methods have been successfully applied to efficiently and accurately compute the failure probability,
with the goal-oriented adaptive approach gaining remarkable computational efficiency thus more
suitable to solve complex PDEs with time-consuming solver.
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Number of Monte Carlo samples 1M, 4M,y | 16My | 64My | 256M, || 341 M,

Hybrid RBM, # (s — syl < Af\[) 0 3 22 59 245 329
Adaptive RBM, # (Is — sy < AY) 41 41 20 8 22 132
Adaptive RBM, # adapted bases 8 9 6 5 8 36

Failure probability PJ" = P}l = P§ | 0.043 | 0.033 [ 0.030 [ 0.027 | 0.027 [ 0.027

Table 4.2: Comparison between hybrid RBM and goal-oriented adaptive RBM in terms of the number
of samples for which the full PDE have to be solved; My = 1000.

4.4.2 Noncompliant problems

We take D = (0,1)? and suppose that the covariance fields of the random inputs are available and both
the diffusion coefficient a and the force term f are obtained from truncation of the Karhunen-Loéve
expansion of covariance fields [189], expressed as

Qa Qr
a(x, y(@) =Elal+ Y \/A%a,(x)y,() and f(x, y(@) =E[f1+ Y \/AL (0 5] @), (4.66)
q=1 q=1

Sil and (/1f ) fq)(;i , are the eigenvalues and orthonormal eigenfunctions associated to
their corresponding covariance fields, yg,1 < g < Qq and yi; ,1 = g = Qy are mutually uncorrelated with
mean zero and unit variance. For the i—th coordinate, i = 1,...,d, the general formula of a Gaussian

random field g(x;, y) is written as [149]

JEL\ M2
)

where (15, a4)

K
glx;,y) =Elgl+ Vi) + Y VA (sintkmx) y5, () +cos(knx)) y5, ., @), (4.67)

k=1

where the random variables y,é’:, 1 <k <2K+1 are assumed to be uniformly distributed in [—v/3,V3].
For simplicity, we assume that the covariance fields for a and f are Gaussian fields depending on x;
coordinate and x, coordinate, respectively, with the same correlation length L = 1/4 and eigenvalues
A1 =0.3798,1, = 0.2391,13 = 0.1106, 14 = 0.0376, A5 = 0.0094, A6 = 0.0017, etc.. We take Q, = Qf = 13
with K =6 in (4.67) leading to a 26 dimensional problem, which accounts for around 99% uncertainties
of the random field. The expectation of the random force f given by (4.67) is taken as E[f] = 6; the
expectation of a random field a given by (4.67) is specified as E[a] = 5 and we take a = G/10. The output
s(y) = s(u(y)) = [p10u(x, y)dx is different from the force term.

We adopt the primal-dual computational strategy for noncompliant problems presented in section 4.3.1.
We set the tolerance €,,; = 1 x 1074 for IIR’”II?(,/aLB and IIRd”Hg{,/aLB (see the definition of residual in
(4.17)) in the hybrid reduced basis method and &,,; = 1 x 1072 in the goal-oriented adaptive reduced
basis method. The constructed hybrid reduced basis space for the primal problem contains 27 bases
and 14 bases for the dual problem, while for the construction of the goal-oriented adaptive reduced
basis method, there are 9 and 7 bases respectively. We test the reduced basis approximation for both
the primal and the dual problems with 100 test samples and present the worst approximation errors in
Figure 4.5, which illustrates the exponentially fast convergence of the reduced basis approximation
in high-dimensional random inputs. Figure 4.6 depicts the dependence of the worst approximation
error for the output maxyez,,,, 15(¥) — SN (¥)| (E¢esr denotes the test sample set with 100 samples) with
respect to the number of bases in the primal and dual reduced basis space (left) as well as the effectivity
of the a posterior error bound defined as A}, (y)/1s(y) — sy ()| (right), from which we can observe that
simultaneous increase of the bases in both primal and dual reduced basis spaces not only leads to faster
convergence of the output approximation error but also improves the sharpness of the a posteriori error
bound thanks to the “square effect", thus enhances the computational efficiency for the evaluation of
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Figure 4.5: Worst primal-dual reduced basis approximation error of hybrid type with £,,; = 1 x 107*
(left) and goal-oriented adaptive type with £,,; = 1 x 1072 (right) at 100 test samples.
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Figure 4.6: The worst primal-dual hybrid reduced basis approximation error with £,,; = 1 x 107 (left)
and goal-oriented adaptive type with £;,; = 1 x 1072 (right) at 100 test samples.

The error tolerance for the failure probability is set to €,,; = 1 x 10~% with a critical value s, = 4. We
test both the hybrid and the goal-oriented adaptive approaches, with the results recorded in Table 4.3.
Due to the fact that the solution lies in a very low-dimensional stochastic manifold, the fine hybrid
reduced basis approximate output is very close to the true value and there are only 52 out of 1365000
samples that cannot be determined; as for the goal-oriented adaptive approach, 48 samples can not
be determined and only 21 PDEs are fully solved for adaptation of the primal and dual reduced basis
spaces. From this experiment, we can see that we do not gain much more computational efficiency by
the goal-oriented adaptive method than by the hybrid method, so that it is sufficient to use the hybrid

reduced basis method to compute failure probability for problems with very smooth solution in the
probability space.
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4.4. Numerical experiments

Number of Monte Carlo samples 1M, 4 M, 16 M, 64M, | 256M, | 1024M, || 1365M)

Hybrid RBM, # (|s — syl < Afv) 1 0 0 1 11 39 52
Adaptive RBM, # (|s — syl <Afv) 3 4 7 5 15 14 48
Adaptive RBM, # adapted bases 2 1 3 4 6 5 21

FailureprobabilityP(’)”=P(§‘=P6g 0.361 | 0.372 | 0.3823 | 0.3864 | 0.3832 | 0.3831 0.3831

Table 4.3: Comparison between hybrid RBM and goal-oriented adaptive RBM in terms of the number
of samples for which the full PDE have to be solved; My = 1000.

4.4.3 Unsteady problems

We consider a heat transfer problem in a thermal fin with the geometry displayed in Figure 4.7, where
the thermal conductivity in the main body and the four extended surfaces depends on five independent
random variables obeying uniform distribution in [-2,2], i.e.,

ap(x,y) =1+10"°Xo(x), and ai(x,y) =107 X (x),1 < k<4,

where the characteristic functions Z,0 < k < 4 are supported in the sub domains Dy,0 < k < 4.
Moreover, we consider the Biot number on the Robin boundaries as a random field as

b(x,y) =10 Zyp, (x),

where the characteristic function &3p, (x) is supported on the Robin boundaries. The time dependent
heat transfer problem is formulated in the strong form as

out,x,y) o
T — Z V(ar(x,y)Vu(t,x,y)) =0, (£,x)€[0,T]xD, as. yeT, (4.68)
k=0
where T = [-2,2]5; we take T =5 and impose homogeneous initial condition ©(0, x, y) = 0 everywhere;

we also prescribe heat flux f(x) =1,x€ GD}l at the bottom edge, homogeneous Neuman condition on
the boundary D? and the following Robin condition on the boundary of the extended surfaces 0D, :

4
Z ar(x, »)Vu(t,x,y) - n+b(x,y)ult,x,y) =0, (t,x)€[0,T1xdD,, as. yeT.
k=0

By the first order backward Euler scheme for time discretization with time step Az = 0.05, we can write
the semi-weak formulation of the problem (4.68) as: find u'(y) € X,1 < i < 100 such that the following
equation holds almost surely y € I":

. 4 . . .
MW'(y),v;y) + At Z AW (), v; ) + AtB(U' (1), v;3) = AtF(v; 1) + MU' (), v;1), Vv e X, (4.69)
k=0

where B(u!(y), v; y) = fop, b(x,y)u'(x,y)v(x)dx and F(v;y) = Jop), Fv(0)dx.

We define the compliant output as the integrated temperature over the flux boundary at the final time
T =5,1i.e., s(y) =s(T;y) = F(u(T;y);y), and consider a critical value sy = 2.3 with failure probability (in-
effective heat transfer) defined as Pr(w € Q: s(y(w)) > so). Figure 4.8 displays temperature distribution
at three different samples at the end of the simulation, being the first one very effective for heat transfer
and the last one ineffective.

We build the reduced basis space for hybrid method with tolerance £;,; = 1 x 107%, resulting in 93
bases as shown in the left of Figure 4.9; as for goal-oriented adaptive method, we set the tolerance
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Figure 4.7: Geometry of a thermal fin, with domain Dy (blue) defined as the main body, D¢, 1< k<K
(black) as the extended surfaces, D}, (red) where imposing heat flux, dD? (blue) for homogeneous
Neuman condition and the left boundary 6D, as Robin boundary.

Figure 4.8: Temperature distribution at T = 5 for three different samples: left, y; = 2, effective heat
transfer; middle, reference y; = 0; right, y; = —2,0 < k <5, ineffective heat transfer.
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Figure 4.9: Left: decay of worst approximation error maxyez,,,, |s(y) — sy (y)| with respect to the number
of reduced basis functions N; right: error bound effectivity Azsv/ |s— sy at 100 samples.

€101 = 1 x 1072, leading to 42 initial bases. The effectivity for a posteriori error bound at 100 test samples
is displayed in the right of Figure 4.9, which are sharp and distributed close to a constant smaller than
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4.4. Numerical experiments

Number of Monte Carlo samples 1M, 4 My 16 M 64My | 256M, || 341 M,
Hybrid RBM, # (Is — sy < AY) 0 600 1500 3800 12400 18300
Adaptive RBM, # (Is — sy| < AR) 700 1200 500 2300 1400 6100
Adaptive RBM, # PDE solves 400 400 200 700 300 2000
Adaptive RBM, # adapted bases 13 39 10 37 28 127
Failure probability P[" = Pé’ = Pé” 0.0280 | 0.0315 | 0.0288 | 0.0304 | 0.0308 || 0.0308

Table 4.4: Comparison between hybrid RBM and goal-oriented adaptive RBM in terms of the number
of samples for which the full PDE have to be solved; My = 1000.

10. The results for the evaluation of failure probability with a tolerance €;4; = 1 x 1073 are shown in
Table 4.4, from which we can see that the goal-oriented adaptive approach is much more efficient than
the hybrid approach, involving the solution of only 2000 full PDEs (4.69) instead of 18300 in the latter
approach. We remark that the number of full PDE solves (2000 in total) is different from the number of
adapted bases (127 in total) in goal-oriented adaptive reduced basis method for unsteady problems.

4.4.4 Nonaffine problems

Instead of the affine expansion (4.66) of the random fields a and f, we consider the Karhunen-Loéve
expansion for the logarithmic function of the random fields a and f, written as follows:

Pg
log(a(x, y(w)) —E[al) = C, Aag(x)yq (),
g( y ) aq;\/ q%q\X)Yq

Py
log (f(x, y(@) ~Elf1) = C Y \/ A, f 05 (@),
q=1

which are widely used in practical engineering models [149] in that the random fields are guaranteed to
be positive, so that the random variables in the Gaussian random field expansion (4.67) are allowed to
be standard Gaussian random variables with zero mean and unit variance. We take a correlation length
L =1/16 smaller than in section 4.4.2 for both the diffusion random coefficient a(x;, y) depending
only in x; and the random force f(x,,y) depending only in x, in the formula (4.67). This leads to
P, = Py =51 terms to cover 99% of the total randomness, thus yielding a high-dimensional stochastic
problem with P, + Py = 102 independent standard Gaussian random variables in total. The physical
domain is set as D = (0,1).

We perform an empirical interpolation procedure to affinely decompose the nonaffine random fields a
(with C, =50 and E[a] = 0.1) and f (with C¢ = 20 and E[f] = 0.1) with error tolerance &,; = 1 x 1078
in Algorithm 3. The decay of the error bound rg41 (x@*1,yQ+1) and the worst approximation error
maxyez,,, |18(y) — 8o (Ml p) computed in a test set =5 with 100 samples are displayed in Figure
4.10, from which we can see that the empirical interpolation reaches very small error (1 x 10~8) by only
a few affine terms, Q4 = 33 for ag, and Qy = 17 for f, in (4.32), which are smaller than 51. By setting

@Z, 1<g=<33and @f ,1 < g <17 as new random variables in the affine decomposition formula (4.32),
we can view the empirical interpolation as an efficient dimension reduction method in order to alleviate
the curse-of-dimensionality, especially when the manifold of stochastic solution is in low-dimensional
probability space. Moreover, the error bound rg41 (x@*1,yQ+1) is accurate and very sharp (close to the
worst approximation error) as can be observed from Figure 4.10, so that the cheap a posteriori error
bounds constructed in (4.62) and (4.65) are also accurate and sharp.
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Figure 4.11: Worst approximation error |s — g, v, reduced basis error bound A}, and empirical interpo-
lation error bound é"é’b for N reduced basis functions (left), and at 100 test samples (right).

To evaluate the a posteriori error bound & $bin (4.65) from the contribution of affine decomposition,
we first compute C; =1, C, = 1 from (4.52) and bound a almost surely by the estimate a;,,, = 10; the
bound for the empirical interpolation error are taken from the construction of the affine decomposition
as rSaJrl(xQ““,yQ““) =1.9x107? and r£f+l(xof+l,yof'+l) =9.9 x 1079. We construct the reduced

basis space with error tolerance €;,; = 1 x 1074, leading to 10 bases as shown on the left of Figure 4.11,
where the reduced basis error bound A}, (y) as well as the empirical interpolation error bound é"é’b( )
are also shown at the sample y that leads to the worst approximation real error y = argmaxyez=,,, 1s(y) -

sg,N(¥)I. It can be observed that the empirical interpolation error bound ggb is much smaller than
the reduced basis error bound A3}, so that we can enrich the reduced basis space in order to obtain
better approximation of the output with certified small error from affine decomposition. On the right
of Figure 4.11, the different error bounds computed with 10 bases in the reduced basis space as well as
the real output error are displayed at 100 test samples, which confirms the observation of the left figure
for most of the samples (with one exception where the reduced basis approximation of the output
is extremely close to the real output). Moreover, we can see that the reduced basis error bound is
accurate and sharp, being very close to the real error at most of the samples. In order to evaluate the
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4.5. Summary

failure probability with critical value sy = 0.3 and tolerance €,,; = 1 x 1073, we set the reduced basis
construction tolerance €;,; = 1 x 10~ for hybrid approach, resulting in 10 bases and £;,; = 1 x 1072
for goal-oriented adaptive approach with 4 bases. The results are displayed in Table 4.5, which shows
that the reduced basis space is in very low dimensions (only 10 dimensions for the hybrid approach
and 4 + 7 = 11 dimensions for the goal-oriented adaptive approach) due to the fact that the stochastic
solution and output live in a very low-dimensional manifold, even though the random inputs are in
high dimensions.

Number of Monte Carlo samples 1My 4My | 16My | 64My | 256My || 341 M,

Hybrid RBM, # (Is — syl < A}) 0 1 1 7 33 42
Adaptive RBM, # (|s — syl <AISV) 13 2 5 1 14 35
Adaptive RBM, # adapted bases 2 1 1 1 2 7

Failure probability PJ* = Pg’ = Pog 0.064 | 0.059 | 0.062 | 0.065 | 0.064 0.064

Table 4.5: Comparison between hybrid RBM and goal-oriented adaptive RBM in terms of the number
of samples for which the full PDE has to be solved; My = 1000.

4.5 Summary

In this chapter, we developed hybrid and goal-oriented adaptive computational strategies based on the
reduced basis method to efficiently and accurately compute the failure probability of partial differential
equations with random inputs. In particular, we designed an efficient sampling scheme by the goal-
oriented greedy algorithm to construct an accurate reduced basis model to approximate the stochastic
output, especially for high-dimensional problems with many random inputs. In order to compute the
failure probability of low regularity systems with respect to the random inputs, we developed a hybrid
approach with goal-oriented adaptation governed by cheap and sharp a posteriori error bound for both
the construction of the reduced basis space and the approximation of the output with certification.
Using appropriate techniques, we extended the proposed methods for risk analysis to more general
PDE models of noncompliant, unsteady and nonaffine types. In the numerical experiments, we studied
different PDEs with uncertainties from physical parameters, external loadings, boundary conditions as
random inputs obeying uniform distribution and normal distribution.

At this step, however, our numerical experiments are based on simple academic examples with specific
design , with the sole aim of testing the computational properties of our proposed methods. Further
research will be devoted to the development and application of our methods in practical engineering
problems with more general PDE models and random inputs. It is worth to mention that Monte Carlo
error plays a significant role in accurate evaluation of rare failure probability of extreme events. We
will address this issue by efficiently combining model reduction with importance sampling techniques
in a coming work, where the proposed reduced basis method is used to reduce the cost in solving
the underlying PDE model and adaptive cross-entropy method is employed to reduce the number of
Monte Carlo samples. We also remark that we did not take temporal and spatial discretization errors
into account, which might be important, e.g., in highly nonlinear or advection-dominated problems. A
global error analysis and the design of suitable global error bounds would be helpful for more rigorous
evaluation of failure probability.
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Breaking the curse of dimensionality
— sparsity and reducibility

Forward uncertainty quantification (UQ) problems can be generally classified into two categories:
integration problems, including computation of statistical moments, variance-based sensitivity anal-
ysis, etc., which were considered in chapter 2; pointwise evaluation problems, such as evaluation of
probability density function, quantile, failure probability, etc., which were studied in chapter 4 in the
context of reliability analysis. Despite various computational methods, such as stochastic Galerkin
and collocation methods, can be effectively applied in solving forward UQ problems, a common com-
putational challenge is faced by these methods, which is known as curse of dimensionality. When
the dimension of the uncertainties becomes high (in the order of 100 and beyond), the number of
dictionary projection bases or collocation nodes grows exponentially fast such that the computational
burden can not be handled by even the most powerful computers. Another computational challenge
stems from the fact that when the solution of the underlying model at one sample is expensive, the
available computational resource can only afford the full solve at a few tens or hundreds samples,
which is far from the required number (in the order of million or beyond) in a high-dimensional space.
Any of the two challenges makes it impossible a direct application of the stochastic computational
methods introduced above in solving high-dimensional UQ problems.

An opportunity to tackle this “curse-of-dimensionality" is to take advantage of the sparsity — the im-
portance (or sensitivity) of different dimensions and their interaction/combination is very different
for the quantities of interest, so that only a limited number of dimensions play an effective role. This
role has lead to the development of the weighted function space based quasi Monte Carlo method
[62], a priori and a posteriori analysis based anisotropic sparse grid construction [148], (Sobol) de-
composition of function based techniques such as ANOVA (analysis of variance) [88, 78, 73], HDMR
(high-dimensional model representation) [128], hierarchical surplus based dimension-adaptive gen-
eralized sparse grid techniques [33, 79, 88], and so on [21, 19, 140]. The quasi Monte Carlo method
improves the convergence rate of the Monte Carlo method (which is O(1/v/M) when using M randomly
chosen samples) by following some digit rules or lattice rules [62] that explore the “weights" of different
dimensions when choosing the samples. A faster convergence rate (typically O((log(M))X/M) for K
dimensional problems) can be achieved in this way. However, when the functions to be approximated
feature smoothness and sparsity in the sense that the effective dimensions are much less than the total
or nominal dimensions, the quasi Monte Carlo method is still too slow compared to the stochastic
Galerkin method or the stochastic collocation method. Smoothness and sparsity have been exploited
by anisotropic sparse grid techniques based on either a priori or a posteriori analysis of the convergence

Reference for this chapter:

P Chen and A. Quarteroni. A new algorithm for high-dimensional uncertainty quantification problems based on dimension-
adaptive and reduced basis methods. Submitted, 2014
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Chapter 5. Breaking the curse of dimensionality — sparsity and reducibility

rate of the approximate error in each stochastic dimension [148]. This has proved to be more efficient
than the isotropic sparse grid in certain test cases. An essential drawback remains for this approach in
that the interaction of different dimensions can not effectively be taken into account, leading to either
too many useless grid nodes or less accurate approximation for some strongly interacting variables. As
the high-dimensional function may be decomposed into a series of low-dimensional additive functions
depending on the interaction of different dimensions, the variance based ANOVA (in combination
with HDMR) approach has been employed to detect the interactions. Nevertheless, this approach
may either be too expensive (more expensive than the original approximation problem based on
Lebesgue measure) or not enough accurate (due to arbitrary choice of anchored points based on Dirac
measure) and not suitable for high-dimensional interpolation (pointwise evaluation) for stochastic
problems with arbitrary probability measure. Another recently developed method under the name
of dimension-adaptive tensor-product integration [79] uses a generalized sparse grid construction
scheme and employs hierarchical surplus from the construction as error indicators to automatically
detect different importance and interaction of different dimensions. Although being essentially equiva-
lent to the anchored ANOVA approach, it is more versatile with different choice of hierarchical surpluses
and suitable for interpolation problems. Still, it is to blame for the drawback of running into stagnation
phenomenon, where too early stop of the grid construction in some region occurs before arriving at
the desired accuracy of approximation. Another drawback is it use one higher level of grid to assess the
error indicators, resulting in a very heavy computational cost.

In this chapter, we adopt the more versatile dimension-adaptive algorithm based on hierarchical
surpluses and generalized sparse grid construction for both integration and interpolation. However,
we propose two remedies in addressing the drawbacks and enhancing both its efficiency and accuracy
for solving different UQ problems. As for the first drawback of running into stagnation, a balanced
greedy algorithm was suggested in [79] and [110], where a purely greedy criteria of choosing the next
index by hierarchical surplus for grid construction is balanced by performing the conventional sparse
grid construction. However, it is neither possible to choose an optimal balance weight nor feasible
to use the same weight throughout the whole grid construction. Alternatively, we propose to carry
out a verification procedure in order to get rid of the stagnation phenomenon. The basic idea is that
whenever the construction is stopped at some region by meeting certain criteria, we check whether it
should be continued by some verification algorithms specific to different dimensional problems. This
approach avoids the difficulty in tuning the balanced weight parameter and works efficiently to get out
of the stagnation region for grid construction at the appropriate moment.

The verification remedy has not yet been studied in the literature or applied in practice because
it needs additional verification samples besides the ones used for assessing hierarchical surpluses
in one higher level. This drawback is critical for large-scale UQ problems that already require large
computational efforts in solving the underlying PDE model at one sample, as the second computational
challenge mentioned before. In order to harness the computational burden, we employ a reduced
basis method, which has been used in combination with ANOVA in [96], and develop an adaptive and
weighted algorithm in the framework of the verified hierarchical approximation. The rationale of this
computational approach is deeply rooted in probability theory: though the random inputs live in a
high-dimensional space, the output of interest (statistics of these random inputs) may only lie in a
low-dimensional manifold, for instance the arithmetic mean of a large number of independent random
variables fulfilling certain conditions (e.g. having finite variance) converge to a (Gaussian) random
variable, as guaranteed by the central limit theorem [64]. This fact enables us to construct a reduced
bases space with a few number of bases while achieving high accuracy in approximating the high fidelity
solution, e.g. finite element solution and the output of interest. Based on this idea and using the reduced
basis method for parametrized PDEs [131, 178, 158, 87, 86, 491, we develop an adaptive greedy algorithm
in combination with the verified dimension-adaptive hierarchical grid construction procedure to solve
high-dimensional UQ problems. In order to take the arbitrary probability measure into account, we
use a weighted a posteriori error bound for guiding the selection of the most representative bases [49].
This proves to be more efficient with much less bases in achieving the same approximation accuracy as
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5.1. High-dimensional uncertainty quantification

the a posteriori error bound without incorporating the weight.

By the end, an adaptive and reduced computational framework is developed in efficiently and ac-
curately solving high-dimensional UQ problems that feature sparsity and reducibility. Application
of the proposed framework in solving high-dimensional UQ problems based on more general PDE
models, such as non-affine, non steady, non-compliant, non-coercive and nonlinear problems can be
realized by resorting to specific techniques and computational approaches, e.g. empirical interpolation,
primal-dual approach, supermizers enrichment, POD-greedy algorithm and Newton iteration, respec-
tively, which will be summarized in this work. A series of numerical experiments featuring various
properties for both functions and PDEs are carried out in demonstrating the efficiency and accuracy of
our method and in comparing its computational performance to several other techniques.

This chapter is organized as follows. A family of UQ problems is introduced in section 5.1 based on
a general formulation. For their numerical solution, two computational challenges are identified
and briefly illustrated. Section 5.2 is devoted to the development of the verified dimension adaptive
hierarchical approximation based on generalized sparse grid construction. Some remarks regarding
the computational effectivity, efficiency and accuracy of this method in comparison with some other
techniques are provided at the end of the section. In section 5.3, the adaptive and weighted reduced
basis method is presented based on a simple PDE model. A large effort has been devoted to conducting
a variety of numerical experiments in section 5.4, including 10 examples in 6 different topics that
offer a rich diversity for demonstrating the accuracy and efficiency of the proposed computational
framework and comparing them with several other techniques. In the last section, we close this
chapter by drawing some conclusions based on the numerical experiments and providing a few further
research perspectives for developing and applying the adaptive and reduced computational framework
in solving more general high-dimensional UQ problems.

5.1 High-dimensional uncertainty quantification

In this section, we start with the presentation of several uncertainty quantification (UQ) problems
that have been largely studied in the literature, and then we identify some common computational
challenges in solving the UQ problems.

5.1.1 Formulation of UQ problems

Associated with the general stochastic PDEs (38) under finite dimensional noise assumption as in-
troduced in the preliminary chapter, the quantities of interest may be the solution u, the solution
restricted to a certain physical region or to the boundary, some functional, e.g. s: u(y) — s(y) = s(u(y)).
Here is a list (far from exhaustive) of uncertainty quantification problems:

1. compute the probability density function or the cumulative distribution function of either u or s
[72];

2. evaluate statistical moments, e.g., mean E[s], variance V[s] := E[s%] — (E[s])?, etc. [10, 8];
3. perform derivative-based local sensitivity analysis, e.g., compute du(y)/dy or ds(y)/dy [182];

4. perform variance-based global sensitivity analysis, e.g., compute V[s]/V[s], where Vi [s] is the
variance of s from the contribution of the random variable Y,k =1,..., K [34, 46];

5. perform risk analysis, e.g., for a given a critical value sy, compute the failure probability [121, 41]

PlweQ:s(w) < sy); (5.1)
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6. solve stochastic optimal control problems, e.g., the following minimization problem [47, 45, 197]

f= argfm@iln Z(u, f) such that u satisfies problem (38), (5.2)
€U aa

where f is regarded as a deterministic control function living in an admissible space % .4, u4 is a
given observation, « is a regularization parameter, and the cost functional is

FL W, f):=llu—uqgllzs +all fllg2. (5.3)

7. estimate a parameter by Bayesian inference, e.g., given experiment data u or s with certain noise
7, evaluate the posteriori density p,s: of a random coefficient a of &£ based on its priori density
Ppr (18,188, 211].

Etc...

From a numerical standpoint, the above UQ problems could be classified as follows: for problems 1, 3,
5, 7, we look for pointwise evaluation of the stochastic solution, i.e. compute u(y) or s(y) at many y € T;
problems 2, 4, 6 require the evaluation of statistical moments. Interpolation techniques are requested
for the former class, integration techniques for the latter.

5.1.2 Computational challenges

In order to study the UQ problems introduced above, the underlying stochastic PDEs (38) have to
be solved. Several methods have attracted large attention in recent years. This includes the non-
intrusive Monte Carlo method and several variants, stochastic collocation method based on sparse grid
techniques, the intrusive stochastic Galerkin method with generalized polynomial chaos, surrogate
models by different model order reduction approaches, etc. [72, 80, 208, 149, 152, 25, 49, 50].

The Monte Carlo method is typically blamed for its slow convergence; on the other side, all the other
methods that are expected to feature fast convergence face some common computational challenges.
A critical one is high dimensionality, which requires an exponentially increasing number of collocation
(for interpolation) or quadrature (for integration) nodes with growing stochastic dimensions. Figure
5.1 depicts the total number of nodes in tensor product (left) and sparse grid (right) structures with
different probability dimensions. The left one reports the results in dimensions 1, 5, 10, 20, 50 and 100
with the number of nodes in each dimension increasing from 1 to 8, from which we can see that the
number of nodes easily overpasses the capacity of computational power in relatively high dimensions,
e.g., 219 =~ 103° nodes are needed for 100 dimensional case with only 2 nodes in each dimension.
The results of sparse grid (Smolyak type with Clenshaw—Curtis nodes [207, 149], corresponding to
Chebyshev-Gauss-Lobatto nodes in the context of spectral methods [35]) for dimension going up to
200, 500 and 1000 are displayed on the right of Figure 5.1. Compared to tensor product structure, the
sparse grid structure considerably reduces the number of nodes, e.g., around 10 and 10° nodes are
needed with 9 nodes in each dimension at sparse grid level 3 for 100 and 1000 dimensional cases.
Nevertheless, only tens or hundreds of nodes are affordable in practical engineering problems when a
full solve of the underlying PDEs is very expansive. This requirement prevents a direct use of sparse
grid techniques for even moderate dimensional problems. This challenge is particularly relevant to UQ
problems 6 and 7, namely optimization and inverse problems, for which many full solves (in the order
of tens or hundreds) of the underlying PDEs, using some iteration method [161], have to be performed
at each of a large number of nodes [43, 45].

Another computational challenge, which we would like to emphasize again, for solving most of the
PDE-based UQ problems is that the numerical solution of the underlying PDE model might require a
large computational effort: this is e.g. the case of multiscale and/or multiphysics problems. In these
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Figure 5.1: Number of collocation (for interpolation) or quadrature (for integration) nodes of tensor
product structure (left) and sparse grid structure (right) for different probability dimensions.

circumstances, only a few tens or hundreds of the underlying PDEs can be fully solved, therefore pre-
venting direct application of any method mentioned above in solving high-dimensional UQ problems,
for which a large number (in the order of million and beyond) of PDEs have to be solved in order to
evaluate the quantity of interest. This computational challenge is critical for UQ analysis in many
practical engineering fields. Research in addressing this challenge in the context of high-dimensional
UQ problems is still in its infancy [153].

5.2 Verified dimension adaptive hierarchical approximation

In this section, we present the dimension-adaptive tensor-product algorithm for hierarchical approxi-
mation of high-dimensional UQ problems based on the work [33, 79, 110]. Our original contribution is
to identify the stagnation phenomenon in the hierarchical construction of a generalized sparse grid for
this algorithm and propose a verified version of this algorithm in order to cure this undesirable behavior.
Suitable error indicators (in particular, a new integration error indicator) are provided for interpolation
and integration problems. Some comparisons with several other techniques, e.g. anisotropic sparse
grid [148] and variance-based ANOVA (HDMR) [73, 128], are provided at the end of this section.

5.2.1 Hierarchical interpolation and integration in one dimension

For numerical interpolation of function s:I' — R in a one dimensional probability domain I =R, we
first pick a series of collocation nodes y/ €T, j = 0,..., m, ordered such that y! < y? < --- < y™ and for
any given node y € I', we approximate the function value s(y) by the following interpolation formula

m

s =usy) =Y. syl ), (5.4)

j=1

where % is an interpolation operator; I/,1 < j < m are basis functions that, depending on the regularity
of the function s with respect to yinT, are either piecewise polynomials or global polynomials [164]. For
instance, the piecewise linear polynomials most often used in approximating low regularity functions
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are defined as

_yi-1 . ;
% ifyely ™y, j=2,...m;

i B —

=" o 55
m, iny[y],y]+l], j=1,...,m—l.

Though converging very slowly (thus requiring a large number of nodes for accurate approximation),
these bases lead to uniform convergence when the nodes become dense in the domain I'. As for the
approximation of smooth functions, more suitable are the globally supported polynomials, for instance
Lagrange polynomials defined as

m !
j y-y ;
o= ] =—= Jj=1...m (5.6)

=112 Y =¥

for a suitable set of nodes such as Gauss quadrature nodes, Chebyshev or Clenshaw—Curtis nodes [164,
199]. For instance, the Clenshaw—Curtis nodes in the interval [—-1, 1] are given by

yj:COS(]_lﬂ), l<j=m. (5.7)
m-—1

Let i € N, denote the grid level, ' denote the set of collocation nodes on the grid of level i, with m (i)
being the number of nodes on the grid of level i, for instance

m)=1; m@@)=2"1+1, i=>1. (5.8)

We consider nested set of nodes, i.e. 8 c®i*1,i=1,2,..., g with g € N;. In this way, the hierarchical
interpolation formula can be written as [33, 110]

9. .
s = UTs(y) = Y. Als(y), (5.9)
i=1

where A is the difference of interpolation operators at two successive levels, defined as
AN=qi-q7', 1<is<g, (5.10)

being %° = 0 and % i the interpolation operator supported on ©'. For notational convenience, let
us define ©,, =0'\0'"!,1 < i < g with ©~! := @, and reorder the collocation nodes y',..., y™
in ©7 = u!_ @}, level by level in such a way that y;. €0.,1<i=<gql<j<m()-m(-1) with
m(0) = 0. Corresponding to the reordering of the collocation nodes, we denote the basis functions as
l;, 1<i<gq,1<j<m(i)-m(i-1). Thanks to the hierarchical structure @' c @', % ~'s =Y o~ 's.
Moreover, s(y;) = 1s( yj.) for yj. € ®'~!, Therefore, the interpolation operator (5.9) can be rewritten
as q q

w9s(y) = 121 (%' sty -2 o' () = ,Zl Y soh-2 sy . (5.11)

= = y}e@’A‘ ~-

st
J

The real number s;. is called hierarchical surplus [33], which provides a measure of the interpolation

accuracy of the interpolant %/ ~! on the successive grid of level i. When this surplus is small, a relatively
accurate interpolation is obtained at the corresponding node and grid level.

The construction of interpolation based on nodal basis (left) and hierarchical basis (right) in the form of
piecewise linear polynomials are illustrated in Figure 5.2, from which we can see that the interpolation
constructed by the two approaches are equivalent in evaluating function values at any y € I'. However

108



5.2. Verified dimension adaptive hierarchical approximation
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Figure 5.2: Construction of interpolation based on nodal basis (left) and hierarchical basis (right).

the latter also provides an estimate of interpolation error via hierarchical surpluses. For instance, sf

and sg are the errors of a constant approximation of the function at nodes yf and yg, which can provide
arough estimate of the interpolation accuracy.

As for numerical integration in evaluating statistical moments, we can take advantage of the interpola-
tion formula (5.11) and assess the accuracy of integration by hierarchical surplus. For instance, the
expectation of the function s can be computed by

q .
Elsl~E%9s1=), ) sjwj, (5.12)
t=1y;€@tA
where the quadrature weights wj. are computed by
w! :fl]i.(y)p(y)dy, 1si<ql<j<m()-mi-1) (5.13)
r

using suitable quadrature rules depending on the choice of different collocation nodes [164]. Similarly,
the kth (k = 2) order statistical moments can be evaluated by setting the hierarchical surpluses as
s;'. = sk(y;‘.) —%i—lsk(y;‘.), l<i<g1<j<m()-m(i-1).

Based on the hierarchical surplus s;., we may define the interpolation error &; and the integration error
&, as . 0
&= max [S7], Ep = sTw,. (5.14)

1=jsm(q)-m(g-1) 7 ngai 7]

There quantities can be used as error indicators in adaptively constructing the interpolation formula
(5.11) and integration formula (5.12), respectively. However, one drawback of using the hierarchical
surplus as error indicator is that the error may be underestimated where the refinement of the grid has
stagnated at an early stage. For instance, in the interpolation constructed from hierarchical basis, the
interpolated function values coincide with the true function values at the nodes yf and yg as shown
in Figure 5.3 in two cases — hierarchical interpolation based on locally supported piecewise linear
polynomials and globally supported Lagrange polynomials — so that the hierarchical surplus s? and sg'
become zero, leading to the termination of the adaptive construction of the grid to the next level even
the approximation is far from accurate in almost all the region.

In order to get rid of this stagnation phenomenon, we propose to check the interpolation accuracy
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Figure 5.3: Stagnation phenomenons for hierarchical interpolation. Left: piecewise linear polynomials
based on equidistant nodes; right: Lagrange polynomials based on Clenshaw—Curtis nodes.

(via hierarchical surplus) at the nodes of the next grid level. If the error indicator is larger than the
error tolerance, we continue the construction procedure to the next level. Otherwise, we stop. The
construction procedure of hierarchical interpolation stopped by satisfying certain error tolerance is
summarized in Algorithm 7, which can also be used for hierarchical integration with the interpolation

error indicator &; replaced by the integration error indicator &,.

Remark 5.2.1 There is the possibility that the error indicator in the next grid level might still be smaller
than the error tolerance when the approximation is not good enough somewhere, e.g. for continuous
functions displaying high oscillation at some very locally supported region that has not been explored by
interpolation nodes. In this case, which is also difficult to handle by other interpolation techniques, we
may randomly select a certain number of nodes to perform further verification besides using the nodes in
the next grid level, expecting that the region can be touched by these nodes with large possibility. This
empirical idea needs to be further investigated to balance computational efficiency and accuracy.

5.2.2 Hierarchical Smolyak sparse grid in multiple dimensions

In multiple dimensional numerical interpolation, when I ¢ RX, K = 2,3, ..., the univariate interpolation
formula (5.9) can be straightforwardly extended as the tensor product interpolation [8]

q q . ,
Tgs) =] o 0ul)s)=) - Y (aleoak]sy), (5.15)

=1 ix=1

where %Z * and A'* are the univariate interpolation and difference operators in dimension k=1,...,K.
Since, as shown in Figure 5.1, the tensor product interpolation needs too many collocation nodes, the

Smolyak sparse grid interpolation [191]

Fasy) =3 (Ail ®---®Aj§)s(y) (5.16)

lil<q

is employed to reduce the number of nodes, where the multivariate indexi= (i1, ..., ix) € NX represents
the multi-dimensional grid level with interaction level |i| = iy + - - - + ix; g = K denotes the total level of
the isotropic sparse grid. To obtain a hierarchical representation of the sparse grid interpolation (5.16),
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Algorithm 7 Verified hierarchical interpolation in one dimension

1: procedure INITIALIZATION:

2 specify error tolerance ¢, type of interpolation bases [(y) and nodes y, specify function m(i);
3 specify maximum level g, seti =1, 0! = {yjl.,l < j =m(1)} and evaluate s] = s(yjl.);

4 set&; =2¢y;

5: end procedure

6: procedure CONSTRUCTION:

7 while &; > e;,and i < g do

8 provide the set of nodes @iA = {yj., lsj=m@)-m(i-1}

9

for all yj. € @', evaluate function values s( y;) and the interpolation 2%~ s( y;) by (5.11);

10: compute the hierarchical surpluses s; =s( y;'.) —iTg( y;:) and error indicator &; by (5.14);
11: procedure VERIFICATION:

12: if §; < &; then

13: go to the next level i = i + 1 and repeat the steps in line 8 - line 10;
14: end if

15: end procedure

16: if §; <&, then

17: return.

18: else

19: go to the nextlevel i =i +1;

20: end if

21: end while

22: end procedure

we split it as follows

Fas() = Fg150) + DFgs(y), with AFys(y) = Y (Al 0@ AK) s, (5.17)
i=a

A more explicit expansion for A% s(y) is

AFys() =Y. Z(S(yz,...,y;ﬁ)—yq_ls(yﬁ,...,y;’lj)) (ljli (y1)®~-®l;§(y1<)). (5.18)
li=q 7 ~ 2
s lii

)

Here, y;’; € @iAk is the jrth node of grid level i} in dimension k =1,...,K and l;’lz is the corresponding

basis function; s! is the hierarchical surplus at node j of grid level i, which can be used as an error indi-
cator for the construction of adaptive sparse grid. The hierarchical construction of the two dimensional
full grid and sparse grid based on Clenshaw-Curtis nodes is illustrated in Figure 5.4 (the size of markers
indicates the level of grid), where 1, 4, 8 nodes are added in the 1st, 2nd and 3rd level of sparse grid
corresponding to [i| = 2, 3,4 for the dimension K = 2. Note that the sparse grid contains less nodes than
the full grid and achieves the same approximation accuracy by taking advantage of the assumption
that the interaction level of different dimensions stays small, especially in high-dimensional case.
For instance the interpolation (5.15) based on the full grid and (5.16) on the sparse grid in Figure 5.4
can reconstruct exactly any polynomial in the form y"™ ™" y?"2~1 guch that i) + i, < 4. However
sparse grid interpolation will produce approximation error when i; + i, > 4, in which case the full grid
interpolation is exact as long as i; < 3 and i, < 3. Problems featuring dimensions independent to each
other or small interaction level are called separable dimensional problems; for them the sparse grid
approximation is more favorable. In order to detect the interaction level of different dimensions and
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enrich the nodes accordingly, the hierarchical surplus s]? can be employed directly, as we will see in the
next sections.

‘\i‘\ =2 ‘\i‘\ =3 Jif :; 47 . ° .
(i) = @D | (i =@ D[ | Gri)=@D| | . ]
. [ ] o [ ) B 3 .
@  ,_._ e
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Figure 5.4: Tllustration of hierarchical construction of full grid and sparse grid in two dimensions. Left:
construction procedure with solid box indicating sparse grid and with the additional dashed box full
grid; right: sparse grid (nodes of the first three largest markers in size) and full grid (all nodes).

As for the multivariate numerical integration based on the hierarchical sparse grid interpolation formula
(5.16), we obtain the integration formula assembled in a hierarchical form as

9 .
Els] =E[Fysl= ) D D swj, (5.19)
p=Klil=p j
where the weight
i_ i i
w;—fr(l];(yl)®---®lj§(y1<))p(y)dy, (5.20)

is computed approximately by a suitable quadrature rule depending on the choice of nodes. Provided
that the probability density function is separable, i.e. p(y) = ]'[Ik(:1 Pk (yx), we have

K
i_ ik . i _ 17
wy= [ wj with wii= frk EEyopydye1< k<K, (5.21)

which can be precomputed and stored for the sake of computational efficiency. We remark that,
when the function s is continuous in T, the hierarchical surpluses s]? — 0 with [i| = g as the total

approximation level g — oo for both interpolation and integration. Therefore, we may estimate the
sparse grid interpolation error &; and integration error &, respectively as

o i _ i
&; = \Hl%;),(j |sjl and &, = mz_:qu:sj wj. (5.22)

5.2.3 Dimension adaptation for high-dimensional problems

As we can observe from Figure 5.1, sparse grid introduced in the last section considerably reduces the
total number of collocation nodes, making it advantageous to solve moderate (several tens [207, 149])
dimensional approximation problems as well as high (several hundreds or beyond [110]) but separable
dimensional problems. However, when the dimensions become too high and the interaction level
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of different dimensions becomes big, sparse grid techniques are difficult to be directly applied due
to computational constraint, e.g. around 10'? nodes are needed to approximate 100 dimensional
problems with interaction level 7, see Figure 5.1. In this section, we take advantage of the hierar-
chical surplus and adopt the dimension-adaptive approach [33, 110] to cope with high-dimensional
approximation problems. In particular in Algorithm 8, we will propose a high-dimensional verification
procedure to deal with possible stagnation phenomena and a new adaptive criterion more suitable for
high-dimensional integration problems. Other techniques are also considered for comparison with our
proposed approach in a series of remarks.

The sparse grid interpolation based on the difference operator (5.16) is constructed in an isotropic
manner due to the restriction |i| < g. For a more general construction of sparse grid interpolation, we
break the isotropic restriction and pose only an admissibility condition to satisfy the essential property
(5.9) of the hierarchical representation [33, 110]. The set of indices S = N¥ is called admissible if for
eachie S, theindicesi—ey € Sforall k =1,...,K such that i > 1. Note that e € {0, 11X with the kth
element as one and the other elements zero. The sparse grid constructed from an admissible set is
called generalized sparse grid [33], which includes both the isotropic sparse grid with the index set
S; :={ie NK:|i| < g} and the full tensor product grid with the index set S; :={ie NK : i, < ¢,1 <k < N}.
In the admissible index set S, being m the cardinality of S;;, we can write the generalized sparse grid
interpolation formula (5.16) in a hierarchical way as

Fes()= Y. sl (5.23)

€Sy j
Correspondingly, the generalized sparse grid integration formula (5.19) can be written as

Els] = E[gsl = 3 Y sjw}. (5.24)

i€Sy j

At the root level, we set S; = {1}, in which case the hierarchical surplus S; takes the value of the function
sat y]1 At the next level, we enrich S; with the indices of the forward neighborhood of the root index
1,i.e. S =1{1,1+eg, 1 < k < K} with m = K + 1 and compute the hierarchical surplus s]f forie S\ {1}.

Afterwards, the index i is picked corresponding to the largest error indicator defined via s! and enrich
S,» with the indices from {i + e, 1 < k < K} such that S, remains admissible. Here, we follow [110] to
use the averaged hierarchical surplus as the error indicator to pick i

1 .
i=argmax&; (i) with &; (1) := —= > _|sil, (5.25)
ies/ n(i) 5 )

where n(i) is the number of nodes added due to the enrichment of the indexi€ S,,; &« c S, is the
active index set collecting all the indices in S;; whose forward neighbors has not been processed. The
complementary of <7 is called old index set with notation & = S, \ <. After the enrichment, we move
the index i from &7 to & and add the admissible forward neighbors of i into .«# and S,. Subsequently,
we carry out the same procedure to enrich S, in an adaptive way until satisfying certain stopping
criteria, e.g. error tolerance or maximum number of nodes. As for high-dimensional integration, we
propose to build the dimension-adaptive sparse grid based on a new error indicator

&E,(1) := , (5.26)

1
n()

> s]i wii
i

which takes into account three factors: the hierarchical surpluses, the quadrature weights that cor-
respond to arbitrary probability density function and the work contribution by dividing n(i). We
remark that the error indicator (5.26) tends to underestimate the integral error since only one index is
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considered. We provide a more reasonable estimate for the integral error as

ge(«Q{) =

I

ied j

. (5.27)

The construction of the generalized sparse grid in the above procedure not only automatically detects
the importance and interaction of different dimensions but also adaptively builds an anisotropic sparse
grid without any a priori knowledge or a posteriori processing. However, as in the one dimensional case,
stagnation of the adaptive construction might occur at some index i € o7, thus preventing accurate
approximation at an early stage of the hierarchical construction. To overcome this drawback, several
algorithms have been proposed in [33, 110] to keep the balance between the purely greedy adaptive
construction and a conservative grid construction. For instance, given a weight parameter w € [0, 1],
we add the forward neighbors of the index i, regardless of &; or &,, to the active index set <7 as long as
[110] ) .

_mitey L _ ), (5.28)

MaXje o7y, o il
where w = 1 corresponds to the purely greedy adaptive construction and w = 0 the conservative grid
construction. Nevertheless, it is not easy to decide what value the weight parameter w should take,
leading to either deterioration of the efficiency of the adaptive construction or possible stagnation
persisting until a very fine grid has been built. We propose here, as in one dimensional case in
Algorithm 7, to perform the verification for each index in the active index set in order to get out of the
stagnation set as well as retain the efficiency of the adaptive construction. Our verified dimension-
adaptive hierarchical algorithm for interpolation is summarized in Algorithm 8 for high-dimensional
interpolation problems. The same algorithm can be adapted for integration by simply replacing the
interpolation error indicator &; in (5.25) by the integration error indicator &, in (5.26). We remark
that for function-based high-dimensional interpolation problems, the verified dimension-adaptive
hierarchical interpolation algorithm 8 is employed, while for PDE-based interpolation problems, we
propose to apply the certified reduced basis method developed in section 5.3, which produces more
accurate approximation results with certification in practice.

As pointed out in [73, 128], in addition to stagnation for the dimension-adaptive hierarchical construc-
tion, another drawback is that it involves evaluating the function s(y) at one higher grid level in each
dimension in order to assess the error indicator. This is rather costly, especially for high-dimensional
uncertainty quantification problems with verification procedure, where the evaluation at each of a large
number of nodes requires a full solve of the underlying PDE. Fortunately, this computational burden
can be considerably alleviated by using the adaptive reduced basis method that will be developed
in section 5.3, where full solve of the underlying PDE model is replaced by a very cheap solve of a
reduced model. The corresponding dimension-adaptive approach with verification becomes much
more appealing.

5.2.4 Comparison remarks

In order to take the importance of different dimensions into consideration, an anisotropic sparse grid
was proposed in [148] by choosing the index set for the construction of the grid as

K
Sa=1ieNX: Y (i - Dar<g min aj;. (5.29)
=1 1<k<K

The multivariate weight & := (a1, ..., ak) indicates the importance of different dimensions and g € N
represents the grid level; its choice is a challenging task. The authors suggested two ways to specify a

114



5.2. Verified dimension adaptive hierarchical approximation

Algorithm 8 Verified dimension-adaptive hierarchical algorithm for interpolation

1: procedure INITIALIZATION:

2 specify error tolerance €, types of interpolation bases /(y) and nodes y, specify function m(i);
3 specify maximum number of nodes M, seti= 1, compute ©®! and evaluate s].1 = s(yil),yl.1 el
4 set& =2, m=#O, F={1},0=0,S,=00;

5: end procedure

6: procedure CONSTRUCTION:

7 while §; > e, and m < M do

8 set 0 = 0 Ui}, & = o/ \ {i} and enrich </ by the admissible forward neighbors of i;

9 compute the set of nodes ©, different from old nodes at the newly added indices of .«7;

10: for all yji € O, evaluate function values s( y].i) and the interpolation F s( y].i) by (5.23);
11: compute the hierarchical surpluses 513 =s( y].i) - Fgs( y].i) and error indicator &; by (5.25);
12: increase the number of nodes m = m +#|®A|, set the total index set S,;, = &/ U 0;

13: procedure VERIFICATION:

14: fori, € &/ do

15: if &;(i,) <&, then

16: set the admissible forward neighbors of i, as .27),;

17: compute the set of added nodes © 4 for all indices in <7,;

18: repeat lines 10 and 11 with <7, in (5.25) to get &; in 7);

19: set 0 =0 Uiy}, o = \{i,}, éalm =maxj, cq, iim);

20: if&" > ¢, then

21: enrich the active set &/ = &/ U <7, and repeat line 12;

22: end if

23: end if

24: end for

25: end procedure

26: pick the next index i such that i = argmax; ., &; (i);

27: if &;(i) < &, then

28: return.

29: end if

30: end while
31: end procedure

in [148]. In those (simple) cases where a priori estimate for the Lagrange interpolation error exist, e.g.

sup |s(yx) = e s(yp)| < Cre 2™8® 1< k<K, (5.30)
Yk€lk

being %} the Lagrange interpolation operator and my the number of interpolation nodes in dimension
k, the weights can be set as a; = g(k),1 < k < K. An alternative way to estimate this weight is to
perform a posteriori analysis by computing the outputs of interest at a series of collocation nodes and
fitting the convergence rate in each dimension. Nevertheless, a posteriori estimate based on error
fitting in each dimension can not identify the interaction effect among different dimensions and thus
may lead to either not efficient anisotropic sparse grid construction or not accurate approximation.
Moreover, the interpolation error may not decay exponentially with respect to the number of nodes
for non smooth problems, and no general rule has been proposed for estimating the weight in these
circumstances. In comparison, the dimension-adaptive construction of the sparse grid approximation
based on hierarchical surpluses does not need to estimate the weights. Instead, it can automatically

115



Chapter 5. Breaking the curse of dimensionality — sparsity and reducibility

detect the weight as well as the interaction level among different dimensions as a byproduct of the
construction procedure [110].

Another technique to deal with high-dimensional approximation problems is based on ANOVA or
HDMR, where the output of interest s can be decomposed into a series of additive functions (in total
2K) incorporating all the 2K possible interactions of different dimensions [88], written as

S(J’) =S50+ Z Skl (J’k1)+ Z Skl,kz(yklv}’kz)"‘"'+Skl,...,kK(J/kl,---,J/kK), (531)
1<k;<K 1<k <ky<K
with
s():frs(y)d/vt(y),sk1 :fr* s(y)du(y,tl)—so,skl,k2 :f* s(y)du(yzl‘kz)—so—sk,..., (5.32)
ky ky,kop

with y;;l el ;;l in K — 1 dimensional probability domain except 'y, y]tl’ K € th §, in K —2 dimensional
probability domain except I'y, x I't,, and so on. Moreover, the variance of the function s admits
the same expansion as in (5.31). It is known that there are only a few functions involving a limited
number of dimensions play the majority role measured by variance when the function s displays
distinctive importance and interaction in different dimensions [88]. Therefore, the high-dimensional
approximation problem can be approximated by a series of low-dimensional approximation problems,
leading to the development of ANOVA (HDMR) based dimension-adaptive algorithms [98, 71, 73, 128].
However, when the measure p is the Lebesgue measure, high-dimensional integration has to be carried
out in order to evaluate s, Sg,,.... Alternatively, when p is a Dirac measure at some anchor point
y €T, the expansion (5.31) takes the name of anchored-ANOVA [73] (or cut-HDMR [128]) expansion,
which can substantially reduce the computational effort. However, there is no general rule to pick the
anchor point, which is critical for accurate approximation and easily results in large error as pointed
out in [192]. A single point - centroid of the lowest dimensional tensorial Gaussian quadrature - was
suggested as the anchor point in [78]; improvement was also made in [90] by using a screening method,
basically selecting several anchor points and taking the average in order to enhance the robustness,
which might still not be satisfactory as our numerical examples in section 5.4 will reveal. Moreover,
these variance-based techniques are primarily developed for solving integration problems, which may
not be suitable when dealing with pointwise interpolation problems. In contrast, these drawbacks
are not faced by the verified dimension-adaptive hierarchical Algorithm 8 that can be used for both
high-dimensional interpolation and integration by choosing different error indicators. As a matter
of fact, the hierarchical grid construction Algorithm 8 governed by different error indicators plays an
equivalent role as automatically decomposing the targeted function into a series of additive functions
involving limited dimensions indicated by the interaction of grid level among different dimensions, as
demonstrated in the numerical experiments in section 5.4.

5.3 Adaptive and weighted reduced basis method

As mentioned in section 5.1.2, solving PDE-based UQ problems faces another critical computational
challenge when the underlying PDEs are very expensive to solve. In this circumstance, non of the com-
putational techniques presented in section 5.2 can be directly applied to deal with high-dimensional
UQ problems. In order to tackle this difficulty, we exploit the property that the outputs of interest of
the underlying PDEs may live in low-dimensional manifold even though the random inputs are from
high-dimensional space. This property, which is known as reducibility, is quite common in practice
and is essentially supported by central limit theorem and law of large numbers in the core of probability
theory [64]. In this section, we develop an adaptive and weighted reduced basis method in combination
with the hierarchical approximation to efficiently solve high-dimensional UQ problems.

The presentation of the reduced basis method follows the same lines as in chapter 1, section 1.3, for a
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simple model, which we recall as
=Vialx,y)Vu) = f(x,y) (x,y)€DxT, (5.33)
where we make the affine assumption that

Qq Qr
alx,y) = Z ®Z(y) aq(x)and f(x,y) = ®5(y)fq(x). (5.34)
q=1 1

q=

For the purpose of solving high-dimensional problems, we propose an adaptive greedy algorithm
based on the hierarchical approximation in Algorithm 9, where &, : T’ — R is an a posteriori error bound
depending on the quantities of interest. For pointwise quantities, we use the a posteriori error bound
developed in section 1.3.3 of chapter 1, while for integral quantities, we apply the weighted scheme
developed in section 2.1 of chapter 2: more explicitly, the a posteriori error bound and the weighted a
posteriori error bound are given by

AN = lex ay), (5.35)

and
AR ) = pMANWD), (5.36)

respectively, where é is the Riesz representation of the residual as given in (2.9) and a is the coercivity
constant and can be computed in the way introduced in section 1.3.3 of chapter 1; p is the probability
density function of the random vector y.

Algorithm 9 Adaptive greedy algorithm

1: procedure INITIALIZATION:

2: specify error tolerance €, solve (46) at each y € 0! and construct Xy = spanf{u(y),y € el
3: end procedure

: procedure CONSTRUCTION:

5 at each step in line 9 of Algorithm 8, specify the set of nodes @’Ah =0p;

6: solve the reduced basis problem (1.22), compute &,(y) and s(y) ateach y € @’Ab ;

7

8

'S

update G)’Ab such that &-(y) > €., Vye G)’Ab (remove well approximated nodes);
while max,.qrb &r(y)>€rdo
A

9: pick yN+! = argmax,,cor &7 (¥);
10: solve (46) at yV*! and update Xy = Xy ® span{u(yN*1)};

11: set N = N +1 and repeat steps in line 6 - line 7 with new Xy;
122 end while
13: end procedure

We remark that the adaptive greedy algorithm 9 for the construction of reduced basis space explores all
the nodes in the construction of the dimension-adaptive hierarchical approximation in Algorithm 8 and
the outputs of interest s are evaluated based on the surrogate (reduced basis) solution with inexpensive
solve of the reduced basis problem in contrast to the full (high-fidelity) solution with expensive solve
of the high-fidelity problem. Moreover, error estimates of the surrogate outputs of interest can be
obtained based on the reduced basis approximation error &, controlled by the error tolerance ¢;.

Note that when the number of terms Q I; and Q, become large, the full online evaluation (2.9) will be
expensive. Let us make two observations in order to further reduce the online evaluation cost: the first
is that often ©¢(y) = y4 with Q“ representing the dimension of a high-dimensional probability space
for UQ problems; the other is that the nodes inside one set © o or from neighbor sets are only different
from each other in limited dimensions, e.g., the node (1,0.5,0.5,...,0.5) is a neighbor of the node
(0,0.5,0.5,...,0.5), which are only different in the first dimension. Based on these two observations,
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we may identify the different terms in (2.9) from one node to the next in the adaptively constructed
grid and only subtract these terms from ||é(y)| |§( at the previous node and add the corresponding new
terms to it at the current node, resulting in O(Qr + NQ,) operations in average for each evaluation.
We remark that this computational reduction is still valid whenever there are only a few terms among
G)f; (»),1 < g = Q, different from one node to its neighbors.

Remarks on extension to more general PDE models

We presented the adaptive and weighted reduced basis method based on a coercive, steady and linear
elliptic equation with affine input and compliant output. However, the method is not constrained by
these elementary properties. In fact, it has been developed and extended to deal with many different
PDE models, [180, 177, 93, 163, 11, 86, 48, 63], and applied in a variety of physical and engineering
fields, [162, 51, 163, 117, 175, 41, 45]. Besides some specific extensions as introduced in section 4.3 of
chapter 4 in the context of failure probability evaluation, we provide here a series of remarks for more
general extensions with some associated references.

First of all, the coercivity property of the differential operator is used in computing a lower bound for
the evaluation of a posteriori error bound (5.35). When the problem fails to be coercive, for instance
in Stokes equations, where only an “inf-sup" compatibility condition is satisfied, we can replace the
coercivity constant by an inf-sup constant and arrive at the same reliable and accurate a posteriori
error bound [180, 177, 143]. Moreover, we may even introduce some “surrogates” error bounds based
on more rough estimation of the inf-sup stability constant.

Secondly, for unsteady problems, e.g., a parabolic equation, the reduced bases should be explored
not only at different samples but also at different time steps. In order to efficiently extract the most
representative bases, we may employ proper orthogonal decomposition (POD) to project the solutions
at different time steps into a small bases and use a greedy algorithm to choose the samples, leading to a
POD-greedy algorithm [93, 163, 146] as presented in Algorithm 6 in chapter 4.

Thirdly, in order to deal with nonlinear problems, different approaches can be adopted. Taking Navier-
Stokes equations for example, where the nonlinearity is quadratic on the state variable, we may employ
Newton iteration to solve the reduced basis system as done for solving the high fidelity system [162].
Another approach is to use the empirical interpolation for operators [86, 63] in decomposing the
nonlinear operators into linear combination of a series of linear operators.

Fourthly, when the random inputs are not given in affine structure, e.g., log-normal random field,
we may reconstruct the nonaffine random field as random field with finite affine terms by empirical
interpolation method [11, 86, 48]. This reconstruction is very efficient (resulting in a limited number of
affine terms) for smooth functions and functions that enjoy the compressibility property, i.e., a function
is compressible from a high-dimensional space to a low-dimensional space without losing too much
accuracy.

Finally, for noncompliant problems where the output of interest is different from the right hand side
of the equations, the error convergence for the approximation of the output depends only linearly on
the error convergence for the approximation of the solution. Moreover, the norm of the functional
for the output may not be easy to evaluation. In this case, we employ a primal-dual approach as in
section 4.3.1 of chapter 4, where a dual problem is formulated by setting the output as a right hand
side of the dual equations and the output is evaluated with contribution from both the primal and dual
problem [178, 163]. The advantages of the primal-dual approach are that it avoids the computation of
the functional norm and achieves quadratic error convergence. We will illustrate this approach by one
numerical example in section 5.4.6.
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5.4 Numerical experiments

This section is devoted to demonstrate the efficiency and accuracy of the adaptive and reduced compu-
tational framework and compare it to other methods (anisotropic sparse grid, ANOVA as introduced in
section 5.2.4) for high dimension uncertainty quantification problems. We illustrate the computational
performance of the proposed Algorithm 8 with verification in two dimensions, and compare it to the
algorithm without verification and anisotropic sparse grid scheme (5.29) in section 5.4.1. In section
5.4.2 we illustrate why the ANOVA approach does not work well for functions with strong interaction
and arbitrary probability measure, whereas this case can be efficiently dealt with by our proposed
approach. In section 5.4.4, we show how the sparsity in high dimensions (from O(10) to O(1000)), in-
cluding different interaction and importance of different dimensions, can be efficiently and accurately
captured by the proposed method. The last two sections 5.4.5 and 5.4.6 deal with heat diffusion and
groundwater flow problems and demonstrate how the adaptive and weighted reduced basis method
can be effectively applied to reduce the computational effort.

5.4.1 Hierarchical construction with verification

In this experiment, we compare the dimension-adaptive hierarchical interpolation Algorithm 8 with
the same algorithm without the procedure of verification. The two dimensional function s: [0, 12-R
is given by

$(y) =cos(2m(y1 —0.3)) cos(2m(y2 —0.5)). (5.37)

We run the interpolation Algorithm 8 in six different cases. The first three cases include hierarchical
construction without verification based on piecewise linear polynomials with equidistant nodes and
the weight in (5.28) are set as w = 1,0.5,0, corresponding to the purely dimension-adaptive grid
construction, balanced construction and conservative sparse grid construction, respectively. The
fourth case is specified with the same configuration as the first three except that the verification
procedure is incorporated. The last two cases use Lagrange polynomials based on Clenshaw—Curtis
nodes with verification and the weight w = 1 and w = 0, respectively. We set the maximum number of
nodes adaptively as one larger than the number of nodes in the current grid, with the upper bound
M =10%, and specify the interpolation error tolerance as £; = 10~'°. We compute the interpolation error
as maxyez,,,, |$(y) — F¢s(y)| with the set of testing nodes given by Ze5 := {y1, y2 = n/28,n=0,...,28, a
fine regular grid with step size 1/28. The final index sets S, for the six different cases are plotted in
Figure 5.5, where the active indices are marked with boxes (blue and red) and the index to be processed
in the next step is marked with red box. Figure 5.6 reports the interpolation errors for all the six cases.

From the first figure (left-top of Figure 5.5), we can see that the enrichment of active indices has
stagnated along y» by the purely dimension-adaptive scheme, resulting in large interpolation error
(see left of Figure 5.6) since the function is not sufficiently well approximated in the second dimension.
The balancing scheme with w = 0.5 (see middle-top of Figure 5.5) is able to construct fine grid in
the second dimension but fails to capture the interaction of the two dimensions (due to stagnation),
and thus still leads to large interpolation error as shown in Figure 5.6 (left). The Smolyak sparse
grid construction introduced in section 5.2.2 does not run into the stagnation problem and achieves
small interpolation error in this example (see right-top of Figure 5.5), but it can identify neither the
important dimension nor the interaction. This drawback can be observed more clearly by comparison
of the grid construction in the last two cases, where a full tensor grid is constructed by the adaptive
scheme (see middle-bottom of Figure 5.5) and the sparse scheme that produces many more useless
nodes in each single dimension (see right-bottom of Figure 5.5). Note that the last two cases result
in higher approximation accuracy (see Figure 5.6) than the others because the globally supported
Lagrange polynomial basis is more suitable to approximate smooth functions. By using the same
locally supported piecewise linear basis as in the first three cases but incorporating the verification
procedure, we can get rid of the stagnation problem and adaptively construct the grid with automatic
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Figure 5.5: Tllustration of dimension-adaptive hierarchical construction of the generalized sparse grid
in different cases; top row: piecewise interpolation without verification with weight w = 1 (left), w = 0.5
(middle), and w = 0 (right); bottom row: piecewise interpolation with verification and weight w =1
(left), Lagrange interpolation with verification and weight w = 1 (middle), and w = 0 (right).

identification of the importance and interaction of different dimensions, as shown in Figure 5.5 (left-
bottom). From this experiment (two dimensional case for the sake of the illustration), we can see that
the verification procedure works efficiently to get rid of the stagnation problem, which is to blame
as one drawback of the dimension-adaptive hierarchical construction approach. We remark that the
balancing scheme in (5.28) can not effectively avoid stagnation. Moreover, it is not computationally
convenient to use since the weight parameter w is not known a priori and it depends on different
problems under consideration.

In the second example, we test the efficiency of the verified dimension-adaptive algorithm for interpo-
lation of these anisotropic functions

s1(y) =exp(y1/5) +exp(5y2), s2(¥) =exp(y1y2), $3(¥) =exp(y1/5) +exp(5y2) +exp(y1y2). (5.38)

We run the interpolation Algorithm 8 with the interpolation error tolerance set as £, = 1071°. The
constructed indices are displayed in Figure 5.7, from which we can see that the verified dimension-
adaptive algorithm efficiently and accurately captured the interaction and importance of different
variables of the test functions. The first one has no interaction term and y, plays a more important role
(in terms of function value) than y;. The second one features strong interaction and equal importance
of the two dimensions. The last one has strong interaction and more important dimension y, than y;.
We remark that these properties can not be captured by the anisotropic sparse grid construction with
weighted index set (5.29) as introduced in [148]. As a matter of fact, such approach either deteriorates
efficiency because many useless indices are included or loses accuracy because the necessary indices
(for strong interaction term) can not be captured, especially in high dimensions.
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Figure 5.6: Interpolation error corresponding to the grid construction in Figure 5.5; left: picecwise
interpolation in the first four cases; right: Lagrange interpolation in the last two cases.
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Figure 5.7: Illustration of dimension-adaptive hierarchical construction of generalized sparse grid for
anisotropic interpolation; indices for s; (left), s, (middle), s3 (right) with tolerance &; = 10713,

5.4.2 Sobol functions featuring strong interaction

In this numerical experiment, we study the functions with separated variables proposed by Sobol [192]
to test the accuracy and efficiency of the hierarchical approximation in the extreme case - building
minimal full tensor product grid, with comparison to the approximation based on anchored ANOVA
(cut-HDMR) [73, 128]. The functions are defined as

K 14y, -2 K 143piy?
s1(y) = H M and s,(y) = H ﬂ, (5.39)
k=1 1+ Pk k=1 1+Pk

where y; € [0,1],1 < k < K and the parameter pi,1 < k < K, is nonnegative for the first function
and positive for the second one. Both functions have separated variables, meaning that the total
integral (with value 1) can be computed by the product of individual integrals evaluated separately,
but all of them are strongly interacting for pointwise evaluation of the function value. Since the first
function has singularities (“peaks") at yx = 0.5,1 < k < K and the second function is smooth, we use
piecewise polynomial basis for the first function and global Lagrange polynomial basis for the second
one. First of all, let us take a simple low-dimensional function s, with K =3 and py =1,1<k<K
and consider the anchored ANOVA approximation with several different anchor points yi, 1< k<K
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and expansion orders. Let §;,0 < i < K denote the approximated integral with expansion up to i
dimensions (see the expansion formula (5.31)). When i = 0, the approximated integral is taken as
the function value at the anchor point. The approximated integrals for different additive functions in
the expansion are computed by tensor product Clenshaw—Curtis quadrature formula with 3 abscissas
in each dimension. The results at different settings are reported in Table 5.1, from which we can
observe that the approximation results are far from each other at different anchor points before the full
expansion with i = K is used. Moreover, the averaged approximations in the last column do not lead to
amore accurate approximation as proposed in [90]. The approximations of the integral converge to
the exact value with growing expansion order and reach the exact value only when the full expansion
with 2K = 8 terms has been incorporated in all cases. These observations confirm the drawbacks of the
anchored ANOVA approximation as pointed out in section 5.2.4. Similar results can be shown also for
the first function s; and for higher dimensional integration problems by this approach. In fact, there is
no gain in this case but more cost by the anchored ANOVA approximation since not only the last term
has to be evaluated in all the K dimensions but also the other 2K — 1 terms of the expansion (5.31).

Yk | 0.0000 0.1667 0.3333 0.5000 0.6667 0.8333 1.0000 | average
So | 0.1250 0.1589 0.2963 0.6699 1.5880 3.6641  8.0000 2.0717
§1 | 0.5000 0.5624 0.7407 0.9570 0.9074 -0.1981 -4.0000 | -0.0758
S» | 0.8750 0.9037 0.9630 0.9980 1.0046 1.1589  2.0000 1.1290
$3 | 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Table 5.1: Approximated values of the integral of the function s, by anchored ANOVA expansion (5.31)
with different anchor points (in row) and expansion orders (in column).
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Figure 5.8: Interpolation error (left) and integration error (right) of dimension-adaptive hierarchical
approximation of the smooth function s, with the dimension K =3 and K =7.

The interpolation and integration errors for the dimension-adaptive hierarchical approximation
of the smooth function s, are displayed in Figure 5.8, where the interpolation error is defined by
maxyez,,,, |$(¥) — Fgs(y)| with the testing set Z;,5, consisting of 100 randomly selected samples. The
decay of both interpolation and integration errors is very slow at the beginning, and fall to about the
machine precision when the minimal full tensor product grid with 3 nodes in each dimension has
been constructed, requiring in total 3% = 27 and 37 = 2187 nodes, respectively. This decay confirms
again the necessity to use all the expansion terms by the anchored ANOVA approximation in order to
have accurate integration. The dimension-adaptive hierarchical algorithm successfully detects the full
tensor product grid structure and construct it automatically with the ultimate number of nodes 33 and
2201, slightly bigger than those of the full tensor product grid due to the verification procedure. As
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for the approximation of the singular function s;, we reduce the effect of the variation of y; by setting
a large parameter py = 100,1 < k < K, which leads to the results in dimensions K =4 and K = 8 in
Figure 5.9. Similar convergence behaviour can be observed for the singular function as that for the
smooth function, in particular 89 and 6577 nodes are constructed close to the minimal number of full
tensor product grid 3* = 81 and 32 = 6561. Note that in this case, the approximation errors decay more
uniformly due to the reduced variation.

interpolation error
integration error

10° 10
# nodes # nodes

10° 10 10

Figure 5.9: Interpolation error (left) and integration error (right) of dimension-adaptive hierarchical
approximation the singular function s; with dimension K =4 and K = 8.

5.4.3 Approximation with arbitrary probability measure

By this experiment, we study the dimension-adaptive hierarchical approximation with arbitrary proba-
bility measure in order to demonstrate the efficiency of using the interpolation and integration error
indicators (5.25) and (5.11) for interpolation and integration problems, respectively, and illustrate why
the variance-based ANOVA (or HDMR) expansion is not suitable for interpolation problems. We use
the following exponential function

K
s(y) = exp (— > vk —0.5)), (5.40)
k=1

and set ¢ = 1,1 < k < K with dimension K = 5. The random variables are set to obey beta distribution
as yx ~ Beta(Bk, Bk),1 < k < K, being f§ € R a scaling parameter. The probability density function
(PDF) with different parameters is displayed in Figure 5.10, from which we can see that as the parameter
becomes bigger, the more concentrated the PDF becomes and the smaller the variance is. Therefore, the
importance of different dimensions becomes different as influenced by the given probability measure
instead of the parameter cy.

We run the dimension-adaptive hierarchical approximation Algorithm 8 to compute both the interpo-
lation and the integration of the given function with different error indicators. We employ the nested
Kronrod-Patterson quadrature nodes [159] associated with the beta measure at different parameter
B. The interpolation error is computed as the maximum at 100 randomly selected samples and the
integration error is computed by taking the approximation of the integral in the final step as the “exact"
value. The error convergence of the approximation for interpolation and integration with different
error indicators is shown for = 1,5,10,20 in Figure 5.11. From the left of Figure 5.11, we can see that
the interpolation errors obtained with interpolation error indicator converge faster than those obtained
with integration error indicators at different values of . On the other hand, the convergence of the
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Figure 5.10: Probability density function of beta distributed random variable with different parameters.

integration errors shown on the right of Figure 5.11 highlights that the integration error indicator leads
to evidently more accurate approximation of the integral than the interpolation error indicator for the
cases = 5,10,20. These observations confirm that the integration error indicator, closely related by
the underlying probability measure to the variance-based ANOVA approximation, works efficiently for
integration but may give rise to large errors for interpolation.

interpolation error
>
integration error

Figure 5.11: Interpolation error (left) and integration error (right) with different scaling parameter
B =1,5,10,20 (with different markers) and error indicators, &; in dashed line and &, in solid line.

5.4.4 High-dimensional functions featuring sparsity

In this numerical experiment, we test the performance of the dimension-adaptive hierarchical approxi-
mation of high-dimensional functions featuring sparsity, i.e. low interaction or distinct importance of
different dimensions. The first function has low interaction property, given by

K o Kl

SO =2 Ve— 2 ViVien (5.41)
k=1 k=1

which is a polynomial of total degree 2 and interaction level 2 (in the sense of ANOVA expansion (5.31)).

We set the dimension as K = 10 and 100, and run the dimension-adaptive hierarchical approximation
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algorithm with the interpolation error indicator (5.25) for both the interpolation and integration.
The interpolation error is computed at 100 randomly selected samples, and the integration error is
measured with respect to the value of the exact integral K/3 — (K —1)/4. Since the function is smooth,
we use Lagrange basis with Clenshaw—Curtis nodes. The results of the error indicator, the interpolation
and integration errors, as well as the number of nodes are reported in Table 5.2, from which we can
see that the second level isotropic sparse grid is sufficient to evaluate the integral accurately up to
machine precision (with rounding error) in all the three cases, while for accurate interpolation the
third level of sparse grid is needed and sufficient due to the interaction in the second term of s. The
dimension-adaptive hierarchical construction algorithm is able to detect the isotropic structure of the
sparsity and build automatically the isotropic sparse grid as can be seen from the comparison of the
number of nodes in Table 5.2, where a small number of extra nodes are used for checking stopping
criterion. We remark that in order to detect the full interaction relation of s by ANOVA expansion, the
total number of terms to be explored is 1 + K + (K — 1)(K — 2)/2, which results in the same number of
nodes by sparse grid or two dimensional tensor product grid (3 nodes in each dimension) for each term
of the second level.

K level # nodes error indicator &;  interpolation error  integration error
10 1 1(1) o 1.9499 0.8333
2 21 (21 0.5000 0.6306 6.661e-16
3 233 (221) 3.8858e-16 1.332e-15 6.661e-16
100 1 1(1) 00 11.5087 8.3333
2 201 (201) 0.5000 1.9956 1.243e-14
3 20213 (20201) 3.5527e-15 4.796e-15 1.066e-14

Table 5.2: Interpolation and Integration errors for dimension-adaptive hierarchical approximation of
the low interacting function s;; the number of nodes in (-) corresponds to an isotropic sparse grid.

We use (5.40) as the second test function, which features the sparsity due to distinct importance even
with strong interaction of different dimensions. Here the parameter ¢y € R, determines the importance
of the dimension k =1,...,K; yx €0,1],1 < k < K are independent and uniformly distributed random
variables. In the first example, we set ¢y = a‘k“, 1 < k < K, with the scaling parameter a¢ = 1.1
and consider the dimension K = 2",3 < n < 6. Clenshaw—Curtis quadrature is employed for the
computation of the integral, where the “exact" value is taken as the approximation at the last step.
We set the maximal number of nodes as M = 10",1 < m < 5. The interpolation and integration error
convergence is depicted in Figure 5.12 and the level of interpolation (note that we plot iy — 1 in y axis
due to implementation convenience) in the 64 dimensional case is reported in Figure 5.13. From these
two figures we can conclude that only the first few dimensions dominate all the other dimensions
and the dimension-adaptive hierarchical approximation Algorithm 8 successfully constructed the grid
according to the importance of different dimensions. The convergence rate of the integration error
for the 64 dimensional problem is around 1, which is faster than that of the Monte Carlo method (rate
= 1/2) or quasi Monte Carlo method (rate € (1/2,1)) [62].

In the second example, we test the dimension K = 100,400,900, 1600 and set the parameter ¢, 1 <

0
k < K as follows: we randomly select K dimensions and set ¢ in these dimensions as 10V, where
y](z € [0,1] is a sample drawn from uniform distribution, and in the other dimensions we set c; =

107476, Therefore, the dimensions are divided into two scales. In each scale the importance of
different dimensions is determined by a random variable 107 ¢, In another word, the important
dimensions randomly distributes from 1 to K with total effective number of dimensions around vK.
The convergence results for the interpolation and integration error is shown in Figure 5.14, from
which we can see that the dimension-adaptive hierarchical approximation works efficiently for high-
dimensional problems, with the integration error converging faster than Monte Carlo method with the
total dimension as high as 1600. The right of Figure 5.13 demonstrates that both the scales (between
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Figure 5.12: Convergence of interpolation error and integration error with dimension K = 8,16,32,64.
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Figure 5.13: Grid level constructed by the dimension-adaptive hierarchical aproximation algorithm 8.

level i =1+1 and levels i = 1+ 3,1 +4) and the importance in each scale (between level i =1+ 3
and iy = 1+4) of different dimensions are captured effectively by the dimension-adaptive algorithm
8. We remark that the examples in high-dimensional space feature distinct importance of different
dimensions. In the case of equal importance of different dimensions in high-dimensional problems,
the classical Monte Carlo method would achieve better computational performance.

5.4.5 Heat diffusion in thermal blocks

In this example, we study a heat diffusion problem (5.33) in thermal blocks with the thermal con-
ductivity modeled by random variables. The problem is defined in the physical domain D = (0,1)?
discretized with 1012 nodes, which can be equally divided into K (K = n%,neNy,) blocks Di,1<k<K.
The thermal conductivity of each block is a random variable. In the first test, we demonstrate the
efficiency of the weighted a posteriori error bound (5.36) in the case of arbitrary probability measure
for integration problem. We consider the random coefficient a in (5.33) as
K
a(x,y) =Y xp,(x)10V% 0 (5.42)
k=1
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Figure 5.14: Convergence of interpolation error and integration error with dimension K =
100,400,900, 1600.

where yp, is a characteristic function supported on the block Dy and y € [0,1],1 < k< K with K =9,
are independent random variables obeying beta distribution Beta(g, f) with § = 5, which feature
almost equal importance in each of the 9 dimensions. A deterministic force term is considered as
f = 1. We run the adaptive greedy Algorithm 9 with tolerance e, = 107! to construct the reduced basis
space based on the hierarchical construction of the generalized sparse grid by Algorithm 8. For the
construction of the generalized sparse grid, the integration error indicator (5.26) is used with the total
number of nodes specified as 10”,0 < n < 4 and the nested Kronrod-Patterson quadrature nodes are
employed corresponding to the beta measure with different parameter . The quantity of interest is
the average temperature over the whole domain [}, udx, which is a compliant quantity. We apply both
the a posteriori error bound (5.35) and the weighted a posteriori error bound (5.36) to construct the
reduced basis space, resulting in 211 and 118 bases, respectively.
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Figure 5.15: Left: true error and error bound of reduced basis approximation constructed by a posteriori
error bound without (5.35) and with weight (5.36); right: (weighted) integration error.

The reduced basis approximation error (in the worse scenario case) tested with 100 randomly samples
and the integration error (computed with the integral at 10* nodes as the reference value) of the two
different cases are depicted in Figure 5.15. From the right of this figure we can see that the reduced basis
approximation with the weighted a posteriori error bound (5.36) achieves almost the same accuracy for
integration as that without the weight (5.35), even using much less bases (118 compared to 211). As
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Chapter 5. Breaking the curse of dimensionality — sparsity and reducibility

for the pointwise approximation, the weighted scheme results in faster convergence of the reduced
basis approximation error than that without the weighted scheme, though does not guarantee the
same small error at the end because it makes use of much less reduced bases, see in the left of Figure
5.15. Moreover, from the comparison of the true error and error bound plotted in the left figure, we
confirm that the error bound is rather sharp, almost indistinguishable from the true error even if we
use a constant a = 1 for the lower bound in (5.35) and (5.36).

hierarchical error bound
a\
%,
hierarchical error bound
(8

20 40 60 80 100 120 140 160 180 200

Figure 5.16: Left: the a posteriori error bound (5.35); right: the weighted a posteriori error bound (5.36)
during the hierarchical construction of the generalized sparse grid by Algorithm 8.

Figure 5.16 reports the reduced basis error bound during the hierarchical construction process for
both the weighted scheme and non weighted scheme. Large oscillation of the worst error bound
evaluated at the nodes corresponding to the current active index can be observed for both cases. Both
of them decrease to the prescribed tolerance €; = 10~ but with different number of bases. In fact, the
probability density p in (5.36) becomes very small when the node is far away from the center, thus gives
rise to very small weighted a posteriori error bound and early stop of the algorithm with less bases.
Moreover, this test also demonstrates that the total number of reduced bases is much smaller than the
total number of constructed nodes, thus efficiently alleviate the entire computational cost.

In the second test, we consider a high-dimensional heat diffusion problem with 100 thermal blocks.
The conductivity coefficient is
K
a(x,y) =Y xp, (x)10%Wk=0-) (5.43)
k=1

where y; €10,1],1 < k < K with K =100, are independent and uniformly distributed random variables;
Ck,1 = k < K, are taken similarly to the second test of section 5.4.4 in separating the dimensions into two
scales: we randomly select 2v/K dimensions and set ¢ = 4 yg in these dimensions and ¢ = 1074 x 4 yz
in the other dimensions, being yz €[0,1],1 < k < K, samples drawn from uniform distributed random
variable. We set the error tolerance for the reduced basis space construction as €, = 108 in the greedy
Algorithm 9 and the maximum number of nodes as M = 10",0 < n < 5 for the hierarchical construction
of the generalized sparse grid in Algorithm 8, which result in 161 bases in the reduced basis space. On
the right, the integration error computed with different number of nodes are shown, which decays with
arate larger than 1, demonstrating that the dimension-adaptive hierarchical approximation converges
much faster than Monte Carlo method for this high-dimensional uncertainty quantification problem.

Figure 5.17 displays both the reduced basis approximation error and the integration error. On the
left, the true error and the error bound (in maximum norm) evaluated at 100 randomly selected
samples at different number of reduced bases confirm the effectivity of the a posteriori error bound.
The a posteriori error bounds at the selected reduced basis samples, most of which are chosen at
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Figure 5.17: Left: true error and error bound of reduced basis approximation; right: integration error.

the beginning of the hierarchical construction process, decrease in an oscillating way to the error
tolerance and remain smaller than the maximum error bounds at the 100 samples. Figure 5.18 depicts
the effective dimensions and varied importance of different dimensions indicated by the prescribed
parameters (on the left) and the level of the generalized sparse grid in different dimensions (on the
right). From this figure, we can observe that all the dimensions in the effective scale represented by the
characteristic function y4(k),1 < k < K, (on the left) are correctly identified with the grid level i} equal
or larger than 4 (on the right), and the dimensions in the ineffective scale are approximated mostly by
the grid level i = 1+ 1. Moreover, the varied importance of different dimensions in each scale is also
successfully identified as shown in Figure 5.18, where a larger value of yg leads to a relatively deeper
grid level.

and Xd(k)
o
u

0
k

Y
o
IS

o

)

Yk

20

40

60 80 1

Figure 5.18: Left: true error and error bound of reduced basis approximation; right: integration error.
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5.4.6 Groundwater flow through porous medium

This example is devoted to the study of groundwater flow through porous medium described by Darcy’s
law: find the pressure field p € D x I such that the following equations hold

-V(aVp) =0 inD,
p =1 onodDy,
p =0 ondD,,
aVp-n =0 ondD;udDs,

(5.44)

where the physical domain is the two dimensional square D = (0,1)?, as shown in Figure 5.19, with
left and right boundaries (6D, U 0D4) prescribed of Dirichlet boundary conditions, and the upper and
lower boundaries (0D; UdD3) homogeneous Neuman boundary conditions. The permeability of the
porous medium is given by the random field (with x = (x1, x2))

ﬁL 1/2 K
a(x,y) =E[a] + —) Vi+ Y VA (sin(kmxy) yax + cos(kmx1) yok+1) (5.45)
k=1

which is a truncated Karhunen-Loéve expansion of a Gauss covariance kernel exp(—(x; — xi)2 /L?) with
correlation length L [149]. The eigenvalues A, 1 < k < K, of this kernel decay exponentially as

2
(ez L) ) , (5.46)

Ax = VrLexp (— 1

and the random variables y;,1 < k < 2K + 1, are assumed to be independent and obey uniform
distribution taking values in [-+/3,v/3] in order to guarantee that a is positive. The quantity of interest
is
s(y):=L(p;y) =fD a(x,y)0y, p(x,y)dx, (5.47)
d

where the disk region D, has center (0.75,0.5) and radius 0.2, see Figure 5.19. This quantity is not
compliant with the right hand side of equation (5.44),. Therefore, we adopt the primal-dual approach
introduced in section 5.3. We first write the weak formulation of the Darcy equation (5.44) as: find
p € H'(D) such that

Alp,q;y)=0 Yqe Hy, (D), (5.48)

where H}. (D):={g € H'(D): g =0ondD; UdDy4} and the bilinear form A is given by
2K+1
A=) Ap, @y, (5.49)
k=0

being Ay defined corresponding to the terms in the expansion of the permeability coefficient a in (5.45)
and yyp = 1 for notational convenience. The dual problem associated with the primal problem (5.48) for
the quantity of interest s is formulated as: find ¢ € H}m such that

Aq,¢;9) =—L(g;y) VqeH, (D). (5.50)

We construct reduced basis space X Il\’,;r with N, bases and X I‘f,;‘u with Ny, bases to approximate the
primal and dual weak problems (5.48) and (5.50) and define the residual of each problem as

RP(q;y) = —A(pN,,,4;¥) and RY(q; y) = —L(q; y) — A, Py, ), (5.51)

where py,, and ¢y,, are the reduced basis approximations of the primal and dual solutions, respec-
tively. We apply piecewise finite element basis to approximate these solutions in the physical space
and denote the approximation space as X c H}m (D) and its dual as X'. After solving the primal and
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dual reduced basis problems, we can approximate the quantity of interest s defined in (5.47) by
sN() = L(pn,, (1);3) = R (on,, 1) 1), (5.52)
whose error can be bounded as (see details in [178])

IRP™ (5 W x IR (5 ) e
ay) '

Is() = snI < A = (5.53)

For the approximation in physical space, we use piecewise linear finite element basis on a regular
triangular mesh with 17361 vertices, leading to a relatively large-scale algebraic system. We run
Algorithm 8 for the dimension-adaptive hierarchical construction of the generalized space grid with
integration error indicator (5.26) at a series of maximum number of nodes 10”,0 < n < 5. The error
tolerance for the reduced basis construction for approximating the non-compliant quantity of interest
sissetas e, = 1078, The a posteriori error bound (5.53) can be efficiently evaluated by an offline-online
decomposition procedure for both the primal and dual problems with error tolerance e; = 10~ for
both problems. We set the correlation length L = 1/16 in (5.46) and K as 8,16, 32,64, which lead to
17,33, 65,129 dimensions taking 59%, 89%, 99% and 100% percent of the total randomness measured by
the L*°-norm of the coefficient in (5.45). A set of typical solutions of the primal problem (5.48) and dual
problem (5.50) at a randomly selected sample are depicted in Figure 5.19 (middle and right), where the
dual solution, with evident bigger values near the disk D4 plays the role to correct the reduced basis
approximation of the quantity of interest sy by formula (5.52).

Figure 5.19: Left: physical domain and boundaries; middle and right: primal and dual solutions.

In the 17 dimensional case (K = 8), 37 primal bases and 39 dual bases are constructed. We test the
convergence of the worst reduced basis approximation error with respect to the number of primal

bases and dual bases computed with 100 randomly selected samples, which is displayed in Figure 5.20.

From the left figure, we can observe that both the approximation error and the error bound decrease
with growing number of primal and dual bases, leading to quadratically fast decrease with N, and
Ny, increasing simultaneously as shown in the right figure on the path N, = Ny,. Moreover, the error
bound shown in this figure is rather sharp (close to the real approximation error), demonstrating the
efficiency of the primal-dual approach using the a posteriori error bound (5.53). The interpolation
errors by the hierarchical interpolation formula (5.23) with 10° interpolation nodes are evaluated at
the same test samples, where the worst approximation error is 4.0603 x 10~°, much larger than that
of the reduced basis approximation error 1.3333 x 1071°, This large difference is due to fact that the
interpolation approach adopts Lagrange basis to approximate the pointwise quantities blind to the
underlying PDE model, while the reduced basis approach performs the pointwise evaluation by solving
the underlying PDE model with cheap cost in the reduced framework. Therefore, we always use the
reduced basis approximation to evaluate pointwise value of quantity of interest s.
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Figure 5.20: Left: reduced basis approximation error and error bound w.r.t. the number of primal bases
Np; and the number of dual bases N,,; right: three different settings of N, and Ng,,.K = 8.
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Figure 5.21: Left: reduced basis approximation error and error bound with Ny, = Ny,,; right: integration
error. K = 8,16,32,64, corresponding to 17, 33, 65, 129 dimensional problems.

The worst approximation error and integration error for the cases K = 8, 16,32, 64, corresponding to
17,33,65,129 dimensional problems, are reported in Figure 5.21. The number of primal and dual bases
increases with the dimension in order to achieve the same accuracy of approximation for pointwise
evaluation and integration. However, the increase is rather small when the dimension becomes high
because the important dimensions have been captured by the reduced basis approximation and
dimension-adaptive hierarchical integration in the first few dimensions, and all the other dimensions
play negligible role in contributing to the approximation error. It is worth to point out the remarkable
fact that only a few tens (about 50) of reduced bases have been constructed to approximate the high
dimension uncertainty quantification problems as shown in this example, thus requiring only a few tens
of full solves of the underlying PDE model compared to a really large number (10° in this example) of
full solves that would be needed without using the reduced basis method. Furthermore, as shown in the
right of Figure 5.21 that the integration error converges with rate larger than 1, which demonstrates that
the adaptive and reduced computational strategy for integration in high dimensions is very promising.
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5.5 Summary

In this chapter we have developed an adaptive reduced computational framework for solving high-
dimensional UQ problems. Two critical computational challenges were identified and illustrated
for various UQ problems: curse of dimensionality and heavy computational burden. In order to
tackle the first challenge, we adopted the approach for dimension adaptive tensor product integration
and developed a verified algorithm based on generalized sparse grid construction to deal with one
drawback of this approach - the stagnation phenomenon, and designed different error indicators
suitable for integration and interpolation problems based on the hierarchical surpluses. To overcome
the second challenge, we developed an adaptive and weighted reduced basis method, using an adaptive
greedy algorithm in combination with the dimension adaptive hierarchical grid construction and a
weighted a posteriori error bound to alleviate the computational cost in building the reduced basis
space. The numerical experiments demonstrated that the verified dimension adaptive algorithm
worked effectively in getting rid of the stagnation phenomenon and in automatically detecting the
importance and interaction of different dimensions, which converged faster than the Monte Carlo and
quasi Monte Carlo methods for high-dimensional integration problems with dimension as high as 1600.
Moreover, the integration error indicator incorporating hierarchical surpluses, work contributions as
well as quadrature weights was proved to be very efficient for UQ problems with arbitrary probability
measures. As for pointwise evaluation of output of interest depending on PDE solution, the reduced
basis approximation certified by the a posteriori error bound was demonstrated to be more accurate
than the interpolation scheme based on Lagrange polynomials, one kind of dictionary bases without
taking into account the underlying PDE models. Furthermore, only a few bases, a few hundreds (about
100 - 200) for heat diffusion in thermal blocks and a few tens (about 40 - 50) for groundwater flow
through porous medium compared to 10° full solves, were constructed by the reduced basis method in
order to achieve high accuracy for the high-dimensional approximation problems. This reduction will
dramatically alleviate the prohibitive computational effort to the affordable level in solving large-scale
PDE models (with large degrees of freedom) that consume considerable computational power.

Several further topics are worth to be investigated in applying the adaptive and reduced computational
framework to solve high-dimensional UQ problems. The first is that low regularity points may exist in
the high-dimensional space, for instance, the points featuring discontinuity or singularity. Therefore,
efficient low regularity detection algorithms need to be incorporated in this framework, e.g., by checking
the pointwise hierarchical surpluses instead of an averaged or maximum value at one index [128]. In
addition to the detection algorithm, we remark that the reduced basis approximation may essentially get
rid of the low regularity problems since it does not apply any family of dictionary bases but project the
new solution into the reduced basis space spanned by solutions at some selected samples [41]. Another
research topic is to develop more specific and goal-oriented model order reduction techniques in order
to circumvent the “irreducible" PDE models, such as locally supported traveling waves, compressible
flows that feature shocks, and so on. Moreover, when the effective dimensions become so high that no
quadrature rule is feasible due to computational constraint, we have to turn to other approaches for
computing the integration, such as Monte Carlo method, and detect when it is more suitable to apply
these approaches than the proposed dimension adaptive quadrature rule. Since the reduced basis
method is still applicable for Monte Carlo method, the adaptation may be carried out for sampling set
with successive enrichment of new samples and elimination of well approximated samples, as shown
in the previous chapter for risk analysis.
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Stochastic elliptic optimal boundary
control with random advection field

Design and optimization of physical and engineering systems can be formulated as optimal control
problems. The latter usually aim at the determination of the forces or boundary conditions in a system
of partial differential equations, through the minimization of suitable objective or cost functionals.
Deterministic optimal control problems constrained by partial differential equations have been well
developed and investigated for several decades (see, e.g., [123, 84, 200]), while the development of
stochastic optimal control problem constrained by stochastic partial differential equations can still
be considered to be in its infancy; see some very recent work, e.g. [99, 91, 172]. In [99], a stochastic
optimal control problem constrained by a stochastic steady diffusion problem with deterministic
distributed control function is introduced, and an error estimate for the Galerkin approximation of the
optimality system in both physical space and stochastic space is provided. The work [91] deals with
deterministic Neumann boundary control with error estimate for the same numerical approximation
based on stochastic steady diffusion problem. The existence of a local optimal solution has also been
demonstrated. However, the global existence as well as uniqueness of the optimal solution remain to
be investigated. In [172], numerical experiments are conducted with ‘pure’ stochastic control function
as well as ‘semi’ stochastic control function for an optimal control problem constrained by a stochastic
steady diffusion problem.

Robin boundary conditions are a weighted combination of Dirichlet and Neumann boundary con-
ditions, which are very versatile and useful in mathematical modelling [165, 161]. In this chapter, a
stochastic Robin optimal control problem constrained by an advection-diffusion-reaction equation
with advection-dominated term is studied. In order to analyze the existence and uniqueness of the
optimal solution as well as the convergence of numerical approximation, saddle point formulation for
linear-quadratic type of optimal control problem in the deterministic case has been developed and
fully analyzed in [23, 28] and more recently in a deterministic reduced order modelling setting [144].
We take advantage of this formulation in the stochastic Robin optimal control problem to study the
theoretical properties of the optimal solution and the numerical properties of approximation in both
physical and stochastic spaces. We first derive a stochastic saddle point system [28, 23] and prove that
it is equivalent to the first order optimality system for the stochastic Robin boundary control problem.
The global existence and uniqueness of the optimal solution is obtained by Brezzi’s theorem [27] for
the saddle point formulation. Moreover, the optimal solution of the stochastic saddle point system
is proved to depend regularly on the random variables. Thanks to this regularity, we are able to use
stochastic collocation approximation [8] for the discretization of random variables and obtain an a

Reference for this chapter:

P, Chen, A. Quarteroni and Gianluigi Rozza. Stochastic optimal Robin boundary control problems of advection-dominated elliptic
equations. SIAM Journal on Numerical Analysis, 51(5):2700-2722, 2013
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priori error estimate of the numerical approximation. As for the discretization of the physical domain,
we apply stabilized finite element approximation [165, 97, 94] and provide a priori error estimate. Based
on these two approximations, a global error estimate for their combination is derived. Finally, we verify
the correctness of our theoretical error estimates by numerical experiments in both low (of order O(1))
and high (of order O(100)) stochastic dimensions.

This chapter is organized as follows. In section 6.1, the stochastic Robin boundary control problem
constrained by a stochastic advection dominated elliptic equation is introduced. We derive the stochas-
tic saddle point system and prove it to be equivalent to the optimality system. In the following section
6.2, the stochastic regularity of the solution is obtained by recursively applying Brezzi’s theorem for the
saddle point system. Section 6.3 is attributed to the stabilized finite element approximation in physical
space and stochastic collocation approximation in stochastic space as well as the error estimates of
these approximations, followed by section 6.4 with numerical experiments of the approximation. Some
summary remarks are given in the last section 6.5.

6.1 Stochastic Robin boundary control problem

6.1.1 Problem definition

Our stochastic Robin boundary control consists in finding a stochastic Robin boundary condition
ge %2(0D) (the control function) in order to minimize the quadratic cost functional

1 a
I )= Sllu=uallye ) + 5 18152 6.1)

constrained by the stochastic elliptic problem featuring a stochastic advection-dominated term

{ -V-(ax)Vu(x,w)) + b(x,w) - Vu(x,w) + c(x)u(x,w) = f(x) in D xQ,
(6.2)

a(x)Vu(x,w) -n+k(x)ulx,w) = glx,w) ondD xQ,

where u; € £%(D) is the observation, a > 0 is a regularization coefficient, a, b, ¢ are the diffusion,
advection, and reaction coefficients, respectively, f is a force term, k is Robin coefficient, and » is the
unit outward normal direction along the boundary. We make the following assumptions for a, b, ¢, k.

Assumption 6.1 The uncertainty is presented on the advection-dominated term through the random
coefficient b: D x Q — R%, which satisfies b € (20"([)))'1, V- b(x,w) € (D) and can be written as a
linear function of finite random variables by, e.g., truncation of the Karhunen-Loeve expansion [189] as
given by (34) in the preliminary chapter

N
b(x,w) = bo(x) + Y_ bp(x)yn(w), (6.3)
n=1

wherey, :Q—Ty,,n=1,...,N are uncorrelated bounded real-valued random variables with zero mean
and unit variance.

Assumption 6.2 There exist positive constants 0 < r < R < oo such that the diffusion coefficient satisfies

r<a(x)<R a.e inD. (6.4)

As is customary, a.e. stands for almost everywhere, meaning everywhere except for a possible set with
zero measure, and D = D U dD. Moreover, we assume that c € L°(D), fe L2(D), and k € L>(0D) as well
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as the relations .
- EV b, w)+c(x)=1r'">0 ae inDxQuwithr' <r (6.5)

and )
k(x) + Eb(x, w)-n(x)=0 a.e ondDxQ. (6.6)

Let us introduce the bilinear form (-, -) : # (D) x #1 (D) — R, defined as

B(u,v):=(aVu,Vv)+ (b-Vu,v) + (cu, v) + (ku, v)sp

szaVu-Vvdde+/f(b-Vu)vdde 6.7)
QJD QJp :

+ffcuvdde+ff kuvdydP,
oJp QJaD

and the linear functional & () : #°1(D) — R, defined as
F ) :=(f,v)+(g, U)aDEf f fvdde+f f gvdydP, (6.8)
oJp aJobp

and then the weak formulation of problem (6.2) can be written as: find u € Z£1(D) such that
Bu,v)=Fw) VYve A (D). (6.9)

Theorem 6.1.1 Provided that all the data satisfy Assumptions 1 and 2, we have that there exists a unique
solution u € 7' (D) to problem (6.2), and for a suitable constant C, it holds that

llullzer oy = C(1F Nl 20y + 118l 2200 ) 6.10)

The proof follows the same lines as in the deterministic case [165] and is omitted here for simplicity.

6.1.2 Stochastic saddle point formulation

We apply Lagrangian approach for the derivation of an optimality system to solve optimal control
problem (6.1) subject to the constraint (6.9). The Lagrangian functional is defined as [200]

L(u,g,p)=#u,g +Bu,p) -%p)), (6.11)

where p is the Lagrangian multiplier or adjoint variable in . (D).

Lemma 6.1.2 The first order necessary optimality conditions of the Robin boundary control problem are
equivalent to the following stochastic optimality system: to find u € 7' (D), p € #'(D), g € £*(0D),
such that (s.t.)

Bu,0)=F (@) Yie A (D),

B (p,p) = uq—u,p) Vpe D), (6.12)
a(g, §op=(p,&op Vg L*0D),
where %' (p, p) = B(P, p) is the adjoint bilinear form.

The stochastic optimality system (6.12) is obtained by taking the Gateaux or directional derivative of
the Lagrangian functional with respect to the variables p, u, and g, respectively, and setting them to be
zero, which employs the same procedure as in the deterministic case; see [114], for instance.
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This optimality system has also been studied in [99, 91, 172], with only local existence of the optimal
solution obtained. In the following, we derive a stochastic saddle point formulation of the optimal
control problem (6.1) and demonstrate the global existence and uniqueness of the optimal solution.

First of all, let us introduce new variables u = (u, g) € 2/ and v = (v, h) € %, where the stochastic tensor
product space % = /' (D) x £?(0D) is equipped with the graph norm ||ullo, = [|ull 1 (p) + 181l 226p)-
Define a bilinear form </ (+,+) : % x % — R

o (u,v) =W, v)+alg hep Yu ve, (6.13)

which is related to the cost functional (6.1) as follows,

1 1
Fu,g = Ed(l_l;ﬂ)_(ud,u) +§(ud,ud). (6.14)

Write u,; = (ug,0) € % as the new observation variable, and we have the equivalence (1, ) = (ug, u), so
that minimizing the cost functional (6.1) is not different, up to a constant (g4, u4)/2, than minimizing
the following cost functional (still denoted by _#)

1
L= zd(g,g) - Uy Ww. (6.15)

Furthermore, introduce the affine form by slight abuse of notation %(,-) : % x J01(D) - R
B(u,q) =B, q) - (g Qop, VUEUNqe A (D). (6.16)

By this new definition, we have the following minimization problem equivalent to the original one of
minimizing the cost functional (6.1) subject to the stochastic constraint (6.9), which is

. _1 _
{ min 7w = 5./ (110 = 1y ), 6.17)

st. B, q) = (f,q) Vqe.A#" (D).
Moreover, the equivalence between minimization problem (6.17) and the saddle point problem: to find

(u, p) € U x F' (D) such that

{ oA (u,v)+ B, p) = (uy;v) Yve, 6.18)

Bu,q)=(f,q) Yqe A" (D),

is established by the following proposition extended from deterministic case to the stochastic case

Proposition 6.1.3 (see [23, 28]) Assume that the bilinear form <f is symmetric, continuous, nonnegative,
and strongly coercive on the kernel space Uy := {3ue % : B(u,q) =0 VY q € A (D)}. Assume also that
the bilinear form 28 is continuous and satisfies the compatibility condition (inf-sup condition) (6.22).
Then the minimization problem (6.17) and the saddle point formulation (6.18) are equivalent.

From the above proposition, we immediately obtain the following lemma.

Lemma 6.1.4 The minimization problem (6.1) subject to the stochastic problem (6.9) is equivalent to
the saddle point problem (6.18).

Proof We only need to verify the assumptions in Proposition 6.1.3. By definition (6.13), we have
o (u,v) =« (v, u) and & (4, u) = 0 so that & is symmetric and nonnegative. The continuity of o/ on
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U x % is evident with the following estimate:
o (1, V) = lull zo1 () 1V g1 (o) + @181l 22 0y 11| 220y = Callttllo |1V, (6.19)

where Cj, is a constant depending on @. On %, we have %(u, q) = 0 so that B(u,q) = (g, Q)opV g €
#1(D). Hence, it holds by the Lax-Milgram theorem and trace theorem [165] that ||ul| 71 p) <
R'IT'1gl| o2 ©@D)» Where R’ is a positive constant. With this estimate, the coercivity of «f follows:

o (1) = |lullope ) + @llglpe 5,
ar? ) a ) ar? , (6.20)
= ZIT,leullﬁl(D) + Ellgllgz(aD) = 2}7’2”2”%'
As for the continuity of the bilinear form 98 on % x J1(D), we have by definition (6.16) that

B(u,q) < R,”u”jfl(D)“q”JfI(D) + ||g||$2(aD)||CI||gZ(aD)

g (6.21)

s max(R, Dllulle gl 71 p)-

The compatibility (inf-sup) condition of % on % x 7' (D) is shown by the following estimate
0AVEU [l 0£(v,h)e¥% ||v||j‘[’1(D) + ||h||$2(a[)) 6.22)
B, q) /
= sup —— =71 Iqll s (p)-

woe 1V 71 p)

O

Thanks to the equivalence between the original minimization problem and the saddle point formula-
tion established in Lemma 6.1.4, we can also obtain the global existence of a unique solution to the
minimization problem, according to the following Brezzi’s theorem for saddle point problem (6.18).
(For the proof, see e.g., [27] or [165].)

Theorem 6.1.5 (Brezzi) Provided that the assumptions in Lemma 6.1.4 are satisfied, the saddle point
problem (6.18) admits a unique solution (u, p) € % x J01(D) or (u, g pE FL(D) x £2(0D) x (D).
Furthermore, we have the following estimate:

ulle < a’l”ungZ(D) +,31||f||L2(D),

(6.23)
1Pl oy = azlluglle2py + B2ll fll 2y,
where
2R"? ar”+2R"? 2R +ar"” ar’”+2R"?

a) = ar,zr 1= ar,3 ’ a = ar,g ’ 2= ar,4 (624)

Lemma 6.1.6 The saddle point problem (6.18) is equivalent to the optimality system (6.12).

Proof Equation (6.18) amounts to finding (u, g, p) € (D) x £2(0D) x A1 (D), such that
{ (u,v) + alg, Wap +BWw,p) — (h, Plap = (g, v) Vve A (D),Vhe £*©OD), 6.25)

Bu,q) - (& @op = (f,q) Yqe D). '

As we can observe, (6.25), coincides with the state equation (6.12);. Moreover, we can recover the
adjoint equation (6.12), by setting k& = 0 in (6.25); (notice %(v, p) = %'(p, v)) and the optimality
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condition (6.12)3 by setting v = 0in (6.25),. Conversely, (6.25); is retrieved by adding (6.12), and (6.12)3.
O

Remark 6.1.1 Lemmas 6.1.4 and 6.1.6 establish the equivalence between the minimization problem
(6.1) subject to the stochastic problem (6.9), the saddle point problem (6.18), and the optimality system
(6.12). In particular, the optimality system also admits a unique global optimal solution (6.1) according to
Theorem 6.1.5. Moreover, other properties for the saddle point problem are also shared by the optimality
system, in particular, the regularity properties of the optimal solution.

6.2 Stochastic regularity

The convergence properties of the numerical approximation to the stochastic optimality system (6.12)
(or to the stochastic saddle point problem (6.18)) in the stochastic space are determined by the regularity
of the stochastic solution (u, g, p) or (¢, p) and the choice of the approximation scheme. Since (6.12)
is equivalent to (6.18) by Lemma 6.1.6, we only need to study the regularity of the stochastic solution
to the latter with respect to the random variables y = (y1,)2,...,yn) €[ := HQLI I',,. Our results are
provided in Theorem 6.2.1, whose proof is based on recursively applying Brezzi’s theorem 6.1.5 in
high-dimensional stochastic space, adopting a similar approach as in [54]. An analytical extension of
the solution to a certain complex domain is obtained as a consequence to this theorem in Corollary
6.2.2, whose proof follows using Taylor expansion and a Newton binomial formula together with several
elementary inequalities extended in high-dimensional stochastic space.

Theorem 6.2.1 Holding the assumptions in Theorem 6.1.1 and Theorem 6.1.5, we can estimate the
partial derivatives of the solution to the stochastic saddle point problem (6.18) with respect to the
variables y = (y1,..., Yn) as follows: ¥v = (v1,...,VN) € NV,

U V- g
10l = 3 Coil v =Bl 10y ua Wl 2oy
=HEY (6.26)

u,f v
+ Crl VB, oo ) a1 Fllz2 )
while for the adjoint variable we obtain the estimate

U v—
*"f” (6.27)
p v
+Cy IVI!IlbII(Loo(D))dIIfIILZ(D)-
Here, 1 < v means that u, <v,Vn=1,2,...,N, and the constant c%fjf = Cvﬂ’_L:f’(al,az,ﬁl,ﬁz) is the sum
of 2V=H! basic elements in the form of ay' ay? B By such that ny + np + my + my = |v—pl+ 1. The

meaning holds the same for the other constants Cf’_bff, Cvﬂ’f ,CP I as coefficients for different terms.

Proof First of all, let us introduce the following pointwise saddle point formulation corresponding to
(6.18) as follows: to find (u(y), p(y)) € U x HY(D) with U = H' (D) x L2(8D) , such that

{ Sy, v)+Bw,p(y)=wW,;y),v) Vvel, (6.28)

Buy),q) =(f,q) YqeH (D),

where we still denote « and 28 as the pointwise bilinear forms by slight abuse of notation. The
properties of continuity for « and %, coercivity for &/ and compatibility condition for 9 hold the
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same as in Lemma 6.1.4. Moreover, Brezzi’s theorem verifies with the same parameters for the stability
results (6.23). Explicitly, we have the pointwise stability for y e T’

ey < arllugM 2oy + Brll fll 2y (6.29)

and
I oy = @2lluaW2py + B2ll fll 12y (6.30)
For |v| = vy +v2 +---+ vy = 0, we obtain the estimate in the above stability results (6.29) and (6.30).

For |v| = 1, by taking partial derivative of the pointwise saddle point problem (6.28) with respect to the
random vector y up to order v, we claim that the general recursive equation is given by

oA (0yu(y), v) + B, 0yp(y)) = 0y 1,y (¥), )

- Y vib;-Vv0, “py) VveU,
jZVj¢0
BOuy),q)=- Y vjb;-Vd, Tuy),q) YqeH (D),
Jvi#0

(6.31)

where bj, j = 1,2,..., N is the j-th basis in the linear expansion (6.3) and ¢; = (0,---,1,---,0) is an unit
vector with the j-th element set to 1 and all the others 0.

Indeed, if we suppose that |¥| = |v| — 1 and |V| takes the form v — e} for some k, by hypothesis, (6.31)
holds for ¥, and then we verify that it also holds for v. Taking the derivative of (6.31) with respect to y
and replacing v by v — e, we have

o @y u(y), v) + B, 0, p(N) + (bi - Vv,8,” % p(») = @) u, (1), v)
- Y wvib;-Vu,0, 7 py)) — (v - D(bg-Vv,0) “p(y) VreU,
{ j#kvj#0 ‘ (6.32)
BOuy), @)+ (b-Voy, “uy,q)=- Y. v;jb;j-Vd, Tuy),q
j;ék:Vj#O
~(vi=1(by -V, *u(y),q) VqeH (D).

By cancelling the same terms in both sides, we retrieve the recursive equation (6.31). Applying Brezzi’s
theorem to the recursive equation (6.31), we have that there exist unique partial derivatives of the
stochastic functions dju and 9}, p such that

Jivj#0

e (6.33)
+ b1 Z Vj”bj”(LOO(D))d“ay ’u(y)IILz(D),
Jvj#0
and
||0;p(y)||Hl(D)saz(||a;ud(y)||Lz(D)+ > v,-||b,-||(Loo(D))d||a§efp(y)an(D))
Jvi#0 (6.34)

v—e;
+ B2 Z Vj”bj”(LOO(D))d”ay ]u(y)”LZ(D)-
Jwvj#0
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When |v| =1, i.e.,, for some j € N,v = e;, using (6.29) and (6.30), the above recursive estimates (6.33)
and (6.34) become

oy ully < a1lldyuaWl2p) + (@raz + a1ﬂ1)|VI'IIbII(Lm(D))d||ud(y)||L2(D)

(6.35)
+(alﬁz+ﬁ1ﬁ1)|V|!IIbII(Loo(D))dIIfIILz(D),
and
19y P(J’)||H1(D)<a2||a ud(}’)“LZ(D)+(C¥2a2+a1,32)|v|'||b|| wopnal [Ud M2 (p)
(L (D)) (6.36)
+ (azﬁz+,Blﬁz)W“Hb”(Loo(D))d||f||L2(D);
_ TN ; :
wherellbll(Loo(D))d I,_,1lb ”“Loo Dy For a general v such that |v| = 2, we claim that the estimates

(6.26) and (6.27) hold. Note that IIOVu(y)IILz(D) < ||6"u(y)||U, [10Y, YWz = [10Y, YyPW g (py» and by
substituting (6.26) and (6.27) into the recursive formulae (6.33) Wlth v replaced by v—ej, we have

oy ully < a1||a;ud(J/)||L2(D)

, v-ej—p
+ar ) Vj”bj“(LOO(D))d( Y Ol uuv—m—1)!||b||(LoogD))d||a§ud(y)||Lz(D))

Jvj#0 O=pu=<v—e;

v—e
v a1 Y jlIbjll oo e (CF e, V= DB Fll 20
Jvj#0

Jvj#0 O=pu=v—e;

Bt Y Villjllgepe (G e](|v|—1)'||b||(Lw(D))d||f||Lz(D))
Jvj#0

= a1||a}//ud(J/)||L2(D) + Z (alcxr/)’ ej— +ﬁ1C\lfl ng ,u) X

O=p=v-e;

(j.vz.#)”) (v =pl=DUIBITE ) o110y ua (D2 )
J

+(a cc‘feﬁﬁlcffe])( )y v,-)(|v|—1)!||b||(VLm(DDd||f||Lz(D)
Jvj#0

o
O% WV =Bl E 10y ua |2y + o WIIBIY e L T2, (6.37)

where the new coefficients read

: : : : vi
Gy =ar, G = (i, Oy ) oo Vo=H=v-e (6.38)
and ; ;o
u, u,
il =p ot = (el +pici, ). (6.39)

Carrying out the same procedure for ||6; Pl (py, we obtain the estimate

10y Py s 3 CPSlv—pllllEE 118y ua ()l 2y

O=u=<v

+ CLTWIIBIY, oo ) ol Fllz2 )0

(6.40)
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where the coefficients are

U, Uq

: : , vl
C(? ud:az’ Cf_bzi:(ach,]_bgj_#+ﬁzcv_ej_'u)m VOﬁ,uSV—ej (6.41)
and
ol =po P = (@l + pCi, ). (6.42)

By the above recursive formulae, we have that the constant Cvﬂ’_bif = VE_'L" (a1, a2, B1, B2) is the sum of

2IV=Hl basic elements in the form of @' a,? 7" 5" such that ny + np + my + mp = |v — | + 1. The same

structure holds for the constants Cf'_lif, C%’f ,and C) "/ Notice the difference that CVE’_LZI and Cf'_lif are
modified by some constant related to |v|/|v — u| — 1 as |v| — oo for fixed p. O

A direct consequence of the regularity given in Theorem 6.2.1 is the analyticity property of (i, p) with
respect to y € T, provided the following conditions are satisfied.

Corollary 6.2.2 Holding all the assumptions for Theorem 6.2.1 the conditions

N
n
where M = max(a1, az, B1, B2), and

iy - i )
Z%||0;ud(y)||y(p)<oo, (6.44)
=

we have the existence of an analytic expansion of the stochastic solution (u, p) to the saddle point problem
(6.28) around jy € T'. Therefore, (1, p) can be analytically extended to the set

> ={yeRY:3y €T such that (6.43) and (6.44) hold }, (6.45)

and we defineZ(I'; 1) := {z€ C: dist(z,I') < 1} c X for the largest possible vector T = (11,...,TN).

Proof The Taylor expansion of u(y), y € I' around jy € I' is given by

0% u(y)
Y ——-" (6.46)

uy) =y,

where v! =v,!---vy!. By the bound of Theorem 6.2.1, we have the estimate

ayu(y) ly -1 _
Y- <X R Y av- bl 10wl
v v: u v v ) 0=<u=<v (6.47)
ly-7I"
T O MBI a1 20,
where |y -y = (ly1 — 711,...,|yn — 7n1). Let us consider the second term at first, for which we introduce

the generalized Newton binomial formula: for any n = (11,...,mn) € RY and k=0,1,2,..., we have

k! N\
> —nv=(21nn) : (6.48)
n=

!
Ivi=k V.

By applying (6.48), the second term of (6.47) becomes
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|y—.}_/|v uf v
> G MBI 120

v

[v|!
Wl Y, ¥ o (Wl gopyaly = 71)”

k=0lv|=k
v (6.49)
= M“f”LZ(D) Z Z _' ZMHb”(LOO(D))dU/ y|)
k=0|v|=k
k
=M\ fllr2p) Z ZMZ 1BallzoopyyalYn = Inl|
k=0
where M = max(a,, az, B1, f2) and the inequality comes from the estimate for the coefficient Cg’f
Y < oM MM+ 2 MMy, (6.50)
which is valid by definition. Therefore, the convergence condition for (6.49) is
N
2M Y |1bpll zoo(pyyal¥n = Il < 1. (6.51)
n
As for the first term of the estimate (6.47), we have
Iy yI u u u _
; Z dl _I~l|'||h||(Loo(D))d||6yud(J’)||L2(D)
O=<u=<v
| |# lv—pl!
=2 Y My 1% a (D] 20 ( Yy clta (—” (1Bl oo ey = 71)*~ ) 652)
v=p

k
|l #
SMZ—'U yH Y ||6”ud(y)|IL2(D)Z(2MZ”b oo (pyalyn = y"') ’
i=0

where for the first inequality we employ the equality

DS '=Z§~ 6.53)

v 0=u=<v

and the bound
1 1 1
— <. (6.54)
vt (v—w)!

For the second inequality, we replace all v — i by v, bound the coefficient C,")¢ . by

i Vgt pgiv-bi+1 < pgjpagc2nn)H, (6.55)

v — ul

and use the result obtained for the second term (6.49). Hence, the convergence of the first term (6.52)
is guaranteed by the condition (6.51) as well as the condition (6.44), which implies that u, is analytic
around j. The same procedure holds for the Taylor expansion of

C

<\:

(y)
p(y) =

(6.56)

v

with estimate in the space of H! (D). O
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6.3 Approximation and error estimates

Numerical approximation in both the physical space and the stochastic space will be studied in this
section. More specifically, we apply stabilized finite element approximation in physical space in order
to address the advection dominated problem [56, 15, 97, 126, 6, 77] and employ sparse grid stochastic
collocation approximation in stochastic space [207, 8, 148, 149, 12] to deal with the computational
reduction for the high-dimensional stochastic problem; see chapters 1 for the development of the
sparse grid stochastic collocation method. Convergence properties of the approximations in both
physical and stochastic space will be provided separately. Finally, we derive a global error estimate for
a combined stabilized finite element—adaptive stochastic collocation approximation.

6.3.1 Finite element approximation in physical space

Let us introduce a regular triangulation J7, of the physical domain D c R?,d = 2,3, such that D =
Ukeg;, K and diam(K) < h. Based on this triangulation, we define a finite element space X ;l‘

XF:={v, e C'D)|vpx ePr YKeTy}, k=0, (6.57)

where P, k = 0 is the space of polynomials of total degree less than or equal to k in the variables
X1,...,X4. Therefore, the element v}, in X;lc is simply a piece-wise polynomial, and we have that
X }’f < HY(D) [165]. Since both the state equation and the adjoint equation are advection dominated, a
proper stabilization method is needed. Let us introduce the operator for the pointwise state equation
as follows: V y € T, define

Lu(y) :==-=V-(aVu(y) + b(y)-Vu(y) + cu(y), (6.58)
which can be separated into a symmetric part and a skew-symmetric part L = Ls + L, defined as
Lsu(y)=-V-(aVu() +(c—=V-b(y)/2)u(y); Lssu(y)=Mby)-Vu(y)+V-(b(yuy))/2. (6.59)
Corresponding to the adjoint equation, we define the adjoint operator: V y € ', define
L'p(y)==V-(aVp(y) =b(y)-Vp(y) +(c =V -b(y)py), (6.60)
and we split it into a symmetric part and a skew-symmetric part, L' = L} + L, and we have
Lip(y)==V-(@Vp() +(c-V-b(y/2)p(y); Leyp(y)=—(b(y)-Vp(y)+V-(by)p(y)/2. (6.61)

Substituting the optimality condition (6.12) into the state equation (6.2) and taking the following
stabilized weak formulation for both the state equation and adjoint equation, we obtain the stabilized
and reduced optimality system in finite element space X,’; as follows [165]:

B(up(y), vy) + Ok (Luh(y), (Lss+0Ly) Vh) = —(ph(y), vn)

o b(y)]
+(fon+ Y 6K( (Lss+9Ls)vh) Yo, e xk,
&z Vbl

(6.62)
B (pr(y), v+ Y, 6K( pr(y), L +6L’)vh)—(ud(y) up(y), vp)
KEg*h
+ Z 5](
Kegy,

Ib( )I(

uq(y) —up(y),

by )|(L' +9L’)Vh) Vo€ X,
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where |b(y)| is the modulus of b(y) and the parameter d ¢ is left to be chosen, for instance,

1 b(y)|h
5 = 5(Pex) = coth(Pex) — ——, where Peg 1= MK\ g e T, (6.63)
Peg 2ming a(x)

Different stabilization methods result from the choice of 8. If 8 = 0, it corresponds to streamline
upwind/Petrov-Galerkin (SUPG) stabilization; if 8 = 1, Galerkin/least-squares stabilization is obtained.
For these different stabilization methods, it has been proved that if the parameter ¢ is small enough
and the solution of the state equation (6.2) is regular enough, e.g., u(y) € H**1(D), the priori error of
the approximation is bounded by the estimate ||u — up||yv < RE+L2) |y |Hk+1(D), where the norm || - ||y is
defined according to different methods. More details about the strong consistency and accuracy of
these stabilization methods are provided in [165]. As for the convergence property of the optimality
system, we have the following pointwise results by optimize-then-discretize procedure for SUPG
stabilization; see similar proof in [56] for distributed optimal control problem.

Lemma6.3.1 Let k,I,m = 1, and suppose that ¥V y € T the solution (u(y), g(y), p(y)) satisfies u(y) €
H*1(D), g(y) e H™V2(0D), and p(y) € H*1(D). If the stabilization parameter satisfies

h2 ! r
ok <min|—2-, ) VYK €T}, (6.64)
eCy llclleow)  1le=V-b(Y)lreox)

where e = amayx < R, ' is the coefficient defined in (6.5) and Cx is the constant for the inverse inequality
IVUnllzg < CKhlglllvhlle(K) VK € 9y, and we take for positive constant (1,{, >0

h2
6K=(1?Kf0rPeK51, ordg ={2hyk for Peg > 1, (6.65)

then the error estimate for the discretized optimal solution (u,(y), 8n(y), pr(¥)) VY y € T is obtained as

u(y) = unWMllv +118() = 8 12p) + 11P(Y) = PNl

(6.66)
< C[("2+ A HF Ul + h P + B gWlmirz0p)
where the norm || - ||y is defined for SUPG stabilization as
1015, = elvlf + 7110115 g + 2 SKIIBG) VIl 4, (6.67)

KeTy,

and |vlg, k = 1 is the seminorm in the Hilbert space H*D),k=1.

Remark 6.3.1 Lemma 6.3.1 provides a convergence result for the error between the solution of the
original and that of the discretized optimal control problem over the entire domain D. The constants in
the estimates of the global error depend on regularity of the optimal solution (u, g, p). Similar results
have also been obtained recently in [15, 26, 97].

6.3.2 Collocation approximation in stochastic space

In this section, we apply the stochastic collocation method (introduced in chapter 1, section 1.2)
for the approximation of the optimal solution (u, g, p) in the stochastic space. The tensor-product
approximation error and the sparse grid approximation error are summarized in the next two lemmas.

Lemma 6.3.2 The following convergence estimate holds for the multidimensional full tensor product
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interpolation operator %,

N
llu—Zgully ) +Ig = 248l 2opy + 1P~ Zpllymy < C Y. e nrdn, (6.68)
n=1

where the norm V' (D) := L% (T; V); C is a positive constant independent of N; qn,n = 1,...,N are the
polynomial orders of the univariate Lagrange interpolation formula; the constantsr,,n=1,...,N, are
defined viat, andT, as

2

2T, 417,
= +1/1+ s>1, n=1,..,N. (6.69)
IL'nl IT'nl

n

Proof The proofis obtained immediately by combining the analytical regularity result of the stochas-
tic optimal solution in Corollary 6.2.2 and the convergence result of the tensor-product stochastic
collocation method in Proposition 1.4.3 (up to a difference from L* norm to Lf, norm). O

Lemma 6.3.3 The approximation error of the stochastic optimal solution by the isotropic sparse grid
stochastic collocation method with Clenshaw-Curtis collocation nodes is bounded by

llu—Zqully o) +11g = F48l w26p) + 1P = Z4plly ) < CN, ', (6.70)

where C is a constant independent oqu andr, Ng =#H(q, N) is the number of collocation nodes, r is
defined as r = min(log(/11),...,log(y/TN))/ (1 +10g(2N)) with ry,...,ry defined in (6.69). Then using the
anisotropic Smolyak sparse grid, still with Clenshaw—-Curtis collocation nodes, we have

llu—Fqully ) + 118 = F48ll w2 apy + 1P — Fqplly iy < CN; ", (6.71)

where r(a) = min(a)(log(2)e — 1/2)/ (log(2) + nyzl min(a)/ay) and a, =log(y/Ty), n=1,...,N.

Proof The results are a direct consequence of the analytic regularity of the stochastic optimal solution
in Corollary 6.2.2 and the convergence results in Proposition 1.4.4 (up to a difference from L* norm to
Lf) norm). O

6.3.3 Convergence for approximating stochastic optimal control problem

In this section, we provide some convergence results for the stabilized finite element approximation in
the physical space and stochastic collocation approximation in the stochastic space for the optimality
system (6.12), or equivalently, the saddle point system (6.18). Let us denote the fully approximated
solution in both the physical space and the stochastic space as (up, g, §n,q> Pn,q)- We summarize in
Theorems 6.3.4 and 6.3.5 the error estimates for tensor product grid collocation approximation and
sparse grid collocation approximation for stochastic Robin boundary control problem, respectively.

Theorem 6.3.4 Provided that the assumptions made in Corollary 6.2.2 and Lemma 6.3.1 are satisfied,
the following global error estimate for stabilized finite element approximation in the physical space and
full tensor product grid collocation approximation in the stochastic space for the stochastic optimality
system (6.12) (or equivalently the saddle point system (6.18)) holds:

= up,qlly ) + 118 = 8h,qll 226Dy +11P = Phglly

N (6.72)
<C Y e C, "2+ VA RE (Jul o py + 1Pl ko ) + hIGLapkn12 5y ) -
n=1
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Here, C,(ry, qn),n=1,..., N are the constants for approximation in the stochastic space inherited from
Lemma 6.3.2 and C, is the constant for approximation in the physical space inherited from Lemma 6.3.1.
The quantity |ul zex+1(py, |P| zokr1 (py And |8l zpk+112 5y are the semi-normof u, p, g in the stochastic Hilbert
spaces.

Proof Recall the interpolation operator .%; : (u, g, p) — #4(u, g, p) = (Uq, 4, P4) in the stochastic space.
Denoting by P} : (iq, 84, Pq) — P}, (Uq, 8q) Pg) = (Un,q, 8h,q» Ph,q) the pointwise projection operator for
the stabilized finite element approximation in the physical space, which projects the pointwise solution
(uq(),84(), pq(y)) for any y € T from the Hilbert space H**1(D) x H**1/2(dD) x H**1(D) to the finite
element space X }’f x X ,’lc lap x X¥, we conclude the convergence result for the combined approximation

u—upglly ) + 118 — &nqll 20Dy + 1P — Phglly )
= llu—ungllz ;) +118 ~ 8nalliz ;rzpy + 1P = Pralliz @
= llu=PpIqullz vy + 118 = Phlg8ll 2200y + 1P = Py lapll 2 o)
< =Tl 2 vy + Mg = Py Igull 2 gy

+118 =148l 2,20y + 11198 = Py 1q8ll 12 ri12 0y

P s e (6.73)

+lp=Igpllz ;) + 1P = PrlqPllz vy
= llu—Iqullpz ;) +118 = 1g8ll 2 ;1200 + 1P~ 1aPll 2 ;)

+qu= Py Igullz ) + 111g8 = P Ig8ll 2 vz 0py + HaP = Py lgpll 2 )

N

<CY e €, + BVHRF (Jul gk py + 1Pl gpkor ) + hIGl k129D ) -

n=1

The first inequality is due to the triangular inequality, and the second one follows from using the
converge results of the stabilized finite element approximation and the stochastic collocation approxi-
mation. d

Using similar arguments, we have the following convergence result for the isotropic or anisotropic
sparse grid stochastic collocation approximation.

Theorem 6.3.5 If the assumptions in Corollary 6.2.2 and Lemma 6.3.1 are satisfied, we have the follow-
ing global error estimate for stabilized finite element approximation in the physical space and isotropic
or anisotropic sparse grid collocation approximation in the stochastic space:

llu—upglly o) + 118 = 8n,qgll 26y + 1P — Phglly ) 6.79)
< CN;”“) +Cp 2+ nt'?)nk (1l zk1 (py + 1Pl sgiri (py + RIgLzpke112(0))

where Cy, is the constant for approximation in physical space inherited from Lemma 6.3.1, and C, Ny
and r (@) are the constants for approximation in stochastic space inherited from Lemma 6.3.3.

6.4 Numerical results

In this section, we demonstrate by numerical experiments our error estimates for the approximation of
the stochastic optimal Robin boundary control problem obtained in the last section. Specifically, we
test the error estimates for stabilized finite element approximation in physical space and sparse grid
collocation approximation in stochastic space, respectively.
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6.4. Numerical results

The computational domain is a two-dimensional unit square x = (x1, x2) € D = (0, 1)%; the coefficients
a=0.01, c=1, k=1 and the force term f = 0.1, all constants, are fixed; the advection field b =
(bx,, by,)T is a stochastic vector function, with the second component by, = 0 and the first component
by, as arandom field with finite second moment, with expectation and correlation

2 1_ 2 —
Elby, 100 = % (1 — x2); Covlhy, (') = 20227 oy (—M

2
e 7 ),x, x'eD (6.75)

where L is the correlation length. By Karhunen-Loéve expansion as introduced in (27) of the preliminary
chapter, by, can be written as

X2(1—x2) (V7L

by, (x,0) = X2(1 = Xp) + ——— | ——

1/2
10 2 ) 7 ()

(6.76)
+ X2 (1—x2)

o Y VA (sin(nmx) yon (@) + cos(naxi) yane1 (@),
n=1

where the uncorrelated random variables y,, n = 1 have zero mean and unit variance, and the eigenval-
ues A,,n =1 decay as follows:

~ (nmL)?
8

Vi = (var)'" eXp(

) Vn=1. (6.77)

As for Robin boundary condition g, we assume that its expectation and correlation function are given
on the same segment of the boundary,

(x1 — X])? + (x2 — x})?
_ =

Elg](x) =1; Covigl(x,x") = 2i2 exp( ) , x,x' €0D. (6.78)

The Karhunen-Loeve expansion of the stochastic Robin boundary condition is written, e.g., on 0 x [0, 1]

V7L 1/2 ] .
—) y(w)+ > Y VA (SIn(nrx2) yor (@) + cos(MTX2) yop+1 (), (6.79)
n=1

W) =1+—
gx,w) 2

2

where 1, n = 1 are the same as in (6.77). In the numerical examples, we truncate the expansion up to N
terms and assume that the random variables are independent and obey the same uniform distribution
Yn ~ (- V3,vV3),n=1,..., N with zero mean and unit variance. For the sake of simplicity, we do not
consider the contribution of the truncation error and focus on the stochastic collocation approximation
error.

As the first test example, let us choose the correlation length L = 1/4 for both velocity b and Robin
boundary condition g, for which we only need 7 terms in both of the truncations and therefore 15
independent random variables. Using piecewise linear function space X}, h = 0.025 for stabilized finite
element approximation and isotropic sparse grid collocation approximation with Clenshaw-Curtis
collocation nodes as ¥, g = 19 in (1.15), we can compute the solution for the stochastic advection
dominated elliptic problem (6.2) on each of 2792 unstructured finite element nodes in D and each
0f 40001 collocation nodes in I'. The expectation and standard deviation of the solution, which may
represents the temperature distribution of a heat transfer problem, can also be evaluated by quadrature
formula introduced in chapter 1; see the results in Figure 6.1.

Taking the solution as our objective function u; = u, and solving the stabilized optimality system (6.62),
we obtain the optimal solution (u, g, p). The expectation and standard deviation of the stochastic Robin
boundary control function g is displayed on the left of Figure 6.2, which is very close to the theoretical
value E[g] = u=1and Var[g] = o = 0.4876 computed directly from (6.79).
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Figure 6.2: Expectation u and standard deviation o of the Robin boundary condition g (left), and
convergence rate of the error of the solution in stabilized finite element space X ;ll and X 2 (right)

In order to verify the theoretical convergence rate in different finite element spaces, we choose X }IL and
X,%, where for the second one we replace hg by hf( in the specification of Péclet number Pek in (6.63) in
order to have an approximately quadratic decay of the parameter § g with respect to hg in (6.65) when
Pex <1 for small k. In fact, from (6.63) we have §¢ = coth(Pex) — 1/ Peg = coth(O(h%)) —1/O(h%) =
O(h%). The series of hare h=1,1/2,1/22,1/2%,1/2%,1/2°. The error is defined as

error =|lu—upglly o)+ 118 — &nqll 260y + 1P — Phglly D), (6.80)

where u is computed by setting & = 1/2% and g = 19, g is given by formula (6.79), the adjoint variable p
is set as 0, and (up, g, 8n,q» Pn,q) is computed by solving the optimality system (6.62). The convergence
results is shown on the right of Figure 6.2, which implies that the error decays approximately with order
h'* for X; and order h** forX?, consistently with our theoretical result in Theorem 6.3.5.

For simplicity, we use the same set of random variables for the expansion of by, and g in order to test the
convergence rate of the collocation approximation. The same error defined in (6.80) is used. For the test
of isotropic sparse grid collocation approximation, we use the series of different levels of interpolation
1,2,3,4,5,6,7 and set the approximated value in the deepest level as the true solution. The correlation
length is set as L = 1/4 and the number of random variables #rv = 3,5,7. The step size for the stabilized
finite element approximation £ is set to be a relatively large value 0.25 to accelerate the computation.
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6.5. Summary

The error against the number of collocation nodes is displayed on the left of Figure 6.3, from which
we can see that the convergence rate decreases as the number of random variables increases, and the
comparison of the convergence rate with O(1/N?) and O(1/N) shows that the isotropic sparse grid
collocation approximation is faster than Monte Carlo method whose convergence rate is O(1/N'/?).

error

-+ - N2
- 1N

Figure 6.3: Comparison of convergence rate by isotropic sparse grid collocation approximation (left)
and anisotropic sparse grid collocation approximation (right) for different dimensions N

However, when the number of random variables becomes very large, this potential advantage will
fade down. In this case, we need to approximate with high interpolation level in those dimensions
that are more important than the others, using the anisotropic sparse grid with dimension-adaptive
tensor-product quadrature [79]. On the right of Figure 6.3, we show the convergence rate with even
smaller correlation length L = 1/16 for high-dimensional approximation #rv =11,21,41,81,161. We
set a series of collocation nodes with the cardinality as 102,10>°,10%,10%°,10%,10*°,10° and use the
solution u computed with 10° collocation nodes as the true solution. The same stepsize h = 0.25 is
used. From the figure we can see that the anisotropic sparse grid breaks the curse of dimensionality
in the sense of being able to taking care of very high-dimensional stochastic anisotropic problems.
Moreover, the convergence rate can be compared to O(1/N?) for 11 dimensions and O(1/N) for over 41
dimensions, which are both higher than O(1/ N'/2). The convergence rate becomes almost the same for
dimensions over 41 since the randomness is captured over 99% by n = 26 terms truncation for L = 1/186,
so that the left random variables play a very little role.

From the above numerical results, we can conclude that the theoretical results obtained in the last
section are very well verified. Meanwhile, the isotropic sparse grid stochastic collocation approximation
is very efficient for stochastic optimal control problems with moderate dimensions, and the application
of the anisotropic sparse grid is able to deal with high-dimensional stochastic problems with different
weights in different dimensions (up to the order O(10?)).

6.5 Summary

In this chapter, we presented a stochastic optimal Robin boundary control problem constrained by
an advection dominated elliptic equation. The particular uncertainties we considered arise from the
background velocity of the advection term, the objective function, as well as the stochastic optimal
control function. We introduced the stochastic saddle point formulation and proved its equivalence to
the first order necessary optimality system for the stochastic optimal control problem. The stochastic
regularity with respect to the random variables was obtained thanks to Brezzi’s theorem for the saddle
point system. We applied stabilized finite element approximation in physical space and stochastic
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Chapter 6. Stochastic elliptic optimal boundary control with random advection field

collocation approximation in stochastic space to discretize the optimality system. A global error
estimate was obtained for the approximation. In the last part, the error estimate is verified by numerical
experiments, with anisotropic sparse grid collocation approximation being highlighted for treating
very high-dimensional stochastic problems. Further analysis of other approximations, e.g., adaptive
hierarchical stochastic collocation approximation and weighted reduced basis approximation [49,
48], and applications of them to more general distributed and boundary stochastic optimal control
problems are promising, e.g., stochastic optimal control constrained by evolution equations. As we will
see in the next two chapters, the reduced basis method can be efficiently applied to solve stochastic
optimal control problems constrained by, e.g. elliptic equations (chapter 7) and Stokes equations
(chapter 8).
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elliptic optimal control problems

As shown in the last chapter and on some recent works [172, 197, 112, 47], the sparse grid stochastic
collocation method can be effectively applied to solve stochastic optimal control problems. However,
when the solution of the optimality system becomes computationally very expensive, only a few tens or
hundreds of high-fidelity solutions are affordable, which prohibits direct application of the stochastic
collocation method since a much larger number (hundreds of thousands as shown in the last chapter)
of the full optimality system should be solved. More efficient techniques are therefore needed in order
to alleviate the whole computational effort in the many-query optimization context. Model order
reduction techniques such as proper orthogonal decomposition [167] or reduced basis method are
promising in this perspective; see [104, 58, 59, 85, 132, 144] for the application of the latter method in
solving parametrized optimal control problems.

In this chapter, we consider the stochastic optimal control problem constrained by a linear elliptic
equation with distributed stochastic control function. After providing an analysis of well-posedness
(existence, uniqueness and stability of the stochastic optimal solution), we use finite element method
with (optimal) preconditioning techniques for deterministic approximation of the optimal solution
in physical space, and stochastic collocation method for stochastic approximation in the probability
space. We tailor the weighted reduced basis method (Chapter 2) to reduce the computational cost
when solving a considerable number of optimality systems, leading to a reduced optimality system
that enables many-query solutions with a posteriori error estimate. Convergence results and remarks
on computational efficiency are illustrated by numerical tests in multidimensional probability space.

This chapter is organized as follows. In section 7.1 we state the stochastic optimal control problems with
elliptic PDE constraints and random inputs. Section 7.2 is devoted to the study of the mathematical
properties of the stochastic optimal control problems. In section 7.3, we present numerical approxi-
mation to solve the stochastic optimality system, consisting of finite element method, tensor-product
and sparse-grid stochastic collocation method and weighted reduced basis method. Numerical tests
for verification and illustration of our method are reported in section 7.4. We close this chapter by a
summary of the computational methodology and indicating possible future developments in the last
section 7.5.

Reference for this chapter:

P Chen and A. Quarteroni. Weighted reduced basis method for stochastic optimal control problems with elliptic PDE constraints.
To appear in SIAM/ASA Journal on Uncertainty Quantification, 2014.
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Chapter 7. Reduced basis method for stochastic elliptic optimal control problems

7.1 Problem statement
Recall the definitions of the random vector, stochastic Hilbert space and PDE in the preliminary chapter,

and we consider the following elliptic homogeneous Dirichlet boundary value problem with distributed
control function

{ =V-(alx,y)Vu(x,y)) =flx,y)+gxy) V(x,y) € DxT, (7.1)

ulx,y) =0 V(x,y) €D xT,
where a is a random coefficient field, f is a random force field and g is a random field representing a

distributed control. Recall the Assumptions 0.2 and 0.3 for the random data. We make the following
assumptions with slight modifications.

Assumption 7.1 The random coefficient a is uniformly bounded from above and below, i.e., there exist
positive constants 0 < r < R < oo such that

p (w € Q: 1l ) < (@, y(@) Vo, Vo) < Rllvlf, (D)) =1, YveH'(D). (7.2)
The random force term [ and random control function g have bounded second moment

frfoz(x,y)p(y)dxdy<ooandfrngz(x,y)p(y)dxdy<oo. (7.3)

Moreover, recall that the random fields a and f admit the linear expansion as given by (31)

K K
a(x,y()) = ap(x) + Y_ ar(X)yr(w) and f(x, y(@)) = fo(x) + Y. fi(x)yr(@). (7.4)
k=1 k=1

Let us denote y, = 1 for ease of notation. Under Assumption 7.1, we have the following weak formula-
tion for problem (7.1): find u € Jé’ol (D) such that

B(u,v)=FW)+9(v) YveH, (D), (7.5)

where %”Ol (D) :={ve A (D), v=00n0D}, 4(v) = (g, v) and the bilinear form 28 and the linear func-
tional & are defined as

K K
Bu,v) =) r(Bk(u, Vyr)pydyand F(v) = Y r(l”k(v)yk)p(y)dy, (7.6)
k=0 k=0

with B (u, v) = (axVu,Vv); Fr(v) = (fx, ), k=0,...,K.

Theorem 7.1.1 Provided that the data satisfy Assumption 7.1, there exists a unique solution u € %”01 (D)
of problem (7.5) such that

l1ull g oy = (Cr/ D) (111220 + 18l 22 0) 7.7

where Cg is the constant of Pointcaré inequality.

Proof The proof follows directly from that of the deterministic case [165, 161]. O
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7.2. Saddle point formulation

7.1.1 Constrained optimal control problems

The distributed optimal control problems constrained by stochastic elliptic PDEs consist in finding a
stochastic optimal distributed control function g* € %2(D) that minimizes a cost functional FZ(u,g)
under an elliptic PDE constraint: find (u*, g*) € % such that

Z(Ww",g*)= min _#(u,g) subject to problem (7.5), (7.8)
(u,8)e%

where % is an admissible solution space defined without loss of generality as % = Jfol (D) ® £?(D),
and the quadratic cost functional is defined as [91, 47]

1 2 cxf 2
— — d + — d
2fDIu ugql“dx > Dlgl X

in which u, € L?(D) is provided as an observation function, e.g., the mean of a sequence of experimental
measures, « is a positive regularization parameter.

Fu, g =E ) (7.9)

Theorem 7.1.2 There exists an optimal solution (u*,g"*) € % to problem (7.8).

Proof The proof is straightforward by following Lions’ argument for deterministic optimal control
problems [123]; see also similar proof in [91] for stochastic cases. O

Remark 7.1.1 When higher moments, e.g., variance, of the observational data u, or the control function
g, or the probability distribution of uy are incorporated into the cost functional in more general settings
as considered in [197], we face essentially nonlinear and fully coupled stochastic problems, which will be
addressed in [44].

7.2 Saddle point formulation

We introduce now the stochastic optimality system in order to derive a saddle point formulation of the
optimal control problem (7.8) following the same procedure as in the previous chapter. For the sake of
simplicity, we provide the

7.2.1 Stochastic optimality system

Let us first derive the stochastic optimality system to the optimal control problem (7.8) by Lagrangian
approach [200]. Define the following stochastic Lagrangian functional associated to problem (7.8) as

Lu, g p;y) =28 +Bu,p)-F(p)-4p), (7.10)

where p € Jfol (D) is named the adjoint variable or Lagrangian parameter [200]. By taking Gateaux
derivative (see [200]) of the Lagrangian functional (7.10) with respect to the variables p, g, u evaluated
at g, h, v, we obtain the first order necessary optimality conditions of the stochastic optimal control
problem (7.8) - the stochastic optimality system:

(ag—p,h) =0 VYhe £%(D), (7.11)

Bu,q)-4(q) =Fq) Vq e 7, (D),
B'(p,v)+Ww,v) =(ug,v) Yved, D),
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Chapter 7. Reduced basis method for stochastic elliptic optimal control problems

where %' is the adjoint bilinear form of %, %' (p, v) = %(v, p). As a consequence of Theorem 7.1.2, it
has been proven in [99, 91] that there exists an adjoint variable p* € Jfol (D) associated to the optimal
solution (u*, g*) such that (u*,g*, p*) is a solution of the stochastic optimal system (7.11). In the
following, we will show that (u*, g*, p*) is the unique solution to system (7.11); moreover, (u*,g*) is
also the unique solution of the stochastic optimal control problem (7.8).

7.2.2 Saddle point formulation

We adopt the same approach of the saddle point formulation as that used in chapter 6 and obtain the
following saddle point problem: find (¢, p) € % ® ]501 (D) such that

A wv)+Bw,p) =Wz,v) Ve,
{ Bu,q) =FG  VqeHLD), (7.12)
where the bilinear forms o/ and 98 are defined as
o (u,v):=Ww,v)+alg,h) Yuvei, (7.13)
being u, v given by u = (u,g) € % and v = (v, h) € %; and
B, q):=Bu,q)-9(q) Yue¥, qeHy D). (7.14)

We can show that this problem is equivalent to the optimal control problem (7.8) and the optimality
system (7.11), and admit a unique stochastic optimal solution.

The semi-weak formulation of the saddle point problem is given by: Vy e T, find (u(y), p(y») e UV
(where U := H; (D) ® L*(D) and V := H} (D)) such that

{A(g(y),zHB(y,p(y);y) =us,v)  Vvel, (7.15)

B(u(y),q;y) =F(qy) VgeV,

where the semi-weak bilinear forms A and B and linear functional F are the deterministic counterparts
(without taking stochastic integral f.-p(y)dy) of o, 98 and F defined in (7.13), (7.14) and (7.6), respec-
tively. Note that B depends on y also through the random coefficient a(y) and F through the random
force f(y). From the semi-weak formulation, we can derive the analytic regularity of the solution under
certain smoothness assumption of the random input data. For the sake of simplicity, we omit the proof
of the above results that is similar to the previous chapter. Details are reported in [43].

7.3 Numerical approximation

Thanks to the equivalence of the stochastic optimal control problem (7.8) and its saddle point formula-
tion (7.12), it is sufficient to consider numerical approximation of (7.12) to solve (7.8), which involves
both deterministic approximation of the optimal solution in the physical domain D and stochastic
approximation in the probability domain I'. In this section, we present a finite element method with
suitable preconditioning techniques [185, 161] for deterministic approximation and use a stochastic
collocation method introduced in chapter 1 and chapter 5 for stochastic approximation. In order to
alleviate the global computational cost, we propose the model-order reduction strategy empowered by
a weighted reduced basis method [49].
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7.3. Numerical approximation

7.3.1 Finite element method

Recall the definition of the finite element space X;f defined in (6.57) of the previous chapter. Given
any y € I, by applying Galerkin projection of the solution (u(y), p(y)) in the finite element space
Uf e XF < U Hj (D), where U} := Xf ® X[, we obtain the semi-weak saddle point problem (7.15) in
finite element formulation as: find (u,, (), pr(y)) € U}’f ® X}’f

{ A, (1), v,)+ B, pr;y) = wgv,)  Vu,eUf, 16
B(u,(»),any) =Fgny)  YqneXr. :
The finite element solution of (7.16) is written as
Nh Nh Nh
up(x%,y) = ) wi(Y)Pi(x), 8%, ) = 3 8i(NPi(x), pu(x,y) = ) pi(Npi (), (7.17)
i=1 i=1 i=1

where ¢;,1 < i < Ny, are the finite element bases in X;l“, Ny, is the number of degrees-of-freedom (d.o.f).
The algebraic formulation of (7.16) reads

A, Bl )( u, () )_( Wip ) 7.18
(Bh(y) 0 pr(») ) () ) o

which can be written in a more explicit formulation corresponding to the optimality system (7.11) in
the deterministic setting as

M, 0 Cly \( wm® ugp,
( 0 aM, -M] )( gn(y) ):( 0 ) (7.19)
Cn(y) —My 0 Pr(y) £,(3)

Notations have the following meanings: Ay = (Mp,0n, xN,,; On, x N, » @ M},) with
(Mp)i,j=pj,di), On,xN,)i,j=0, 1=1i,j=<Np, (7.20)
By (y) = (Cy(y); —Mp,) with
(Cn(M)i,j=(@V;, Vi), 1=<i,j< Ny, (7.21)
the finite element optimal solution is u,, (y) = (uy(y); gn(y)), with
wp, (1) =@ (), un, T, 810N = (&1 8N, N, (7.22)
the adjoint variable pj,(y) is defined as
pPr(y)=(p1(y),..., PN, ', (7.23)
the right hand side u;;, = (ugp;0n,), Wap, £, (y) as
(gp)i = (ug, i), On); =0, f,(0)=0),¢i), 1=<i=<Np. (7.24)

When a¢ « 1 and Nj, > 1, the matrix of the linear system (7.19) is ill-conditioned with very large
condition number, leading to computational challenge for direct solve of (7.19). We prefer using
GMRES iterations with the following (optimal) preconditioner [185, 164]

M, 0 0
P=( 0 aMy 0 , (7.25)
0 0 CiM;'CLp
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where M}, is approximated by symmetric Gauss-Seidel method and Cj, represents an algebraic multigrid
V-cycles approximation for Cj, at a reference value y € T" [168].

7.3.2 Weighted reduced basis method

Solving the optimization problem (7.19) is rather expensive when Nj, becomes very large and only a
few tens or hundreds of complete solves of the system (7.19) may become affordable in practice. Then
the stochastic collocation method (even with (anisotropic) sparse-grid structure [149, 148]) can hardly
be employed because the number of collocation nodes easily overpasses this computational constraint,
especially for high-dimensional problems. The approach that we propose relies on a weighted reduced
basis method that has been developed in chapter 2. We tailor this method for the stochastic optimal
control problems with the following ingredients corresponding to those in chapter 2. Similar settings
for deterministic optimal control problems can be found in [142] and [179] for related applications.

Reduced basis method

For any given choice of y €T, e.g., the collocation points used by stochastic collocation method, we
seek a reduced basis solution (u,.(y), pr(y)) € Uy, ® Xl’f,r such that

{ Alw, ), v,)+B,, pr(¥s;y) =W, v,) Vv, eUn,, (7.26)

B(u,(y),qr;y) =F(gr;y) VqrEXf/,’

where the reduced basis space Uy, = Xﬁ,r ® Xf,r and X K, are constructed from “snapshots" - solutions
of (7.19) at some selected samples y"*,1<n< N, i.e.,

XK/r =span{u,(y"™"),1 <n< N},
X]%[r =span{gy(y"),1 < n< N}, 7o
le\?r, =span{py(y™"),1 < n< N,}.

Note that in order to guarantee the inf-sup condition for system (7.26), we use an enriched reduced
basis space Xl‘i[r as union of X}\‘,r and X]’f,r [144],i.e.,

X§, = Xy, Xy =span{un(y™), pn(y"), 1< n< Ny} (7.28)

For the sake of algebraic stability in assembling the reduced basis matrices and performing Galerking
projection [178], we orthonormalize the snapshots in the reduced basis space X]ﬁ,r and Xﬁ,r by Gram-
Schmidt process with respect to the inner-products (a(jy)V:,V-) (¥ being a reference value, e.g., the
center of I') and (-, -), yielding

X§, =5, 1<n<2Njand X3 ={(5,1<n<N. (7.29)

Let the reduced basis solution at y € I' be written as

2N, N, 2N,
w =Y uas &= g5 pr=Y, PaLE, (7.30)
n=1 n=1 n=1

and the solution coefficient vector at y e I" as u, () = (11 (3),..., U2n, T, g = (g1 @),...,8n, T,
pr) = (P1),..., p2n, ()T, we obtain the reduced algebraic optimality system corresponding to the
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full algebraic optimality system (7.19) as

M, 0 Cry\( u® ug,
0 aD, -EI g |=| o |, (7.31)
Cr(y) -E; 0 pr(y) £

being a 5N, x 5N, dense system, where the reduced optimality matrix is defined as

M, 0 CrT(y) ZeTMhZe 0 JJ%(Y)ze
0 aD, -EI |= 0 aZ MpZy -Z{M,Z, |, (7.32)
Cr(y) -Er 0 zrcwnwz. -ZzIm,Zg 0

and the reduced optimal solution and the right hand side are given by
u(y) ;ZeTuh(y) g, zeTudh
g |=| Zlgn) |and| 0 |= 0 : (7.33)
Pr() Z/ Py £ () Z/ ()

where Z, = ((e,...,(gNr) and Zg = ((g,...,(‘lgvr) are column vector matrices.

A weighted greedy algorithm

The efficiency of reduced basis method depends critically on the choice of the samples y”,1 < n < Ny,
for which we turn to a weighted greedy algorithm [49]. To start, we randomly choose a realization
y' € T (or use the reference value ), and solve the full optimality system (7.19) to get the solution
(uh(yl), gh (yl), ph(yl)). By Gram-Schmidt process, we construct the first reduced basis space Xf and
Xf. For Ny =2,..., Njpax (Where Ny, 4 is a prescribed maximum number of reduced bases), we solve
the following weighted L*(I'; X,,) optimization problem

yNr = argsupl1(un (), gn (1), P (Y) = (wr (1), & (1), PrM)lx, » (7.34)
yerl
where X, is a weighted Hilbert space (with weight p) equipped with the norm

2 2 2 1/2
1w, ), awlix, ={ (I WIE + @b, g, +1lawIE) e}, (7.35)

where «a is the regularization parameter given in the cost functional (7.9), p(y) is taken as the joint
probability density function evaluated at y € T and ||v(y)| Ii.( = (a(7)Vv(y),Vv(y)) at areference value
y € T'. However, solving accurately the infinite-dimensional optimization problem (7.34) is computa-
tionally impossible. Instead, we replace I' by a training set Z;,4;,, €.g., the collocation nodes used in
the stochastic collocation method. Moreover, instead of using the “truth" error defined in (7.34), we
consider a cheap, sharp and reliable error bound Afvr such that

1 (), 8n ), PR = (W (1), 8 (), Pr(WDIIx, < AR, (wr (1), & (1), Pr (). (7.36)
Upon replacement of I' and the truth error, we have the weighted greedy algorithm

y" =arg sup Afvr(ur(y),gr(y),pr(y)), Ny =2,...,Nmax, (7.37)

Y€Eirain

based on which, we can hierarchically build the reduced basis spaces X I(i/r and X f,r.

Remark 7.3.1 The weighted norm ||-||x, is defined with the joint probability density function p in order
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to assign associated weight or importance in choosing the samples for construction of the reduced basis
space. In this way the a posteriori error bound and the truth error are kept small, resulting in a more
accurate solution, when the probability at the sample is large. This numerical scheme aims to balance
the accuracy and importance of the stochastic solution, achieving higher accuracy of statistical moments
of interest [49]; see illustration in Section 7.4.1.

A weighted a posteriori error bound

For the purpose of computing a weighted a posteriori error bound Af\, , we reformulate the saddle
point problem (7.15) as a weakly coercive problem at first [23, 209].

Forevery yeT, letu(y) := (u(y),g(), p(y) € U:= X®I2(D)® X ~ Xy, and v:= (v, h, q) € U, we define
the bilinear formB: U® U — R as

Bu(y),v;y) .= Auy),v)+Bw,p(y);y) + Bu(y), q;y), (7.38)
and the linear functional F: U — R as
Fwv; )= (uy, v+ F(gq; y). (7.39)

Then the saddle point problem (7.15) is equivalent to the following problem: given y €T, findueU
such that
Bu(y),v;y)=F(v;y) velU. (7.40)

It can be shown [209] that the bilinear form B is continuous and weakly coercive, i.e.,

B \V; . B Vv
Y(y) :=sup sup Buw),viy) <ooand fB(y) :=inf sup Buw),viy) >0, (7.41)
veU u(yeu [luWllullvily veUy(peu lluWllullvily
where |[Vllg :=lvllx + \/EHhIILz(D) +1lqll ¢ corresponding to (7.35). Moreover, there exists a unique
solution u(y) € U of problem (7.40) satisfying the stability estimate
1
luWlly = Z—IIFWM Iy (7.42)

B

Consequently, we have similar results (7.41) and (7.42) for the finite element solution uy(y) of problem
(7.19) with constants v (y), B, (). Let the residual be defined as

Rvi; 1) =E(vis ) =B (1), viy) Vv eUp = Xf © XF ® X[, (7.43)

then we have that the error between the finite element solution and the reduced basis solution e(y) =
(un(),8n (), Pr(M) — (ur (1), &+ (), pr(¥)) satisfies

Be(y),vp; ¥) =R(vp;¥) vp €Uy, (7.44)

which yields, by the stability estimate (7.42), that

1
lleWllu, = mllR(Vh;y)llurh- (7.45)

Therefore, we can define the a weighted posteriori error bound as: for Vy € 2,4,

V()

Bre()

Aﬁ,r (ur(y) = IRy = vV eWlleWlu =lle(Wllx,, (7.46)
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where a lower bound B15(y) < B1(¥),Vy € E¢rain can be evaluated by a cheap successive constraint
method properly extended to a Babuska inf-sup condition [178, 177]. As for evaluation of the weighted
residual norm ||R(y)|| X,» We turn to an efficient offline-online decomposition procedure.

Remark 7.3.2 In the definition of the compound Hilbert space U, we use the Hilbert space X equipped
with norm||-||x = (a(y)V-,V-) for both the state variable u(y) and the adjoint variable p(y) in order to
obtain good stability of the inf-sup constant B, (y),Yy € I. In fact, when a(y) is not far from the reference
value a(j), the inf-sup constant By (y) is also close to B;,(y), which enables us to use a uniformly lower
bound Brg < Br(y),Vy €T, for the sake of computational efficiency [49].

Offline-online decomposition

The offline-online decomposition procedure decomposes the reduced basis method into the expensive
offline construction stage and cheap online evaluation stage. More explicitly, we build the reduced
basis space Xﬁ,r and Xf,r, assemble and store all matrices in (7.32) and the right hand side vector (7.33)
in an offline stage. In particular, the quantities in (7.32) and (7.33) that depend on the random variable
y €T are assembled as

K K
ZrCnZe= Y i ZI CF Zoand Z 0 (y) = Y. ye Z 1L, (7.47)
k=0 k=0
where ZeTC,’;Ze and ZeTf’,;,O < k < K are assembled offline with the matrices (CZ),-,]- =(arV¢;j, Vi), 0 <
k=K,1<1,j< Njand the vectors f’;l = (fr,¢i),0=<k<K,1<i< Ny Recall that yo =1 and ay, f,0 <
k < K are defined in (7.4). For a more compact notation, we define

ZIMyZ, 0 zJcHzZ, Zlagy,
BY = 0 aZiMyZ, -ZIMIZ, |, Fi= 0 , (7.48)
Zl 0z, -Z/MyZg 0 Z 0
and
0 0 ZJCcH'zZ, 0
BF = 0 0 0 , F\=[ 0 |, 1sk<K. (7.49)
zJckz, o 0 zrIe
Then the reduced algebraic optimality system (7.31) can be written as
X k X k
Y vBiui(y) = ) wiFy, (7.50)
k=0 k=0

where uf(y) = (u,(y);8-(¥); pr(3)) is the coefficient of reduced basis solution at y € I'. A direct solver,
e.g., by Gauss elimination, can be applied to solve the reduced basis optimality system (7.50) with
complexity O((5N,)3), since N, <« Ny, in practice.

From the definition of the residual (7.43), we have by Riesz representation theorem [165] that there
exists a unique element &(y) € Uy, such that

@), viu, =Rvp;y) Vv eUp. (7.51)

Therefore, we have |[R(y)| lUZ =||&(»)lly,, to evaluate which we make the following definition of bilinear
form and linear function corresponding to (7.38) and (7.39):

BY(u(y),v) = A(u(y),v) + B° (v, p(y) + B’ (w(y), 9), F° V) = (uy, v) + F* (), (7.52)

163



Chapter 7. Reduced basis method for stochastic elliptic optimal control problems

and
Bf(u(y),v) = B¥(v, p(y)) + B¥(u(y), ), F*v) = F¥ (), 1<k<K, (7.53)

where V(v, g) € U, we have Bo(y, q) = (ayVv,Vq)—-(h,q), Fo(q) =(fo,q), andBk(y, q) = (ava,Vq),Fk(q) =
(frr 9,1 < k < K. By the above definition, we obtain by Riesz representation theorem that there ex-
ist fn,bz such that (fi,v) = F¥() and (b?,v) = —Bk(Cfl,v) forVvve U,0 < k< K,1 < n <5N,, where
{6=1(%,0,0,1<n=<2N,, (= (O,CE_ZNr,O),ZNr +1<n<3N, (= (O,O,(fl_SNr),SNr +1<n<5N;
and the compound reduced basis space U, = var ®X f,r ® X]‘i,r. To this end, we have by the definition of
the residual (7.43)

) 2 _ K K - K N 5N; ¢ n
lewlly, = 2. 2 ity +2 ) > 3 vl b @) eye
k=0k'=0 k=0k'=0n=1

K K 5N; 5N, (7.54)

+Z Z Z Z yk(ur)n(bn,bz:)(ur)n/yk,,

k=0k'=0n=1n'=1

where all the quantities of inner-product are computed and stored in the offline stage, and only
O((K + 1)% x (5N,)?) operations, being K and N, < N, very small, are needed for online evaluation of
the a posterior error bound Afvr defined in (7.46).

7.4 Numerical tests

In this section, we carry out several numerical tests to illustrate the computational efficiency and
numerical accuracy of the weighted reduced basis method compared to the non-weighted reduced
basis method and stochastic collocation method with tensor product grid, isotropic and anisotropic
sparse grid. Theoretical error estimates obtained in the last section are verified by three examples
with different dimensions, ranging from one dimension to moderate dimension (1 —10) and to high
dimension (10 — 100), and with different probability distributions.

7.4.1 One-dimensional problems

The first example focuses on the demonstration of the convergence property of the weighted reduced
basis method compared to other methods with probability density functions of distinct shape. The
physical domain is specified as D = (0, 1)2 with a uniform mesh of 712 vertices, over which we construct
finite element space for spatial discretization by continuous piecewise linear polynomials. We set f =1
and the coefficient a of problem (7.1) as

alx,y) = 1—10 (1.1 +sin(2mx1)y), (7.55)

where x = (x1, x2) € D and the random variable y ~ Beta(u;, 112) obeys beta distribution supported on
I' = [-1, 1] with two shape parameters u1, u2 € N.. The probability density function of y is displayed in
Fig. 7.1 when (u;, u2) take values of (1, 1), (10,10) and (100, 100), featuring very different shapes with
distinct weight. The observation data u, is set as the solution of (7.1) at the reference value y = 0 and
control g(xy, x2) = sin(wx;)sin(mx,). We define the worst case scenario error as

max  (lu(y™) —uy™lu+1py™ - pn(y™lx), (7.56)

1<sm=<Mjiest

where y™,1 < m < My, are testing samples randomly drawn according to its probability density
function, (4, p) is the finite element solution and (u;, pn) is the solution by (weighted) reduced basis
method or stochastic collocation method with N bases or collocation nodes. The expectation error is
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defined in a posteriori way as
I1E; (11, =N EL [l I, | + |ILEy 113 — ELlpllI%| (7.57)

for ease of computation, where /,1 < I < L — 1 represents the level of approximation by quadrature
formula. We apply the weighted reduced basis method and reduced basis method with My, 4;, training
samples drawn according to the probability distribution, and also stochastic collocation method
based on Gauss-Jacobi quadrature nodes to solve the stochastic optimal control problem (7.8) with
regularization parameter « = 1. The convergence results are shown in the following few figures Fig. 7.1
- 7.4, for which we have used M;,,;, = 100 training samples and M.s; = 100 test samples.

7

— Beta(1,1) ~ —e— Beta(1,1) true error
—— Beta(10,10) w0l - - - - Beta(1,1) error bound
6F —— Beta(100,100) S —+— Beta(10,10) true error
" ~ AN - - - Beta(10,10) error bound
L 0F > N —&— Beta(100,100) true error i
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Figure 7.1: Left: Probability density function of Beta(u,, u2) distribution with different (u, u2) and
samples selected by weighted reduced basis approximation in order, the bigger the size the earlier it
has been selected; Right: convergence result of the true error and error bound by wRBM.

On the left of Figure 7.1, the samples selected by weighted reduced basis method are plotted in
sequential order, where the larger the markers are, the earlier the samples have been selected. The right
of Figure 7.1 shows the convergence of the true error (error between approximation and true value) and
the error bound A defined in (7.46) in three different settings. From Figure 7.1 we can see that the
most important samples (or samples with large probability) can be efficiently selected by the weighted
reduced basis method, leading to less samples (thus less bases in the reduced basis space) for the more
concentrated probability distribution.

—— stochastic collocation method —— stochastic collocation method
~ reduced basis method reduced basis method
107E T~ —+— weighted reduced basis method}j —+— weighted reduced basis method|

worst case scenario error
expectation error

Figure 7.2: Comparison of worst case scenario error (left) and expectation error (right) by (weighted)
reduced basis method and stochastic collocation method with (u;, u2) = (1,1).

When (u1, p2) = (1, 1), the beta distribution becomes a uniform distribution with probability density
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Chapter 7. Reduced basis method for stochastic elliptic optimal control problems

function p = 1/2, in which case the weighted reduced basis method is the same as reduced basis
method, as we can see from their convergence results in Figure 7.3, from which we can also observe
that the reduced basis method converges faster than stochastic collocation method for worst case
scenario error, while for the expectation error they display quite close convergence rates.

—— stochastic collocation method —— stochastic collocation method
reduced basis method 10° L \ reduced basis method 4
—+— weighted reduced basis method|j —+— weighted reduced basis method

worst case scenario error
expectation error

Zer
z

Figure 7.3: Comparison of worst case scenario error (left) and expectation error (right) by (weighted)
reduced basis method and stochastic collocation method with (uy, o) = (10, 10).

For (1, p2) = (10, 10), the weighted reduced basis method performs evidently better than the reduced
basis method measured in both errors, and converges faster than stochastic collocation method as
for worst case scenario error and comparable in expectation error (note that here the Gauss-Jacobi
quadrature formula is optimal for evaluation of expectation), which demonstrates that the weighted
reduced basis method works efficiently for evaluation of statistical moments of the solution. This con-
clusion has been further illustrated by the convergence results displayed in Figure 7.4 for the test with
(11, p2) = (100,100). However, we remark that the computation for both offline construction and online
evaluation by the (weighted) reduced basis method is more expensive than that by stochastic colloca-
tion method in one-dimensional problems; see [50] for more detailed comparison of computational
cost between reduced basis method and stochastic collocation method.

—— stochastic collocation method —— stochastic collocation method
reduced basis method reduced basis method
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Figure 7.4: Comparison of worst case scenario error (left) and expectation error (right) by (weighted)
reduced basis method and stochastic collocation method with (uy, p2) = (100, 100).
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7.4.2 Moderate-dimensional problems

The example presented in this section is devoted to demonstrate the computational efficiency and
numerical accuracy of the weighted reduced basis method. We define a general random field g as a
truncation of Karhunen-Loeéve expansion (see (27) of the preliminary chapter) of a Gaussian random
field with correction length L [149]

1/2 K

L
glx;,y) =Eigl+ (\/_Tn) Y1+ Y VA (sin(kmx;) yox + cos(kmxi) yor+1) (7.58)
k=1

where the random variables y, 1 < k < 2K + 1 follow standard normal distribution, the eigenvalues
A1 =0.4782, A2 = 0.0752, A3 = 0.0034, accounting for around 99.5% uncertainties of the random field
truncated with 7 random variables. In order to guarantee assumption (7.2), we cut off the random
variables |yi| = 3,1 < k < K (with tail probability less than 0.5%) and set E[g] = 8. For simplicity, we do
not consider the cut-off error and the truncation error. We set a = g(x1,y)/10, f = g(x2,y), a =1 and
the observation data u,; as the solution of (7.1) at the reference value j; =0,1 < k < 2K + 1 and control
function g(x, y) = sin(mx))sin(rxy).

To test the finite element error, we set y =y, h =1/4,1/8,1/16,1/32,1/64 and use the optimal solution
at h = 1/64 as the “true" value. Figure 7.5 (left) displays the linear and quadratic decay of finite element
error &;,(y) with P; and PP, elements. The right of Figure 7.5 depicts the reduced basis error &, and
the error bound Ay, of the optimal solution (in fact, we take the worst case scenario error at 100 test
samples), from which we can see that the cheap error bound is rather sharp and accurate, decaying
exponentially fast with respect to the number of reduced bases. We remark that the error bound
depends on the lower bound of the inf-sup constant ;p(y), y € T in (7.46), which falls inside [0.5,1] in
the training set y € E,,i, with 1000 samples. For the sake of computational efficiency, we can take a
uniform lower bound ;g = 0.5 for any new y € T.

10° T 10f

5 T T T T T
! —— error bound

—=—P2 ,‘ —o— reduced basis error|

---h

—

error,

i N
Figure 7.5: Left: finite element error of I’; and [P; right: reduced basis error and error bound.

Figure 7.6 reports the comparison of stochastic approximation errors between the weighted reduced ba-
sis method (RBM) and the stochastic collocation method (SCM) with Gauss-Hermite collocation nodes
in both tensor-product and sparse-grid settings. The convergence comparison measured by worst case
scenario error is depicted on the left of Figure 7.6, which shows that the reduced basis approximation
converges much faster than the stochastic collocation approximation, with error reaching 107 with
only 50 bases (thus 50 solve of the full optimality system (7.19)), while it requires 78079 = 1562 x 50 col-
location nodes (thus 78079 solve) for sparse-grid setting to attain the same error although it converges
faster than the tensor-product setting.

Alternative to the necessity of cut-off, we may assume log-normal structure [149] of the random field and apply weighted
empirical interpolation method [48] to obtain an affine decomposition (31).
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—— tensor-product SCM|
sparse—grid SCM
—+— weighted RBM

—— tensor-product SCM|
sparse-grid SCM
—+— weighted RBM

worst case scenario error
expectation error

Figure 7.6: Comparison between weighted reduced basis method and stochastic collocation method
(tensor-product and sparse-grid) for worst case scenario error (left) and error of expectation (right).

For evaluation of the expectation error, we use the expectation of the optimal solution by the sparse-
grid stochastic collocation method at the deepest level (g — K = 6) as a “true" value. The weighted
reduced basis expectation is evaluated via quadrature formula at the deepest level of sparse-grid with
the optimal solution computed by online reduced basis procedure at all the collocation nodes. We
can see from the right of Figure 7.6 that only 28 bases or solve are needed for weighted reduced basis
method to obtain a more accurate expectation than the stochastic collocation method (with 18943 solve
in sparse-grid setting and 16384 by tensor-product setting). Thanks to the cheap online evaluation,
the weighted reduced basis method is much more efficient than the stochastic collocation method
to evaluate the statistics of the solution, especially when a solve of the full optimality system is very
expensive.

7.4.3 High-dimensional problems

In this section, we show that the weighted reduced basis method (WRBM) can be effectively applied
to solve high-dimensional problems and its combination with the adaptive sparse grid stochastic
collocation method (aSCM) developed in chapter 5 provides an efficient way to evaluate statistical
moments of the solution.

We assume that the random coefficient a = g(x1,y)/10 with g defined in (7.58) where L = 1/128,
which features a slow decay of the eigenvalues (1; = 0.0138, 159 = 0.0095). Moreover, we assume
that the random variables yg,1 < k < 2K + 1 follow uniform distribution with zero mean and unit
variance, supported on [-v/3,v/3]. We set f = 10 and E[a] = 20 that satisfy Assumption 7.1 and uy
as for moderate-dimensional problems in the last section with g(x;,x) = sin(mx;)sin(rxy). We
apply a dimensional-adaptive algorithm (see [79] for details) with maximum number of collocation
nodes specified as 10',102,10%,10%,10° to construct the adaptive sparse-grid stochastic collocation
approximation. The weighted reduced basis approximation is constructed with 1000 training samples

and tested with 100 test samples. The convergence results are depicted in Figure 7.7 for 11, 31 and 101
dimensional problems. In the reduced basis construction, only 30 bases have been used to achieve
more accurate approximation (measured in worst case scenario approximation error) than the adaptive
sparse grid stochastic collocation method with 10° collocation nodes, requiring 10° full solve of the
optimality systems.

As for evaluation of the expectation by weighted reduced basis method, we first compute the reduced

Instead of using a fixed number of training samples, we can choose adaptively the collocation nodes on the sparse grid as the
training samples or use an adaptive greedy algorithm [212].
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Figure 7.7: Worst case scenario approximation error (left) and expectation error (right) for different
stochastic dimensions N =11,31,101 of adaptive SCM and weighted RBM.

basis solution at the collocation nodes in the adaptive sparse-grid in the deepest level (with 10°
collocation nodes) and then compute the expectation by Clenshaw—Curtis quadrature formula [149]
on the sparse grid. From the right of Figure 7.7, we can see that 30 reduced bases are sufficient for the
weighted reduced basis method to achieve comparable accuracy as the stochastic collocation method.

7.5 Summary

In this chapter, we studied stochastic optimal control problems with elliptic PDE constraint and
developed and analyzed an efficient computational method to solve them. An analysis of existence,
uniqueness and stochastic regularity of the optimal solution was carried out by virtue of a saddle point
formulation of the optimal control problems. In numerical approximation of stochastic optimality
system, we applied finite element method with proper preconditioning techniques in the deterministic
space and stochastic collocation method in the stochastic space. In order to alleviate the computational
effort, we proposed a model order reduction approach based on a weighted reduced basis method. A
global error analysis of our computation method was conducted thanks to the stochastic regularity
result of the optimal solution. Numerical tests have illustrated the efficiency and accuracy of the
computational method proposed in this chapter.

Promising research opportunities arise from several computational challenges: firstly, when the dimen-
sion of the stochastic space becomes very high (in the order of 1000 or even more) with many effective
dimensions, efficient (quasi, multilevel, etc.) Monte-Carlo methods should be adopted together with
the model order reduction approach in order to harness the computational burden; secondly, when
the cost functional is more general, e.g., accounting for high moments or probability distribution
of measurements, the optimality system becomes nonlinear and coupled in stochastic space, for
which appropriate extension of our computation method is needed; at third, generalization and ap-
plication of the method in stochastic optimal control problems with more complex constraints, e.g.,
time-dependent and nonlinear problems, are ongoing.
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Stochastic optimal control problem
constrained by Stokes equations

In this chapter, we study a stochastic optimal control problem constrained by Stokes equations with
random inputs and distributed control function, which shares all the computational challenges of the
stochastic elliptic optimal control problem in the last chapter, but features the additional difficulty
arising from the saddle point structure of the underlying Stokes model [161, 22]. To tackle these
challenges, we develop a multilevel and weighted reduced basis method, using multilevel greedy
algorithm and weighted a posteriori error estimate. More in detail, (anisotropic) sparse grid stochastic
collocation method is applied for stochastic approximation of the optimal solution in the probability
space and finite element method with (optimal) preconditioning techniques is used for deterministic
approximation in physical space, leading to a large number of finite element optimality systems to
solve. Then we project the finite element optimality system into an adaptively constructed reduced
basis space, leading to a reduced optimality system that can be solved with very cheap computational
cost. For the construction of the reduced basis space, we design a multilevel greedy algorithm and
propose a weighted a posteriori error bound, which produces quasi-optimal “snapshots" space that
well approximate the low-dimensional manifold of the quantities of interest. A global error analysis is
carried out for the complete numerical approximation based on the regularity of the optimal solution,
in particular the stochastic regularity obtained for the specific Stokes control problem. Numerical
experiments with stochastic dimensions ranging from 10 to 100 are performed to verify the error
convergence results and demonstrate the efficiency and accuracy of our computational method for
large scale and high-dimensional PDEs-constrained optimization problems. The main contribution of
this work is the development of efficient model order reduction techniques to solve stochastic optimal
control problems with PDEs (Stokes equations) constraints. For a deterministic setting of Stokes
optimal control problems in a “double” inner-outer saddle point formulation, see [143] and [142].
Another contribution of this chapter is the detailed analysis of the stochastic regularity of the optimal
solution with respect to input random variables and the associated error convergence analysis for fluid
control problems with Stokes constraint. Our numerical experiments demonstrate that the proposed
method achieves considerable computational saving: for large-scale and “reducible" problems, it is
definitely cheaper than both the stochastic collocation method [172] and Galerkin projection method
[99] that have been recently developed for solving stochastic optimal control problems.

This chapter is organized as follows. The stochastic optimal control problem with Stokes constraint is
presented in section 8.1 with certainty assumptions on the random input data; section 8.2 is devoted
to prove the well-posedness of the stochastic optimal solution, followed by section 8.3 for the study

Reference for this chapter:

P Chen, A. Quarteroni and G. Rozza. Multilevel and weighted reduced basis method for stochastic optimal control problems
constrained by Stokes equations. Submitted, 2013.
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of stochastic regularity; detailed numerical approximation of the problem is presented in section 8.4,
which provides the basis for the development of the multilevel and weighted reduced basis method in
section 8.5; in section 8.6, global error estimates are carried out and verified by numerical experiments
in section 8.7; summary is provided in the last section 8.8.

8.1 Problem statement

8.1.1 Stochastic Stokes equations

Recall the definitions in the preliminary chapter. We consider the following stochastic Stokes equations:
given a random variable v: Q — R, two random vector fields f: D x Q — R and h: 0Dy xQ — R4, find
a solution {u, p} : D x Q — R? x R such that the following equations hold almost surely (for almost every
w€eQ)

—v(w)Au(-,w) +Vp(,w) =, w) in D,
V-u(,w)=0 in D,

(8.1)
u(,w)=0 on 0Dp,

v(w)Vu(,w) - n-pt,wn=h(,w) ondDy,

where 6Dp and 0Dy represent the Dirichlet and Neumann boundaries such that dDp Ud8Dy = 0D
and 0Dp NdDy = @. In particular, we consider a homogeneous Dirichlet boundary condition and a
nonhomogeneous Neumann boundary condition.

At any realization w € Q, the Stokes equations (8.1) are commonly used to quantify the velocity u
and pressure p of fluid flow where advective inertial forces are negligible compared to viscous forces
measured via the kinematic viscosity parameter v. This occurs, e.g., for low speed channel flows, the
flow of viscous polymers or micro-organisms [5]. In practice, the viscosity v may vary in a large extent
rather than stay as a fixed constant for many fluids depending on the temperature, the multicomponent
property of the fluid and some other factors [75]. Quantification of the body force f and boundary
condition h, for instance by experimental measurements, may also be faced with various noises or
uncertainties. Incorporation of these different uncertainties leads to the study of stochastic Stokes
equations.

In order to solve (8.1) in the distribution sense, we write its weak formulation as: find {u,p} € 7 x 2
such that

a(w,v) +b(v, p) = (£,v) + (h,v)sp, Vvev, ©.2)
b(u,q) =0 Vge 2, '
where 7 := {ve #"4(D):v=00ndDp}, 2 := [*(Q) ® Q(D), with Q(D) defined as
Q(D)::{qeLZ(D):f quzo}. (8.3)
D
The bilinear form a(-,-) : ¥ x ¥ — R is defined as
ow; 0v;
a(w,v) :=f f vWwe® VvdxdP(w) = f f ——d dP(Q) (8.4)
QJD i,j=1 6x]
and the bilinear form b(-,) : 7 x £ — R reads
ov;
bv,q) = —f f V-vqdxdP(w) = f f —qudP(w) (8.5)
aJp

The stochastic inner product (f,v) and (h,v)sp,, are defined on the domain D and Neumann boundary
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0Dy, respectively. Similar to the elliptic case in Assumption 7.1, we make the following assumption for
the random input data in order to guarantee the well-posedness of saddle problem (8.2).

Assumption 8.1 The random viscosity v is positive and uniformly bounded from below and from above,
i.e., there exist two constants 0 < Viin < Vimax < 00 such that

P:vimin = v(®) <Vimax) = 1. (8.6)
The random force field f and Neumann boundary field h satisfy
Il < oo and ||h|| 7 < oo, (8.7)
where we denote &£ = $2'd(D) and /€ = fz'd(aDN) for simplicity.
The well-posedness of the stochastic Stokes problem (8.2) can be obtained by the following theorem,

whose proof follows the same lines of the Brezzi theorem (see Theorem 6.1.5) for the deterministic
setting and will thus be omitted here; see [27, 161, 165] for details.

Theorem 8.1.1 Under Assumption 8.1, there exists a unique solution to the stochastic Stokes problem
(8.2). Moreover, the following stability estimate holds

1 a,+
||u||ysa—(cp||f||z+ “ Y“crnhuﬁ), (8.8)
a
and ) ( )
g+
1plle < — 1+ﬁ)cp||f||g+McT||hnﬂ), 8.9)
Bo Qg aqPp

where the positive constants &4, 4, By, Y are defined such that
aw,v) < yallwllyllvlly  vw,ve? (8.10)

and
aw,v) = aglivil3, Yve, (8.11)

beingVy:={ve¥V :b(v,q) =0,Yq € 2} the kernel of b, and

. bv,q)
inf sup ———— = B, (8.12)
e AT

where By, is called an inf-sup constant or compatibility constant, and the continuity
bv,q) =yplivllyligllea VYveV,Vqe 2. (8.13)
The constants Cp and Ct are those of the Poincaré inequality and trace theorem [161],

[Ivll¢ < CplIvlly and |Vl < Crllvlly VveV. (8.14)

8.1.2 Finite dimensional assumption

We employ the finite dimensional noise assumption 0.1 made in the preliminary chapter for the random
input data. More explicitly, we provide the following examples for v and h.

Example 1. For a multicomponent fluid flow, the viscosity is propositional to the contribution of each
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component [106], which can be described by

N N N
VY (@)= ), v Yn() +vo (1 -, Yn(w)) =vo+ ), (v —vo) Yy(w), (8.15)

n=1 n=1 n=1
where Y,,,1 < n < N are uniformly distributed in [0,1/N] and v, > 0,0 < n < N.

Example 2. The random vector field h is given by the truncated Karhunen-Loéve expansion (recall the
KL expansion in (34)):

N
h(x, Y(w)) = E[h](x) + Z VAh,(x)Y,(w) xe€dDp, (8.16)

n=1
where (1,,h,) are the eigenpairs of a continuous and bounded covariance function.

Under this assumption, the stochastic Stokes equations (8.1) can be viewed as a set of parameterized
equations defined in a tensor product of the spatial domain and the parameter space D x I'. We remark
that the Hilbert space L?(Q) is equivalent to L% (I') and we use the same notation £, #°,7, 2 for the
stochastic Hilbert spaces. Moreover, Theorem 8.1.1 holds under this assumption.

8.1.3 Constrained optimal control problem

We study a distributed optimal control problem constrained by the stochastic Stokes equations. Let us
define the cost functional

1 1 a
FWp, D= Sllu—ually + S11p = pallep, + 5 IflG

1 1 « (8.17)
—f (u—ud)zdx+—f (p—pd)zdx+—f dx

=E

’

where the first two terms measure the discrepancy between the solution {u, p} € 7 x 2 of the stochastic
Stokes problem (8.2) and the observational data {uy, p4} € 24 (D) x Q(D) that represent the mean of
measurements. The admissible control space < in the last term is a non-empty, closed, bounded and
convex subset of £%% (D). This term is used to regularize in mathematical sense the control function f
with a regularization parameter a > 0, which can also be viewed as a penalization of the control energy.
The optimal control problem constrained by the stochastic Stokes problem (8.2) can be formulated as:
find an optimal solution {u*, p*,f*} such that

F@*, p* ) =min{ Zu,p,0:{upf €7V x 2 x ¥ and solve (8.2)}. (8.18)
It is easy to see that the cost functional _# is weakly lower semicontinuous in ¢, i.e.

limnilltt;oj(u, pf)= _Zupf) Yiuple?V x2 (8.19)

for any sequence {fy,}}., € ¥ such that f;, — fas n — co. Then, we have the following result by Lions’
argument [123]:

Theorem 8.1.2 Under Assumption 8.1 and the finite dimensional noise assumption, there exists an
optimal solution {u*, p* ,f*} € ¥ x 2 x 4 to the stochastic optimal control problem (8.18).

Remark 8.1.1 In the cost functional, we have used the £*>%(D) norm for measuring the discrepancy
between the velocity field and its mean value of measurements. Extension to the case with V' norm
is straightforward by requiring that the data {ug, p;} possess higher regularity in the spatial domain.
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8.2. Saddle point formulation

Another extension to stochastic data {ug, p4} can be handled in the same way as in this work, provided
they depend explicitly on a finite dimensional random vector, i.e., {ug, pg}(-,w) = {ug, pa}(, Y (w)).

Remark 8.1.2 When the higher moments of the observational data {ug, pg} or the control function f,
e.g., variance, skewness, etc., or the probability distribution of {ug, pg} are incorporated into the cost
functional in more general settings [197], we face essentially nonlinear and fully coupled problems,
which will be addressed in [44].

8.2 Saddle point formulation

In order to prove the uniqueness of the optimal solution of the constrained optimal control problem
(8.18), we turn to a saddle point formulation and establish its equivalence to the optimality system
obtained by Lagrangian variational approach in solving (8.18).

8.2.1 Optimality system

We first employ the variational approach [200] to derive an optimality system (known as Karush—
Kuhn-Tucker (KKT) conditions) in solving the constrained optimal control problem (8.18). Define
a compound bilinear form % : (¥ x 2 x 94) x (V' x 2) — R to represent the weak formulation of the
stochastic Stokes equations (8.2) as

B(lu, p,f},{v,q}) = a(u,v) + b(v, p) + b(u, q) — (£, v). (8.20)
Associated with this bilinear form, we define the Lagrangian functional
ZL{u,p, 8, {u’, p") = £ p,b+B{u,pf,{u p) - husp,, (8.21)

where {u%, p? € ¥ x 2 are the adjoint (or dual) variables of the Stokes equations (8.2) corresponding to
the state (or primal) variables {u, p}. The Lagrangian functional (8.21) is Gateaux differentiable with
respect to {u, p,f,u? p“} [200], so that we can take Gateaux derivative of (8.21) with respect to the state
variable {u, p} in test directions {v%, g%}, control variable f in g, and adjoint variable {u?, p%} in {v, g},
respectively, obtaining the first order optimality system as

({u, p}, v, g% + Bv?,q% 0} u? p?)

=g, v+ (pa, pY ViV, qU eV x 2,
af,g) —u%g) =0 vgey,
%({u, p,t},{v, q}) = (h,V)apy Yiv,ql eV x 2,

(8.22)

where we can identify the third equation with the state equation (8.2), the first one with the adjoint
equation and the second one with the optimality equation. More explicitly, the optimality system can
be rewritten as

(u,v%) ‘ +am®,v® +bv%4hpY =g vy WWre7,
(p, g™ I +b(u% q%) =(ps,q" Vqte2,
77777777777 afg  -w%g =0  Vge¥y, (8.23)
a(u,v) +bv,p) —-Ev) =(h,v)3p, VVEY,
b(u, q) ! = Vge 2,
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whose saddle point structure can be more easily appreciated. For the sake of numerical approximation,
let us introduce the following operators corresponding to system (8.23):

M,. V-V such that (M,u,v) = (u,v) Yu,ve?,

My: 2—2 suchthat (Myp,q) = (p,q) Vp,qe2,

Mg: 9—% suchthat (Mgfg = v, vfe¥,ge¥,

M,: 4¥—7 suchthat (M,gVv) = (g V) Vge¥,ve7, (8.24)
M,: A —7V suchthat (M;h,v) = (hV)sp, VYhe #,veV,

A: V-V such that a(u,v) =  (wVuv) Yuvev,

B: V-2 suchthat b(v,q) = -(V-v,q) YweV,qe2,

from which we obtain the following saddle point linear optimality system as

M, 0 o , A BT u Myuy
0 M, 0 ' B 0 p Mypa
0 0 aMg -M! o0 f |= 0 ) (8.25)
A BT -M. o0 0 u® M,h
B 0 o' o0 0 p® 0

Remark 8.2.1 The optimality system (8.25) can be regarded as the first order necessary condition to
guarantee existence of a solution to the optimal control problem (8.18). However, the uniqueness of the
optimal solution is not an immediate result.

8.2.2 Saddle point formulation

In order to obtain the uniqueness and study the stochastic regularity (Sec. 8.3) of the optimal solution,
we introduce a compound saddle point formulation of the constrained optimal control problem (8.18).

Letof : (V' x 2 x¥4) x (V x 2 x%9) — Rbe acompound bilinear form defined as
o ({u,p,8,{v,q,8) = @)+ (p,g) +a(g), (8.26)

then we have that the cost functional (8.17) can be expressed as

1
j(uy p,f) = Ed({u) py f}’ {u) p’f}) - 'Q{({u, p)f}! {Ud, pd;o}) + C) (827)
where C is the constant < ({ug, pg4,0}, {ug, pg,0}) /2. Then the following proposition establishes the

equivalence between the constrained optimal control problem (8.18) and the saddle point problem
(8.33), whose proof follows the one in the deterministic setting; see [27, 23] for details.

Proposition 8.2.1 Suppose that the bilinear form <f is symmetric, non-negative and continuous, i.e.,
there exists a constanty > 0 such thatV{u, p,f},{v,q,8l € V x 2 x4, we have

|/ ({u, p, 8, {v, g, 8D < vll{w, p,Blly x 24111V, 4,8y x 2x%- (8.28)
Moreover, suppose that <f is strongly coercive in the kernel space of 98, defined as
K ={lupBe?x2x9: B(uphivgh)=0 Vivgle? x2}, (8.29)
i.e., there exists a constant € > 0 such thatV{v,q,g} € V x 2 x4, we have
A, 9,81V, 9,8) Z€lllv, 4,85, 9 xq- (8.30)
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8.2. Saddle point formulation

Suppose that 2 is continuous, i.e., there exists a constant § > 0 such thatV{u,p,f € V' x 2 x4,{v,q} €
¥ x 2, we have

If%({uy p)f}y{vy q})l S 6”{“, p)f}”VXQX(gH{V) q}”VXQ‘ (8-31)

Furthermore, suppose that 9 satisfies the inf-sup condition, i.e., there exists a constant 3 > 0 such that

% » ) M »
inf sup (tw, p. 8, v, g = . (8.32)
v,qleV x2 fu,p.fle’ x2xG ||{ll, Prf}||7/><9x<g||{V, q}||7/><9

Then the constrained optimal control problem (8.18) is equivalent to the following saddle point problem:
find{u,p,f €V x 2 x4 and {u, p% €V x 2 such that

=({ug, pa,0},{v%, g% gh) Vivi,q%gleV x2x¥Y, (8.33)

{ o ({u, p,},{v% q% gh) + B({v?, q% g}, {u?, p*)
B({u, p,f},{v,q}) = (h,v)op, Viv,qte¥V x2.

Remark 8.2.2 By establishing the equivalence between the optimality system (8.22) and the saddle
point system (8.33), it can be shown that the variables {u®, p*} (and {v%,q% g}) used in the saddle
point formulation (8.33) are coincident with the adjoint variables {u®, p®} (and test variables {v%, q%,g})
as introduced in the Lagrangian functional (8.21). Moreover, we highlight that some mathematical
properties such as stochastic regularity (Sec. 8.3) of the two systems hold the same.

8.2.3 Equivalence, uniqueness and stability estimates

Lemma 8.2.2 The constrained optimal control problem (8.18), the saddle point problem (8.33) and the
first order optimality system (8.22) are equivalent problems.

Proof To prove the equivalence between the first two problems, we only need to verify the assumptions
in Proposition 8.2.1. By the definition (8.26), it is easy to check that < is symmetric and non-negative;
&f is also continuous

loZ ({u, p,1},{v, g, 8D < [lully |Ivlly +Ipll2llglle + alifllg]iglly

(8.34)
<yI{w, p,Bllyx2xglliv, q,8ly x2x4, Vv, 4,8 €V x 2 x4,

where the continuity constantisy = 1 and ||{v, ¢, 8}y x2x% := [IVlly +11qll2 +val|gll%. For any {v, q,g} €
& , the kernel of 9 defined in (8.29), we have by Theorem 8.1.1 that ||v|| < Cpl|gll¢ /a4, which yields

AV, q,8,v,9,8) = IVlI% + 119115 + allgll

2
asa

2
2C2

=

a
V12 +11gl1% + =gl
y Al ™5 18ly (8.35)

) !Qy )
3 2C2 2 g V' xQx

from which we can infer that </ is coercive on & with a coercivity constant e = (1/3) min{a? a/(2C%),1/2}.
As for the continuity of the bilinear form 28 defined in (8.20), by Assumption 8.1 and Theorem 8.1.1 we
have for any {{u, p,f},{v,g}} € (" x 2 x4G) x (V x 2),

|98 (1w, p, £}, {v, gD = Vinaxllully |IVlly +yplivliy [ plle + vollallyliglle +1[flglvily

(8.36)
<max{Vmax, Yb 1/ Vallliu, p, By« axzlliv, ¢Hlyx 2,
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the continuity constant being § = max{V 4y, Y, 1/+/a}. Finally, 98 satisfies the inf-sup condition, as

B{u,p,f,{v,q})

inf sup
WReV x2 @ pherx2xg W p,Bllyx2xgl v, g}y« 2
(8.37)
. PB({u, p,0},{v,q})
= inf sup = f.
W@V x2 @ p,ojev x2x¢ | 1{W, p,0Hly < 2x4 |V, g}y <2
The inf-sup constant § > 0 depends on a,, Y4, B as follows (see [209]):
= ! (8.38)
k12 + max{kiy, kzo}’ '
where
_ -2 —2.2 _p=2.2 -2 _p-1
ki1 = a, (1 +ﬁb Ya) koo = ﬁb Yakll +ﬁb and kg = le Yakll- (8.39)

We conclude that solving the constrained optimal control problem (8.18) is equivalent to solve the
saddle point problem (8.33), thanks to Proposition 8.2.1. The equivalence between the optimality
system (8.22) and the saddle point system (8.33) can be observed by noticing that by adding the second
equation (optimal equation) of (8.22) to its first one (adjoint equation), we obtain the first equation of
(8.33). O

Thanks to Lemma 8.2.2 and using Theorem 8.1.1, we can conclude that the optimal solution is unique
and satisfies the a priori (boundedness) estimate:

Theorem 8.2.3 There exists a unique optimal solution to the constrained optimal control problem (8.18).
Moreover, the optimal solution {u, p,f} and the adjoint variables {u?, p%} satisfy the following stability
estimates:

{w, p,Bllyx2xg < a1lliug, pall <2 + Billhll 7 (8.40)

and
[{u®, p™Hly <2 < @2llfug, patllexae + B2llhll 7 (8.41)

where the constants ay, B1, az, B2 are defined as

a1 = S maxicp, 1), pr=2"Te, (8.42)
€ e p
and ) Lye+7)
1y _lyle+y
az= (1+ E)max{Cp,l}, B2 = 5 s Cr, (8.43)

with the constantse,y, B defined in Proposition 8.2.1.

8.3 Stochastic regularity

In this section, we show that under suitable assumptions for the regularity of the viscosity v:I' — R,
and boundarydatah:T — H in the stochastic space T, the solution {u, p,f,u®, p®}: T - VxQxGxVxQ
can be analytically extended to a complex region that covers the stochastic space I'. (Here and in the
following, we denote L, V, Q, G, H as the deterministic Hilbert space corresponding to their stochastic
counterparts £,¥,2,9, #, e.g., H=1>%@Dy).)

Letk = (ky,...,kn) € I\Ié\’ be a N-dimensional multi-index of non-negative integers, and denote k! =
Hfll il'”HﬁC] in, k|l = ZQ’ZI kyn, and |k|! = Hl,-lil i; let a';{-} = 6’;;6% -~-6l}f%{~} represent the k-th order
partial derivative with respect to the parameter y = (y,...,yn). Let us also define the following
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8.3. Stochastic regularity

constants for ease of notation
Ca=a1+az,Cp=P1+ P2,Co,p = maxia; + az, f1 + P2}, (8.44)
where a1, az, B1, B2 are the stability constants defined in the Brezzi theorem (8.2.3).

We make the following assumption of stochastic regularity on the input data:

Assumption 8.2 For every y € T, there exists a N -dimensional positive rate vectorr = (r1,...,ry) € RY
such that the k-th order derivative of the viscosity v : T — R, and the boundary conditionh:T — H
satisfy

VI _ CpllOSh ()l

<r" and <
P ) Calltug, patllz.q + Csllh(M Iz

Ik|irk. (8.45)

Theorem 8.3.1 Under assumption 8.2, we have the following a priori estimate for the k-th order deriva-
tive of the solution {u, p,f,u®, p: T - VxQxGxVxQ

1164 tu(y), P, EPHIV gxi + 1% (1), P IV

(8.46)
< C(Cqllfug, patllzxg + ol Kl (rr)k,

whererr = (rry,rry,...,rry) with the constant rate r > 1/10g(2), and the constant C is independent ofk,
which will be provided explicitly in the proof.

Proof The semi-weak formulation of the saddle point problem (8.33) reads: find {u(y), p(y),f(y)} €
V x Q x G and {u(y), p4(y} € V x Q such that

o (fuy), p, £} v, g%, 8) + BV, g%, g, (), p* WL )
=g, v) +(pa,q°) Viv',q", g e VxQxG, (8.47)

B{u(y), p(y),gWh v, q5y) = (), VIopy VYiV,qgieV xQ,
where we have used the same bilinear forms </ and 28 for ease of notation, which can be identified in
the semi-weak sense by their explicit dependence on the parameter y. Taking k-th (Jk| > 0) order partial

derivative of problem (8.47) with respect to the parameter y, we obtain the following problem thanks
to the general Leibniz rule: find al;{u(y), P, eV xQxGand Ol;{u“(y), p*(y)} eV x Q such that

of (Otu), py). £y}, v, 4%, 8)) + B, 4%, 8), 9510 (1), p° ()} )

== Y @ vvokui(y), W Vivi,q%.gle VxQxG,
KeAk)

3 K 5 (8.48)
B0y,{u(y), p(y), 8 v, g5 y) = 0,h(y),Vapy
- Y @ Fvpveup),w viv.glevxQ,
kKeAk)
where the multivariate index set A (k) is defined as
A ={K eN): k), <k, V1<n<N, andK #k}. (8.49)
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By the Brezzi theorem 8.2.3, the solution of problem (8.48) admits the following estimate

<Kyl
o5, P EHIvegesar Y, ————l105u“Wlly
weng VD)
vl
+ﬁ1(||a‘;h(y)||H+ > y—_na‘;u(ymv),
weaw V@
< , (8.50)
k. a a |6§_kv(y)| k' _a
oy, p*Millvxo <@z ), ————lldyu’Wllv
weaw V(@)
0Kyl
+ﬁ2(||a‘;h(y)||H+ > y—_na‘;u(y)nv),
weaw V@)

where the parameters a1, az, 1, B2 are given in (8.42) and (8.43). Adding the second inequality of (8.46)
to the first one and noting that Vk' € A(k),

105w Wl <118 ), p“WHivso (8.51)
and , ,
105 u()llv <1105 fu(y), P, EPHIvxxc) (8.52)
thus

10% (), P, EPHIv xgxa + 11051 (1), P*DHIv < = Cplld§h()1 1 + Ca,p

10Xk v (y)] (8.53)

k' k' a a
oo T (Ilay (), pMEWHlvxoxc + 110, (), p (y)}“VxQ)r
where the constants Cs and C, g are defined in (8.44).

To prove the estimate (8.46) for a general k € N, we adopt an induction argument based on the
recursive result (8.53). To start, we consider the case when |k| = 0. Applying the Brezzi theorem to the
semi-weak problem (8.47), we have

{ [{u(y), p(W), EHvxox6 < a1lliug, patllxg + Brllh(V g, (8.54)

Hu (), p*WHlvxq < @zllfug, patllrxq + B2llh(Wl &

Adding the second inequality of (8.54) to the first one, we find

Ifu(y), P, EHIvxoxc + 1H{u (1), p“WHIvxo
< Calltug, patllLxq + Cpllh(y)ll g (8.55)
= (Cellfug, patlloxq + Cpllh(y)IIH)Ikl!rk,

which verifies the estimate (8.46) for [k| = 0 by noting that r > 1 and C = 1.

When |k| = 1, i.e., there exists n,1 < n < Nsuch that k, =1 and k,» =0forall n* #n,1 <n* <N, we
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have by the estimates (8.53) and (8.55) and Assumption 8.2

164 (u(y), P, EP Iy gxc + 185 (1), P IV

= 110y fu(y), p) K v gxg + 105" (), p (M Ivxq

0% v(y)l
V()

= 2(Calltug, patllzxq + CallhWIlg)

=2(Cqllfug, padllzxq + Collh()| 1) kit

< Cplloy h(Mllg + Cayp (Calltug, pallxq + Collh(llx) (8.56)

which yields the estimate (8.46) for |k| = 1 by noting that r > 1 and C = 2.

As for more general k with |k| > 1, we first prove the following auxiliary estimate

l16% tu(y), P, £y xgxc + 1105 (1), P HIv

K (8.57)
< (Callfug, patllxq + Cglh()I &) sUKDES,
where s(/k|) depends only on |k| according to the following recursive formula,
Ik
s(0)=1,s(1)=2,s(kD=1+ ) ( / )S(Ik'l)- (8.58)
K20 Ikl

In fact, (8.57) holds for |k| = 0 and |k| = 1 due to (8.55) and (8.56). By induction, we assume that the
stability estimate (8.57) holds for every k' € A(k), so that (8.53) implies

10% (), PN, EPHIv xgxa + 11051 (1), P* DIy < = Cplldsh() 11

105 K v(y)|
+Cap Y L

e (Calltug, paillxq + Collh( |l g) s(K DX
k' eAk)

< (Call{ug, pd}||LxQ+cﬁ||h(y)||H)(|k|!r“+ Y rk-k’squ)rk’) (8.59)
KeAk)

1k|-1 k
=(Cau{ud,pd}um+Cﬁ||h(y)||H)(|k|!+ y ( o )suk’n)r“
|K'|=0

= (Calltug, patliLxg + Csllh() 1) sk,

where we have used the assumption 8.2 for the second inequality, the fact that r* = K K for any
k' € A(k), and the following relation by summation reordering

K
Y s(kih= ) ( K| )s(lk’l), (8.60)
KeAk) k’|=0

thanks to the definition of A(k) in (8.49). By this end, it is left to establish a suitable bound for s(k|) in
order to prove the estimate (8.46) from the estimate (8.57). Let us denote k = |k|, k¥’ = |k'|, and define
t(k) = s(k)/ k!, so that from (8.58) we have

k! s(k’))_ k)

1 k-1 1
= — | -
=g (k'+ PNy el R oy (8.61)

Suppose that for all k, t(k) < ¢, r* for some positive constants c,, r to be determined, so that (8.61)
yields
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k-1 Z.(k/ k tk— kl) B k r*k/ el 1
=X et o e s (8.62)

On the other hand, t(k)—1 < ¢, r*¥—1 from our assumption. Hence, we only require that c;, rk (e”r - 1) <
cr r¥ —1, which can be satisfied when r > 1/ log(2)and ¢, = 1/(2— e!'"). Therefore, s(k) = t(k) k! < ¢, rki,
implying that

s(kD) < ¢, ™ K|t = ¢, r¥ KL, (8.63)

where the N-dimensional constant rate vector r, = (r,..., 7). The proofis concluded by substituting
(8.63) into (8.57), noting rl,‘rk = (rr)k, and setting C = ¢; in (8.46). |

Let us define a complex region associated with the stability estimate (8.46) as
N
X:=4z€e€C:3yeTl such that Z rrplzn—ynl<1lp. (8.64)
n=1

Then we have that the solution does not only have bounded partial derivative but can be analytically
extended to the complex region X, as stated in the following theorem:

Theorem 8.3.2 Under assumption 8.2, the solution of the semi-weak saddle point problem (8.47) admits
an analytical extension to the region X defined in (8.64).

Proof Given any y € T', the Taylor expansion of the solution of problem (8.47) {u, p,f}: I - VxQxG
and {u%, p%:T — V x Q about y reads

u(y), py), £}
ytay), p(y), £y -

@), pa).f2) = ) 1 (8.65)
keNY :
and y
oy’ (y), pt (i}
uz),p%@)= Y. yT(z— K, (8.66)
keNY :
where (z— y)* =T)_, (z, — yn)*". By Theorem 8.3.1, we have
[ltu(2), p(2), £(2)HIvxoxc + [1tu?(2), p* (@} lvxo
k k(. a a |Z—y|k
< ¥ (116500, ) EHIvxgxa + 1950 (), p MM Ivxg) =
keNY : (8.67)
< C(Cqll{ug, padllixo + Cpllh(MIlg) Y. Ikl'(rr)k!.
keNY
Upon reordering, we have
Y ko ¢y « H(rrn|zn DR (8.68)
keNY k! k=0\k|=k
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By Newton’s generalized binomial formula, we have

® kN L R[N k
> Y i [ omlan—yub =3 (Z rrnlzn—ynl) : (8.69)
* n=1

k=0k|=k k=0 \n=1

which converges when Z’,Yzl r7ulzn — ynl < 1. This concludes our proof. a

8.4 Numerical approximation

In order to solve the constrained optimization problem (8.18), we need to solve the equivalent saddle
point problem (8.33) (or, equivalently (8.25)) thanks to Lemma 8.2.2. Hereafter, we present a numerical
approximation of system (8.25) in the physical domain D by a finite element method. As for the numer-
ical approximation in the probability space, we use the stochastic collocation method as introduced in
chapter 1.

Recall the definition of the finite element space X,’; in (6.57). We define V;f =X ;l“)d NV, Q" :=X;"nQ,

and Gfl =X ;l)d NG with k, m, [ = 1 as finite element approximation spaces corresponding to the Hilbert
spaces V, Q and G, respectively, defined in Section 8.3. The semi-weak finite element approximation
of the saddle point problem (8.33) reads: for any y € T, find {uy(y), pr(0),fr(¥)} € V}f x Q;l" x GL and
fu (), pi(y)} € VF x QI such that

o ((up(y), pr ), B Y, V1, g1 81Y) + BUVT, g5, gnb 0 (1), P (1)} )
=g, V) +(pa, g Vv, ql.grt € VEx QI x Gl (8.70)
B{wn(y), pr(y), 8 vh, Gk y) = M), Viapy  Yivi, gu} € Vi x Q)
The well-posedness of problem (8.70) can be guaranteed by fulfilling the same conditions in Proposition

8.2.1 in finite element spaces. In particular, the compatibility condition (8.32) is satisfied in the
finite element spaces VX, QZ",GZ as a consequence (as can be observed from the proof (8.37)) of

the compatibility condition (8.12) in vk, th, for which we may use, e.g., the Taylor-Hood elements
(m= k-1, k =2) among many feasible choices [161], leading to stable finite element approximation
featuring optimal convergence rate. We set [ = k for the control function space G;l.

Let the finite element solution of the saddle point problem (8.70) be written as

Ny N!) Ny
W)=Y unDW () = Y, PO () =Y fu W, (8.71)
n=1 n=1 n=1
and
N, Np
wy) = usW,,pry) =Y paen (8.72)
n=1 n=1

where ¥,,1 < n < N, and ¢,,1 < n < N, are the bases of the finite element spaces V,f and Q’é,

respectively. Note that the bases of V}f and Gil are the same when k = /. Corresponding to the matrix
operators defined in (8.24), the finite element mass matrices M,,;, (note that Mg j, = M j, = M, , when
k=1) and M), j, are obtained as

(My,h)mn = (Wnr Wm))l = m,n = NV; (Mp,h)mn = ((Pn: (pm);l = m,n = Npr (873)
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and the mass matrix for Neumann boundary condition is given by
My ) mn =W, W, oDy, 1 <m,n< N,. (8.74)
The stiffness matrix A% is obtained as
(A mn=aW,, W,;y),1<mn<N,, (8.75)
and the matrix B,yl corresponding to the compatibility condition is written as
B mn=bW,,,¢n),1=m=N,,1=n=<N,,. (8.76)

Let Up(y) = (1 (3),..., un, () T represent the coefficient vector for the finite element function uy(y),
and Py(y), Fr(y), Ug(y), PZ(y) the coefficient vectors for the functions py,(y), £,(3), uZ(y), and Uy p,
P, 1, Hy(y) the values of ug, pg, h(y) at the finite element nodes. To this end, the algebraic formulation
of problem (8.70) can be written via the optimality operator system (8.25) as

M,, 0 o , A B Un(y) My, Uq,n
0 Mp,h 0 I By 0 Py(y) Mp,hpd,h
7 70 o 707 ) 7@{\45,@ ! _,AiIcT,,h, 707 ) Friy) |= 0 . (8.77)
Ay BI' —M., 1 0 0 Uy My, Hp(y)
By, 0 o ' o 0 Pr(y) 0

The matrix of the linear system (8.77) becomes ill-conditioned with large condition number when h
or «a is very small, which makes it unsuitable for direct solve. Alternatively, we seek the solution by
MINRES iteration with the help of the following block diagonal preconditioner [185, 169] (which share
similar structure as (7.25) in chapter 7),

Mg, 0 0
Py)= 0 aMgy 0 . (8.78)
0 0 Ky,M_ LKD"
The mass matrix M j; and the saddle point matrix K 3/ ,, corresponding to the Stokes problem (8.2) in
deterministic setting are defined as

y T
Myn 0 A, B, )' 8.79)

_ ) Vo
Ms,h—( 0 My )andKS,h_( B, 0

where the matrices Ms,h, M, ¢,n and K Sy , can be regarded as convenient approximations of M, Mg,
and K Sy h obtained by using suitable iteration methods [144, 169], e.g., symmetric Gauss-Seidel iteration

for M. s,n and M ¢,h» and inexact Uzawa iteration for K sy n

8.5 Multilevel and weighted reduced basis method

To solve a full system (8.77) at one sample y € I is very expensive when the number of degrees of freedom
of the finite element approximation is large. The task becomes prohibitive when the dimension of
the probability space I is so high that a large number of samples are necessary to be used in order to
obtain accurate statistics of interest. To circumvent this computational obstacle, we adopt a reduced
basis method [49, 66, 142, 143] and propose a new algorithm featuring multilevel greedy algorithm
and weighted a posteriori error bound. The crucial consideration is that the optimal solution of the
constrained optimization problem (8.18) resides in a low-dimensional manifold, despite the fact that
the random inputs live in high-dimensional probability space.
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8.5. Multilevel and weighted reduced basis method

8.5.1 Reduced basis approximation

The idea behind reduced basis approximation is to take “snapshots" - that is high fidelity solutions of
the underlying PDE model - as bases and then approximate the solution at a new sample by Galerkin
projection on the pre-selected snapshots [178, 49]. Specific to the finite element problem (8.77),
the associated reduced basis problem can be formulated as: for any y € T, find {u, (), pr (1), £, ()} €
Vn, x Qn, x Gy, and {u?(y), p2(»)} € Vi, x Qn, such that

r

o (w0, pr B WLV gf,8r1) + BUVE, gP, 801, ul (1), pE (0L Y)
=g, v+ (pa,q!) YV, q),8r € VN, x Qn, x Gn,, (8.80)
B (¥), pr),grMhLvr, g/l y) = (), Vi)opy  Yive,grl € Vi, x Qn,,

where Vy,,Qn,,Gp, are reduced basis spaces constructed from the snapshots at the pre-selected
samples y',..., y"Vr. More in detail, Gy, is constructed by

Gy, =spanif,(y"),1 = n< N} (8.81)

As for Qy;,, we take the union of the state and adjoint snapshots of pressure in order to guarantee the
approximate stability in the reduced basis space [144, 143], written as

Qn, = Qy, UQy, =spani{p,(y"), pr(y"), 1 <n<N;}. (8.82)

As for Vy,, a simple union of the state and adjoint snapshots of velocity is not sufficient to satisfy the
compatibility condition (8.32) in the reduced basis spaces. To overcome this difficulty, the reduced
basis velocity space can be enriched by introducing the supremizer operator T': Q" — V}f (180, 177],

(Tqn, Vi) a=bWp,qn) VYveVy, (8.83)
where the A-scalar product is defined as
u,v)4=a,v;y) VYuvev, (8.84)

being j € I" areference value, for instance, the center of I'. Then, we construct the reduced basis velocity
space Vy, as the union of state and adjoint velocity snapshots enriched by pressure supremizers

Vi, = Vi, UVE =spanfu,(y"), Tp,(y™,uf(y™), Tpe(y™,1< n< Ny, (8.85)

It can be proven [177] that the compatibility condition (8.12) is satisfied in ij,r and Vﬁr with ﬁg "= /32,

being ,BLV " and ﬁZ the compatibility constants of the bilinear form b of (8.12) in the reduced basis space
and finite element space, respectively. Consequently, the compatibility condition (8.32) is satisfied in
Vy, following the proof of (8.37), with the compatibility constants g > B" corresponding to that in
(8.38). Following the argument in the proof of Lemma 8.2.2, it is straightforward to check that the other
conditions in Proposition 8.2.1 are also satisfied in the reduced basis space Vy, x Qn, x Gy, . Hence,
there exists a unique reduced basis solution to problem (8.80).

For the sake of algebraic stability, we perform Gram-Schmidt orthonormalization [177] on the reduced
basis spaces Vy,, Qn, and Gy, obtaining the orthonormal bases such that Vyy, = span{{ V. 1=n<4N.},
Qn, = span{(’,1<n<2N,}and Gn, = span{¢$,1 < n < N,}. Finally, at any y € T, we project the finite
element solution {uy, (y), pr(¥), £ (¥} € V}f X Q;l” X Gil into the reduced basis space Vy, x Qn, x Gy, as

4N, 2N, N,
w,(1) =Y unWME P =Y, paW 8 () = Y fa (S, (8.86)
n=1 n=1 n=1
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and the adjoint variables {uZ ), pZ(y)} € V}f x Q;l" into Vi, x Qp, as

4N, 2N,
wo) =Y ulme pim =Y. ptoch. (8.87)
n=1 n=1

Let U, (y) = (u1(y),..., usan, (¥)) denote the coefficient vector of the reduced basis approximation, and
define P, (y), Fr(¥), U%(y) and P#(y) similarly, corresponding to those of the finite element approx-
imation. Let Z, = (Zf,...,CZNr)T, z};r = ((f,...,(’z"Nr)T and Zz%, = (C‘;”,...,C;"’VY)T, by which we de-
fine the reduced basis mass matrices as follows: M, , = (zjzr)TM,,’hz”r, My, = ('zfr,)TMp'th,*
Mg, = (Z3 ) Mg nZy , Meyy = (Z§ ) MewZ§, , My, = (Z§, )" My n ZY, , and the Stokes matrices A7
and B, as A} = (21'\//,)TA%21'\//,’ and B, = (Zﬁr)TBhZ]’(,r. The reduced basis data vector Uy, Py, Hy ()

are defined as Uy, = (ZY )" Uan Pa,r = (Z{ ) Pan, Hr(y) = (Z§, )T Hy(y). By projecting the finite
element system (8.77) into the reduced basis spaces, we obtain the algebraic formulation of the reduced
basis problem corresponding to the finite element algebraic system (8.77) as

My, 0 0o 4 BI'\[Uuw M,, Uy,
0 My, 0 ' B 0 Pr(y) M, Py,
00 aMg, ML 0 || EO |= 0 : (8.88)
A Bl —M., 1 0 0 Ut (y) M, H,(y)
B, 0 0o ' 0 0 Pa(y) 0

which is a 13N, x 13N, linear system, whose numerical solution costs far less computational effort than
solving the finite element system (8.77) thanks to the fact that N, is much smaller than the number of
degrees of freedom of the finite element discretization.

8.5.2 A multilevel greedy algorithm

The efficiency of the reduced basis approximation depends critically on the choice of reduced bases, and
thus on the samples yl, e yN " selected in the construction of the reduced basis spaces Vy,,Qn,,Gn, .
In order to choose the most representative samples, we propose a multilevel greedy algorithm based
on the sparse grid construction for stochastic collocation method and reduce the computational cost
of the construction of the reduced basis spaces.

The multilevel greedy algorithm for construction of the reduced basis space is presented in Algorithm
10.

To begin, we choose the first sample from the zeroth level of the sparse grid, i.e., y1 € H(q,N) (or
Hg (g, N) for anisotropic sparse grid) with ¢ — N = 0, where only one collocation node is available. We
solve the finite element problem (8.77) at y! and construct the reduced basis space V1, Q1, G; according
to (8.81), (8.82) and (8.85).

Let &, denote the reduced basis approximation error defined as
Er(y) = llup —urlly, (8.89)

where we denote the Hilbert space V=V xQxGx V xQ, the solution u(y) := {u(y), p(3),f(y), u(y), p*(y)}
with finite element approximation u; and reduced basis approximation u,. At each of the level
g—-N=1,1=1,2,...,Lwith prescribed L € N, we first construct the set of collocation nodes H(qg, N) of
the sparse grid and then choose the “most representative" sample y7*! by minimizing &, (y) over the
new collocation nodes in the current level of the sparse grid, i.e.

Netl _ o0

y &Er(y). (8.90)

max
yeH(q,N)\H(q—1,N)
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Note that in the hierarchical sparse grid with nested collocation nodes, we have H(g—1, N) € H(q, N),q =
N + 1, which provides further computational efficiency since there is no need to evaluate the error at
the collocation nodes in the previous level. After updating the reduced basis spaces Vy,, Qn, and Gy,
by the finite element solution of problem (8.77) at yr*! we set N, + 1 — N, and proceed to choose the
next sample until the error &, (y"" 1) is smaller than a prescribed tolerance €,;. Then we move to the
next level g — N = [ + 1. However, in order to compute the reduced basis approximation error (8.89), we
have to solve the full finite element system (8.77), which is out of reach. Instead of computing an exact
reduced basis approximation error &;(y), we seek to evaluate a cheap, sharp and reliable error bound
A, (y) depending on {u, (), pr(»), £ (), u(y), p#(y)} at y € T such that

cAL(Y=E =AY (8.91)

with the constant c as close to 1 as possible.

Algorithm 10 A multilevel greedy algorithm

1: procedure INITIALIZATION

2: Set maximum sparse grid level L, tolerance €;,;, g = N, take y' € H(q, N);

3: Solve (8.77), construct the initial reduced basis spaces V1, Q1, G1, set N, = 1.
4: end procedure

5: procedure CONSTRUCTION

6 forq=N+1,..., N+ Ldo

7: Construct the set of collocation nodes H(q, N), take H(g, N)\ H(q—1, N);
8 Solve (8.88) to obtain yN’Jrl = argmaxyeH(q,N)\H(g-1,N) &7 ();

9 while A, (yN*1) = €,,; do

10: Set N, — N, +1;

11: Solve (8.77) at y™r, update the reduced basis spaces Vy,, Qn., Gn.;
12: Solve (8.88) to obtain yNr*! = argmaxye p(g, N\ H(g-1,N) 27 (7).

13: end while

14: end for
15: end procedure

8.5.3 A weighted a posteriori error bound

In order to efficiently evaluate a sharp and reliable bound for the reduced basis approximation error,
we carry out a residual-based a posteriori error estimate. At first, we reformulate the semi-weak saddle
point problem (8.47) as an elliptic problem: for any y € T, find u(y) e V

Bu(y),v;y) =F(v;y) VveV, (8.92)
where the bilinear form B(:,-; y) : Vx V — R is given by

Bu(y),v;y) =« (fu(y), p»), £}, v*, g% 8})

a ,a a a . . (8.93)
+ BV, q%, gL " (), p" L)+ B, p(»), 8} v, g5 1),

and the linear functional
F(v;y) = (ug,v") + (pa, q*) + (h(y),V)apy. (8.94)

The bilinear form B(:,-; y) : Vx V— R can be proven to be continuous and weakly coercive [209] since
the bilinear forms <, 2 satisfy the conditions in Proposition 8.2.1, yielding the continuous and weak
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coercivity constants y.(y) and B.(y) defined as

B(u,v;y) . Bu,v;y)
(y) ;= ———— <ooand B.(y) := infsup ————— > 0. (8.95)
Y vy Fely):= Infsup ro vl

Therefore, by Babuska theorem [209] we have the following stability estimate

HEW) v
Be(y) '

where V' is the dual space of V. By the construction of the finite element approximation in section 8.4
and the reduced basis approximation in section 8.5.1, we have that the relation (8.95) holds in both
finite element space Vj, = Vj, x Qp, x Gy, x Vi, x Qj, and reduced basis space V, = V; x Q; x G x V; x Q;
with constants yﬁv "y = y? (») =7y:(y) and ﬁ]cv "(y) = ﬁ?(y) = .(y). Moreover, the stability estimate
(8.96) holds for the finite element solution and the reduced basis solution with the constant ﬁ?( y) and
ﬁICV "(y), respectively. Let the reduced basis approximation error be defined as e(y) = u,(y) —u, (). To
seek an error bound for e(y), we consider the residual

ullv = (8.96)

Rvp; ) :=F(p; ) =B (), vp;y) v €Vp. (8.97)
Noting that F(vy,; y) = B(uy, vi; ¥), Vvy, € Vj, we have from (8.97)
Be),vi; ) =R(vi;¥) vp €V (8.98)
By the stability estimate (8.96) in the finite element space, we obtain

et < B,
eMllv, = ———=4,. (8.99)
"TBEW) '

Taking the probability density function p : I' — R, into account, we replace &, (y) in (8.90) by a weighted
a posteriori error bound [49] Af ) =+vpWA (). The error bound Af (y) assigns high importance at
the sample with big probability density, leading to more efficient (using less bases to achieve the same
accuracy) evaluation of statistical moments of interest; see [49] for proof and illustrative examples. In
order to evaluate the error bound (8.99), we need to compute both the constant ﬁf}( y) and the norm
of the residual ||R] lVZ' For the former, we may apply successive constraint method [101] to compute

a lower bound ﬁgB ) = ﬁ?( y) (or a surrogate lower bound [143]) with cheap computational cost, or
simply use a uniform lower bound BL8 < p"(y) evaluated at the minimum random viscosity v i,
provided that the random coefficient v(y) varies in a relatively small range. As for the latter, we turn to
an offline-online decomposition procedure in order to reduce computational effort in the many-query
context.

8.5.4 Offline-online decomposition

The offline-online decomposition takes advantage of the affine structure of the data, as given in
examples (8.15) and (8.16). If the data are provided in a non-affine structure, e.g., log-normal Karhunen-
Loeve expansion [149], we may apply a weighted empirical interpolation method to obtain an affine
decomposition of the data function at first; see [48] for details and error analysis. Let us assume that
the random viscosity and the Neumann boundary condition undergoes, after possibly performing
empirical interpolation [11, 48], the following affine structure

Ny Ny,
v(y) =Y vp0h(y) and h(x,y) = Y h,(x)0" () V(x,y) €dDyxT, (8.100)
n=1 n=1
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where 0,1 < n < N, and 92’, 1 < n < Ny, are functions of the random vector y € I'. Let the matrix Ai’
and vector H,(y) in (8.88) be assembled as

Ny Ny
A=Y AP0Y(y)and H,(y)= Y H'0"(y), (8.101)
n=1 n=1

where the deterministic reduced basis matrices A, 1 < n < N, are defined as
All= (Zﬁr)TAZZ]\’,r with (A});j = VoV, V), 1<i,j< Ny, (8.102)
and the deterministic reduced basis vectors H}',1 < n < N}, are defined as
H!= (zﬁr)TH;j with (H}); = (hy, W )opy, 1 < i< N,. (8.103)

Accordingly, we decompose the global matrix of the linear system (8.88) as

My, 0 0 ; 0 Bf
0 M, 0 I B 0
By=| 0 0 aMg, -M; 0 (8.104)
0 BI' -M, . 0 0
B, 0 0o ' o 0

and B}, 1 < n < N, with only the blocks (4,1), (1,4) as A the other blocks zero. Similarly, we decompose
the vector on the right hand side of the linear system (8.88) as F(,) = My, Ug,r, Mp,r Py ,0,0, 0)T and
F! = (O,O,O,Mn,rHr”,O)T,l < n < Ny,. Thus, the algebraic formulation of the problem (8.92) can be
written as: for any y € T, find U, (y) := (U, (), P; (), F (1), U4 (), P4(y) T € R13Nr such that

N, Ny,
(Z H;Vl(y)Bf)Ur(y) =Y ohyrr (8.105)
n=0 n=0

Since B},1 < n < N, and F}},1 < n < N, are independent of y, we can assemble them in offline stage.
Given any y €T, the reduced basis solution can be obtained by solving the linear system (8.105) with at
most O(N, + Np) operations for assembling and O((13N,)3) operations for solve.

As for the evaluation of the residual norm [|R(y)| IVZ , we first seek the Riesz representation [165] of R(y)
as é(y) € Vy, such that
(1), vrlv, =R(vp;y) Vv eV, (8.106)

so that we have IIR(y)IIVrh = |lé(llv,. Let B, : Vi x Vi — R denote the bilinear form defined in the

finite element space corresponding to the matrix B},0 < n < N,, and F,, : Vj, — R the linear functional
corresponding to the vector F?,0 < n < Ny, then the residual defined in (8.97) can be decomposed as

Ny, N,
ROV Y = Y. 0P DFvi) = Y. 0%(1)Bu(ur, Vi) Yvj €V, (8.107)
n=0 n=0

By Riesz representation theorem, we have that there exist f,;, € V,,0 < n < Nj, and b’fl eVy0<n<
Ny, 1<k <13N, such that

(fn, Vi)V, = Fn(vp) and (bk, vy, = =Bn(uf,v) Vvu €Vy, (8.108)

where we have set the reduced basis solution as u’; = (1[/;, 0,0,0,0),1 <k <4N;,, u’; = (0, (p£_4N ,0,0,0),
4N; <k <6Ny, uy = (0,0,9} ¢\ ,0,0), 6N, < k< 7Ny, uj = (0,0,0,9}_, ,0), 7N, <k < 11Ny, ujs =
(0,0,0,0,(,0Z_HN ), 11N; < k < 13Ny, being 0 the vector with length Ny, Ny, Ny, Ny, N, at the first to
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fifth argument. Finally, we obtain the norm ||&(y)|lv, as

s &, h
1WIB, =Y. Y. 610N v, 6% ()

n=ln'=1
N, N, 13N,
+2) Y Y 0hE b, @8], () (8.109)

n=1p'=1 k=1
N N, 13N; 13N, ,
+Y Y Y Y 0r by, by, )by, (),

n=ln'=1 k=1 k'=1

where (f,,f,)v,,1 < n,n' < Ny, (fn,bfl,)vh, l1<n=sNyl=n=N,1<k=<13N, and (b’,;,b’;,)vh, 1<
n,n' < Ny,1<k, k' <13N, are independent of y and can be computed and stored in the offline stage,
while in the online stage, we only need to assemble the formula (8.109) by O((Nj,+13N, N,)?) operations.
Recall that Ny, and N, are the number of affine terms of the random Neumann boundary condition
and the viscosity, and N, is the number of selected samples in the construction of reduced basis space,
leading to fast evaluation of the error bound as they are small.

8.6 Error estimates

The global error of the numerical approximation presented in sections 8.4 and 8.5 comprises three com-
ponents: the stochastic collocation approximation error [8, 149, 148], the finite element approximation
error [165, 161], and the weighted reduced basis approximation error [20, 50, 49], which have been
analyzed individually in different contexts. The global error estimate for the Stokes optimal control
is similar to that for the elliptic optimal control presented in the last chapter. In the following, for
simplicity we provide the finite element approximation error and a global error estimate in the context
of the stochastic Stokes optimal control problem (8.18). The integration error &¢ by the stochastic
collocation method can be estimated the same as Lemmas 6.3.2 and 6.3.3 of chapter 6, and reduced
basis error &, can be bounded the same as in Proposition 1.4.5 of chapter 1 or in Theorem 2.2.5 of
chapter 2 and thus omitted here.

8.6.1 Finite element approximation error

Recall that the bilinear forms « and 28 of the finite element problem (8.70) satisfy the conditions of
Proposition 8.2.1 in the finite element space V}’f QY G;l with the choice of Taylor-Hood elements. More
explicitly, the finite element constants corresponding to those stated in the conditions of Proposition
8.2.1 can be bounded by

aa 1

1
Yh<lep= gmin{ Lz’ 5},6h <max{Vmax Yu 1/Val, Bn = B, (8.110)
2C2

being the constants a4, @, Cp, Vimax, Y, B presented in Lemma 8.2.2. Therefore, by Brezzi theorem
[165, 161], we have the following estimate for the error & of the finite element approximation to
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solution of the semi-weak saddle point problem (8.47):

En(y) :=1luly) —up(Pllv
=Cy inf Jlu@), p), £} = 3, G 8l lveoxo

{Vh,qh,gh}EV}fXQ;:’XGh

+C)inf (), p ) - i, gl 8.111)

W aievi=Qy
= 00" (C UMWl + PO+ VElED k1)

+ 005 (LA Wl + 1P DI
where we have chosen m = k—1 and [ = k; the constants C{’ and Czh are given by

Clhz(1+y—h
€n

Yh)( 5h) n_+.0n On  Ynon
1+ —||1+—|and C)' =1+ —+ —+ . (8.112)
( Bn Bn 2 €n Pn  €nPn

Remark 8.6.1 Equivalently, we may formulate the semi-weak saddle point finite element problem (8.70)
as a weakly coercive elliptic problem and apply Babuska theorem to obtain similar finite element error
estimate.

8.6.2 Global error estimate

With the individual error estimate presented above, we obtain the global error estimate in the following
theorem.

Theorem 8.6.1 Under Assumptions 8.1, 8.2, for any given y € T, by finite element approximation and
reduced basis approximation we have

lu(@) —uWllv = ER(y) + & (y). (8.113)

Moreover, the error for evaluation of the expectation using stochastic collocation method, finite element
method and weighted reduced basis method can be bounded by

E[u] -E <&+ & + & (1), 8.114
[|E[u] —E[u,lllv < & yefr}‘%m n(y) yelrﬁ%;m () ( )

where a = 1 when using the isotropic sparse grid stochastic collocation method.

Proof The proof is straightforward by applying triangular inequality as follows:
llu(y) —u, My = lu@y) —up v +lup () —urWliv = En(y) + Er (). (8.115)
Similarly, we have the error estimate for the expectation of the optimal solution as
[l —Elurllv = [lu-urllp2
= =gz vy + s =Wl gz oy + 11U = Urllz @) (8.116)
<&+ ye}l};z(i;('m En(y) + yell},iz(ic)](,N) &r(y).

We remark that &, (y) is bounded by A, (y), explicitly computed at y € Hg (g, N). O
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8.7 Numerical experiments

In this section, we perform two numerical experiments in testing reduced basis approximation error
and stochastic collocation approximation error with sparse grid techniques in isotropic and anisotropic
settings. The aim is to demonstrate the efficiency of the proposed reduced basis method in solving con-
strained optimization problem (8.18). Numerical examples for verifying finite element approximation
error in a similar context can be found in [47].

We consider a two dimensional physical domain D = (0, 1)2. The observation data is set as in [92],
ug = (g1, uge) and pg = 0, where gy (x) = 0y, (P(x1)p(x2))/10 and ugy (x) = =04, (P(x1)P(x2))/10 with
@) = (1 -cos(0.87&))(1 - &2,& €10,1]. The random viscosity v is given as in (8.15) which can be
transformed as

1
vy =3 Z Vit Z Vn=v0) ¥ (8.117)
n=0 2Nv
where y¥ €Ty, = [-1, 1% corresponding to N, uniformly distributed random variables. We set vy = 0.01,

v, =vo/2" and use N, = 3 for both the isotropic and anisotropic tests without loss of generality. Homo-
geneous Dirichlet boundary condition is imposed on the upper, lower and left edge. Random Neumann
boundary condition is imposed on the right edge as given in (8.16) on the Neumann boundary, more
explicitly, we set h(x, y") = (hy (x2, y™),0) with

1/2 N,
L h
hy (x, y™) = ((\/2_ ) yit Z VA (s1n(nnx2)y2n+cos(nJIX2)J/2n+1))

=1
which comes from truncation of Karhunen-Loéve expansion of a Gauss covariance field with correlation
length L = 1/16 [149]; the eigenvalues 1,1 < n < N}, are given by

(8.118)

An = VrLexp (~(nnL)?/4); (8.119)

yZ, 1 < n < 2Ny, + 1 are uncorrelated with zero mean and unit variance, which are independent of y".
Therefore, the random inputs are y = (y¥, y"), living in N = N,, + 2N}, + 1 dimensional probability space.
As for the specification of the finite element approximation, we use P1 element for pressure space and
P2 element for velocity and control space with 1342 elements in total.

8.7.1 Isotropic case

In the first experiment, we set yﬁ, 1 < n < 2Ny +1 with N = 3 as independent standard normal
random variables (thus the total stochastic dimension N = 10), and apply isotropic sparse grid
stochastic collocation method with Gauss-Legendre abscissa for the collocation of y” and Gauss-
Hermite abscissa for the collocation of y”. In the multilevel greedy algorithm 10, we set the tolerance
€101 =1071,1072,1073,1074,107°, and the interpolation level ¢ — N = 0,1,2,3 in the isotropic sparse
grid Smolyak formula (1.15). A uniformly lower bound of the inf-sup constant S8 = 0.1436 is used
since the fluctuation or variance of v is small compared to its mean value. The results for reduced
basis construction is reported in Table 8.1. The number of collocation nodes in each level is shown in
the second row; the number of selected samples as new bases in each level and the samples whose
weighted error bound A is larger than the tolerance e,,;, thus potential as new bases are shown in
the 3rd-6th lines, from which we can see that the number of reduced bases is much less than that of
collocation nodes. For example, with the smallest tolerance €,,; = 10™°, we only need 1, 10,22, 14 new
bases in each level, respectively, resulting in 47 bases in total out of 1581 collocation nodes. Since the
number of samples as potential bases is also small (216 in total), the computational cost for sample
selection in the construction of reduced basis space is negligible compared to the full solve of the finite
element problem (8.77), especially for large scale problems featuring a small mesh size h.
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Table 8.1: The number of samples selected by multilevel greedy algorithm 10 with different tolerance
€;07 in each of the sparse grid level; the value in () reports the number of samples potential as new
bases.

tolerance \level | g—N=0 | g—N=1| g—N=2 | g—N=3 | intotal
#nodes 1 21 221 1581 1581
€101 =107T 1) 6 (14) 1(21) 0(0) 8 (36)
€101 = 1072 1(1) 8 (20) 7 (80) 4(28) | 20(129)
€101 =103 1(1) 9 (20) 13 (86) 5(62) 28 (169)
€101 =107% 1(1) 9 (20) 18 (90) 9 (67) 37(178)
€101 =107 1(1) 10 (20) 22 (90) 14 (105) | 47 (216)

Fig. 8.1 (left) displays the weighted error bound A and the true error of the reduced basis approxi-
mation in each level of the construction, from which we can see that the error bound is accurate and
relatively sharp, providing good estimate of the true error with cheap computation. On the right of
Fig. 8.1 we plot the expectation error (in LI,ZJ (T';V) norm) of the reduced basis approximation using
quadrature formula based on sparse grid of different levels, where the expectation error is defined as

_ _ 21\1/2 21\1/2
exP.error—|I|u|IL%(F;V)—Ilus,rIILg(r;V)l—I([E[IIuIIV]) = (Elllus,r[IFD 1. (8.120)

Note that the “true" value of ||u]| 12TV is approximated by the finite element solution u; computed
at the deepest level g — N = 3. From this figure, different accuracy with different €,,; can be observed,
implying that decreasing tolerance for the construction of the reduced basis space results in more
accurate evaluation of statistics of the solution. How to balance the reduced basis approximation
error (by choice of €4,;) and the sparse grid quadrature error (by choice of g — N) is subject to further
investigation.

—&— error bound
—e— true error

H

pointwise error
expectation error

Figure 8.1: Left, weighted error bound A? and true error of the reduced basis approximation at the
selected samples; right, expectation error at different levels with different tolerance €;,;.

8.7.2 Anisotropic case

In the second experiment, we solve the constrained optimization problem (8.18) in high-dimensional
probability space by combination of the anisotropic sparse grid techniques and the multilevel weighted
reduced basis method. We set yﬁ, 1< n < Npin (8.118) with Nj, = 3,8, 13, 18,48 as uniformly distributed
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random variables, thus leading to N = 10, 20,30, 40, 100 stochastic dimensions in total. The weight
parameter « is chosen a priori according to [148] in the following conservative way

1
, 1
4/,

27
—"), with 7, =
[Tyl

1+ =n< Njp.

(8.121)

1
a,= Elog

We remark that for a more general random field where « is difficult to obtain from a priori estimate, we
may use a posteriori estimate by fitting an empirical convergence rate in each dimension [148], or use
dimension-adaptive approach which determines the weight automatically [79]. The sparse grid level is
chosenas g—N=0,1,2,3,4. As for the tolerance for the construction of the reduced basis space, we
use €;0; = 107°. The results for the construction of the reduced basis space with different dimension N
and different sparse grid level g — N (results for g — N = 0 are the same as in Table 8.1, thus omitted
here) are presented in Table 8.2. Similar conclusion as for results in the isotropic case in Table 8.1 can
be drawn for those in the anisotropic case in Table 8.2. For example, when N = 40, only 97 samples out
of 40479 are used for the construction of the reduced basis space, thus resulting in only 97 full solve the
finite element problem (8.77) instead of 40479, which considerably reduces the total computational
cost. This observation holds even in the 100 dimensional case. Moreover, the number of nodes of
sparse grid and the number of reduced bases increase as the dimension increase when N is small; see
the change from 10 to 40. However, they stay almost the same when N becomes large; see the change
from 40 to 100, which indicates that out of 100 random variables, the first 40 play the most important
role on the impact of the stochastic optimal solution when we set sparse grid level at g — N = 4.

Table 8.2: The number of samples selected by multilevel greedy algorithm 10 in each of the sparse grid
level with different dimensions; the value in (-) reports the number of samples potential as new bases.

dimension\level | g—N=1| g—-N=2 | g—N=3 | g—N=4 | intotal
N=10 5(10) 13 (40) 19 (85) 10 (100) | 48 (236)
# nodes 11 71 401 2141 2141
N=20 5(10) 21 (60) 36 (205) 15(204) | 78 (480)
# nodes 11 91 1021 12121 12121
N=40 5 (10) 25 (92) 47 (397) 19 (432) | 97 (932)
#nodes 11 123 2381 40769 40769
N =100 5 (10) 25 (92) 47 (397) 19 (436) | 97 (936)
#nodes 11 123 2393 41349 41349

pointwise error

—S— error bound
—e— true error

LAGL
o283o

3
T

Figure 8.2: Weighted error bound A? and true error of the reduced basis approximation at the selected

samples with N = 100 (left); expectation error of different stochastic dimensions (right).
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8.8. Summary

On the left of Fig. 8.2, we plot the weighted a posteriori error bound A and the true error of the reduced
basis approximation at each sparse grid level with stochastic dimension N = 100. We can observe
that the error bound is indeed accurate and sharp for the high-dimensional case, especially when the
reduced basis space becomes large. The right of Fig. 8.2 depicts the expectation error at different sparse
grid level. We show the expectation error with the “true" expectation for each stochastic dimension
computed the same as in the isotropic sparse grid case, from which we can see that the expectation
error converges with an algebraic rate that verifies the error estimate in section 8.6. Moreover, the error
becomes very small at around 4 x 10* nodes for the 100 dimensional problem by anisotropic sparse
grid technique, which would need around 7 x 107 nodes for isotropic sparse grid technique at the same
sparse grid level g — N = 4. Furthermore, we can observe that no “plateau” (flattening) of expectation
error appears as in Fig. 8.1, demonstrating that the multilevel reduced basis method is very efficient
in producing the accurate statistics of the stochastic optimal solution even when the number of the
reduced bases shown in Table 8.2 remains critically small (around 97 for high dimensions).

8.8 Summary

In this chapter we studied the mathematical properties of an optimal control problem constrained by
stochastic Stokes equations and developed a computational strategy by using sparse grid techniques
and the model order reduction approach. The existence and uniqueness of the stochastic optimal
solution was proved by establishing the equivalence between the constrained optimization problem
and the stochastic saddle point problem. Moreover, we obtained some stochastic regularity results of
the optimal solution in the probability space under some mild assumptions on the random input data.
In the fully discretized problem, we used finite element approximation in the deterministic space and
stochastic collocation approximation in the probability space, and proposed a multilevel and weighted
reduced basis method in order to reduce the computational effort in the many-query context, for which
a global error estimate was carried out. This computational approach was proven to be very efficient
by two numerical experiments, especially for high-dimensional and large-scale problems requiring a
large number of samples and heavy computational cost for a full solve of the optimization problem at
each sample. Further study on more general statistical cost functional, adaptive scheme to balance
various computational errors and applications to practical flow control problems are ongoing [44].

195






Conclusions and Perspectives

In this thesis, we have developed and analyzed novel stochastic computational strategies and algo-
rithms based on model order reduction techniques, specifically a reduced basis method, in order to
overcome some common computational challenges arising in the solution of representative uncer-
tainty quantification problems. To convey a comprehensive understanding of the thesis, we draw a few
generic conclusions beyond the short summary in each chapter. Many other numerical challenges and
open questions besides those we have dealt with were identified along the presentation of the thesis:
some perspectives of further research and application possibilities are outlined in the following.

Conclusions

Throughout the thesis, we have performed detailed comparison of the reduced basis method and the
stochastic collocation method with emphasis on their convergence properties and computational
costs in different contexts of uncertainty quantification problems, e.g., statistical analysis, reliability
analysis and stochastic optimal control problems. From the comparison results, we can conclude
that the reduced basis approximation error converges much faster than the stochastic collocation
approximation error under the same smoothness hypothesis. One major reason is that in the former
method we use the solutions of the underlying problem as the bases, which can capture the main
characteristics of the solution or the quantities of interest associated with the solution. On the other
hand, the latter approximation method uses dictionary bases, such as Lagrange polynomials or piece-
wise splines, which are generic but blind to the underlying problems. Dictionary bases have also been
employed for the other important stochastic computational method - the stochastic Galerkin projec-
tion method based on wavelets or generalized polynomial chaos, which have comparable or slightly
faster convergence rates than the stochastic collocation method but would converge much slower
than the reduced basis method. This major difference between problem-specific bases and dictionary
bases leads to a significant contrast of the two approaches in terms of the number of approximation
bases — the former needs only tens or hundreds of bases while the latter would require millions of
bases or beyond for high-dimensional problems. Another reason is that the reduced basis output is
computed by solving a reduced order model (by Galerkin projection) that retains the same structure of
the underlying problem, while the collocation output is approximated by using some interpolation
formula generic to different problems.

As for the computational costs, the reduced basis method is demonstrated to be much more efficient
than the stochastic collocation method for large-scale and high-dimensional uncertainty quantification
problems. One reason is that the full solution of a large-scale problem is computationally very expensive,
and the former method is able to replace most of the full solutions by reduced basis solutions with
much cheaper and affordable cost. Another reason is that a large number of samples are typically
needed for high-dimensional problems under certain accuracy constraint, so that the latter method
becomes too expensive or computationally prohibitive to be directly applied since it involves a full
solution at each sample. The significant computational reduction by the reduced basis method is
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however mitigated by a more complex implementation required by this method, as shown in our
presentation related to different contexts of uncertainty quantification problems. More in detail, the
collocation approach can take the underlying deterministic model as a black box and directly use its
solver, while the implementation of the reduced basis approximation depends on the structure of
the model for the evaluation of the a posteriori error bound and the assembling of the reduced basis
system. Efficient implementation and computation of the reduced basis solution and the error bound
for many complex problems, e.g., multiscale and multiphysics problems, may take a lot of workforce
and are still onging research.

The a posteriori error bound plays a critical role in efficiently and accurately solving different uncer-
tainty quantification problems by the reduced basis method. It is this ingredient that enables us to
develop suitable algorithms for different types of problems. By incorporating the probability density
function in the a posteriori error bound according to the model outputs, we developed the weighted al-
gorithm that uses less reduced bases and achieves the same accuracy as the classical one for stochastic
models with arbitrary probability measures. By taking the distance to the limit state surface of a failure
domain into the a posteriori error indicator, we developed a goal-oriented adaptive algorithm that
can construct a refined approximation near the limit sate surface with a limited number of reduced
bases, which remarkably results in the same failure probability as obtained by solving the full model.
By tailoring the stochastic optimality system to feature a convenient implementation of an a posteriori
error bound for both the state and the adjoint variables, we obtained a systemic approximation and
certification of the optimal solution of some stochastic optimal control problems. The a posteriori
error bound does not only provide an appropriate criteria for efficiently constructing the reduced basis
space but also offer a reliable certification for the accuracy of the quantities of interest. These two
properties differ the reduced basis method from some other model order reduction techniques, such
as that by proper orthogonal decomposition for which no accurate or reliable error bounds are pro-
vided except some error indicators (e.g., truncation tolerance). These properties of the reduced basis
method may enable certified pointwise evaluation with remarkable applications in solving uncertainty
quantification problems, such as accurate computation of failure probability.

Different from the application of the reduced basis method in the classical parametric models, its
implementation in the stochastic models for uncertainty quantification problems appreciably benefits
from the other stochastic computational methods for another key ingredient — the training set. As
demonstrated in this thesis, various nodes for interpolation and integration problems used by the
stochastic collocation method have been effectively employed as the training set for the reduced
basis method. An immediate practice is the direct comparison of the approximation errors of the
two methods by taking the collocation nodes as the training set in the first chapter, which also leads
to combination of the two methods for efficiently evaluating the statistical moments of the model
outputs by suitable quadrature/cubature formulas. Moreover, in solving high-dimensional uncertainty
quantification problems, the hierarchical construction of a generalized sparse grid also makes the
adaptive grid nodes available as the training samples for the reduced basis construction. The marriage
of the quadrature/cubature nodes and the training samples yields an automatic, adaptive and efficient
way for constructing and applying the reduced basis method for the solution of a large class of uncer-
tainty quantification problems involving integration, such as the statistical moments, variance-based
sensitivity analysis, stochastic optimal control problems with statistical observations.

Perspectives

We hope that the advantages of various computational strategies and algorithms demonstrated and
advocated in this thesis can boost the development and the application of model order reduction
techniques to solve more general uncertainty quantification problems. In order to achieve this objective,
we outline some further computational challenges besides the ones identified in this thesis and provide
some associated perspectives of promising research topics following two paths.
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1. Development of model order reduction techniques:

¢ As shown in this thesis, the a posteriori error bound is critically important depending on
different goals of the problem for the efficiency and accuracy of the reduced order/basis
approximation. Therefore, one should always try to make the goal of the problem, e.g.,
pointwise evaluation or integration, as clear as possible beforehand and construct a goal-
oriented a posteriori error bound in order to enhance computational efficiency [32, 4, 39].
A further challenge of particular interest for practical engineering problems is to estimate
the global approximation error including not only the reduced basis error but also spatial
and temporal discretization errors [3]. Thus, how to accurately formulate and efficiently
evaluate a global a posteriori error bound for balanced refinement in the probability space
and the physical space remain an open problem. Moreover, it is crucial to design an
effective strategy for its evaluation in massively parallel architectures for solving large-scale
problems [111].

* Model order reduction techniques have been well developed for linear and steady problems
as mainly considered in this thesis, but they are far from mature for nonlinear and unsteady
problems involving multiscale and multiphysical phenomenons. For instance, the unsteady
Navier-Stokes equations with large Reynolds number or some turbulence flow models
produce a large number of modes that can hardly be captured by a limited number of
reduced bases; how to build a global reduced order model to approximate high-fidelity
fluid and structure interaction models remains to be investigated; it is also significantly
difficult to apply model order reduction techniques in approximating hyperbolic PDEs
that feature locally supported traveling waves or shocks. One possible approach is to allow
the reduced bases to evolve along time such that they can capture the time dependent
main modes/characteristics of the dynamic underlying model [183, 184, 52, 53]. Careful
separation and application of the reduced order approximation and the high-fidelity ap-
proximation in a hybrid way [195], as employed for risk analysis in this thesis, may provide
another potential.

2. Application to uncertainty quantification problems:

¢ High-dimensional problems have been partially addressed under smoothness hypothesis of
the random input data and sparsity hypothesis of the outputs. However, when the outputs
do not depend smoothly on the inputs either because of nonsmooth random inputs or
due to high nonlinearity of the underlying model, or when the outputs are not sparse such
that many different dimensions of the random inputs play equally important role or they
have strong interaction with each other, the proposed computational framework in this
thesis would not be efficient or even fail. Effective algorithms in detecting and resolving
the low regularity points — discontinuous or singular points — should be incorporated
in the adaptive construction of the reduced order models [128, 105]. Moreover, how to
automatically choose and combine different sampling techniques, e.g., Latin hypercube
sampling or generalized sparse grid sampling, in the reduced basis construction provides
another important research area for accurate and efficient approximation of the quantities
of interest.

¢ Oneimportant branch of uncertainty quantification problems is to predict the risk of failure
of a given system under uncertainties. The hybrid and goal-oriented adaptive reduced
basis method was proved to work efficiently for this type of problem with relatively big
failure probability. When the failure probability becomes critically small (e.g., smaller
than 107%) and the consequence of the failure is catastrophic, known as high consequence
rare events, the proposed algorithm can not be directly used since a huge number of
standard Monte Carlo samples (e.g., more than 10%) is needed to obtain a relatively accurate
evaluation of the failure probability. However, almost all the samples except a few tens or
hundreds in this example locate outside the failure domain, which are of less use but take
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considerable evaluation cost even if the reduced basis online evaluation cost remains small.
Moreover, a very accurate reduced basis approximation, thus relatively expensive online
evaluation, should be constructed to guarantee that the adaptive a posteriori error indicator
for the output becomes smaller than or at least comparable to the failure probability.
This computational complexity becomes more evident in high-dimensional problems.
Therefore, efficient combination of importance sampling techniques (e.g., using cross-
entropy [120]) to reduce the total number of samples, and the hybrid and goal-oriented
adaptive reduced basis models to facilitate accurate certification of the outputs is very
promising albeit challenging.

Stochastic inverse problems account for another important branch of uncertainty quantifi-
cation problems, including optimal control/design/optimization, parameter estimation
and data assimilation under various uncertainties. Variation approach based on Lagrange
multiplier and a finite-element-stochastic-collocation-reduced-basis approximation has
been employed to solve a simple type of stochastic optimal control problems - linear-
quadratic optimal control. In more practical applications, the observation data may involve
high statistical moments or probability distribution beyond the first order expectation as
considered in this thesis, the underlying model may not be linear or steady, leading to
strongly coupled [197] and highly nonlinear stochastic optimal control problems. In order
to address these more general cases, the one-shot approach used in this thesis does not
apply any more and we have to develop more efficient iterative algorithms and linearization
strategies in combination with model order reduction for both state and adjoint systems.
Additional computational complexity may arise from stochastic constraints for the control
variables [200], which requires more careful formulation of the goal-oriented a posteriori
error estimate for the construction of the reduced order models. These challenges and the
reduction opportunities also apply for other types of stochastic inverse problems, such
as Bayesian inversion by Markov chain Monte Carlo methods for parameter estimation
[122], Kalman filter and its extensions for data assimilation [17]. A common feature of
these stochastic inverse problems is that the many-query requirement comes not only from
the stochastic emulation but also from the iterative emulation of the underlying models,
which makes the reduced order models even more appealing for substantial reduction of
computation.



Bibliography

(1]

(10]

(11]

(12]

A. Abdulle and Y. Bai. Reduced basis finite element heterogeneous multiscale method for high-
order discretizations of elliptic homogenization problems. Journal of Computational Physics,
231(21):7014-7036, 2012.

G. Acosta and R.G. Durdn. An optimal Poincaré inequality in L1 for convex domains. Proceedings
of the American Mathematical Society, 132(1):195-202, 2004.

M. Ainsworth and J.T. Oden. A posteriori error estimation in finite element analysis, volume 37.
John Wiley & Sons, Hoboken, NJ, 2011.

R.C. Almeida and J.T. Oden. Solution verification, goal-oriented adaptive methods for stochas-
tic advection-diffusion problems. Computer Methods in Applied Mechanics and Engineering,
199(37):2472-2486, 2010.

M. Arroyo, L. Heltai, D. Millan, and A. DeSimone. Reverse engineering the euglenoid movement.
Proceedings of the National Academy of Sciences, 109(44):17874-17879, 2012.

M. Augustin, A. Caiazzo, A. Fiebach, J. Fuhrmann, V. John, A. Linke, and R. Umla. An assessment
of discretizations for convection-dominated convection—diffusion equations. Computer Methods
in Applied Mechanics and Engineering, 200(47):3395-3409, 2011.

I. Babuska, K.M. Liu, and R. Tempone. Solving stochastic partial differential equations based on
the experimental data. Mathematical Models and Methods in Applied Sciences, 13(3):415-444,
2003.

I. Babuska, E Nobile, and R. Tempone. A stochastic collocation method for elliptic partial
differential equations with random input data. SIAM Journal on Numerical Analysis, 45(3):1005—
1034, 2007.

I. Babuska, E Nobile, and R. Tempone. A stochastic collocation method for elliptic partial
differential equations with random input data. SIAM Review, 52(3):317, 2010.

I. Babuska, R. Tempone, and G.E. Zouraris. Galerkin finite element approximations of stochastic
elliptic partial differential equations. SIAM Journal on Numerical Analysis, 42(2):800-825, 2005.

M. Barrault, Y. Maday, N.C. Nguyen, and A.T. Patera. An empirical interpolation method: applica-
tion to efficient reduced-basis discretization of partial differential equations. Comptes Rendus
Mathematique, Analyse Numérique, 339(9):667-672, 2004.

J. Beck, E Nobile, L. Tamellini, and R. Tempone. Stochastic spectral Galerkin and collocation
methods for PDEs with random coefficients: A numerical comparison. In J.S. Hesthaven and
E.M. Ronquist, editors, Spectral and High Order Methods for Partial Differential Equations, pages
43-62. Springer-Verlag, Berlin, 2011.

201



Bibliography

(13]

202

J. Beck, R. Tempone, E Nobile, and L. Tamellini. On the optimal polynomial approximation of
stochastic PDEs by Galerkin and collocation methods. Mathematical Models and Methods in
Applied Sciences, 22(09), 2012.

R. Becker and R. Rannacher. An optimal control approach to a posteriori error estimation in
finite element methods. Acta numerica, 10(1):1-102, 2001.

R. Becker and B. Vexler. Optimal control of the convection-diffusion equation using stabilized
finite element methods. Numerische Mathematik, 106(3):349-367, 2007.

G. Berkooz, P. Holmes, and J.L. Lumley. The proper orthogonal decomposition in the analysis of
turbulent flows. Annual review of fluid mechanics, 25(1):539-575, 1993.

C. Bertoglio, P Moireau, and J-F Gerbeau. Sequential parameter estimation for fluid—structure
problems: Application to hemodynamics. International Journal for Numerical Methods in
Biomedical Engineering, 28(4):434-455, 2012.

L. Biegler, G. Biros, O. Ghattas, M. Heinkenschloss, D. Keyes, B. Mallick, L. Tenorio, B. van
Bloemen Waanders, K. Willcox, and Y. Marzouk. Large-scale inverse problems and quantification
of uncertainty. John Wiley & Sons, Hoboken, NJ, 2011.

M. Bieri and C. Schwab. Sparse high order FEM for elliptic sPDEs. Computer Methods in Applied
Mechanics and Engineering, 198(13):1149-1170, 2009.

P. Binev, A. Cohen, W. Dahmen, R. DeVore, G. Petrova, and P. Wojtaszczyk. Convergence rates for
greedy algorithms in reduced basis methods. SIAM Journal of Mathematical Analysis, 43(3):1457-
1472, 2011.

G. Blatman and B. Sudret. Sparse polynomial chaos expansions and adaptive stochastic finite
elements using a regression approach. Comptes Rendus Mécanique, 336(6):518-523, 2008.

PB. Bochev and M.D. Gunzburger. Least-squares finite-element methods for optimization
and control problems for the Stokes equations. Computers & Mathematics with Applications,
48(7):1035-1057, 2004.

PB. Bochev and M.D. Gunzburger. Least-squares finite element methods, volume 166. Springer,
New York, 2009.

S. Boyaval, C. Le Bris, T. Lelievre, Y. Maday, N.C. Nguyen, and A.T. Patera. Reduced basis tech-
niques for stochastic problems. Archives of Computational Methods in Engineering, 17:435-454,
2010.

S. Boyaval, C. LeBris, Y. Maday, N.C. Nguyen, and A.T. Patera. A reduced basis approach for
variational problems with stochastic parameters: Application to heat conduction with variable
Robin coefficient. Computer Methods in Applied Mechanics and Engineering, 198(41-44):3187-
3206, 2009.

M. Braack. Optimal control in fluid mechanics by finite elements with symmetric stabilization.
SIAM Journal on Control and Optimization, 48:672, 2009.

E Brezzi. On the existence, uniqueness and approximation of saddle-point problems arising from
Lagrangian multipliers. ESAIM: Mathematical Modelling and Numerical Analysis, 8(2):129-151,
1974.

E Brezzi and M. Fortin. Mixed and hybrid finite element methods. Springer, New York, 1991.

C.G. Bucher and U. Bourgund. A fast and efficient response surface approach for structural
reliability problems. Structural Safety, 7(1):57-66, 1990.



Bibliography

(30]

(31]

(32]

(33]

[34]

(35]

[36]

[37]

[38]

(39]

(40]

(41]

[42]

(43]

(44]

(45]

[46]

A. Buffa, Y. Maday, A. Patera, C. Prudhomme, and G. Turinici. A priori convergence of the greedy
algorithm for the parametrized reduced basis. ESAIM: Mathematical Modelling and Numerical
Analysis, 46:595-603, 2011.

T. Bui-Thanh, K. Willcox, and O. Ghattas. Model reduction for large-scale systems with high-
dimensional parametric input space. SIAM Journal on Scientific Computing, 30(6):3270-3288,
2008.

T. Bui-Thanh, K. Willcox, O. Ghattas, and B. van Bloemen Waanders. Goal-oriented, model-
constrained optimization for reduction of large-scale systems. Journal of Computational Physics,
224(2):880-896, 2007.

H.J. Bungartz and M. Griebel. Sparse grids. Acta Numerica, 13(1):147-269, 2004.

G.T. Buzzard and D. Xiu. Variance-based global sensitivity analysis via sparse-grid interpolation
and cubature. Communications in Computational Physics, 9:542-67, 2011.

C. Canuto, M.Y. Hussaini, A. Quarteroni, and T.A. Zang. Spectral Methods: Fundamentals in
Single Domains. Springer-Verlag, Berlin, 2006.

C. Canuto, Y. Maday, and A. Quarteroni. Analysis of the combined finite element and Fourier
interpolation. Numerische Mathematik, 39(2):205-220, 1982.

Y. Cao, J. Zhu, .M. Navon, and Z. Luo. A reduced-order approach to four-dimensional variational
data assimilation using proper orthogonal decomposition. International Journal for Numerical
Methods in Fluids, 53(10):1571-1583, 2007.

O. Cappé, R. Doug, A. Guillin, J.M. Marin, and C.P. Robert. Adaptive importance sampling in
general mixture classes. Statistics and Computing, 18(4):447-459, 2008.

K. Carlberg and C. Farhat. A low-cost, goal-oriented compact proper orthogonal decomposition
basis for model reduction of static systems. International Journal for Numerical Methods in
Engineering, 86(3):381-402, 2011.

S. Chaturantabut and D.C. Sorensen. Nonlinear model reduction via discrete empirical interpo-
lation. SIAM Journal on Scientific Computing, 32(5):2737-2764, 2010.

P. Chen and A. Quarteroni. Accurate and efficient evaluation of failure probability for partial
differential equations with random input data. Computer Methods in Applied Mechanics and
Engineering, 267(0):233-260, 2013.

P. Chen and A. Quarteroni. A new algorithm for high-dimensional uncertainty quantification
problems based on dimension-adaptive and reduced basis methods. Submitted, 2014.

P. Chen and A. Quarteroni. Weighted reduced basis method for stochastic optimal control prob-
lems with elliptic PDE constraints. To appear in SIAM/ASA Journal on Uncertainty Quantification,,
2014.

P. Chen, A. Quarteroni, and G. Rozza. Fast solver for optimal control problems constrained by
stochastic PDE with general statistical observation data. in preparation, 2013.

P. Chen, A. Quarteroni, and G. Rozza. Multilevel and weighted reduced basis method for stochas-
tic optimal control problems constrained by Stokes equations. Submitted, 2013.

P. Chen, A. Quarteroni, and G. Rozza. Simulation-based uncertainty quantification of human
arterial network hemodynamics. International Journal for Numerical Methods in Biomedical
Engineering, 29(6):698-721, 2013.

203



Bibliography

(47]

204

P. Chen, A. Quarteroni, and G. Rozza. Stochastic optimal Robin boundary control problems of
advection-dominated elliptic equations. SIAM Journal on Numerical Analysis, 51(5):2700 — 2722,
2013.

P. Chen, A. Quarteroni, and G. Rozza. A weighted empirical interpolation method: A priori
convergence analysis and applications. ESAIM: Mathematical Modelling and Numerical Analysis,
in press, EPFL, MATHICSE Report 05, 2013.

P. Chen, A. Quarteroni, and G. Rozza. A weighted reduced basis method for elliptic partial
differential equations with random input data. SIAM Journal on Numerical Analysis, 51(6):3163 —
3185, 2013.

P. Chen, A. Quarteroni, and G. Rozza. Comparison between reduced basis and stochastic colloca-
tion methods for elliptic problems. Journal of Scientific Computing, 59:187-216, 2014.

Y. Chen, J.S. Hesthaven, Y. Maday, and J. Rodriguez. Certified reduced basis methods and
output bounds for the harmonic Maxwell’s equations. SIAM Journal on Scientific Computing,
32(2):970-996, 2010.

M. Cheng, T.Y. Hou, and Z. Zhang. A dynamically bi-orthogonal method for time-dependent
stochastic partial differential equations i: Derivation and algorithms. Journal of Computational
Physics, 242:843-868, 2013.

M. Cheng, T.Y. Hou, and Z. Zhang. A dynamically bi-orthogonal method for time-dependent
stochastic partial differential equations ii: Adaptivity and generalizations. Journal of Computa-
tional Physics, 2013.

A. Cohen, R. DeVore, and C. Schwab. Convergence rates of best N-term Galerkin approximations
for a class of elliptic SPDEs. Foundations of Computational Mathematics, 10(6):615-646, 2010.

A. Cohen, R. Devore, and C. Schwab. Analytic regularity and polynomial approximation of
parametric and stochastic elliptic PDE’s. Analysis and Applications, 9(01):11-47, 2011.

S.S. Collis and M. Heinkenschloss. Analysis of the streamline upwind Petrov Galerkin method
applied to the solution of optimal control problems. CAAM TR02-01, 2002.

National Research Council. Assessing the Reliability of Complex Models: Mathematical and
Statistical Foundations of Verification, Validation, and Uncertainty Quantification. The National
Academies Press, Washington, D.C., 2012.

L. Dedé. Reduced basis method and a posteriori error estimation for parametrized linear-
quadratic optimal control problems. SIAM Journal on Scientific Computing, 32(2):997-1019,
2010.

L. Dedé. Reduced basis method and error estimation for parametrized optimal control problems
with control constraints. Journal of Scientific Computing, 50(2):287-305, 2012.

S. Deparis and G. Rozza. Reduced basis method for multi-parameter-dependent steady Navier—
Stokes equations: Applications to natural convection in a cavity. Journal of Computational
Physics, 228(12):4359-4378, 2009.

R.A. DeVore and G.G. Lorentz. Constructive Approximation. Springer, New York, 1993.

J. Dick, EY. Kuo, and I.H. Sloan. High-dimensional integration—the Quasi-Monte Carlo way. Acta
Numerica, 22:133-288, 2013.

M. Drohmann, B. Haasdonk, and M. Ohlberger. Reduced basis approximation for nonlinear
parametrized evolution equations based on empirical operator interpolation. SIAM Journal on
Scientific Computing, 34(2):A937-A969, 2012.



Bibliography

(64]

[65]

(66]

[67]

[68]

[69]

[70]

(71]

[72]
[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

(81]

(82]

[83]

R. Durrett. Probability: theory and examples. Cambridge University Press, Cambridge, UK, 2010.

J.L. Eftang, A.T. Patera, and E.M. Renquist. An “hp" certified reduced basis method for
parametrized elliptic partial differential equations. SIAM Journal on Scientific Computing,
32(6):3170-3200, 2010.

H. Elman and Q. Liao. Reduced basis collocation methods for partial differential equations with
random coefficients. SIAM/ASA Journal on Uncertainty Quantification, 1(1):192-217, 2013.

0O.G. Ernst, C.E. Powell, D.]. Silvester, and E. Ullmann. Efficient solvers for a linear stochastic
galerkin mixed formulation of diffusion problems with random data. SIAM Journal of Scientific
Computing, 31(2):1424-1447, 2009.

L.C. Evans. Partial Differential Equations, volume 19. Graduate Studies in Mathematics, Ameri-
can Mathematical Society, Providence, RI, 2009.

L. Faravelli. Response-surface approach for reliability analysis. Journal of Engineering Mechanics,
115(12):2763-2781, 1989.

P. Feldmann and R.W. Freund. Efficient linear circuit analysis by Padé approximation via the
Lanczos process. Computer-Aided Design of Integrated Circuits and Systems, IEEE Transactions
on, 14(5):639-649, 1995.

C. Feuersanger. Sparse Grid Methods for Higher Dimensional Approximation. Dissertation,
Institut fiir Numerische Simulation, Universitdt Bonn, September 2010.

G.S. Fishman. Monte Carlo: Concepts, Algorithms, and Applications. Springer, New York, 1996.

J. Foo and G.E. Karniadakis. Multi-element probabilistic collocation method in high dimensions.
Journal of Computational Physics, 229(5):1536-1557, 2010.

J. Foo, X. Wan, and G.E. Karniadakis. The multi-element probabilistic collocation method (ME-
PCM): error analysis and applications. Journal of Computational Physics, 227(22):9572-9595,
2008.

L. Formaggia, A. Quarteroni, and A. Veneziani, editors. Cardiovascular Mathematics: Modeling
and simulation of the circulatory system, volume 1. MS&A, Springer, Milano, 2009.

P. Frauenfelder, C. Schwab, and R.A. Todor. Finite elements for elliptic problems with stochastic
coefficients. Computer Methods in Applied Mechanics and Engineering, 194(2-5):205-228, 2005.

A.C. Galeao, R.C. Almeida, S.M.C. Malta, and A.ED. Loula. Finite element analysis of convection
dominated reaction—diffusion problems. Applied Numerical Mathematics, 48(2):205-222, 2004.

Z.Gao and J.S. Hesthaven. On ANOVA expansions and strategies for choosing the anchor point.
Applied Mathematics and Computation, 217(7):3274-3285, 2010.

T. Gerstner and M. Griebel. Dimension-adaptive tensor-product quadrature. Computing,
71(1):65-87, 2003.

R.G. Ghanem and PD. Spanos. Stochastic Finite Elements: a Spectral Approach. Dover Civil and
Mechanical Engineering, Courier Dover Publications, Springer-Verlag, New York, 1991.

M.B. Giles. Multilevel Monte Carlo path simulation. Operations Research, 56(3):607-617, 2008.

M.B. Giles and E. Siili. Adjoint methods for PDEs: a posteriori error analysis and postprocessing
by duality. Acta Numerica, 11(1):145-236, 2002.

C. Gittelson and C. Schwab. Sparse tensor discretizations of high-dimensional pdes. Acta
Numerica, 2011.

205



Bibliography

(84]

(85]

(87]

(98]

[99]

206

R. Glowinski and J.L. Lions. Exact and approximate controllability for distributed parameter
systems. Cambridge University Press, Cambridge, UK, 1996.

M.A. Grepl and M. Kércher. Reduced basis a posteriori error bounds for parametrized linear-
quadratic elliptic optimal control problems. Comptes Rendus Mathematique, 349(15):873-877,
2011.

M.A. Grepl, Y. Maday, N.C. Nguyen, and A.T. Patera. Efficient reduced-basis treatment of non-
affine and nonlinear partial differential equations. ESAIM: Mathematical Modelling and Numeri-
cal Analysis, 41(03):575-605, 2007.

M.A. Grepl and A.T. Patera. A posteriori error bounds for reduced-basis approximations of
parametrized parabolic partial differential equations. ESAIM: Mathematical Modelling and
Numerical Analysis, 39(01):157-181, 2005.

M. Griebel. Sparse grids and related approximation schemes for higher dimensional problems. In
Proceedings of the conference on Foundations of Computational Mathematics, Santander, Spain,
2005.

S. Gugercin and A.C. Antoulas. A survey of model reduction by balanced truncation and some
new results. International Journal of Control, 77(8):748-766, 2004.

M. Gunzburger and A. Labosvky. An efficient and accurate numerical method for high-
dimensional stochastic partial differential equations. submitted, 2012.

M.D. Gunzburger, H.C. Lee, and J. Lee. Error estimates of stochastic optimal neumann boundary
control problems. SIAM Journal on Numerical Analysis, 49:1532-1552, 2011.

M.D. Gunzburger and S. Manservisi. Analysis and approximation of the velocity tracking problem
for Navier-Stokes flows with distributed control. SIAM Journal on Numerical Analysis, 37(5):1481-
1512, 2000.

B. Haasdonk and M. Ohlberger. Reduced basis method for finite volume approximations of
parametrized linear evolution equations. ESAIM: Mathematical Modelling and Numerical Analy-
sis, 42(02):277-302, 2008.

M. Heinkenschloss and D. Leykekhman. Local error estimates for SUPG solutions of advection-
dominated elliptic linear-quadratic optimal control problems. SIAM Journal on Numerical
Analysis, 47(6):4607-4638, 2010.

S. Heinrich. Multilevel Monte Carlo methods. Large-Scale Scientific Computing, 2179:58-67,
2001.

].S. Hesthaven and S. Zhang. On the use of ANOVA expansions in reduced basis methods for
high-dimensional parametric partial differential equations. Brown Division of Applied Math
Scientific Computing Tech Report, 2011.

M. Hinze, N. Yan, and Z. Zhou. Variational discretization for optimal control governed by
convection dominated diffusion equations. Journal of Computational Mathematics, 27(2-3):237-
253, 2009.

M. Holtz. Sparse Grid Quadrature in High Dimensions with Applications in Finance and Insurance.
Dissertation, Institut fiir Numerische Simulation, Universitit Bonn, 2008.

L.S. Hou, J. Lee, and H. Manouzi. Finite element approximations of stochastic optimal con-
trol problems constrained by stochastic elliptic PDEs. journal of Mathematical Analysis and
Applications, 384(1):87-103, 2011.



Bibliography

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

X. Hu, G. Lin, T.Y. Hou, and P. Yan. An adaptive ANOVA-based data-driven stochastic method
for elliptic PDE with random coefficients. Technical Report 30, Applied and Computational
Mathematics, California Institute of Technology, 2012.

D.B.P. Huynh, D.J. Knezevic, Y. Chen, J.S. Hesthaven, and A.T. Patera. A natural-norm successive
constraint method for inf-sup lower bounds. Computer Methods in Applied Mechanics and
Engineering, 199(29):1963-1975, 2010.

D.B.P Huynh, G. Rozza, S. Sen, and A.T. Patera. A successive constraint linear optimization
method for lower bounds of parametric coercivity and inf-sup stability constants. Comptes
Rendus Mathematique, Analyse Numérique, 345(8):473-478, 2007.

R.L.Iman. Latin hypercube sampling. John Wiley & Sons, Hoboken, NJ, 2008.

K. Ito and S.S. Ravindran. A reduced basis method for control problems governed by PDEs. In
Control and estimation of distributed parameter systems, pages 153-168. Springer, 1998.

J.D. Jakeman, R. Archibald, and D. Xiu. Characterization of discontinuities in high-dimensional
stochastic problems on adaptive sparse grids. Journal of Computational Physics, 230(10):3977-
3997, 2011.

Junseok K. Phase-field models for multi-component fluid flows. Communications in Computa-
tional Physics, 12(3):613-661, 2012.

M. Kédrcher and M. Grepl. A certified reduced basis method for parametrized elliptic optimal
control problems. Accepted in ESAIM: Control, Optimisation and Calculus of Variations, 2013.

K. Karhunen. Uber lineare methoden in der wahrscheinlichkeitsrechnung. Annales Academiae
Scientiarum Fennicae, Series A.I. Mathematica-Phys., 37:1-79, 1947.

M. Kleiber and T.D. Hien. The stochastic finite element method. John Wiley & Sons, Hoboken, NJ,
1992.

A. Klimke. Uncertainty modeling using fuzzy arithmetic and sparse grids. Universitét Stuttgart.
PhD thesis, Universitat Stuttgart, Germany, 2006.

D.J. Knezevic and J.W. Peterson. A high-performance parallel implementation of the certified
reduced basis method. Computer Methods in Applied Mechanics and Engineering, 200(13):1455—
1466, 2011.

D.P. Kouri, D. Heinkenschloos, M. Ridzal, and B.G. Van Bloemen Waanders. A trust-region
algorithm with adaptive stochastic collocation for PDE optimization under uncertainty. SIAM
Journal on Scientific Computing, 35(4):1847-1879, 2012.

K. Kunisch and S. Volkwein. Proper orthogonal decomposition for optimality systems. ESAIM:
Mathematical Modelling and Numerical Analysis, 42(1):1-23, 2008.

A. Kunoth and C. Schwab. Analytic regularity and GPC approximation for control problems
constrained by linear parametric elliptic and parabolic PDEs. ETH SAM Report, 2011.

T. Lassila, A. Manzoni, A. Quarteroni, and G. Rozza. Generalized reduced basis methods and
n-width estimates for the approximation of the solution manifold of parametric PDEs. Analysis
and Numerics of Partial Differential Equations Series: Springer INAAM Series, Vol. 4, Brezzi, E;
Colli Franzone, B; Gianazza, U.; Gilardi, G. (Eds.), 2013.

T. Lassila, A. Manzoni, and G. Rozza. On the approximation of stability factors for general
parametrized partial differential equations with a two-level affine decomposition. ESAIM: Math-
ematical Modelling and Numerical Analysis, 46:1555-1576, 2012.

207



Bibliography

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

208

T. Lassila, A. Quarteroni, and G. Rozza. A reduced basis model with parametric coupling for
fluid-structure interaction problems. SIAM Journal on Scientific Computing, 34(2):1187-1213,
2012.

T. Lassila and G. Rozza. Parametric free-form shape design with PDE models and reduced basis
method. Computer Methods in Applied Mechanics and Engineering, 199(23):1583-1592, 2010.

OP Le Maitre, OM Knio, HN Najm, and RG Ghanem. Uncertainty propagation using Wiener-Haar
expansions. Journal of Computational Physics, 197(1):28-57, 2004.

J. Li, J. Li, and D. Xiu. An efficient surrogate-based method for computing rare failure probability.
Journal of Computational Physics, 230(24):8683-8697, 2011.

J. Li and D. Xiu. Evaluation of failure probability via surrogate models. Journal of Computational
Physics, 229(23):8966-8980, 2010.

C. Lieberman, K. Willcox, and O. Ghattas. Parameter and state model reduction for large-scale
statistical inverse problems. SIAM Journal on Scientific Computing, 32(5):2523-2542, 2010.

J.L. Lions. Optimal control of systems governed by partial differential equations. Springer-Verlag,
Berlin, 1971.

M. Loeve. Probability Theory, volume II. 4th ed. Graduate Texts in Mathematics 46, Springer-
Verlag, New York, 1978.

W.L. Loh. On Latin hypercube sampling. The Annals of Statistics, 24(5):2058-2080, 1996.

G. Lube and G. Rapin. Residual-based stabilized higher-order fem for advection-dominated
problems. Computer methods in applied mechanics and engineering, 195(33):4124-4138, 2006.

X. Ma and N. Zabaras. An adaptive hierarchical sparse grid collocation algorithm for the solution
of stochastic differential equations. Journal of Computational Physics, 228(8):3084-3113, 2009.

X. Ma and N. Zabaras. An adaptive high-dimensional stochastic model representation technique
for the solution of stochastic partial differential equations. Journal of Computational Physics,
229(10):3884-3915, 2010.

Y. Maday, N.C. Nguyen, A.T. Patera, and G.S.H. Pau. A general, multipurpose interpolation
procedure: the magic points. Communications on Pure and Applied Analysis, 8(1):383-404, 2009.

Y. Maday, A.T. Patera, and G. Turinici. Global a priori convergence theory for reduced-basis
approximations of single-parameter symmetric coercive elliptic partial differential equations.
Comptes Rendus Mathematique, 335(3):289-294, 2002.

Y. Maday, A.T. Patera, and G. Turinici. A priori convergence theory for reduced-basis approxima-
tions of single-parameter elliptic partial differential equations. Journal of Scientific Computing,
17(1):437-446, 2002.

A. Manzoni. Reduced models for optimal control, shape optimization and inverse problems in
haemodynamics. PhD thesis, EPFL, Lausanne, 2012.

A. Manzoni, T. Lassila, A. Quarteroni, and G. Rozza. A reduced-order strategy for solving inverse
Bayesian shape identification problems in physiological flows. In 5th International Conference
on High Performance Scientific Computing - Modeling, Simulation and Optimization of Complex
Processes, Hanoi, Vietnam, in press, 2014. Springer Heildeberg.

A. Manzoni, A. Quarteroni, and G. Rozza. Model reduction techniques for fast blood flow simula-
tion in parametrized geometries. International Journal for Numerical Methods in Biomedical
Engineering, 28(6-7):604-625, 2012.



Bibliography

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

A.L. Marsden. Optimization in cardiovascular modeling. Annual Review of Fluid Mechanics,
46:519-546, 2014.

Y.M. Marzouk and H.N. Najm. Dimensionality reduction and polynomial chaos acceleration of
bayesian inference in inverse problems. Journal of Computational Physics, 228(6):1862-1902,
2009.

Y.M. Marzouk, H.N. Najm, and L.A. Rahn. Stochastic spectral methods for efficient bayesian
solution of inverse problems. Journal of Computational Physics, 224(2):560-586, 2007.

H.G. Matthies and A. Keese. Galerkin methods for linear and nonlinear elliptic stochastic
partial differential equations. Computer Methods in Applied Mechanics and Engineering, 194(12-
16):1295-1331, 2005.

G.J. McRae, M.A. Tatang, et al. Direct incorporation of uncertainty in chemical and environmental
engineering systems. PhD thesis, Massachusetts Institute of Technology, Cambridge, MA, US,
1995.

G. Migliorati, E Nobile, E. Von Schwerin, and R. Tempone. Approximation of quantities of interest
in stochastic PDEs by the random discrete L"2 projection on polynomial spaces. SIAM Journal
on Scientific Computing, 35(3):A1440-A1460, 2013.

B. Moore. Principal component analysis in linear systems: controllability, observability, and
model reduction. Automatic Control, IEEE Transactions on, 26(1):17-32, 1981.

E Negri. Reduced basis method for parametrized optimal control problems governed by PDEs,
Master Thesis, EPFL. 2011.

E Negri, G. Rozza, and A. Manzoni. Certified reduced basis method for parametrized optimal
control problems governed by Stokes equations. submitted, 2013.

E Negri, G. Rozza, A. Manzoni, and A. Quarteroni. Reduced basis method for parametrized
elliptic optimal control problems. SIAM Journal on Scientific Computing, 35(5):A2316-A2340,
2013.

N.C. Nguyen, G. Rozza, D.B.P. Huynh, and A.T. Patera. Reduced basis approximation and a
posteriori error estimation for parametrized parabolic PDEs; application to real-time Bayesian
parameter estimation. Biegler, Biros, Ghattas, Heinkenschloss, Keyes, Mallick, Tenorio, van
Bloemen Waanders, and Willcox, editors, Computational Methods for Large Scale Inverse Problems
and Uncertainty Quantification, John Wiley & Sons, UK, 2009.

N.C. Nguyen, G. Rozza, and A.T. Patera. Reduced basis approximation and a posteriori error
estimation for the time-dependent viscous burgers’ equation. Calcolo, 46(3):157-185, 2009.

H. Niederreiter. Quasi-Monte Carlo Methods. John Wiley & Sons, Hoboken, NJ, 1992.

E Nobile, R. Tempone, and C.G. Webster. An anisotropic sparse grid stochastic collocation
method for partial differential equations with random input data. SIAM Journal on Numerical
Analysis, 46(5):2411-2442, 2008.

E Nobile, R. Tempone, and C.G. Webster. A sparse grid stochastic collocation method for partial
differential equations with random input data. SIAM Journal on Numerical Analysis, 46(5):2309—
2345, 2008.

A K. Noor and J.M. Peters. Reduced basis technique for nonlinear analysis of structures. AIAA
Journal, 18(4):455-462, 1980.

209



Bibliography

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]
[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

210

A. Nouy. A generalized spectral decomposition technique to solve a class of linear stochastic
partial differential equations. Computer Methods in Applied Mechanics and Engineering, 196(45-
48):4521-4537, 2007.

A. Nouy. Recent developments in spectral stochastic methods for the numerical solution of
stochastic partial differential equations. Archives of Computational Methods in Engineering,
16(3):251-285, 2009.

A. Nouy. Proper generalized decompositions and separated representations for the numeri-
cal solution of high dimensional stochastic problems. Archives of Computational Methods in
Engineering, 17(4):403-434, 2010.

A. Nouy, A. Clement, E Schoefs, and N. Moés. An extended stochastic finite element method
for solving stochastic partial differential equations on random domains. Computer Methods in
Applied Mechanics and Engineering, 197(51-52):4663-4682, 2008.

J.T. Oden and S. Prudhomme. Goal-oriented error estimation and adaptivity for the finite element
method. Computers & Mathematics with Applications, 41(5):735-756, 2001.

J.T. Oden and K.S. Vemaganti. Estimation of local modeling error and goal-oriented adaptive
modeling of heterogeneous materials: I. error estimates and adaptive algorithms. Journal of
Computational Physics, 164(1):22-47, 2000.

B. @ksendal. Stochastic Differential Equations: An Introduction with Applications. Springer,
Berlin, Heidelberg, New York, 2010.

A.T. Patera and G. Rozza. Reduced basis approximation and a posteriori error estimation for
parametrized partial differential equations. Copyright MIT, http://laugustine.mit.edu, 2007.

T.N.L. Patterson. The optimum addition of points to quadrature formulae. Mathematics of
Computation, 22(104):847-856, 1968.

A. Pinkus. N-widths in Approximation Theory. Springer, Berlin, 1985.
A. Quarteroni. Numerical Models for Differential Problems. Springer, Milano, MS&A, vol. 8, 2013.

A. Quarteroni and G. Rozza. Numerical solution of parametrized Navier-Stokes equations by
reduced basis methods. Numerical Methods for Partial Differential Equations, 23(4):923-948,
2007.

A. Quarteroni, G. Rozza, and A. Manzoni. Certified reduced basis approximation for parametrized
partial differential equations and applications. Journal of Mathematics in Industry, 1(1):1-49,
2011.

A. Quarteroni, R. Sacco, and E Saleri. Numerical Mathematics. Springer, New York, 2007.

A. Quarteroni and A. Valli. Numerical Approximation of Partial Differential Equations. Springer,
Berlin and New York, 1994.

R. Rackwitz. Reliability analysis — a review and some perspectives. Structural Safety, 23(4):365—
395, 2001.

S.S. Ravindran. A reduced-order approach for optimal control of fluids using proper orthogonal
decomposition. International Journal for Numerical Methods in Fluids, 34(5):425-448, 2000.

T. Rees, H.S. Dollar, and A.J. Wathen. Optimal solvers for PDE-constrained optimization. SIAM
Journal on Scientific Computing, 32(1):271-298, 2010.



Bibliography

[169]

[170]
[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

T. Rees and A.J. Wathen. Preconditioning iterative methods for the optimal control of the Stokes
equations. SIAM Journal on Scientific Computing, 33(5):2903-2926, 2011.

E Riesz and B. Sz.-Nagy. Functional Analysis. Dover Publications, New York, 1990.
C.P. Robert and G. Casella. Monte Carlo statistical methods, volume 2. Springer, New York, 1999.

E. Rosseel and G.N. Wells. Optimal control with stochastic PDE constraints and uncertain
controls. Computer Methods in Applied Mechanics and Engineering, 213 - 216(0):152 — 167, 2012.

D.V. Rovas, L. Machiels, and Y. Maday. Reduced-basis output bound methods for parabolic
problems. IMA journal of numerical analysis, 26(3):423-445, 2006.

G. Rozza. Reduced-basis methods for elliptic equations in sub-domains with a posteriori error
bounds and adaptivity. Applied Numerical Mathematics, 55(4):403-424, 2005.

G. Rozza. Shape design by optimal flow control and reduced basis techniques: Applications to
bypass configurations in haemodynamics. PhD thesis, EPFL, Lausanne, 2005.

G. Rozza. Reduced basis methods for Stokes equations in domains with non-affine parameter
dependence. Computing and Visualization in Science, 12(1):23-35, 2009.

G. Rozza, D.B.P. Huynh, and A. Manzoni. Reduced basis approximation and a posteriori error
estimation for Stokes flows in parametrized geometries: roles of the inf-sup stability constants.
Numerische Mathematik, 125(1):1-38, 2013.

G. Rozza, D.B.P. Huynh, and A.T. Patera. Reduced basis approximation and a posteriori error
estimation for affinely parametrized elliptic coercive partial differential equations. Archives of
Computational Methods in Engineering, 15(3):229-275, 2008.

G. Rozza, A. Manzoni, and E Negri. Reduced strategies for pde-constrained optimization prob-
lems in haemodynamics. In Proceedings of the 6th European Congress on Computational Methods
in Applied Sciences and Engineering (ECCOMAS), Vienna, Austria, 2012.

G. Rozza and K. Veroy. On the stability of the reduced basis method for stokes equations in
parametrized domains. Computer methods in applied mechanics and engineering, 196(7):1244—
1260, 2007.

Y. Saad. Iterative methods for sparse linear systems, volume 620. PWS publishing company Boston,
1996.

A. Saltelli, K. Chan, and E.M. Scott. Sensitivity Analysis, volume 134. John Wiley & Sons, Hoboken,
N7J, 2000.

T.P. Sapsis and PE]J. Lermusiaux. Dynamically orthogonal field equations for continuous stochas-
tic dynamical systems. Physica D: Nonlinear Phenomena, 238(23):2347-2360, 2009.

T.P. Sapsis and PEJ. Lermusiaux. Dynamical criteria for the evolution of the stochastic dimen-
sionality in flows with uncertainty. Physica D: Nonlinear Phenomena, 241(1):60-76, 2012.

J. Schéberl and W. Zulehner. Symmetric indefinite preconditioners for saddle point problems
with applications to PDE-constrained optimization problems. SIAM Journal on Matrix Analysis
and Applications, 29(3):752-773, 2007.

W. Schoutens. Stochastic processes and orthogonal polynomials. Springer-Verlag. New York, 2000.

G.L Schuéller, H.J. Pradlwarter, and PS. Koutsourelakis. A critical appraisal of reliability esti-
mation procedures for high dimensions. Probabilistic Engineering Mechanics, 19(4):463-474,
2004.

211



Bibliography

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

212

C. Schwab and A.M. Stuart. Sparse deterministic approximation of bayesian inverse problems.
Inverse Problems, 28(4):045003, 2012.

C. Schwab and R. A. Todor. Karhunen-Loéve approximation of random fields by generalized fast
multipole methods. Journal of Computational Physics, 217(1):100-122, 2006.

C. Schwab and R.A. Todor. Sparse finite elements for elliptic problems with stochastic loading.
Numerische Mathematik, 95(4):707-734, 2003.

S.A. Smolyak. Quadrature and interpolation formulas for tensor products of certain classes of
functions. In Doklady Akademii Nauk SSSR, volume 4, pages 240-243, 1963.

I.M. Sobol. Theorems and examples on high dimensional model representation. Reliability
Engineering & System Safety, 79(2):187-193, 2003.

G. Stefanou. The stochastic finite element method: past, present and future. Computer Methods
in Applied Mechanics and Engineering, 198(9-12):1031-1051, 2009.

AM. Stuart. Inverse problems: a Bayesian perspective. Acta Numerica, 19(1):451-559, 2010.

T. Taddei, S. Perotto, and A. Quarteroni. Reduced basis techniques for nonlinear conservation
laws. MOX-Report No. 32, Politecnico di Milano, 2013.

Terence Tao and Van Vu. Random matrices: Universality of local eigenvalue statistics. Acta
Mathematica, 206(1):127-204, 2011.

H. Tiesler, R.M. Kirby, D. Xiu, and T. Preusser. Stochastic collocation for optimal control problems
with stochastic PDE constraints. SIAM Journal on Control and Optimization, 50(5):2659-2682,
2012.

R.A. Todor and C. Schwab. Convergence rates for sparse chaos approximations of elliptic prob-
lems with stochastic coefficients. IMA Journal of Numerical Analysis, 27(2):232, 2007.

L.N. Trefethen. Is Gauss quadrature better than Clenshaw-Curtis? SIAM Review, 50(1):67-87,
2008.

E Troltzsch. Optimal control of partial differential equations: theory, methods, and applications,
volume 112. American Mathematical Society, Providence, RI, 2010.

K. Urban and B. Wieland. Affine decompositions of parametric stochastic processes for ap-
plication within reduced basis methods. In Proceedings MATHMOD, 7th Vienna International
Conference on Mathematical Modelling (accepted), 2012.

J. Walsh. An introduction to stochastic partial differential equations. Ecole d’Eté de Probabilités
de Saint Flour XIV-1984, pages 265-439, 1986.

X. Wan and G.E. Karniadakis. Multi-element generalized polynomial chaos for arbitrary proba-
bility measures. SIAM Journal on Scientific Computing, 28(3):901-928, 2007.

K. Willcox and J. Peraire. Balanced model reduction via the proper orthogonal decomposition.
AIAA journal, 40(11):2323-2330, 2002.

D. Xiu. Fast numerical methods for stochastic computations: a review. Communications in
Computational Physics, 5(2-4):242-272, 2009.

D. Xiu and G. Em Karniadakis. Modeling uncertainty in steady state diffusion problems via gener-
alized polynomial chaos. Computer Methods in Applied Mechanics and Engineering, 191(43):4927-
4948, 2002.



Bibliography

[207]

[208]

[209]

[210]

[211]

[212]

D. Xiu and J.S. Hesthaven. High-order collocation methods for differential equations with random
inputs. SIAM Journal on Scientific Computing, 27(3):1118-1139, 2005.

D. Xiu and G.E. Karniadakis. The Wiener-Askey polynomial chaos for stochastic differential
equations. SIAM Journal on Scientific Computing, 24(2):619-644, 2003.

J. Xu and L. Zikatanov. Some observations on Babuska and Brezzi theories. Numerische Mathe-
matik, 94(1):195-202, 2003.

E Yamazaki. Neumann expansion for stochastic finite element analysis. Journal of Engineering
Mechanics, 114(8):1335-1354, 1988.

N. Zabaras and B. Ganapathysubramanian. A scalable framework for the solution of stochastic
inverse problems using a sparse grid collocation approach. Journal of Computational Physics,
227(9):4697-4735, 2008.

S. Zhang. Efficient greedy algorithms for successive constraints methods with high-dimensional
parameters. Brown Division of Applied Math Scientific Computing Tech Report, 23, 2011.

213






Date of Birth
Nationality
Address

Email & Phone

Homepage

Mar.11- Feb.14
Thesis:
Advisor:
Sep.09 - Feb.11
Thesis:
Advisor:
Sep.05 - Jul.09
Thesis:
Advisor:

[J9]
[J8]

[J7]

[J6]

[J5]

[J4]

Chen

Curriculum Vitae

Personal Details

November 12th, 1986

Chinese, born in Peixian, Jiangsu

EPFL-SB-MATHICSE-CMCS, Av. Piccard, Station 8, CH-1015 Lausanne, Switzerland
peng.chen@epfl.ch, +41 (0)78 9241158 (mobile), +41 (0)21 69 32733 (office)
http://cmcs.epfl.ch/people/chen

Academic Education

Ph.D. in Applied Mathematics, EPFL, Switzerland.

Model Order Reduction Techniques for Uncertainty Quantification Problems.
Prof. Alfio Quarteroni. Co-advisor: Dr. Gianluigi Rozza.

Master in Mathematical Sciences, EPFL, Switzerland.

The Lattice Boltzmann Method for Fluid Dynamics: Theory and Applications.
Prof. Alfio Quarteroni. Co-advisor: Dr. Matteo Astorino.

Bachelor in Mathematics and Applied Mathematics, XJTU, China.
Stochastic Differential Equations and Their Applications in Finance.

Prof. Jiuquan Ren.

Publications

preprint

P. Chen, A. Quarteroni. A new algorithm for high-dimensional uncertainty quantification
problems based on dimension-adaptive and reduced basis methods. Submitted, 2014

P. Chen, A. Quarteroni, G. Rozza. Multilevel and weighted reduced basis method for
stochastic optimal control problems constrained by Stokes equations. Submitted, 2013.

P. Chen, A. Quarteroni. Weighted reduced basis method for stochastic optimal control
problems with elliptic PDE constraints. To appear in SIAM/ASA Journal on Uncertainty
Quantification, 2014.

published

P. Chen, A. Quarteroni, G. Rozza. A weighted empirical interpolation method: A priori
convergence analysis and applications. ESAIM: Mathematical Modelling and Numerical
Analysis, in press, online doi: 10.1051/m2an/2013128, 2013.

P. Chen, A. Quarteroni, G. Rozza. Comparison of reduced basis and stochastic col-
location methods for elliptic problems. Journal of Scientific Computing, 59:187-216,
2014.

P. Chen, A. Quarteroni, G. Rozza. Stochastic optimal robin boundary control problems of
advection-dominated elliptic equations. SIAM Journal on Numerical Analysis, 51(5):2700-
2722, 2013.

215

last updated January 31st, 2014 1/3



216

[J3]

[J2]

[J1]

[C5]

[C4]

[C3]

[C2]

[C1]

[W5]

[W4]

[W3]

[W2]

P. Chen, A. Quarteroni. Accurate and efficient evaluation of failure probability for partial
differential equations with random input data. Computer Methods in Applied Mechanics
and Engineering, 267(0):233-260, 2013

P. Chen, A. Quarteroni, G. Rozza. Simulation-based uncertainty quantification of hu-
man arterial network hemodynamics. International Journal for Numerical Methods in
Biomedical Engineering, 29(6):698-721, 2013.

P. Chen, A. Quarteroni, G. Rozza. A weighted reduced basis method for elliptic partial
differential equation with random input data. SIAM Journal on Numerical Analysis,
51(6):3163-3185, 2013.

Conferences/Workshops/Seminars

Invited and contributed presentations in conferences and symposiums

SIAM UQ14, SIAM Conference on Uncertainty Quantification, Savannah, USA, March
31 - April 03, 2014.

Invited minisymposium talk: Weighted reduced basis method for optimal control
problems constrained by stochastic PDEs.

SIAM UQ14, SIAM Conference on Uncertainty Quantification, Savannah, USA, March
31 - April 03, 2014.

Invited minisymposium talk: Reduced basis method and several extensions for uncer-
tainty quantification problems.

DDMOPDEC 2013, Domain Decomposition Methods for Optimization with PDE
Constraints, Monte Verita, Ascona, Switzerland, 01-06, September, 2013.

Invited minisymposium talk: Weighted reduced basis method for stochastic optimal
control problems with PDE constraints.

ENUMATH 2013, European Conference on Numerical Mathematics and Advanced
Applications, EPFL, Lausanne, Switzerland, 26-30, August, 2013.

Contributed talk: A weighted reduced basis method for elliptic partial differential
equations with random input data.

MPF 2013, International Symposium on Modelling of Physiological Flows, Chia Laguna,
Italy, 11-14 June, 2013.

Contributed talk: Uncertainty quantification of human arterial system.

Invited and contributed presentations in workshops and colloquiums
NMUQ 2013, Workshop: Numerical Methods for Uncertainty Quantification, Bonn
University, Bonn, Germany, 13-17 May, 2013.

Poster presentation: Reduced basis methods for reliability analysis.

SNC 2013, Swiss Numerics Colloquium, EPFL, Lausanne, Switzerland, 05 April, 2013.
Contributed talk: Accurate and efficient evaluation of failure probability for partial
differential equations with random inputs.

WUQ 2012, Workshop on Uncertainty Quantification, ICERM, Brown University, Provi-
dence, USA, 09-13 October, 2012.

Invited poster presentation: Uncertainty quantification of human arterial network.

CECAM 2012, Workshop on Reduced Basis, POD and Reduced Order Methods for
model and computational reduction: towards real-time computing and visualization?
EPFL, Lausanne, Switzerland, 14-16 May 2012.

last updated January 31st, 2014 2/3



[Wi]

[52]

[S1]

€]

[School]

[School]

2013

2009 - 2011
2009

2008

2007

2006, 2008
2007

Invited poster presentation: Comparison of reduced basis method and stochastic
collocation method for stochastic elliptic problems.

SNC 2012, Swiss Numerics Colloquium, University of Bern, Bern, Switzerland, 13 April,
2012.

Poster presentation: Stochastic optimal Robin boundary control problems constrained
by an advection-dominated elliptic equation.
Invited seminars

SAM-ETHZ 2014, Seminar for Applied Mathematics, Swiss Federal Institute of Tech-
nology in Zurich, Zurich, 10 March, 2014.

Invited seminar: Reduced basis methods for uncertainty quantification problems.

ICMSEC 2013, The Institute of Computational Mathematics and Scientific/Engineering
Computing of Chinese Academy of Science, Beijing, 06 May, 2013.

Invited seminar: Reduced basis methods and several extensions for uncertainty quan-
tification problems.
Other attended conferences/workshops/winter and summer schools

ICCS 2012, International conference on computational sciences, on the Occasion of
Professor Benyu Guo's 70th Birthday, Shanghai Normal University, Shanghai, China,
16-20 July, 2012.

MCSE 2012, KAUST-CIMPA School in Applied Mathematics on Uncertainty Quantifi-
cation, KAUST, Saudi-Arabia, 04-12 January, 2012.

RISM 2011, Riemann International School of Mathematics, Multiphase and Multiphysics
Problems, Verbania, Italy, 25-30 September, 2011.

Honours and Awards

SIAM Student Travel Award

EPFL Excellence Fellowships.

Excellent Student of Xi'an Jiaotong University.

Meritorious Winner of Mathematical Contest in Modeling, SIAM.

First Prize of China Undergraduate Mathematical Contest in Modeling, CSIAM.
First Class National Scholarship, Ministry of Education, China.

Kang PENG (President) Scholarship, Xi'an Jiaotong University, China.

217
last updated January 31st, 2014 3/3



	Cover page

	Acknowledgements
	Preface
	Abstract (English/Français)
	Contents

	Introduction

	Preliminary

	I Forward Uncertainty Quantification Problems: Challenges and Solutions
	Comparison of stochastic collocation and reduced basis methods
	Benchmark model
	Stochastic collocation method
	Univariate interpolation
	Multivariate tensor product interpolation
	Sparse grid interpolation

	Reduced basis method
	Training set
	Greedy algorithm
	A posteriori error estimate
	Offline-online computational decomposition

	Comparison of convergence analysis
	Preliminary comparison of convergence results
	Direct comparison of approximation errors

	Comparison of computational costs
	Numerical experiments
	Numerical experiments for a univariate problem
	Numerical experiments for multivariate problems
	Numerical experiments for higher dimensional problems

	Summary

	A weighted reduced basis method for arbitrary probability measures
	A weighted reduced basis method
	Regularity and a priori error estimates
	Regularity results
	A priori convergence analysis

	Numerical examples
	One-dimensional problem
	Multidimensional problem

	Summary

	Decomposition of nonaffine fields – a weighted empirical interpolation
	Weighted empirical interpolation method (wEIM)
	A priori convergence analysis
	Numerical experiments
	Parametric function in one dimension – geometric Brownian motion
	Parametric function in multiple dimensions – Karhunen–Loève expansion
	Parametric PDEs – application to the reduced basis method

	Summary

	Hybrid and goal-oriented adaptive reduced basis methods for risk analysis
	Problem statement
	Reduced basis methods for evaluation of failure probability
	The reduced basis method
	A hybrid reduced basis method
	A goal-oriented adaptive reduced basis method
	Remarks on approximation error and computational cost

	Extension to more general PDE models
	Noncompliant problems
	Unsteady problems
	Nonaffine problems

	Numerical experiments
	Benchmark models
	Noncompliant problems
	Unsteady problems
	Nonaffine problems

	Summary

	Breaking the curse of dimensionality – sparsity and reducibility
	High-dimensional uncertainty quantification
	Formulation of UQ problems
	Computational challenges

	Verified dimension adaptive hierarchical approximation
	Hierarchical interpolation and integration in one dimension
	Hierarchical Smolyak sparse grid in multiple dimensions
	Dimension adaptation for high-dimensional problems
	Comparison remarks

	Adaptive and weighted reduced basis method
	Numerical experiments
	Hierarchical construction with verification
	Sobol functions featuring strong interaction
	Approximation with arbitrary probability measure
	High-dimensional functions featuring sparsity
	Heat diffusion in thermal blocks
	Groundwater flow through porous medium

	Summary


	II Analyses and Fast Solvers for Stochastic Optimal Control Problems
	Stochastic elliptic optimal boundary control with random advection field
	Stochastic Robin boundary control problem
	Problem definition
	Stochastic saddle point formulation

	Stochastic regularity
	Approximation and error estimates
	Finite element approximation in physical space
	Collocation approximation in stochastic space
	Convergence for approximating stochastic optimal control problem

	Numerical results
	Summary

	Reduced basis method for stochastic elliptic optimal control problems
	Problem statement
	Constrained optimal control problems

	Saddle point formulation
	Stochastic optimality system
	Saddle point formulation

	Numerical approximation
	Finite element method
	Weighted reduced basis method

	Numerical tests
	One-dimensional problems
	Moderate-dimensional problems
	High-dimensional problems

	Summary

	Stochastic optimal control problem constrained by Stokes equations
	Problem statement
	Stochastic Stokes equations
	Finite dimensional assumption
	Constrained optimal control problem

	Saddle point formulation
	Optimality system
	Saddle point formulation
	Equivalence, uniqueness and stability estimates

	Stochastic regularity
	Numerical approximation
	Multilevel and weighted reduced basis method
	Reduced basis approximation
	A multilevel greedy algorithm
	A weighted a posteriori error bound
	Offline-online decomposition

	Error estimates
	Finite element approximation error
	Global error estimate

	Numerical experiments
	Isotropic case
	Anisotropic case

	Summary

	Conclusions and Perspectives

	Bibliography
	Curriculum Vitae




