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Abstract: In this paper, we prove that both the extended minimal backward errors and the true
minimal backward errors of the scaled total least squares (STLS) problem are identical to those of
its core problem. This conclusion also holds for the asymptotic estimates of the extended minimal
backward errors. Benefiting from its lower dimensionality, the core problem can effectively reduce
the computational cost of backward error evaluation. We further derive practical, low-cost computable
backward error estimates for a STLS problem using the Lanczos bidiagonalization process, and we
demonstrate that our results can be readily extended to standard least squares and data least squares
problems. To improve the efficiency of the Lanczos bidiagonalization-based TLS algorithm, we propose
practical stopping criteria for the iterative numerical solution of STLS problems. Numerical experiments
fully validate the computational advantages of our proposed approaches.

Keywords: scaled total least squares problem; core problem; Krylov subspace; Lanczos
bidiagonalization; backward error

1. Introduction

Consider estimating x from the real linear system
Ax~b for AeR™ beR", and x € R", (1.1)
where we exclude the trivial case for the sake of clarity via a natural assumption,
b L R(A), that is, A"b #0. (1.2)

For (1.1), an important example of an optimal approximation problem whose optima are invariant under
orthogonal transformations, followed by scaled total least squares (STLS), which can be expressed as
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follows: for a giveny > 0,

STLS distance = o5 = IEn}n IE,vfllr st. (A+E)x=>b+ f. (1.3)

Here, the relative sizes of the corrections in A and b are determined by the real parameter y > 0. As
v — 0, the STLS solution approaches the least squares (LS) solution, when y = 1 (5) coincides with the
total least squares (TLS) formulation, and as y — oo, it approaches data least squares (DLS), see [1-3]
and so on. The STLS framework unifies ordinary least squares (OLS), DLS, and TLS, moreover, the
parameter y bears statistical interpretations, as discussed in [2,4]. The STLS problem (1.3) admits a
unique solution if the following two conditions hold:

rank(A) = n, and b L Z,ip»

where %,;, denotes the left singular vector subspace of A associated with its smallest singular
value o, (A).
Let (1.1) transform to A% = (PTAQ)(Q")x =~ PTb = b, where P~' = PT, Q7! = Q7 or equivalently,

"tafaolo o [THS T A

We state that A;;%; ~ b, constitutes the core problem associated with Ax ~ b if the pair (b1, A) is
minimally dimensioned (or equivalently, A,, is maximally dimensioned) subject to constraint (1.4).
Consequently, redundant information (including singular value multiplicities) and irrelevant data are
segregated into the submatrix Ay see [3,5].

Equation (1.2) rules out the pathological case where A}, in (1.4) has zero columns. The approximation
problem (1.1) can then be recast in terms of solving the core subproblem A% ~ by with %, = 0.
Core problems possess favorable properties such as minimal dimensionality. When a scaled total least
squares problem is solved by first finding a core problem, the resulting theory is consistent with earlier
generalizations but is much simpler and clearer. The above framework may be leveraged for the solution
of ill-posed problems. Paige [5] demonstrated that a decomposition of the form (1.4) can be computed
directly by selecting orthogonal matrices P and Q to reduce the augmented matrix (b, A) to a real upper
bidiagonal matrix; see also [2], for instance. Partitioning P = (P;, P,) and Q = (Q1, Q,) is performed by
terminating the bidiagonalization process at the first zero entry, which yields relation (1.4), where A5,
remains unprocessed by bidiagonalization. In other words, for any linear system Ax = b, the orthogonal
upper bidiagonalization of (b, A) yields a corresponding core problem.

Backward perturbation analysis serves two main purposes. First, it verifies whether a computed
solution is backward stable: If the numerical stability of an algorithm is unknown, yet its relative
minimal backward error is of the order of unit round-off, then the solution is backward stable and
acceptable. Second, its outcomes facilitate the construction of effective stopping criteria for iterative
solutions to large sparse problems; see, e.g., [6—10]. For the latest achievements, please refer to [11, 12].
In this paper, we prove that the extended minimal backward errors and the true minimal backward errors
of the STLS problem (1.1) are equal to those associated with its core subproblem. Identical conclusions
hold for the asymptotic estimates of the extended minimal backward errors. Consequently, evaluating
the backward error of the core subproblem corresponding to the original STLS problem directly yields

% o (1.4)
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the backward error of the STLS problem itself. This approach is valuable, as the core subproblem
possesses far smaller dimensions relative to the original STLS formulation. These theoretical derivations
are presented in Section 2. In addition, evaluating the backward error of the approximate solution to
the STLS problem entails substantial computational overhead for large-scale sparse systems, making
direct computation infeasible. A further contribution of this work lies in deriving computationally
inexpensive estimates for this backward error, which can be evaluated at each iteration of Lanczos
bidiagonalization, as elaborated in Section 3. We further discuss practical backward error estimation
techniques in Section 4. The STLS framework unifies OLS, TLS, and DLS. The minimal backward
error estimates for STLS derived herein also unify the backward perturbation analysis frameworks for
OLS, TLS, and DLS. Accordingly, this paper generalizes and extends the results in [13], where low-cost,
readily computable backward error estimates for ordinary least squares were established. Within the
iterative Lanczos bidiagonalization procedure, the quantity {; quantifies the accuracy of the rank-k
low-rank approximation of A and can be adopted as a stopping criterion: The iteration terminates once
(. < tol, where tol denotes a user-specified tolerance. Against this backdrop, an efficient low-cost
scheme for computing ; (k = 1,2, ---) is proposed in Section 5, which carries significant practical value.
We first prove that i is a monotonically decreasing function of k£ and admits recursive computation.
The proposed estimates for practical stopping criteria can be obtained with nearly negligible extra
computational cost within the Lanczos bidiagonalization TLS algorithm, albeit at the expense of d
supplementary iterations for evaluation. The computational advantages of all proposed results are fully
validated via numerical experiments.

Matrices are denoted by uppercase Roman letters such as A, B, - - - ; vectors by lowercase Roman
letters v, w, - - - ; and scalars by lowercase Greek letters @, 3, - --. We use || - || to denote the 2-norm of
any matrix or vector and || - || for the Frobenius norm of a matrix A. A" stands for the Moore—Penrose
pseudoinverse of A. The symbol e; represents the jth standard basis column of the identity matrix /.

2. Backward errors of the STLS problems and the corresponding core problems

2.1. Extended minimal backward error

In order to find the closest STLS problem whose solution is actually y, where y € R" is a nonzero
approximation to the solution vector x of (1.3), we need to solve the following backward error problem
of the form

Ib + Ab — (A + AA)x|P
Y2+l

AIE,IAI}J [[(AA, AbO)||F s.t. y = arg mxm

with a scaling parameter 6 > 0. From [7], y is the exact STLS solution for the data set (A + AA, b + Ab)
if and only if (AA, Ab) is in the following set:

Sup(y) = {(AA, Ab) : (A + AAY (b + Ab — (A + AAYy)

I+ Ab — (A + AA)XI>  |Ib+ Ab — (A + AA)x|] 2 2.1)
== ) g .
Y2+ |Ixl? Y2 + ||x]]? min

A+ AA)}.

Electronic Research Archive Volume 34, Issue 11, 8488—-8514.



8491

Because (2.1) is difficult to derive a general expression for (AA, Ab) € S4,(y), there need to consider a

larger set

b + Ab — (A + AA)x|?
Y2+ Xl

Si,(v) ={(AA,Ab) : (A + AAY ' (b + Ab — (A + AA)y) = — v}

and give the extended minimal backward error problem

,Y,0) = min AA, AbY)||F, 2.2
n0.7.0)= | min A4 AL 2.2)
which seeks to minimize the weighted Frobenius norm [|[[AA, Ab6]||r over all perturbations (AA, Ab)
belonging to the relaxed constraint set Sy ,(y) by discarding the strict-inequality condition required for
the exact STLS solution whose minimizer yields the extended minimal backward error n(y, v, #) and is
solved as shown the following result from Theorem 3.1 of [7].

Lemma 2.1. Suppose A € R™", b € R™, y € R" is a nonzero approximate solution of the STLS problem,
v >0, 8 > 0, and suppose that (1.4) holds. Let r = b — Ay, and

N = (Ad-»" ol -r) vAy+7lyIPb) ),
92
M = M(@y,y,0) =Ad - yyHAT + ———— 1"
7,0 =AU —yy') +1+92”y”2rr

+2(Ay + Y2 IyIIPb) X (Ay + Y2 |ylI*h)" = NN — 1.

Then, M has at most one negative eigenvalue, and

2 .
2 w, lf/lmin(M) = O;
Y, 0) = ; 2.3
T { G+ Ain(M) = 2 (N), i Ain(M) < 0. @3
Furthermore, 1(y, v, 0) is given by the backward perturbations in A and b:
1+6)022||y||2 ryT’ lfﬂmin(M) >0;
2 2002232
I R e A 2
412940yl +6* .
AP DY T)’ f Anin(M) < 0.
“TEpE" if Amin(M) 2 0;
1 212113
Ab =3 TTenpr’ T W*Wz(y92+yy4||;||2 b (2.5)
AP i
D@ IbID ) if Amin(M) <0,

where w = ||rll/ 1+ IR v = 6/ + Yy, and w. is the unit eigenvector of M
corresponding to Ayin(M).

For the core subproblem A% ~ by, associated with Problem (1.1) (here we only present the case
when Ax ~ b is s incompatible; see Theorem 2.2 in [7] for details), we can also derive its extended
minimal backward error under the same parameters 6 and 7.
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Theorem 2.1. Suppose A, € R?*V*? b, € RP*!'| §, € R? is a nonzero approximate solution of the STLS
problem, y > 0, 0 > 0, and suppose that (1.4) holds. Let 7, = b, — A9, and

M= (AnU=55) @d=H7) vi@is + Y506 ).
2
~ ~T
+—
T+ elmr
+} AN + YI5IPED) X (Andi + YIIPE)" = NiN] — Wil

M, = MG,7,60) = A, -55)AT]

Then, M, has at most one negative eigenvalue, and

2 .
205 _ ) WP if Amin(M1) 2 0;
7 (yl,y, 9) B { (,()% + /lmin(Ml) = 0-2 (Nl)a if/lmin(Ml) <0.

min

Furthermore, (31,7, 0) is given by the following backward perturbations in A, and b, :

> = T . )
eme 1Yo if Amin(M1) > 0,
¢ = =T T(x 26 —y%)? = 1125 =T
AAy =1 e _Wl*wl*(All/y—gy + Y 31I°b1 3, (2.6)
4, A2 112
Y PP+t o T ) _
CEHPE+ D 11 ) if Amin(M,) < 0.

1 ~ . .
“TemE if Amin(M) > 0;
. (020D 7
Ab; =1 “Temr Wl*wl*( i ! 2.7)
N e .
@G ID@E A ) if Amin(M,) <0,

where w; = O||F]|/ /1 + ?||% vy = 6/ \/92||)71||2 + Y4711, and wy, is the unit eigenvector of M,
corresponding to Ayin(M,).

The following theorem presents the relations between the extended minimal backward errors and
the corresponding perturbations of the problem (1.1) and those of its core problem.

Theorem 2.2. The extended minimal backward error of the problem (1.3) equals the one of its core
problem, and the corresponding perturbations have the following relations:

n»,v,0) =n(,y,0)

AAy = PYAAQ,, Ab, = P{Ab,
where P = ( P P ), 0= ( 0, 0, ), P, € R™W*D 0, € R™P; see the details in (1.4).

Proof. We know A = PAQ", b = Pb,y = Oy, r = b — Ay = Pb — PAQ" Qy = P(b — Ay) = P¥; then,
by (1.4) we have
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. . 62
M = PAQTU - 05 0NHOATPT — —— P’ PT
QO (I-0y5'0)0 e
92
+ 21155112 5114
2113117 + y*I3ll

= PAUI-5HA" -

(PAQ" Q3 + *II5I*Pb) x (PAQ" 03 + ¥*II311*Pb)"

6* T
L+ @R
92
NVEIRIE 14
RIS + 15

Ay 0 Vi o AT 0 62 71 )
=P = |- 0 oy & .
{( 0 Axn )[ ( 0 )( Vi )]( 0 AT T+ @\ 0 ( 7 )
0 Ain 0 $1 e 1 b,
" v +
9%%W+¢WMA(0 An)(o el )
Ay 0 1 e 1 by ,
X[( 0 iy )(())-ky|wn|( " )gp

_ P{ And-55DAT, 0 _ 6? A0
0 AnAj, L+FP\ 0 o

6? ( Ay ) ) 2 b
+—— . + Y25 ]
FHE o )Ty

A e 2| b1 T
xd . )+ynmn(0)nP

- P(Ml 0 )PT ().

0 ApAl,

(A3 +Y?I511°D) x (A3 + ¥ II51°B)) P"

If 4in(M) = 0, then

Pl _ NP elAIP
L+&IyP 1+ 1+ lnlP
If A in(M) < 0, we know from (*), Ap,in(A22AL) > 0, and p(M) = p(M}) U p(AnAY,), where p(M)

means the set of the eigenvalues of the matrix M. When w;, = P]w,, there comes A,;,(M) =
Amin(M) < 0, and

= 772()71,)’, 0).

n’(y,7,6)

Calals Caluls

2

v.0 I A (M) —— A (M

TP = ey T min®D T TogsE  Amin(D
Gl

——————— 4+ A1 (M) = 7251, 7, 0).
1+92”)~71”2 mln( 1) 77(}’17 )

We know that Ay, = PTAQ,, b, = PTb, 5§, = QTy, % = PTr,and w;, = PTw,. By substituting
the five formulas above into Eqgs (2.6) and (2.7) and combining them with Eqgs (2.4) and (2.5), we
can obtain

AAy = PTAAQ,, Ab, = PIAD,
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where P = ( P, P, ) 0 = ( 0, 0, ) P, € R™P+D 0, € R™P, O
Theorem 3.2 in [7] and Theorem 2.2 imply that the true minimal backward error of Problem (1.1)
equals that of its core problem for some £ > 0 and all y, ¥, satisfying ||y — x*|| < &, |[j1 — x*|| < &.

Theorem 2.3. Let x* be the ture STLS solution of (1.1), and there exist € > 0 such that for all y and ¥,
satisfying ||y — x*|| < € and ||y, — x*|| < &, n(y, v, 0) and n(y1,7, 0) are the true minimal backward errors
of the problem (1.1) and its core problem, respectively. At this time, there is also n(y,v, 0) = n(¥;,v, 0).

Proof. The proof is obvious, and we omit it here. O

2.2. Asymptotic estimate

Computing 7(y, ¥, 0) exactly is expensive, so Chang [7] gives an asymptotic estimate for it with an
explicit expression as follows:

s(y,7,6) = |[EE" I = |E(ETE)""E" fl, (2.8)
where
A+E1EryT
E = fgzllrllllyll(l—yy*) ,
9’1552|Ir||1
) r
VI1+62|yl1?
f= 0 :
RG]
(1+2Iyl12) \ 1+62|yl?
IyIP? =y~ + 267
= VIDIP+672 &= ,
aéo
and

a= P +y>

Naturally, we also expect the asymptotic estimate for 7(y, v, 8) of Problem (1.1) to be identical to that
for n(yy,y, 0) of the corresponding core problem. The result is as follows:

Theorem 2.4. The asymptotic estimate for n(y, 7y, 0) of the problem (1.3) equals the asymptotic estimate
Jor n(31,7v, 0) of the corresponding core problem, that is,

s(v,v,0) = ¢(51,7,0).
Proof. According to (1.4), we have

A+ E1EryT PAQT + &' P QT
E = | &2y - yy) J =1 &2IANFIT - 0357 Q")
67152 Ir sl
Ay + &1 Em] 0
P 0 Axn
_ 0 ERNFINIFIIA - 5157 0 or
0 0 EIFNIFT ’
ol 0
0 67121 I
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ETE 0
T _ 1 ~1 T
EE_Q( 0 EZTEZ)Q’

where
ETE, = (A + & amd)) A + &' 6750 + ERNIFINDAA = 515D + @& 17D,

ETE; = Al + IR + 06 1R DL
er=of ).

A+ & ERTT
ERNFNIF I - 515D |,
0727

5
i

6 ~

V|+92\\5'1\\2r
fl = O

I71116°=y*) 5
(+y215117) V146215111

It follows that

(A +&'675D)

0
P .

E(ETE)—IETf — Q 662||;1||||5}1(|)|(1_5]15);)

071 &. IR I
0

(ETE\)'ET .

In addition, we know

Ay +&'am5])
E(ETE)'ETfi =| &2mlisia -55D [(ETEN)ET £.
6 &2 I

Then, we find
s(,7,0) = |E(E"E)'E"c|| = |E\(ETE\) "ET fill = ¢G1, 7, 0).

3. Lanczos bidiagonalization

Given the matrix A and the starting vector b, the Lanczos bidiagonalization algorithm [14] generates
the sequences of vectors u;, v; and scalars «;, 3; satisfying the recurrences

T
piur=b, avi=Au,

Brrilterr = Avi — au _
A k=12,
Ap+1Vir1 = Ups1 — Bre1Vi
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The scalars @; > 0 and 8; > 0 are chosen so that ||u;]|, = ||v|l, = 1. With the definitions

Uk:(ula Uy, =+, I/lk), Vk:(VI, Vo, =, Vk),
)
B @
. D B’ + +
Be=| B ,Bkz( ‘ “) (3.1)
. -
Bi+1

the recurrence relations (3.1) may be rewritten as

Urriprer = b,
AV = Ups1 By,

ATUgsy = ViB{ + ajivinieg,; = Viai By (3.2)

If exact arithmetic were used, we would also have UkT+ WUri1 = 1, VkT Vi = I; in any event, the preceding
equations hold to within machine precision. Thus, after k Lanczos iterations, we can project the STLS
problem onto the subspaces spanned by U, and V; in the hope that, for sufficiently large k, we have
captured all the large singular values of A needed to compute a useful regularized solution. The projected
STLS problem is equivalent to

min||U,{+1((b,A)—(Bk,Ak))( (1) 8k )||F st. UL AvViy = UL by,
or
min [|(Brer, Bi) ~ @ Bollr st By = & (3.3)
where e, = (1,0,---,0)7, and B, and &, are generally full [15]. In each Lanczos step, we can now

compute an approximate STLS solution x; by applying the Algorithm TLS to the small-size problem
in (3.3). This can be done in O(k?) operations by means of the partial singular value decomposition
(PSVD) algorithm [16] or by methods posed in [17-19], and the approximate TLS solution x; is given
by x; = Viyr, where yy is the STLS solution to (3.3).

According to Paige [5], Bx and e, always satisfy (1.4), so the scaled TLS solution to any core
problem By, = e, exists and is unique. The bidiagonalization removes all redundancies and irrelevant
components of the problem associated with all singular values implicitly, prior to any singular value
computation. Minimizing the dimensions of (8,e;, By) serves to maximize computational efficiency.

4. Estimating n(x;,vy, 6)

In this section, we present new bounds on and estimates of 1(xy, ¥, 6) and its asymptotic estimate
that can be estimated efficiently at every iteration of Lanczos bidiagonalization.

Electronic Research Archive Volume 34, Issue 11, 8488—8514.
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4.1. Practical bounds on n(xy,7, )

We can approximate the value of n(xy, y, 6) by computing the backward error defined in Lemma 2.1
for the vector y associated with the projected TLS problem (3.3). In what follows, we show that
for any integer d > 0, the choices U = U4y and V = V,,, yield a lower bound on n(xy,v,0),
whereas U = Uj,y41 and V = V4,1 yield an upper bound. In the bases V;,, and V4.1, the vector x;

has coordinates

Xk = Vk+d( Vk ) = Vieddi> Xk = Viras ( Yk ) = VivaVk
0y 0441
with r, = b — Ax;. We define
Ud(xk,% 0) = min I(AB, AcO)|F,
- neeop gV
k+dP1€1

Na(x,y,0) = min I(AB, AcO)||F

AB’ACESgkﬂ/ﬁlfl Y

with

Shnsres @) ={(AB,AC) : (Bia + AB)' (Brey + Ac — (Biwq + AB)Y)
_|IBiey + Ac = (Biea + ABI* .
o ¥ + 115l i

Shesies @ ={AB,AC) 1 (Bera + AB) (Biey + Ac — (Byia + AB)j1)

_lIBres + Ac — (Bisa + AB)YI* _

= - Yki»
Y2+ 11l }
respectively. Letting
iy = Brer — Biwadk = Brer — Biwadi,
we obtain
2 .
w?, if Ao (M) = 0;
y.0) = k T Amin M.
7,05 7-6) { 0 + Agin(Mea) = 02 (Nea), i Apin(Mia) < 0.
CL)2 if A.; (Mkd) > 0;
Py, 0) =4 K _ _ U min’ V) = 15
1al%,.6) { 02+ Apin () = 0 (M), i i (VM) < 0,
where
Nea = ( BiraI =530 i = i) vi(BisaPi + Y2 I5:IPBrer) ),
. 6 .
My = M(,7,0) = Bal - 9B,y + ————1id} )

1+ @292 %

+Ur(BiaPi + Y2 I9rIPBrer) X (BiraPi + Y2ISel*Brer)” = Nk,deT,d - wil,

Nea = ( Bia =55 o —id)) vi(Breadi + Y I5:lPBrer) )

(4.1a)

(4.1b)

4.2)

(4.3a)

(4.3b)

4.4)

4.5)
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2

_ _ = 6 ~ X
Mg = M(y,y,0) = Bl - )’k)’Z)Blid + WWM{)

+UL(Biradi + YV IFelPBrer) X (Biadi + VI Bre)” = NeaNj, — wil,

where wi = 6llrell/ V1 + Bllyill?, vi = 6/ VPP + ¥ llyill*.

Theorem 4.1. Let x; = V,y; be the approximate solution to the scaled total least squares problem (1.3),
computed by bidiagonalization at iteration step k, and let n(xy,7y, 0) be the extended backward error
associated with x; for giveny >0, 8 > 0. Let , (xx, v, 0) and 174(xy, v, 0) be defined by (4.3a) and (4.3b)
for a given d > 0. Then,

Qd(xk’ Y, 9) < U(xk, Y, 0) < F]d(Xk, Y 9) (46)
In addition, the left and right equations are established for some iteration step s < n — k.

Proof. 1f A,i,(M) = 0, then n, (xx, v, 6) < n(xg, 7y, 0) holds.
On the other hand assume, that A,;,,(M) < 0; that is, 7(xx, ¥, 0) = 0 i (V). There are matrices U
and V such that U = (Ug,g41, U) and V = (Viy, V) are orthogonal matrices. Then, from (3.2) and (4.2),

T v U1<T+d+l i i 211412
UN( v 1): cat (A0 o=t iy +AIbIPD) )

Viea V 0 0 0
X 0 0 Upan U 0| 4.7)
0 0 0 0 1
_( Buald =53 C oI =id) 0 v(Bisali + V9l Brer)
0 D 0 wil 0 ’

where we use the following results:
U"AU - yy")WVisa = 0,
U" oI = 17" ) Upiasr = 0,
v 0" (Ay +¥Ilyll’b) = 0,
C= U1<T+d+1A(I _yy%)f/ = U£+d+1AV’
D=UTA(I - yy"hV =U"AV.

Owing to the interlacing property of singular values (see, e.g., [9]) the smallest singular value of N is
not less than the smallest singular value of the matrix

Bioal =390 @i i) viBieadi +VI9ulPBrer) 0\ _( New O
0 0 0 wirl 0  wil

obtained from (4.7) after deleting the columns corresponding to the matrices C and D and making
column permutation. Hence,

U(Xk, Y, 0) = O-mln(N) 2 O-min(Nk+d) = ﬂd(-xk’ Vs 6)
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due to the assumption o ,;, (V) < wy. The lower bound of 77(x;, y, ) also comes from the interleaving
property. Because y; is the exact solution of the total least squares problem (3.3) , n, (X, v,60) = 01is
obtained, and the existence of s makes n (X%, 7,6) = n(xi,y,0) determined by the ﬁnlte termination
property of bidiagonalization.

For the upper bound in (4.6), we have

(I - yyHAT
Cnin®) = min ||l wa-r) |q]
ue(Ay + Y2 lylIPb)”
(I - yyhAT
< min wi(I = rr?) Uk+d+1c7H
Gilil=1 o 2
uk(Ay + y7lyllI"b)
Vivan (I = }_’k}_’}:)l_g;;d
= min Uprariwi(I = i) QH
g:llgll2=1 = e 112 T 2
Ue(Bi+adk + v |[3ell"Brer)
(U =558 )
= min wi( - fktj) QH = O min(Nk.a)-
gligl=1 = e 112 T 2
Uk (Biradx + Y7 |IFell*Brer)

Hence, it follows that n(x,y, 0) < 74(x,y,6). The upper bound (4.6) comes from the fact that as d
grows, we are expanding the subspace R(Uj.4+1), which we are minimizing to obtain the upper bound.
Because N, ; and N, differ in only one zero column, we get the equivalent 7(x;,y, ) = f,(x;,y,6). O

To evaluate the estimates n, (xx, ¥, 0) and 774(xy, v, 6) in (4.3a) and (4.3b), we should compute the
smallest singular value of the matrices Ny, and Nk,d in (4.4) and (4.5). If we let Oy = diag(QOx, 1), O
is the matrix of k reflections from (4.10). Then, from (4.2), we know the matrix N, 4 is orthogonally
similar to the matrix

Ixa
Lig = QiNia of = ( OkBiea WU —exsie], )  Orv(Bieadx + Y2 I9:IPBrer) )

The matrix QyBy.4 is the transformed matrix By, partially. In the same way, the computation of
fia(xx, v, 0) can be treated. Ny, is orthogonally similar to the matrix

Iian
Liag = OiNia or = ( OkBira U —exnel,))  Owv(Biead + Y2 I5xI*Brer) )
1

= ( OiBira  Qrarilirart WU — ewrer, )  Ov(Briadi + Y2IPil*Brer) ),

which is different from L; 4 by just one column, @j4+1€k+d+1-
Because of the special structure of L; 4 and Ly 4, the smallest singular values of L 4 and L; 4 can be
computed very efficiently. The implementation details can be found in the Appendix.
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4.2. An asymptotic estimate of n(xy,y, 6)

We know that Chang [7] give an asymptotic estimate ¢(x, ¥, 8) for n(x;, v, 6) just as (2.8). ¢(xx, ¥, 0)
and n(xy, v, 6) are asymptotically equivalent:

b ’0
i Sy, 6) _ |
X=X n(xka Y 0)

b

where x is the true solution of the STLS problem (1.3). Just as posed in [13], we consider the asymptotic
estimates associated with the backward errors n, (xx, v, 0) and 77,4(xy, ¥, 0) in (4.3a) and (4.3b), namely

s (07,0 = IFiFgl, (4.8)
Sa(xi, 7,0 = |IF2F)gll, (4.9)
where
~1¢g 28T Lfk
Biva + & E11kY VI+2[5;2
Fi=| &PIENBAT = 59, |.81= 0 :
6! —2”1?”1 12 ]1(6°—y7) N
fo ¢ (1+72||5’k||2)V1+62||5’k||2yk
D —lg 2 =T Lfk
Biva + & 11V, 1+ [5R
Fy = | ERRNFNT - 5:5)) |.82 = 0
9—1562”1?](”1 G =

Yk
A+y2115el?) \ 1+62][5]?

Transform By, to upper bidiagonal form using a product of reflections Oy, leading to

Oc( Bi Bien ):(If)k &{’; ) (4.10)
J b
Ry = P2 , Si= ¢.2
- :
Pk P

Using the QR decomposition of By, from (4.10) and its QR decomposition combined with rank-1
correction, we obtain
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* * *k
* k)
0 O 0
G10Qk+d Biya + 65151 9 R * C]er
Ga || &Nl = 950 | = o x =| e, | =G
! 67 &2 el S e,
%k
*
*
k)

We can eliminate the 9‘156 2||7|l block in Cy,4 using a product, denoted by Gyy, of 2(k + d) — 1
Givens rotations. Here is a schematic illustration of the first two such Givens rotations in the case of
k+d=4:

For submatrix C,% g 10 Cryq, we can eliminate it column by column using a product of (k + d)(k +
d + 1)/2 Givens rotations as follows, which we denote Gy.,.
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. . o . ¥ ¥ * *
* * * . . .
* * * *
* *
0 0 0 0 0 0 0 0
@ . . ° 0 . .
* * * ° °
¥ * * *
* *
0 0
0 0
0 0
0 0
* * * * * * * *
% ¥ * * * *
L) L] * *
* .
0 0 (0] 0 0 0 0 ||
0 0 . 0o 0 0
0 @ e 0 0

9)

After the entire C,% g and C,f .4 block of Cy,4 has been zeroed in this way, we have
G1Qk+a Biia + & E10S] Risa
Gi+dCisd = Grea G, MBI -95D |=] 0o |,
1 0 &2 NIEN 0

where Ry, is upper trianglar, from which it follows that

_ A A T
Bia + & 6B ) G1Qk1a
E RPN _)A’kyz) = ( Rl 00 )Gk+d G, ,
071 & 217l I
and, we obtain
T —L 17
(G10Qk+a) Iiva G1Qk+a VI1+625:12
FiF\g = G} |Grua 0 |Giwa G, ) 20 i
1 0 I [A[C)

(L+y2119l1?) V 1+67119]12

A
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Taking the 2-norm, we obtain

Iiva G, Sk
sonr0=lFFel=|| 0 |Gl G | o |l
0 AN
. i} T _ .
where s = Qrialy = ( 0 -+ 0 Pe1 -+ Prra Prras ) ; see [13, Equation (4.6)] and £ = [|7/I(6°—

YO/ILA +YHPP) A1 + 82[912]. By applying 26(k + d)* Givens rotations to the vector s; and [(k +d)(k +
d + 5) — 1]/2 Givens rotations to the vector (s;, 0, Z9;)7, the estimate n. (xx, v, 6) can be computed,
along with computing the 2-norm of the vector formed by its first k + d e elements.

The estimate §;(xx, v, ) can be computed in a similar way. Instead of (4.11), we have

*

0 0 0| «

G30Qk+a Biia + falflfkyz * R " "
Gy || &2FNT - 5:5)) | = o

! 071 &2 IE ol

k

which differs from Cy., by only one extra column. Thus, by using k + d + 3 extra Givens rotations,
Sa(xy, v, 6) can be computed in much the same way as ¢ (x, Y, 0).

Note: STLS unifies OLS, TLS, and DLS. The minimal backward error estimates for STLS derived
in this paper also unify the backward perturbation analyses of OLS, TLS, and DLS. Thus, this work
unifies and generalizes the results in [13], in which practical and inexpensive computable estimates of
the backward error for the least squares problem are presented.

5. Estimating stopping criterion (; efficiently

Let the SVD of (b, A) be W diag(c;)Z”, and define jk =U- UkUkT) as the orthogonal projector
onto the subspace span{U;}*, the orthogonal complement of span {U,}. For convenience, define
the matrices U® e R™G&+D yk) ¢ Rxt+D and Y, € RMDXE+2 gych that U® = U W, VO =
VkZ and Vk:(é ‘(/)k )

Now, if one is only interested in finding a low-rank approximation of (b, A), it is desirable
that a more direct approach be used without computing the singular value decomposition (SVD) of
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(Bie1, Br). From the convergence theory of the Lanczos process, we know that U, and V) contain
good approximations of the dominant singular vectors of (b, A). It is therefore natural to use J; =
Ui(Biei, Bi_ 1)\7[ as an approximation of (b, A). In the next section, we consider an a priori estimate of
& = (b, A) — Ji||r and begin with a lemma.

Lemma 5.1. [20] Let C € R™ be symmetric and f an arbitrary vector. Define
K = span{f,Cf,---,CK'f), and let C = Xdiag(1;)X" be the eigendecomposition of C with
Ay = - > A, its eigenvalues. Write X =[xy, - , x,], and define Z; = span{xy,--- , x;}. Then,

sind(f, Z)K;
cost(f, x)Ti—i(1 + 2y,)’

tanf(x;, Ki) <

where Ty is the Chebyshev polynomial, and the following hold:

K, =1, )
i—1 o2—02 and — ﬁ
K=o, if i#l, [y
j:l O'j—G'i +1 n
Theorem 5.1. Let #; = span{wy, wy, - - - , w;}. Assume that the Lanczos bidiagonalization process starts
with b. Then, for any jwith 1 < j <nandk > ],
n j .
0(b, #)K; 2
DRI e e 5.1
b = ,-;1 7 ZAU cos6(b, w) Tii(1 + 2y)) G-b

Proof. From (3.2), we have U] A = BV} . Hence,
& =B, A) = UrBier, Bi-) V{7 = I = UUD(B, Al
Using the SVD of (b, A) = W diag(c;))Z", one can verify that

2 2
& = o Py wi,oaPywa, - Ot Py Waalli

n+1

J

2 2 2

E o+ E o |IPg will”.
i=1

i=j+1

IA

It is readily verified that span{U,} = span{b, AATb, - -- ,(AAT)*"'b} = _#;. Therefore,
1Py, will = |sin Z(w;, )| < | tan Z(w;, ).
Applying Lemma 5.1 completes the proof. O

n+1
Notice that the square root of the first term on the right-hand side of (5.1), ( > 0'?)1/ ? is the

i=j+1
error of the best rank-j approximation of (b, A) in the Frobenius norm. For k > j, we usually have
rank(J;) > j. The a priori estimate in the above theorem shows that (,f approaches ||(b,A) — (b, A) jII%
as k becomes large, where (b, A); denotes the best rank- j approximation of (b, A). In many examples,
even when k is only slightly larger than j, {7 is already very close to ||(b, A) — (b, A) ||z The accuracy

of using J, = Ux(Bie1, Bi_1)V] as a low-rank approximation of (b, A) is measured by 7, which can
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be used as a stopping criterion in the iterative Lanczos bidiagonalization process; that is, the iteration
terminates when

& < tol, (5.2)

where tol is a user-supplied tolerance. One can find an inexpensive way to compute ¢ ,f fork=1,2,---
as follows:

Theorem 5.2. Let b= [|(b,A) — Uk(,Blel, Bk—l)‘_/kT”F- Then,
k+d—1
G=Cu+ D @ +B), (5.3)
=k
where a; and B, are from (3.1).

Proof. We know that

é]%.;.d = ”(b’A) - Uk+d(ﬁ1e19Bk+d—l)Vg+d||%‘ = ||(I - Uk+dUZ+d)(b’A)||2;

k+d
we therefore write I — U U] =1 - UqUl ,+ X u ]u]T Then, we obtain
okl
k+d k+d
& = U = UeaUL DB, A7 + Z llwju} (b, ANIF = Log + Z (b, A) .
Jj=k+1 Jj=k+1
The proof is completed by noticing that [|(b, A)"u,|> = &, + 5} for j=k+1,--- ,k+d. |

By Theorem 5.2, we can estimate ; as follows. Ignoring the i, term in (5.3) gives

k+d—-1

G> ) @+ = iap). (5.4)
Jj=k

The hope is that

0> G (5.5)

in (5.3), and thus, that the bound in (5.4) is tight. This is certainly reasonable for sufficiently large d, as
in the Lanczos bidiagonalization TLS algorithm, ¢ is strictly monotonically decreasing theoretically
with k and converges to 0. Notice that the estimate ¢,(a, ) can be computed at essentially no extra
cost in the Lanczos bidiagonalization TLS algorithm, but d additional iterations have to be performed
to estimate ;. A larger value of d results in a longer such delay; however, it also produces a larger
difference in (5.5) and thus, a tighter bound in (5.4).

The estimate ¢ (a, B) of {; allows us to use (5.2) as a practical stopping criterion in the Lanczos
bidiagonalization TLS method.
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6. Numerical examples

We present several numerical examples to illustrate our results. Recall from Section 2 that
the extended minimal backward error 7(y, y, 6) defined in (2.2) is a lower bound for the true minimal
backward error. Furthermore, it follows from Theorem 2.3 that if y is sufficiently close to the true solution
x, then 7(y, y, 6) is in fact the true minimal backward error. We set y = 6§ = 1 in all subsequent examples.

All numerical experiments are performed using MATLAB R2015a on a 3.20 GHz Intel Core(TM) 2
Duo CPU P8700 processor running Windows 7. The MATLAB built-in functions randn and rand are
used below; they generate matrices whose entries follow the standard normal distribution and the
standard uniform distribution, respectively. Our test problems are constructed as follows:

Example 6.1. Let A = A/||A||p, A = randn(120,80). b = Ax, where x = (1,--- ,1)T. and let A =
A + (1/(V120 x 80))84 - rand(120,80) and b = b + (1/(V120))d, - rand(120,1) with 6, = 6, =
10-15,1071°,107°, 1072.

The lower bounds n, (xx,7,6) in Figure 1 and the upper bounds 7,(x;, v, #) in Figure 2 for the
backward error n(x;,vy,6) are compared with the true values n(xy, 7y, 8) for different values of the
parameter d. As predicted by Theorem 4.1, the quality of the estimates improves as d increases. In this
example, we observe that both the upper and lower bounds of the backward error become increasingly
accurate as d grows. Values of d as small as (d = 7) yield excellent results for well-conditioned problems,
as illustrated by Test Problem 1 in Figures 1 and 2. It is also shown that the upper and lower bounds of
the backward error provide better estimates for small noise problems.

Problem 1(5A=o‘b=1e-2) Problem 1(5,=6_=1e-6)
10° 10° A b
A |
true true
5 d=3 5 d=3
10 d=7 10 d=7
10710 40710
10—15 10-15
1020 1020
0 50 100 150 0 50 100 150
Number of iteration Number of iteration
Problem 1(0‘A=z)‘b=1e-10) Problem 1(5,=6 _=1e-15)
10° 10° 2 e
10 10
1070 10710
10—15 10-15
1020 1020
0 50 100 150 0 50 100 150
Number of iteration Number of iteration

Figure 1. Estimating n(x,7y,6) by using n, (xx,y,6) with different d for a well-
conditioned problem.

Electronic Research Archive Volume 34, Issue 11, 8488—-8514.



8507

Problem 1(5, =5, =1e-2) Problem 1(5, =5, =1e-6)
10° r 10° A
10° 10°
10710 10710
10718 d=0 10715 d=0
true true
d=3 d=3
d=7 d=7
1020 1020
0 50 100 150 0 50 100 150
Number of iteration Number of iteration
Problem 1(4,=6_=1e-10) Problem 1(§,=6_=1e-15)
A "p A b
10° 10°
10° 10°
107 107
d=0
1078 true 1078
d=3
d=7
1020 1020
0 50 100 150 0 50 100 150
Number of iteration Number of iteration

Figure 2. Estimating n(xi,y,6) by using 74(xi,7y,6) with different d for a well-
conditioned problem.

Example 6.2. Let A = A/||A||r, A = ULVT, where U and V are the Q-factors of the QR factorization of
random matrices rand(120,120) and rand(80,80), respectively, and £ = diag(o;) with logarithmically
equally spaced singular values o; between 1 and 107*. Here, ky(A) = 10™. b = Ax, where x =
(1,---, )7, and let A = A+ (1/(V120 x 80))5, - rand(120, 80), and b = b+ (1/(V120))5; - rand(120, 1),
with 64 = 6, = 1071,1071°,107%,1072.

The lower bounds n, (xx, v, 6) in Figure 3 and the upper bounds 7,(xx, v, #) in Figure 4 for the
backward errorn(xy, v, ) are compared with the true values 1(x;, v, 8) for various values of the parameter
d. Similarly, we observe that as d increases, both the upper and lower bounds of the backward error
provide increasingly accurate estimates. However, larger values of d are required compared to those
for the well-conditioned problem. It is also shown that the upper and lower bounds of the backward
error yield better estimates for problems with small noise. Values of d as small as d = 9 yield excellent
results for ill-conditioned problems, as illustrated by Test Problem 2 in Figures 3 and 4. During the
estimation process, the lower bound exhibits some volatility, whereas the upper bound is more stable.
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Problem 2(6A=6b=1e-2)

10°
10°
m
" E
-15 d=0
10 — El— - true
d=4
d=9
10-20
0 50 100 150
Number of iteration
Problem 2(6A=5b=1e-10)
10°

107

107
0 50 100 150

Number of iteration

Problem 2(6A=6h=1e-6)

10°

10-10

100 150

Number of iteration
Problem 2(6A=6b=1e-15)

10-10

10718
0

100 150

Number of iteration

Figure 3. Estimating n(x;,y,0) by using n, (xx,7y,0) with different d for an ill-

conditioned problem.

Problem 2(5 A=6b=1e-2)

10°
10°
10710
d=0
-15
10 — - - true
d=4
d=9
1020
0 50 100 150
Number of iteration
Problem 2(3, =5, =1e-10)
10°

10-10 L

10-15
0 50 100 150

Number of iteration

Problem 2(5 A=5b=1e-6)

10°

10710

100 150

Number of iteration
Problem 2(6A=6b=1e-1 5)

10°

10710

10715
0

100 150

Number of iteration

Figure 4. Estimating 7(x;,y,60) by using #,(x;,v,6) with different d for an ill-

conditioned problem.
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Example 6.3. The problems are taken from Hansen’s regularizaton tools [21]. For example, the case

Foxgood is generated by the command [A, b, X,;u.] = Shaw(m). Then, noises are added to A and b.
Suppose that o is the relative noise level. We define

b=b+olbl-2

€N

where & is a random vector, and Z is a random matrix. Further suppsose that

—_ — Y4
A=A+ 0|Allp—,
"zl

16— bl _IA-Allr _
121l llAllF

Then, we seek the total least squares solution of Ax =~ b.

foxgood i
100 . . 105 ‘ gravity ‘
1
| < —
!‘ d=1 d=1
102y e d=5 | 1 ————— d=5
\ d=10 100 F N\ d=10] 4
\ AN
1 N
10 “ \\
\ \\
10° \
10 N
108 . . . ) 10710 A . . .
0 20 40 60 80 100 0 20 40 60 80 100

iteration iteration

Figure 5. Estimating /; by using ¢4(a, ) in (5.4) with different values of d with o~ = 1073 for
Foxgood (left) and Gravity (right).

Example 6.4. In order to test the effect of our results, the experimental data in [22] are cited, and the
coordinate observations are listed in Table 1.

Table 1. Coordinate observations of control points and their corresponding accuracy (unit: m).

Original coordinates Target coordinates

X Y, Z X; Y, Z
1 -2802191.3482 5009064.7657 2772381.1768  -2802088.4182  5009123.1569 2772386.5699
2 -2810175.6515 5016086.1120 2751955.0531  -2810072.7309 5016144.5721 2751960.5007
3 -2820567.2272  5009905.3444 2752470.3858  -2820464.3942  5009963.9917 2752475.9211
4 -2817162.6538 5002454.3520 2769299.1106  -2817059.8351 5002512.9993 2769304.6288
5 -2825775.8182 4995785.4955 2772390.1695  -2825673.0906  4995844.3013 2772395.7629
6  -2821096.7634 4981344.2112 2802 869.4944  -2820994.0605 4981403.0486 2802875.0773
7 -2824710.6654 4984669.2846 2793431.9999  -2824607.9846 4984728.1458 2793437.5997
8  -2827287.5380 4983602.6974 2792671.0817  -2827184.8759 4983661.6016 2792676.7042
9  -2759256.9584 5019419.0725 2796705.2762  -2759153.7202 5019476.8036 2796710.3167
10 -2800063.3339  5001135.2900 2788830.1959  -2799960.4176  5001193.7094 2788835.5802
11 -2841162.8707 4981982.5041 2781464.4489  -2841060.2902  4982041.6183 2781470.1805

Coordinate transformation is the process of transforming spatial data from one coordinate system
to another. In essence, it is the process of solving coordinate transformation parameters according to
common known points in two coordinate systems. The transformation parameters of the two coordinate
systems include three translation parameters, one scale parameter and 3 rotation parameters. When
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the rotation angle is small, or the initial value is known, the rotation matrix composed of three rotation
angles can be simplified, and the space rectangular coordinates can be transformed into a linear Bursa
model [22]. In this example, The condition number of the coeflicient matrix corresponding to this
problem reaches 10, indicating that the problem is severely ill-conditioned. It is also shown that the
upper and lower bounds of the backward error yield better estimates for the problem.

Coordinate transformation
T T T

o
i
=)

c i
@

o
i
@

10%

| | | | |
1 2 3 4 5 6 7
Number of iteration

Figure 6. Estimating n(x, v, 6) by using 7,(xx, v, #) with different values of d.

7. Conlusions

In this paper, we show that the backward errors of the STLS problem are equal to those of its
core problem. This approach effectively reduces the computational cost of evaluating the backward
error, owing to the smaller dimension of the core problem. We have proposed efficient methods to
estimate the quantity 7(y, ¥, 6) defined in (2.3), whose direct computation is prohibitively expensive for
practical large-scale sparse problems. The backward error 7(y, ¥, 6) can be estimated using the bounds
n, (xx, v, 6) and 774(xx, v, 0) given in (4.1a) and (4.1b). One may also consider the asymptotic estimates
S, (xx, v, 6) and &y(xy, v, 6) given in (4.8) and (4.9). This strategy is particularly practical for large-scale
sparse STLS problems. Finally, we propose practical stopping criteria for the iterative solution of sparse
STLS problems. In the Lanczos bidiagonalization TLS algorithm, the estimate for the practical stopping
criterion can be computed at virtually no extra cost, albeit at the expense of d additional iterations.
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Appendix

Schematically, the matrix L 4 in (4.8) has the structure

% . *

* * *

Because of the special structure of L 4, its smallest singular value can be computed using only O(k + d)
flops and storing only O(k + d) extra numbers. First, we make QR decomposition of rank one correction
matrix for the submatrix of the left upper partition of the matrix above. Then, we apply Givens rotations
from the right to eliminate the elements of the block w(I — e, lelir ,) one by one. The first k elements
are zeroed with the corresponding diagonal of L; 4, proceeding upwards from the kth element to the
first. To avoid padding, each new nonzero element is immediately zeroed with its neighbor. Below,
we illustrate schematically the first two such Givens rotations for the case k = 3, d = 2. We use *'s to
represent nonzero elements and e’s for the elements that are modified at the step shown.

* % @ * *
x 2 (92 *
® x 9:1 *
* 0 *

* ok * *

* * %
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The first k elements of the w(I — ey}, ;) block have been once zeroed; a similar process is applied
to the last d elements, proceeding down elements k + 2 through k + d + 1. We illustrate the first two
such Givens rotations below:

® % % 0 *
E 0 *
% % 0 *
* 0 *

* e, @1 *

° 2@_2*

Then, we apply Givens rotations from the right to eliminate the elements of the last column one by
one, proceeding downwards from the first element to the (k+d)-th,

x % e 0 (®
* @ 0 °
e 0 °

* X 0 °

e x % 0 °

) * * @

and we use the last element to turn the last second elements in the last row to zero.

ETE 0 0
%k 0 0
ok 0 0

* % 0 0

EE 0 0

* * () o

With the corresponding zero diagonal element, the bottom right element is merely permuted.
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0 0

0 0

* 0 0
* 0 0
* ok 0 0
- 0®

After the entire w(l — ek+1e,{+ ,) block and the last column have been eliminated, Givens rotations
can be applied from the left to bring the matrix to bidiagonal form:

@ AIMS Press

Electronic Research Archive

T ° 0 0

©2026 the Author(s), licensee AIMS Press. This
i1s an open access article distributed under the
terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0)

Volume 34, Issue 11, 8488—-8514.


https://creativecommons.org/licenses/by/4.0

	Introduction
	Backward errors of the STLS problems and the corresponding core problems
	Extended minimal backward error
	Asymptotic estimate

	Lanczos bidiagonalization
	Estimating (xk, , )
	Practical bounds on (xk, , )
	An asymptotic estimate of (xk, , )

	Estimating stopping criterion k efficiently
	Numerical examples
	Conlusions

