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SOLVING THE INDEFINITE LEAST SQUARES PROBLEM BY
HYPERBOLIC QR FACTORIZATION*

ADAM BOJANCZYKT, NICHOLAS J. HIGHAM!, AND HARIKRISHNA PATEL#

Abstract. The indefinite least squares (ILS) problem involves minimizing a certain type of
indefinite quadratic form. We develop perturbation theory for the problem and identify a condition
number. We describe and analyze a method for solving the ILS problem based on hyperbolic QR fac-
torization. This method has a lower operation count than one recently proposed by Chandrasekaran,
Gu, and Sayed that employs both QR and Cholesky factorizations. We give a rounding error analysis
of the new method and use the perturbation theory to show that under a reasonable assumption
the method is forward stable. Our analysis is quite general and sheds some light on the stability
properties of hyperbolic transformations. In our numerical experiments the new method is just as
accurate as the method of Chandrasekaran, Gu, and Sayed.
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1. Introduction. The indefinite least squares problem (ILS) takes the form

(1.1) ILS : min(b — Az)TJ(b — Az),
where A € R™*" m > n, and b € R™ are given and J is the signature matrix

(1.2) J{%%], p+g=m.
q

For p = 0 or ¢ = 0 we have the standard least squares (LS) problem and the quadratic
form is definite, while for pg > 0 the problem is to minimize a genuinely indefinite
quadratic form. Chandrasekaran, Gu, and Sayed [3] discuss the application of the
ILS problem to the solution of total least squares problems [18] and to the area of
optimization known as H> smoothing [8], [14].
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The normal equations for (1.1), which are first order conditions for optimality,
are

(1.3) ATJ(b— Az) = 0.

Since the Hessian matrix of the quadratic to be minimized in (1.1) is 247J A, it follows
that the ILS problem has a unique solution if and only if

(1.4) ATJ A is positive definite.

We will assume throughout this paper that (1.4) holds. Note that (1.4) implies p > n
and that A(1:p,1:n) (and hence A) has full rank. For a genuinely indefinite LS
problem we therefore need m > n.

We note in passing that (1.3) gives # = M1 ATJb, where M = ATJA, and the
matrix X = M~1ATJ is a pseudoinverse of A but not the Moore-Penrose pseudoin-
verse (XA = I, but AX is not symmetric).

One way of solving the ILS problem is to form the normal equations and solve
them with the aid of a Cholesky factorization. Since this method has poor numerical
stability properties for the standard LS problem it is clearly not a good choice for the
ILS problem, except perhaps when A”JA is well conditioned.

Chandrasekaran, Gu, and Sayed [3] propose a method for solving the ILS problem
based on a QR factorization of A,

n

A=QR=" {Ql}}z, R e R™ ™,
q | Q2

This factorization yields
ATJA=RY(Q{ Q1 — Q3 Q2)R,

which, in view of (1.4), implies that R is nonsingular and QT Q; — QT Q. is positive
definite. Hence the normal equations (1.3) can be rewritten as

(1.5) (QT Q1 — Q3 Q2)Rx = QJb.
Using the Cholesky factorization
QU1 -Q:Q=U"T,
(1.5) becomes
UTURz = Q"Jb.

This system can be solved for x by one forward and two backward substitutions. We
will refer to this method as the “QR-Cholesky” method. It is shown in [3] that this
method produces a computed solution Z that solves the problem

min (b+ Ab — (A+ AA)z)" J(b+ Ab— (A+ AA)z),
where

[1AAl[F < cmnullAllr,  [[Abll2 < cm pullbl2;
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with ¢, », a constant depending on the problem dimensions and u the unit roundoff;
in other words, the QR-Cholesky method is backward stable.

In this work we investigate the solution of the ILS problem via hyperbolic QR fac-
torization. This approach has a lower operation count than the QR-Cholesky method
but, in view of the use of hyperbolic transformations, its stability is questionable.
We give rounding error analysis and perturbation analysis that combine to show that
the method is forward stable under a reasonable assumption and hence of practical
interest.

We begin, in the next section, with the perturbation analysis. The hyperbolic
QR factorization method is described in section 3, its error analysis is given in sec-
tion 4, and numerical experiments are presented in section 5. It is an important
fact that obtaining useful error bounds for the application of a product of hyperbolic
transformations to a vector is much more difficult than when the transformations
are orthogonal. In section 4.1 we show how such products can be analyzed under a
natural assumption on the form of the hyperbolic transformations.

2. Perturbation theory. In this section we derive normwise and component-
wise perturbation bounds for the solution x and a residual r of the ILS problem. Our
approach is based on that used by Cox and Higham [4] to obtain perturbation bounds
for the equality constrained LS problem. We let Z be the solution of the perturbed
ILS problem

(2.1) min(b+ Ab— (A+ AA)z)" J(b+ Ab— (A + AA)z)
and define
F=b+Ab— (A+ AAZ, r=0b— Az

to be the residuals of the perturbed and unperturbed problems, respectively. We
assume that A + AA satisfies the uniqueness condition (1.4), which will always be
the case for AA sufficiently small in norm. The perturbations to the data will be
measured by the smallest ¢ for which

(2.2) [AAl[F < ellAllr,  [|Ab]2 < €][b]l2,

where A and b are a matrix and vector of tolerances.
The normal equations (1.3) can be rewritten as the augmented system (with

T [ RE]

It is convenient to define s = Jr and rewrite the system with a symmetric coefficient
matrix:

J Al ls b
e o] 2] -1e)
The perturbed augmented system corresponding to (2.3) is

(2.4) :

[(A+JAA)T A+0AA} F] _ {b+0Ab] .
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Writing
Ss=s+As, T=x+ Ax

and subtracting (2.3) from (2.4), we obtain

(2.5) J A||As| | Ab— AAzx
’ AT 0| | Az | | —AATS |-
It is straightforward to verify that the inverse of the matrix on the left-hand side

of (2.5) is

[J —JAM AT JAM™!

M-1AT] -l ] , where M = ATJA.

Premultiplying by the inverse and expanding the right-hand side, we obtain
(2.6a) As = (J — JAMPATT)(Ab — AAT) — (JAM 1) AATS,
(2.6b) Az = MATT(Ab — AAZ) + M1 AATS.

If we put J = I, then we recover perturbation expressions for the standard LS problem.

Since the perturbations As and Az are of order ¢, we can substitute s = Jr
and z for their perturbed counterparts to obtain first order expressions. Then, taking
norms, we deduce

|Ar]z < e[llT = JAM AT o (b2 + | AlLrllzll2) + 1AM 2| All 1]
+0(e%),
(2.7) [|4alls < e[| M AT o (Ibll2 + | AlLrllzll2) + 147 ol AlLelirll] +O(e).

Hence, provided x # 0,

| Az| —1 T [[bll2
<e|[[MTAT2f|AllF | 7o + 1
E41P A7 [l]l2

%IIAIIF 7|2
1Al 7 1Al |22

(2.8) 1M 2] Al +0(e%).

This bound shows that the sensitivity of the ILS problem is bounded in terms of
|M~LAT|2||A||r when the residual is zero or small and ||[M~!|2]|A||% otherwise;
note that for A = A the former quantity is no larger than the latter and is potentially
much smaller.

Now we examine whether (2.8) is attainable for some AA and Ab. The three
terms in brackets in (2.7) are

By = [|[M7 A ||a|[bll2, B = [MTIAT|Allpllzll,  Es = M7l Al ]2,

and they result from the perturbations Ab, AA, and AAT, respectively. It follows
that the bound (2.7) can fail to be achieved for some Ab and AA only if By < Ey = E3
and there is substantial cancellation in the expression —M ~'ATJAAx + M1 AAT Jr
for all AA. We can show in various special cases that these circumstances cannot
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arise (for example, when r is small, or when | Jr| = ||r||3), but we have been unable
to establish attainability of the bound (2.8) in general.
A natural definition of the condition number of the ILS problem is

(2.9) s (4, b) = lim sup {|x||||x|2 £ (2.2)-(2.4) hold} .
€— x 2

Without a guarantee of sharpness, the bound (2.8) does not provide an estimate
of kiLs(A,b) to within a readily identifiable constant factor. Therefore we take a
different approach in which we combine the two AA terms in (2.6b) before taking
norms. To do this, we use the vec operator, which stacks the columns of a matrix
into one long column vector, together with the Kronecker product A ® B = (a;;B),
which for A € R™*™ and B € RP*? is the block matrix (a;;B) € R™P*™ (see [9], [11,
Chap. 4]). Applying the vec operator to (2.6b) and using the relation vec(AXB) =
(BT @ A)vec(X), we obtain

Ar = MPATTAD — (27 @ M~ ATT)vec(AA) + (17T @ M~ )vec(AAT) + O(€?).

Using the relation vec(AAT) = ITvec(AA), where IT is the vec-permutation matrix [9],
gives

Az =M TATTAb — [(a" @ M~ ATT) — (1T @ M) IT]vec(AA) + O(€?).

Now we take 2-norms. Using (2.2) and the fact that ||vec(AA)|2 = || AA| F, we deduce
that

[Az(2

llll2

(2.10) < e+ O(e),

where
v = (IM AT |l2]bllz + (o7 @ MT1ATT) — (7T @ MY |2/ Allp) /]2,
and we have
riLs(A,b) <1 < 2k115(A, D).

In extensive numerical comparisons between the first order terms of the bounds
(2.8) and (2.10), including with direct search optimization, we have found these terms
always to be within a small factor of each other. We believe that (2.8) is nearly
attainable and, because this bound is much easier to work with than (2.10), we will
use it when we investigate the stability of hyperbolic QR factorization for solving the
ILS problem.

To end this section, we note that we can also use (2.6) to obtain componentwise
perturbation bounds for the ILS problem. For the solution, we obtain

|Az| < el M~ AT|(b+ Alz|) + |[M AT |r| + O(e?),

where inequalities and the absolute value are interpreted componentwise and € has
been redefined as the smallest value for which |AA| < €A, |Ab| < eb, where A and b
are now assumed to have nonnegative entries.
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3. Hyperbolic QR factorization method. We define a matrix @ € R™*™ to
be J-orthogonal if

QTIQ =1,

or, equivalently, QJQT = J, where J is defined in (1.2). Suppose we can find a
J-orthogonal matrix ) such that

n n

(31) e e

m—n

where R € R™*"™ is upper triangular. We refer to this factorization as a hyperbolic
QR factorization. Then

s [g]- 2] [+ [k

and so
(b—Azx)TJ(b— Az) = (b— Ax)TQJIQT (b — Ax)
_ [dl - Rx]TJ {dl - Rx}
do do
(3.2) = ||ldy — Rz||2 +dL J(n+ 1:m,n + 1:m)ds,

recalling that (1.4) implies p > n in (1.2). Hence the ILS solution is obtained by solv-
ing Rz = d;. This method is an analogue of Golub’s method for the LS problem [7].

The matrix @ can be constructed as a product of hyperbolic rotations and or-
thogonal matrices. A 2 x 2 hyperbolic rotation has the form

H—{C _S], A -st=1,
-s ¢
and it is so named because |c| = cosh @ and s = sinh € for some 6. It is easy to check
that H is J-orthogonal for J = diag(1, —1). We will choose H to effect the zeroing

operation
C —S 1| _|T
-5 ¢ 2| |0’

which requires that cro = sx;. The latter equation has a real solution only when
|z1] > |x2|, in which case

(3.3) c s

- 191 - T2
Vi — a3 Vi —a3
In practice a rescaling of these formulas is desirable to reduce the risk of overflow.
function [c, s] = Hrotate(x1, x2)
% Compute ¢ and s defining hyperbolic rotation H such that
% Hzx has zero second element.
if |l‘1| > |J}2‘
t=uay/x1,c=1/V/1—-1> s=ct
else
No real rotation exists—abort.
end
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Unlike for orthogonal rotations, how hyperbolic rotations are applied to a vector
is crucial to the stability of the computation [1], [15]. Consider the computation of
y=Hux:

(3.4) Y1 = €T1 — ST2,

Yo = —ST1 + CTa.

The first equation gives

s
(3.5) o= L4 2y,
c c
which allows the second to be rewritten as
2
Y2= - + (— +C> T2
s T
(3.6) =Ty + 2.
c c

We will apply hyperbolic rotations using (3.4) and (3.6). As noted by Park and Eldén
[13], this way of forming the product y = Hz corresponds to use of the rescaled LU

factorization
c -5 1 0 c —s
H{s c]{s/c 1/0} {0 1 ]

That this way of forming y is advantageous for stability was proved in [1] in the
context of downdating a Cholesky factorization. We express the formation as follows:
function B = Happly(c, s, B)
% Apply hyperbolic rotation defined by ¢ and s to 2 x n matrix B.
forj=1:n
B(l?j) = CB(laj) - 53(27j)
B(Qaj) = _(S/C)B(laj) + B(Qaj)/c
end
For later use we note that (3.5) and (3.6) can be expressed together in the form

(3.7) [Z] :G[i;]

where

G = [ l/e S/C] = { c E], CEN
—s/e 1/c -3 ¢
The matrix G is a Givens rotation. Hence function Happly can be interpreted as
forming the first row of the product H B by a hyperbolic rotation and the second row
by a Givens rotation.
Our algorithm for computing the triangular factor R in (3.1) begins by computing
the QR factorization

AL = Q1 Ry, Q1 e RP*P, Ry € RP*™,

where (1 is orthogonal. Defining @ = diag(QT, I,) we have

W _oa— |
-ar-[2]
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and @ is trivially J-orthogonal. We now zero A, with the aid of hyperbolic rotations.
This can be done entirely with hyperbolic rotations or with a mix of hyperbolic and
orthogonal rotations. Since hyperbolic rotations do not preserve the norms of vectors
to which they are applied, we will use the minimum number, n, of them.

From a 2 x 2 hyperbolic rotation we build an m x m rotation in the (i, j) plane,
H; j, defined to be the identity matrix modified according to hy; = hj; = c and
hij = hj; = —s. Note that, provided the indices satisfy ¢ < p and j > p, H;; is J-
orthogonal. The parameters ¢ and s are chosen to zero the jth element of the vector
to which H;; is applied.

Consider the first column of A®). We first zero the elements in positions (p+2, 1),
(p+3,1), ..., (m,1) using a Householder transformation, P;, acting on rows p+ 1: m.
Then we eliminate the (p + 1,1) element, which is the sole remaining subdiagonal
element in column 1, by a hyperbolic rotation H; ,11. It is clear that these operations
do not disturb the existing zeros in positions (2:p, 1) of AWM At this point we have
formed

(3.8) A® = Hy,  PLAY = QW A,

where A (2:m, 1) = 0. The matrix QY is a product of .J-orthogonal matrices and so
is J-orthogonal. Elements below the diagonal in the remaining columns are eliminated
in an analogous way, with the hyperbolic rotation used for the jth column being in the
(J,p + 1) plane. The complete algorithm for solving the ILS problem is summarized
as follows.

ALGORITHM 1. This algorithm solves the ILS problem (1.1) using Householder
QR factorization and hyperbolic rotations.

Compute the Householder QR factorization A(1:p,:) = Q1 R,
(Q1 € RPXP| Ry € RP*™), overwriting A(1:p,:) with R and
b(1:n) with Q(1:n,:)Tb(1:n).

for j = L:min(m — 1,n)

Construct a Householder transformation H; such that
H; Alp+1:m,j) = ojeq.
Alp+1:m,j:n) = H; A(p+ 1:m, j:n)
blp+1:m)=H;b(p+1:m)
% Eliminate sole remaining subdiagonal element in column j by a
% hyperbolic rotation.
e, s] = Hrotate(A(j, j), A(p + 1,.))
A([j p+1],j:n) = Happly(c, s, A([j p + 1], j:n))
b([j p+ 1]) = Happly(c, s,b([j p + 1]))

end

R=A(l:n,:)

Solve Rz = b(1:n) by substitution.

The operation count of Algorithm 1 is the same as that for solution of the stan-
dard LS problem by Householder QR factorization (essentially because the hyperbolic
rotations contribute only to the lower order terms in the operation count). Table 3.1
compares the cost of Algorithm 1 with the cost of forming and solving the normal
equations (1.3) and the cost of the QR-Cholesky method. Algorithm 1 requires fewer
operations than the QR-Cholesky method by a factor 2.5-3.

It remains to show that the desired hyperbolic rotations exist. Suppose the algo-

)

rithm has succeeded in eliminating the first £ — 1 columns of A,, yielding Aék , and
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TABLE 3.1
Operation counts for methods for solving the ILS problem.

Normal equations  Hyperbolic QR QR-Cholesky
n2(m +n/3) 2n2(m — n/3) n2(5m — n)
m=an 4n3/3 4n3/3 4n3
m>n mn? 2mn? 5mn?

define C' € R™7 and R® € Rm* by

T T T
(3.9) RP =AW [g] — AW

Since
Aék) Az
for a J-orthogonal matrix Q*~1) and (1.4) holds, the matrix

T T T
AP AP AP AP = R (1 - ccT)RP

is positive definite. Since ng) is upper triangular and nonsingular, it follows that
I—CC'7 is positive definite and hence that |¢;j| < 1 for all i and j. Now Agk) is upper
triangular and A(Qk)(lz q,1:k —1) =0, so, using (3.9),

(k)
Bptik

(k)
Ay k

1> |egi| = , 1=1:q,

which ensures the existence of the hyperbolic rotation required on the (k+ 1)st stage.

4. Rounding error analysis. We now give a rounding error analysis of Algo-
rithm 1. First, we note that from (3.1) we have RTR = AT A} — AT A5. Hence if A; is
upper trapezoidal, then the hyperbolic QR factor R is the result of (block) downdat-
ing a Cholesky factorization. Various algorithms, both hyperbolic and nonhyperbolic,
are known for downdating Cholesky factorizations, and error analysis is available;
see, for example, [1], [2], [5], [6], [15], [17]. While we could invoke some of the earlier
results in the part of the analysis that does not involve the right-hand side, b, we have
chosen to give an independent development, aiming to make clear how the various
errors combine and provide building blocks that should be of use in future analyses.
In particular, we emphasize the high-level features of the analysis and thereby provide
new insight into what is required of a sequence of hyperbolic transformations in order
for satisfactory error bounds to be obtainable.

We use the standard model of floating point arithmetic [10, sect. 2.2]:

fllzopy) = (xopy)(1+6)*,  [8] <u, op=+,—,%/,
where u is the unit roundoff. Our bounds are expressed in terms of the constants

_ ku - _ cku
T 1—ku’ R

(4.1) Vi
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where ¢ denotes a small integer constant whose exact value is unimportant. We also
employ the relative error counter, (k):

k
(4.2) (k) = H(l +8;)P, pi =x1, |6 <u.
i=1

We use the fact that (k) — 1] <, = ku/(1 — ku) [10, Lem. 3.1].

Given an error bound for a single orthogonal transformation it is relatively easy
to obtain a useful error bound for a product of several orthogonal transformations, as
first shown by Wilkinson in the 1960s. The situation is quite different for a product of
hyperbolic transformations, y = H,, ... HyHyx, say. It is possible to mimic the analy-
sis for orthogonal transformations and write, for example, § = (H, + AH,,) ... (Hs +
AH,)(H, + AH,)x, with each AH; bounded relative to H;. However, this expression
does not lead to a satisfactory forward or backward error bound, because the H; are
unbounded in norm. A better approach is to exploit the following equivalence between
orthogonal and hyperbolic transformations.

Let

n n

P q
Cop A p |Qu Qu2| [Bi|l
(43) A= q {Az} q [Qm sz} [Bz] q = 0B,

where @ is J-orthogonal, for J in (1.2). Then Q7,Q11 = I + Q% Q21, and hence Q1
is nonsingular. It is not hard to show that

(4.9 ] e | 5]

where the matrix

exc(Q) = [ Q1 ~Qn Q2 }

QnQr Q2 — Q21Q7 Q2

is orthogonal. Moreover, if P is an orthogonal matrix partitioned in the same way
as @ and its (1,1) block is nonsingular, then exc(P) is J-orthogonal. In fact, the
exchange operator is involutary: exc(exc(P)) = P. Note that (3.7) is a special case
of (4.4). For proofs of these properties, see [12, Lem. 1], [17, sect. 2].

The advantage of (4.4) is that because the transformation matrix is orthogonal
error terms can be moved around in the equation without changing their norm. The
disadvantage is that it is hard to analyze more than one transformation. For example,
let C = PA, where P is J-orthogonal. Then C' = PQB and corresponding to (4.4)

we have
(4.5) [g;] — exc(PQ) [2] .

Despite the elegance of this relation, exc(PQ) is a complicated function of P and Q.
In practice the equations A = @B and C' = PA must be modified to include rounding
error terms, and these terms appear to preclude a suitably perturbed version of (4.5)
with satisfactory bounds on the perturbations.

The gist of this analysis is that it is unclear how to obtain useful error bounds
for the product of two or more arbitrary hyperbolic transformations. Fortunately, the
transformations in Algorithm 1 are far from arbitrary, and in the next two sections
we show that by exploiting their structure we can make useful progress.
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4.1. Combining two hyperbolic transformations. We now analyze a prod-
uct of two hyperbolic transformations that satisfy one key assumption: that the two
transformations are “nonoverlapping” in components 1: p. Nonoverlapping means that
for i = 1:p at least one of the two transformations agrees with the identity matrix
in row 7 and column 7. Without loss of generality, we consider a transformation
H(2,3) agreeing with the identity matrix in rows and columns 1: ¢ and a transforma-
tion H(1,3) agreeing with the identity matrix in rows and columns ¢ + 1:p, where
1<t <p. Let

R t R t R Ry
H1(2, 3) S p—t = Sl p—t Hg(l, 3) Sl = Sl ;
X q X1 q Xl X2
or, overall,
R Ry
Hy(1,3)H.(2,3) | S | = | S,
X X

We know from (4.3) and (4.4) that these two operations can be rewritten in terms
of orthogonal transformations G; as follows, where we now express the relations in
terms of the affected components only:

S| _ | S
(463,) Gl |:X:| - |:X1:| 9
Ri| | R
o o.[B]-]2]
These two relations can be rewritten as
Ry R, B R R
(4.7) S| = {é (?T} S | = [é (?T} GT|s|=c| s |,
X 1 X1 ! Xs Xo

where ég([l: t,p+1:m],[1:¢,p+1: m]) = G2 and elsewhere Go agrees with the identity
matrix, and G is orthogonal. This relation shows that exc(Hz(1,3)H1(2,3)) = G is
of a relatively simple form given the no-overlap assumption.

Now we incorporate errors into the analysis. Consider the perturbed versions
of (4.6),

S1+ Eq . S
" o [318]-[2)

Ri+Fi| | R
s c[BrE]-[2]
where

(49)  max|[Bills < pmax((|Sillo,1X]12),  max | Fills < prmax((|Rala, | X1]2)-

We will show below that perturbations of this form model rounding errors in Algo-
rithm 1.
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We now obtain an analogue of (4.7) for the perturbed quantities. We have

Ry + Fy I 0 Ry + Fy
Si1+FE | = [0 GT:| S
X+ Es 1 X4
R 0
- [é GOT} ar|ls|-|o
! Xo Fy
This may be rewritten as
Ry R
(4.10) Si|+A=G| S |,
X X5
where, using [ X3 [|z < 2max(|[S1]]2, [ X[|2) + O(k),
Ay
A= |24y, max|A2 < 3pmax(||Rillz, | X|[2, [[Si]l2) + O(1?).
Ag !

The key fact is that the error bound for the two transformations combined is com-
mensurate with that for the individual transformations. Because G is orthogonal the
relation (4.10) can, if desired, be rewritten so that the 3 x 1 block matrix on the right
is perturbed instead of the one on the left, as in the assumptions (4.8a) and (4.8b).

4.2. One rotation. Now we analyze the application of a hyperbolic rotation.
We make the simplifying assumption that ¢ and s in (3.3) are computed exactly.
The computed quantities from (3.4) and (3.6) satisfy

71(1) = ez (1) — szo(1),

that is,
n 8
=—(2 —T2(2
L1 c < >+ c'r2< >’
and
- 5. x
Y2=——1(3) + ?2<2>
Hence the analogue of (3.7) for the computed quantities is
2 911(2) 912<2>} {271] {ﬂl}
| = =(G+ AG , AG| < v5|GY,
o= ol @] 0] = a0 B]L a6

where G is orthogonal. This result can be rewritten as
z1 U+ el
=G ,
[ Y2 } [’@ +e2 }

2J-slt]

€2 T2

where

so that
max(le1], [e2]) < v5(1 + 2[e|[s]) max(|g1], [22]) < 76 max(|71], [22]).

This is a mixed backward—forward error result, since one element of each of the input
and output vectors is perturbed. Importantly, this result is of the form (4.8).
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4.3. Hyperbolic QR factorization. As before, we partition

n

A
A= P | 7]

The first stage of Algorithm 1 computes the Householder QR factorization A; = @ ﬁl,
where Ry € R"*"™ is upper trapezoidal. We know from standard error analysis that the
computed R; is the exact factor of Ay + Ay, with ||A||r <7, [|A1]|F [10, Thm. 19.4].
To simplify the notation, we will assume for the moment that A; is already in upper
trapezoidal form and will introduce the error A; at the end.

Consider the jth column of A,

(1)
. p |G
A(:,j) = ‘ [a(Z)]

J

It undergoes n Householder transformations in the last ¢ components, intertwined
with n hyperbolic rotations in the planes (1,p+1),...,(n,p+1); the jth pair of these
transformations introduce the required zeros in this column. The final n — j pairs of
transformations leave the column unchanged.

Consider a Householder transformation and the subsequent hyperbolic rotation.
The Householder transformation agrees with the identity in rows and columns 1: p and
its application is described by a standard backward stability result [10, Lem. 19.2]. Tt
satisfies (4.8a) and (4.9) with E; = 0 and p = 7,. The hyperbolic rotation satisfies
the bound of section 4.2 and is nonoverlapping with the Householder transformation.
Therefore the analysis of section 4.1 can be applied to these two transformations.
Importantly, all the subsequent pairs of Householder and hyperbolic rotations are
mutually nonoverlapping and so the result of section 4.1 can be applied inductively.

The overall finding relating the jth columns of A and the final upper trapezoidal
factor R; is that

v [ 7
q a§2)

for some exactly orthogonal G that is independent of j. Importantly, h;(n + 1:p) =
0, because after the initial Householder QR factorization rows n + 1:p of A rest
untouched. Putting these equations together for 7 = 1:n and incorporating the error
from the initial QR factorization of A; gives

(1)
a ~ ~ 2
=G ] Il < Ry man(I5 o)

ﬁl + As N A+ Ay
oy (e g[4sa)
where As(n + 1:p,:) =0 and
(4.12a) [Aul[r < ApnllAallr,
(4120) [ Aillr < Fgmax(Bulles [Aallp) < Tyl Al 0= 2:3.

CertaiHIY> max; ||A’L||F < :y'mn”A”F
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Note that in view of the equivalence (4.3) and (4.4), as long as G has a nonsingular
(1,1) block this result is equivalent to

A+ A R
(113 aim]=e|mr

for a J-orthogonal Q. Both (4.11) and (4.13) are mixed backward—forward error
results, because both the original data A and the trapezoidal factor Ry are perturbed.
We can obtain a genuine backward error result with the aid of the following lemma
(for a proof, see [16, pp. 302-304]).

LEMMA 4.1. Let m = p+q and n > p. Given a full rank matric A € RP*™ and
E € RI*™ there exists an orthogonal Q € R™*™ such that

A A+ F
(4.14) Q{E]{ 0 }
where, for small ||E||2,

1£]13

Fllg < ———=—
12 < Somm(A)

+O(|El3). O

Rewriting (4.11) as

ﬁl A+ A+ A~1 x T | A3
=G ~ , A=-G

{A2 + AJ { A, 0
and applying Lemma 4.1 to the right-hand side leads to the conclusion that

ﬁl :é Al +Zl
Ao + Ay 0 ’

where G is orthogonal and

1A2][F < FnllAll
Yl A1 15

Alllr < _ O(u
|| 1||F B 2Umin(AAl +A1 +A1) ( )
n - . .
< Y (5241 oAl AL+ O(u).

We conclude that backward stability of the factorization is guaranteed if ko(A;)u is
of order 1. Thus the factorization is only conditionally backward stable, although the
condition is quite weak. To relate the condition of A; to the sensitivity of the ILS
problem, we note that

_ 1/2
ra(Ar) < (IM7H2[1A13) 7,

where M = ATJA = AT A, — AT A,, from which it follows that if the perturbation
bound (2.8) is small and the residual is not small, then A; must be well conditioned.
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4.4. Solving the ILS problem. In solving the ILS problem we also transform
the right-hand side b = [b] b7 to d = [d] dI]T. The above analysis gives

6/1\1 + 63 b1+ 61 P
4.15 P - B
(4.15) q [b2+52] [ da a ’
where 63(n + 1:p) = 0 and
[61ll2 < Apllb1ll2, [8ill2 < 7, max(||di (1:n)||2, [ba]l2), @ = 2:3.

The ensuing analysis is simpler if c?l is not perturbed, so we rewrite this relation as

6?1 by +6
416 _|=a|ato|
(4.16) [b2+52] [dz-ﬂss}

where SQ = 62 and
(4.17) max 82 < 7,,, max((|dy (1:m) 2, 16]2):

In Algorithm 1 the final step is to solve the triangular system Rz = di, where
R = Ry(1:n,:). The computed solution 7 satisfies (R+AR)T = di(1:n), |AR| < v, |R|
[10, Thm. 8.5]; that is, the rounding errors in the substitution correspond to a further
small perturbation of R.

We now consider the forward error of the computed solution Z. First, let z; be
the solution of the perturbed ILS problem with data

A+ A

A+ AA = |:A2+A2

}, bt Ab = [blwl},

b2+(52

for which we know from (4.11) that the exact upper triangular R-factor is R+ A~3,
where Ag = As(1:n,:). Then, in view of (4.16),

(§+£3)Z1 :c/l\l(lzn).
Write
== (x—2)+ (21— ).

Using the bounds on AA and Ab in (4.12) and (4.17), we have, from (2.8),

|z =22 _ ~ —1 4T (max(1,9)|b||2 )
<Apn I IM™*A Alp | ——————F——— +1
EP M AT A \ el
4.18 M Azl +0?),
where
) g Il
(1012

The quantity 6 measures the growth in the leading n components of the right-hand
side as a result of the transformations that reduce A to triangular form. We now show



SOLVING THE INDEFINITE LEAST SQUARES PROBLEM 929

that even though 6 can be large, it is innocuous. Suppose that § > 1. Note first that,
since [[ds|13 + b3 = 1613 + |da |3, we have [[ds]l2 ~ [|di |2 > |[bi]lo- Note also that
b1 (n+ 1:p) is not subjected to hyperbolic rotations and hence ||dy (n + 1:p)||2 < [|b]|2.
Hence, from (3.2),

Irll3 > [(b = Az)"J (b — Aw)| = [ |d(n + L:p)|5 — lld2]13 | = [lda|3 = [|d1]I3.

Therefore 0 < ||r||2/||b]|2 and it follows that the first term in (4.18) is no larger than
the second, showing that a large 6 does not worsen the bound. Therefore (4.18) is
essentially the same as (2.8) with e =7,,,,,.

From standard perturbation theory for square linear systems, the term ||z, — |2/
|[z||2 is bounded by

~ max(||R|F, ||A2F))
= r2(R n + n
= IR 2 (v | Rll2 + Fgn max([| R, | A2]| 7))
(4.20) < Agnll B2l Al -

Now from the exact arithmetic analogue of (4.11) we have

n]=elv]

where G is orthogonal. Postmultiplying by R~'R~7 and transposing gives
[R"! R'RTAT]=[R 'R TAT 0]G*.
Recalling that M = ATJA = RTR, it follows that

IR 2 < |[[RTR"TAT 0]z
<[|RT'RTT[AT AT,
= |[MTAT .

Hence
¢ <Al M~ AT 2] Allp,

which is smaller than the first term in (4.18). Our overall conclusion is that ||z — |2/
|z]l2 has an upper bound no larger than (2.8) with € =7,,,,,.

Recall that a method for solving the ILS problem is forward stable if it produces
a computed solution with forward error similar to that for a backward stable method.
If we make the reasonable assumption that the perturbation bound (2.8) is approx-
imately attainable, then our rounding error analysis has shown that the hyperbolic
QR factorization method for solving the ILS problem is forward stable.

It is unclear whether the hyperbolic QR factorization method is mixed backward—
forward stable, or even backward stable. It is an open problem to determine a com-
putable formula for the backward error of an arbitrary approximate solution to the ILS
problem, and without such a formula it is difficult to test numerically for backward
instability.
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TABLE 5.1

Errors ||z — @||2/||x||2 for the three methods. In every case 6 < 0.78, |Irll2/(|All2]lzll2) =~ u,
IQll2 =173, QT A~ [RT 0]||2/||All2 & u, and [|QTJQ — J|l2 < 10u.

Errors ||z — Z||2/||z||l2 for the three methods. In every case |r|2/(||Allzlzl2) =~

K Hyperbolic QR-~ Normal Pu
QR Cholesky  equations
102 4.9¢-15 4.0e-15 2.0e-13 2.1e-14
108 3.0e-11 1.7e-11 2.6e-5 1.9¢-10
1010 9.7e-8 1.5e-7 2.4e0 1.3e-6
1012 4.8e-4 9.8¢-3 6.4e0 1.4e-2

TABLE 5.2

1QTJQ — J||2 ~ the error for hyperbolic QR.

10~ and

| Hyperbolic QR- Normal Yu 0 [1Qll2 W
QR Cholesky  equations

10 4.4e-13 1.9e-13 1.6e-12 2.0e-12  3.1lel  4.3el 1.7e-14

102 1.6e-12 3.1e-12 1.5e-12 1.1e-11  1.1e2  1.5e2 2.8e-13

103 1.0e-10 5.4e-11 9.7e-11 7.8e-10 8.8¢2  1.2e3 5.6e-12

104 2.2e-5 6.7e-5 5.0e-5 3.0e-4  5.6e5  8.0eb 3.2e-9

10° 1.3e-1 5.4e-2 3.3e-2 3.1e-1  1.8e7  2.6e7 2.7e-7

5. Numerical experiments. We have carried out MATLAB experiments to
compare the forward errors ||z — Z||2/||z||2 from Algorithm 1, the normal equations
method (which forms and solves (1.3)), and the QR-Cholesky method. We approx-
imated the exact solution by forming and solving the normal equations in 100-digit
arithmetic using MATLAB’s Symbolic Math Toolbox. We report results with m = 16,
n =28, and p = 10.

We formed the first class of test problems as

(5.1) A=" {

q

QDU }
5 QDU |’

where U, 1, and @) are random orthogonal matrices and D is diagonal with diagonal
elements distributed exponentially from x~! to 1. We have ATJA = (3/4)UT DU, so
A satisfies (1.4). The solution z is chosen from the random N(0,1) distribution and
b := Az. Table 5.1 shows some results. In the table ¢u is the first order term in (2.10)
with e = u, A = A, and b = b; thus Yu is a first order bound for the forward error
for a backward stable method. Recall that 6 is defined in (4.19). For the statistics
shown in the caption we explicitly formed @ by accumulating all the orthogonal and
hyperbolic transformations.

In the second set of tests we generated A as in (5.1) and then premultiplied it by a
random J-orthogonal matrix that is the product of 5 random hyperbolic rotations of
norm approximately u; this gives a @) factor of norm depending on p in the hyperbolic
QR factorization. Then we defined b as the right singular vector corresponding to the
largest singular value of QT', which tends to make 6 in (4.19) large. Results are shown
in Table 5.2.

In all the tests the relative difference between ¥u and the first order term from
(2.8) was at most 0.1.

Three main conclusions can be drawn from the results shown. First, as expected,
the normal equations method is not forward stable. Second, Algorithm 1 behaves in
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a forward stable way in these tests and is just as accurate as the backward stable QR-
Cholesky method, even when 6 and ||Q||2 are large. The latter behavior adequately
summarizes more extensive experiments that we have carried out. Third, the last
column of Table 5.2 is consistent with the fact that we have proved our algorithm for
computing the hyperbolic QR factorization to be mixed backward—forward stable and
only conditionally backward stable.
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