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Abstract

Compressed sensing (CS) provides effective techniques for the recovery of a sparse vector
from a small number of measurements by finding a solution to an underdetermined linear
system. In recent years, CS has attracted substantial attention in applied mathematics,
computer science and electrical engineering, and it has the potential to improve many ap-
plications, such as medical imaging and function approximation. One standard technique
for solving the CS problem is ¢! minimization; however, the performance of ¢! minimization
might be limited for many practical applications. Hence, in the past few years, there are
many investigations into how to modify the ¢! minimization approach so that better perfor-
mance can be achieved. One such approach is weighted ¢! minimization. In this thesis, we
extend the weighted ¢! minimization technique, traditionally used to solve the standard CS
problem, to other applications. First, we develop a variance-based joint sparse (VBJS) algo-
rithm based on weighted ¢! minimization to solve the multiple measurement vector (MMYV)
problem. Unlike the standard ¢%! minimization method for this problem, the VBJS method
is easily parallelizable. Moreover, we observe through various numerical experiments that
the VBJS method often uses fewer measurements to reach the same accuracy as the ¢!
minimization method. Second, we apply weighted ¢! minimization to the high-dimensional
function approximation problem, focusing on the case of gradient-augmented measurements.
The high-dimensional function approximation problem has many applications, including un-
certainty quantification (UQ), where it arises in the task of approximating a quantity of
interest (Qol) of a parametric differential equation (DE). For a fixed amount of computa-
tional cost, we see in various examples that, with additional gradient information, better
approximation results are often achieved compared to non-gradient augmented sampling.
Theoretically, we prove that, with the same sample complexity as the case of function sam-
ples only, the gradient-augmented problem gives a better error bound in a stronger Sobolev
norm as opposed to an L? norm. Finally, we use the adjoint sensitivity analysis method to
compute the gradient information. As we show, this method computes the gradient samples
of the Qol of a parametric DE with around the same computational cost as computing
the samples of the Qol itself. We apply this approach to several parametric DE problems,
and numerically demonstrate the benefits of incorporating gradient information into the

approximation procedure.
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Chapter 1

Introduction

The task of reconstructing a signal from a given number of measurements appears in signal
processing problems. Mathematically, such a reconstruction problem can be understood as

recovering a vector & € CV from measurements y € C™ through a linear system
y = Ax,

where A € C™V is the sampling matriz. Often, we allow the measurements to contain

noise. Then, the linear system becomes
y=Azx +e,

where e € C™ is the noise vector. Basic linear algebra suggests that, in order to recover
x, at least N measurements are needed. In fact, if m < N, the linear system to solve is
underdetermined and has infinitely many solutions. Thus, we will not be able to recover
for the case m < N without any additional information. About fifteen years ago, Candes,
Romberg and Tao [32] and Donoho [53] published two separate works showing that, given
that the vector @ is sparse, it is possible to recover the vector with far fewer samples than
this linear algebra intuition suggests. These two works introduced a new area of research
called compressed sensing (CS), which provides efficient techniques for recovering sparse
signals from a small number of measurements. CS techniques have many applications in
various fields, such as medical image processing, sparse approximation, error correction,

etc. For more information, see [59, §1.2].

1.1 The standard compressed sensing problem

Before introducing the standard compressed sensing (CS) problem, some notation and def-
initions are required. We use [N] to denote the set {1,2,..., N}. We write A for the com-
plement [N]\A of a set A C [N]. Let = (z,))_, € CN. For A C [N], we define x5 € CV



Tn, NEA
(fBA)n = .
0, otherwise

For a matrix A € C™ " and a subset A C [N], we use Ax to denote an m x N matrix
having nth column equal to the nth column of matrix A whenever n € A and zero otherwise.

|A| denotes the cardinality of a set A. The support of x is defined as

supp(z) ={n:z, #0} C{1,...,N}.
Definition 1.1.1. A vector € CV is s-sparse for some 1 < s < N if
||z||o := [supp(z)| < s.
In practice, it is rare that the vector to recover is exactly sparse. This motivates the

following definition.
Definition 1.1.2. Let x € CY and 0 < p < co. The P norm of the best s-term approwi-
mation error is

os(x)p = nf{|lz — 2|, z € CY is s-sparse}.

Informally, we say the vector € CV is compressible if o (), decreases quickly in s.
For simplicity, now we consider the case of noiseless measurements and set up the stan-
dard CS problem. A standard CS problem consists in reconstructing an s-sparse vector

x € CV with a small number of measurements y = Ax € C™ by solving a linear equation
Az =y. (1.1.1)

Some common choices of the sampling matrix A used in CS are a Bernoulli or Gaussian
random matrix, subsampled discrete Fourier Transform (DFT) matrix, etc. Since x is sparse,

it is natural for us to seek a solution of (1.1.1) by solving an #° minimization problem

min ||z||o subject to Az =y, (1.1.2)
zeCN

where ||z||, = [{n : z, # 0}|. In fact, as shown in [59, §2.2], for a matrix A € C™*" and an

s-sparse vector € CN, the following two properties are equivalent:

(i) The vector x is the unique s-sparse solution of (1.1.1), that is, {z € CN : Az =
Az, ||, < s} = {z}.

(ii) The vector @ can be reconstructed as the unique solution of (1.1.2).



This ensures that the vector & can be recovered by solving the ¢° minimization problem
(1.1.2). However, the optimization problem (1.1.2) is non-convex and NP-hard. For more
information on NP-hardness of /° minimization, see [59, §2.3]. So, in practice, instead of
(1.1.2), one often solves its convex relaxation: an ¢! minimization problem. The ¢! mini-

mization problem is defined by

min ||z||; subject to Az =1y, (1.1.3)
zeCN

where ||z||1 = 3™, |2,]. The problem (1.1.3) is also called basis pursuit (BP), which is
first introduced by Chen, Donoho, and Saunders in [38]. A more general version of (1.1.3),

which allows noisy measurements y = Ax + e, is defined by

min ||z||;1 subject to ||Az —yll2a <, (1.1.4)
zeCN

for some 7 > 0. Note that we assume that the noise bound |le|, < 7 holds. This ¢!
minimization problem (1.1.4) is called quadratically constrained basis pursuit (QCBP).

It is expected that, by seeking a solution of the BP problem, we can recover the sparse
vector . Figure 1.1 gives a simple illustration of the fact that the ¢! norm promotes sparsity.

However, it is not the case for the solution of the #2 minimization problem
min ||z||2 subject to Az =y,
zeCN

as shown on the right of Figure 1.1.

IS
ISH

?
N

' norm 2 norm

Figure 1.1: Illustration of the sparsity promoting of £! norm. The line is the feasible set {z : Az = y}.
The diamond (left) is the ¢! ball and the circle (right) is the £2 ball. The intersection point & is the
minimal ¢! norm solution (left) or £ norm solution (right). The ¢! norm solution is 1-sparse and
the £2 norm solution is not sparse.

Note that the BP problem is closely related to the least absolute shrinkage and selection
operator (LASSO) problem [113], which is often seen in the statistics literature [59, §3.1].

Beyond ¢! minimization, various greedy algorithms can also be used to solve a standard



CS problem. Among them, two of the most common algorithms are: orthogonal matching
pursuit (OMP) [116] and compressive sampling matching pursuit (CoSaMP) [100]. For

references on other algorithms, see [59, §3].

1.2 The compressed sensing theory

After introducing the standard compressed sensing (CS) problem, now we switch our at-
tention to CS theory, which provides recovery guarantees to ensure a stable and robust
recovery of vector x. In CS, stable recovery means that we can recover a vector & with an
error controlled by the distance from « to the set of s-sparse vectors and robust recovery
means that the distance from the recovered & to the original x is controlled by the mea-
surement error 7 [59, §4.2 & §4.3]. There are two types of recovery guarantees considered in
CS, known as uniform and nonuniform recovery guarantees. Uniform recovery guarantees
provide a condition on matrix A which ensures recovery for all vectors . On the other
hand, nonuniform recovery guarantees provide conditions on matrix A and vector x which
ensure recovery for a fixed vector . Thus, we can see that uniform guarantees are stronger
than nonuniform guarantees, and uniform recovery guarantees imply nonuniform recovery
guarantees [59, §9.2].

Before stating an example of a uniform recovery guarantee, we first need to define the

robust null space property.

Definition 1.2.1. The matriz A € C™N s said to satisfy the robust null space property
(rNSP) of order s with constants 0 < p <1 and T > 0 if

|zall, < %llmnl + 7] Az,

for all x € CV and A C [N] with |A] < s.
The following theorem shows that the rNSP implies stable and robust recovery.

Theorem 1.2.2. [7, Thm 5.14] Suppose the matriz A € C™*N satisfies the rNSP of order
s with constants 0 < p < 1 and 7 > 0. For all x € CN and y = Az +e € C™, where
lelly, < 7 for some n >0, any minimizer & € CN of (1.1.4) satisfies

|z — ||, < Cios(x)1 + Cav/sn,

O'S(:E)l

& — x|, < Cs /s + Cyn,
where the constants C1, Co, C3,Cy are given by
1+p 47 Bp+1Dp+1) (3p+5)T
Ci=2—1], Co = C3=————4 C4=-—+——F.
! (1—/))’ T1-p 7 1-p ' -y



It is typically hard to obtain the rNSP of the matrix A directly. Instead, we show that
the matrix A satisfies the property called restricted isometry property (RIP), which gives
a sufficient condition for the rNSP to hold, and then leads to stable and robust recovery of
x. For details on how the RIP implies the rNSP, see [59, Thm. 6.13].

Definition 1.2.3. Let 1 < s < N. The sth restricted isometry constant (RIC) 65 of a
matriz A € C™*N s the smallest § > 0 such that
2 2
(1= o)zl < [|Az|[5 < (1 +3) |||,
for all s-sparse vectors x € CN. If 0 < 6, < 1, then the matriz A is said to have the
restricted isometry property (RIP) of order s.

Then, the following theorem gives a uniform guarantee for stable and robust recovery

of x.

Theorem 1.2.4. [29, Thm 1.8] Suppose that A € C™*N satisfies the RIP of order 2s with

constant

523<\/§*1.

Let x € CN and y = Az + e, where |le|| < n for some n > 0. Then, a solution & € CV of
(1.1.4) satisfies

|2 — x|, < Cios(x)1 + Cav/sn,

Us(a:)l

NG

where the constants Cy, Cy, Cs, Cy depend on da5 only.

|2 — x|, <Cs + Cun,

The concept of RIP is closely related to the uniform uncertainty principle (UUP), which

is introduced by Candés and Tao in [34]. Later, they refined the UUP to be the RIP in [33],
and proved that if the sampling matrix A satisfies d5 + d25 + 35 < 1, then by solving (1.1.3)
we can recover any s-sparse signal & exactly. When there are noisy measurements, Candes,
Romberg and Tao showed in [31] that, with d35 + 3d4s < 2, stable and robust recovery of
any « can be achieved by solving (1.1.4). An improved condition of §z, < v/2 — 1 (shown in
the above theorem) was first obtained by Candes in [29].

As mentioned earlier, there are various ways to set the sampling matrix A. We now
present a uniform recovery guarantee for Gaussian or Bernoulli random matrix as an ex-

ample.
Definition 1.2.5. Let A € R™*N be a matriz.

e A is a Gaussian random matriz if its entries are independent standard Gaussian

random wvariables.



e A is a Bernoulli random matriz if its entries are independent Rademacher random

variables, i.e. taking values +1 with equal probability.
Theorem 1.2.6. [7, Thm 5.19] Let 0 <e < 1,1 <s< N and

m > s-log(eN/s) + log(2¢71). (1.2.1)

Suppose that A = \/—%A, where A € C™*N is 4 Gaussian or Bernoulli random matriz. Then
the following holds with probability at least 1 — e. For any © € CV and y = Az + e € C™,
where |le||, < n for some n >0, all minimizers & € CN of (1.1.4) satisfy

where os(x)1 is as in Definition 1.1.2.

Note that, here and throughout this thesis, the notation A 2 B or A < B is used to
mean there exists a constant ¢ > 0 independent of all parameters such that A > ¢B or
A <c¢B.

Theorem 1.2.6 should be understood as follows. With a high probability, stable and
robust recovery of any & € CV can be achieved via the QCBP problem, when the sample
complexity (1.2.1) holds. Note that the sample complexity (1.2.1) depends linearly on s, up
to log factors in N/s and the failure probability. Moreover, if @ is exactly s-sparse, with
noiseless measurements, exact recovery is obtained through BP problem.

Unlike uniform recovery guarantees, which are proved by showing that the matrix A
satisfies the RIP, nonuniform recovery guarantees are proved by showing the existence of a
dual vector (also called dual certificate). Note, for a complex number z € C, we define the

sign of z by

sign(z) = é 2 e C\{0}, sign(0) = 0.

If 2z = (2,)Y_; € CV is a vector, then sign(z) = (sign(z,))Y_; € CV is the vector of
component-wise signs.

The following theorem gives an example of a nonuniform recovery guarantee.

Theorem 1.2.7. [59, Thm. 4.33] Let a1, .. .,ay be the columns of A € C™*N et x € CN
with s largest absolute entries supported on A, and let y = Ax + e with |e||, < n. For
0,8,v,0, 7 >0 with 6 <1, assume that

|A34a ~ 1, 6. max||Ajai, < 5,



and there exists a vector u = A*h € CN with h € C™ such that,
lua — sign(@a)l, < 5. [ugl, <6, and [hl, <5
If p=0+ Bv/(1=96) <1, then any minimizer & of (1.1.4) satisfies
& — x|, < Cios(z)1 + (Ca + Csv/s)n,

for some constants C1,Cq,Cs > 0 depending only on 6, 3,~,0, 7.

Note that the vector u constructed here is the so-called inezact dual vector. We see that
there is an extra factor of y/s in the error bound of Theorem 1.2.7 compared to the error
bound from Theorem 1.2.4. This is a common difference between a nonuniform recovery
guarantee and a uniform recovery guarantee, which happens because weaker conditions
than the RIP are imposed on the matrix A [7, §5.4] [59, §4.4].

1.3 Weighted ¢! minimization

As mentioned in §1.1, /' minimization is the standard technique for solving the classical
compressed sensing (CS) problem. However, it has been seen in many practical applications
the performance of the ¢! minimization technique could be poor. Thus, in recent years, there
are many works on investigating how to modify the ¢! minimization method so that a better
performance could be achieved. One simple way to do this is to replace the ¢! norm with
the weighted ¢! norm, where the weights are chosen to incorporate some prior knowledge of
the problem being solved. This weighted ¢! minimization technique has gained increasing
attention in CS in the past few years. Recovering sparse signals via weighted ¢! minimization
with prior known support information has been widely studied. See [23,35,60,78,97,121],

for instance. Similar to the ¢! minimization, the weighted ¢! minimization problem has the

form
min ||z|[1,w subject to Az =1y,
zeCN
where ||2]|10 = S0 wn|2,| and w is a positive weight vector. With noisy measurements,

the problem becomes

min ||z|[1w subject to ||[Az —yll2 <n.
zeCN

The idea of using weighted ¢! minimization in CS was first introduced by Candes, Wakin
and Boyd in [35]. In [35], the authors pointed out that, if the sparse structure of the signal is
known, one should use small weights to encourage the nonzero entries and large weights to

penalize the zero entries, so that a better recovery result can be obtained. Demonstrations



of the benefits of including weights were presented in [35] through a series of numerical
experiments. A theoretical analysis of sparse recovery with weighted ¢! minimization was
shown in [60]. As proved in [60], with at least 50% of the accurate estimate of the partial
support, a weaker RIP, compared to the one shown in [31], is sufficient for stable and
robust recovery of  via weighted £! minimization. A generalization of [60], which considers
arbitrarily many distinct weights, was studied by Needell, Saab and Woolf in [99]. An
example of random Gaussian recovery with weighted ¢! minimization was studied in [90].
As shown in Theorem 5 of [90], compared to the standard ¢! minimization, significantly
fewer measurements than m 2 slog(N/s) (as shown in Theorem 1.2.6) are sufficient for
obtaining stable and robust recovery of & with Gaussian random matrix via weighted ¢!

minimization, especially when an accurate support estimate is known.

1.4 Contributions and outline

In this thesis, we extend the weighted ¢! minimization technique, which is traditionally used
to reconstruct a sparse vector in compressed sensing (CS), to other applications.

The main contributions of this thesis are:

e We develop a variance-based joint sparse (VBJS) method for solving the multiple
measurements vector (MMV) problem, which is easily parallelizable and more effective

compared to other standard methods.

e We apply weighted ¢! minimization to the approximation of high-dimensional func-
tions, with a focus on the case of gradient-augmented measurements. As we show
numerically and theoretically, this leads to better approximations over the standard,

non-gradient augmented case.

e We apply this approach to approximate quantities of interest (Qols) of parametric
differential equations (DEs). As we show, the gradient samples of these Qols can
be computed cheaply via the adjoint sensitivity analysis method. Numerically, this
gradient-augmented approach gives better approximations than those obtained from

sampling only the Qol itself.

The outline of this thesis is as follows:

e Chapter 2: In this chapter, we introduced a variance-based joint sparse algorithm for
the multiple measurement vector problem, based on weighted ¢! minimization. We
illustrate the effectiveness of this new algorithm with a set of synthetic experiments
and with applications to one-dimensional signal recovery and parallel Magnetic Res-
onance Imaging. The work presented in Chapter 2 is based on [6], co-authored with

Ben Adcock, Ann Gelb and Guohui Song. Rodrigo Platte helped us run the numerical



experiments shown as Figure 2.3, Table 2.1 and Table 2.2 on a cluster at Arizona

State University.

Chapter 3: In Chapter 3, we apply the weighted ¢! minimization technique to the
high-dimensional function approximation problem. In particular, we work on the high-
dimensional function approximation problem with gradient-augmented sampling. A
set of nonuniform recovery guarantees for this gradient-augmented weighted ¢! mini-
mization problem, along with numerical demonstrations on the benefits of additional
gradient sampling, are also presented in Chapter 3. The work presented in Chapter 3
is based on [8], co-authored with Ben Adcock.

Chapter 4: In Chapter 4, we introduce the adjoint sensitivity analysis method for
generating gradient samples. Various examples for approximating quantities of interest
of parametric differential equations with gradient-augmented samples via weighted ¢!

minimization are also presented in Chapter 4.

Chapter 5: Conclusions for this thesis and some topics for future work are presented
in Chapter 5.



Chapter 2

The multiple measurement vector
problem

The multiple measurement vector (MMV) problem arises in many applications such as
Magnetoencephalography (MEG) [50], magnetic resonance imaging (MRI) [84, 87], video
based face recognition [86], and synthetic aperture radar (SAR) imaging [22,39]. Unlike the
standard compressed sensing (CS) problem, which aims to recover one sparse signal, the
MMYV problem in CS considers the recovery of a set of signals x1,...,zc € CV with joint

sparsity, which is a term introduced by Baron et al. in [15].

Definition 2.0.1. A collection of vectors {x1,...,xc} is s-joint sparse if each vector is

s-sparse and the support sets of those vectors overlap, i.e.

lsupp(z1) U ... Usupp(xzc)| < s,

where, for a vector x = (z;)Y_;, supp(x) = {i : z; # 0}.

From Definition 2.0.1, we can see that signals with joint sparsity have similar supports.

Although these signals can be recovered separately with classical CS procedure, e.g.
¢! minimization, we seek to develop an algorithm which can achieve the same level of
accuracy as individual recovery with fewer measurements by exploiting the joint sparsity
information. Within the past one and a half decades, there have been many works on de-
veloping algorithms for the MMV problem with joint sparsity exploitation. Typically, these
algorithms are modifications of the algorithms for the standard CS problem. For instance,
MMYV basic matching pursuit (M-BMP) [50, §IV.A |, MMV orthogonal matching pursuit
(M-OMP) [50, §IV.B |, MMV order recursive matching pursuit (M-ORMP) [50, §IV.C |, si-
multaneous orthogonal matching pursuit (S-OMP) [116] and block MMV (BMMYV) [61, §3]
are extended versions of the matching pursuit (MP) algorithms for the standard compressed
sensing problem. Simultaneous hard thresholding pursuit (SHTP) [58] and simultaneous it-
erative hard thresholding (S-IHT) [88] for the MMV problem are modified versions of the

thresholding-based algorithms. For other algorithms, see [21,131] and references therein.
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Among all these algorithms, the most common approach is to solve an ¢>! minimization

problem:

in [|Z biect to [|[AZ — Y||r < 1. 2.0.1
yin (12|12, subject to | lF<n (2.0.1)

Here, if X = (xic)N’Cl € CN*C is a matrix, we define the ¢>! norm by

i,c=
N C 1/2
1X |21 = ( !xz‘c!2> :
1

i=1 \c=

The Frobenious nom of X is defined by

X[l = 1] X

N C 1/2

22 = <ZZ |33ic|2> .
i=1c=1

The measurement matrix Y is defined the same way as shown in §2.1.1.

This ¢! minimization approach for the MMV problem can be seen as an analogue for the
popular ¢! minimization procedure for single sparse vector recovery. For references on ¢>!
minimization and its generalization for the MMV problem, see [50,54,55,115,120,123,130].
Particularly, in [54], the authors provided a sufficient condition on robust and efficient
recovery for a set of signals with block-sparse structure, which can be considered as a
generalization of the MMV problem.

Although the ¢! minimization approach provides an effective way to solve the MMV
problem, we should not ignore a drawback for this method is that it is difficult to parallelize,
since the recovery of those signals is inherently coupled. For instance, one ¢%! minimization
problem requires solving an optimization problem of size N x C, where C' is the number of
signals and N is the signal length. When the number of signals is large, the time used to
solve the ¢*! minimization problem becomes increasingly long. With this in mind, we aim
to develop a new recovery algorithm which is easily parallelizable and can reach the same
accuracy as £>! minimization with fewer measurements. In this chapter, we will introduce
a variance-based joint sparse algorithm, which is based on the weighted ¢! minimization
method for the standard CS problem, to solve the MMV problem. We will demonstrate
through various numerical experiments that this variance-based joint sparse algorithm is
favourable in terms of both computational time and accuracy compared to the ¢2! mini-

mization approach.

2.1 The variance-based joint sparse (VBJS) recovery

In this section, we will set up the multiple measurement vector (MMV) problem and intro-

duce the variance-based joint sparse (VBJS) recovery algorithm.
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2.1.1 The set-up of the MMYV problem

In this chapter, we consider the recovery of a set of C' > 1 signals with joint sparsity, which
are denoted as x1,...,zc € CV. Note that, in practice, these signals often are not sparse
in nature themselves, but under some orthogonal sparsifying transform, e.g. discrete cosine

transform (DCT) or wavelet transform [83]. Whenever necessary, we write
X = [&1] - Jzc] € CVXC,

for the corresponding matrix to be recovered. Moreover, we consider measurements of the
form
Yo = Acxe + g, c=1,...,C, (2.1.1)

where ni,...,nc € C™ are noise vectors and Ay, ..., Ac € C™*N are taken as the standard
sampling matrices in compressed sensing (CS), e.g. subsampled discrete Fourier transform
(DFT) matrix. In this chapter, we shall assume that there is a known priori noise bound

for each signal, i.e.
[nclly <ne, c¢=1,...,C.

Moreover, often it will be the case that

although this condition is not necessary for the developments that follow. In this chapter,

we only consider this latter case. Thus, now we may rewrite (2.1.1) as

Y =AX + N,
where
Y = [yi| - |yc] €C™*C, N =[nq| - |nc] € C™*C.
With this in hand, the objective for us is to recover x,...,xc (or equivalently X) from
the measurements yi,...,yc (or Y). Here, we consider the undetermined setting where m

(the number of measurements) is much smaller than N (the signal dimension).

2.1.2 The variance-based joint sparse (VBJS) recovery algorithm

Before introducing the variance-based joint sparse (VBJS) recovery algorithm for solving

(2.1.1), we will make two more assumptions:

1. The supports of the vectors are similar, i.e. supp(x1) ~ supp(x2) ~ - -+ ~ supp(xc).
Equivalently, the joint sparsity of x1,...,xc does not greatly exceed the sparsity of

each of the individual vectors.
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2. The coefficients of the vectors are reasonably distinct. Specifically, the vector v =

(v;)¥; of element-wise variances

2

Vi = — (ﬂiw) — < l‘ic> 5 izl,...,N,
Cc:l Cc:l

is nonzero, and we have supp(v) ~ JZ_; supp(x.).

Both assumptions are reasonable in practice. The first assumption is taken from the defini-
tion for joint sparsity. As mentioned earlier, in this chapter, we work on recovering a set of
signals with joint sparsity. In other words, this first assumption is the starting assumption
for the problems to be considered in this chapter. The second assumption gives a necessary
requirement to see the benefits of joint sparsity. If all vectors x., c =1, ..., C, are identical,
with the same sampling matrix A, we expect to get exactly the same measurements vectors
Yy.. There is no additional joint sparsity information conveyed to the MMV problem. We
should emphasize that, when either of these assumptions does not hold, the VBJS recovery
algorithm will still succeed. However, none of the joint sparsity recovery algorithms expect
to achieve the same level of accuracy with fewer measurements than the individual recovery
of the signals x..

The VBJS recovery algorithm is described as follows:

1. Recover the vectors ., ¢ = 1,...,C separately using the standard ¢! minimization:
min ||z[|; subject to ||[Az —yclly <ne, c=1,...,C,
zeCN

where 11, - - - , 1. are the noise bounds for each signal. The recovered results are denoted

by &1, ..., d%c.

2. Compute the element-wise variance of the vectors . = (:E’ic)i]\il, c=1,...,C. That

is, compute v = (9;)Y;, where

2

C e (1 & .
ﬂzzaz(i'zc) _<Ccz:1izc> ) i=1,...,N.

3. The two assumptions made above suggest that v should carry information about the
shared support of the x.. Specifically, ¥; should be large when the index i belongs to
this support, and ¥; ~ 0 otherwise. Hence we compute a vector of nonnegative weights
w = (w;)}¥.; based on this information, where w; > 0. In particular, we choose small

w; when v; is large and large w; when v; ~ 0.

4. Solve C weighted ¢! minimization problems to get the final reconstruction of each

vector x.:

13



min | z||, ,, subject to || Az — y.|ly < 7, c=1,...,C,
zeCN ’

where the weighted ¢ , norm is defined by

N
120110 =D wilil-
i=1

A

We denote the final reconstructions as &1, ..., &..

We observe that, comparing with the %! minimization approach, the VBJS algorithm is
easily parallelizable, since the computationally intensive steps (steps 1 and 4) each require
to solve C separate (weighted) ¢! minimization problems. Steps 2 and 3 require communi-
cations between cores, but are extremely cheap in comparison. Thus, for the problem with
a large number of C, we expect to see a significant reduction in computational time when
using the VBJS method, compared to using £*! minimization.

In step 2, we compute the element-wise variance vector v = (@;)fil so that we can get
an estimate of the joint support information of the . based on v. To be more specific, if
¥; is large, then the index 7 belongs to the shared support. If ©; is small, then the index 7 is
not in the support. Then, in step 4, we put large weights at the indices which are not in the
support to enforce small entries. Conversely, we put small weights at the indices which are
in the support to encourage nonzero entries. The idea of using weighted ¢! minimization

with weights chosen based on shared support information in step 4 is inspired by [60].

2.1.3 Different weighting strategies

The key in step 3 of the VBJS algorithm is to compute a vector of weights w € R, which
can capture the shared support information of the vectors x. reasonably well, so that a
better recovery of x. in step 4 than in step 1 can be achieved. Now, in this subsection, we

shall describe two different strategies for picking w, which will be examined numerically in
§2.2.1.

o Cutoff weights:

We get an estimation of the shared support set I' by setting ¢ € I' when
U; >y, for a fixed parameter v > 0. (2.1.2)
Then, we define the weights vector w by

1, ¢l

o, 1€l
where ¢ is a fixed small positive number.
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Note that since the parameters v, o are fixed here, the cutoff weights may not be the best
idea when there are various scales in the variance v. Thus, we should seek for a different

strategy, which defines weights w; directly based on the variance vector v.

e Reciprocal weights:
We fix a tolerance € > 0, and set the weights

1

{)i—i—e'

w; (2.1.3)
By setting weights this way, we see that if ¥; is small, which suggests that the index ¢
is not in the support set, then w; is large. Conversely, if ¥; is large, then w; is small.

This reciprocal weighting strategy is inspired by [35].

2.2 Numerical results

We now present several synthetic experiments to illustrate the effectiveness of the VBJS
algorithm. For comparative purposes, we also consider (i) separate recovery of the C' signals
via ¢! minimization (equivalent to step 1 of the VBJS algorithm); (ii) recovery of individual
signals via two-step reweighted ¢! minimization (details in §2.2.2); and (iii) joint sparse
recovery via £>! minimization (as in (2.0.1)). Our comparison is accomplished by analyzing
the performance of each method on randomly generated sets of sparse vectors of a given size
N. Specifically, for each fixed m (number of measurements) and s (sparsity), we proceed as

follows:

1. Fix a number of trials T". For each trial t =1,...,T":

(i) Generate a support set S C {1,..., N} uniformly at random with size |S| = s.

(ii) Define vectors «i,...,xc such that supp(x;) = ... = supp(xc) = S. The
nonzero entries x;., ¢ = 1,...,C, i € S, are drawn independently from the

standard normal distribution.

(iii) Generate a sampling matrix A and compute measurements y. = Az, ¢ =
1,...,C.

(iv) Compute the reconstructions 21, . .., ¢ using the desired method (¢* minimiza-
tion, two-step reweighted ¢! minimization, VBJS or £>! minimization).

(v) Compute the normalized error E; = \/zle |z — ﬁscHg/ »¢ Ha:cﬂg for each

c=1
method.

Finally, average the recovery error E; over the trials, £ = % (E1+ ...+ Ep).

2. Repeat step 1 for different values of s and m as required.
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Note that it is possible to compute other quantities of interest, such as the computational
time, in a similar manner. We may also compute the empirical success probability p, defined
as the fraction of trials which successfully recover the vectors xi,...,xc within a given
tolerance, i.e. By < tol for some fixed tolerance tol.

There are various options for generating the sampling matrix in step (iii). Since it
frequently arises in applications, we choose A to be a subsampled DFT matrix. That is, we

construct a set Q C {1,..., N} of size m uniformly at random and let

1

Jm

where F' € CV*N ig the DFT matrix and P € C™*Y is the matrix that selects rows of F

corresponding to the indices in 2. The factor ﬁ is a normalization constant, and ensures

A P,F,

that E(A*A) = I. The above procedure also requires a number of parameters. Throughout,
we shall choose them as N = 256, T = 20 and tol = 1073, which is consistent with similar
experiments performed in, for example, [98].

We also require a numerical solver for all four of the optimization problems considered:
¢! minimization, two-step reweighted ¢! minimization, weighted ¢! minimization and ¢>!
minimization. Unless otherwise specified, we use the SPGL1 package [118,119] with its de-
fault parameter values, except for the maximum number of iterations which is set to 10,000.
Since the data in this experiment is noiseless, we solve equality-constrained minimization
problems (i.e. n = 0 or 1. = 0 respectively). All numerical experiments are performed on a
MacBook Pro with 2 cores, a 2.9GHz Intel Core i7 processor, and 8BG DDR3 RAM, unless
specified.

2.2.1 Comparison with different weighting strategies

Figure 2.1 plots the recovery error and success probability versus the number of measure-
ments m for a fixed sparsity s using the VBJS algorithm with different values of cutoff
parameter 7 (defined as (2.1.2)). For simplicity, we set the corresponding weights w with
o = 7. In all the plots, the usual transition behavior in success probability is observed as the
number of measurements increases. However, the recovery result is sensitive to the value of
~. For all experiments, we see improvements of the phase transitions when v decreases from

1 to 10~!. But, the phase transitions get worse as the value of v decreases beyond 107!,
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Figure 2.1: Recovery error (top row) and success probability (bottom row) against m for VBJS on
randomly-generated sparse vectors with sparsity s = 64. The cutoff weights were used with various
values of 7.

Figure 2.2 plots the recovery error and success probability versus m for a fixed sparsity
s using VBJS with various different values of the weighting parameter € in (2.1.3). As seen
from the results with cutoff weights, the usual phase transition behavior is observed as the
number of measurements passes through a certain threshold. As expected, larger values
of € yield worse phase transitions, since the prior information obtained from the variance
vector is less heavily exploited. However, we observe that decreasing ¢ beyond 1072 does
not improve the recovery results. This suggests that, in practice, the reciprocal weights is
more reliable than the cutoff weights. With this in mind, for remaining experiments in this

section, we will use the reciprocal weights with € = 1072,

2.2.2 Comparison with other methods and solvers

In this subsection, we compare the VBJS method with three other methods:

1. separate recovery of the individual signals via £! minimization (i.e. step 1 of the VBJS

algorithm),
2. two-step reweighted ¢! minimization of the individual signals (see below),
3. joint sparse recovery via £>! minimization (as in (2.0.1)).

Note that method 2 is similar to the VBJS method, except that the weights do not use

any joint information. Instead, following the reweighted ¢! minimization procedure [35], for
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Figure 2.2: Recovery error (top row) and success probability (bottom row) against m for VBJS
on randomly-generated sparse vectors with sparsity s = 64. The reciprocal weights were used with
various values of e.

each signal, the weights w = w, = (w;c)Y.; are chosen according to

1

Wie = |IZ'@70| T 6'

For accurate approximations of ||, reweighted ¢! minimization achieves better perfor-
mance over /! minimization for recovery of a single vector. Note that we limit ourselves to
two steps for consistency with the VBJS method.

Figure 2.3 reports the recovery error, success probability and average computational time
versus m for a fixed sparsity s for each of the four methods. Unsurprisingly, #! minimization
has the lowest computational time, since it requires only C' ¢! minimization solves of size
N which are done in parallel, followed by the VBJS (2C solves of size N done in parallel)
and then ¢! minimization (one solve of size NC). As expected, the two-step reweighted
(rw) ¢* minimization uses similar computational time as the VBJS since both methods
involve 2C solves of size N done in parallel. The VBJS method also achieves the best
performance. For instance, with C' = 24 signals, successful recovery requires only around
80 measurements per signal, in comparison to around 128 for ¢! minimization. In other
words, the 2! minimization requires over 50% additional measurements to recover the same

signals accurately.
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Figure 2.3: Comparison of ¢! minimization, two-step reweighted (rw) ¢! minimization, VBJS and
£21 minimization for sparsity s = 64. The rows show the error (top), success probability (middle)

and average time (bottom) versus m for each method. For this and the results shown in Tables 2.1
and 2.2 computations were performed on a cluster with 48 physical cores (96 logical cores), Intel

Xeon E5-4657L v2 processors, 2.90GHz, and 512GB of RAM memory.

The full phase transition plots, which show the success probability v.s. s/N and m/N,

and the phase transition curves, which are the curves showing the phase transition from

successful recovery to unsuccessful recovery, for each method are shown in Figures 2.4 and
2.5, which give a further illustration of the benefit of the VBJS method. It is worth pointing

out that, as shown in both figures, the VBJS method exhibits a phase transition curve which

is close to the optimal m = s line. For more information on phase transition, see [52].
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Figure 2.4: Phase transition diagrams for ¢! minimization, rw ¢! minimization, VBJS and ¢?! min-
imization for C' = 12 signals using T' = 10 trials. The diagrams show the success probability for
values 1 < s < N and 1 <m < N.
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Figure 2.5: Phase transition curves for /! minimization, rw ¢! minimization, VBJS and ¢2! mini-
mization using T' = 10 trials. The curves show the phase transition from successful recovery (below
the line) to unsuccessful recovery (above the line). The criterion for successful recovery used was an
empirical success probability p > 0.75.

Up to this point, we have used the SPGL1 package to solve all the optimization problems.
For completeness, in Figure 2.6, we repeat the experiments of Figure 2.3 using the YALL1
[129] and CVX [65] packages. Similar results are produced by these packages, with VBJS
giving a consistently better phase transition than ¢' minimization, rw ¢' minimization and

¢%! minimization in all cases.
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Figure 2.6: Comparison of ¢! minimization, rw ¢! minimization, VBJS and ¢*>! minimization for
sparsity s = 64 using CVX (top row), YALLI (middle row) and SPGL1 (bottom row). The plots
show the success probability versus m for each method and package.

2.2.3 Signals with partially overlapping supports

Up to now, in all numerical experiments, the signals x. are assumed to be s-sparse and have
a common support S with |S| = s. In practice, it may be more realistic to assume that only
a fraction of the support is shared. We next present several experiments of this scenario.
To model this set-up, we introduce a parameter 0 < 7 < 1 corresponding to the fraction
of shared supports. We then replace steps (i) and (ii) used in the previous experiments with

the following:

(") Generate a support set S C {1,..., N} uniformly at random with size |S| = |7s].
Generate supports sets Si,...,Sc C {1,..., N}\S uniformly and independently at

random with size |S;| =s— |7s] forc=1,...,C.

(ii") Define vectors x1,...,x¢c such that supp(z.) = SUS., ¢ = 1,...,C. The nonzero

entries x;., c=1,...,C, 1 € S, are drawn from the standard normal distribution.
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In other words, each signal has roughly 7s elements in the common support S, and (1 —7)s
elements in a unique support S.. Note that 7 = 1 corresponds to the set-up for the previous
experiments.

The top row of Figure 2.7 show the success probability for the VBJS method with various
different values of 7 using weights as in (2.1.3). As is evident, the performance of the VBJS
method quickly declines as 7 decreases. However, this is due to the choice of weights, which,
while well suited to the 7 = 1 case, produce incorrectly scaled weights to effectively handle
the partially shared support case. Fortunately, a different weighting strategy can overcome
this issue (shown as the bottom row of Figure 2.7). The new weighting strategy, called

energy weights, consists of five steps shown as follows:

1. Choose ¢ € (0,1) and o € (0,1).

2. Sort the variance vector v into decreasing order to form a new vector v*. Let I be the

index set of sorted indices, i.e. v] = V().

3. Determine the smallest K < N such that
K N
Zv,”; > (1—5)2%.
k=1 n=1

4. Define the set T := {I(1),--- ,I(K)}.

5. Choose weights w; = o if i € T and w; =1 if i ¢ T

Unlike the previous weights, the energy weights strategy constructs a candidate support
set T' that capture all but § of the variance information, and then uses a binary weighting
strategy based on whether an index ¢ is inside or outside 7. Note that a similar approach
has been used in [60]. This new weighting strategy requires choosing two parameters § and
0. However, as shown in Figure 2.7, the performance is fairly insensitive to the choice of the
parameter . Meanwhile, in Figure 2.8, a similar behavior is seen with respect to the other
parameter §. Henceforth, we use the values § = 0.05 and o = 10~2. Finally, we note that
it is still possible for T' to be non-unique, for example if v; = v; for some ¢,j € [1,..., N].
This is generally unlikely to happen, and most often should only affect the case where there

is very small overlap of support (i.e., 7 is small).
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Figure 2.8: Comparison of the success probability with varying § and o = 10~2 for various 7.

Figure 2.9 compares this weighting strategy with the other three methods (defined in
§2.2.2) for various different 7. For larger 7, we see the VBJS method offers the best perfor-
mance. On the other hand, as 7 decreases its performance in comparison to ¢! minimization
and the two-step reweighted ¢! minimization declines. This is to be expected: as the frac-
tion of shared support decreases, there is less benefit to promoting joint sparsity structure.

Interestingly, ¢>! minimization offers very poor performance, even when 7 is close to one.
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Figure 2.9: Phase transition curves for /! minimization, rw ¢! minimization, VBJS and ¢2! mini-
mization with § = 0.05 and o = 10~2 for various 7. The criterion for successful recovery is defined
the same ways as in Figure 2.5.

2.3 Application to one-dimensional signal recovery

In this section, we consider using the VBJS method to recover a sequence of one-dimensional
signals, and we are interested in comparing the recovery results of the VBJS method to ¢%!

minimization. The sequence of one-dimensional signals to recover is defined by

ic N

QCOS(C—N), 0§z<%,

C = ) j N . _ N
fije) = sm(C’,—CN), X<i<X,
—-£, %gigz\f.

fori =1,...,N and ¢ = 1,...,C. Thus, the (7,c)th position of the signal matrix X is
defined by z;. = f(i,c).

Recall, signals are often not sparse in nature, but under some orthogonal sparsifying
transform [83]. For this experiment, we sparsify this set of signals with the Haar wavelet
transform [89, §7.2.2] by using the Rice wavelet toolbox [14]. This toolbox is also used for
those experiments shown in §2.4 and §2.5. Now the ¢! minimization problems to solve in
step 1 of the VBJS method become

min ||[®z||; subject to Az =1y, c=1,...,C,
zeCN

where ® € CVN*¥ is the Haar wavelet transform basis. The same modifications apply to the
weighted ¢! minimization problems to solve in step 4 and the ¢! minimization problems.
In step 4 of the VBJS method, we use reciprocal weights with ¢ = 1072. We construct a
subsampled DFT matrix A € C™*"N by keeping the frequencies

Q=0Q;UQD,
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where Q = {—m/4,...,m/4—1} contains all the lowest m /2 frequencies of the DFT matrix
and Qo C {—N/2,...,N/2 —1}\Q; contains m/2 frequencies chosen uniformly at random.

Figure 2.10 shows the error versus m and the signal-to-error ratio (SER) versus m for
C =20 and N = 256 , when either the VBJS method or ¢>! minimization is applied. Here,
the SER is computed as

SER = —20log; (|| X - XHF/HXHF) .

The experiment is repeated for 10 times and the recovery error is computed the same way
as in §2.2. We see that, with small number of measurements, the VBJS method has a clear
improvement compared to the standard ¢! minimization. The improvement is maximized
when m = 32. However, as the number of measurements increases, the improvement lessens.

For m > 48, both methods have about the same performance.

Error
SER

-e-VBJS
& (! min

0 32 64 96 128 0 32 64 96 128

Figure 2.10: Recovery error (left) and SER = —20log;, (HX - XHF/HXHF) in dB (right), where

X is the recovered signal matrix, with VBJS and ¢*! minimization under Haar wavelet transform.

Snapshots of recovered signals when either the VBJS method or ¢#>! minimization is
applied with m = 32 are shown in Figure 2.11. It can be clearly seen from those plots that
the recovered results with the VBJS method are more accurate than £>! minimization. This

result matches with what we have found in Figure 2.10.

25



VBJS VBIJS VBJS
25 25 25

— Original — Original — Original
2 — Recovered 2 — Recovered 2 — Recovered
1.5 1.5 5
1
1 1
0.5
0.5 0.5
0
0 ] 0 0.5
0.5 -0.5 -1
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
£ min £ min £ min
25 25 25
— Original — Original — Original
2 — Recovered 2 — Recovered 2 — Recovered
1.
15 1.5 5
1
1 1
0.5
0.5 0.5
0
-0.5 -0.5 -1
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
c=4 c=38 c=16

Figure 2.11: Comparison of the recovered results with VBJS and ¢2! minimization for ¢ = 4,8, 16.

2.4 Application to parallel Magnetic Resonance Imaging

In this section, we consider applying the VBJS method for parallel Magnetic Resonance
Imaging (MRI) recovery. Unlike the standard MRI machine, a parallel MRI machine has
multiple sensors to acquire data simultaneously which can provide more overall measure-
ments for image recovery. Parallel MRI can be considered as an application of the parallel
acquisition model [44]. Note that the gradient-augmented high-dimensional function ap-
proximation problem, which will be studied in Chapter 3, can be reformulated as a parallel
acquisition model. For details, see §3.8.1. Here, we apply the standard discrete parallel MRI
model, which has also been considered in [45,68]. Assume x € C¥ is the vectorized image to
recover. If the parallel MRI machine has in total C coils, then the measurements acquired

in cth coil are given by
Yo = AG.x + n. € C™,

where matrix A = ﬁPQF is a normalized subsampled DFT with size m x N and n. is
the noise vector. The matrix G. = diag(g.) € CN*¥ is a diagonal matrix intrinsic to the
particular coil, where the vector g. € CV is known as the sensitivity profile. The sensitivity
profile is a complex function that usually attenuates the image away from the physical

location of the coil. We define the coil images as

z. = G.x,
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i.e. the overall image & multiplied by the sensitivity profile matrix G.. Then, the mea-
surements acquired in cth coil can also be written as y. = Ax. + n.. Figure 2.12 gives an
example of sensitivity profiles and coil images for C' = 4. The complex sensitivity profiles are
computed using the Biot—Savart law, as described in [68]. Here, we use the MRI Phantom
package [62,68] to generate coil images of the GLPU phantom and the complex sensitivity
profiles. Those images are color coded using the domain coloring method for visualizing

complex numbers [125, §2.5].

Coilc =1 Coil ¢ = 2 Coil c =3 Coil c =4

Coil Image ¢ = 1 Coil Image ¢ = 2 Coil Image ¢ = 3 Coil Image ¢ = 4

Figure 2.12: Complex sensitivity profiles (top) and coil images (bottom).

There are many methods available for reconstructing parallel MRI images, which can

be simply divided into two categories [45]:

(i) Coil-by-coil image reconstruction methods, such as GeneRalized Auto-calibrating Par-
tially Parallel Acquisitions (GRAPPA) [67] and iTerative Self-consistent Parallel Imag-
ing Reconstruction (SPIRIT) [82].

(ii) Single image reconstruction methods, such as SENSitivity Encoding SENSE method
[103].

Here, we focus primarily on coil-by-coil methods. There are two stages involved in those
methods: One first computes approximate coil images &1, ..., &¢, and then combines them
to get an approximation @ to the overall image x. The first stage can be performed using ¢>!
minimization. The ¢2! minimization technique is first introduced to the parallel MRI context
in [85] and known as the calibration-less multi-coil (CaLLM) MR reconstruction method. In

this numerical experiment, we compare £>! minimization with the VBJS method.

27



An advantage of coil-by-coil recovery methods is that they can avoid calibration of
the sensitivity profiles G.. Typically, this calibration step requires an additional pre-scan,
which can be time-consuming [45]. Moreover, if the sensitivity profiles are not well estimated
during the pre-scan, then a poor recovery result of the overall image can be expected [7].
To avoid this, the second stage (recovery of  from the recovered coil images) is performed

using a sum-of-squares procedure:

i=1,...,N. (2.4.1)

Unfortunately, this procedure can introduce additional inhomogeneity artifacts to the re-
construction caused by the geometry of the coil. For more details on this, see [45, §VIL.B].
Since our main objective in this section is to compare methods for recovering the coil images,

we shall avoid the sum-of-squares procedure, and instead use the least-squares fit

C
& = argmin »_ |Gz — &.|3. (2.4.2)

zeCN ¢
Note that since matrices G, are diagonal, the solution of (2.4.2) can be conveniently ex-

pressed as
N chzl i'zc%
b gl
N

where g = (gic);-;. This procedure avoids the inhomogeneity artifacts introduced into the

=1,...,N,

sum-of-squares, at the expense of having to know (or pre-compute) the sensitivity profiles.

In the following experiment, we compare the recovery of the analytical phantom image
shown in Figure 2.13 (from [68]) using ¢! minimization and the VBJS method, followed
by the least-squares fit (2.4.2) in both cases. We use the same measurements for each
method, taken as radial line sampling in Fourier space (see Figure 2.13). This is a typical
sampling procedure for parallel MRI reconstruction. We assume there is Gaussian random
noise with variance 1072 added into these measurements. We vary the number of radial lines
to taken and the number of coils to see how they change the recovery results. To be more
specific, in this experiment, the number of lines is varied from 37 (corresponding to 29.7%
sampling of whole Fourier space) to 93 (corresponding to 64.6% sampling), and the number
of coils are C = §8,16,32. As is standard in sparse MRI reconstruction, in both cases, we
use the db4 wavelets [89, §7.2.3] as the sparsifying transform. For the VBJS method, we
use the reciprocal weights shown as (2.1.3), which we have found to give slightly better

reconstruction error than the energy weights introduced in §2.2.3.
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Figure 2.13: 256 x 256 phantom image (left) and radial sampling map (right).

Tables 2.1 and 2.2 show the signal-to-error ratio (SER) and computational time for both

methods. Here, the SER is defines as

In the same manner as the experiments shown in §2.2, the VBJS method both requires less
time to compute the reconstruction and achieves a consistently higher SER. In particular,

for large numbers of coils and radial lines, the time saving is by a factor of between 2 and

SER = —201ogy (| — &[|o/[]l,) -

4.
Cc=8
no. of lines 37 45 53 61 69 77 85 93
VBJS SER 21.32 | 23.54 | 25.95 | 28.48 | 30.93 | 33.70 | 36.58 | 39.32
¢%1 min SER | 20.77 | 22.93 | 25.08 | 27.43 | 29.66 | 32.32 | 35.08 | 37.73
=16
no. of lines 37 45 53 61 69 77 85 93
VBJS SER 21.20 | 23.41 | 25.73 | 28.19 | 30.59 | 33.31 | 36.14 | 38.81
¢! min SER | 20.76 | 22.94 | 25.08 | 27.40 | 29.69 | 32.38 | 35.09 | 37.55
C =32
no. of lines 37 45 53 61 69 77 85 93
VBJS SER 21.20 | 23.41 | 25.73 | 28.19 | 30.58 | 33.29 | 36.16 | 38.81
¢%1 min SER | 20.75 | 22.87 | 25.06 | 27.45 | 29.67 | 32.32 | 35.09 | 37.60

Table 2.1: Signal-to-error ratio (SER) = —20log;, (|| — &||,/||x||,) in dB for each method, where

Z is the recovered image and C' is the number of coils.
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Cc=8

no. of lines 37 45 53 61 69 77 85 93
VBJS time 113.10 | 55.96 | 48.20 | 42.44 | 39.87 | 28.95 | 32.92 | 25.64
¢%1 min time | 70.81 | 83.03 | 71.38 | 81.20 | 34.91 | 49.47 | 42.25 | 39.17

C =16

no. of lines 37 45 53 61 69 7 85 93
VBJS time | 56.59 | 40.79 | 34.98 | 35.19 | 30.53 | 27.57 | 27.86 | 21.38
(%1 min time | 67.87 | 142.70 | 81.64 | 68.70 | 82.22 | 78.63 | 51.58 | 60.94

C =32

no. of lines 37 45 93 61 69 7 85 93
VBJS time 67.35 | 65.32 | 49.67 | 46.80 | 36.21 | 27.58 | 29.95 | 25.92
(%1 min time | 101.89 | 103.95 | 103.99 | 154.28 | 83.43 | 100.08 | 110.93 | 77.32

Table 2.2: Computational time (in seconds) for each method, where C' is the number of coils.

2.5 Application to color image

Finally, in this section, we apply the VBJS method to color image recovery. Color images
have three channels - Red (R), Green (G) and Blue (B), which are highly correlated. It means
that, at position 4, if there is a large coefficient in the R channel, then it is likely to have a
large coefficient at the same location in G and B channels [83]. Thus, we can reformulate a
color image recovery problem as a multiple measurement vector (MMYV) problem.

In this experiment, we compare the recovery of the colored Shepp-Logan phantom image
shown in Figure 2.14 by using the VBJS method, ¢>! minimization and ¢! minimization
(step 1 of the VBJS method). We use the same noiseless measurements for each method
with the sampling matrix taken to be a subsampled DFT matrix A € C™*N . To form this
matrix A, we keep the frequencies 2 = Q; U9, where )y contains m/2 samples as a circle
centered at the zero frequency of the DFT matrix and 9 contains m/2 samples uniformly
random sampled outside of the circle. An example of the sampling pattern shown in Figure

2.14. Here, we apply the same sparsifying transform and weighting strategy as in §2.3.
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Figure 2.14: 128 x 128 Shepp-Logan phantom image (left) and sampling pattern (right).

Table 2.3 shows the signal-to-error ratio (SER), defined the same way as in §2.3, for all
methods with varying percentages of sampling. As we expected, both the VBJS method and
¢>! minimization give better recovery results than ¢! minimization. However, surprisingly,

the VBJS method always gives less accurate recovery results compared to ¢! minimization.

sampling percentage | 15% | 20% | 25% | 30% | 35%
¢; min SER 19.71 | 23.78 | 27.07 | 34.42 | 39.84
VBJS method SER | 19.88 | 24.25 | 27.78 | 35.62 | 41.42
¢>! min SER 20.39 | 24.77 | 28.52 | 37.34 | 43.06

Table 2.3: Signal-to-error ratio (SER) in dB for all methods with various percentages of sampling.
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Chapter 3

The high-dimensional function
approximation problem

In many science and engineering problems, approximating an analytic and high-dimensional
function f from a limited number of measurements is often required. Recall that a function f
is analytic if it can be locally expressed as a convergent Taylor series [114, Chpt. 8]. Analytic
functions are infinitely differentiable; therefore, extremely smooth. This high-dimensional
function approximation problem has gained a lot attention in recent years, driven by the fact
that it has various applications including uncertainty quantification (UQ), risk assessment,
optimization and control. In UQ, a high-dimensional function approximation problem often
arises when computing a quantity of interest (Qol) for a parametric partial differential

equation (PDE). In this case, we have a high-dimensional parametric PDE:
Lu(y;z) =0,

where £ is a differential operator, x is a set of physical variables, and y € R? for d > 1,
is a high-dimensional parameter vector defined on the domain D. Here, the task is to
approximate the Qol, ¢(y) = Q(u(y,-)), from a small number of discrete samples. Note
that we often have a limited number of samples available due to the fact that each sampling
requires a solve of the parametric PDE, which can be very expensive computationally. The
operator () is defined as a linear functional acting on the solution u of the parametric PDE.
For example, a typical Qol to compute is the solution u of the parametric PDE at a given
point in the physical domain. It can often be shown that the Qol is an analytic and high-
dimensional function in the parameter domain [16,43]. Thus, such a Qol approximation
problem can be considered as an analytic and high-dimensional function approximation

problem.
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As a typical set-up, we assume this analytic, high-dimensional function f to approximate

can be expressed as an expansion in an orthogonal multivariate polynomial basis, that is

[ = Z Cn®n-

neNd

This set-up is often referred to as polynomial chaos expansion, which is first introduced by
Wiener in [126] and has been used in many subsequent works. See [1,2,41], for instance. In
order to approximate f, we first draw m samples f(y1),..., f(ym) randomly and indepen-
dently with respect to some probability measure. The goal is to obtain an approximation of
f by recovering its s-term expansion coefficients in a finite index set accurately from those
samples of f. This approximation problem is often solved by applying the least-square
method [40, 47,48, 71,94-96, 109]. However, in recent years, there is an increasing focus
on applying compressed sensing (CS) techniques, e.g. the ¢! minimization or weighted ¢
minimization technique, to solve this problem [1,2,70, 101, 106108, 112, 128], given that
an analytic, high-dimensional function often has a nearly sparse representation in certain
orthogonal polynomial basis, e.g. tensor Legendre or Chebyshev polynomials [2,43]. For
more details and discussions related to the convergence rate on function approximation
with orthogonal polynomials, see [5] [110, Chpt. 8] [114, Chpt. §].

In this chapter, we will apply the weighted ¢! minimization technique in compressed
sensing to the high-dimensional function approximation problem. In particular, we will work
on the gradient-augmented high-dimensional function approximation problem, where both
function value f and its gradient value V f are sampled. Note that this gradient-augmented
high-dimensional approximation problem can be viewed as a multivariate extension of the
Hermite interpolation problem from numerical analysis. This gradient-augmented problem
comes across in many UQ applications (See [102], for example, and references therein), since
it is often the case in practice that gradient samples can be computed with about the same
amount of cost as computing the function samples using the adjoint sensitivity analysis
method [110, §10.2] [28, §IV]. Thus, for high-dimensional problems, with a fixed amount
of computational cost, we expect to obtain substantially more information by considering
a gradient-augmented problem compared to the unaugmented problem. The objective for
this chapter is to demonstrate that, with additional gradient information, a better recovery
result can be obtained. Moreover, we will provide a theoretical justification on how extra
gradient information improves the recovery. As a further note, in Chapter 4, we will show
in detail how to compute the gradient samples with the adjoint sensitivity analysis method
and several examples on recovering quantities of interest of parametric differential equations

will also be presented.
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3.1 Previous work

Recovery of sparse polynomial chaos expansions with compressed sensing (CS) has been
widely studied in recent years. Theoretical guarantees for sparse univariate Legendre poly-
nomial expansions recovery via unweighted /! minimization were first presented in [107]. The
first work concerned the problem of recovering sparse multivariate trigonometric polyno-
mial expansions through unweighted ¢! minimization was presented in [106]. As an extension
of [106] and [107], theoretical results for approximating sparse multivariate trigonometric
and Legendre polynomials expansions via weighted ¢! minimization were presented in [108].
For uniform recovery guarantees for high-dimensional function approximation with lower
sets assumption via weighted ¢! minimization, see [43]. A related work on nonuniform re-
covery guarantee for high-dimensional function approximation via weighted ¢! minimization
was established in [2].

In recent years the gradient-augmented high-dimensional function approximation prob-
lem has gained increasing attention. Tang made a first investigation on using gradient-
augmented sampling for sparse Legendre approximation via ¢! regularization in [112]. The
first theoretical result for recovery of Hermite polynomial expansions with gradient-augmented
unweighted ¢! minimization was provided in [102]. The authors have shown in [102] that,
with gradient-augmented sampling, a better null space property and a smaller coherence
are obtained, which provide sufficient conditions for a successful recovery. For details on
how the null space property implies a stable and robust recovery, we refer to Chapter 1.
Related work on gradient-augmented unweighted ¢! recovery of sparse Jacobi polynomial
chaos expansions can be found in [69]. For the work on gradient-augmented unweighted ¢!
recovery of sparse trigonometric polynomial expansions, see [127].

Finally, for high-dimensional function approximation problem with applications in UQ,
see [3,12,16,40,92,95,104]. For gradient-augmented problem with applications in UQ),
see [9,80,81,102].

3.2 Notation

In this section, we will define some notation. Throughout this chapter, y = (y1,...,y4) € D
denotes the d-dimensional variable, where D = (—1,1)% is the d-dimensional domain. For the
one-dimensional case, we have y € (—1,1). We write v(y) for a probability density function
on (—1,1) and v(y) = [[;—; v(y;) for the corresponding tensor-product probability density
function on D. The square-integrable polynomials spaces with respect to v are denoted by
L?(D) and L?(—1,1) respectively. We write Il 2(py and ||[[ 12—y 1) for the corresponding

norms, and the inner products are written as (-,-)z2(py and (-, -)r2(_11)-
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Let {¢n(y)}5°, be a one-dimensional orthonormal basis of L2(—1,1). The corresponding

tensor-product orthonormal basis {qbn(y)}neNg of L2(D) is then written as

d
¢n(y) = H ¢nk(yk)7 n = (nla ce 7nd) € N(U)l7
k=1

where n = (ny,...,n4) is a multi-index in N¢. Here, the orthonormal bases we are partic-
ularly interested in are Legendre and Chebyshev polynomial bases, which are special cases

of the ultraspherical and Jacobi families of polynomials.

Jacobi polynomials. For parameters «, 8 > —1 and n € Ny, let P,S"ﬁ)

be the Jacobi polyno-
mial of degree n. Jacobi polynomials are orthogonal on (—1,1) with respect to the weight

function w(®? (y) = (1 — y)*(1 + y)?, and satisfy

<Pr(boc75), Pr(navﬁ)>L2 ) — ﬁgza’ﬁ)(sn,rm
where
(005) 20841 T(n+a+1)I'(n+B+1)
Ky P = .
" n+a+pf+1T(n+1)I'(n+a+B+1)

These polynomials satisfy a three-term recurrence relation:

POy =1, PPy = (B4 2y + (a5,
on(n+ a+8)(2n + a + B — 2) PP ()
=@n+a+8-1) ((2n+a+ﬁ)(2n+a+ﬁ—2)y+a2 —,82) P ()

—2n+a-1)n+B-1@n+at P ), n=234,...

Let c(@f) = [1 (@) (y) dy. We define a probability density function v(y) = ‘”(;f)ﬁ()y). Then
the corresponding orthonormal Jacobi polynomials with respect to v(y) are given by
P(avﬁ)
¢n(y) = = 7(2/) R n e No.
/@7(1&’6) c(aﬂ)
That is,
<¢m ¢m>Lﬁ = 6n,ma for n,m € No.

Ultraspherical polynomials. Ultraspherical polynomials belong to the family of Jacobi poly-
nomials, and they are Jacobi polynomials with a = S. Ultraspherical polynomials are or-

thogonal on (—1,1) with respect to the weight function w(®#)(y) = (1 — y?)°.
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Legendre polynomials. Legendre polynomials belong to the family of Jacobi polynomials.
They are Jacobi polynomials with & = 3 = 0 and are orthogonal on (—1, 1) with respect to

the weight function w(®# (y) = 1.

Chebyshev polynomials. Chebyshev polynomials belong to the family of Jacobi polynomials.
They are Jacobi polynomials with a = g = —% and are orthogonal on (—1,1) with respect
to the weight function w(®# (y) = (1 — y?)~ /2. Chebyshev polynomials satisfy the general

formula
PU/2=12) () — cos(n®),  © = arccos(y), for n > 0.

For more information on the family of Jacobi polynomials, see [111, Chpt. IV].
We write the function to approximate as f : D — C. We approximate f with an

expansion in the basis {d)n}neNg, that is

[ = Z Cn®n.

neNd

Thus, in order to approximate f, we need to reconstruct the vector of coefficients ¢ =
(Cn)neNg € (?(Nd). However, c is an infinite vector. In order to recover it, we first need to
truncate the expansion of f using a finite multi-index set A C Ng with cardinality N = |A|
and consider recovering the coefficient vector in this finite set A. We also use A to denote
a finite multi-index set, typically of size |A| = s, which corresponds to the coefficients of f
that give the best or quasi-best s-term approximation. Or, more frequently in this chapter,
the best or quasi-best s-term approximation in lower sets, which will be defined later.

We consider approximating f with m samples taken at points denoted by y1, ..., Yym. We
choose those sampling points randomly and independently with respect to some probability
measure. We let 11(y) denote the sampling probability measure on (—1, 1). The corresponding
tensor-product sampling probability measure is then written as u(y) = [T%, u(y:). Note
that, typically, but not always, we have yu = v.

The ¢2 norm and inner product on either CV or ¢2(Ng) are denoted by |||, and (-, -)

respectively. We write |-, ,, for the norm on the weighted space 0L (N9) as

lell = D wnlenl,

neNd

where w = (wn)neNg is an infinite vector of positive weights. For finite vectors of positive
weights in RY, the [[[l1,,p norm is defined likewise.

Finally, we let 9y be the partial derivative operator with respect to yg, i.e. /0y, for
k=1,...,d. For k =0, 0y simply denotes the identity operator, i.e. dpf = f.
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3.3 Formulation as a weighted ¢! minimization problem

In this section, we will show how to formulate the high-dimensional function approximation
problem as a weighted ¢! minimization problem. As defined in §3.2, {¢n}neNg denotes a
tensor-product orthonormal basis of L2(D), where v is a tensor-product probability density

function. Then we can write any f € L2(D) as

f= Z CnPn, cn = (f, (bn)L?,(D) (3.3.1)

nENg

The finite vector of coefficients is denoted by ¢ = (Cn)neNg € (2(N@). It has been indicated
in §3.2, in order to approximate f, we first need to truncate the expansion (3.3.1) using a

finite multi-index set A. The truncated expansion is written as

f=faten=) cndn+ Y. cndn. (3.3.2)

neA ng¢A

For reasons discussed in §3.4, given s > 1, we choose A as the hyperbolic cross index set of

degree s:
d
A:AECz{neNg:H(nk+1)§s+1}. (3.3.3)
k=1
Let
ny,...,ny, (334)

be an ordering of the multi-indices in A. Then we write ¢y = (cn)ner = (Cn; )j\le € CY for
the corresponding finite vector of coefficients. Here and throughout this chapter we shall
index over the multi-index set A or the index set {1,..., N} (using (3.3.4)) interchangeably.
The meaning will be clear from the context.

Let p be another tensor-product probability density function on D. For technical reasons,

we assume that
sup \/v(y)/p(@)lén(®)] <oo,  Vn e Ng. (3.3.5)
Yy

Note that this condition holds in particular when p = v and the ¢, are polynomials. Let

Y1, ...,Ym € D be sample points, drawn independently and randomly according to p. If

1
A= ﬁ (d)n] (yz))

is the sampling matrix, then we have a system of linear equations

m,N

eV, (3.3.6)
1,7=1

f=Acy +e, (3.3.7)
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where f € C™ and e € C™ are given by

f= jm Fw)i, e

Suppose the tail error e satisfies

1
= m (ea(yi))iZ; - (3.3.8)
lell, <, (3.3.9)
for some known n > 0. Given a vector of weights w = (wn),c, With w, > 1, Vn, we

consider solving the weighted ¢! minimization problem

m(lcrjb |2]|; o subject to ||[Az — fll, < 7. (3.3.10)
z€ ’

If ¢ € CV is a minimizer of this problem, then the resulting approximation to f is given by

F=Y" tntn. (3.3.11)
neA
Note that, in practice, a tail error bound such as (3.3.9) may not be available, since the
error e depends on the unknown function f. For theoretical results on sparse recovery under
unknown errors, see [3,4,27].
Before stating a recovery guarantee for the weighted ¢! minimization problem (3.3.10),
we need to introduce several additional definitions. First, for a vector of weights w = (wy,)
with wy, > 0 and a set A C N¢, the weighted cardinality of A is defined by

Al,= > wa. (3.3.12)

neA

Given v, p and {¢n}neNg as in §3.2, we define the intrinsic weights u = (un)neNg as

tin = SUD V() m(y)|on(y)]- (3.3.13)

As mentioned in [2,4], for tensor Chebyshev polynomials with samples drawn from the

Chebyshev measure, we have

U, = sup |¢n(y)| = 2I0/2,
yeD

where |n|, = |{k:ny # 0}| for n = (ni,...,n4) € N&. For tensor Legendre polynomials

with samples drawn from the uniform measure, we have

yeD

d
Up = sup |pn(y)| = H V2ny + 1.
k=1
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With this in hand, we have the following recovery guarantee for the non-gradient aug-
mented weighted ¢! problem (3.3.10):

Theorem 3.3.1. [/, Thm. 2] Let A C N§ with [A| =N, 0<e<e ', 7 >0, w= (wn),ex
be a vector of weights with w, > 1, Vn, ¢ € 2(Nd) and A C A, A # () be any fized set.
Draw yi, . .., Ym independently according to the measure v. Let A, f and e be as in (3.3.6)
and (3.3.8) respectively and suppose that n satisfies (3.3.9). Then, with probability at least

1 — €, any minimizer ¢ of (3.3.10) satisfies

le —éll, S A/IA], (n +lle - cAHLu) + lle = eally w

provided

2
m> <|A\u + max {“g} |A|w> L, (3.3.14)
neA\A | Wy,

_ log(e” 1) _ ~1
where A =1 + log (2n/8,.) and L = log(e™") log (2n ]A|w).

Theorem 3.3.1 provides a nonuniform recovery guarantee for the unaugmented weighted
¢' minimization problem (3.3.10). Suppose the coefficient vector ¢ is exactly sparse. With
A = supp(e) and 1 = 0, the exact recovery of ¢ is obtained when condition (3.3.14) holds.
Moreover, in order to minimize the right-hand side of (3.3.14), we should pick w = wu,
so that the second term inside of the parentheses is equal to the first term inside of the
parentheses. In other words, the intrinsic weights are the optimal weights for the problem.
The same conclusion could be reached from the main result for the gradient-augmented

weighted ¢! minimization problem, stated as Theorem 3.7.1.

3.4 Lower sets

In [59, Chpt. 12], the authors presented theoretical results for recovering an approximately
sparse vector € CV using ¢! minimization when the sampling matrix A is assumed to
be associated to a bounded orthonormal system. Note that the ¢! minimization problem
solved there can be seen as the weighted ¢! minimization problem (3.3.10) with w, = 1.
Those results shown in [59, Chpt. 12] imply that, for sparse recovery of an orthonormal

polynomial expansion, a sample complexity
m > K?s x log factors (3.4.1)

is sufficient to attain the best s-term approximation with ¢! minimization. Here, K =
SuPpep [|@nll o (py denotes the bound for the underlying orthonormal basis [2, 4,43]. As
shown in [4,41,43,49,128], when the best s-term approximation of a d-dimensional multivari-

ate polynomial expansion is considered, this sample complexity can become exponentially-
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large in d. For example, when using Chebyshev polynomials with samples drawn from
the Chebyshev measure, this sample complexity becomes m > 2¢ x log factors. Similarly,
for Legendre polynomials with sampling with respect to the Chebyshev measure, the best
known sample complexity is m > 3% x log factors [2,43,107]. These results indicate that
high-dimensional function approximation with ¢! minimization may suffer from the curse of
dimensionality in the sample complexity [4,43]. The terminology, curse of dimensionality,
is introduced by Bellman in [19], which describes the exponential blow-up behavior of the
complexity with increasing dimension of the problem [4,43].

However, recent work [2,4,43] has shown that such sample complexity is not sharp.
We are able to recover polynomial coefficients with a much lower sample complexity by
exploiting the additional sparse structure that polynomial coefficients of analytic and high-

dimensional functions possess. Specifically, the lower set structure:

Definition 3.4.1. A set A C Ng is lower if whenever n = (n1,...,nq) € A and n' =
(nh,...,n,) € Nd satisfies nj, < ny, k=1,...,d, thenn’' € A.

Lower sets (also known as monotone or downward closed sets) have been studied exten-
sively in the context of multivariate polynomial approximation [2,4,40,41,49]. In particular,
it has been shown in [42] that, for recovering solutions of a broad class of parametric PDEs,
there exist sequences of lower sets of cardinality s which have the same approximation error
decay rate as those of the best s-term approximation.

Note that the union of all lower sets of size at most s is precisely the hyperbolic cross

index set of size s

U{A Al < s, Alower} = AYC, (3.4.2)
where
d
AEC_{neNg:H(nkH)gsH}. (3.4.3)
k=1

Thus, unless specified, we take the hyperbolic cross index set of size s as the finite multi-
indices set from where the approximation of f is sought, i.e. A = AEC. Then, we can
estimate the approximation error in terms of the Qv—norm error of the best lower s-term

approximation of ¢:
0s,1(¢)1,w = inf {Hc — 2| 2 € 2L (N3), |supp(2)| < s, supp(z) lower}. (3.4.4)

Here, supp(z) = {n : z, # 0} is the set of indices where zy, is nonzero. As mentioned above,
for functions arising as solutions of parametric PDEs, o 1,(c)1,w is a reasonable surrogate

for the true best s-term approximation
_ ) 1 nd
0s(€)1,w = inf {||c — 2|10 7 € £y(NG), [supp(2)] < s}.
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A series of recent works [2,4,43| have studied the problem of high-dimensional function
approximation in lower sets via weighted ¢! minimization problem. The following theorem
gives the result for approximating with tensor-product Chebyshev or Legendre polynomial

expansions:

Theorem 3.4.2. [4, Thm. 8] Let A = AC defined as (3.4.3) with |A| = N, 0 < e < e !,
n>0,céec 2(Ng) and A C A be a lower set and |A| < s with s > 2. Draw y1,...,Ym
independently according to the measure v. Let A, f and e be as in (3.3.6) and (3.3.8)
respectively and suppose that the tail error satisfies ||el|, < 1. Set weights w = u = (Un)nea
with wp, = ||pnl oo, and let {¢n}neNg be the tensor Legendre or Chebyshev basis. Then, any

minimizer ¢ of (3.3.10) satisfies
le=élly S A5 (n+ e = eally ) + Tor(e) 1,
where 05 1,(C)1,4 5 defined as (3.4.4), with probability at least 1 — €, provided
m > 7 log(e~!) min{d + log(s), log(2d) log(s)}, (3.4.5)

where A =14 Y——— log(e 1)

Tog(s)~ ond Y = log(3)/log(2) or v = 2 in the Chebyshev or Legendre case

respectively.

Theorem 3.4.2 has shown that quasi-best s-term approximation in lower sets can be
obtained by solving a weighted ¢! minimization problem with a suitable choice of weights.
Note that the error bound obtained here is a mixed (¢2,¢!) error bound, which is standard
for nonuniform recovery guarantees in compressed sensing. This result gives a quasi-best
s-term approximation, in the sense that the error is bounded by the best lower s-term
approximation up to a constant factor. It is also worth pointing out that, if the vector c
is exactly s-sparse and n = 0, then an exact recovery of c¢ is obtained. Moreover, it can
be clearly seen that the sample complexity, shown as (3.4.5), is significantly smaller than
(3.4.1), since (3.4.5) is at most logarithmic in the dimension d and polynomial in s.

As a final remark, Theorem 3.4.2 gives a nonuniform recovery guarantee. Uniform re-
covery guarantees for this problem have been shown in [4,43]. Compared to the nonuniform
recovery guarantee, the uniform recovery guarantee gives a better error bound by a factor of
1/(s7/2) when a larger log factor in sample complexity is applied. It is a common difference
between nonuniform recovery guarantees and uniform recovery guarantees in compressed
sensing.

For more references on high-dimensional function approximation in low sets with appli-

cations in parametric PDEs, see [40-42,49].
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3.5 The set-up for the gradient-augmented problem

In the previous sections, we have derived the non-gradient augmented weighted ¢! mini-
mization problem and introduced the concept of lower sets. In this section, we will set up
the gradient-augmented weighted ¢! minimization problem, which will be solved in order to
approximate the high-dimensional function. Here, we aim to use those additional gradient

samples to improve the accuracy of the approximation.

3.5.1 Sturm-Liouville eigenfunctions

The main tool that will be used to define the gradient-augment problem is Sturm-Liouville
(SL) theory. Thus, we will review SL theory first.

Recall that a SL problem is an eigenvalue problem of the form
— (xu)" + Cu = Avu, (3.5.1)

where coefficients x, ¢, and v are three real-valued functions in (—1,1). The coefficient x is
continuously differentiable, strictly positive in (—1,1) and continuous in [—1, 1], ¢ is contin-
uous, nonnegative and bounded in [—1,1] and v is continuous, nonnegative and integrable
over (—1,1). A SL problem is singular when x vanishes at the boundary, i.e. x(£1) = 0.
Such a problem has a countable set of nonnegative real eigenvalues 0 < A\g < A\; < ... and
the corresponding eigenfunctions {¢y, }nen, forms an orthogonal basis of L2(—1,1) [36, §2.2].

Of relevance to this chapter, the classical orthogonal polynomials are all singular Sturm—

Liouville eigenfunctions:
Legendre polynomials. These are Sturm—Liouville eigenfunctions corresponding to
1 2
X)) =50-vy),  vly=5 =0

The corresponding eigenvalues are A, = n(n+1). Note that it is customary to write x(y) =
1 — 9% and v(y) = 1 here. We have normalized by 1/2 so that v is a probability density

function.

Chebyshev polynomials. These are Sturm—Liouville eigenfunctions corresponding to

The corresponding eigenvalues are \,, = n°.
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Jacobi polynomials. These are Sturm—Liouville eigenfunctions corresponding to

_ 2\ B
W) = a0 e )= TR )20 359)

where o, 3 > —1 and ¢(*#) = fil(l —4)%(1 4+ 4)? dy. The corresponding eigenvalues are
A = n(n+a+ B+1). (3.5.3)

Note that Jacobi polynomials include both Legendre and Chebyshev polynomials as the

special cases « = =0 and o = § = —1/2 respectively.

For the remainder of this chapter, we assume that the orthonormal basis {¢,}52, intro-
duced in §3.2 arises as the eigenfunctions of a singular Sturm—Liouville problem (3.5.1). For

convenience, we also assume that
¢(y) =0. (3.5.4)

This is not strictly necessary for what follows. However, it holds for all polynomials we will

consider in this chapter; specifically, the orthogonal polynomials discussed above.

3.5.2 Sobolev orthogonality

The main advantage for setting up gradient-augmented problem with Sturm-Liouville (SL)
theory is that the derivatives of Sturm-Liouville eigenfunctions are also orthogonal in a
particular weighted L? space. Details on this will be shown in this subsection. Note that
this weighted L? space does not usually coincide with the original weighted space L2(—1,1).
However, two exceptions are the Fourier basis and Hermite polynomial basis, which have
been studied in [127] and [102] respectively. The change of weight that occurs in the general
case requires some additional scaling when deriving the gradient-augmented problem. See
§3.5.3 for more details.

Multiplying equation (3.5.1) by ¢, integrating by parts and using the fact that x(£1) =

0 since the problem is assumed to be singular, we get

/1 ~(xW)en(Y) dm(y) dy = —X(y)%(y)(bm(y)\l_l +/11x(y)¢;(y) m(y) dy

-1

= [ oy

Hence, we can see that the derivatives ¢/, are orthogonal in Li(—l, 1), since

1
/_1 X)) ) dy = Aubpm,  n,m=0,1,.... (3.5.5)
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With this in hand, we define a weighted Sobolev space
‘E[1<_17 1) = {f € LI%(_17 1) : fl € Li(_lv 1)} ’
with norm and inner product

2
”f”%[l(fl,l) = ”f”%%(—l,l) =+ Hf/HLi(le)a <f7 > <f7 >L12,(—1,1) + <f/7g/>L?<(—1,1)'

It follows from (3.5.5) that the polynomials

1

Yn(y) = VoW

on(y), n=0,1,2...,

are an orthonormal system in H'(—1,1). Moreover, they form an orthonormal basis of
H'Y(-1,1).

For d > 2 dimensions, we define the weighted Sobolev space as
HY(D) = {f € LAD) : 0 € L2, (D), k=0,....d}, (3.5.6)

where vk (y) is the weight function given by

::]g

d
wy) =viy) =[] v,  w@ =xw) [[vy), k=1,....d
j=1

7j=1
J#k
The associated norm and inner product are
d d
2 2
1Ay =D 10k fllzz (py: {fs 90 o) = =Y (Ol Ok9) L2 (D)>
k=0 k=0
respectively. Furthermore, the functions
e N¢,
w'ﬂ(y) m¢n( ) n 0
where
d
=> s (3.5.7)
k=1

form an orthonormal basis of H'(D).
Since it will be useful later, we now make one further observation. Let g € H'(D). By

assumption, we have g € L2(D) and we may write

9= Z CnPn, cn = (9, ¢n>L3(D)a

neNg
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so that
2
lolz2py = D lenl

nENg
Moreover, due to the orthogonality relations, the coefficients of g with respect to the basis

Py, are

<g7wn>ﬁ1(p) =1+ Ancn.
In particular,
ol Zpy = D (14 An)lenl®.

neNd

3.5.3 The gradient-augmented weighted /! minimization problem

With the weighted Sobolev space introduced, we are now ready to formulate the gradient-
augmented weighted ¢! minimization problem.

Following the notation defined in §3.2, we define the sampling matrices by

m,N
4 L (c?cbnj(yz)) cC™N, k=0, .d

Vm Oy,

i=1,j=1
where k = 0 denotes the case that no partial derivative is taken, i.e.

1
Ao = T (ébnj (yi))

Then, we have a system of linear equations for the gradient-augmented problem

m,N c (CmXN
i=1,j=1 )

e O = Aves +

where ¢ denotes the vector of coefficients of f corresponding to the finite multi-indices set

(Orena(yi))ity (3.5.8)

A and the truncation error ey is defined as in (3.3.2). For reasons that will become clear in
a moment, we let
T(]AO
A— A, c Cld+)mxN
TdAd
where T}, = diag ((W)ml) € C™ ™ are diagonal scaling matrices, and the 7 are
1=
defined by

() — [ v(y;) _ wo(y) () = Xi) Tt v (W) wi(y) B
R A R R 1 7 R
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As we will show in (3.5.12), the diagonal scaling matrices T}, are used to ensure that A*A
is diagonal in expectation. With this in hand, we have a system of linear equations for the

gradient-augmented problem as

f=Acy +e, (3.5.9)
where
Jo
) 1 "
f=li A== (Vrwoasm) (35.10)
fa -
and
€o 1 m
e=|i]. = o= (Vawaew)
€q

As for the unaugmented problem, we shall assume that the tail error satisfies
lelly <, (3.5.11)

for some known 7 > 0, which is implied by the condition
sup Z 7e(y) 10k (y)* < n*.
yeD 1.

Recall that the sample point y1,..., ¥y, are independently and identically distributed
according to the probability density u. Due to the diagonal scaling matrices Ty and the

Sobolev orthogonality of the basis functions, we have
- — d e —
E(44), =Y [ 00u@dw @nwny) dy
’ k=0
d e —
=3 [ 96 W) dy = (14 M) S (3.5.12)
k=0

Then, we introduce a diagonal scaling matrix Q = diag (v/1+ \) so that the scaled

matrix

neA’

A=AQ 1, (3.5.13)

satisfies E(A*A) = I. This condition allows us to prove that any vector ¢, could be

reconstructed by solving the optimization problem (3.5.14) with enough measurements [30].
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With this new sampling matrix A in hand, we can now formulate the gradient-augmented

weighted ¢! minimization problem as
min | z||, ,, subject to ||[Az — f|, <n, (3.5.14)
zeCN ’

If the minimization problem (3.5.14) has a solution £, then we have é = Q712 as an
approximation of the true coefficients cj. Then the corresponding approximation of the

original function f is given as

F=3 tntn.
neA

Finally, we have the following observation. If f, is defined as in (3.3.2), then, due to the

Sobolev orthogonality, we have that

fa—f) .. =1Qex — &)y =llza — £l (3.5.15)
AY(D)

where zp = Qcp are the coefficients vector of f with respect to the Sobolev orthogonal
basis {¢n}neNg' Note that, since the analysis of the gradient-augmented problem (3.5.14)
will provide an error bound for ||z5 — £||,, we can use this bound to get an approximation
error bound in the Sobolev norm H'(D) by considering (3.5.15).

3.6 Numerical results

As mentioned at the beginning, the objective for this chapter is to use additional gradient
information to enhance the accuracy of the approximation to the high-dimensional function
f. In this section, we wish to show numerically that an accuracy improvement is achieved
with gradient-augmented sampling, when tensor-product Legendre and Chebyshev polyno-
mials are used as the approximating polynomials. For all experiments shown in this section,
we have assumed that the computational cost of computing the gradient is the same as
the cost of computing function values. It is a reasonable assumption in certain uncertainty
quantification (UQ) applications. For instance, when considering approximating a quantity
of interest (Qol) of a parametric differential equation, it is known that the gradient sam-
ples of the Qol can be computed using about the same amount of computational cost as
computing the Qol samples via the adjoint sensitivity analysis method [102]. For details on
how to compute the gradient samples of the Qol with adjoint sensitivity analysis method
and on the computational cost of computing the gradient samples of the Qol, see §4.2 and
§4.7. Thus, in this section, we model the total cost of computing the gradient-augmented
measurements as

m = m, + my, (3.6.1)
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where m,, is the number of function samples and my is the number of the gradient samples.
Unless otherwise specified, the gradient samples are measured at the same points as the
function samples. This is a reasonable assumption since, as will be shown in §4.3, in order
to compute the gradient samples with the adjoint sensitivity analysis method, we first need
to compute the function samples. Hence, it will be more expensive to measure the gradient
samples at different points to the function samples. Note that, for the unaugmented problem,
the total computational cost is just m = m,,.

Throughout this section, we solve the weighted ¢! minimization problem using the
SPGL1 package [118,119] with a maximum number of 10,000 iterations and n = 10~'2.
We choose the truncated index set A as the hyperbolic cross index set of degree s. Different
values of s are picked in different experiments so that N = |A| = 2500. For Figures 3.1-3.8,
the H' norm approximation error is computed on a fixed grid of 4|A| points drawn according
to the uniform density for Legendre polynomials and the Chebyshev density for Chebyshev
polynomials. The error is averaged over 10 trials. All numerical experiments are performed
on Matlab R2019a [91].

3.6.1 Approximation error in the H! norm

In this subsection, we will show how the H' norm approximation error is calculated numer-
ically. Suppose we have an error grid containing K points, y1,...,yx € D. These points

are independently and identically distributed according to the probability measure p. Let

Theo

Tie;

5 — e CK@H)x1

Tyeq

K
where diagonal scaling matrices T}, = diag ((\/ Th (yz)) ,_1> € CK*K with 7, defined as in
§3.5.3 and

L (o) —oniw))” . k=0 d
ek_ﬁ< kf(yz)— kf(yi))i:17 =U,...,d.

Here, the approximations of (O f (yl))fil are defined by

(3kf(yi))K = Gi¢,

i=1
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o, (1) > N

o € CE*N and é € CV denotes the approximation

where the matrices G, = (
i=1,j=1

to the true coefficients vector ¢j. Then, we have

Z ZE( er(vi))er(yi) Tk yz ZK/ (ex(y))er(y)mw(y)(y) dy

k=01i=1

:i [ [oesw) ~ cf @) ) dy = zuakf- O T
k=0

L3, (D)

When the number of samples K is large, with the law of large numbers, we have

d
o)~ kEZZO | Ter]|”
d 1/2
==l <k§ ”Tkekl2> :

For all experiments shown in this section, we set K = 4|A| = 4N.

3.6.2 Unaugmented and gradient-augmented problem comparison

In the first set of experiments, the weights are taken to be wy, = (u,)? for some # > 0,

where

Uy, = SUP \/T\%

yeD

The same way of defining weights has also been applied to the unaugmented problem shown
in §3.3. When 6 = 0, the weighted ¢! minimization problem becomes the unweighted ¢!
minimization problem. Moreover, when 6 = 1, it corresponds to the optimal weights w = u
as shown in Theorem 3.7.1. As mentioned in Theorem 3.3.1, it is also the optimal weights for
the unaugmented problem. Here, we apply different weights to show that, for the gradient-
augmented case, the weighted ¢! minimization gives better approximation results compared
to the unweighted ¢! minimization.

In this section, we consider approximating the following functions

d k
, d/4 (=1)
F .1 .2: - =
igures 3 &3 fl(y) ]Ed/4+(yk_ak)27 Qg k+1’
d d/2
Figures 3.3 & 3.4 f2(y) = H cos(16yx/2%)/ H (1 — yp/4%),
k=d/2+1 k=1

d
Figures 3.5 & 3.6: f3(y) = exp (- Z yk/(Qd)> )
k=1
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The main conclusion of these experiments is the following. In all dimensions and for all
functions, we see that, with the same amount of computational cost m, a consistently smaller
error is obtained by solving the gradient-augmented problem. In other words, applying the
gradient sampling is more beneficial than only taking an equivalent number of function
samples.

Figures 3.1-3.6 also compare different weighting strategies for the weighted ¢! minimiz-
tion problem. For those functions we have tested, in most cases, the choice w = u gives
amongst the smallest, if not the smallest, error. In particular, these weights often give an
improvement over the unweighted case. This finding is in agreement with the theoretical
result shown in Theorem 3.7.1. Note that larger values of 6 can sometimes give a slightly

smaller error for some of the functions we have considered, but the improvement is not

substantial.
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Figure 3.1: The error ||f; — f1| f1(p) against m for Legendre polynomials with points drawn from
the uniform density. From left to right, the values (d,s) = (4,72),(8,23), (12,14) were used. The

unaugmented case is shown on the top row and the gradient-augmented case is shown on the bottom
row.

3.6.3 With partial sampling of the gradient

In this experiment, we fix the weights as w = w and consider the situation when the gradient
is measured at only a fixed percentage of the sample points. A similar set-up has also been
considered in [102]. We plot the approximation error of f3 versus the effective cost m defined
in (3.6.1), shown as Figure 3.7. These results show a clear improvement with only 25% of
gradient sampling. It can also be clearly seen that, as the percentage of gradient samples

increases, the approximation error correspondingly decreases.
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Figure 3.2: The same as Fig. 3.1 but for Chebyshev polynomials with points drawn from the Cheby-
shev density.
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Figure 3.3: The same as Fig. 3.1 but for fs.

3.6.4 With independent gradient sampling locations

In Figure 3.8, we investigate how the location of the gradient samples affects the approxima-
tion error. Specifically, we compare the existing set-up where the gradient of f is sampled at
the same points as function f to the case of independent gradient sampling, i.e. where the
gradient of f is sampled at different m points Y11, . . ., Yom drawn independently and from
the same density as yi1,...,Ym- It can be clearly seen that, in all dimensions, independent

gradient sampling gives similar approximation results to the original set-up for the same
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Figure 3.4: The same as Fig. 3.3 but for Chebyshev polynomials with points drawn from the Cheby-
shev density.
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Figure 3.5: The same as Fig. 3.1 but for fs.

computational cost. As shown in Figure 3.8, there is apparently little benefit to sampling
the gradient at a distinct set of sample points. Note that here we do not take into account
the fact that, in practice, sampling the gradient of f at distinct points may be more ex-
pensive. As shown in §4.3, in order to compute the gradient samples of the Qol with the
adjoint sensitivity analysis method, we first need to compute the Qol samples at the same

sample points.
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Figure 3.6: The same as Fig. 3.5 but for Chebyshev polynomials with points drawn from the Cheby-

shev density.
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Figure 3.7: The error || f3 — fa| g (p) against m with a different percentage of gradient enhancement.
The values (d, s) = (12, 14) were used. The left plot shows the results for Legendre polynomials with
uniform sampling and the right plot shows the results for Chebyshev polynomials with Chebyshev

sampling.

3.6.5 Comparison in the L°*° norm error

Finally, in Figure 3.9, we compare the L°°-norm error for the unaugmented and gradient-

augmented cases. Here, the approximation error is computed on a fixed grid of 4|A| uniformly

distributed points and averaged over 10 trials. Again, we fix the weights w = u. As shown

in Figures 3.1-3.6, with the same amount of computational cost, the gradient-augmented

sampling leads to a smaller error in the L*° norm compared to the non-gradient augmented

sampling.
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Figure 3.8: The error ||fi — f1| 1 (p) against m for Legendre polynomials with points drawn from

the uniform density. From left to right, the values (d, s) = (4, 72), (8,23), (12, 14) were used. The top
row shows the original setup, and the bottom row shows independent gradient sampling.
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Figure 3.9: The error ||f — f]| 1 against m for Legendre polynomials with points drawn from the
uniform density (top) and Chebyshev polynomials with points drawn from the Chebyshev density
(bottom). Function f; to f3 are shown from left to right. The value (d,s) = (12,14) was used to
generate the index set.

3.7 Theoretical results

In §3.6, we have shown various numerical experiments to demonstrate the benefits of

gradient-augmented sampling. In this section, we will present theoretical results for the
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gradient-augmented problem. It is worth pointing out that all results shown in this section
are nonuniform recovery guarantees. Before stating those results, several additional defini-
tions must be introduced. First, recall from §3.3, the weighted cardinality for given positive

weights w = (wn)neNg and a set A C N¢ is defined by

Al = Z w121'

neA

Second, given v, p and {¢n}neNg as in §3.2 and §3.5, we define the intrinsic weights u =

(u”)neNg as
Un, = sup \/v(y)/1(y)|on(y)|. (3.7.1)

yeD

Third, we let

fn=uz? sp Mg o, (3.7.2)

ye(—1,1) (v)

where y is the coefficient from Sturm-Liouville problem (shown as (3.5.1)), and for n € N,

we set

d
Fin =Y Fny- (3.7.3)
k=1

Finally, given cp, ca € C¥ denotes the vector obtained from cp by setting all terms
corresponding to indices n € A\A to zero.
3.7.1 General recovery guarantees

In this subsection, we will present the general recovery guarantees for the gradient-augmented

problem. Here, the first result is given in the following:

Theorem 3.7.1. Let A C N¢ with |[A| =N >2,0<e<1, wecRY be a vector of weights
with wy, > 1, VN, ACA, [A]>2and f = ZneNg cndn € HY(D), where D = (—1,1)% and
HY(D) is as in (3.5.6). Let

1+ kp u?
> . —n .
nz {5} (‘Alu+f33f{wg} ‘A'w> b 74

where
L =log(N/e) + log(|Alw) - log(|Alw/€),

draw yi,...,Ym independently according to the density p, and let A, f and n be as in
(3.5.13), (3.5.10) and (3.5.11) respectively. Then, if Z is any minimizer of (3.5.14) and

¢ = Q '3, the approximation f = D neA Cn®Pn satisfies

If = f”ﬁ[l(p) SIf- fAHﬁl(D) + [lea — CA||1,v + \/|1Alwn,
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with probability at least 1 — €, where vy, = /1 + Apywy, N € Ng.

Theorem 3.7.1 is understood as follows. For a fixed function f with coefficients ¢ and
a fixed set A, with a high probability, f can be approximated up to an error (measured
in a Sobolev norm) depending on how well ¢, is approximated by its coefficients with
indices in A (the term [[ep — eall; ,,) by drawing m samples independently according to the
probability measure p, if the sample complexity (3.7.4) holds.

An immediate consequence of Theorem 3.7.1 is that, in order to minimize the right-hand
side of (3.7.4), the weights w should be chosen as

In other words, the best weights for the optimization problem are the intrinsic weights
defined as in (3.7.1). As pointed out earlier, this is identical to a conclusion obtained for
the unaugmented problem. See the discussion after Theorem 3.3.1 for more details about
the unaugmented problem. Note that this result makes no assumptions on A. If we assume

that A is lower (recall §3.4), now the theoretical result becomes:

Corollary 3.7.2. Let s > 2, A = AHC be the hyperbolic cross index set defined in (3.4.3),
0<e<landf=3cnicndn € HY(D), where D = (—1,1)% and H'(D) is as in (3.5.6).
Suppose that

{1 j:’;:} K(s)- L. (3.7.5)

where L = (min{d + log(s/€),log(2d) log(s/e)} + log(K(s)) - log(K(s)/e)),

m 2 max
neA

K(s) = max {|Aly : |A] < s and A is lower}, (3.7.6)

and w are the weights defined in (3.7.1). Draw yi,...,Ym independently according to the
density u, let A, f andn be as in (3.5.13), (3.5.10) and (3.5.11) respectively and set w = w.
Then, if 2 is any minimizer of (3.5.14) and é = Q~'2, the approximation f = neA CnPn
satisfies

1f = f”ﬁl(p) SIfF- fAHHl(D) +osn(ea)ie + \V K(s)n,
with probability at least 1 —e€, where 5 1,(-)1,0 s as in (3.4.4) and vy, = /1 + Apup, n € Ng.

We see that the error estimate shown in Corollary 3.7.2 is given in terms of the best
s-term approximation error in lower sets oy 1,(-)1,,. However, the sample complexity shown
as (3.7.5) is not given explicitly in terms of the sparsity s and dimension d. In order to
do this, we need to estimate the quantities (1 + k5)/(1 + Ap) for n € A and K(s), which
requires the basis {¢,} and sampling density p to be specified. We will do the estimations
of these quantities in §3.7.2.
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3.7.2 The case of Jacobi polynomials with y = v

If we use the Jacobi polynomial basis, defined in §3.2, and take the sampling density u = v,

then we have the following corollary:

Corollary 3.7.3. Consider the set-up of Corollary 3.7.2, where {qbn}neNg is the tensor-
product Jacobi polynomial basis with parameters o, 5 > —1/2 and sampling density p = v.

Suppose that

m 2 K(s) - (min{d + log(s/e),log(2d) log(s/e)} + log(K(s)) - log(K(s)/¢)), (3.7.7)

~

where
K(s) = K“P)(s) = max {|Alu : |A] < 5 and A is lower} . (3.7.8)

Then, if 2 is any minimizer of (3.5.14) and é = Q~'2, the approximation f = neA CnPn
satisfies

1f = f”ﬁl([)) SIf- fAHHl(D) +os.(en)io + 1/ K(s)n,
with probability at least 1 — €, where o5 1,(-)1,0 s as in (3.4.4) and v, = 1+ Apup, n € Ng.

To prove this corollary, we first need to show that x, < A,, Vn € Ng, for the Jacobi

~y

polynomials. Then, the sample complexity is determined up to the magnitude of K(s),
which depends on the parameters «, 3 of the Jacobi polynomials. We will show the full
proof of Corollary 3.7.3 in §3.8.4. Moreover, for certain values of o and g, we have the

following results (see [93]):

Theorem 3.7.4. Let K(s) = K@% (s) be as in (3.7.8). Then the following hold:
(i) if a, B € Ny then K(s) < s?max{ofi+2
(i3) if B = and 2a+ 1 € N then K(s) < 2212,

(iii) if « = B = —1/2 then K(s) < s198(3)/108(2)

In particular, K(s) < s% for Legendre polynomials (a = 8 =0) and K (s) < s1°803)/108(2) for
Chebyshev polynomials (a = = —1/2).

This result implies that, for values of «, [ satisfying Theorem 3.7.4, the sample com-

plexity shown in Corollary 3.7.3 reduces to an estimate of the form
m > 57 -log(2d) - log?(s/e), (3.7.9)

where v > 1 depends on the parameters « and . In other words, now the sample com-
plexity is only a polynomial in s and logarithmic in the dimension d. Hence, the curse of

dimensionality is mitigated to a substantial extent.
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3.7.3 Legendre polynomials and preconditioning

In the previous subsection, we considered the scenario when sampling density is the same
as the orthogonality density v. However, in practice, we are often in the situation that the
sampling density u is different from the orthogonality density v. In particular, the case
where ¢, are the Legendre polynomials and p is the Chebyshev density has been studied
in [2,107,128]. This case is often referred to as preconditioning in the literature. For this

case, we have the following recovery guarantee:

Corollary 3.7.5. Let i be the tensor Chebyshev density, v be the uniform density, s > 2,
A= AEC be the hyperbolic cross index set defined in (3.4.3), 0 < € < 1, u be the weights
defined in (3.7.1) and f = ZneNg cndn € HY(D), where D = (—1,1)¢ and H' (D) is as in
(8.5.6). Suppose that

m > min {st, (/2)slos1+4/m)/ 10g<2>} - (d 4+ log(s)) - (d + log(s/e)). (3.7.10)

Draw y1, ..., ym independently according to the density u, let A, f andn be as in (3.5.13),
(8.5.10) and (3.5.11) respectively and set w = w. Then, if Z is any minimizer of (3.5.14)

and é = Q~'2, the approzimation f = > neA Cn®n satisfies

1 = Flanoy S I = Fallzs o + oorlen)io + K (s,
with probability at least 1 —e, where 05 ,(-)15 is as in (3.4.4) and vy, = /T + Apup, n € N¢.

3.7.4 Discussion

The unaugmented version of Corollary 3.7.3 has been presented in [2]. Using the same set-up

and notation, it has been proved in Theorem 6.1 of [2] that if
m > K(s)-log(e™') - L, L = (min{log(2s) + d,log(2d) log(2s)} + log(K(s))), (3.7.11)
where K (s) is as in (3.7.6), then the approximation error satisfies

I1f = Fllreoy S osplen)iu+ I1f = fallrzoy + A/ K (s)n, (3.7.12)

with high probability, where A = 1+/log(e~1)/L. It can be clearly seen the sample complex-
ity (3.7.7) shown in Corollary 3.7.3 and the sample complexity (3.7.10) shown in Corollary
3.7.5 are identical to (3.7.11), up to a slightly increased log factor, which is due to the fact
that we have used a slightly different method of proof (see §6.4 of [8]) to remove the factor

A in the error bound. In particular, as shown in Theorem 3.4.2, (3.7.11) reduces to be

m > 7 log(e~ ') min{d + log(s), log(2d) log(s)}, (3.7.13)
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in the case of Legendre and Chebyshev polynomials, which is similar to the sample com-
plexity shown as in (3.7.9). Thus, we can conclude that, for the same sample complexity,
the gradient-augmented problem permit an error bounded in the stronger Sobolev norm, as
opposed to an L?(D) norm for the unaugmented problem shown as in (3.7.12).

Recall, as it has been pointed out at the beginning of this section, similar to those results
in [2], all theoretical results presented in the section are nonuniform recovery guarantees,
which ensure the recovery of a single f from a random draw of sample points. For the
unaugmented case, uniform recovery guarantees for Chebyshev and Legendre polynomials
with ¢ = v have been proved in [4,43]. Compared to nonuniform recovery guarantee for the
unaugmented problem, as shown in [4,43], the error bound for uniform recovery guarantee is
improved by a factor of 1/1/K(s) when a similar sample complexity, expect with higher log
factor, is satisfied. This is typical for uniform recovery guarantees in compressed sensing. We
expect a similar uniform recovery guarantee could be attained for the gradient-augmented

problem, but we leave this as future work.

3.8 Proofs

In this section, we will give proofs for the theoretical results presented in §3.7. As a first
step, we will show the gradient-augmented problem can be reformulated as an instance of
the so-call parallel acquisition model, which allows us following the approach of [44] to prove
the recovery guarantees. For references on parallel acquisition model in compressed sensing,
see [20,24,44].

3.8.1 The parallel acquisition model reformulation

Before introducing the parallel acquisition model, it is worth mentioning that, different from
the standard compressed sensing model, the parallel acquisition model considers the scenario
that there are multiple sensors acting in parallel and simultaneously acquiring measurements
of a single vector. As pointed out in Chapter 2, parallel Magnetic Resonance Imaging (MRI)
can be modelled by the parallel acquisition model. Now we follow the framework described
in [44, §II-D] to define the abstract parallel acquisition model,

For some D € N, let F' be a distribution on a set of N x D complex matrices. We assume

that F' is isotropic in the sense that

E(BB*)=1, B~F. (3.8.1)
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Let {e;}I"; be the canonical basis of C™ and let By, ..., By, be a sequence of independent

realizations of matrices from the distribution F'. Then we define the sampling matrix

m Bi
1 1
—> e®Bf=—| : | eCP™Y, (3.8.2)
m

Jm
By,

where ® denoted the Kronecker product. Note that this is an extension of the standard com-
pressed sensing setup, which corresponds to the case D = 1, i.e. matrix A has independent
rows. The paper [44] considered solving this parallel acquisition model with a compressed
sensing set-up by using the ¢! minimization technique and proved a series of nonuniform
recovery guarantees. In this section, we consider to extend the work presented in [44] by

considering the weighted ¢! minimization problem

min ||z|, ,, subject to |[Az — fll, <, (3.8.3)
zeCN ’

where w = (wj) V., € RN with w; > 1, Vj. Here, f = Ac + e are noisy measurements of
the unknown vector ¢ (for ease of notation we write this rather than ¢y ) and e is a vector
satisfying [le]|, < 7.

Consider the set-up of §3.5.3. We define the random matrix B by

N,d
/T 8’“%] e CVx(@+1) (3.8.4)
4 /1 + )\nj

7j=1,k=0

where y is the random variable on D drawn with respect to the probability density p. This
brings about a distribution F' on random matrices in CN*P where D = (d + 1). It can be
seen that the corresponding matrix (3.8.2) is identical to the matrix defined in (3.5.13) by
applying a simple row permutation. Thus, we deduce that the gradient-augmented problem
(3.5.14) is an instance of above model, corresponding to choice D = (d + 1) and with
F being the distribution of random matrices (3.8.4). In other words, one can think the
gradient-augmented problem as a parallel acquisition model where the 1st sensor records

the function value and the 2nd to (d + 1)th sensors record the gradient values.

3.8.2 Parallel acquisition model with weighted ¢! minimization

Now we present the theoretical result for the model described §3.8.1 with the weighted
¢* regularizer (3.8.3) by generalizing the result of [44]. As a first step, we introduce some
notation. If A C {1,..., N}, then we use the notation Px for the orthogonal projection
P, € CN*N onto span{e; : j € A}. Note that the vector Pax € C" is isomorphic to a
vector in Cl?l. Also, given weights w € RY, we write the weighting matrix W = diag(w).
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Finally, we note that in this subsection we index over N where relevant, as opposed to Ng as
in the original polynomial approximation problem. Then, as in [44], we can define several

notions of local coherence:

Definition 3.8.1. Let A C {1,...,N} and F is a distribution on CN*P satisfying (3.8.1).
The local coherence of F' relative to A is the smallest constant Y(F,A) such that

|PABB*Ppll, < Y(F,A), B~ F,

almost surely.

Definition 3.8.2. Let w € RY be a set of positive weights, A C {1,...,N} and F is
defined the same as in Definition 3.8.1. The local coherence of F relative to A with respect

to the weights w is
I'(F,w,A) = max {I'1(F,w,A), Iy (F,w,A)},
where T'1(F,w,A) and To(F,w,A) are the smallest quantities such that
HW‘IBB*PAWHOO <Ty(F,w,A), B~F,
almost surely, and

sup max E|(e;, W 'BB*PAW2z)|* < Ty(F,w,A).
lzllo=1= 1N

From Definition 3.8.2, we see that, if j € A, then
Iy (F,w,A) > E|(e;, W 'BB*PyWe;)| > ]E<ej, W_IBB*PAWej>’ = |(e;, W 'PAWe;)| = 1.
Hence we deduce that I'; (F,w, A) > 1. Similarly, for j € A, we also have

2
Tao(F,w, A) > E|(e;, W' BB*PAWe;)* > [E(e;, W' BB*PAWe)|
= [(ej, W' PAWe;)|> =1,

and the same for the unweighted local coherence
T(F,A) > E|(ej, PABB*Paej)| > |E(e;, PABB*Ppej)| = 1.

The following is the main result for the abstract model shown in §3.8.1:

Theorem 3.8.3. Let0<e<1,7>0, N>2 AC{l,...,N} with |A| > 2 and w € RY
be weights with w; > 1, Vj. Fiz ¢ € CN and construct A € C™"P*N qs in (5.8.2). Let
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y = Ac+ e, where |le||, <n. If
m 2 Y(F,A) -log(N/e) + T(F,w, A) - (log(N/e) + log(|Alw) - log(|Aw/€)) ,

where T(F,A) and T'(F,w,A) are as in Definitions 3.8.1 and 3.8.2 respectively, then, with

probability at least 1 — €, any minimizer é of (3.8.3) satisfies
le—élly S lle = Paclly 4 + /| ALwn-

We omit the proof of Theorem 3.8.3 here. For the full proof, see §6.4 of [8]. Note that,
with D = 1, we can get the following corollary by estimating T(F, A) and I'(F,w, A).

Corollary 3.8.4. Let A € N§ with |[A\| =N >2,0<e<1, A CA with |A| >2, we CV

be a vector of weights with wy, > 1, Vn, and f = ZneNg Cntn € L2(D), where D = (—1,1).
Let

U2
mz (IAlu + max {w’;} |A|w> - (log(N/€) +1og(|A[w) - log(|Alw/€)) (3.8.5)

Draw yi, . ..,Ym independently according to the density p, let A, f and n be as in (3.3.6),
(3.3.8) and (3.3.9) respectively. Then, if é is any minimizer of (3.3.10) satisfies

lea = élly S llea — eallyy + 1/ 1ALun-

N

Proof. Let z € CN with |2|, =1. B = (,/:8’3 b, (y)) is an NV x 1 vector. Then
j=1

2

<Y X9 15 ) <Al

v(y) ;
2 Pn(y)zn o n(y)

|B*Paz|2 =
SV u(y)

Since z was arbitrary, we have T(F,A) < |Aly.
Now let z € CV with ||z||,, = 1 and n’ € A. Then

v(y) [v(y)
M(y) qbn’(y) % M(y) On (y)wnzn .

1

Wn!

‘(en/, W—lBB*PAWz>] = (3.8.6)
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With Cauchy-Schwarz inequality, we get

‘(an y
nEA y

<L <>r¢nr<> JZ vWlon ) 15—

neA ( )
ST 02 Al
Wn! neA
U2
< \fmax {224\l

Since z and n’ were arbitrary, after applying the inequality ab < a?/2 + b?/2, we obtain

((en,,W L\BB*PA Wz < ’¢”'

IN

A

1 2
D1(Fw,A) < g|Al, + 5 max {w} Al

We now consider I'y(F, w, A). From (3.8.6), we have

_ " 2 1 v
E|(ew, W 'BB*PAW2)| < —E W), ()2

w2, | (y) S\ ()
2
u?, v(y)
n E n n~n
= w2, \ p(y) nZ€A¢ W)wnz

Recall the functions ¢, are orthonormal with respect to the weight function v. Thus, by

Parseval’s identity, we get

> W2, 2
E|(en, W BB PAW2)|" < M5 5 Junzn? < mgf{ug } Al
n

n’ pneA

Since z and n’ were arbitrary, we deduce that

w2
Iy (F,w,A) <max{ }]A\w
neA

Thus, we have

2
I(F,w,A) < |A], + max { I } Al
neh | w2

63



Applying the bound for Y (F, A) and the bound for I'(F, w, A) to Theorem 3.8.3 completes
the proof. 0

Note that, if taking ¢, as Legendre or Chebyshev polynomials and w = w with the

lower sets assumption, the sample complexity (3.8.5) becomes
m > 57 -log(2d) - log?(s/e),

which is identical to the sample complexity obtained in Theorem 3.4.2, up to a minor change

in the log factor.

3.8.3 Proofs of Theorem 3.7.1 and Corollary 3.7.2

Now we shall prove Theorem 3.7.1 and Corollary 3.7.2. It can be seen that Theorem 3.7.1
follows as a corollary of Theorem 3.8.3, after estimating the local coherences Y(F, A) and
I'(F,w,A) for the gradient-augmented problem. The estimations of the local coherences
are done in the following two lemmas. Note that we now revert back to indexing over the
multi-index set A C N¢ (as was introduced in §3.2), rather than over the integers {1,..., N}.

Lemma 3.8.5. Let {¢n}neNg be the orthonormal basis of tensor-product Sturm—Louiville
etgenfunctions defined in §3.5.1, F' be the distribution of matrices defined in §3.8.1 for
the gradient-augmented problem, and suppose that Y(F,A) is as in Definition 3.8.1, where
A C N is a multi-index set. Then

1+ ki
T(F,A)gmax{ T }ymu,
neA 1+

where Ap, kn and w are as in (3.5.7), (3.7.3) and (3.7.1) respectively

Proof. Let z € CY with ||z|, = 1 and let B be as in (3.8.4). Then

VTi(Y) Opdn(y () | Ok dn (y) 2
|B*Paz|? = Z PR IR R Z > 7
k=0 [neA 1+ )\" k=0neA L+ )\

by Cauchy-Schwarz inequality. Observe that, when k # 0,

X (k) 1= jon v (y))

d
7(y) [Okdn(y)* = |0, i) [P TT 1, ()12

1(y) G
J#k
X(Yx
S ’¢nk yk ’2 H u < "{le n7
1(Yr) i
J#k
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and therefore

zd: (Y) ‘6k¢n(y)|2 < u127, (1 + Zd: “m) = “31(1 + fin). (3.8.7)
k=0 k=1
Hence
B PzIE < 3 <m0
Since z was arbitrary, we deduce the result. O

Lemma 3.8.6. Let {(bn}neNg and F be as in Lemma 3.8.5 and T'(F,w,A) be as in Defi-
nition 3.8.2. Then

u2 (1 + Kp)
I(F,w,A) <|Al, s R Al
(F,w,A) <|A| +rgg§{w%(1+An) A

Proof. Let z € CY with ||z|| =1 and n/ € A. Then

S VAR (0) §~ V) i)

1
en, W 'BB*P\W2z)| = —
‘< " ® >‘ imo VitAw o SR VIt An

Wy

Hence, by Cauchy-Schwarz inequality,

B 1 & r(y)|Oedn (y Y) |0k dn(y)2
, 1 * < n n
(ew,W™'BB PAWz)\_wnlgj T Z B W
2
1 L T (9)| Ok (y) 2 Y)|0kdn(y)]?
< > Z > Wn,
Wn \ =0 L+ A k=0 \neA L+ A,
1| & () 0kdw (y)2 St ()| On (y) 2
< .
<o ;;) T HZEZA e VAl

We now apply (3.8.7) to get

-1 * Up! 1+"£n’ 1"‘577,
, BB*P, 2/ 1A]w
[few W aWz)| wn,\/l—i—/\n/\lrgl—h\nu" 14l
uZ (1 + Kkp)
= \/%Sf{lmw}v'ﬁum‘w'

Since z and n’ were arbitrary, after an application of the inequality ab < a?/2 + b%/2, we

IN

A

obtain

1 u2(1+/€n)
I'(F,w,A Aly e JTA T .8.
1( , W, ) | | + 3 mEA{w%(1+)\n)}| ‘ (389)
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We now consider I'y(F, w, A). From (3.8.8) and (3.8.7) we have

2 1 d 8 n' 2 d \/ 8 n
E‘<en/,w_1BB*PAWZ>‘ S TE Z Tk(y)l’ kf\ (y)‘ Z Z Tk(y> k¢ <y)wnzn
Wnr \ k=0 T Aw i=0|nea VIt An
2 o 2
o 1 + Fpr) On (Y
< ’l’l
B I + )\fn’ Z T;A V 1 + )\
2
1+ Hn’ 816(2577,
= nZn dy.
1+/\n, 1+/\wz vily) dy

Recall that the functions dy¢, are orthogonal with respect to the weight function vy, and
that [, |0kdn(y)>ve(y) dy = A, Therefore, by Parseval’s identity, we get

IN

2
E ‘<en,, WleB*PAWz)’

u? (1 + kp)
< Zmis T LA
[wnzn|* Iﬁgf{wg(HAn) (Al

where in the last step we recall that ||z||,, = 1. Since z and n/ were arbitrary, we deduce
that

2
Fy(Fow, A) < max | “nEEn) Ly
ned | w2 (1+ Ap)

Combining this with (3.8.9) now completes the proof. O

Proof of Theorem 3.7.1. We now apply the previous two lemmas to the sample complexity
shown in Theorem 3.8.3 to get the sample complexity (3.7.4). Then, this sample complexity
leads to an error bound |lzp — £[ly S ll2a — 2ally,, + V]AJwn. Recall that zy = Qcy,
2=Q¢and f =Y ,cp Cn¢n. Hence

1 = Flingpy = 1Qea = &)lly = lza — 211y S llea — eallyy + /IALun.

where v, = V1 4+ Awn, n € Ng. Thus, the error estimate of Theorem 3.7.1 follows from
the triangle inequality. O

We may now prove Corollary 3.7.2:

Proof of Corollary 3.7.2. Given s > 1, let A be a lower set with |A| < s such that
lea —eally ., = os,(ea)1,0- Since A = A€ is the union of all lower sets of size at most s, we
know that N = |AC| < min{2334d,6232+log2(d)}. See, for example, [4, Eqn. (10)]. Thus,
we have log(N/e) < min {log(s/€) + d,log(s/e)log(2d)} . We now apply Theorem 3.7.1 with

w = u, noting that |A], < K(s). O
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3.8.4 Proofs of Corollary 3.7.3

In this subsection, we will prove the Corollary 3.7.3. At first, we require some further
background on Jacobi polynomials. For «, 3 > —1 and n € Ny, let P}f"ﬁ ) be the Jacobi
polynomial of degree n. These polynomials are orthogonal on (—1,1) with respect to the
weight function w(®f (y) = (1 — y)*(1 4 3)?, and satisfy

(P9, PeMys = KV,
(e.8) ’
where
@p) 22T Tnt+a+1DI(n+B+1)

S 2n+a+B+10(n+)I(n+a+B+1)

These polynomials are normalized so that Péa’ﬁ )(1) = ( nta ) . Moreover, if a,8 >
n
—1/2, then
n-+q nd
sup [P (y)] = ~N———— N — 00, (3.8.10)
ye(—1,1) n F(q + 1)

where ¢ = max{a, 5}. See, for example, [111, Thm. 7.32.1]. We also note the reflection
property
P (y) = (=1)" PP (—y). (3.8.11)

Let @) = [1 w(@F)(y) dy, and define the probability density function v(*#) (y) = w(c(:ﬁ;()y)

Then the corresponding orthonormal polynomials with respect to this density are given by

(,8)
Pn(y) = M, n € No. (3.8.12)

/{%a’ﬂ) C(arﬁ)

Proof of Corollary 3.7.3. In view of Corollary 3.7.2, it suffices to show that k, < Ap, Vn €
N&. Since A\p, = ¢4 A, and kp = 201 ki, (see (3.5.7) and (3.7.3) respectively), it is
enough to show k, < A, Vn € Ny. Using the definition of k,, (see (3.7.2)) and the fact
that x(y) = -z (1 — )T (1 +9)*! and v(y) = (1 —y)*(1 + )P /c(@P) for the Jacobi

polynomials (see (3.5.2)), this is equivalent to

sup {\/iw }gun\/x

Furthermore, using (3.5.3), (3.8.10) and (3.8.12), we see that it is sufficient to show that

sup | { 1—y? (Pr(lo"ﬂ) (y))/’} < plte, (3.8.13)
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Note that from this equation onwards we allow the constant implied by the expression < to

depend on « and 3. The derivatives of the Jacobi polynomials satisfy the following bound:

4P (y)

.8.14
© S (3s)

< { g—o=3/2pl/2 ol < < /2

~ n2tae 0<h<ent
y=cos(6)

(see [111, Thm. 7.32.4]). Using this and the fact that sin(6) < 0 for 0 < 6 < 7/2, we deduce
that

N 0)
dy

sup /1 — 9?2

0<y<1

= sup sin(f)
0<6<m/2

(P ()

y=cos(0)

< max sup 9_a_1/2n1/2, sup  niteg ) < npotl
en—1<0<m/2 0<6<cn—1

Now suppose —1 < y < 0. Using (3.8.11) and replacing « with § in the above arguments,

we deduce that

!/
wp =3[P )| 5 e
~1<y<0
Therefore, (3.8.13) follows immediately. O

3.8.5 Proofs of Corollary 3.7.5

Finally, we shall prove Corollary 3.7.5.

Proof of Corollary 3.7.5. As in the proof of Corollary 3.7.3, we first need to show that
kn S An, Vn € Ng, which is equivalent to

sup (1 — 424, (v)] S unv/An, (3.8.15)
ye(_lvl)
where
un = sup (/)" (1 =)o (y)].
yE(fl,l)
We first seek a lower bound for w,. The classical Legendre polynomials P, = 50’0) satisfy

PO (cos0) = 22 (rnsin 0) "2 cos ((n + 1/2) 0 — 7 /4) + O(n~/?), 0<0<m.

n

See [111, Thm. 8.21.2]. This formula holds uniformly in the interval e < 6 < 7w —e. When n

is even, Legendre polynomials have extrema at cos() = 0, i.e. # = 5. Then, we have

PO0(0) = 212 ()12 cos (n7/2) + O(n3/%) = (2/m) /2 n=2(=1)"/2 + O(n3/?).
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When n is odd, we consider the point § = 5 + €,, where €, = 7/(2n + 1). Then

PO (cos (/2 + €,)) = 212 (7n) "2 (cos (en)) "2 cos (n/2 + (n 4+ 1/2) €,) + O(n™3/?)
_ (2/7_[_)1/2”71/2(_1)(7171)/2 + O(nfB/Z)

Therefore, for both even and odd n, we have

sup (1 —y*)Y4 PO (y)| 2 n 12,
ye(flvl)

and since ¢, (y) = vV2n + 1 {00 (y), we deduce that u, 2 1. Since A\, = n(n+ 1) , we then
see that (3.8.15) is now implied by

sup (1 —9%)* ), (y)| S . (3.8.16)
ye(flrl)

Using (3.8.14) with @ = 8 = 0 and arguing as in Corollary 3.7.3, we obtain

4" (y)
dy

sup (1—y%)*/*

0<y<1 en—1<0<n/2 0<0<cn—!

< max{ sup  n'/2, sup n293/2} < nl/2.

Using the reflection property and the fact that ¢,(y) = \/WPS)’O) (y), we now deduce
(3.8.16).
With this in hand, we apply Corollary 3.7.2 to get that the conclusion of Corollary 3.7.5
hold under the condition
m 2 K(s)- L,

where L = (min{d + log(s/e),log(2d) log(s/e)} + log(K (s)) - log(K (s)/€)). It remains to es-
timate K (s) and L. In [2, Cor. 7.7], it was shown that K (s) < min {st, (7r/2)dslog(1+4/’7)/1°g(2)} .
From this, we also observe that log(K(s)) < d + log(s) and log(K(s)/e) < d + log(s/e).
Therefore L < (d + log(s))(d + log(s/€)), which completes the proof. O
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Chapter 4

Parametric differential equations

As mentioned in the previous chapter, a motivation of the high-dimensional function ap-
proximation problem comes from approximating a quantity of interest of a parametric dif-
ferential equation (DE) from a set of discrete samples. In this chapter, we will look at
different examples of applying the compressed sensing method to approximate quantities
of interest of such parametric DEs. In particular, we will work on the gradient-augmented

high-dimensional function approximation problem throughout this chapter.

4.1 Preliminaries

We first review some definitions and theorems in functional analysis. For references, see [66,
Chpt. 4 & Chpt. 7], [79, Chpt. 2 & Chpt. 3] and [76, Chpt. 5 & Chpt. 6].

Recall that a normed space is a vector space with a given norm defined on it. A normed
space is called complete if every Cauchy sequence is convergent. A complete normed space
is called a Banach space. Assume €2 is an open measurable subset of R". For 1 < p < oo,

the space LP(2) consists of all measurable functions f on 2 that satisfy

[ 1@ de < oo,
Q

and the corresponding LP-norm of f is defined by

17l ooy = (/Q @) dm>1/p.

With p = oo, the space L*(2) consists of all measurable functions f that are essentially

bounded on §2, which means that there exist a number 0 < M < co with

|f(z)] < M almost everywhere in (2,
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and the L°°-norm is defined by the essential supremum:

11| oo () = esssup | f ()]
e

=inf{M]| |f(x)| < M almost everywhere in Q}.

It can be shown that the LP(2) spaces with 1 < p < oo are examples of Banach spaces.

Definition 4.1.1. An inner product on a vector space V to the field IC (either R or C) is

a map
() VXV =K
such that, for all vi,v9,v3 €V and a,b € K:
(i) (v1,avs + bus) = al{vi,va) + b(vy,v3);
(it) (vz,v1) = (v1,v2);
(7ii) (v1,v1) > 0;
(iv) (vi,v1) =0 if and only if v = 0.

A vector space with an inner product is called an inner product space. Moreover, a
complete inner product space is a Hilbert space. For example, the space of square integrable

function on €2, denoted as L?(2), is a Hilbert space with an inner product

(f,9)= / fg dz.
Q
Next, we will define the dual space of a normed space:

Definition 4.1.2. Let V be a normed space, the field K is either R or C . Then, the set of

all bounded linear functionals f :V — K constitutes a normed space with norm defined as

11 = sp L)

Vv v

which is called the dual space of V and is denoted as V'. Here, (-,-) denotes the dual pairing

between between an element in V' and an element in V. That is, for f € V' and v € V,

(f;v) = f(v).

For example, the dual space of the Euclidean space R™ is R". See [79, Example 2.10-5]
for the proof. Also, the dual space V' is a Banach space. See [79, Thm. 2.10-4] for details.

Moreover, similar with the inner product, the dual pairing (-,-) : V' x V — K has the
following properties [77, §6.2]:
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(i) (f,av1 +bva) = a(f,v1) +b(f,v2) for f eV, v,v2€V,a,b€K
(af1+bf2,v):a(fl,v)—l—b(fg,v) for fl,fQEV/,UEV,CL,bEIC

(i) [(fs o)l < [ f ol for feViveV
(iii) If (f,v) =0 for all f € V', then v = 0.

Since the dual space V' is also a normed space, then we can form a dual space of V',
which is denoted by V" and called the second dual space or bidual space of V. For every

v € V, there is a bounded linear functional g, € V" satisfying

gu(f) = f(v),  for feV.
This relation between V and V" defines a mapping

c:v—=YV

UV — G,

which is called the canonical mapping of V into V”. It can be shown that the canonical
mapping C is injective. If the mapping C' is also surjective, we say this normed space V is
reflexive. In other words, it says that V = V" under an isometric mapping C. For example,
every Hilbert space H is reflexive. For more details on dual space, bidual space, canonical
mapping and reflexivity, see [79, §2.8 & §2.10 & §4.6].

Before giving a couple more definitions, more notation is required. Assume there is a
non-negative multi-index o = (a1, ..., ap,) of order |a| = > ; ay,. The space of infinitely
differentiable functions with compact support in € is denoted by C3°(€2) . For a test function

P(x) € C§°(92), we denote its partial derivative of order || as

wr (O™ gom
e () (55

Now we are ready to introduce the concept of weak derivative. As explained in [56, §5.2.1]

(see also [25, §1.2]), the motivation for defining the weak derivative is to extend idea of

differentiability to the space of functions which is only locally integrable.

Definition 4.1.3. Given a domain (), the set of locally integrable functions is denoted by

loc

L} (Q):{f:feLl(K) V compact K C Q}

Definition 4.1.4. Suppose u,v € Li (Q) and o is a multi-index. We say the v is the

loc
ath-weak partial derivative of u, written D*u = v, provided

/QuDatb dx = (—1)'“'/91;11) dx
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for all test functions P € C§°(Q).

We then define the Sobolev space, the Sobolev norm and its dual space the same way as
shown in [56, §5.5.2]:

Definition 4.1.5. Fiz 1 < p < oo and let k be a nonnegative integer. The Sobolev space
WHP(Q) consists of all locally integrable functions u : @ — R such that for each multi-index

a with |a| < k, D®u exists in the weak sense and belongs to LP(€2).

Definition 4.1.6. If u € W*P(Q), we define its norm to be

1/p
(Sair o 1Dl )" (1< p < o),

>l <k €SSSupq | D%l (p = o0).
|

[ullwen ) =

It can be proved that the Sobolev space W#?(Q) is a Banach space. For details, see [25, Thm.
1.3.2]. For p = 2, we often write H*(Q) = W*?2(Q). Moreover, the space H" is a Hilbert

space, and the corresponding inner product is defined as

(u,v) = Z /DauDavdaz,
Q

la| <k

for u,v € H*(Q). The space of all functions u € H'(Q) with u = 0 on the boundary 99
is denoted by HE(Q). Moreover, the space of all bounded linear functionals on Hg () is
denoted by H*(Q2). By definition of the dual space, we see that H*(2) is the dual space of
HZ (). For more topics on Sobolev space, see [56, Chpt. 5].

Next, we will define the adjoint operator on the normed space. For references, see [79,

§4.5 & §3.9].

Definition 4.1.7. Let F' : V — Z be a bounded linear operator, where ¥V and Z are normed
spaces. Then, the adjoint operator F* : Z' — V' of F is defined by

(F*f,v) = (f, Fv), Ve Z vey.

For an operator F :V — V', we say it is self-adjoint if F = F*.

It can be shown that the adjoint operator F* is uniquely defined. Suppose there is

another operator S : 2’ — V' satisfying
(Sfv)=(f,Fv), VfeZ veV.
Then, we have
(Sf,v) = (F*f,0)=(Sf—F"f,v)=0, Yv eV,
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which implies that Sf — F*f =0 for all f € Z’. So, we can conclude that S = F*.
Moreover, assume V, W, Z are Banach spaces. Let T : V — W and § : W — Z be
two bounded linear operators. The composition of ST is then defined as a bounded linear

operator from V to Z. By definition of the adjoint operator, we have

((ST)*f,v) = (f, (ST)v) = (57 f, Tv) = (T"(5"f),v) = (T"57) f,v),

for all f € 2/ and v € V, which implies that (ST)* = T*S*. Here, (ST)* : Z2/ — V'
denotes the adjoint operator of ST, S* : Z/ — W’ denotes the adjoint operator of S and
T* : W — V' denotes the adjoint operator of T

The last definition we need before introducing the adjoint sensitivity analysis method is
the Fréchet derivative. See [105, Def. 2.5] or [66, Def. 11.5]. The Fréchet derivative generalizes
the derivative of a real-valued function to the derivative of an operator on a normed space,

and it is often used to formalize the functional derivative [17,122].

Definition 4.1.8. Let V, Z be normed vector spaces and U C 'V be an open subset of V. We
say an operator F : U — Z is Fréchet differentiable at a point u € U if there is a bounded
linear operator DF (u) : V — Z satisfying

pn IF(@+ 1) = F(@) ~ DF (@

=0.
Ikl —0+ 2l

This bounded linear operator DF(u) is called the Fréchet derivative of F' at the point u.

It can be checked from the definition that, for a bounded linear operator defined on
V, the Fréchet derivative is itself [66, §11.1] [105, §2.2]. Furthermore, we say an operator
F .U — Z is continuously Fréchet differentiable if F' is differentiable at every point u € U
and the operator DF : U — B(V, Z); u — DF(u) is continuous, where B(V, Z) denotes the
set of bounded linear operators from V to Z [18, Chpt. 3] [124, §2.1]. We denote the space of
continuously Fréchet differentiable operators F : U — Z by C1(U, Z). Moreover, the chain
rule is also valid for the Fréchet derivative. Let V, W, Z be normed vector spaces and U, X
be open subsets of V, W respectively. If the operator F : U — W satisfies F(U) C X and is
Fréchet differentiable at a point u € U, and the operator G : X — Z is Fréchet differentiable
at a point F'(u) € X, then the composition Go F : U — Z is Fréchet differentiable at u and

its Fréchet derivative at u is
D(Go F)(u) = DG(F(u))DF(u).

For the proof, see [18, Chpt. 4] or [124, §2.1.4]. Finally, we define the partial Fréchet deriva-
tive for operators whose domains are Banach spaces as follows (see [124, §2.4]) :

Definition 4.1.9. Let V = V; x --- X V,, be a product of Banach spaces, Z be a Banach
space, and U = Uy X -+ XU, TV be a subset of V with U; open in each V; fori=1,...,n.
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For a given operator F : U — Z, we say it has an it" partial derivative at the point
u=(u1,...,u,) €U if the operator F; : U; — Z defined by

FZ(U) = F(ul, ey Ug—1, Uy U415 - - - ,un)

is Fréchet differentiable at the point u = u;. We define the it" partial derivative of F at the
point u as O;F(u) := DF;(u;).

It can be immediately seen from the definition that each operator 9;F(u) is a bounded
linear operator from V; to Z.

Since it will be useful for later sections, we now introduce the Lax-Milgram Theorem,
which can be used to prove the existence and uniqueness of the weak solutions of the elliptic

PDEs. An example to demonstrate how this theorem is applied will be shown in §4.3.1.

Theorem 4.1.10. [56, Lazx-Milgram Theorem, Thm. 1 of §6.2.1] Let H be a real Hilbert

space with norm ||-|| ;. Let (-,-) denotes the pairing of H with its dual space. Assume that
B:HxH-—>R
is a bilinear mapping, for which there exists constants c1,co > 0 such that
|Blu,v]| < cil|lul|gllvll g for u,v e H, (4.1.1)
and
callull3; < Blu,u] foru € H. (4.1.2)

Finally, let T : H — R be a bounded linear functional on H. Then, there exists a unique
element w € H such that

Blu,v] = (T,v) (4.1.3)

forallve H.
Finally, we introduce two inequalities will be useful for §4.3.1.

Theorem 4.1.11. [26, Holder’s inequality, Thm. 4.6] Assume that f € LP()) and g €
LA(Q) with 1 < p,q<oo and 1/p+1/q=1. Then, fg € L'(Q) and

/Q 9l da < (11l oy 9] 2o

The special case when p = q = 2 is called the Cauchy-Schwarz inequality.

75



Proposition 4.1.12. [26, Poincaré’s inequality, Prop. 8.13] Suppose Q is a bounded in-
terval. Then there exists a constant C (depending on |Q| < o) such that

ullyre@y < ClIVull gy, Vu € Wol’p(Q)-

4.2 Adjoint sensitivity analysis method

For all examples shown in this chapter, we compute the gradient samples of the quantity of
interest (Qol) with the adjoint sensitivity analysis method, which is a common technique
used in statistics for studying the impact of uncertain parameters [110, §10.2]. In this
section, we will introduce the adjoint sensitivity analysis method, which can be seen as an
application of the implicit function theorem (IFT) from multivariable calculus. First, let us

review the implicit function theorem:

Theorem 4.2.1 (IFT, Thm. 10.7, [110]). Let X,V and Z be Banach spaces, let W C X XV
be open, and let F € CY(W; Z). Suppose that, at (y,u) € W, the partial Fréchet derivative
g—i(g,ﬂ) 1V — Z is an invertible bounded linear map. Then there exist open sets Y C X
about §, U CV about i, with Y x U C W, and a unique ¥ € C*(V;U) such that

{(y,u) € Y xU| Fly,u) = F(y,u)} = {(y,u) € ¥ x U] u=19(y)},

i.e. the contour of F' through (y,u) is locally the graph of . Furthermore, Y can be chosen
so that %—Z(y, Y(y)) is boundedly invertible for all y € Y, and the Fréchet derivative %(y) :
X =V of ¥ at any y € Y is the composition

) = - (?Z@,wy)))l (5 o). (1.2.1)

Now we are ready to derive the adjoint equation in the adjoint sensitivity analysis
method with the IF'T. The derivation of the adjoint equation presented here is based on [110,
§10.2]. Assume ) and U are open subsets of Banach spaces X and V. We have a differential
equation (DE) which can be represented as an operator F': Y xUY — Z. For any y € Y, we
have u(y) € U as the solution of the function F(y,u(y)) = 0, where 0 is the zero element of
the Banach space Z. We define the quantity of interest (Qol) of the DE as

q:Y—R,
q(y) = Q(y, u(y)),

where the functional @) : Y x Y — R. The goal here is to compute the Fréchet derivative
of the Qol with respect to y at a given point § € Y using the adjoint sensitivity analysis
method, given that F(y,u) =0 with y € Y and u = u(y) € U.
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Assume the operator F' € C1() x U, Z) and the partial Fréchet derivative g—i(gj,ﬂ) :
V — Z is invertible. Since F(y,u(y)) = 0, its Fréchet derivative with respect to y vanishes
at the point (y,u), that is

d oF ou OF
- F = (. W) — (7], U —
i (y,u(y))‘(y’u):(m) aq 0 W5, W0 + 5 0,1) =0,

Then, we have the Fréchet derivative 2 (y7 u) is the composition:

“an=--(Len) (Len), (422)

as (4.2.1) in the conclusion of the IFT. By the chain rule, we also have that the Fréchet
derivative of ¢(y) with respect to y at the point (y,u) is

dq 9Q o, 09
) = e 0.0 g 5:0) + 5250, (123)
By substituting (4.2.2) into (4.2.3), we get
dg, .  0Q, _ (OF,_ N'OF _ . 0Q _ _
o) =50 (5e@0) G0+ GG (1.24)

-1
As a check, we see that Q 2 (Y, u) defines a bounded linear functional from V to R, ( (¥, ))

defines a bounded hnear operator from Z to V, %—5 defines a bounded linear operator from

X to Z. So, the composition %—g(gj, w) (g—i(yj, ﬂ))il %—I; defines a bounded linear functional
between X and R. Moreover, % defines a bounded linear functional from X to R. It gives
that the right-hand side of (4.2.4) defines a bounded linear functional from X to R, which
matches with how the functional % : X — R is defined on the left-hand side of (4.2.4).

Next, we set
- 8@ OF _ \!
A= ou - (y,u) (&u(%u)) :

Then, we can use \ to rewrite (4.2.4) as

dg oF _ _ oqQ ,_ _
dy( y) = Aay( )+8—y(y,u), (4.2.5)

where the functional A € Z’ (the dual space of Z) is the solution to

oF oQ

NS5, 1) = = £ (7, 0). (4.2.6)
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Alternatively, we can consider the adjoint of (4.2.6). Since the adjoint operator on Banach

space is uniquely defined, (4.2.6) is equivalent to

()\gi(g, a))* = (gg(gj,a)>*. (4.2.7)

Since it has been shown in §4.1 that

(rwm) = (Eww) ¥,

then (4.2.7) can be rewritten as
or _  \".. Q. _\"

which is known as the adjoint equation in the adjoint sensitivity analysis method. Note that
*
(g—i(gj, E)) : Z/ — V' is a bounded linear operator and \* : R — Z’ is a bounded linear

operator since the dual space of R is R. Thus, we have (g—i(gj, ﬁ)>* A* defines a bounded

linear operator from R to V', which matches with how the operator (%(Q, ﬂ))* is defined
on the right-hand side.

After solving for A in (4.2.6), then Z—Z(gj) can be directly computed by substituting A back
to (4.2.5). Note that, in practice, we often solve for \* in (4.2.8) first and find its adjoint,
instead of directly solving for A\ via (4.2.6). This approach of computing the derivative of
q(y) at y by solving the adjoint equation is called the adjoint sensitivity analysis method. As
pointed out in [110, §10.2], the adjoint sensitivity analysis method provides an easy way to
compute the bounded linear functional Z—Z without evaluating the derivative ‘3—;‘ explicitly.
To compute % with the adjoint equation (4.2.8), we only need to know the partial Fréchet
derivatives F' and @ with respect to y and u. Compared to %’ these derivatives are often

much easier to compute.

4.3 Parametric diffusion equation with homogenous Dirich-
let boundary conditions

In this section, we will present several examples of approximating the quantities of interest
(Qols) of parametric diffusion equations with homogenous Dirichlet boundary conditions.
The parametric diffusion equation with homogenous Dirichlet boundary conditions is de-
fined by

=V - (a(y,z)Vu(x)) = f(x), Va € Q, (4.3.1)
u(x) =0, Ve € 09, (4.3.2)
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where €2 is an open and bounded physical domain in R", & = (z1,x2, - ,Z,) is the n-
dimensional physical variable. The parametric diffusion coefficient satisfies a(y,x) > 0,
where y = (y1,92,...,yq) € D is a d-dimensional parameter vector and D is an open subset
of R? with a probability measure defined on it. The function y — a(y,-) is continuously
Fréchet differentiable for all y € D. Moreover, the parametric diffusion coefficient a(y, x)
is bounded, that is

Ml S CL(Z%Q?) S M27 vmaya

where M7, My are positive real numbers. The forcing term on the right-hand side of (4.3.1)
satisfies f(x) € L*(Q). The Qol is ¢(y) = Q(u(y)), where Q is a bounded linear functional
acting on the solution u. Here, the solution u depends on y through (4.3.1). It is clear that

u always depends on x. For simplicity, we write u(y, ) as u(y).

4.3.1 The weak problem

As the first step for obtaining one sample of Qol and its gradient sample, we need to solve
the weak problem of (4.3.1) and (4.3.2) at a given point ¥ = (y1,...,yq) € D. We derive
the weak problem to solve with multiplying (4.3.1) by a smooth test function v € C5°(2)
and integrating over (). With integration by parts, we get

- / (V - (a(§, ) V() v(2)dQ = / (a(F, ) V() - Vo(a)dD
Q Q

= / f(x)v(x)dQ since v(x) = 0 on .
Q

Due to the fact that C§°(Q) is dense in H{(£2), the smooth test function v can be replaced
by v € H}(2) [37,75]. Now we have 4 € H}(2) to be a solution of the weak problem

Blu,v] = (T,v),  VYve& Hi(Q), (4.3.3)
where the bilinear mapping is defined by
Blii, v] = /Q (a(@, ®)Vi(z)) - Vo(z)dQ,
for @, v € H (). The functional T : H}(Q2) — R on the right-hand side is defined by
(0)= | (@@= (f.v)

where (f,v) is the L?() inner product.
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With the Lax-Milgram Theorem, we can show that (4.3.3) has a unique solution. First,

by Cauchy-Schwarz inequality, we have
| Blu, v]| < Ma||Vallp2) [Vl L2y < Malltll g o) vl g o)-

Since M; < a(y,x), we have

My o _
mHU”LZ(Q) < Blu, u,

where c is the constant from Poincaré’s inequality. Finally, we have that T : H}(Q) — R

defines a bounded linear functional on Hg(€2), since

(T, v)] < Hf”L?(Q)”UHm(Q) < HfHLQ(Q)HUHHé(Q)'

In other words, it says that T € H*(Q), the dual space of H}(€). We have now proved that
(4.3.3) has a unique solution u € H}(2). Note that, for simplicity, we will write H*(f) as

H* from now on.

4.3.2 The adjoint equation

In the previous subsection, we derived the weak problem and proved the existence and
uniqueness of the solution. Now we are ready to derive the adjoint equation for generating
the gradient samples of the quantity of interest (Qol).

Recall, in §4.2, we have shown that the adjoint sensitivity analysis method is a simple
application of the implicit function theorem (IFT). Thus, in order to derive the adjoint
equation, we first need to check whether the assumptions needed for the IFT are satisfied.
Since the boundary value problem (shown as (4.3.1) and (4.3.2)) can be rewritten as an

operator
F:Dx (H*Q)NHNQ)) — L2
we have that, for any y € D, the strong solution u € H?(Q2) N H}(Q) solves the function
Fly,u) = =V - (aly, @)Vu(z)) — f(z) = 0
with u = 0 on boundaries. Furthermore, we can extend the operator F' to be
F:Dx Hj(Q) — H,
which is defined by

(F(y,u),v) = (=V - (a(y,z)Vu),v) — (T,v) = (a(y, ) Vu, Vv) — (f,v), (4.3.4)
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for F(y,u) € H* and for all v € H} (). In other words, for y € D, the weak solution
u € H}(Q) solves the function

(F(y,u),v) = (a(y7m)vu’ V’U> - <f,U> = 0.

Thus, two open subsets of Banach spaces X and V considered in the IFT are Y = D C X =
RY and U = H}(Q) = V respectively.

Now we shall show the operator F' € C1(Y xU, H*). Note that F(y,u) can be rewritten
as F(y,u) = G(y,u) — f(x), where the operator G : ) x U — H* is defined by

(G(y,u),v) = (=V - (aly,z)Vu),v) = (a(y, z)Vu, Vv).

Since f(x) only depends on «, f(x) can be considered as a constant function in y and u. In
other words, in order to show F € C1(Y xU, H*), all we need is to show G € C1(Y xU, H*).
For a given y € ), we define G5 : U — H* by

(Gy(u),v) = (=V - (a(g,2)Va),v) = (a(y, )V, Vv).
The operator G5 on U is linear, since

Gy(ur +u2) = =V - (a(y, =)V (u1(x) + u2(x)))
= (=V - (a(y,z)Vui(z))) + (=V - (a(y, z) Vuz(x)))
= Gg(u1) + Gg(u2),

for uy,us € U. With the same procedure used in Chapter 1 of [117], we can prove the
operator Gy is also bounded on Y. Recall, it has been seen in §4.3.1 that (G (u),v) = Blu, v]

for w,v € U. So, we have

[Gy(@)l . = sup TR _ g, Bl
A R T P A P
v#0 v#0

< Ma|[aly,,

which proves that Gy is a linear bounded operator on ¢. This implies that the operator
Gy is Fréchet differentiable on U and its Fréchet derivative is itself. Given the function
y — a(y, -) is continuously Fréchet differentiable for all y € Y, we have G € C1(Y xU, H*).
With this in hand, we can deduce that F € C*(Y x U, H*).

Next, we need to show the partial Fréchet derivative ‘g—i(g,a) : U — H* is invertible.
For the same reason as before, it is equivalent to showing that the partial Fréchet derivative
%—f(gj, u) : U — H* is invertible. Since the Fréchet derivative of the operator Gy on U is
9G
ou

itself, we have that (y,u) = Gy for any given y € ). Moreover, it has been proved in
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§4.3.1 that the weak problem
(Gg(u),v) = (Tyv) = (f,v), Yvel

has a unique solution u € U. So, we have the operator Gy is invertible and u = G; 1(T),

where the operator Gy . H* — U. This indicates that the partial Fréchet derivative
%(gv u):U — H* is invertible.

Now we can apply the IFT and compute the gradient samples of the Qol with
—(y) =2 —(y,u 4.3.5
(@) = 35, (.10, (13.5)

where the functional A € (H*)' is the solution to

oF  _ _ 0Q ,
)\%(y, u) = —%(u) (4.3.6)

Since the operators %—i(g, u) = Gy and ‘g—g(ﬁ) = @, (4.3.6) can be rewritten as
NGy = —Q, (4.3.7)

where the bounded linear operator G : U — H*, the bounded linear functional A : H* — R,
the composition A\Gy : Y — R and the bounded linear operator @ : U/ — R. Next, we
will derive the adjoint equation of (4.3.7). As a first step, we need to find the adjoint
operator Gy : (H*) — U of Gg. Recall, since every Hilbert space is reflexive, we have
(H*) = H} () = U. With U' = (HF(Q)) = H*, we know that the adjoint operator G5
satisfies G : U — H*. By definition of the adjoint operator (shown in §4.1), we have

(G%U,w) = (v, Gyw), (4.3.8)

for all w,v € U. Applying integration by parts twice on the right-hand side of (4.3.8), we
get

(U,Ggw):/ﬂ(—v.(a(g,w)w(a;)))v(m)dazA(a(g,m)Vw(m)).vu(w)dQ
= | (=7 (@) Ve(@)) w(@)d = (Gyo.w).

which implies that the operator Gy = G, i.e. Gy is self-adjoint. Thus, we have the adjoint
equation of (4.3.8) as

Gg\' = —Q", (4.3.9)
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where the bounded linear operators \* : R — U and Q* : R — H* are the adjoint operators
of A and @ respectively and the bounded linear operator G : Y — H*. Finally, after solving
(4.3.7) for A (or (4.3.9) for A*) and computing the partial Fréchet derivative %—Z(g,a), we
can obtain the gradient of the Qol at ¢ using (4.3.5).

4.3.3 Galerkin discretization and the discretized adjoint equation

In order to solve the weak problem numerically, we first need to truncate the problem into
a finite-dimensional setting. In this subsection, we will discretize the weak problem with
the Galerkin method, described in [25, §0.2] and [57], and show how the adjoint sensitivity
analysis method works for the discretized setting.

Recall, the weak problem to solve is defined by
Bla,v] = (f,v), (4.3.10)

where the bilinear mapping Blu,v] = [, (a(y, x)Vu(x)) - Vu(x)dQ and the inner product
(f,v) = Jo f(x)v(x)dS) for all v € U. As the first step of the Galerkin method, we define a
finite-dimensional space, Uy, which is a subspace of U. Instead of (4.3.10), now we solve a
discretized problem

Bluyp,v] = (f,v), (4.3.11)

where uy, v € Uy,
Let the set {¢; : 1 < j < N} be a basis of Uj,. We can write an approximated solution of
u as up(x) = Zj-v:l ujpj(x) and the test function v as v(x) = SN vipi(x) with v(z) = 0

on the boundary. Now (4.3.11) can be rewritten as a matrix equation

Ua =b, (4.3.12)
where
N

U= (/ a(g,m)wi(m)v%(m)m) € RN,

Q ij=1

N

b= ([ r@ei(@an) erY,

Q =1
@ = (uy,ug,...,uy)’ € RV,

Then, we solve for @ in (4.3.12) to get an approximated solution uj of u. The matrix U
defined above is often referred as the stiffness matriz in the finite element literature. Note
that the matrix U is symmetric and is also positive definite since Blw, w] > 0 for all nonzero
w € Uy, [25, §0.2]. Thus, (4.3.12) has a unique solution @ = U ~'b.
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Recall, at a given point g, the quantity of interest (Qol) is defined by

a(y) = Q(u), (4.3.13)

where @ : Y/ — R is a bounded linear functional. We approximate « with uj; € U}, which
has coefficients @ in the {¢;} basis. In the discretized setting, (4.3.13) becomes

4(§) = Qn(a) = a’q, (4.3.14)

where a” : RN — R represents the operator @, — the discretized version of the operator Q.

Moreover, the operator %(ﬁ) : RNV — R defines a mapping % — a” .

At a given point ¥, we can write the discretized version of (4.3.4) as
Fn(y,u) =Uu — b,

where the operator Fj, : RV — RN. Moreover, we have

OF),

o @) RN - RY, @ - Ua.
u

Thus, (4.3.7) can be understood as

M(Ua) = —a’ (@),
= \U = —a’, (4.3.15)
where X : RV — R represents the functional A\,— the discretized version of the functional

Ae (H*), U :RY — RN and the composition AU : RY — R. Since U is symmetric, the

adjoint equation of (4.3.15) becomes
UN' = —a, (4.3.16)

where AT : R — RY and a : R — R¥. Then, we can solve the matrix equation (4.3.16) for
AT and get A by simply taking the transpose.

Furthermore, we have that

OFy ,_ _ _
_n = 4.3.1
i (g,u) = Uya, (4.3.17)
where
N,N 7
U, = </ ak(ﬂ,m)Vw(m)ij(a:)dQ) e RVN  with af, = M, k=1,....d
Q ij=1 Ys,
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Thus, the gradient sample of the Qol at ¢ can be computed as

dg
dyx

_ oF, , _ _

fork=1,...,d.

4.4 Numerical results for homogenous Dirichlet problems

After deriving the discretized weak problem and the discretized adjoint equation in §4.3.3,
we are ready to show some examples. In this section, we will present the approximation
results of the quantities of interest (Qols) for three problems with the same set-up as shown
in §4.3. Note that, for simplicity, the problems we present here have either one-dimensional
or two-dimensional physical domain, i.e. @ = (0,1) or = (0,1)2. However, the higher
dimensional problem can be solved in the same way. For details on how these problems are
solved numerically, see Appendix A. In this section, §4.6 and §4.7, we use e; € R to denote

the column vector with 1 at the ith position and 0’s elsewhere.

4.4.1 One-dimensional diffusion equation

Let us first look at a simple one-dimensional problem. Suppose that u : Q — R solves the

Dirichlet boundary value problem

_4 (eydu(:v)) = f(x), x €,

u =0, x € 082,

where the physical domain 2 = (0, 1), the parameter y € ) = (—1, 1), and the right-hand
side function is defined as f(z) = z(z+1) € L*(Q). Here, we are interested in approximating
the Qol ¢(y) = u(y,0.18) with gradient-augmented samples.

We discretize this problem by taking 50 equal spaced subregions between 0 and 1,
which gives in total N = 51 nodes on [0, 1]. With this discretization, we can explicitly
form the matrix equation Uu = b at any given point y € ) and write the Qol at y as
q(y) = elyu. The adjoint equation is given as UAT = —ejg for AT € R¥. In this case, we
have %—Z’l(g,ﬁ) = Au = b and the derivative of the Qol can be computed as S—Z(g) = Ab.
Note that this one-dimensional problem is solved by considering a two-dimensional version
of this problem with assuming the solution is constant along the vertical direction. For
reference on how to implement one-dimensional problems on FreeFem++, see [10].

Figure 4.1 shows the approximation error ||¢ — §||;~ against the computational cost m
with s = 2048 when different approximating polynomial bases are used. With the same
amount of computational cost, we see that a smaller approximation error is often obtained

when the gradient samples are considered. Figure 4.1 also compares different weighting
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strategies. We see that, compared to the unweighted case, an improvement of the recovery

is obtained when a weighted ¢! minimization problem is solved.
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Figure 4.1: The ||¢ — §|| ,« recovery error of the one-dimensional diffusion equation against 7 for
Legendre polynomials with points drawn from the uniform density (top) and Chebyshev polynomials
with points drawn from the Chebyshev density (bottom). The unaugmented case is shown on the
left column and the gradient-augmented case is shown on the right.

4.4.2 Two-dimensional diffusion equation

Next, we consider a two-dimensional problem, which is defined by

=V (a(y, z)Vu(zx)) = f(x), Ve € Q,
u(m) =0, Vo € 89,

where Q = (0,1)? is the physical domain, = (z1,22) is the two-dimensional physical

variable. The parametric diffusion coefficient is defined by
a(y7m) =e¥. 1191 (33) +e¥ - 1192 ($), Ve € Q7 Vy € ya

where y = (y1,%2) € Y is a two-dimensional parameter vector and ) = (—1,1)2. The
indicator function on €; is denoted by 1o, and lg, is the indicator function on 22, where
Q1 is defined as the left half of the unit square 2 and €9 is the right half of €. The
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right-hand side is defined as f(z) = x1(z1 + 1) € L?(). The Qol to approximate here is
q(y) = u(y, (0.7,0.7)).

We discretize the domain by taking 20 equal spaced intervals on each boundary of €2
and the vertical line in the middle of . By doing this, we will construct a mesh of 896
triangles with in total N = 489 vertices. Figure 4.2 shows the triangular mesh for this

two-dimensional problem.

0.8

0.6

0.4 E

0.2

0 02 04 06 08 1

Figure 4.2: Triangular mesh for the two-dimensional diffusion equation.

Now, for any given y, we can explicitly from a matrix equation Uu = b. Since x =

(0.7,0.7) corresponds to the 309th vertex of the mesh, we can write the Qol at y as

q(y) = elygii. The corresponding adjoint equation is UAT = —ezgg for AT € R, Moreover,
?95: (y,u) can be computed using (4.3.17) with

ar(y,x) = €% x 1q, (x), fork=1,2.

Then, we have the gradient of the Qol at y as

dq.

OF),
=
dyx

(y) = T%(ﬂ,ﬂ),
for k =1,2.

Figure 4.3 shows the approximation error ||¢ — §||;~ against m with s = 365 when
different kinds of approximating polynomial bases are used. As in the one-dimensional
problem, compared to the unaugmented case, a smaller error is often obtained when the
gradient samples are considered. Again, compared to the unweighted ¢! minimization, we

see an improved approximation result when a weighted ¢! minimization problem is solved.
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Figure 4.3: The ||¢ — §|| ,~ recovery error of the two-dimensional diffusion equation against 7 for
Legendre polynomials with points drawn from the uniform density (top) and Chebyshev polynomials
with points drawn from the Chebyshev density (bottom). The unaugmented case is shown on the
left column and the gradient-augmented case is shown on the right.

4.4.3 The cookie problem

Our final example models how heat distributes inside of an oven with baked goods, which
is defined by

-V (a(y7 w))vu(a:)) =/, Ve €,
0, VY € 092.

Here, the physical domain is Q = (0,1)?, £ = (x1,22) is the two-dimensional physical

variable. The parametric diffusion coefficient is given as
8
a(y,x) =1-Y 1o, (x)(0.5+049y,), VoeQ, Vye,
i=1

where €4,...Qg are circular subregions of  of radius 0.14, centered at (0.5 £+ 0.3,0.5 +
0.3), (0.5,0.5 £ 0.3), (0.5 £ 0.3,0.5). The parameter vector y = (y1,...,yq4) € Y, where
Y = (—1,1)8. The forcing term on the right-hand side is defined as f = 100 - lg,, where
Qp =04, 0.6]? is a small square in the center of the domain 2. This problem is referred as

the cookie problem in the literature, where the square {2y models the central heating source
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of an oven and (£;)%_; represents the cookies baking inside of the oven. This problem and
analogous versions of it have been studied in various literatures, see [3,12,13,40]. Here, the
Qol to approximate is defined as ¢(y) = u(y, (0.5,0.8)).

We discretize the problem by taking 20 equal spaced intervals along each boundary of €2
and on the eight circles (€2;)%_;, and taking 5 equal spaced intervals along each boundary of
(1. With this discretization, we have in total 1172 triangles with N = 627 vertices. Figure

4.4 shows the triangular mesh for the cookie problem.

0.8
0.4

0.2

0 02 04 06 08 1

Figure 4.4: Triangular mesh for the cookie problem.

As the next step, we form the matrix equation Uu = b to solve. Since = (0.5,0.8)
corresponds to the 157th vertex, the Qol at g can be written as ¢(g) = els,@. It follows
that the adjoint equation is UAT = —e57 for AT € R, Moreover, it can be seen that, for

this problem, g%(g, ) can be simply computed using (4.3.17) with
ap(y,z) = —0.49 x 1g, (x), fork=1,...,8.

Finally, we have the gradient of the Qol at ¢ to be

dq.

L\ OF
dyx

(y) = Tm(g’a)’
fork=1,...,8.

Figure 4.5 shows the approximation error ||¢ — || - against /m with s = 23 when either
Legedre or Chebyshev approximating polynomial basis are used. As have been seen in
the previous two examples, compared to only sample the Qol, a smaller approximation
error is obtained when the gradient samples are also considered. Moreover, compared to
the unweighted ¢! minimization, we see a better approximation result when a weighted ¢

minimization problem is solved.
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Figure 4.5: The |l¢ — §|| ,« recovery error of the cookie problem against 7 for Legendre polynomials
with points drawn from the uniform density (top) and Chebyshev polynomials with points drawn
from the Chebyshev density (bottom). The unaugmented case is shown on the left column and the
gradient-augmented case is shown on the right.

4.5 Parametric diffusion equation with mixed boundary con-
ditions

In §4.3, we considered the parametric diffusion problem with homogenous Dirichlet bound-
ary conditions. However, in reality, the physical problems we are dealing with often have
more complicated boundary conditions. In this section, we will work on a more realistic sit-
uation when mixed boundary conditions are applied to the parametric diffusion equation.

The parametric diffusion equation with mixed boundary conditions is defined by

=V (aly,z)Vu(z)) = f(z), Va € Q, (4.5.1)

:v) = Vo € T'p, (4.5.2)

) =0, Ve € 'y, (4.5.3)

where €2 is an open and bounded physical domain in R™ and © = (1, z2,...,z,) is the

n-dimensional physical variable. The parametric diffusion coefficient satisfies a(y,x) > 0,
where y = (y1,¥2,...,yq4) € D is a d-dimensional parameter vector and the parameter
domain D is an open subset of R with a probability measure defined on it. The function

y — a(y, ) is continuously Fréchet differentiable for all y € D. Moreover, the parametric
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diffusion coefficient a(y, ) is bounded, that is
My < a(yaw) < M27 Vwa%

where M7, My are positive real numbers. The forcing term on the right-hand side of (4.5.1)
satisfies f(x) € L?(Q). The boundary I'p UT'y = 09 and I'p N 'y = §. On boundary T'p,
the solution satisfies the non-homogenous Dirichlet boundary condition u(x) = ¢, where
¢ is a non-zero real constant. And, on boundary I'y, the homogenous Neumann condition
8157(5) = Vu(x) - n = 0 is applied. The quantity of interest (Qol) is ¢(y) = Q(u(y)), where
@ is a bounded linear functional acting on wu.

At a given point § € D, we have that the weak problem of (4.5.1) with boundary
conditions (4.5.2) and (4.5.3) satisfies

/ (a(F, @) Vi(z)) - Vo(z)dQ = / f@o(x)dQ,  Voe HE (4.5.4)
Q Q

since 8%(5) = 0 on I'y. The space H%D is defined by

Hp ={weH(Q):w=0o0nTp},
and the weak solution satisfies
teU,={we H(Q) :w=conTp}.

However, this weak problem (4.5.4) is hard to be solved directly since u and v are defined
in different spaces and the space U, is not a vector space [105, §3.3.3]. Instead, we write the
solution u(x) of (4.5.4) as

u(x) = up(x) + uc(x) = up(x) + ¢,

where u.(x) = ¢ is the lifting function satisfying the boundary condition on I'p (shown as
(4.5.2)) and ug € H%D is the solution of the weak problem

Blug,v] = (T,v), Yve H%D, (4.5.5)
where the bilinear mapping
Blin,v) = | (a(g.2)Vio(@)) - Vo(@)do
for ug,v € H%D. The linear functional T : H%D — R is defined by

(T,v) = /Q Fl@)o(@)d = (f, ),
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where (f,v) is the L?(Q) inner product. With this set-up, at a given point 7, the Qol can
be written as ¢(y) = Q(u) = Q(ug + ¢). Moreover, the gradient of the Qol can be written

as

94
Jy

@) = 2?(@) with 0(y) = Q(uo(y).

since ¢ is a constant.
Next, we will show how to calculate the gradient of go(y) at g with the adjoint sensitivity

analysis method. Similar to what we have in §4.3.2, now we have an operator
F:D x Hp, — (Hp,),
which is defined by
(F'(y, uo),v) = (=V - (aly, ®)Vuo) ,v) — (T, v) = {a(y, ®)Vuo, Vv) — (f,v),

for F(y,up) € (H%D)’ and for all v € H%D. The two open subsets of the Banach spaces
in IFT are taken tobe Y = D C X = R% and U = H%D = ). With the same procedure
shown in §4.3.2, we can prove F' € CY(Y x U, (H%D)’ ) and the partial Fréchet derivative
g—i(g,ﬂo) U — (H%D)’ is invertible. Then, we can apply the IFT and get

dgo,.. (OF, _ _

where the linear functional \ € ( (H%D)’ )’ is the solution to
NGy = —Q, (4.5.7)

since the linear operator g—i(g, up) = Gy and the linear operator g—%(g, o) = Q. The linear
operator Gy : U — (H} )" is defined by

(Gg(tuo),v) = (=V - (a(y, ) Vi) ,v) = (a(y, x)Vig, V).
Because the operator Gy is self-adjoint on U, we have the adjoint equation of (4.5.7) as
Gg\" = -Q", (4.5.8)

where the bounded linear operators A* : R — U, Gy : U — (H%D)’, and Q" : R — (H%D)’.
With the Galerkin method, described in §4.3.3, we can discretize the weak problem

(4.5.5) into a matrix equation

Ua=b, (4.5.9)
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where

N

U= ( / a(g,m)vgpi(m)v@j(x)dQ) € RN,
Q i,j=1
N

b= (/Q f(m)goi(x)dQ) e RV,

=1

@ = (uy,ug,...,uy) e RV,

Note that the matrix equation (4.5.9) has a unique solution @ = U ~'b. Now we can write
the QoI at ¥ as q(§) = Qu(w + ¢) = a” (@ + ¢) for some fixed column vector @ € RY. The
column vector ¢ € RY has value ¢ at each position. Following the same steps as shown in
§4.3.3, we have the discretized version of (4.5.7) as

AU = —a”,

where A : RV — R is the discretized version of the functional \ € ((Ht,)")'. The discretized

adjoint equation (4.5.8) becomes
UM = —a,

where AT : R — RY. Furthermore, we have that

oFy, ,_ _ _
9Lh —U 4.5.10
8yk (yv u) ku, ( )
where
N,N =
U, = (/ ak(g,cc)chi(:c)chj(a:)dQ> e RVN  with ay, = M, k=1,...,d.
0 ij=1 Oy,

Thus, the gradient sample of the Qol at 4 can be computed as

dq.

_ 0B
dyg,

(@) = 20 (5) = e

- _?a b
o (y,u)

fork=1,...,d.

4.6 Numerical results for mixed boundary problems

In this section, we show the approximation results for the quantities of interest (Qols) of
two parametric diffusion equations with mixed boundary conditions. For details on how

these problems are solved numerically, see Appendix A.
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4.6.1 One-dimensional diffusion equation

Let us first look at a one-dimensional parametric diffusion equation defined as

_4 (eydu(x)> = f(z), z€Q=(0,1),

where the parameter y € Y = (—1,1) and the right-hand side f(z) = z(z + 1) € L?(Q).
The Qol is defined by ¢(y) = u(y, 0.18).
We denote the solution of this one-dimensional problem at y by u(x) = ug(z)+ 1, where

g € U is the solution of the weak problem
Blug,v] = (f,v), Yvel. (4.6.1)

Here, the bilinear mapping Blug, v] = fo (ey d g (3:)) 42 y(z) and (f,v) is the standard L?
inner product. We discretize the physical domain with 50 equal spaced subregions, then
(4.6.1) can be written as a matrix equation Unw = b and the Qol at the given point ¥ is
q(y) = ely(@ + 1). Given the adjoint equation UAT = —ejy and %(gj,ﬂ) =Uu = b, we
have the derivative of the Qol at y as g—g(gj) = %O(y) /\6Fd (y,u) = Ab.

Figure 4.6 shows the approximation error ||g — §| agamst m with s = 2048 when
different kinds of approximating polynomial bases are used. As what we have expected, the
approximation results are similar to the example shown in §4.4.1. With the same amount
of computational cost, a smaller approximation error is obtained when additional gradient
samples are also considered. Moreover, we see that, compared to the unweighted case, an
improvement of approximation is often obtained when a weighted ¢! minimization problem

is solved.

4.6.2 The Darcy flow problem

Next, we will present an example of the Darcy flow problem, which is often used to model
the porous media flow. Porous medium is a material containing a solid portion along with
a network of pores. Porous media are commonly seen in nature. For instance, soil, gravel,
sandstone and limestone are examples of porous media [62, §7.1] [74, Chpt. 1 & Chpt. 2].
The standard model for steady state porous media flow consists of Darcy’s equation and

the continuity equation for incompressible fluids, which are given as

q(z) + a(x)Vu(z) = g(x), (4.6.2)
V. q(z) =0, (4.6.3)

with some boundary conditions. Here, the physical variable * € © C R", u denotes the

pressure, coefficient a measures the permeability of the material, q is the velocity and g is
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Figure 4.6: The ||¢ — ||, recovery error of the one-dimensional diffusion equation with mixed
boundary conditions against m for Legendre polynomials with points drawn from the uniform density
(top) and Chebyshev polynomials with points drawn from the Chebyshev density (bottom). The
unaugmented case is shown on the left column and the gradient-augmented case is shown on the
right.

the external source term [46]. The permeability mentioned here is an important property of
porous media, which measures the ability for fluids to pass through the material [74, Chpt.
1]. If we combine (4.6.2) and (4.6.3) with some boundary conditions, then we get a Darcy
flow problem, defined by

=V - (a(y,z)Vu(x)) = f(x), Vr € Q, (4.6.4)
u(x) =2, Vo € I'p, (4.6.5)
du(z) -0, Ve € Ty, (4.6.6)

on

where Q = (0,1)? is the physical domain and & = (z1,x2) is the two-dimensional physical

variable. The parametric permeability coefficient is defined by

exp(3yk), x € Q fork=1,...,5,

a(y,x) =4
1077, wGQ\QL,

where 1, ...,Q;5 are five circles with radius 0.15 centered at (0.5,0.5) and (0.5 +0.3,0.5 +
0.3), and Qp = U;r;:lﬂk. Here, these circles are constructed to model the pores inside the
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medium. The parameter vector y = (y1,¥2,...,95) € V = (—1,1)°. By defining a(y, x)
this way, we see the permeability coefficient may jump more than four orders of magnitude
from inside of the circles to outside of the circles, which is a typical behavior seen in porous
media due to the variation of the material property inside of the domain [46] [74, Chpt.
1] [92, §4.3.3] [95]. We assume that there is randomness in the permeability, which takes into
account the fact that permeability of the material may not be accurately known [92,95]. The
right-hand side source term is defined by f(x) = —V - g(z) = 0.1 € L*(). Moreover, we
label four edges of € counterclockwise as 921, 029, 083, 0€)4 starting with the bottom edge.
We have non-homogenous Dirichlet boundary condition u(x) = 2 on edges I'p = 92 U 08y
and homogenous Neumann boundary condition on edges I'y = 9y U 0Q23. By defining
boundary conditions this way, we ensure a steady state flow from left to right [92, 95].
Analogous examples of this one have been studied in various literatures, see [46,92,95], for
instance. The Qol is ¢(y) = u(y, (0.6,0.2)).

For a given y, we write the solution of this problem as u(x) = ug(x)+2, where up(x) € U
is the solution of the weak problem (4.5.5). To solve this weak problem, we discretize the
domain by taking 20 equal spaced intervals on each edge of €2 and on those five circles
(€)3_;. Then, we get in total 1020 triangles with N = 551 vertices. Figure 4.7 shows the

triangular mesh for this Darcy flow problem.
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0.2

0 02 04 06 08 1
oy

Figure 4.7: Triangular mesh for the Darcy flow problem.
With this discretization, we can form a matrix equation Uw = b of the weak problem
(4.5.5) and the Qol at § can be written as () = ely(@ + 2). Moreover, the discretized

adjoint equation can be written as UAT = —egg for AT € RY. For this problem, we also

have

ap(y,x) = 3 x exp(3yx) X 1o, (x),
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for k =1,...,5. Then, along with (4.5.10), we have the gradient of the Qol at ¥ as

dq.

ory,
=
dyx

(@) = 20 (5) = e

- (5.3,
fork=1,...,5.

Figure 4.8 shows the approximation error ||g — §||;~ against computational cost /m with
s = 58, when different kinds of approximating polynomial bases are used. As in the previous
example, a smaller approximation error is obtained for the gradient-augmented case than
the unaugmented case when the same amount of computational cost is used. Moreover,

we see that, compared to the unweighted case, an improvement of approximation result is

achieved when a weighted ¢! minimization problem is solved.

error

error
error

10" 102 10° 102
m m

Figure 4.8: The ||g — g/« recovery error of the Darcy flow problem against /m for Legendre poly-
nomials with points drawn from the uniform density (top) and Chebyshev polynomials with points
drawn from the Chebyshev density (bottom). The unaugmented case is shown on the left column
and the gradient-augmented case is shown on the right.

4.7 Computational cost

When calculating the computational cost in §4.4 and §4.6, we simply assumed that it takes
the same amount of time to generate samples of the quantity of interest (Qol) and the
gradient samples of the Qol with the adjoint sensitivity analysis method, which was based

on what is indicated in [102]. As what we have seen in §4.3.3 and §4.5, in order to generate
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one sample of the Qol, the most cost intensive step is to solve the matrix equation Uu = b.
To generate one sample of the gradient of the Qol with the adjoint sensitivity analysis
method, in addition to U@ = b, we need to solve another matrix equation UAT = —a. In
other words, theoretically, we should expect to see that it takes about double amount of
the time to generate one sample of the Qol along with one sample of the gradient of the
Qol, compared to the time used to generate one sample of the Qol only, when the adjoint
sensitivity analysis method is applied. In the section, we will perform further investigation
on whether the computational cost for getting the gradient samples is indeed about the
same as the cost for getting the Qol samples. We also want to show that the computational
cost for generating the gradient samples changes mildly with the dimension of the parameter
space d.

The investigation is performed by considering the one-dimensional homogenous Dirichlet

boundary value problem:

_a
dx

(a(o0) fruta) ) = 7o), reo

u=20 x € 011,

where the physical domain €2 = (0, 1) and the right-hand side source term f(x) = z(z+1) €
L%(Q). We define the random diffusion coefficient as a truncated Karhunen-Loéve (KL)
expansion [63, §2.3], given by

d
a(y,z) =W yy(y,2) =Y Gk, Va,y.
k=1
For comparison purpose, we consider two different cases of &:

Cl: &= \/gexp(—k),

C2: & =—.
Here, y = (y1,¥2,...,yq) € D and D = (—1,1)? The trigonometric functions 75, are defined
by

sin (%my) if k is even,

Tk(w =
cos (%ﬂ'l‘) if k is odd.

Elliptic problems with parametric diffusive coefficients, which are defined as a truncated
KL expansion, have been widely studied. See [11,46, 72], for instance. Here, the Qol to
approximate is ¢(y) = u(y,0.18). We generate samples of y independently and identically

with respect to the uniform measure.
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As with the example shown in §4.4.1, we discretize the physical domain with N = 51,
and form the matrix equation U@ = b. In this case, we have ¢(y) = el a = el ,(A™1b).
The discretized adjoint equation becomes AXT = —ejo for AT € RY. For both cases, we

can compute %(ﬂ,ﬁ) using (4.3.17) with ag (g, z) defined by

Cl: ap(y,z)= (\/gexp(—k)ﬂc(x)) x eYa(¥:7)

C2: a(y,z) = ({fﬂ;(m)) x )

for k=1,...,d. Then, the gradient is computed as

dq.

0B
dyx

T

(¥) (¥, %),
fork=1,...,d.

We record the computational time for generating the Qol samples and the computational
time for generating both the Qol and the gradient of the Qol samples for various values of

the dimension d. We compute the computational time ratio as

" time used to generate the Qol and the gradient of the Qol samples
ratio = .

time used to generate the Qol samples

Figure 4.9 shows the box plot for the computational ratio over various values of d,
when 500 samples of the Qol and 500 samples of the gradient of the Qol are generated on
FreeFem++ (version 3.61) [73]. Here, bottom and top edges of the box indicate the 25th
and 75th percentiles respectively and the central red mark in the box is the median. The
results for C' are shown on the left and Cy on the right. In table 4.1, we present the average
computational time ratio for generating those 500 samples when different values of d are
considered. The results for C'; are shown on the top and Cs on the bottom. Regardless of
the number of dimension d, we see that, most of the time, the computational time ratio is
less than 3 for both cases. Moreover, for both cases, the average computational time ratio is
always around 2.7 when the dimension of the parameter space d is varying. These indicate
that it takes roughly about the same amount of effort to generate the Qol samples and
the gradient samples of the Qol with the adjoint sensitivity analysis method. Moreover, the
computational cost for generating these samples changes very mildly with the dimension of

the parameter space d.
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Figure 4.9: The box plot of the computational time ratio against d. The result for C'1 shows on the

left and C2 on the right.

ISH

d 10 20 30 40 o0 60
average time ratio | 2.50 | 2.65 | 2.71 | 2.74 | 2.71 | 2.77

d 10 20 30 40 50 60
average time ratio | 2.61 | 2.76 | 2.76 | 2.75 | 2.71 | 2.75

Table 4.1: The table of the average computational time ratio for various values of d. The result for
C1 shows on the top and C2 on the bottom.
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Chapter 5

Conclusions and future work

In this thesis, we applied the weighted ¢! minimization techniques in CS to the multi-
ple measurement vector (MMV) problem and the high-dimensional function approximation
problem. In Chapter 2, we introduced the variance-based joint sparse (VBJS) method based
on weighed ¢! minimization to solve the MMV problem. Unlike the standard ¢! minimiza-
tion approach commonly used to solve the MMV problem, this VBJS method is easily
parallelizable. Thus, we expect the VBJS method to be much more efficient compared to
the ¢>! minimization method, particularly for problems with a large number of vectors to
recover. As demonstrated through various synthetic numerical experiments on randomly
generated sparse vectors, one application to one-dimensional signal recovery and one ap-
plication to parallel Magnetic Resonance Imaging (MRI), we see that the VBJS method
often achieves the same accuracy as the standard ¢*! minimization approach with fewer
measurements. However, it has been seen that the VBJS method is not a panacea for all
types of image recovery problems. We have seen that the VBJS method gives a less accurate
result compared to the ¢*! minimization method for recovering the colored Shepp-Logan
phantom image. However, the VBJS method has some other uses where it shows promise.
For an application to edge detection, see [6].

In Chapter 3, we studied the problem of high-dimensional function approximation with
sparse polynomial expansions. In particular, we worked on the approximation problem when
both function values and its gradient are sampled. By assuming the computational cost
for generating the gradient samples equals to the computational cost for generating func-
tion samples, we see numerically that the approximation result from gradient-augmented
measurements often gives a smaller error than the case of function samples only. Various
nonuniform recovery guarantees are also presented in Chapter 3. We have proved that, with
the same sample complexity as the unaugmented case, gradient-augmented measurements
permit an error bound in a stronger Sobolev norm as opposed to an L? norm. Moreover,
for tensor Jacobi polynomials, if we solve a gradient-augmented weighted ¢! minimization
problem under the lower sets assumption, then the sample complexity is only a polynomial

in s and logarithmic in the dimension d. Thus, the curse of dimensionality is mitigated.
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A further demonstration of the benefit of adding the gradient samples for approximat-
ing the quantities of interest (Qols) of parametric differential equations was presented in
Chapter 4. In all numerical experiments, we see that, with additional gradient samples, the
Qol can be more accurately approximated than with function samples only when the same
amount of computational cost is used. Moreover, we see the weighted ¢! minimization prob-
lem gives an improved approximation result compared to the unweighted ¢! minimization
problem for both gradient-augmented and unaugmented problems. A simple comparison
of the computational cost for generating the Qol samples and the computational cost for
generating its gradient samples was also conducted in Chapter 4. We see that, by using the
adjoint sensitivity analysis method, it takes about the same amount of computational time
to generate samples of the Qol as to generate the gradient samples of the Qol. Moreover,
computational time for generating the gradient samples is independent of the dimension of
the parameter space d.

Beyond what has been completed in this thesis, there are numerous topics left as future
work. There are two potential topics related to the MMV problem. The first one is to explore
other weighting strategies. As seen from the experiment of color image recovery, the VBJS
method with reciprocal weights gives a worse result than the ¢>! minimization method.
It suggests us to explore other weighting strategy so that an improved performance of the
VBJS method can be obtained. The second one is to apply the VBJS method to other
problems. For instance, hyperspectral image recovery can be a potential application for the
VBJS method.

There are also several topics related to the high-dimensional function approximation
problem left as future work. As mentioned before, the recovery guarantees obtained in
Chapter 3 for the high-dimensional function approximation problem with the gradient-
augmented weighted £! minimization are all nonuniform recovery guarantees. For first future
topic, we should extend those results to uniform recovery guarantees. In [43], based on the
concept of lower restricted isometry property (RIP), uniform recovery guarantees for the
unaugmented weighted ¢! minimization problem on lower sets were proved. We expect
that a similar procedure could be applied to obtain uniform recovery guarantees for the
gradient-augmented problem. The second future topic is to explore other ways to exploit
the gradient information. For example, in [112] Tang used a basis pursuit-type technique
to approximate the high-dimensional function with the gradient-augmented measurements.
Moreover, in [112], Tang only considered the case of recovering with Legendre polynomial
expansion. Extending his work to other types of orthogonal polynomial expansion, such
as Chebyshev polynomial expansion, also left as future work. The third future topic is to
examine the gradient-augmented weighted ¢! minimization method on more complicated
parametric partial differential equation (PDE) problems. Recall that those examples we
have worked on in Chapter 4 are all simple elliptic problems. As a next step, we should also

perform experiments on more realistic problems. Problems in computational fluid dynamics
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and shape optimization could be potential directions to work on, for instance. Finally, as
a way to connect the MMV problem with the high-dimensional function approximation
problem, a topic for future work is that of simultaneously approximating solutions of a
high-dimensional parametric PDE with the VBJS method. As shown in Chapter 3, if the
solution of a parametric PDE is analytic, then it can be expressed as a polynomial chaos
expansion. Thus, to approximate the solution, the task is to reconstruct the corresponding
coefficient vector of the polynomial expansion. As what has been shown in [51], we can then
reformulate this coefficient vector reconstruction problem as a MMV problem, which could
be solved with the VBJS method introduced in Chapter 2.
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Appendix A

Numerical experiments set-up for
Chapter 4

All problems presented in §4.4 and §4.6 are solved numerically with the finite element
method. As a first step, we discretize the physical domain with a triangular mesh. We
simply define the finite approximation space Uy on the triangular mesh to be the space of
continuous piecewise linear functions. It can be shown that U}, is a subset of the solution
space U. See [64, §4.1.1] for the proof. If the triangular mesh has in total N vertices, then
the approximation space Uy, has a dimension of N. We denote these vertices by ($z)f\i1 Let
the set {¢; : 1 < j < N} be a basis of Uj,. Following what has been done in [25, §0.4], we
assume this basis satisfying ¢;(x;) = d;; = the Kroneacker delta function. This set {¢;} is
so-called the nodal basis of Uy. By defining the basis like this, we will have

N
uh(wi):Zujgoj(wi):uj, for ’i,j:1,...,N,
j=1

which are called the nodal values of the function w, [57]. After the basis {¢;} has been
defined, now we can explicit form the matrix equation Uu = b. Then, we solve this matrix
equation and compute samples of the quantity of interest (Qol) with their gradient samples
on FreeFem++ (version 3.61) [73]. Note that the given sampling point 4 € ) is generated
independent and identically distributed (i.i.d) with respect to the uniform measure when
Legendre approximating polynomials are used and with respect to the Chebyshev measure
when Chebyshev approximating polynomials are used.

After the Qol samples and the gradient samples are generated, the Qol is approximated by
solving the gradient-augmented weighted ¢! minimization problem

min ||z||, ,, subject to ||[Az —ql|, <n,
zECN ’

where sampling matrix A is defined the same way as in Chapter 3. The vector g contains
samples of the Qol and the gradient samples of the Qol obtained through FreeFem-+.
Same as in Chapter 3, this weighted ¢! minimization problem is solved using the SPGL1
package [118,119] with a maximum number of 10,000 iterations and = 10~!2 on Matlab
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R2019a [91]. We choose the truncated index set A as the hyperbolic cross index set of
degree s, where the degree s will be specified for each problem. The weights are defined as
Wy = (un)e for some 8 > 0 and wu, is defined the same way as in Chapter 3. Again, we
model the total cost of computing the gradient-augment measurements by

m = m, + My,

where m,, is the number of function samples and m, is the number of the gradient samples.
For the unaugmented problem, the computational cost is just m = m,. For all problems
shown in §4.4 and §4.6, we generate the gradient samples of the Qol at the same points as
the Qol samples. The approximation error ||¢ — §||;~, where ¢ is the Qol value obtained
with finite element method and ¢ denotes the approximated value of Qol, is computed on
a grid of 4 |A| uniformly distributed points and averaged over 10 trials.
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