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Abstract

Electronic structure problems in solids usually involve repetitive determination of quantities of in-
terest, evaluation of which requires the solution of an underlying partial differential equation. We
present in this thesis the application of the reduced basis method in accurate and rapid evaluations
of outputs associated with some nonlinear eigenvalue problems related to electronic structure cal-
culations. The reduced basis method provides a systematic procedure by which efficient basis sets
and computational strategies can be constructed. The essential ingredients are (i) rapidly conver-
gent global reduced basis approximation spaces; (i¢) an offline-online computational procedure to
decouple the generation and projection stages of the approximation process; and (%) inexpensive
a posteriori error estimation procedure for outputs of interest.

We first propose two strategies by which we can construct efficient reduced basis approximations
for vectorial eigensolutions — solutions consisting of several eigenvectors. The first strategy exploits
the optimality of the Galerkin procedure to find a solution in the span of all eigenvectors at N
judiciously chosen samples in the parameter space. The second strategy determines a solution in
the span of N vectorial basis functions that are pre-processed to better represent the smoothness
of the solution manifold induced by the parametric dependence of the solutions. We deduce from
numerical results conditions in which these approximations are rapidly convergent.

For linear eigenvalue problems, we construct a posteriori asymptotic error estimators for our
reduced basis approximations — extensions on existing work in algebraic eigenvalue problems. We
further construct efficient error estimation procedures that allow efficient construction of reduced
basis spaces based on the “greedy” sampling procedure. We extend our methods to nonlinear
eigenvalue problems, utilizing the empirical interpolation method. We also provide a more efficient
construction procedure for the empirical interpolation method.

Finally, we apply our methods to two problems in electronic structure calculations — band
structure calculations and electronic ground state calculations. Band structure calculations involve
approximations of linear eigenvalue problems; we demonstrate the applicability of our methods
in the many query limit with several examples related to determination of spectral properties of
crystalline solids. Electronic ground state energy calculations based on Density Functional Theory
involve approximations of nonlinear eigenvalue problems; we demonstrate the potential of our
methods within the context of geometry optimization.
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Chapter 1

Introduction

1.1 Motivation

Quantum simulation provides a mean by which material behavior — ranging from microscopic
properties describing the atom-atom interaction to macroscopic properties characterizing a bulk
material — can be determined from ab-initio theoretical models. Traditionally an interpretative
science, it has developed into an accurate, predictive tool widely used by engineers and scientists
in the design of new materials [30, 88). This advancement is fueled by recent theoretical advances,
the vast expansion of computing resources, and the widespread availability of quantum simulation

codes. Increasingly more complex systems can now be solved.

In these simulations, we usually need to repetitively determine certain outputs of interest, s,
given an input parameter u € D where D € RY is the parameter space in which our input u
varies. However, these outputs are usually functionals of a field variable u(u) obtained by solving
the underlying u-parameterized partial differential equation (PDE) derived from physical models.
A model behavior is then encapsulated in an input-output relation, the evaluation of which re-
quires solution of the underlying PDE. In electronic structure calculations for example, we may be
interested in determining the ground state energy (the output s(y)) of a crystal structure given a
lattice constant (the input ). To determine this energy, we must first determine the electron wave-
functions (the field variable u(p)) based on quantum models derived from (say) Density Functional

Theory.

In practice, the solution u(u) is usually obtained through a discretization procedure such as a

19



finite dimensional Galerkin approximation since a closed-form analytical form is usually not avail-
able. Some computational chemistry problems afford very efficient approximations. For molecular
systems in gas or liquid phase, the use of optimized atom-centered basis sets leads to small discrete
algebraic problems which can then be solved efficiently. In solid state simulation, the planewave
method, coupled with the pseudopotential method, is also particularly efficient. However, when we
are dealing with more general problems or when we desire higher accuracy, the use of numerical
methods based on more generic approximation spaces, such as the planewave method, the finite
difference method and the finite element method, may be necessary. This leads to a large dis-
crete algebraic system of which the solution can be computationally intensive, and in some cases,

impractical within the many query context we are interested in.

Our goal is to develop reduced basis methods that permit the efficient evaluation of this PDE-
induced input-output relation encountered in computational chemistry, especially in the many-
query limit. This can be very useful in many applications. For example, molecular dynamics
simulations can attain its full predictive potential through the use of a low-order ab initio model
— the use of an empirical model or an interpolation of empirical data requires extensive prior
knowledge of the problem being solved [77]. In multiscale and multiphysics simulations, or the
computational material design, the rapid evaluation of the input-output relation allows efficient
coupling with other components in the simulation {80, 112]. In design of nanostructures, a low-
order model will allow the rapid evaluation of the dielectric response which is a function of both
frequency and physical space [50, 117]. We shall describe two specific examples to further motivate

our methods and the context in which they are applied.

1.1.1 Band Structure Calculations

The first application involves the study of the Schrédinger operator H = —A + Vg where Vg is a
periodic function such that Veg(x) = Veg(x+R) for all Bravais lattice vector {R; € R3,1 < i < 3}.
From the Bloch theorem (see, for example [3, 61] or Section 5.2.1 of this thesis), the eigenstates of
the H, given by {#;, 1 <1 < np}, have the periodicity of the Bravais lattice:

Pi(x; k) = e*ui(x; k), (11)
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where n; is the number of states we are interested in, u;(x + R;k) = u;(x;k), and wave vector
k defines the translational symmetry of the periodic potential and lies in the first Brillouin zone
of the periodic structure. This leads to an equivalent parameterized eigenvalue problem: we find

ui{ - ;k), 1 <i < np and E;(k), 1 <i < np such that

(—;-A —ik+ %|k|2 + Veﬁ) ui(x;k) = Ei(kui(x;k), 1<1i<ny,

/ ui(x; K)ui(xk) = 65, 1<i<j<my, (1.2)
Q

where ) € R3 is the physical domain of our unit cell. We are thus interested in how energy levels
E;(k), 1 <1 < ny varies with k.

This is considered one of the most important calculations in solid state physics. The number of
k-points at which (1.2) must be evaluated, denoted by ny, depends on the quantity and the physical
system we are interested in. In some cases, n; can be very small. For example, in determining
electron densities in semiconductors, only several k-points are sufficient — to obtain an accuracy
of 1% (relative to some “truth” calculations based on larger my), [26] uses only 3 k-points for
HgTe and CdTe crystals; and [28] uses only 2 k-points for C, Si and Ge crystals. In this thesis,
we deal with cases where we must solve (1.2) at a large number of k-points. For example, to
accurately determine the density of states and related optical quantities of crystals such as the
Fermi level and the dielectric function, we must evaluate the band energies, E;(k) at large number
of k-points — ny, of O(103) are routinely used. In some extreme cases, such as the determination
of the anomalous Hall conductivity [116], solutions at millions of k-points are required in order to
achieve a reasonable accuracy. Another application which requires solutions at many k-points is
the charge transport problem. Here, we must efficiently calculate scattering rates of thousands of
charge carriers, each in a different k-state. This must be repeated many times for the duration
of the monte carlo simulation. Based on these examples, it is clear that an accurate and efficient

numerical method for band structure calculations is clearly desirable.

1.1.2 Electronic Ground State Energy Calculations

For our second application, we are interested in determining the electronic ground state energy

of a molecular system. This is central to all quantum chemistry calculations, including excited
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states predictions, linear response theory calculations, conformation determinations and ab initio
molecular dynamics simulations. For example, given a set of parameters u of a crystalline solid,
such as the locations of nuclei and geometric properties of the unit cell, we would like to determine
the ground state energy of the crystalline solid, £(u).

To determine £(u) exactly, we need to solve the full Schrédinger equation, intractable for almost
all real size cases. Approximation models are thus usually used in computational chemistry, of
which the two main categories are Hartree-Fock (HF) type models [18, 111] and Density Functional
Theory (DFT) type models [18, 32, 90]. They both involve solving a non-quadratic constrained
minimization problem. In practice, we usually solve the associated Euler Lagrange equation, which
is a nonlinear eigenvalue problem. An iterative procedure must then be used to obtain a solution
— Self Consistent Field (SCF) schemes, outlined in Section 1.2, are most widely used today.

However, even with the above approximation, the computational cost of determining £(y) is still
significant. In geometry optimization or ab initio molecular dynamics calculations, the nonlinear
eigenvalue problem must be solved many times. In addition, within each iteration in a SCF scheme,
we must solve a linear eigenvalue problem. Clearly, an efficient numerical method for nonlinear
eigenvalue problem can greatly facilitate any quantum calculation.

We note that the methodologies, which we will describe in Section 1.3.1, are built upon solutions
at several judiciously selected u-points. Thus, they are general, and thus not restricted to either
HF models or DFT models. They can very well be applicable to the full Schrédinger equation,

provided we are able to obtain solutions to the full Schrédinger equation first.

1.2 Some Existing Methods

Here, we give a brief description of methods commonly used to solve eigenvalue problems encoun-
tered in computational chemistry problems. All methods involve first choosing an appropriate finite
dimensional approximation space, followed by a solution method that solves the resulting algebraic
eigenvalue problem. There exists many software packages that solve computational chemistry prob-
lems, each with a different solution strategy. Two examples of codes relevant to electronic structure
calculations of extended systems are ABINIT [43] and PWSCF [6]. In subsequent chapters, we will
occasionally invoke ABINIT when we discuss how the methodological details used in ABINIT affect

methods we propose in this thesis.
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1.2.1 Approximation Spaces

Since a close-form analytical solution is usually not available, an approximate solution to the
eigenvalue problem must then be determined. This is usually achieved through an introduction of
a finite dimensional approximation space Y = span {¢;,1 < i < N}, where A is the dimension

of Y. We then approximate the exact solution by a linear combination of the basis functions ¢;:

N

Z Cidi- (1.3)

i=1
The set {¢i,1 < i < N} is known as the basis set. We can define an appropriate basis set in a
variety of ways, depending on problems at hand. Within the computational chemistry community
however, the quest for a small basis set is extreme, driven by the need to minimize computational
cost in the early days of computational chemistry when computing resources are scarce. Repro-
ducibility of experimental results using the smallest number of basis functions trumps the need for
proper numerical analysis. Within the class of local basis sets, this usually leads to a plethora of
efficient, problem-dependent basis sets that frequently do not admit rigorous convergence analy-
sis [31]. However, as computing resources become more widely available, more general basis sets
with better convergence properties are increasingly used. We now describe the two main categories

of basis sets — local basis sets and general basis sets — in greater details.

Local basis sets

Local basis sets are basis functions that are well localized to nucleus sites of a molecular system.
They afford an efficient representation of solutions to an isolated molecular system since the wave-
functions of an isolated system are usually localized to regions close to nuclei and vanishingly small
in regions far from nuclei. An early example is the Slater-type orbital (STO), given in cartesian

coordinates by [35]
rty™" exp(—Cim,nT), (1.4)

where | € N, m € N, and m € N are quantum numbers; (, is a “tunable” parameter that
depends on I, m and n; and r = /22 + y2+ 22. The STOs are solutions to hydrogenoic-like
problem. However, due to the dependence of the exponential term on r, the evaluation of integrals

involving STOs is tedious.
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This leads to the introduction of the Gaussian-type orbital (GTO) of the form [35]
z'y™ 2" exp(—Cmnt?). (1.5)

Here, the r2 dependence in the exponential term allows integrals involving GTO to be evaluated
much more efficiently. In particular, for Hartree Fock models, computational complexity of the

bielectronic integral in the exchange term can be reduced! from O(N*) to O(NZ7) [18].

However, as these basis functions are mathematical construct, the number of GTOs required
to achieve a certain accuracy is normally larger than an approximation based on STOs. There are
several ways we can improve the efficiency of an approximation based on GTOs. First, we can find
an optimal set of {; ;, » that minimizes the number of GTOs required to satisfy some criteria, e.g.,
the lowest energy [95]. Second, we can contract the GTOs into a smaller set of orbitals that better
represent wavefunction solutions from atomic calculations — the combined set of GTOs is now the
new basis set, thus reducing the dimension of the resulting algebraic system of equations. Third,
since we usually perform the above optimization procedures in an atomic setting, GTOs must be
further facilitated with polarization functions to describe the distortion of the atomic orbitals in
a molecular environment. In practice, common users do not usually perform these optimization
steps; instead they choose one of many pre-optimized basis sets available in the literature and use

them in their simulations [121].

It is clear that the efficiency of GTO comes at a tremendous price. First, the optimization
procedure is usually nonlinear — if the number of optimization parameters considered is large,
finding an optimal solution becomes increasingly more difficult. Second, when existing optimized
basis sets are used, their flexibility can be limiting, since they do not provide uniform description
of atoms and molecules and their properties — a particular optimized basis set was optimized in a
specific environment with respect to a specific property. Third, as optimized basis sets are usually
obtained in an ad-hoc manner with reliance on physical intuition, performing convergence analysis
on these basis sets is not straightforward. As such, there is no simple way to evaluate a priori
the performance of a particular basis set for a particular problem; selection of the right basis set

frequently relies on prior knowledge and making an educated guess [118, 119]. Due to these reasons,

!An O(N) can also be achieved with linear scaling algorithms based on Greengard and Rokhlin Fast Multipole
Method [18].
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the basis set used is also frequently considered as an integral part of the model [31].

While the use of more generic GTOs alleviates some of the issues identified in previous para-
graph, it is accompanied by an increase in the computational cost. In addition, local basis sets are
in general not suited for molecular dynamics simulations where nuclei move. This is because with
local basis sets, basis functions must be recomputed with each change in locations of nuclei. In
addition, the computation of ionic forces will require determining derivatives of basis functions, and

integrals involving these derivatives — a process that can be very computationally expensive [48].

General basis sets

Optimized local basis sets can indeed be very efficient when applied to isolated molecular systems
of which the nuclei configuration is fixed. However, this is only achieved if the correct basis set
is used, perhaps chosen based on our experience with similar systems. Otherwise, for less defined
problems, and for systems where the nuclei move, general basis sets may be more appropriate.
The most common basis set under this category is the Fourier basis set. They are particularly
efficient for domains with periodic boundary conditions. For isolated systems, finite difference
methods [33] and finite element methods [91] are increasingly used. With finite difference methods,
the physical domain is divided into a grid, and solutions are found on this grid. On the other hand,
finite element basis functions consist of piecewise polynomials over the physical domain. Unlike

finite difference method, finite element method is variational.

General basis sets usually allow systematic convergence analysis, and provide an uniform de-
scription of the atoms and molecules and their properties. In addition, as these general basis sets
are independent of locations of nuclei (assuming we are not employing adaptive meshing during
implementation of finite difference methods and finite element methods), evaluation of ionic forces
acting on the nuclei is straightforward with Hellmann-Feynman theorem [37]. Finite difference
methods and finite element methods are also capable of handling complex geometries, making
them well-suited to study of nanostructures [34].

However, as these generic basis functions do not usually bear any resemblance to the actual
solutions, large number of basis functions is required to achieve a comparable level of accuracy when
compared to local basis sets. In particular, to approximate wavefunctions near nucleus regions, very

fine resolution is required. The resulting discrete problem is usually too large for use in the many-
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query context. In addition, with HF models, the evaluation of the bielectronic integral with finite
elements method planewave method will scales as O(N*), where NV is the number of basis functions.
Since DFT models do not involve a bielectronic integral, general basis sets can be efficiently used

to solve DFT models — the computational cost will not suffer from a O(N*) dependence.

1.2.2 Solution Methods

The introduction of a finite basis set, as described in Section 1.2.1, usually leads to an algebraic
eigenvalue problem. When this eigenvalue problem is linear, it can be solved efficiently based on
several existing algorithms — since resulting matrices will typically be Hermitian and sparse, the
Lanczos method, the implicitly restarted Lanczos method and the Jacobi-Davidson method are
most common used [4]. In particular, the implicitly restarted Lanczos method is implemented in
the widely used software package ARPACK [69].

However, with ab initio quantum models such as those based on Hartree Fock Theory and
Density Functional Theory, we usually obtain nonlinear algebraic eigenvalue problems. The preva-
lent technique to handle this type of problems is the Self-Consistent Field (SCF) scheme. Several
strategies exist in the implementation of the SCF scheme [18] and can be divided into three groups:
(4) fixed point algorithms [100, 106, 107]; (4) direct minimization methods [93]; and (4i) relaxed
constrained algorithms [17, 19]. In this thesis, we will primarily use the Roothaan algorithm [106],
one of the earliest fixed point algorithm used in the SCF scheme. We will also be using Newton
iterative scheme to solve nonlinear eigenvalue problems encountered in this thesis. Further details

are given in Section 4.2.2.

1.3 Computational Challenges/Thesis Objectives

The previous sections provide a background on which we shall state the challenges we hope to
address in this thesis. The problems we would like to solve have the following characteristics. First,
the governing equations encountered in problems we consider are eigenvalue equations (linear and
nonlinear) whose solutions depend on parameters characterizing these problems. Second, we are
interested in finding approximation to not just a single eigenstate, but multiple eigenstates. The
solutions are thus vectorial in nature. Third, a typical calculation will require repetitive evaluation

of an input-output relation s(u), for many different sets of . The numerical methods used for such
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evaluations must then be efficient and accurate in the many-query limit.

Existing numerical methods in computational chemistry achieve high efficiency through problem-
specific basis sets. However, they have poor transferability from one problem to another. Construc-
tion of these efficient basis sets is also time-consuming, ad-hoc, and dependent on existing physical
insights on the problem. The alternative, use of general basis sets, is expensive and prohibitive in
the many-query context.

The primary objective of this thesis is to develop computational methods that permit accu-
rate, and rapid evaluation of input-output relationships induced by eigenvalue equations in the
limit of many gqueries. We seek to develop general techniques that systematically create efficient,
problem-specific basis sets that have controllable convergence property. In particular, we desire
techniques that provide (i) accurate approximation of relevant outputs of interest; (%) inexpensive
error estimator for the approximation; and (#) a computational framework which allows rapid
online calculation of the output approximation and associated error estimator.

Our second objective is the application of the computational methods developed to problems
where significant gain in efficiency over existing methods can be achieved. In particular, we seek
to use these techniques to solve representative problems in solid state calculations which involve
repetitive evaluations of input-output relations and underlying eigenvalue problems. To achieve

these goals, we pursue the reduced basis method.

1.3.1 Earlier Work on Reduced Basis Method

The reduced basis method recognizes that the field solution u(u) resides on a very low-dimensional
manifold induced by the parameteric dependence. Furthermore, the field variable u(y) will often be
quite regular in y — the parametrically induced manifold is smooth — even when the field variable
enjoys only limited regularity with respect to the spatial coordinate. The smoothness property can
be deduced from the equation for the sensitivity derivatives; the stability and continuity properties
of the partial differential operator are crucial. Clearly the latter are delicate matters in the context of
eigenvalue problems. We will elaborate further issues related to sensitivity analysis in Section 2.3.2
and 2.3.7. The reduced basis method thus exploits dimension reduction afforded by the low-
dimensional and smooth parametrically induced solution manifold. More precisely, rather than

general basis sets consisting of, say, Fourier basis functions or finite element basis functions, the

27



basis set consists of solutions of the partial differential equation at N selected parameter points
i, 1 <4 < N. Then, the set of all solutions u(p) as p varies can be approximated very well by its
projection on a finite and low dimensional vector space spanned by the u(y;): for sufficiently well
chosen p;, there exist coefficients ¢;(¢),1 < ¢ < N such that the finite sum Efil ciu(p) is very

close to u(p) for any p.

Reduced basis methods were first introduced in the late 1970s to fulfill the need for more efficient
parameter continuation methods in the context of nonlinear structural analysis [2, 85]. They are
subsequently abstracted, analyzed, and extended to a much larger class of parameterized partial
differential equations [9, 36, 67, 84, 86, 98, 104, 105], and a variety of reduced basis approximation
spaces [97, 53]. Reduced basis methods are also used in solving Navier-Stokes equations and fluid

dynamics problems [47, 52, 53, 54, 55, 94].

In these early methods, the approximation spaces are local in parameter space. This was due to
context in which reduced basis methods were developed, and the absence of a posteriori error esti-
mators and effective sampling procedures. In the more recent past the reduced basis approach and
in particular associated a posteriori error estimation procedures have been successfully developed
for (i) linear elliptic and parabolic PDEs that are affine in the parameter [45, 71, 75, 99] ; (i) el-
liptic PDEs that are at most quadratically nonlinear in the first argument [82, 114, 115]; and (%)
general nonaffine PDEs [8, 44]. In these cases a very efficient offline-online computational strategy
can be developed. The operation count for the online stage — in which, given a new parameter
value, we calculate the reduced basis output and associated error bound — is independent of N,

the dimension of the underlying “truth” approximation.

Application of reduced-basis method to linear eigenvalue equations have also been examined
previously. In [71], reduced basis approximation and rigorous a posteriori error bounds are de-
veloped for the approximation of the first eigenvalue. This thesis extends the theory to include
evaluations of multiple eigensolutions and nonlinear eigenvalue problems. In particular, the em-
phasis is on applications of the method to computational chemistry problems where the underlying
PDEs do not have the same nice structure that allows us to apply the methodology developed in
earlier works: (i) the equations can contain both non-affine terms and also very nasty nonlinear
terms, for example associated with an exchange-correlation term; (i) the solution sought is not

scalar — for each u, we look for a set of eigensolutions; and (#ii) the parameterizations of the

28



PDEs can be complex, for example due to a set of moving nuclei and periodic boundary conditions.
In fact, the above three issues are the main difficulties faced by any numerical approximation of
the PDEs obtained in computational chemistry and are the deciding factors when determining the

appropriate numerical approach to employ.

1.4 Scope

1.4.1 Thesis contribution

In this thesis, we have developed reduced basis techniques for eigenvalue problems, in particular

those encountered in computational chemistry. Contributions are made in several areas.

Approximation spaces

Constructing an efficient reduced basis space for a vectorial solution consisting of multiple eigenvec-
tors is nontrivial. The bases in the eigensubspaces that we are approximating can have complicated,
nonsmooth variations with the parameter of interest due to behavior of the problem examined and
the eigensolver used to solve the problem. This may mask the actual smoothness in the variation
of eigensubspaces with respect to the parameter.

We present two approaches by which we can construct a suitable reduced basis approxima-
tion space for vectorial eigensolutions. The first approach, denoted as the augmented reduced basis
space, circumvents the difficulties outlined in the previous paragraph by taking the span of all eigen-
vectors at all sample points. Galerkin procedure then finds the best approximation in this enlarged
reduced basis space, thus the term “augmented”. Numerical results show that this approximation
space is rapidly convergent for all problems examined.

In the second approach, denoted as the vectorial reduced basis space, we pre-process the ba-
sis such that resulting bases are more representative of the actual parametric smoothness of the
eigensubspaces. Complexity of the pre-processing procedure required is dependent on the problem
examined. Except for the full band structure calculation problem where variation of eigenvectors
with the parameter considered is exceedingly rich, current implementations of the pre-processing
procedures are adequate and lead to rapidly convergent vectorial reduced basis spaces. Further-

more, we can exploit the inherent orthogonality property of the vectorial reduced basis space to
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omit orthogonality constraints from our reduced basis formulation, and yet obtain a solution that
approximately satisfies these omitted orthogonality constraints. Nevertheless, the omission of the
orthogonality constraints implies that the problem we solve in the reduced basis approximation
differ from the original problem — this implies that any solution we obtain only approximately

satisfies the original problem. This is further elaborated in Section 2.3.5.

A posteriori error estimation

For linear eigenvalue problem, we facilitate our reduced basis approximation with a posteriori
asymptotic error bounds. In addition, the error estimation procedure admits an efficient offline-
online computational decomposition, leading to rapid estimations of errors in both the augmented
reduced basis approximation and the vectorial reduced basis approximation. This procedure is fur-
ther incorporated into an adaptive sampling procedure [71, 82, 99] to allow the efficient construction

of rapidly convergent reduced basis spaces.

Nonlinear eigenvalue problem

We extend the reduced basis method to eigenvalue problem with highly nonlinear terms. We
employ the empirical interpolation method introduced in [8, 44] to approximate these nonlinear
terms. We also introduce an alternative construction procedure for the empirical interpolation
method. We then construct an offline-online computational procedure which remains efficient even

in the presence of these nonlinear terms.

Computational chemistry

We examine applications of reduced basis methods in computational chemistry problems, first re-
ported in [21]. In particular, we demonstrate the applicability of reduced basis methods in band
structure calculations based on empirical pseudopotential models, and ground state energy cal-
culations of crystalline solids based on Density Functional Theory. The parameterization of the
problems solved are admittedly simple — it is either apparent by inspection or obtained through a
simple linear geometric mapping. More complex parameterization, in particularly the parameteri-

zation of moving nuclei, is not considered in this thesis.
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1.4.2 Thesis outline

In Chapter 2, we summarize the reduced basis method formulation and associated a posteriori error
estimation for linear eigenvalue problem. In particular, we introduce specific ideas on construction
of efficient approximation spaces for vectorial solutions and describe the resulting approximation,
the computational procedure, and the efficient evaluation of a posteriori error estimators. We use

an quantum harmonic oscillator problem as a numerical example.

In preparation for the treatment of nonlinear eigenvalue problems, we describe briefly the empir-
ical interpolation procedure for parametric field in Chapter 3. This is followed by the approximation
of a generic nonlinear eigenvalue problem to demonstrate how nonlinear and nonaffine terms typi-

cally encountered in quantum models can be handled within the reduced basis framework.

We then apply the methods developed in previous chapters to problems in solid state physics. In
Chapter 5, the reduced basis approximation of a Hamiltonian equation with a periodic background
potential allows us to efficiently determine spectral properties of crystalline solids. In Chapter 6
and 7, we look at the reduced basis approximation of Kohn Sham equations, the workhorse of
Density Functional Theory. We first study the reduced basis approximation of one dimensional
Kohn Sham equations in Chapter 6 to fully identify all the ingredients required for the full treatment

of three dimensional Kohn Sham equations, described in Chapter 7.

Finally, in Chapter 8, we summarize our work and conclude with some suggestions for future

work.
1.5 Units
We will work in atomic units (a.u.) — dimensionless units — throughout this thesis. Frequently

however, we may encounter other types of units in the literature. We summarize the conversion
between different units in Table 1.1 — the designations and the symbols are the commonly used
names and symbols for the atomic units. In addition, all equations in this thesis are written in the

dimensionless form. For example, a Schrédinger operator written as

2
2me,

A+ Veg (1.6)
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Quantity Atomic unit | Designation | Symbol Other units
length 1 Bohr radius ao 0.529177249 angstrom
5.291772108E-11 m
mass 1 electron mass Me 9.1093897E-31 kg
energy 1 Hartree E; 27.2113961 eV
4.35974417E-18 J
charge 1 electron charge e 1.60217653E-19 C
angular momentum 1 Dirac constant k 1.05457168E-34 J

Table 1.1: Conversion between atomic units of several quantities of interest and other commonly
used units in literature.

in the S.I. units is given as

—=A+ Vg (L.7)

in the atomic units.
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Chapter 2

Linear Eigenvalue Problem

2.1 Introduction

The goal of this chapter is twofold. First, we give the rational behind the reduced basis method
and describe the ingredients required to adequately treat an linear eigenvalue problem by the
reduced basis method — the construction of the approximation space based on solutions of an
linear eigenvalue problem at judiciously chosen parameter points; the exploitation of the affine
parameter dependence property of functionals in the efficient offline-online computational strategy;
and the construction of an optimal parameter sample set through the “greedy” sampling procedure
based on a posteriori error estimators. Second, we extend the methodology developed in [71] to
problems involving many eigenvalues and eigenvectors. We introduce and compare two approaches
to constructing efficient reduced basis approximation spaces for vectorial solutions — solutions

consisting of several eigenvectors.

To better explain some of the concepts in the reduced basis method, we introduce a simple
numerical example — we will look at the reduced basis approximation of a harmonic oscillator
equation. In spite of its simplicity, the harmonic oscillator equation governs a large number of
systems in physics. In particular, harmonic oscillator equation is commonly encountered in the
study of physical systems in their neighborhood of stable equilibrium positions — such as, vibrations

of atoms of a molecule or a crystalline lattice.
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2.2 Abstract Formulation

2.2.1 Problem Statement

Given two Hilbert spaces X and Y where X = L%(2) and H3(Q) C Y C HY(R), we consider the

following linear eigenvalue problem: given any p € D, we are interested in finding A(u) where

(@) = (wr (), -+« Uny (1)) A1) = A1(1)y -+ 5 Any (1)) € Y™ x R™ satisfies

a(ui(p), vip) = M(pm(ui(p),v), YweY, 1<i<ny,

mui(),us() = Gy, 1<i<j<n 2.1)

Here, n; is the number of eigensolutions we are interested in; A;(p) < Aa(p) < ... < Ay, (1) where
A1(p) is the smallest eigenvalue; D C Ry is our parameter domain; and §? a bounded domain in R.

In addition, we require a(w, v; 4) and m{w,v) to be continuous

a(w,v;) < Yalwlyllvlly, Yw,vCY, (2.2)
m(w,v) < mlwlxllvlx, Yw,vCX; (2.3)
coercive
o alw, wip)
0< = inf ————, (2.4)
wey  |w|?
0<ap= inf m(w, w). (2.5)

weX Juwlk

and symmetric, a(w,v;p) = a(v,w;p), Yo,w C Y, and m(w,v) = m(v,w), Yv,w C X. Since
a( -, -;p) and m( -, - ) are symmetric, we expect the eigenvalues to be real. Furthermore, since

a( -, -;u) and m( -, - ) are real, the eigenvectors are real as well.

Since we work with self-adjoint operators in this chapter (as well as in subsequent chapters), we
do not distinguish between the algebraic multiplicity and the geometry multiplicity. We thus define
multiplicity of an eigenvalue A;(p) by dim ({v| a(v,v; ) = Xi(p)m(v,v)}). Then, the eigensubspace
associated with X;(u) is given by span{v| a(v,v;p) = Ai(p)m(v,v)}. If multiplicity of A;(p) is 1,

then the corresponding eigenvector w;() is unique up to multiplication by a scalar.
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2.2.2 Affine Parameter Dependence

We will further assume the functional a( -, -; ) exhibits the affine parameter dependence property,

i.e. a(w,v; i) can be expressed as

a(w,v;p) = i O4(1) ag(w,v), YweY, WweY, (2.6)
g=1

for some finite Q where ©, : D — R, 1 < ¢ < @, are smooth parameter-dependent functions, and
the aq(w,v) : Y xY — R,1 < ¢ < @, are parameter-independent continuous bilinear forms. We
note that ©,4(u), 1 < ¢ < Q will usually simple algebraic expressions that can be readily evaluated
in O(1) operations. We will exploit this property in formulating an efficient computational strategy

in Section 2.3.4.
For the current problem, the functional m( -, ) does not depend on y. Certainly, we can
generalize the problem such that m is now a function of u as well; then we will also require m to

exhibit the affine parameter dependence property.

2.2.3 “Truth” Approximation

A closed form solution to a partial differential equation is, in general, not available. More often
than not, discretization methods, such as the finite element method and the planewave method,
are employed to obtain a numerical approximation to the exact solution. For this purpose, we
introduce a conforming approximation space YN C Y of dimension dim(YN )= N and associate
with this space a complete set of basis functions 4%‘/ € YN, 1<k < N. The inner product and the

norm associated with YV are inherited from Y

(w,v)yy = (w,v)y, Vw,ve¥V, (2.7)

lwllyry = |lwlly, YweY?. (2.8)

Certainly our stability and continuity conditions hold since YV C Y

IA

a(w, v; ) Y lwlywlvllys, Yw,vc YV, (2.9)

IA

m(w,v) < N |wllyn|vllyn, VYw,oc YV, (2.10)
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and

0<ol = inf AWM (2.11)
weYN Jwl[w
0<al = i M%) (2.12)
weYV | w][ga
We shall also require that YV satisfies the approximation condition
anagwggN lu(p) —wlly =0 as N — oo. (2.13)

The point of departure for methods presented in this thesis is the “truth” approximation —
choosing A large enough that the numerical approximation is sufficiently accurate that the re-
sulting approximate solution is “indistinguishable” from the exact solution. We build our reduced
basis approximation on, and measure the error in the reduced basis approximation relative to this
“truth” approximation. Note that since reduced basis approximation is built upon this “truth”
approximation, it cannot perform better than this “truth” approximation. Thus, large N should
be used to obtain an accurate reduced basis approximation. Thankfully however, we see that once

the reduced basis approximation has been built, the computational costs will be independent of V.

We shall now elaborate briefly on the use of finite element approximation as the “truth” ap-
proximation. Other methods are, of course, possible: in Chapter 5, we will look at the planewave

method.

Finite element approximation

We define our finite element space YV =Y, C Y of dimension A as

Vi = {veY|vlr, €Pi(Th), VTr € Tr}, (2.14)
Pi(Tr) = span{l,z}, (2.15)

where 7}, is a nonuniform “triangulation” of the domain €2 comprised of linear elements T}, with
more elements near the origin. The inner product and norm associated with Yj are simply in-

herited from Y. Our finite element approximation to (2.1) is then given by: find (dx(p) =

36



(un 2 (), -+ » Uhmy (12))s AR() = M1 (1)s -« - s Ay (1)) € Y x R™ such that

aluni(p),vip) = Ini(w) m(uni(p),v), Vel 1<i<my,

m(up (), upji(p) = i, 1<i<j<me. (2.16)

The resulting eigenvalue problem can easily be solved by diagonalizing a N x A algebraic systems
where N is chosen such that it is sufficiently large to achieve a desired accuracy for all u € D.
Finally to simplify notation, we will drop the subscript A from all subsequent formulation, with the
understanding that the “truth” approximation in fact refers to the finite element approximation.

Thus, Y, t and X shall now be understood as Y, 0y and S\h.

2.2.4 Numerical Example: Simple Harmonic Oscillator

We consider the following linear eigenvalue problem defined on Q2 =] — L, L[C R: given L = 10 and
p € D = [1,10], we evaluate (a(u), A(1)) € Y™ x R™ from (2.1) for Y = H(),

a(w, v 1) = a3(w, ) + plaz(w,v), (2.17)
and
_ 1 dw dv _ 1 2 _
a1 (w,v) = 5 o dz’ az(w,v) = 2/9.’13 wv, and m(w,v)-/ﬂwv. (2.18)

The H}(Q) ¢ H*(Q) is the usual Hilbert space of derivative square-integrable functions that vanish
on the domain boundary; and = € §2. We solve the resulting problem with the finite element method
on a nonuniform mesh 7 of size N’ = 4200: 4000 uniform elements in the —6.5 to 6.5 interval, 100
uniform elements in the —10 to —6.5 interval, and 100 uniform elements in the 6.5 to 10 interval.

The above description of the problem leads to a simple harmonic oscillator problem, of which
the strong form is given by

1 d2u;(z; 1 ’
S TEEE | ) = M), 1<i<m,

/ ui(z; puj(zp)de = &, 1<i<j<m, (2.19)
Q

with the boundary conditions u;(—L) = u;(L) = 0, 1 < ¢ < ng. Thus, p is the angular frequency
of the system. In the limit of L — oo, the solutions @( - ; u) and 5\( - ; ) approach the analytical
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solutions given by

1
1/4
ui(zip) = 521_ e~ I2F, (Vez), 1<i<my. (2.21)

where H;( - ) are the usual Hermite polynomials. We note that a(u,v) is continuous as L — oo:

since the behavior of u for large z is given by e~#**/2 [10], then for v = 1

/0 o 2?20y — - —uL2/2 V7/2 erfa(/\z/_ /2L) (2.22)
which gives \/g 577 88 L — oo; thus az(u,v) is bounded in the limit L — co. We have chosen L
sufficiently large that our truth approximation is close to the above analytical solutions given by
(2.20) and (2.21) for ny < 10 and Vi € D.

Lastly, we define a parameter sample set Zr € D which will be used in defining the error
measure, and constructing our reduced basis spaces. We choose a E consisting of 100 points
uniformly distributed in D. We show in Figure 2-1 solutions u;(u) for selected 4 € Er and in
Figure 2-2 the variation of A;(p) with u, for 4 = 1,3,5 and 7. Although we see a linear variation
in A;(p), 1 <4 < ny with u, eigenvectors u;(u), 1 < ¢ < mp have richer behavior, and as such an

accurate approximation is not trivial.

2.3 Reduced Basis Approximation

2.3.1 Critical Observation: Dimension Reduction

In the “truth” approximation as described in Section 2.2.3, we have represented u;(p), 1 <1 < np
by a linear combination of ¢£f €Y,1<k <N —ui(u) is an arbitrary member of Y. However, the
solution @(x) can in fact be localized to a much lower-dimensional manifold M = {a(y), 1 € D}
residing in Y. In the case of a single parameter, M can be visualized as a one-dimensional filament
that winds through Y™ as sketched in Figure 2-3. Presuming that M is sufficiently smooth, we can
then represent @(y) by elements in span { M }. The reduced basis approach explicitly recognizes
this computational opportunity.

To consolidate the above argument, we introduce the notion of Kolmogorov N-width dy [56,
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Figure 2-2: Variations of A;(u), Az(u), As(p) and A7(p) with p.
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M = {i(p) | p € D} a(unev) M = {i(p) | n € D}

LOW DIMENSION -
a(pun)

w(pe1) u(p2)

an Y’nb

HIGH DIMENSION

Figure 2-3: Conceptual drawing of the solution manifold M.

63, 96):

= i i - 093
dn(A4,Y) Y;]vnchilégyng”w ylly, (2.23)

where A is a subset of Y and Yy an arbitrary N-dimensional subspace of Y. The Kolmogorov
N-width, dy, measures the extent to which A may be approximated by a finite dimensional space
of dimension N in Y. We will have a rapidly convergent approximation if dy approaches zero
rapidly as IV increases. For our case where A = M, we can attribute this to the smoothness of the
solutions with respect to u, as demonstrated for a single-parameter elliptic problem in [74]. In [72],
it is further shown that dy is almost realized if Y}y is spanned by elements in M. The construction
of Yy C M that minimizes dy is, however, combinatorically difficult. The reduced basis method
then provides an efficient procedure by which we can construct a good surrogate to Y.

A naive implementation of the Lagrangian approach of reduced basis method, i.e. representing
U by a linear combination of @(uy,), 1 < n < N, is, however, doomed to fail in most cases. Suppose
we are interested in a case where ny, = 2; A\j(u) is of multiplicity 1 for all u € D; Ao(p) is of
multiplicity 1 for all u € D\ uo; and Aa(uo) is of multiplicity 2. This suggests that mode shapes’
of up(p) can be different for p < pg and p > po. Assuming this is the case, a(u) = (u1(p), ua(p))
then lies on 2 separate manifolds M; and M. Based on the smoothness argument, sufficient basis
functions from each manifold must be included before a good reduced basis approximation can be
obtained — it is equivalent to having two separate reduced basis approximations. As we consider
higher nj, and richer parameter domain, this discontinuity can multiply, leading to potentially large

N. Such scenario is not uncommon in computational chemistry as will be shown in Chapter 5. This

'Here, a mode shape refers to a particular “shape”. For the current example, mode shapes can be distinguished
by the number of nodes, i.e., the number of times an eigenvector crosses the z axis.
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thus requires new approaches to defining appropriate approximation spaces. However, we note that
the purported discontinuities are often not a property of the problem but artifacts of eigenvalue
solvers. We demonstrate in Section 2.3.2 that the solution manifold M is smooth. We may recover

a smooth solution manifold with some post-processing steps.

In this chapter, we will focus on the case where A;(u), 1 < i < n; has multiplicity 1 for all

i € D. We address the more difficult scenario described above in Chapter 5.

2.3.2 Parametric Derivatives

Here, we examine further the smoothness property of the solution manifold M — for this purpose,
we examine the parametric (or sensitivity) derivatives of i(u). We proceed formally, examining
first the parametric smoothness of an arbitrary ith component of (x), which we denote as u;(u).
We will also assume that A;(u) has multiplicity 1.

To begin, we define (Ju/0u) : D — R as the derivative of u;(z; u) with respect to the parameter
p and (OA;/0p) : D — R as the derivative of \;(u) with respect to the parameter u. We shall
assume the functions ©,(u), 1 < ¢ £ Q in (2.6) are all C*(D) (continuously differentiable over D).
By differentiating (2.1) with respect to u, we obtain

o (Gt vin) = —Z oot (a1},
T M(wm (%f(u),v) + S mlu(p,0), WeY.  (22)

Let v = u;(u) € Y; then

Dyt ) = a(‘aﬂ(#),ui(ﬂ);ﬂ)—)\i(ﬂ)m (G uw)

+ Z u)aq(uz(u) (1))

Q
Do = Z%(M)%(W(MLW(M)); (2:25)

g=1

since m(ui(p), ui(p)) = 1; and a((Oui/Ou)(w), ui(n); 1) — Xi(w)m((8us/8p) (1), wi(u)) = 0 from
(2.1), and based on the symmetric property of a( -, - ;) and m(-, -).
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Therefore, for any given p € D and thus u;(u) € Y and A\(u) € R, (Gu;/0p)(u) satisfies

o (S o) - Nt (GEw0) = —i%mmq(ui(m,v)
~

9. 90,
+ Z_BI(M)aq(ui(ﬂ),v) m(ui(u), v),(2.26)

g=1
for all v € Y. It directly follows from our coercivity and continuity assumptions on ¢ and m, and
differentiability assumptions on the ©4(x), 1 < ¢ £ @ that (2.26) admits a unique and stable solu-
tion. We can then easily bound ||0u;/du|y. If we assume the parameter functions ©4(x),1 < ¢ < Q
are in fact C*°(D), we can proceed formally and continue this differentiation process indefinitely.

Then, the parametric derivatives and well defined and bounded in Y.

We now examine the case where the multiplicity of the eigenvalues can be greater than 1.
Referring to Figure 2-4,we note that A;(u0) and Aj+1(po) are equivalent — we yield two values
of (0X;/0u)(po) since we can use either w;(uo) or wuiy1(uo) in (2.25). For a small Ay, we see
that Aiy1(po + Ap) is a smooth variation of Ai(up — Ap); then by evaluating (2.25) based on
ui+1(uo + Ap), we can also show that u;t1(uo + Ay) is a smooth variation of u;(o — Ap). This
illustrates again some of the points made in Section 2.3.1: here, the discontinuity in u;(x) is simply
due to how u;(u), 1 < i < ny are ordered — a factor that depends on the eigensolver. For the
example in Figure 2-4, if we denote A;(i) by the blue line and A;y1(p) by the red line (instead of
ordering them by their magnitudes, as indicated in Figure 2-4 by the red and blue dots), then both
Ai(p) and u;(p) will be smooth functions of .

We note that the magnitude of the parametric derivatives in the Y norm will typically increase
with increasing order [92] — the rate at which the magnitude of these derivatives grow is important
in the development of a priori convergence theory. For vectorial solutions, the relative rate at which
the parametric derivatives of u;(1), 1 < i < np — components of 1 — grow are also important. We

will examine this issue again in Section 2.3.7.
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Figure 2-4: Discontinuity in A;(u).
2.3.3 Error Measures
Projection errors

Given an approximation space Wy of dimension N, we would like to measure how well Wy ap-

proximate M. The error measure we will use is the projection error s?\ff;fb, given by

E?\;?'ib = ﬁn f?\;‘?%]b(#L (2.27)
where Zr is a test sample set;
1/2
proi () — (zzzl Jupi(os) - u,-(#)H%) . 228
e > w3

and G,(1) = (up,1(1), ..., Upn, (1)) is the best possible solution obtained through a projection of
u(u) onto Wy — 1,(u) depends on how Wy is defined. We will introduce the definition of (1)

when we introduce the approximation spaces that we will look at.

Reduced basis approximation errors

We denote the reduced basis approximation to (@1(x) = (u1(), .- -, ny (1)), A = (A1 (), - -y Any (12))
by (an(p) = (un1(w), -, unm, (1), AN = (AN 1(1),- -+, ANmy (1)). We then define the reduced
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basis approximation errors in @ and A as

hny, = mAX €, (1), (2.29)
ENmy = Inax €Ny (1); (2.30)

where Zr is the training sample set, and?

(2 lluwa(e) — wi(w) [§)/*

W 1) o @B (23)
W) = 1<i<ny AN’i(gz(l:))‘i(u)l' (2.52)

2.3.4 Augmented Reduced Basis Space
The approximation space

We first introduce nested sample sets Sy = (p1,---,4n,); 1 < Ny < Ngmax- The superscript A
stands for “Augmented”, N, is the number of sample points in Sj&, and Ny max is the maximum

number of sample points we will use>. We then define the associated nested reduced-basis spaces

as

W]G = S§pan {ui(”j)v 1<i<n,155< Ns}a 1<N < N max; (233)

= span {(n, 1 £n<N=Ngnp}, 1< Ny < Ngmax (2.34)

Since Wﬁ is the span of all n; eigenvectors at all Vg sample points in Sj{‘,, the dimension of
W4, N, is given by N, x my. Further, we orthogonalize u;(y;), 1 < i < mp, 1 < j < N, to
obtain a better-conditioned set of basis functions, {,, 1 < n < N through the following Gram-
Schmidt orthogonalization procedure in the (-, - )y inner product. Figure 2-5 summarizes the

orthogonalization procedure for W#.

Finally, an approximation of u;(1) in W# is given by un(u) = zrjy:l @i n{(pt)¢n- As an initial

2 As mentioned in Section 2.2.1, the eigenvectors are unique up to a multiplication by scalars since the eigenvalues
are distinct. Since u;{(u) are normalized to one, this amounts to a multiplication by 1. We must thus remove this
sign variation before computing €% ,,, (4). More precisely, we have

(= et minus() () s () + s )2
o 5, lu(w)2) 7 :
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G =ui(p1),1 < i < ny;
for j=2: N;
fori=1:ny

ny(§—1)+i—1

z=ui(p)— Y. (), lm)y Sms

m=1
Crp(G—1)+i = 2/ 2lly;
end
end.

Figure 2-5: Orthogonalization procedure for the augmented reduced basis space, W,G.

N
18
27
24
30
30
35
32
36
40

S
53

W oo I O Ut o W N
SR ol ot o 00 © ©f 2

—
o

Table 2.1: N, required for e‘féj’,fb < 1E-5 and the corresponding N for Wj& and 2 < ny < 10.

indication of the efficiency of approximating based on Wj\‘}, we compute the projection error given

by (2.27) where the best projected solution i, (1) = (up,1(#); - - -, Upn, (1)) is defined as
Upi(p) = arg min |lw —ui(p)lly, 1<4< e (2.35)
wEW;}

As shown in Figure 2-6, the s‘l’\{?fb is rapidly convergent with N for 2 < np < 17. In addition, as

np increases, the N, required to reduce e%f’,fb to below 10~% decreases as shown in Table 2.1; thus
N does not increase linearly with n,. We explain this behavior in a later section when we discuss

further the convergence results for our reduced basis approximation based on W#.

3The choice for N max depends on the maximum accuracy we would like to approximate @ and A — this will be
made clear in Section 2.3.6
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Figure 2-6: Convergence of the projection error of G onto the augmented reduced basis space
(Wire, elve. (given by (2.27)), with N for 2 < ny < 10.

The approximation

Reduced basis approximations to @(u) and A(u) are obtained by a Galerkin projection onto the
augmented reduced basis space: given a p € D, find (dn (1) = (un1(B), - - UNm, (1), AN ()=
(AN (1), -+ s AN, (1)) € (W)™ x R™ such that

a('U:N,i(,LL),U;,U,) = AN,:’(,U) m(’UN,i(,U,),U), Vv € Wﬁa 1<i<my,

m(uni(p),un;(p) = b, 1<i<j<my. (2.36)

Affine parameter dependence

To develop an efficient computational procedure, we will exploit the affine parameter dependence
property of a( -, - ;u) described in Section 2.2.2. For our numerical example, @ = 2, ©1(u) =
1, Og(p) = p?, ay(w,v) is given by (2.20) and ag(w,v) is given by (2.21). As mentioned in
Section 2.2.2, the parameter functions ©4(x), 1 < ¢ < Q can be readily evaluated in O(1) operations.
On the other hand, evaluations of a4(w,v),1 < ¢ < @ incur O(N') operations but these functionals
are parameter-independent.

To examine how the affine parameter dependence property can lead to an efficient computational

strategy, we examine the reduced basis algebraic system for (2.36).
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Discrete equations

We expand our reduced-basis approximation as

N
unn(p) = Z UN 5 (1) G- (2.37)
=1

Inserting this representation into (2.36) yields

Q@ N
SN 0w A | unnil) = ANa(W)Mijuna;(), 1<i<N, 1<n<m;
g=1 j=1
N N
ZZUN,ni(N)Mi,A;uN,n’j(N) = bpw, 1<m, n’ < . (2.38)

1

.
Il

I

1j

For our numerical example, Q@ = 2; ©1(pn) = 1, O9(u) = p?; and AN € RVXN  AN2 ¢ RNXN,
and MY € RV*N gare given by Aﬁ]jl =a1(¢;,¢G),1 <4, <N, Aﬁj;?z = a2(¢;,G),1 <4,5 < N, and

M% =m({;,¢), 1 <4,7 < N. To solve (2.38), we can use any eigenvalue solver.

Offline-online computational framework

We observe that we can now develop an efficient offline—online computational strategy for the rapid
evaluation of Ay, (u) for each p in D — a strategy where the operation count in the online stage

is independent of A" and only dependent on N, which we expect to be much smaller than N.

In the offline stage — performed once — we generate nested reduced-basis spaces WJG = {(,
..y (v} 1 < N < Npax at the costs of npN'* — the e denotes the actual computational complexity
of the “truth” approximation, which due to sparsity should be less than 3. We then form and store
AN AN2 and MV at the costs of (Q + 1)N2N?2. The storage of each matrix requires a space of
N x N.

In the online stage — performed many times for each new p — we solve (2.38) for up;(p),1 <
i+ < ny. The reconstruction of the reduced basis system is QN2 and solving the resulting discrete
equations is of O(N3). The total operation count of the online stage is then O(QN?+ N3); we thus
achieve an computational complexity that is independent of AV and dependent only on N. The

ability to calculate aq4((j, ;) offline liberates the online computation from the O(N') complexity.
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Figure 2-7: Convergence of the reduced basis error of Un (), €y, (given by (2.29)), and the
reduced basis error of Ay(u), €N.n, (given by (2.30)), with N for 2 < mp, < 10 and Gn(p) €
(Wg)™.

Convergence

We shall use error measures defined by (2.29) and (2.30). As shown in Figure 2-7, the reduced
basis approximation is rapidly convergent — both €%, ~and E’\N’nb decrease rapidly with N. In
addition, compared to the projection results in Figure 2-6, our reduced basis approximation has

similar performance; our reduced basis approximation is close to optimal.

In Table 2.2, for a tolerance criteria of Ej\v,nb < 1E-10, we see N decreases with n,. However,
for a coarser tolerance criteria of E?V,nb < 1E-2, N, remains approximately constant for all n.
This suggests two things. First, N; must be above some critical value of N, in order to obtain
a reasonable approximation — here N, must be greater than 3 in order to get an accuracy of
E?V,nb < 1E-2 for all n, examined. Second, for N, greater than this critical value, incremental
improvement in the solutions can be obtained either through inclusion of solutions at more p
points or higher eigenmodes or both. Functions approximation based on the eigenmodes is a

common technique in spectral methods, for example expansion in Fourier modes or eigenfunctions

of a suitable Sturm Liouville problem [23]. The second observation, coupled with the observation

AN, (1) —Ai(p)
Ai(p

that " = argmax;<j<n, is always 1 for all y € Zp thus explain the decrease of Ny as
the tolerance criteria is tightened.
We note that even if the eigenvalues are not distinct, for example in the case illustrated in

Figure 2-4, the augmented reduced basis approximation will not break down. In fact, for the
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Table 2.2: N, required to reduce the reduced basis error of Ay, sf{,’nb (given by (2.30)), to below
1E-2, 1E-4 and 1E-10 for 2 < ny < 10 and (in (), An () € (W)™ x R,

particular case illustrated in Figure 2-4, should the eigenvectors at pg £ Ay be included in Wﬁ,
the discontinuity does not affect the approximation at all — the Galerkin procedure will find the
right linear combination of the basis functions in Wj&. For example, to approximate u;(u) for
to < pt < po + Ap, the Galerkin procedure will choose a linear combination involving u;(uo + Ap)

and u;41(po — Ap), instead of a linear combination involving u;(uo + Ap) and u;(ug — Ap).

2.3.5 Vectorial Reduced Basis Space

Here, we look at the strict interpretation of Lagrangian reduced basis approximation: expressing
i(p) as a linear combination of selected solutions on the solution manifold M. We shall demon-
strate that this is possible only when the components of basis solutions are first preprocessed to
recover a smooth solution manifold. In addition, under certain circumstances, the resulting approx-
imation space can be very economical as it exploits (through the reduced basis space) the inherent
orthogonality properties between the solutions u;(u), 1 < i < ny for a given u, and their common

smoothness.

The approximation space

We first introduce nested sample sets SX, = (p1,.--,uN), 1 £ N < Nmax, where N is the number

of sample points in SX,, and Npax is the maximum number of sample points we will use. We then
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define associated nested reduced-basis spaces as

Wy = span {@(un),1<n <N}, 1< N < Npax, (2.39)

= span {{n, 1 <N <N}, 1< N < Npa; (2.40)

where U(pn) = (u1(ptn), - - - Un,(n)) are solutions of (2.1) at p = p,; and ¢ =(G,-..,6n,) are
basis functions obtained after (i ),1 < n < N are preprocessed. We note that dimensions of the
sample set S% and the approximation space WJ‘V{ are the same — both are of dimension N. This
is because each basis of WY consists of n, components, and as such is vectorial in nature. The
superscript V in WI‘\,/ then stands for “Vectorial”. We now describe the two preprocessing steps

required to obtain a well-conditioned approximation space.

Pre-processing

The first preprocessing step is the alignment procedure. For this particular problem, due to the
one-dimensional nature of the problem and multiplicity of 1 for all A;(u), 1 €4 < nyp, Vi € D,
the procedure is simple: we only need to remove the sign variation in the eigenfunctions. Given
a pre-sorted space Uy = {c“;;, 1 < n < N} where c‘g, 1 < n < N are the sorted basis functions of
Uy, 1 < n < N, we wish to add G(un41) to Uy to form Uny;. We first select a éﬁ € Uy such
that u, € SY is closest to uy41. For i = 1,...,np, we determine Y norms || - ||y of differences
between ¢, ; and u;(un+1), and between (5 ; and —u;(pn+1); the smaller of two then determines
whether (% 415 = wi(n+1) or —u;(un+1). The result is 63 that varies smoothly with u, as shown
in Figure 2-9. Figure 2-8 summarizes the above procedure for N < Npax.

The second preprocessing step is the pseudo-orthogonalization of the basis functions f;’;, 1<

n < N in the inner product (-, - )y given by

Ny
(W, W)y = > _(wi, wy)y, (2.41)
i=1
where W = (wi,...,wn,) and the norm || - ||y is defined as
1 &
Wl = =D llwilly- (2.42)
bim1
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Ur={¢ =ta(pm)}
for N =2 : Npax
* __ : — .
n*=arg min A ln — pnl;
fori=1:m
et = |G i + uilen)lly;
e” = [IGax i — uilen)lys
ife~ >et
CRi = —ui(un);
else
(i = wilun);
end
end
Uy =Un_1 U &

end.

Figure 2-8: The alignment procedure for problems with eigenvectors with non-degenerate eigenval-
ues.
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Figure 2-9: Solutions ¢f, ¢3, (¢ and ¢§ at u = 1.0, 2.2, 3.4 and 4.6.

Again, the subscript V' serves as a reminder that we are dealing with vectorial solutions. The
orthogonalization procedure then proceeds as follow: given a reduced basis space W), = span
{éj,l < j < N}, we would like to add a new basis CA}{,_H to W}G. We first compute b = éirﬂ —
Zgzl o Cn, where o* € RY is given by argmin,cpn >0, (I3 ii— Ejvzl @;(ji||?. Determining

a* is equivalent to solving the following algebraic equations:

ny N-—1 ny
DD CmisGrilvon = CmirChj)ys 1<m<N-1 (2.43)
i=1 n=1 j=1

The new, pseudo-orthogonalized basis function is then given by {41 = b/ (?—11; S 116il13)Y/? and
Wy 1= WY+ span {¢ N+1}. The normalization is consistent with the norm defined in (2.42).
Figure 2-10 summarizes the above orthogonalization procedure. We note that components of any
two basis functions are not orthogonal, i.e. M(CnyisGm,j) # 0 for @ # j if n # m. However, the
¢y 1 <n <N are orthogonal in the || - [|y. Thus, the term “pseudo-orthogonalization” is used

to distinguish the current procedure from the orthogonalization procedure given by Figure 2-5 for
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WY = span {{1 = {5}
for N =2: Nyax
2

ny N-1
o = arg min o= D @G|l
a€RN—1 i =1

Y

b={f - Z ;s

~1/2
{n=Db ( Z ”bz“Y) ;

Wy = WN—l + span {{n};
end.

Figure 2-10: The pseudo-orthogonalization procedure for WI‘\;

augmented reduced basis space, Wj&.

These two preprocessing steps will lead to smaller N and better stability in the solution method.
We now determine the efficiency of WY by examining the projection error f—:pmJ given by (2.27).

The best projection of i(u) onto WY is given by fi,(u) = ;_v=1 B (p)fj where

2
np

N
B*(u) = arg min > (1Y B;¢i; — ui(w)|| (2.44)

BERN —
i=1 ||j=1 v

where 3*(u) € RY. To determine 5*(u) for a given @(u), we solve the following algebraic equation:

ZZ(Cmuan)Y,Bn(#) Z(cm,J,uJ )y, 1<m<N. (2.45)

i=1 n=1

We observe that the projection error e%(;fb is rapidly convergent as shown in Figure 2-11. When

we compare this result to Figure 2-6, it suggests that the vectorial reduced basis space can be more
efficient than the augmented reduced basis space. For example, for n, = 10 and an accuracy of

f’;‘;ﬂb < 1E-5, the required dimension of the vectorial reduced basis space is 13 while the required
dimension of the augmented reduced basis space is 40, as shown in Table 2.1. Thus, the required

dimension of the augmented reduced basis space is more than double that required by the vectorial
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Figure 2-11: Convergence of the projection error of @ onto Wy, eg,r!‘:gb (given by (2.27)), with N
for 2 < my < 10.

reduced basis space. This difference in the dimension is particularly significant in the large n limit,

and can play a role in deciding the appropriate reduced basis space to use.

The approximation

Reduced basis approximations to @(u) and A(u) are obtained by first solving the following equa-

tions: given a p, find (n (1) = (un1(p), - -, UNm, (1)), K = AR (1) A{‘V,nb(,u,))) € Wy xR™
such that

Ny ny
a(“N,i(#)avi;.u') = ZAII\II,](”)m(U‘NaJ(#)!UJ)? VW= (’Ul,-..,Unb) € W]‘Vfa
m(uni(p), uni(p) = 1, 1<i<n. (2.46)

We then compute Ay (u), the reduced basis approximation to A(u), from the Rayleigh Quotient
given by

N N Q
ANn() =D D un,i(w) | D Og(w)ANT | un, (1), 1<n<m,. (2.47)
i=1 j=1

q=1

Note that in (2.46), we have only imposed the constraints [, u?\,,i(,u,) =1,1<4¢< m We

remind that in the original problem (2.1), the constraints are [, u;(p)u;(p) = 6;5,1 <@ < j < mp.
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Thus, ;\ﬁ is the set of Lagrange multipliers for the reduced set of constraints while An is the set
of Lagrange multipliers corresponding to the full set of constraints associated with (2.1). As such,

An # Ak, and must be computed from (2.47).

Hypothesis 2.1. For sufficiently large N < N, in(p) = (un1(u),...,unn, (1)) that satisfies

(2.46) also approzimately satisfies the orthogonality constraints, i.e.
m(un,i(p),unj(k) =0, 1<i<j<m. (2.48)

Hypothesis 2.1 thus assumes that the orthogonality of the components in Gy will be approxi-
mately satisfied by construction (implicit to our space W) in (2.46). At present, we cannot prove
that solutions iy (u) that satisfy (2.46) will always be good approximations of @(u). However,
we can demonstrate that if the approximation error in iy(u) is small, Hypothesis 2.1 holds —
we shall show that [, uni(x) un,;(u) is always bounded by the approximation error in tGy(y) for

1<i<j < n.

Proposition 2.1. Let (w,v)2 = m(w,v) = fowv and || - ||p2 = +/(-, - )12, then for i # j

(un i), un ()2 <Y llun (1) — un ()| z2- (2.49)

n=1

Proof. From the definition of (-, - )7z, we have

(uni(p),uni(p))re = (uni(p) — wi(p), un,(p) 2 + (i), un,; () — ui(w)) g2
+ (ui(p), wj(p)) L2

< luwie) — wilp)llzz + Juw,g (i) — u; () 22, (2.50)
since [lui(u)liz2 = llun(w)lire = 1 and (ui(p), u;(u))g2 =0, for all 1 < ¢ < j < np. Then, (2.49)
follows. 0

From above, we can conclude that as iy — 4, [ouniun; — 0, for 1 < i < j < np. How-
ever, note that for N sufficiently large, we can represent any member of our (finite-dimensional)

truth approximation space, presuming the linear independence of the snapshots. But, clearly
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(2.46) is not equivalent to (2.1) due to the absence of orthogonality constraints. In the limit
that N = N, we see that (2.46) will give (u1(x), A1(p)) for all ny solutions we seek [65]. Thus,
to be consistent and perhaps more accurate, we should systematically add in orthogonality con-
straints as N increases so that (2.46) approaches (2.1) — we introduce the following problem: find

(an(p) = (una(p), - unm, (1), A= (XK (1), .., Ak . (1)) € WY x R™ such that

Ny ng
ZG(UN,i(M)a Vi; /-‘L) = Z Aﬁ,i’(”’)m(uN,i' (ﬂ), vi’)v Vv = (’01, oo 7vnb) € WI{f/a
=1 i'=1
muni(e),uni(p) = 1, 1<i<m,
m(un,i(p), un; () = 0, (i,5) € L, (2.51)

where I, consists of n, pairs of indices (i, j) that denote the orthogonality constraints m(un (1),
un,j(1)) = 0 we choose to enforce. We have not determined how I, should best be selected. For our
current example, the order by which the orthogonality constraints are included is determined by
the difference between the two indices ¢ and j — constraints with the smallest |¢ — j| are included

first.

Since (2.46) and (2.51) are both constrained optimization problem, there must be sufficient
degree of freedom to obtain a good solution — N must thus be greater than the number of con-
straints we impose. The minimum number of constraints we impose is n, corresponding to the
np normality constraints. Thus, N > n; to get any meaningful results. For (2.51), the number
of orthogonality constraints we can add is constrained by N and total number of orthogonality
constraints in (2.1). The maximum number of orthogonality constraints must then be less than

min(N — np, 2np(np — 1)).

We shall further compare (2.46) and (2.51) in a later section numerically.

Discrete equation

We expand our reduced-basis approximation as

N
an(u) = un;(w)- (2.52)

J=1
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Inserting this representation into (2.46) yields

Q N ng
9 N1 t) ;
DD OuWAG funi() = D MMy un (), 1<i<N,
g=1j=1 n=1
N N
NN unimMY  un () = 1, 1<n<m, (2.53)
i=1 j=1

where Q and ©4(u) are similar to that defined in Section 2.3.4: Q = 2, ©;(u) = 1, and Oa(u) = u2.
But, ANl € RNXN AN2 ¢ RNXN_ gang MNmn' ¢ RVXN 1 < n < n' < ny are given by
AV = T a1(Gngy i) 1 S 6,5 S N, AN = X% 03(Gn gy Cni)y L < 65 < N, and MY™™ =
m(Cnj,Cnri)y 1 < 4,5 < N, respectively. The discrete equations for (2.51) can be obtained analo-

gously.

It is clear that the above discrete equations admit the offline-online computational decomposi-
tion detailed in Section 2.3.4. We can first precompute ANl AN2 and MV ’"’"', 1<n<n<n
in the offline stage at a cost dependent on /. Then, during the online stage, we reconstruct our

reduced basis matrices at a cost of O(QN?) and solve the resulting discrete system at a cost of

O(N3), independent of N.

To solve (2.53) however, diagonalization cannot be used. The system of discrete equations does
not correspond to a typical algebraic eigenvalue problem: we are looking for a vector {un ()},
€ RY but n, A%V,n (1); and we only have normality constraints. Instead we use the Newton iterative
scheme to solve (2.53): in each Newton iteration and given a current iterate @y ;j(u),1 < j < N,
and X&n(u), 1 < n < ny, we must find an increment duy ;(1),1 < j < N, and 6)\11\’,-,“(;4), 1<n<m
such that

N

Q np
N’ 3 N7 1
Z Z Ai,jq + Z ’\Iﬂhn(“)Mi,jn " dun (p)

ngy N
- 3 M) 3 M ) =
n'=1 k=1

Q N
= DD O A A i(u)

q=1j=1

ng N
+ D M) Y MY ay j(n), 1<i<N; (2.54)
n=1 j=1
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and

N N

N N
2) N an ()M uy () = =Y > AN M " an (k) +1, 1<n<np.  (2.55)
i=1 j=1 i=1 j=1

Convergence

We shall use the error measures defined by (2.29) and (2.30). In addition, we introduce the error

measure, E%,t}:,? given by
efthe = max 7 (), (2.56)
where
Nmg (1) = x| wws) un ) (2.57)

The e%tfl‘: measures how well orthogonality constraints are satisfied. As shown in Figure 2-12, the
approximation is rapidly convergent. We only require N = 14 to reach an error of €}, < 1E-5 and
e?\, < 1E-10 for np = 10. In addition, from Figure 2-13, we see that orthogonality constraints are
also increasingly satisfied as IV increases, without the imposition of these orthogonality constraints.
This implies that the minimization procedure and our approximation space WX have some intrinsic
level of orthogonality “built-in”. In addition, from (2.49), we obtain

iy
£, < max D luilw) — un ()|l 2. (2.58)
=1

This implies that as Gy(u) — G(u), 5}’52‘;’ — 0 and since €}, decreases with increasing N, so

ortho
does 77"

We now examine (2.51), where we add ng orthogonality constraints to our problem. We first
note that ng must be less than N —n,. We also observe that the addition of orthogonality constraints
significantly affects the convergence of the Newton’s method; we usually cannot get a converged
solution unless our initial solution is sufficiently close to a solution of (2.51) and N is sufficiently
large. We thus proceed as follows: we first solve (2.46); the solution to (2.46) is then used as initial
solution to solve (2.51). Table 2.3 compares the results for (2.46) and (2.51), where min(3ns(np —
1), N — np — 1) orthogonality constraints are added; the orthogonality constraints we enforced are

chosen in an ad-hoc manner currently. We note that for this comparison, the approximation based
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Figure 2-12: Convergence of reduced basis error of Uy, €%, (given by (2.29)), and reduced basis
error of Ay, e ,,, (given by (2.30)), with N for 2 < n, < 10 and Gy € Wy.
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Figure 2-13: Convergence of the orthogonality error in ty, s“,’\‘;’t}l‘;’ (given by (2.56)), with N for
2 <mnp <10 and iy € WY.



without orthogonality constraints with n, orthogonality constraints
ny | N E?V,nb 5§\v,n,, E%fr}z‘: Ez]tl,nb gj\V,nb E(Z)\If.};r}zl:
2 |10 | 1.3413E-5 | 8.1434E-10 | 6.8842E-13 | 6.3422E-6 | 3.1233E-10 | 3.7683E - 14
3 111]32212E-6 | 1.1695E-9 | 1.3791E-11 | 4.7347TE-6 | 5.367T0E-10 | 6.1706 E-12
4 |11 1 1.6699E-5 | 1.5185E-9 | 1.3757E-10 | 5.7550E-6 | 7.4413E-10 | 1.9507E-11
5 |11 | 2.7995E-5 | 1.8848E-9 | 6.4663E-10 | 5.5269E-6 | 7.5138E-10 | 2.2638 E-10
6 | 12 | 1.8356 E-5 | 1.3228E-9 | 1.4639E-9 | 3.5315E-6 | 5.8200E-10 | 4.4746E-10
7 |13 | 8.1863E-6 | 1.3172E-9 | 6.1119E-9 | 1.0366E-5 | 6.8658E—-10 | 6.0989E-10
8 [ 13| 2.7685E-6 | 1.5352E-9 | 4.5632E-9 | 2.8111E-6 | 5.5693E-10 | 4.8658 E-10
9 |14 | 2.1823E-5 | 1.2614E-9 | 2.0083E-9 | 3.2631E-6 | 6.6143E-10 | 5.4145E-10
10 | 14 | 1.5930E-5 | 1.5533E-9 | 4.2163E-9 | 2.0259E-6 | 6.0658E-10 | 4.9733E-10

Table 2.3: Comparing the additional iteration with orthogonality constraints. The number of
orthogonality constraints, n,, is given by min(%t(ny — 1), N — np — 1); the condition N —np — 1 is
set to allow at least one degree of freedom in the optimization procedure.

on (2.46) are already very good. The addition of orthogonality constraints led to further uniform
decrease in af‘\,’nb and a%tf;;’ for all ny, although the change in €%, ~is less uniform. For the case
ny = 2 and 3 where all orthogonality constraints are added, s%t};;’ are very small. This shows that
the systematic inclusion of orthogonality constraints can improve our approximations. A better

solution method in the online stage may perhaps alleviate the limitations described above.

2.3.6 Construction of Samples

So far, we have not mentioned how the nested reduced basis sample sets S f\*, or SX, are chosen. A
sample set must be well-chosen in order to obtain a rapidly convergent reduced basis approximation,
and a well-conditioned reduced basis discrete system. In particular, we seek a sampling procedure
that ensures “maximally independent” snapshots. We shall use the “greedy” adaptive sampling
procedure outlined in [82, 99, 115].

We now describe the construction of S} (and thus W},) based on the “greedy” sampling proce-
dure — S4 (and W) can be constructed in a similar manner. We first assume that we are given
a sample S% and hence reduced-basis space WJ‘G, and the associated reduced-basis approximation
(procedure to determine) tiy(p) and Ay(g), Vi € D. Then, for a suitably fine grid Zp over the
parameter space D, we determine pi,; = arg maxye=, ey (i), where e} (1) is an error measure of
the approximation based on Wy,. Then we append p} to SY to form S} ., and hence Wy e
The procedure is repeated until emax = €} (1} +1) is below €41, & tolerance we desire. This tolerance

€101 determines the size of Npax. Figure 2-14 summarizes the “greedy” sampling procedure.
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Given SY, WY;
Repeat N =2,...
py = arg max ey _; (u);
HEET
Emax = € (BN);
Sk = Sk_1 U s
Wy = Wy_1 +span {an(u)};

Figure 2-14: The “greedy” sampling procedure to construct an optimal S}G.

We may define e} (p) in several ways. For example, we may use error measures listed in
Section 2.3.3 — the projection error ef,{,rf:,fb (1) given by (2.28), the reduced basis approximation error
in 4, e}(,’nb(p,) given by (2.31), or the reduced basis approximation error in X f?\v,nb(#) given by
(2.32). However, evaluations of e%ﬁfb (1) and €}, ,,, (1) are in fact expensive since the computational
cost is of order O(NV). In addition, “¢ruth” solutions must be evaluated for all u € Er. However,
if a posteriori error estimator is available, a more efficient procedure is possible (82, 99]. This will

be elaborated in Section 2.4.

2.3.7 Comparison of the Reduced Basis Spaces

We shall make a comparison between the augmented reduced basis approximation and the vec-
torial reduced basis approximation from three aspects: (i) the dimension of the spaces; (ii) the
computational complexity of the online stage; and (#ii) the computational complexity of the offline
stage.

From Table 2.4, it is clear that the dimension of reduced basis spaces, N, increases with ny —
but both scales less than linearly with ny. However, the nonlinear effect is more significant in Wy
compared to W§ for this numerical example. We consider the N required for sf‘v’ u < 2E-9. For
Wj\‘}, N scales as Ngny where Ny decreases with n, when higher accuracy is sought, as shown in
Table 2.2. This is due to spectral effects resulting from inclusion of higher eigenvectors, as explained
in Section 2.3.4. On the other hand, the dimension of W}é increases only very weakly with n, —

when n; increases from 2 to 10, N required only increases by 4. This is because W}J more closely
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N
ny | Wi | WY,
2] 18 ] 10
3127 11
4124 | 11
5130 | 11
6 | 30 | 12
7035 | 13
8132 | 14
9] 36 | 13
10| 40 | 14

Table 2.4: Comparison between the augmented reduced basis approximation and the vectorial
reduced basis approximation based on N required to reduce sj\v’ a to below 2E-9 for 2 < n < 10.

approximate the solution manifold M = {(y), 4 € D}, resulting in a more efficient representation.

During the online stage, the vectorial reduced basis approximation requires the use of Newton
iterative scheme. The current implementation of the scheme is not as efficient as the eigenvalue
solver used in the augmented reduced basis approximation. As such, although the required dimen-
sion of W]‘v/ for a particular accuracy is smaller, the total computational cost can be higher, and as
such less efficiency. There are certainly room for improvement in the design of the online solution

method.

For the offline stage, construction of the space W} is again less efficient than ij“. First, we
need to perform N-solve in the former but only Ns-solve in the later, where Ny < N in general. In

addition, in more general case, the preprocessing steps required for WI‘\? can be time-consuming.

Let us touch on the issue related to smoothness of the solution manifold M and the parametric
derivatives of i again. With the augmented reduced basis approximation, the approximations of
ui, 1 < i < ny are independent of one another once Wjé is defined. As such, the approximation of
a particular u; is not affected by the rate at which magnitudes of the parameteric derivatives (in
the Y norm) of u;, j # % grow. On the other hand, for the vectorial reduced basis approximation,
the approximations of u;, 1 < ¢ < np are coupled — therefore good approximation can only be
obtained if magnitudes of the parametric derivatives of u;, 1 < ¢ < np grow at a similar rate. A
vectorial reduced basis approximation is rapidly convergent if all components of G(u) have similar
smoothness property. We will not examine this issue in this thesis — for W]‘é , obtaining a set of

basis functions that is C°(D) is an overriding issue at present.
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2.4 A Posterior: Error Estimation

A posteriori error estimation procedures are well-developed for algebraic eigenvalue problems [4, 51,
89] and approximation of eigenvalue problems based on, say, finite element method [1, 83]. Simple
error estimates for a computed eigenvalue can be determined from the residual vector. However,
these error estimates usually do not provide rigorous bounds. Within the reduced basis context,
asymptotic error bounds are first formulated for reduced basis approximation of symmetric positive
definite eigenvalue problem in [71]. In addition, [71] provides a very efficient procedure by which

these bounds can be computed through the offline-online computational framework.

In previous work on reduced basis approximation of partial differential equations [45, 75, 99,
82, 114, 115], significant emphasis is placed on obtaining inexpensive and sharp error bounds for
our output of interest. Absent such rigorous error bounds, we cannot provide a certificate for our
reduced basis approximation and must rely on prior calculations to justify the accuracy of a reduced

basis approximation.

There are no existing rigorous error bounds for reduced basis approximation of eigenvalue
problems. However, non-rigorous error bounds can still be very useful. In particular, they play an
important role in the “greedy” adaptive sampling procedure outlined in Section 2.3.6. They provide
an efficient alternative to computing the actual errors €y, ,, and 5§\v,nb, which requires determination
the eigensolutions at all sample points in the training sample set Zp. For this particular purpose,
an asymptotic error bound may be sufficient since its main purpose is to serve as a guide in the
construction of the reduced basis sample set, and not as an certification of the result. The goal of
this section is to construct asymptotic a posteriori error bounds for reduced basis approximation of
ny eigensolutions to linear eigenvalue problems, specialized to the current numerical example. The

development parallels that for algebraic eigenvalue problems.

2.4.1 Derivation

Fori=1,...,np, we define the residual as

Ri(v; 1) = a(un,i(u), v; ) — Ani(u)mun:(u),v), (2.59)
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for Vv € Y. We further define a reconstructed error é; in Y, such that

a‘(éivv) = Ri(v;ﬂ)7 Vv ey,

(2.60)
where
a{w,v) = a1(w,v) + az(w, v); (2.61)
. _ Ri(vip) _ ...
IR:i( sl = e Jryomen v a(e;, &) (2.62)
and || - | = a(-, )2

Hypothesis 2.2. Assuming our reduced-basis approzimation is convergent in the sense that

)\N,i(,u) - Al(u)7 1 <1 < ny,

as N — oo.

(2.63)
Then, for sufficiently large N,
Anr s
i=arg min |1— Ni(K) . (2.64)
1<G<N Aj(p)
Proposition 2.2. Assume our reduced-basis approzimation is convergent in the sense that
Ani(p) = Xi(p), 1<i<ny, as N — oo (2.65)
Then, for sufficiently large N,
i) — Analw) | IR ,”EHZ’ 1<i<m (2.66)
)\z(ﬂ )\Nz ) /
In addition,
Ri(-; .
Junvatr) — wil < BTNy i<, (2.67)
T
and
R "3 2 .
AN (1) — Aifp)] < I8 I Z(dQM)” , 1<ism,. (2.68)
i
A ) =)
where d; = rjn;rll Wi
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Proof. Fori=1,...,np, we define &; € Y as

a(é,v;p) = Ri(v;u), Yvey; (2.69)
Ri(v; -
[1R: (-5l = SUP _(v_'fl_,tgi-_/j a(é;, &; p)l/Q; (2.70)
and ||| - Il = a(-, -;1)/2. We note that

a(’U, U ,u‘) = al(va ’U) + /1'20'2(”7 U)
< aiv,v) + az(v, v); (2.71)

since ¢ > 1. In addition, a;(v,v) and as(v,v) are both symmetric positive definite. Therefore
0 < a(v,v) < alv,v; p), (2.72)

and

R s il < N[ Ri -5 )l (2.73)

Let uw,i (1) = Y0, ajus () and & = S0 Bju;(). From (2.69),

N N
a(zﬁj/uj/m),w) = a(Zajujm), ) A (Z% u),)

N
ZBJ (), v;p) = Z — A (1)) (), v; )

J'=1
=g () = A
€ ? ( A1) ) ' (2.74)

Then,

IR (5 mll? = a(E, &5 p)

= > BIx (wym(u; (1), us (1))

j=1

N ' _ ) 2
_ Z(x\y(#)}\j(;\;\m(#)) a_?/\j(u>~ (2.75)

j=1
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Dividing by An (1), we have

Rl X m(u) |
Ani()  alung, ungs s g ( ) k),
e (0 = Awale) Zg 103 (1
. 1sJ‘SN( Aj (1) ) Sy o2 A (u )
_ i (0 = Awa(e))
- lsJ'SN< () ) (276)

Based on Hypothesis 2.2, we have i = arg mln 1—7—()”‘)”Q‘ and

)\i(“)_)\N,i(.U'>’ < MRl
Ain) T Owaw)?

185 )l
< MU 2.77
< D) 0
from (2.73). This proves (2.66).
To prove (2.67), we first note that
i) = wsle) = D () + (o = Dwilp), (2.78)

J#

which leads to

lluwi(w) —w(@l* = a (Z ajuj(p) + (i = Duilp), Yy agus(p) + (ai - 1)uz-(u);u)
Ji J#i

J#i J#i

= a (Z ajui(1), > agug(p); i) + al(es — Dus(p), (@ — l)%-(u)m)
ta (Z aju; (1), (i — Dus(p); 1) + a( ZO‘J“J )

J# JF

= > af) + (@i = D*i(w). (2.79)
i#i
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In addition, from (2.78),

m(un,(p) — uilp), un,i(p) — us(p)
= m (Z aju; () + (o5 — Dui(w), Y () + (0 — l)uz-(u))
J#i i
= 2(1 — o); (2.80)

[l () — us(e)|| 72

and from Poincaré-Friedrichs inequality [87], we have

lwwi(w) — wi(w)l® > Cllun(w) — uwi(w)l3a
= 20(1 - o), (2.81)

where C is a constant. From (2.75), we also have

a2 2 [(Ails) — Aniw) 2 _
Rl 2 ;%( W) ) A (4)
() = M) \?
> %1( j Aj(ﬂ;\’ ) %;iaf.)\j(u). (2.82)
Let d; El;l;iél 1\%@‘ Then
R .- 2
M) = 7 = 25 g ) — ws(u < LRI, (289

i

By solving for |||un;(u) — ui(p)|||? and expanding the square root term, we obtain

2
urs(e) — ol < R
d?
()12
= ﬂ%ﬂ, (2.84)
i
based on (2.73), after ignoring the higher-order term involving ||| - |||*. Finally, in the asymptotic

limit of (2.65), we can approximate d; by

d % min An,g(#) = Ani(p) | _ ds.
i AN, (1)

(2.85)
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This proves (2.67).

To prove (2.68), we note that

ANi() = M) = alun(w), uni(p); 1) — alug(p), wi(p); 1)
N
= D) = M)
j=1

= >N - (1—ed)Ai(p). (2.86)
J#

Substituting (2.79) into (2.86), we get

Ani(p) — i) i (e) — ws (@l = (s — 1)?Xi(p) — (1 — o) Mi(w)

oav,i) = i ()11 (2.87)

INA

since 1 — a? = >t a? > 0 and A; > 0. From (2.84), this proves (2.68). a

2.4.2 Offline-online Computational Framework
Augmented reduced basis approximation

We can also construct very efficient offline-online computational strategies for the evaluation of our

error estimators. From (2.60) and our reduced basis approximation, we have

Q

a(éi,v) = Y Og(wagluni(p),v) — Avi(wm(uni(u),v), veY, 1<i<m. (2.88)
g=1

It then follows from linear superposition that

Q N N
&) = 33 Og(wunin()EL — Ava(p) > unin(m)én, (2.89)
g=1n=1 n=1
where
a(gg,v) = ag(énv), veY, 1<n<N, 1<qg<Q, (2.90)
a(€2,v) = mG,v), veEY, 1<n<N. (2.91)

68



Then, ||R;(-;p)|| is given by

I
fwdl
~—~
>
=
)
-
p

1Rs( -5 )12 i» i
N Q Q )
= Z Z Z Z UN,zn(N)UNzn’( )QQ(M)@Q'(M)A%,%&’

N N
+ Z Z A ()N n(p)unin (i )An?z’

N N @
+ 35S () A ()0 ()AL, (2.92)

where A%7 e RN xRN, 0< q,¢ <Qareg1venbyAqq = a(¢d, &l ) 0<q,d <Q,1<n,n <N.
We now see that the dual norm of the residual is the sum of products of parameter-dependent
functions and parameter-independent functionals. The offline-online decomposition is now clear.

In the offline stage, we compute £2, 0 < ¢ < @, 1 < n < N, based on (2.88) at the cost of
O((Q+1)NN*), where the e denotes computational complexity of the linear solver used to obtain
¢3. We then evaluate A? and M at the cost of O((Q +1)N2N2). We store the matrices A? and M
at a total cost of (Q + 1)N?

In the online stage, we simply evaluate the sum (2.89) for a given un;(¢) and An (@), 1 < i < ny.
The operation count is only O(nyQ2N?2). The online complexity is thus independent of . Unless
Q is large, the online cost to compute the error estimator is then a fraction of the cost required to

obtain up (1) and An;(p).

Vectorial reduced basis approximation

Our point of departure is again (2.88). However, é;(u1) is defined as

Q N
ei(w) =) Og(wun n(w)€l, — Analu Zuwn )EDn, (2.93)
g=1n=1
where
a(gl,,v) = ag(Ginv), veY, 1<i<m, 1<n<N, 1<¢<Q, (2.94)
&(E?n,v) = m((inv), veEY, 1<i<n, 1<n<N. (2.95)



Then, [|Ri(-;p)]| is given by

IR -5 =

N N @ @ A |
Z Z Z Z ’UaN,in(ﬂ)’U;N’in/ (u)@q(”)@q,(”)Ag;’%’;z

n=1n/=1q=1¢=1

10,0,¢
+ Z Z A%}"z (ﬂ)uN,’l, n (ﬂ)uN,‘l n’ (M)An,n’z
n=1ln'=1

N N Q
+ 30D D unin()Ana(1)Og ()AL

n=1n'=1g¢=1

(2.96)

where A%7% ¢ RN xRN, 0< ¢,¢ < Q, 1 <i < ny are given by A%’gl,” =a(¢,, &), 0<¢,¢d <Q,

1< n,n’ < N. Again, we see that the dual norm of the residual is the sum of products of parameter-

dependent functions and parameter-independent functionals. The offline-online decomposition then

follows closely that of augmented reduced basis approximation.

In the offline stage, we compute (¢])n, 1 < ¢<Q,1<i<np, 1 <n <N and ()n 1 < i < nyp,
1 < n < N at the cost of O((Q + 1)nsNA'®). We then evaluate A% and M* at the cost of
O((Q + 1)nsN2N'2). We then store the matrices A% and M.

In the online stage, we simply evaluate the sum (2.93) for a given iy and An. The operation

count is only O(n@?N?). The online complexity is thus independent of A'. Again, unless Q is

large, the online cost to compute the error estimator is then a fraction of the costs required to

obtain iy and :\N.

2.4.3 Numerical Results

We define our error estimator A%, ,, (1) and Ay 0 (H) 38

N () =
A?V,nb,l (u‘) =

N’nb,2(u) =

1/2
[P ,u)ll 1
(Z ) (Z?il ”’U'N,J'(H)IPY) ’

o nm )l
1<i<n, (An,i(p))Y/?’
[ETCHDI

1Si%n, BAn() EFAni(p)
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and the following effectivity measures:

AY ., (1)
U N7nb
p) = —Nnet? 2.100
7]N,nb ( ) euN,nb (N) ( )

A1 (1)
A Nynp,1
M1 (B) = — 7+ (2.101)
ol €Ny (W)

My 2(H) = M (2.102)
€Ny (1)

We note that 771/\v,nb,1(:“) will diverge as N increases since |An;(p) — Ai(p)| is of O(fjun,i(p) —
wi(p)||%) ~ O(|Ri(;; p)||%)) and Af‘v’nb’l(,u) is of O(J|Ri(+; »)|). It is also obvious from the fact that
since both A?V,nb,l(/“l‘) and A?‘V,nbyg(u) are bounds and Af‘v’nb’Q(,u) is approximately (A}\V,nb,l(u))2’
nﬁ,’nb’l(u) will diverge. We further note that 7%, (1) and nﬁ,’nb’z(u) deviate from the actual
effectivities by a factor of (37, luni()l3/ 302, |lwi(p)l|2)/? and An,i/Ni respectively. Since
(502, Juns()l3/ S0, lus(u)lB )72 and A/ A can be greater than 1, m, (1) and ny,, »(1)
may thus be less than 1 when bounds (2.67) and (2.68) are sharp, especially in the large N limit.
We first look at results for the augmented reduced basis approximation. Figure (2-15) — (2-17)
shows how 7% ., Ty p, 1 a0d TNy 2 vary with N for different ny, where 7% ., fin n, 1 80d Ty, o
are averages of 7y . (1), 771'\\l,n,,,1(ﬂ) and nﬁfﬂnbﬂ(u) over the sample set =1 given in Section 2.2.4.
From these figures, we can conclude that Af‘v,nb’z(u) is a more effective bound for A; compared to
Aj\v,nb’l(,u). In addition, the effectivities are in general very good — it is of O(10) for 7y, and
0(10?) for ﬁ%\’,m,,?' Lastly, we note that the error estimators presented here are asymptotic bounds

for the actual errors; they are thus not rigorous, especially for small N.
For the vectorial reduced basis approximation, we obtain results that parallel that obtained
for the augmented reduced basis approximation as shown in Figure (2-18) — (2-20). The error
bound A?\V,nb,Z(“) is again a better bound than Af\v,nb,l(l‘)- In addition, we notice that 7y ,, for

the vectorial case is better than that obtained in the augmented case.
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Chapter 3

Empirical Interpolation Method

3.1 Introduction

In this chapter, we outline the empirical interpolation method detailed in [8, 44] and generalized
in [73]. This procedure proves to be particularly useful in the efficient reduced basis approximation
of nonlinear elliptic and parabolic equations [8, 44]. We shall demonstrate the same for a nonlinear
eigenvalue problem in Chapter 4.

We will examine the approximation of parametric function using the empirical interpolation
procedure. However, the procedure is applicable to a wide variety of problems. In [73], we show
that this procedure compares favorably to some standard results in classical algebraic polynomial
approximations of some typical geometries. In addition, the method is very versatile: it can be
used for nonstandard geometries and non-polynomial spaces and the accuracy of the approximation
can be easily controlled by using a posteriori error estimator. It also has applications in the
approximation of solutions of partial differential equations beyond the reduced basis context, for

example in modal analysis and dynamic simulations.

3.2 Problem Formulation

3.2.1 Problem Statement

We consider the approximation of the parameter dependent function g(z; ) € C*(D; X) of sufficient
regularity where X = L®(Q) N C%Q); Q € R? is our spatial domain of dimension d; L®(Q) =
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{v] esssup,eq [v(z)| < 0o}; and CO(D; X) = {v(-;u) € X,Vu € D}; and D € RP is our parameter
domain of dimension p. We also associate X with a inner product (w, v)x and norm ||-||x = (-, )%2
In particular, given only partial knowledge on g( - ;) over 2, we would like to approximate

9( - ; 1) by a collateral reduced basis expansion gps( - ; ) in the approximation space
Wi = span {g(z; uf,), 1 < m < M} (3.1)
induced by a parameter sample
8%, ={ud, €D, 1<m< M}, (3.2)

where M is the dimension of S%,.

3.2.2 Critical Observation

The rational for the above proposal is similar to that of reduced basis approximation. We define

the Kolmogorov M-width of U = {g( - ; 1), u € D} as [56, 63, 96]

dy (U, X) = inf inf |z - 3.3
MU, X) ;pMilelByeXMll yllx (3.3)

where X/ is a M-dimensional subspace of X. In Section 2.3.1, we have noted that the approxi-
mation will be rapidly convergent if djs approaches zero rapidly as M increases. We again expect
this to hold in our case based on the regularity of the solutions g( - ; 1) with respect to u. In [72],
it is further shown that dps is almost realized if Xjs is spanned by elements in U/. Exponential

convergence is also achieved when analyticity exists in the parameter dependency.

However, there are two difficulties related to determination of X, and ultimately our approx-
imation based on (3.3). First, determination of Xs based on (3.3) is combinatorically difficult.
Second, assuming that X is provided with a scalar product, the best fit of an element g € U in some
finite dimensional space Xjs that leads to a solution closest to djs is then given by the orthogonal
projection onto Xjs. This is the basis for the optimality of reduced basis approximation. However,
in many cases, this is a costly process and the knowledge of g( - ; ;1) over the entire domain € is

required. Thus, when the elements in U are continuous, the interpolation is a tool that provide a
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cheap surrogate to the evaluation of the orthogonal projection.

Within the context of the reduced basis approximation, an interpolation scheme is needed
when dealing with nonaffine and nonlinear PDEs which do not admit an efficient, i.e., online A/

independent, computational decomposition. This will be further discussed in Chapter 4.

3.2.3 Empirical Interpolation Method

The empirical interpolation procedure seeks to construct
={uf, €D, 1 <m< M}, (3.4)
and the associated approximation space

Wy = span {g(z;4f,),1 <m < M}

= span {gm,1 < m < M}, (3.5)

that will act as a good surrogate to Xjs, based on the “greedy” sampling procedure outlined

in [82, 99, 115]. In addition, the procedure construct a set of interpolation points,
T3 = {tm,1 <m < M}, (3.6)

that allows us to construct an approximation to g( - ; #) based on the interpolant of g over Tf,,:

M
m(-5m) = oarj(wWai(-) (3.7)
Jj=1
where ap(p) € RM is given by
M
D ataus) =gt i=1ee M. (3.9
If we define BM ¢ RM x RM a5
BY = q;(t:), (3.9)
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we can more directly define an interpolation operator Zys in WI"\’,I:

M
(Zmg)(-5m) =Y gt (), (3.10)
3=1
where
B (- >—2q, )(BM)3. (3.11)

We then have gu( ;1) = (Zmg)(-; ). We note that since by construction (Zarg)(¢5; 1) = g(t5; 1),
1 < j < M, we obtain

W () = 65,1 < 4,5 < M, (3.12)

from (3.10).

The interpolation error, £3,(u), is defined as

() = llg(-5 1) = gm (-3 )l Lo - (3.13)

In practice, we usually know only solutions g(-; u) and gp(+; &) at finite points in €, for example the
vertices of a mesh resulting from a triangulation 7. By assuming that the functions are piecewise
linear over elements T' € T, we approximate £%,(u) by the maximum of [g(-; ) —gar(+; p)| evaluated

at these finite points.

The construction procedure for the empirical interpolation method starts with a large sample
set U= {g(-;p),p € Er C D} CU. We assume U is representative of the entire set I/ in the sense
that sup,ey infyespan v} |2 — yllx is much smaller than the approximation we envision through
the interpolation process. We now construct, for Mpax < dim (span {U}), nested sample sets S%,,
1 € M < Mnpayx, nested approximation spaces Wfl, 1 £ M < Mpax, and nested interpolation
points Ty, 1 < M < Mpax. We choose our first sample point uf to be arg max,e=,. [l9(-; 1)l oo (q)-
In addition, we set ¢; = argmaxzeq |g(z; )|, @1 = g(z;1d)/g(t1; ), and B}; = 1. Then for

M=2,..., My.x, we determine

why = argmax e, i (n) . (3.14)
uwezr
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In addition, we define

rv(z) = g(z;p3y) — gm-1(5 piy) 5 (3.15)
ty = argmax|rpy(z)| . (3.16)
zeQ

We then set
gm(z) = rm(@)/rm(tnm), (3.17)
BY = ¢(t),1<4,j<M. (3.18)

Finally,

S = Sh1Ybis (3.19)
Wi = Wi, +span {qu}, (3.20)
TS, = T§_, Uty. (3.21)

We repeat this procedure until max,c=, £3,(1) is below €] |, a tolerance criteria we define. Then,
Mpax is the dimension Sﬁl for which this tolerance criteria is satisfied.

The construction procedure described above differ slightly from that proposed earlier in [8, 44].
In the current construction, we use directly the interpolation error eﬁ,,(u) as the error measure.
In [8, 44] however, the best fit error as defined by inf ey [|9(+; #) — 2] Lo (q) is used — this involves
a standard linear program, which can be very expensive. It remains for us to demonstrate that the

current construction of T%, and W{, is well-posed.

Lemma 3.1. Suppose that M,y is chosen such that M. < dim (span{U}), then the space W},

is of dimension M.

Proof. 1t directly follows from our hypothesis on Mmax < dim (span {U}) that e3,(pls,,) =
max,ep €5, (1) > 0 for any M < Mp,y. We now prove lemma 3.1 by induction. Clearly, dim(W7) =
1. Assume dim(W3,_,) = M — 1; then if dim(W},) # M, we have g(-;u%,) € W§,_, and thus
e%7_1(ud;) = 0; however, the latter contradicts £3,_,(u3,) > 0. a
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Lemma 3.2. The construction of the interpolation points Ty, is well-defined, and the functions

{q1,...,qm} form a basis for W,.

Proof. We proceed by induction. Clearly, we have Wy = span {g:}. Assuming W3, , = span
{q1,..-,qm-1}, the procedure is well-defined if (i) |ras(tar))| > O and (i5) BM~! is invertible —
we may form W3, = span {g1,...,qum}. To prove (i), we observe that |rar(tar)| = %,_;(1%,) > 0.
To prove (i), we just note by the construction procedure that Bf\f- 1= ri(ti)/ri(t;) = 0 for i < j
since g(ti; ) = (Zj-19)(ti; 1) for ¢ < j; that B%‘l = r;(t;)/rj(t;) = 1 for i = j; and that

B%"ll = |r;(t;)/r;(t;)] < 1 for i > j since t; = arg ess sup,¢q |ri(z)|,1 < i < M. Hence, BM~1 is

lower triangular with unity diagonal. a

Lemma 3.3. For any M-tuple (@;)i=1,..,.m of real numbers, there ezxists a unique element w € Wj’l

such that Vi,1 <1i < M,w(t;) = ;.

Proof. Let w = Ef’il kjq;(x) € W4, where k € RM is the solution of E;‘il B%nj =1 <i< M.

Clearly, we have w(t;) = Zﬁil k; ¢j(t) = ;. Furthermore, it follows from the invertibility of BM

that x is unique. O

Theorem 3.1. Assume that there exists a Banach space Y such that U C Y C L*°()), and that

there exists a sequence of finite dimensional spaces
Wi cwijc---cWi c---Cspan{l{}, and, dimWj =M, (3.22)
such that there exists ¢ > 0 and o > log(4) with

mE llg(5m) —vlly < ce™ M, Vg(-;p) €U (3.23)

Then,
e, < ce—(aM—log(4)) (3.24)

The proof of Theorem 3.1 can be found in [73]. Theorem 3.1 states that, under the reasonable
condition that the reduced space allows an exponential convergence (actually even faster conver-

gence is observed most of the times, as explained in [16]), the empirical interpolation procedure :
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(1) proposes a discrete space (spanned by the chosen g( - ; uf,)) where the best fit is good, and (i)
provides a set of interpolation points that leads to a convergent interpolant.

3.2.4 Error Analysis

A priori stability: Lebesgue constant

To begin, we define a Lebesgue constant Ay as [101]

M
Ay =sup ) |k} (z)]. (3.25)
z€eN i1

We observe that A depends on Wy, and Ty but not on p or our choice of basis for W§,. We can

further prove that [44]

Lemma 3.4. For any g € U, the interpolation error satisfies
lgC-5 1) = Zaag)(izooey < (1+ Apr) 10f lg(-5) = 0()llzo(e): (3.26)
M

FPurthermore, Apr < 2M — 1,

Lemma 3.4 is very pessimistic and of little practical value; it nevertheless provides some no-
tion of stability. In most cases, inf,ewg |lg(-;p) — v( - )llL=(n) decreases sufficiently rapidly that

2Minf eys [19(+54) — v(-)lzeo(e) — 0 as M — oo.

A posteriort error estimation

Given an approximation gas(z; i) for M < Mmax—1, we define €3, () = |g(Em+1; 1) — g (Ear41; )|-
We can then prove the following [44]:

Proposition 3.1. If g(-;u) € Wy, then (i) g(z;p) — gm(z;p) = £65,(w)am41(z), and
(i) €,() = ll9(- ;1) — gm (- s W)l 2 (-

Proof. By our assumption g(-; 1) € W§,,,, there exists x(u) € RM*1 such that g(-; ) —gm (-3 4) =

jAf{l k(@) gj( - ). We now consider z = ¢;,1 < ¢ < M + 1, and arrive at
M+1
D ki) gi(t) = gt ) — gue(tisp), 1<i<M+1. (3.27)
j=1
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It thus follows that s;(u) = 0, 1 < j < M, since g(t;;p) — gm(tisp) = 0,1 < 4 < M and the
matrix g;(t;)(= Bgf is lower triangular, and that kpr41(p) = g(ta+1;4) — gr(tarea; p) since
gm+1(tm+1) = 1; this concludes the proof of (i). The proof of (i) then directly follows from
lam+1llzes (o) = 1. O

In general, g(z; u) ¢ W3y, and hence

o) > &5,(u); (3.28)

&%,(u) is then a lower bound to e3,(u). However, if €%,(u) — 0 very fast, we expect the effectivity,

(1)

ehr(k)

(k) = (3.29)

to be close to unity. In addition, to determine our error estimator égM (1), we only need to determine
tym41. This is very inexpensive — we only need to do an additional iteration of the empirical

interpolation procedure.

3.3 Numerical Example

Here, we look at an example unrelated to the reduced basis approximation — application of empir-
ical interpolation method within the reduced basis framework will be explored in Chapter 4. We

shall look at approximation of a parameter-dependent function g(x; ) given by

9(x; ) = fQ 05 1) £ (%, %), (3.30)

where Q C R?, £ € Loo(R), and f € Lo (). For a discretization of Q into A points, a full evaluation
the convoluted function (3.32) for every new p will required O(N?) operations. However, if for a
given Er, we construct an approximation space Wj‘(,l and the associated interpolation points Tf,,,
we will only required O(MN) operations — we only evaluate the integral at M magic points.

As an example, we consider a domain Q = [—0.5,0.5] x [-0.5,0.5] C R2, u € [1,10], x = (z,y),
£(x; u) = sin(27plx|), and f(x,y) = % exp(—50/x — y|?). We construct our approximation based
on the sample set U9(= {g( - ;u),u# € Er € D = [1,10]}, where Er consists of 100 u-points

distributed uniformly in D. This may have applications in areas such as animation where u represent
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M | maxuez, €5, () | Am | maxyes, €5,(n) | 74y | maxuez, nf (1) | mingez, n%;(u)
2 | B85969E—1 | 15054 | 8.5069E-1 | 0.01 1.00 2.45E 4

4| 2740TBE-1 | 1.9762 | 2.7407TE-1 | 0.20 1.00 2.13E-2

6 9.7983E-2 3.1647 9.7983E-2 0.42 1.00 5.09E-2

8 6.0001E-2 3.8942 6.0001E-2 0.36 1.00 9.29E-3

10 3.8791E-3 3.2768 3.8791E-3 0.73 1.00 1.80E-1

12 6.4367TE-4 4.5580 6.4367TE-4 0.53 1.00 2.78E-2

14 6.347T4E-5 5.9444 6.347T4E-5 0.97 1.00 3.30E-1

16 81714E-T7 4.5135 8.1714E-7 1.00 1.00 1.00

Table 3.1: Comparison between the error estimate and the actual error, for g( - ;u) =[q €(x'; 1)
f(, %) dx', where £(x;pu) = sin(2mp|x|), f(x,y) = Lexp(-50x —y|?), @ = [-0.5,0.5] x
[—0.5,0.5] C R?, and p € [1,10]. The 773, is the mean of n},(u) for p € D.

temporal variables, or the regeneration of 3D tomographic data sets where u represent spatial

variables.

Table 3.1 shows that the error max,c=, aﬁ’w(u) decreases monotonically and the Lebesgue con-
stants are generally small for all M. Thus, the approximation leads to fast evaluation of g with
minimal loss of accuracy. The error estimator, é?v.r (), provides a good estimate to actual inter-
polation error, £3,(i) — the average effectivities, 73, are close to 1, especially for larger M. In
addition max,ecz, nh,(14) is always close to 1 while min,ez, 13, (1) approaches 1 as M increases.

We note that max, ez, £3,(1) is always equal to max, ez, €5,(1). This is due to our construction

procedure that uses £3,(u) as the error measure: from (3.14) and (3.16), we have

max &9 = max|lg(-;pu)— .3 oo

max (1) max lg(-5) — gre (-5 )l Loo(e)

= g(-s ) — 9m (5 i)z ()

= |lra+1()llz=(e)

= |ras1(tars1)|

- lg(tM-i-l;/"'%J.H)_gM(tM—Q-l;H?V[.Q_l)I

= max |g(tars1; 1) — gar(tvsrs )]
peST

= max &, (u). (3.31)

HEET

The above is not necessarily true for the construction procedure given in [8, 44].

We now relax slightly the parametric smoothness requirement of the empirical interpolation
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method on admissible functions. We consider functions g( - ;) that are piecewise continuous
in D. We first note that if Wfl contains sufficient solutions from all smooth segments of the
solution manifold that are disjointed, the best fit error inf, ewd, 1G(+5 #) —v(“ )| oo Will be small.
In other words, the best fit error does not require g( - ; 1) to be continuous in D although this
smoothness property will allow more rapid convergence of the best fit error with M. Since the
inequality (3.26) always bounds the interpolation error |g( - ;1) — (Zm@)( - )| Lo(q) by the best fit
error, the approximation based on the empirical interpolation method will be close to the best fit
approximation, provided that the Lebesgue constant Ajs remains small. In addition, we note that
Az only depends on TJ%,I and has no explicit dependence on the smoothness requirement. Thus, we
expect the empirical interpolation approximation will be reasonably good even in the case where
the functions §( - ; ) are only piecewise continuous in D.

We demonstrate this observation based on the following numerical example: we define g(x; )

3 ) = /Q B ) £ (%), (3.32)

where x € Q = [-0.5,0.5] x [-0.5,0.5] C R?; p € [1,10);

B ) = sin(2mplx]), p<3, (3:33)

cos(2mp|x|), u>3;
and f(x,y) = % exp(—50|x — y|?). Figure 3-1 shows the piecewise continuous property of §( - ; u)
with respect to . From Table 3.2, we observe that Aps is O(10) for M < 16, the approximation er-
TOT MaX,c=, sg,_, (1) decreases with M, and the average effectivity ﬁﬁ,j approaches 1 as M increases.
Nevertheless, compare to the results in Table 3.1, we observe a slower convergence in the approxi-
mation — with M = 16, the approximation error in § is of O(10~%) but the approximation error in

g is of O(10™7). Thus, the smoothness property affects the convergence rate of the approximation.
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Figure 3-1: Discontinuity in §(t;u) at 4 = 3 for some selected values of ¢ — §( - ; ) is piecewise
continuous between 1 < y < 3 and 3 < p < 10.

M | maxuez, €%, (1) | Am | maxues, €5,(1) | My | maxues, my,(w) | mingezy ni, (1)
9 | 43379BE-1 | 1.4484 | 4.3379E-1 | 0.05 1.00 1.8201E-3
4| 3.1848E-1 |20227| 3.1848E-1 |0.07 1.00 2.8063E-3
6 | 1.0347E-1 |24519| 1.0347E-1 |0.49 1.00 1.9018E-2
8 | 26034E-2 |3.3224| 26034E-2 |0.41 1.00 3.5207E-2
10| 6.0917E-3 |4.0432| 6.0917E-3 |0.81 1.00 1.4041E-1
12| 1.0721E-3 |5.1275| 1.0721E-3 |0.41 1.00 9.6578E-3
14| 2.7326E-4 |57885 | 27326E-4 | 091 1.00 1.6602E-1
16 | 1.2224E-5 |6.0140 | 1.2224E-5 |0.95 1.00 2.7575E-1

Table 3.2: Comparison between the error estimate and the actual error, for g( - ;u) =/, UxX'; p)
f(-,x) dx/, where {(x;p) = sin(2mulx|) for p < 3 and cos(2wu|x|) otherwise; f(x,y) =
%e)_cp(—50|x—y|2); Q = [-0.5,0.5] x [-0.5,0.5] C R% and p € [1,10]. The 7}, is the mean
of n%,(u) for p € D.
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Chapter 4

Nonlinear Model Problem

4.1 Introduction

We shall now consider the extension of the reduced basis method to a nonlinear eigenvalue problem.
The reduced basis method developed in Chapter 2 and the associated a posteriori error estimation
procedure rely on the affine parameter dependence property of the problem to arrive at an efficient
offline-online computational procedure. When this property is absent, the computational strategy

breaks down, leading to an online computational cost that depends on N.

Recently, [8, 44] incorporated the empirical interpolation procedure described in Chapter 3
within the reduced basis framework to successfully treat any elliptic problems with nonaffine pa-
rameter dependence and recover the efficiency of the offline-online computational strategy. We shall
here apply the technique to a nonlinear eigenvalue problem. We consider only the determination of
the smallest eigenvalue and the associated eigenvector. It serves as an introduction to the next two
chapters, where we will consider the reduced basis approximation of Kohn Sham equations with
vectorial eigensolutions. Additionally, the numerical example examined involves a nonlinearity term
similar to that encountered in Thomas Fermi model [12, 70}, a prototypical model typically used
for mathematical purposes as its mathematical features are similar to that of Density Functional
Theory models. The methodology developed can also applied to models based on the Orbital Free
Density Functional Theory [24, 39].

87



4.2 Abstract Formulation

4.2.1 Problem Statement

Given two Hilbert spaces X and Y where X = L%(Q) and H}(Q) C Y C HY(Q), we consider the
following nonlinear eigenvalue problem: given any p € D, we are interested in finding A(u) where

(u(pe), AM(p)) € Y x R satisfies

ar (u(j2), v) + 2 /Q o(u(); s = Mpm(u(u),v), Wwey,

mu(p),u(p) = 1 (4.1)

where! D C R is our parameter domain; (2 is a bounded domain in R; and a1 (w,v) and m(w,v)

continuous
a(w,v) < vlwlylvlly, Yw,oCY, (4.2)
m(w,v) < ypllwlx|lvlx, Yw,oCXj (4.3)
coercive
. CLl('LU,'LU)
0< 0 = inf ———, (4.4)
weY  wlly

0< ay, = inf miw, ),

e TelE (45)

and symmetric, a;(w,v) = a1(v,w), Yo,w C Y, and m(w,v) = m(v,w), Yo,w C X. Here, g
is a general Cnonafline nonlinear function of the field solution u(z;u), spatial coordinate z, and
parameter y. We require g : R x 2 x D — R to be continuous in its arguments, monotonically

increasing in the first argument, and g(z;z;4) > 0, Vz € R, Vz € Q, Vu € D.

As the focus of this chapter is on the nonlinear term g, we assume that a; and m are parameter-
independent; parameter dependence can however be readily admitted. In anticipation of messier

equations to be encountered in Chapter 6 and 7, we rewrite (4.1) in a more convenient form: find

The u? in (4.1) is used to obtain a sufficiently interesting problem for application of reduced basis approximation.
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u(p) = (u(), A(4) € ¥ = (¥ x R) such that
A(u(), vip) =0, Wwe, (4.6)
where
Aw = (w,0),v = (v,9); 4) = a1(w,v) + p?a™ (w, v; p) — om(w,v) + p(m(w,w) - 1),  (4.7)

and o™ (w,v;p) = Jo 9(w; s p) v. Given z = (2,9) € Y, we shall also define the derivative bilinear
form dA(-, -;pu;2): Y x Y — Ras

dA(W = (w,0),v=(v,9)i 2= (2,9)) =

ar(w,v) + 2 ] ¢z 23 pyw v — am(w,v) — om(z,v) — Bm(w, v) + p(@m(w, 2)), (48)
Q
such that
2
Ala+w,v3 ) = Al vi ) + A, vi i) + 5 [ a3ty - om(w,) + pm(u, w), (49)
Q

where

Og(s; ;- 8?%g(s; ;-
g (w;z; p) = g(a—s)(w;m; 1), §'(wizip) = %(wm ). (4.10)

4.2.2 “Truth” Approximation

We proceed by first developing a “truth” approximation based on the finite element approximation.

We define a finite element space Y C Y of dimension N as

Y, = {veY| v|t, € P1(Th), YTh € T}, (4.11)

Pi(Tn) = span{l,z}, (4.12)

where 73 is a uniform “triangulation” of the domain ) comprised of linear elements T;. The

inner product and norm associated with Y, are simply inherited from Y. The finite element
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approximation to (4.6) is then given by: find up (1) = (up(p), An(it)) € Y = Y, x R such that
Ap(ap (), v p) =0, Vv € D, (4.13)

where we have replace the nonlinear term a™(w, v; 1) by a quadrature sum given by a™2%8d (4, v; 1)

= D quad 9(w; ;1) v(-). We similarly replace the nonlinear terms in the derivative form of Aj,

dAp, by quadrature sums.

To solve (4.13), we will examine two solution methods — the Newton iterative scheme, and the
fixed point method. The fixed point method is part of the Self Consistent Field (SCF) schemes
frequently used to solve computational chemistry problems [18], as mentioned in Section 1.2.2. We
describe these two methods next, and provide a comparison between them in Section 4.2.3.

Newton iterative scheme

Ignoring the higher order terms after the dA( 1, v ;u;z) term in (4.9), we begin with an initial

guess u% and construct the sequence uﬁ € Y by
alAh(uﬁle —uf,v; y;uﬁ) = —Ap(uf,vin), Vve Yy (4.14)

at each step k, we solve a linear differential problem associated with the linear operator d.A. We

repeat this procedure until convergence criteria given by

A (1), va)llz2 < €tol,  YVh € Y, (4.15)

is satisfied. Here, £ is a preselected tolerance level, and kpax is the maximum iterations required
to satisfy the convergence criteria (4.15).
Fixed point method

We will use the Roothaan algorithm [106] which has been critically analyzed in [20]. We first rewrite
g(w;z; u) as p(w;z; p)w. Then, starting from an initial guess ug(u), we construct the sequence
uf (i) = (uf (1), Ai (1)) € Vn where

uf (1) = o™ (1) + (1 — a)uf (), (4.16)

90



« is an adjustable parameter to improve convergence, and u}: (1) satisfies

a(ul ), o) +4° [ o W)l = Mm@l we,

1. (4.17)

m(uf (1), (1))

Therefore, at each step k, we must solve a linear algebraic eigenvalue problem of dimension A/. The
procedure is repeated until convergence criteria (4.15) is satisfied.

As was done in Chapter 2, the reduced basis approximation will be built upon this “truth”
approximation and we will drop the subscript 4 from all subsequent formulation, with the under-
standing that the “truth” approximation in fact refers to the finite element approximation. Thus,

Y, A, 8A, u and ) shall now be understood as Vi, A, 0An, up and Ap,.

4.2.3 Numerical Example

We consider the following nonlinear eigenvalue problem defined on Q =]0,1[C R: given p € D =
[1,10], we evaluate u € Y from (4.6) where Y = H}(Q),

1 [ dwdv
a1(w,v) = 3 T dr dz, m(w,v)= '/s;wv dz, (4.18)
and the nonlinear function
g(w; ; ) = p(w)w, pw) = |w[7/3. (4.19)

The H(2) C H'(Q) is the usual Hilbert space of derivative square-integrable functions that vanish

on the domain boundary. The derivative of g(w;z; 1) with respect to w is positive and given by
, 7, 4/3 7/3
glwzp) = gl sgn(w)w + |w]
10
We solve the resulting problem using the finite element method with A" = 400, employing

both the Newton iterative scheme and the fixed point method. Table 4.1 shows that the Newton

iterative scheme is clearly more efficient than the fixed point method for this particular example.
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Newton scheme | fixed point method
| kmax  time, s a  kmax times
1 4 0.4 0 9 0.8
10| 6 0.4 0.95 388 329

Table 4.1: Comparison of the computational cost of the fixed point method and the Newton iterative
scheme in “truth” approximation.
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Figure 4-1: Variation of u(y) and A(x) with p for p € D = [1,10].

For ;o = 1, Newton iterative scheme converges in half the time required by fixed point method.
This is expected since the Newton iterative scheme converges quadratically while the fixed point
method only converges linearly. In addition, as i increases, «, the mixing parameter in (4.16), must
be sufficiently large for the fixed point method to converge, severely affecting the convergence rate
of the fixed point method. For u = 10, we have used a = 0.95, and as a result, the computational

cost of the Newton iterative scheme outperforms the fixed point method by a factor of 80.

For this example, it is clear that the method of choice for our “truth” approximation is the New-
ton iterative scheme. Nevertheless, for more complicated problems, for example those encountered
in Chapter 6 and 7 where we must solve for several eigensolutions, the advantage of the Newton
iterative scheme over the fixed point method is not as straightforward. In particular, the addition of
the orthonormality constraints may lead to an ill-conditioned Jacobian matrix; continuation scheme

coupled with preconditioner for the Jacobian matrix may be required to achieve convergence.

The resulting solutions u(u) and A(u) for some selected p are shown in Figure 4-1. We notice

nontrivial variation of u(u) with u.
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4.3 Reduced Basis Approximation

4.3.1 Classical Approach

The space and the approximation

We first introduce nested sample sets S¥ = (p1,...,4n), 1 £ N < Npax and define the associated

nested reduced-basis spaces as

Wl’l\lll = spa.n{u(,uj),lgjgN}, 1< N < Npax,

= span {(;,;1<j< N}, 1< N < Npax; (4.21)

where u(y;) are solutions of (4.6) at p = u;; and (j, 1 < j < N are basis functions obtained after

u(pj), 1 £ j < N are orthogonalized.

The approximations to u(u) and A(u) are then obtained by a standard Galerkin projection:
given a u, find uy = (un(u), An (1)) € Ynv = W5 x R such that

Alun,va;u) =0, Vvy € Yy, (4.22)
where A is as defined in (4.7).
Discrete Equations
We now demonstrate how the nonlinearity in a™( -, -;u) affects the efficiency of the offline-online

computational strategy. We expand our reduced-basis approximation as

N
un(u) =D un ()G (4.23)

j=1
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Inserting this representation into (4.22) and choose as test functions v = ¢;, 1 < i < N yields

ZUN] afl C]vgz "F‘ﬂ/ ZUNJ Cz -
Zum m(G,G), 1<i< N, (4.24)

N N
YD un sl iwm(G, G) = 1. (4.25)

j=1i=1

If we now apply a Newton iterative scheme to solve (4.24)—(4.25), then in each Newton iteration

and given a current iterate @y (1), 1 < j < N, and Ay {p) we must find an increment dup ;(u), 1 <

Jj < N, and dAn(p) such that

N

Z(SU‘NJ {al C]7CZ +N/ Z /J‘)CJ G Gi

N

= S (m(6,6) -~ v DL

‘MZ

N
ﬁNj(M)al(Cj7(i)—N2/Qg ZﬁNj'(M)Cj' G

j=1 3'=1
N
Z (Wm(¢,G), 1<i<N (4.26)
and
N N N N
2> > Sun j(wan i(wm(G, G) == 3> an (i i(wm((, G) + 1. (4.27)
j=114=1 j=1i=1

If g and ¢’ are quadratic polynomial nonlinearities in u, an expansion into their power series will
recover the affine parameter dependence, allowing an efficient offline-online computational decom-
position. Unfortunately, for higher polynomial nonlinearity, such expansion leads to complex offline
construction of the required matrices and potentially large online computational cost, while for non-
polynomial nonlinearities, it does not exist. As such, the evaluations of fQ g (Z]\/] L8N (1) Gy ) G
and [, ¢’ ( =1 8N g (ke )(jr> ¢j i, in general, incur a cost of O(N).
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4.3.2 Empirical Interpolation Method

To obtain online computational cost that is independent of NV, we replace g(w; - ; ) by g% (- ;n),
an approximation based on the empirical interpolation method described in Chapter 3. We first

introduce nested sample sets
Sy ={u, €D, 1<m< M}, 1<M< My, (4.28)
the associated approximation spaces,

Wi, = span {g(z;p8,), 1 <m <M} 1< M < My

= span {g},,1 <m <M}, 1<M < Mpy, (4.29)
and the interpolation points,
Ty ={th,1<m< M}, 1<M < Mpa, (4.30)

where Mmax is determined by the maximum accuracy to which we would like to approximate
g(+; +; ). The construction procedure is detailed in Section 3.2.3. The approximation of g(w; -; u),

giy(-; u), is then given by

M
gir(m) = am;wg(-), (4.31)
j=1
where aps (1) € RM is given by
M
> ()am j(u) = g(wE);tfsn), i=1,...,M. (4.32)

j=1

Although this “composed” interpolant is defined for general w € Y, we expect good approximation

only for w (very) close to the manifold M = {u(u), 4 € D} on which W3, is constructed.

Our reduced basis approximation is thus: given u € D, find un,m (i) = (un,m (1), Anvm(p)) €
Yn such that

Am(an,m(p), v p) =0, Vv € Yn, (4.33)
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where

Au(w = (w,0),v = (v,9); ) = a1(w,v) + p*a™M (w, v; 1) — om(w, v) + p(m(w,w) - 1), (4.34)

and

"M (10,5 ) = /Q any (4.35)

The subscript N, M emphasizes the fact that the solution uy ps(1) is affected by two discretization

procedures — this will be further elaborated in Section 4.3.4.

4.3.3 Offline-online Computational Framework

We now demonstrate how the incorporation of the empirical interpolation procedure into the re-
duced basis framework leads to an efficient offline-online computational strategy. We give the
implementation details of the Newton iterative scheme and the fixed point method within this

offline-online computational framework.

Newton iterative scheme

As was done in the classical reduced basis approximation, we first expand our reduced basis ap-

proximation as

N
un (i) = Y un ()G (4.36)
=1

In addition, we expand our empirical interpolation approximation for g(un ar(p); z; 1) as

M
gat M (@) = omm(p)gh(x) (4.37)
m=1

where gpr(p) € RM is given by

M
> Biromr(n) = glunp(t;m)ith;p), 1<m<M
k=1
N
=g (Z UN,Mn(u)Cn(ti’n);t%;u) , 1<m<M; (4.38)
n=1
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and BM ¢ RM x RM is given by Bﬁ:{k = gh(t]), 1 <m,k < M. We note that {gh,1 <m < M} is
pre-constructed offline based on the empirical interpolation method, but gps(p) is computed online

given any p € D.

Inserting the above representations (4.36) and (4.37) into (4.34), we obtain the following discrete

equations

N M N
S ANuna i)+ 12 Y . O o m(u) = Awpe(w) Y MSunarj(u), 1<i< N (4.39)

N N
> unmiw)Mun () = 1; (4.40)
i=1 j=1

where AN € RVXN, MN € RV*N, CNM ¢ RN*M gare given by Al = a1((j,G), 1 < 4,5 < N,

MY =m((,6), 1<4,5 < N, and G2 = [ g, 1 i< N,1<m < M, respectively.

1

We then substitute gps(u) from (4.38) into (4.39) to obtain the following

N M N
> AVun i)+ 62> DiMg (Z Gn (8, un, b1 n (1)t u) =
J=1 m=1 n=1

N

M) Y MPunpi(p), 1<i<N, (441)
j=1

where DV:M = CNM(BM)—1 ¢ RNXM,

We now solve (4.41) for unar;(p),1 < j £ N by Newton iterative scheme: given a current
iterate @y, j(1),1 < j < N, and Ay ps(p) we must find an increment duy ar;(1),1 < j < N, and
dAn,m(u) such that

N N
Z (AN, + BN + /_\N,M(M)MAJ() Oun, (1) — OAN, M (1) Z M an prk(u) =
=1 k=1

N M N
- Alanpi(w) - u* > Divg (Z Gn(t8,) BN, ()3 85 u)
j=1 m=1 n=1

N

+Anam() Y MNanai(p), 1<i<N; (4.42)
j=1
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and

N N
2ZZﬂN’Mi(ﬂ) 5UNM] ZZUNMQ M,JUNM](M)'{-L (4.43)

i=1 j=1 1=1 j=1

Here EY € RV*N must be calculated at every Newton iteration as

N

Z DMy (Z Cn(ti’n)ﬂN,Mn(u);t%;ﬂ) Gth), 1<4,j<N, (4.44)
n=1

where ¢'(w; ;) is the first derivative of g with respect to w. We can now develop an efficient

offline-online procedure for the rapid evaluation of Ay as(i) for each p in D.

In the offline stage — performed once — we generate nested reduced-basis spaces Wy =
{¢1,--,¢n} 1 £ N < Npax, nested approximation spaces Wi, = {¢f,...,¢%,},1 < M < Mpax,
and nested sets of interpolation points 75, = {t{,...,t},},1 < M < Myay; we then form and store
AN MY BM and DNM,

In the online stage — performed many times for each new 1 — we solve (4.44) for up s ;(p), 1 <
Jj < N. The operation count of the online stage is essentially the predominant Newton update
component: at each Newton iteration, we first assemble the right-hand side and compute EV at
cost O(MN?). Note that we perform the sum in the parenthesis of (4.44) before performing the
outer sum — the evaluation of Eﬁle Cn(th)un mn{p) is of O(MN) while the evaluation of the
outer summation is only of O(M). We then form and invert the left-hand side (Jacobian) at cost
O(N3). The online complexity depends only on N, M and number of Newton iterations; we thus

recover online A independence.

Fixed point method

Similarly, we first expand our reduced basis approximation as
un (i) = Y unn ()G (4.45)

Instead of constructing an empirical interpolation approximation for g(un am(s); - ; ), we con-
struct an empirical interpolation approximation for p(unar(u); + ;1) = |unar(p)|/3. We first
construct nested sample sets S5, = {u],..., 48}, 1 < M < Mpax, nested approximation spaces

Wiy = span {¢},...,q4}, 1 < M < My, and nested interpolation points 7%, = {t},...,¢%},
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1 < M < Mpyax. We then expand our empirical interpolation approximation for p(un a(@); z; )

as

M
par M (@) = Y Bum(w)ah(e) | (4.46)

m=1

where Gy (1) € RM is given by

ZB wOMk() = plunm(sp)ithsp), 1<m<M
N
= p (Z uN,Mn(u)Cn(tfn);tfn;u> , 1<m<M; (4.47)
n=1

and BMP ¢ RM x RM ig given by Bm’,f = gh(t), 1 < m, k < M. We note again that {gh,,1 <m <
M3} is pre-constructed offline based on the empirical interpolation method, but 3ps(x) is computed
online given any p € D. Inserting the above representations (4.45) and (4.46) into (4.34), we obtain

the following discrete equations

N M
> ANun () + 1 (Z CN””’"BMm(M) unm(p) =
j=1

m=1
N
A () D MNun (), 1<i<N;  (448)
j=1
N N
SN unari@)Mun g i(n) = 1; (4.49)

i=1 j=1

where AN € RVXN MmN ¢ RVXN oNpm ¢ RNXN 1 < m < M are given by Af-t]j = a1(¢;, ),
1<i,j <N, MN =m((,6), 1<4,5 < N,and CP™ = [0 dhiG, 1<, <N, ,<m<M
respectively.

The offline-online computational decomposition is then clear. In the offline stage — performed
once — we generate nested reduced-basis spaces Wy = {(1,...,{n},1 < N < Npax, nested
approximation spaces WM {d,.. qﬁ,_,}, 1 £ M <€ Mpax, and nested sets of interpolation points
Th ={,...,th,},1 £ M < Mpax; we then form and store AV, MY BMP and CNP™ 1 <m <
Miax.

In the online stage — performed many times for each new p — we solve (4.48) — (4.49) for

unmi(p),l < j < N. We begin with an initial guess u?V’M(,u), and construct a sequence of
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ufv, (1) given by
iy ar (1) = oufa (1) + (1 — a)uly p (), (4.50)

where u{v (1) satisfies

ZA, JuNM] (1) + 1 (z CN’p’m»Bk (N)) U{V,Mj(ﬂ)

m=1

N
M) Y MBul (), 1<i<N; (451

=1
N N
YD ki WMNul ) = 15 (4.52)
i=1 j=1
and Sy, (1) s given by
M u N
>oBMES ) = p( D uhk (G En), 1<m <M. (4.53)
£=1 n=1

The operation count of the online stage is essentially the cost of solving linear eigenvalue prob-
lems: at each fixed point iteration, we first determine B%,(u) at a cost of O(M?) and assemble
E%=1 chM ’p’mﬂﬁ,;}n(u) at a cost of O(MN?); we then solve the resulting linear algebraic eigen-
value problem at a cost of O(N3). The online complexity depends only on N, M and number of

fixed point iterations; we thus recover online N independence.

Comparison between Newton iterative scheme and fixed point method

We first note that the computational cost of a single Newton iteration and a single fixed point
iteration is similar. However, from Table 4.2, it is clear that the number iterations required to
achieve convergence is much higher for the fixed point method than for the Newton iterative scheme,
resulting in a much higher computational cost. The result is similar to that observed in Section 4.2.3.
In particular, for higher 4, the mixing parameter ¢ in (4.50) has to be large in order to achieve
any convergence. For u = 10, the Newton iterative scheme is 70 times faster than the fixed point
method.

The choice for our online solution method for this example is clear — the Newton iterative

scheme is more efficient that fixed point method. However, for the same reasons given in Sec-
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Newton scheme | fixed point method
Y| kmax  times o« kpax time,s
2 4 0.001 0.75 58 0.01
8 5 0.001 0.95 273 0.07

Table 4.2: Comparison of computational cost of the fixed point method and the Newton iterative
scheme in reduced basis approximation. Here N = 6 and M = 12.

tion 4.2.3, this may not be true for more difficult problems, such as those encountered in Section 6

and 7.

4.3.4 Convergence

We first define an error measure ef‘v M 88

eN M = ma: (4.54)
’ LEET

() — /\(ﬂ)‘
Ap)

where Zr C D is a test sample set of size 100 with the sample points uniformly distributed in D.
We now evaluate e} w,u for different N and M. From Figure 4-2, we observe that the reduced basis
approximation converges very rapidly with N and M. In addition, the quality of our reduced basis
approximation depends on N and M in a strongly coupled manner: for a fixed value of M, the
error decreases monotonically with N for N < Ny, where Ny is such that there is no appreciable
change in s%,, u for N > Ny, However, when M is increased, the achievable Ej\v, ar decreases further
as Ny increases; this strongly suggests that the reduced-basis error may obviously be degraded by
a poor initial choice of M; we can always choose M large enough that the incurred error does not

affect our desired accuracy. The choice for the sample set is discussed next.

4.3.5 Construction of Samples

We must now construct two sample sets S3, and S% and the associated approximation spaces, Wy,
and Wy. We first construct S%,, W3, and T}, (defined in Section 4.3.2) based on the algorithm
given in Section 3.2.3. It is however an expensive process. Before we can apply the adaptive
sampling procedure, we must first compute and store the solution u(u) for all 4 € Zp. For our
example, this is equivalent to performing 100 O(N*) solves and saving 100 solutions each of length

N. This inefficiency can be attributed to the lack of an a posteriori error estimator that does not
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Figure 4-2: Variations of the reduced basis error in Ay s, 5}\\’, u (given by (4.54)), with N for
M =4,6,8,10 and 12.

require knowing the approximation of g( -; -;u) beforehand.
Once we have constructed the approximation for g(-; -; 1), we can proceed with the construction
% and W§ based on the procedure outlined in Chapter 2. Note that the accuracy that can be
achieved is limited by the accuracy of gM ;M (-5 p); Wy, must initially be constructed such that the
accuracy in gM‘ M(-;p) is equivalent the desired accuracy of Ay, a(u). In addition, since we have
solutions at all 1 € E7, we can use the exact error in Ay ar(u) given by I—N’ATT%-,M as our error

measure when applying the adaptive sampling algorithm. We also do not have an a posteriori error

estimator for nonlinear eigenvalue problem at this point.
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Chapter 5

Band Structure Calculations

5.1 Introduction

We now consider the application of the reduced basis method to the calculation of the band structure
of a periodic solid, a problem commonly encountered in solid state physics. This problem can arise
from a semi-empirical model of crystalline solids [29], within the inner loop of the self-consistent
field algorithm when solving ab initio models [18, 37], or as a post-processing step following a
calculation based on ab initio models [109, 116].

The method used here is similar to that developed in Chapter 2, although with an increase in
complexity due to less well-behaved solutions and a richer parameter domain. We shall describe
how we handle the resulting difficulties. We shall demonstrate how the significant improvement in
the computational efficiency can lead to rapid determination of three quantities relevant to study
of crystalline solids, namely the integrated density of states, the joint density of states and the
dielectric function. In what follows, we utilize the empirical pseudopotential model [29] in our

calculations. However, we can easily extend the methodology to any other model.

5.2 Abstract Formulation

5.2.1 Preliminaries

We give some basic materials needed to understand the problem we intend to solve. The materials

are adapted from (3, 60].
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Crystal Lattices

A three dimensional Bravais lattice consists of all points with position vectors R defined by

3
R=) ta;, 4EL (5.1)
i=1
where aj, a; and az are three independent vectors in R® and are known as the primitive vectors
— aj, ag and ag span the Bravais lattice. A primitive unit cell £ is a volume of space that
when translated through all the vectors in a Bravais lattice, fills the whole space without either
overlapping itself or leaving voids. There is no unique way of defining & but an obvious choice is

given by that enclosed by the primitive vectors: any points x € £ can be represented by

3
=1

where 0 < z; <1,i=1,2 and 3.

A crystal is described by its underlying Bravais lattice and the locations of atoms within the
primitive cell Q given by the basis vectors 71, ...,7,, where n, is number of atoms in . In
Figure 5-1 we show a unit cell of diamond structure — a face center cubic Bravais lattice with two
basis vectors: given a lattice length a, the primitive lattice vectors and the the basis vectors are

defined as follows:

az = E(0, 1, 1), ag = E(l’ov 1)’ az = g(l’ 1’0); (53)
2 2 2
3 1 3 1
Tn=-— ; §a¢’ T = ; —S—ai' (5'4)

The reciprocal space is the dual of the discrete linear space spanned by the Bravais lattices R.

It is spanned by the reciprocal lattice vectors given by

3
G = Zmibi, m; € Z, (5.5)

i=1
where by, by and by are independent vectors in R? defined by
a; bj = 27!'(5,'_7', 1 < ’i,j < 3. (56)
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Figure 5-1: The unit cell of diamond structure, The primitive lattice vectors are given by a; =
a(0,1,1),a2 = a(1,0,1) and ag = a(1,1,0). In addition, the basis vectors of the nuclei are given by
m=-Yi, /8 and =~ a/8.

For the fcc Bravais lattice defined by the primitive lattice vectors in (5.3), the reciprocal lattice

vectors are given by

2 2 2
b2 = %(_11 11 1)1 b2 Tr(]-a _]-rl)a b3 = %(1?1’ _1) (57)

a

The first Brillouin zone (BZ) is the primitive cell with the full symmetry of the reciprocal lattice
vectors. The first Brillouin zone about a lattice point is the region of space that is closer to that
point than to any other lattice point. The first Brillouin zone of fecc Bravais lattice is shown in
Figure 5-2.

Bloch’s theorem

Theorem 5.1. The eigenstates 1;(x), x € R3 of the one-electron Schrédinger equation given by

—%A@(XHKH(X)%(X) = B, =TT (5.8)

fg@bl(x)%(x) = 5‘ija i:l,2,..., j =1,2,..., (59)
where Vo (x+ R) = Ve (x) for all R in a Bravais lattice, can be chosen to have the following form:

Pi(x; k) = eu;(x; k), ui(x + Ri k) = ui(x; k), (5.10)
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where the Bloch wavevectors, k € R3, belongs to the first Brillouin zone BZ due to the periodicity
of the Bravais lattice [3].

The form (5.10) leads to a parameterized from of (5.11):

2
(—-;—A —ikV + ngl— + Veff(X)) ui(x;k) = Ei(kui(x;k), i=12,..., (5.11)

/u,-(x;k)u,-(x;k) = by, i=12..., j=12..., (5.12)
Q

with the periodic conditions u;(x + R;k) = u;(x;k); and x € R3. In addition, due to symmetry of
the crystal, the wavevector k can be further confined to a subset of the first Brillouin zone, called
the irreducible Brillouin zone. The irreducible Brillouin zone of fcc structure is shown in Figure 5-
2 — it is a polyhedron with vertices at L = -2-‘5’5(1/2, 1/2,1/2), T = %’5(0,0,0), X= %—1’5(1,0, 0),
W = 25(3/4,3/4,0), K = 25(1,0,1/2), and U = 25(1,1/4,1/4). These points are known as the
high-symmetry points because they exhibit many symmetric properties of the crystall. The edges
of the polyhedron are similarly known as the high-symmetry lines. The band energies E;(k) and
wavefunctions u;(k) at the high-symmetry points and along the high-symmetry lines are important
because they provide a qualitative picture of how the band energies and the wavefunctions vary
in the whole Brillouin zone — a plot of band energies along the high-symmetry lines, like the one

shown in Figure 5-5, is typical in the literature.

5.2.2 Problem Statement

Consider a crystal structure defined by the Bravais lattice vectors {a; € R3,1 < ¢ < 3} and the
basis vectors 7 = (71,...,Tn,). For any given k = (ki, kg, k3) € D, we would like to find the band

energies, E;(k), 1 <4 < ny, given by

Ei(k) = (k) + 5kl (5.13)

1Since we have not exploited the symmetric properties of the crystal in our approximation except in defining the
parameter domain in which k lies, we shall not give a discussion on symmetry groups and symmetry operations;
interested readers should refer to [3, 61, 60].
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Figure 5-2: First Brillouin zone and the irreducible Brillouin zone (shaded) of face center cubic

structure. The irreducible Brillouin zone is a polyhedron with high symmetry points at the vertices:
= 21(1/2,1/2,1/2), T = 2£(0,0,0), X = 2£(1,0,0), W = 2£(3/4,3/4,0), K = 2£(1,0,1/2), and
= 21(1,1/4,1/4). Taken from [59].

— a

where D C R3? is a bounded domain given by the irreducible Brillouin zone of the Bravais lattice;

and (a(k), A(k)) € (Y™ x R™) satisfies?

(—%A —ikV + Veﬂ‘(x;‘l’)) ui(k) = Ai(k)ui(k), 1<i<my,

/ ui(k)uj(k) = dyj, 1< <5 < np. (5.14)
Q

Here, (k) = (u1(K), . - -, Un, (k)); A(k) = (A1(K), ..., A, (k)); Y = HL.() is the space of {a;,1 <
i < 3}-periodic complex functions in H*(R3); € is the primitive unit cell as defined in Section 5.2.1;
X is a point in £ and defined by (5.2); Veg(-;7) € Y is a real periodic function dependent on 7;
and ny is the number of band energies we are interested in. Components in (k) are arranged such
that A1(k) < Aa(k) < ... < Ap, (k). We prove X;(k), 1 <4 < np are real in Section 5.2.3. We also
note that (5.14) is a linear eigenvalue problem, and as such the procedure outlined in Chapter 2 is

directly extensible to the current problem.

2The solution @ and XA is of course dependent on T as well, in addition to k. However, in this Chapter, T is
considered constant, and Ehe only parameter we are interested in is k. As such, to simplify notation, we only show
the dependence of i1 and A on k.
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5.2.3 Parameterized Weak Form

The parameterized weak form of (5.14) is given by: for a givenk € D, find (t(k), A(k)) € (Y™ xR"™)
that satisfies

a(u;(k),v; Ve k) = N(k)m(ui(k),v), YoeV, 1<i<ny, (5.15)
mui(k),u;(k)) = d&;, 1<i<j<m, (5.16)
where
1 3 ow

a(w,v;t; k) = é-/QVwVv* + Ltwv* - i;/ﬂ-(%v*, (5.17)
m(w,v) = /Qw v*, (5.18)
foranyw e Y,v €Y and t € Y. Here x denotes complex conjugation. We note that the functional

form a is affine with respect to the parameter k — we can express a( -, -; - ; k) as

3
a(w,v;t; k) = ar(w,v;t) + Z kjag,;(w,v), (5.19)
J=1

where the k-independent forms a;(w,v;t), and ag j(w,v), 1 < j < 3 are given by

1
ai(w,v;t) = —/VwVv*—l—/twv*, (5.20)
2 Ja Q
ow
. = ;[ 9w . 5.21
ag,j(w,v) i Qawjv ( )

It is also clear that a(w, v;t; k) and m(w, v) are continuous

la(w,v;t; k)| < alwlyllvlly, Yw,vCY, (5.22)

A

im(w,v)] < ymllwllyllvlly, Yw,vCY; (5.23)
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and coercive

|a(w, w; t; k)|

< = inf .24
Osea = b =0 (524
.o Im(w, w)|
0<a, = inf MW 2
Som = Il TR (5.25)

Clearly m(w,v) is hermitian: m(w,v) = m*(v,w), Yo,w C Y. We now show that a(w,v;t;k) is

also hermitian: clearly a1(w,v) = af(v,w), Vo,w CY;fori=1,...,3

. [ Ow
agj(w,v) = —i QEL‘;'U
a,v*
ij
= a3 ;{v,w), (5.26)

= i w
Q

Yv,w C Y; thus a(v, w; t; k) = a*(v, w; t; k), Yv,w C Y. The problem (5.16) is then well posed. In
addition the hermitian of a( -, -; - ;k) proves that A;(k), 1 < j < n are real for all k € D.

5.2.4 Numerical Example

We consider the band structure calculation of a diamond structure of silicon based on the empirical
pseudopotential model in [29]. The diamond structure is used as an example in Section 5.2.1; we

repeat the key information here. The Bravais lattice vectors are defined by
a a a
a] = 5(0, ]., 1), as = 5(1,0, 1), ag = ~2-(1, 1, 0), (527)

where a is the lattice length, and the unit cell is as shown in Figure 5-1. The basis vectors defining
the locations of the two nuclei are given by 7 = (—79,79). The model in [29] is only valid for

3

@=1032, and 7 =) %ai, (5.28)

=1

where a;, 1 < 4 < 3 are given by (5.27). Our parameter, k, lies in the domain D given by
the irreducible Brillouin zone of the fcc structure defined by the polyhedron with vertices at L
=2 =2 — 2 = =

= #£(1/2,1/2,1/2), T = 2£(0,0,0), X = 2(1,0,0), W = 2£(3/4,3/4,0), K = 2£(1,0,1/2), and U

@
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= 21(1,1/4,1/4), as shown in Figure 5-2.

The effective potential Veg( as defined in [29]) is given by
Ve (x; 7(10)) E}SGm G)elGx, (5.29)

where G is defined in (5.5); S{G;70) = cos G7p; and V(G) is given by

4
-0.21, |G|?=3

(3
um,lcﬁ—s(
(5.30)

0.08, |G[2=11

. 0 otherwise,

As shown in Figure 5-3, Vg (-; 7) is smooth and is represented with just 44 Fourier modes.

Note that the eigenvalue problem given by (5.16) and (5.16) is not derived from ab initio theory
that is based on the minimization of the total energy of the system. Rather, the pseudopoten-
tial function Veg given by (5.29) is constructed such that it reproduces the experimental results
— reflectivity and photoemission measurements. It is thus only suitable for calculating the band
structure of the crystalline silicon and interpreting results from optical experiments [29]. In addi-
tion, since the experimental results on which the Vg are built on are for the parameters given in
(5.28), the model is only valid for those values. As such, any attempt to use the model in dynamical

simulation, for example, forces on nuclei, will be non-physical.

The following derivation of the internuclear force is thus purely a numerical experiment that
allows us to make comparison between different approximation spaces. For any given 9 = (7,7, 7),

we can then define the force F(7;k) by

F(r;k) = \/_Z~—a (ui(k), ui(k); Vesr( -5 7(7))1 k)

_ ¢‘z;/ Akﬂﬁﬁilﬁn, (5.31)

based on Hellmann-Feynman theorem [37]. Here, n,, the number of valence electrons, is 4. We
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Figure 5-3: Veg(x;7) along a;-ag plane for —0.452a3, —0.024a3, 0.024a3 and 0.452a3.

define a bilinear form az(w,v;t) as

az(w,v;t) = \/§/ twov*; (5.32)
Q
and thus (5.31) can be expressed as
S Vet (- ;
F(r;k) = Eaa (ui(k),ui(k); w) . (5.33)
i=1
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5.2.5 “Truth” Approximation

We now consider the approximation of (5.16) by the planewave method. We define our Fourier

approximation space YV C Y of dimension A as
YN = span {(pG = xeq, %iG|2 < Ecut} (5.34)

where G is defined by (5.5); and FEcy is a user-defined cutoff kinetic energy of the planewaves — N
is then the number of reciprocal lattice vectors that satisfy the inequality %IG|2 < E¢yt. The inner
product and norm associated with YV are simply inherited from Y. Our planewave approximation

to (5.16) is then given by: for a given k € D, find (& (k), AV (k)) € ((YV)™ x R™) that satisfies

a(ul (k),v; Ve k) = MW(kmu)(k),v), Wwe¥YV, 1<i<n,,

m(u) (k),u) (k) = & 1<i<j<m. (5.35)
We expand the planewave approximation as

u (k)= ule®pe, 1<n<m, VogeYV, (5.36)
G

and insert this representation into (5.35) to obtain

Y alpar, va; Ve K)ul g (k) M Ruo®iee, Voo €YV, 1<n<ny

G
Zuﬁfc(k)uﬁc(k) = Opn, 1<m,n' <my; (5.37)
G

since m(pq/, pc) = dg,q’- The above then gives a N x N algebraic system which can then be
diagonalized to obtain the desired solutions. We now determine convergence of the solutions with
respect to number of planewaves, A; this provides a benchmark for subsequent comparison with

reduced basis approximation. We first define our error measures are

A A

N = [0aX €, (), (5.38)

e = maxey(k); (5.39)
keEr
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where

MW (k) — N(Kk)
6,7\\/',71,1, (k) 1<i<n Az(k) 3
en(k) = |En(r;k) - F(r;k)|, (5.41)

(5.40)

and Er C D. We shall choose Er = Zp = {ky = 2“1(0.6223, 0.2953,0)}, where ko is a Baldereschi
mean value point given in [5]. From Figure 5-4, we see that ej(,’nb for npy = 20 converges to machine
precision at N = 1807. From Table 5.1, we see that for a typical desired accuracy [78] given by
€N m, < 0.01 and e, < 5E-4, N required is 137.

We now define our “truth” approximation — we take solutions evaluated with sufficiently large
N, denoted here by N}, as the “truth” solutions. From the previous paragraph, since N converges
to machine precision at N/ = 1807, we shall take Ay = 1807. In addition, for any N' < M, we
consider that a planewave approximation; we will compare the accuracy and efficiency of solutions
based on N < N; with the reduced basis approximation. To simplify the notation, we drop the sub-
seript M from all subsequent formulations, with the understanding that the “truth” approximation
in fact refers to the planewave approximation with A’ = A;. Thus, Y, @, and A shall now be

understood as YNt oM, and M.

Figure 5-5 shows the variations of the band energies F;(k) 1 < 7 < 10 with k. It is clear that the
degeneracy property of E;(k) varies with both ¢ and k in a complicated manner, in contrast to the
well-separated bands encountered in Chapter 2. In Figure 5-6, we show a sample of the solutions
given by Re(ui(k)), 1 < i < 4 at several k-points along the midplane of the simulation cell. The
relations between u;(k) with k are nontrivial. In particular, we observe that the behavior of u;(k)
becomes richer as ¢ increases. It is also clear that the raw outputs from an eigenvalue solver do not

exhibit the smoothness property required for an efficient vectorial reduced basis approximation.

5.2.6 Existing Approaches to Many k-points Calculations

Most approaches focus less on reducing the computational cost of a single k-point calculation, and

more on minimizing the number of k-points used to evaluate a quantity of interest — typically an
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Figure 5-4: Convergence of the planewave approximation error in A, Eﬁf,nb (given by (5.38)), with
N for ny = 20.

N1 evn eh

27 1.03 2.54E-3
59 | 1.45E-1 | 7.72E-5
65 | 6.8TE-2 | 1.19E-5
113 | 2.32E-2 | 4.92E-4
137 | 4.7T6E-3 | 2.64E-T7
169 | 1.95E-3 | 1.20E-5
181 | 148E-3 | 4.49E-6
229 | 8.43E-4 | 2.98E-6
259 | 469E-4 | 9.36E-7
283 | 1.87E-4 | 250E-6
331 | 6.13E-5 | 9.36E-7

Table 5.1: Convergence of E}\f,nb (given by (5.38)) and ££; (given by (5.39)) with M for = = =,
and n, = 4.
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Figure 5-5: Variations of the band energies, E;, 1 < ¢ < 10 along symmetry lines in D, the
irreducible Brillouin zone. Here L, I', X, and K are special symmetry points of the fcc crystal
structure defined in Figure 5-2; k varies linearly between the points in the above plot.

average of k-dependent function, f(k) (or more precisely f(i(k)) over the parameter space D [37]:

F= ﬁ fD £(K)dk. (5.42)

Several schemes have been proposed, in particular the special point technique [5, 27, 81], and
the tetrahedron method [14]. The special point technique approximates f by 3 7% w; f(k;) where
{k;}*, is the set of judiciously selected k-points; nj is the total number of special points used;
and w; is the weight associated with a particular k;. The tetrahedron method first divides the
Brillouin zone into a set of tetrahedra, and (5.42) is evaluated by approximating the function f(k)

as piecewise linear within each tetrahedron.

The ny, required to approximate f to a desired accuracy is of course dependent on the smoothness
of the function f(k). In [49], the authors showed that the special point technique leads to faster
convergence than the tetrahedron method when f(k) € C*™(R?) has sufficient smoothness. In
practice, n; can be very small: in [28], two k-points are sufficient to give good predictions of lattice
dynamics properties of C, Si, and Ge. In [76], it is suggested that 10 k-points are sufficient for

almost all modern calculations involving total energy calculations of insulators where (5.42) enters
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Figure 5-6: Solutions Re(u;(k,)), 1 < 7 < 4 on the (aj,as) plane cutting the origin for k; =
%7”(0,0, 0), ke = %7”(0.50,0.07, 0.21), k3 = 2777(0.50,0.43,0.29) and kg = %(0.93,0,0.07). The color
maps correspond to the magnitude and the 4 layers correspond to different k-points, with the top
being k; and bottom k4.
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as an evaluation of the electron density — p = ]-715[ Jp X (u(k))?dk.

However, when f(k) is not smooth, tetrahedron method is more appropriate as it allows re-
finement in regions where smoothness is lacking. For example, to accurately evaluate the electron
density in metals, finer tetrahedron mesh can be constructed near the Fermi surface where there
is a sharp variation in the electron density. In addition, evaluation of the density of states, and
other related optical properties also involve integration of functions with limited smoothness. As
an example on how large n; needs to be, [41] found that 4000 k-points is needed to sufficiently
resolve the van Hove singularities [113] in the density of states.

Thus, there exists an opportunity to improve the average cost of a single k-point, especially when
ny, required is large. The use of the Wannier representation of the wavefunctions is recently proposed
in [79, 110]. The efficient Wannier representation, coupled with the Slater-Koster interpolation
scheme [109] leads to rapid evaluation of band energies for any given k € D. This approach is
used in [116] to evaluate the anomalous Hall conductivity, which requires evaluations of functions

at millions of k-points.

Here, we would like to propose another approach — the reduced basis method.

5.3 Reduced Basis Method

5.3.1 Augmented Reduced Basis Space
The approximation space

We first introduce nested sample sets Sjé, = (ki,...,kn,), 1 £ Ny £ Ngmax and define the associ-

ated nested reduced-basis spaces as

WII\(} = S§pan {ui(kj)a 1 < ? < Ny, 1 SJ < Ns}y 1 < Ns < Ns,maxa

= span {(n, 1 <n <N =Ngnp}, 1< Ng< Ngmax; (5.43)

where (u1(kn),...,un,(k;)) are the solutions of (5.16) at k = k;; and {», 1 < n < N are basis
functions obtained after u;(k;), 1 < i < my, 1 £ j < N, are orthogonalized. An approximation of
ui(k) in Wj\} is then given by un (k) = Zﬁd a;n (k). The reduced basis spaces are constructed

based on the adaptive sampling procedure outlined in Section 2.3.6 and for each n, we construct a
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different set of hierarchical reduced basis spaces. Here, n;, is specified according to the applications
that we look at. For example, for studying ground state properties, n, = n, = 4 is sufficient. For
studying optical properties, n, may need to be as high as 10.

The approximation

The reduced basis approximation to (ia(k), A(k)) is given by: for a given k C D, find (ay(k),

An (k) € (W)™ x R™) such that

a(uni(k),v;Vem: k) = Ani(Km(uni(k),v), 1<i<n, VYoeWi

m(uni(k),un;(k)) = &, 1<i<j<m. (5.44)

In addition, the approximation to F(7;k) is given by

n
. Ve (3 7(7
Fy(r;ik) = as (wz(k) uni(K); %) (5.45)
i=1
Discrete Equations
We expand our reduced-basis approximation as
unn(k ZUNnJ )G, 1<n<ny, (5.46)

and insert this representation into (5.44) to obtain

ZAN1+ZkAN2l unnj(k) = Avn(RMYunnjk), 1<i<N, 1<n<n;
j=1

Z ZUN,ni(k)MiIE'uN,n’j(k) = Opp, 1<nn <y (5.47)
i=1 j=1
where AN € CNVXN| AN2L ¢ CVN 1 <1 < 3, and MY € CVV are given by A) =
al(Cjaci)al < 17.7 < N? Ag];?,l = —ia‘2,l(<j7<i)71 < 7’7.7 < N) and Mz],\]f = m(gj:é‘i)zl < 7’7] < N.
Then, (5.47) can be solved using any eigenvalue solver.

Due to the affine parameter dependence property of a(w,v;t;k) expressed by (5.19), offline-
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online computational strategy can be applied to (5.47). In the offline stage, we compute the
solutions for k € S§ at a cost of O(N?) where o denotes the complexity of the solution method
used in our “truth” approximation; and AN, AN:21 1 <1 < 3, and MY at a cost of order O(NV;N?).
During the online stage, we reconstruct the reduced basis matrices at a cost of O(4N?) and solve
the resulting algebraic eigenvalue problems at a cost of O(N?), leading to a online computational

complexity independent of N.

Convergence

For our convergence analysis, we introduce a test sample =y consisting of 488 k-points distributed

uniformly in D. We will also define the following error measures:

Nmy = XNy, (K) (5.48)
el = maxef(k), (5.49)
keEr
where
An.i(k) — Ai(k)
A _ N,i i
enn,(K) = e ) , (5.50)
en(k) = |Fn(r;k) — F(m;k)|. (5.51)

For Er = Ey, we observe that the behavior of W§ is consistent with the results from Section 2.3.4:
(7) from Figure 5-7, we have a rapidly convergent reduced basis approximation as demonstrated
by the convergence of Ei‘v,nb at different np; (i) from Table 5.2, Ny must be above a critical value
for reasonable approximation for all ny; and (44) N, decreases with increasing n; as the desired
accuracy is increased.

We now perform the convergence analysis of the reduced basis approximation for Z7 = = and
np = Ny = 4 50 that a direct comparison with the planewave method can be made. Table 5.3 shows
that we require 16 basis functions to achieve the convergence criteria given by sj{,,nb < 0.01 and
ef, < 5E-4. From Table 5.1, we require A’ = 137 to achieve the same convergence criteria — the
dimension of the reduced basis space is then close to 1/10 of the number of planewaves required.
In addition, the computational time for reduced basis approximation based on N = 16 is 0.005s;

for N =137, it is 0.07s. We again see a computational saving of O(10).
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Figure 5-7: Convergence of the reduced basis error in Ay, Ef'\v,nb (given by (5.48)) with N for

—s—qy = 5
—w T = 6
—TNp = 7
——np =28
——n =10
——np =11
—a—7p =12
—a—Np = 13
=14
——n, =15
-0--Mp = 16
-m--Np = 17

4<np <17 and @ € (W§)™.

Ny
Ny | ENp, <1E-2 | eN,, <1E-4 | ey, <1E-7
4 7 14 24
5 6 12 24
6 6 11 22
7 6 11 21
8 6 10 19
9 6 10 18
10 5 9 17
11 5 9 16
12 5 8 15
13 5 8 16
14 5 7 15
15 5 7 14
16 5 7 14
17 5 7 14

Table 5.2: N, required to reduce the reduced basis error in Ay, E?V,nb (given by (5.48)) to below

1E-2,1E-4 and 1E-T7 for 4 <n, < 17 and @ € (W§)™.
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N| eng, EN

8 | 542E-1 | 1.38E-4
16 | 5.75E-3 | 4.71E-4
24 | 1.72E-3 | 3.50E-4
32 | 3.58E-4 | 556 E-5
40 | 3.56E-5 | 5.88E-5
48 | 2.056E-5 | 1.89E-5

Table 5.3: Convergence of 55\v,nb (given by (5.48)) and ef; (given by (5.49)) with N for np = 4,

Er = 5o and @ € (W{)™.

5.3.2 Vectorial Reduced Basis Space

The approximation space

We first introduce nested sample sets SX, = (kq,...,kn), 1 £ N < Npax and define the associated

nested reduced-basis spaces as

WX = span {li(k,),1 <n < N},

1 < N < Npax, (5.52)

= span {én, 1<n< N}, 1< N < Npay; (5.53)

where (k) = (u1(kp), - - -, un, (kn)) are the solutions of (5.16) at k = k,; and En=(Cntr s Camg)s

1 < n < N are basis functions obtained after i(k,),1 < n < N are preprocessed — sorted, aligned

and orthogonalized.

Sort, align and orthogonalize

The goal of the sort and alignment procedure is to obtain Uy = {(Afl, 1<n<N}— éﬁ is a unitary

transformation of G(k,) — such that C;,j, 1 < n < N vary smoothly for 1 < j < ny. It must take

into account the following issues:

1. Mode shapes of the components of 1 vary with k. For a given k, A;(k), 1 < ¢ < np are usually

ordered in ascending order, from which we obtain a corresponding order in u;(k), 1 < i < ny.

The multiplicity of A\;(k), however varies with k, leading to merging and branching of the

eigenvalue manifolds as shown in Figure 5-5. As such, mode shape of a particular u;(k) before

and after an intersection point may change. We must rearrange locations of u;(k), 1 <i < ny

in (k) according to some reference set of mode shapes.
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2. The solutions u;j(k), 1 < j < myp for all k have arbitrary phase shift ¢ — a consequence of the
periodic boundary conditions. For different k, the eigenvalue solver will not necessarily give

the same ¢. We must remove this random relative phase shift.

3. Multiplicity of eigenvalues can be greater than 1 and wvaries with k. We must then deal
with eigensubspaces instead of eigenvectors. When aligning a component of a particular
eigensubspace to a reference mode shape, we must consider a linear combination of the bases

in that eigensubspace.

Suppose we are given a pre-sorted set Uy = {f;, 1 <n < N} where é;, 1 < n < N are the sorted
basis functions of {fi(k,), 1 < n < N}, and WY = span{Ux}. Then given ti(ky+1), we would
like to find CA‘;’Q +1 based on ti(ky+1) such that (} ., ; is a smooth variation of ¢} ;, 1 <n < N +1
for 1 <4 < ny. We assume ti(kyy1) is of size npmax > 7 and contains eigenvectors of similar
mode shapes to all components of all basis functions in Uy. We now describe the algorithm used to
achieve this goal — it is based on finding an unitary transformation that minimizes the projection
error between C,’;’i, 1<n<Nforl<i<nmn,.

The first step is to subdivide ti(knyy1) into eigensubspaces, each associated with an unique
eigenvalue. However, numerical errors introduced by the numerical method used make defining an
unique eigenvalue difficult — in particular, to what precision should we consider two eigenvalues
as equivalent?

We shall use the accuracy to which we would like to approximate the eigenvalues as the gauge;
we denoted this by 6'2\01- We group Ai(kny+1), 1 < ¢ < ny, into p ﬁumber of distinct clusters,

Pj)‘ ={,..., AZ» ;.}, 1 < j < p based on the following criteria:

MM <&y, 5.54
15;22’);71?’ I q q I = €l ( )

where ng is the size of Pj)‘. We further define PJ“ = {u{, vy ufl ?} as
P} = {w |a{w, v; Ve; k) = dm(w,v),v €Y, 9 € ij\}, (5.55)

and dim (P}') = ng. This clustering procedure is well-defined — we shall show that given two

different eigenvalues \;(k) and Ay (k) for which the difference is less than fi\ola an approximation
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based on the eigensubspace (5.55) will always yield an eigenvalue with an accuracy ei‘o]. For an

eigensolution given by (i(k), A(k)) where (k) € span {P}'}, we can represent (k) by

n?

(k) = i: ag(k)ud, (5.56)
g=1

P
and since m(i(k), u(k)) = 1, we have ZZLI a2(k) = 1. Then

nf n;.’
Mk) — a1 ((K), w(k); Vers k) = (k)= D Y a(ul, vl Vers k)
g=1g'=1
ng
= A(k)—>_ol(k)M, (5.57)
g=1

since m(u{}, ug,) = d4q'- Then since A(k) — a(i(k), i(k); Veg, k) = 0, we have

n?

k) = ZJ a2(k)M; (5.58)
q=1

and from 2221 aZ(k) = 1, we conclude thatA(k) is accurate up to €.

The next step is to find a reference basis in Uy — we select a éf,* € Un for which n* =
arg mini<p<n |Kn — kn+1|. The assumption is that the “difference” between ti(ky+) and a(ky+1)
will be the smallest based on the smoothness argument. We then associate components of é,i, to
P}, 1 < j < p defined earlier such that (3. ; associated with P} form a subspace closest to span
{P}}. To achieve this, we first define e; ; = minxe,;pm{PJy} laei=xlly, 1<i<mp, 1<j<p—a
correlation matrix between é;’;. and subspaces given by span {P}'}. We then associate (. ; to P}
for which e;; is the smallest, with the constraint that the number of ;. ; associate to a particular
P} must not exceed ng. Figure 5-8 shows the iterative procedure used for this purpose.

The final step involves determining components in span {P}'} — given by (%, ; — that are
closest to (. ; associated with P}*. We find the projection of (3. ; onto span {P}'}, with the con-
straints that (%, ; must be normalized and orthogonal to (%, ;- We summarize the procedure

in Figure 5-9. For the (unsorted) solutions u;(k,), 1 < ¢ < 4 shown in Figure 5-6, we shown the
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Initialize I = {i,1 < i < np};
Initialize J = {j,1 < j < p};
Initialize [;={}, j=1,....p;
fori=1:mn
j*=arg D €.j;
Ij* = Ij* Ut
end
while J is not empty
J = arg rynel.? I{lel}l €153
J = J\j";
if dim (I;-) > nk
Initialize liemp = { };
while dim (Jiemp) < 'nf*
i* = arg min e; jx;

161'1-*
Itemp = Itemp U
I =1\i
Ij* = Ij*\i*;
end
for i € Ij»
jt= argfjrg?ei,j;
Liv =1+ Ug;
end
Ij* = Itemp§
else
I=1N\Ij;
end

end.

Figure 5-8: The algorithm to associate (3. ;, 1 <i <y to P, 1< j<p.
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forj=1:p
Initialize Liemp={ };

forie I
$ . 1,= min =iy,
CN+1,1, xespw{P;‘} “X Cn ,z“Y
s.t. m(x, x) =1,

m(g}i].;.l,kaX) =0, ke Itemp§
Itemp = Itemp Ut
end
end.

Figure 5-9: The algorithm to determine (%, ;, 1 < i < my.

resulting sorted basis functions (7 ;, 1 <7 < 4 in Figure 5-10. We see that Criv 1 £ 1< 3 appear
to be well sorted and aligned (by the crude standard of a visual inspection), but variation in Caa

does not appear to be “smooth”. We return to this point later in the section.

Finally, ¢ N1 = (CRrs1,10- - - »CRrt1,n,) 18 Pseudo-orthogonalized to obtain ¢n+1 according to the
procedure in Section 2.3.5 and Wz‘\; 1= WY, + span {CN+1}-

An approximation of {i(k) in W), is then given by iy (k) = 271:;1 o (k)¢ — the components
of Gn (k) is given by uni(k) = S0 1 an(K)(ni, 1 < 4 < mp. Again WY can be constructed based
on the adaptive sampling procedure and for each n;, we construct a separate set of nested reduced

basis spaces.

The Approximation

Here, the reduced basis approximation to (ii(k), A(k)) is given by: for a given k € D, find (anv(k),
An(Kk)) € (WY x R™) such that

Np Ny
ZG(UN’i(k),’Ui;Veﬁ‘;k) = Z)\II(,,i(k)m(uN,i(k),w), Vo = (v1,...,vn,) € Wy

i=1 i=1

m(uN,i(k),uN,i(k)) = 1, 1<i<n. (5.59)
Similar to Section 2.3.5, Ani(k) # A% ;(k) — we recover An,i(k) from the Rayleigh Quotient:

An,i(k) = a(un,i(k), vi; Vest; k). (5.60)
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05 -05 05 -05

Figure 5-10: Solutions Re((, ;), 1 <4 < 4 on the (a;, a) plane cutting the origin corresponding to
sorted u;(ky), 1 < i <4 for ky = 2£(0,0,0), ky = 2£(0.50,0.07,0.21), k3 = 21(0.50,0.43,0.29) and
ks = 2&?—(0.93, 0,0.07). The color maps correspond to the magnitude and the 4 layers correspond to

different k-points, with the top being k; and bottom ky.
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In addition, we again enforce only the normality constraints in (5.59) based on the Hypothesis 2.1.

The above problem gives meaningful solutions only for N > n,,.

Discrete Equations

We expand our reduced-basis approximation as

N
) = un (0. (5.61)

J=1

Inserting this representation into (5.59) yields

N 3 N nyp

> (A;Vf + Zk,Aﬁj’;W) uni(K) = YD MM uy k), 1<i<N;

j=1 I=1 j=1n=1
N N
YY) wniOM un k) = 1, 1<n<my (5.62)
i=1 j=1

where ANl € CNXN | AN2L ¢ CNXN 1 <1 < 3, and MV € CNXN 1 <1 < V' < ny are
given by AL7' = Y21 a1(GrjoGni) 1 < 4,5 < N, AN = T2 a31(Gnygs Cna)y 1 < 4,5 < N, and
Mi{\;’l’l' =m({,5,¢r,:), 1 < 4,5 < N, respectively.

We note the affine parametric dependence property holds and thus the offline-online computa-
tional decomposition can be applied. To solve (5.62), we use the Newton iterative scheme outlined

in Section 2.3.5.

Convergence

From Figure 5-11, it is clear that the performance of vectorial reduced basis space is significantly
poorer than augmented reduced basis space. For ZEr = Ei, we require approximately 250 basis
functions to achieve an accuracy of 1 E-4 for n, = 8. This is in contrary to the results obtained in
Section 2.3.5 where we show that vectorial reduced basis space can be very efficient. The behavior of
é,"i offers a possible explanation. In Figure 5-10, we show a sample of the solutions given by Re((; 4
1 €4 £ 4 at several k-points along the midplane of the simulation cell. For Ca,1» the pre-processing
steps have performed as intended. However, for Cn,4» it i8 clear from visual inspection that it does

not vary smoothly with k. This indicates our pre-processing steps are not sufficiently robust to
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Figure 5-11: Convergence of the reduced basis error in Ay, Ef\v,nb (given by (5.48)), with N for
4<mn, <8and € WY.

recover the smooth solution manifold. The failure to satisfy this smoothness requirement explains
the poor performance of the vectorial reduced basis approximation for this particular problem.
For Ep = 5y, we note that we we require N = 44 to the convergence criteria of Section 5.2.5
for ny = 4, as shown in Table 5.4. This is significantly poorer than the augmented reduced basis
space (N = 16). The dimension is even comparable to that required by the planewave method,

indicating that this approximation is not competitive, even compared to the planewave method.

5.3.3 Comparison of the Reduced Basis Spaces

We shall compare the augmented reduced basis approximation and the vectorial reduced basis
approximation from three different aspects: () the dimension of the resulting reduced basis spaces;
(1) the computational complexity of the online stage; and (i) the computational complexity of
the offline stage.

From the results of the previous two sections, it is clear that dimension of ij‘l required to
achieve certain accuracy is much smaller than dimension of W}{; . This suggests that in cases where
variation of (k) with respect to k is large or the preprocessing step is unable to obtain a reasonably
smooth variation with respect to the parameter, it is more efficient to use the formulation based

on the augmented reduced basis space. Indeed, the augmented reduced basis space fully exploits
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N | eng, En

8 2.25 245E-2
16 | 4.93E-1 | 3.29E-3
24 2.38 1.35E-2
32 1.03E-1 | 1.51E-3
40 | 3.36E-2 | 3.88E-4
48 | 1.34E-3 | 4.83E-5
56 | 7.39E-4 | 7.50E-5
64 | 4.00E-4 | 8.34E-6
72 | 1.80E-4 | 2.41E-5
76 | 8.O1E-5 | 6.95E-6

Table 5.4: Convergence of ej\v’nb (given by (5.48)) and e (given by (5.49)) with N for n, = 4,
Er =9 and & € WY. '

the optimality of the Galerkin method — the difficulties outlined in Section 5.3.2 are automatically
resolved by the projection step. On the other hand, vectorial reduced basis approximation relies on
the “goodness” of the pre-constructed reduced basis space — a poorly implemented construction
process will certainly not be optimal.

For the online stage, the larger N required for vectorial reduced basis approximation is clearly
less efficient than augmented reduced basis approximation. In addition, the current implementation
of Newton iterative scheme is not as efficient as the eigenvalue solver. This further degrade the
performance of augmented reduced basis space compared to augmented reduced basis space. During
the offline stage, construction of the space W}, is also less efficient than ij“ — we need to perform
N-solve in the former but only N,-solve in the later, which for this example, N, is much smaller
than N. This is in addition to the extensive preprocessing step required for vectorial reduced basis
approximation.

We can thus conclude that for the current problem, the augmented reduced basis approximation

is a better approximation.

5.3.4 Comparison of Augmented Reduced Basis Space with Planewave Basis
Set

We first consider only the computational cost at the online stage. Our first comparison is based on
the problem given in Section 5.2.5 where we would like to determine the approximation of A and F to

an relative error of 0.01 and absolute error of 1 E—4 respectively for k = %7”(0.6223, 0.2953,0). The
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Wj\‘} Planewave
N | time, s E?V,nb N | time, s sf{/,nb
8 | 0.0006 | 6.0TE-2
16| 0.005 | b2TE-2| 59 0.04 |191E-2
24| 0.005 |1.07E-3| 113 | 0.07 | 3.62E-3
32| 0.007 |6.75E-4|169| 0.1 4.17E-4
40| 0.01 [211E-7 | 531 0.5 1.49E-7
48| 0.02 |6.75E-8{645| 0.7 |b.54E-8

56| 0.02 |288E-8|749] 09 |925E-9

Table 5.5: Comparison of the computational cost of reduced basis method and planewave method
required to achieve similar level of accuracy. Comparison is made based on k = 2777(0.2, 0.2,0.2).

smallest N required for the augmented reduced basis approximation is 16 while for approximation
based on planewave basis set, it is 197. We have reduced the size of the problem by approximately
a factor of 10. In Table 5.5, we compare the computational cost required by reduced basis method
and planewave method to achieve a similar level of approximation error for an arbitrary k-point.
Here, we choose k to be 2&3(0.2, 0.2,0.2). We observe that the computational saving achieved ranges
from a factor of 10 to 40. For both, we use the eigenvalue solvers in MATLAB: for the reduced
basis approximation, we use full eigensolver command eig while for the planewave approximation,
we use sparse eigensolver command eigs. In addition, for the planewave approximation, approx-
imately 50% of the time is spent in construction of the discrete matrices — if these matrices are
pre-computed as with reduced basis method, the performance of the planewave method may be

improved.

We now take the computational cost of the offline stage into consideration. If we use the actual
error ef‘v—’nb(k) given by (5.50) in our adaptive sampling procedure, we then need to first obtain
nr = dimZr “truth” solutions to (5.16). If our objective is to solve (5.16) for number of parameter
points much greater than dim Zp, then our reduced basis approximation will be competitive.
However, with a posteriori error estimator, we can reduce the number of “truth” solutions required
to N,, where N, is usually very small. This significantly reduces the overall offline computational
cost as described in Section 2.3.6. We shall thus use the a posteriori error estimator for Ay(k),

Af\\m(k)’ to be outlined in Section 5.5, in constructing the reduced basis approximation space.

The total offline computational cost is also determined by the maximum Ny, Nj nax, usually
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chosen based on the highest accuracy we would like our approximation to be. However, since
Aj\v,l(k) is not sharp and diverges as N; (and thus N) increases (as explained in Section 5.5),
N, max can be rather large if the tolerance specified is too small. In this section, we choose Ng max

to be 14 so that it corresponds to the maximum value of N in Table 5.5 3.

For ny = 4, the offline stage requires a total computational time of 67s. Even with the a
posteriori error estimation procedure, there must be a need to evaluate (5.16) at more than 700
k-points in order to justify the offline computational cost, assuming we only require 55\v,nb to be of
O(10~%). This emphasizes the many query limit in which reduced basis method is most useful for.
We shall provide in Section 5.4 some examples where we indeed need to determine band energies

at many k-points.

5.3.5 Extension to Ab Initio Models

In a typical calculation based on pseudopotential Density Functional Theory model, Vg is either
not explicitly constructed, for example, due to the use of nonlocal pseudopotential operator, or
not easily accessible to the user. The inaccessibility of Vg does not allow the construction of the
discrete reduced basis matrix Aff;l = a1({;,Cis Ver), 1 < 4,5 < N as outlined in Section 5.3.1 or
Section 5.3.2. Here we shall demonstrate a trick by which we obtain AY! based solely on the
solutions (ii(k), A(k)), k € S§, which are typical outputs of any electronic structure calculation.
We illustrate the construction of AM:! for the augmented reduced basis approximation; similar

procedure can be applied to the vectorial reduced basis space with little modification.

Suppose we are given a sample set S = {kj, ..., ky, } and associated solutions (ti(k,), A(ks)) €
(Y™ x R™), 1 <n < N,. From (5.16), we can write

3
01 (U (Kn), U (Kt ); Vetr) = At (k! Y11t (K ), U (k) = > B @t (K ), U (i), (5.63)

I=1

for 1 < m,m' < np and 1 < n,n' < N since all upm(ky), 1 < m < mp, 1 < n < N, reside in the

3In Section 5.4, we instead choose a (very) rough tolerance criteria of AN, < 1E-2 for terminating the “greedy”
algorithm.
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same space Y. In addition,

ng N )
=YY oh um(kn), 1<i<N, (5.64)

m=1n=1

where N = Ngn, and aﬁn’n are known from our orthogonalization procedure. The matrix AM! is

then simply given by

Z Z Z Z Uy 100y 01 (e (Kt (K ); Vet), 1< 4,5 < N (5.65)

m=1n=1m'=1n'=1

We have demonstrated the reduced basis solutions obtained through this procedure is identical for

our numerical example.

The equation (5.63) is based on the formulation given by (5.16). However, there is an additional
term —3|k|>m(um(kn), unm’ (ko)) on the right hand side in the more common formulation used in
computational chemistry codes, such as ABINIT [43]. This is because these codes usually do not
work with the parameterized form of (5.16); instead the following equations are solved: we find

wN(k) € YN(K), 1 <i<ny, EN(k) € R, 1 <4 < ny such that

%/ Vu{‘f(k)ver/uﬁ‘f(k)veﬁu = E{‘f(k)/uff(k)v, veYN(k), 1<i<n, (5.66)
Q Q Q

/Q ) u (k) = 6y 1<i<i<ny (5.67)

where YV (k) = span {k+G)x x € O, 1|k + G|2 < Ey}. The parameter k then enters the above
equation through the basis set used, leading to the addition term —3[k|2m(um(kn), um(kz)).

The formulation (5.66) also leads to a slight difficulty in applying this procedure as a post-
processing tool to existing computational chemistry codes. The dependence of the approximation
space on k means ti(k,), 1 < n < N, do not all belong to the same approximation space. As a
result, for n # 7/, G(k,) does not correspond to a test function for fi(k,/), and (5.63) is not exactly
satisied. This discrepancy is sufficiently significant that the resulting A™! is non-Hermitian,
leading to complex eigenvalues with non-negligible imaginary component, especially as N, increases.
Hence only if we are able to use a consistent basis set for determining (t(k), A(k)) for all k € D,

this procedure will allow us to construct a reduced basis approximation for our band structure
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problem without explicit knowledge of Vg from outputs of any electronic structure codes.

5.4 Applications in Determination of Spectral Properties of Solids

We use outputs E;(k), 1 < ¢ < np, of band structure calculations to determine spectral properties of
solids [40]. We will concentrate on 3 properties, namely the integrated density of states, the joint
density of states and the dielectric function. In this thesis, E;(k) are solutions to (5.14), a linear
eigenvalue problem derived from an empirical pseudopotential model. Determination of spectral
properties of solids can also be a post-processing step following a full ab initio calculation.

There are other applications in which the reduced basis method for linear eigenvalue problems
can be useful within the computational chemistry context. For example, in ab initio calculations
based on Density Functional Theory models, each fixed point iteration in the SCF scheme (Sec-
tion 4.2.2) may require solutions to an linear eigenvalue problem at n; k-points — these solutions
are then used to accurately determine the electron density, and related functionals [76]. If ny re-
quired is large, for example in DFT calculations for metals, a reduced basis approximation within
each iteration can significantly speed up evaluations of the n; eigensolutions, thus improving the
overall efficiency of the SCF algorithm.

In the next three sections, we will use energy unit €V so that direct comparison with results
in literature can be made easily. Our problems are formulated in atomic units (as emphasized in

Section 1.5) — 1 a.u. of energy is equivalent to 27.21 eV.

5.4.1 Preliminaries
Here, we would like to first describe the notion of density of states for our problem (5.14).

Definition 5.1. Let E, (k) be eigenvalues of (5.14) ordered by Ey (k) < Ea(k) <.... The density

of states measure p is the measure on R defined by’
1
ploo, Bl = 75 ) |{k € D, Bu(l) < B}, (5.68)
n

where |D| is the Lebesque measure of D (given by the volume of D) and |{...}| is the Lebesgue
measure of {...}. [103]

“We have ignored the spin degree of freedom — thus we leave out a factor of 2.
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Figure 5-12: Pictorial representation of the Lebesgue sum in one dimension.

Remark 5.1. Since E,(k) — oo uniformly in k as n — oo, p(—oo, E] is finite. In addition p is
absolutely continuous with respect to dE, Lebesque measure on R. The Radon-Nikodym derivative

dp/dE is called the density of states. [103]

We denote the density of states, dp/dE, by g(E). From (5.68) and Remark 5.1, we can express
9(E) as [60]
1
o(E) = 75 2 [ 68~ B} (5.69)
n

where 4( - ) is the Kronecker delta function. Then, given a small change of E, dF, the change in
the number of states, |D|dp = g(E)dE is given by the summation of the corresponding dk — the

evaluation of this integral is illustrated for a single energy in one dimension in Figure 5-12.

The energy bands, Fj,(k) are also divided two categories, as shown in Figure 5-13. The first
category, called valence bands, consists of the first n, bands, i.e. Ey(k), ..., E,, (k), where n, is the
number of valence electrons — for silicon, n, = 4. The second category, called conduction bands,
consists of the rest of energy bands. In order to function as charge carriers, electrons must first be
excited from the valence bands to the conduction bands. This division only exists in insulators; the
gaps between valence bands and conduction bands determines how well an insulator can function

as a semiconductor. No such division exists in conductors.
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Figure 5-13: Division between valence bands and conduction bands for crystalline silicon.

5.4.2 Integrated Density of States
Problem Statement

Given an energy level Ep, the integrated density of states I(Ej) is given by

E
I(E) = f 9(E)de ; (5.70)

—0Q

where g( - ) is as defined in (5.69). For the current analysis, we are interested in determining I4;;(6
eV) where

Lt (E) = I(E) — I(E4(k = (0,0,0))); (5.71)

FE4(k) at k = (0,0,0) corresponds to the highest energy in valence bands — this is simply to make
the problem more interesting since we know I(Ey(k)) for k = (0,0,0) is 4. Nevertheless, it is
worthy to point out that we are typically interested in the inverse problem, where we would like to
determine a Eq such that I(Ep) is equal to a certain value. For example, in the determination of

the Fermi level, we would like I(Ey) to be equal to the total valence charge, n,.
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Standard Techniques

Two standard techniques routinely used for the determination of the density of states and the inte-
grated density of states are the Gaussian smearing technique and the tetrahedron technique. The
Gaussian smearing technique involves convoluting the delta function with a Gaussian function [40].
The tetrahedron technique, on the other hand, partitions the Brillouin zone into several tetrahedra
and assume a linear interpolation scheme within each tetrahedron [14, 58]. Although the Gaussian
smearing technique is more widely used, the tetrahedron technique is usually more accurate [40]

and will thus be used in the current analysis.

With the tetrahedron technique, we first partition the irreducible Brillouin zone into a set of
tetrahedra 7, as shown in Figure 5-14. Then, for each tetrahedron T' € T, linear interpolation
of values at the vertices of T is assumed. An analytical expression of I can then be derived [14]:
for a given band 4, let Ef}, E],, El; and E]; be the E; at the vertices of the tetrahedron T such
that Ef; < Ef, < Ef; < E],. We further denote ET, . by ET, — EL , V7T as the volume of the

tetrahedron T, and V& = Y rer Vr. The integrated density of states I(E) is then given by

I(E) = Z > IT(E), (5.72)

i=1TeT
where [14]
.
0, E<EF,
vr (BE-ET))® BT .
T 5T T L < E < E;
ve Ei,ZIEz',31Ez',41 ’ 1,1 1,2
vT 1 T \2 T T
_C_T_T_((E',Ql) +3E-,21(E—E~’2) + ...
IZ’(E) = ¥ |4 Ei,31Ei,41 4 1 o +;T (573)
T \2 i i4 T\3 s T
3(E — ED)* — 3 (E~ B,)*), Ef, < B <El
vT 1 (BEL,-E)? T T
~ ET, ET,EZ,, E!, < E < E!
W( By 01 B 40 Figs’ 1,3 1,4
VT
Nk E>E},

We now introduce a Fourier basis set YV of size A and approximate E,, 1 < n < n by ETJLV ,

1 < n < ny, the planewave approximation based on YV. We define Lait p, N (E) as

Idif,nk,N(E) = nk,.f\f(E) - I(E4(0)), (5‘74)
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Figure 5-14: 7, the tetrahedra mesh of D with 4440 vertices.

where I, a(+) is the integrated density of states computed on a tetrahedra mesh 7 with nj, vertices
based on EN (k) instead of E,(k). We further introduce a “truth” approximation, Iyt o( ) given
by Igitm,n( ) evaluated at ny = ngy = 4440 and N = N; = 1807; ny; and N; are simply the
dimensions of our “truth” approximation. Table 5.6 shows that for |Igifn, N~ — laifo| < 0.01, a

combination of N' = 137 and n; = 572 suffices; the computational cost is 62s.

Reduced Basis Approach

We now introduce a reduced basis approximation of dimension N and approximate E;(k), 1 <7 < my

by a reduced basis approximant, Ey ;(k), 1 < i < ny. We define Igisn, n(E) as
Liit ny N (E) = In, N (E) — I(E4(0)), (5.75)

where I, n( ) is the integrated density of states computed on a tetrahedra mesh 7 with ng
vertices based on Ep (k) instead of E, (k). Note that we build a reduced basis approximation for
eigensolutions up to ny = 9 since the minkep Eng(k) — E4(k = (0,0,0)) is greater than 6 eV.
Table 5.7 shows that we only require N = 36 and n; = 572 to achieve the convergence criteria
| Lif ne, v — Lait,0| < 1E-2. For this calculation, the total computational cost during the online stage
is 3.8s. Comparing this to the 26s required by the planewave method, the reduced basis method is

7 times faster than the planewave method. However, we note that the offline computational cost
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Mk

N =137

| Tast, e N — Lais 0]

N =229

N =339

N =531

6
8
15
23
38
58
80
114
149
202
249
324
389
490
572

1.9780E-1
1.5740E-1
1.1345E-1
1.5392E-1
3.7813E-2
2.2991E-2
4.8691E-2
3.2089E-2
2.7976 E-2
1.8873E-2
2.2724E-2
1.5065E~2
1.4614E-2
1.1443E-2
6.1874E-3

8.0590E-1
1.5510E-1
1.1113E-1
1.5242E-1
3.57T17TE-2
2.0081E-2
4.6003E-2
2.9134E-2
2.5023E-2
1.5884E-2
1.9632E-2
1.1909E-2
1.1588E-2
8.3680E-3
3.3251E-3

1.9373E-1
1.5490E-1
1.1098E-1
1.5229E-1
3.5525E-2
1.9834E-2
45785 E-2
2.8873E-2
24771E-2
1.5634E-2
1.9370E-2
1.1640E-2
1.1336 E-2
8.1124E-3
3.0825E-3

1.9373E-1
1.5491E-1
1.1099E-1
1.5229E-1
3.5531E-2
1.9841E-2
4.5793E-2
2.8880E-2
24779E-2
1.5641E-2
1.9378E-2
1.1648E-2
1.1344E-2
8.1200E-3
3.0897E-3

Table 5.6: Variation of error in Iy n, Ar With ny and N. Igifp is the “¢ruth” approximation given
by Iaif,n, N computed at ny = 4440 and N = 1807.

(based on a “greedy” sampling algorithm that utilizes the a posteriori error estimation procedure
and tolerance criteria A}\v,l(k) < 1072) is 102s. Reduced basis method is thus only competitive
if we need to evaluate the integrated density of states at more than 6 different values of £ — a

requirement easily fulfilled when considering the inverse problem of determining a Ey given I(Eyp),

which we have described earlier.

5.4.3 Joint Density of States

Problem Statement

Given a photon energy F, we would like to determine the joint density of states defined as

where

Ny Ny

IE)=Y" Y AyE),

i=1 j=ny+1

Jij(E) = ﬁ /D 5(; () — Ey(k) — E)dk,
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g

N=9

| Tt g, N — Lai 0

N =18

N =27

N =36

6
8
15
23
38
58
80
110
149
202
249
324
389
490
572

6.6524E-1
8.4275E-1
8.6394E-1
7.8922E-1
7.6262E-1
7.6250E-1
7.8762E-1
7.6507E-1
7.6276 E-1
7.6703E-1
7.6386E-1
7.6605E-1
7.6163E-1
7.6826E-1
7.6307E-1

5.7391E-1
4.6119E-2
3.0609E-1
3.1237E-1
2.6901E-1
2.5123E-1
28170E-1
2.5271E-1
2.5477E-1
2.5138E-1
2.4893E-1
2.4583E-1
2.4455E-1
2.3807E-1
2.4099E-1

7.9422E-1
1.4645E-1
2.7881E-2
1.2205E-1
2.8294E-2
1.6408E-2
5.0466 E-2
3.3282E-2
3.2175E-2
2.2609E-2
2.8111E-2
1.9893E-2
1.9957E-2
1.6392E-2
1.1567E-2

8.0044E-1
1.5495E-1
2.2031E-2
1.1781E-1
2.247T4E-2
1.2404E-2
4.4836E-2
29116 E-2
2.7561E-2
1.8471E-2
2.3542E-2
1.5752E-2
1.5857E-2
1.2511E-2
7.7170E-3

Table 5.7: Variation of error in I4it n, v With ng and N. Igip is is the “truth” approximation given
by Lgit n, A computed at ny = 4440 and NV = 1807.

where n, is the number of valence bands; and ny — ny is the number of conduction bands we need
to examine, depending on the range of E we are interested in — larger E will require us to consider
higher n3. For silicon, the number of valence bands is 4, and we will look at 8 conduction bands;
thus n, = 12. The joint density of states then determines the density of pairs of states (one from

valence bands and the other from conduction bands) that have energy difference E.

The joint density of states is particularly useful in molecular dynamics simulations in solid state
physics. For example, it determines the transition rate of an electron from a ground state (one
of the valence bands) to an excited state (one of the conduction bands), relevant to simulation of
charge transport phenomena in semiconductor [38, 57]. It can also be used for the determination

of the dielectric function, as described in Section 5.4.4.

Standard Techniques

We will again use the tetrahedron technique. For each tetrahedron T € 7 and two indices ¢

and j, let AT, = El —El ,1<m<4and AL < AL, < ALy < AT; 4 In addition,

i,3,m i,m)? 1,052 1,5,3
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AT mm = AT, — AT, - Then, the joint density states is given by

Jig(B) = JL(B), (5.78)
TeT
where [14, 58]

.
0, E< Az] 1
VT 3(E Az 1)2 T
WATMIATJ 3]1A;I:J' 41’ Aj;1<E< Au 2
VT

i,J AT 0 +0T; 4 ) T )
l]:?;2 «;342 (E Al]2) )7 A 2<E<A213

VT 3(af ',4—E)2 .
VO AT, 1BT;,020T 4 A”3 < E< A”4

o ey

It is computationally more intensive than the calculation of the integrated density of states due to
the additional double summations.
As in previous section, we introduce a Fourier basis set YV of size N and approximate E,, (k),

1<n<mnyby E,JZV' (k), 1 < n < ny, the planewave approximation based on YN. We then define
JIN(E) as

JN(E) Zv Z J.N"L,] (5.80)

i=1 j=ny+1
where Jy; ;(E) is evaluated from (5.78) with Eyn(k), 1 < n < nj replaced by BV (k), 1 < n < my,.
We evaluate Jy; ;( - ) on a tetrahedra mesh 7 with 4440 vertices, shown in Figure 5-14. Similarly,
we introduce a “truth” approximation, Ju,( - ) given by Ju( -) evaluated at N'= A; = 1807. The
size of ny, is dependent on the accuracy we seek for approximate J( - ); our choice here is simply for

the purpose of demonstrating the utility of reduced basis method in the large n;, limit.
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Jn=48

1.5F

0.5¢

Figure 5-15: Different approximations to the joint density of states — Jy—48, Jy'=59 and Jy=n;,=1807
— versus energy E in eV.

Reduced Basis Approach

We introduce a reduced basis approximation of dimension N and approximate E;(k), 1 < i < ny

by a reduced basis approximant, En ;(k), 1 < i < ny. We then define Jy(E) as

Ty ng
IN(E) = Z Z Inii(E), (5.81)
i=1 j=np+1

where Jy; j(E) is evaluated from (5.78) with E,(k), 1 <n < n; replaced by Enn(k), 1 <n < np.
Again, we evaluate Jy,; ;( - ) on a tetrahedra mesh 7 with 4440 vertices, shown in Figure 5-14.

From Figure 5-15, we see that there is no discernible difference between the reduced basis
approximation Jy for N = 48 and the “truth” approximation, Ju;. The online and offline compu-
tational costs of determining Jy for N = 48 are shown in Table 5.8. The offline computational cost
is evaluated based on a “greedy” sampling algorithm that utilizes the a posteriori error estimation
procedure and a tolerance criteria of /_\.f‘v’ 1 < 10~2. This gives Ns.max = 7 and an offline computa-
tional cost of 85s. The online computational cost is 88s, thus giving a total computational cost of
173s.

We now consider the planewave approximation, Jyr. In particular, we determine a A for which

the evaluation of Jy will take approximately the same total amount of time (online + offline) as
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JIn In
Dimension N =48 N =59
Computational time | Online : 88s
Offline : 85s | Total : 151s
Total : 173s

Table 5.8: The computational cost of Jx and Jus for the results shown in Figure 5-15.

that for Jy. We see from Table 5.8 that this is given by ' = 59. From Figure 5-15, we note
that Jy=s9 deviates from Jy,, and fails to give the correct location for the second peak of J. This
slight deviation may not be significant physically in this particular case, but it does demonstrate
the higher accuracy that reduced basis approximation can achieve given same amount of computing

resources.

5.4.4 Dielectric Function
Problem Statement

Dielectric function describes the response of a crystalline solid to an external electric field. It is
a measurable physical quantity, and as such acts as a valuable tool in validating quantum models
through experimental results. For other practical applications, dielectric function is essential in the

design of capacitor and dielectric waveguide, such as optical fibers [46, 60].

Since the real and imaginary part of the dielectric function are related by the Kramers-Kronig

relations, we only need to determine the imaginary component of the dielectric function, e3(E),

given by [60] N
es(E) = (%) S S Kiy(E), (5.82)
i=1 j=ny+1
where 5
KB =5 | (; (001, uj(km?) §(E,(6) - Bi(l) ~ B)dk,  (5:589)
where age = —i ; % v*. We choose n, = 4 and n, = 12 for the same reasons given in Sec-
tion 5.4.3.
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Standard Techniques

We will again use the tetrahedron technique. There are two ways in which we can treat the
az,e(ui(k),uj(k)), £=1,...,3 term. In [122], ag ¢(ui(k), u;(k)) is assumed to be weakly dependent
on k and as such an average value P;; = <22=1 age(ui( - ),u;(-))) can be used. Then, K;;(E) =
P, ;J; j(E) — J; j(E) can be computed based on the procedure outlined in Section 5.4.3. The other
approach assumes a linear interpolation of ag s(u;(k), u;(k)) within each tetrahedron; the resulting
formulation is more complicated and it is given in [68]; this is the formulation we will use.

As in previous two sections, we introduce a Fourier basis set Y of size N and approximate
(un(k), En(K)), 1 < n < np by (1 (k), BV (K)), 1 < n < ny, the planewave approximation based
on YN. We then define e 7(E) as

Ny ny
ex(E)=Y Y. Kyi;i(BE), (5.84)
i=1 j=ny+1

where K ;;(E) is evaluated from with (un(k), En(k)), 1 < n < np replaced by (v, EN(k)),
1 < n € ng. Here, in addition to the calculation of the energy difference at each k, we also need
to determine a2,g(uff (k), u,;v (k)) which can be computationally expensive if NV is large. Similarly,
we introduce a “truth” approximation, ez n;(-) given by ea ar(-) evaluated at N' = N; = 1807. We
evaluate ez a7(+) on a tetrahedron mesh with n; = 4440 vertices — the size of ny is dependent on the
accuracy we seek to approximate es(-); our choice here is simply for the purpose of demonstrating the
utility of reduced basis method in the large n; limit. We note that in addition to accuracy in Exp,
we must also evaluate ag g(u (k), u';v (k)) sufficient accurately. However, error in ag o(u} (k), uév (k))
is of the same order as error in Ep »; as such, the accuracy requirement is not higher than previous

two problems.

Reduced Basis Approach

We introduce an reduced basis approximation of dimension N and approximate (u;(k), E;(k)),
1 < i < myp by a reduced basis approximant, (uni(k), En,i(k)), 1 < ¢ < np. We then define en(F)

as

Ny ng
eanE) =Y Y Kni;iE), (5.85)
i=1 j=ng+1
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E, eV

Figure 5-16: Different approximations to the dielectric function — €2 ny—48, €2 /=59 and €2 A=n;=1807
— versus energy E in eV.

€2, N 2N
Dimension N =48 N =59
Computational time | Online : 141s
Offline : 88s | Total : 215s
Total : 229s

Table 5.9: The computational cost of ez ; and ez o for the results shown in Figure 5-16.

where Ky ; j(E) is an approximation to K;;(E) where (u,(k), En(k)), 1 < n < ny replaced by
(uni(k), Eni(k)), 1 < n < ny. Again, we evaluate Kn; (- ) on a tetrahedra mesh 7 with 4440
vertices, shown in Figure 5-14.

We now reuse the reduced basis approximation we have constructed in Section 5.4.3. From
Figure 5-16, we see that there is no discernible difference between the reduced basis approximation
eany for N = 48 and the “truth” approximation, ez n,. The computational costs of determining
€o v for N = 48 are shown in Table 5.9. Note that the offline computational cost is taken from
Table 5.8. However, we can argue that since we are using the same reduced basis approximation
from the previous section, the actual offline cost is 0.

We now consider the planewave approximation, ez or. We use N' = 59 as in Section 5.4.3 which
leads to a computational costs that is similar to the total computational time (online + offline)

of a reduced basis approximation as shown in Table 5.9. From Figure 5-16, we note that ep ar—59
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deviates from e A, and fails to give the correct location for the second peak of €. In addition, if
we do not consider the offline computational cost, we achieve a computational saving of 50% with
reduced basis approximation. Again, the slight deviation may not be physically significant, but it
does demonstrate the higher accuracy that a reduced basis approximation can achieve given same

amount of computing resources.

5.5 A Posterior: Error Estimation

The derivation of the a posteriori error estimator for this problem follows Section 2.4 closely. The
are two main differences: (%) the eigenvalues A;(k) are not of multiplicity one and the multiplicity

depends on both 7 and k; and (%) a(v, v; Veg; k) is not strictly positive for all k € D.

5.5.1 Derivation

Fori=1,...,np, we define the residual as

Ri(v; k) = a(uni(k), v; Ve k) — Ani(k)m(uni(k),v), (5.86)

for Vv € Y. We also define a reconstructed error €; in Y, such that

a(é;,v) = Ry(v;k), Wwvey, (5.87)
where
a(w,v) = a1{w, v; Veg) + ym(w,v); v =1+ |A1(0)[; (5.88)
IR 10] = sup 20, — agen e (589)
and || - [ =a(-, )2

We now define a™(w, v; Vesr; k) = a(w, v; Veg; k) + ym(w, v) and introduce the following eigen-
value problem: for k € D, find (it (k), AT (k)) € (Y™ x R™) such that

at(uf (k),v; Vers k) = A (W)m(uf(k),v), YweY, 1<i<my, (5.90)
m(uj—(k)’u;-(k)) = §ij, 1<i<j<n. (5.91)
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It is clear that Gt (k) = fi(k) and A} = X\; + 7.

Proposition 5.1. Given a(w,v) = a1(w,v; Veg) + ym(w,v) and v = 1+ |A1(0)], we have

at(v,v;k) = a(v,v) > m(v,v) > 0. (5.92)

Proof. First, we note that agy(v,v) =0, for £=1,...,3: let v = v; + ive, and v, v3 € R; then

aze(v,v) = —i/Q (gi—z + 12—2) vy — ivg)
. oy Ovg / on Ovy
N 1/9 <8mgvl + 6$gv2> Q Bmgvz + Q Bmgvl
= 0, (5.93)
since
o Ovg Ovy vy
ol = — | 220 —; = 0; —Zy = 0. 5.94
002" " Jodm ™ Jom TV Joom” (584
We first prove the left equality:
a(v,v) = a1(v,v; Veg) + ym(v,v)

= a(v,v; Ver; k) + ym(v,v)

= 0t (v,v; Vesrs ). (5.95)

since for £ =1,...,3, agg(v,v) = 0.

To prove the right inequality, we note that

a1(v,v; Vege) > M (0)m(v, v). (5.96)

Then,

a(v,v) = ai({v,v;Ver) + (1 + A (0))m(v,v)
(1+A1(0) + M (0)hrn(v, v)

v

> m(v,v). (5.97)
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This concludes the proof of Proposition 5.1. |

Hypothesis 5.1. Assuming our reduced-basis approzrimation is convergent in the sense that

Avi(k) = A(k), 1<i<ny, as N — oo (5.98)

Then, for sufficiently large N,

Proposition 5.2. Assume our reduced-basis approximation is convergent in the sense that
Ani(k) = Ailk), 1<i<n, as N — . (5.100)
Then, for large N andi=1,...,n,
Ai(k) = Aw,i(k) < 1”5 B (5.101)
Ai(k) + (w,i(k) +)1/2
In addition, for An (k) of multiplicity one and associated uy ;(k), we have
[[uni(k) — ui(k)|| < “R(d—k)“ (5.102)
and
|An,i(k) — Ai(k)| < ”ﬁz-(—c-lg’kﬂ, (5.103)
i
where d; = rggl %';(—k)‘
Proof. Fori=1,...,n, we define € € Y as
at(&,v;Veg; k) = Ri(v;k), Yo €Y (5.104)
IR 0] = sup D otz k) (5.105)

veY a’*’(v, v k)1/2 N
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and ||| - ||| =a*(-, -;Veg; k)/2. From (5.92), we then have

RSB < R:( - 5K)])- (5.106)

From here onwards, the proof follows closely that of Proposition 2.2. Let un (k) = Zﬁil ajui(k)

and & = Zfil Bjuj(k); N is the dimension of our “truth” approximation. From (5.104),

N N M
at (Z ﬂjrujz(k),v;l/;ﬁ;k) = a (Z ajuj(k),v;Veg;k) — Ani(k)m (Z ajUj(k),v)

i'=1 i=1 i=1

M N
> BpAFRm(uy(k), k) = > o5(Ai(k) = Ani(k))m(u;j(k), v;k)
=1 j=1

@==%(““§a¢&q. (5.107)

Then,

IR+ = a* (&, &; Verrs k)

M
= D BN ()m(u;(k), u;(k))
j=1

Ni 2
X@—M&U
2 ] K) +
= Yo - AT (K). (5.108)
j=1 ! ( ’\J' (k) ’
Dividing by An,(k) + -, we have
2 M 2
IR 0IE _ 1 $ e (09 wa9) "
Ani(k) + o (uni(k), uni(k); Vea; k) = 7 A (k) I
2
o (200 = A9 X5k edX (k)
= Sy + t 23\t
1SN X (k) YN, a2 A% (k)

2
— min [ 290 = Ani(k)
= 151?15%( J X (k) ) : (5.109)
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Therefore, based on Hypothesis 5.1,

)\i(k)_)‘N,i(k)‘ < _MEC K
Ai(k) + T (wilk) + )12

[R:( -5 k)l
= B+ )7 (G110
from (5.106). This proves (5.101).
To prove (5.102), we first note that
un,i(k) —ui(k) = > oju;(k) + (; — Duy(k), (5.111)
J#i
which leads to
luni(k) —w()[IF = a* (Z o (k) + (0 = Dui(k), Y ajui(k) + (o — Duy(K); Vefr;k)
J#i J#
= a+ (Z G iUy (k), Z QjUj (k), Veff; k)
J#i J#i
+ o™ (s — Duy(k), (e — Duy(k); Vegr; k)
a’ (Z ajuj(k), (a; — Du,(k); eﬁ,k)
J#
at ((ai — Du;(k), Z aju;(k); Ves; k)
J#
= D ol (k) + (@i — 1) (k). (5.112)
J#i
From (5.108),
2
[EICHET N B ("f(kl; (;\{J)Mk)) X7 ()
J#i Y
. A (k> - )‘Nz
> min ( J I ) ga A (k), (5.113)
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and from (5.92),

(k) —w(R)IP > mluni(k) = ui(k), uni(k) - ui(k))
= 2(1 - o). (5.114)
7 in | MK AN (k)
Let d; rjnygl Tk . Then
AF(k Ri( - X)|?
N N B3 [ SRSt L R CRBE
(]
by solving for |||un (k) — u;(k)|||> and expanding the square root term, we obtain
Ri(-;X)||?
w00 — w2 < LECIIIE
i
NORAYIP:
< w, (5.116)
d;
based on (5.106), after ignoring the higher-order term involving ||| - [||*. Finally, in the asymptotic
limit of (5.100), we have
- (k) — Ak
d; ~ min ’\J(k)+ Avilk) | d;. (5.117)
J#i AN’j(k)
This proves (5.102).
To prove (5.103), we note that
An,i(k) — Ai(k) = +(uth;(k) uni(K); Verr; k) — o™ (ui(k), ui(k); Vegr; )
= Za2A+ A (k)
= Z oA (k) — (1= o)Af (k). (5.118)
J#i
Substituting (5.112) and (5.116) into (5.118), we get
Avi(k) = Mi(k) = llun,i(k) —wi(R)|? ~ (@ = 1)*XF (k) — (1 = o)A (k)
< (k) — wi (W)l
(k)2
S “Rz( R k)“ : (5.119)
d
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since 1 — o? = Z#i a;‘? > 0 and A} > 0. In the asymptotic limit of (5.100) where d; ~ d;, this
proves (5.103). O

5.5.2 Numerical Results

The offline-online decomposition of the error estimator calculation is similar to Section 2.4 and thus
will not be repeated here. In addition, since we are dealing with eigenvalues of multiplicity greater

than one, we will only consider (5.101). We define our error estimator Af‘\,’nb (k) as

X _ 1 B:( -5 k)|l
AN,’nb (k) - lg%as‘)'r{zb (AN’i(k))l/z ’ (5-120)
and the effectivity measure: R
AN n, (K)
A N,nb
n k) = —2—, (5.121)
N,nb ( ) e?v,nb (k)

We present in Figure 5-17 7‘71’},,%, the mean of nk,m (k) for k € Ey, for our results obtained for
the augmented reduced basis approximation. We obtain error estimator with effectivity closer to 1
at smaller N. However, this effectivity diverges as NV increases. In Section 2.4.3, we have explained
why (5.121) will diverge as N increases. As a result, the use of (5.120) as an error measure in the
“greedy” sampling procedure may lead to unnecessarily large N. Thus, we would like to emphasize
that for the current problem, the error estimation procedure is only used to determine a good set
of sample points given Npax; it is not used to determine the size of Npax. Certainly if we are able
to extend the bounds in (5.102) and (5.103) to eigensolutions that degenerate, we will have better

error estimators.
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Figure 5-17: Variation of the average effectivity of Af,‘v,nb, ﬁf{,’nb(k), with N for 4 < np < 17 and
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Chapter 6

One Dimensional Kohn Sham

Equations

6.1 Introduction

In this chapter, we develop the reduced basis method for one dimensional Kohn Sham equations.
Our goal is twofold. First, it offers the opportunity to assimilate methodologies developed in
previous chapters. We generalize the augmented reduced basis approximation and the vectorial
reduced basis approximation, first introduced in Chapter 2, to nonlinear eigenvalue problems by
following closely the procedure outlined in Chapter 3 and 4. Second, it functions as a feasibility
study for the three dimensional Kohn Sham equations, the workhorse of density functional theory.
Nevertheless, one dimensional models are important in their own right; they are rudimentary in
the understanding of crystalline solids and has been studied in {102], and more recently [13]. We
also introduce two new ingredients — the geometric parameterization of the Kohn Sham equations
and the handling of coupled equations within the reduced basis framework. Results in this chapter

were first reported in [22].
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6.2 Abstract Formulation

6.2.1 Problem Statement

We consider a one dimensional periodic system with lattice parameter p € D C R4, and hence unit
cell Qu) =] - £,5]. In addition, a single nucleus of charge Z lies at the center of the cell and the

number of electrons per nucleus is ne, with n. = Z for charge neutrality.

Our output of interest is the ground state energy of the system, £, which we shall determine
based on the spinless Density Functional Theory [18, 32, 76, 90]. Our input parameter is the lattice
length p. For simplicity, we shall not include Z in our parameter space; as such, each new Z
constitutes a new problem in our reduced-basis approximation. This input-output relation then
provides an abstraction for studying how ground state energy changes with lattice parameter. It
also provides a convenient framework for the determination of forces exerted on the nuclei when

the structure is deformed, or the characterization of the nonlinear behavior of elasticity constant.

6.2.2 Energy Statement

Based on the Density Functional Theory, the equilibrium ground state energy is obtained by solving

a minimization problem for G([Z, 1*]) = (@1([Z, ™)), . .., @n,([Z, 1*])), where [11, 25, 64, 66]

W((Z,u) = arginf {EGv= (@1, ,6n); [Z,4]), i €7, (6.1)
/~ ?ﬂi?ﬂj=5ij,1§i§jﬁne},
£(pr)
p'(2) = argint {E@(Z,ul)i (2. W) > 0): (6.2)

here ¥ = Hl},er((l(,u)) is the space of p-periodic functions in H(R); &;; = {1if ¢ = j, 0 otherwise};

and @; is the Kohn-Sham orbital associated with the ith electron. We denote Z as a point in Q).
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The electronic energy E(w;[Z, u]) is defined as

Bz ) = Gy [ (Ve 2y [ Gw
i=1 () i=1 Q(u)

/ u)/f;(u) (Zw ””)) Gz - 9) Z () | dz dy

i=1
4/3

e / Ya2| 63)
Q) \j=1
where we have used the X-a approximation to approximate the exchange term and neglected the
correlation term; and C,,, C,., and C, are model constants (for which we have used C, = 0.5,
Cc =1 and C; = 0.7386). The exchange term —Cq [,y (327 %2)*/3 in (6.3) has the form that is
appropriate for the three dimension case — it does not have the correct homogeneity in this one
dimensional problem. For one dimensional problem, we can derive formally based on [15, 62, 108]
from the free electron ansatz that the correct expression for the exchange term in one dimension is of
the form —Cy,14 fo5 2 (352, @3)?, where Cy14 # Cy - We have purposely use the form given in (6.3)
to demonstrate the reduced basis approximation of problems with nonpolynomial nonlinearities and

thus allow a direct extension to the three dimensional Kohn Sham equations in Chapter 7.

The periodic Green’s function G(- ; u): Q(u) — R satisfies

_AG = {5( )= m—(lm} /ﬁ(ﬂ)é=0, (6.4)

where A is the Laplacian operator, §(Z) is the Dirac delta distribution, and [Q(x)| = u is the
length of Q(u). The function G is simply the one-dimensional periodic Coulomb potential. The
term Z;‘;l @2(u) is the electron density of the system. It is usually denoted by p(u) to underscore
the dependence of functionals on electron density in Density Functional Theory. Nevertheless, due

to the kinetic energy term in (6.3), solving (6.1) still requires the determination of the wavefunctions

.
The total energy &(W; [Z, u]) — our output of interest — is then given by

(s (2, 4]) = B 2, ) + L), ©5)
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where n(p) is the nuclear - nuclear correction term given by

z
o) = 1 { G - 21} ©5)
By Fourier considerations, G( - ; 1) can be expressed as
= L= cos(2mki/
G(Z;p) = o Z _T/) (6.7)
k=1

2

Since G(0; 1) = 55 S5y 7 and Yoo &z = %, we obtain

n(w) = G(0;p)
i
E-

6.2.3 Euler-Lagrange Equations

We now derive the equivalent Euler-Lagrange equations for the constrained minimization problem
(6.2). We first introduce a set of Lagrange multipliers A= (Aij, 1 <@ < j < ne) for the constraints

ffl(u) WiW; = 8;5, 1 <1 < j < ne. Then, the Lagrange equation can be defined as

Ne MNe
£ A Zo]) = -5, { [, = 5@}. 69
i=1 j=i
Now, let W = 4 + v where v = (¥, , ¥,). Then

ot
<

£( XlZu) = L@ XN[Zpu)

Ne
+2C, Y g VIV 222 i O

+2cc / / (%) G(& Zu (&) dz dy
Qp) )

1/3
8 Te Tle
—cs> [ wlyuEm] @
m3; Q(H) (Z J

_+_

j=1
Me Tle
=33 N {/ Wi; +ajz7,} +0O(53,...,92). (6.10)
i=1 j=i
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Since the first variation must vanish when 1 is the unique minimizer,

Cw Vu;Vo, — Z G s
Zﬂ(u o Zn(u) o

-9 | S a2 Ui(%) d dj
+ Ce Z/Qm)f ) G - 9) (; J(y)) i(Z) dz dy

. 1 Ne MNe . o )
~ 3 Z/(u) (J . )> vz~§;_z_:)‘u{/ﬁ(u)uw]+u]vz} = 0

The above holds separately for Vi; € Y; therefore

—Cpl\ti; — 7 éﬂz + C. 1 /
(p)

(Zu ) G(z —§) dy

J=1

4 (s 1/3~ 1, . I35, .
~Cx§ > s uz'—-2~>\z'iui—§z)\ijuj =0, 1<i<n,.

Now, let —¢ = C, fﬁ(u) ( g J(y)) G(z — ) dij. Then

—Np = 3 @2(3 HE—§
Ad = G, /Q . (; ](y>> NGG - §) d

since fﬂ( ) @2(g) dj = 1 and Z = n, for charge neutrality.
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The Euler-Lagrange equations are then given by:

) ) e 1/3
CwAﬁi—Gﬁi—¢ﬁi+Cz§ Y| o= Mfl, 1<i<ne, (6.14)
j=1
- JA Te
-Ap-C. | =———-) @ = o, (6.15)
“119(w)] =
/ Uil = 51;_7', 1<i<j<ne (6.16)
Q)
ﬁ ¢ = G (6.17)
Q(w)

é is simply the Hartree potential [25] with a normalization of ffl(u) ¢ = 0. Equations (6.14)-(6.17)
are the Kohn Sham equations, albeit in its one dimensional form. We note that the solutions 1,
A and ¢ are coupled. In addition, the nonlinear term (X5 ﬁ?)l/ 3#; in (6.14) is similar to the
nonlinear term examined in Chapter 4. But we now have an nonlinear eigenvalue problem for
which we need to determine n, number of eigenvectors and eigenvalues. To facilitate our reduced

basis formulation, we now rewrite (6.14)-(6.17) in the weak form.

6.2.4 Abstract Formulation

The weak form of the Euler-Lagrange equations (6.14)-(6.17) is: find @([Z, x]) = (4([Z, 1)), ¢(|Z, 1)),
G(1Z, 1), A([Z, u]), (12, 1)) € Y = (Y7 x ¥ x Yy x R"e(ret1)/2 5 R) such that

Cw | V&uVE-Z | Guv— [ b
(w) ) (u)
1/3
— Cyz @ wv— 3 / i
3 Q) \ ;=1 ! z 27" L)

Ne
- l/. > Njig# = 0, VieY, 1<i<n,, (6.18)

[ Uity — Jij =0, 1<i<j<n,, (6.19)
Q)
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- VA e
VoV —C, | = b - / 7y
Qo) {Iﬂ(u)l &) Z o

=1
+T/_ v =0, VoeY, (6.20)
Q)
[ ¢ = 0, (6.21)
u)
) VG’V’TJ—[«')(O)——:I— i '6] = 0, VieYo, (6.22)
) |2(1)| Jexw)

where A([Z, 1)) = (M;([Z,1]),1 < i < j < ne) and 7 is the Lagrange multipliers associated with
the constraint fﬂ(u) $=0;and Yp = {ve ?I fﬁ(u) =0}

We note that 7 is a computational convenience; in fact 7 = 0. Let ¥ = 1. From (6.20),

Vé—C,|Z - 3 i2| + T|Q()| = 0. 6.23
[ v [ ; /ﬂ(muj] 0w (6.23)

Since f@(u) ?1]2 =1,1<j <N, Z=mne, and fﬁ(ﬂ) Vé = 0 due to the periodic boundary condition,
(6.23) gives T = 0.

To facilitate the variational description of the problem, we define the following functional forms

G, 5p) = | VoV, (6.24)

(p)
61 (@, 5 ) = / o7, (6.25)

()
Ga(i, 5,03 p) = / B354, (6.26)

()
a(w, Loy u) = / W /35, (6.27)

()
Iy p) = / W, (6.28)

Q(p)

foranype D, weY,v€¥,5€Y, and non-negative f € Y.
Then, @([Z, u]) € Y satisfies

A@((Z, 1), ¥;[Z,4)) =0, V¥ €D, (6.29)
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AW = (W,5,8,6,r),% = (v,5,8,8,@); (2, 4]) =

Te 4 Te
> | Cuw o, T 1) = Z (i, E, s ) — (i, 5, 03 1) — 5Ca@™ (05, ) _ 57, 5:)
i=1 j=1

1 . |
= gouo(l, Ui u) = 52%’ a1 (wy, Ui; 1)

j=1

Ne Ne
+ 3 iy {aa (@, @y 1) — 835}

i=1 j=i

~ ~ o~ e ~ -~ ~ ~ ZCc"’ ~ T~
+ |@0(3,5u) + Ce Yy (i, b5, 1) — p WS ) + 6 1S5 )

I i=1
+ @ (5 )
+ Jaolf a0+ 3310 - 50)] (630

6.2.5 Parameterized Abstract Formulation

To obtain the parameterized weak form, we first define an affine geometric mapping, G(u), from

Q(p) to Q =] — %, 1]. This can be expressed as

r=0G(Z;pn) = —=. (6.31)

==

We further define Y = H] (), the space of 1-periodic functions in H L(R) with the associated
inner product (w,v)y = [ Vw-Vv+ [owv and norm || - || = (-, ‘);/2; and foranyw € Y, v eY,

s € Y, and non-negative t € Y, the parameter-independent functional forms

ap(w,v) = /QVUVU, (6.32)
a1(w,v) = /Qu v, (6.33)
as(w,s,v) = /Qu s, (6.34)
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a™(w,t,v) = / w3y, (6.35)
Q
lw) = / w. (6.36)
Q
It is then a simple matter to demonstrate that, for any @ € Y and w = (oG Y ;u))eY,de Y

andv=(GoG Y (-;p)€Y,5€Y and s = (‘% 350G Y(-;m) €Y, and non-negative € ¥ and
t=@FG7'(-;m) ey,

1

Go(w, Ty u) = P ao(w, v), (6.37)
a1(d, % p) = par(w,v), (6.38)
ao(,5,5; ) = p? as(w,s,v), (6.39)
Go(W, W, U3 ) = p as(w,w,v), (6.40)
@, b o) = pa™(w,t,v), (6.41)
lwm) = plw). (6.42)

We shall exploit (6.37)—(6.42) to transform our problem to the fixed reference domain .

We first note that the weak form for G (corresponding to nonzero g in (6.30) transforms to

ao(G, 0) +{l(0) — 0(0)} =0, VeeY,, (6.43)

for

G(-) == Gog (), (6.44)

® |~

and Yp = {v € Y| [, v = 0}. We observe that G is the Coulomb potential G scaled by p, and it is

a universal function — independent of x and Z.

We now define w;([Z, u]) = @ 0 G71( ;1) and ¢([Z, pu]) = L0 G!(- ;). Then, u([Z,u]) =
(&([Z, u), ¢([Z, 1), M(Z, 1)), T([Z,1])) € Y = (Y™ x Y x Rne(ne+1)/2 x R) satisfies

A(Z,4]),v; G5 Z,p4]) =0, Vve), (6.45)

where 0((Z, y]) = (wi([Z, 1), 1 <4 < me); A((Z, p4]) = (M([Z, 1), 1 <4 < 5 < me); and A is defined
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Alw = (W,8,6,k),v=(V,6,p,@); 4 [Z, p]) =

e

3 (102040 aows, ) + 612,10 s t3) + 0512, ) il 5,19

i=1

+ 05([Z, n]) am(wi,iwgzavi) +04([Z, p]) oiiar(wi, vi) +04((2, ) i%‘ al(wj,’uz')]
j=1 j=1

£ 305 i 1B (12, i) as (wer wg) + Bo((Z, 1)}

i=1 j=i

+ [Oﬂ([Z, u)ao(s, <) + aa([Z, uf) Z ag(wj, wy, <) + as([Z, p))i(s) + reu([Z, u]) l(C)}
j=1

+ w I(s). (6.46)

For prescribed Cy,, Cy, and Cg,

oz = {Z2-mi2 it~ -C5u. (6.47
a([Z,pn]) = {1,Cepr,~CcZ,p}, and (6.48)
B(Zu) = {m—-1}. (6.49)
The total energy £(u([Z, p]); G;[Z, p]) is then given by
E(W = (VAV7 8, 6a K‘); G; [Za /J’]) = 28: [01([27 H])ao(wiv wi) + HQ([Zv M]) a2(wi7 Ga wi)
i=1

1 3 o
+ 5603([Z, p]) az(wi, s,wi) + - 05(Z, u]) anl(wiazw%wi)}
2 1 P

- Zaw. (6.50)
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6.2.6 “Truth” Finite Element Approximation

As in previous chapters, we now introduce our finite element “truth” approximation to (6.45). We

first define our finite element space Y, C Y of dimension N as

Yy

{’U €Y ] ’U!Th S ]Pl(Th), VT, € 771}, (6.51)
Pi(Ty) = span{l, z}, (6.52)

where 7}, is a (regular) uniform “triangulation” of the domain Q comprising linear elements T}, of
length h. Our finite element approximation to (6.45) is then given by: find u,([Z, u]) = (4n([Z, 4]),
$n((Z, 1)y An((Z, 1), (2, 1)) € Yh = (Y X Yy x RP(meFD/2 % R) such that

An(un([Z, 1)), v;Gr; [Z,4]) =0, ¥V € V. (6.53)

Here G}, is the finite element approximation to G. The one dimensional Green’s function can be
easily solved numerically; since the Dirac delta function is a bounded function in one dimension, it
can be treated satisfactorily with finite element method. In addition A is an approximation to A
in which the terms a®(w,t,v), and a(w, s,v) are replaced by quadrature sums: we approximate
a®(w,t,v) by

a"(w,t,v) = Y w(-) () v(+). (6.54)

quad
The term ay( -, -, - ) is treated analogously.
The finite element approximation to the total energy &(w;G;[Z, u]), En(w = (44, 5,6, k); Gh;
[Z, ]), is then given by

Ne

ExwiGhilZ) = Y |02 ) an(uwe)

i=1

+ 02([Z, IJ»]) a2(wi,Gha'wi) + %93([Z, IJ']) a2(wiv37wi)

3 o Tle 72
+ 105([Z, 4l) a l(w,-,wa,wi)] + ?n(u); (6.55)
Jj=1
again, quadrature sums are applied to as( -, -, -) and a®(-, -, - ).

The resulting discrete coupled nonlinear equations will now be solved. We shall solve these
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equations based on the fixed-point method outlined in Section 4.2.2. The algorithm can be stated

as follows: if the density pp([Z, p]) defined as
Tle
on((Z,u]) = b (12, 1)) (6.56)
j=1

is known, we may compute ¢p([Z, 1]) explicitly. The weak form for ¢ corresponds to nonzero ¢
and @ of (6.45). Then, (ius([Z, u]), An([Z, 1)) satisfy the following weak forms (corresponding to
nonzero v and ¢ of (6.45)):

6:1(1Z, 1)) ao(uns,v) + 02([Z, p]) ao(uni, Ga,v)
+ 03([Z, 1)) a2(unis dn,v) + 05((Z, 1)) @™ (upi, pn,v)
= 294([Z, /.L]) )\h,,-,-al(uh,i,'u), Yoeyl, 1<i<n,, (6.57)

B1(1Z, 1)ar(uns,ung) = Bo([Z, u)i, 1< < j<me. (6.58)

This corresponds to a symmetric eigenvalue problem for which the solutions i, ([Z, 1) and A ([Z, 1)),

are real.

However, we usually do not know pp. We therefore proceed iteratively: we start with an initial

guess p%; then for k£ > 0, we compute qbﬁ from pfl'l, solve (6.58) to obtain @F, and compute

a new density given by pf = (p;“l_1 -

> 521 (uf 1)?)/2. We repeat this procedure until | pit —
Z?;l(uﬁ’j)QHQ < gy Where || - ||2 is the vector norm and et is an user defined tolerance.

From next section onward, we will drop the subscript b, and assume the finite element solution is
our “truth” solution, i.e. Y, 1, 5\, ¢ and G refer to Yy, Gy, j\h, ¢p, and Gp,. Our truth approximations
are obtained for AV = 400. As shown in Figure 6-1, the solutions in 1 exhibit considerable variation

with respect to p. In particular, we note that the solutions are equivalent up to a sign. In addition,

the mode shapes of u;([Z, u]) can change as p varies.

6.3 Reduced-Basis Formulation

In chapter 2, we show that for well separated eigenvalues, we can usually recover a sufficiently
smooth variation of the eigenvectors with the parameter. Then, the vectorial reduced basis ap-

proximation can be very efficient. On the other hand, if the pre-processing steps are unable to
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Figure 6-1: Solutions of G([Z, u]) for ne =5at p =6, 7, 8, 9, and 10.

approximate this smooth solution manifold adequately, as in Chapter 5, then the augmented re-
duced basis space may be more appropriate. From Figure 6-1, visual inspection suggests that we
can recover the required smooth properties with the pre-processing steps described in Section 5.3.2.
However, for comparison, we will examine the performance of both the augmented reduced basis
approximation and the vectorial reduced basis approximation for the one dimensional Kohn Sham
equations. Most of the required ingredients have already been described in details in previous

chapters; thus we shall be brief with materials already covered.

We first note that the Kohn Sham equation is a set of coupled equations with two field variables.
The reduced basis approximation of coupled equations is, nevertheless, straightforward. Instead of
one reduced basis approximation space, we construct two independent reduced basis approximation
spaces for @t and ¢. However, the construction of these two reduced basis approximation spaces
are coupled; we explore this issue in Section 6.3.5. Consider, for now, the case where we have
constructed for ¢ the nested sample sets Sfm = {,u‘f, cen, ,uiw,}, 1 < N < N%ax. Since the field

variable ¢ is a scalar quantity, the construction of the reduced basis space is then standard and is
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given by

W, = span {¢([Z,4f]),1 <n<N?}, 1<N®<NE,.,

= span {xn,1 <n< N¢}, 1<N®< Nl‘fm. (6.59)

The xn, 1 < n < N? are obtained by orthonormalizing ¢([Z, ,uﬁ]), 1 < n < N relative to the
(-; - )y inner product.

Analogously, we shall assume we have constructed for 4, the nested sample sets Sau
(Bfs- o BRe)y 1 < N < Ngina. However, the construction of the reduced basis approxima-
tion spaces of i1 warrants a longer explanation. We shall precede this with a description of issues

related to the pre-processing of the eigenvectors, specialized for this problem.

6.3.1 Pre-processing

Unlike chapter 2, pre-processing the eigenvectors is essential to the construction of both reduced
basis approximations. Its role will be further elaborated when the two reduced basis approximations
are discussed. Here, we shall outline the procedure by which eigenvectors are sorted and aligned.

For this one-dimensional problem, the eigenvalues are non-degenerate; the sorting and alignment
procedure described in Section 5.3.2 can be significantly simplified. In Figure 6-1, we can identify
two types of discontinuities with respect to u: () sign switching (as demonstrated by ug, us, ug,
and ug); and (i7) mode crossing, where u4 at p = 6 should be a smooth transition of us at p =7,
8, 9 and 10, and vice versa. There is a third type of discontinuity not exhibited by the solutions
in Figure 6-1: mode entering, i.e., there are more than n, forms of mode shapes after taking our
eigenvectors () for all 4 € D into considerations. These discontinuities do not however represent
the actual smoothness of our solution manifold. In fact, they are artifacts of the eigenvalue solvers:
the components of u([Z, 1)) are not arranged according to any particular structure identified by
the mode shapes of the eigenvectors u;([Z, 1]), 1 < 7 < ne, and they are only equivalent up to a
sign. With the following sorting and alignment procedure, we can usually recover the smoothness
of the solution manifold.

The simplified sorting and alignment procedure can be described as follows: given a sample
set Syu = {p¥,1 < n < N*} and the associated pre-sorted set Unu = {€2,1 < n < N*} where

As, 1 < n < N* are the sorted basis functions of 1i,, 1 < n < N*, we wish to add 4([Z, u%.
n Nu4]
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given nf,... p“N#m;
let Uy = {{f = a((Z, pi))};
for N“=2: Ng,.,
* __ : u_ U |,

n’=arg min tn — B s

fori=1:n,
ef =[G +ui(lZ phDlly, 1<7<ng
€5 = [1Gaes —ui([Z, uyu)lly, 1<5 < mes
* in feT. e~}
J —arglsr_r;lsgle{ej €5 15
i o~ +
ife; > €

CRrei = —ui([Z, puiu]);

*'-4|k=

else
Chrui = wil[Z, uiu]);
end
end
Unw =Upnu_y U Co;

end.

Figure 6-2: The sorting and aligning algorithm for eigenvectors of the one-dimensional Kohn Sham
equations.

to Unw to form Unuyy. We first select a {3 € Unw such that p € Sy is closest to PRy We
compute € = ||¢2 1 + uj(ufuo)lly and €f = [|Gh1 — wj(pfuiy)lly for 1 < j < ne; we then
determine j* = argminicj<n.{ej,¢;}. If € > efi, then (Fuyy; = —uj(Ufuyy); otherwise
CRrug1,1 = Wy (URuyq)- This is then repeated for ({u 4, ¢ =2,...,ne. First part of the algorithm
associates u;j(u) to the correct mode shape and the second part of the algorithm remove the sign
variation in (7. Figure 6-2 summarizes the procedure.

Figure 6-3 shows the same set of G([Z,u]) = (wi([Z,u]),-..,un,([Z,])) of Figure 6-1 af-
ter the sorting and aligning algorithm. The sorted and aligned solutions are denoted by c"g =
(Ca1>+ -1 G )> Where n denotes the nth sample points in Sy«. Comparing Figure 6-3 and Fig-
ure 6-1, we note sign changes have been effected in (7 5, (73, (54 and (; 5, and mode switching
between u4([Z, un]) and us([Z, un])) has been effected for p, = 6. This leads to a smooth variation
of é;; with respect to pn.

The 3rd type of discontinuities — mode entering — has to be handled differently. In the sim-
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Figure 6-3: Pre-processed u([Z, u|), given by ¢s,forne=5at p=6,7,8,9, and 10.

plest scenario, this occurs when the highest eigenvector considered, un,([Z, 1]) changes its mode
shape as p varies, with no corresponding change in un,,—1([Z, p]) — it is a mode crossing involving
Un,+1([Z, p]), not un,—1([Z, u]). As the algorithm in Figure 6-2 cannot remove this type of discon-
tinuities, the solution manifold is then discontinuous at the p-point at which this mode entering
phenomenon occurs. The up, ([Z, 1]) and thus @([Z, p1]) are then piecewise continuous with respect
to p. This can lead to a sub-optimal approximation — it is equivalent to solving two separate
solution manifolds (assuming there is only one case of mode entering within D); sufficient sample
points from both manifolds must be selected in order to obtain a good approximation.

With the augmented reduced basis approximation, this discontinuity can be more readily ac-
commodated. By taking the span of all eigenvectors at all sample points, the approximation space
is very rich; the approximation relies more on the Galerkin procedure to find the optimal combi-
nation of the basis functions, and less on approximating the solution manifold. For the vectorial
reduced basis approximation however, the convergence rate may be poor since w;([Z, 1]), 1 < i < ne
do not have the common smoothness property, as explained in Section 2.3.7.

An alternative approach to handling mode entering is to construct a reduced-basis space for ne+

1 eigenvectors so that the resulting discontinuity can be treated by the algorithm of Figure 6-2 as a
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case of mode switching. We then recover the case where we are only approximating a single solution
manifold. Then, vectorial reduced basis approximation will be more rapidly convergent since the
solution manifold is no longer discontinuous. With the augmented reduced basis approximation,
this approach may lead to a larger N since N scales as Ngnp, depending on N, required in the two

approaches.

The discontinuity can also affect the convergence rate of the approximation of nonlinear func-
tions based on the empirical interpolation method; this will be further elaborated in Section 6.3.2.
From here onward, we will assume @([Z, u1,,]) is the sorted set of eigenvectors 2 and the A([Z, ps])

has been reordered accordingly.

6.3.2 Augmented Reduced Basis Space
The space

We first introduce nested sample sets Sar = (ut, ... ,u}(,;‘), 1 £ Ny £ N pax and define the

associated nested reduced-basis spaces as

Wit = span {ui([Z,m]), 1 Si<ne, 1 <GS NEY, 1< NES NE oo (6.60)

= span {(n,1 <n < NY=Ngne}, 1< N <N (6.61)

where u1([Z, j]), .. ., un.([Z, p;]) are the solutions of (6.45) at p = p;; and ¢, are basis functions
obtained after u;(y;), 1 <4 < ne, 1 < j < N; are orthonormalized. Then, an approximation of

ui{p) in Wj&;‘" is represented by uni(¢) = N, an(1)Cn-

The approximation

Our reduced basis approximation to (6.45) is given by: find un, M ([Z, p]) = (anm([Z, 1)), dn M ([Z, 1)),
Anm(1Z, 1), TN m(1Z, 1)) € YN = (W)™ x W x R™ x R) such that

Amalunm([Z,p]), v; G;[Z,1]) =0, Vv € N, (6.62)
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where Ay, 4 is defined as

Ama(w = (W $,6,5),v=(¥,6,¢,w);t;[Z,u]) =

3 16112 40 aows, ) + 0a(12,4]) anCuis )+ Ou(Z, ) an(y )
i=1

+ 05([Z, 1)) anl’M(wi,Zew?,w) + 04([Z, p]) osia1(wi, vi) + 04([Z, p]) ze:%' al(wjavi)]
Jj=1 j=1

n Z Z 0ij {B1(1Z, 1)) a1 (wi, w;) + Bo((Z, u])dij}

i=1 j=i

+ [al([Z, #))ao(s, <) + aa([Z, u]) Z az(wj, wj,§) + as([Z, u))i(s) + reu([Z, p)) l(s‘)}
j=1
+ w I(s). (6.63)

When compared to (6.46), we have approximated a™(w;, Z?;l wf,vi) by
Ne
anl,M(wi,ijz,vi) = /Qg}\”,,g,-’i v, (6.64)
i=1

where g}, ; is an empirical interpolation approximation to g;(f) = u,-(E?;l ujz-)l/ 3. Since there are
n. components to @1, we need to construct n. empirical interpolation approximations — we have
described the construction procedure in Section 3.2.3. In particular, for each g} (and thus g}, ﬂ-),
we construct the sample set S3ig,, the approximation space Wii,; and the set of interpolation
points Tf\’,}g1 Here, M9% denotes the size of %, 791> Which is equivalent to the dimension of W;‘{,}gi. We
further denote M as max;<;<n, M%.

Note that if u; where not pre-processed, g;({1) would not be varying smoothly with g — there
will be discontinuities. In order to have an efficient approximation based on empirical interpolation
method, it is thus necessary to preprocess the eigenvectors according to Section 6.3.1. However,
it is important to point out that the term E <1 u will always lead to a discontinuity in g; when
the third type of discontinuities — mode entering — occurs. The remedies suggested for reduced
basis approximation of @ in Section 6.3.1 do not remove the discontinuity in g; since uq, ...,
Up, in the summation term are those associated with the lowest n. eigenvalues. However, g; is
piecewise continuous in D and thus can be approximated using the empirical interpolation method,

as explained in Section 3.3. Nevertheless, as noted in Section 3.3 as well, the convergence rate of
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the approximation will be degraded — we expect M required to achieve a certain tolerance to be

larger than that required in cases where this type of discontinuities is absent.

The approximation to the total energy, En v (un m([Z, p)); G; [Z, p]), is finally given by

Ne

Enm(w = (W,5,6,k);G[Z,u) = ) [91([Z,lf'])‘10(wiawi)+92([Z’ND ag(wi, G, wi)
i=1

+ -;-03([Z, 1) az(wi, s, w;)

3 M/, NS, 2 z?
+ 206(2) e Y- ufw)] + L) (6:69)
=1

We note that the above is consistent with our reduced basis approximation (6.62) — a™(w;,

> 721 w3,v;) has been replaced by a® M (qy;, Sre i)

Offline-online decomposition

Equation (6.63) has the affine parameter dependence form we desired and thus (6.62) readily sub-
mits to the offline-online treatment described in Section 4.3.3. During the online stage, the SCF al-
gorithm outlined in Section 6.2.6 can be used to solve the resulting discrete equation. For each SCF
iteration and given ué"VM and qSNM, we solve ¢k+1 at a cost of O((N?)3 + n,N*(N%)?) and 4 Ak+1
at a cost of O((N¥)3 + N®(N*)? + n M (N*)2). With the convergence criteria max;<i<n, !)‘N Mi—

AN, le < 1E-10, it typically takes less than 10 iterations to converge for the current problem.

The total cost of the online computation is then independent of .

6.3.3 Vectorial Reduced Basis Space
The space

Here, we introduce nested sample sets Sy¥ = {u¥,.. R} 1 £ N* < NE.. and define the

associated nested reduced-basis spaces as

whe = span {a([Z, pp]),1 <n < N%}, 1< N*<NZ., (6.66)
= span {{n, 1 Sn<N¥}, 1< N*< N (6.67)
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where 4([Z, p2]) = (w1 ([Z, p2]), . . ., un, ([Z, p2])) are the solutions of (6.46) at u = p for a given Z;
and ¢ = (Gaty - - - > Cun.) are basis functions obtained after G([Z, u¥]),1 < n < N* are sorted and
aligned (described in Section 6.3.1), and pseudo-orthogonalized (described in Section 2.3.5). This
allows us to obtain a smaller N* and a better conditioned discrete system. Then, an approximation
of & in Wy is given by tn,a([Z, 1)) = Sny ¥n([Z, 1])Cn — the ith component of tn,([Z, ])

is given by uN,M,i([Za :U']) = 27{:];1 n([Za :U'])Cn,i’ 1 <i< ne.

The approximation

For the approximation based on the vectorial reduced basis space, a better starting point will be the
energy statement: the equilibrium ground state of the resulting neutral structure for a particular

Z (=mne) is given by an m([Z, p]) = (un,m1([Z, 1), - N M. ([Z, 11])), where

ivm((Zu)) = argin { Bnar(W = (wr,.., w0, )i [Z,0]), wi € WY, (6.68)
u/w§:1,1gz'gne},
Q
w(2) = arginf{Enm(anm([Z, 1) 12, ul) 1> O} (6.69)

This clearly shows that (6.68) is different from (6.1) — we only impose the constraints 4 [, u?v Mi=
1, 1 < i < ne; the orthogonality constraints of (6.1) are not present in (6.68). We hypothesized in
Hypothesis 2.1 that the orthogonality property inherent in the basis functions én will lead an ap-
proximate solution Gy as that approximately obeys the orthogonality constraints, without explicit

imposition of the orthogonality constraints — we demonstrate this empirically in Section 6.4.1.

The solution G ar([Z, p¢]) is obtained by solving the following Euler Lagrange equations: find

un (12, 1) = (an (12, 1), v (2, 1), Anwe([Z, 1)), T (12, 4]) € Y = (W x W, %
R™ x R) such that

-AM,V(uN,M({Z7 /J]),V; G; [Z7 N]) = 07 Vv = (nga (,5,@) € yN7 (670)
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where S\N,M([Z, ;L]) = (()\N,M)iia 1< <L ne) and

AM,V(W = (v‘v,s,&, E),V = (‘A"aga ‘/3) w);t; [Za /J']) =

e

> [91([2, ul) ao(wi, vi) + 02([Z, 1) aa(wist,vi) + 03(1Z, pf) az(wi, s, vi)

i=1

+ 65(1Z, p]) a™M(w;, zewf,vi) + 2604({Z, u]) Uiial(wi,%’)}
=1

+ ZC: Pii {ﬂl([z’ pu'])al (wiy 'wi) + ﬂz([Z, p])én}

+ l:al([Zﬁ ,LL])G'O(S; () + a2([Z’ ,LL]) ze: a‘2(wj, Wi, §) + 0‘3([Z’ ,u,])l(c) + IiOl4([Z, 1“']) l(()
i=1
+ @ 1(s). (6.71)

Finally the reduced-basis approximation for the electronic energy, Ex m(un,m([Z, p]); G; [Z, ), is

given by
Enu(w=(%,s,6,6);G;[Z,p4]) = Z [91([27#])00("%,%)4- 02(1Z, 1)) az(wi, G, wi)
i=1

+ %03([Z, H) az(ws, s, w;)

+ %es([z, u) @M (ws, Zéw;‘-’,wi)]- (6.72)
j=1

and En,u(un,m (2, 1); G; |2, 1)) is given by En a(un,m((Z, 4l); G; 2, 1) + Zin(p).

When compared to (6.1) and (6.46), we have made two approximations. First, similar to the

sugmented reduced basis approximation, we approximate a™ (w;, ;‘;1 'w]2- Vi)
Tte
IRY 2,0\ =
a® (wi,z'wj,vi) = / ghsi i Vs (6.73)
J__
where g}, ; is an empirical interpolation approximation to g;(i1) = ui(Z;‘;l u?)l/ 3. Second, we

only impose the constraints p [, “?v, mi = 1,1 <4 < n,. Finally, since f[oxn = 0,1 <n <
N*, [, on,um is perforce zero; our discrete (nonlinear) algebraic system will thus have an actual

dimension of N* + N® + n,.
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Offline-online decomposition

Equation (6.71) again has the affine parameter dependence form we desired and thus (6.70) readily
submits to the offline-online computational decomposition. The fixed point method used in Sec-
tion 6.3.2, however, cannot be used to solve the discrete equations at the online stage. We thus
resort to Newton’s method as described in Section 4.3.3. To assist convergence, we exploit a homo-
topy procedure in € € [0,1] and pg = p; + €(p — p;), where yy is the p at k intermediate homotopy
step and p; is the initial pg—qg at start of the homotopy procedure — usually chosen to be the closest
(i € 8%, to . The online complexity of the method is O((N?)? + ne N®(N*)? + (N*)? +n N“M)

per Newton iteration.

6.3.4 FError Measures

For a parameter test sample Z7, we define the following error measures:

ENM = I%%?GUN,M([Z>ND7 (6.74)
e = maxel (12,1, (6.75)
s = max ey (2 p), (6.76)
¥ = lgggﬁf%’fff([z',u]); (6.77)

where

. O (7)) — s (Zo ) )
hallB) = T @ 67

I9((Z, 1) — dn (12, u])lly

% = .
et (12, 1)) ISN’M([IZS’(TB’;];([Z’ iy (6.80)
M (Z.p) = max | unai(lZ, plun (12, p]). (6.81)

1<i<i<ne Jo

Then, e ur» sﬁ,, a and 5‘]9\,’ u are respectively the maximum error in the reduced-basis approxima-
tion of 4, ¢ and £ within a given sample Zr; and e%’tj‘f is a measure of non-compliance in the
orthogonality constraints. The subscript N, M emphasizes the dependence of the approximation

errors defined by (6.74) —(6.77) on N*, N® and M%, 1 < i < m,.
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While error measures (6.74) —(6.77) are all relevant in the vectorial reduced basis approximation,
only e}f, a and e}‘"v 1 are relevant in the augmented reduced basis approximation!. With augmented
reduced basis approximation, the components of Gy s € WN are not sorted or aligned, rendering
the measure €}, ;, meaningless. On the hand, the error measure e‘ﬁt}(j’ is identically zero as the

eigenvalue solver within each SCF iteration ensures the orthogonality in Gy as.

We will now define the projection errors for @i and ¢. For a given Wy (referring to either Wi

or Wy') and W¥,, we define

EuN,p = f}é%ﬁexﬂp([zﬁ“])’ (6.82)
o = maxed, (2 ) (6.83)
where
& (2, 1)) ( ::1 “'Uap,i([z,ﬂ'])‘Ui([Z,P])“%’)l/z (6.84)
et Sy (W) ! '
ENp([ a/-l']) ~ min ||<P"¢([Z,M])“Y. (685)

pewt, o2, u])lly

Here 6,([Z, u]) = (up1([Z, 1)), - - ., Upn.([Z, 4]) is the best projection of & onto Wy,. For WI‘:},"“,
this is given by
up,’i([za /—"]) = arg mh}‘u “w - ui([Z& /"])”Ya 1< i< ne, (686)

weEW i

while for WY, (2, ul) = 00 a3(12, )¢ where

2

o (2,4]) = 0g_mig, 3 (3053 — (12, (6.87)

=1 llj=1 Y

Finally, we note that unlike Chapter 2 and 5, we do not have an error estimator for our quantities

of interest. Thus, computation of the errors in the field variables will always be of O(N).

1t may be possible to compute €n,m Wwith the augmented reduced basis approximation, but it requires additional
efforts; we could use the alignment procedure to first align v, ([Z, p]) with 01([Z, u]) before computing % 5.
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Given S?, WP;
Repeat N? =2,...
* é .
Mo = arg max €, (12, u);
ehax = Eno_1,(1Z: 1e));
—q¢ .
Sﬁltﬁ - SN¢_1 U /"’?vdn
Wis = Wie_y +span {$(12, D))
untiled, < 1E-5.
Given S}*, W™
Repeat N“=2,...
pih = arg max exu_y((Z, pl);
£ P .
Emax = €nu—1([Z, pivu]);
S.”:f = ].\;2_1 U ﬂ:}kvu;
W' = Wy_y + span {u([Z, uxu])};
untilef,, < 1E-10.

Figure 6-4: The two-pass sampling procedure to construct SX’M and Sy..

6.3.5 Construction of Samples

We need to construct n. + 2 approximation spaces: for each of g}y, 0 1 < ¢ < ne, we construct an
independent Wi, ; for Gy, p, Wy and for én,a, W]‘fm. As in Chapter 4, we first construct Wik,
1 < i < n,, followed by Wxw and W]‘fw. The spaces Wi, are constructed based on the empirical
interpolation method described in Chapter 3. There are, however, several ways by which nested
reduced basis sample sets Sy (referring to either Sf,’f or S¥¥) and Sﬁw can be constructed within
the framework of the adaptive sampling procedure outlined in Chapter 4, each with a different

effect on the final optimality of the spaces.

We choose to perform a two-pass adaptive sampling procedure to construct the spaces Wy,
and Wzd,. In the first pass, we construct S}’fm (and correspondingly Wl‘f}d,) based on e‘ﬁ,’p([Z, u))
with the convergence criterion s}{,’p < 1E-5; note we have used the projection error to construct
Sg’,. In the second past, armed with a good approximation of ¢, we construct Wy, based on the

ffv, m([Z, 1]) with the convergence criterion 5‘1‘:\1, u < LE-10. Figure 6-4 summarizes the procedure.
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The use of projection error e‘ﬁ,,p([Z, u]) as an error measure allows us to construct a reduced
basis space for ¢ independent of 1, thus isolating the behavior of the space WI‘\% from Wy, We
can use the projection error e}*;,’p([z, #]) as an error measure because we already have the solutions
at all 4 € Er in order to construct the collateral spaces Wf}g,.,i for gjre: ;- While the use of
projection error and the two-pass procedure are expensive, they constitute only a small portion of
the overall costs since computing the solutions at all 4 € Zr will constitute the bulk of the offline
computational costs. Certainly, if error estimators are available, the sampling procedure will be
more efficient. This can be addressed in future work.

There are of course other possible ways we can construct wa and Sy. The simplest choice is
to choose a sample set such that Sy = Syw = S}fm by doing a single pass of the adaptive sampling
procedure based on the error measure elgv, am([Z, 1]). This is, however, suboptimal since variation of
4([Z, p]) with p can differ from that of ¢([Z, u]). The choice of sample points and the size of the
sample spaces can thus differ significantly from one another.

Another choice is to construct Sy. and S?\Sw based on different error measures within a single
pass of the adaptive sampling procedure. We construct, say, Sy« based on elgv’ m([Z,p]) and Sfm,
e%) (2, 1]). At first glance, this may suggest Sy and Sfm have been constructed independently
from one another. However, if approximation error resulting from, say Sf,d,, significantly affects
ffv, u(Z, u]), especially during the intermediate steps of the adaptive sampling procedure, we cannot

then satisfactorily conclude that S} is indeed optimal.

6.4 Numerical Results

6.4.1 Convergence

We consider y € D = [7,12] and n, = 3, 5, 7 and 9. These parameters are selected such that
En,m([Z, p]) attains its minimum within the range D. We introduce a parameter test sample set
Zr C D consisting of 200 sample points distributed uniformly in D. The same sample set is used
as our training sample set for constructing our reduced basis spaces. For each g}y, i 1 <i< ng,
we choose an M9 such that empirical interpolation errors in g}, ;, 1 <4 < 7, are less than 1012,
In Table 6.1, we present the approximation errors s}gv, M and sﬁ,’ a for the augmented reduced basis

space for the case n, = 5. Here, N® = 5 and M = 13. We observe a monotonic decrease in the
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@

N* | N¢ EN.M ENM

5 1 2.6538E-1 | 6.8988E-1
10 2 2.3079E-3 | 3.8350E-2
15 3 5.3975E-7 | 9.7910E-5
20 4 2.2108E-8 | 8.0856 E-6
25 5 6.8321E-9 | 5.9510E-6
30 6 | 4.2363E-10 | 5.9509E-6

Table 6.1: Variations of reduced-basis errors afv, A and eﬁ,’ y With N* for n, = 5 and y,m (i) €
(W;éf‘)”e. The corresponding N are also listed.

0

10 :
——n, = 3
B =0
2 ——Te =T
107 —a—n, =9 ]
10* f .
=
W=
(3]
10°®
10°
-10
10 : & : -
0 10 20 30 40 50

Nu

Figure 6-5: Convergence of the reduced basis error E‘fv’ a for Gy ar(p) € (Wﬁf)"e.

approximation errors. We only require 20 basis functions to accurately approximate £ to a relative
error of 1078, In addition, from Figure 6-5, we see similar behavior for all the cases examined.
For vectorial reduced basis space, we also observe a monotonic decrease in the approximation
errors % s, €% s €ar and e as N increases for the case n = 5, as shown in Table 6.2.
The N? and M are the same as that for the augmented reduced basis approximation. In this case,
we only require N* = 9 to reduce E}gv’ u to a relative error of 107°. We also note that Ef\,’ A I8
approximately the square of €}y, ,, (and sf\’,, 1), indicating that € can in fact be approximated very
accurately with very few basis functions by £n ar. At N* = n,, the apparent “good orthogonality” is

deceiving. When the size of N* = n,, the number of constraints are equivalent to dimension of W‘,‘v/f ;

Our optimization problem then has zero degree of freedom and our solution is fully determined by
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N* ENM sif,M E%,M 5?\%?
5 | 1.7636E-1 | 8.3993E-3 | 1.8600E-1 | 3.9327E-14
6 | 7.37T48E-2 | 1.5655E-3 | 8.2272E-2 | 1.0626E-3
7 | 5.4825E-3 | 8.7358E-6 | 2.3707TE-3 | 1.6400E-4
8 | 3.5230E-3 | 6.37T19E-7 | 9.5122E-4 | 5.5515E-5
9 | 1.2251E-4 | 1.3157E-9 | 5.0798E-5 | 3.2761E-6
10 | 1.0978E-5 | 3.7331E-11 | 5.9562E-6 | 1.9997TE-7

Table 6.2: Variations of reduced-basis errors ER(’ Mo Ef\]’ Mo sﬁr, » and s?&fﬁ? with N* for n, = 5 and
p v,
UN,M([Z, ,U.]) € WN‘?

10° . . . . 10°
—o—n, = ——n, =3
—— T, =
10% | ——n,=TH 10"}
——n,=9
10°* 10°?
= -6 = a8
W= 10 32‘10
10° 10*
10" 10°}
1 12 P L i § 4 10a N " i N "
o5 4 [ 8 10 12 14 2 4 8 8 10 12 14
N" Nll

Figure 6-6: Convergence of the reduced basis error Efv] p and e}y s for Gy m(p) € Wy,

the constraints. For our case, the solution will always be one of the scaled solutions at u € SK:‘ , for
which the orthogonality is obviously satisfied. In Figure 6-6, we show the convergence of ER(’ a and

E‘;"V’ u for ne = 3, 5, 7 and 9. We again observe that they decrease monotonically with increasing

N*™ in all these cases.

6.4.2 Comparison

From Table 6.3, we observe that the size of fo is smaller than Wﬁf‘ for all n, examined. In
addition, for WXT’:‘ , the number of basis functions required for each case is only slightly higher than

ne; N* scales approximately as n. + Cy, where Cy is a small integer. Here, we deduce Cy =~ 5.
For Wﬁ:}‘, we have N* that scales approximately as Ngn., where Ny is relatively insensitive to n,.

For our current example, Ny is between 5 and 6.

We wish to contrast these results to that of Chapter 5. First, for the current problem, N,
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N

Ty Wﬁ&” W]‘\/rf
3 18 8
5 30 10
7 35 11
9 45 14

Table 6.3: Comparison between the augmented reduced basis approximation and the vectorial
reduced basis approximation based on N required to reduce 5‘]9\,, u to below 1E-9 for ne = 3,5, 7
and 9.

does not decrease appreciably with n. even when the solutions are approximated very accurately.
Second we are also able to obtain an efficient vectorial reduced basis approximation. This is
because the preprocessing algorithm is able to obtain a smooth variation of u;(p), 1 < i < ne
with respect to u € D as shown in Figure 6-3. The better performance of the algorithm for this
problem when compared to Section 5.3.2 is perhaps due to the smaller parameter domain and
thus more limited variation in G([Z, u]) with respect to p. The pre-processed basis functions then
allows the approximation procedure to efficiently exploit the inherent orthogonality property in
the vectorial reduced basis space Wyt In addition, as explained in Section 2.3.2 and 2.3.7, the
common smoothness of u;([Z, i]), 1 < i < n, might have played a role, an important aspect of the
vectorial reduced basis approximation which should be explored further in future work.

The above comparison between W;(}Z and W]‘\;f is based solely on the dimension of the reduced
basis spaces. However, the online computational cost is also strongly dependent on the solution
method used. As described in Section 6.3.2 and 6.3.3, the solution method for Wﬁ;“ is the SCF
algorithm while for W]‘é’f, the Newton’s method. For n, = 5, online computation cost per evaluation
of u for Wﬁ;“ is 0.015s while for W]‘\fﬁ‘, 0.13s. Even though the dimension of Wy is smaller than
W]ﬁ;u, the online computation for Wy is nearly 10 times slower than W]f};u, reflecting the greater
overall efficiency of the augmented reduced basis approximation. Certainly, there is room for

improvement in the online solution method used in our vectorial reduced basis approximation.

6.5 Application

As an illustrative application, we shall determine p*, o at which the total energy is minimum, for

Z = ne = 5. We require an absolute accuracy of 107 in p*. We use the simple bisection method for
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Figure 6-7: Comparison between the £([Z, u]) and Enp([Z, u]) for Z=5and 7 < pu < 12.

this purpose; it will thus involve repetitive evaluation of £([Z, u]). The approach is straightforward.
We approximate £([Z, u]) by Ev v ([Z, p]) based on our vectorial reduced basis approximation. We
have use N* = 9, N = 5 and maximum M is 13. The variation of £([Z, u]) and En s ([Z, u]) with
u is shown in Figure 6-7.

A total of 21 evaluations of En a([Z, 1) is required and p* is found to be 8.875. The total online
computational cost is only 4s. On the contrary, with finite element approximation of N = 400, the
total computational cost is 700s. If we compare only the online cost with the total computational

cost based on “truth” approximation, we achieve a computational saving of order O(10).

However, taking the offline computational cost into consideration, the reduced basis method is
not competitive for this particular problem. Due to absence of efficient a posteriori error estimation
procedure, we must first compute solutions at all u € Zr — for our example, there are 200 sample
points in =7, leading to a total offline computational cost of 6500s. Clearly, if this reduced basis
model is used only for this one application, it would have made no sense. However, if we reuse the
model in other applications, we may be able to justify the initial computational overhead during
the offline stage. For example, the current reduced basis model, which evaluates only the total
energy, can be directly used to determine static structural properties such as elasticity constant
and bulk modulus [120]. With some extensions to the current model, we can further develop

efficient reduced basis strategies for lattice dynamics simulations. For study of harmonic vibrations
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and phonon modes, we can develop a reduced basis model based on Density Functional Perturbation
Theory [7, 42]. For study of both harmonic and anharmonic vibrations, we can employ the frozen
phonon approach which requires the use of supercell — although this leads to a larger simulation
cell and more complicated parameterizations due to large number of nuclei, we only need to perform
total energy calculations and employ finite difference formulae to determine all the quantities of
interests [28, 76]. All the above examples serve to emphasize the many query limit in which the

reduced basis method is most useful for.
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Chapter 7

Three Dimensional Kohn Sham

Equations

7.1 Introduction

We now extend the methodology developed in Chapter 6 to three dimensional Kohn Sham equa-
tions. The overall methodology is unchanged, but the higher dimension leads to greater numerical
complexity. In particular, the “truth” approximation is significantly more complicated — a com-
plete development of the numerical codes would exceed the duration of this thesis. We thus limit
the problems examined to those that can be successfully handled by our admittedly sub-optimal
finite element codes. This restriction somewhat limits the complexity of the problems addressed in
this chapter. As such, we examine only one numerical example: the electronic ground state energy

calculation for a simple cubic structure of Beryllium.

7.2 Abstract Formulation

7.2.1 Problem Statement

We consider a simple cubic structure with lattice parameter u, and hence unit cell Q(u) =]— 4 L3

A single nucleus of charge Z lies at the center of the cell. To each nucleus, we associate n, orbitals’;

!Note that in Chapter 6, n. refers to the number of electrons while in this chapter n. refers to the number of
orbitals.
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as we will be using models based on spinless Density Functional Theory [18, 32, 76, 90], 2 electrons

are assigned to each orbital. For charge neutrality, we then have n, = Z/2.

Our output of interest is again the ground state energy of the system, £, which we shall deter-
mine based on the spinless Density Functional Theory [18, 32, 76, 90]. Our input parameter is the
lattice length u. For simplicity, we shall not include Z in our parameter space; as such, each new

Z constitutes a new problem in our reduced-basis approximation.

The energy statement, the derivation of the Euler-Lagrange equations and their weak forms,
and the parameterization procedure are little changed when compared to Chapter 6. As such,
we will give a brief description of the energy statement followed directly by the parameterized
abstract formulation; we will skip the derivation of the Euler-Lagrange equations and the abstract

formulation in the original domain.

7.2.2 Energy Statement

The equilibrium ground state energy is obtained by solving a minimization problem for a([Z, *]) =

(@([Z, 1)), . .., in, ([Z, 1*])), where [11, 25, 64, 66]

o
N
=

W((Z.0) = arginf {BW = (@1, ,00,)5 2, 4)), 65 € 7, (7.1)

wW

T.D,"Lbj - 5ij71 S i,j S ne},

=

Qu
u'(2) = argint {ER(Z,u); (2 u)in > 0} (7.2)

here Y = Héer(ﬂ(p,)) is the space of u-periodic functions in H*(R3); §;; = {1if i = j, 0 otherwise};
and 7; is the ith Kohn-Sham orbital. The electronic energy E(w;[Z, u]) is defined as

Balz) = oY [ (V- 2) [ G
i=1 H

i=1 Q(#)
1 Ne _ Ne
+ =C, / / (22@3(5)) G(z —7) 22 W2(F) | dz dj
2 Qp) v Qu) i=1 j=1

4/3
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where & € R® denotes a point in Q(u); and Cy,, C., and C, are model constants — we use C,, = 0.5,

C. =1 and C, = 0.7386. The periodic Green’s function G(: ; xs): Q(u) — R3 satisfies

~AG =4n {5(5;) - m} : /Q w G=0, (7.4)

where A is the Laplacian operator, §(%) is the Dirac delta distribution, and |Q(u)| = p is the
volume of Q(p).

The total energy &(W;[Z, u]) — our output of interest — is then given by
5% =% Z?
E(%; (2, u]) = E(W;[Z, u]) + —-n(n), (7.5)

where n(u) is the nuclear - nuclear correction term given by

x 1
=lim < G(F;p) — = . .6
) = Jim { 6@ - 75| (7.6)
Unlike the one dimensional Kohn Sham equations, n(u) does not have a close form solution — we

evaluate n(u) numerically in Section 7.2.4.

7.2.3 Parameterized Abstract Formulation

From the weak form of the Euler Lagrange equations for the constrained minimization problem
(7.1), we derive the equivalent parameterized abstract formulation. We first define an affine ge-
ometric mapping, G(x), from Q(u) to Q =] — %, %]3 which for our simple cubic structure, can be
expressed as

z=G@&Eup) = l". (7.7)

=

We also define u;([Z, p]) = %0G72(+; 1), ¢([Z, 4)) = pdoG(-; ) and G = uGoG~!(-;45).2 Then
u((Z, ) = (a((Z, u]), $((Z, 4)), A((Z, u]), 7([Z, p])) € Y = (Y™ X ¥ x RPe(e+1)/2  R) satisfies

A(u((Z,p]),v;G;[Z,u]) =0, Vve, (7.8)

2Note that the dimensionality of the problem changes the scaling factor of ¢ and G; in Chapter 6 where we look
at one dimensional problems, ¢ = 2¢0G7!(-;u) and G = 2GoG7 ()
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where Y = H],() is the space of periodic function in HYR?); 0(Z, 1)) = (wi([Z, 1)), 1 <5 < ne);

A(Z, 1)) = N;([Z,p]),1 <0< 5 < ne); G satisfies
ao(G, 0) +4n{l(e) — 0(0)} =0, VeeY; UG)=0; (7.9)
and A is defined as

Alw = (W,5,60,K),v=(V,6,p, @)t ) =

Z 002010 a0 + 62 o) + 0a((2. ) a2
+ 65(17, ) am(wi,;z_;w?,vi) + 012, ]) ovson (e, 1) + 6412, ) Za] as ()
¥ ZZso (8112, )as (i, wg) + a2, 1)is}
e
+ [al([Z pl)ao(s,s) + aa([Z, ﬂ])gaz(wijj,g) + as([Z, p))i(s) + reu((Z, p)) l(<)]
4w i(s). (7.10)

Here, ag(w,v) = [ VwVv, ai(w,v) = [qwv, ag(w,s,v) = [qwsw, o™ (w,t,v) = fgwtl/%, and
(w) = fQ wioranyw eY,veY,seVY, and non-negative t € Y. For prescribed C,,, Cy, and C.,

#, o and 3 are given by

3 4
0([‘21 :U']) = Cw/,L,Z;L2,—yz,—%,—C$§21/3M3 ’ (711)
a([Z,4) = [1,Ce2p®,—CoZ, b, (7.12)
pUZ,u) = [#,-1]. (7.13)
The total energy £(u(p); G;[Z, p]) is then given by
E(w=(W,8,6,k);Gp) = Y, [91([Z, pl)ao(wi, wi) + 02({Z, pl) az(wi, G, wi)
i=1

1 3 n -
+ 583(12, 1) az(wi, s,wi) + 7605([Z, 1)) all(wuZw?,wi)]
=1

Z2

+ i), (7.14)
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where

. 1
() = lim {G(w) - m} . (7.15)

7.2.4 “Truth” Approximation

Again, we will use finite element approximation as our “truth” approximation. We first define our

finite element space Y, C Y of dimension N as

Y, = {veY|vlr, € Qs(Tr), VTr € Tr}, (7.16)

Q3(Th) = span{l, r, T2, x3, T1X92, T2T3, T1T3, .’121:112.’1:3}, (717)

where 7}, is a (regular) uniform “triangulation” of the domain £} comprising of cubical elements T},
of edge-length h. As we shall see, our low-order uniform mesh is far from optimal, in particular for

higher Z.

Our finite element approximation to (7.8) is then given by: find ux([Z,4]) = (Gx([Z, 1)),
¢h([Z, ”’])’ Xh([Z7 ll’]): Th([Za Il'])) E= ((Yh)ne X Y X ]Rne(ne+1)/2 X R) such that

An(an([Z, 1)), v; GBS, [Z,u]) =0, Vv € V. (7.18)

here GES is the Ewald Sum approximation to G, the periodic Green function; and A, is an approx-
imation to A in which the terms a®™(w,t,v) and a2(w, s,v) are replaced by the quadrature sums
as described in Section 4.2.2. The finite element approximation to the total energy, & (un([Z, y);
GES; [Z, u]), is then given by

Te

En(un((Z,n]); G5 (2Z,n]) = [91([Z, 1) ao(unisung) + 02((Z, 4) as(uni, GB°, up;)

i=1
1 3 nl < 2
+ 503((Z, ) aa(uni, bi, uns) + 705(1Z,4]) @ (unss ) up o Un)
i=1
Z2
+ 5 n(w); (7.19)

Finally (7.18) can be solved using the fixed point method described in Section 6.2.6.
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Ewald summation

As derived earlier, G is independent of i and Z (and of course @ and ¢), and hence (7.9) need only
be addressed once. However, unlike the one-dimensional case, the Dirac delta function is not a
bounded functional with respect to H' in R3. Finite element method cannot satisfactorily handle
the singularity in the resulting equation even with regularization; the convergence is poor and very
high resolution in the vicinity of the singularity is required. We thus apply the standard Ewald
Sum method [11]. To begin, we write [11]

1

G(z) = G(z) + e (7.20)
where
T z erfc z— 7 e—wi|k12+2m.km
G(z) = ~g—~———————e f(‘@ by v f("af'y_'ﬂ Dy —mr @2

FEZIN{0} keZ3\{0}

here erf and erfc are the “error function” and “complementary error function,” Ze = {—o0, - -,
-2, -1,0,1, 2, ---, oo}, and « is a convergence tuning parameter (which we set to unity). By

truncating the the sums in (7.21), we obtain the Ewald Sum approximation to G( - ):

1

GP@) = G%(@)+ T (7.22)
where
g m_ erf(yvjz]) erfe(+/7|z — j]) e#—ﬂm’k.x
o = Lo 3 SRRy 3 S ()
v || - |z — Jl 3 7r]]~;:|
Jez;, \{0} kez} \{0}
here Zp, = {-n, ---, =2, -1, 0, 1, 2, ---, n}; and the positive integers j, and k, are the physical-

space and Fourier-space cut-offs, respectively. Note that the term lim,_o{GT(z) — I—i—,} term in
(7.15) is now simply given by GF5(0).

We demonstrate in Table 7.1 the rapid convergence of the Ewald Sum approximation.® In

3The error is not measured exactly in the Y-norm: we calculate CA;;SDS k, 8t the nodes of the mesh and then evaluate
the Y norm of the resulting interpolant.
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b lléiszp,k,,:S - é_]f?;s=8,ko=8 “Y “Gis=8,ka =p GAE’,S=8,ICO=8 ”Y
1 2.3695 2.5631E-4

2 3.6992E-6 0

4 4.9873E-19 0

6 0 0

Table 7.1: Convergence of the Ewald Sum éisk.,

particular, we take GiS:S, k.=s s the “truth,” and present convergence in physical space, G%S:p, ko=87

1 < p < 8, and in Fourier space Gﬁi&ko 1 < p € 8. Clearly, very small j,, k, suffices; and

=p?
equally obvious, it is possible to choose a better tuning parameter .

Treatment of singular term

We now address the numerical quadrature issues related to the evaluation of functional involving

the singular term — aa(w, GES,v). We approximate az(w, GES, v) by

ag(w,GES,'v) = /'wGES v,
Q

_ AES wvy
= /Qw G v+/Q 2] R
~ S w() EB() o)+ ) ﬁw(-) o(), (7.24)

quad quad
where Equad denotes @ x @ x () tensorized Gauss-Legendre quadrature over each element T} €
T,. Numerical tests confirm that the first term — very smooth — converges exponentially as @
increases; in contrast, the second term — singular — converges quite slowly. Though our choice
@) = 6 probably suffices for our current study, clearly more “special purpose” quadratures must be
developed for the singular term — at least in elements close to the nucleus (non-uniform meshes

will also help in this regard).

From next section onward, we will drop the subscript » and superscript ES, and assume the
finite element solution is our “truth” solution, i.e. Y, a, A ¢ and G refer to Yy, Gy, Xh, ¢ and

G1. We have used N = 20 x 20 x 20.
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7.3 Reduced-Basis Formulation

In Chapter 6, we showed that both reduced basis approximation — augmented and vectorized —
can be applied successfully to Kohn Sham equations. Here, we consider only the vectorial reduced
basis space, as we anticipate the resulting approximation space will be efficient. The augmented
reduced basis approximation considered in Chapter 6 can be easily extended to the 3-dimensional

Kohn Sham equations considered here.

7.3.1 The Approximation Space

We introduce nested sample sets Sk. = {uf,..., 4%}, 1 < N* < NE,, and define the associated

nested vectorial reduced-basis spaces as

Nu span {@([Z, pp]), 1 Sn < N}, 1< N¥ < Ny, (7.25)

= span {(p, 1 <n < N¥}, 1< NY<NY. (7.26)

where 4([Z, p¥]) = (uv1([{Z, p¥)), ..., un. ([Z, p¥])) are the solutions of (7.10) at u = u¥ for a given
Z;and ¢ = ({4, ...,¢n,) are basis functions obtained after @([Z, x2]),1 < n < N* are preprocessed
— sorted, aligned and pseudo-orthogonalized for smaller N* and better stability in the resulting
discrete system. Then, an approximation of @ in W is given by iy m([Z, p]) = 22’:1 n([Z, 1])Cn
— the ith component of iy, a([Z, ¢]) is given by un ari([Z, 1)) = SN ¥n(1Z, 1))Cnir 1 < 4 < M
The preprocessing procedure outlined in Section 5.3.2 can be used. However, as n. < 2, the
eigenfunctions are well-behaved: there is only sign variation and the eigenvectors are well-separated
for D = [2,4)].

We may similarly define for ¢ the nested sample sets S?:w = {,u‘f, et ,/,L‘Ifm} and the associated

reduced-basis space

w?, = span {¢([Z48]),1 <n<N?}, 1<N®< N, (7.27)

= span {xn,1<n<N?}, 1<N®< NS,

The xn, 1 < n < N? are obtained by orthonormalizing ¢(|Z, ,uﬁ]), 1 < n < N? relative to the (-;-)y

inner product.
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Finally (although in actual practice, initially), we construct the S¥. and Sfﬁ, based on the

greedy selection process described in Section 6.3.5.

7.3.2 The Approximation

This section follows closely Section 6.3.3. With vectorial reduced-basis approximation, the equilib-
rium ground state of the resulting neutral structure for a particular Z is given by iy m([Z, u]) =

(un,m,i([Z, p]), 1 <4 < ng), where

avm((Zn) = arginf {Bus(v = (..., wn,); [Z,u), 0 € W3, (7.28)
,u/wiz:l,lgis'ne},
Q
wi(2) = arginf{Enm(nm(Z, ul); (2, u)); > 0}. (7.29)

Here, n,1([Z, 1)) is obtained by solving the following Euler Lagrange equations: find un s ([Z, 4])

= (v (2, 1), oM (12, 1)), An(Z, 1)), (2, 1)) € Vv = (Wha xWE x R x R) such
that

Au(unm([Z, u]),viGi[Z,u]) =0, Vv =(¥,5,4,@) € W, (7.30)

where An1r([Z, 1)) = Avari([Z, 1)), 1 < i < ne) and

Ap(w = (W,5,6,k),v = (V,6,0,@);t;[Z,4]) =

Tie

35 (6102, antus ) + (12, ) anC, b0 + 65(12, ) a0

i=1

Ne
+ 65([Z, n]) a“”M(wi,wa, vi) +204([Z, p]) osa1 (wi, v;)
j=1

+ Ze i {B1([Z, u))ar (ws, ws) + B2([Z, p])}

i=1

+ [al([Z, pul)ao(s, §) + o2([Z, ) Z az(wj, wj, <) + as([Z, p])i(s) + ke ([Z, p)) l(c)]

Jj=1
+ @ I(s). (7.31)
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Then, Enm(unm([Z,p]); G;[Z,p]), the reduced-basis approximation for the electronic energy
E(u([Z, u]); G;[Z, p]), is given by

e

Enmu(w = (W,3,6,£);G;[Z,u]) = z[01([Z,u])ao('wi,'w,~)+02([Z,p,]) az(wi, G, wi)

=1
1
+ 593([27 lu']) 042(’(1).5,3, wl)
3 e
+ 195([2, ﬂ]) anl’M(wi, Z ’w_,’z, ’wz):l . (732)
j=1
and En ar(un,m([Z, 1)); G; [Z, 4]), the reduced-basis approximation to the total energy £(u([Z, u]);
G; [Z$ /‘]), is given by EN,M(“N,M([Z? /v‘]);G; [Z1 ﬂ]) + 27277(#)

Compared to (7.1), we have made two approximations in (7.31). First, we approximate a™ (w;,

ol 'w?,vi) by a™M (w;, 2 'w;‘-’, ;) = [ giei ; v, Where gy, ; is an empirical interpolation ap-

Ne
i=1

proximation to g; (1) = wu;( uz-)l/ 3. Thus, we require n, empirical interpolation approximations
and MY is the dimension of the approximation space for Wj‘\’,}gi . We also define M as maxi<i<n, M%.
Second, we only impose the constraints p [ u%v’ mi =1, 1< i< ne Finally, since [,xn = 0,
1<n<N, fQ ¢, is perforce zero; our discrete (nonlinear) algebraic system will thus have an
actual dimension of N4+ N?®+n,. This can then be solved based on the Newton iterative procedure
outlined in Chapter 4 with an online complexity of O((N?)? + ne N¢(N*)2 4 (N*)? + ne N*M) per

Newton iteration. Lastly, the online-offline computational procedure can be readily applied.

7.4 Numerical Results

Here, the largest problem we could solve (using MATLAB) is for Z = 4; this corresponds to a
simple cubic structure for Beryllium. Note that, as we have used a restricted model, two electrons

will occupy a single energy level; consequently we only solve for two eigenfunctions — ne = 2.

We consider p € D = [2,4] and a parameter test sample Er of size 80 with sample points

distributed uniformly in D. We choose MY, such that the approximation error in g}, is less than
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N ENM E}EV,M 5%,% scﬁ,tlltlf

2 | 46855E-1 | 8.0766E-2 | 3.0058E-1 | 8.1298E-8
3 | 1.1070E-1 | 1.0543E-2 | 5.5140E-2 | 2.6072E-2
4 | 2.7217E-2 | 1.17T97TE-3 | 1.6030E-2 | 2.4393E-2
5 | 3.5961E-4 | 1.1086E-6 | 7.1304E-5 | 2.0356 E-3
6 |1.6391E-4 | 2.1172E-7 | 2.8961E-5 | 1.1883E-3
7 | 1.2049E-4 | 1.5480E-7 | 2.0473E-5 | 9.3882E-4
8 | 2.6687TE-5 | 4.4191E-8 | 4.1551E-6 | 3.8011E-4
9 [1.1542E-6 | 1.5024E-8 | 2.7681 E-7 | 1.0860E-4

Table 7.2: Convergence of the reduced basis errors — €}y 5, e,gv’ M eﬁ,’ m»>and e}’&,"“}\‘f — with N* for
ne=2and 2< u<4.

10~10 for all i. We then define the following

e a2, D) — umna((Z BD )2

hu = e o lwZ )P (733)
s 62— dnar(Z, Dl

LT - 1602, 1wy ! (7.34)
e len(Zu) - E(Zu)

R T (VA)] (7.3)
E%t}\lf = max max un,m,i{[Z, u]) un,m;([Z, p)). (7.36)

pEST 1<i<j<n. Jo

where €% 2 .. and €5, ,, are respectively the maximum error in the reduced-basis approxima-
N.M> ENM N.M % y PP
tion of 4, ¢ and £ within a given sample Zr; and s%fk,}’ is a measure of non-compliance in the

orthogonality constraints.

We again achieve a convergence results not unlike that obtained for the 1-dimensional model
of Chapter 6: as shown in Table 7.2 and for N% = 7 and M = 13, the errors in i again decrease
monotonically and the orthogonality of the solution is increasingly satisfied as N increases. How-
ever, we note that the computational savings achieved at the online stage is significantly higher
for a 3-dimensional problem. For our finite element approximation with A/ = 8000, the compu-
tational cost is 6576.45s. On the other hand, the computational cost during the online stage for
En([Z, p) — E((Z, pDI/IE([Z, 1])| £ 1E-6 is 8s. We do however admit that finite element method
may not be the most appropriate approximation method to use for this particular problem —

planewave method will most likely converge faster and admit more efficient solution procedures.
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7.5 Application

As an illustrative application, we shall again determine p*, 1 at which the total energy is minimum,
for Z = 2n, = 4. We require an absolute accuracy of 10~° in u*. We use the simple bisection
method used in Section 6.5; it will thus involve repetitive evaluation of £([Z, u]). The approach
is straightforward. We approximate £([Z, u]) by En,a([Z, 1]) based on our vectorial reduced basis
approximation. We have use N* = 9, N® = 7 and M = 13. The variation of £([Z, 1) and
En,m([Z, p]) with p is shown in Figure 7-1.

A total of 20 evaluations of En a([Z, p]) is required and p* is found to be 2.9375. The total
online computational cost is only 18.15s. On the contrary, with finite element approximation of
N = 8000, the total computational cost would have taken more than 36 hours®. If we compare
only the online cost with the total computational cost based on “truth” approximation, we clearly
achieve online computational savings of order O(103).

However, taking the offline computational cost into consideration, the reduced basis method is
clearly not competitive for this particular problem. Due to the lack of an efficient a posteriori error
estimation procedure, we must first compute solutions at all p € Er — for our example, there are
80 sample points in Z7, leading to a total offline computational cost of approximately 146 hours.
Clearly, if the reduced basis model that we have developed is only used for this particular problem,
it would have made no sense. Of course, if we could construct a sample set without the use of the
“greedy” sampling procedure, the offline computational cost is then manageable — it would also
mean we may have a suboptimal approximation with a dimension that is larger than is needed, or
worse, we do not know how accurate the approximation is.

However, the low order model obtained through the reduced basis approximation can be reused
to determine other static and dynamic properties of the crystal, as suggested in Section 6.5. For
example, we can use the current approximation can be used to determine elasticity constants and
the bulk modulus [120]. With some extensions to the current model, we can further perform lattice
dynamics simulations based on the Density Functional Perturbation Theory (7, 42] or the frozen
phonon approach [28, 76]. Under such circumstances, we may be able to justify the large initial

computational overhead incurred during the offline stage.

4As mentioned in Section 7.4, the use of finite element method for this problem is clearly not optimal. We could
perhaps obtain a much lower computational cost by, for example, the planewave method. The online computational
saving achieved by the reduced basis method is then much lower.
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Figure 7-1: Comparison between the £([Z, p]) and Enn([Z, p]) for Z =4, ne =2, and 2 < p < 4.
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Chapter 8

Concluding Remarks

8.1 Summary

The main goal of this thesis is to develop reduced basis methods for eigenvalue problems encountered
in computational chemistry. The essential components of the reduced basis method are () rapidly
convergent global reduced basis approximation spaces generated by Galerkin projection onto a
space spanned by solutions of the governing partial differential equations at N judiciously chosen
samples in parameter space such that N, the dimension of the resulting reduced order model, is
much smaller than A/, the dimension of the underlying discretization of the “truth” approximation;
(%) a posteriori error estimators to provide inexpensive estimation for the errors in the outputs of
interest; (ié) an offline-online computational procedure to decouple the generation and projection
stages of the approximation process; and (év) optimal sampling strategies to pick parameter samples
optimally.

The concept of constructing efficient approximation spaces that are problem-specific is not new
in computational chemistry — chemists have developed numerous highly efficient basis sets for
electronic structure calculations of a wide variety of molecular systems [35, 121]. However, these
basis sets were obtained at a price — considerable effort was expended to optimize a particular
basis set for a particular system with respect to some experimental data [31, 118, 119]. In addition,
no such efficient basis set is available for extended systems. As such, we believe the reduced basis
method provides a systematic approach by which efficient basis sets can be obtained for any system

with the added advantage of good convergence properties.
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We extend earlier work on reduced basis methods for linear eigenvalue problems [71]. We
consider eigensolutions of vectorial nature, i.e. solution with multiple eigenvectors and eigenval-
ues. In particular, we introduce two approximation approaches — the augmented reduced basis
approximation and the vectorial reduced basis approximation. The augmented reduced basis ap-
proximation relies on optimality of the Galerkin method to find the best linear combination of the
basis functions in W]‘é, the augmented reduced basis space. Since Wj\,4 consists of all eigenvectors at
all the sample points in the associated sample set, the resulting approximation space is in fact very
rich; its dimension is equally large. On the other hand, the vectorial reduced basis approximation
reduces the degree of freedoms available to the Galerkin procedure by first preprocessing the basis
functions in the vectorial reduced basis space, Wz‘v/ . The efficiency of Wz‘v/ is contingent on the
ability of the preprocessing step to obtain a smooth variation of the eigenvectors with respect to
our input parameter. In our first example based on a harmonic oscillator problem, we show that
the vectorial reduced basis approximation can indeed be very efficient compared to the augmented
reduced basis approximation. We further equip our reduced basis approximations with efficient
asymptotic a posteriori error estimation procedures. This enables us to control the accuracy of the
approximation, and provide an inexpensive guide to efficiently construct an optimal reduced basis

space based on the “greedy” adaptive sampling procedure.

In Chapter 5, we apply the reduced basis method developed for linear eigenvalue problem to
band structure calculation — the rapid determination of band energies E;(k), 1 < i < np, given
any k in the first Brillouin zone for a periodic Hamiltonian operator with fixed background periodic
potential. This allows the rapid determination of band structure properties required in the study of
transport phenomena and the determination of macroscopic properties. Due to the rich variation
of the solutions u(k) with respect to the parameter k, the augmented reduced basis approximation
performs much better than the vectorial reduced basis approximation as it provides more degree of
freedom to achieve the Galerkin optimality. The augmented reduced basis space proves to be more
efficient than the vectorial reduced basis space. We demonstrate the utility of the reduced basis
approach in the determination of spectral properties of crystalline silicon based on the empirical

pseudopotential model.

In computational chemistry problems, nonlinear eigenvalue problems are commonly encoun-

tered [18, 32, 90, 111]. For reduced basis approximations of nonlinear eigenvalue problems, we first
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describe the empirical interpolation method — a rapidly convergent interpolation procedure for
parametric fields — in Chapter 3. We then show in Chapter 4 how the incorporation of the empir-
ical interpolation method within our reduced basis framework can lead to an online computation
where the complexity is independent of .

In Chapter 6 and 7, we consider the rapid determination of the ground state energy, £(u) of
a crystal structure based on the Density Functional Theory. A significant improvement in the
efficiency of such calculations has important implications in ab-initio geometry optimization of
molecular systems and multiscale, multiphysics simulations. To achieve this, we seek an efficient
reduced basis approximation of the associated Kohn-Sham equations. The equations are first
parameterized by mapping the solutions onto a fixed reference domain with positions of nuclei
mapped onto unique locations in the reference domain; we consider only cases where positions of
nuclei does not vary. We render the nonlinear functions affine by using the empirical interpolation
method. We further show that for the cases examined, the vectorial reduced basis approximation
can be particularly efficient — it exploits the inherent orthogonality properties between the solutions
ui(p), 1 £ 1 < ne, and their common smoothness to achieve a significant reduction in the dimension
of the resulting algebraic equations. The results based on a one dimensional periodic problem
indicate that the reduced-basis space is rapidly convergent with N and depend weakly on n.. The
energy €(u) can also be easily approximated to a relative accuracy of 1078, For three dimensional
problems, the result is more limited due to limitation in the solver used for obtaining the truth

approximation. We show some results for a simple cubic structure of Beryllium.

8.2 Future Work

We conclude by proposing possible future work. We divide the discussion into two: the first
section look at the possible numerical improvements while the second suggests possible avenues by
which the reduced basis method can be more widely applied in “real” computational chemistry

calculations.

8.2.1 Numerical Improvement

An important ingredient of the reduced basis framework is the efficient a posteriori error estimation

procedure. We currently do not have an error estimation procedure for nonlinear eigenvalue prob-
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lem. This leads to a very expensive offline procedure since we need to compute solutions for all the
parameters in our test sample. For the linear eigenvalue problem, the error estimators developed
in this thesis are also not rigorous bounds for our quantities of interest — they cannot be used as
certificates of fidelity. Development of efficient, sharp and rigorous error bounds for reduced basis
approximations of linear and nonlinear eigenvalue problems will greatly encourage wider adoption
of the reduced basis method.

For our vectorial reduced basis approximation, the solution method at the online stage — a
Newton iterative scheme — is currently not robust, especially if N is small. Its efficiency also
pales against existing eigenvalue solver, even when compared to system of larger size. A more
robust and efficient solution method would greatly increase the appeal of vectorial reduced basis
approximation.

For many computational chemistry problems, the quantities of interest can usually be expressed
as functions of the projector onto the eigenvectors associated with, say, the n. lowest eigenvalues.
Instead of constructing a reduced basis approximation for the n. eigenpairs, we can construct a
reduced basis approximation for the projector. The latter is a single object that is more well-defined.
Therefore, efforts in this direction may yet yield an efficient approach in solving computational
chemistry problems. At present however, it is not clear how we can construct a posterior: estimation
procedure for reduced basis formulation based on projectors — current formulation of the error

estimation procedure requires knowledge of the eigenpairs.

8.2.2 Applications

Computational chemistry problems are many and varied. We limit the discussion to possible

extensions to the two applications considered in this thesis.

Extensions to band structure calculations

First, a numerical comparison between the Slater-Koster interpolation scheme based on Wannier
functions [79, 109, 110] and the current reduced basis approach will allow us to better identify future
applications for the reduced basis method. In addition, the Slater-Koster interpolation scheme is
well-established in the solid states community and as such benchmarking our method with respect

to this scheme may encourage wider adoption of the reduced basis approach.
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In ab initio calculations based on Density Functional Theory, the density of electrons are usually
determined from the wavefunctions evaluated at several k-points in the first Brillouin zone — for
some elements, such as metals, the number of k-points required can be large. Coupling this with
the need to compute a new density for each iteration of the SCF algorithm, the computational cost
can be large — O(nxN°®) where ny is the number of k-points needed to accurately evaluate the
density. We consider possible computational savings based on reduced basis approach. In each SCF
iteration, we construct a reduced basis approximation of dimension N « N. Then, the reduced
basis approximant to the wavefunctions at all ny are used to construct the density of electrons —
the computational cost is then O(INA® + ngN3). For large ny, this can potentially lead to large

computational savings.

Extensions to ground state energy calculations

For our three dimensional problems, we are limited by the size of Z that we can treat. For large
nuclear charge, the cusps at the nuclear positions become very pronounced and thus very fine
resolution is required, leading to exorbitant computational costs, not to mention the complexity
involved in writing an efficient code for determining the “truth” approximations. One alternative is
to couple the reduced basis approximation with existing electronic structure codes, which have been
optimized by many researchers. There are however several challenges associated with this. First,
as with any large-scale code, knowledge on the implementation details of these codes is crucial
in developing a reduced basis approximation that is consistent with the “truth” approximation
computed from these codes. Second, most of these codes utilize pseudopotential to reduce the
effects of the cusps mentioned earlier. However, the current formulation in these codes are not
amenable to the reduced basis treatment. Lastly, due to the symmetric properties of crystalline
solids, common practice of symmetrizing the density with respect to some symmetry point groups
also leads to some difficulties in developing efficient empirical interpolants for the nonlinear terms.

Implementation challenges aside, we wish to examine the formulation issues related to param-
eterization of problems with moving nuclei. One possible solution is through nonlinear geometric
mapping of (moving) locations of nuclei in the original domain onto fixed locations in the reference
domain. This will lead to nonaffine functionals, which can then be rendered affine using empirical

interpolation method. Note, however, this significantly increases the complexity of the approxi-
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mation process since, due to the nonlinear mapping, all functionals are now at least nonaffine. In
addition, it is also limited to (i) small displacements as large displacement will lead to conditioning
issues, and (#2) small number of nuclei as the nonlinearity of the mapping functions grows with the
number of nuclei. Extension of the reduced basis approach to cases with moving nuclei will be of

particular interest in computational chemistry.
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