Journal of Computational and Applied Mathematics 343 (2018) 12-25

Contents lists available at ScienceDirect

Journal of Computational and Applied
Mathematics

journal homepage: www.elsevier.com/locate/cam

Parameter determination for Tikhonov regularization 1)
problems in general form” S
Y. Park?, L. Reichel ®, G. Rodriguez “*, X. Yu ¢

2 Department of Mathematical Science, Kent State University, Kent, OH 44240, USA

b Department of Mathematical Sciences, Kent State University, Kent, OH 44242, USA

¢ Dipartimento di Matematica e Informatica, Universita di Cagliari, viale Merello 92, 09123 Cagliari, Italy
4 Department of Mathematical Sciences, Kent State University, North Canton, OH 44720, USA

ARTICLE INFO ABSTRACT
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the error in the data is known, a suitable value of A often can be determined with the aid of
the discrepancy principle. This paper is concerned with the situation when the discrepancy
principle cannot be applied. It then can be quite difficult to determine a suitable value of A.
We consider the situation when the Tikhonov regularization problem is in general form, i.e.,
when the regularization term is determined by a regularization matrix different from the
identity, and describe an extension of the COSE method for determining the regularization
parameter A in this situation. This method has previously been discussed for Tikhonov
regularization in standard form, i.e., for the situation when the regularization matrix is
the identity. It is well known that Tikhonov regularization in general form, with a suitably
chosen regularization matrix, can give a computed solution of higher quality than Tikhonov
regularization in standard form.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

We are concerned with the solution of minimization problems of the form

min ||AX — b,
XeRM

(1.1)

where ||-|| denotes the Euclidean norm, A € R™*" is an ill-conditioned matrix whose singular values “cluster” at the origin,
and the data vector b € R™ is contaminated by an unknown error e € R™ that may stem from measurement inaccuracies
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and discretization error. Thus, b = beyac + €. We are interested in computing the solution Xexac of minimal Euclidean norm
of the least-squares problem with error-free data vector,

min ||AX - bexact”,
XeRN

associated with (1.1). The desired solution Xex.¢ Will be referred to as the exact solution. Since beyact is not known, we seek
to determine an approximation of X, by computing a suitable approximate solution of (1.1).

Least-squares problems of the form (1.1) arise in many areas of science and engineering. They are commonly referred
to as discrete ill-posed problems, because they usually stem from the discretization of a linear ill-posed problem, such as a
Fredholm integral equation of the first kind; see, e.g., [1].

Due to the ill-conditioning of the matrix A and the error e in the data vector b, straightforward solution of the least-
squares problem (1.1) generally does not give a meaningful approximation of Xex.c;. Therefore, the minimization problem
(1.1) is commonly replaced by a penalized least-squares problem of the form

min{||Ax — b||> + A2||Lx||%}. (1.2)
XeRN

This replacement is known as Tikhonov regularization. The parameter A > 0 is the regularization parameter that balances
the influence of the first term (the fidelity term) and the second term (the regularization term), which is determined by the
regularization matrix L € RP*", Here p is an arbitrary positive integer.

The purpose of the regularization term is to damp undesired components of the minimal-norm least-squares solution of
(1.1). The minimization problem (1.2)is said to be in standard form when L is the identity matrix I, otherwise the minimization
problem is said to be in general form. We are interested in Tikhonov regularization in general form, because for a suitable
choice of regularization matrix L # I the solution of (1.2) can be a much better approximation of X.xact than the solution of
(1.2) with L = I; see, e.g., [2,3] for computed examples.

Common choices of the matrix L, when A stems from a uniform discretization of a Fredholm integral equation defined on
an interval, are the bidiagonal rectangular matrix

1 -1 0
1 1 —1
U= 3 N € R=Dxn (1.3)
0 1 -1
and the tridiagonal rectangular matrix
-1 2 -1 0
1 -1 2 -1
= 2 A € R(-2xn, (1.4)
0 -1 2 -1

When, instead, A is obtained by discretizing a Fredholm integral equation in a uniform manner on a square, such as in image
restoration, the regularization matrix

_(her
L= |:L’ ®Inj| , (1.5)

is commonly used; see, e.g., [4,5]. Here I, denotes the identity matrix of order n and ® stands for the Kronecker product.
Many other regularization matrices have been proposed in the literature; see, e.g., [6-10].
The parameter determination approach of this paper can be applied to any regularization matrix L € RP*" that satisfies

N(A)NN(L) = {0}, (1.6)

where N (M) denotes the null space of the matrix M. When (1.6) holds, the Tikhonov minimization problem (1.2) has the
unique solution

X, = (ATA+ 22T 1ATD (1.7)

for any A > 0, where the superscript T denotes transposition.

The value of the regularization parameter A determines how well the solution X; of (1.2) approximates Xexact and how
sensitive X, is to the error e in the available data vector b. Assume for the moment that the norm ||e|| > 0 is known and that
the (unavailable) linear system of equations

AX = Dexact (1.8)

is consistent. Then the discrepancy principle prescribes that the regularization parameter A > 0 be chosen so that

AX, —b| = z|e]|, (1.9)
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where t > 1is a user-specified constant independent of ||e||; see [1,11] for discussions on this parameter choice method. It
easily can be shown that there is a unique positive value of A such that the solution (1.7) of (1.2) satisfies (1.9) for reasonable
values of ||e||; see below.

We are interested in the common situation when no estimate of ||e|| is available. Parameter choice methods for this
situation are commonly referred to as “heuristic”, because they may fail in certain situations; see [1]. A large number of
heuristic parameter choice methods have been proposed in the literature due to the importance of being able to determine
a suitable value of the regularization parameter when the discrepancy principle cannot be used; see, e.g., [12-23]. These
methods include the L-curve criterion, generalized cross validation, and the quasi-optimality principle.

Most heuristics parameter choice methods have been developed for the situation when the regularization matrix Lin (1.2)
is the identity matrix. We are concerned with the situation when L € RP*" is a fairly general matrix such that (1.6) holds.
It is the purpose of this paper to extend the Comparison of Solutions Estimator (COSE) method for determining a suitable
value for the regularization parameter for Tikhonov regularization problems in standard form described in [ 19] to Tikhonov
regularization problems in general form (1.2).

Section 2 describes the COSE method for Tikhonov minimization problems (1.2) that are small enough to allow the
computation of the Generalized Singular Value Decomposition (GSVD) of the matrix pair (A, L). The availability of this
decomposition makes it easy to solve the Tikhonov minimization problem (1.2) and determine a value of the regularization
parameter A > 0 such that the norm of the residual error ||AX; — b|| achieves a prescribed value. Moreover, knowledge of
the GSVD allows the inexpensive computation of a regularized approximate solution of (1.1) with the aid of the Truncated
Generalized Singular Value Decomposition (TGSVD); see, e.g.,[11,24]. Let k > 1 be the truncation index of the TGSVD method
and denote the associated approximate solution of (1.1) by x; see Section 2 for details on the definition of x;. Define the
associated residual vector

Iy = b —AXk.

We consider ry an error-vector and determine the value of the regularization parameter A = A in (1.2) so that the associated
Tikhonov solution x,, of (1.7) satisfies (1.9) with t||e|| replaced by ||ry||. We then compute the smallest k-value, denoted by
Kmin, that minimizes k — ||Xx — X, || and use X, or Xig,., a5 approximations of Xexact. Computed examples reported in [19]
show this approach to compute an approximation of Xex,ct to be competitive with other available methods when L = I.

Section 3 is concerned with Tikhonov minimization problems (1.2) with matrices A and L that are too large to make
the computation of the GSVD of the matrix pair (A, L) attractive or feasible. The matrices A and L are then first reduced to
small or medium size, before the GSVD of the reduced matrices is computed. Several reduction methods are available in the
literature; see, e.g., [3,5,25-27]. We discuss two methods for reducing Tikhonov regularization problems (1.2) with large
matrices A and L to a Tikhonov regularization problem with small matrices. The methods differ in their handling of A/(L).
Section 4 describes a few computed examples and Section 5 contains concluding remarks.

2. A GSVD-based COSE method

Assume that the matrices A € R™" and L € RP*" in (1.2) satisfy (1.6) and m > n > p, with m small enough to make the
evaluation of the GSVD of the matrix pair (A, L) feasible. Then the GSVD furnishes decompositions of the form

_ Z O -1 _ -1
A_U[O Inp]z ., L=Vv[M o]z, (2.1)

where the matrices U € R™" and V € RP*P have orthonormal columns, Z € R™ " is nonsingular, and the diagonal matrices
X = diagloy, 03, ..., 0p] € RP*P, M = diag[u1, 2, ..., upl € RP*P

have nonnegative diagonal entries ordered according to
O=01=-+=0p¢<0op 1 <---=<0p=1, 1>pr>--->2up>0.

They are normalized so that al.z + pLiz = 1fori=1,2,...,p.Therequirement (1.6) secures the existence of the nonsingular
matrix Z. We may assume that the regularization matrix L € RP*" in (1.2) satisfies n > p, because otherwise we compute
its QR factorization L = QR, where Q € RP*" has orthonormal columns and R € R™" is upper triangular, and replace L by R
in(1.2).

A discussion on the computation of the GSVD is provided by Bai [28]; see also [29]. Here the inequality m > n is not
imposed. We required this inequality above for ease of exposition. The computation of the GSVD of a pair of matrices of
moderate size is quite expensive. A simplification of the computations that reduces the count of arithmetic floating point
operations is described in [2]. Recently, a modification of the decomposition (2.1) aimed to make an analogue of the matrix
Z better conditioned has been discussed in [30].

Truncated GSVD (TGSVD) is a popular regularization method for the solution of discrete ill-posed problems (1.1) when
a regularization matrix L # I is used; see, e.g., [11,24]. Let U = [uy,...,u,] and Z = [z, ..., z,] be the matrices in (2.1).
Substituting the decomposition (2.1) of A into (1.1) yields the simple minimization problem

. Y 0 T
min |:O Iﬂ_p]y—U b

) (2.2)
yeR
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wherey = [y1,¥2, ..., ¥a]" = Z~x. We remark that the regularization matrix L affects both the diagonal entries of ¥ and
the matrix U.

The TGSVD method restricts the solution of the minimization problem (2.2) to vectors y whose p — k first entries,
Y1,¥2, - - ., Yp—k vanish. These components are associated with the p — k smallest diagonal elements of X. The parameter k
is a discrete regularization parameter.

We obtain the solution of the so restricted minimization problem

T T T
u_,. .b ub
Vi = 0,...,0,&,...,L,ugﬁb,...,uﬁb ,
Op—k+1 Op
which defines the approximate solution
. ub .
i T
Xe=Zyi= > Tt Z (u'b)z (2.3)
i=p—k+1 i=p+1

of the least-squares problem (1.1), where 1 < k < £. The approximate solution x; only depends on the k largest diagonal
entries of X. The last sum in the right-hand side represents the solution component in A/(L).
The GSVD (2.1) allows us to express the Tikhonov solution (1.7) in the form

P oi u; Th o
X; = Z z + Z i b)z;. (2.4)

0 A2 2
+ =

When the GSVD (2.1) of the matrix pair (A, L) is available, the TGSVD and Tikhonov solutions (2.3) and (2.4), respectively,
are inexpensive to evaluate for different values of the regularization parameters k and A. This is the basis of the COSE method.
Introduce the residual norms associated with the TGSVD solutions Xy,

= |Ax, — UUTD|, k=1,2,...,¢. (2.5)

Foreachk =1, 2, ..., ¢, we determine a Tikhonov solution (2.4) that corresponds to the residual error norm p;. We use the
orthogonal projector UUT in (2.5) to achieve better performance for inconsistent problems (1.1) and problems with m > n.
It follows from (2.1) that the range of A is a subset of the range of U. Therefore,

|AX — bl|* = |Ax, — UUTB||* + [|(I — UUT)b]|?,

and no choice of the regularization parameter k can reduce the last term in the right-hand side.
Using the GSVD (2.1) and letting T = 1/A2, we can express the equation

1Ax; — UUB|* = p¢
as a zero-finding problem for the function

p 4(uTh)?
f) = Z(“ff)“ — L. (26)

2
i (o T+ )

It can easily be shown that this function has a unique zero. Newton’'s method applied to determine this zero can be expressed
as

L1 i 1} (u/b)® 2 i of 14} (u]b)?
Tq+] = Tq - —_— = lok . -4 J J -
2| S o m Y = (o + 17

We remark that when L = I and p; = 1 for all j, and the o; are the singular values of A, the above iterations simplify to those

used in [19]. Let 7, > 0 denote the computed zero of (2.6). Then Ay = 172 gives the value of the regularization parameter
for the Tikhonov solution (2.4).

Evaluate fork = 1, 2, ..., £ the quantities
O = 1%, — Xl (2.7)
and let ki, denote the index of the minimizer of the sequence 81, 8,, ..., 8. In case the minimizer is not unique, we let K,
be the smallest minimizer. When kn,i, = 1, 2, we also consider the smallest minimizer of the sequence 83, 84, .. ., 8. If the

latter has index k > 3, then we set ky,i, = k. Our reason for doing this is that the sequence of the §;, may exhibit a false local
minimum at the very beginning, due to the fact that, e.g., the underregularized vectors X, , and x; may be close to each other,
without A being a suitable choice of the regularization parameter A.

We may use either the TGSVD solution X, or the Tikhonov solution Xy, . aS approximations of the desired solution
Xexact Of (1.1). When the system (1.8) is consistent and m = nin (2.1), the quantlty

Pl = 1A%s,, = UU'D (2:8)
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typically furnishes a quite accurate estimate of the norm of the error e in the data vector b. The regularization parameters
kmin and A, determined by the following algorithm typically are appropriate also for inconsistent problems (1.1).

Algorithm 1 Comparison of solution estimator for L # I.

Input: MatricesA € R™", L € RP*" data vector b € R™
Output: Tikhonov regularization parameter, TGSVD truncation index
1: Compute the GSVD (2.1) of the matrix pair (A, L)

2: Compute the TGSVD solutions (2.3) Xy, k=1,...,¢

3: fork=1,...,¢do

4:  Compute residual norm p; = ||Axx — UUTD||

5

6

Compute Tikhonov regularization parameter A, by determining the zero of the function (2.6)
Compute the Tikhonov solution (2.4)

p

n
o
Xy, = Z ——5—(u/b)x; + Z (u/ b)x;

2 2,2
j=1 9 +)‘k'uj j=p+1

N

Compute §; = [|X;, — Xkl
8: end for

9: Kmin = argming=1,....¢ &

10: if kpin < 2 then

11:  ky = arg ming—,,, +1
12: if k2 > kmin + 1 then

13: Kmin = k2
14:  end if
15: end if

—_

6: The TGSVD truncation index is kp,, the Tikhonov regularization parameter is A, .

Algorithm 1 computes the value kp,;, of the truncation index for the TGSVD method as well as the corresponding value
Ak, Of the regularization parameter for Tikhonov regularization. In the numerical experiments, we display these parameters
as well as the estimate (2.8) of the norm of the error in the data vector b furnished by the computed Tikhonov solution.
Computed examples presented in Section 4 show this estimate to be quite accurate for many computed examples when the
system (1.8) is consistent.

3. Large-scale problems

It is prohibitively expensive to compute the GSVD of a pair of large matrices. Tikhonov regularization problems (1.2) with
large matrices A and L have to be reduced to problems of small size before the COSE method of Section 2 can be applied.
Many reduction methods have been described in the literature; see, e.g., [3,25]. We will show examples with a method
described in [26], that first reduces A by applying r <« min{m, n} steps of Golub-Kahan bidiagonalization with initial vector
b. Generically, this yields the decompositions

AW, = Wys1Bri1r,  ATW, = W,B! (3.1)

r,re

where the matrices W, = [W1, W, ..., W,] € R and W,.; = [Wy, Wa, ..., Wr4q] € R™+1 have orthonormal columns
with W; = b/||b|. The matrix W, is made up of the first r columns of W, 1, and B, , is lower bidiagonal with positive
diagonal and subdiagonal entries,

P1 0
02 M
Bry1r = e RUTDxr,
Or—-1  Pr-1
Or Pr
0 Or+1

It has the leading principal submatrix B, , € R™*'; see, e.g., [29] for details. We assume that r is chosen small enough so
that the decompositions (3.1) with the stated properties exist. The value of r used in computations, generally, is not large;
in particular, r < n.

We seek a solution of (1.2) in the subspace range(W, ). Thus, we solve the Tikhonov minimization problem

min([AW;y ~ bl + 3 [LW,y|). (32)



Y. Park et al. / Journal of Computational and Applied Mathematics 343 (2018) 12-25 17

It follows from (1.6) that this problem has a unique solution for any A > 0.
Introduce the QR factorization

LW, = Q,R,, (3.3)

i.e., the matrix Q; € RP*™ has orthonormal columns and R, € R™ is upper triangular, or upper trapezoidal in case
rank(LW,) < r. Here we assume that r < p. Using the factorization (3.3) and the decompositions (3.1), we can express
(3.2)as

;Qgrl{lll?m,ry — Iblles > + 22 [IRylI}, (34)

wheree; = [1,0, ..., 0]" denotes the first axis vector. The matrices in (3.4) are small and the COSE method of Section 2 can
be applied to this reduced Tikhonov minimization problem. The overall procedure is described in Algorithm 2.

We remark that when an initial number of bidiagonalization steps r is chosen, and subsequently is increased to be able
to compute a more accurate approximation of the desired solution Xexact, the QR factorization (3.3) has to be updated. Daniel
et al. [31] describe efficient formulas for this purpose.

Algorithm 2 COSE for L # [ for large-scale problems based on partial Golub-Kahan bidiagonalization.

Input: Matrices A € R™", L € RP*", data vector b € R™, number of steps reps, max number of steps Nimax
Output: GK/TGSVD and Tikhonov parameters i, Ar,;,» and corresponding regularized solutions X; . , L
1: Wy =b/||b]|

2:1r=0

3: repeat

4 T =T~ TIsteps N

5. Perform rgeps steps of Golub-Kahan (GK) bidiagonalization, obtaining matrices W; 1, Wy, and B, ;1 »

6:  Compute the compact QR factorization of LW,

7: b= |blle; e R"*! _
8:  Apply Algorithm 1 to the projected least squares problem min ||B, 1,y — b|| with regularization matrix R, obtaining

the truncation index ry,, the Tikhonov parameter A, , , and the regularized solutionsy;, ; , Vi

9: until (ryin < 0.75 - r)or (r > Npax) or (GK stops for breakdown)
10: The TGSVD truncation index is iy, the Tikhonov parameter is A,
11 Xpin = Wryrmi,p x)”rmin = Wrykrmin

The solution method described above does not consider A(L) in the choice of solution subspace. The following, alternate,
approach explicitly determines a solution component in A'(L). This component is not damped by L. The approach is applicable
when N(L) is known and has fairly small dimension, and guarantees that certain solution features represented by N (L) are
not damped. It has previously been applied in several direct and iterative solution methods [26,32,33]. Let the orthonormal
columns of the matrix Wy € R™* span A/(L) and introduce the QR factorization,

AWS = QSRSv
where @ € R™* has orthonormal columns and RS € RS*® is upper triangular. Due to (1.6), the matrix RS is nonsingular.
Introduce the orthogonal projectors
Py =WW], Py =1-WW/, Py =QQ, P5=1-QQ".
Then, using that I = Py, + Pv%/s and P&APWS = 0, we obtain
2 _ . _p. b2 Lay _ plh2
[AX — b||* = [|[P3 AX — Pg b||* + ||P@Ax P@bn

— . . . . L 2 1 1112
= |IPg, APy X — (Pg,b — Py APL, X)|I* + [Py APy X — P b1*.

L
Ws
Substitution into (1.2) gives
in{||Ps AP;, X — (P5 b — Ps AP+ X)||> + ||P+ APL x — PEb||2 + A2||Lx]| ]2
min([[Pg APy X — (Pg,b — Po AP X)|* + [IPg AP, X — P bI* + 37 |Lx]%).
Lety = W/x. Then
IP4, APy X — (Pg b — Ps APE X)I| = IRy — (Qb — QAPg, x)]|. (35)

Since Rs is nonsingular, we may for any Pv%/ x determine y € R°® so that the expression in the right-hand side of (3.5) vanishes.
This determines the component Wsy in A(L) of the solution of (1.2). The solution component in A(L)* is PM%/ X, where x solves

; Laply _ pLlhi2 o 32111 pL xI12
min([[Pg AP, X — Py bl* + 32 | LPy xI%).
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Table 4.1

Discretized ill-conditioned test problems used in the numerical experiments.
BAART DERIV2(2) FoxGooD GRAVITY HEAT(1)
HILBERT LOTKIN PHILLIPS PROLATE SHAW

We solve this projected minimization problem as described above, i.e., we apply r steps of Golub-Kahan bidiagonalization
to the matrix PS-SAPL This yields (an approximation of) the component in A(L)* of the solution x of (1.2), which allows us to

determine y € R® such that (3.5) vanishes and gives the solution component in A(L). We remark that since PLAPl PLA
we may omit the projector Pl The matrix PiA of course, does not have to be explicitly formed. This splitting of the solutlon

of (1.2) into components in N( L) and A(L)* is attractive when the dimension of A/(L) is not large. See Algorithm 3 for a
summary of the method.

Algorithm 3 COSE for L # [ for large-scale problems based on partial Golub-Kahan bidiagonalization and the availability of
a basis for the null space of L.

Input: Matrices A € R™" [ € RP*", U e R™S whose columns are a basis for N(L), data vector b € R™, number of steps

Tsteps

Output: GK/TGSVD and Tikhonov parameters rp;n, A and corresponding regularized solutions X; _, , X

Tmin’

1: Orthonormalize the basis for N/ ( ) by the QR factorization WM =U

2: Compute the QR factorization QR AW

3: Compute the projection A=A— Q(QTA)

4: Compute the projection b=b-— Q(éTb)

5: Apply Algorithm 2 with input A, L, b, and number of Steps Tsieps, Obtaining the truncation index rm,, the Tikhonov
parameter A, ., and the regularized solutions z;_, , Z, - The matrix A, of course, is not explicitly formed.

6: Solve the triangular linear system Ry = QT(b —Az, )

7.2 = Wy

8: The TGSVD truncation index is riyin, the Tikhonov parameter is A,

9 Xrin = Zrin T L X =2y, +Z

4. Numerical example

In this section we investigate the performance of the proposed methods by means of selected ill-conditioned test
problems, listed in Table 4.1. Most of them are contained in Hansen’s Regularization Tools [34], except for the matrices
HILBERT, LOTKIN, and PROLATE, which are constructed with the gallery function of MATLAB. Each problem from [34] is
associated to a model solution Xexact; for the gallery examples, we use the solution of the problem BAART from [34]. MATLAB
functions that implement the algorithms described in this paper, as well as algorithms from [ 19], are available at the authors’
home pages; see, e.g., http://bugs.unica.it/~gppe/soft/.

For each test problem, we first determine the noise-free data vector as Deyact = AXexact; then the associated perturbed
data vector b is obtained by

v
ﬁ [Pexact W,
where w is a vector whose components are normally distributed with zero mean and unit variance, and v is the noise level.

Fig. 4.1 illustrates the performance of Algorithm 1. We consider the test problem GRravITY from [34] with m = n = 40.
The regularization matrix is chosen to be the discrete approximation of the first derivative L', defined in (1.3), and the noise
level is v = 1072, For each value of the TGSVD truncation parameter k = 1,3, ..., 11, we plot the exact solution Xexact,
the TGSVD solution X (2.3) and the associated Tikhonov solution x;, (2.4). The last vector is obtained by minimizing the
function (2.6) by Newton’s method.

In this numerical example, as it happens in the majority of cases, the vectors X, and X, are closest to each other when
they best approximate the solution Xexacc. The minimum of the quantities 8y (2.7) is achieved for k = 5, which also produces
the least Euclidean norm error. This is shown by Fig. 4.2, which displays the values of the error

b= bexact +

”xk - xexact” (4'1)

and §; as functions of k.
To compare Algorithm 1 to other well-known methods for the estimation of the truncation parameter in TGSVD, we
replicate for the new algorithm Experiment 4.1 from [19]. For each test problem in Table 4.1, we construct two “square”
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k=1, 51=7.196-01 k=3, 63=2.71e-01 k=5, 55=1.089-01
\
1 \ 1
0.5 \ 0.5
\
of i o
10 20 30 40 10 20 30 40 10 20 30 40
k=7, §,=2.06e-01 k=9, §4=4.24e-01 k=11, 4, =3.42e+00
1 1
I
R [
05 05 | S
/ WM
IR
ol of o] U
10 20 30 40 10 20 30 40 10 20 40

Fig. 4.1. Test problem GRAvITY, from [34], with m = n = 40, L = L’ given by (1.3), and v = 1072. The thick graphs represent the exact solution, the thin
graphs show TGSVD solutions X, for k = 1, 3, ..., 11, and the dashed graphs are the corresponding Tikhonov solutions x;, . Each plot reports the value of
8k (2.7). The minimal &, as well as the best approximation of Xex,¢ in the Euclidean norm, are achieved for k = 5.
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Fig. 4.2. The thick dashed graph represents the error (4.1) for the numerical experiment reported in Fig. 4.1, and the thin graph represents the values of §;
(2.7),fork = 1,2, ..., 20. The minima of both graphs are attained for k = 5.

discretizations, of size n = 40 and n = 100, respectively, and two “rectangular” ones, of size 80 x 40 and 200 x 100. The
noise level is set to the values v = 103, 1072, 10~!, which are compatible with real-world applications, and each normally
distributed noise vector w is generated 10 times. This procedure produces 600 square linear systems and 600 rectangular
consistent systems.

To investigate the behavior of the methods also for inconsistent linear systems, we introduce a vector q that is orthogonal
to the range of the over-determined matrix A. A multiple ¢ of q is then added to the right-hand side of the consistent system,
to obtain

Pexact = AXexact + ¢ q. (4.2)

By repeating the above process with ¢ = 1and ¢ = 10, we construct two sets of 600 rectangular inconsistent linear systems.
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Table 4.2
Percentage of numerical experiments that lead to a regularized solution x; such that (4.3) holds for p = 2 (p = 5), for TSVD with L = L’ given by (1.3)
and different values of ¢ in (4.2).

Method Square systems Rectangular systems

$=0 p=1 ¢ =10
COSE 17%(2%) 19%(4%) 19%(4%) 22%(5%)
L-corner [18] 36%(18%) 39%(22%) 79%(59%) 84%(62%)
Res L-curve [35] 51%(30%) 63%(35%) 81%(64%) 83%(68%)
Reginiska [36] 58%(30%) 32%(11%) 56%(36%) 46%(28%)
ResReg [22] 36%(4%) 27%(5%) 56%(36%) 46%(28%)
Quasiopt [34] 44%(22%) 34%(10%) 31%(10%) 27%(9%)
GCV [34] 49%(41%) 25%(13%) 43%(18%) 43%(21%)
Extrapolation [13] 61%(13%) 58%(19%) 56%(36%) 46%(28%)
Discrepancy [1] 23%(1%) 41%(3%) 69%(43%) 68%(49%)

Table 4.3

Percentage of numerical experiments that lead to a regularized solution x; such that (4.3) holds for p = 10 (p = 100), for TSVD with L = L’ given by (1.3)
and different values of ¢ in (4.2).

Method Square systems Rectangular systems

¢=0 ¢p=1 ¢ =10
COSE 1%(0%) 1%(0%) 2%(0%) 2%(0%)
L-corner [18] 16%(12%) 20%(15%) 45%(25%) 49%(35%)
Res L-curve [35] 23%(7%) 29%(17%) 53%(30%) 58%(39%)
Regiriska [36] 20%(3%) 6%(0%) 24%(1%) 16%(0%)
ResReg [22] 0%(0%) 2%(0%) 24%(1%) 16%(0%)
Quasiopt [34] 16%(2%) 5%(0%) 5%(0%) 4%(0%)
GCV [34] 39%(35%) 12%(6%) 10%(1%) 12%(0%)
Extrapolation [13] 5%(1%) 4%(0%) 24%(1%) 16%(0%)
Discrepancy [1] 0%(0%) 1%(0%) 37%(36%) 47%(45%)

Let kpest be the truncation index that gives the least Euclidean error norm
Epest = ”xkbes[ - xexact” = mkin ”xk - xexact”-

In Table 4.2 we record the percentage of numerical experiments that Algorithm 1, as well as a set of competing methods,
produced an error larger than a certain multiple, p > 1, of the best error Epes. The methods considered besides COSE
are well known; we give some references to the particular implementation we used: L-corner [18], Residual L-curve [35],
Reginiska criterion [36], Restricted Reginiska criterion [22], Quasi-optimality [34], Generalized Cross Validation (GCV) [34],
and Extrapolation [13]. The discrepancy principle selects the smallest index k such that

A, — bl < (1.3 v [[b]|)* + ¢°.

The first entry of columns 2 to 5 of Table 4.2 reports, for each method considered and with L defined by (1.3), the
percentage of numerical experiments that lead to a regularized solution x; such that

IXk — Xexactll > 0 Ebest (4.3)

for p = 2, while the second entry (in parentheses) displays the same quantity in the case p = 5.

Table 4.3 reports the same results for the factors p = 10 and p = 100. Both tables show that the COSE approach is
extremely effective in approximating the TGSVD regularization parameter. In particular, it is the only method, among the
ones tested, to produce trustworthy estimates both for consistent and inconsistent problems. From this point of view, only
the quasi-optimality criterion gives comparable results.

Similar remarks can be deduced from Tables 4.4 and 4.5, which reproduce analogous measurements of Tables 4.2 and 4.3
with the regularization matrix L” (1.4). We conclude that the performance of the COSE method with L # I is similar to that
reported in [ 19] for Tikhonov regularization problems in standard form, that is, with L = I.

We turn to numerical experiments that illustrate the behavior of the COSE method when applied to large-scale problems,
i.e., we discuss the performance of Algorithms 2 and 3. The first algorithm constructs a linear space of small dimension by
the Golub-Kahan process, where the original problem is projected before applying Algorithm 1. No information about the
null space of the regularization matrix L is required. Algorithm 3, on the other hand, requires a user to provide a basis of this
null space. The availability of this basis makes it possible to decompose the given problem into a large-scale problem, whose
solution is orthogonal to A(L) and which is solved by Algorithm 2, and a small problem which furnishes the component of
the solution in the null space.

Fig. 4.3 is concerned with the solution of the test problem PHILLIPS from [34] of size 500 x 500, with noise level v = 1072
and L = L”. The plot on the left shows the Euclidean error norm produced by Algorithms 2 and 3 when k increases. The
optimal values for the two methods are k" = 7 and k3* = 5, respectively. The graphs on the right display the behavior of
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Table 4.4
Percentage of numerical experiments that lead to a regularized solution x, such that (4.3) holds for p = 2 (p = 5), for TSVD with L = L” given by (1.4)
and different values of ¢ in (4.2).

Method Square systems Rectangular systems

¢=0 ¢ = ¢ =10
COSE 21%(4%) 18%(5%) 18%(5%) 17%(5%)
L-corner [18] 63%(46%) 65%(51%) 78%(66%) 82%(70%)
Res L-curve [35] 60%(44%) 75%(57%) 83%(72%) 82%(69%)
Regiriska [36] 31%(15%) 22%(8%) 32%(17%) 24%(11%)
ResReg [22] 23%(6%) 19%(1%) 32%(17%) 24%(11%)
Quasiopt [34] 34%(18%) 23%(9%) 21%(8%) 17%(6%)
GCV [34] 63%(59%) 22%(16%) 33%(18%) 24%(11%)
Extrapolation [13] 42%(19%) 33%(8%) 33%(17%) 24%(11%)
Discrepancy [1] 22%(3%) 24%(1%) 51%(39%) 55%(48%)

Table 4.5

Percentage of numerical experiments that lead to a regularized solution x; such that (4.3) holds for p = 10 (p = 100), for TSVD with L = L” given by
(1.4) and different values of ¢ in (4.2).

Method Square systems Rectangular systems
¢=0 p=1 ¢ =10
COSE 1%(0%) 3%(0%) 3%(0%) 3%(0%)
L-corner [18] 40%(32%) 48%(36%) 60%(42%) 61%(45%)
Res L-curve [35] 39%(23%) 52%(32%) 61%(39%) 59%(40%)
Regiriska [36] 4%(0%) 4%(0%) 7%(0%) 0%(0%)
ResReg [22] 1%(0%) 0%(0%) 7%(0%) 0%(0%)
Quasiopt [34] 10%(0%) 4%(0%) 3%(0%) 0%(0%)
GCV [34] 57%(54%) 13%(5%) 8%(0%) 0%(0%)
Extrapolation [13] 5%(2%) 1%(0%) 7%(0%) 1%(0%)
Discrepancy [1] 0%(0%) 0%(0%) 38%(36%) 46%(45%)
1
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Fig. 4.3. Test problem PHILLIPS, from [34], with m = n = 500, v = 1072,L = L”, K = 7, k3™ = 5,k, = 8, ks = 6. The errors (4.1) are plotted on the left
and the &, on therightfork = 1,2, ... .

the quantity &, (2.7), which is minimized by k;, = 8 and k3 = 6. The errors obtained with these parameter values are very
close to the optimal error, and the approximate solutions determined by Algorithms 2 and 3 are close to the model solution,
as the graphs on the left of Fig. 4.5 shows.

Fig. 4.4 illustrates a case when Algorithm 2 fails. The test problem is SHAW from [34]; the noise level and regularization
matrix are the same as above. In this case, the trend of the §y is quite oscillatory and a false minimum at k, = 4 produces an
over-regularized solution; see the graph on the right of Fig. 4.5. On the contrary, Algorithm 3 returns the optimal solution.

Algorithm 2 produces an incorrect solution also for the problem DERIvV2 from [34]; see Fig. 4.6. Here, there is a different
problem: the projected Krylov space does not contain a suitable approximation for the solution, as is testified by the slowly
decaying error curve, whose minimum is well approximated by the algorithm. The resulting solution is under-regularized,
as the left plot of Fig. 4.8 shows, while Algorithm 3 gives an accurate approximation.

In the above example the model solution is only approximately in A’(L”). In Fig. 4.7 we analyze the case of a nontrivial
solution which is exactly contained in the null space. We consider the model solution Xexact With components

4r(i—1)

X; = sin ———, i=1,...,n,
n
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Fig. 4.4. Test problem SHAW from [34] withm = n = 500, v = 1072,L = L", k}* = 6, k" = 4, k, = 4, ks = 4. The errors (4.1) are displayed on the left
and the §; on the right fork =1, 2, ... .
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Fig. 4.5. Exact and computed approximate solutions for the numerical examples of Figs. 4.3 (left) and 4.4 (right).
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Fig. 4.6. Test problem DERIV2 from [34] withm = n = 500, v = 1072,L = L”, k" = 15,k}" = 3, k; = 13, k3 = 2. The errors (4.1) are shown on the left
and the §; on theright fork =1,2, ... .

and chooseL = 1?1—’2’21 +L"”.Both Algorithms 2 and 3 yield accurate approximations of Xey,(¢ for this problem, and the computed
solutions are graphically indistinguishable from Xexact, as the right plot in Fig. 4.8 shows.

To conclude, we consider the regularization matrix (1.5), and apply it to the solution of an image restoration problem,
namely, the test problem Tomo from [34]. We fix the input parameter N to 32; this generates a linear system with
m = n = 1024. The noise level is v = 1072,

The graphs for the errors and §,-values are shown in Fig. 4.9. Due to the very slow decay of the singular values of the
coefficient matrix, we fixed the maximum number of iteration to 400. Both Algorithm 2 and Algorithm 3 are able to correctly
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Fig. 4.7. Test problem DERIv2, from [34], with the “sin” solution, m = n = 500, v
depicted on the left and the §; on the right fork = 1,2, ... .
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Fig. 4.8. Exact and computed approximate solutions for the numerical examples of Figs. 4.6 and 4.7.
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Fig. 4.9. Test problem Tomo, from [34], with m = n = 1024, v = 1072, L defined by (1.5), k" = 386, k3" = 386, k, = 360, k3 = 360. The errors (4.1) are
shown on the left and the §; on the right fork = 1,2, ... .

estimate the optimal regularization parameter within this range. This is confirmed by the plots of the solutions, reported in
Fig. 4.10.

5. Conclusion
It is well known that the use of a regularization matrix L # I in (1.2) can yield better approximations of the desired

solution Xexact than L = I. However, while there are many heuristic techniques available for determining a suitable value of
the regularization parameter when L = I, much less attention has been paid to the development of heuristic methods for
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Fig. 4.10. Exact and computed approximate solutions for the numerical example of Fig. 4.9.

L # I. This paper describes three algorithms that can be applied for general matrices L € RP*". One of these algorithms is
well suited for problems of small to moderate size and two algorithms are suitable for use with large-scale problems. The
latter algorithms differ in how the null space of L is handled; one of them requires the null space to be explicitly known.
Computed examples illustrate the performance of the algorithms described and show them to be competitive.
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