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Abstract.

New perturbation theorems are proved for simultaneous bases of singular subspaces
of real matrices. These results improve the absolute bounds previously obtained in [6]
for general (complex) matrices. Unlike previous results, which are valid only for the
Frobenius norm, the new bounds, as well as those in [6] for complex matrices, are extended
to any unitarily invariant matrix norm. The bounds are complemented with numerical
experiments which show their relevance for the algorithms computing the singular value
decomposition. Additionally, the differential calculus approach employed allows to easily
prove new sin © perturbation theorems for singular subspaces which deal independently
with left and right singular subspaces.
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1 Introduction.

In [6] it was questioned whether the simultaneous bases of singular subspaces
of an m by n matrix A had the same sensitivity as the subspaces themselves.
The results showed that the two sensitivities coincide when the perturbation is
multiplicative (i.e. the perturbed matrix is A = Dj A Ds), both depending on a
relative gap between singular values (see Li [12]) instead of the usual absolute
gap. In the case of arbitrary perturbations (A = A + E), however, it was found
that the simultaneous bases may be much more sensitive than their associated
singular subspaces if the smallest singular values of the matrix A are among those
corresponding to the chosen subspaces (see Theorems 1.1 and 1.2 below). Hence,
we may conclude that the behavior of simultaneous bases is completely satisfactory
under multiplicative perturbations, but not necessarily when the perturbations are
additive. This last case is the one we shall address in the present paper.

To briefly summarize the results of [6] for the case of arbitrary additive pertur-

Can

bations, let A and A be two arbitrary matrices in , m > n with conformally
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partitioned singular value decompositions (hereafter, SVD)

S0 -
(11) A: |: Ul U2 U3 ] 0 22 |: 1* :l 5
Vs
0 0
e B 0
(1.2) A=|00 0 Ty || 0 S || A
0 0 V2

where ¥, € CF*F ¥y € C»=k)*x("=k) and * denotes the conjugate transpose. No
particular order is assumed on the singular values. Define the residuals

R=AV, - )% = (A— AW,
(1.3) _ o o
S = AU, — V13 = (A" — AU,

In this setting, the classical result by Wedin [20] bounds the sines of the canonical
angles (see [18]) between the column spaces R(Uy) of Uy and R(U;) of Uy, as well
as between the column spaces of V; and ‘71. If we denote by ©(Uy, (71) the matrix
of canonical angles between R(U;) and R(U), and by ©(V4,V;) the matrix of
canonical angles between R(V;), R(V;), Wedin proved in the Frobenius norm the
following theorem:

THEOREM 1.1. Let A and A be two m xn (m > n) complex matrices with SVDs
(1.1) and (1.2). Define

(1.4) d= min |g—p
peo(Xh)
HETeaxt(X2)

where, for any matriz B, o(B) denotes the set of its singular values and

(15) ert(22) = { 0(22) Y {0} it m > n,

a(2s) if m=n.
If § > 0 then
T ————  RET PG
16)  lsnowy Bl + Jsnows, Tz < IS

Of course, the bound (1.6) implies that if both residuals are small, and the gap
d is not too small, the canonical angles are also small. However, as was observed
in [6], this does not mean necessarily that the differences U; — Uy and Vi — V; are
small, only that there exist orthonormal bases of R(U;) and R (V1) which are close
to the orthonormal bases formed by the columns of U, and V4. This is equivalent
to the existence of two k x k unitary matrices P and @ such that both |U; P—U;|| ¢
and |[|[V1Q — V4| are small (see [18, Theorem 1.5.2]). However, as remarked in
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[6, Section 1], P and Q should be the same if we want to take the columns of
the matrices U1 and V1 as reliable approximations of a pair of singular vector
matrices corresponding to nonzero singular values of the unperturbed matrix A.
Hence, we need to bound a different, more specific measure of the distance between
simultaneous bases, in order to determine their sensitivity. The approach taken
in [6, Theorem 2.1] is to bound the quantity!

(1.7) min \/|IUTW — U 12 + [ViW — Va2

Wunitary

which is zero whenever U 1, Vi area pair of simultaneous bases of singular subspaces
of the unperturbed matrix A. The following result was obtained in [6]:

THEOREM 1.2. Let A and A be two mxn (m > n) complex matrices with SVDs
(1.1) and (1.2). Define

(1.8) 8 = min {5 , Tmin (1) + amin(zl)}

where § is the classical gap given by (1.4), and omin(X1), Umin(il) denote, respec-
tively, the minimum of the singular values of 31 and 1. If 6, > 0 then

\/ﬁ
(1.9) min \/HU1W U1HF+H‘/1W V1||2 < oY IE + 151k IR[I% + ISl

Wunitary

Moreover, the left hand side of (1.9) is minimized for W =Y Z*, where YSZ* is
any SVD of UsUy + Vi*Vi, and the equality can be attained.

The bound in Theorem 1.2 differs from that in Wedin’s Theorem 1.1, modulo
numerical factors, in its dependence on the gap dp instead of on ¢. This new gap,
however, coincides with ¢ if m > n, since in that case § < (Omin(X1) + Omin(Z1)).
Hence, only in the square case m = n is there any significant difference between the
sensitivity of simultaneous bases and that of the corresponding singular subspaces.
Moreover, this different behavior appears only if 7 contains the smallest singular
values of A.

In the present paper we focus on the study of arbitrary additive perturbations
(A= A+ E), significantly improving the bound (1.9) in the special (but frequent)
case when the matrices A and A are real, provided the size of the perturbations
is appropriately restricted (see Theorem 3.2 below for the details). If we, addi-
tionally, suppose that k = 1, i.e. that the singular subspaces R(U1), R(V1) are
one-dimensional (by far the most common situation in numerical practice), the
perturbation bounds may be further refined. Theorem 3.2 shows that in this case
the variation of simultaneous bases is similar to that of subspaces, both depending
on the usual gap § between singular values. Again, in this case it will be nec-
essary to restrict the size of the admissible perturbations. Both results will be
illustrated through numerical experiments which clearly display how the output

IThis quantity is an extension to pairs of subspaces of the unitarily invariant metric on the
set of subspaces introduced by Paige [17] in a different context (see also [18, §11.4.2]).
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of the usual algorithms for computing the SVD adequately reflects the influence
of the corresponding perturbation bounds.

A remark is in order concerning the different behavior under perturbation of
simultaneous bases for real and for complex matrices. This difference is analogous
to the one already observed in the perturbation theory of unitary polar factors
(see [1, 10, 16, 11, 3]). In fact, this latter theory can be deduced as a particular
case of the perturbation theory for simultaneous bases developed both here and
in [6]. However, we do not pursue this line of thought to keep the presentation
concise.

It should be noticed that the techniques used to prove the theorems for real
matrices are considerably more sophisticated than those employed in [6] for the
general, complex, case. As in [1, 10, 16, 3], the basic tool is matrix differential
calculus or, to be more precise in this paper, derivatives of orthogonal projectors
onto invariant subspaces of Hermitian matrices. Although comparatively more
involved, this approach has the advantage of directly leading in Theorem 5.1 to
new bounds on the variation of singular subspaces for general complex matrices,
which deal separately with the left and the right singular subspaces. This is an
important remark, since Wedin’s Theorem 1.1 and almost any other sin ©-like
theorem in the literature for arbitrary additive perturbations are all joint bounds,
in the sense that both singular subspaces, left and right, seem to be influenced by
the existence of small singular values in 3;. However, it is well known that only
the left subspace R(U;) should be affected by the presence of singular values close
to zero in 3 [18, Section V.4.1]. Finally, we point out that these separate bounds
in Theorem 5.1 are not obtained following the obvious route of dealing with the
matrices A*A and AA*, since this would lead to gaps between squares of singular
values, not between the singular values themselves.

The paper is organized as follows: Section 2 presents the basic matrix differential
calculus results required throughout the article. We stress that taking a point of
view strictly confined to matrix analysis simplifies to a large extent the discussion,
allowing for a compact, self-contained presentation of differentiability results of
spectral projectors of (Hermitian) matrices, a topic where analytic function theory
is usually the tool of choice (see, for instance, [9, Section IL.6] or [4, Section 2.7]).
Furthermore, simple, explicit formulas are provided for all the relevant derivatives.
This said, one should still bear in mind that Section 2 is rather technical and,
although it deserves a careful reading, the reader not interested in the technical
details may skip the proofs and concentrate on the statements of Corollaries 2.2
and 2.3. Besides differentiability results, Section 2 contains several notations and
block decompositions frequently used throughout the rest of the paper.

Section 3 contains perturbation bounds for quantity (1.7) in the Frobenius norm
for real matrices, illustrated in Section 4 with several numerical experiments. Sec-
tion 5 contains the announced new subspace perturbation bounds, separately deal-
ing with left and right singular subspaces. Finally, we present in Section 6 per-
turbation bounds for simultaneous bases valid for any unitarily invariant matrix
norm.

The following notation will be used throughout the paper: the conjugate trans-
pose of a matrix A is denoted by A*, its spectral norm (the largest singular value
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of A, also called 2-norm) by ||Al|2 and its Frobenius norm by ||A||r. The trans-
pose of the real matrix A is denoted by AT. We write o(A) for the set of the
singular values of A. If A is square, £L(A) is the set of its eigenvalues. If B is an
m by n matrix, R(B) stands for the subspace of C™ spanned by the columns of
B, and to shorten the notation, we denote by sin©(X;, X;) the matrix of sines
of the canonical angles between the subspaces R(X;) and R(X;) (see [18] for the
definition of canonical angles). Finally, ||| - ||| denotes any family of normalized
unitarily invariant matrix norms.

2 Derivatives of orthogonal projectors.

Consider an arbitrary n by n complex Hermitian matrix H with unitary spectral

decomposition
(2.1) H=[Q Qz]{AOl AOQH%}

where Q1 € C™¥F,
Al = diag{)\l, ey )\k} S Rka,
A2 = diag{)\k+1, ey )‘n} (= R(n*k)x(nfk),

and
(2.2) Xi #Aj, whenever e {l,....k}, je{k+1,...,n}.

Hence, no particular order is assumed on the eigenvalues in A1, As, only that they
are disjoint. In this setting, the orthogonal projector onto the invariant subspace
R(Q1) spanned by the columns of @7 is

I = Q1 Q7.

Given any Hermitian perturbation matrix AH € C"*", we are interested in the
uniparametric matrix family

H(t)=H+tAH, 0<t<l,

with unitary diagonalizations

ey mo=[aw ol 8]
where Q1 (t) € Crk,
A1 (t) = diag{A1(t),..., \e(t)} € RF¥F
Ao (t) = diag{Ae41(2), ..., An(t)} € RORIx(n=k)
with limg_o M(£) = A, [ = 1,...,n. Thus, the orthogonal projector onto R(Q1(t))

is

I (t) = Qu(t) Q1 ().



SIMULTANEOUS BASES OF SINGULAR SUBSPACES &9

Now we are in the position to prove the main result in this section.

THEOREM 2.1. Let H € C™*" be Hermitian with unitary diagonalization (2.1)
satisfying (2.2), and define

2.4 6 = i A—pul.
( ) )\Gnlﬁl%r[{l) | /'l’|
neEL(Az)

For any given n by n Hermitian perturbation matriz AH, consider the matriz
family H(t) = H +t AH, with unitary diagonalizations (2.3) and let I11(t) be the
orthogonal projector onto the subspace spanned by the columns of Q1(t).

If

)
(25) |aH], < 5.

then the projection 111 (t) is continuously differentiable for t € [0,1] and

dll, 0 T(t) o ®(t) X
T =00 | et et

where Q(t) = [Q1(t) Q2(t)], the symbol o stands for the Hadamard product,
D(t) = Q1(t)* AH Q2(t)
and I'(t) stands for the k by n — k gap matrix

(2.6)

1
(2.7) I'(t) = [m} "

j=k+1,.n

PRrROOF. Although in principle we are only interested in H(t) for ¢ € [0,1],
we begin by extending, for technical reasons, the range of ¢ to a larger interval
(—t4,t4) for any ¢4 > 1 satisfying

0

2.8 . << —.
(28) + < IR

Then, conditions (2.5) and (2.2) guarantee, using Weyl’s eigenvalue perturbation
Theorem, that
Xi(t) # A;(t), for ie{l,....k}, je{k+1,...,n}

for every t € (—t4,t4). Furthermore, if Apin and Apax denote, respectively, the
smallest and largest eigenvalue of H, then

Ai(t) € (a,w) for every t e (—ty,ty),
where o = Apin — 0/2, W = Amax + 9/2.
Now, we define a function f : (o,w) — R such that
{ 1 if z€ Ule[)\i -7, + 7],

flx) = . n
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where 7 = t||AH]||2. Outside the T-neighborhoods of the X’s, the function f is
defined in such a way that it is continuously differentiable on the whole interval
(o, w).

Note first that condition (2.8) guarantees that the intervals where f = 0 have
no intersection with those where f = 1. Moreover, again by Weyl’s Theorem, for
every t € (—ty,t4) each A\;(¢) isin [N\ — 7, A + 7] fori=1,...,n, so

fEa) = | § ¢ | e =am o =mo,

Now, we apply [8, Theorem6.6.30] to the matrix function f(H(t)) = II1(¢) on
the open interval (—t4,t;) (this is the reason why we extended H(t) beyond
[0, 1]), obtaining that II;(¢) is continuously differentiable in the whole interval (in
particular, in [0,1]). Furthermore, its derivative is

%(t) = Q) [Df(t) o W(H)] Q)*,  te (—ty,ty),

where o stands for the Hadamard product, ¥ (¢) = Q(¢)* AH Q(t) and the n by n
matrix Dy(t) is given by

Dy(t) = [AFAr (), A (D)7, =1 -
with the divided differences Af(-,-) defined as

CE O
Af(w,y) = z—y o
f(x) if z=y.

Given our choice of the function f, it is clear that
Af(A(t),As() =0
if either both r,s € {1,...,k} or both r,s € {k+1,...,n}. On the other hand,
AFO1), A1) = AF s (D), A (8) = —————
FOM(0) = MO0 0) = 55
whenever r € {1,...,k}, s€ {k+1,...,n}. Hence,

Df(t) = |: F(?L)* F(()t) ] , te (_t+7t+)7

with I'(¢) defined as in (2.7). The proof is completed by writing the corresponding
block partition of W(t). O

Once we have a result for the spectral Hermitian problem, one can easily obtain
useful results for the SVD of general rectangular matrices A(t) = A+tE, A, E €
C™ ™ m > n, via the (m +n) by (m + n) Hermitian Jordan-Wielandt matrices
(18, Section 1.4.1]

(2.9) H:[j* ﬂ AH:UL g}
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associated with A and E.
To be more precise, consider an arbitrary matrix A € C™*", m > n, with
singular value decomposition given by (1.1) where

21 = diag{al, . ,O'k} € Rka,
Yy = diag{ops1,...,0,} € ROPR)x(=Fk)

and
(2.10) o; #0j, whenever ie{l,...,k}, je{k+1,...,n}.
Again, no particular order is assumed on the singular values. For any given matrix

E € C™*™ we consider the uniparametric family of perturbed matrices A(t) =
A+t E, with SVD

Si(1) 0 .
1) A0 =100 U0 G0 ]| 0 Rk
where
(1) = diag{os (£), . .., ow (D)},
Yo (t) = diag{og41(t), ..., on(t)},
with limtﬂo Ui(t) = 0, 1= ].7 e,

COROLLARY 2.2. Let A be an arbitrary complex m X n (m > n) matriz with
SVD given by (1.1) and satisfying (2.10). Define

(2.12) p = min )\erg%rzll) A —pl, 20min(Z1) ¢,

HETezt(X2)
where oezt(+) is given by (1.5). For any m by n perturbation matriz E, consider
the matriz family A(t) = A+tE, 0 <t <1, with SVDs (2.11) and let Pi(t) be
the orthogonal projector onto the subspace of C™" spanned by the columns of the
(m+n) by k matriz

2 | V(®)
If
(213) I1B]l2 < 5,
then the projection Py(t) is continuously differentiable for t € [0,1] and
d o *
(2.14) %(t) — [ X1(t) Xo(t) ] [ G(t)*gF(t)* I G(t)OF(t) ] [ 28 ]
where
1 Ui(t) Ua(t) Us(t) 2Us(t)

Xo(t) =

V2| Vi) Valt) —Va(t) 0
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the symbol o stands for the Hadamard product,

=X | g g | X

and G(t) stands for the k x (m +n — k) gap matrix
G(t)=[ Gi(t) | G3 (1) | G5 (1) | Go(t) ]

whose blocks are given, respectively, by

1
t) = CkxFk
&) th)m(t)} ok €O
e
Gy (t) = { € Chx(n=h)
oi(t) — 0j (t) ji;}r’i" k,n
1
Gy () = [ e Ckx(n—Fk)
oilt) +os (O] ok
1
Go(t) = Lm} - € Chx(m=n)

PROOF. Apply Theorem 2.1 to the Jordan-Wielandt matrices (2.9), with Ay =
[,(21) and Ay = E(—El) U E(EQ) U E(_EQ) U {O} O

REMARK 2.1. In the previous Corollary it is implicitly assumed that ¥ is
nonsingular, otherwise p = 0 and restriction (2.13) does not hold. The same
happens in several other Theorems of this paper.

REMARK 2.2. In the nonsquare (m > n) case condition (2.13) can be relaxed
to

1

Ells <mind = min |A—p|, onin(E1) 7,

B2 {2 nin A= p] n}
nea (L)

if we take into account the existence of m — n “ghost” zero singular values which

do not change for 0 <t < 1. The same is possible in the next corollary.

We conclude this section with a second corollary, similar to Corollary 2.2, which
will be used in Section 5.

COROLLARY 2.3. Let A be an arbitrary complex m x n (m > n) matriz with
SVD given by (1.1) and satisfying (2.10). Define
2.15 vt = in A —pl,
(2.15) Gerr = min A=yl

HETeat (X2)

where ezt (+) s given by (1.5). For any m by n perturbation matriz E, consider
the matriz family A(t) = A+tE, 0 <t < 1, with SVDs (2.11) and let PE(t) be
the orthogonal projector onto the subspace of C™" spanned by the columns of the
(m+n) by 2k matriz

1| Ui(t) Ui(t)

MO=7 i e |
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If
12l < %5,
then the projection Pli(t) is continuously differentiable for t € [0,1] and
dPit o .

(2.16) Zl ) =[ Yi(t) Ya(t) ] [ s gf(t)* I G(t) Of(t) } [ 28 ]
e 0 Ualt) VAU

1 Us(t Us(t 2U5(t

Y = = 9
D=7 ve —ne o

the symbol o stands for the Hadamard product,

FO=10" | gy | )

and G(t) stands for the 2k x (m +n — 2k) gap matrix

[ Gi® | G ) | Go(t)
g(t) = [ _é’;(t) | —é’é"(t) | —Cgo(t) ]

with Go(t), G5 (t) and G5 (t) defined as in Corollary 2.2.
PrROOF. Apply Theorem 2.1 to the Jordan-Wielandt matrices (2.9), with
A= E(El) U E(—El) and Ay = E(Eg) U [,(—22) U {O} O

3 Theorem for bases of real matrices in Frobenius norm.

The following preliminary lemma is a straightforward consequence of Corollary
2.2. This lemma allows us to prove Theorem 3.2, one of the main results in this
paper. Since we are going to deal with real matrices, all the matrices appearing
in Corollary 2.2 have to be understood as real matrices, in particular conjugate
transpose are just transpose matrices.

LEMMA 3.1. Let A and E to be two m X n (m > n) real matrices and consider
the matriz family A(t) = A+tE with t € [0, 1] under the assumptions of Corollary
2.2. Define the usual order o1(t) > --- > ox(t) on the singular values of %1 (t),
and also

(3.1) pr(t) = min { min (A —pl|, op—1(t) + O’k(t)},
A€o (31(t))
HETeat (X2(1))
1. If k> 1 then
dPpP, 2|E
(3.2) H L < M
F pR(t)

2. If k=1 then ¥1(t) is a number, and

V2| Ells
[21(t) = pl

(3.3) H dr L

min
HEText (22 (t))
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PROOF. From equation (2.14) we get

~ewr st

H dPl

F

The key point in the proof is that the diagonal elements of F'(¢), those correspond-
ing to the diagonal elements of matrix G1(¢) defined in Corollary 2.2, are equal to
zero. The proof of this is trivial, although it should be stressed that this fact is
true only for real matrices, not for complex ones. Thus if we bound from below
the remaining elements of G(t) with pgr(t), we arrive at the inequality

(

wal | ror ]
F pR T 0
Finally, denoting X (¢) = [X1(t) X2(t)], the properties of the Frobenius norm and

the definition of F'(t) lead us to

dP,
Hﬁﬁ

(3.4) H db L

F

< staler] 8 £

ol =

from which the first part of the lemma follows easily.

In the one-dimensional case (k = 1), one can take advantage of F'(t) being a
row vector and G1(t) a number (which is canceled out by the (1,1) zero element
of F(t)) to get

|,

mnﬂw MMHWIW]

)

HETeat(B2(1)) "
instead of (3.4). The following trivial fact:
F(t
[ e "] = vEIr@e = vair. < vaieL.
F
completes the proof. O

It is worth noting that in the previous lemma, the bound (3.3) for the derivative
of the orthogonal projection in the one-dimensional case depends only on the usual
gap for singular subspaces. This does not happen for complex matrices, so it is
something particular of real matrices. More on this question will be commented
in the section devoted to numerical experiments.

Some remarks on Lemma 3.1 are in order:

REMARK 3.1. It is also possible to obtain an analogous result for complex
matrices, but in this case pgr(t) has to be replaced by p(t), defined like (2.12) but
with all the involved quantities depending on ¢. This approach leads us to a result
similar to Theorem 3.2 below, but with p instead of pr in the bound (3.8). The
theorem so obtained is weaker than Theorem 1.2.

REMARK 3.2. Notice that the “new” term og_1(t) + ox(t) in pr(t) is only

relevant in the square case. Thus in the rest of this section we restrict ourselves
to the case m = n.
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REMARK 3.3. In the second part of the lemma, for & = 1, it is possible to bound
the spectral norm of the derivative of Pj(t) just suppressing the square root of 2.
However this does not lead to any improvement in Theorem 3.2.

We prove our first perturbation theorem combining the bounds in the previous
lemma with the technique developed in [1]. As usual, A and A denote, from now
on, the unperturbed and perturbed matrices, respectively. The relationship with
the family A(t) = A + tFE is the obvious one: A = A(0) and A = A(1). Unless
otherwise stated, all quantities denoted with a tilde correspond to A.

For the sake of clarity, we state the theorem with all the necessary assumptions.

THEOREM 3.2. Let A and A = A+E be two n xn real matrices with conformally
partitioned real SVDs

B >, 0 [T c (= ~11% 0 ||V
et el 2105 5l a3 2](5)
Define
3.5 = i i A— 72 min by 9
(3.5) mm{kergégl)l 1l 5 2 Omin( 1)}
pea(S2)

o(31)={o1>...> 01} and

(3.6) PR :min{ )\Grggrzll) |A—u|,0k1+0k}.
nea (L)

If

(3.7) 1B]2 < £,

then

. ~ = Ellr 2|\ El
3.8 min U W = Uh])% + |[WW = V; 2<—|| In(1- :
( ) Worthogonal \/” ! 1HF H ! 1HF B ||E||2 PR

Moreover, if ¥ is 1 x 1 then

r7 = 2| E
39) | ain Vv =i+ w7l < - (1- 25,
we{-1,1} erngll )|Zl — u|
peo(22

The left hand sides of the previous inequalities are minimized for W = YZ7T, where
YSZT is any SVD of UL Uy + VIV,

REMARK 3.4. The first order bound obtained from (3.8) by expanding the
logarithm differs from the one following from (1.9) replacing the residuals by || E|| ¢
only in the presence of pr instead of d,. If we suppose the perturbed singular
values approximately equal to the unperturbed ones then it may happen that
pr > 0p. Thus, simultaneous bases of singular subspaces can be much more
sensitive for complex than for real matrices. More on the relevance of this point
will be commented at the end of this section and in the next one.
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REMARK 3.5. In Section 4 we will see that the restriction (3.7) on the size of
the perturbation is necessary and not an artifact of the differential proof.

PROOF OF THEOREM 3.2 We only prove (3.8). The one-dimensional case follows
similarly. As in Corollary 2.2, we consider the matrix family A(t) = A + tE, for
t € ]0,1]. In the first place, notice that Weyl’s perturbation theorem for singular
values and (3.7) implies

pr(t) = pr — 2t| El]2 > 0.

Thus, using Lemma 3.1 on the projectors P; = P;(0) and P = Py(1), we obtain
dP. Lodt
il dtsﬁnEnF/ A
F o P

_ 1
17 =Pl < [0 o

1
dt |E]x 2|12
(3.10) < V2Bl / _ n(1- |
o Pr—2t[|E|2 V2| E|l2 PR

Now, consider the (m + n) x k matrices with orthonormal columns:

(3.11) X, = — { 12

and notice that

min \/HUlI/V —U||Z2 + |[ViW = VA2 =v2  min | X,W — X1 r
Worthogonal Worthogonal

— VB\/III — cos O(X1, X)|I3 + || sin ©(X1, K1)

< 2| sinO(X1, X1)llr = V2| P1 — Py F,

where we have used [18, Theorem I1.4.11] (or the original reference [17]) for the
second equality and [18, Theorem 1.5.5] for the last one. The final bound follows
from combining the previous bound with the bound (3.10) on the difference of
projectors. The solution of the orthogonal Procrustes problem for X; and X, (see
[7, Section 12.4.1]) implies that the orthogonal matrix W = Y Z7 minimizes the
corresponding left-hand sides of (3.8) and (3.9). O

When comparing Theorem 3.2 for real matrices with Theorem 1.2 for general
complex matrices some precautions have to be taken because the quantity J;, de-
fined in Theorem 1.2 involves both perturbed and unperturbed singular values,
while pr in Theorem 3.2 only involves the unperturbed ones. This is due to the
generality of Theorem 1.2, which allows perturbations of any size. As observed
in Remark 3.1, it is possible to obtain for complex matrices a result weaker than
Theorem 1.2, but analogous to Theorem 3.2, just by replacing pr by p. Thus,
it is clear that the bound for real matrices, involving in pr the sum of the two
smallest singular values of 31, can be much smaller than the bound for complex
matrices, which involves in p (or in J,) twice the smallest singular value of ¥;.
The situation is much better in the one-dimensional real case, since the sensitivity
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Figure 4.1: Joint residual given by equation (1.7) vs. —log,, (smallest singular value) in
the one-dimensional case described in Section 4.

of simultaneous bases is the same as that of singular subspaces, both depending
on the usual gap for singular subspace variations. In this case the bound (3.9)
for simultaneous bases? does not show any explicit dependence on the size of 3.
However, it should be noticed that this dependence appears implicitly in Theorem
3.2 in the restriction (3.7) on the size of the perturbation. More on the relevance
of all these questions will be discussed in the next section.

4 Numerical experiments.

We present in this section numerical experiments done in MATLAB 5.3, show-
ing that the different sensitivity of simultaneous bases and singular subspaces
predicted for square matrices in both [6] and Section 3 above is observed in the
behavior of usual SVD algorithms. Also, it will be shown that the cases of real
and of complex matrices exhibit in practice different behavior only in the one-
dimensional case k = 1. Although (3.8) in Theorem 3.2 implies that, in theory,
the simultaneous bases can be much less sensitive for £ > 1 in the real than in
the complex case, this difference is extremely unlikely to be observed in numerical

2The fundamental idea explaining the sensitivity of simultaneous bases in the one-dimensional
case is easily understood using on Jordan—-Wielandt matrices the well-known results in [7, Sec-
tion 7.2.4, 2nd ed.] on eigenvector sensitivity. However, this simple approach demands all the
singular values to be distinct and imposes severe, and unnecessary, restrictions on the size of the
perturbation.
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Figure 4.2: Joint residual given by equation (1.7) vs. —log,, (smallest singular value) in
the two-dimensional case described in Section 4.

practice. The reason is that 3; will only be taken to have dimension larger than
1 if the singular values o1, ...,0x of 31 form a tight cluster. Hence, o1 + o} is
practically equal to 2 oy, and pr ~ p.

We have first generated 50 x 50 random real and complex matrices of the form
A = USV* where S is a diagonal matrix with all but the last entry being
random numbers uniformly distributed between 1 and 4, and a last diagonal entry
1077, This ensures that the one-dimensional singular subspaces associated with
the smallest singular value 1077 are well-determined (the corresponding gap is
large). The matrices U and V are random finite precision matrices, orthogonal for
real matrices and unitary for complex ones. We will compute the SVD of these
matrices A using the standard MATLAB command. The output will be compared
with U, S, V. We remind the reader that the MATLAB algorithm essentially
produces the SVD of a perturbed matrix A + E, with ||E|2 = O(enm)| All2, where
ey is the unit roundoff [7, p. 261].

The exponent j varies from 1 to 25 in steps of size 0.5. Four real and four complex
matrices are generated for each value of j. In Figure 4.1 we plot in logarithmic
scale the joint residual (1.7) for the singular vectors corresponding to the smallest
singular value 1077 versus the exponent j. The numerical results in Figure 4.1
are those predicted by Theorems 1.2 and 3.2 for & = 1, i.e., in the complex case
the joint residual increases with the decrease of the smallest singular value, and
bases are much more sensitive than subspaces (in this case, the sines between the
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unperturbed and perturbed singular subspaces are of order €57). In the real case,
however, the joint residual remains at order €;; until the smallest singular value
becomes smaller than, approximately, the unit roundoff which is, more or less, the
size of the perturbation | E||2 introduced by the algorithm. At that point, the
condition (3.7) no longer holds and Theorem 3.2 does not apply. From this point
on, the joint residual takes only two different values, one still of order €); and the
other value approximately 2 (the maximum possible value for the one-dimensional
joint residual). The reason why there are no values in between is that in the one-
dimensional real case, if the singular subspaces are well-determined, the only way
the computed bases can fail is to change a sign. When this happens the error is
very large. This is also the case in Example 1.1 in [6]. These numerical results
show that the restriction on the size of the perturbation (3.7) in Theorem 3.2 is
necessary and is not an artifact of the proof.

The second experiment is essentially equal to the first one, with the only differ-
ence that the diagonal matrix S has two last diagonal entries 1077. Thus, k = 2
with well-determined two-dimensional singular subspaces associated with the two
smallest singular values. The results of this experiment are plotted in Figure 4.2.
As predicted, the joint residual behaves in the same way in both the real and the
complex case, growing with j, since ox_1 + o} = 2 0.

5 Separate absolute sin ® bounds

As noted in [18, Section V.4.1], a fundamental defect of Wedin’s Theorem 1.1,
appearing in the m > n case, is that, although the right singular subspace is
insensitive to the size of 0,4, (21), this cannot be seen in a joint bound for left and
right singular subspaces like (1.6). Although there are indirect ways to circumvent
this problem, using the joint bound on the orthogonal complements [18, Section
V.4.1], we take here a direct approach which solves this difficulty.

One possibility which immediately comes to mind is applying Davis and Kahan’s
sin © Theorem [5] for Hermitian matrices on either AA* or A*A, but this leads to
gaps between the squares of the singular values, which may be much smaller than
the usual gaps.

There are separate bounds in the literature for left and right singular subspaces
in the relative setting. Additive perturbations are treated in [14] using relative
perturbation results for invariant subspaces of the Hermitian matrix A*A. The
corresponding bounds depend on gaps between squares of singular values, but in
this case this is not an important disadvantage, since the gaps are relative and
are roughly equivalent to the usual relative gaps. Multiplicative perturbations are
addressed in [13], distinguishing the different influence of left and right perturba-
tions on left and right singular subspaces. It should be noted that in this relative
setting the size of 0,4, (1) is not relevant for the sensitivity of singular subspaces,
as pointed out in [6, footnote in p. 400]. Thus, the above two references address
interesting problems which are different from ours.

As far as we know, the following Theorem is a new contribution in the absolute
setting, valid for additive perturbations. Its most relevant feature is that, even in
the nonsquare case, the bound on the sines of the canonical angles between right
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singular subspaces does not depend on oy, (X1), while this dependence is present
in the corresponding bound for left singular subspaces.

THEOREM 5.1. Let A and A = A+ E be two matrices in C™* " m > n with
SVDs (1.1) and (1.2). Define
(5.1) g= min |A— y]

A€o (Xy)
nea (L)

and recall the gap

ext — i A - 5
Jeor = Imin | |A — pl

HETert(X2)
defined in (2.15). If
(5:2) 12l < %52,
ther 2] 215
5.3 sin (U, U —ZIE ln(l— 2)
( ) H ( 1 I)HF* 2||E||2 Geat
o 1] 2B
5.4 sin O(V3, V)|, < — 2 1F 1n<1— 2).
o4 Jsin 002 Wl < =5z, g

REMARK 5.1. The previous bound (5.4) for right singular subspaces remains
valid under the assumption

1E]2 < 3,

which allows perturbations larger than (5.2). This can be seen reversing the roles
of 31 and X3 in Theorem 5.1: the gap g does not change, while g, is replaced by
gémt = min |)‘ - /1’|

A€o (X2)
HETert(X1)

Notice that either geqt = g or g.,, = g. The result follows since || sin ©(Vz, 172)|| F
= | sin ©(V1, V1)||F.

REMARK 5.2. It is an important observation that the first order bounds ob-
tained from Theorem 5.1 by expanding the logarithm are, ignoring the difference
in gaps, a factor v/2 smaller than the one which follows directly from Wedin’s
Theorem 1.1 replacing the residuals with ||E||r and assuming the perturbed and
unperturbed singular values to be approximately equal. This is to be expected,
since Wedin’s bound is of an intrinsically joint nature, unlike (5.3) and (5.4), which
reflect separately the sensitivities of left and right singular subspaces.

PrROOF. As in Corollary 2.3, consider the matrix family A(t) = A + tE for
t € [0,1], and the orthogonal projection PZ(t) = Yi(t)Yi(t)* on the subspace
spanned by the columns of

Ui(t) Ui(t)

MO v v
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By construction, the m X m orthogonal projection 7, (t) on the column space of
U (t) is the upper left m xm block of the (m-n) x (m+n) projection matrix P (t).
Hence, using Corollary 2.3, we have that m,(t) is continuously differentiable for ¢
in [0,1] and, dropping the t’s for convenience,

dm, _ 0 GoF N
E - Wl |: g* o F* 0 :| Wl
for L
Wi=—|Us U Uz U 2Us |.
1= (U Uy Uy Uy V2Us |
Since W is a piece of a unitary matrix and || - || 7 is unitarily invariant, we obtain
dmy, 0 GoF
5.5 — < .
63 il =lle2m 57,

If we define geyt(t) for A(t) as in (2.15) but with all the involved quantities de-
pending on ¢, then ge,:(t) is a lower bound on all denominators in G(t), and

7]

Furthermore, the same argument used right after (3.4) shows that

dmy, 1
—_— <
dt

F o YGext

(5.6) ’

F

e L=l 5]
. < . = V2||E||F.
(e |
Summarizing, we finally arrive at
dr, V2IE]r
5.7 — < ——=— forall te]|0,1].
(5.7) |G| <25 0,1

As before, Weyl’s Theorem implies that
(58) gewt(t) 2 Gext — 2t ||E||2 > 0

We now proceed as in the proof of Theorem 3.2, using the fact that [18, Theorem
1.5.5] implies

i U —L s — T L 1
||sm@(U1,U1)HF—\/§H u(1) u(O)IIFS\@/O

dmy,
ar (t)

dt.
F

Using the bounds (5.7) and (5.8), the same chain of inequalities in (3.10), with pg
replaced by gest, leads to the bound (5.3) on || sin ©(Uy, Uy )| #-

As to the bound (5.4), notice that the n x n orthogonal projection 7, (¢) on the
column space of V;(t) is the lower right n x n block of PE(t). Hence, also m,(t) is
continuously differentiable for ¢ in [0, 1] and

dﬂ—v _ 0 g(t) o f(t)
a D= | giroray 0

Wa(t)*
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for
W2<t>=%[v1<t> “Vi(t) Valt) —Va(t) 0 ].

The null n x (m — n) rightmost block of W (t) makes a big difference in this case,
namely that the matrix product above is in fact

dr, . — 0 G o F(t) | = s
where, using the notation of Corollary 2.3,
Wat) = <= [ Vi) Vi) Va() Vi) ],
G [_Ga(®) | G5 (1)
0= [ —G5 (1) I —G3 (1) ]

and the partitions

(5.9)

are conformal. Hence, neither Us nor the gap matrix Go(t) play any role whatso-
ever in the bounds on the derivative of m,(¢). This is the key to obtain different
bounds for left and right singular subspaces.

Once we have this information, exactly the same procedure used above to bound
dm,/dt leads directly to the bound (5.4), simply replacing ge.:(t) with g(¢), defined
as (5.1) with all the involved quantities depending on t. O

REMARK 5.3. As in Remark 2.2, the condition (5.2) on the range of validity of
(5.3) may be relaxed when m > n to

1Bz < min{3, oumin (1)}

at the cost of replacing the bound (5.3) by

. ~ |E||F 2| E]l2 1 E]l2
< — In({1— 2In(1 - ——=— .
|| sin ©(Uy, Uh)||r < 215 n ; +2In —_

The crucial point to do this is using the partitions (5.9) to separate the roles of
the gap matrices G3 and G5 from that of Gy in (5.5).

REMARK 5.4. Versions for general unitarily invariant norms of Theorem 5.1
are also possible assuming further restrictions on the distribution of the singular
values. We do not develop this idea to keep the paper relatively concise.
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6 Theorems in unitarily invariant norms.

To obtain bounds in all unitarily invariant norms further restrictions on the
singular values have to be imposed. While in Theorem 1.2 (respectively, in Theo-
rem 3.2) only the disjointness between o(31) and e (E2) (respectively, between
0(31) and o(X2)) is necessary, to obtain Theorems in unitarily invariant norms
we have to impose 0(31) and ezt (2) (respectively o(X1) and o(X;) in the case
of square real matrices) to be separated by two intervals. These requirements are
similar to those used in sin © theorems for arbitrary unitarily invariant norms [20].

6.1 General complex matrices.

The following simple result will be often used in this section.

LEMMA 6.1. For any partitioned matrix it holds that
[ ][, = iag e

PRrROOF. Notice that

* * A * *
[AT, A% [ A; ] = ATA; + AS Ay,

and apply to this equation the triangle inequality for the spectral norm. The result
follows taking into account that || B*B||z = || B||3 for any matrix B. O

In the next lemma we relate the direct generalization for unitarily invariant
norms of the joint residual (1.7) to the sines of the canonical angles between the
column spaces of X and X, defined in (3.11). The relationship with the difference
of the corresponding orthogonal projectors P; and ﬁl is also stated.

LEMMA 6.2. Let ||| - ||| be any unitarily invariant norm. Then
Wg%,:%:W—:%:Hgm@mmw&XML
Whitaey :%:W—:%:Hszﬂua—ém
Wﬂ%gry (121 W - % 2 < 2||sin©(X1, X1)|2,
Wﬂ%&ry gll :W_ : % 2§ 2Py — Py

REMARK 6.1. There is no simple way of finding the matrix W which minimizes
the left-hand sides of the inequalities of the previous lemma, although the exis-
tence of this matrix is easily proved through an elementary compactness argument.
Numerical algorithms to compute W in the real case can be found in [19]. In this



104 F. M. DOPICO AND J. MORO

case all the matrices appearing in Lemma 6.2 are real matrices, so the unitary
matrix W has to be a real orthogonal matrix.
PRrOOF. Applying [18, Theorem 1.5.2] and taking into account that 2k < (m+n),

we can prove that there exist two unitary k£ x k matrices Z and Z such that

[4]w-[2
1%

min
Wunitary

I B cos © Xl,Xl
=42 min o ZIWZ — sm@Xhm
Wunitary
I —cos® X17X1
S \/5 —sm@ Xl,Xl

<2 (|||I—cos@<X1,X1 1+ Il sin© (X1, X))
< 2v2||Isin ©(X1, X)|ll

The last step follows from the inequality 0 < 1 — cosf < sinf for acute angles
using [18, Theorem I1.3.7]. This proves part 1 of the lemma. Part 3 follows in
a similar way using Lemma 6.1 instead of the triangle inequality in the second
inequality of the expression above. Parts 2 and 4 are obtained from parts 1 and
3, respectively, using [18, Theorem 1.5.5] and again [18, Theorem I1.3.7]. O

Now we are able to prove the following perturbation theorem:

THEOREM 6.3. Let A and A be two mxn (m > n) complex matrices with SVDs
(1.1) and (1.2). Assume that

7(%1) C [omin(Z1), B]
and that _
0(X2) C[0,0min(E1) — 0] U [B + d, +00)
where B and & are real positive numbers such that 0 < amin(il) < (3,6 >0 and
Omin(X1) — 0 > 0. Define

5 if (22) N[0, omin(E1) — 6] # 0,
M =1{ min{d,omin(E1) + omin(X1)} if 0(X2) C [B+ 6, +00) and m = n,
min{6, omin(31)} if 0(32) C [B+ 0, +00) and m > n.

If gy > 0 then

Lo [ Y fw— | U S RN < GUIRI+ ST
Wunitary %1 1% S m

U 2 2

S L Si [R] < yaYIRE+STE
Wunitary % % ) M S m




SIMULTANEOUS BASES OF SINGULAR SUBSPACES 105

REMARK 6.2. The bound for the spectral norm is similar to the bound for the
Frobenius norm (1.9), and tighter than the bound for general invariant norms. We
have been unable to improve this latter bound.

PRrROOF. This theorem follows from parts 1 and 3 of Lemma 6.2, bounding the
norms of the matrix of the sines of the canonical angles between the column spaces
of X7 and X;. This is accomplished applying the Davis—Kahan sin © Theorem for
unitarily invariant norms [5] to the unperturbed and perturbed Jordan—Wielandt
matrices (2.9), and bearing in mind that

0 Az S = 1 [ R
TI_[A* 0 ]Xl_Xlzl—ﬁ[S]a
where R and S are the residuals defined by (1.3). Finally, the triangle inequality
is used in part 1, while Lemma 6.1 in part 2. O

6.2 Real matrices.

For the sake of simplicity, we will only consider the case when the sensitivity of
simultaneous bases is essentially different from the sensitivity of singular subspaces,
that is, singular subspaces associated with the smallest singular values of square
matrices. We can deal with other cases in a similar way.

As in Section 3, we begin with a lemma which bounds the derivatives of the
corresponding orthogonal projectors on any unitarily invariant norm. From these
bounds, the main result of this subsection, Theorem 6.5, follows easily using again
the integral techniques in [1]. The proof of Lemma 6.4, although easy, is rather
technical and may be skipped without affecting the rest of the paper.

LEMMA 6.4. Under the same assumptions and with the same notation of Corol-
lary 2.2 and Lemma 3.1, assume that A and E are real square n X n matrices and
that for all t € [0, 1] there exist two numbers a; > 0 and §; > 0 such that

a(X1(t)) € (0,a¢) and o(X2(t)) C [ar + ¢, +00).

1. Then for any unitarily invariant norm |||.|||

&l Gmam=m o)l & ]

)

2. and for the spectral norm || . ||2
[ V3| Bl
dt * ||, ~ min{d, ox—1(t) + o ()}

PrOOF. The proof relies heavily on Corollary 2.2, and we are going often to
use magnitudes appearing in that Corollary. Moreover, it is convenient to bear
in mind that we are dealing with real square matrices, so the matrices Us(t) and
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Go(t) are not present in the following arguments and conjugate transposes are just
transpose matrices. From equation (2.14)

o nsn |

[ ——

Define

1 Uy (t) _ 1 T U@ Us(t)
X =7 [ W) } and - Ya(t) = 75[ Va(t) —Va(t) }

Thus, F(t) can be partitioned in two blocks as F(t) = [F1(t) Fa(t)], where

AO=%07 | g o | X0, RO=-X07 | g § | B

We partition G(t) conformally as
G(t) = [Gi(t) Ga()]

where, according to the definitions in Corollary 2.2, Ga(t) = [GF (t) G5 (1)].
In the rest of the proof we are going to deal with the problem of bounding

(6.2) G(t) o F(t) = [Gi(t) o Fi(t) Ga(t) o Fa(t)]

for all unitarily invariant norms. This is equivalent to bounding the derivative of
the orthogonal projector P (t), as can be seen taking into account equation (6.1)
and the fact that, by Fan’s dominance theorem [2, Theorem IV.2.2], given two
matrices C' and D,

6.3 O* ¢ < O* D for all unitarily invariant norms,
c* 0 D* 0

if and only if |||C||| < |||D]|| for all unitarily invariant norms. However, some care
has to be taken because these ideas cannot be applied in a straightforward way.

The first step is to split the problem into two simpler problems using the triangle
inequality on

(6.4) [G1(t) o Fi(t) Ga(t) o F2(t)] = [G1(t) o Fi(t) O] + [0 Ga(t) o Fa(t)]
to obtain
1G(t) o F(t)|[| < [|G1(t) o Fr(t)]|] + []|Ga(t) o Fa(t)]]].

To bound [||G1(t) o Fi(t)|||, notice that Fi(t) is a k x k real skew symmetric
matrix. Thus, we can use Corollary 3.3 in [15] to obtain

1

(6.5) G (t) o Fy(B)]]] < o (D) + o))

@)
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To bound |||G2(t)oFa(t)]|], notice that Gia(t)o F5(t) is the solution of the Sylvester
equation X1 (t)Z — Zdiag(Xa(t), —X2(t)) = Fa(t). Applying the classical result of
Davis and Kahan [5] (see also [2, Section VIL.2]), we obtain

(6:6) G2(t) 0 Fa(o)ll < 5120

Combining equations (6.1) and (6.4), and taking into account that zero rows or
columns can be suppressed without changing any unitarily invariant norm, we get

15| < || Fermrsmmrt ==
|| Femremmr ||

and using the bounds (6.5) and (6.6), and result (6.3) the following bound is
obtained

%0l < 2=z e o
5 Il

The first part of the lemma follows from the fact that unitarily invariant norms
decrease by pinchings (see [18, Exercise 1, p. 88] or [2, (IV.52), p. 97]), and an
almost similar argument to that right after (3.4).

For the second part, notice that from equation (2.14) we get

o

0] =160 POl < \IG10 0 RO + Gale) o P01

applying Lemma 6.1 to equation (6.2). The result follows again from (6.5) and
(6.6) after some straightforward manipulations. O

Lemma 6.4 leads to the following theorem:

THEOREM 6.5. Let A and A = A+E be two nxn real matrices with conformally
partitioned real singular value decompositions

A=[U; UQ][EO1 EOQH“%” i=[0, 0]

Consider the ordered singular values of X1 to be 0(31) = {o1 > -+ > 0%} and
assume there exist numbers a > 0 and 6 > 0 such that

o(X1) € (0,a] and o(33) C [+ 6, +00).

1
(6.7) |Bll2 < 5 min{s, 20}
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then
min '[Ul}W— qu
Worthogonal ‘/1 Vl
[

ET 0 2[|E]2 )

< -2V2 In{1-— :
112 < min{d, ox—1 + ok}

: Uy U, 2[|Ell2
— | = <—v2In(l- .
Wor?lllgglonal |: Vl :| w ‘/1 5 - \/_ Il( min{& Ok—1 +0'k}

PROOF. Once again, consider the matrix family A(t) = A 4+ tE introduced just
before Corollary 2.2. The notation of this corollary will be used again. Using
Weyl’s perturbation theorem and the restriction (6.7) we get that for any ¢ € [0, 1]

a(31(t)) C (0,a+t||El2) and o(X2(t)) C [a+ 6 — t]| Ell2, +00)

with a4 6 — t|| Ell2 — (a + t|| E||2) = 6 — 2t||E||2 > 0. Thus, we can apply Lemma
6.4 to get

1
~ dP,
P —-P < —_—
I[|P1 || < /0 o (t)m dt
=2 H{ " o ]H /1 5
- ET 0 o min{ox_1 +og, 0} — 2t E2

Lz 2W,am

| 2|2 min{ox_1 + o, 0}

The first part of the theorem follows from combining the previous bound with the
second part of Lemma 6.2. The result for the spectral norm is proved in a similar
way using the corresponding parts of Lemmas 6.2 and 6.4. O
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