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Abstract. An iterative method, LSMB, is given for solving ming || Az — b||2. LSMB is based on
the Golub—Kahan bidiagonalization process and is constructed so that an objective function closely
related to the backward error for the least-squares problem is minimized with every iteration. We find
that at every step the iterate zj produced by LSMB is a convex combination of those produced by
LSQR (which minimizes ||rg||2 = ||b — Azy||2 over a Krylov subspace) and LSMR (which minimizes
||ATr4|l2 over the same subspace). Experiments on test cases from the University of Florida Sparse
Matrix Collection show that in practice LSMB performs at least as well as both LSQR and LSMR,
although never by more than a small margin. This suggests that LSMB could replace both solvers
when stopping rules are based on the backward error.
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1. Introduction. We present an algorithm called LSMB that, given a matrix
A € R™ ™ a vector b € R™, and possibly a scalar A, solves the least-squares problems

()=o)l

Least-squares problems have a wide variety of applications in scientific disciplines,
including statistics, signal processing, computer graphics, and systems control; see [1]
and [7] for some general background. We assume that we can compute matrix-vector
products of the form Av and AT for any vectors v and v, but otherwise do not need
access to the entries of A. Thus our algorithm is suitable for cases where A is sparse
or a fast linear operator.

LSMB is an iterative algorithm closely related to LSQR [20] and to the more
recent LSMR [4] in that all three are based on the Golub—Kahan bidiagonalization of
A [6]. At the kth iteration, LSQR finds an approximate solution zj; that minimizes
the residual norm ||r4|| = ||b — Axy|| over a Krylov subspace, while LSMR minimizes
| ATry | over the same subspace. In exact arithmetic LSQR and LSMR are equivalent
to running the conjugate-gradient method [14] and MINRES [19], respectively, on the
normal equations AT Az = ATb or (ATA+ N\21)z = ATb.

Both LSQR and LSMR, offer cheaply computable upper bounds for the backward
error: the norm of the smallest perturbation to A (and possibly also b) such that
T is an exact solution to the perturbed system. As the backward error is typically

min ||Az —b|| or min
x x
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used to determine when an iterative algorithm may be safely terminated, it is in our
best interest to find inexpensive estimates of the backward error that are as accurate
as possible. Recent work [15] has found an estimate of the backward error (7o (zy))
for LSQR that can be measured in O(k) time and storage and is provably smaller
than the existing estimates based on ||ry| and ||ATr||, thus allowing the iterative
algorithm to be terminated sooner.

LSMB is designed to minimize this new backward error estimate at every iteration.
In this way it is similar in spirit to the algorithms GMBACK and MINPERT [17,
18], which are variants of GMRES [22] that minimize the backward error for the
unsymmetric system Az = b, and to CGBACK [10], a variant of the conjugate-
gradient method that minimizes the energy backward error for the symmetric positive
definite system Az = b. We present LSMB as an extension of algorithms LSQR and
LSMR and show that all three can be run simultaneously for a minimal O(1) cost
beyond that already required by LSMR. In practice we find that the error for LSMB
is always less than the minimum of the two estimates provided by LSQR and LSMR,
but it turns out that this difference is never greater than a factor of v/2. This suggests
that LSMB will perform about as well as (or marginally better than) running LSQR
and LSMR simultaneously.

We also show how to tighten the backward error estimate for LSMB when solving
regularized least-squares problems or when the smallest singular value of A is known.
These same techniques can be used to find tighter estimates of |P4arx| (the norm of
the projection of the residual onto the span of A) for LSQR. As a result, LSMB will
still not substantially outperform both LSQR and LSMR, but the improved estimate
of ||Park|| sometimes allows LSQR to terminate sooner than LSMR on inconsistent
problems, particularly low-residual problems.

1.1. Overview. Section 2 reviews the Golub—Kahan bidiagonalization process
and introduces a new derivation of LSMR that allows us to run LSQR and LSMR
simultaneously at slightly lower cost. Section 3 reviews the backward error and a
variety of methods for estimating it. Section 4 derives the main part of LSMB and
shows that it will always lie on the line segment between LSQR and LSMR. Section 5
covers backward error estimates and shows how to pick an appropriate point on the
line segment. Section 6 shows the results of experiments on a range of overdetermined
problems. Section 7 offers our concluding remarks.

1.2. Notation. We denote matrices by capital Roman letters A, B, ..., vectors
by lowercase Roman letters u, v, ..., and scalars by lowercase Greek letters «, 3, .. ..
Givens rotations are an exception, in which case ¢ and s represent the components
of the rotation. The notation ||v|| always means the 2-norm of the vector v, and || A||
always means the Frobenius norm of the matrix A. The vector ey, is the kth standard
basis vector of R™. The minimum-norm solution to the least-squares problem is
denoted by x,, and r, = b — Az, is the optimal residual.

Underlined scalars (p, ) arise in the process of QR factorizations and will change

into related elements (p, #) as the factorization progresses. Superscripts (Q, ﬁ) distin-
guish the QR factorizations used in our algorithm as well as scalars (é, p) associated
with these QR factorizations. The values 74 and v, are exceptions that denote upper
and lower bounds on the backward error estimate v. Another exception is the scalar
D 41, a legacy from the original LSQR paper [20] and an element that will change
into ¢g41 in the next iteration.

The pseudoinverse and 2-norm condition number of A are denoted by Af and
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cond(A), respectively. The notation A > B means that the matrix A — B is positive
semidefinite.

2. The Golub—Kahan process, LSQR, and LSMR. We start with a short
summary of the Golub—Kahan bidiagonalization process [6], an iterative method orig-
inally designed to estimate the singular values of a matrix A by reducing it to a lower
bidiagonal matrix B. We use this process to reproduce the derivation of LSQR from
[20] and to provide a new derivation of LSMR. This new derivation will allow us to
run LSQR and LSMR simultaneously for the same cost as running LSMR alone.

2.1. Golub—Kahan bidiagonalization. The Golub-Kahan process takes a
matrix A and vector b and after k steps produces orthogonal matrices Uy, = (ug, ..., ux)
and Vi = (v1,...,v;) such that

Span(Uy,) = Span {b, (AAT)b, ..., (AAT)* b} = Ky (AAT D),
Span(Vy,) = Span {A"b, (AT A)ATb,... (AT A1 AT} = K\ (AT A, ATD).

The process itself proceeds as follows:
1. Set Biuy = b (i.e., By = ||b]|, uy = b/B1) and vy = ATuy.
2. For k=1,2,... compute By 1upr1 = Avg —agug and ogpivpry = AT upyq —
Br+1Vk-
If we additionally define

aq

(2.1) Ly = & .Oig . ; Bk:< L >7

Brrier

Be  ag
we can characterize the process at each iteration by the two relations
(2.2) AVy = Up1By, and  ATUjpq = Vi LE, .

Although the matrices Uy and Vj, are orthogonal in exact arithmetic, they will quickly
lose their orthogonality in practice unless additional steps are taken to reorthogonalize
the vectors uy and vy. Some strategies for reorthogonalization are explored in [4]; we
do not cover the topic further here, but note that even when Uy and V}, are not exactly
orthogonal, all of our error estimates appear to be quite accurate in practice.

In the event that a; = 0 or B = 0, both LSQR and LSMR terminate and yield
the least-squares solution z,. The case ; = 0 additionally implies that Az, = b (see
[4, sects. 3.6 and 4] for details).

2.2. Subproblems for LSQR and LSMR. At every iteration, LSQR and
LSMR minimize their respective objective functions over the space Ky (AT A, ATb) =
Span(V}), and so their iterates may be written as x, = Viy for some y, € R¥.
To distinguish the two algorithms, we denote the iterates for LSQR and LSMR by
xkc (and yg,rg, etc.) and ka , respectively. The superscripts stand for “conjugate
gradient” and “MINRES,” following the notation of [19] and others.

Since LSQR was designed to solve the least-squares problem min, ||b — Ax||, the
iterate was chosen to minimize the residual norm ||ry|| at every step. The first relation

in (2.2) implies that

(2.3) T =b— Az, = b — AViyr = frur — U1 Bryr = Uk (Brer — Bryk)
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and because Uy, is orthogonal (in exact arithmetic) it follows that

(2.4) min ||7x|| = min |[B1e; — Bryx -
T Yk

Since By is lower bidiagonal, we can solve this subproblem efficiently by finding its
QR factorization.

Any solution to the least-squares problem also satisfies the relation A”r, = 0, so
LSMR was designed to minimize ||ATry| at every iteration. This objective function
has the advantage of converging to zero for both consistent and inconsistent systems,
which is useful when we are considering stopping criteria.

The second relation in (2.2) then implies that

(2.5) AT = ATUp 1 (Brer — Bryk) = Vir1 L1 (Brer — Bry),
and so we can derive the algorithm for LSMR by solving the subproblem
(2.6) min A"y || = min || LE,, (Brer = Bryw) | -

This subproblem can be solved efficiently using a second QR factorization.

We note that the formulation for LSMR that we derive in (2.6) is slightly different
from the one originally derived in [4], which follows from the relation between By and

Liyq in (2.1):
B,CTBk
afrer — (Oékﬂﬁkﬂef Yk || -

(2.7 min || A7 || = min

Subproblem (2.7) can be solved using the same two QR factorizations as before and
will be used in section 5.3 to estimate the norm of the LSMB iterates. The primary
difference is that solving (2.7) leads to a recursive formula for the iterates of LSMR,
while our solution to (2.6) expresses the iterates for LSMR in the form of the iterates
for LSQR plus a correction term, taking advantage of a relationship analogous to that
between CG and MINRES [19, sect. 7]. This allows us to run LSQR and LSMR (as
well as LSMB) simultaneously for roughly the same cost as running LSMR, alone.

2.3. QR factorizations. Because By and Ly, are closely related bidiagonal
matrices, we can solve subproblems (2.4) and (2.6) efficiently by performing a pair of
QR factorizations and solving the resulting upper triangular systems.

These two factorizations can be expressed as the products

Qi+1=DPp... Po Py,
Qps1 = Py...PoPy,

where P; and P; are Givens rotations operating on rows i and i + 1 of a given matrix
and having significant components (%, of) and (% 2*), respectively. As derived

in [20], the first QR factorization takes the form

p1 02 i ¢
P2 : ¢2
(2.8) Qr+1 (Bk 51€1> = (ik ¢fk ) - O\
k+1
Pk | Pk
' Pt
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The components of Ry and fi can be computed by the recurrence relation

(Ck Sk) ( Py 0 ¢k) _ (Pk Orv1 ¢k>
=Sk k) \Brk+1 art1 0 0 Pri1 Prt1)’

with P, =1 and 51 = (1. We also use the notation

Ry Oriqie
(2.9) Qri1Lpy1 =Ry = ( Ok ZH k) ,
Pri1

so that I, is identical to Ry except for the final element.
As derived in [4], the second QR factorization takes the form

|
|
-~ P2 ‘
- = R 9 e |

2.10 RY . =R, ( ko Yk+1 ’f) .
( ) Qk+1fk+1 k41 0 D1 .. :
|

The matrix R, can be computed by the recurrence relation
Sk ([ Py 0 0N _ (Pr Ok+r Ok
—Sk k) \Oky1  prt1 P 0 Py Pre

2.4. Solutions for LSQR and LSMR. For LSQR, [20] uses the first QR fac-
torization (2.8) and subproblem (2.4) to arrive at the problem

(@)= ()]

P41 0

The solution satisfies RryS = fi, which makes most of the entries on the right-hand
side zero. It gives the residual norm |rf|| = |¢; |, although yf" and r{ are not
computed explicitly.

For LSMR, we additionally use the second QR factorization (2.10) and subprob-
lem (2.6) to arrive at the problem

with El = p1-

(2.11) min ||[rg|| = min ||B1e1 — Bryk| = mi

(2.12) min || A7y || = min (Rk 911+1ek) (fk - Rka) H
Tk Yk 0 pk+1 d)k‘-i-l
Yk Ph+1Pk+1

The solution satisfies EkRky,iw = Ry f +$k+1é\k+1ek, which again makes most of the
entries in the final expression zero. In this case [|[ATrM || = prr1|éy 1], although y,

r,i” , and ATT,JCW are still not computed explicitly.
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2.5. Recurrence for mkc and wkM If we solve R{W,? = VkT and RZW: =Wy
by forward substitution, we get the relations

(2.14) af, = Vaeyt = ViR fo = Wife = 2§, + drwp,
_ - 151 - o~
(2.15) x}]cw = kaé\/f = VkRk lfk + ¢k+10k+1VkRk 1Rk € = xkc + ¢k+19k+1wk.
The vectors wy and Wy can be computed by the recurrences
Orr1We + Prt1Why1 = Vkt1,
OkWy—1 + P Wk = wg,

but as mentioned in [4] we can make the algorithm more efficient if we define hy, =
prwy, and hy = pgpp Wy and compute hy, hy, rather than wy,wy, at each step. We can
therefore solve for a:kc and x{c\/f efficiently by defining xoc =0, hy =v1, hg =0 and at

every iteration computing
_ 01 Pk _
hi, = hy — (p) hi—1,
Pk—1Pk—1
o =y + (dn/pr)hw,
hi+1 = Vi1 — (Ok+1/pk) k.

Upon termination of the algorithm, we can compute ka as

o~ 1 \_
oy = af + Gpi1 Ok (Pkﬂ ) h.
k

Notably, none of the estimates used as stopping criteria in LSMR requires explicit
computation of mkM or rﬁ/[ , so although we could compute .Z'é\/l at every step k it is
not necessary to do so. This opens up an interesting possibility: rather than choosing
ahead of time whether to use LSQR or LSMR  for a problem, we can run LSQR while
keeping track of the error estimates for both methods, then transfer to LSMR at any
point.

2.6. Complexity. Both LSQR and LSMR require the computation of ATu and
Av at each iteration. If A is dense, then this will be the dominant cost, but if
A is sparse, then the extra vector operations may be an important consideration
in the run time of these algorithms. The QR factorizations can be computed with
minimal flops and memory, but computing the rest of the bidiagonalization process
and the recurrences costs a further 3m + 5n and 3m + 6n flops for LSQR and LSMR,
respectively.

While the original derivation for LSMR provided a recursive formula for ka , our
derivation interprets x,i\/[ as being equal to xkc plus a correction term that changes with
every iteration. This gives us a modest improvement in efficiency: while previously
running LSQR and LSMR simultaneously would cost an extra 3m + 7n flops per
iteration, we have reduced the cost to 3m+ 6n, the same cost as running LSMR alone.
We later show how to extend the algorithm to include LSMB at O(1) extra cost.

3. Motivation for LSMB. LSQR and LSMR offer stopping rules that can be
checked cheaply [20, 4]. For dimensionless quantities 7,€, and k, the rules are as
follows:

gl
L. Stop if ma e < €

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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T
2. Stop if N;;‘””C,’;lh <e.
3. Stop if cond(A) > k.
The first stopping rule is triggered earlier in LSQR than in LSMR since ||7{'|| < ||lrM]|
(by design) and ||z{|| > |[zM|| (we prove this later). The second stopping rule is
triggered earlier in LSMR than in LSQR since [|[ATrM| < [|ATr{|| and |rM]| >
HrkCH The third stopping rule has a function similar to adding a regularization term,
preventing ||z || from growing too large when A is ill-conditioned. The quantities || A||
and cond(A) can be estimated by ||By| and cond(By) [4, sect. 3.4].
The first two stopping rules are both estimates of the backward error: the smallest
possible perturbation to the input data A and b such that x; is an exact solution for
the perturbed system.

DEFINITION 3.1. Given a matrixz A, arbitrary vectors x and b, and flexible pa-
rameter T > 0, the backward error for the least-squares problem min, ||Az — b|| is

defined as

plo,7) =min||B,7fl| - (A+ E)'[(A+E)x — (b+ f)] =0.

Note that x must solve the perturbed problem min, ||(4 + E)z — (b + f)|-

In most applications there is typically some uncertainty in the input data A
and b. If we run an iterative algorithm until the backward error is smaller than
this level of uncertainty, then the implication is that we can safely stop because our
current solution is as accurate as any we can realistically hope to achieve. Above this
threshold, a smaller backward error should in general imply a higher quality solution.

The first two stopping rules for LSQR and LSMR are both upper bounds for
w(z, 7). Although these rules are cheap to evaluate, they can be unnecessarily conser-
vative, and so in certain situations LSQR and LSMR may run longer than necessary.
For LSMB we attempt to minimize a more recent and tighter estimate of the backward
error, leading to a new stopping rule that lets us terminate the algorithm sooner. In
the next section we give a brief history of proposed estimates of u(x, 7).

3.1. Estimates of p(x,7). In 1995, Waldén, Karlson, and Sun [26] showed
that
w(z,7) = min {w, omin [4, w(I —rr1)]},

where z is arbitrary, r = b — Az, T = +7/||r||?, and w is defined in [21] as
(3.1) w:rgijlclHE,TfH c(A+Ex=b+f

Al
V14722

Since it involves computing the smallest singular value of an m X (m + n) matrix,
this formula is far too expensive to use as a stopping rule for iterative algorithms, but
several estimates have been well studied.

e In 1975, Stewart [23] gave two backward perturbations,

(3.2) -

ral Il (Par)aT
|xH27 ||EO|| = m7 El = W? HElH =

[Par]]
b
| ]

where Pyr = AATr is the projection of r onto the column span of A. The per-
turbation Ej is the optimal backward perturbation for the consistent problem

(33) Eo=
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Az = b with f =0, and LSQR performs well with respect to both || Ep| and
||E1|| because it minimizes the norm of both the residual and its projection
at every step.

In 1977, Stewart [24] gave the additional backward perturbation

rrT A | ATl

Ey=——0p, |[E2 =
[l7]12

7l

LSMR, minimizing ||ATr|| at every step, performs well with respect to || Ea||.
In 1997, Karlson and Waldén [16] proposed the estimate
w

el )

where w is defined in (3.1)—(3.2). Various authors [13, 11, 12, 25] have pro-
vided bounds on the accuracy of this estimate, the tightest of which were
given in 2012 by Gratton, Jirdnek, and Titley-Peloquin [8]; they showed that
if r, is the smallest attainable residual for the least-squares problem, then
the bounds

v(z,m) = wl|[(ATA+ W D)7V2AT | /|| =

b

w(z,7)

1<
v(z,T)

2
Inl?

I =

hold for all z and 7. Thus v(z,7) is always a good estimate of u(x,7), and
the estimate becomes increasingly accurate as x converges to ..

The estimate v(z, 7) is unfortunately still too expensive to use directly as a
stopping rule, but in 2010, Jirdnek and Titley-Peloquin [15] proposed upper
and lower bounds that were cheaper to compute. For a vector x; = Viy, and
flexible parameter d, define ¢, = $1e; — Bry, and

<

ﬁd(xk, T) = min {wa Omin |:Lk7+d+l7 W(I - tktl):l } )
Hd(xkv T) = min {w, Omin {B;Hd, w(l — tktl)} } .
The authors showed that the bounds

By(, 7) < (g, 7) < gk, 7)

hold for all d > 0 in exact arithmetic, becoming progressively tighter as d
increases, and recommended estimating the backward error with the corre-
sponding approximations

)

_ w _ t
(3.4) va(z,T) = m H(L£+d+1Lk+d+1 +w21) 1/2L£+d+1 [Oﬂ

w _ t
(3.5) vy(op, 7) = m H(BladBHd + WQI) 1/2312-01 {Oﬂ

Thus by advancing some number of steps in the bidiagonalization process it is
possible to get a more accurate estimate of the backward error at a previous
iteration. The authors showed how to compute these bounds in O(k+d) time
and memory for LSQR (using some value d > 0 can be helpful because the
least-squares backward error does not in general decrease monotonically for
LSQR).
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The authors also provided the bound

k+d

[Paril®> > Y 7,

i=k+1

which puts a lower bound on the error ||E:]| (3.3) and can be computed in
O(d) time and memory.
e In 2013, Gratton, Jirdnek, and Titley-Peloquin [9] proved the bounds

1 P AT P AT
mm{w| ar] | r||}gu(x’7)§mm{w| A | r||}
1+ cond(A) [Ea [ el il

and showed that while the upper bound is typically tight, there exist cases
where both LSQR and LSMR produce iterates for which pu(x,7) is much
smaller than the upper bound. It is therefore conceivable for ill-conditioned
cases that both LSQR and LSMR produce iterates whose backward errors
are much larger than the minimum attainable backward error.
The backward error estimate that we use as the basis for LSMB comes from a gen-
eralization of the bounds (3.4) and (3.5). These estimates have a structure simple
enough that, rather than just using them to estimate the error for LSQR or LSMR,
we can attempt to minimize them directly.

4. Algorithm LSMB. After k steps of the bidiagonalization process, we would
ideally like to solve

(4.1) min ﬁ H(ATA +w,31)*%ATrkH .

Tk

This is difficult because wy, changes with x, and so we instead try solve the simpler
problem

(4.2) min

T

)

‘(ATA +@?D)"E ATy,

where @ is an arbitrary constant. We therefore end up with a family of algorithms
and, interestingly, a bridge between LSQR and LSMR. When @ = 0 we recover LSQR
exactly, and as @ approaches infinity the optimal solution becomes arbitrarily close
to the solution produced by LSMR.

This formulation of the problem can also be used to draw a connection between
the error estimates from LSQR and LSMR. Using the inequality

AT A + W2 T = min{1,w?/0*} AT A + &),
we obtain the upper bound

Wk

max{ws,
7l

19 gy furasanarn < 25 o gy
k

When & = 0 this upper bound is precisely equal to wg||Par|l/||7%|, and as @ ap-
proaches infinity the upper bound converges to ||ATr.||/|7%||. Our hope is to find
some intermediate value of @ so that the error estimate for LSMB is smaller than
either of these upper bounds.
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4.1. Subproblem for LSMB. We still cannot solve (4.2) exactly because we
do not have the full bidiagonalization of A, but we can express the problem in a
simpler form by using the following theorem.

THEOREM 4.1. For any @ € R, there exists a Bk+2 (dependent on &) such that
VEL(ATA+ &) Wi = (B Bea +&°T) 7,

Lyt
z T
Br+2€k i1

where §k+1 = ( ) and 0 < Bk+2 < Bgr2. Furthermore, Umin(EkH) > Omin(A)
regardless of @.

Proof. Let U and V be any matrices such that [Uyy2, U] and [Vi41, V] are square
and orthogonal. Based on the relations in (2.2), we find that

AlVis1, V] = [Ukta, UllUks2, U1 [Us2Biy1, AV]

_ [Bry UL LAV
= Uiz, U kg2l
U I
— [Bis Liy2Vil,V
= Uiz, U 42 Vs
Wiz, UL U’ AV
— [ Bit1 enpod”
= U, U _r
[ k+25 } 0 UTAV )

—T
where 0 = ag49V " vpyo. It follows that

- . [BF\ By + @20 5T
Vist, VIT(ATA+ D) [Viya, V] = { k1P BHQ%HU }7

~ T
Brraver A

where A = VTATWTAV + 99T + &2I. If we then use the formula for 2 x 2 block
matrix inversion

A A _1_ (A1 — AppAyy Aoy) ™
Asi Ag| * x|

we can conclude that

T rpT ~2 ~pq—1
B, . B I
VI (ATA+ %) Wiy = I] { i1 Bt +@°T PBrysery1? ] H

O /8k+217€£+1 A O

—

~ -1
T ~2 2 (=T F-1- T
By 1 Bry1 + @07 — B o (v A U) ek+1ek+1)

~ —1
L Ly + @2 + Biyg (1 - ?7TA7117) €k+1ef+1)

I
/N N N

~ ~ —1
By Bri1 + 032-7) ;

where

g Lyt
k+1 = S .
BrpaV1—0TA- 0 el
The third equality follows from the fact that B, Br11 = L£+~1Lk+1 + B o€kt1€4 41,
and the expression under the radical is nonnegative because A = 997 .
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As for the claim that crmin(EkH) > 0min(A), we can conclude from the first part
of the theorem that
Omax (Bl 1 Bir1 + @) 7 < omax (AT A + @21 7L
It follows that B B
Omin(Bj 1 Bis1 + @) > omin (AT A+ &°1),
and therefore ~
Umin(Bk+1) Z Umin(A)~ ]

The R factor from the QR factorization of §k+1 is identical to that from By
(2.8) except for the bottom right entry. Combining this factorization with Theorem 4.1
and relation (2.5), we arrive at the following identity.

THEOREM 4.2. For arbitrary © € R and x, = Viyx,

~ Ry Oriie
where Ry = ( o 57k1+p1 g ) for some ¢ (dependent on &) such that cy41 < ¢ <1, and
Pria

Omin (EkJrl) Z Omin (A)
For flexible parameters ¢ and @, we therefore write the LSMB subproblem as
Jre — Rk?/k)

Prr1

(4.4) H (ATA+ D)2 ATy,

=T = o1 - R
(Bpp1 By + @?I) QEZ-H <fk kyk) H 5

Ph+1

(4.5) Hﬁn s Tk = Vilk.

~T ~ ~ 1
(Brp1Biiq + &%) 23{4—1 (

4.2. Upper and lower bounds. Without a full bidiagonalization of A we can-
not compute ¢ exactly, but we can put upper and lower bounds on ¢ that let us
compute upper and lower bounds, respectively, on v(zy, 7). The case é = 1 corre-
sponds to the upper bound Ty(zg, 7) from (3.4), and the case é = ¢xy1 corresponds
to the lower bound v, (xg, 7) from (3.5).

If we happen to have a lower bound oest on opmin(A4) (in particular, if we are
solving a regularized problem), then we can use the fact that

(46) Omin <R;)k 6701]1—:1 ) 2 Oest,

Pt
to put a second upper bound on ¢ that holds for all @ and that may provide a much
tighter upper bound on the backward error. The paper [3, sect. 4.1] uses a similar
result to put an upper bound on the error || —z.|| of LSQR, and given a lower bound
0est shows how to cheaply compute the largest Coqt satisfying (4.6).

Since we are mainly interested in putting an upper bound on the backward error,
we propose the following choice for ¢ given a lower bound on oy (A4), compute Cegt
according to the procedure in [3] and fix ¢ = min{ées,1}. We also note that by
fixing @ = 0 in (4.4), any upper bound on ¢ allows us to compute an upper bound on
[[Paril|l. Although ¢ = 1 gives the trivial bound ||Parg| < ||rk||, any nonzero value of
oest Will lead to a value of ¢ small enough to guarantee that our estimate of || Parg]|
converges to zero.

If we continued the bidiagonalization process another d steps, we could tighten
the upper and lower bounds on é enough to retroactively minimize T4(xy,7) (3.4)
and v (xg, ) (3.5). We consider this unnecessary because we could just as easily try
to minimize the same objective function over the larger subspace Span(Viiq) (i-e.,
Uo(Zk+d, 7)), which would presumably yield a smaller error. We therefore consider
just the case d = 0.
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4.3. QL factorization. By applying the QR factorization from (2.10), we can
rewrite subproblem (4.5) as
Fk, 571A

Benren |. We aim to find the QL factorization
0 €7 Pkt

(4.7 min

Yk

fre — Rk%)

(ﬁmﬁfﬂ + @2[)_%Ek+1 ( 3
41

where §k+1 = [
- ET ﬁT

4. k1| — k+1

(1.9 G || = [R5,

since such a factorization would imply that §k+1.§g‘+1 +&% = §k+1 ﬁfﬂ, leaving us
with the minimization problem

(4.9) min
Yk

5-1 1 Jr — Ryk

R 1R, ( — .
k+1 +1 ¢k+1

The matrix @k+1 can be expressed as a product of 2k 4+ 1 Givens rotations. We

illustrate the first two such rotations for the case k = 2 below, where * represents a

nonzero element and e represents an element that is affected by the current rotation:

*
*
*
*

* * [ ] [ ]

° e 0 e 0 0 0

In this way the Givens rotations alternate between acting on rows j and j+k+1 and
acting on rows j + k and j + k 4+ 1. If we wanted to compute this QL factorization
in full, we would need to start from scratch with every iteration, which would require
O(k) flops and memory. To solve problem (4.9), however, we only need to compute
the first rotation in (4.8):

01 Pk s 572§k/—\0—1ﬁk+1/5 )
0 w 5719164,1(:)/(; 0|’

where we define § = ,/¢—2p2 41 T @? for convenience. From this we can conclude that

D _ R (572§k+1ﬁk+1/5)3k
(4.10) Rpy1 = (0 /

for some upper bidiagonal matrix R. Inserting this expression into (4.9) allows us to
solve the LSMB subproblem:

. Mlp-1 5 fr— Rkyk) H
min || R, Ry,

Yk kt1=k+ < ¢k+1
— min (E 9k+1pk+1/5)€k> <Rk §k+1€k> fr = Rkyk

Uk 0 0  Drt1 O

-~ —1 —

_ min (R ekﬂpm/a)ek) (ka — Riy) + ¢k+19k+1ek>

Yk 0 Phg1Pk+1

= |$k+1| Pr+1/9,
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where the last equality follows because the bottom entry cannot be altered but all
others can be made zero. The minimum is attained when

<Rk<fk—myk>+¢k+15k+lek><Fz <e-29k+1ﬁk+1/6>ek> ( 0 )
Ppoy1Pkt1 0 0 Gpi1Pe+1/0)

and comparing the top entries shows that the solution y;, satisfies

52

4.4. LSMB is a convex combination of LSQR and LSMR. Let y; be the
solution to (4.11), and let xp = Viyr. By rearranging (4.11) and using identities

(2.14) and (2.15) as well as the fact that 0§ = \/¢=2p;, | + @2, we find that

o o N o R é_QZ)\Q
(4-11) Rk(fk - Rkyk) + ¢k+19k+16k = ¢k+19k+1 (k+1) [

@2

_ -~ _1—=—1
= ViR 1fk + Opi10k+1 ( ) ViR, 1Rk ek

c,.7 7 @?
=2y + Op10ky1 (52) W

&P @*
- () ()
= (1 —)af + vz,

where

From the definition of § it is clear that v always lies in the interval [0, 1]. Thus for any
fixed @ and ¢, the iterate x) that results from solving (4.11) is a convex combination
of the iterates produced by LSQR and LSMR.

4.5. Pseudocode for LSMB.
1. (Initialize)
Biuy =b, vy = ATwy, ¢ =B, py=0a1, po=1 py=1,

co=1, 50 =0, hi1 = vy, EOZO, .L“g:O.

[N)

. For k=1,2,3,... repeat steps 3-8.
. (Continue the bidiagonalization)

w

Br1ug1 = Avy — oy, b 1Vk11 = AT w1 — Brr1vg.
4. (Construct and apply rotation Py)
1
pr = (p, + Bie)?, ek =p,/Pk; 5k = Bry1/Pr,  Org1 = SkQri1,
Pryq = CRO%k41, O = Ckbpy Py = —SkPp-

5. (Construct and apply rotation Py)

1
Ok =3Sk-1pk, P, =Ch1Pks P = (0, +07i1)2,

Ck =0 /Py Sk =Oky1/Dy-
k
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6. (Update h, h,z$)

hy = Ty, — Ok pr/ (Pk-1P—1)) -1,
o =y + (o) pr)h,
hi+1 = Vg1 — Ort1/pk) hi-
7. (Fix ¢,@) Upper and lower bounds for ¢ were discussed in section 4.2, and
methods for choosing @ are discussed in the following section.
8. (Compute the update for zy)

Ori1=5kp,, 1
Pt = ChPy iy

o oyl
§ = (¢ P +@%)7,

C - -~ (:)2 1 -
Tp =T + Ppy10p11 5 ﬁ hy.

Note that x; does not have to be computed explicitly until a stopping rule is
triggered and the algorithm terminates.

5. Error estimates. Here we derive estimates for |74, [|[Park|l, ||AT7x], and
||zx|| for use in stopping rules, as well as upper and lower bounds on the backward
error. The estimates apply whenever zj is a convex combination of xkc and :z:kM .
Although we have up to this point described LSMB in terms of the parameters @ and
¢, for the purpose of these error estimates it is simpler to parametrize z; in terms of
v (4.12).

5.1. Estimate of ||ATrg||. Substituting (4.12) into (4.11) shows that y; satis-
fies the relation

(5.1) Ri(fr — Reyr) = _'7$k+1§k+13k'

Assuming that Vi, is exactly orthogonal, we can combine the above result with the
relations from (2.12) to get that

(52) ||ATTk|| _ H <Rk(fk - Rfyk)ﬁ"" ¢k+10k+lek>
Pk+1Pp41

5.2. Estimates of ||7g|| and ||PaTk||. Assuming that Ugyq is exactly orthog-

onal, we combine the result in (5.1) with the relations from (2.11) to find that

_ (T = Rkyk *’Yakﬂé\kﬂﬁizlek
7l = 1t
¢ k+1 ¢k+1

which can be computed efficiently by performing a third QR factorization,

(5.3) OF, = i = (Rer e
0 plc

‘ H [ ¢k+19k+1}

Pk+1 Prt1

)

5.2.1. Pseudocode for computing ||rg||.
1. (Initialize) p, = 1.
2. For k=1,2, 3 . repeat steps 3—4.
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3. (Construct and apply rotation P,_1)

. . 2201
Pr—1 = (Bi_l +6k)2,

Ck1 =P, /Pr—1,  Sk-1=01/pr1,
O = 85—1Pp Py = Ck—1Py-
4. (Form |||
- -2 \z
(5.4) Il = ((0Braabess /5,)° + Pira)

To estimate ||Pargl||, we evaluate (4.5) with @ = 0 to get

~T ~ 1
|Pars|| = H(Rk+1Rk+1) Qfgﬂ (

Pr+1 € Pt

fe — Rk?!k) H _ H (fk — Ry

1309

which can be evaluated in the same manner. In particular, ||ParS|| = é[¢y,|. When
¢ = 1 this estimate will be equal to ||r||, but with a nonzero lower bound o, (A) we

can put an upper bound on ||P4r| that converges to zero.

5.3. Estimates of ||x|| and wg. In order to estimate ||zx||, we use the deri-

vation from LSMR [4]:

[AT |l = |Vigr L1 (Brer — Beyi)|

= [la1Brer — L£+1Bkka

R
aifier — B;}FH { Iayk]

e -]
Chrt1 0

)

where, like fj (2.8), the leading elements of z; do not change between iterations. We

can therefore express any iterate x; for LSMB in the form
_ -~ 1—=—1
x = ViR o + Y01 Ok 1 Vi Ry 'Ry, ex
_15—1
=z — (1 —v)VaR,'R), e
= VBB, 2+ (v — DViR; 'Ry, ex
151 - =
= ViR, 1Rk (Zk +(v— 1)¢k+19k+16k) )

and as in LSMR [4, sect. 3.3], we can use the QR factorization Qkﬁf = Ry, (5.3) and

make a fourth QR factorization Qk(EkQE) = Ry, to get the relation
Tk = VkR;ZTZl (Zk + (v - 1)5k+1§k+1€k)
= Vk@?E;TCXR;T (Rfék +(v— 1)$k+1§k+lek)
= ViQr QT BT (Rffk + (- 1)(5k+1§k+1/ﬁk)€k>

= ViQuQF (5 + (7 = D@rirbiors /pninden)
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where Z and Zj satisfy the relations Rf%k = 2 and R{ék = Zj. Only the final entry
of Rj and the bottom 2 x 2 submatrix of R change with each iteration, and so by
assuming orthogonality of Vj, we arrive at the estimate

65 el = [ Gy Gt O = V@B /(ein))|

where the leading entries of Z;_o do not change and so ||2;4_2|| is monotonically in-
creasing. It does not necessarily follow that ||| is monotonically increasing, but the
following theorem shows that [|z2/|| is also a monotonically increasing lower bound
for |||

THEOREM 5.1. ||xx|| is increasing along the line segment from z to .

Proof It is shown in [14, Thm. 7:2b] that z}’ is a convex combination of z!
and 2§ and in [5, Thm. 2.3] that ||z}| is monotonically increasing. The claim follows
from the fact that norms are convex. ad

The estimates of ||rg]l (5.4) and ||| (5.5) then allow us to cheaply estimate
wr = T|rkll/+/1 + 72||zk]]2. Since ||| increases along the line segment from z§ to
M and ||z | decreases along the same segment, we conclude the following.

COROLLARY 5.2. wy, is increasing along the line segment from x§ to z.

5.4. Estimate of v(xg, 7). By using the full QL factorization outlined in (4.8)
and the expression in (4.9) we get the estimate

~ - R
(5.6) (g, T) H Rk+1Rk+1 +w )R], (fk kyk)H
el kH Prt1
? §k+1€k
HrkH fioh ¢k+1pk+1

where v depends on @ as in (4.12). This estimate can be computed in O(k) time
and memory, and requires storing all previous values of 65 and p,. As mentioned
in section 4.2, the estimate will be a lower bound on v(xy,7) if ¢ = cx41 and an
upper bound if ¢ = min{éest,1}. In the case ¢ = cxy1, we can get an even cheaper
lower bound by computing only the final entry of the vector in (5.7). This O(1) lower
bound requires no extra storage and is still often tight in practice. For the remainder
of the paper, we denote this upper bound and the O(1) lower bound by 7(z, 7) and
v(xy, T), respectively.

5.5. Choosing a value for &. Assuming that we have chosen a value of ¢ that
guarantees an upper bound on the backward error, we would ideally like to choose
@ (or, equivalently, v) so that the estimate (5.7) is minimized. This is still difficult
to do because }A%;Hl changes with @, but there are a few reasonable choices we could
make. Slnce Corollary 5.2 implies that w{ < wy < w for all choices of @, both w{’
and w)! may be reasonable options.

We could also choose @ such that wy = @, in which case we could compute the
error estimate (5.7) in O(1) time. Rearranging (4.12) shows that
(5.8) @* = 6’%@%
so substituting this value for @, using the definition wy = 7||rg||/+/1 + 72| 2k ||?, squar-
ing both sides, and rearranging terms leads to the problem

(5.9) 2Pt (14 72 lael?)y = 72 [lrel*(1 = ).
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Using (5.5) and (5.4) to express ||zx]|? and [|rg]|? in terms of « yields a cubic equa-
tion. This equation always has at least one real solution with v € [0, 1], and in our
experiments we have not found a scenario for which there was more than one real
solution.

In practice, our choice does not much matter. Given our suggested bounds on ¢,
it turns out that no choice of w will yield a solution that substantially outperforms
both LSQR and LSMR. To see this, we combine (5.7) with the expression for Ry
from (4.10) to find that for any & and resulting iterate xy,

V2

(ap, 7) = Wk |l p-1 ((1 7)¢ki10k+lek> H
[l || F Prs1 Pt
> Wk |$k+1|ﬁk+1
Il \ \Je—272, | + w2
_ 6144 Pr+1C - W
el P 43w
|$k+1| PN -
> ——"— min{pp41,¢ Wi}
V2|l
IR S 1T e R T
= — min ,C
V2 [EgA 1+ 72|z 2
> 1mm{||ATrf¥ ¢ [P c}_

Wik
[ [

The first term is an upper bound on the error for LSMR. If we have chosen ¢ so that
¢ = min{cest, 1}, then the second term is an upper bound on w¢ || Par{ ||/||7<||, which
is an upper bound on the error for LSQR. Therefore, our backward error estimates
for LSMB will at best be a factor of v/2 smaller than the better of the estimates
from LSQR and LSMR. Furthermore, if we are solving an inconsistent least-squares
problem and have no lower bound on opin(A4) (i.e., we use ¢ = 1), the estimate
w (@ |@pp1])/|IrE || will not converge to zero. In this situation, the estimate 7(xy, 7)
will become arbitrarily close to ||ATrM||/||r || as the error decreases to zero.

5.6. Stopping criteria and convergence. Given dimensionless quantities 7, €,
and k, and ¢ = min{Ces, 1}, we propose the following stopping rules:
1. Stop if p(‘ﬁ"() < e
2. Stop if cond(A) > k.
Since |7, [|Par{ ||, and ||AT7M| are monotonically decreasing, we expect the esti-
mate for the first stopping rule to decrease monotonically or at least nearly so. If one
wants to solve the problem so that A and b have relative backward errors at most «

and [, respectively, then ¢ = o and 7 = O[ffll‘lxl?\ll‘ are reasonable choices. If the value of

b is known exactly, then 7 = co is an acceptable option, in which case w = ||7||/||z]||.

As for convergence, both LSQR and LSMR have been proven to converge to the
minimum-norm solution to the least-squares problem. Since LSMB produces only
convex combinations of the iterates from LSQR and LSMR, it must also converge to
the minimum-norm solution.
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5.7. Regularized least squares. LSMB can be extended to the regularized

least-squares problem
A (b
Ar) o

by defining A = ({}) and b = () and attempting to minimize

min
xT

w(zr,7) = %11;1||E,7f|| : (A+E)T [(Z—FE)Q: —(b+ f)} =0.

Note that z solves the perturbed problem min,, ||(A+ E;)z— (b+ f)||?+||(M + E2)z]|?,
where E = (). Although it may be more natural to minimize a structured back-
ward error with the constraint Fo = AMI, we allow Es to be arbitrary because doing
so ensures that the iterates produced by LSMB will still be convex combinations of
the iterates from LSQR and LSMR, thus preserving the connection between the two
methods. If we use the QR factorization Q2k+1(f’;) = (%’f) defined in [4, sect. 5],
then we arrive at a subproblem with structure nearly identical to (4.5) and proceed as
in the unregularized case. The norms ||| and ||z|| will change, but can still be esti-
mated cheaply. We omit the details, but note that regularization allows us to obtain
tighter backward error estimates for LSQR for two reasons: First, the inclusion of
any regularization term will guarantee that ¢, | (and thus our estimate of || Parg[|)
converges to zero. Second, since oyin(A) > ), we can put a nontrivial upper bound
on ¢é. Thus regularization (or, in general, having a good estimate of opn(A)) may
potentially make LSQR competitive with LSMR on inconsistent systems.

6. Numerical experiments. We tested our algorithm on overdetermined prob-
lems with matrices from the University of Florida Sparse Matrix Collection [2].

6.1. Problems with oy,in(A) unknown. For overdetermined problems we
followed the procedure of Fong and Saunders [4]; problems were downloaded from the
LPnetlib group in MATLAB, and a sparse matrix A was generated by the command
A = (Problem.A)’. To simulate a right preconditioner we scaled the columns of A
to have unit 2-norm.

For a given m x n matrix A, the right-hand vector was generated according to
the following procedure:

1. x = (1:n)’;

2. b = Axx + deltaxrandn(m,1)*norm(x)*sqrt(m/(m-n));

with § = 10~ to generate high-residual problems and § = 10719 for low-residual prob-
lems. We ran all problems to a maximum of 20K iterations, or until 7(z, 00)/|| Al F
was smaller than machine precision. We tested problems with regularization parame-
ters A = 0 and A = 10~%, and in both cases used g.st = A as a lower bound for oyin (Z)
(note that the bound eyt = 0 fixes the trivial upper bound é = 1). In general we
observed the following behavior:

1. The upper bound 7(xg,7) appeared to be monotonically decreasing in all
cases (Figure 6.1). As expected, based on our conclusions from section 5.5, it
was always approximately equal to the smaller of [|ATrM||/|lrM|| and w{ (¢ -
B2 ))/ 7€ 1| (our upper bound on wC||ParC|/[rC ).

2. Since all test problems were inconsistent, |[ATr}M || always eventually con-
verged to zero, while ||r{|| did not. Typically, [|r{| would remain smaller
than ||ATrM|| until the residual became very close to the minimum residual
lr«|| (Figures 6.2 and 6.4).
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Name: Ip_sc105, Size: 163 x 105, nnz: 340 . Name: Ip_osa_07, Size: 25067 x 1118, nnz: 144812

[ |—e—LSQR v(zy, ) [ |[—e—LSQR v(zy, o0)

log10 backward error
log10 backward error

o~ LSMR v(zy, 00) o~ LSMR v(2, 00)
20| —— LSMB v(xy, 00) 1 21—+ LSMB v(zy, 00)
LSMB B, 00) LSMB #(z., 00)
14 f |- LSMB v(zy, 00) ! 4 [ LSMB (2, 00)
LSQR wy, LSQR wy
% m 2w 40 % 60 70 80 w10 % 50 100 50 20 250 a0 350
lterations Iterations

Fi1G. 6.1. The error estimate U(xy,00) seems to be monotonically decreasing. The backward
errors from LSQR, LSMR, and LSMB are typically close to each other. While the lower bound
v(zy,00) s often accurate, it can sometimes oscillate.

Name: Ip_ganges, Size: 1706 x 1309, nnz: 6937 , Name: Ip_ganges, Size: 1706 x 1309, nnz: 6937

/

|- / ]

NN N o j
o7 |
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|
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N\ |
——LSMB v(xy, 00) \ \ NG 03| | 4
20| LSQR wy B "‘\\ 1 /
—*—LSQR wie(&[og1 )/ lImll \'\ o2r | ]
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—+—LSMR [[A" s/l -
6 ‘ ‘ \ s s o/ ‘ ‘
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FIG. 6.2. A high-residual problem with A\ = 10~*. The error estimate U(xy,o0) from LSMB is
nearly equal to the smaller of the error estimates ||ATrM || /||rM|| from LSMR and wlg (6|$k+1|)/||rg||
from LSQR. The value of v is typically very close to 0 or 1, depending on whether LSQR or LSMR
provides the better estimate.

3. For regularized problems, the estimate wg (¢-|¢4|)/|rS || reliably converged
to zero (Figures 6.2 and 6.3). For high-residual problems this estimate tended
to be larger than both w{||Par{||/||r{ || and [|[ATrM||/||rM||. Low-residual
problems showed a much more interesting pattern: in most cases, the estimate
would closely track wS || Par||/[7¢|| until the error was small (around 1078
or 107%), plateau, then closely track ||ATr}||/||r}| thereafter (Figure 6.3).

4. When chosen to satisfy the equality @ = wy, the value of v was typically
very close to 0 when the LSQR estimates were smaller, and very close to 1
when the LSMR estimates were smaller (Figure 6.2). The iterates from LSMB
therefore tended to be close to those from LSQR in earlier iterations and close
to those from LSMR later on. A notable exception was in the low-residual
regularized cases (Figure 6.3), where v appeared to converge to a value near
0.5! It appears that in low-residual cases where A is relatively small compared
to the singular values of A, both é~'p and w converge to values near ), and
as a result (5.9) will have a solution with 7 near 0.5 when 7 is large. We leave
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FIG. 6.3. A low-residual problem with A\ = 10~%. LSQR outperforms LSMR for longer, but the
estimates from the two algorithms eventually converge. Correspondingly, v seems to converge to a
value near 0.5 in these cases.
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Fia. 6.4. Estimating ||Par{|| for high-residual and low-residual problems. On low-residual
problems in particular, even conservative lower bounds on omin(A) may allow LSQR to terminate
before LSMR.

the details for a future investigation.

5. The backward errors from LSQR, LSMR, and LSMB were typically very
close, with the error from LSMB never larger than the error from LSMR
(Figure 6.1). The error from LSQR could sometimes be smaller, typically in
cases where the true value of w{||Par$||/||r$ || was significantly smaller than
both wC(Z - [65.1])/IrC | and [[ATr | /r1].

6. The O(1) estimate for the lower bound on v(xy, 00) (5.4) was often quite accu-
rate (Figure 6.1). In some cases it was very close to the upper bound, allowing
us to estimate the true backward error accurately and at only O(1) cost. In
other cases, however, it could oscillate wildly or underestimate the true back-
ward error by several orders of magnitude. The lower bound therefore does
not appear to be a reliable estimate of the backward error for considering
stopping criteria.

6.2. Problems where oy,in(A) is known. For a handful of the smaller test
matrices, we computed oy (A) in order to estimate wf || Par{||/||r¢ || without having
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F1G. 6.5. Estimating ||PA7’,?|| for a rank-deficient problem. Even if the smallest singular values
are monzero, setting oest near the smallest “nonnegligible” value appears to produce a useful upper
bound on the backward error.

to add a regularization term. We generated right-hand vectors b in the same manner
as before using § = 107* and § = 10719, and we set 0cs; = (1 — €)omin(A), with values
of € including {.9,.1,1074,1071%}. In general we observed the following behavior:

1. For low-residual problems, even conservative values of s allowed the LSQR.
estimate to converge before the estimate [[ATrM|/|rM| from LSMR. For
high-residual problems results were more mixed. In some cases all of the
LSQR estimates were smaller than the LSMR estimate (Figure 6.4), but in
some cases the reverse held.

2. In general, tighter estimates of oyin(A) yielded tighter estimates of || Par{ ||
(Figures 6.4 and 6.5). The difference was more pronounced for low-residual
problems, where the estimates were very accurate early on and lost accuracy
as the number of iterations increased. Estimates of ||[P47<|| obtained using
the tightest bounds on opin(A) remained accurate for longer.

3. Several rank-deficient matrices were tested as well. These matrices were well-
conditioned except for having a small number of singular values on the order
of machine precision. Using values of gt near opin(A) offered no benefit,
but setting oes; to be near the smallest “nonnegligible” singular value of A
gave some interesting results (Figure 6.5): estimates no longer gave upper
bounds on ||[Par{||, but they continued to provide accurate upper bounds
on v(x,00)! A likely explanation is that the estimates are upper bounds on
|[Parrg]|, where A’ is a perturbed matrix close to A.

7. Conclusion. We have shown how to implement LSQR simultaneously with
LSMR at minimal extra cost, and have shown how to estimate the projection ||Parg]|
cheaply when solving regularized least-squares problems or when a lower bound on
Omin(A) is available. This improved estimate may allow LSQR to terminate sooner
than LSMR on inconsistent problems, particularly when the residual is small.

In the case of LSQR, the estimate Tg(zx7) (3.4) was known to be an upper
bound on v(zg, 7) and smaller than both ||7{|| and ||ATr{||, and could be computed
in O(k) time and memory. We showed that there exists a point on the line segment
between the iterates z{ (from LSQR) and ! (from LSMR) for which this estimate
could be computed in O(1) time, and we showed how to tighten the error estimate in
regularized cases or when a lower bound on oy, (A) is available.
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In all of our test cases the backward error estimate 7(xy, 7) for LSMB appeared to
be monotonically decreasing, suggesting that measuring the backward error for past
iterates of LSQR should no longer be necessary. As it turns out, however, 7(zy, T)
will never be smaller than the corresponding estimates of LSQR and LSMR. by more
than a factor of v/2. Although LSMB may terminate marginally sooner in some cases,
it may be simpler just to run LSQR and LSMR simultaneously.

A MATLAB implementation of LSMB is available at https://math.berkeley.edu/
~ehallman/lsmb/, as is a version that runs LSQR and LSMR simultaneously without
producing the LSMB iterates.
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