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Abstract. This paper is the result of contrived efforts to break the barrier between numerical
accuracy and run time efficiency in computing the fundamental decomposition of numerical linear
algebra — the singular value decomposition (SVD) of a general dense matrix. It is an unfortunate
fact that the numerically most accurate one—sided Jacobi SVD algorithm is several times slower than
generally less accurate bidiagonalization based methods such as the QR or the divide and conquer
algorithm. Despite its sound numerical qualities, the Jacobi SVD is not included in the state of
the art matrix computation libraries and it is even considered obsolete by some leading researches.
Our quest for a highly accurate and efficient SVD algorithm has led us to a new, superior variant
of the Jacobi algorithm. The new algorithm has inherited all good high accuracy properties, and it
outperforms not only the best implementations of the one-sided Jacobi algorithm but also the QR
algorithm. Moreover, it seems that the potential of the new approach is yet to be fully exploited.
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1. Introduction. In der Theorie der Sacularstorungen und der kleinen Oscil-
lationen wird man auf ein System linedrer Gleichungen gefiirt, in welchem die Co-
efficienten der verschiedenen Unbekanten in Bezug auf die Diagonale symmetrisch
sind, die ganz constanten Glieder fehlen und zu allen in der Diagonale befindlichen
Coefficienten noch dieselbe Gréfle —z addirt ist. Durch Elimination der Unbekan-
nten aus solchen linedren Gleichungen erhilt man eine Bedingungsgleichung, welcher
x gentigen mufl. Fiir jeden Werth von z, welcher diese Bedingungsgleichungen erfiillt,
hat man sodann aus den linedren Gleichungen die Verhéltnisse der Unbekannten zu
bestimmen. Ich werde hier zuerst die fiir ein solches System Gleichungen geltenden
algebraischen Formeln ableiten, welche im Folgenden ihre Anwendung finden, und
hierauf eine fiir die Rechnung sehr bequeme Methode mittheilen, wodurch man die
numerischen Werthe der Groflen z und der ihnen entsprechendes Systems der Un-
bekannten mit Leichtigkeit und mit jeder beliebigen Schérfe erhalt.

The above was part of the opening paragraph of the 1846. paper by Jacobi [41]
who introduced a new simple and accurate method for solving a system of linear
equations with coefficients symmetric about the diagonal, and with the value of —x
added to all diagonal entries. The system to be solved is, in Jacobi’s notation,

{(@a) —ate + (a,0)5  +  (ac)y A+ (ep)o =0,
(ba Cl)Oé + {(b7 b) - m}ﬂ + (ba C)’}/ +eeet (b,p)(fu =Y,

(Ca a)a + (Ca b)ﬂ + {(C, C) - LI}}’}/ +eeet (C,p)@ =Y
(p,a)a  + (@S +  (poy 4t {lpp) -wie =0,
where the coefficients are symmetric, (a,b) = (b,a), (a,¢) = (¢,a),..., (b,c) = (¢,b)
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etc. In our notation, preferring A over x and setting

(aa Cl) (a7 b) (a7 C) e (avp) o
(ba a) (ba b) (ba C) e (bvp) ﬂ

H=|(ca) (eb) (e - (ep) | = (), , u=|7|, (H=HT)
ha) ) o) - (pp) 5

we obtain the equation (H — AI)u = 0, which is to be solved for A and u # 0. The
algorithm starts with H(® = H and then it generates a sequence of congruences,
HE+) = (VENT R E) - where V) is plane rotation, i.e. V() differs from the
identity only at the cleverly chosen positions (pg, px), (Pr, k), (qk, Pk)s (qk, qx ), Where

(sz%k Vé;fin) _ ( cos¢r  sin ¢k) .

Voo Ve, —singp  cosdp

The angle ¢y, is determined to annihilate the (py, qx) and (gx,pr) positions in H*),
o (k) (k) ;
Cos Py, sin ¢y, Hyope Hpog, cosgr singg\ (% 0
singp  cos oy Héf%k Hcgfr)zk —sing, cosgr ) \0 /)’

Simple trigonometry reveals that in the nontrivial case (H,(,I,f?],c # 0) we can take

H{), — HSY) ign(cot 2
cot 2¢y, = 9k 9k o PkPk . and tandy = Slgn(CO ¢k) € (71’ Z]’
2Hp, | cot 20| + /1 + cot? 2y 4°4

where ¢y, is the smaller of two angles satisfying the requirements. (If H,()I,lek = 0, then
V) = I, the identity.) In fact, Jacobi used plane rotations in his earlier work [40]
as preconditioner for iterative solution of linear systems of normal equations, and as
an application he used system generated by least squares where the matrix is, in our
notation, H = AT A with some A.

The advent of electronic computing machinery opened new chapter in numeri-
cal mathematics and the Jacobi method became attractive tool for computing the
eigenvalues of symmetric matrices. Goldstine, Murray and von Neumann [27] redis-
covered the method and had detailed implementation and error analysis around 1950.
According to [5] and [28], it was used by Hessenberg in 1940., by Wilkinson at the
National Physical Laboratory in 1947. and by Bodewig in 1949.

Many interesting questions related to convergence, better choices of pivot posi-
tions (pg, qr), and various generalizations triggered fruitful research. The convergence
is easily monitored by using the off norm, Q(H) = />, 2 Hf7 for which one easily
shows the monotonicity Q(H*+D) = Q(H®)) — 2(H(k))[2)k7q1c < Q(H®). Under suit-
able pivot strategies k — (pk,qx), k = 0,1,..., the sequence (H(k)),;“;o converges to
diagonal matrix A and the accumulated product VOV ... () ... converges to the
orthogonal matrix V of eigenvectors of H, HV = VA.

Jacobi proved the convergence of a greedy approach that annihilates the abso-
lutely largest off-diagonal entry at each step. The greedy strategy is usually replaced
with the row—cyclic strategy, first used by Gregory [29], which is periodic and in
one full sweep of n(n — 1)/2 rotations it rotates row—by-row at the pivot positions
(1,2),(1,3),...(L,n); (2,3),...,(2,n); (3,4),...,(3,n);...,(n—2,n); (n—1,n).
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Similarly, column—cyclic strategy scans the strict upper triangle of the matrix
in column—by—column fashion. These two strategies define cyclic or serial Jacobi
methods. Forsythe and Henrici [24] proved the convergence of serial methods and
gave a general convergence theory for Jacobi iterations for eigenvalue computations
of complex matrices. Schénhage [58] and Wilkinson [67] proved quadratic convergence
of serial method in case of simple eigenvalues, and Hari [33] extended the result to
the general case of multiple eigenvalues.! Mascarenhas [46] and Rhee and Hari [53]
showed that certain modification of row—cyclic strategy achieves cubic convergence.
Rutishauser [56] described detailed implementation of the method for real symmetric
matrices, with many subtleties related to floating point computation.

Hestenes [35] noted that the Jacobi method can be used to compute the SVD of
general matrices. Indeed, if A is of full column rank? and if we define H = AT A, then
the application of the method to H, H*+1) = (VUNTH®V (%) can be represented
by the sequence A**TD = AR YK To determine the parameters of V*) we only
need the four pivot elements of H*) that is, the 2 x 2 Gram matrix of the py—th and
the gr—th column of A®). The limit matrix of (A®*))%  is U, where the columns
of orthonormal U are the left singular vectors and the diagonal matrix 3 carries the
singular values along its diagonal. The accumulated product of Jacobi rotations is
orthogonal matrix V of the eigenvectors of H. The SVD of Ais A=UXVT.

The development of the QR method and other fast methods based on reduction
of H to tridiagonal form (or reduction of general A to bidiagonal form) in the 1960s
reduced the interest in further development and use of the Jacobi method — it was
simply too slow. Simple, elegant, beautiful, but slow.

However, in applications such as structural mechanics, digital signal processing,
control, computational chemistry, the scientists and engineers have not abandoned
the Jacobi method. And, simplicity is not the only attribute that Jacobi method can
claim in its favor. It performs well on almost diagonal matrices. Further, the num-
ber of correct digits in computed approximations of smallest eigenvalues and singular
values makes a big difference in favor of Jacobi. Rosanoff et al. [54] compared the
QR and the Jacobi method in computational mechanics and explicitly stated that the
Jacobi method was more accurate than QR. Mathematical theory that explained the
difference in numerical accuracy was given by Demmel and Veseli¢ [13]. The main
fact from this development is that some classes of matrices that appear ill-conditioned
with respect to singular value computation in fact define its SVD perfectly well and
that the ill-conditioning is artificial. The same observation holds for the spectral
decomposition of symmetric positive definite matrices. Jacobi method correctly deals
with artificial ill-conditioning (e.g. grading), while the bidiagonalization or tridi-
agonalization based methods do not. This makes the bidiagonalization based SVD
computation numerically inferior to the Jacobi SVD algorithm [13].

The perception of the Jacobi method as slowest of all diagonalization methods
goes some fifty years back to the pioneering age of numerical linear algebra. The
inferiority in terms of run time efficiency made Jacobi method less attractive, and
fast methods have been receiving full attention of leading researches. As a result, the
recent development of bidiagonal SVD methods has been impressive, with ingenious
mathematics, and the gap in efficiency versus Jacobi method widened. Highly opti-
mized bidiagonalization based routines xGESVD and xGESDD from LAPACK [1] can

ISome authors refer to van Kempen [65] for this result. It should be noted that van Kempen’s
proof of quadratic convergence is not correct.
2This is only a temporary assumption for the sake of simplicity.
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be in some cases ten or even fifteen times faster than the thus far best implementation
of the one—sided Jacobi SVD. Faster, but less accurate. As Kahan [42] put it, the fast
drives out the slow, even if the fast is wrong.

There seems to be a latent barrier that causes unfortunate trade off between
accuracy and speed — as we approach higher accuracy the drag measured in flops
becomes prohibitive. The goal of our efforts is to break that barrier. Today we know
much more about the convergence of the Jacobi algorithm, as well as how to use
preconditioning to accelerate the convergence rate. We have deeper understanding
of numerical stability which allows us to introduce nontrivial modifications of the
algorithm in order to make it more efficient. Rich matrix theory can be exploited to
control important switches in the algorithm.

To make our case, we have started new research program to develop a new vari-
ant of the Jacobi SVD algorithm. Our goal is set rather high: Mathematical software
implementing the new algorithm should be numerically sound and competitive in ef-
ficiency with the LAPACK’s implementations of the QR and the divide and conquer
algorithms, or any other bidiagonalization based procedure. In the first stage of the
research, we have revised our previous work [13], [15], [16], [17], and then set the
following general guidelines for the development at this stage:

(i) Substantial modifications of the classical Jacobi SVD algorithm are necessary
to reduce its complexity. This means that we need to study the convergence and
find ways to improve it by preconditioning. We use rank revealing QR factorizations
as efficient and versatile preconditioner. We must seek for zero and almost diagonal
structure that can be utilized by specially tailored pivot strategy. Pivot strategy
in general must be adaptive and and with higher order of convergence. The singular
vectors can be computed more efficiently as shown in [17]. Both the numerical analysis
and matrix theory should be deployed.

(ii) The design of the algorithm should be open for further improvements. It
should be based on building blocks which can benefit from the development of basic
matrix computational routines (BLAS, LAPACK etc.) and blocked versions of Jacobi
rotations, but without trading the numerical accuracy. In other words, we will first
set up the basic scheme and introduce further improvements in subsequent stages.

The current state of the affairs of the aforementioned program is presented in
this report as follows: In §2 we give quick introduction to the numerical analysis of
the symmetric definite eigenvalue problem and the SVD, and we point out important
differences between the classical algorithms. This material defines necessary guides
for the algorithmic design, and we consider it as second part of the Introduction. In
83 we give detailed description of the preconditioning. Important detail of choosing
A or AT as input to the new algorithm is discussed in §4. The dilemma ”A or
AT” generates interesting mathematical questions leading us to study certain concave
functions on the set of diagonals of the adjoint orbit of a positive definite matrix. The
basic structure of the new Jacobi SVD algorithm is developed in §5. Large part of
the computation is lifted up to the level of BLAS 3, but in such a way that the high
relative accuracy is not at risk. Numerical properties are rigorously analyzed in §6.
Implementation details and numerical results are given in the follow—up report [20].

The authors acknowledge generous support by the Volkswagen Science Foundation
and the Croatian Ministry of Science and Technology. We are also indebted to P. Ar-
benz (Ziirich), J. Barlow (State College), J. Demmel (Berkeley), F. Dopico (Madrid),
V. Hari (Zagreb), W. Kahan (Berkeley), J. Moro (Madrid), B. Parlett (Berkeley), I.
Slapnicar (Split) for their comments, criticisms and many fruitful discussions.
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2. Accuracy and backward stability in SVD computations. Jacobi solved
7 x 7 eigenvalue problem related to computing the trajectories of the seven planets
of our solar system?® and compared the results with previously published results by
Leverrier. In fact, Jacobi used perturbation theory to guarantee numerical accuracy
and noted that his method was more accurate than the method of Leverrier.*

Here we give a brief survey of the accuracy issues in solving the symmetric pos-
itive definite eigenvalue problem and computing the SVD. At this point, we prefer
simplicity over the sharpness of the presented results, and we analyze only the com-
puted singular values. For relevant perturbation theory we refer the reader to [44],
[45] and to the excellent survey [39].

Let H be n X n symmetric positive definite matrix with spectral decomposition
H=VAVT A =diag(\)™;, \1 >+ >\, VIV = VVT = [. If a backward stable
diagonalization algorithm is applied to H, then the computed V, A have the following
property: There exist an orthogonal matrix V and a symmetric perturbation § H such

that H = H +0H = VAVT, A = diag(\)_,, Ay > --- > X\, where |[V = V]| < ¢
and ||§H]|| is small compared to ||H|. Here || - || denotes the spectral operator norm
induced by the vector Euclidean norm, which is also denoted by || - ||. Small non—
negative parameter €; equals machine roundoff € times a moderate function of n. Note
that H is not necessarily positive definite. From the Weyl’s theorem we conclude that

LI v e}
E5 T ]

(2.1)

If H = LLT is the Cholesky (or some other, e.g. square root, L = v/H) factor-
ization, then H = L(I + L™'6HL™T)L”. Assume that H is positive definite (e.g.
|L='§HL=T| < 1). Then we can factor I + L~'6 HL™T = KK with positive def-
inite square root (or Cholesky factor) K. Using the similarity of H and KTLTLK,
the similarity of H and LT L, and the Ostrowski theorem [48], we conclude that

Xi — A
(2.2) max g

1=1n i

< |L7'SHLT.

The nice error bounds (2.1,2.2) hold for all backward stable algorithms, but with
particularly structured § H for each algorithm.

Similarly, an algorithm that computes the singular values o1 > --- > o, of
A=UZVT, actually returns the singular values ¢; > --- > G, of a nearby matrix
A+ A, where ||0A| < €||A]| with some small e. Again, Weyl’s theorem implies

|6i —oil _ [04]]
(2.3) max < <,
i=tm || A] I[A]l

and in the case of full column rank A, A+ §A = (I + JAAT)A yields the bound

|o; — o

(2.4) max < ||6AAT.

1=1mn g;
This again is the property of the singular values and can be applied to any SVD
algorithm. The difference between the algorithms comes from different structures of

3The Neptune was discovered in 1846. (publication year of Jacobi’s paper) and the Pluto in
1930. Leverrier had predicted the position of Neptune.

41t is interesting to note that Leverrier also used divide and conquer technique by considering
4 x 4 and 3 x 3 submatrices and ignoring the coupling between them.
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the produced backward errors. In general, §A is dense with no particular structure
which means that in the expression SAAT = §AVETUT large singular values of AT =
VETUT may get excited by §A. For instance, bidiagonalization based SVD algorithm
produces §A for which the best general upper bound is® ||§A|| < eg||A|| and thus

0A
foaaty < ER(A) < conla), n(a) = AT

In other words, if o1 > -+ > 03, > o)1 > -+ > 05, > 0, then the dominant singular

values o1, ...,0 will be computed accurately in the sense that
0i —ail _ [04] o1
2.5 < —, [|0A|| <O A
. |6n — on| _ [I6A] 01 ,
but the smallest one will have the error bound < —. Thus, if for
On |All on
some 7 it holds o; =~ €01 < 01 = ||A4|| then we cannot expect any correct digit

in G;, even in the case where smallest singular values are well determined functions
of the entries of A. An obvious way of resolving this situation is to keep the same
algorithm and to use double precision arithmetic to ensure ||§A[|/||A]| < O(e?). While
this is plausible and completely legal, a numerical analysts’s criticism of this is best
expressed using the arguments from [54]. Namely, enforcing sixteen digit arithmetic
to extract eigenvalues or singular values to e.g. guaranteed two accurate digits which
are determined to that accuracy by data given to four or five digits of accuracy raises
many questions related to the adequacy of the approach. In some cases of graded
matrices even doubling the precision cannot improve the accuracy in the smallest
singular values. Another problem is that doubling the precision doubles the memory
consumption which increases the execution time.

Another issue that must be mentioned is the relevancy of smallest singular values
in applications. If we google the term small singular values most of the retrieved
documents are about neglecting small singular values and contain expressions® like:
discard, meglect, irrelevant, should be ignored, should be edited to zero,... In fact,
some information retrieval techniques (search engines) based on matrix models use
the SVD of the termx document matrix and replace it with low rank approximation
by neglecting small singular values, see e.g. [4]. However, it should be stressed that
neglecting small singular values is not as simple as it may seem. This is an important
issue and we feel compelled to discuss it in this introductory part of the report.

A common technique in solving least squares problem | Az — b|| — min is to
first compute the SVD, A ~ UXVT, and then to declare the smallest singular values
as noise which should not dominate in the least squares solution. By doing that,
certain information content is removed from A, which is declared rank deficient and
replaced by its lower rank approximation. The technique is theoretically justified by
the Schmidt-Eckart—Young-Mirsky” theorem, which gives optimal low rank approxi-
mation in the spectral || - || and the Frobenius || - |p = \/Trace(-T+) matrix norms.

THEOREM 2.1. Let A be m x n matriz of rank r with the SVD A=UXVT. For
ke{l,...,r} set A =U(:,1:k)S(1:k,1:k)V(:,1:k)T. Then

JA- Ayl = min_ A= X||, JA- Aglr= min_JA-X]|r.
rank(X)<k rank(X)<k

5An improvement of this bound is given by Barlow [2].
Sjust picked at random from the retrieved documents
7Cf. historical remarks in [60].



So, why should we care about small singular values? But, how small is small, for
instance in dealing with numerical rank of a matrix. Which £ is the best choice in
a particular application? Will it be small enough so that (2.5) assures that the first
k singular values are computed accurately enough? Stewart [59] very clearly and
strongly points out that one should exercise caution in dealing with the problem.
Usually, one determines the numerical rank by looking for the smallest index k with
the property that oy > ogy1 or o1 > ok41 (with some hardwired tolerance) and then
by setting k11, --.,0, to zero. But what if there is no such a clean cut, or if we have
the devil’s stairs (see [61])

01 2 " 20 >0 41 2 " 2 Oky > Opypl =0 2 Ofy > Ofytl = * 0 > Op,

with o, 11/0%; = O(e). What if we have good (statistical or other) reasons to change
the variables in the least squares problems by diagonal scaling z = Dz, thus replacing
A with AD~! — the distribution of singular values changes dramatically? What if the
application dictates minimization ||[WW(Az —b)|| — min with given diagonal matrix W
of violently varying weights?

What if the decision how many singular values are needed is based on several cri-
teria derived from the application? An important example where the numerical rank
issue is rather tricky is numerical solution of integral equations, where compactness
is synonym for ill-conditioning.

EXAMPLE 2.1. Consider the Fredholm integral equation of the first kind, y(¢) =
f; K(&, ¢)x(¢)d¢. Herey denotes measured unknown function x distorted by the instru-
ment with known kernel K(-,-). Using sufficiently accurate quadrature, one obtains
linear regression model y = KDz +e, x € R", y,e € R™, with vector e dominated by
statistically independent measurement errors from N(0,S?), where positive definite
S = diag(s;)_ carries standard deviations of the e;’s. A good estimate of S is usually
available. The weights of the quadrature formula are in the diagonal matrix D. (See
Example 2.2.) Wanted is an estimate & of x. To normalize the error variances, the
model is scaled with S~! to get b = Az +e’, whereb = S~ 'y, A= S KD, ¢ = S le.
Since €’ ~ N(0, I,,,), the squared residual ||b — Az||? is from the chi-squared distribu-
tion with m degrees of freedom. Thus, the expected value of the squared residual is
m with standard deviation v2m. If A = UXV7T is the SVD of A, and if we use rank k
approximation of A to define = ALb, then the residual is 7 = Y27, . (UTb)?. Since
the implicit assumption in linear regression is that A is accurate and b is contami-
nated, it does not seem right that information from A is thrown away independent
of anything we might know about b. According to [32], [43] the index k should be
chosen so that #2 < m, that ||Z|| is not too big, and that the kept singular values are
not too small. Further, from UTb = XVTx + UTe’, with UTe’ ~ N(0,1,,,), Rust [55]
concludes that it would be sensible to compute the solution as & = VEN(UTb)srune,
where the truncation is done in the vector (U7b)syun. following statistical reasoning.

It is also very often forgotten that matrix entries represent (sometimes different)
physical quantities represented in some unit system and that high condition number is
simply a consequence of chosen units and not of inherent near rank deficiency. Another
tricky point is that under certain classes of perturbations the smallest singular values
tend to change with a considerable upward bias, see [60]. We must realize that there
cannot be a single black box threshold mechanism for performing the cutoff. So,
strictly speaking, even if we are going to discard the smallest singular values, in
some applications we first have to determine them sufficiently accurately. This may
not always be easy, but we must have the distinction between well determined (as
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functions of the matrix in the presence of perturbations) and accurately computed (by
an algorithm, with certain backward error).

Of course, in many important applications the smallest singular values are really
only the noise excited by the uncertainty in the data and computing them to high
relative accuracy is meaningless and illusory. In such cases the Jacobi SVD algorithm
has no advantage with respect to accuracy. But, given the adaptivity of the Jacobi
algorithm to modern serial and parallel computing machinery, it is exciting and chal-
lenging task to improve the efficiency of the algorithm to make it competitive with
bidiagonalization based algorithms in terms of speed and memory usage, even if the
high relative accuracy of the smallest values is not an issue. In other words, the goal
is to make accurate and fast implementation of the Jacobi SVD algorithm capable of
running in two modes of accuracy — the standard absolute and high relative accuracy.

2.1. Basic floating point error analysis. It is rather surprising how little of
floating point error analysis is needed to prove high relative accuracy of the Jacobi
SVD algorithm. Here we give few basic facts which we need to start the discussion
and analysis. We use standard model of floating point arithmetic with the roundoff
unit € and assume no underflow nor overflow exceptions. (See [37, Chapters 2, 3]
for the basics.) We write computed(expression) to denote the computed value of
the expression, where the computer implementation of the algorithm evaluating the
expression is clear from the context. It is always assumed that e < 10~7 and that
maximal dimension of matrices in the computation is at most 0.01/e. More compli-
cated details of error analysis and perturbation theory will be introduced in parallel
with the development of the new algorithm in §5. We start with the following three
facts of floating point computations with orthogonal matrices.

FAacT 1. If numerically orthogonal matrix Q (|QTQ — I|| < 1) is applied to an
m x 1 vector z in floating point arithmetic, then computed(@x) = Q(ac—i—éx)7 where Q
is orthogonal matrix, close to Q, and ||6z|| < €||z||, e < f(k)e. Here k is the number
of coordinate directions changed under the action of Q (i.e. Q acts as identity on the
remaining m — k coordinates), and f(k) is low order polynomial. If Q is approximate
plane rotation, then € < 6e. In the case of k x k Householder reflection, ¢ < O(k)e.

FacT 2. (This elegant observation is due to Gentleman [25].) If (numerically
orthogonal) transformations Qi,..., are applied to disjoint parts of an vector z,

i
Ty = (Ql DD Qp)x, T = , computed(@ix(i)) = Qi(x(i) 4 02("), then
2(P)
. A A [[ 0] 18z 0
= ted(y) = 0 — < —. (==0
= computed(s) = (Qu &+ & Qy)(x+0w), [T < max DTl (G =0)
Fact 3. If @y, ..., @, are numerically orthogonal transformations, and if we need

to compute y = Q.- - - - Q1x, then the computed approximation y satisfies
§=Qr-Qi(z+0x), [§z] < ((1+e)" —1)]z,

where € is maximal relative backward error in application of any of Ql, e ,QT, and
Q; is orthogonal matrix close to Q;.
Using the above, the proofs of the following two propositions are straightforward.

PROPOSITION 2.2. Let the Givens or Householder QR factorization A = Q (?)

of A € R™ ™, m > n, be computed in the IEEE floating point arithmetic with rounding
relative error € < 1077, Let the computed approzimations of Q and R be Q and R,
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respectively. Then there exist an orthogonal matriz Q and a backward perturbation
6A such that A+ A =Q (gb), where |Q(:, i) — QG,i)||lr < eqr and ||SA(:,1)|| <

eqrl|AG, )|, 1 < i <mn, hold with

i) eqr < O(mn)e for the Householder QR factorization ;

i) eqr < (14 6€)? — 1 for the Givens factorization. Here p is related to certain
parallel ordering of Givens rotations, i.e. the mazximal number of commuting rotations.
For the usual column—wise ordering of Givens rotations we have p=m +n — 3.

PROPOSITION 2.3. Let the cyclic one-sided Jacobi algorithm with row or column
cyclic pivot strategy be applied to an m x n matriz X in floating point arithmetic with
roundoff €, and let the iterations stop at the matriz X (k) during the s-th sweep. Then
there exist an orthogonal matrix V and a backward error §X such that:

(2.6) X® = (X +0X)V, where foralli=1,...,n
(2.7) 16X ()| <esl| X2, es<(14+6€)%—1, £=2n—3.

REMARK 2.1. Note that the relative norm-wise backward error is small in each
row of X. The size of the error is at most O(sne), despite the fact that the algorithm
applies n(n—1)/2 rotations per sweep. Moreover, the result of the proposition remains
true if plane rotations are replaced with any other type of orthogonal transformations
such as block-rotations or Householder reflections. The only change is that we use
corresponding value of € from FACT 1 and change the factor sf using FAcT 2.

2.2. Condition number. Scaling. Preserving information contained in all
columns is certainly necessary for computing the singular values to high relative ac-
curacy. It also influences which condition number will determine the forward error.

As we already discussed, it is very often that the matrix is composed as A = BD,
D = diag(d;)"_,, and the uncertainty is A + A = (B + dB)D. In such a case,
§AAY = éBB' and D, however ill-conditioned it might be, does not influence the
forward perturbation of the singular values (see (2.4)). It is then desirable that
floating point computation respects that fact.

EXAMPLE 2.2. Integral equation y(§) = f: K(&, ¢)x(¢)d¢ will once more provide
good illustration. If the equation is discretized at & < --- < &, and the integral is
computed using quadrature rule with the nodes (; < --- < (,, and weights dy, ..., d,,

n

then y(&) = Zde(@-,Cj)x(Cj) +ei, eg=error, it=1,...,m. Set y = (y(&))™,,
i=1

=
K = (K(&,¢;)) € R™ ™. An approximation z = (z;)}_; of (x(¢;))j=; is obtained
by ignoring the e;’s and solving ||[K Dx — y|| — min. Thus, independence of column
scaling means that the weights cannot spoil the solution of the algebraic problem.
This is important because the weights must cope e.g. with the problems of singular
integrals and in this way we have complete freedom in choosing appropriate numerical
integration formulae. Perturbation of K is separated from D, A+0A = (K +6K)D.

So, for instance, after we compute the QR factorization of an m x n full column
rank matrix A we can conclude that the backward perturbation JA (see Proposition
2.2) satisfies [JAAT|| = [(JAD~1)(AD=Y)T| < [SAD H|[(AD-Y)|| < viieg. |l AL,
where D = diag(||A(:,7)||)".; and A. = AD~!. Then (2.4) implies:

PROPOSITION 2.4. Let A and R be as in Proposition 2.2. If o1 > -+ >0, >0

9



and &1 > -+ > G, > 0 are the singular values of A and R, respectively, then

|6: — o
max ——

ma < Vneg || ALl < negr min  x(AS).
i=1:n g; S=diag

det(S)#£0

Here we used the fact that the spectral condition number x(A) = ||Al|||AT|| of A
is at most y/n times larger than the minimal condition number of all matrices AS
with diagonal nonsingular S. (See [64].) Conclusion from this is: If A is such that
k(AS) is moderate for some diagonal matriz S, then floating point QR factorization
preserves all singular values — they are all safely passed to the computed triangular
factor R. Also note that R. = RD~! has unit columns and ||[R; || = ||Af||. It is an
imperative of accurate computation that the SVD of R (that is, of ]:Z) is computed
with the condition number of the order of || A ||.

COROLLARY 2.5. Let A and R be as in Propositions 2.2, 2.4, and let X = R in

Proposition 2.3. If 6 > --- > &', are the singular values of X*), then

AL/ (1 = e4r)
1- \/ﬁaquAlH

max M < Vnes|R7Y| < vney
i=1n ag;

where the second inequality assumes /neq.||Afll < 1.

Conclusion from this corollary is: Jacobi rotations in the column space of RT
introduce relative perturbations of the singular values not larger than the initial un-
certainty in the singular values of R, caused by the QR factorization of A.

REMARK 2.2. The matrix X® from Proposition 2.3 should be of the form U,s,
where U, is numerically orthogonal and ¥ is diagonal matrix of the column norms of

X®). This immediately suggests that the index k should be chosen so that
(XB ()T XB(,0)

max ——— —

#i | X® (X E( )

(2.8) | < tol,

where the tolerance tol is usually taken as me. This guarantees that the computed
matrix U, is numerically orthogonal and that the column norms of X*) approximate
its singular values to high relative accuracy. If the left singular vectors of X are not
needed, then we can use perturbation theory to loosen the stopping criterion.

3. Preconditioned Jacobi SVD algorithm. In case of m > n, the QR factor-
ization of A, A =Q (1(?), reduces the computational complexity of all classical SVD

methods. For instance, the R—bidiagonalization algorithm of Chan [7] first computes
the matrix R, then it bidiagonalizes R and easily assembles the bidiagonalization of
A. This reduces the cost of bidiagonalization whenever m > 5n/3.

Bidiagonalization based SVD algorithms reduce A (or R) to bidiagonal form in
4mn? — 4n3/3 flops (without accumulation of orthogonal transformations). Recent
implementation [38] of the bidiagonalization substantially reduces the data transfer
between main memory and cache, reaching the BLAS 2.5 level. Thus, iterative part
of those algorithms runs on a bidiagonal matrix, and completes by assembling (multi-
plying) the orthogonal matrices from the QR factorization (for R—bidiagonalization),
bidiagonalization and from the bidiagonal SVD. This last stage is also cache efficient.
If we add the fact that the full SVD of bidiagonal matrix can be computed very effi-
ciently as described by Dhillon and Parlett [14], GroSer and Lang [30], the picture is
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complete. Efficient preprocessing reduces the problem to the one with super fast and
ingenious solution, and efficient postprocessing assembles all elements of the SVD.

On the other hand, the Jacobi SVD algorithm transforms full m x n matrix. It
is clear that in the case m > n, the QR factorization is an attractive preprocessor
for the Jacobi SVD algorithm as well. For, the most expensive iterative part of the
Jacobi SVD algorithm transforms n—dimensional vectors (columns of R) instead of m—
dimensional ones (columns of A). Recall, to compute the upper triangular factor R,
Householder QR algorithm requires 2mn? —2n3/3 flops. One sweep of the Jacobi SVD
algorithm with fast rotations requires 3mn? flops for a m xn matrix if the rotations are
not accumulated. Thus, if only the singular values are needed, the QR factorization
as preprocessor is paid off (in terms of flops) in one full sweep if m > 7n/3, and it
will be paid off in two sweeps if m > 4n/3. Further, efficient implementation of the
QR factorization uses the memory hierarchy of modern computer architectures (such
as the xGEQRF procedure in LAPACK [1]), by using machine optimized BLAS 3
operations. It is obviously justified to explore the QR factorization as a preprocessor
for the Jacobi iterations.

3.1. QR factorization as preconditioner. Using the QR factorization as effi-
cient preprocessor for the Jacobi SVD routine is more subtle for several reasons. First,
the matrix R is not only smaller than A (in case m > n), but it is also triangular
which allows additional savings. For instance, if we partition R as

Run R
3.1 no (Boy Bpg > ,
3.1) ( 0 R

where Ry is k x k, k = [n/2], then during the first sweep k(k —1)/2 rotations of the
columns of R[1y) can be performed in a canonical k-dimensional subspace — before the
eventual fill-in. We exploit this in combination with certain pivot strategies in [20].

Further, since the Jacobi algorithm iterates on full matrices, we are interested not
only in preprocessing (in the sense of dimension reduction as described above), but
also in preconditioning in the sense of inducing faster convergence. This opens the
question of using QR factorization(s) to precondition the initial matrix A.

Since our goal is high relative accuracy, we should not and will not trade accu-
racy for any speedup. Therefore, the preconditioner should not violate the principles
outlined in §2. Moreover, we can go further and ask is it possible to achieve faster
convergence, and get high relative accuracy in larger class of matrices?

But there is more. Let R = UrXVZ be the SVD of R, where Vj is the (infinite)
product of Jacobi rotations, and let both sets of singular vectors be required. If R
is nonsingular, then Vg = R™'UgX. It is tempting to implement Jacobi algorithm
without accumulation of Jacobi rotations and to compute Vi from triangular matrix
equation using BLAS 3 operation STRSM. To illustrate the temptation, recall that
one fast rotation of two n x 1 vectors has 4n flops, one sweep of n(n — 1)/2 rotations
has 2n3 — 2n? BLAS 1 flops, while STRSM has n® BLAS 3 flops. Of course, the
crucial question is how to ensure that the equation defining Vg is well-conditioned.

How can the QR factorization serve as a preconditioner for better, faster, conver-
gence of the Jacobi algorithm? This is achieved if the factorization is computed with
column pivoting of Businger and Golub [6],

J
(3.2)AP =Q (g) , P permutation such that |R;;| > Zsz’ 1<i<ji<n.
k=i
11



Now, note that SVD of R is implicit diagonalization of the matrix RT R, and apply
one step of the Rutishauser LR diagonalization method R” R — RR”, which has a
nontrivial diagonalizing effect. Tl%is means that RRT is closer to diagonal form than
RTR, see [57]. Note that (Ré% 8) = QT (AAT)Q, while RTR = PT(ATA)P
These two orthogonal similarities are substantially different.

If we translate this in terms of the Jacobi algorithm, we conclude that the one—
sided Jacobi SVD on R should have better convergence than applied to R. Thus,
the preconditioning step is performed simply by taking RT instead of R as input to
the one—sided procedure.

A nonexpert may wonder how simply transposing a matrix can make big difference
in a diagonalization process. There are several ways to simply feel when and why it
has to be so. Instead of being rigorous, we offer an informal discussion:

OBSERVATION 1. Let a nonsingular upper triangular R be with some k €
{1,...,n} partitioned as in (3.1) and let H = RTR, M = RRT be partitioned in
conformal way with k x k and (n — k) x (n— k) diagonal blocks H|11), H|z9) and M1y,
M]39), respectively. Thus

H:<H[111 Huz]): Buyfug | Ry
Hizp  Hpy Rl Ruy | Ry Rpo) + Ry Riag) )

(33) M= <M[11] M[m]) _ (PuuBfiy + RunRily | RumRhy |
Mgy Miag) Ryo R[12] ‘R[QQ]R[QQ]

Since all matrices of interest are positive definite, we use the trace norm and conclude
that the (1,1) block is increased and the (2,2) block is decreased, i.e.

Trace(Myy)) = Trace(Hpy)) + ||V |5, Trace(Mg)) = Trace(Hpg) — ||V |3

This redistribution of the mass of the diagonal blocks makes the gap between the
dominant and subdominant part of the spectrum more visible on the diagonal. In fact,
using the monotonicity property, we also conclude that properly ordered eigenvalues
of the diagonal blocks satisfy Ai(Mpi1)) > Ni(Hpiqp), Aj(Miag)) < Aj(Hpg), 1 <4 <k,
1 < j <n—kE. (Similar argumentation is used by Fernando and Parlett [22], Mathias
and Stewart [47].) Moreover,

Omax (R[ZZ )
Omin (R[l )

Let ¢ = omax(R29])/0min(Rpy). If ¢ < 1, then [[Mpyllp < (Hpyllr < [[Hpyllr.
Thus, smaller value of ¢ implies more block diagonal structure in M than in H. Now,
it is the task of the rank revealing pivoting in the QR factorization to find index k
for which ¢ < 1. If the pivoting is done right, and if the singular values of R are
distributed so that oy > o1 for some k, then ¢ will be much smaller than one. See
eg [8] for detailed analysis. If we compute the LQ factorization of R,

IMpz)ll 7 = || Rieoy Rigy | P < (IR |1 Ry g DI Rfag Ry | 7 = [ H 21yl -

R R L 0
3.4 1] [121>:( ) ) —LO;.
(34 ( 0 Ry Liip Ly Or = He
then, by comparison, Lj31) = R[QQ]R[{Q]L@T]. Thus
amax(R 22]) Umax( 22])
3.5 L < ——|R —||R
(35) Il < 72 N WAl < 72 P A
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Further, noting that M = LL” and defining M) = LTL we immediately obtain

Umax(L[QQ}) Umax(R 22])
Umin(L[ll]) O'min(R[ll])

1
(3.6) M)l < | Hot | -

Now it is clear that the Jacobi algorithm should run faster on M (") than on H. Note
that Jacobi computation on M) (implicitly by the one-sided transformations of L)
does not depend on the gaps in the spectrum in the way the QR iterations do.

OBSERVATION 2. The next argument is related to the fact that in many natural
senses the left singular vectors of upper triangular matrix behave better than the
right singular vectors. This observation is due to Chandrasekaran and Ipsen [9] —
the left singular vectors are more canonical than the right ones. We repeat their
argumentation. Let the SVD of block—partitioned R be

T
37) R= (R[n] R[m}) _ (U[m U[m]) (21 0 ) <V[11] Vm])
0 Ry Up1) Upg 0 X2 )\ Viop Vi
where the diagonal blocks are k x k and (n — k) X (n — k). We compare the canonical

angles between the subspace of left singular vectors belonging to the singular values in
31 and the subspace of the first k£ columns of the identity matrix. The mutual position

between this two subspaces (Span( ( gm] )) and Span( < Iéc ) )) is determined by the
[21]

minimal singular value amin(Ual]Ik) = Omin(Un11]) = Omin(cos ©,), where 0, is the

matrix of canonical angles. Thus, ||sin @, = /1 — 02, (Unyy). If R is nonsingular
and if one of Uy or Vjpy) is also nonsingular, then U[22]U[21] 22‘/[12]‘/[11:]’12 !
From the CS decomposition of U, we conclude ||U22] Uyl = HU[11 Unglll = || tan ©,]].

If ©, is defined analogously by using the columns of V', then we finally have

Tk41

_ Ok
(38)  NUps Uyl < IV Vi | = [[tan €] < 7252 [ 1an @,

OBSERVATION 3. This observation is believed to be new. We invoke the theory
of symmetric quasi-definite matrices. Let M = RRT be as in (3.3) and let there exist
a gap, )\min(M[ll]) > )\max(M[ZQ])~ Take £ = 0.5 - ()\min(M[ll]) + )\max(M[ZZ])) and
note that the shifted matrix M — £I is quasi-definite (M1 — &1, 1 — Mjgq) positive
definite). Since the eigenvectors are shift—invariant, the structure of the matrix U
in (3.7) is that of the eigenvector matrix of quasi-definite matrices. Using [26], we
have that in the Lowner partial order Uﬁl] Uny > U[EHU[QH and U§1}U[11] > 0.51},

provided that ¥; and Y5 in (3.7) remain separated by /€. Thus, if we apply Jacobi
rotations to M (one-sided rotations from the right on RT) then the product of Jacobi
rotations has the structure of the matrix U, which is valuable information. In the
following example we illustrate the above phenomena.

EXAMPLE 3.1. We generate n x n pseudo—random matrix with entries uniformly
distributed over [0, 1], scale its columns with diagonal matrix diag(i®)?_;, and then

permute the columns randomly. Then we compute 1. AP = @ (1(?), 2. RT = Q1 Ry;

3. RTP, = QyR,. Figure 3.1 shows, with n = 50, the entry-wise absolute off-
diagonal values of the scaled Gram matrices of R. and RI (that is, |RI R,|, |R,.RL])
respectively. Here R. (R,) is obtained from R by scaling the columns (rows) to
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Initial matrix After first QR factorization (with pivoting)
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Fic. 3.1. The structure of the off-diagonals of the scaled Gram matrices. After the first QR
factorization, the largest off-diagonal entries are located close to the diagonal. The initial matrix is
50 x 50.

After second QR factorization (no pivoting) After second QR factorization (with pivoting)

60 50

Fic. 3.2. Second QR factorization. Note that column pivoting brings no substantial difference
in the structure of the Gram matrix.

make them unit in Euclidean norm. Figure 3.2 shows the effect of the second QR
factorization, both with and without column pivoting. Pivoting tremendously slows
down BLAS 3 implementation of the QR factorization because it precludes efficient use
of memory hierarchy. Figure 3.2 indicates that pivoting in the second QR factorization
does not contribute enough to pay off the extra cost. In this example, x(R) ~ 9.3-10°,
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k(R.) ~ 1.04 - 103, k(R,) ~ 5.75, k((R1),) ~ 1.96, x((R2),) ~ 1.95. In fact, closer
look at the permutation matrix P; shows that pivoting is local — usually only close
neighbors are permuted.

This elegant preconditioning of the Jacobi algorithm was first used by Veseli¢ and
Hari [66]. (In the case of symmetric positive definite matrices, Cholesky factorization
with pivoting corresponds to the QR factorization with column pivoting.)

It should also be noted that replacing AT A with PT (AT A)P, thus incorporating
pivoting in the classical cyclic strategies, has nontrivial consequences on the speed
of convergence. It is known that simply sorting the columns of A in non-increasing
order (in Euclidean norm) improves the convergence. The best elaborated pivoting is
the one by de Rijk [11] and we use it in the row—cyclic strategy. Note, however, that
the matrices PT (AT A)P and AT A have the same departure from diagonal form.

The following proposition shows how the pivoting (3.2) influences the condition
number of the row—scaled matrix R.

PROPOSITION 3.1. Let R be a nonsingular upper triangular matriz and let (3.2)
hold. Let R = ARrR,, where Ag is the diagonal matriz of the Euclidean lengths of
the rows of R, and let R = R.Dg, Dg = diag(||R(:,7)||2). Then

-~ AR)ii _ . _
1Bl < v+ mas 205 R =1 Diag(R, 7] |,

<i (Dr)ii
(39 < VA (a4 1R = Ding(, ) o)
1<J i
310) IR 1 < VAl IR b,

where the matriz absolute value is defined element-wise. Moreover, |R; Y| is bounded
by a function of n, independent of A.
Proof. Note that R, = A;RCDR. Taking the inverse of R, we have

_ B _ A .. _ - R _
(3.11) [(R;)ij| = |DR' R Agliy = ((DJZ))],, IRy < Vn—j+ 1||R]_J,| R ij

forall 1 <i < j<mn and |[(B;Y)ul < vVn—i+1, 1<
monotonicity of the spectral norm we easily get (3.9) and (3.1

Note that this proof does not fully use the property (3.2),
dominance and the non—increasing order of the |R;;|’s.

EXAMPLE 3.2. To illustrate the behavior of the condition number ||R;7!||, we use
the following experiment. We use multidirectional and Nelder—-Mead simplex methods
from the N. Higham’s MATLAB toolbox [36], and try to maximize || R;}||. After many
thousands of iterations of the two methods, starting with a random 50 x 50 matrix
the largest value of | R, || was about 22.064. After using the MATLAB function qr ()
with pivoting again (i.e. computing RT Py = Q2 Ry, where R is the worst case found
in the previous search), the new R := Ry had the value of ||R;7!| about 2.0258.

REMARK 3.1. It is known that repeated application of the step “do QR factor-
ization and transpose R” is actually an efficient way to approximate some elements
of the SVD, see [47], [23], and [61].

The price for the improved convergence of the preconditioned Jacobi algorithm is
the cost of the preconditioner. The good news for the future of our new Jacobi SVD
algorithm is that the prices of new and improved preconditioners are going down.
It should be stressed here that the improvement of the pivoted, rank revealing, QR
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factorizations is fascinating. This great development is due to Bishof, G. Quintana—
Orti and E. S. Quintana—Ort{ [52], [51], Chandrasekaran and Ipsen [8], Pan and Tang
[49]. The main features are BLAS 3 version of the pivoted QR factorization of Businger
and Golub, and windowed pivoting with postprocessing on triangular matrices. In
the future we can expect that efficient implementation of the rank revealing QR
factorization with more sophisticated column pivoting will be available.

Our implementation of the Jacobi SVD algorithm will benefit from any improve-
ment of rank revealing QR factorization. But it is also our hope that the new im-
provements of the Jacobi SVD algorithm will strongly motivate such development.

REMARK 3.2. Our understanding of the rank revealing property of the QR
factorization is somewhat different from the classical one. In the spirit of [8] we can
state it as the following optimization problem: If upper triangular factor in the column
pivoted QR factorization is written as R = DY with diagonal D (D = diag(|R|)?-,
or D = diag(||R(%,:)||)i~1, Dii > Diy1,441) then determine the pivoting to minimize
k(Y) = [[Y7H|Y|. Minimizing x(Y) certainly leads to rank revealing since the
singular values o1 > --- > 0, of R satisfy

« los — Dy
Ln /o, Dj;

Minimizing (YY) pushes Y toward orthogonality, D reveals the distribution of the
singular values of R and the Jacobi SVD algorithm on RT = Y7 D will converge
swiftly. Since the choice of D and the diagonal dominance ensure that ||Y|| is bounded
by O(n), the problem actually reduces to minimizing ||Y ~!||. For instance, pivoting
of Gu and Eisenstat [31] has theoretical bound for ||Y ~!| which is comparable to the
Wilkinson’s pivot growth factor O(n% log2m) in Gaussian eliminations with complete
pivoting. Note that this bound is function of the dimension and it holds for any
initial matrix. (In fact this holds even if A is singular. Then the matrix R is upper
trapezoidal and Y ! is replaced with YT.) The bound in the case of the Businger—
Golub pivoting is exponential in n and it is almost attainable on an pathological
matrix, but in practice ||Y~1|| is typically bounded by O(n).

REMARK 3.3. If m > n, then the cost of the QR factorization dominates the
overall complexity of the SVD computation. Since the pivoting can slow—down the
QR factorization with a considerable factor, it is reasonable that in the case m > n
the computation starts with the QR factorization without pivoting just to reduce the
dimension. For example, in computing electronic states of a semiconductor nanocrys-
tal, one uses the SVD to determine good orthonormal basis for certain subspace, see
e.g. [63]. The typical dimension of the matrix is several millions rows by several hun-
dreds or several thousands of columns (m > 500n). In that case, an out—of-core QR
factorization without pivoting reduces the dimension so that the SVD computation
is done in—core. On a single processor machine this initial QR factorization can take
more than one day to complete. To mimic the effects of pivoting, we can do initial

<yt =y

k=
5

0
tion matrix S, sorts the rows in decreasing f~, norms, while S, sorts the columns in
decreasing Euclidean norms. The initial sorting A — S, AS. is not very important
from the numerical point of view if A is composed as A = BD with well-conditioned
B and arbitrary diagonal D. So, if A is large and sparse with m > n, then the
permutations S, and S, can be used to exploit sparsity, reduce fill-in and, at lowest
priority, to act as preconditioner. If A = D;BDs with well-conditioned B and diag-
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onal weighting matrices Dy, D5, then the numerical stability of the QR factorization
depends on pivoting, see [10], [17].

REMARK 3.4. In large sparse computation one can equip sparse multi-frontal
QR factorization with an ICE device (incremental condition estimator) thus obtaining
rank revealing property, see [50]. Such factorization can be useful preconditioner for
positive definite eigenvalue problems Kz = Az where the n x n (stiffness) matrix K
is given by m x n natural factor A (K = AT A) which is sparse and with m > n.

REMARK 3.5. Fernando and Parlett [22] were first to realize that ” the use of a
preconditioner for cyclic Jacobi is not a futile effort.” Here we stress the use of the
term preconditioner and explicit use of their implicit Cholesky SVD as preconditioner
for Jacobi iterations. However, they concluded the discussion by putting more faith
in the preconditioner than in Jacobi SVD: ” Once we have taken the fateful step
of conteplating a preconditioner for a Jacobi process we are lead inexorably to the
message of this paper. Why not use the implicit Cholesky algorithm with shifts as a
preconditioner? There is no loss of accuracy. The next question is: if the shifts are
well chosen why switch to Jacobi? Time will tell.”

One of the messages of this paper is that switching to the Jacobi SVD algorithm
can be a good idea, provided the algorithm is modified to fully exploit the work that
can be done by various preconditioners.

4. Simple question: A or AT ?. The title question may sound trivial, for the
SVD of AT is trivial to obtain from the SVD of A and vice versa. If A is m x n with
m > n (and especially m > n) then we (clearly) prefer starting the computation with
the QR factorization of A. If m < n, then we choose to start with A”. But, what if A
is square nonsingular n x n matrix. Consider an extreme situation: A = D@ where D
is diagonal and @ is orthogonal. In that case working with A is implicit diagonalization
of QT D%(Q, while taking AT implicitly diagonalizes diagonal matrix D?. We want to
know which of the matrices AT A and AAT is ’closer to the diagonality’, or which
one is better input to the pivoted QR factorization preconditioner. (This of course is
useful if A is not normal.) Thus we would submit either the matrix A or its transpose
to our new Jacobi SVD algorithm and obtain an improvement in efficiency.

Due to computational constraints we are allowed to make a decision in at most
O(n?) flops. This complexity corresponds to computing the diagonal entries of H =
ATA and M = AAT. As we will se shortly, this poses interesting and challenging
mathematical questions. We believe that in the design of an ultimate SVD algorithm
details like this one should be considered. Of course, we cannot expect that low
complexity computation with limited information yields correct decision in all cases.
In this section we give only a few ideas on how to quickly decide between A and AT
Additional details will be given in a forthcoming report.

To start, we note that H and M are orthogonally similar, and therefore |H| p =
| M||F. Then simply compute the values s(H) = Y7, h? = Trace(H o H), s(M) =
Trace(MoM). (Here o denotes the Hadamard rnatrix product.) Larger Value (s(H) or
s(M)) implies smaller corresponding off-norm off (H Z hZ. or off(M Z m”

i#£] i#£]
In fact, s(-) attains its maximum over the set of matrices orthogonally similar to H
only at diagonal matrices. In the standard symmetric Jacobi algorithm the value of

off(H) _ | Trace(HoH) _ 4 s(H) iq g0 to measure numerical convergence. Hence
THTZ = * 7 Trace(HH) THT gence. ’

5(+) is one one possible choice of function for simple decision between A and AT, but
with respect to the standard matrix off-norm. Note, however, that s(-) in floating
point computation with round-off € completely ignores diagonal entries below /e
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times the maximal diagonal entry.

On the other hand, better choice (of AT A or AAT) will have smaller off-diagonal
part and the diagonals should reveal the spectrum in the sense that their distribution
should mimic the distribution of the spectrum as closely as possible. This desirable
spectrum revealing property implies that we prefer columns with less equilibrated
norms. Otherwise, the preconditioning is weaker and larger angles of Jacobi rotations
(causing slower convergence) are more likely to appear during the process.

4.1. Entropy of the diagonal of the adjoint orbit. Let us recall some in-
teresting relations between the diagonal entries of positive definite H and its eigen-
n

values. From the spectral decomposition H = UAUT we have hy; = Z |uij|2)\j,
j=1

i =1,...,n. If we define vectors d(H) = (h11,--.,hnn )T, MH) = (M, A0 )T,
then the above relations can be written as d(H) = (U o U)A(H ), where the matrix
S = U oU is doubly-stochastic, in fact, ortho-stochastic. (If H is complex Hermi-
tian, then S = U o U, where U is entry—wise complex conjugate of U.) This relation
equivalently states that d(H) is majorised by AM(H) (d(H) < A(H)) which is known
as the Schur theorem. If we use normalization by the trace of H # 0,

d(H) A(H) d(H)

4.1 = d define d'(H) = —~—
( )Trace(H) STrace(H)’ and define d'(H) Trace(H)’

A(H)

X(H):W’

then d'(H) and X' (H) are two finite probability distributions connected via the doubly

stochastic matrix S. Thus, d’(H) has larger (Shannon) entropy than A (H). For a

probability distribution p = (p1,...,pn )T (pi >0, >, p; = 1) the entropy of p is
1 n

logn

n(p) = — Zpi logp; € [0,1]. For any doubly stochastic matrix S it holds that
i=1

n(Sp) > n(p) with the equality if and only if S is a permutation matrix. The entropy
is symmetric concave function on the compact and convex set of finite probability
distributions. It is maximal, n(p) = 1, if and only if p; = 1/n for all i. Also, n(p) =0
if and only if the probability distribution for some k € {1,...,n} degenerates to
pr=1,pi=0,i#k.

Define entropy of positive semi—definite H # 0 as n(H) = n(d’'(H)). Since n(H) =
0 implies H = hkkekef for some canonical vector ey, 1 is strictly positive on the cone
of positive definite matrices. n(H) = 1 if and only if all diagonal entries of H are
equal. Note that n(H) is computed in time O(n).

Consider the real adjoint orbit O(H) = {WTHW : W orthogonal}. Note that
if H = AT A, then AAT € O(H). Our hope is that the behavior of  on O(H) can
give some useful information in the context of analysis of the Jacobi algorithm.

PROPOSITION 4.1. The entropy n always attains its mazimum 1 on O(H). Fur-
ther, it holds n(O(H)) = {1} if and only if H is a scalar (H = scalar - I). If H has
s different eigenvalues with multiplicities ny, ..., ng, then n attains its minimal value

on O(H) at each of Sn. ; different diagonal matrices in O(H), and nowhere else.

[Tiy ni!

Proof. Recall that there exists an orthogonal W such that WT HW has constant
diagonal. The remaining properties are more or less obvious. Note that the number
of minimal points represents the number of possible affiliations of n diagonal entries
with s different eigenvalues. O

ExaMpPLE 4.1. We will give a small dimension example just to get more intuitive
understanding of the relation between the entropy and the spectral information along
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the diagonal of the matrix. We take A to be the upper triangular factor from the
QR factorization of the 4 x 4 Hilbert matrix, and we set H = ATA. The condition
number of A is about 1.55 - 10* and the eigenvalues of H computed using MATLAB
as squares of the singular values of A have about 12 correct digits. If we compare
them with the diagonal elements of H we have

A1~ 2.250642886093672¢ + 000  hqp = 1.423611111111111e + 000
A =~ 2.860875237800109¢ — 002  hgp = 4.636111111111111e — 001
A3 /& 4.540433118609211e — 005  haz3 = 2.413888888888888e — 001
A4 =~ 9.351335603278711e — 009  hgq = 1.506859410430839¢ — 001.

If we compute M = AAT, then the diagonal elements are

mi1 = 2.235511337868481e + 000  magy = 4.365545837070163¢ — 002
mgz = 1.302206067717328e — 004 my4q = 3.530824094344483¢ — 008.

Of course, if we look only the diagonal entries of the matrix, we cannot say how
close is the diagonal to the spectrum. After all, the matrix can be diagonal, thus
with minimum entropy in its orbit, and we cannot detect that (since the minimum
entropy is not known in advance — we do not know the spectrum). But if we have two
orthogonally similar matrices, H and M, then we see huge difference between the two
diagonals. If we compute the entropies, n(H) ~ 7.788e — 001 > n(M) ~ 8.678¢ — 002.
Let us do one more thing. Let us compute the QR factorization A” = QR and define
K = RRT. The diagonal elements of K are

k11 = 2.250449270933330e + 000 k2o = 2.880226324126862¢ — 002
kss = 4.550862529487731e — 005 k44 = 9.354301629002920e — 009

and the entropy is n(K) = 6.192193161288968¢ — 002. In this example the minimal
entropy is n(N (H)) ~ 6.158440384796982¢ — 002.

REMARK 4.1. Just looking at the vectors d(H) and d(M) in Example 4.1 and
knowing that they are diagonals of unitarily similar matrices is enough to tell that
d(H) cannot be the spectrum (not even its close approximation), and that one should
bet on d(M). For, if H is close to diagonal, then the condition number of H is
O(1), while the condition number of M is more than 10%. In other words, orthogonal
similarity can hide the high spectral condition number of diagonal matrix (so that
is not seen on the diagonal of the similar matrix), but it cannot produce it starting
from nearly equilibrated almost diagonal matrix. In some sense, with respect to the
problem of guessing the spectrum, the diagonal of M has less uncertainty than the
diagonal of H.

REMARK 4.2. Non—diagonal matrix H with (nearly) maximal entropy is not nice
also because of the fact that there is no substantial difference between the condition
numbers x(H) and k(Hy), where (Hs)i; = hij/+v/hiihj;. Let us only mention that
minimizing the entropy by orthogonal similarities also means minimizing the number
k(H) toward 1. Increasing the entropy could mean introducing instability of the
spectrum with respect to floating—point perturbations. A way to explain this is to
note that larger entropy corresponds to more equilibrated diagonal, thus having the
scaled condition number closer to the ordinary condition number.

REMARK 4.3. The fact that the entropy 7(-) of the diagonal of H is larger than
the entropy of the vector of the eigenvalues holds for any symmetric concave function
in place of (). To see that, recall the relation d’'(H) = SN (H), where S is doubly—
stochastic. By Birkhoff theorem, S is from the convex hull of permutation matrices,
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thus S = >, P, where P}’s are permutation matrices and oy,’s are nonnegative with
sum one. Thus, d’'(H) belongs to the convex polyhedral set spanned by permutations
of the vector M (H). Hence, a concave function on d’(H) cannot have smaller value
than is its minimal value on the vectors P\ (H).

EXAMPLE 4.2. Let us see how one single Jacobi rotation changes the entropy of
H. Without loss of generality, let the pivot position be (1,2) and let

& (hin hi2) _ (a c = ([ cos¢ sing
H_(h21 h22>_(c b)’ azb, c#0, J_<—sin¢ cos¢ )’

where in the Jacobi rotation sign(tan ¢) = —sign(c). Then
v s [a—ctang 0 _(d 0
(4.2) d HJ_( 0 b—|—ctan¢)_<0 b )’
a—"b ctan ¢

ay a—b  d -V a\ _ afd
(4.3) <b> ctang ad —b (b/>s<b’)'
7a’—b’ a —b

It is known that Jacobi rotation increases the larger diagonal element and decreases
the smaller one by the same amount, thus preserving the trace. Reading this fact
backward in time, we see that old diagonal entries (a, b) are result of averaging of
a/, ' — a clear increase of entropy. One can easily check that the matrix S in (4.3)
is doubly stochastic. If we set J = J @ I,_o, S = S @ I, o, H = JTHJ, then
d(H) = Sd(H'), which means n(H') < n(H). It is clear that the Jacobi rotation
gives maximal reduction of entropy among all 2 x 2 orthogonal similarities in given
coordinate planes on H. This generalizes to any k X k submatrix — the optimal k x k
orthogonal transformation is the diagonalizing one.

5. The algorithm. We now describe the structure of the Jacobi SVD algorithm
with QR factorization serving as preconditioner and preprocessor. At this point we do
not consider the details of the application of the one—sided Jacobi rotations. Instead,
we use it as a black box and give the details in [20]. On input to the black box we
have matrix X which is of full column rank, and the box computes X, = XV, where
Xoo =UX, X =UXVT is the SVD of X, and V is the product of the Jacobi rotations.
If the box does not compute V', but only X, we simply write X, = X (V). We keep
that notations in other situations as well. If in a relation some matrix is enclosed
in (-) then that matrix is not computed and no information about it is stored. For

example, A = (Q) would denote computing only R in the QR factorization

R
0
of A. We will try to design the algorithm so that we avoid accumulation of Jacobi
rotations whenever possible.

5.1. Computing only Y. We first describe the algorithm for computing only
the singular values of A. In Algorithm 1 we use two QR factorizations with pivoting
and then apply the one—sided Jacobi SVD algorithm. We do not specify which rank—
revealing QR factorization is used — the rule is to use the best available.

REMARK 5.1. The pivoting in the second QRF is optional, and P; = I works
well. If efficient QR factorization with local pivoting is available, it can be used to
compute R;. If the columns of A are nearly orthogonal, the second QR factorization is
unnecessary. Such situation is easily detected by inspecting the matrix R, see [20].
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Algorithm 1 0 = SVD(A)

(P.AP = (Q) (ff) - p=rank(R) ;

R(1:p,1:n)"P=(Q1)R1; X =R{ ;
Xoo = X (V3) ;
oi = | Xoo (5, )]], i:l,...,p;‘0:(01,...,0,,,0,...,0)‘.

REMARK 5.2. Determining the numerical rank of the matrix A is rather tricky.
It depends on the structure of the initial uncertainty of the matrix A, on the required
level of accuracy, algorithm, details of application etc. If the application requires
high relative accuracy, then the QR factorization is not authorized to declare rank
deficiency, except in the case od exact zeroes at relevant positions in the computed
R. If the singular values are needed with the standard absolute error bound, then
the smallest singular values can be deflated with controlled perturbation. We discuss
these details in §6.5.

5.2. Computing ¥ and V. If we need singular values and the right singular
vectors, direct application of right-handed Jacobi rotation to A or R requires the
accumulated product of rotation to construct the right singular vector matrix V. To
avoid explicit multiplication of Jacobi rotations in this case we use the following al-
gorithm: The beauty of the preconditioning R ~» R in the case of Algorithm 2 is

Algorithm 2 (0,V) = SVD(A)
R
(P.AYP = (Q) (O); p = rank(R) ;
X=R(1:p,1:n)T;
Xoo =X (Vi) 5
o = | Xoo (5, 9) [, i=1,...,p;‘O':(0’1,...,0’,),0,...,0)‘;

Ualeri) = - Xoali), = Lo [V = PUL

in the fact that the set of the right singular vectors is computed without accumulat-
ing Jacobi rotations, and at the same time fewer rotations are needed to reach the
numerical convergence. In some cases (e.g. p < n) the second QR factorization is
advisable. Accumulation of rotations can be avoided using 5.4.2.

5.3. Computing ¥ and U. If ¥ and U are needed, then we need to think
harder. Clearly, if we apply the right handed Jacobi on X = A or X = R, then we
do not need the product of Jacobi rotations. The problem is that in case m > n the
rotations on A are too expensive, and that in both cases (A or R) the convergence
may be slow, much slower than in the case X = R”.

On the other hand, in some cases X = A is perfect choice. For instance, if
H is symmetric positive definite matrix and PTHP = AA7 is its pivoted Cholesky
factorization with lower triangular matrix A, then AT has the same properties as
R from Proposition 3.1. Thus AV = UX will be efficient Jacobi SVD and since
H = (PU)X%(PU)T is the spectral decomposition of H, V is not needed.

To simplify the notation in in Algorithm 3 we define for a matrix M its property
T(M) to be true if M is of full column rank and the right-handed Jacobi algorithm
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applied to M converges quickly. For instance, if A is the Cholesky factor of positive
definite matrix, computed with pivoting, then 7(A) = true. If evaluation of 7(A)
would require more than O(mn) flops, or if we do not know how to judge A, then by
definition 7(A) = false.

Algorithm 3 (0,U) = SVD(A)
if 7(A) then
X=4;Xoo =X V)

0 = | Xoo(5,0)||, 2=1,...,n; a:(ol,...,an)’;

U(:,i) = LXM(:,i), i=1,...,n|;

i

else
(PAP =Q ({f); p = rank(R) ;
if 7(R) then
X=R; Xoc=X(Va);
0 = | Xoo (55 9) ], i:l,...,p;‘U:(al,...,c;’p,o,...,O) ;

o Om—p)xp

else
R(1:p,1:n)TP = (Q1) Ry ;
X =R Xoo = X (Vi) ;
i = | Xoo (5, 9) ], izl,...7p;‘U:(Ul,...7ap,0,...,0) :

1
7 O(m—p)xp
end if
end if

In the case X = RT, we need the accumulated product of Jacobi rotations and
the cost of the product of only one sweep of rotations is 2np(p — 1) = 2np* — 2np. To
this we should also add the cost of heavier memory traffic and increased cache miss
probability because two square arrays are being transformed. All this is avoided by
an extra QR factorization. (Since we do not use Q1, R; is computed in 2np? — 2p3/3
flops on BLAS 3 level.) Clearly, if p < n, the saving is much bigger.

5.4. Computation of U, ¥ and V. In this section we are interested in effi-
cient implementation of the Jacobi SVD algorithm for computing the full SVD of a
real matrix. Classical implementation of the Jacobi SVD algorithm transforms two
matrices, one of them approaching the matrix of left singular vectors scaled by the
corresponding singular values, and the second one is the accumulated product of the
Jacobi rotations. On computer level, columns of two square arrays are repeatedly
moved from memory via cache to processor and BLAS 1 dot product and two plane
rotations are executed at each step. From the software engineering point of view,
this is disappointingly inefficient computation. Our goal is to replace part of this
computation with BLAS 3 operation with as little overhead as possible.

Following [17], we will not accumulate Jacobi rotation, and the right singular
vectors will be computed a posteriori from a well-conditioned matrix equation. In
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this way, the expensive iterative part has less flops and more cache space.

Let X be square, triangular and nonsingular. The Jacobi algorithm computes the
SVD of X in the form XV = U3, where V is the product of Jacobi rotations, and
UY = limg_oo X®). Obviously, V = X~ (UX), but the numerical stability of this
formula is not so obvious. In fact, it explicitly uses the inverse of X to compute nu-
merically orthogonal approximation of V' — both the experts and the less experienced
will call for caution. Recall that our goal is high relative accuracy for all singular
values and vectors, independent of the magnitudes of the singular values. This means
that we allow that X has high spectral condition number £(X) = omax(X)/0min(X).
If the SVD of X is well-determined (see §2), we want to have the maximal numerically
feasible accuracy. If that is not the case, the SVD is computed with absolute error
bounds. In any case, the computed singular vectors should be numerically orthogonal.

5.4.1. Classical computation of V' by accumulation. Let the Jacobi itera-
tions stop at index k and let X0 = X (’f). Let V be the computed accumulated product
of Jacobi rotations used to compute X.,. Row—wise backward stability implies that

(5.1) Xoo = (X 4+ 0X)V,

where V is orthogonal, ||V — V| < O(ne) and (see Proposition 2.3) [|6X (i,:)| <
;|1 X (i,:)|l, €7 < O(ne). The matrix V can be written as V = (I 4 E)V, where || Eo||
is small. In fact, max; |Eo(i,:)|| < e;. Note that the matrix V is purely theoretical
entity — it exists only in the proof of the backward stability. If we want to recover v,
the best we can do is to compute

(5.2) X 'Xo=(I+E)V, B =X'X,

since we do not have 6X. Thus, we can come || Ey|| close to V. To estimate Ey, we
write X = DY, where D is diagonal scaling, D;; = || X (4,:)||, and Y has unit rows in
Euclidean norm. We obtain

(53NE | = [y~ Dax] < [y |D78X] < Y [Vaes < [¥H[O@ ).

Finally, the matrix ):(oo is written as UY. The diagonal entries of 3 are computed
as ¢; = computed(|| Xoo (5, 7)) = | Xoo (5, 9)|(1 + v4), [vi| < O(ne), and then U(:, i) is

computed by dividing X (:,4) by ;. Thus,
(5.4) US = Xoo +0Xoo, [60Xoo| < 36| X ool

If &; is computed using double accumulated dot product, then |v;| < O(e) and the
columns of U are unit up to O(e). The following proposition explains how well the
computed SVD resembles the matrix X.

PROPOSITION 5.1. The matrices U, i, f/, 14 satisfy residual relations

(5.5) USVI =X +F=X(I+X"'F),
(5.6) USvVT = (X + F)(I + EY),

where for all i, ||F(i,:)|| < (e5+3e(1+e )X, :)|l, [|Eoll < /nes < O(n®/2€), and
[XTHF| < IY V(s + 3e(1 + e)). .
Proof. From the relations (5.1) and (5.4) we obtain UsVT = X +F, F =
§X + 68X VT, and for (5.6) we use V = (I + Ep)V. O
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5.4.2. Computation of V' from matrix equation. Suppose we decide to use
an approximation of V instead of V. The matrix X X, is a good candidate, but
we cannot have the exact value of X 1 X . Instead, we solve the matrix equation
and take V = computed(X_lXoo). Since X is triangular, the residual bound for V is

(5.7) By =XV — Koo, |Ba| SerlX|IV], er < 37—
From (5.2) and (5.7) we conclude that
(5.8) V=(0I+4E)V=VI+VTEV), Es=FE +X 'EVT,

where only the symmetric part Sym(Es3) = 0.5(E3+ ET) contributes to the first order
departure from orthogonality of V, [|[VIV — I|| < 2||Sym(Es)|| + || Es|2.

Since V approximates an exactly orthogonal matrix, it is useful to explicitly
normalize the columns of the computed V.

The following proposition shows that we have also computed a rank revealing
decomposition of X (in the sense of [12]).

PROPOSITION 5.2. The matrices U, &, V satisfy the following residual relations

(5.9) USVT = (X +F)I+EY), BEs=E, + X 'EVT
(5.10) USV ' =X+ F, FL=EV"'+X. V!

where F is as in Proposition 5.1, | Ez|| < |[Y~!||(v/nes + ner), and it holds for all i,
IR < ErllIVI+ 361+ [V X)) -

REMARK 5.3. There is a simple way to check and correct the orthogonality of
V. Since X ~ USVT is an accurate rank revealing decomposition of X, we focus to
the SVD of the product USVT = U’(‘v/i)T Let J be the product of Jacobi rotations
used to improve the orthogonality of the columns of VE (this the right—handed Jacobi
SVD applied to VZ) and let (VE)J V'Y with diagonal ¥’ and |[V'(:,4)|| = 1 for
all i. Then USVT = U'Y/ (V)T where U’ = UJ remains numerically orthogonal.
This can be viewed as iterative refinement of the computed V.

This analysis shows that the quality of the computed right singular vector matrix
V depends on the condition number ||Y ~!||, where X = DY. This means that the
rows of the triangular matrix X must be well-conditioned in the scaled sense. If
X is computed from the initial A using the QR factorization with column pivoting,

AP = Q@ <]0%>, then X = R can be written as X = DY with well-conditioned

Y. Thus, we expect that V can be computed accurately, but immediately notice a
drawback. The Jacobi rotations implicitly transform the matrix PT (AT A)P, which
means that we do not have the preconditioning effect — for that the input matrix to
Jacobi procedure should be X7 =Y7TD.

We conclude that the initial matrix should be of the form X = DY = ZC where
D, C are diagonal and both Y and Z well-conditioned. Well-conditioned Z implies
fast convergence, while well-conditioned Y ensures stable a posteriori computation of
the right singular vectors. Therefore, we define X in the following way:

AP—Q(?); RTP, = Q\R;; X =RT.

The matrix R can be written as R = D,.R,. with well-conditioned R,, and if we write
R1 = (Rl)c(Dl)c; then K/((Rl)c) = IQ(RT), thus X = DY with D = (Dl)ca Y = (Rl)z

Further, Ry = (D1),(R1), with the expected value of k((R;),) smaller than
k((R1)c), thus X = ZD, with well-conditioned Z. In fact, Z7Z is very strongly

24



diagonally dominant. We have strong numerical evidence that the pivoting in the
second QR factorization is not worth the overhead it brings by precluding cache
efficient factorization. However, if we have an efficient QR factorization with local
pivoting, such overhead is negligible and pivoting should be used. Note that X = R;
also has required properties. However, if we do not use column pivoting in the second
QR factorization (P; = I) then we cannot give a theoretical bound on the condition
number of Y. Putting all together, we obtain Algorithm 4.

Several comments are in order here. For the sake of simplicity, we have given
slightly simplified version of the algorithm. For instance, initial scaling to prevent
overflow and underflow and the decision between A and A7 are not included in the
description of the algorithm.

Since the key matrices in the algorithm are all triangular, various condition es-
timators can be used to control the program flow. We can decide which matrix is
best input to the one-sided Jacobi algorithm, or which matrix equation to solve.
For instance, in the case p = n and small k;, the SVD RY = U,XV.I implies
V, = R{T(U,Y), but we also note that R(Q,V,) = (U,X). It can be shown (as
in §5.4.2) that computing W = Q.V, very efficiently as R~!X ., is numerically as
accurate as first computing V,, = Rl_TXOo and then multiplying Q1V,.. (Similar situ-
ations occurs in the case well conditioned Y and X = Ly, where Q¥'V, is computed
directly as Rlem.) Since in each major step we have estimates of relevant condi-
tion number (of scaled matrices), the algorithm can be authorized (an input option)
to drop some small singular values if the condition number test shows that they are
highly sensitive. More details on this can be found in [20].

The last line of defense in Algorithm 4 is an extra safety device for mission critical
applications. So far, we know of no example in which accumulation of Jacobi rotation
is needed because the previous three preconditioning steps failed to produce X which
is structured as X = DY with moderate ||Y~!||. In fact, we never had the case that
required X = LT, The worst case example, which probably already have crossed the
reader’s mind, is the Kahan’s matrix.

ExaMpLE 5.1. It is instructive to see how our algorithm deals with the upper
triangular Kahan’s matrix K = K (m, ¢) with K;; = s ! and K;; = —c-s""! for i < j,
where s? +¢? = 1. Using MATLAB, we generate K (100,0.9998). It is estimated that
k1 =~ ||R | is bigger than 10°. Now, the trick here is that our entropy test will
transpose the matrix automatically and take A = K7 instead of A = K. In that
case the estimated k; is around one. Suppose now that the transposing mechanism
is switched off, or that e.g. A = K(1:m,1:n), n < m, so that no transposition is
allowed. Let A be equal the first 90 columns of K. Again, x; > 106, but xy ~ 1.

REMARK 5.4. Note that in the above example initial matrix K (100,0.9999) gives
k1 < 20. This is due to the fact that rounding errors have changed the permuta-
tion matrix of the column pivoting away from identity, which brings us back to the
discussion on best column pivoting, see §3.

6. Assessing the accuracy of the computed SVD. The composition of the
QR factorization and the one—sided Jacobi SVD algorithm maps A to its numerical
SVD in numerically sound way. This section explains the details. To simplify the
notation, we drop the permutation matrices, thus assuming that A is replaced with
the permuted matrix P.AP. Also, for the sake of brevity we will not analyze all
variants of algorithms given in §5.

6.1. Backward error analysis. The following proposition is central for the
analysis of Algorithm 1 and Algorithm 2. It gives backward stability with rather
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Algorithm 4 (U,0,V) = SVD(A)

(PAP = Q (ff) : p = rank(R) ;
if max |R(1:i—1,4)|/|R:| small then {columns of A almost orthogonal, see [20]}

X = R ;| ko = estimate(||Al|]) | ;{At this point, ko < n. ATA is y-s.d.d.}

Xoo = X (Vi) 3 Vo = R X i [0 = [ XD, i = Loom |5 [V = PV, s
1

a; Im—n

else
ko = estimate(|| Al ‘ : k1 = estimate(||RL|]) ;
if k1 small then {e.g. k1 small <= k1 < n}

R(1:p,1:n)T =@ ( ) {second preconditioning}; X = RT

else
R(1:p,1:n)TP = Q1< >{second preconditioning};

Ry = Ly {Q2) {third preconditioning: LQ factorization}; X = Lo;

ky = estimate(||[Y71]]) ; if ky > n then kz = estimate(||Z7|) ; end if
end if
if Y well conditioned then 1

Xoo = X (Vi) 1|00 = [ Xoa ) |5 Us i) = = Ko(d), i=1,0p

if p=n and k1 small then

U, 0
W = R X.; {here W = Q,V,.}; |V = PW|; U:Pf@( 0 ) :

I,

else if x; small then {R rectangular, p < n

vo-mxalv=ra (50 Y o=rre (0 )
n—p

Iy

else {here X = Ly and W = Q1V,}

WZRf&szP@<% fi);U=WQ<%W ! );

n—p Im—p

end if
else if Kz < n then

X =1LT X = X (V);

o = || Xoo(:,9)

Um(:vi) - ;Xoo<:vi)> i=1...,p;

T
Vo=Ly " Xoo 3|V = PQl(‘g IO ) : U_P?Q<P1%2U” 0 )
n—p

else {last line of defense: use X = Lg and accumulate Jacobi rotations}

Iy

Xoo = XV, ;|05 = | Xoo ()| | Un(:) = X (i), i=1,....p;
Ua; 0 PIQ x 0
V=P@< );U=W0< ’ );
0 I, 0 Lrn—p
end if
end if
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strong column—wise result on backward error. From this result we derive relative
error bounds for the computed elements of the SVD.
PROPOSITION 6.1. Let the SVD of the real m x n matric A be computed by

reducing A to triangular form, A = @Q <R), and then applying the right-handed

0

Jacobi SVD algorithm to X = RT. If only the singular values or singular values and
the right singular vectors are needed, then the backward stability of the computation
can be described as follows:

i) Let X =~ U,2 <‘~/wT> be the computed SVD of the computed matrix X. Then

there exist perturbation AA and orthogonal matrices Q, V, such that

(6.1) A+AA:Q<‘6I ?) <§)(~];CT, where
(6.2)  AACG, ) <AlAG), i=1,...,n, §=¢g +e7+Ege

(The parameters €4 and €5 are from Proposition 2.2 and Proposition 2.3.)

i) In addition toi), lete, = |UTU,—I||r < 1/(2v/2). Then there exist backward
perturbation € and orthogonal matriz U such that ||U, — Ul|p < V2e, and
the SVD of A+ & s

(6.3) A—l—é‘z@(%” (I)) (%)U, where for all i
(6.4) IEC, DI < AAG, DI, 5= 71+ V2ne, + O(e?).

Proof. Let Q and R be the computed numerically orthogonal and the triangular
factor of A, respectively. Then there exists an orthogonal matrix () and there exists

backward perturbation §A4 such that A+ 64 = Q (1;”), where for all column indices

6A(:,4)|| < egrl|A(, ). Let the one-sided Jacobi SVD be applied to X = R”. By
Proposition 5.1, X + F = U,SVZ, ||F(i,:)|| < e]| X (4,:), and therefore

A T A~ 0 3 ~
(6.5) A+5A+Q<}:) >Q(‘gc 9) (%)U{
N—_—— —
AA

In relation (6.5), the backward perturbation AA has column-wise bound
IAAG, D < egrll AG DI + e |RG DN IIRE D < (14 egr) [AG ),

and (6.1, 6.2) follow. Note that the right hand side in relation (6.5) is not an SVD.
To obtain a relation with the SVD of a matrix in the vicinity of A, we need to
replace U, with a nearby orthogonal matrix. However, since the backward error AA
is column—wise small, we need to do this carefully and preserve this fine structure of
the backward error. Since U, is on the right hand side of A, correcting its departure
from orthogonality implies certain linear combinations of the columns of A. If A
has very large and very small columns, then such linear combinations may introduce
large perturbations into the small ones. This is the reason why we cannot use the
orthogonal polar factor of U, as closest orthogonal matrix. We proceed as follows.
Let IT be the matrix representation of the permutation 7 such that the columns
of AIl have decreasing Euclidean lengths. Let 70U, = I+ G(:,F)Uz be the RQ
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factorization of IITU,, with lower triangular Gy and orthogonal U,. Since U, is
numerically orthogonal, we can nicely estimate Gy. Since

(I+Go)I+Go)T =1+ U, (UTT, — NUT

we conclude, using [19], that ||Go|lr < v2e,. Thus, I + Gy is regular. Let I + G
(I + Gp)~t. Obviously, G is lower triangular. Since G = —Go + GZ(I + Go)71, it
holds that ||G||1 < [|Goll1 + |Goll2/(1 = ||Goll1). From (6.5) we obtain the SVD

(6.6) (A+ AA)(I +1GIHT) = O (‘gf ?) (%) (IT07,) .
Note that small |[IIGIIT||; = ||G|l1 = |G|l does not automatically mean column-—

wise small backward perturbation in A. Let us estimate the columns of AIIGIIT. For
the sake of clarity and the readers’ convenience, we will illustrate the principle using
small dimension example. Let n = 4 and 7 = (3,1,2,4). Then || A(;,3)|| > [|A(:,1)] >
[AG2)1 = [|A(:,4)] and
gn O 0 O
ATIGI" = (A(.3), A( 1), A(2), AG4)) | 20 92 0
gs1 gs2 gsz O
941 ga2  ga3  Gaa 0

o = O
o= O O
SO o=
— o O O

Note that in the multiplication AIIG each column of A gets contribution only from
columns that are smaller in norm, i.e.

ALG(: ng » ATGE, 9 < ZlgkleA DI < NG AG, 7 (@)l

Now it is easy to check in our n = 4 example that the permutation matrix II7, that
is 771 = (2,3,1,4), redistributes the columns back to the original order. We have

(6.7) I(ATGIT) (z, )| = [(ATG) ¢, 7~ @) < |Gl AG, 2)]I-

In fact, the bound is even sharper because

ATIG:, |<Z|gkz|”A DI < IAG, |Z|9’”||||A (())))|||
ﬁ,—/

<1

By the same token, |AAIIG(:,i)|| < 7[|G[[1]|A(:,7)||. Note that from the relation

U, = (I + HGTTT)(TIU,) we easily find that the matrix U = IIU, satisfies ||U —

U, HF < ||Go||F. Finally, note that equation (6.6) defines £ from equation (6.3). O
Consider now the computation of the full SVD.

PROPOSITION 6.2. Let A~ Q (R> be the computed QR factorization of A. Let
the computed SVD ofX RT be X ~ U, XV ,, where

a) V, =V, if V. is computed as accumulated product of Jacobi rotations
(Proposition 5.1). In that case Ve —Vallr < V/ney.
b) V. = V, if V, is computed from triangular matriz equation (Proposi-

tion 5.2). In that case |V, — Villp < Y| (Vnes + ner), where Y =
diag(1/[|X (@ :)[) X
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Let V, = U,, V, = U, where U is as in Proposition 6.1 and let
© AV, 0 _— ~(V, 0
Ua—Q(O I)’ Ua—computed(Q< 0 I))

Then |Uy — U,|l < vVmegr + Ve = Vallrs Ve = Vall < V264, and the residual (that
is, the backward error)

(6.8) A'A=T, (%) VI — A= T+ (U, —U)UNA+AA) - A
U, Ur

satisfies | A'AC )| < 7ACG DI, 7 =7+ |Us = Ual +il|lUa = Ual-

Proof. To estlmate U, — U, we first note that U, is computed using Householder
vectors computed in the QR factorization, and then replace V, with V, + (V, — V).
O

6.2. Backward errors for two preconditionings. Now we analyze backward
stability of the variant with two preconditioning steps. Our goal is to relate the
computed matrix XOO ~ Umi and some matrix in a neighborhood of the initial matrix
A. One of the difficulties we have to deal with is the fact that composition of two
backward stable operations is not necessarily a backward stable mapping.

To ease the notation we assume that the matrix A is already (column-wise and
row—wise) permuted so that the first QR factorization does not need column or row
interchanges. The computed matrices are denoted by tildas, and by hats we denote
matrices whose existence is obtained during backward error analysis (those matrices
are never computed and they are usually close to the corresponding matrices marked
with tildas). The first QR factorization

(6.9) A:Q<§> is computed as A+6A:Q<§),
where for all column indices 4

(6.10) ISAG, )| < egr(ANAC D], and [|Q = QlF < eqr(A).
In the next step

(6.11) RTP, = Q1R is computed as (RT + 6]~%T)161 = OBy

where [|0R(i,:)| < qu(RT)HR( II- And finally, Jacobi rotations are applied to
X = RT which yields X (X—|—5X) ws 10X (0, :)|| < eyl X(4:)]|. This means that
Ry is changed backward to Ry + 6R; with column-wise bound ||6R;(:,4)|| < es||R1(:

,1)||. To push 0R; further backward we have to change R. It is easy to check that
AR =0R+ P RTQT has the property

(6.12) (RT + ART)Pl = Ql(Rl + (Sél)
Note that (6.11) implies that |[Ry(:,3)|| < (1 + e (RT))||(PT R)(3,:)|| for all i. Let
AA=64+4Q (AR) . Then we have explicit backward relationship

(6.13) ( gi) ~ (Xow) _ (%T Imo_n> O (A + AA)OLV,
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with small |AAJ/||A]. However, such matrix norm bound is not satisfactory and we
would like to have column-wise estimate similar to (6.10). This is much harder to get
because, unlike in the case of one QR factorization, we transform the matrices from
both sides. We proceed as follows. Write R+ AR = R(I + E) with E = R~'AR, and
let R = D, R, with D, = diag(|R(i,:)||)",. It is easily shown that

(6.14) IE|lF < vVilegr +es(1+ 5qr))”Rr_1H7 Eqr = 5qr(RT)'
Note that this bound depends on ||[R;|. Thus, we can write
(6.15) A+ AA=(A+SA) I +E)=(I+6AAN)A(I + E).

Note that I + E represents multiplicative backward perturbation which immediately
and cleanly exposes its corresponding forward error. However, additive backward
perturbation might be more desirable and interpretable. Therefore, we are going to
transform the multiplicative part into additive one.

Remember that proving backward stability is Gedankenezperiment with certain
rules and lot of freedom. If the columns of A+ A are not ordered from large to small
in Euclidean norm, then we order them using permutation IT and write

(A+5A)I + E) = (A+ s AT + TIT EIHITT.

If I+ 1T EIl = LW is the LQ factorization (L lower triangular, W orthogonal), then
we can write L = I + F with lower triangular F and ||F|| < O(1)| E||. Then we have

(A+6A) I+ F)=(A+ A1 + F)WHT =((A4+6A)II+ (A+ 5A)HF)WHT,
where

(A+ A K
(A+ A (:,4)]|

1A+ ). < 1A+ S, S Pl
k=i
< [ F[L (A + SAID)(:, )]
If we permute the columns of A + §A back to the original order, we obtain
(6.16) A+ AA=(A4+6A)I+E)=(A+5A+5ATWIT,

where [|01A(:,1)|| < (1 +eqr(A)IF)1|AG,9)||, ¢ = 1,...,n. Thus,

(6.17) <UBE> ~ (%@) _ (PS ; 0 )QT(A+5A+61A)HWHTQ1V1.

This means that U, is computed using orthogonal transformations on A+d8A+ A,
where the perturbation § A + d1 A is column—wise small. The practical value of this is:
no matter how badly the columns of A are scaled, the algorithm computes the SVD
of A with backward column—wise small relative error.

6.3. Forward relative errors in the computed SVD. Precise error bounds
give not only mathematical evidence of the quality of the computed approximations.
They can be used to stop an iterative process when the desired (or numerically fea-
sible) accuracy is attained, thus avoiding unnecessary computation. For the Jacobi
SVD algorithm such ”just in time” stopping criterion is of interest. Therefore, we
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are interested in obtaining relative error bounds as sharp as possible. The following
proposition gives more detailed structure of the relative perturbation of the computed
singular values.

ProPOSITION 6.3. Consider full column rank m x n matrix A with the SVD

A=U (%) VT and singular values o1 > +-- > oy,. Let 61 > --- > &, be the singular

values of the perturbed matric A= A+ §A = (I +T)A, T = 6AAY, and let ||T|| < 1.
(i) It holds that

2
018 e 200 < sy + e < Il oumne),

where Sym(T') = 0.5( + I'T). .
(i1) Let I + = = diag(||(I+T)U(:,2) )™, (I+F)U(I+E)_1, UTU =1+9Q, and
Q=Q(1:n,1:n). Let the singular values ofA be written with multiplicities as

o1 :...:6'51 >6’§1+1 :...:5'52 > ... >5‘§2_1+1 =...=03., §Z:n, S0=0,
and let the relative gaps be defined by

|
¥; = min
j#i

— 0%

Qv

K

n ,i=1,...,4; 4 =min%;.

2
Qv
W1 ('I)IM
Qe
Wi wl\?

J

If | < 7/3 then for all i and &; = o;||(I + T)U(:, j)||

S; ~ o2 Si 52 2
5 2 .
PO e BN D DR T =
j=ga 9 =g a1 UJ' Vi
: 195 =35l o 2,62
In particular, max ———— < —[|Q]|*.
j=1:n ol

Proof. Since I + T' is nonsingular, we can use [44] and relation (I + I')~! =
(I =T)+T?(I +T)~* to conclude that

max 19 =9 1
1<j<n 1/0'JUJ -2

(In fact, for the last relation to be true, we need only the assumption that I 4+ T is
nonsingular.) Relation (6.18) follows using the fact that ||T'|| < 1.

Let A=U (g) VT be the SVD of A. Write

||(1 +D) -+ D)7 = %n —28ym(I) + (I +T)7 Y.

(6.19) A:(I—FF)U(%:)VT:ﬁ(IJrE)(?)VT

where (I +T)U = U(I + Z) with diagonal matrix = determined so that U has unit
columns. Obviously, |Z;| < ||[TU(:, )| for all ¢, and ||Z]| < ||IT||. We now write A as

9]

(6.20) Aﬁ(%)vﬁ (§>(I+E)<§), S = diag(;)"-,
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Note that UTU = I + Q with Q;; = 0 for all i. Now,

(6.21) ATA=V (Y 0)(I+9Q) (?) VT = VvS(I, + Q)2vT,
where ) = Q(1 : n,1 : n). Using the orthogonal similarity in the last relation,
we can compare the eigenvalues of AT A and the corresponding eigenvalues of the
matrix M = i([n + Q)f] Second look at the relations (6.19,6.20,6.21) reveals the
transformation of the multiplicative perturbation I +1I" of A into the nonorthogonality
of the left singular vector matrix U and then splitting the nonorthogonality of (I4+T)U
into the column length changes and angle changes. The changes of the unit lengths
of the columns of U are then taken as perturbation of 3 thus defining >

Note that the matrix M is ||Q]-s.d.d. [3] with eigenvalues 62 > --- > 62 and
diagonal entries ¢ > --- > 2. Using [34, Corollary 3.2] we conclude that

N 5 5 _ - 2
5; 2 2 S; 3; 3; Si—1
S

T S D AN [ S) S A S

J=Fi1+1 k=1 k=3;+1

REMARK 6.1. It is natural that only the symmetric part of I" enters the linear part
of the perturbation. If Skew(I') = I'—Sym(T"), then the matrix W = exp(Skew(I")) is
orthogonal and (I+T)A = W(I-WTYT+WTSym(T))A, where T = exp(Skew(T')) —
(I+7T) =372, Skew()*, |T| ~ O(|T||?). Another symmetric part of I + T can
be used via the polar decomposition I +I' = OS with orthogonal O and symmetric
definite S. In both cases the orthogonal matrices W and O are from the group of
invariant transformations of the SVD, and only the corresponding symmetric parts
remain to act as perturbations of the singular values.

REMARK 6.2. The part ii) in Proposition 6.3 can be stated using A = A—
0A = (I +T")A, T" = —5AA". In that case, the singular values of A are indexed as
O1=...=04 206,41 =...=0g, > ... > 04, 41 =...=0g,, S¢g =n, sSo =0, and
the relative gaps 7; and v as well as other details are from the proof are analogous.

REMARK 6.3. Note that TU(:,4) = AV (:,i)o; ' and that

ITU ()| < 16AN DAV i)o || = [I8AN AT, )l

where Dy = diag(||A(,9) )i, Ac = AD;XI7 0A, = 6AD;11. The term ||DAV(:
3oy Y| also appears in [13], but there it was obtained from the first order perturbation
relation valid only for simple singular values.

REMARK 6.4. The norm of Q can be bounded as || < 2(|Z|| + |IT|) +
higher—order—terms.

Consider the right—handed Jacobi SVD algorithm on n x n matrix X. Let X =
X®) = (X46X)V be the computed matrix and X, +0 X, = UY as in relation (5.4).

Let max ‘((?Tf])” < 7, max ’1 — UG, 4)||| <v. We wish to know how the sizes of
i#£] i

7 and v influence the relative distance between the &; = iii and the corresponding
exact singular value &; of Us.

As in the proof of Proposition 6.3, we split the perturbation (ie the departure
from orthogonality of U) into two parts. Let U = U(I 4 Z) where U has unit columns
and Z is diagonal matrix with ||Z| < v. Write U as U3, where 3 is diagonal matrix
with diagonal entries ¢; = 7;(1 + Z;;). Note that v can be as small as O(e) with
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the cost of doubly accumulated dot products, and O(ne) if no extra precision is used.
The potentially larger and harder to control value 7 enters the estimate quadratically,
and that opens a possibility for sharper stopping criterion.

As in Proposition 6.3, we note that SUTUY. has diagonal entries 57 and eigen-
values 62,7 =1,...,n. Let Q= UTU — I and let ||Q| < 4/3 where the gaps between
the 67’s are defined as in Proposition 6.3. Then max;; [€2;;| < 7/(1 —v)? and for all i

2 72 1 n?72

0 i i)(l—l/)4 7%2(1—1/)4

>

(6.23)

where k; is the multiplicity of &;.

EXAMPLE 6.1. We illustrate the application of the relation (6.23) in stopping
the Jacobi SVD algorithm. Since we do not have the 6;’s, the relative gaps will be
estimated using the computed &;’s as follows. We first note that the gap 4; can be
approximated by 7;, using the ¢;’s, with absolute error ¢ if the ¢;’s approximate the
corresponding 6;’s with relative error at most e.

Let e ~ 10716, n = 1000 and 7 = 1078, Then ||| < [|Q|r < w = /n(n — 1)7/(1-
v)? < 9.9950 - 10~¢ and

‘é—ii&” —1/2 1/2 w _6
2 (T4 2T+ D)Y? | <wy = <9.9951-1076.
b PN <I( ) ( )< wr N

From this we conclude that for all ¢

|6; — & <y = w1

w
min{4;,;} l—w VI—w-w

10: =il @1 _ 998106,
o; +0; 2

<9.996 - 107,

Suppose that we have n different values 61 > --- > &, > 0 and that they are well
separated relative to their uncertainty in approximating the &;’s, i.e. let
|oi — d,] |67 — 7;

max — > 5w > 4.997-107°. Then #; = min ~7| € (bw, 10w) .
i#j 0;+0j Jj#i O ;

Using the fact that the §;’s are O(w) close to the &;’s, we easily estimate that the ;s
are simple and that

|67 — A32| w2\ 1—ws
— > 5, 1——)7>3.999 > 3]
% = min 57767 _%( 50) (L r )’ w > 3|2l
=£~3.99986

Since &; = 7;(1 + O(10713)), we have 61 > --+ > &; > F441 > -++ > &, > 0. We can

now apply the quadratic bound which yields for each i

|CATZU—5'1|_ 2 i(n—l) 7'2
J; 3.999 7, (1—v)*

1
(6.24) < —2498 1071,
Yi

Thus, if for instance 7; > 1073 we can claim that &; coincides with the corresponding
&; to about ten decimal places which actually doubles the previous number of about
five known correct digits.
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Consider now the computed singular vectors. How accurate are they? Fortu-
nately, the structure of the backward error in our algorithm is such that we can use
well developed and sharp perturbation theory [21], [45]. Our starting point is the
relation (6.3) in Proposition 6.1,

(6.25) AtE= Q(O ?) (%)UEUa@)VE,

which is the SVD of A 4+ & with the computed singular values in diagonal %, and
exactly orthogonal matrices Q, VI7 U which are close to the corresponding computed
approximations Q, Vs, Uy, respectively. We first deal with the smgular vector per-
turbations in case of simple well separated singular values. If o1 > --- > o, are the

singular values of A =U <§) VT, then the relative separation is defined as
(6.26) pw=mm{lqpfi:£1},i:L”wn.
JF g;

If the singular values are simple, then each p; is positive and the singular vectors define
one—dimensional singular subspaces. If the perturbed matrix also has only simple
singular values then we can use the angles between the original and the perturbed

subspaces as natural error measure. Let 6; and 1); denote the error angle in the i—th
left and right singular vector, respectively. In case of the perturbation from relation
(6.25), 0; = Z(U(:,4), Ua(:,1)), 95 = Z(V (5,4), Va(:,7)).

PROPOSITION 6.4. Let A =U % VT be the SVD of A and let (6.25) be the
SVD of a perturbed matriz with |E(:,9)|| < AIJAG, )|, i = 1,...,n.(Cf. Proposition
6.1.) Let ® = EAT, ( = || @ + @7 + @07, ¢ < 2|Sym(®)| + ||®||*. If ¢ < pi, then
(6.27) max {sin 6;,sin9;} < V2 { P ¢ R } ,

where € < 2/|Sym(®) ]| + O(|@2), and [|®]| < /7|l ALl

Proof. Apply [21, Theorem 3.3]. O

Application of the above estimates to the actually computed matrices U,, V,
follows by combining Proposition 6.4 and Proposition 6.2, since the angles Z(U,(:
1), Ua(:,4)) and Z(V,(:,1), Va(:,4)) are small, with bounds sharper than in (6.27).

In cases of clustered or multiple singular values, singular vectors are not right
object to be sought for. Instead, we try to compute well defined singular subspaces,
spanned by multiple or tightly grouped singular values. Here again the structure of
the backward perturbation in the Jacobi SVD algorithm fits into the perturbation es-
timates. For the sake of simplicity, we will give only one perturbation result, following
[45]. Other interesting bounds can be derived from the fact that A+ & = (I + ®)A,
where ||®|| is independent of the column scaling of A.

PROPOSITION 6.5. Let 3 = X1B3s, Y =805, be conformal block diagonal par-
titions with ¥, = diag(oy,...,0%), B2 = diag(oks1,...,0n), X1 = diag(G1,...,6%),
Yy = diag(6pq1,--.,0,). Let

o6 = Grasl

[2 | ~2
o; +0’k+j

0 = min
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In the rectangular case, m > n, replace o with min{p,1}. Let U, Z;ll, Vi, V1 be
the subspaces spanned by the columns of Uy = U(:,1 : k), Ua(:,1 1 k), V(5,1 1 k),

Va(i, 12 k), respectively. If o > 0 then

(6.28) (Sin@(UM{ll)IIF> _ VIRTOWE 20, + 220 — &)1 [7
' [sin@WVi, V)lr ) ||p = ’ .

Thus, the error angles are bounded by O(||®||/0).

6.4. The case of two—sided scaling. If the matrix A cannot be written as
A = BD with diagonal D and well-conditioned B, then the information on column—
wise small backward error does not guarantee high relative accuracy of the computed
SVD. But suppose that we can write A as A = D;C Dy with some diagonal matrices
Dy, D5 and in some sense well-behaved C. If we do the first QR factorization with
column pivoting then the backward error relationship reads

(6.29) DD =@ (). l6ci < alcl.

In the ideal case n will be small, the diagonal entries of D; and Dy will be ordered
from large to small, and C' will allow accurate Gaussian eliminations without pivoting.
There are many tricky details regarding this conditions and the practice is usually
much better than our theoretical understanding. We will not go into such details
here, instead we will assume the ideal case and show that the rest of the algorithm
preserves this structure of the backward error. For the details of the error analysis
of the QR factorization with respect to two-sided scalings we refer to [10], [17], [18].
We go back to relation (6.15) and rewrite is as

(6.30) A+AA=(A+0A) I+ E)=Di(C+6C)Dy(I + E).
If I+ FE=(I+ F)W is (as before) the LU factorization then
(6.31) A+ AA=Di(C+36C) I+ F1)DsW, Fy = DyFD;".

Since F is lower triangular and D2 properly ordered, ‘F1|ij = |FZ] (DQ)ii/(DQ)jj‘ S
|Fli;j, and m = || F1]| is of the order of || E||. If we let AC = 6C + CF; + §CF}, then
IAC] < (n+ 1 -+ )€ and
i - - A o
(6.32) (ng> ~ <X0°o> _ (PS 0 ) OT Dy(C + AC)Dy WO,V
m—n ——
A+ AA
Note that A = BD is a special case of A = D;C D5 and that (6.32) includes (6.17) as
a special case with permutation IT omitted for the sake of simplicity.

We close this discussion with an illustration of the forward error analysis of the
ideal case A = D1;CD5 and perturbation A + AA = D(C + AC)D5. Let C = LU
and C + AC = (L + 6L)(U + 6U) be the exact and the perturbed LU factorizations.
From the assumption that C' has stable LU factorization it follows that (see [62], [12])

the lover triangular 6LL~! and the upper triangular U~ 16U are small. Now we can
write

A+ AA=(I+G)A(I+Gy), Gy =D, 0LL™Y)D7', Gy = D; (U16U)Ds,
(D1)ii
(D1);
IG1]] and ||G2]| will be small and multiplicative perturbation theory guarantees ac-
curate SVD approximation.

where |(G1)i5] = [(SLL™")i] < [(6LL™)55l, [(Ga)ij| < [(U'6U);5].  Thus
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6.5. Computation with standard accuracy. In many applications of the
SVD the matrix A is numerically rank deficient and its smallest singular values are
pure noise which is to be discarded after the SVD is computed. In such applications,
the high relative accuracy of the Jacobi algorithm is of no advantage because all
the computed singular value &; must satisfy is |6; — 0| < €0max(A), where € is of
the order machine precision times moderate function of the dimensions. The extra
accuracy provided by the Jacobi algorithm does not pay off and it is reasonable to
provide modified algorithm which exploits this relaxation and delivers the results more
efficiently and exactly to the required accuracy. We give discuss some modifications
and related numerical issues. (Since the framework is determined by absolute error
bound, the analysis is straightforward.)

Consider the first rank revealing QR factorization. The computed R, Q satisfy

(a+aam=Q (¢ ). 164l <eplale, 1=l e, FTQ=1.

Suppose there is an index k € {1,...,n} such that R can be partitioned as

- R R . -
R= ( (1] ~[12]) o Tt k1| < TP,

6.33
(6.33) 0 Ry

where 7 denotes given threshold value, eg 7 = €. Due to pivoting,® HR[QQ]HF <

Vn — kr|r11]. If we decide to set the lfl[gg] block to zero, then we will implicitly
continue working with the matrix

A ( Bpy o Bpgp) _ _Aa(0 0\ _
(6.34) Q( 0 0 =A+6A-Q 0 Rpy = A+ AA,

where [[AA|lr < (eqr + VR —kT(1 + €4))||Allr- In the context of singular value
approximation to high absolute accuracy, there is no difference between A + JA and
A+ AA - replacing R[22] with zero is backward stable in matrix norm. Further,
(6.34) is the QR factorization of A + AA, where for the computed orthogonal factor
we can keep Q. If we choose to proceed with A + AA, the second QR factorization
works on the k x n matrix (R[H] RHQ] ), instead of the n x n matrix R. If the index
k is found to be much smaller than n (A of low numerical rank) then the second
QR factorization is faster and moreover the Jacobi iterations work on substantially
smaller k x k matrix.

REMARK 6.5. Note that even the first QR factorization can be stopped earlier
because computation of ]:2[22] in (6.33) is not necessary after the position k has been
found. Note here that we do not seek for a gap between two consecutive diagonals of
R, ie. |fri1p41] < 7|7ke|. In that case, the backward perturbation of the singular
values due to brute force deflation would behave more like (if the factorization is
really rank revealing) v/n — Im'ak(]:'i), which can be better than the required level
of accuracy. Thus, we can provide three levels of accuracy: high relative, classical
absolute, and pseudo-relative. We also note that using shifts, as advocated in [22], is
an attractive option.

REMARK 6.6. It is also important to note that bidiagonalization based SVD
algorithms cannot use this early deflation by brute force because bidiagonalization is

81t is reasonable to assume in this analysis that the computed R =~ R has the diagonal dominance
implied by the Businger—Golub pivoting.
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not rank revealing unless pivoted or preprocessed by a rank revealing QR factorization.
In each case, the simplicity and efficiency of the reduction to bidiagonal form are lost.
Consider now Jacobi iterations on a k x k (triangular) matrix X. Let H = X7 X. The
question is when we can treat H as diagonal, i.e. no Jacobi rotation is needed in the
column space of X. If the left singular values of X are needed, then they are obtained

by normalizing the columns of X which means that Jacobi rotation terminate at
B s
X if mﬁx [his| < ke, which guarantees both the numerical orthogonality of the
# il
singular vectors and the high relative accuracy of the computed singular values. If the
left singular values of X are needed, then we have no choice and this stopping criterion
remains active. But, if we do not need the singular vectors, we can relax this criterion
as follows. Let H = diag(H) + Q(H). To guarantee high absolute accuracy, we need
12(H)|| < €eAmax(H) with some small tolerance e. We can decide to be slightly more

conservative and choose |Q2(H)||r < emax; |h;|, which is satisfied if

o Ihij] <

€ |hij |
i#j maxy hyy k’

max —————— <
i#£] max{hii,hjj} -

€
or e.g. —.

8 k
It is easily seen than we can use stopping criterion which does not guarantee relative

accuracy (thus avoids many rotations) but it does give more than the standard abso-
lute accuracy requires.

This concludes the first part of our report. More details on a new implementation of
the one-sided Jacobi SVD on triangular matrices and the results of numerical testing
of our new method are given in [20].
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