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AN AUGMENTED LSQR METHOD

J. BAGLAMA*, L. REICHEL', AND D. RICHMOND#

Abstract. The LSQR iterative method for solving least-squares problems may require many
iterations to determine an approximate solution with desired accuracy. This often depends on the
fact that singular vector components of the solution associated with small singular values of the
matrix require many iterations to be determined. Augmentation of Krylov subspaces with harmonic
Ritz vectors often makes it possible to determine the singular vectors associated with small singular
values with fewer iterations than without augmentation. This paper describes how Krylov subspaces
generated by the LSQR iterative method can be conveniently augmented with harmonic Ritz vectors.
Computed examples illustrate the competitiveness of the augmented LSQR method proposed.

Key words. Partial singular value decomposition, iterative method, large-scale computation,
least-squares approximation, LSQR, precondition, Krylov subspace, augmentation

AMS subject classifications. 65F15, 15A18

1. Introduction. We consider the solution of least-squares (LS) problems

1.1 i
(1.1) min

Az —bl|,

where A € R*™ is a large sparse matrix with ¢ > n and b € Rf. Throughout,
| - || denotes the Euclidean vector norm or the associated induced matrix norm. The
matrix A is assumed to be too large to be factored. We therefore seek to solve (1.1) by
an iterative method. Unless stated otherwise, A is assumed to have full column rank.
Problem (1.1) then has a unique solution, which we denote by 2. The associated
residual vector r* = b — AzT vanishes if and only if b lies in the range of A, denoted
by R(A).

Many iterative methods have been proposed for the solution of (1.1); see, e.g.,
[5, 8, 10, 11, 12, 26, 27] and references therein. A popular method is LSQR by Paige
and Saunders [26]. This method does not require the matrix A to be stored; instead
each iteration requires that one matrix-vector product with A and one matrix-vector
product with A” be evaluated. A mathematically, but not numerically, equivalent
method is CGLS proposed by Bjorck; see, e.g., [5] for a discussion of CGLS.

LSQR [26] is based on Golub-Kahan (GK) bidiagonalization of A. Let xg be
an initial approximate solution of (1.1) and define ro = b — Azg. Generically, m <
min{¢,n} steps of GK bidiagonalization determine orthonormal bases {q1, g2, ..., Gm}
and {p1,p2,...,pm} for the Krylov subspaces

’Cm<AAT7 Q1) = Span{(h, AAqu, (AAT)qu, RN (AAT)m_lql}

(1.2) -
ICm(ATAapl) = Span{pla ATAPh (ATA)Qpla AR (ATA)m lpl}

respectively, with initial vectors ¢1 = ro/||ro|| and p; = A%q/||ATq1]|. LSQR com-
putes an approximate solution z,, of (1.1) by minimizing ||Az — b|| over the set
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20 + K, (ATA, p1). The associated residual vector 7, = b— Ax,, lies in K, (AAT, q1);
see [26] or section 4 for details.

GK bidiagonalization, and therefore also LSQR, will in exact arithmetic termi-
nate before m steps have been carried out if the Krylov subspace K,,(ATA,p;) is of
dimension less than m. LSQR delivers, in this situation, the solution of (1.1). How-
ever, early termination is rare and it is common for LSQR to require many iterations
before an approximation of the solution 2™ of (1.1) of desired accuracy has been de-
termined. The rate of convergence of LSQR depends on the condition number of A
and on the distribution of the singular values of the matrix; convergence may be slow
when A has a large condition number; see [5] or section 2 for details.

The rate of convergence of LSQR can be improved by using a preconditioner.
Instead of solving (1.1), one may solve the right-preconditioned LS problem

1.3 in || AMy — b||.
(1.3) min [|[AMy — b

The preconditioner M € R™*™ should be nonsingular and such that i) the condition
number of AM is smaller than the condition number of A, or AM has improved
clustering of its singular values, and ii) matrix-vector products with the matrices M
and M7 can be evaluated fairly quickly; see, e.g., [4, 5, 6, 11, 16, 28] and references
therein for several approaches to constructing preconditioners. Many such precondi-
tioners are constructed prior to solution of the LS problem, and their determination
may require significant computational effort and storage. Preconditioners affect the
Krylov subspaces in which approximate solutions are determined. We describe an-
other approach for modifying Krylov subspaces in which approximate solutions are
computed. Specifically, we determine approximations of singular vectors of A asso-
ciated with the smallest singular values and augment the Krylov subspaces (1.2) by
these vectors. This augmentation is carried out while improved approximate solutions
of (1.1) are computed, and changes the Krylov subspaces to improve convergence. Our
method can be used in conjunction with a preconditioner.

The idea of augmenting a Krylov subspace with vectors to improve convergence
was first discussed by Morgan [21], who considered the solution of linear systems of
equations with a square nonsingular matrix by GMRES. Morgan proposed to augment
the Krylov subspaces used by GMRES with harmonic Ritz vectors associated with the
Ritz values of smallest magnitude to increase the rate of convergence. Subsequently,
Morgan showed in [22, 23] that the residual vectors associated with the harmonic Ritz
vectors are multiples of the residual vector at every restart of the (standard) GMRES
method and that, therefore, the augmented Krylov subspace is a Krylov subspace
generated by a different starting vector. This result suggested that the augmenting
vectors should be chosen to be harmonic Ritz vectors.

The initial iterations of our augmentation method for LSQR is analogous to Mor-
gan’s augmented method for GMRES [23] in that we augment the Krylov subspaces
(1.2) with harmonic Ritz vectors for AAT and associated vectors for ATA. During
the initial iterations with LSQR, we compute both improved approximations of the
solution of (1.1) and improved approximations to harmonic Ritz vectors. When the
latter approximations are deemed accurate enough, we stop updating these vectors
and carry out LSQR iterations using augmented Krylov subspaces until a solution
of (1.1) with desired accuracy has been found; the solution subspaces are augmented
with fixed harmonic Ritz vectors.

Section 2 discusses convergence of LSQR when the Krylov subspaces (1.2) are
augmented with singular vectors of A associated with the smallest singular values.
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These singular vectors generally are not explicitly known. We therefore describe
in section 3 how approximations of these vectors can be computed by a restarted
GK bidiagonalization method, which is augmented by harmonic Ritz vectors of AAT
associated with the smallest harmonic Ritz values and with related vectors for ATA.
The method is related to a scheme described in [1], but differs in certain design aspects
to fit better with the restarted LSQR method described in section 4. In section 5 we
show that all residual vectors of the harmonic Ritz vectors are multiples of the residual
vector of the restarted LSQR method. This result is important for the design of our
augmented LSQR method. It implies that the augmented Krylov subspaces also
are Krylov subspaces. Moreover, section 5 describes our augmented LSQR method.
Application of this algorithm to LS problems (1.1) with a rank-deficient matrix A
is discussed in section 6. A few numerical examples are presented in section 7 and
concluding remarks can be found in section 8.

We would like to emphasize that the proposed iterative method is not a restarted
LSQR method. Restarting may lead to stagnation; see [10, Section 7.3.1] for re-
marks on restarting the related LSMR method. Our method consists of two stages: 1)
the augmenting stage, which uses restarted LSQR to approximate the singular vectors
associated with the smallest singular values of A and simultaneously improve an avail-
able approximation of the solution of (1.1), and ii) the LSQR stage, in which LSQR
is applied using the augmented Krylov subspaces with fixed harmonic Ritz vectors to
solve the LS problem (1.3).

2. Convergence of LSQR using augmented Krylov subspaces. Let u;
and v; denote the left and right singular vectors of A associated with the singular

value o;. Define U,, = [u1,us, ..., u,] € R*™ and V,, = [v1,ve,...,v,] € R?*" with
orthonormal columns, as well as ¥,, = diag[o, 09, ...,0,] € R®*™. Then
(2.1) AV, =U,%, and AU, =V,%,

are singular value decompositions (SVDs) of A and A7, respectively. We assume the
singular values to be ordered from the smallest to the largest one, i.e.,

O0<o1<09< ... <0y

While this ordering is nonstandard, it simplifies the notation in the sequel. The
condition number of A is given by x(A) = 0,,/01.

The residual 7,,, = b — Ax,,, associated with the m'™ iterate, x,,, determined by
LSQR with initial approximate solution x satisfies

o\ AH-1\"
2.2 m ot <2 "2t o BA L —pt
(22) -l < (%m o=t =2( SB35 ) Iro =+l

where 2t denotes the solution of (1.1) and r* is the corresponding residual; see [5].
Furthermore, if b € R(A), then

m
Op — 01
Irmll < 2(W> Ioll
n

For well-conditioned LS problems, LSQR converges quickly. However, ill-conditioned
problems may require a prohibitively large number of iterations. The use of a precon-
ditioner M with k(AM) < k(A) may alleviate this difficulty.
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We first describe how augmentation of the Krylov subspaces (1.2) by singular
vectors of A associated with the smallest singular values reduces the bound (2.2) and
therefore can be expected to speed up convergence. Thus, consider the augmented
Krylov subspaces

(2 3) Icm<AAT7u17 sy U, ql) = Span{ul, sy U, qlaAAqua ceey (AAT)m_k_1q1}
Ko (ATA vy, ... v, p1) = span{vy, ..., vk, p1, ATApy, ..., (ATA)y™=k=1p 1

obtained by augmenting the Krylov subspace K,,_x(AA”, q1) by the left singular
vectors uq, ..., u, associated with the k& smallest singular values, and by augmenting
Km_1x(ATA,p1) by the corresponding right singular vectors vy,...,v;. At iteration
m, the augmented method determines an approximate solution in a subspace of at
most dimension m. The following result shows that the upper bound for the residual
error (2.2) may be reduced considerably by augmentation.

THEOREM 2.1. Let A € R**™ have the SVD (2.1) and let x,,, minimize || Az — b||
over the augmented and shifted Krylov subspace xo + K (ATA, v1,. .. vp,p1). Then
with vy, = b — Ay,

m—k
On — Ok+1
Irmr+|§2<"+> lro — 7.

On + Ok+1
Proof. Let x, be any vector from zg + K,,(ATA,v1,...,vg,p1) and define r,, =
b— Az,,. Then
k
(2.4) Ty = T + eri + p(ATA) ATrg,
i=1

where ¢ is a polynomial of degree at most m —k — 1 and 7; € R. Let Pr(4) and
Ppr(ary denote the orthogonal projectors onto the range of A and the null space of
AT respectively. Split the vector b according to

n
b= PR(A)b + PN(AT)b = Zwiui + PN(AT)b,
=1

where the wu; are the left singular vectors of A; cf. (2.1). Then

(25) ATT() = ATb — ATALU() = ZwiATui — ATA{EO = Z(:)i’l)i
i=1 i=1
since {v1,...,v,} is an orthonormal basis for R™. Using (2.4) and (2.5) we obtain

k n k
(26) AT’I’m = 1/J(ATA)ATT0 - Z TiO'Z-Q’Ui = Z(:J{(/J(O’f)’l)z — Z TiJ?’Ui,
i=1 i=1 i=1
where ¥(z) = 1 — x¢(z). Let v, = —1;02 + @;9p(0?). Then

k n
ATrp =3 "+ Y @),
=1 i=k+1
4



We may now choose 7; = %(202) to define z,, in (2.4). This yields 7, = 0 and,
therefore, '

n

(2.7) Alrp = " (oo

i=k+1

Now let ¥ be the shifted Chebyshev polynomial of degree m—k—1 for the interval
[071,02], scaled so that 1(0) = 1, and take the (A7A)~! norm of both sides of (2.7).
Using properties of the scaled and shifted Chebyshev polynomial, we obtain

m—k

On — Ok+1

[A | (aray-1 < 2<0n T 01;1) [ ATro|| aTa)-1-
n

The desired result follows from the observations that
(2.8) [ A"r |l aTay-1 = lrm — 7|

and that the norm of the residual vector r,, = b — Ax,, associated with the vector
T, in the statement of the theorem is at least as small as the norm obtained for our
choices of 7 and . O

Morgan [21] discussed the use of augmented Krylov subspaces of the form
span{b, Ab, ..., A" 1b, 21, ... 2.}, where z1,..., 2 are eigenvectors of A, to increase
the rate of convergence of restarted GMRES, and showed a result analogous to The-
orem 2.1 for this situation.

illc1850

1850 s

10 , . , . . , ‘ ‘ ‘ ‘ : ‘
—-— LSQR (reorth;
- — LSQR — L:gﬂ :::Znh) aug, k=20)
— LSQR (aug, k=20) 8

107° L L L L L 10l I

. . . I I I I I
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800
matrix-vector products with A and AT matrix-vector products with A and AT

Fic. 2.1. Exzample 2.1: A comparison of augmented and standard LSQR.

Example 2.1. Let A € R1850X721 he the matrix ILLC1850 and let b be the vector
ILLC1850_RHS1 from the LSQ set of the Matrix Market Collection (7, 9]. Figure 2.1
compares the augmented LSQR method using (2.3) with & = 20 and the standard
LSQR method, with o = 0 for both methods. Figure 2.1 displays the convergence of
the quotients ||ATr||/||A%ro|| as a function of the number of matrix-vector products
with A and AT. Here 7y = b is the residual associated with the initial iterate o, and
r is the residual associated with the currently available iterate. The right graphs show

5



implementations of the methods with full reorthogonalization, while the left graphs
display the performance of the methods without reorthogonalization. In this case,
we see that reorthogonalization does not change the convergence behavior much, but
that augmentation as described in Theorem 2.1 may increase the rate of convergence
significantly.

The initial vector ¢; for the Krylov subspace in the augmented Krylov subspace
K (AAT uy, ... usg,q1) is orthogonalized against the k = 20 left singular vectors
{u1,...,u0}. This makes the vector p; = A%q; /|| A%q;| in the augmented Krylov sub-
space K,,(ATA, vy, ..., vy, p1) orthogonal to the right singular vectors {vy, ..., v20}.
O

The singular vectors {uq,...,ux} and {vi,...,v;} associated with the k& small-
est singular values of A are generally not explicitly known. We therefore seek to
determine approximations of these vectors while simultaneously computing improved
approximations of the solution of (1.1). This is achieved with a restarted LSQR
method. Typically augmenting vectors do not have to be accurate approximations of
the singular vectors of A to yield beneficial results. This is illustrated by the following
theorem as well as by numerical examples in section 7. The theorem is an analog of a
result by Morgan [21], concerned with augmenting a Krylov subspace by approximate
eigenvectors to increase the rate of convergence of restarted GMRES.

THEOREM 2.2. Let A € R*™ have the SVD (2.1) and let x,, minimize || Az — b)|
over the augmented and shifted Krylov subspace xo+ K (AT A, y1,p1), where the unit-
length vector y; € R™ is an approzimation of the right singular vector vy. Let ¢ be the
angle between y; and vy, and let 0y be defined in (2.5) from Theorem 2.1. Then with
Tm =b— Axpy,,

m—1
Op— 0O AT A N
TR s2(2> Iro =1+ AL an (0.
1

Op + 02

Proof. Similarly to (2.4) and (2.6) we have

Ty = Xo =+ T1Y1 + ¢(ATA)ATT0,

(2.10) n
Ay, = Z@iw(U?)%‘ — 1 ATAy,,
i=1
where ¢(x) is a polynomial of degree at most m — 2 and ¢¥(x) = 1 — z¢(x) is a
polynomial of degree at most m — 1. Let
(2.11) y1 = cos(Q)vy + sin(()z,

where z € span{vs,...,v,} is a unit-length vector. Using (2.11) and the SVD of A,
equation (2.10) becomes

ATy, = Z@m(a?)vi — 102wy cos(¢) — 1 ATAz sin(¢).
i=1

- 2
With 7 = %00 we obtain

i cos(()”
- ’ 2)ATAz tan()
2.12 Ay, = E Sb(o s — @1¢(o7) .
(2.12) Tm 2 wih(o7 ) o

6



Let 1 be the shifted Chebyshev polynomial for the interval [03, 02], scaled so that
¥(0) = 1, and take the (AT A)~! norm of both sides of (2.12). Using properties of the
shifted and scaled Chebyshev polynomials, we get

|ATA|
ot

Onp — 02

on + 09

m—1
| ATl aray < ( )" ATl s + tan(¢)| |

The theorem now follows from (2.8). O

We remark that the right-hand side of (2.9) shows that if the smallest singular
value o is very close to zero or to o9, then y; has to be a fairly accurate approximation
of the singular vector v; in order to be effective.

3. A restarted augmented GK bidiagonalization method. This section
describes a restarted GK bidiagonalization method for approximating the singular
triplets {o;, u;,v; }¥_, associated with the k smallest singular values of A. We refer to
these singular triplets as the k smallest singular triplets. Let the matrices Uy € R
and Vj, € R™* consist of the first & columns of the matrices U,, and V,, in the SVD
(2.1) of A, and introduce ¥y, = diag[oy, ..., 01] € R¥*%. Then, analogously to (2.1),
we have the partial SVDs

AV, = UpXp and ATU, = VY.

There are numerous methods available for computing approximations of the sin-
gular triplets {o;, u;, v;}F_;; see, e.g., [1, 2, 3, 12, 14, 15, 17, 18, 19] and references
therein. We are interested in using a method that is related to LSQR, so that while
computing these approximations, we also can determine improved approximate solu-
tions of (1.1). Therefore, we will use a restarted augmented harmonic GK bidiago-
nalization method to determine approximations of the desired singular triplets. We
show in section 4 why this approach is attractive.

The restarted augmented harmonic GK bidiagonalization method of this paper
is closely related to the method presented in [1]; it differs in that here we use a lower
bidiagonal matrix. This makes it easier to connect our method to LSQR. The following
algorithm describes the computations required for partial GK bidiagonalization. We
comment on the algorithm below.

ALGORITHM 3.1. A PARTIAL GK BIDIAGONALIZATION ALGORITHM

Input: A € RY™ or functions for evaluating products with A and A7,
q1 € R? : initial vector,
m : number of bidiagonalization steps.

Output: Pp, = [p1,...,pm] € R"™™ : matriz with orthonormal columns,
Qut1 = [q1,- - Gmy1] € REOHD - matriz with orthonormal columns,
Brit1,m € RMHDXm - Jower bidiagonal matriz (3.2),
Pm+1 € R™ @ residual vector,
Am4-1 € R.

1. Compute fy = ||q1ll; @1 :=aq1/B; Q1:=aq
2. Compute p1 .= ATq; ay:=|pill; p1:=pi/ar; Pri=pm
3. Forj=1:m

4. Compute gj41 := Apj — ¢



5. Reorthogonalize: qjy1 = qj41 — Q(l:j)(Q(Tl:j)qu)

6. Compute Bji1:= |lgj+1ll;  gj+1:= gi+1/Bj1; Q1= [Qy, ¢j+1]
. Compute pj41 := ATqj1 — p; B

8. Reorthogonalize: pjy1 = pjt1 — P(lzj)(P(:q:j)ij)

9

1

. Compute a1 == ||pj4ll;  pjtr = pj1/0m
0.ifj<m
11. Pjiy = [Pj, pjta]
12. End
13. End

To avoid loss of orthogonality due to finite precision arithmetic, we reorthogonalize
in lines 5 and 8 of the algorithm; see section 5 for a few remarks on reorthogonalization
in the context of GK bidiagonalization.

A matrix interpretation of the computations of Algorithm 3.1 shows that the
algorithm determines the decompositions

APm = Qm+1Bm+1,ma

(3.1)
ATQm+1 = PmBZLH,m + am+1pm+1€fn+1,

where the matrices P, = [p1,...,pm] € R"™ and Qi1 = [q1,- - - Gmy1] € REXMHD
have orthonormal columns, the residual vector p,, 1 € R™ satisfies PLp,, 11 = 0, and
ema1 is the (m + 1)%* axis vector of appropriate dimension. The matrix

- o 0 -
B2 a2
B3 as
(3.2) Britim = ) . € R(m+1)xm
A
L O ﬁerl J

is lower bidiagonal. We refer to (3.1) as a partial GK bidiagonalization of A. The
number of bidiagonalization steps m < min{¢,n} is assumed to be small enough so
that the partial bidiagonalization (3.1) with the stated properties exists. We assume
in the following that Algorithm 3.1 does not terminate early, i.e., that all a; > 0 and
B; >0 for 1 <j <m+ 1. Early termination will be commented on in section 5.

The decompositions (3.1) are closely related to partial Lanczos tridiagonalization
of ATA and AAT. For instance, multiplying the first equation in (3.1) by AT yields
the partial Lanczos tridiagonalization of ATA,

(33) ATAPm = PmB»?r;le’mBerl,m + (am+15m+1)Pm+1€Z@-
Analogously, multiplying the second equation in (3.1) by A gives
AATQm-i—l = Qm+1Bm+1,mBZ;+1,m + am+1Apm+1eﬁ+17

and then equating the first m columns yields the partial Lanczos tridiagonalization
of AAT,

(34) AATQm = QmBmBZy; + amﬁm+1Qm+1e,17;m
8



where B, is the leading m x m principal submatrix of By, 11,m, @m € R™ consists
of the first m columns of the matrix @Q,,+1, and ¢,,+1 is the last column of @,,11.

The LSQR method is started or restarted with Krylov subspaces of the form (1.2).
We therefore consider the decomposition (3.4) for determining harmonic Ritz vectors.
The harmonic Ritz values éj of AAT determined by (3.4) are the eigenvalues éj of the
generalized eigenvalue problem

(3.5) ((BmBL) + 02,82 1 (BmBL) temel g = 0,5, 1<j<m,

where §; € R™\{0} is an eigenvector; see, e.g., [20, 25] for properties of and discussions
on harmonic Ritz values.

The eigenpairs {éj, gjtjLy of (3.5) can be computed without forming the matrix
B,,BL . Instead, determine the SVD of Byt1,m, which satisfies

- - N im
Bm+1,me = [Um+1,m um+1] |: 0 :| 5
(3.6)

B£+1’m Um+1,m am+11| =V [im 0] ’

where the matrices V,, = [01,D2,...,0m] € R™*™ and Um+1$m =[Gy, g, ..., Um] €
R(m+D)Xm have orthonormal columns, U,4+1 € R™*! is a unit-length vector such that
afmﬁmﬂm =0, and &, = diag[Gy, 09, ...,0,] € R™*™. We order the m singular
values according to

0<01<02<...<0p.

The vector @41 lies in N'(B] ., ,,) and we will refer to it as the null space vector of
BT,I;L+1,m .
Consider the (m + 1) x (m 4 1) symmetric tridiagonal matrix

T
B, BT
amﬂqulem

T
Bm+1,mB

m4+1m

amﬂerle% ‘ ﬂ72n+1

The m nonvanishing eigenvalues of this matrix are harmonic Ritz values, i.e., they
are the eigenvalues of (3.5). We have 6; = 673; see [25]. The harmonic Ritz vectors of
AAT can be computed by using the matrix

S = Im amﬁm+1(BmB¢7;;)_lem _ Im 5m+lB;1T€m
10 1 10 1

and noticing that

T 2 32 Ty—1 T
BmBm+am m+1(BmBm) EmCm,

T -1
SBm+1,mBm+1,mS =

U Bmtrey, | 0
Thus, the first m rows of SUmH,m are the eigenvectors in (3.5), i.e.,

[gla 927 e 7§m] = [Im ﬁerlB;LTem] Um+1,m~
9



It follows that a harmonic Ritz vector of AAT associated with the harmonic Ritz
value 0; is given by

(3.7) Uj = Qmgj-

Morgan [22] pointed out that the residual vectors associated with different har-
monic Ritz pairs {éj, @;} are parallel in the context of the Arnoldi process and GM-
RES. We show this result for the problem at hand, because this property is central
for our augmentation method. Using (3.4), (3.5), and (3.7), we obtain

AAT G — 0505 = AATQng; — 0;,Qmd;
= (QuBmBE + cmBmi1gmired 1135 — 0;Qmd;
= Qu(BuBy, = 0;10)7j + mBmt1dmr163d)
= Qm(—(mBms1)*(BmBh) " emel) G + tmBmt1Gm+161m7;
—amﬂm-i-l(BmBg;)_lem]

= (amﬁerlerj;ng)Qm+1 [ 1

s —Bm+1B Ten,
= (amﬁerleglgj)QnH»l |: A +11 m :| .

This shows that all the residuals for the harmonic Ritz pairs for AAT are multiples of
the same vector.
Define the residual vector for the harmonic Ritz pairs,

m -

. -T
(38) Tharm Qm+1|: 5m+lle em:|

and assume that we are interested in the k& smallest singular triplets. Our augmenta-
tion process can now be described by considering the starting matrix

—T 3 _ -7
(3.9) |:ﬁ17 . .,ﬁk,?‘?:rm] = Qm+1 [[Im BmHBB" em] Untin 5m+1Bm1€m .

The columns of the matrix in (3.9) are not orthogonal. We therefore compute its QR
decomposition

=T T _ =T .
(3.10) [[Im ﬁm+1B70n em] Un+1.k ﬁerlelem:l = OR,

where Q € R(m+Dx(k+1) hag orthonormal columns and B € RE+TD>(k+1) i ypper
triangular, and use

(3.11) Qrt1 = Qm1Q
as starting matrix. Application of (3.1), (3.6), (3.8), and (3.10) yields

(3.12) AT Qi = ATQrin @ = [me/kik ATr,*;j‘rm} R
10



where Vi = [01,...,7%] and &), = diag[5y, 52, .. ., G%).
The relation

(3.13) ATpharm Pt

can be shown by using

(314) ATQk-i-l = (PmBz;L—i-l,Tn + O‘m+1pm+16%+1)Q

and by equating the right-hand sides of (3.12) and (3.14) and applying (3.10). There-
fore, we have

&1 0
02
ATQk+1 - me/k Pm+1 T R71
(3.15) O
0 Om+41
= Pk(ikél;}c-f-l) + fvmiﬂpm—&-l@g-&-la
’ Tk+1,k+1
where
(3.16) Py = PuVh,

the matrix ]%,;}H_l is the leading k x (k 4+ 1) submatrix of ]:2’1, and Tyy1 41 is the

(k + 1)t diagonal entry of R. It follows from the structure of the matrix on the
left-hand side of (3.10) that 1/7¢+1 k+1 = Gm+1,k+1, the (m + 1, k + 1)-element of the
matrix Q. It follows from Pl'p,,;1 = 0 that

(3.17) PFAT Qrir = Sk Ry oy

The decomposition (3.15) is important for the derivation of our iterative method; it
is analogous to the second decomposition in (3.1).

We now derive a decomposition for AP, that is analogous to the first decompo-
sition in (3.1). Using (3.1), (3.6), and (3.16), we obtain

(3.18) AP, = Qi1 U1 1Sk
This gives

Bg;+l,m =BLLn BBy eml,
and from (3.6) it follows that
(3.19) (I Bumt1Brlem] Unirr = Byl Vi
and therefore

5 B, T"ViYy  —Bmi1By e } { p ]
3.20 Un, =|7m m m_=m ~ .
( ) +1,k 0 1 ez;hLlUm-&-Lk
11



We obtain from (3.10), (3.19), and (3.20) that

(3.21) Upns1 = QQ U1 i,
and inserting (3.21) into (3.18) yields
(3.22) APy = Q1 QQ" Uni1 15k = Qi1 Q" Un1 1Sk

Now using (3.17) and (3.22), we get

(3.23) QF APy = QMU 145k = CiRyp )"
Let

(3.24) Bk+1,k = QTﬁmH,kim

(3.25) Qkt1 = Q1 Gmt1,k+1-

Then from (3.15) and (3.22)—(3.25), we obtain

APy = Qi1 By,

3.26 . L
(326) ATQui1 = PuBl  j + QrraPrrr€li
where pry1 = pmi1 and Biyip € RETDXF i lower triangular. This is the desired
analogue of (3.1).

Starting with (3.26), computations with GK bidiagonalization can be continued
using Algorithm 3.1 with §xy1, the (k + 1)%* column of Qr+1. Application of m — k
steps of GK bidiagonalization yields the new decompositions

AT[Qk-i—l an—k} = [Pk: Pm—k]éﬁ-ﬁ-l,m + dm-i-lﬁ?n-i-leﬁ-l-l?

(3.27) e ki Eme
A[Pk Pm—k] = [Qk+1 Qm—k}Bm+1,ma

where the first column of P, is Dk+1,

BkJrl,k Qk+1 0
Brta  Grio
(3.28) Bm+1,m = c ]R(erl)Xm7
O
O Bm-l—l

and the matrices [Qk+1 Qm,k] e R (m+1) and [Pk Pm,k] € R™ ™ have orthonormal
columns. We now proceed by computing the SVD of Ber]’m, harmonic Ritz vectors
of AAT, cf. (3.7), and then new decompositions analogous to (3.26) and (3.27). The
k smallest singular triplets

(3.29) {65, 05,D;} =1

where ¢;, j = 1,...,k, are the first k columns of Qk+1 and the p;, 7 =1,...,k, are
the first k& columns of P, furnish approximations of the k smallest singular triplets
{aj,uj,vj}é?zl of A.

12



A singular triplet {G;,q;,p;} defined by (3.29) is accepted as an approximate
singular triplet of A if

VI14; — 554,112 + 1147 4; — 6,51
(3:30) = /53l — 45112 + | By 1 s — 557512 + lamarly 1G5

S (s)‘harrﬂHle7

where g is the j*" column of Q from (3.10), @; and ¥; are the j** columns of Uy, 1.m
and V,, respectively in the SVD (3.6) of Bm,m+1, and 0" > ( is a user-specified
tolerance. In (3.30) ||A|| can be approximated by &,,, the largest singular value
of Bm+1,77L- Typically, several matrices ém+17m are generated during the iterations
and therefore an acceptable approximation of ||A|| can be obtained from the largest
singular value of all the matrices Bm+1’m generated.

We remark that accurate computation of the vector B, e,,, used in (3.10), might
be difficult when B,,, has a large condition number. This computation can be avoided
by noticing that the vector

(3.31) [_Berlan_zTem:|

is in the null space of [I,, Bmy1B;  em] € R™*(m+D "and

BT =Bl [In  Bm+1B;, em] -

m+1,m

T

Therefore, the vector (3.31) is a multiple of the null space vector @, 1 of By, 1,

cf. (3.6). We have

—Bmy1B:Te - -
(332) |: ﬂn+11 m m:| = (1/um+1,m+1)um+l7

where tUy,11,m+1 is the last element of the vector @y, 1. It follows that any multiple
of the matrix

(3.33)

[am-l-l,m-&-llm - am—i—l,l:m] Um-&-Lk ‘ m 1
n
0 |

can be used in place of the left-hand side of (3.10). Here @,+1,1:m denotes the vector
consisting of the first m elements of wy,y1.

The restarted GK bidiagonalization method described above will be combined
with the restarted LSQR method reviewed in the following section.

4. A restarted LSQR method. We describe a restarted LSQR method for
solving the LS problem (1.1). The method will be used in conjunction with the
restarted GK bidiagonalization method for computing harmonic Ritz vectors pre-
sented in the previous section. The description of our restarted LSQR method paral-
lels as much as possible that of the standard LSQR method [26].

Application of k steps of Algorithm 3.1 with starting vector q; € R’ yields the
decompositions

AP, = Qi1 Bryi ks

T T T
A" Qr+1 = PeBjyq jp + Okt 1Pk+1€541-
13
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Let r, = b — Az for some vector xp € R”™ such that rp = Qri1frt+1 for some
fra1 € RFFLf k= 0, then we let g = g1 fi where f; = ||ro]|.

Extend the k step decompositions (4.1) by carrying out m — k additional GK
bidiagonalization steps to obtain m step decompositions (3.1). Let x,, = 2 + Pnym
and notice that

Tm =b— Az =b— A(zg + Prym)
=Tk *Apmym

=TE — Qm-i—le—i-l,mym

= Qm+1< [fkarl - Bm+1,mym>-

It follows that

. . frt1
4.2 b— Az, || = — Bot1.myll-
( ) wmeszrIlgvlnn(ATA,pl)H v H yrélﬂlggn ’ |: 0 oy

We solve (4.2) with the aid of the QR decomposition

~(B) 7(B
(43) Bm+1,m = an-t,)-lREn—})-l,m7
where eri)l € Rm+Ux(m+1) js orthogonal and ﬁgﬁl,m € RMHUXm i ypper trian-
gular. Substituting (4.3) into (4.2) yields the equivalent minimization problem

(1.4 win (@207 7] = R |

yER™

Since the last row of Ri,i)l’m vanishes, the LS solution y,, of (4.4) satisfies the first
m rows exactly. The residual norm for (4.4) is given by

T (OE) T l:fk+1] .

(lngrl = em+1(Qm+1 0

This yields the residual vector for the LSQR method

Isqr
Tl =b— Az,

= Qm+1( |:fdel:| - Bm+1,mym)
= Q@2 (@27 [5] = A2 )

- ~(B
= Qm+1¢m+1Q1(nJ216m+1~

The process can be restarted with the vectors xp = x,, and r; = riflq”, where we
again assume that rj is a linear combination of the columns of the matrix Qry1 in
(4.1). Section 5 shows how this condition can be guaranteed.

There are several ways to compute the QR decomposition in (4.3). In the context
of the restarted GK bidiagonalization method of section 3, the first k£ 4+ 1 rows and &
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columns of B,y 1., in (3.28) is the matrix By in (3.24), which is lower triangular
and typically not lower bidiagonal. We compute a QR decomposition of 3k+1) L by an
arbitrary method and then switch to using Givens rotations when carrying out m — k
GK bidiagonalization steps to produce the bottom part of the matrix Bm+17m. This
approach allows our algorithm to incorporate all of the formulas, e.g., for computing
residual norms, of the standard LSQR algorithm [26] from step k + 1 and onwards.

The following algorithm describes our restarted LSQR method, where we assume
that the starting residual vector ry is in R(Qk+1). The algorithm uses the elegant
formulas of the LSQR method by Paige and Saunders [26] whenever possible to re-
duce the computational cost and storage requirements. We comment further on the
algorithm below.

ALGORITHM 4.1. A RESTARTED LSQR METHOD

Input: A € R™™ or functions for evaluating products with A and AT,
k-step GK bidiagonalization decomposition (4.1),
x € R™ : initial approximate solution of (1.1),
fra1 € R where vy, = b — Az, = Qrat for1, Qryr is given in (4.1),
m >k + 2 : mazimum number of iterations,
Myeorth © Maximum number of vectors for reorthogonalization
in steps 25 and 28,
819+ tolerance for accepting an approvimate solution to (1.1).

Output: Approximate solution x,, to (1.1),
(optional) Gpmi1, Cm, and m-step GK bidiagonalization (3.1).

1 Ifk=0
2. Compute g1 :=r1o/f1; Q1:=q
3. Compute py := ATqr; 1= |pil; p1:=p1/ar; Pri=m
4. Set BI,O = H
5. End
6. Compute qri2 = APry1 — Qry10k41
7. Reorthogonalize: qi12 := qri2 — Q(l:k+1)(Q(Tl:k+1)qk+2)
8. Compute Bry2 := |lqrs2ll;  qrr2 = qur2/Brr2; Qry2 = [Qri1, Ghta)
9. Compute pryo := AT @y — Prg1Br2
10. Reorthogonalize: prio := Drio — P(l:k+1)(P(1£:k+l)pk+2)
11. Compute ouy2 = [|pr+2ll;  Pr+2 = Prt2/arta;  Prio = [Pugr1, Pr2]
12. Compute QR decomposition B2 41 = QR of

Biy1k  Qrt1

€ RUADX(k+1),
0 Br+2

Bito kit =

where Q € REFDx(*k+2) gng R ¢ RE+2)x(k+1)

18. Compute fk+2 — @T |:fkd|-1:|

14. Compute ppyo = ak+2(e£_’_2éek+2)

15. Compute ¢jyo := ef+2fk+2
16. Solve Ryy1 xi1y = frks1, where Ryyq g1 € REFDXEFD g the
15



leading submatriz ofR
17. Update solution vector xyi1 := Tk + Pl1p11)y
18. Compute ||ri41| == |Pr+2]
19. Compute |ATry 1| == artoBrralei vl
20. Check convergence: if (4.6) is satisfied, then exit.

21. Compute Oj4o := e£+1QT [Bk+2,k+1 Oék(iz €k+2

22. Compute w := pri2 — Py )Y (Orv2/ frsr1,e41)
23. Forj=k+2:m
24. Compute qj+1 := Ap; — gja;
25. Reorthogonalize:
Compute i := max{1, j — Myeorth + 1}
Compute qji1 := qj11 — Qij)(Qfij)dj+1)
26. Compute Bjt1:= [|gjt1ll;  @j+1:= gi+1/Bj+1; Qjv1 = [Q, ¢j+1];
27. Compute pji1 := Aqu+1 —piBi+1
28. Reorthogonalize:
Compute i := max{l, j — Myeorth + 1}

Compute pji1 := pjr1 — Plij) (Pl pi+1)
29. Compute aji1 = ||pj11ll; pj+1:=Ppjs1/aj41
30. if j <m

31. Pj+1 = [Pj7pj+1]
32. End

38. Compute pj := \/BF, 1+ p3; ¢j = pj/pj; 55 := Bit1/p;

34. Compute 0; := sjoj41

35. Compute pjy1 = —cjojq1

36. Compute ¢j := cjPj; @jr1 = 5;0;

37. Compute xj :=zj_1 + (¢;/pj)w; w:=pjy1 — (Oj41/pj)w
35. Compute |15 := 1951

39. Compute |ATrj|| := 41541

40. Check convergence: if (4.6) is satisfied, then exit.

41. End

When k£ = 0 on input to Algorithm 4.1 and no reorthogonalization and accumula-
tion of the matrices By, 41,m, Pm, and Q11 is carried out, m steps of the algorithm
are equivalent to m steps of the LSQR method of Paige and Saunders [26]. In partic-
ular, Algorithm 4.1 can be used as a restarted or nonrestarted LSQR method.

The stopping criteria outlined in [10, 26] can be used in the convergence tests
(lines 20 and 40) of Algorithm 4.1. This is recommend for public domain implemen-
tations of the algorithm. For ease of comparison with other methods, we terminate
the computations in the examples reported in section 7 when in lines 20 or 40 the
inequality

(4.6) 1AT 75| < 65| ATro |

holds, where 6" > 0 is a user-specified tolerance.

The formula for ||rg41|l in line 18 follows from (4.5), and the expression for
|ATrgs1]| in line 19 is taken from Jia [13]. The formulas for |r;|| and [|ATr;| in
lines 35 and 36, respectively, are obtained from [26]. If aj;1 = 0 or 3;41 = 0 for some
J, then ||ATr;|| = 0; see [24] and more recently [13, Theorem 2].
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We reorthogonalize in lines 25 and 28 of Algorithm 4.1 to avoid loss of orthogonal-
ity due to finite precision arithmetic. Reorthogonalization requires the accumulation
of the matrices )(;.;) in line 25 and P;.;) in line 28. Both these matrices have a fixed
maximum number of columns, denoted by myeorth. Several reorthogonalization strate-
gies are discussed in [1, 18, 29]. When ¢ > n, reorthogonalization of the columns of
P;.5) only, reduces the computational effort required to compute the decompositions
(3.1) considerably, compared with reorthogonalization of the columns of both the ma-
trices P;.;) and Q(;.;5). We refer to reorthogonalization of the columns of F;.; only
as one-sided reorthogonalization. Algorithm 4.1 can easily be modified to implement
one-sided reorthogonalization; see [1, 29] for discussions on this reorthogonalization
approach.

We are interested in combining Algorithm 4.1 with the augmented harmonic GK
bidiagonalization method of section 3. In this context, we assume that m < min{¢,n}
and apply one-sided reorthogonalization as described in [1] and applied in the MAT-
LAB code irlba accompanying [2]. When, instead, Algorithm 4.1 is used as a non-
restarted LSQR algorithm, either no reorthogonalization is carried out or only the
last generated mieortn columns of F;.;) are reorthogonalized. The latter reorthogo-
nalization approach also is implemented by Fong and Saunders [10] in their MATLAB
code 1smr. Reorthogonalization in lines 7 and 10 of Algorithm 4.1 is always carried
out when k > 0. Moreover, when k > 0 we use a k-step GK bidiagonalization (4.1) as
input. To be able to apply the formulas of the LSQR algorithm [26], we carry out the
(k + 1)t step of GK bidiagonalization separately, i.e., we perform the computations
of lines 6-11 of Algorithm 4.1, and subsequently determine the quantities py4o in line
14, ¢p12 in line 15, O 4o in line 21, and w in line 22 by formulas analogous to [26,
equations (4.6)—(4.12)].

Line 12 of Algorithm 4.1 computes the QR decomposition of the matrix Byt g41.
This can be done with MATLAB’s internal qr function. The input restriction m >
k + 2 ensures that the For-loop (lines 23-38) is executed at least once. Typically, k is
quite small; in the computed examples of section 7, we let k < 20.

5. An augmented LSQR algorithm. In order to be able to conveniently com-
bine the restarted LSQR method of Section 4 with the restarted augmented GK bidi-
agonalization method of section 3, the residual vector from restarted LSQR, 719" in
(4.5), should be in the range of the matrix Q1 defined in (3.11). We now show that
the residual vector 783" of the harmonic Ritz vectors, defined by (3.8), and 759" are
parallel. Tt then follows from (3.8)(3.11) that 59" € R(Qr41).

THEOREM 5.1. The residual vector of the harmonic Ritz vectors r8™  defined
by (3.8), and the residual vector of the restarted LSQR method riS%, given by (4.5),
are parallel provided that the lower bidiagonal matriz Byt1,m (3.2) from GK bidiago-
nalization (3.1) is unreduced. Moreover, r,}}f‘““ and rlflqr are multiples of Qm41Um+1,
where i1 € N(BL 1 ,0), of. (3.6).

Proof. Consider the (m + 1)-vector

(5.1) Qflﬂgmﬂemﬂ
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of rj>% and note that this vector is in N (B, ;1 ,,,), ie.,

B;z+1,mc~2£f—i)-l¢;m+lem+l = ¢3m+1(€gm+1(ngl1)TBm+1,m)T
(5.2) = b1 (Cmsa Byl m)
=0.
It is easy to see that the (m + 1)-vector

(5.3) [—BmﬂlB;LTem}

in the definition (3.8) of riam lies in N(BL )

m—+1,m

—Bm+1BTen,
(54) [B;I;L ﬂm+1em] |: ﬁ +11 m :| = 0
The matrix By, 1, is unreduced by assumption. Therefore, it has rank m and so
does its transpose By, 1 ,,,- Equations (5.2) and (5.4) show that the vectors
5(B) 7 —Bm+1 BT em
Qm+1¢m+1€m+1 and 1
are in N'(BL +1,m)- It follows that they are multiples of each other and of the vector

Um+1 defined in (3.6). O

We can easily determine the scalar multiplier between r12™ (3.8) and 59" (4.5)
by examining the For-loop (lines 23-38) in Algorithm 4.1. LSQR eliminates the
subdiagonal element of the lower bidiagonal matrix via Givens rotations, but does
not explicitly form the orthogonal matrix made up by the products of these rotations.
If this matrix were generated, then in the last iteration (lines 23-41) of Algorithm
4.1, we would obtain

_ Im—l 0 ~£r];3) 0
(55) stil = 0 |:Cm Sm :| ’
Sm —Cm 0 1

where Qﬁf ) € R™*™ ig the orthogonal matrix from the QR factorization of By, 1.
It follows from (5.5) that the last element of the vector (5.1) is —¢yPm+1. Moreover,
the last element of the vector (5.3) is one. Therefore,

Isqr 7 harm
qu = 7Cm¢m+l7’m .

Using (3.32), we also have that

~ < < — B, Te
anB-i)-lquJrleerl = —Cm®m+1 [ 5m+11 " m}

(—Cm®Pm-+1/Tm+1,m+1)Um+1-
18



If Q is the matrix with orthonormal columns in the QR decomposition of (3.33), then

| .
Tl = Qry1frtt,

where fr11 = (—Cm®mt1/lms1,m+1) Q7 Uit

We are now in a position to describe our augmented LSQR algorithm that com-
bines the methods of sections 3 and 4. We assume that augmentation is carried
out with vectors that approximate the singular vectors associated with the smallest

singular values.

ALGORITHM 5.2. AN AUGMENTED LSQR METHOD

Input: A € R™™ or functions for evaluating products with A and AT,
xo € R™ : initial approzimate solution of (1.1),
ro :=b— Axy € R’ : initial residual vector,
k : number of augmenting vectors,
m >k + 2 : mazimum length GK bidiagonalization,
MaTang: mazimum number of iteration for augmenting stage,
MaTisqr: mazimum number of iteration for the non-restarted LSQR method,
§19% : tolerance for accepting an approzimate solution to (1.1).
gharm . golerance for accepting computed approzimate singular triplet, cf. (3.30),

Output: Approzimate solution x to (1.1).

1. Call Algorithm 4.1
Input: A, k:=0, o, f1:= |roll, @1 :== 70/ f1, Mrcorth := m, m and 559"
Output: Ty, i1, Cm, and an m-step GK bidiagonalization (3.1)
2. Fori=1:maTaug
3. Compute the singular value decomposition (3.6) of Bpt1,m
4. Compute the augmenting vectors:
Compute the QR factorization of (3.83).
Determine the matrices Qy41, Py, and Bk+1,k by (3.11), (3.16) and (3.24),
respectively and éu1 by (3.25) to get (3.26).
5. Check convergence: if all k desired singular triplets satisfy (3.30), then goto 9.
6. Call Algorithm 4.1 }
Input: A, xp = Ty, fk—i—l = (_C7rz¢m+1/am+1,m+1)QTam+1; Myeorth = M,
m, 6%, and a k-step GK bidiagonalization (3.26)
Output: Ty, Grmi1, Cm, and an m-step GK bidiagonalization (3.27)

7. Set
Bui1 = Bui1m
Qm+1 = [Qur1 Qmr]
Py =[Py Poy]
Pm+1 = DPmt1
Qma1 = Qi1
8. End

9. Call Algorithm 4.1 B .
InPUt A; Tk = Tm, fk+1 = (_Cm¢m+1/ﬂm+1,m+1)QTam+1; Myeorth = M,
m = MaTisqr, 0°%F and a k-step GK bidiagonalization (3.26)
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Output: x,,

The above algorithm describes a simplification of the actual computations carried
out. For instance, the number of augmenting vectors used at each restart is typically
chosen to be larger than the number of desired singular triplets. This often yields
faster convergence without increasing the memory requirement; see [1, 2| for a discus-
sion. The number of vectors to be reorthogonalized, myeorth, 1S set to the maximum
number of columns of the computed GK bidiagonalization. This is to ensure that
accurate approximations of the singular vectors are computed.

In the nonrestarted LSQR stage of Algorithm 5.2, i.e., in line 9, the reorthogo-
nalization applied is that of the nonrestarted LSQR method described by Algorithm
4.1. We set Myeorth = m. Letting 0 < myeortnh < m instead would reduce the com-
putational work for each iteration, but could require more iterations to satisfy the
convergence criterion and, therefore, may require more computational effort in total.
The choice Myeorth > M increases the storage requirement and therefore is avoided.

6. Rank-deficient LS problems. A least-squares problem (1.1) is said to be
rank-deficient if A has linearly dependent columns. We are interested in determining
the unique solution, T, of minimal Euclidean norm. This solution is orthogonal to
N (A) and therefore lies in R(AT); see, e.g., [5] for a discussion on rank-deficient LS
problems.

The standard LSQR algorithm [26] produces a sequence of iterates that lie in
R(AT) provided the initial iterate zo does. To ensure the latter one may choose
xg9 = 0. Note that the iterates determined in lines 17 and 34 of Algorithm 4.1 are
in R(AT) if the initial approximation zj of z7 used in Algorithm 4.1 is in R(AT).
In order to show that the approximate solutions determined by Algorithm 5.2 are
in R(AT) when this holds for the first iterate g, it remains to establish that the
harmonic Ritz vectors used to augment the Krylov subspace in Algorithm 5.2 also
lie in R(AT). Observe that the restarted augmented harmonic method of section
3 does not determine approximations of eigenvectors associated with the eigenvalue
zero. The reason for this is that the harmonic Ritz values are the square of the
nonvanishing singular values of B, 41, (3.2). The singular values are nonvanishing,
since by assumption all a; and 3; are nonzero. The situation when some «; or j;
vanish is discussed in section 4.

The iterations with the augmented Krylov subspaces of Algorithm 5.2 determine
approximate solutions z,, of (1.1) in subspaces of the form

]Cm(ATAvﬁlv s 7ﬁk,ﬁk+1) = span{ﬁl, v 3ﬁk7ﬁk+17 ATAﬁkJrlv RN (ATA)mikilﬁkJrl}»

where p1, ..., P, are approximate right singular vectors of A associated with nonvan-
ishing singular values, and pi+1 = pm+1 is the residual vector of GK bidiagonalization
(3.1); see also Algorithm 3.1. Using (3.3) and (3.13), we have for j < k,

Dj

t
X =

(ATAﬁj - (ﬁm+1 ezlﬁk)am+ 1pm+1)

!
w"_‘%

AT(Apj — (BmrremO)rm™).

<

It follows that KC,,(ATA, 1, ..., Pk, Per1) C R(AT). Example 7.6 in section 7 illus-
trates the performance of Algorithm 5.2 when applied to a rank-deficient LS problem.
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7. Numerical examples. We describe a few numerical experiments that illus-
trate the performance of Algorithm 5.2 as implemented by the MATLAB code alsqr’.
This code uses the following user-specified parameters:

adjust Additional vectors used together with k augmenting vectors to speed
up convergence; see [1] for comments on the inclusion of additional
vectors.

k Number of augmenting vectors.

mazitp Maximum number of iterations in the augmenting stage.

maxitl Maximum number of iterations with the nonrestarted LSQR method
when the augmented vectors are kept fixed.

m Maximum number of GK vectors.

reorth012  String deciding whether no, one, or two-sided reorthogonalization is
used in either stage.

mreorth Number of vectors to be reorthogonalized during the nonrestarted
LSQR stage, when the augmented vectors are kept fixed. If mreorth >
0, then one-sided reorthogonalization is applied to the “short” vectors.

tollsqr Tolerance 69 in (4.6) for accepting a computed approximate solution
as the solution of (1.1).
tolharm Tolerance 6"™ in (3.30) for accepting an approximate singular triplet

as a singular triplet of A and use it for augmentation.

We compare alsqr to the MATLAB code 1sqr? for the standard LSQR method
by Paige and Saunders [26] and to the MATLAB code 1smr® by Fong and Saunders
[10]. We remark that the performance of the methods in our comparisons depends on
the machine architecture, coding style, and stopping criteria. These may significantly
affect the performance, regardless of the theoretical properties of the methods. We
therefore do not report CPU times, but instead measure performance in terms of
the required number of matrix-vector product evaluations with the matrices A and
AT We set all common parameters for different methods to the same values for each
example, and reorthogonalize only against the last m vectors in each method. We use
the initial approximate solution zy = 0 for all methods and examples.

There are many preconditioned iterative methods available for the solution of
(1.1). It is difficult to make a fair comparison, because the construction of many
preconditioners is determined by several parameters, including drop tolerance and
available storage. Here we only note that our method is unique in that an approxi-
mate solution to the LS problem is computed already during the construction of the
augmented Krylov subspaces.

We present six numerical examples with matrices from the Matrix Market collec-
tion [7, 9]. The matrices A, their properties, as well as the definition of the vector
b, are described in Table 7.1. All matrices are of full column rank except for the
matrix of Example 7.6. In Table 7.1 “¢” denotes the number of rows, “n” the number
of columns, and “nnz” the number of nonzero entries of the matrices. The column
labeled “Cond. #” shows the condition number estimate computed by the MATLAB
function condest when A is square. For the rectangular matrix ILLC1850, we deter-

1Code is available at http://www.math.uri.edu/~jbaglama

2The 1sqr MATLAB code is not the code that comes with MATLAB. The used code was adapted
to output the norm of the residual error in each iteration and to carry out reorthogonalization as
described in section 4.

3http://www.stanford.edu/group/SOL/software/lsmr.html. The code was adapted to output the
norm of the residual error in each iteration.
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mined the condition number with the MATLAB function cond. The vectors b also
were chosen from the Matrix Market collection when available, otherwise we computed
the vector b with the MATLAB function b=rand(size(A,1),1). This yields a vector
b with uniformly distribution entries in the interval (0,1). All computations were
carried out using MATLAB version 7.12.0.0635 R2011a on a Dell XPS workstation
with an Intel Core2 Quad processor and 4 GB of memory running under the Windows
Vista operating system. Machine precision is 2.2 - 10716, One-sided reorthogonaliza-
tion is used in both stages for all examples except for Example 7.3 where two-sided
reorthogonalization is used in the augmenting stage and one-sided reorthogonalization
is used in the LSQR stage. The matrix A in Example 7.3 is very ill-conditioned, see
Table 7.1; hence two-sided reorthogonalization is required during the iteration pro-
cess to approximate singular vectors. See [1, 29] for remarks on requiring two-sided
reorthogonalization during the GK process for singular triplet approximation.

TABLE 7.1
Matriz Market collection of matrices A, properties, and vectors b used in the numerical exam-
ples. The rank-deficient matriz ILLC1850% was obtained from ILLC1850 by replacing the second
column by twice the first column of the latter.

Example Matrix l n nnz Cond. # | b
Ezxample 7.1 | ILLC1850 | 1850 | 712 | 8758 1.4-10° | ILLC1850_RHS1
Ezxample 7.2 | EO5R0000 | 236 | 236 | 5856 5.9-10% | EO5R0000_RHS1
FEzample 7.3 | E20R0100 | 4241 | 4241 | 131566 | 2.2-10'° | E20R0100_RHS1
Ezxample 7.4 | NOS5 468 | 468 | 2820 2.9-107 | rand(468,1)
Ezample 7.5 | CK656 656 | 656 | 3884 1.2-107 | rand(656,1)
Example 7.6 | ILLC1850* | 1850 | 712 | 8645 — ILLC1850_RHS1
" illc1850 ) illc1850
T T T 10 T T T
— ALSQR (100,20) [{ il
107
.V\TJHO-S
AT, T

i I I I I I I 107" L L
1000 1500 2000 2500 3000 3500 4000 0 500 1000
matrix-vector products with A and A

I
2500
matrix-vector products with A and AT

10 L

I I I I
0 500 1500 2000 3000 3500 4000

FiG. 7.1. Ezxample 7.1: LSQR/(reorth) and LSMR (reorth) denote that reorthogonalization was
applied to the last m vectors. ALSQR(100,20) denotes alsqr with parameters m = 100 and k = 20,
and ALSQR(140,20) shows the performance of alsqr with m = 140 and k = 20. alsqr switched
to nonrestarted LSQR at 2,840 matriz-vector products in the left-hand side graph and at 2,680
matriz-vector products for the right-hand side graph.

Example 7.1. This example uses the same matrix A and vector b as Example
2.1 of section 2. The vector b is not in R(A). The left-hand side graph of Figure
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7.1 is determined with the code alsqr using the parameter values & = 20, adjust =
40, and m = 100. The right-hand side graph of Figure 7.1 is obtained with alsqr
using the parameters k = 20, adjust = 70, and m = 140. We used tolharm =
5-1072 to determine when to accept approximate singular vectors. The iterations were
continued until the residual vectors r generated by alsqr for the first time satisfied
| ATr||/||ATro|| < 107!2. The graphs of Figure 7.1 show the quotient ||AZr||/||ATro||
versus the number of matrix-vector products with A and AT for each iteration of
each method. The graphs marked 1sqr (reorth) and lsmr(reorth) are for iteration
with reorthogonalization. All methods reorthogonalized the last 100 vectors for the
left-hand side graphs and the last 140 vectors for the right-hand side graphs of Figure
7.1. The alsqr algorithm exited the augmenting stage with all £ = 20 approximate
singular vectors converged after 2,840 matrix-vector product evaluations for the left-
hand side graph, and after 2, 680 matrix-vector product evaluations for the right-hand
side graph. Having computed these approximate singular vectors, alsqr continued
the iterations as a nonrestarted augmented LSQR method. The graphs show that
augmentation by approximate singular vectors led to faster convergence and that
alsqr converged before 1sqr and lsmr. O

0 €05r0000 e05r0000

T T T T
2 — " — LSOR (reorth)
\ — — ~ LSMR (reorth)
| =Y ALSQR (90,15)

10) L L

10 ‘ 10

. . . .
0 500 1000 1 5‘00 2000 2500 0 500 1000 1500 2000 2500
matrix-vector products with A and AT

matrix-vector products with A and AT

Fi1G. 7.2. Ezample 7.2: LSQR(reorth) and LSMR(reorth) indicates that reorthogonalization of
the last m wvectors was carried out. ALSQR(90,20) denotes alsqr with parameters m = 90 and
k = 15. alsqr switched to nonrestarted LSQR at 1,230 matriz-vector product evaluations. The
left-hand side graph shows ||ATr||/||ATro|| for each iteration and the right-hand side graph displays
[l71l/llroll for each iteration.

Ezxample 7.2. We let the matrix A and vector b be EO5R0000 and EO5R0000_RHS1,
respectively, from the DRIVCAV set of the Matrix Market collection. The intended
use of the linear systems in this collection is for testing iterative Krylov solvers, be-
cause it is difficult to find suitable preconditioners for the matrices. Since the linear
system of equations is consistent, we can show convergence of both the quotients
|ATr|| /|| ATro|| and ||7||/||rol|, where as usual r denotes the generated residual vector
and r( the initial residual vector. We use the parameters k = 15, adjust = 40, m = 90
for alsqr. The value tolharm = 3.5 - 1073 was used when deciding when to accept
computed approximate singular vectors as converged. alsqr exited the augmening
stage with all £k = 15 approximate singular vectors converged when the matrix-vector
product count was 1,230. The iterations were continued with the fixed augmenting
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vectors until a residual vector satisfied ||ATr||/||ATro| < 107°.

The left-hand side graph of Figure 7.2 displays ||A%r||/||ATro|| versus the number
of matrix-vector products with the matrices A and AT for each iteration and for
each method in our comparison. The right-hand side graph is analogous; it displays
the quotients ||7||/||ro|| instead of ||ATr|/||ATro||. This graph shows a fast steady
decrease of the residual norm when alsqr carries out LSQR iterations with the fixed
augmenting vectors. O
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F1G. 7.3. Ezample 7.8: LSQR(reorth) and LSMR (reorth) indicate that reorthogonalization of
the m last vectors was carried out. The method ALSQR(m,k) for m = 140 and k = 20 is compared
with LSQR and LSMR. alsqr switched to nonrestarted LSQR after 30,280 matriz-vector product
evaluations. The left-hand side graph depicts | ATr||/||ATro|| for each iteration, while the right-hand
side graph shows ||r||/||rol| for each iteration.

Example 7.3. Let the matrix A and vector b be E20R0100 and E20R0100_RHS1,
respectively, from the DRIVCAV set of the Matrix Market collection; see Example
7.2 for comments on this set of linear systems of equations. The code alsqr used the
parameter values k = 20, adjust = 90, and m = 140. The matrix has a large condition
number, 2.2 - 10'°, which leads to large oscillations in the quotients ||ATr||/||ATro||
and very slow convergence. We used the same stopping criterion as in Example 7.2.
Figure 7.3 is analogous to Figure 7.2.

We used the parameter value tolharm = 1.22 - 10~* to decide when approxi-
mate singular vectors could be considered converged. The code alsqr exited the
augmenting stage with k£ = 20 converged approximate singular vectors when 30, 280
matrix-vector products with A and A” had been computed. Notice that the residual
curve in the right-hand side graph starts to decrease steadily long before the aug-
menting stage ends. This illustrates the positive effect of augmentation already while
the augmenting vectors are computed. O

Example 7.4. The matrix A is NOS5 from the LANPRO set in the Matrix Market
collection. The matrices in this set stem from linear equations in structural engineer-
ing. This matrix set does not contain vectors b that can be used in (1.1). We therefore
let b be a random vector with uniformly distributed entries in the interval (0,1). We
use the parameter values k = 20, adjust = 60, m = 120, and tolharm = 102 for
the code alsqr. The augmenting stage, which lasted until £ = 20 approximate sin-
gular vectors had converged, required 4,000 matrix-vector product evaluations with

24



10 T T T T T r 10 T T T T r T
— * — LSQR (reorth) = == —
MR (reorth) ==
SOR (120.20) 107k
| |
’ Wl
102’\ Yl ‘\"‘ “:N “ \‘ \‘ ‘ “\\ ‘ \/ y \M\ [ ) L
" RN, W o |
N Rty i it e ) ﬂ.lﬂmw‘ M
\\ R b WA 'I" I o
4 T~ i T 107 E
101 Tl ! ‘1‘! 1
AT B ! I
AT . o J
-6
10 10°% J
10°% E
10° ¢
107 3
10’“’ L L L L L L 10*3 L L L L L L
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000

matrix-vector products with A and A matrix-vector products with A and AT

Fic. 7.4. Ezample 7.4: LSQR(reorth) and LSMR(reorth) denote that reorthogonalization of
the last m vectors was performed. The method ALSQR(m,k) is for m = 120 and k = 20 compared
to LSQR and LSMR. alsqr switched to nonrestarted LSQR after 4,000 matriz-vector product eval-

uations. The left-hand side graph shows |ATr||/||ATro|| for each iteration and the right-hand side
graph displays ||||/||rol| for each iteration.

A and AT, Tterations were then continued with the augmented LSQR method until
| ATr||/||ATro|| < 107°. Figure 7.4 is analogous to Figure 7.3. The right-hand side

graph displays fast and steady decrease of ||7||/||7o]| of the nonrestarted LSQR method
with fixed augmented vectors. O
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Fi1G. 7.5. Ezample 7.5: LSQR(reorth) and LSMR (reorth) denotes that reorthogonalization of
the last m vectors was carried out. ALSQR(140,20) indicates that alsqr is applied with m = 140
and k = 20. The code alsqr did not switch to nonrestarted LSQR before the convergence criterion
was satisfied. The left-hand side graph displays ||ATr||/||ATro|| for each iteration, and the right-hand
side graph shows ||r||/||ro|| for each iteration.

Example 7.5. The matrix A is chosen to be CK656, which is the largest matrix
in the CHUCK set of the Matrix Market collection. This matrix has many clustered
and multiple eigenvalues. The matrices in this collection arise from linear systems of
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equations in structural engineering. This collection does not contain right-hand side
vectors. Therefore, we let b be a vector with random entries as in Example 7.4. We
use the parameters k = 20, adjust = 80, m = 140, and tolharm = 10~* for alsqr.
Iterations were terminated when ||A%r|/||ATro|| < 107°. The left-hand side graph of
Figure 7.4 depicts ||ATr||/||ATrq|| versus the number of matrix-vector products with
A and AT, Figure 7.5 is analogous to Figure 7.4. In this example, alsqr did not exit
the augmenting stage before the stopping criterion was satisfied, i.e., the stopping
condition was satisfied before & = 20 approximate singular vectors had converged. O
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FiG. 7.6. Exzample 7.6: The matriz A in this example is rank-deficient and the right-hand size b
is not in the column space of A. Therefore, we show only the graph || ATr||/||ATro|| versus the number
of matriz-vector products with A and AT. The graphs LSQR(reorth) and LSMR(reorth) display
results obtained when reorthogonalization of the last m wvectors was carried out. ALSQR(100,20)
denotes that alsqr is applied with the parameters m = 100 and k = 20. alsqr switched over to
nonrestarted LSQR after 3,080 matriz-vector product evaluation.

Example 7.6. The matrix A used in this example is obtained from the matrix
ILLC1850 of Example 7.1 by letting the second column be twice the first column.
We refer to the rank-deficient matrix so obtained as ILLC1850*. The vector b is
the same as in Example 7.1. The LS problem (1.1) is inconsistent. We chose the
parameters k = 20, adjust = 40, and m = 100 for alsqr, and used tolharm = 4-1072
to decide when to accept approximate singular vectors as converged. All methods
reorthogonalized the 100 last vectors. The required k& = 20 approximate singular
vectors had converge after 3,080 matrix-vector product evaluations with A and A7.
At this point the code switched to run as an augmented nonrestarted LSQR method.
The iterations were terminated as soon as ||ATr||/||ATro| < 1071,

Figure 7.6 shows || ATr||/||A%rq|| versus the number of matrix-vector product eval-
uations with A and AT. This example illustrates that alsqr can be competitive also
when applied to a rank-deficient LS problem. O

8. Conclusion. We have described a new augmented LSQR method for large-
scale linear LS problems or linear systems of equations. During the initial iterations,
the method computes approximations of harmonic Ritz vectors that are used for
augmenting the solution subspaces. Simultaneously, the method computes improved
approximate solutions of the LS problem (1.1). Subsequently, the augmented vectors
are kept fixed and used to form nonstandard Krylov subspaces used by a nonrestarted
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LSQR method. Numerical examples show the proposed method to be competitive.
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