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Abstract In this paper, the normwise condition number of a linear function of the
equality constrained linear least squares solution called the partial condition number is
considered. Its expression and closed formulae are first presented when the data space
and the solution space are measured by the weighted Frobenius norm and the Euclidean
norm, respectively. Then, we investigate the corresponding structured partial condition
number when the problem is structured. To estimate these condition numbers with high
reliability, the probabilistic spectral norm estimator and the small-sample statistical
condition estimation method are applied and two algorithms are devised. The obtained
results are illustrated by numerical examples.
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1 Introduction and preliminaries
The equality constrained linear least squares problem can be stated as follows:

LSE: min [|b— Ax|,, (1.1)
Bx=d

where A € R"*" and B € R**" withm +s >n >s > 0,b € R" and d € RS.
Hereafter, the symbols R”*" and R” stand for the set of m x n real matrices and the
real vector space of dimension n, respectively. To ensure that the LSE problem (1.1)
has a unique solution, we need to assume that [6]

rank(B) = s, null(A) Nnull(B) = {0}. (1.2)

The first condition in (1.2) implies that the linear system Bx = d is consistent and
hence that the LSE problem (1.1) has a solution, and vice versa; The second one,
which says that the matrix [A”, BT]7 is full column rank, guarantees that there is a
unique solution to (1.1), and vice versa. Here, for a matrix C, C T denotes its transpose.
Throughout this paper, we assume that the conditions in (1.2) always hold. In this case,
the unique solution to the LSE problem (1.1) can be written as [6, 8]

x(A, B,b,d) = (AP)'b + Bd, (1.3)

where .
P=1,-B'B, B, =(,—(AP)'A)B}

with I, being the identity matrix of order n and B' being the Moore-Penrose inverse
of B. When s = 0, 1i.e., B =0and d = 0, the LSE problem (1.1) reduces the classic
linear least squares (LLS) problem

LLS: min |[b— Ax],, (1.4)
xeRn?

the conditions in (1.2) reduce to A being full column rank which ensures that the
solution to (1.4) is unique, and the solution (1.3) reduces to x(A, b) = ATb.

The LSE problem finds many important applications in some areas. For example,
we will encounter it in the analysis of large scale structures, in signal processing, and
in solving inequality constrained least squares problem [4,6,19]. So, some scholars
considered its algorithms and perturbation analysis (see e.g., [4,6,8,10,19,29]). An
upper bound for the normwise condition number of the LSE problem was presented in
[8], and the mixed and componentwise condition numbers and their easily computable
upper bounds of this problem can be derived from [21] as the special case.

In this paper, we mainly consider the partial condition number of the LSE problem
when the data space R™*" x R¥*" x R™ x RS and the solution space R" are measured
by the weighted Frobenius norm

(s A, apB, apb, aqd)llp = \/ocf, IANZ + af IBIF + o IbI13 + o 41l
(1.5)
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withay > 0,ap > 0, > 0, and oy > 0, and the Euclidean norm ||x||,, respec-
tively. As mentioned in Abstract, the partial condition number which is also called the
subspace condition number [7] is referred to the condition number of a linear function
of the LSE solution x(A, B, b, d), i.c., LTx(A, B,b,d) with L € Rrxk (k < n). This
kind of condition number has some advantages. For example, when L is the identity
matrix or a column vector of the identity matrix, the partial condition number will
reduce to the condition number of the solution x (A, B, b, d) or of an element of the
solution. Cao and Petzold first proposed the partial condition number for linear sys-
tems [7]. Later, it was proposed for LLS problem and total least squares problem [1,2].
In [1,2,7], the authors also provided some specific motivations for investigating this
kind of condition number.

The idea on the weighted Frobenius norm can be traced back to Gratton [14],
who derived the normwise condition number for the LLS problem (1.4) based on the
following weighted Frobenius norm

|@A. Bb) I = \Jo? IAI% + B2 bll2. &> 0.8 > 0. (1.6)

Subsequently, this kind of norm was used for the partial condition number for the
LLS problem [1] and the normwise condition number of the truncated singular value
solution of a linear ill-posed problem [5]. As pointed out in [14], this norm is very
flexible. With it, we can monitor the perturbations on A and b. For example, if « —
00, no perturbation on A will be permitted; similarly, if 8 — oo, there will be no
perturbation on b allowed. Obviously, the norm in (1.5) is a simple generalization of
the one in (1.6), and is also very flexible. There is another kind of generalization of the
norm in (1.6): || (T A, Bb)| r, which was used by Wei et al. in [30] for the normwise
condition number of rank deficient LLS problem. Here, T is a positive diagonal matrix.

Like the structured linear systems and the structured LLS problem, the structured
LSE problem arises in many applications, e.g., in signal processing and the area of
optimization [6, 19]. Rump [25,26] presented the perturbation theory for the structured
linear systems with respect to normwise distances and componentwise distances. The
obtained results generalized the corresponding ones in [15]. For the structured LLS
problems, Xu et al. [31] considered their structured normwise condition numbers, and
Cucker and Diao [9] presented their structured mixed and componentwise condition
numbers. In addition, the structured condition numbers for the total least squares
problem were provided by Li and Jia in [20]. The results in [20,25,26,31] show that
the structured condition number can be much tighter than the unstructured one. So,
based on the study on the partial condition number, we also investigate the structured
partial condition number of the structured LSE problem.

The rest of this paper is organized as follows. Section 2 presents the expression and
closed formulae of the partial condition number for the LSE problem. The expression
of the corresponding structured partial condition number is given in Sect. 3. On basis of
the probabilistic spectral norm estimator by Hochstenbach [16] and the small-sample
statistical condition estimation (SSCE) method by Kenney and Laub [18], Sect. 4 is
devoted to the statistical estimates and algorithms of the results derived in Sects. 2
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1124 H. Li, S. Wang

and 3. The numerical experiments for illustrating the obtained results are provided in
Sect. 5.

Before moving to the following sections, we first introduce some results on the oper-
ator ‘vec’ and Kronecker product, and the generalized singular value decomposition
(GSVD) of a matrix pair. They will be necessary later in this paper.

For a matrix A = [ay, ..., a,] € R™*" with a; € R™, the operator ‘vec’ is defined
as follows

vec(A) =[al,...,al ]’ e R™,

> 'n

Let A = (a;;) € R™ and B € RP*9. The Kronecker product between A and B is
defined by (see, e.g., [17, Chapter 4])

anB apB -+ apB
a1B  apB --- ayB

A®B=| . o .| e R
amiB  amxB -+ amnB

This definition implies that when m = 1 and ¢ = 1, i.e, when A is a row vector and
B is a column vector,

A® B = BA. (1.7)

From [17, Chapter 4], we have
Ao B’ =@’ B"), (1.8)
vec(AXB) = (BT ® A) vee(X), (1.9

IT,,vec(A) = VCC(AT),
Hpm(A ® B)an = (B ® A), (1.10)

where X € R"*?, and I, is the vec-permutation matrix depending only on the
orders m and n. Especially, when n = 1, i.e., A is a column vector, then IT,, = I,
and hence
I,n(A® B) = (BQ® A). (1.11)
In addition, the following result is also from [17, Chapter 4]
(A® B)(C® D) =(AC) ® (BD), (1.12)
where the matrices C and D are of suitable orders.
For the matrix pair A, B in (1.1) and (1.2), there exist orthogonal matrices U €

R™ ™ and V € R***, and a nonsingular matrix X € R"*”" such that

A=UXX"', B=vax!, (1.13)
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where
L.y 0 O
2:[%‘ 8]: 0 Sa 0], A=[0A1]=[8SBI }
0 0 0 st
with
SA Zdiag(a]’~-"al‘)v SB Zdiag(ﬁl’ "-7/3[)’
> 2a>00<B << <P +pE=1i=1,....1,

and ¢ = rank(A) + s — n. This decomposition is called the GSVD of a matrix pair
(see e.g., [13, p. 309], [27]). When B = 0, the GSVD can reduce to the SVD of A:

A=UxXT, (1.14)

where X is orthogonal and X = diag(oy, .. ., Orank(4)) With o; being the i-th singular
value of A.

2 The partial condition number

Let L € R™* with k < n. We consider the following function
g R RO x R™ x RS — RF
(A,B,b,d) — g(A, B,b,d) = L"x(A, B,b,d) = L" (AP)'b + LT Bld.

From [8,21], it can be seen that the function g is continuously Fréchet differentiable
in a neighborhood of (A, B, b, d). Thus, denoting by g’ the Fréchet derivative of g,
and using the chain rules of composition of derivatives or from [8,21], we have
g (A, B,b,d): R™" x R®" x R™ x R — Rt
(AA, AB, Ab, Ad) — g'(A, B, b,d)o(AA, AB, Ab, Ad)
=LT(AP)TAP) (AA) r — LT(AP)"(AA)x + LT (AP)T(AD)
—LTAP) AP) (AB)T (AB)Tr — LT B (AB)x + L B} (Ad).

Here, g'(A, B,b,d)o(AA, AB, Ab, Ad) denotes that we apply the function
g'(A, B, b, d) tothe perturbation variable (AA, AB, Ab, Ad) atthe point (A, B, b, d)
and r = b — Ax is called the residual vector. Thus, according to [11,24], we have
the absolute normwise condition number of g at the point (A, B, b, d) based on the
weighted Frobenius norm (1.5):

|g'(A, B, b,d)o(AA, AB, Ab, Ad)|,
(@pAA,ap AB,apAb,agAd)#0  ||(@pg AA, apAB, apAb, ag Ad)|| g
2.1

kLsg(A, B,b,d) =

As mentioned in Sect. 1, the condition number k7 sr (A, B, b, d) is called the partial
condition number of the LSE problem (1.1) with respect to L.
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1126 H. Li, S. Wang

In the following, we provide an expression of k7 sg (A, B, b, d).

Theorem 2.1 The partial condition number of the LSE problem (1.1) with respect to
Lis

«kLse(A, B,b,d) = | My| (2.2)

2

where

Mg/ = [M15M27M37M4] (2.3)

with
(rT @ (LT(AP)TAP)")) My — xT @ (LT(AP)T)
] = 9

oy
(¢TABY & (LT (APYTAPY)) My + 2T @ (LT B))

M;

’

ap

LT(AP)T LTB!
M; = ¥’ My = ——4.
op ag

Proof Applying the operator vec to g'(A, B, b, d)o(AA, AB, Ab, Ad) and using
(1.9) and (1.10), we have

¢'(A, B,b,d)o(AA, AB, Ab, Ad) = vec(g'(A, B, b, d)o(AA, AB, Ab, Ad))
= (rT ® (LT((AP)TAP)T)) Mppvec(AA) — (xT ® (LT(AP)T)) vec(AA)

- ((rTABI‘) ® (LT((AP)TAP)T)) Mmvec(AB) — (xT ® (LTB;)) vec(AB)

+L7 APy (ab) + LT B} (Ad)

apvec(AA)

. apvec(AB)
U apab)
ag(Ad)

Thus, considering (1.5) and the fact that for any matrix C, ||C|| g = ||vec(C)|l,,

apvec(AA)
apgvec(AB)
8| ap(Ab)
ay(Ad)
max
(ap AA,ap AB,ap Ab,ay Ad)#0 asvec(AA)
apvec(AB)
ap(Ab)
aq(Ad) 2

=M

krsg(A, B, b, d) = g,Hz.
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Remark 2.1 Setting L = I, and 0y = ap = ap = og = 1 in (2.2), and using
the property on the spectral norm that for the matrices C and D of suitable orders,
ILC, Dlllz = IICllz + [[D]l2, we have

kLse(A, B, b,d) < \

(rT ® ((AP)TAP)T) My — <7 ® (AP)TH2
+ H ((rTABj;) ® ((AP)TAP)T) My +x7 ® B, H2

ap'|, + B
+H( A P OV
:KLSEMP(AvB’bad)’

where «psgup(A, B,b,d) is essentially the same as the upper bound for the
normwise condition number of the LSE problem (1.1) obtained in [8]. Note that
krLsEup(A, B,b,d) < 4xrsp(A, B, b, d), which can be verified from a simple fact
that |Cll, + | DIl + 1 Ell, + | Fll, < 4|[C, D, E, F]|,. Hence, the bound is a good
approximation of the normwise condition number k1 sg (A, B, b, d). The numerical
results given in Sect. 5 confirm this claim.

Note that the expression of the partial condition number k7 sg (A, B, b, d) given in
Theorem 2.1 contains Kronecker product. This introduces some large sparse matri-
ces. The following theorem provides a closed formula of k7 sg (A, B, b, d) without
Kronecker product.

Theorem 2.2 A closed formula of the partial condition number k1 sg(A, B, b, d) is
given by

kLse(A, B,b,d) = |CIly?, (2.5)
where
2
T G R
C = > > LTaP)TAP)H2L
oy *p

x5 1Y 7 T 4 ot
+ 5=+ — | LT (AP)" AP)")L
o o
A b

2
X 1 - 1 . +
+ (” 2”2 + —2> L"B (B L+ —L"(AP)" AP)"xr" AB}(B})" L
Up ¥ ap
1 .
+— LT B (BT ATrxT (AP)TAP)'L. 2.6)
¥

Proof Noting

r|/? T T T |2
| M|, = HMg/Mg/ , = HMIMI + MMy + M3M3 + MaM, H2 ;
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and
LT((AP)TAP))L LTBI(BHTL
MiMT = - L MM = ——ASAT 2.7
Y o

it suffices to obtain the expressions of MM T and MoMI.
Let

My, = (rT ® (LT((AP)TAP)T)) My, My =x" @ @7 (AP)D).
Then

1
MMl = — (M”MIT1 + MpMT, — My ME, — M12M1T1) .
A

By (1.8) and (1.12), we have
MMl = (7 @ W (AP APYY) (r& (AP AP)'L))
= rl3 L (AP AP)")L,
MpMT, = (xT ® (LT(AP)T)) (x ® (((AP)*)TL)) = x5 L (AP) AP)")L.
Note that

(AP)'r = (AP)'(b — Ax) = x — Bld — (AP)" Ax by (1.3)
=x—B\Bx —(AP) Ax =0.

The last equality in the above equation follows from the GSVD of the matrix pair A, B
in (1.13) and the expressions on (A P)" and Bl; in Remark 2.3 below. In fact,

BiB=xATAX" =X [0 0 ] X,

0 I
. Lies 0 0 ! 0
(AP)IA=X| 0 0 0 zx—lzx[”o—s O]X—l,
0 0 0

which mean that BI\B +(AP)"A = I, and hence x — BZ Bx — (AP)"Ax = 0. Thus,
by (1.8), (1.11), and (1.12),

MM = (rT ® (LT((AP)TAP)T)) ((((AP)T)TL) ®x) by (1.8) and (1.11)

=T AP L)@ (LT((AP)TAP)Tx) by (1.12)
=0=MpMIHT.
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As a result,

1 4
il = — (IrB LT (AP APYYL 4 I3 LT (AP APYIL) . 28)
A

Now, let
Moy = (0T AB) @ (LT (AP)TAPY)) My, Moz =" ® (LT B}).
Then

MMT—] Moy ML + Moy ML, + My ML, + My M T, 2.9
2 2_05_2 21 21+ 22 22+ 21 22+ 22MMa7 ) - ()
B

By (1.8) and (1.12), we get
My MI, = ((rTABj) ® (LT((AP)TAP)T)) ((rTAB:g)T ® (((AP)TAP)TL))
2
- HrTABZ HZLT((AP)TAP)T)ZL, (2.10)
MMl = (x" @ (LB (x@ (BDTD) = IxI3 LT BLBD L. @11)
and by (1.8), (1.11), (1.12), and (1.7), we get
My ML, = ((rTABZ) ® (LT((AP)TAP)T)) (((BZ)TL) ®x) by (1.8) and (1.11)
= ¢TaB B @ LT (aP) AP x) by (1.12)
= LTaP) AP) rTABL (BT L by (1.7)

- (MzzMle)T. (2.12)

Substituting (2.10)—(2.12) into (2.9) gives

2
MMl = <HrTAB,§H2LT((AP)TAP)T)zL+||x||§LTB/§(B/§)TL)

1

op
1

+— LT (AP AP) xrT AB} (B))T L
Op

1 .
+—2LTB/;(B;)TATrxT((AP)TAP)TL. (2.13)
Op

From (2.7), (2.8), and (2.13), we have the desired result (2.5). O

Remark 2.2 When B = 0 and d = 0, that is, when the LSE problem reduces to the
LLS problem (1.4), P = I, and rank(A) = n. Thus,

(AP)'(AP) = T4)"", Bl =0,
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1130 H. Li, S. Wang

and hence

12
krrs(A,b) =

El

Ir ||2LT(AT " 2H(n ||2+

LTATA'L
O‘A "‘A

22
%p 2
(2.14)

which is the closed formula of the partial condition number of the LLS problem.
Furthermore, if L is a column vector, i.e., k = 1, then

12

r X 1

kLLs(A,b) = (” 0B 7 a ay2r 4 (” 5 —2> LT(ATArlL)
o} of  of

1713 N 2\
=< 2| L7 (4T 4)- 1H2 ( 5 +p) ”LTAT”2> :
A b

(2.15)

which is just the result given in Corollary 1 in [1].

Remark 2.3 Using the GSVD of the matrix pair A, B in (1.13), and (3.3), (3.4), and
(3.15) in [28], we have

(AP =Xz, — ATA)TUT

r ] T
Lics 0 0 0 0
=Xx|] 0 Sa Of|m—]|s;" o0 [g S(f IO} U’
. 0 0 0] 0 I o
(lies 0 0Tl 0 07\' Lis 0 0
=X 0 S4 O 0 0 0 vlf=x| o o o|UT
L0 o0 oL 0 00 0 0 0
and
=, — (AP A)xATvT
Liis 0 0 Lics 0 0
=|5,-x| 0o o o|uTu|l 0 Sx of|x']|xaATVT
0 0 0 0 0 0
0 0 0 0 0 0 0
=X|0 L, 0 [|S;' o [Vi=Xx|s;' o [vIi=Xxa'vl
0 0 L ]| 0 I 0 I
Then
0 0 -
T . —1
(AP)T((AP)T) —xixT, AB =U | su8500 |V =0y | 5458 Oy,
P . 0 0
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0 0 5
BL(BHT = x sz2 0 [XT=Xx, [S 01] xI', @17
s ,

0 0 5
AB L (BHT =U Sas5% 0| X" =0, [SASB 8} xI, @)
0 0

where X = [X1, X»] with X; € R"™*"=%) and X, € R"**, and U = [Uy, U] with
U; € R™*0=5) and U, € R™*m=7+9)_ Substituting (2.16)—(2.18) into (2.6) yields

-1 2
, rTU2|:SASB O]
i3 0 0ll, T T\2 T T T
c=|—5+ 5 LT X)L+ LT (X1$1X] + X252X5 )L
@y %p

1 =207 1 =2
+—2LTX1x1TerU2[SASB 0 X2TL+—2LTX2[SASB g]ugrxTxlxlTL
o

o 0 0] 2 0
(2.19)
with
IxI2 1 Ix13 1Y) _
= (M L) o (ML) an e
oy o) ap o,

In particular, when B = 0, the GSVD (1.13) reduces to the SVD of A (1.14). In
this case, P = I,, and rank(A) = n. Hence, we have

AP =xztu” = xizow’, B =o,
and
# #\" ~2 5T
AP (AP)) = xz2x7,
Thus,

2
lxl; 1
o’ * o
A b

2
el

2
Y

C

LTxz*xTL + ( ) LTXZ2XTL.

As aresult, we get a closed formula of the partial condition number of the LLS problem
based on the SVD of A:

krrs(A, b) = HSXTLH2, 2.21)
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1132 H. Li, S. Wang

where § is a diagonal matrix with the i-th diagonal element being

2112 2
Lo "lrlz+10xl; |1

Sii = - 2 -
%i %A %

The closed formula (2.21) is just the one given in Theorem 1 in [1], where it was
derived by a different approach.

Remark 2.4 From (2.19) and (2.5) with setting L = I, and oy = ap =ap = ag = 1

and using (1.13), we have the following upper bound for the normwise condition
number of the LSE problem:

krse(A, B, b, d) < (a1 + ay + a3)'/?,

where

2

o 1 31

ar =Ir3 (1 + =5 )ix13, aa = (1+1x13) 5 1X13, a3 =25 IIrl2llxl21X 113

B? B? B?
1 1 1

Moreover, using (2.8) in [29], we obtain || X ||, = UL, where o, is the smallest singular

B
are |[r{l2, A1, and o,.

value of |:A i| Hence, the main factors causing the ill-conditioning of LSE problem

3 The structured partial condition number
Suppose that S; € R™*" and S, € R**" are two linear subspaces, which consist

of two classes of structured matrices, respectively. From [15,20,25], we have that if
A € Sy and B € S, then

vec(A) = Ps,s1, vec(B) = Ps, 52, 3.1

where @g, € R™>k1 and @g, € R¥"*k2 are the fixed structure matrices reflecting the
structures of S1 and S», respectively, and 51 € R¥ and s, € R*2 are the vectors of the
independent parameters in the structured matrices, respectively. Based on the above
explanation, the structured perturbations AA € S| and AB € S; can be written as

vec(AA) = Pg, (As1), vec(AB) = Ps,(As2), (3.2)

where As; € RFt and Asy € R can be regarded as the perturbations of s; and s»,
respectively.
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Now we present the definition of the structured partial condition number of the LSE
problem (1.1):

|g'(A, B, b,d)o(AA, AB, Ab, Ad)|,

max
(0pAA,ap AB,apAb,agAd)#0  ||(@pg AA, apAB, apAb, ag Ad)|| g
AA€ES|,ABES,

K} p(A, B.b,d) =

which is a natural variant of the partial condition number in (2.1). From (2.4), it follows
that

asvec(AA)
apvec(AB)
& ap(AD)
oq(Ad)
«Ssu(A, B, b,d) = al 2 (33)
(@A AA,ap AB,ap Ab,ag Ad)#0 asvec(AA)
AA€S|,ABES; agvec(AB)
ap(Ab)
aq(Ad) )
Considering (3.2), we have
vec(AA) Ps, 0 00 Asq
vec(AB) | | 0 &5, 00 Asy
Ab “l 0 01,0 Ab
Ad 0 0 0 I Ad
Substituting the above equation into (3.3) yields
K3z (A, B, b, d)
b5, 0 00 ap(Asy)
M. 0 &5, 00 ap(Asy)
g 0 0 1,0 ap(Ab)
0 0 0 [ aq(Ad) ||,
= max .
(@A (As1),ap(As2),05(Ab),aq (Ad)) #0 Ps, 0 00 aa(Asy)
0 &5, 00 ap(Asy)
0 0 1,0 ap(AD)
0 0 0 I aq(Ad) |||,
3.4
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Note that
Ps, 0 00 [as(Asy)
0 @5, 0 0 || ap(As)
0 0 7,0 ap(Ab)
0 0 0 || asad) |,
_ 1/2
aa(As) ] [@L @5, 0 0 07 [aa(as)
_ || @B(4s2) 0 @lds, 00 || ap(ds)
ap(Ab) 0 0 1,0 ap(Ab)
aq(Ad) . 0 0 0 I aq(Ad) ]|,

and the structured matrices @s, and ®g, are column orthogonal [20]. Then

Ps, 0 00 aa(Asy) D 0 00 aa(Asy)
0 @s, 0 0 || ap(Asy) 0 Dy 00 || ag(Asy)
0 0 I, 0 || an(Ab) 0 01,0 apan ||| °
0 0 01 || aitad ||, 00 01| aldd |,
(3.5)
where D) = diag(w;) and D, = diag(w;) with
wy = [[@5, (105 [P, ki 0] w2 =[] 25,00, | P, (K20 ]

Here, the Matlab notation is used. Combining (3.4) and (3.5) implies

K355 (A, B,b,d)

@, D' 0 00 [Di 0 0 07 [aalas)

" 0 @5,D5' 00 0 Dy 00 || ap(ds)

8 0 0 1,0 0 01,0 ap(Ab)

0 0 0L |LO0 001 aa(ad) ||,
= max -
(aa (As1),ap(Asz),ap(Ab),aq (Ad))#0 Dy 0 00 as(Asy)
0 D2 00 OZB(AS2)
0 01,0 ap(Ab)
0 0 0 I ]| asad) |,

Then we can derive the expression of the structured partial condition number of the
LSE problem, which is presented in the following theorem.

Theorem 3.1 The structured partial condition number of the LSE problem (1.1) with
respect to L and the structures S| and Sy is

0

N 0
krsp(A, B,b,d) = | My 0 , (3.6)

I

2

where M is given in (2.3).
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Remark 3.1 1t is easy to verify that

&g, D} 0 0
0 o5,D;' 00
0 0 I, O
0 0 0 I
is column orthonormal. Thus,
&g, D;! 0 0
0 @s,D;' 0 0
M. 272 < \M, .
g 0 0 Im 0 — || 812
0 0 0 L],

That is, the structured partial condition number is always tighter than the unstructured
one. This fact can also be seen from the definitions of these two condition numbers.
As done in [25,31], it is valuable to discuss the ratio between the structured and
unstructured partial condition numbers of the LSE problem in detail. We won’t go that
far in this paper, and only provide a numerical example in Sect. 5 to show that the
structured partial condition number is indeed tighter than the unstructured one.

Remark 3.2 When B = 0 and d = 0, we have the structured partial condition number
of the LLS problem and its upper bound:

[ (T @ (LT (AT AN T,y — xT @ (LT AT) LTAf
K5 (A b) = ( 02 o @s, D, -
- A b 2
(3.7)
[ (+7 @ (LT (AT A)™1)) M — x7 @ (LT AT) LT AT
< , . (3.8
A op 5

where the upper bound (3.8) is just the unstructured partial condition number of the
LLS problem. Here, it should be pointed out that the structured condition number of
the LLS problem derived from (3.7) by setting L = I,, and g = «p = 1 is a little
different from the ones in [31] because two additional conditions are added besides
the structure requirement in [31].

Remark 3.3 Similar to Theorem 2.2, we can consider giving the compact expression
for the structured condition number (3.6). Unfortunately, the obtained compact expres-

sion is very complicated. For example, the terms M| M 1T1 and Mo M 1T2 appearing in
the proof of Theorem 2.2 are replaced with the following two ones:

My s, D20l M| = (rT ® (LT((AP)TAP)*)) My ®s, D204 1TT

(re (P AP D).
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M, ®s, D0 M, = (xT ® (LT(AP)T)) &g, D20 (x ® (((AP)*)TL)) .
Considering that ®g, can be written as
@5, = [vec(Zy), ..., vec(Zy,)],

where Zi, ..., Z, are the basis matrices of the linear subspace S;, and using (1.9)
and (1.10), we have

(" ® W (AP APY)) M@,
- (rT ® (LT((AP)TAP)T)) [Vec(ZlT), L Vec(Zle)]

_ [LT((AP)TAP)Tler, L LT((AP)TAP)TZ,{lr] .

Thus, writing Dy = diag(dy, ..., dx,), we obtain

ki
1
My ®s, D0 M| = Z d—zLT((AP)TAP)TZiTrrTZi((AP)TAP)TL.

i=1 %
Similarly, we have

ki
_ 1 .
M®s, D of M, = d—2LT(AP) ZixxT I (AP)HTL.

i=1 i
Unlike the case in the proof of Theorem 2.2, we cannot combine the two terms
24T 2T 25T 24T
My Ps, D, @Sl Mi, and M1, Ps, D, ¢S1M12‘
Worse, we cannot check that the cross term

ki
_ 1
My @5, DL M, = Z d—zLT((AP)TAP)Tzl.TrxTZ,.T((AP)T)TL

i=1 i

is zero. These facts make the compact expression for the structured condition number
(3.6) be very complicated. So, we omit the compact expression here. In addition, we
only consider the linear structures of the matrices A and B in this section. Similarly,
the linear structures of the vectors b and d can also be put into the partial condi-
tion number. Furthermore, inspired by [9,20,26], exploring the structured mixed and
componentwise condition numbers of the LSE problem will be interesting. We will
investigate this problem in the future research.
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4 Statistical condition estimates

We first provide a statistical estimate of the partial condition number by using the
probabilistic spectral norm estimator. This estimator was proposed by Hochstenbach
[16] and can estimate the spectral norm of a matrix reliably. In more detail, the analysis
of the estimator in [16] suggests that the spectral norm of a matrix can be contained in
a small interval [«/], a2 ] with high probability, where ¢ is the guaranteed lower bound
of the spectral norm of the matrix derived by the famous Lanczos bibdiagonalization
method [12] and «; is the probabilistic upper bound with probability at least 1 — ¢
with ¢ < 1 derived by finding the largest zero of a polynomial. Meanwhile, we can
require op/o; < 1 + § with § being a user-chosen parameter. Based on the above
estimator, we can devise Algorithm 1.

Algorithm 1 Probabilistic spectral norm estimator for the partial condition number
2.5)

Input: €, d and matrix C in (2.6).

Output: Probabilistic spectral norm estimator of the partial condition number (2.5): k pr sg (A, B, b, d).

1. Get a random starting vector v from U (Sx_1), the uniform distribution over unit sphere Sy_1 in Rk,
2. Compute ||C|l, € [0, 02] by probabilistic spectral norm estimator.
arcsi k=3
(a) Determine § € [0,7/2] by k,e and fo‘mbm(é) cosk~2(ndr = % fol t 2 (1 —
1 T
" 2dt <e IS coskfz(t)dt)

() forj=1,..., d

©) u=Cvj

d ifj>1

(e) u=u—fj_juj_|

O w=u—fug . ug @ DT
(g) end

) o) =llul
) wuj=ufa;

G v=cTu
&) v=v—ajv;
O v=v—[vr,....v;1 10T [vr,...,v; —1DT

(m)  vB; = vl

m) vy =v/B;

(o) end

(p) Determine the largest singular value 6; of By, and an upper bidiagonal matrix with «; on the
diagonal and S; on upper subdiagonal.

(q) Determine the probabilistic upper bound 6, for ||C||, with probabability > 1 — ¢ by a Lanczos
polynomial (see [16]).

3. Estimate the partial condition number (2.5) by

0, +0
kpLsp(A, B.b.d) = ,/%.

Remark 4.1 The step 2 of Algorithm 1 is directly taken from [16], and a detailed
explanation can be found there. In the practical implementation of Algorithm 1, d is
the dimension of Krylov space and can be automatically determined by the algorithm.
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Moreover, as suggested in [16], explicitly forming matrix C is not necessary because
what we really need is the product of a random vector with the matrix C or C”. Hence,
some techniques in solving linear system can be employed to reduce the computational
burden, especially for large scale problems. Furthermore, it is worthy to point out that
Algorithm 1 is also applicable to estimating the partial structured condition number
(3.6) since it is also the spectral norm of a matrix.

Now we introduce an alternative approach based on the SSCE method [3,18] for
estimating the normwise condition number of the solution x (A, B, b, d). Denote by
krsei(A, B, b, d) the normwise condition number of the function ziTx(A, B,b,d),
where z;s are chosen from U/ (S,—1) and are orthogonal. Then, from (2.6), we have

2
T i
7113 ”r ABAHz T T 4 pyiy2
5=+ 5 z; (AP)" AP)")z;
Oy ap

Kigpi(A, B,b,d) =

||x||% 1 T T f
+|—5"+ =]z (AP) AP)")z
otA Olh

||x||% 1 T pt pt\T
+\—5" 1+ 5 )z Ba(By) zi
dp Y

2 . P
+a_2zl.T((AP)TAP)'erAB/g(B/;)TZi. 4.1
B

The analysis based on SSCE method in [3] shows that

q
@q Z 2
ksLSE(A, B, b,d) = QT KLSEi(A’ B,b,d) (4.2)

TN i=1

is a good estimate of the normwise condition number of the LSE problem (1.1). In the
above expression, wy is the Wallis factor with w; = 1, w, = 2/m, and

2 24.6-(q~2) when g > 2.

% for g odd,
s+ forq even,

It can be approximated by

2

_— “4.3)
(g — %)

wq%

with high accuracy. In summary, we can propose Algorithm 2.

Remark 4.2 In Algorithm 2, K%SEi (A, B, b, d) is computed by the Eq. (4.1). In prac-
tice, the computation of K% sg;i (A, B, b, d) should rely on the intermediate results of
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Algorithm 2 SSCE method for the normwise condition number of the LSE solution

Input: Sample size g and matrix C in (2.6) with L = I;.
Output: SSCE estimator of the normwise condition number of the LSE solution: k57, s (A, B, b, d).

Generate g random vectors [z7, ..., 2g] — Z from U (S, _1).
Orthonormalize these vectors using the QR facotization [Z, ~] = QR(Z).
Fori=1,..., q, compute KI%SEi(A,B,b, d) by (4.1).

Approximate wg and wy, by (4.3).

Estimate the normwise condition number by

AE ol e

q
,
A B.b.d)=— | k7 (A B.bd).
KSLSE( ) wnJilKLSEz( )

the process for solving the LSE problem to reduce the computational burden. Just as
carried out in [3], where the estimate is computed by using the R factor of QR decom-
position, it is better to compute KI% sgi(A, B, b, d) through a formula descended from
(2.19) instead of (2.6) if we solve the LSE problem by GSVD.

4.1 Complexity analysis

Since the main tasks in both Algorithms 1 and 2 are to compute the Moore-Penrose
inverses of B, AP and (AP)TAP , and the computation of Moore-Penrose inverse
in MATLAB needs SVD, we claim that the computational complexities of these two
algorithms are dominated by the computation of SVD. When Golub-Reinsch SVD is
used [13], the computational complexities of forming BT, (AP)T and ((AP)T AP)T
are O(5s%n + 9sn? 4+ 9n3), Omn%s + 6m%n + 9mn? + 9n3) and O(m?n + mn? +
23n3), respectively. Based on these results, we now present the complexity analysis of
Algorithms 1 and 2. We first consider Algorithm 2 whose computational complexity
mainly consists of two parts. The first one is from forming C with L = I,, which can
be given by considering the results mentioned above, and the other one is from the
orthonormalization procedure which requires O (4n%q —2nq* +2/3¢>) if Household
transformation is used [13]. Summing up the operations on matrix, we obtain the
computational complexity of Algorithm 2: O (5s2n+ 13sn+13mn>+5m’n+41n3 +
4n*q — 2ng* + 2/3¢%). Note that in the practical implication of Algorithm 2, p is
usually chosen to be 2 or 3 which is enough for practical application and is much smaller
compared with n. So the computational complexity of QR decomposition can be
omitted. For Algorithm 1, the first part of computational complexity is also to form C.
However, considering that d is the dimension of Krylov space and can be automatically
determined by the stop criterion of iteration €, we find that it is not a easy task to give a
detailed computational complexity analysis of the rest part of the algorithm in general.
In a special case, for example, when k is given, the computational complexity of the
inner loop is about O (dk?). Under this circumstance, the computational complexity
of Algorithm 1 is composed of O (5s*n + 13sn” + 13mn? + 5m*n + 41n> + dk?) and
the process of finding § and the probabilistic lower bound.
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5 Numerical experiments

In this section, we will present two numerical examples to illustrate the reliability of
the statistical condition estimates proposed in Sect. 4 and to compare the structured
condition number and the unstructured one, respectively. In these two examples, we
will setay = ap = ap = ag = 1 and the matrix L be the identity matrix. In addition,
the claim in Remark 2.1 will also be verified in Example 5.1.

Example 5.1 Similar to [23], we construct the random LSE problem through its aug-
mented system (see Equation (3.7) in [10]), and generate the example as follows. Let
up € R™ uy € R¥, and vy, v € R” be unit random vectors, and set

A=U [lﬂ Vi, B = Us[D2 0] Va. Us = Loy — 2uiul . and Vi = I, — 2007,

i

where Dy = n~1diag(n’t, (n — 1)1, ..., 1) and Dy = s~ 2diag(s"2, (s — )2, ..., 1).
Let the solution x be x = (1,22, ...,n%)7T and the residual vector r = b — Ax be
a random vector of specified norm. Thus, just letting the lagrange multiplier A =
—(BBT)_IBATr, b = Ax +r and d = Bx gives the desired LSE problem, and it is
easy to check that the condition numbers of A and B are x (A) = n't and k (B) = s,
respectively. Recall that for any matrix C, its condition number « (C) is defined by
«(C) = IICll |-

In our numerical experiments, we set m = 100, n = 80 and s = 50, and choose
the parameters € = 0.001, § = 0.01 in Algorithm 1 and ¢ = 2 in Algorithm 2. By
varying the condition numbers of A and B, and the residual’s norm ||7||2, we test the
performance of Algorithms 1 and 2. More precisely, for each pair of k (A) and |7 |2
with a fixed x (B), 500 random LSE problems are generated and used for the test. The
numerical results on mean and variance of the ratios between the statistical condition
estimate and the exact condition number defined as

rsxce == KSLSE(Aa Ba ba d)/KLSE(A5 Ba bv d)v
rpce = KPLSE(Av B’ b’ d)/KLSE(A’ Ba b9 d)

are reported in Table 1. In addition, we also give a numerical verification of the claim
given in Remark 2.1. The numerical results of the ratio

KLSEMP(Aa B) bv d)/KLSE(A7 Bv b’ d)

are presented in Table 2. In these experiments, we solve the constructed random
LSE problems by GSVD, i.e., using the results from Remark 2.3, and compute the
exact condition number via (2.19) and (2.5). Here, it should be pointed out that the
predetermined exact solution is generally not the same as the computed one. This fact
is illustrated in Fig. 1, where, for 50 random LSE problems, we plot the relative error
I — x|l2/llx |2 with ||r||> = 10~!. Moreover, from Fig. 1, we can see that when the
coefficient matrices become ill-conditioned, the computed solution by GSVD method
gets inaccurate. So we may resort to some other direct methods (see [13, Chapter 12]) or
iterative techniques to get more accurate solution for the problem with ill-conditioned
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coefficient matrices. The main reasons why we use the GSVD method in this paper
are that, with the intermediate results of solving LSE problem by this method, we
can compute the condition number via (2.19) and (2.5) conveniently and this method
is very effective for the coefficient matrices with small condition numbers. More
specifically, from [22], the computational complexity of GSVD is about O (8m?n +
8s2n + 6mn® + 6sn” + 8msn + 62/3n°), which occupies the major computational
burden of solving LSE problem. With the intermediate results, we can compute (2.19)
with about O (4n® 4 ns?> — 2n%s) flops, and this saves much computational effort
compared with calculating (2.6) directly. On the other hand, from the complexity
analysis given in 4.1, we need about O (4n°> + ns®> — 2n’s + 4n’q — 2nq”> +2/3¢%)
flops for Algorithm 2, and O (41> 4+ns* —2n?s 4dk?) flops plus the process of finding
8 and the probabilistic lower bound for Algorithm 1 to estimate the condition number.
It is easy to see that the computational burden of estimating the condition number is
much smaller than that of computing the exact condition number via GSVD method.

From Table 1, one can easily find that in general both Algorithms 1 and 2 can
give reliable estimates of the normwise condition number. In comparison, Algorithm
1 performs more stable since the variances with this algorithm are smaller in most
cases. Meanwhile, it should be point out that when /; = [, = 0, Algorithm 2 may
give an inaccurate estimate, i.e., the ratio may be larger than 10. This phenomenon
also exists in estimating the normwise condition number of the LLS problem [3].
Although the expression of k7 sg(A, B, b, d) is more complicated than that of the
normwise condition number of the LLS problem and the circumstances on these two
problems are different, we believe that the underlying reason should be the same; the
reader can refer to [3] for a detailed explanation.

Table 2 indicates that kysgup(A, B, b, d) is indeed larger than k.5 (A, B, b, d).
However, the difference between them is not so significant, especially when the con-
dition numbers of the involved matrices are very large. In the latter case, they are
the same if we only take four decimal places in our numerical experiments. These
numerical results confirm the analysis in Remark 2.1.

Example 5.2 Let A and B be nonsymmetric gaussian random Toeplitz matrices of
order n = 100. This means that the entries of these two matrices are generated from
standard normal distribution and the basis matrices for generating the linear space S
or S, are

[00---007] 00---00 00---10
00---00 00---00 00---01
Zi=|iioin s a= i e e IR
00---00 10---00 00---00
| 10---00 | 01---00 00---00
[00---017]
00---00
Zp=1|:1:1000
00---00
| 00---00 |
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Table 2 Ratios of k7 §gyp(A, B, b, d) and k5 (A, B, b, d) with k(A) = n't i(B) =52 and |r|y =
107!

=0 Ih=3 h=5

Min Median  Max Min Median Max Min Median  Max

1 =0 2.0001 2.0001 2.0001  1.0001  1.0003 1.0008  1.0000  1.0000 1.0000
1 =3 1.0199 1.0405 1.2561  1.0000  1.0000 1.0000  1.0000  1.0000 1.0000

I = 1.0010 1.2272 1.3192 1.0000 1.0000 1.0000  1.0000 1.0000 1.0000
. =0 - =3 1.=5
2 x10° 1 210" ! 10
* 3 *
. 2.5 * * - * ) *
n * * * * *
=l ):2* ** x n T 2 ¥ ox xx 5 * *
2% 4 Frx o oM ox k%
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Fig. 1 The relative error || x — x||2/|lx|l2 with ||[r], = 107!

and hence @s, = Ps, = [vec(Zy), - - - , vec(Z,)]. Analogous to Example 5.1, we also
let the solution x be x = (1, 22 ..., nz)T and the residual vector r be a random vector
of specified norm, and obtain the computed solution by GSVD method. However,
unlike Example 5.1, it seems impossible to restrict a specific condition number to
gaussian random Toeplitz matrices.

In our numerical experiment, for each r, we test 200 pairs of random Toeplitz
matrices A and B. The numerical results on the ratio between x7sg (A, B, b, d) and
ki sz (A, B, b, d) defined by

_ KLSE(A, B, b,d)

ratio S
KLSE(Aa Ba b7 d)

are presented in Fig. 2, which confirms the theoretical analysis in Remark 3.1.

From Fig. 2, we also find that there are some points near 10, which means that the
unstructured condition number can be 10 times larger than the structured one. Thus, it
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Fig. 2 Comparison of kg (A, B.b.d) and &} ¢ (A, B, b, d)

15

ratio

1 2 3 4 5 6 7 8 9 10
dimension

Fig. 3 The influence of dimension

may lead to an overestimate when using the unstructured condition number to give error
bounds in a structured LSE problem. Moreover, we also note that, for different ||7||2s,
the ratios seem to follow the same trend gathering in the interval [5, 10]. Whereas,
from numerical experiments, we verify that the ratio tends to be larger as n increases.
In the numerical experiments, we set |72 = landn =20%i — 10, i =1 : 11, and,
for every n, we test 50 LSE problems with random Toeplitz coefficient matrices A
and B. The numerical results are presented in Fig. 3, where the circle line denotes the
mean value of ratios and the solid line denotes the corresponding variances. The fact
shown in the figure means that the structured condition number has more advantage
compared with the unstructured one as the dimensions of coefficient matrices increase.
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