Randomized Algorithms for Large-scale Inverse Problems
with General Tikhonov Regularizations

Hua Xiang * Jun Zou T

Abstract

We shall investigate randomized algorithms for solving large-scale linear inverse problems
with general Tikhonov regularizations. Our first approach transforms inverse problems of
general form into the ones of standard form, then apply randomized algorithms to reduce
large-scale systems of standard form to much smaller-scale systems and seek their regularized
solutions in combination with some popular choice rules for regularization parameters. Our
second approach involves a new random generalized SVD algorithm that can essentially
reduce the sizes of the original large-scale ill-posed systems. The reduced systems can provide
approximate regularized solutions with about the same accuracy as the ones by the classical
generalized SVD, but they are much more stable and much less expensive as they need only
to work on problems of much smaller sizes. Numerical results are presented to demonstrate
the efficiency and accuracy of the algorithms.

Keywords. Generalized SVD, randomized algorithm, general Tikhonov regularizations,
inverse problems

1 Introduction

Tikhonov regularization is one of the most popular and effective techniques for the ill-conditioned
linear system Ky = b arising from the discretization of some linear or nonlinear inverse problems
[1, 3, 7], where K is an m x n matrix and b is an m X 1 vector obtained from measurement data.
The standard Tikhonov regularization of this problem is of the form

min || Ky — b|J* + [y, (1)

where p is the regularization parameter, and || - || is the 2-norm that will be used throughout
this work unless otherwise specified. We will call formulation (1) as the standard form, where
the second term is for the regularization of the solution and the identity operator is used for the
regularization. The identity operator is the simplest and most convenient regularization, but it
may not be so desirable in most applications. When we know additional a priori information
about the physical solution for a practical problem, we may apply some other more effective
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regularizations. To differentiate from the standard one (1), we will adopt other notation for the
general linear ill-conditioned system, namely Az = b, where A is an m X n matrix and b is an
m x 1 vector. Then the associated Tikhonov regularization can be of the following more general
form:

min || Az — b]|* + 4*|| Lz |P?, (2)

where the matrix L is a p X n matrix, which may be a discrete approximation to some differential
operator, for example, the discrete Laplacian or gradient operator. When the null spaces of A
and L intersect trivially, i.e., A4 (A) N A (L) = {0}, the regularized Tikhonov solutions of (2)
are unique. As we shall see, the general form (2) can be transformed into the standard one (1)
for very general regularizations L.

When system (1) or (2) is large-scale, the traditional methods based on singular value de-
composition (SVD) or generalized SVD (GSVD) are very expensive and unstable, and often
infeasible for practical implementations. For large-scale discrete systems (1) of standard form,
we can apply the randomized SVD (RSVD) we developed earlier in [18] to essentially reduce the
problem size, then combine the L-curve, generalized cross-validation (GCV), or other heuristic
methods to locate reasonable regularization parameters for solving the reduced regularization
systems. In this work, we shall focus on the solution of the general form (2) of the Tikhonov
regularization. In section 2, we discuss several techniques to transform the general form into the
standard one, then use the randomized strategies in [18] to solve the standard system. In section
3, we consider the general form directly, and introduce a new random generalized SVD (RGSVD)
to reduce the problem size and then seek the regularized solution. Numerical experiments are
presented in section 4.

2 Transformation into standard form and RSVD

In this section we present a general strategy, the first approach in this work, to transform the
problem (2) of general form into the standard one (1), then apply the similar strategy as used in
[18], which combines the randomized SVD with some choice rules on regularization parameters,
to solve the standard system.

2.1 General transformation into the standard system

We demonstrate now how to transform the problem (2) of general form with different regular-
ization operators L into the standard one (1). Usually we assume .4 (A) N4 (L) = {0} so that
the solutions of (2) are unique. For the cases where the matrix L is of full column rank, this
assumption is automatically satisfied. But we shall consider the most general case without this
assumption, so including both cases A4 (A) N A (L) # {0} and A4 (A) N A (L) = {0}. For the
case with A4 (A) N A (L) # {0}, the solutions of (2) are not unique, so least-squares solutions
with minimum norm will be sought. In this work, for any matrix X we shall often use its Moore-
Penrose generalized inverse X' [8], and write 2(X) for its range and %+ (X) for its orthogonal
complement.

We start with the following theorem which unifies the transformations of problem (2) into
the standard one (1) for all different possibilities, and will discuss in section 2.3 several cases
where A and L have special structures and hence the results can be much simplified.



Theorem 1. Let W and Z be any matrices satisfying
RW)=N(L), RZ)=2%(L), Z'Z=1,

and L# = (I — W(AW)TA)LT. Then the least-squares solution with minimum norm to the
problem (2) of general form can be given by

x, = L¥ Zy, + W(AW)Tb, (3)
where y,, is the minimizer of the following problem

min{||AL¥ Zy — bl|* + *[|yl[*}. (4)

Equivalently, y,, can be obtained by solving

min ||PTALT Zy — PTb||? + 1|y|%, (5)
Yy

where P satisfies #(P) = #+(AW) and PTP = 1.
Proof. Consider the SVD of matrix L:

V'lT

)y
L=Usv"l = (Uy,0s) [ ! 0} <V2T

) = U2 VL, (6)

where U = [Uy,Us] and V' = [V1, V3] are unitary matrices, and ¥; contains the nonzero singular
values in the diagonal matrix X.

For any vector x € R", we write it as z = VlEflﬂ—F Voz, ie., = LU + V2. Since
RH(Z)=R(L)=ZU;) and Z(W) = N (L) = #(Va), we can set

e=L1Zy+ Wz

Now we apply the complete orthogonal decomposition on the matrix AW [8]:

T 0O
QWAWNI—[O Oy

where ) and II are orthogonal matrices, and 771 is nonsingular matrix with the dimension
determined by the rank of AW. For the case where A (A) N A (L) = {0}, the matrix AW
is of full column rank, and the zero matrix on the right side of 77, disappears. For the more
general case with A4 (A) N A (L) # {0}, the matrix AW is not of full column rank. Let
Q = [Q1, Q2] be partitioned in compatible dimensions with 77;. Then we have Z(Q1) = Z(AW),
and Z(Q2) = Z+(AW) [8]. And it is easy to verify that

||Az — b]|® + 12| | Lz |2
= ||QTAL Zy + QT AWTII(IT" 2) — QTb||* + p?||LLT Zy||?
= |IQTAL'Zy + Tz — QTb|]” + ||QF AL Zy — Q3 b||* + 12| |yl

with TI7 2 = [T, 2117, where z; has the compatible dimension with T};.



Minimizing the quadratic form above, we obtain z; = Tl_llQr{(b— ALY Z Yu), where y,, is given
by the following subproblem of standard form

min|[QF AL Zy — Q36| + 7[[y]*,

which is in fact the subproblem (5), since we can see from the above proof that Q2 can be
replaced by any orthonormal matrix P satisfying Z(P) = Z(Q2) = Z+(AW).
Now we can verify that the solution of problem (2) is given by

2, = L' Zy, + WII [?] V %.
2
But by the property of the Moore-Penrose generalized inverse, we know LTZy# c N =

Z+(W). This implies ||z,|> = ||LTZy,l|? + ||[zT, 2217 |?, hence yields the following solution
with minimum norm when zy = 0:

z, = L'Zy,+ Wi [201]

it o] [QF
LTZyM—FWH[ 0 o} [gﬂ (b— AL'Zy,)

= L'Zy, + W(AW)(b— AL Zy,)
= (I - W(AW)T AL Zy, + W(AW)Tb
= L*Zy, + W(AW)'b.

We can see that for the case with A4 (A)N A (L) = {0}, the vector zs disappears automatically,
so the above solution is the unique least-squares solution of (2).
We can easily verify that the minimizer of (5) is given by

yu = [ZV (ALY PPT (ALY Z + 12171 27 (ALY PPTD.

Note that PP is the orthogonal projection onto Z(AW). From the uniqueness of orthog-
onal projection, we have PPT =T — AW (AW)!. Tt is straightforward to check that

PPTALT = [I—AW(AW)TALT = [A — AW (AW)TA|LT = AL*
(AL (AL?) = (ALY PPTALT.
Hence the solution can be rewritten as
yu = [ZT(ALPY(ALR)Z + 2 1)1 27 (ALF) b,

which is obviously the minimizer of (4). O
We know that the columns of matrix Z span the range of L and ZTZ = I, any vector
y € Z(L) can be expressed as y = Zy. So the problem (4) is equivalent to

i AL7G — b|> + 12||9]%}, 7
génﬂl&){!\ y—bll” + 7|yl (7)

whose minimizer is given by

Uu = Z[ZV (AL (ALY Z + 12 1) 27 (AL b = Zy,.



2.2 Practical realisation of the transformation

Theorem 1 gives a unified transformation that works for all possible choices of regularization
matrix L in (2). We now discuss some practical realisation of the matrices W, Z, P and the
oblique pseudoinverse L# involved in the transformation as stated in Theorem 1. By means
of the standard SVD (6) of the matrix L, we can choose Z = U; and W = V; such that
H(Z)=R(L) and Z(W) = A (L). But the SVD is usually expensive. Instead we may use the
complete orthogonal factorization [8] in practical computations when L is not of full rank:

T 0

T _

U'LV = [ 0 0] ,

where U = [uq,--- ,up] and V = [vy, - - - , vy] are orthogonal matrices, and T is a 7 X nonsingular

matrix, with 7 = rank(L). Then we have [8]
(L) = span{uy,--- ,ur}, A (L)=span{vey1, - ,vn}.

So we can choose W = [v,41, -+ ,v,] and Z = [uq,- -+ ,u,]. When matrix L is of full rank, the
matrices W and Z can be determined by QR, or QR with column pivoting, which are special
cases of the complete orthogonal factorization.

For the choice of matrix P, we perform QR with column pivoting on the matrix AW

(W= (01, [ 1| = @i

where II is a permutation matrix, 77 is of full row rank, and [Q1, Q2] is an orthogonal matrix.
Then we have Z(Q1) = Z(AW), and Z(Q2) = Z+(AW). So we can choose P = Qg in
Theorem 1. On the other hand, we know from the proof of Theorem 1 that problem (5) is the
same as the minimisation (4). So if we choose to solve system (4) instead of (5), then the matrix
P is not needed in all computations.

For the oblique pseudoinverse L#, it involves the Moore-Penrose inverse of AW and can be
computed as follows:

Aw)t = (@) = (@)t = nrj @l = urf () ~Ql. (8)

For the special case with .4 (A) N A (L) = {0}, the matrix AW is of full column rank, and
we can use QR factorization. Correspondingly we have I = I and (AW)f = T IQ{. For
most applications, the dimension of null space 4 (L) is very low, for example, .4 (L) may be
spanned simply by a single vector [1,1,---,1]7 or [1,2,---,n]T. So the matrix AW is very tall
skinny, 77 is a very small matrix, and the cost for computing the Moore-Penrose inverse of AW
is negligible.

Now we can summarise the solution to the problem (2) of general form in Algorithm 1.
Clearly, if we solve the subproblem (4) in Step 4, then the matrix P is unnecessary to be
formed. Moreover, as we shall see in the next section 2.3, some steps of Algorithm 1 can be
omitted for matrices L and A of special properties, which are listed below:

1. When L is of full column rank, we have W = 0, hence Step 2 can be dropped, and the
terms involving W do not appear in Steps 3 and 5. In this case, we have P = I, L# = LT,
and the subproblems (4) and (5) are exactly the same.



Algorithm 1 Regularized solution by standard form transformation.

1. Generate W and Z by matrix decomposition on L such that
W) =N (L), ZZ) =Z%(L) and Z is column orthogonal.

2. Form AW, generate the column orthogonal matrix P such that Z(P) = #Z+(AW), and
compute (AW)T, for example, by (8).

3. Compute LT, and form the generalized inverse L# = (I — W (AW)TA)L!.

4. Find the minimizer y,, of subproblem (5) or (4).

5. Form the regularized solution z,, = L¥ Zy,, + W (AW)Tb.

2. When L is of full row rank, we have Z = I, then (4) is reduced to the problem
m;n{HAL#y = Ol + p?[ly|[*}.

3. A (L) C A (A), we have AW = 0, hence Step 2 can be dropped, and the terms involving
AW disappear in Steps 3 and 5. Since P = I and L# = L' in this case, the subproblems
(4) and (5) are the same.

4. When L is of full row rank and A4 (4) N A (L) = {0}, it is unnecessary to form the
pseudo-inverses (AW)T and L# explicitly, instead we can solve the subproblem (5).

5. If L is rank-deficient and A4 (A) N A (L) = {0}, then AW is of full column rank, and the
Moore-Penrose inverse (AW)' can be directly achieved by a QR decomposition.

6. One may use iterative methods to avoid forming the matrix L# explicitly in Step 3. Instead
we need only to have a solver for the linear system Lg = h with given right-hand sides h
to achieve g = L'h approximately.

For Step 4, one may apply the randomised SVD to first reduce the system size essentially,
then solve the reduced system in combination with some strategies for regularization parameters,
as we did in [18]. The standard form transformation described above is an effective and efficient
approach for solving the ill-posed problem (2), provided that the operations with L=!, LT or
L# can be efficiently implemented. When L is the discrete Laplacian, the actions of inverses
can be done by the algebraic multigrid method efficiently [14]. For the cases where L is of
special structures, such as Hankel or Toeplitz, there exist many fast solvers for implementing
the operations with L=" or LT [2].

2.3 Special cases

In this subsection, we consider a few important special cases. Although all these cases have the
solutions of same form (3) (see Theorem 1), the solutions may be realised very differently as it
is shown below.

Case 1: A (A)N A (L) # {0}, and A (L) C A (A). This happens in certain practical
problems, for example, the lead-field matrix and the Laplacian have a vector of all ones in
their null spaces for the inverse problem from electrocardiography. For this case, AW = 0 and
L# = L', The least-squares solution with minimum norm is given by Ty = LTZyM, where y,,
solves the minimisation of standard form

myinHALTZy—b\|2+u2|!y|!2- (9)
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1%
V‘QT
is the diagonal matrix formed by the nonzero singular values, U = [Z,Us| and V = [V7, V3] are
orthogonal matrices. That is, L = Z¥,V{T, Lt = 2127 and #(Va) = A (L). Then using
N(L) C A (A), we know AV = [AV7,0]. Now by direct computing, we can derive

Suppose we write the SVD of matrix L as L = [Z, U] [El 0} [ ] = UXVT, where

(ATA+ 207D = (vvTaATavvT 4 2vs2vT)t

= V(VTATAV + p?s?)v?
v (VlTATAVlo + )7 8 VT

= (VAT AV 4 253ty
But the minimizer y, of (9) can be given by

v, = (ALTZ2)TALYZ + p217Y(ALTZ)™D
= (A hHTavis + 2t AavisHTs
= S[(AV)T AV, 4 1222ty AT,

Therefore, the least-squares solution with minimum norm for this case is expressed by

., = L'Zy,=WVi¥'y,
= W[(AW)TAV; + 12237 v T ATy
(ATA 4 2L7L)T AT,
Case 2: L is of full row rank, and .4 (A) N .4 (L) = {0}. Different from the transfor-

mation used in Theorem 1, there is an alternative approach in [6], which applies the following
two QR decompositions:

LT=Q<§>, Q=[Q1,W]; AW=U<€), U =01, P,

where ), U are orthogonal matrices, R and T are nonsingular upper triangular matrices. For
this case, the matrix Z can be chosen as the identity. So the three matrices W, P and Z
in Theorem 1 are all well defined. Next we shall derive the solution of (2). Note that the
range Z(W) = #+(L") = 4 (L), hence AW is of full rank, and % (P) = %#+(AW). Suppose
r=Lly+ Wz, with LT = LT(LLT)™' = Q1R~", we can derive that

|| Az — b|[* + || L[|
= [|[ALYy + AWz — b||> + | |LLYy||?
= [UTALYy +UT AWz — UTb|? + 12| |y||?
= |[[UT ALYy + Tz — Ul'b||* + ||[PTALTy — PTb|* + 12 [|y||*.

Then we can show the minimisation (2) is equivalent to the following two separated subproblems:

min || PTALYy — PTo||2 + 12||y|)?> and min||UL ALYy + Tz — ULb||.
Yy z



The first subproblem is the same as (5) in Theorem 1 corresponding to the matrix Z = I. We
can compute z =T _1U1T (b— ALTyM), where 3, is the minimizer of the first subproblem. Hence,

xy = Ly, + Wz = Lly, + WI'U{ (b— ALTy,).

Though the matrix (AW)" does not appear explicitly, this solution is in fact equivalent to (3),
by the fact that (AW)" = T71UT and Z = I. The solution of this case can be rewritten as

2, = —WT UL ALy, + WT UL b = Ly, + W(AW)'b.

For the QR factorization of large matrices, we may use the recently developed new technique,
communication-avoiding QR (CAQR), which invokes tall skinny QR (TSQR) for each block
column factorization, to speed up the computation [4, 5].

Case 3: L is of full column rank. Using the skinny QR decomposition L = @1 R, where
R is nonsingular and upper triangular, and @ is column orthogonal, we have ||Lz|| = ||Rx||.
Hence the problem (2) of general form is equivalent to the following system

min ||[AR™ Rz — b||* + p?||Rz| | (10)

Then we can easily transform the system (2) to the standard form (1) by using y = Rz and K =
AR~ This is efficient for practical computing since we need only a skinny QR decomposition
and a upper triangular solver. The problem (10) is actually the same as the problem (4) or (5)
with y = Q1 Rz, by noting the facts that W =0, P =1, Z = Q; and L# = L' = (LTL)"'LT =
R71QT in this case.

Case 4: L is a square and nonsingular matrix. As L is nonsingular, we can simply set

K=AL"', z=L"1y, (11)

then the problem (2) is rewritten in the standard form (1). The transformation (11) is applicable
whenever the actions of L™! can be performed efficiently. This is the case when L is sparse,
banded, or of some special structure.

As we have seen from the above cases, by using the transformation that may involve (gener-
alized) matrix inverses, we can transform the problem (2) of general form into the problem (1)
of standard form. Then existing methods for the standard form can be applied as we discuss in
the next subsection.

2.4 Solution of the standard system (1) by randomized SVD

As we have seen in subsections 2.1-2.3, the regularized solution x, of general form (2) can be
reduced to the solution to the standard system (1). When the standard system (1) is large-
scale, we can first apply randomized SVD algorithm (see Algorithm 2 for m < n) to reduce
it to a much smaller system, then solve it by combining with some existing choice rules for
regularization parameters [18]. Similar algorithm can be formulated for m > n [9].

The randomized SVD is much cheaper than the classical SVD. In fact, the flops count of the
classical SVD for matrix K is about 4mn? + 8n? [8], while the cost of Algorithm 2 is only about
4mnl [18]. For the cases where singular values decay rapidly, we can choose | < m. The ratio
of the costs between RSVD and the classical SVD is of the order O(l/n) according to the flops.



Algorithm 2 (RSVD). Given K € R™*"(m < n) and | < m, compute an approximate rank-I
SVD: K ~ USVT with U € R™*! 2 € R>*! and V € R™¥!,

Generate an [ x m Gaussian random matrix € .

Compute the [ x n matrix Y = QK.

Compute the n x [ orthonormal matrix @ via QR factorization Y7 = QR.

Form the m x [ matrix B = KQ.

Compute the SVD of a small matrix B: B=UYXH".

Form the n x [ matrix V = QH, then K ~ ULV,

S Ttk W

We can see that Algorithm 2 generates an approximate decomposition K ~ KQQT = ULV,
where the columns of () span approximately the range of K7, or the right singular vectors.
The RSVD in Algorithm 2 was formulated in [18], and can be directly applied for the matrix
K = PTAL'Z or K = AL#Z in the standard system (5) or (4) transformed from the system
(2) of general form. The operations with K involve now the operations with L=, L, or L#,
which can be implemented efficiently in many applications. For example, when L is the discrete
Laplacian the actions of inverses can be done by the algebraic multigrid method efficiently. For
the cases where L is of special structures, such as Hankel or Toeplitz, there exist many fast
solvers for implementing the operations with L~! or LT [2].

Suppose that we have an SVD approximation K ~ ULV (by Algorithm 2), where ¥ is diag-
onal with the form ¥ = diag(oy, -+ ,07), U = (u1,--+ ,u;) and V = (vq,--- ,v;) are orthonormal
matrices. Then the approximate Tikhonov regularized solution of (1) can be expressed as

The regularization parameter p can be determined by several existing popular methods, such
as L-curve, GCV function, or some other heuristic methods. If we discard the small diagonal
elements in X, we obtain the truncated SVD (TSVD) of K. With an abuse of notation, we
denote the approximate TSVD of K by K ~ UXV7T, where ¥ = diag(oy,--- ,0}), either of
U and V has k orthonormal columns. Then the approximate T'SVD regularized solution zj is
given by

3 Inverse problems of general form and solutions by random
generalized SVD

As we have discussed in the last section, the problem (2) of general form can be transformed into
the problem of standard form (1), then the classical or randomized SVD method is applied to
seek the regularized solution. The classical SVD is usually very expensive, while the randomized
SVD method is much cheaper. In this section we shall discuss an alternative strategy for solving
the problem (2) of general form by using the generalized SVD (GSVD) of the matrix pair
(A, L). But again the classical GSVD are expensive, so we try to reduce the problem size and
then seek an approximate solution. We will show that the approximate regularized solution can
be achieved by some randomized algorithms.



3.1 Regularized solution with exact GSVD

We consider the problem (2) of general form and the matrix pair (A, L) with A € R™*",
L € RP*"™, We assume that A4 (A) N A (L) = {0}. The classical generalized SVD (CGSVD) is
obtained as follows. We first perform a QR factorization for the pair (A, L):

A Qa
= R,
- o
where Q4 € R™ " Q € RP*" the matrix [Q%,QT]T is column orthonormal, and R is an
n X n upper triangular matrix. Then the CS decomposition [8, 17] can be applied to this column

orthogonal matrix to yield
Qal U 0] |C| 1
[Q Ll |0 VI||S W,

where U € R™*™ V ¢ RP*P. W € R™ ™ are orthogonal matrices, C € R™*™ and S € RP*"
are diagonal matrices and will be discussed further below. Let G™' = W R, then we have the
classical generalized SVD (CGSVD) of the matrix pair (A, L) as follows [8]:

A=UCG™, L=VSG (12)

The columns of matrices G, U and V are defined by G = (g1, ,gn), U = (u1,--- ,uy) and

V = (v1,--- ,vp) respectively. Next we shall derive the explicit formulas for the solutions of the
regularized system (2) for 4 different cases.

First for the case with m > n and p > n, we have C' = diag(cy, -+ ,c,) € R™*" S =

diag(s1, -+ ,8,) € RP*™ 0 < ¢ < -+ < cp, 81 > ++- > 8, >0, and ¢? + s7 = 1. Using the

right singular vectors g;, and the two sets of left singular vectors u; and v;, we can rewrite the
CGSVD as
Ag; = cu;, Lg;i=sv; for i=1,2,--- n.

Now using the above CGSVD, we can find the solution of the regularized system (2):
z, = (ATA+ 2070 AT = G(CTC + 28T S) U™y
ul'd

n 2
_ i y 13
; 012 + MQS? c; Gi ( )

Next, we consider the case with m > n and p < n. In this case matrices C' and S can be
expressed in the form [15]:

C 0
ol o 1
S| Q 0’
S 0
where C' = diag(c1,--- ,¢p) and S = diag(s1,- -+ ,sp) are the p x p diagonal matrices. Some

other submatrices may be empty and their sizes can be determined easily. For this case the
generalized singular vectors satisfy the relations:

Agi:C’iuia Lgi:Sivi fOl” ’L:l’ » s
Agi = uy, Lg; =0 for i=p+1,---,n

10



Using these relations, we can express the regularized solution of the system (2) as

2 ul
c b T
x“_zic%r i gz—i—z b)g (14)
K ¢ i=p+1
For p < n, g; fori =p+1,--- ,n are the null vectors of L. We can see that these components

{gi}?:p 1 are incorporated into the solution directly without any regularization.
For the case with m < n and p > n, we can write [15]

o
cl _|S 0
S| |0 I}’
0 0
where C' = diag(cy, -+ ,cp) and S = diag(sy,- -+ ,sm) are the m x m diagonal matrices. The

submatrices 0 or I above may not exist. Now the regularized solution of system (2) can be
expressed by

c? ul'b
T, = Z 762 T2 o 9i- (15)
The last case is for m < n and p < n. In this case we have [15]
C 00
¢l o I o0
S| |S 0 o}’
0 0 I

~—

where C' = diag(ci, - ,¢;) and S = diag(s1, - ,84) are the ¢ x ¢ diagonal matrices, with
q = m—+p—n. The sizes of the identity matrices and zero submatrices above can be determined
accordingly. Then the regularized solution of the system (2) is of the form

ji: 2 wb 5%: 3
Z L aa %t b)g (16)
c; —I—,us & i1

One can easily see that the explicit formulae (13)-(16) for all 4 different cases can be unified
in the following formula, with d = min{p, n, m+p —n, m}:

62 min{m,n}
_ Th)gs, 17
oy — ZCQM%Z g pINEL” (1)

and the second term above does not appear when d = min{m,n}.
Similarly to TSVD, a truncated version of GSVD can be naturally extended for the problem
(2) of the general form. The truncated GSVD (TGSVD) solution reads

d mln{mn}
n= 3 e >
i=d—k+1 i=d+1

We can use the GSVD based Tikhonov regularization to solve (2), but the classical GSVD
(CGSVD) above is expensive and impractical for large-scale problems. We shall derive a ran-
domized GSVD algorithm that helps us reduce the large-scale problem size essentially and seek
an approximate regularized solution.

11



3.2 Problem size reduction and approximate solution

For the sake of exposition we only discuss the case with m < n in this section. Suppose that
the matrix A in (2) has the SVD of the form A = UXV?, where U € R™™ and V € R™*"
are unitary matrices, and ¥ € R™*" is a diagonal matrix with the diagonal elements o1 >

« > op > 0. We divide the matrix ¥ into two parts: ¥ = diag(X;, X2), where ¥; € R™"
and Xy € R"=)x(=7) " Correspondingly we partition the matrices U and V as U = [Uy, U],
V = [V1, Vi), where Uy € R™*", Uy € R™*(m=7) 1 € R™" and Vi € R"*(®~7), Then we can
split matrix A into two parts:

) Vi
A= (U, Us) [ ! 22] <V;T> = U5 Vi + UV (18)

Suppose that there is a gap among the singular values. The diagonals of Y3 correspond to
the smaller singular values, while the diagonals of ¥ include the larger ones. Then the matrix
can be approximated by A ~ U;¥;V{I. Since the singular vectors associated with smaller
singular values have more sign changes in their components, we may seek the solution of the
form x, = V417 to the system (2) and come to solve the following problem of the reduced size:

min |[AViz — b||* + 12| LViz]> (19)

il

} is of full column rank. As Vj is column orthogonal, so

It is equivalent to

min
z

Since A (A) N A (L) = {0}, then Lﬁ,

[li] V1 is also of full column rank. Hence the reduced problem (19) has a unique solution:

s = (VT(ATA+ 207 L)Vi) VAT, (20)

Note that for this approximate regularized solution to (19) we only need to work with the
matrix pair (AVy, LV}) with the size of m x r and p x r respectively, while the original matrix
pair (A, L) is of size m x n and p x n respectively. We often take r < n, so the size of the
approximate system (19) is essentially smaller than the original one (2). We shall only work
on the reduced problem, hence the memory requirement and CPU time can be significantly
reduced.

Next, we shall compare the approximate solution (20) to the reduced system (19) with the
exact solution to the system (2) of general form. To do so, we represent Z.s in terms of the
SVD (18) of A. Define £2 = £1'%, = diag(c2 4, -+ ,02,0,---,0) € RO=X(=7) Now a direct
computing yields that

2
ATA+ 20" = v <[21 22} + uQ(LV)T(LV)> vT
2

12



where F', B and D are given by
F = SP+p* (L)L e R,
B = p*(LV) LV, e R,
D = 33+ pA(LVy) LV, € ROTTX(nmm),

It is easy to see that F' is nonsingular, and we can write the solution of (19) as follows:

-1
_ F B x
Trs = <V1TV [BT D} VTV1) Vv { ! E(ﬂ U”b
-1
B F B|I o} T
= (ool pf ) o sgfen
= FixUf.
Then we obtain an approximate regularized solution of (2):
T, ~ Ty = ViZys = ViF 15U b. (22)

For the special case where L = I, the formula (22) is simplified as

r
02-2 u;fpb
T, ~ E 3 5 —— Vi,
o + pe o

=1 1

which is further reduced for p = 0 as

i=1
This can be regarded as a regularized solution by truncation.

Next, we further analyze the difference between the approximate solution z, in (22) and the
original exact solution x,. This process will show us how to obtain this approximate solution
alternatively. For this purpose, we define the Schur complement S = D — BT F~1 B associated
with the governing matrix in (21). It is easy to check that

y' Sy =y 83y + u*(LVay) "I — > LViF 1 (LV1)T]LVay.

Since p is a small parameter, it is reasonable to assume that y? Sy > 0 for any y # 0, hence S
is nonsingular. We can verify that

F B] _ | Mir Mo
BT D| T |My S|
where My = F~' 4+ F'BS7I!BTF~! and My, = ML, = —S7'BTF~!. We can write the
12

solution of (2) as

x, = (ATA+ 20701 ATy

_ My Miz| |2 vl
"y S o)

= VIMu S ULb 4+ VoMo 21 UL b+ (ViMio 4+ Vo S~H) 2T ULy
= Vil + F'BS7'BTF1s, Uy — VoS ' BT F=1,UTD
+(Va = ViF'B)S txlule. (23)

13



We shall show how to achieve the approximate regularized solution (22) from the exact
solution (23) by truncation. Suppose that there exists a gap between ¥; and 3. And we
further assume that 31 = O(1), and 39 = O(e) or o(e). Then the last term in (23) may be
ignored, leading to

z, =~ Vi(I +F'BST'BNYF 12,07 b — VoS ' BT F~'2,UD.

Note that V3 is associated with the smallest singular values and its columns are highly oscillatory
and have more frequent sign changes. If we drop the second term involving V5 in (23) like we
do with TSVD, we then derive

z, =~ Vi(I+ F'BST'BTYF~'2, U7 .

The expected regularization parameters are usually small, and it is reasonable to assume that
i = O(¢). Then we can see that B = O(e?), F~! = O(1), S = O(¢?), and F~'BS™'BT = O(é?).
If we further omit the higher order terms in the above expression, then we obtain the following
approximate solution

z, =~ ViF15,U7D, (24)

which is exactly the approximate solution z,, in (22) that we will use in the following randomized
algorithm. So we can see that the approximate solution Z, can be achieved by dropping the
higher order terms and those oscillatory terms.

We end this subsection with some remarks on a few important cases where we may further
simplify the representation of solutions.

Case 1: L = I. For this simplest case, we can check that B = 0, F = X% + p2I, and
S = D = %32+ p%I. Then the exact solution (23) of (2) can be expressed by

z, = VIF 'S0 b+ VoS 153Uy,

which is the same as (AT A + p21)~'ATb by using the SVD (18) of A. If we chop off the second
oscillation term, we have z,, ~ Vi F~13,U]'b in (24).

Case 2: Z(V;) = Z(AT). In this case we know Y is simply a zero matrix, and the last
term in (23) vanishes. Then the exact solution (23) of (2) reduces to

z, = ViM11 UL b+ Vo My S U b,

Note that the second term above lies in .4"(A) and is perpendicular to the first term. Hence the
least-squares solution with minimum norm is given by

x, = ViM;1 51U b.

As we have seen before, this term can be further approximated as x, ~ ViF~1%, UlT b.
Case 3: Z(V2) C A (L) C A (A). For this case, we can see that all the matrices B, ¥a, S
and D vanish. Then the exact solution (23) of (2) is simplified to

x, = ViF 15Ul D,

which is exactly the same as (AT A + p2LTL)TATb.
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3.3 Regularized solution by random GSVD

As discussed in section 3.2, we need to obtain a good approximation V; required in the system
(19), in order to reduce the size of the problem (2) of general form and find its approximate
solution. If we directly perform the SVD of A and choose V; from its right singular vectors,
it will be very expensive and impractical for large-scale systems. We now seek an economic
way to obtain a good approximation Vj. Suppose that we have an approximate SVD of A,
that is, A ~ UXVT, where U € R™*! and V € R™! are orthonormal. There is an abuse of
notations U and V here in GSVD of (A4, L), but they can be differentiated from the context.
The approximate SVD of A can be achieved by RSVD, i.e., Algorithm 2 with K replaced by A.
We write this approximation as A =~ UZVlT, then we can seek the solution of the form z = V;Z,
where the n x [ column orthogonal matrix V; forms the approximate right singular vectors of
A. Now the transformed problem (19) reads as follows:

min [|ATAZ — bl + 12| L VA3 2 (25)
X
Define A = Affl and L = Lf/l. This problem still has the general form
min | AZ — b||* + || LZ] %, (26)
T

where A € R™*! and L € RPX!. Since A (A) N4 (L) = {0} and V; is column orthogonal, then
[A ,,uET] is of full column rank. Hence the reduced problem (26) has a unique solution. But
the matrix pair (A, L) is of much smaller size compared with the original matrix pair (4, L), and
we can easily apply the classical GSVD (CGSVD) to this matrix pair. The solution procedure
is summarized in Algorithm 3.

Algorithm 3 Approximate regularized solution by RGSVD.
1. Use RSVD, i.e., Algorithm 2 with K replaced by A, to obtain
A~ USV] with U € R™* % € R and V; € R™¥,
2. Apply CGSVD to the matrix stencil (AVi, LV}) of smaller size.
3. Solve the Tikhonov regularization problem (25) and obtain the minimizer Zg.
4. Achieve the approximate regularized solution 7, = ViZs.

o~

Suppose that the CGSVD of the matrix pair (A4, ) has the similar form as (12),
A=UCG™, L=VS8G,
where U € Rm>m, V € RP*P are orthogonal matrices, C e R S € RPX! are diagonal
matrices, and G € R™*! is nonsingular. Then the solution Z of (26) can be expressed by
Tus = G(CTC + 428T8)"1CTUT .
And this gives us an approximate solution of the original problem (2):
2y~ Ty = VEs = G(CTC + i2ST8)~1CTU . (27)

In the following we will demonstrate that this approximation can be regarded as the least-

squares solution with minimum norm of a nearby problem. To this aim, we define

A e on [A] o [o6G0T
2=l n = | - VSGVI (28)

15



Lemma 1. The approzimate solution (27) is the solution to the following problem with minimum
norm: B N
min || Az — b||* + (| Lx|* . (29)
xr

Proof. We can check that .4 (L) = A (A) = 2{Vi}*+, which is included in Case 1 in section 2.3,

from where we know minimisation (29) has the least-squares solution with minimum norm:
Ty = (ATA+ 1 2LTL)T AT,

Using the decomposition (28) and the property of Moore-Penrose inverse, this regularized solu-
tion can be further expressed as

T, = WG T(CTC + pu28T8)G VT AT
= VIG(CTC + 12878 'GTV ATh
= VIG(CTC + p25T8)~'CTU s

This is exactly the solution (27). O

In summary, for the least-squares solution of general form (2), we can approximate it by
solving the problem (26) and set z = V47, which is equivalent to the least-squares solution
of (29) with minimum norm. Note that the size of the matrix pair (A4, L) is much smaller
than the matrix pair (A, L), and we need to work only on the matrix pair (ﬁ E) in practice.
Using Algorithm 3, we can obtain an approximate solution (22) based on the GSVD on the
matrix pair (A L) with A € R™ and L € RP*!, while the original problem of general form
has the regularized solution (13) when CGSVD is applied directly on the matrix pair (A, L).
Furthermore, we know the approximate solution is spanned by the columns of Vi. So if we have
some a priori information about the solution, we may incorporate it into V; by orthogonalization
with its columns.

Similarly to the truncated SVD (TSVD), we can use the truncated GSVD (TGSVD) to
seek the regularized solution [11]. That is, after using Algorithm 3, we chop off those smallest
singular values to achieve a truncated version of RGSVD. Then we use the L-curve, GCV, or
some other heuristic methods to determine the regularization parameter. This procedure is
similar to Tikhonov regularization, and we do not go into further details about this.

4 Numerical experiments

For the system (1) of standard form, we studied RSVD and tested various linear inverse problems
in [18]. In this section, we shall mainly focus on the system (2) of general form directly and test
the newly proposed Algorithm 3 with examples from different linear inverse problems to illustrate
the performance of the algorithm. As we shall see, we can essentially reduce the problem size
by using RGSVD, but still obtain reasonably good approximate regularized solutions. The
following tests are done using MATLAB R2012a in a laptop with Intel(R) Core(TM) i5 CPU
M480 @2.67G.

In this section we will test some examples from Regularization Tools [10]. Most of the cases
are related to the Fredholm integral equation of the first kind,

/b K(s,t)z(t)dt = g(s), c<s<d, (30)
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where K is the square integrable kernel function. In the tests the kernel K and the solution x
are given and discretized to yield the matrix A and the vector x, then the discrete right-hand
side is determined by b = Az. Matrix L in the general form (2) is the discrete approximation
to the first or second order differential operator. In particular we will try the following choices:

L= ) ) and L=
1 -1 1 -2 1
We will write them by L = bidiag(1l,—1) € R®=D*" and L = tridiag(l,—2,1) € R=2)x»
respectively.

In all our numerical experiments, the observation data b’ is generated from the exact data b

by adding the noise in the form
b’ :b—i-(SMS:b-F&i,
[Is] [Is]
where s is a random vector, s = randn(n, 1) if not specified otherwise, ¢ = ¢||b|| is the so-called
noise level, and § is the relative noise level [12]. In our numerical tests, we choose the relative
noise level § =le-4 as in [13].

In the following tests, we shall compare the performance of 5 different algorithms for solving
the general problem (2), including RGSVD (the random GSVD, i.e., Algorithm 3), the classical
GSVD (CGSVD), two methods ‘std+CSVD’ and ‘std+RSVD’, which transform first the general
problem (2) into the standard form, then apply CSVD and RSVD respectively to achieve the
regularized solution, and the method which uses CSVD directly for the problem (2) but with
a trivial regularization operator L = I. In all our numerical tests, the sampling size is set
to | = 50 and the regularisation operator to L = tridiag(1l,—2,1) if not specified otherwise.
In all subsequent tables we shall use the following notation: pu stands for the regularization
parameter, err for the relative error ||z, — z||2/||x|]2 of the computed Tikhonov regularized
solution x,, to the exact solution x, and n for the problem size, and T" for the computational
time (in seconds). To fairly compare the efficiency and accuracy of 5 different methods, we shall
fix the regularization parameter p for the results in Tables 2 and 3. That is, we shall solve the
general problem (2) with the same parameter . Thus each computational time 7" in Tables 2
and 3 will include the time for the (approximate) matrix factorisation and the computing of the
Tikhonov regularized solution, but not the time for determining the regularization parameter.
However, for a more complete comparison among all the methods, we shall report also the total
computational time required for computing a Tikhonov regularized solution, namely including
also the time for determining the regularization parameter, by the parameter choice rule GCV
function, and the numerical results are shown in Table 1.

Example 1 (SHAW). This is a one-dimensional model of an image reconstruction problem.
It arises from discretization of the integral equation (30) with the kernel K being the point
spread function for an infinitely long slit:

K(s,t) = (cos s + cost)? (sinu/u)®, wu=m(sins+sint).

The exact solution is given by z(t) = ajexp(—ci(t — t1)?) + az exp(—ca(t — t2)?), where the
parameters ai, ag, 1, c2, t1 and tg are constants chosen to give two different humps [10].
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std + CSVD std + RSVD CGSVD RGSVD CSVD(L =1)

n 1L T(s) err 1L T(s) err I T(s) err I T(s) err 1L T(s) err
500  8.26E-02 0.34  1.40E-02 8.26E-02 0.09 1.40E-02 8.26E-02  0.41  1.40E-02 8.26E-02  0.05 1.40E-02 3.14E-04 0.41 2.66E-02
1000 1.52E-01 2.24 1.75E-02 1.52E-01 0.27 1.75E-02 1.52E-01 241 1.75E-02 1.52E-01 0.08 1.75E-02 1.00E-04 1.31 2.96E-02
2000 8.52E-01 18.24 1.20E-02 8.52E-01 1.03 1.20E-02 8.52E-01 19.30 1.20E-02 8.52E-01 0.18 1.20E-02 1.47E-04 9.21 2.08E-02

Table 1: Example SHAW. Comparison of the total computational times and solution accuracies.

The computational times, the regularization parameters and the relative errors of the com-
puted solutions are listed in Table 1. The regularization parameters are determined by GCV
functions in combination with 4 methods, i.e., std+CSVD, std+RSVD, CGSVD and RGSVD,
and they are almost the same, so leading to about the same accuracy for all these methods; see
Figure 1 and the errors listed in Table 1. But the randomized algorithms, namely std+RSVD
and RGSVD, are much faster than the classical methods std+CSVD and CGSVD, as the prob-
lems they need to solve are much smaller than those solved by the classical methods. As we can
see from Table 1, for the problem of size n = 2000, the new method RGSVD is about 100 times
faster than the classical method CGSVD. And such outperformance of RGSVD becomes more
significant when the problem size increases. Also from the relative errors shown in Table 1, we
can see that the regularization with L = tridiag(1,—2,1) is more accurate than the identity
regularisation L = I.

Similar observations above apply also to the subsequent testing examples FOXGOOD, GRAV-
ITY, HEAT, PHILLIPS from [10], so will not be mentioned any more below.

25

Exact

CSVD (L=l)

= = =std+CSVD
std+RSVD

+='='CGSVD

2 /’"’\ = = RGSVD ||
; == RGSVD |

0.5 s ' \ i

1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Figure 1: Example SHAW of size n = 2000.

Example 2 (I_LAPLACE). This test problem is the inverse Laplace transformation, a Fred-
holm first kind integral equation, discretized by Gauss-Laguerre quadrature. The kernel K is
given by K (s,t) = exp(—st).

Regularization Tools [10] provides the test problem I_LAPLACE(n, e4), with n being the ma-
trix size, and e, = 1,2,3 or 4 corresponding to 4 different examples (e, = 1 by default). The
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test problem I_LAPLACE(n, 1) has the exact solution z(t) = exp(—t/2), and I_LAPLACE(n, 3)
gives x(t) = t?exp(—t/2). For these two cases, the solutions are very smooth. The method
RGSVD works very well with regularization L = bidiag(1,—1) and small sample size | = 50. Its
accuracy is also comparable or even better than that of the classical method CGSVD, but the
CPU times and memories are significantly smaller. We do not report the numerical results for
these two relatively simple cases, but focus on the other two cases, e, = 2, 4, which are more
difficult due to the sudden change and strong discontinuity in the solutions. For these two cases,
the regularization in general form (2) is necessary to ensure a meaningful numerical solution.

First for the test problem I_LAPLACE(n, 2), the exact solution is z(t) = 1 —exp(—t/2), which
has a horizontal asymptote. For this problem, the identity regularization L = I can not give
a good reconstruction [13] (see Figure 2), and the regularization L = tridiag(1l, —2,1) does not
work well either. Instead, the regularization L = bidiag(1,—1) is very effective to capture the
rapid change in the solution.

Let e be the vector of all ones, i.e., e = ones(n,1). Clearly e is the basis vector of the
null space of operator L = bidiag(1,—1). This suggests us to incorporate a constant mode
into the matrix W in Algorithm 3. Suppose we have the approximate SVD of the matrix A
by randomized algorithm. That is, A ~ USWT. Let w = (I — WWT)e, then we enlarge the
matrix W by adding one more column vector, namely w/||w||. This is equivalent to finding the
orthogonal projection onto Z(W)*, then adding it to matrix W as a new column.

For most of our cases, the sample size can be as small as 50. But for this difficult case,
we need to use larger sample sizes for RGSVD: for the problems of sizes n = 500, 1000, 2000,
we choose the sample sizes [ = 150, 300, 600 respectively. However, the method std+RSVD
still works very well with small sample sizes (I = 50), and is hence much faster in terms of
computational times. Even with larger sample size, the computational time of RGSVD is still
much less than the classical methods, and the approximate solution is still quite accurate; see
Figure 2 and Table 2 for more details. In Table 2, the regularization parameter y is chosen to
be the same for all 4 methods and L # I. For L = I, the parameter is chosen by GCV, but for
a fair comparison the computational time 7" includes also only the time for matrix factorization
and the computing of the regularized solution, without the time for choosing the regularization
parameter.

We have observed from all the examples we have tested, our method working on a much
smaller-sized problem is often more robust and stable than the classical method. This is also
clearly observed in our test with I_.LAPLACE(n, 4) from Regularization Tools [10]. The exact
solution to the problem has a big jump:

0, t<2;
x(t):{l t>2.

We still choose the regularization L = bidiag(1,—1), and other parameters are the same as
for I_LAPLACE(n, 2). Our tests show that our randomized algorithms can always provide the
regularized solutions with desired accuracy but require much less computational times; see more
details in Figure 3 and Table 2.

As our last set of numerical tests, we consider 6 different inverse problems taken from [10],
namely the problems FOXG0O0OD, GRAVITY, HEAT, | LAPLACE, PHILLIPS, SHAW as listed there.
All the problems are solved with the same regularisation parameter p and the numerical results
are shown in Table 3. One can easily see from the table that RGSVD is the most efficient
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Figure 2: Example I_LAPLACE(n,2) of size n = 2000.
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Figure 3: Example I_LAPLACE(n,4) of size n = 2000.
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(L#I) std + CSVD std + RSVD CGSVD RGSVD =1 CSVD
eg n I T(s) err T(s) err T(s) err T(s) err o T(s) err
2 500 0.05 0.35  3.70E-03 0.09 3.70E-03 0.34 3.70E-03 0.16  2.20E-03 2.60E-04 0.11 7.56E-01
1000 0.15 2.86 2.10E-03 0.29 2.10E-03 2.33  2.10E-03 0.94 5.00E-03 2.52E-04 1.03 7.49E-01
2000 0.20 21.95 9.50E-03 1.06 9.50E-03 17.48 9.50E-03 5.41 5.50E-03 6.42E-05 8.07 7.66E-01
(L#I) std 4+ CSVD std + RSVD CGSVD RGSVD (L=1) CSVD
eg n I T(s) err T(s) err T(s) err T(s) err o T(s) err
4 500 0.05 0.37  4.34E-02 0.09 4.34E-02 0.33  4.34E-02 0.16 4.42E-02 2.60E-04 0.12 7.54E-01
1000 0.15 2.86  3.68E-02 0.30 3.68E-02 2.30 3.68E-02 0.94 3.71E-02 2.52E-04 0.92 7.50E-01
2000 0.20 21.95 3.58E-02 1.06 3.58E-02 17.65 3.58E-02 5.36 3.06E-02 3.28E-04 7.94 T7.47E-01

Table 2: Example I_LAPLACE(n, e4) with e, = 2, 4. Comparison of the computational times
and solution accuracies.

std + CSVD std + RSVD CGSVD RGSVD
7 T(s) err T(s) err T(s) err T(s) err
Foxcoop  5E-03 35.57 1.6673E-02 1.40 1.6673E-02 35.68 1.6673E-02 0.20 1.6674E-02
GRAVITY 5E-02 34.68 1.3886E-02 1.41 1.3886E-02 35.01 1.3886E-02 0.18 1.3886E-02
HeAT 2E-03 36.12  1.2441E-02 1.59 1.2325E-02 35.74 1.2441E-02 0.18 1.9250E-02
I_LapLAcE 1E-03 42.83 4.8063E-01 1.64 4.8063E-01 33.98 4.8063E-01 0.50 2.2425E-01
PHILLIPS 5E-03 36.79  7.2537E-02 1.41  4.0793E-02 36.61 7.2537E-02 0.17  3.0862E-02
SHAW 2E-02 34.75  2.2152E-02 1.40 2.2152E-02 36.93  2.2152E-02 0.17  2.2152E-02

Table 3: The computational time and accuracy of RGSVD compared with other three methods
when the same regularized problem is solved with size n = 2500 and L = bidiag(1, —1).

method: it can provide a regularized solution of the same accuracy as the one by the classical
methods but requires much less computational time.

We remark that the truncated version of RGSVD also works quite well for all the examples
tested in this section. Since the numerical results are very similar to the ones by the Tikhonov
regularization, we do not present the numerical results by TGSVD in this work.

In this section we have tested two different approaches we have proposed for solving the
Tikhonov regularization problems of general form (2). The first approach transforms a general
problem (2) into a standard one (1), then solves the standard problem using the randomised
SVD we developed in [18], while the second approach applies the generalized SVD directly for
the general form (2). Based on many of our numerical experiments, the second approach is
mostly more efficient than the first approach, as we can clearly see from the numerical results in
Tables 1 and 3 for 6 different inverse problems. However, the first approach may work equally
well as the second approach in some special cases, where the sample size does not need to be
large and very efficient evaluations of the generalized inverse are available as the generalized
inverses contribute to the major computational efforts in the first approach. Indeed this can
be confirmed clearly from the numerical results shown in Table 2 for Example I_LAPLACE(n,eg)
with e, = 2 or 4.

5 Concluding remarks

We have considered the randomized algorithms for the solutions of discrete ill-posed problems
in general form. Several strategies are discussed to transform the problem of general form into
the standard one, then the randomized strategies in [18] can be applied. The second approach
we have proposed is to work on the problem of general form directly. We first reduce the
original large-scale problem essentially by using the randomized algorithm RGSVD, so flops
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and memory are significantly saved. Our numerical experiments show that, using RGSVD we
can still achieve the approximate regularized solutions of the same accuracy as the classical
GSVD, but gain obvious robustness, stability and computational time as we need only to work
on problems of much smaller size.
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