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Abstract The standard approaches to solving an overdetermined linear system
Ax ~ b find minimal corrections to the vector b and/or the matrix A such
that the corrected system is consistent, such as the least squares (LS), the data
least squares (DLS) and the total least squares (TLS). The scaled total least
squares (STLS) method unifies the LS, DLS and TLS methods. The classical
normwise condition numbers for the LS problem have been widely studied.
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However, there are no such similar results for the TLS and the STLS problems.
In this paper, we first present a perturbation analysis of the STLS problem,
which is a generalization of the TLS problem, and give a normwise condition
number for the STLS problem. Different from normwise condition numbers,
which measure the sizes of both input perturbations and output errors using
some norms, componentwise condition numbers take into account the relation
of each data component, and possible data sparsity. Then in this paper we
give explicit expressions for the estimates of the mixed and componentwise
condition numbers for the STLS problem. Since the TLS problem is a special
case of the STLS problem, the condition numbers for the TLS problem follow
immediately from our STLS results. All the discussions in this paper are under
the Golub-Van Loan condition for the existence and uniqueness of the STLS
solution.

Keywords Scaled total least squares - Least squares - Condition number -
Mixed and componentwise condition number - Perturbation - Error bounds

Mathematics Subject Classifications (2000) 65F20 - 65F35

1 Introduction

The standard approaches to solving an overdetermined linear system Ax ~ b
find minimal corrections to the vector b and/or the matrix A such that the
corrected system is consistent, such as the least squares (LS) method, the data
least squares (DLS) method and the total least squares (TLS) method.

The scaled total least squares (STLS) method unifies the LS, DLS, and TLS
methods. For given A € R™" (m > n) and b € R™, based on the work of Rao
[18], Paige and Strakos [16] formulated the STLS problem:

min ||[[r E]||r subjectto Ab —r e R(A+ E), (1.1)

where A is a real positive parameter, || - ||z denotes the Frobenius norm and
R(-) represents the range space. Suppose that [r,,,, E,, ] solves the above
problem, then the solution x,,; for x in the equation (A + E,, )Ax = Ab —
e, 18 called the STLS solution. Obviously, the STLS problem becomes the
TLS problem when A = 1. Also, Paige and Strakos [15] showed that the STLS
solution approaches the LS solution as A — 0.

Condition numbers play an important role in sensitivity analysis, a study of
the worst case sensitivity of the solution of a problem to small perturbations
in the input data [7]. The product of a condition number and backward error
provides an approximate local linear upper bound on the forward error in a
computed solution.

There have been many results about the classical normwise condition
numbers for the LS problem. However, there are no such results for the TLS
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and STLS problems. In this paper, using the terminologies introduced by
Gohberg and Koltracht [4], we derive the relative normwise, mixed and com-
ponentwise condition numbers for the STLS problem. To ensure the existence
and uniqueness of the STLS solution, we assume that the Golub-Van Loan
condition is satisfied. That is, the smallest singular value of A is strictly greater
than the smallest singular value of [A Ab]. Since the TLS problem is a special
case of the STLS problem where A = 1, our results are readily applied to the
TLS problem.

Throughout this paper, the following notations are used: || X, denotes the
spectral norm of a matrix, given by the square root of the largest eigenvalue of
XTX; || Xl the infinity norm of a matrix, given by || X[l = max Y_ | X;l; X7

L

the transpose of X; | X| is the absolute value of the matrix X, whose entries are
| X;jl; the matrix inequality | X| < |Y| means the componentwise |X;;| < |Yl,
for alli and j; X' the Moore-Penrose inverse [1, 30] of X; diag(a) the diagonal
matrix whose diagonal is given by a vector a; ||a|, the Euclidean norm of a

vector, given by [lall, = /> |ai|?; |lall« the infinity norm of a vector, given by
i

llallc = max |a;|; |a| the vector whose elements are |a;|; I the n x n identity
L

matrix. For any a, b € R”, we define % =[ci,ca, -+ ,cu]” by
a;/b;, ifb; #0,
C; = O, ifaiZb,'ZO,
00, otherwise.

For matrices X =[x, x2, - -, X,]=[Xj] and Y, X®Y =[X};Y] is the Kronecker
product of X and Y and for X the linear operator vec : R"*" — R™" is defined
by vec(X) =[x, x], - ,xZ]T.

This paper is organized as follows. In Section 2, we give explicit expressions
for the STLS solution and some preliminaries necessary for this paper. In
Section 3, we derive a perturbation estimate and a relative normwise condition
number for the STLS problem. The mixed and componentwise condition
numbers for the STLS problem are given in Section 4. In Section 5, we present
our numerical experiments to confirm our results. Finally, in Section 6, we

make some conclusions.

2 Preliminaries

In this section, we begin with a brief review of some properties of the TLS
problem, which play an essential role throughout our study on the condition
numbers for the STLS problem. Then using the solution for the TLS problem,
we give a sufficient condition for the existence of the STLS solution and an
explicit expression for the solution. Finally, we give a useful identity necessary
for our study of the condition numbers for the STLS problem.
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As we know, the TLS problem can be formulated as
min ||[[r E]|lf subjectto b —re R(A+ E). (2.1)

If [r,,; E,,] solves the above problem, then the solution x,,, for x in the
consistent equation (A + E,,)x = b —r,, is called the TLS solution.

The existence of the TLS solution has been studied by a number of authors
[5,9-11, 13, 14, 17, 23-26, 29, 31]. Golub and Van Loan [5] gave the following
condition for the existence and uniqueness of the TLS solution. Let the
singular value decompositions of A and [A b] be

A

UTAV =% and UT[A bV =3

respectively, where

o1
3= L | ER™ 6126 =- 26, 20,

g,

0 n

and
o1
HE T [ ERMY G262 > G 2 0,
On+1
0 n

with U, U € R™™ Ve RV e Re+DxtD peing real orthogonal matrices.
If 6, > 6,11, then x,, ; exists uniquely and

Xy =(ATA=&2, 1) A"b. 2.2)

n+1

In the following part, we make use of the TLS solution to give a sufficient
condition for the existence of the STLS solution and an explicit expression of
the solution under the condition. Comparing (1.1) and (2.1), we can see that if
X, 18 the solution of (1.1) then Ax,,, , is the solution of the TLS problem with
A and Ab. For a sufficient condition for the existence of the STLS solution, let
the singular value decomposition of [A  Ab] be

U'lA AV =%,
where
0]

Y= E eR™D gy >0y > o> 0,0 >0,
Opn+1
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with U € R™*@+D 1y ¢ ROFDx0+D peing real orthogonal matrices. If 6, >
Ont1, by (2.2), there exists a unique solution to the STLS problem, which can
be expressed as

1

Mg =AATA—or 1) ATb,

STLS
that is,
Xops = (ATA =02, 1) ATb. (2.3)

Throughout this paper we assume 6, > o, to ensure the existence and
uniqueness of the STLS solution. Note that this condition implies that 6,, > 0,
then it follows that the LS problem

min ||s||l, subjectto b +s € R(A), (2.4)

has a unique solution given by

1

x,,=(ATA)" ATb.

LS

From the expression (2.3), we can see that if o, = 0, the STLS solution
becomes the LS solution. Thus in the following discussion, we further assume
that 0,1 > 0.

Finally, we give an identity about the Kronecker product in the following
lemma. See [6] for a proof.

Lemma 2.1 Let B € R"™*P, C € R7*", X € RP*4, then
vec(BXC) = (CT ® B) vec(X). (2.5)

The above identity plays an important role in this paper.

3 Normwise condition number

In this section we first derive a perturbation estimate and then present a
relative normwise condition number for the STLS problem. Let A=A+ A,
and b = b + Ap, where A4 and A, are the perturbations of the input data A
and b respectively. Consider the perturbed STLS problem

min |[r EllF subjectto Ab —reR (A n E) .

Denote the singular values of the matrix [A ?\l;] byé >6,> > 6,41 > 0.
If the norm ||[[A4 AAp]|lF of the perturbations is sufficiently small, then the
well-known perturbation analysis of singular values ensures that the perturbed
STLS problem above has a unique solution X, ; and it can be expressed as

~ _ (AT i =2
Xsrrs = (A A— Opt1

1)71 ATh. (3.1)
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Let the change in the solution be
Ay 1= Xgpps — Xgppse (32)

Now we introduce the following definition of the relative normwise condi-
tion number for the STLS problem.

Definition 3.1 Using the above notations, the relative normwise condition
number for the STLS problem is defined by

A
= lim sup _NAxll2 (3.3)

K .
=0yas  AAyllr<ellA Al €1 Xsr g ll2

STLS

Before deriving the explicit expression for this normwise condition number,
we give a useful expansion of the smallest singular value of the perturbed
matrix in terms of the smallest singular value of the original matrix. See [21] or
[22] for a proof.

Lemma 3.1 Let owin be the smallest nonzero and simple singular value of a
matrix X with uny, and vy, being its corresponding left and right singular
vectors respectively. If | A , ||  is sufficiently small, then Gy, the smallest nonzero
singular value of the perturbed matrix X = X + A v IS simple and

&min = Omin + uI{IinAxvmin + (@] (”Ax”%‘) .
In our case, from the interlacing property [33, p.103] of the eigenvalues of a
symmetric matrix we obtain that
012012032 >0, >0y > Opyl.

By the above inequality and our assumption 6, > o,+;, we can further con-
clude that o, is a simple singular value of [A Ab]. Then by Lemma 3.1,
we have

Agyry = Gurt — Onp1 = U [A4 AA U + O (I[A4 AATIE).  (B4)

where u,1; and v, are respectively the left and right singular vectors corre-
sponding to the smallest singular value o, of [A AD].

Now we derive an explicit expression of an estimate for the perturbation A,
defined in (3.2) in the following lemma.
Lemma 3.2 For A, defined in (3.2), we have an estimate

Ay =(M+ N)yvec([As AAD) + R(Aa. Ap) + O (Il1A4 AA1IE) . (3.5)
where

M= [K®bT—xT ® (KAT) — K® (Ax,,,)" A—IKAT], (3.6)

STLS

N =20,y (v ®ul,,), (3.7)
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and

R(Aa, Ap)i=KAJ A, —K (AJA4—A2 1) K(ATb+ATA,+ALD+ALA)

On+1

— K(ATAA+AL A=20,1010, 1) K (AT +ALD+ AL Ay)

(o] .
_KZ((ATAA-{-A/{A—&;H]A%HI+A£AA A ) K)
(AT +ATA +ALD+ALA).

with K := (ATA — o2, 1) and y = Kx

STLS*®
Proof From (3.1), (3.2) and (3.4), we have

Ay —X

STLS STLS

-
( TA- &,3+11)_1 ATh—x

STLS
-1
= ((A+AA)T (A+AA)_ (Gn+1 +A0n+1)2 I) (A+AA)T (b +Ab)_xsrl_s'

Expanding the last equality of the above formula, we have

-1
D)+ (ATAp+ALA—20,11 A

n+1 On+t1

T T
Ay = ((A A— U I+ AAAA _Aiwrl I)>
(ATb+ATA+ALb+AJAL) —x

N

STLS
(A A— Gn+1
—1

(1 (ATAA+ ATA=20,41 A, T+ AJAA = A2 1) (ATA=02,, 1))

Ont1 Optl

(ATb+ATA+ALb+AJA,) —x

STLS*

When |[[[AsAAR]l|lF is sufficiently small, we may assume that the norm of
(ATA4+ATA—20,1A 1+A§AA—A2 D(ATA — I)~! is less than 1.
Then we have

Ont1 n+1

A= (ATA=a2, 1)

oo
: (1 -3 ((ATAA + AJA = 20,4100, I+ AJAL — A2 1)

On+1
i=1
(ATA - O—n+11)71 >l>
. (ATb + ATAb + Az“b + A;{;Ab) — Xgrpse
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Further expanding the above formula, replacing (A”A — o2, 1)~" with K, and
using the definition of R(Ay4, Ap), we obtain

D7 AT + K (ALb + ATA,)
— K(ATA4+ AJA = 20,1100, 1) KATD + R (A4, DAp) — Xy

Ay = (ATA -0},

Then by (2.3), we get
A=K (Afb + ATAp)—K (ATA4 + A A=20,41 A0, 1) X g s+ R (A4, Ap).

Substituting A,, ., in the above formula with (3.4), we have

On+1

Ay = K(Afb + ATAY) =K (ATAA+AL A — 20011 [[A4 AAGTO1 ) Xy
+ R(Ax Ap) + O (I1Ax AAL]IIE)-

with y, we get

Further expanding the above formula and replacing Kx,,,

Ay = KALb + KATA, — KATA,x,

STLS

- KAZ;AXSTLS
+ 2001u) [Aa A Tvpp1 KXoy + R(Aa, Ap) + O (I[A4 AAL1IF)

= KALb + KA'Ay, — KATApx,,, — KAL Ax

STLS STLS

+ 2001ty [An - AAp0ws1y + R(Aa, Ap) + O (A4 A1) -
Applying the operator vec to both sides of the last equation above, we have

Ay = KATA, + vec(KAb) — vec (KA A x —vec (KAj Ax

STLS) STLS)

+ 2051y vec (Ul [As AAp1vas1) + R(Aa, Ap) + O (I1A4 AAL1IF)

= KA'A +vec(bTAsKT) —vec (KATApxy,, ) — vec ((Axg, )" AsKT)

STLS

+ 20511y vee (U [Aa AApTVs1) + R(Aa, Ap) + O (1124 AATIF) -
Applying (2.5) to the above formula we obtain
Ay =KATA,+(K®bT)vec(Ap)—(x]  &(KAT))vec(Aq)

— (K ® (Axg,, ) ") vec(A) +20u11y (v)y Qupy ) vee ([Aa A,
+ R (A4, Ap)+O (I1A4 AALTIIT)

=[K®bT—xT

_ vec(A
STLS ® (KAT)_K® (AXSTLS)T A IKAT] |: ( A):|

AAp
+ 2051y @ ul, vec([Aa AAD+R(AA, Ap) + O ([I[A4 AALTIIT)
= (M + Nyvec([Aa AAD) + R(A4, Ap)+O (I[A4 AALTIF).

This completes the proof. O
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Now that we have obtained an expression of A,, a key result in this paper,
we give an explicit expression for the estimate of the relative normwise condi-
tion number defined in (3.3) in the following theorem.

Theorem 3.1 Using the notations above, we have the condition number

IM+ NIl [A M]lIe

llx

(3.8)

KSTLS — T sTLS

STLS||2

defined in Definition 3.1.

Proof From (3.5), we have
[Acllz < IIM + Nlallvee([Aa AApDI2 + [R(AA, Ap)ll2 + O (I[A4 AAL]IT)
=M+ Nl2lllas AAp1llF+ |R(Aa, Ap)l2 + O (I1A4 AAL]IT) -

For the term || R(A4, Ap)||2, the definition of R(A4, Ap) shows that every term
in the expansion of ||R(A4, Ap)ll> contains a factor either |A4|l% or [|As 3
or [AallFllAp ll2. The condition || [As AA]llF <€l [AAb] £ in (3.3) implies
that [[A4llr <€l[[AND]|[F and [|Ap |l2 <€|[[AAD]| . Therefore, || R(Aa, Ap)ll2 <
O(e?). Consequently, a perturbation bound for the STLS solution x is obtained:

lAxll2 M+ Nl
<e€
1575112 1%57.5112

which, from (3.3), leads to (3.8). ]

ILA Ab1IIF+ O (€7),

We will demonstrate in Section 5 that the estimate (3.5) is accurate and the
condition number «,, , (3.8) is very sharp.

Note that /cf;’m involves the matrices M and N, which may be impractical to
compute. However, (3.6) and (3.7) indicate that when 6,,, the smallest singular
value of A, is close to 0,11, the smallest singular value of [A Ab], then K is
ill-conditioned, implying that the norm of y = Kx,, thus the norm of N and
the norm of M can be large. In other words, when the gap 6, — 0,41 is small,
then the STLS problem is ill-conditioned. Our experiments have shown that
when the gap is small, K?fm is about the reciprocal of the gap.

4 Componentwise condition numbers

A drawback of the relative normwise condition numbers as defined in (3.3) is
that they ignore the structure of both input and output data with respect to
scaling and/or sparsity. When the data are badly scaled or contain many zeros,
measuring the size of a perturbation in terms of its norm leaves us in the dark
concerning the relative size of the perturbation on its small (or zero) entries.
To tackle this drawback, another approach in the perturbation theory,
known as componentwise analysis, has been increasingly considered [8, 19, 20].
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Specifically, two kinds of condition numbers are studied. The first kind, called
mixed condition numbers by Gohberg and Koltracht [4], measures the output
errors in norms and the input perturbations componentwise. The second kind,
called componentwise condition numbers by Gohberg and Koltracht [4], mea-
sures both the output errors and the input perturbations componentwise. We
adopt their terminology and define the mixed and componentwise condition
numbers for the STLS problem as follows.

Definition 4.1 The mixed condition number for the STLS problem is de-
fined by

. I Axlloo
Ko i=1im sup ———— 4.1)
=0 1aq0 < el €lXgpislloo
[Ap| < €lb|

and the componentwise condition number is defined by

. 1

=1lim sup -
=0 1<e1a €
|Ap| < elb]

Ax
X

v , (4.2)

o0

STLS

STLS

recalling that [A4| <e€[|Al and |Ap| <€|b| means |A 4,| <€| Aj| and |Ap,| <€]|b;].

The following theorem gives explicit expressions for the estimates of the
above mixed and componentwise condition numbers for the STLS problem.

Theorem 4.1 Using the notations above, we have the condition numbers

_ M+ Nivee([[Al AMbDlloe . m

STLS — STLS

X575l
and
M + Nivec([|A] Alb]])
Vsres = H = V;‘;ILS
xSTLS [e%e]
defined in Definition 4.1.

Proof If the perturbation Ay is structured as A, then the zero elements of A
are not perturbed, that is, if A;; = 0then A4, = 0. Therefore,

vec(Ay) = Dy DZVCC(AA),
where D 4 = diag(vec(A)) and D'L is the Moore-Penrose inverse of D 4 [1, 30].
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Denoting D, = diag(b), rewriting (3.5) as
Ay = (M + N)yvec([Ax A D+R(A4, Ap) + O (II[A4 AATII3)

VCC(AA):|

=M+ N) |: A +R(AA, Ap)+O (I[A4 AALIIT)

B D, D' vec(A4) )
—(M+N)[ ADb] [ Dl A, :|+R(AA’Ab)+O(||[AA A1) s
(4.3)

taking norms we have

[Axlloe =

DZVec(AA)
D} A,

M| P2
(M + N) D,

+ IR, Ap)lloo + O (I1A4 AAIE) -

Similar to the proof of (3.8), we can finally obtain ||R(A4, Ap)le < O(€?)
given that |Aa| < €|A| and |Ap| < €|b| in (4.1). Besides, we can also get
O (A4 AA]IIE) < O(e?). Therefore, we have

D 4
(M + N)[ ADb]

According to (4.1), we have the mixed condition number

D4
(M+N)[ ADJ

”xs]'Ls”OO

o0 o0

1A < € +0(e).

[e ]

o0

I’LSTLS S

[1D 4 ]
M+ N
el ?\IDbI_HOO

”xsrLs”oo

1Dl 7
M+ N e
| L Ay

o0

”xSTLS ”00

[ vec(|Al)

e[

%5725 lloo

_ I'IM + Nivec([]A] A [Dll

%5725 lloo

3

where e is an (n + 1)m dimensional vector with all entries equal to one.
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According to the definition of v in (4.2), if the i-th entry of x is 0 but the i-th
entry of A, is not 0, then v = co. Otherwise, from (4.3) we get

"
D' A=D (M+n|PA Diavec(A)
STLS STLS ADy DII) Ap

+R(A4, Ap) + O (1AL AAL]IT),

—+

taking norms and using the conditions |[A4| < €|A| and |Ap| < €|b| in (4.2),
we have

Ay
X

STLS 1loo

. D D', vec(A
Dl M+N)| " avee(aa)
STLS ADy, D;; Ap o

FIRAA Aplloo +O (A4 AAL1I%)

R R
XsrLs AD,

According to (4.2), we have the componentwise condition number

o]

<€

+0(e?).

o0

XsTLs

D
Vs < | D} (M+N)[ ! )\DJ”

_ ¥ [1D 4]
- DxSTLS |M+ NI L )\|Db|i|HOO
_ ¥ (1D 4]
- strLs M + N| Al Dy |:| H
[vec(|Al)

— T

vec(|Al)

|IM + N|
Alb|
B xS'I'LS
o0

_ [ IM + Nivee(lAl AbID H

xSTLS

where e is a (n + 1)m dimensional vector with all entries equal to one. O
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In Section 5 we will show that the estimates of the mixed and componen-

twise condition numbers we obtained in this section are tight and ,ums and
M

v, are nearly the reciprocal of the gap between the smallest singular value
of A and the smallest singular value of [A Ab] as long as the gap is sufficiently
small.

As we know, the STLS solution approaches the LS solution when A — 0.
In the following part, we show that these mixed and componentwise condition
numbers for the STLS problem respectively approach some existing mixed and

componentwise condition numbers for the LS problem, i.e., “ms — i, and
M

Ve o = V5 When A — 0. Under the condition that A is of full column rank,
Cucker et al. [2] derived the following mixed and componentwise condition
numbers for the LS problem (2.4):

|- (v, ® A7) + (474) " @ (b — Ax,,)"|vec( 4D + |AT| ]
Mg = =,
b ”x[‘s”OO
= (v, @ A7)+ (AT4) " @ (b — Ax,)"|vee(lAD + | AT| 1b]
VLS B xLS
[o.¢]
By Theorem 4.1, we get
e[
w_ IIM+ Nivee(lI Al Nb[Dls _ ATl
ST %5725 Moo [ [
As A — 0, we have 0,41 — 0, x;,,, — x,;, K— (ATA)"! and KAT —

(ATA)TAT = A", From (3.6) and (3.7), we get

1

M~ [(ATA) @b —x[ @ AT~ (aT4) " & (Ax,)" | A1 AT]

and N — 0 as A — 0. Therefore, we have

1

[[(a74) "ebT—xI @A~ (474) "o (Ax,)| vecq A+ 7| 1b1]

S 12,5 lloo

1

H(—x ®AT+(ATA) @ (b - Ax,,)" | vee( AD+|AT|Ib]|

”st||00

= M-

Similarly, we can show that v, — v, as A — 0. Thus, the condition numbers
for the STLS problem presented in this paper are a generalization of the
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condition numbers for the LS problem given in [2]. Moreover, since the TLS
problem is a special case of the STLS problem when A = 1, the condition
numbers we derived for the STLS problem become the condition numbers for
the TLS problem when A = 1.

5 Numerical examples

Since there are no existing condition numbers for the STLS problem, we
first compare our result (3.5) when A = 1 with some existing results of the
perturbation analysis of the TLS problem. Then we demonstrate the accuracy
of our mixed and componentwise condition numbers for various values of A.
All the experiments were carried out using MATLAB 7.0.

First of all, we review some existing results of the perturbation analysis of
the TLS problem. Golub and Van Loan [5] provided a numerical analysis of the
TLS problem under the condition 6,, > o,,;. Van Huffel and Vandewalle [27],
generalized the results in [5] to multidimensional problems. Then Van Huffel
and Vandewalle [25] and Wei [31] considered the case when 6, > 0,41 = --- =
on+1 for some p < n. Later, Van Huffel and Vandewalle [28] showed that even
if the former condition is not satisfied, a TLS solution (unique or not unique)
may still exist. For rank deficient problems k < n, where k denotes numerical
rank of A, Fierro and Bunch [3] derived perturbation bounds for TLS solutions
in terms of subspace angle between approximate nullspaces. Further analysis
can also be found in Liu [12] and Wei [32]. We summarize some existing results
as follows.

Recall the SVDs:

A=UsV", % =diag(61,6s, ... ),
[A Ab]=UxVT, % =diag(oy, 00, ..., 0n41)

and partition U = [U; u,y1] and V =[V| wv,41], where u,; and v, are
the last columns of U and V respectively. Denote

[A l;] = [A + Ay b+ Ab] = []if/T, = diag(cﬂ,a}, ...,5n+1),

and partition U=[0 1Uye1] and V=1V, Upa1], where 1,11 and v, are the last
columns of U and V respectively. Let x,,, be the TLS solution corresponding
to[A b]and ¥, the TLS solution corresponding to [A b].

TLS

[S, Thm. 4.4] Condition: ||[[Aga AplllF < 64 — Oyt
Result:
- 9011I[A4 AplliF 15112
”xTLS - xTLS”Z S 1 + A
Oy — Optl Opn — Op+1
! [l 7l
X——x., 2.
bl —opgr
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[31, Thm. 4.1]

[12, Thm. 3]

[32, Thm. 3.2]

[32, Theorem 3.2]

Table 1 Comparison of the

perturbation estimate

X7 s — )?TLS ll2

Condition: [[Aa Apllla < (64 — Gu1)/6.
Result:

3(IlA4As1l2+0041)
6n_0n+1

INAAAL 240041
< ( s . )\/1+||xm||§
26 — Ons1)

9(||[AAAb]||2+Un+1) o1

7,6 =Xl < (1+”er5”2)

= ~ llx,, sll2-
On—On+1 1bll2—=0np ™
Condition: [[[As Aplllz < 6y — Ong1)/2.
Result:
< A4 AplllF
15 = %l < 2202 422 =22,
n — On+1

where a=e v,y1, B=e], Unt1, and p=max {a~2, 72}
Condition: ||[[Aq Apllla < 64 — Optt-
Result:

Sil’l(ﬁns = ”xTLs - '%TLS”Z

sin gy, /(12,513 4 1) (1,613 + 1),

IA

where sin¢,, ; denotes the sine of the angle between the
nullspaces of [A b] and [A l;] and under reasonable
assumptions, sin¢g,,; = [[[Aa  Aplll2/0n.

Conditions: [[A4  Aplll < (0, — 0ps1)/2 and €] vy,

€Z+1§n+1 > 0.
Result:
- _
H V1 Un+1 H2 = ”xns - xTLS||2
o T 2 = 2
< | PTons], v s B+ 1) (1rssl3 + 1),
N=5 N =60 N =200
(3.5) 6.8055¢ —9  6.1083e —8  9.1965¢ — 8
[S, Thm. 4.4] 3.4064e — 6  8.3802¢e —5  4.1706e — 4
[31, Thm.4.1] 8.4152e + 1 1.9185¢ +2  3.2989¢ + 2
[12, Thm. 3] 2.8454e —7 1.2788¢ —5  6.9388e — 5
[3, Thm. 3.2] 3.2072¢e —8  5.8260e —7 1.9715¢ —6
[32, Thm. 3.2] 8.7926e — 9  1.8890e —7  5.6663e — 7
Exact perturbation  4.6959¢ —9  2.6764e —8  5.8839%¢ — 8
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Table 2 Comparisop of the m " by A2 Estimate (3.5)
computed perturbation

1grss — Xopoll2 with our 75 20 0.005  27511e—009  2.7511e — 009
estimate (3.5) 750 50 0.005  1.1130e —009  1.1130e — 009
75 20 1 3.7443¢ — 005 3.7471e — 005
750 50 1 5.247le —006  5.2502¢ — 006
75 20 10 42346 — 006 4.2356e — 006
750 50 10 4.1477¢ — 005 4.1528e — 005

Example 1 The data A e R¥V*V=2 and b € RV were adopted from [23,
page 20]:

N -1 -1 -1 —1
—1 N-1 ... -1 —1
A= : . : . b= :
_1 —1 ce. N_l _1
—1 —1 e _1 N_l
L —1 —1 —1 i i —1 |
So the exact
1
Xeps = — | o | Onkl = \/N, and o0, = Vv2N.
1

The entries of the perturbations A4 and A, were generated by 7;;A4;; and
&:b; respectively, where n;; and &; are random variables uniformly distributed
on (0, 107?). Along with the exact perturbation, Table 1 compares our per-
turbation estimate (3.5) (A = 1) with the above existing results, with various
values of N.

In the following two examples, the entries of the data A and b were gen-
erated as random variables normally distributed with mean zero and variance
one. The entries of the perturbations A4 and A; were generated by 5;;A;; and
£:b; respectively, where n;; and &; are random variables uniformly distributed
on the interval (0, 10~%). Thus the sizes of the relative perturbations |A4|/| A]

Table 3 Comparisons of our mixed and componentwise condition numbers with the computed

relative perturbations [|Ax|lco/l1X g7, 5 lloo @and || & Ay ”
sTLS lloo
1Ax oo M Ay M

m n A X7 slloo €Hgris Ysr1s oo €Vsres

75 20 0.005 4.8368¢ — 009 1.8065¢ — 007 4.2757e — 007 2.9083¢ — 005
750 50 0.005 4.3023e — 009 3.4165e — 007 1.9138¢ — 006 5.1544e — 004
75 20 1 4.3625¢ — 008 4.7337e¢ — 006 1.9570e — 006 1.0771e — 004
750 50 1 5.0974e — 008 2.6190e — 005 1.3555¢ — 006 6.5079¢ — 004
75 20 10 9.0560e — 008 7.9714¢ — 006 5.4786e — 007 5.3745¢ — 005
750 50 10 4.4682¢ — 008 1.7573e — 005 1.8704¢ — 006 8.4454¢ — 004
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Table 4 Comparisons of the difference 6;, — 0,41 with our condition numbers

m n A On = Ont1 Ks[‘gLs M'?/YI"LS USMTLS

6 4 0.005 1.5343¢ — 013 6.0531e + 012 5.0590e + 012 5.5046e + 012
100 15 0.005 9.0949¢ — 013 1.9718e + 013 1.0324¢ + 013 8.3093¢ 4 013
6 4 1 8.2057¢ — 013 2.3134¢ + 012 1.3575e + 012 1.7667¢ + 012
100 15 1 2.5846¢ — 013 3.2349¢ + 013 2.2703e¢ + 013 8.3680e + 013
6 4 10 2.7338¢ — 012 4.3990e + 011 2.3608e + 011 8.5680¢ + 011
100 15 10 7.1498¢ — 014 1.8827¢ + 014 1.2201e + 014 3.9294e + 014

and |A,|/|b| were about € = 1078, The STLS solutions were computed using
(2.3). For each size of A, given by m and n, we carried out 500 random experi-
ments. Each figure in the following tables is the averages of 500 experiments.

Example 2 In this example, we investigate the accuracy of our first order
perturbation estimate (3.5) for the STLS solution. We experimented on three
values of A, namely 0.005 (a value close to 0), 1, and 10 (a large value). Table 2
lists the results. Our experiments show that the estimate (3.5) is very accurate
as expected.

Example 3 In this example, we compare the relative perturbations ||Ay| o/

x5, lloc and || =2 || with our mixed and componentwise condition numbers
STLS Xorrs o0

respectively. From Definition 4.1, for small e,

| Axllo

”xSTLS ”OO

<e ,u?f” + 0O (e*) and

<ev +0O().

- STLS

X

STLS Il oo

As shown in Table 3, our experimental results demonstrate that our condition
numbers are tight.

Example 4 In this example, we constructed examples of [A b] such that &,
the smallest singular value of A, is close to o,,1; and compared the difference
6, — opy1 With the condition numbers we derived in our paper. As shown in
Table 4, our experimental results demonstrate that our condition numbers are
approximately the reciprocal of the difference 6,, — 0, when the difference is
sufficiently small.

6 Concluding remarks

In this paper, we derive a first order estimate for the perturbation in the STLS
solution (3.5). Based on the estimate, we present the normwise, mixed and
componentwise condition numbers for the STLS problem under the condition
6n > opy1. Our condition numbers include the previous results on the condition
numbers for the LS problems as special cases and give the condition numbers
for the TLS problem by setting A = 1. Our numerical experiments demonstrate
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that our perturbation estimate is very accurate and condition numbers are very
sharp. In the case when 6, > 0,1 for some p < n, the STLS problem may have
more than one solution [31]. Hence how to derive the explicit expressions of
these three condition numbers for STLS problems under this more general
condition is worthy of further study.

Acknowledgements The authors would like to thank Professors Sabine van Huffel and Z.
Strakos with two referees for their useful suggestions on this topic.
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