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Generalizing the SVD of a matrix under non-standard inner
product and its applications to linear ill-posed problems

Haibo Li *

Abstract

The singular value decomposition (SVD) of a matrix is a powerful tool for many matrix computa-
tion problems. In this paper, we consider generalizing the standard SVD to analyze and compute the
regularized solution of linear ill-posed problems that arise from discretizing the first kind Fredholm
integral equations. For the commonly used quadrature method for discretization, a regularizer of
the form ||z||3; := ¥ M= should be exploited, where M is symmetric positive definite. To handle
this regularizer, we give the weighted SVD (WSVD) of a matrix under the M-inner product. Sev-
eral important applications of WSVD, such as low-rank approximation and solving the least squares
problems with minimum || - || as-norm, are studied. We propose the weighted Golub-Kahan bidiago-
nalization (WGKB) to compute several dominant WSVD components and a corresponding weighted
LSQR algorithm to iteratively solve the least squares problem. All the above tools and methods
are used to analyze and solve linear ill-posed problems with the regularizer ||z||3;. A WGKB-based
subspace projection regularization method is proposed to efficiently compute a good regularized solu-
tion, which can incorporate the prior information about # encoded by the regularizer ||z||3;. Several
numerical experiments are performed to illustrate the fruitfulness of our methods.

Keywords weighted singular value decomposition, ill-posed problems, subspace projection regulariza-
tion, weighted Golub-Kahan bidiagonalization, weighted LSQR

Contents

1 Introductionl 1
|12 Properties of SVD and its applications| 4
13 Weighted SVD with non-standard inner-product| 5
4 Iterative algorithm for WSVD and applications| 8
[ Using WSVD to analyze and solve linear ill-posed problems| 11
6 Numerical experiments| 14
[7_Conclusions| 20

1 Introduction

The singular value decomposition (SVD) is a well-known matrix factorization tool for diagonalizing a
matrix with arbitrary shape [30]. It generalizes the eigen-decomposition of a square normal matrix to
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any m x n matrix. Let A € R™*", then there exist orthogonal matrices U= (t1,y ..., Gm) € R™*™ and
V = (b1,...,0,) € R"™"™ such that

UTAV =% (1.1)
with
. >, - .
Y= ,m>n or E:(EQ 0),m<n7 (1.2)
0
where ¢ = min{m,n} and f)q = diag(d1,...,04) € R7%? is a diagonal matrix. The real values 61 >

-+ > 04 > 0 are called singular values, and the corresponding vectors u; and v; are called right and left
singular vectors, respectively.

The applications of SVD have many aspects. The mathematical applications include determining the
rank, range and null spaces of a matrix, computing the pseudoinverse of a matrix, determining a low-
rank approximation of a matrix, solving linear least squares problems, solving discrete linear ill-posed
problems, and many others [7, 14} 2 [11]. We will review a part of them in Section [2| Besides, SVD is
also extremely useful in all areas of science and engineering, such as signal processing, image processing,
principal component analysis, control theory, recommender systems and many others [29, 26, [15 [17].
For a large-scale matrix A, a partial SVD can be computed by using the Golub-Kahan bidiagonalization
(GKB), which generates two Krylov subspaces and projects A onto these two subspaces to get a small-
scale bidiagonal matrix [I0]. The bidiagonal structure of the projected matrix makes it convenient to
develop efficient algorithms. For example, the dominant singular values and corresponding vectors of A
can be well approximated by the SVD of the projected bidiagonal matrix [4]. It is also shown in [28]
that a good low-rank approximation of A can be directly obtained from the GKB of A without directly
computing any SVD. For large sparse least squares problem of the form mingegn ||Az — bl|2, the most
commonly used LSQR solver is also based on GKB [25].

In this paper, we focus on generalizing the SVD to analyze and compute the regularized solution of
the first kind Fredholm equation [21]

o(s) = /t " K (s, ) f(8)dt + oW () (1.3)

with ¢ € [t1,t2] and s € [s1, s3], where K (s,t) € L? ([t1,t2] X [s1, s2]) is a square-integrable kernel function,
W(s) is the Gaussian white noisy, more precisely, the generalized derivative of the standard Brown motion
W (s) with s € [s1, s2] [19], o is the scale of the noise, and ¢(s) is the observation. The aim is to recover the
unknown f(t) from the noisy observation. To solve this problem, the first step is to discretize the above
integral equation. Two commonly used discretization methods are the quadrature method and Galerkin
method [20], and we focus on the first one in this paper. In the quadrature method, a quadrature rule
with grid points {p1,...,p,} and corresponding weights {ws,...,w,} are chosen to approximate the
integral as

/t K (s, ) f(t)dt ~ ZwiK(s, ) (1.4)

1
and the underlying unknown function we want to recover becomes the n-dimensional vector i, =

(f(p1),..., f(pn))T. The observations are chosen from m grid points in [s1, so] to get a m-dimensional
noisy vector b. After discretization, the above integral equation ([1.3) becomes

b=Ax+e, (1.5)

where e is a discrete Gaussian noise vector.

The above discrete linear system is usually ill-posed in the sense that A is extremely ill-conditioned
with singular values decreasing toward zero without a noticeable gap [I4]. As a result, the naive solution
to the least squares problem min,cgn || Az — bl|2 will deviate very far from the true solution. Tikhonov
regularization is usually used to handle the ill-posedness property of this problem [31]. For a Gaussian
white noise e, the standard-form Tikhonov regularization has the form

. 72 2
min [[Az — bl + Allzl2. (1.6)

However, we emphasis that the regularization term ||z[|3 arises from the discretized version of || f[| L2, ta]);
here L2([t1,t5]) is the space of square-integrable functions define on [t;,t] with Lebesgue measure. If



all the weights in the quadrature rule for approximating the integral in ((1.4)) have the same value, then
the vector norm |[|z[|2 is a good approximation to || f||z2((t, +,))- If the weights have different values, a

good approximation to || f||rz((, ¢} IS [|z||as instead of |22, where ||lz|a = (2" Mz)Y/? with M =
diag(ws, ..., wy). In this case, the standard-form Tikhonov regularization should be replaced by
min [[Az — blJ3 + Alllf3;- (1.7)

Using the standard SVD of A, we can analyze and compute the ill-posed problem ([1.5) with the

regularizer ||z||3. For example, the naive solution to mingeg» ||Ax — b||2 can be expressed as the SVD

AT
expansion form zrg = ATb = 22:1 “(;;—,bﬁi? where r is the rank of A, motivating the so-called “truncated
SVD” (TSVD) regularization method, which truncates the first & dominant SVD expansion from zrg

to discard those highly amplified noisy components [I2]. Moreover, the Tikhonov regularized solution to
~2 ~T
(T.6) can be expressed as the filtered SVD expansion form zy = Y37, =2i %4, which tells us that

i
i=1 574X 05

the regularization parameter A should be chosen such that the filter factors f; := ~ 1 for small

o

G2+
index ¢ and f; ~ 0 for large i to suppress noisy components. Correspondingly, the GKB process for
computing SVD can also be exploited to design iterative regularization algorithms [24] [I]. The LSQR
solver with early stopping rules is a standard algorithm to handle the regularizer ||x||3. Specifically, the
regularization property of LSQR with early stopping rules has been analyzed using the SVD of A, where

the k-th LSQR solution also has a filtered SVD expansion form [I4].

To analyze the ill-posed problem with the regularizer ||z||%;, in this paper, we generalize the
standard SVD of A to a new form under a non-standard inner product, which means that the 2-inner
product in R™ is replaced by the M-inner product (z,z’) := zT Mz'. The core idea is to treat the
matrix A € R™*"™ as a linear operator between the two finite-dimensional Hilbert spaces (R™, (-, -)a) and
(R™, (-, -)2). The attempt to generalize SVD is not new, which can go back to Van Loan in 1976 [32], where
he proposed the generalized SVD (GSVD) for a matrix pair. The GSVD is a powerful tool to analyze the
general-form Tikhonov regularization term || Lz||%, where L € RPX™ with p < n is a regularization matrix.
In recent years, there have been several other generalized forms of SVD, such as the weighted SVD of
different forms proposed in [27, 22| [I8]. Specifically, in [I8], the authors used the weighted SVD to solve
the discrete ill-posed problem arised from when f(t) and g(s) are discretized on the same grid points
with [t1,t2] = [s1, s2] and m = n. In their paper, both the data fidelity term and regularization term use
the weighted M-norm. However, we emphasize that for the discrete observation vector b with Gaussian
white noise, the most appropriate form for the data fidelity term should be ||Az — b||3. In this paper,
we generalize a new form of SVD, investigate its properties and propose numerical algorithms for its
computation. Then we use this generalized SVD to instigate the solution of linear least squares problems
with minimum ||z||a; norm and propose an iterative algorithm for this problem. This iterative algorithm
with proper early stopping rules can be used to handle the discrete ill-posed problem with regularization
term [|z[|2,.

The main contributions of this paper are listed as follows.

e For any symmetric positive definite matrix M € R"*" we generalize a new form SVD of A €
R™*™ where the right singular vectors constitute an M-orthogonal basis of (R™, (-,-)pr). This
new generalized SVD is also named the weighted SVD (WSVD), which shares many similar good
properties as the standard SVD.

o We study some basic properties of WSVD and several applications, including its relations with the
null space and range space of A, a new form of low-rank approximation of A based on WSVD, and
the WSVD form expression of the solution to min,egn ||Az — b||2 with minimum ||| s norm.

e We propose a weighted Golub-Kahan bidiagonalization (WGKB) process, which can be used to
compute several dominant WSVD components. A WGKB-based iterative algorithm for solving the
least squares problems is also proposed. It is a weighted form corresponding to the standard LSQR
algorithms, thereby we name it weighted LSQR (WLSQR).

e Using WSVD, we analyze the solution of the Tikhonov regularization problem ((1.7). In order to
utilize the information from the regularizer ||x||3, and avoid selecting A in advance, we propose the
subspace projection regularization (SPR) method. We show that the WGKB-based SPR method



is just the WLSQR with early stopping rules, which can efficiently compute a satisfied regularized
solution.

In the numerical experiments part, we use four test examples of the first kind Fredholm equations to test
our algorithm. With Simpson’s rule for discretizing the integral, we show that the proposed algorithm
has better performance than the standard LSQR solver for regularizing the original problem.

The paper is organized as follows. In Section 2] we review some basic properties and applications of
SVD. In Section[3] we propose the weighted SVD of A with weight matrix M and investigate its properties.
In Section [4] we propose the WGKB process to compute several dominant WSVD components and the
WLSQR algorithms for solving least squares problems. All the above methods are used in Section [5] to
analyze and develop iterative regularization methods for linear ill-posed problems with regularizer ||z||3,.
In Section [6] we use several numerical examples to illustrate the effectiveness of the new methods. Finally,
we conclude the paper in Section [7]

Throughout the paper, denote by R(C) and N (C) the range space and null space of a matrix C,
by Ii the k-by-k identity matrix. We denote by 0 a zero vector or matrix with its order clear from the
context.

2 Properties of SVD and its applications

In this section, we review several important properties of the SVD and its applications to linear ill-posed
problems. They motivate us to generalize the SVD to the non-standard inner product case, which can
be applied to handle the regularizer of the form .

Let us start from the connections between the SVD, Schatten p-norm [I6, §7.4.7], and low-rank
approximation of a matrix [11] §2.4].

Theorem 2.1 (Schatten p-norm) Suppose the SVD of a matriz A is as in (1.1). For any integer
1 <p< oo, define

min{m,n} p
1Al =1{ >, of
i=1
Then || - ||, is @ matriz norm on R™*™ called the Schatten p-norm.

The specific choice of p yields several commonly used matrix norms:

1. p = 1: gives the nuclear norm. It is commonly used in low-rank matrix completion algorithms.
2. p = 2: gives the Frobenius norm (often denoted by || - ||F).
3. p = oo: gives the spectral norm (often denoted by || - ||2)-

All the Schatten norms are unitarily invariant, which means that [|All, = |[UTAV|, = [|A]|, for
any matrix A and all unitary matrices U and V. In this paper, we focus on the spectral norm and use

the popular notation || - |2 to denote it. From another definition of the spectral norm, we also have

A ~
||A||2 = InaXyz=+£o HH;L:T\[Q =01.

One of the reasons that SVD is so widely used is that it can be used to find the best low-rank
approximation to a matrix. The following low-rank approximation property is often used such as in data
compression, image compression and recommender systems.

Theorem 2.2 (Eckhart-Young-Mirsky) Suppose k < rank(A) = r and let
R o k
Ay = U SV, =D Giid] (2.1)
i=1
where Uy and Vj, contain the first k columns of U and V, and 3, is the first k-by-k part of $. Then

n_ 14 Xlle = 14 = Aill2 = it 2.2
rang(lé?)gk ” ”2 || k”Q Ok+1 ( )



The Moore-Penrose pseudoinverse of a matrix is the most widely known generalization of the inverse
matrix [11l 5.5.2]. Using the SVD of A, we can give its explicit form:

A . 1 —1
AT=vViuT, »f= (Z(; g) : (2.3)

One application of the Moore-Penrose pseudoinverse is to solve the rank-deficient least squares problems
11, §5.5.1].

Theorem 2.3 Let rank(A) = r (can be smaller than min{m,n}). Then the rank-deficient least squares
problem with a minimum 2-norm

min 7]z, 8 = {: || Az — b2 = min} (2.4)

has a unique solution

roAT
rps=Alb=Y Y s, (2.5)

i=1 Ot

For linear ill-posed problem with Tikhonov regularization (1.6]), the regularized solution has a similar
expression to (2.5) but with additional fiter factors [14], §4.2]:

r

&2 4'b
— LG 2.6
™= T e (2.6)

i=1 ¢

where the regularzation parameter \ should be chosen such that the filter factors f; := ~ 1 for

g;
GZ4+A
those small index ¢ corresponding to dominant information about i, and f; ~ 0 for those large index
1 to filter out noisy components.

For small-scale matrices, the SVD can be efficiently computed by a variant of QR algorithm [I0] or
Jocobi rotation procedure [0l [6]. For large-scale matrices, one commonly used SVD algorithm is based
on the Golub-Kahan bidiagonalization (GKB), which applies a Lanczos-type iterative procedure to A to
generate two Krylov subspaces and project A to be a small-scale bidiagonal matrix. Then the SVD of the
reduced bidiagonal matrix is computed to approximate some dominant SVD components of A [9]. The
GKB process is also a standard procedure used in LSQR for iteratively solving large-scale least square
problems. At the k-th step, it solves the following problem:

Ty = mgl |Az —bll2, Sk =Kr(ATA, ATb) :=span{(ATA)}, ATb}rF L
TESK

For large-scale linear ill-posed problems, the above approach is very efficient and fruitful for handling the
|z||3 regularization term, where an early stopping rule should be used to avoid containing too much noise
in the iterative solution.

If the first kind Fredholm equation is discretized using weights {ws,...,w,} with different val-
ues in (L.4), then the corresponding approximation to ||f||z2 is ||z||a instead of ||z|2, where M =
diag(ws,...,wy). In this case, we need to consider the Tikhonov regularization problem and the
corresponding iterative regularization methods. To analyze and solve this problem, in the following part,
we generalize the SVD to the M-inner product case and propose corresponding iterative algorithms.

3 Weighted SVD with non-standard inner-product

In this section, let M € R™*™ be a symmetric positive definite matrix. It can be either diagonal or
non-diagonal. This matrix can introduce a new inner product in R™.

Definition 3.1 For any A € R™*™  define the linear operator A : (R™, (-, )pr) = (R™,(-,")2) as A :
x +— Az for x € R™ under the canonical bases of R™ and R™, where (-, )2 is the standard 2-inner product
and (z,x")pr := 2" Mz’ is called the M -inner product.



The operator A is bounded since (R™, (-, )ps) and (R™,(-,-)3) are both finite dimensional Hilbert
spaces. Thus, we can definite the operator norm of A.

Definition 3.2 Define the M-weighted norm of A as

[ Az |2
A = || A]| := max .
14llar2 = [l A]l := max &

(3.1)

Similar to the unitarily invariant property of ||A||2, we have the following property for || A| 2.

Proposition 3.1 Letﬁ € R™*™ gnd V e R™"™ are 2- and M- orthogonal matrices, respectively, i.e.
UTU =1, and VTMV = 1,,. Then we have

IUTAV (|2 = | Allare (3.2)

Proof. Since VT MV = I,, and M is positive definite, it follows that V is invertible. Thus, we have

o= UT AV UTAV
[UTAV ||y = maxw = maXH~7xH2
w20 [|z2 w0 |[Va||lm
U'A A .

= max 7” yll2 = max 1 4yl2 (let y = V)
v#0  lyllm v#0 [|yllnm

= || Allm,2:

where we have used |[Vz|3; =2 VI MV =2z = ||z||3. The proof is completed. O

The following result generates the SVD of a matrix A, which has a very similar form to (|1.1)).

Theorem 3.1 Let A € R™*" and M € R™ ™ is symmetric positive definite. There exist 2-orthogonal
matriz U € R™*™ and M -orthogonal matriz V€ R™*™  and diagonal matriz ¥, = diag(oq,...,0,) with
o1 > >0 >0, such that

¥, 0

UTAV =% =
0O O

) . S eR™ (3.3)

Proof. By the definition of || A||as,2, there exist vectors v1 € R™ and u; € R™ such that ||v1]|am = ||uill2 =
1 and Avy; = oquq with o1 = ||A||pm2. Let Vo € R*>*(n=1) and U, € R™mX(Mm=1) guch that V = (v1, V)
and U = (uy,Usy) are M- and 2-orthogonal, respectively. Then we get

UT AV — uf Avy  u] AV, _. [ x! — A,
U Av,  UJ AV, 0 B ’

where z € R*™! and B € Rm~Dx(»=1) By Lemma we have [[A1ll2 = [[Al|pm2 = 01, Let T =
(o1,2"7) 7. Tt follows that

gis izl | (of 42T
E: Bs

which leads to z = 0. Therefore, we have UT AV =

2
/ 1812 > 212 = 02 + 2 7a,
2

-
o 0 . Now (3.3) can be obtained by using

mathematical induction. Since U and V are invertible, it follows that rank(A) = r = rank(X,). The
proof is completed. o

The main difference between the two forms (1.1)) and (3.3) is that the right vectors {v;} are M-
orthonormal. We call (3.3 the weighted SVD (WSVD) of A with weight matrix M. For M = I, it is
the same as the standard SVD. Similar to the standard SVD, the WSVD can be used to analyze and



solve many problems with a non-standard 2-norm. Specifically, it can be used to analyze and develop
efficient algorithms for linear ill-posed problems with the ||z||3, regularization term.

Note that VT MV = I,, implies that VV "MV = V. Multiplying V! from the right-hand side, we
get VVT = M~'. Therefore, from we get

A=U (ZT 0) VM, (3.4)
0 0
From and ( we have
A’Ui = O;U;, (35)
ATui = O'Z‘M’UZ‘. (36)

Also, we have the WSVD expansion form of A: A =3>""_, o;u;v; M. Besides, the range space and null
space of Acan be explicitly written as

R(A) = span{uy,...,u},
N(A) = span{vy11,...,v,},

where {v,11,...,v,} is an M-orthonormal basis of A'(A).
Using WSVD, the Eckhart-Young-Mirsky theorem for low-rank approximation of a matrix under the
Il - |az,2 norm has the following form.

Theorem 3.2 For any integer 1 < k < r, we have

inllA—X > .
min [ a2 > oktt, (3.7)

where the minimum can be achieved if X = Ay := Zle aiuiu;rM.
Proof. First, if X = Ay := Zle ouiv] M, we have rank(X) = k, and by Proposition ﬂ we have

0
Ok+1

A= X|m2= U (A= X)V|2=||UTU VIMV| =op.

or

0

2

Thus, we only need to prove ||A — X||ap2 < opy1 for any X € R™*™ with rank(X) = k. Fot such
X we have dim(NV (X)) = n — k, thereby we can find M-orthonormal vectors {w1, ..., w,_x} such that
N(X) = span{wy, ..., w,—x}. Notice that N'(X)Nspan{vy,...,vkt1} # {0} since the sum of dimensions
of these two subspaces is n + 1. Let z be a nonzero vector in the intersection of the above two subspaces

and ||z||ps = 1. Using the WSVD of A, we get

r k+1
Az = Zaiui(U;Mz) = Z osui(v] Mz),
i=1 i
since z is M-orthogonal to vgy2,...,v,. It follows that
k41 k41
[[(A - X)z|3
A= X3z > WQ = ||Az||5 = ZU (v M2)? > Uk-i—lz vi Mz)?.

M =1

Since ||z||3; = 2 TMz=2"MVV T Mz = ||VTMz||%, where we used VV'T = M~1 we have

k+1 n

Y (0 Mz)? =3 (0] Mz)? = |V Mz|[; = ||z[|3, = 1.

i=1 i=1

We finnaly obtain |4 — X||am2 > k41 O



For the rank-deficient least squares problem, we can write the solution set by using the WSVD, which
is convenient to find the unique minimum || - ||as solution.

Theorem 3.3 For the linear least squares problems min,cgn

T ;rb
X:Z}“@

Az — bl|a, the set of all solutions is

v; + span{vr41,...,Un}, (3.8)

and the unique solution to

Hg/{/l lzllar, X ={xz€R":|Az —b|]2 = min} (3.9)
18 .
r T

Ti = el v; (3.10)
0;

Proof. Write U and V as U = (U,,U, ) and V = (V,,,V,. | ). Using the WSVD of A, we have

2
T T T
U(Er 0) <VT> . H(ETVT Mx><U;b>
0o o/ \VT, , 0 Ul b

= |12,V Mz — U, b3 + ||U,] L bl}3.

2
[ Az — blI3 =

2

Az —b||2 are the solutions to X, V,T Mx = U,Tb, which is equivalent
T

to V,T Mz = ¥, 'U,Tb. An obvious solution to the above equation is z, = V, X, 1Ub = Y7, “;—,bvi.

Since N (V,T M) = span{v,1,...,v,}, we have the expression of X as (3.8))

On the other hand, for any z € X sucht that z =z, + )" 1 7iVi, since v; are mutual M-orthogonal,
we have

Therefore, the minimizers of min,cgn

n
213 = lzallar + Y A7 = el
1=r+1
where “=” holds if and only if 7,11 = -+ = 7, = 0. Therefore (3.9) has the unique solution .. O
t trrT t o0 nxm t
If we let ATv = VYTU ', where 3T := eR . Then we can express x, as x, = ATMb.
0 O

This is a similar expression to the smallest 2-norm solution to mingcgn ||[Az — b||2. But unfortunately,
AT is not a real pseudoinverse of a matrix since (AATs) T #£ AATsa, Thus, we do not discuss it anymore.

4 Iterative algorithm for WSVD and applications

The WSVD of A is actually the singular value expansion of the linear compact operator A : (R™, (-, -)pr) —
(R™, (-,-)2) that has a finite rank. This motivates us to apply the GKB process to A to approximate
several dominant WSVD components of A; see [3] for the GKB process for compact linear operators.

Starting from a nonzero vector b € RWﬂ the GKB process proceeds based on the following recursive
relations:

Bip1 = b, (4.1)
a;q; = A*p; — Bigi—1, (4.2)
Bit1piv1 = Aqi — ps, (4.3)

1For the GKB process used in LSQR, it usually uses the right-hand side b as the starting vector. However, for using the
GKB process to calculate SVD or WSVD, it can use any nonzero vector in R™ as a starting vector.



where A is the adjoint of A. The iteration proceeds as ¢ = 1,2,..., and we set ¢y := 0. From the
definition of A we have A¢; = Ag;. In order to compute A*, we use the basic relation

<./4£L', y>2 = <:E7 A*y>M

which is equivalent to (Az)"y = 2" A*My for any vectors x € R™ and y € R™. If follows that A* =
M~1AT. Therefore, we obtain the GKB process of A*, as summarized in Algorithm |1l We name it as
the weighted GKB process with weight matrix M.

Algorithm 1 The k-step weighted GKB (WGKB)

Input: Matrix A € R™*" positive definite M € R™*™ nonzero b € R™
Output: {a;, B}, {pi, @i}t
Let f1 = [|bll2, p1 = b/1
Compute 5= ATp;, s=M"'5
Compute a; = (s75)Y/2, ¢ = s/ay
fori=1,2,...,k do
r=Ag; — a;p;
Bit1 = ||7’||, Div1 = r/6i+1
§=ATpiy1 — BiyiMq;, s =M"'5
aip1 = (sT8)Y?, gip1 = s/aip
end for

Using the property of GKB for the compact operator A, before the WGKB reaches the termina-
tion step, that is, k; := max;{a;8; > 0}, the k-step WGKB process generate two groups of vectors
{p1,..-,pk+1} and {q1,...,qx+1} that are 2- and M-orthornormal, respectively. If we let Py =

(P1,- - Pr41), Qr = (P1,-.-,qx) and

o
B2 s
B, = By . € R XK (4.4)
Qg
Br+1
then we have
AQy = Pi11By, (4.5)

MflATPk._H = QkB;;r + Oék+1¢1k€11+1a

where egy1 is the (k + 1)-th column of Ixy;. Therefore, By is the projection of A onto subspaces
span{ P11} and span{Qs}.

We can expect to approximate several dominant WSVD components of A by the SVD of By. Let the
compact SVD of By be

By = Y, 0.H;, O, =diag (9§’“), . ,9,&“) NS} (4.7)

where Yy, = (ygk), . ,y,(f)) e RE+UXk and H), = (hgk), e h,(ck)) € R¥*k are two orthornormal matri-

ces. Then the approximation to the WSVD triplet (o5, u;, v;) is (61@), a(’“), ﬁgk)) = (Hl(k), Pk+1y§k), Qkhl(-k)).

Proposition 4.1 The approximated WSVD triplet based on WGKB satisfies
A — Mg — (4.8)
-

ATﬂz(‘k) - 5z(k)MU'k) = Oék+1MCJk+1€;I+1- (4.9)

K2



Proof. These two relations can be verified by directly using and :
Ao — 5 Pa" = AQun = 00 Pyiy®™ = Pesy (Bihl = 0yM) =0
and
ATal® — WM™ = ATPy™ — 0P MQup™ = M (QuB + arigrel 1) v — 0 QY
= MQK(B[ 5" = 0" 0) + ap 1 Mape 1y
= ak+1Mlel—cr+1y£k)'

The proof is completed. o
Therefore, the triplet (5i ,a;

that ‘O‘kﬂq’cegﬂygk)’ is sufficiently small. This easily computed quantity can be used as a stopping

(k) 7o) z‘;z(k)) can be accepted as a satisfied WSVD triplet at the iteration

criterion for iteratively computing WSVD triplets.
To solve the large-scale least square problem (3.9]), one method is to transform it to the standard one:

min 22, Z = {z €R": | ALylz — b}

by the substitution z = Ly;z, where Ly is the Cholesky factor of M, i.e. M = L} Ly, and then use the
LSQR algorithm to solve it. However, this transformation needs to compute the Cholesky factorization
of M in advance, which can be very costly for large-scale M. Noticing that the least square problem
(3-9) can be obtained by WSVD, that is z, = Afmb, we can expect to iteratively compute z, based on
the WGKB process of A with starting vector b. Note from that SP;r1e1 = b, where e; is the first
column of Ij;. If the WGKB process does not terminate until the k-th step, i.e. k < k;, then By has
full column rank. In this case, we seek a solution to in the subspace span{Qy}. By letting z = Qry
with € R*, we have

min Az —b||2 = min |A —bl|2 = min ||Pr41Bry — BPry1e1]|2 = min ||Bry — e
e | ll2 min [AQry — bll2 min | Pr+1Bry — BPrrie1]2 nin | Bry — Bei|l2
and ||z||ar = ||Qkyl|lar = ||yll2. Therefore, the problem (3.9) with = € span{Qx} becomes

;ggl Iyll2, Yk ={y € R* : || Bry — Bei |2 = min} (4.10)
k

This is a standard linear least squares problem with minimum 2-norm, which has the unique solution
Y = B;Lﬁel. Therefore, at the k-th iteration, we compute the iterative approximation to ([3.9):

Tp = QrlYr, Yk = B]Zﬁeb (4.11)

The above procedure is similar to the LSQR algorithm for standard 2-norm least squares problems.
Moreover, the bidiagonal structure of By allows us to design a recursive relation to update zj step by
step without explicitly computing B,iﬁel at each iteration; see [25, Section 4.1] for the similar recursive
relation in LSQR. We summarized the iterative algorithm for iteratively solving in Algorithm
which is named the weighted LSQR (WLSQR) algorithm.

The following result shows that the WLSQR algorithm approaches the exact solution to (3.9 as the
algorithm proceeds.

Theorem 4.1 If the WGKB process terminates at step ky = max;{a;3; > 0}, then the iterative solution
X, 18 the exact solution to (3.9).

Proof. By Theorem a vector € R™ is the unique solution to (3.9) if and only if
Az —b 1L R(A), x Ly span{vyy1,...,vn}.

Using the property of the GKB process of A, the subspace span{@y} can be expressed as the Krylov
subspace

span{Qr} = Kr(A*A, A*b) = span{(A"A)' A*b} =5 = span{(M AT A M ATbY
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Algorithm 2 Weighted LSQR (WLSQR)

Input: Matrix A € R™*™ positive definite M € R™*"™ vector b € R™
Output: Approximate solution to : Tk

Compute f1p1 =b, cngr = M1 Al qq,

Set 9 =0, wy =q1, p1 = B1, p1 =

for i =1,2,... until convergence, do
(Applying the WGKB process)
Bi+1Pit1 = Aqi — aip;
it1Gi1 = M ATpiy — Bitags
(Applying the Givens QR factorization to By)
pi = (p7 + B21)'?
ci = pi/pi
si = Biv1/pi
Oit1 = siciq1
Pit1 = —Ciit1
¢i =cidi
Git1 = Sidi
(Updating the solution)
x; = xi—1 + (i) pi)w;
i1 = Vig1 — (Qip1/pi)wi

end for

For any k < k4, since x, = Qrys, it follows
xy, € span{(MTATAYMTATDY L CR(MTTAT) = MTIN(A)*.
Using the WSVD of A, we have N (A) = span{v,11,...,v,}. For any v € R, it follows that
ve MTIN(A)r & Mve N(At v ™My, =0, i=7+1,...,n,

which leads to M~IN(A)L = span{vi,...,v,}. Therefore, we get x), € span{vi,...,v,} and thereby
xg Lar span{v,q1,...,0n}.
To prove Azy, —b L R(A), we only need to show AT (Axy, —b) = 0. By and (£.3)), we have
AT (Azg, —b) = AT (AQk, Yk, — Pr,11P1e1)
= AT Py, 11(Br,yk, — Brer)
= M(Qr, B, + ok, 410k, +16041) (Br, Yk, — Brer)
= M [Q, (By, Bi,yr, — By, B1re1) + ok, 1 Bk, +10k+1€4, Y. )
= ey 1B+ 1M Qi 164, Yo

where we used B] By, yr, = B, f1e1 since yj, satisfies the normal equation of min,, || B,y — B1e1 2. Since
WGKB terminates at k;, which means that oy, 418,41 = 0, we have AT (Azy, —b) = 0. O

5 Using WSVD to analyze and solve linear ill-posed problems

For the Tikhonov regularization with the ||z||3, regularization term, if we have the Cholesky factor-
ization M = LLL M, this problem can be transformed into the standard-form Tikhonov regularization
problems mingegn{||ALy;Z — b||3 + A|Z||3} by letting # = Lpz. To avoid computing the Cholesky
factorization of M, we can write its solution explicitly using the WSVD of A.

Theorem 5.1 The solution to the Tikhonov regularization (L.7) can be written as

r 2 T
o u; b
= - 5.1
“ ;%24”\ o (5-1)
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Proof. Since V is an M-orthogonal matrix, we can let x = Vy for any x € R"™ where y € R™. Using
relations AV = UX. and V' MV = I, in the WSVD of A, (1.7) becomes

min {[|USy — b3 + Ally[|3}-
yER

The normal equation of this problem is
(US)T(US)+ ML y=U)"b & ('S4 AL,)y=x"U"b,
which leads to the unique solution to as .
2 =V(ETS+ AL I2TUTh = Z ZTb

2
=1 i Ti

The proof is completed. o

The above expression of x is similar to (2.6), where A should be chosen properly to filter out the
noisy components.
To avoid computing the Cholesky factorization of M and choosing a proper regularization parameter

in advance, we consider the subspace projection regularization (SPR) method following the idea in [8]
§3.3], which can be formed as

min ||z|y, X = {z: min |[[Az — b||2}. (5.2)
rEX} €Sy

Remark 5.1 The above SPR method is a generalization of the iterative regularization method corre-
sponding to the ||z||3 regularization term. For ezample, the LSQR method with early stopping can be
written as

min [|z|s, Xk = {z: min ||[Az — b2}, Sp=Kir(ATA ATD).

TE Xy €S

The success of the SPR method highly depends on the choice of solution subspaces Sy, which should be
elaborately constructed to incorporate the prior information about the desired solution encoded by the
reqularizer ||z||%,. For the LSQR method, the solution subspaces Ky(AT A, ATb) can only deal with the
|z||3 regularization term. This motivates us to develop a new iterative process to construct solution
subspaces to incorporate prior information encoded by ||z||3,.

Remark 5.2 For any choice of a k-dimensional Sk, there exists a unique solution to (5.2). To see it,
let x = Wy with y € R* be any vector in Sy, where Wy, € R"** whose columns are M-orthonormal and
span Sk. Then the solution to (5.2)) satisfies xi, = Wiyyk, where yy is the solution to

min , ={y: min ||AWyy — b|2}.
min s i = {y' min [ AWy b}

This problem has a unique solution yr = (AWy)b. Therefore, there exists a unique solution to ([5.2).

Using the WSVD of A, if we choose the k-th solution subspace in (5.2) as S = span{vy, ..., vx}, then
the solution to (5.2)) is xx = Viyk, where yy is the solution to

min , ={y: min ||UpXgy — b||2}.
min g, Y = {u's min |UeSky -~ ble)

Note that UgX has full column rank for 1 < k < r. Therefore, ) has only one element, which is
yr = S, 'U,T b, thereby

" ulh
o= Vil U b =) .

i—1 F

Comparing this result with Theorem we find that zj can be obtained by truncating the first &
components of z,. Thus, we name this form of zj as the truncated WSVD (TWSVD) solution. By
truncating the above solution at a proper k, the TWSVD solution can capture the main information

12



corresponding to the dominant right weighted singular vectors v; while discarding the highly amplified
noisy vectors corresponding to others.

From the above investigation, those dominant v; play an important role in the regularized solution,
since they contain the desirable information about z encoded by the regularizer ||z||%,. As has been shown
that WGKB can be used to approximate the WSVD triplets of A, this motivates us to design iterative
regularization algorithms based on WGKB. This can be achieved by setting the k-th solution subspace
as S, = span{Qy}. Following the same procedure for deriving WLSQR, the problem becomes

min = : min |Bry — fie
min [y, Vi = {us min [ By — Brerl},

which has the solution given by . Therefore, the SPR method with Sy = span{Q} is actually
the WLSQR method. One important difference from solving the ordinary least squares problem is that
here the iteration should be early stopped. This can be seen from Theorem [.1] since the algorithm
eventually converges to the naive solution to . This is the typical semi-convergence behavior for
SPR methods: as the iteration proceeds, the iterative solution first gradually approximate to xt;ye, then
the solution will deviate far from 2.y and eventually converges to Af»b [8, §3.3]. This is because the
solution subspace will contain more and more noisy components as it gradually expands. The iteration
at which the corresponding solution has the smallest error is called the semi-convergence point. Note
that the iteration number k£ in SPR plays a similar role as the regularization parameter in Tikhonov
regularization. Here we adapt two criteria for choosing regularization parameters to estimate the semi-
convergence point.

Two early stopping rules

1. For the Gaussian white noise e, if an estimate of ||e||2 is known, one criterion for determining
the early stopping iteration is the discrepancy principle (DP), which states that the discrepancy
between the data and predicted output, which is || Az — b||2, should be of the order of ||ell2 [23].
Following the derivation of the procedure for updating zj in [25], we have

|[Azg — bll2 = || Bryr — Brell = dps1.

Note that ||Azy — b||2 decreases monotonically since x; minimizes ||Azy — b||2 in the gradually
expanding subspace Si. Therefore, following DP, we should stop the iteration at the first k£ that
satisfies

b1 < Tllell2 < o (5.3)
with 7 > 1 slightly, such as 7 = 1.01. Typically, the early stopping iteration determined by DP
is slightly smaller than the semi-convergence point, thereby the corresponding solution is slightly
over-smoothed.

2. The L-curve (LC) criterion is another early stopping rule that does not need an estimate on |le||2
[13]. In this method, the log-log scale the curve

(log [| Az, — bll2,1og ||zklar) = (log Prs1,log([lzkllar)) , (5-4)

is plotted, which usually has a characteristic ‘L’ shape. The iteration corresponding to the corner
of the L-curve, which is defined as the point of maximum curvature of the L-curve in a log-log plot,
is usually a good early stopping iteration.

The whole process of the WGKB-based SPR iterative algorithm is summarized in Algorithm

To show the effectiveness of WLSQR for regularizing (1.5]) with regularizer ||z||3,, we give the following
result.

Theorem 5.2 Let the Cholesky factorization of M be M = L}, Lys. Then the k-th iterative solution of
WLSQR for (5.2) is xx = L;jfk, where Ty is the k-th LSQR solution of mingegn HAL;V}E —b||2.

Proof. The k-th LSQR solution of mingern |AL}/# — b||2 is the solution of the subspace constrained
least squares problem

Inisp |ALy T = blla, Sk =Ki (ALy; ) T(ALY), (ALY D),
TESE
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Algorithm 3 WLSQR with early stopping

Input: Matrix A € R™*", positive definite M € R™"*", vector b € R™
Output: Final regularized solution corresponding to (|5.2))
1: for k=1,2,...,do
2 Compute ayg, Bk, Pk, ¢ by WGKB
3 Update xj, from xp_1
4 Compute the ||Axy — b||2 and ||z|/ams
5 if Early stopping criterion is satisfied then > DP or LC
6: Estimate the semi-convergence point as k1
7
8
9:

Terminate the iteration to get xj,
end if
end for

where
Ki (AL T (AL, (AL3})Tb) = span {(L;VITATALJ;;)iLJjATb}f;; — Ly span {(ATAM 1y ATH}

Therefore, z; = LA_/[lzik is the solution of the problem min
[43] we have

2eL;) S, ||Az—b||2. From the proof of Proposition

Ly} Sk = M~ 'span {(ATAM_I)"A—rb}fz_o1 = span{(M AT A M TATH} ) = Ky (A" A, A*D),

which is the k-th solution subspace Sy generated by WGKB. By writting any vector in S as x = Qgy
with y € R¥, it is easy to verify that min,es, ||Az — b||2 has the ungie solution. It follows that zy, is the
k-th WLSQR solution of (5.2)). O

From this theorem, we find that WLSQR has the same effect as first transforming the original problem
to ming ||AL,;'Z —b||> and then regularizing it. Therefore, this approach makes full use of the information
encoded by the regularizer ||z|%,, due to the elaborately constructed solution subspaces by the WGKB
process.

6 Numerical experiments

We consider the Fredholm integral equation of the first kind as (1.3). The aim is to recover the unknown
f(t) from the noisy observation g(s). We chose the following four examples to perform the numerical
experiments.

Example 1. This example is chosen from [I4] with the name shaw. It models a one-dimensional image
restoration problem using the Fredholm integral equation (|L.3]), where the kernel K and solution f are
given by

sinu

K(s,t) = (cos s + cost)? ( > , u=m(sins+sint),

f(t) =2exp (=6(t — 0.8)*) + exp (—2(t + 0.5)) .
where t € [—7/2,7/2] and s € [-7/2,7/2].
Example 2. This example is Phillips’ famous test problem [?]. Define the function

1 +cos(%F), |z[ <3
0, |z|>3

¢(z) =

Then the kernel K, the solution f and the exact observation are given by

K(s,t) = ¢(s — 1),
f@t) = o(t),

where t € [—6,6] and s € [—6, 6].



Example 3. This test problem is constructed by ourselves. Define the kernel function and true solution
as

where ¢ € [0,1] and s € [0, 1].

Example 4. This test problem is constructed by ourselves. Define the kernel function and true solution
as

s(l—t), s<t

K(S,t): )
t(l—s), s>t

ft) =t —2t2 4¢3

where ¢ € [0,1] and s € [0,1].
To discretize the Fredholm integral equation (1.3)), we partition the interval [¢, 5] into 21 uniform
subintervals to get n = 2l + 1 grid points t; = p; < p2 < --- < pp—1 < Py = to. The whole integral is

partitioned as
l

i K(s,t)f(t)dt = /ml K(s,t)f(t)dt,

t1 i=1 Y P2i-1
where each integral is approximated by Simpson’s rule
P2i+1 . — .
[ K0 PP (K s ) 4K (5920 + K (5. pace)]
P2i—1

Therefore, the whole integral is approximated as

to n
| Eenswd =Y wk ).
t i=1
with weights

h

142,424,241}, h=(t—t)/n.
The observations are selected from m uniform points in [s1, $2] to get an m-dimensional vector. The

task is to recover the true vector Zyue = (f(p1), ..., f(pn)) ' from the noisy observation b constructed as

follows:
b=Ax +e, (6.1)

where e € R™ is a discrete Gaussian white noise vector, and A is the discretized kernel:

K(s1,t1)w;  K(s1,t)wy -+ K(s1,tn)wn
Ao K(SQ,.tl)’LUl K(SQ,.Y()Q)’U)Q e K(SQ,.tn)wn — (6.2)
K(sm,t1)wy K(Sm,to)ws -+ K(Spm,tn)wn,
The scale of the noise is controlled by the noise level € := ||e||2/|| A%truell2, Which may vary for different

test examples. The properties of the test examples are shown in Table[6.1] The discretized true solutions
and noisy observations with € = 1072 are shown in Figure

From the above discretization, the data fidelity term and regularization term for the discrete ill-posed
linear system (6.1)) should be ||Az — b||3 and ||z||3,, respectively, where M is the weight matrix

h
M = diag(1,4,2,4,2,4,....2,4,1). (6.3)
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Table 6.1: Properties of the four test examples

Problem Example 1 Example 2 Example 3 Example 4

mXxn 2500 x 2001 3000 x 2501 3500 x 3001 4000 x 3501
Condition number 5.89 x 10 2.14 x 10° 5.98 x 10'®  1.27 x 107

2
18
16 15
14
12
1
08
08
04
02
0
f2 ld 0 4 2 o
() (b) (c) (d)
4 0 26 1 109
. ——Noisy data —— Noisy data L= Noisy data » —— Noisy data
s
3 2 10
25 , R
2 6
18
15 4
s
1 2
o 14 o
2 2
2 o 2 o 09
(e) (f) (2) (h)

Figure 6.1: The true solutions and corresponding noisy observations. The noise level for all four test
examples is € = 1072, From left to right are: (a),(e) Example 1; (b),(f) Example 2; (c),(g) Example 3;

(d),(h) Example 4.
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We demonstrate the performance of WLSQR for regularizing the four linear ill-posed problems. The
standard LSQR method is used as a comparison, where the convergence behaviors of the two methods are
shown by plotting the variation of relative reconstruction error ||xg — Ztrue||2/||Ttruell2 With respect to k.
To further show the effectiveness of WLSQR, we also use zy,ye to find the optimal Tikhonov regularization
parameter Aoy for (1.7) and the corresponding solution Txope> that 18 Agpr = minyso |zx = Ttrucll2- We
use this optimal solution as a baseline for comparing the two methods. All the experiments are performed
using MATLAB R2023b.

o
WLSQR WLSQR "
10 b |——LSQR v 10° || ——LSQR WLSQR
—Tikn-opt —Tikn-opt el | TTESOR
5 100 5 10 = — Tikh-opt
= = o
® & 5
-02) 0t .g 10t qﬁ 102
k5] & =
,_5.‘:’ 102 £ 10? E
10°
10° 10°
102 102 102
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20 o 10 15
Iteration Iteration lteration
(a) (b) (c)
10°
10° 10
WLSQR
Aan an o an o o o o o o o o o o o g 4 —+—LSQR
_ 10" | ——Tikh-opt
5 WLSQR 3 WLSQR 5
3 10 ——LSQR s ——LSQR 5
2 —Tikh-opt 2" — Tikh-opt Q 108
k5 s B
& ¢ &
104
102
102 10°
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20 1 2 3 5 6 7 8 9 10
Iteration Iteration Iteration
(d) (e) ()
10'° 10'° y
WLSQR WLSQR 10
——LSQR ——LSQR WLSQR
1010 ikh-0, 10" |——Tikh-opt ——LSQR
s s 10 b |—Tikh-opt
© ) <]
QO 108 Q 108 5]
> >
3 B 2 s
[} [} =
o o ]
104 100 o )
10%¢
f Y
10 10° 10°
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Iteration Iteration Iteration
(2) (h) @)
10° 100
\—H—H—o—o—w‘x’/‘/i :
5 107! ‘6 = 0
= = S 10
o [ =
@
2 2 2
© T k=
K 2 K WLSQR
o 10? o D o1
WLSQR oc 0 ——LSQR
—+LSQR — Tikh-opt
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10° 10° 102
[ 2 4 6 8 10 12 14 16 18 20 0 5 10 15 0 10 15
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6)) (k) @

Figure 6.2: Semi-convergence curves of LSQR and WLSQR for the four test examples. Figures from the
top to bottom correspond to Example 1 — Example 4; figures from left to right correspond to noise levels
e=1073,10"2,10"1.
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The convergence behaviors of WLSRQ and LSQR are shown in Figure using the relative error
curves, where the noise levels are set as ¢ = 1072,1072, 10! for the four test examples. For each example,
we find that both the two methods exhibit semi-convergence property, but the relative error of LSQR
does not decrease obviously. In contrast, the relative error for WLSQR at the semi-convergence point
is much smaller, and it is usually a bit smaller than the best Tikhonov regularization solution. This
confirms the regularization effect of WLSQR, which can incorporate the prior information encoded by
|lz||3; into the solution subspaces.

Table 6.2: Relative errors of the final regularized solutions and corresponding early stopping iterations
(in parentheses), where e = 1073

Problem Example 1 Example 2 Example 3 Example 4

Tikh-opt 0.0361 0.0060 0.0062 0.0038
WLSQR-opt  0.031 (9)  0.0057 (11) 0.0037 (3)
WLSQR-DP  0.0474 (7)  0.0089 (8)  0.0538 (2)
WLSQR-LC  0.0451 (8)  0.0186 (14) 0.0037 (3)
LSQR-opt  0.3178 (9)  0.3163 (11) 0.3166 (3)  0.3162
LSQR-DP  0.3194 (7) 0.3163 (8)  0.3206 (2)
LSQR-LC  0.3191 (8) 0.3164 (14) 0.3166 (3)

To see that WLSQR with early stopping can compute a regularized solution of good accuracy, we
list the estimated stopping iterations and corresponding relative errors for both WLSQR and LSQR in
Table We can find that DP always under-estimate the optimal early stopping iteration for both
WLSQR and LSQR, while LC can either under-estimate or over-estimate the optimal early stopping
iteration. For WLSQR, the DP method for Example 3 and the LC method for Example 2 and 4 get a
regularized solution with a slightly high error, but they are much more accurate than the corresponding
LSQR solutions.

We depict the reconstructed solutions computed by WLSQR with DP as an early stopping rule in
Figure where the optimal Tikhonov regularized solutions are used as a comparison. The reconstructed
solutions for Example 1, 2 and 4 by WLSQR are all of high quantity, very close to the optimal Tikhonov
solutions and true solutions. For Example 3, the DP solution by WLSQR is over-smoothed, with a
slightly poor accuracy. Although we do not depict it, the optimal solution at the semi-convergence point
of WLSQR for Example 3 is very close to the true solution. However, in practice, we can not use Zi;ye
to find the semi-convergence point, and DP or LC is one of the only several choices we can use to find a
solution with not-so-bad accuracy.

To further demonstrate the regularization effect of WLSQR, we compare the convergence rates
of WLSQR with LSQR as the noise level approaches zero, where the noise level decreases as ¢ =
3.2 x1072,1.6 x 1072,8 x 1073,4 x 1073,2 x 1073,1 x 1073, The top four subfigures in Figure
depict variations of relative error for the optimal regularized solutions computed by WLSQR, LSQR and
Tikhonov regularization. We can find that both WLSQR and Tikhonov regularization obtain a conver-
gent regularized solution as the noise decreases to zero, and the WLSQR solution usually has better
accuracy. But for LSQR, the relative error remains almost the same even if the noise level approaches
zero, this is because LSQR does not make use of the prior information encoded by ||z[|3,. The bottom
four subfigures depict variations of relative error when using DP as early stopping rules. Similar to the
above tests, DP does not work very well for Example 3, but it is very fruitful for the other three examples.

To summarize, the aforementioned experiments have confirmed that the WLSQR algorithm combined
with a proper early stopping rule can obtain a good regularized solution for the regularizer ||z||%;. This is

because WGKB can approximate dominant WSVD components of A, which contains main information
about the true solution, as is revealed by the Tikhonov solution to (1.7)) and the TWSVD solution.
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Figure 6.3: The reconstructed solutions computed by the WLSQR algorithm with DP as the early
stopping rule and the Tikhonov regularization (|1.7) with optimal regularization parameter. The noise
levels are e = 1072 for all four test examples: (a) Example 1; (b) Example 2; (c¢) Example 3; (d) Example
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Figure 6.4: Convergence rate

of the regularized methods WLSQR, LSQR and Tikhonov regularization

as the noise level decreases as ¢ = 3.2 x 1072,1.6 x 1072,8 x 1073,4 x 1073,2 x 1073, 1 x 10~3. Figures
on the top and bottom correspond to the relative errors at the early stopping iterations that are optimal
and estimated by DP, respectively. Figures from left to right correspond to Example 1 — Example 4.
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7 Conclusions

We have generalized a new form of SVD under a non-standard inner product, named the weighted SVD
(WSVD). The WSVD shares several similar properties and applications as the standard SVD, such as the
low-rank approximation property and solving the least squares problems. Meanwhile, it is very convenient
to handle the matrix computation problems with ||z|| s norm. We have proposed a weighted Golub-Kahan
bidiagonalization (WGKB) for computing several dominant WSVD components, and a WGKB-based
algorithm, called the weighted LSQR (WLSQR) to solve iteratively least squares problems with minimum
|lz||ar norm. Using WSVD, we have analyzed the Tikhonov regularization of the linear ill-posed problem
with regularizer ||x]|3, and given the truncated WSVD solution. We have proposed the WGKB-based
subspace projection regularization method, which is equivalent to WLQR with early stopping rules to
efficiently compute the regularized solution. This regularization method avoids computing the Cholesky
factorization of M and can efficiently incorporate the prior information encoded by the regularizer ||z||3,.
Several numerical experiments are performed to illustrate the fruitfulness of our methods.
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