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put matrices. This might have interest in several practical applications,
like the computation of the geometric mean of two symmetric positive
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ric or skew-symmetric input matrices are provided. Several numerical
experiments involving many structured matrices are carried out to com-
pare the structured condition number with the bounds and also with the
unstructured condition number.
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1. Introduction

This paper deals with the class of functions of two non-commuting matrices
introduced in [13, Sec. 3]. Such a class is constituted by functions whose ex-
pression is based on a combination of primary matrix functions and is revisited
here by convenience. We refer the reader to [22,25] for details about primary
matrix functions. Throughout the text, K denotes either R or C.

Definition 1. Let A, B € K™*" and let the symbol ® denote either a matrix
sum or a matrix product, so that A ® B means A + B or AB. Assume that
d(2), ¢(z) and ¥(z) are scalar valued complex functions such that ¢(A), ¢(B)

and v ((b(A) ® (E(B)) are primary matrix functions. We say that

F i Kmxn x Knxn —, Knxn
(A4,B) —C=f(AB)

belongs to the Py class (P from primary and 2 from two variables), if f (A4, B)
can be written as a finite number of products and/or sums of functions of the

form (¢(A) ® %(B))

The class of functions Ps includes well-known functions depending on
two non-commuting matrices. For instance, the matrix-matrix exponentiation
[7], the Lie bracket [17], means of two matrices [4,19,26], matrix beta function
[28], polynomials in A and B (particular cases of polynomials of two non-
commuting variables, that is, linear combinations of products of powers of the
variables), rational functions involving two non-commuting matrices, etc..

The definition we used (Definition 1) makes it easier to extend the Fréchet
derivatives to functions that depend on two matrices. Such derivatives play a
key role in the definition of condition numbers that allow us to measure the
sensitivity of functions in the P, class to perturbations of first order in the
input matrices A and B.

In this work, we assume that A and B have a special structure, that is,
they belong to either a certain automorphism group, a Lie algebra or a Jordan
algebra associated with a given scalar product. In the numerical computation
of f(A, B), it is important to assess the sensitivity of f to perturbations in
A and B. If A is perturbed by an arbitrary matrix F and B is perturbed by
another arbitrary matrix F', then the unstructured condition number provides
a key tool to understand such a sensitivity. However, if the perturbations are
structured, i.e., if A and A+ E (resp., B and B + F') have the same structure,
then the unstructured condition number may be useless, especially if it has
a large value. To deal with these cases, we need to define and estimate the
structured condition number of a function in P» to understand how structure
preserving algorithms for computing f(A, B) behave when implemented in
finite precision environments. If the unstructured condition number is large
while the structured one is small, this misleads us to think that the problem
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is ill conditioning when actually it is not. This makes clear the importance
of investigating the structured condition number. As will be seen in Section
2.2, the structured condition number takes into account the structure of the
matrices while the unstructured one does not.

There is a large literature devoted to study structured problems, including
the computation of functions depending on a single structured matrix; see [22,
Sec.14.1] and the large amount of the references therein. We recall here by
convenience what is written at the beginning of Sec.14.1 of Higham’s book: “ In
many applications the matrices that arise are structured and when structure is
present it is natural to try to exploit it. The benefits to be gained include faster
and more accurate algorithms and reduced storage, as well as more physically
meaningful solutions in the presence of rounding and truncation errors.”

As far as we know, this paper is the first one dedicated to the inves-
tigation of the structured condition number of functions depending on two
non-commuting structured matrices. We propose a definition to the structured
condition number of a function f in P, that extends the definition considered
in [6,14] for primary matrix functions. It turns out that the computation of the
exact structured condition number requires the orthogonalization of a set of
vectors with dimension n?, which is an expensive procedure. To overcome this
issue, we derive upper and lower bounds on the structured condition number,
that are relatively cheaper to compute than obtaining the exact structured
condition number. Our general results are then applied to particular functions
in Py, such as the geometric mean, the exp-log mean and the matrix-matrix
exponentiation. By exploiting the properties of these functions and the struc-
ture of the matrices A and B, we design algorithms to compute the structured
condition number. A set of numerical experiments is then carried out to un-
derstand whether the estimates given by the bounds are reliable and also to
compare the structured condition number with the unstructured one.

If M'M =1, MT = —M, it is proved in [14] that the structured and the
unstructured condition numbers of primary matrix functions coincide, when-
ever the input matrix is symmetric or belongs to a Lie algebra. A compari-
son between those two condition numbers is also investigated for functions in
P2, when A and B are either symmetric or skew-symmetric. Unfortunately,
their values may be different, in particular, for the matrix-matrix exponentia-
tion function. However, the numerical examples suggest that they coincide for
both the geometric and exp-log means in the special case of A and B being
symmetric. When A and B are skew-symmetric, we will see that, in general,
the structured and the unstructured condition numbers are distinct. A cou-
ple of interesting results relating those two condition numbers when the input
matrices are symmetric or skew-symmetric are stated.

Let us now recall the definition of three functions in Py whose structured
condition number will be investigated in this work. The first one is the geo-
metric mean function A#B of two Hermitian positive definite matrices A and
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B, which may be defined by [26]
1/2
AHB = AV (AT2BATI2) T AN, (1)

where Y = X'/2 stands for the principal square root of the matrix X. Recall
that, for any matrix X with no non-positive eigenvalues, the principal square
root Y of X is the unique matrix having eigenvalues on the open right half
plane such that Y2 = X. Using the properties of the principal matrix square
root, namely the fact that (S X S~1)/2 = § X/28-1  for any non-singular
matrix S, it can be shown that

A#B = A(A7'B)Y/2 = (AB™Y)'/2B = (BA™)Y/2A = B(B~*A)Y/2. (2)

We recall that A#B as defined in (1) is a geodesic in the cone of symmet-
ric positive definite matrices, in the sense that it minimizes the Riemannian
distance; see, for instance, [31, Sec.3].

Ando, Li and Mathias defined the k-geometric means (ALM-mean) of
positive definite matrices in [4]. Similarly to the ALM-mean, a new geometric
mean is defined in [9], with applications in elasticity experiments in physics
[21]. The matrix geometric mean has also applications in electrical networks
[33], image processing [15] and medical imaging [5]. Trapp [35] also gave a list
of applications of the geometric mean in electrical engineering literature.

In this paper, we consider the extension of the geometric mean concept
to other matrices A and B, and use the notation f(A, B) instead of A#B,
that is,

1/2
F(A, B) = AY? (A*1/2BA*1/2) A2, (3)

where A and A=Y/2BA~1/2 are assumed to have no non-positive real eigen-
value. The identities in (2) also hold in this case. We recall that means of
matrices that are not symmetric positive definite might be of interest in ap-
plications; see for instance [30] for means of rotation matrices.

The second one is the exp-log mean function, which arises in applications
in optometry [16,18,19]. Another application occurs in the different version of
Hellinger distance given in terms of the geometric mean and the exp-log mean
[8]. Hellinger distance is used to measure the similarity distance between two
probability distributions.

Assuming that A and B have no eigenvalues on the closed negative real
axis, the exp-log mean function is defined by

g(A, B) — eO.S(log A+log B) (4)

where eX and log X denote the matrix exponential and the principal matrix
logarithm of X, respectively.

The last function in P, to be addressed with special emphasis is the
matrix-matrix exponentiation. If A has no eigenvalue on the closed negative
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real axis and if B is a square matrix, then A is defined as
h(A, B) = ellos DB, (5)

Von Neumann found a connection between quantum mechanics and thermo-
dynamics in 1931 [7]. The entropy of a quantum system can be written as

S(A) = —log(det(A%))

for a density matrix A. In [7, Sec.4], the authors explain how this new rep-
resentation of the entropy can bring benefits. Von Neumann’s entropy is also
used to deal with the entanglement between the multipartite systems [32] and
to obtain entropy of a black hole [10].

The paper is organized as follows. In Sect. 2, we start by reviewing the
structured condition number of a primary matrix function, where we assume
that the input matrix has some particular structure. Then, in Sect.2.2, we
generalize the concept of structured condition number to functions in P, and
derive lower and upper bounds to its value. Algorithms for computing ex-
actly or estimate the structured condition number are proposed as well. The
particular case when the input matrices are symmetric or skew-symmetric is
investigated in Sect. 2.3. Section 3 deals with three particular functions in Py,
where we construct the Kronecker forms of their Fréchet derivatives. In Sect. 4,
a set of numerical results is carried out to illustrate our results and to investi-
gate the significance of the structured condition number for functions in Ps. In
particular, we compare the structured condition number with their bounds and
with the unstructured condition number. In the final section, some concluding
remarks are drawn.

2. Sensitivity Analysis

An important tool to assess the sensitivity of a function f to perturbations of
first order in the input matrix A is the Fréchet derivative. We recall that the
Fréchet derivative of a primary matrix function f at A is a linear mapping
Ly(A, ) : K™ — K™ such that |f(A+E) — f(4) - Ly(A, B)| = o( | E])
for all E € K™*™. Applying the vec operator to Ly (A, E) gives vec(Lf(A, E)) =
Ky(A)vec(E), where Kf(A) € K" *"* is called the Kronecker form of the
Fréchet derivative, where vec(.) denotes the operator that stacks the columns
of a matrix into one column vector. See [22] for more information on the
Fréchet derivative. Provided that f is Fréchet differentiable at A, the absolute
(unstructured) condition number of a primary matrix function f(A) is given
by

~ A+E)- f(A
cond(f, A) == lim sup [1/( ) = f( )II’
0B <e €
where || - || stands for a given matrix norm. For a more comprehensive explo-

ration of the theory of condition numbers, please see [34]. The unstructured
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condition number can be expressed in terms of the norm of the Fréchet deriv-
ative:
ILs (A, E)|
cond(f, A) = max ————"—.
A =0
If we specialize to the Frobenius norm we obtain the unstructured condition
number via the Kronecker form of the Fréchet derivative:
Li(AE Li(AE
cond(f,A) — e Jr G Bl vee(Ly (4, E))
E£0 | Ellr B£0 |vec(E)ll2
where we use the fact that for A € K"*", ||A||r = |[vec(A)||2, where || - ||2

stands for the 2-norm. Let M be a given real non-singular matrix and consider
the scalar product from K” x K" to K: (z,y) — (x,y)ar defined by

= [[K (A2,

(@ y)r = T My, for real or complex bilinear forms,
Y= x* My, for sesquilinear forms,

where x* stands for the conjugate transpose of x. For any matrix A € K»*",
there exists a unique A* € K"*" called the adjoint of A with respect to (., .)as,
that is given by

I M~1AT M, for real or complex bilinear forms,
1 M~'A*M, for sesquilinear forms.

There are three classes of structured matrices associated with (.,.)s: a Jordan
algebra Jys, a Lie algebra Lj; and an automorphism group G,;, which are
defined by
Ty ={AeK™™ | AX=A}, Ly:={AcK™" | A*=_A},
Gu:={AcK™™ | A¥=A"1}
For convenience, our focus in this work is on real and complex bilinear forms,

so sesquilinear forms will not be addressed. In Table 1, we give examples of the
most common algebraic structures generated by bilinear forms. The following

notation is used:
1
Ip 0 7], and J:[ 0 I"/Q]
1 —ILy2 0
(6)

2P7q:|:0 _Iq:|7 p+qg=mn, R=
where I, is the identity matrix of order s. All the matrices M involved in
Table 1 satisfy MTM = I and M = pM7T, with p = 1.

2.1. Structured Condition Number for f(A)

In this work we restrict the function f to real submanifolds of the n2-dimensional
real vector space R™*™ or complex submanifolds of the n?-dimensional com-
plex vector space C"*™ associated with real bilinear forms and complex bilinear
forms contained in the domain of f. We first review the structured condition
number of primary matrix functions [6,14].
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Definition 2. Let f : M — A be a K-differentiable map between two smooth
square matrix manifolds M, N' C K"*". Given A € M, assume that f(A) is
a primary matrix function. Then the absolute structured condition number of

f(A) is
Condstruc(f, A) = lim sup w

=0 x—aj<e €
XeM

The extra condition X € M restricts the choice of the perturbation X — A
to a smaller set, and hence, by the definition of supremum, obviously we have

condsgruc(f, A) < cond(f, A).

For a smooth manifold M C K™*" the matrix F € K"*™ is called a tangent
vector of M at A € M if there is a smooth curve v : K — M such that
~v(0) = A, 4/(0) = E. The tangent space of M at A is given as

TyM :={E e K" | 3v:K — M smooth with v(0) = 4, 7/(0) = E}.

If f: M — N is K-differentiable then the differential of f at the point A is
the map

dfa s TaM — TrayN,  dfa(y/'(0)) = (f ©7)'(0).

The case M C C™*" with f being R-Fréchet differentiable f will not be
analysed here. It is possible to express the structured condition number by
the differential of f at A, which is defined between the tangent spaces in the
following way:

- lldfa(E)]|
deA” T EI%;? ||E|| :

In [6, Thm. 2.3], it is proved that condgyuc(f, A) = [|dfa]-

Let the columns of U span the tangent space T4 M and let p = dimg T4 M.
Then, for any E € T4M, there exists y € KP such that vec(E) = Uy. The
structured condition number is obtained as

[[vec(Ly (A, E))|l2

S vee(B)z

K (AU

v Uyl

KA (AUUHU,
1Uyll2

1K (A)UT 2,

where U denotes the Moore-Penrose inverse of U. By using the property

\\U+||2_1||y||2 < ||Uyll2 < [[U]2]lyll2; we can obtain the following upper and
the lower bounds:

1K (AU Ul7" < condserue (£, A) < [ K (AYU|2][UT . (7)

Condstruc (f7 A) =
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If U has orthonormal columns then the upper and lower bounds coincide and

Condstruc(fa A) = ||Kf(A)U||2

2.2. Structured Condition Number for f(A, B)

Let M; C K™™ and My C K™*" be smooth square matrix manifolds. Given
the matrix function f(A, B) : My x My — N, the Fréchet derivative [13] is
defined by

[f(A+E,B+F)— f(A,B) = Ly(A,B; E, F)| = o (|(E, F)|) -
Assuming that f is Fréchet differentiable at (A, B), with respect to an induced
norm, we obtain the unstructured condition number
|Ls(A, B E, F)

cond(f,(A,B)) := max
(5, (A4, B) = max =5 ]

We recall that the condition number gives an upper perturbation bound for
small perturbations E and F"

|f(A+E,B+F)— f(A B) (B, F)|
f(A,B) 1f(A, B)|
Applying the vec operator to the Fréchet derivative of f(A, B), gives

< cond(f, (4, B)) +o([I(E, F)))-

) _ vec(E)
vec(L(A, B; E, F)) = K4(A, B) [VGC(F)} : (8)
where K(A,B) € K" %21 is the Kronecker form of the Fréchet derivative
and cond(f, (A, B)) = ||[Kf(A, B)||2. For the structured condition number, we
propose the following definition:
X,Y)-f(A,B
condnelf, (4, B) = i sup  EDZIABI g

€=0 | (x-A,y-B)|<e €
XeMy, YeMy

The differential of f at the point (A, B) is defined between the tangent spaces
T(A,B) (./\/ll X MQ) and Tf(A7B)N [36]:

dfap) : Tapy (M1 x Ma) = Tra )N,

where we can write T( 4 gy (M1 x Mz) = TyM; x Tg My, which restricts the
perturbation matrices to the corresponding tangent spaces, that is, £ € T4 M,
and F' € Tg Ms.

Theorem 1. Let [ : Q1 X Qs — Q be a map between the open subsets Q3 C My,
Qy C My and Q C N, where My, My and N are smooth square matrix
manifolds of K"*™. Assuming that f € Pa, for any pair (A, B) € Q1 x s, we
have

Condstruc(fv (Aa B)) = ||df(A7B) ||
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Proof. Consider the curves X (t) = A+tFE with X(0) = 4, X(¢) = X, X'(0) =
Fand Y(t) = B+tF with Y(0) = B, Y(e) =Y, Y'(0) = F. For all t in a
certain neighbourhood of 0, we assume that X (¢) € Q; and Y (¢) € Qy. We
can write the following: f(X,Y) = f(A, B) +edf a,5)(E, I') + o(¢). From the
definition of the structured condition number we obtain

condsgruc(f, (A, B)) = lim  sup 1f(X,Y) - f(A B)]

€=0 (x-A,y-B)|<e €
Xe, YeQy

_ - sup If(X,Y) — f(A B)|
[(X-AY-B)|—0 xen, [(X —AY — B
Y €eQy

i (B )+ o0
e—0 peT, 0, €H(E,F)H +0(€)

FeTRQy

= |ldfca,m)l-

O

From the uniqueness of the differential and the Fréchet derivative we
conclude that df 4 gy (E, F') = Ly(A, B; E, I). Hence, for A € M; and B €
M, the structured condition number may be written in terms of the Fréchet
derivative as

ILf(A, B; E, F)|

EeTp My, FETgMy H(E;F)H
(E,F)#0

Condstruc(f7 (A7 B)) =

With respect to the Frobenius norm, we have

LA B;E,F
condgtrue (f, (4, B)) = | f( ,B;E,F)|Fr

senadiiterar (B, F)lr
_ I+ (A, B)Uyll2
y1 EKPL, yo €KP2 ||Uy||2

y17#0, ya#0

= | K (A, B)UU"||2.

Here U € K2"2X(7’1+”2), with p; = dimg TaM1, po = dimg Tp Mo, and y are
given as

_|th O _|»n P P2
U|:0 U2:|’ y|:y2:|7 yleK andyQGK )
where the columns of U; € K™ %P1 and Us; € K™ ¥P2 are the bases of TaMy
and T Mas, respectively. Substituting vec(E) = Uyy; and vec(F) = Usys in
(8) gives

vec(E)

K(A,B) [VQC(F)] = K;(A,B) {gﬁg] = K;(A,B) {%1 UOZ] Bj .
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Hence, we obtain the following bounds which extend the ones given in (7) to
fePa
1K (A, B)U U3 < | Kp (A, BYUU |2 < | K4 (A, B)U 2| U |2 (10)

If U has orthonormal columns, then the structured condition number of f(A, B)
can be computed by means of the Kronecker form of the Fréchet derivative:

condgeruc(f, (4, B)) = || K (A, B)U||2.
However, if U does not have orthonormal columns, then
condseruc(f, (4, B)) < || K¢ (A, B)U||2.

Now we summarize the process of constructing the basis U; and U, of
the tangent spaces Ty Mj and TgMas, respectively, at the structured matrices
A and B. For more details, see [6]. Let Sp; represent either M; or Ms. For
Sam € {Ja,Las}, the basis of the tangent space of Sys, which is Sy itself, can
be given by

USM = (In@M_l)D§M7 (11)
with
D,. I|ifps=1,
P (12)
D, if us = —1,
where s = 1if Sp)y = Iy, s = —1if Spy = Ly and ﬁus € R (n=1)/2 jg 5
matrix with columns
(e(i—l)n-i-j + :use(j—l)n+i)/\/§a 1 S 1< .7 S n,
and I € R™ X" has the column vectors €(i—1)n+i> © = 1,...,n. Here, e; denotes

the n? x 1 vector with 1 in the i-position and zeros elsewhere and p = +1 such
that M = uM7T.

For real or complex bilinear forms, the basis of the tangent space to
Sy € {Gpr} at X is given by

Usy = (I, @ XM~ 1)Dy,,. (13)
For example,

o if A€ Jy (suppose us = 1) and B € Gy (suppose us = —1), then the
matrix U is built as

. [(In@)M_l)[f)us I] 0 };

0 (In® BM~')D,,,
o if A€ Gy (suppose us = —1) and B € Gy (suppose us = 1), then the
matrix U is given by

_ [, @ AM~Y)D,,, 0
U= { 0 (I, BM~Y) [ D, i]} '
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Provided that M is orthogonal and MT = +M, for Sy € {Jar, Las},
the columns of Us,, given by (11) are ortohonormal so no orthonormalization
process is required to compute the exact structured condition number. This
is the case of all the Jordan and Lie algebras listed in Table 1. Recall that
for Spr € {Iar, Las}, TxSar = Sas since Jy and Ly, are linear subspaces so
they are flat smooth manifolds. However, if A or B are not orthogonal and
belong to an automorphism group Gy, the columns of Ug,, in (13) may not
be orthonormal. Since U; has size n? x p;, for some integer p; < n? (i = 1,2),
orthogonalizing its columns is in general an expensive procedure, requiring
about O(n?p?) operations (see [20, ch.5] for a description of the most used
orthogonalization techniques). Our proposal to round this issue is to derive
lower and upper bounds that are able to estimate the structured condition
number in O(pn?) flops.

We now specify the bounds in (10) to four different cases, where the
dependence on ||U;||2 and ||U;"||2 (i = 1,2) is avoided. For {Jps,Las} classes,
we use the following inequalities

U |2 = max{[|U{" |2, |U"[|2} < max{||M; ||z, || Ma]|2}
1U |2 = max{||Us|z, |U2l2} < max{||M; "2, | M52}

Here M; and M are the real non-singular matrices involved in the scalar
products defining M; and Ma, respectively, which are chosen from Eq. (6),
according to the structure of A and B. For the {Gj;} class, we have the
inequalities

1T ll2 < M2l All2 and  [|UF |2 < DL, (In © ATMy) |2 < [|A]l2]| Mal2
1Usllz < |M5 12| Bll2 and  [|US [|l2 < [|DL,,, (In © BT Ma)|l2 < || Bll2|| Ma]|2-

Let us denote & := condgtruc(f, (A4, B)). So, for each class, the upper bounds
are given as:

(i) M;, (i =1,2) is a Jordan or Lie algebra:

< & < | Ky (A, B)U||]2 max{|| M|z, [ Ma]2}.  (14)
max{[[ M|z, [ Ma]l2} !

(ii) M; and My are automorphism groups:
1Ky (A, B)U|2
max{ || All2[[ M|z, || Bll2[|Mz2]|2}
< & < | Kp(A, B)Ull2 x max{||All2[[ Mi]l2, | Bll2l|M2][2}.  (15)

(iii) M; is an automorphism group and My is a Jordan or Lie algebra:

|1K¢(A, B)U|l2
max{ || Allz[[ M2, [ Ma]|2}

< R < [[Kf(A, B)Ullo max{[|Allz[| M|z, | M2]|2}-
(16)
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(iv) M; is a Jordan or Lie algebra and My is an automorphism group:

K¢ (A, B)U ||
max{||Mi|la, | B2 Mzll2}

< R <|Kp(A, B)U |2 max{|| M|z, [| Bll2|| Mz}
(17)

Let us now assume that M; and M, are orthogonal and that (A, B) €
G, X Gy, . Excepting the particular case M; = My = I, in general there is
no orthonormal basis U available to G, X Gz, and so we must resort to the
bounds (15) to get an estimate of the structured condition number. In the next
lines, we will derive an inequality that give some clues on how the condition
number of the matrices A and B with respect to the Frobenius norm, kr(A4) =
|A|FI|A7|F and kp(B) = ||B||r||B7 | F, influence the quality of the es-
timate of the relative structured condition number | (A, B)||r/||f(A, B)|r
provided by [ K (A, B)Ulo/|| f(4, B)|p-

Since
max{||Allz, | B2} = |[diag(4, B)[|2 < [|diag(A, B)||r = [[(A, B)||F,
(15) yields

1K+ (A, B)U |2

< i < |Kp(A,B)U||(A, B)| r,
(4, B) [ d ? "

and hence
KA B _ . IAB)r _ K, ABU],
1F(AB)llr — If(AB)r — [If(AB)lFr
Attending that ||[A=Y||r = ||A||r and ||[B~Y|r = ||B||r hold (recall that for
any X € Gy, with M orthogonal, X! = MTXT M implies that | X~ !||p =
| X||#) so that ||(A4, B)||% = kr(A) + kr(B), we arrive at

KB [ABe _ o (A B
AR = @By = Ao B e

I(A4, B)|[7-

(18)

Inequality (18) shows in particular that if A or B are well-conditioned, so
kp(A) + kp(B) =~ 2, then | K¢(A4, B)U|2/||f(A, B)||r provides an acceptable
estimate to the relative structured condition number. The quality of the bound
estimations according to the value of max{xpr(A), kr(B)} will be discussed in
Sect. 4.

In the two next algorithms, we address the computation of k :=
|K¢(A, B)U||2, which corresponds to the structured condition number if U
has orthonormal columns or to an upper bound if not. Algorithm 1 can be
viewed as an extension of [6, Alg. 2.6] to the functions in the class Pq, and,
provided that U has orthonormal columns and that L¢(A, B;E, F) can be
computed exactly, it gives the exact structured condition number.
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Algorithm 1. Let f(A,B) : My x My — N, where My, My are smooth
manifolds of K"*™ and let Uy and Uy be bases of the tangent spaces T4 My and
TpMa, respectively. Assume that for any E € TaMy, vec(E) = Uyyy for some
y1 € KP and F € TgMs, vec(F) = Usys for some yo € KP2. Provided that
an algorithm for evaluating the Fréchet derivative Ly(A, B; E, F) is available,
this algorithm computes k = ||Ky(A, B)U||2, where U = diag(Ui, Us).

11 X €K"XP (p=p;1 + p2)

2: fori=1:p; do

3: Compute L1 = L¢(A, B; E;, F}),
4: X (:,4) = vec(Ly)

5: end for

6: fori=1:py do

7: Compute Ly = L¢(A, B; E;, F),
8: X(:,1+p1) = vec(Ls)

9: end for

10: k = || X]||2

In Step 3 (resp., Step 7), vec(E;) = Use; and vec(F;) = Use;, where e;
denotes the p; x 1 (resp., pa x 1) vector with 1 in the i-th position and zeros
elsewhere.

Since Algorithm 1 is in general computationally expensive (about O(p?n?+
pn3) flops, where constructing X costs O(pn®) flops and computing its 2-norm
costs O(p?n?) flops if f(A, B) and L;(A, B; E, F) can be computed in O(n?)
flops), we can alternatively estimate the structured condition number by a
cheaper method, like the following one, which is based on the power method
which requires only O(kpn?) flops, where k is the number of iterations. To
estimate ||K;(A, B)U||2 by the power method, one needs to use the adjoint
operator L% (A, B; W), which satisfies the property

vec (L}(A, B;W)) = K3 (A, B)vec(W); (19)
see [23, Lem. 6.1] and also [13, Sec. 6].

Algorithm 2. With the same notation and conditions of Algorithm 1, this al-
gorithm uses the power method to compute v such that v < ||[K¢(4, B)U]|2.

1: for k =0: 00 do

2: 2k = [yz hZ]*

3: vec(Ey) = Uyyg, vec(Fy) = Ushy
4: Wk+1 ZLf(A,B;Ek7Fk)

5 Y1 = L3(A, By Wii)

6: 241 = U*vec(YkH)

7 Yt = |zegall2/(Wea |l F

8: if converged, then

9: Y = Yr+1, quit,

10: end if
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11: end for

Algorithms 1 and 2 do not require the orthogonalization process for U.
If U is orthonormal, Algorithm 1 gives the exact structured condition num-
ber while Algorithm 2 provides an estimate. Note however that the former
algorithm is more expensive than the latter. If U does not have orthonormal
columns, instead of orthonormalizing U, which is in general expensive, we may
alternatively use the bound (10) or its specifications (14)—(17). The computa-
tion of the value ||K¢(A, B)U||2 involved in those bounds can be carried out
by means of O(kpn?) flops, if estimated by Algorithm 2. Here k is the number
of iterations required in the power method. In some cases, we may exploit the
structure of U; and Us in line 3 of Algorithm 1 to reduce the cost.

In Algorithms 1 and 2 we need to compute the Fréchet derivative in the
given directions. Depending on the way the Fréchet derivatives are evaluated
(different functions require usually distinct procedures), these two algorithms
can be adapted to particular functions belonging to the class Ps. In particular,
specifications of those algorithm to the geometric mean, exp-log mean and
matrix-matrix exponentiation will be included in Sect. 3.

2.3. A and B are Either Symmetric or Skew-Symmetric

In this section, we investigate the structured condition number of a given
function f(A, B) € P, in the particular case when A and B are both either
symmetric or skew-symmetric matrices. Thus, we are assuming that M = T
and that either A, B € J; or A, B € L;. This issue might be of interest for
some functions involving structured matrices, like, for instance, the geometric
mean of two symmetric positive definite matrices or the exponential of a sum
of skew-symmetric matrices.

The results derived below involve the well-known commutation matrix IT
of order ¢2, which is the unique matrix that satisfies ITvec(X) = vec(X7T), for
any matrix X of order ¢ [29, Sec.9.2]. II is symmetric and orthogonal, with
spectrum {—1, 1}, where the eigenvalue (—1)* has multiplicity n; = 3n(n +
(=1)%), i = 1,2. Note that n; + ny = n?. Hence, there is a real orthogonal
matrix @ such that

I = Qdiag(—1I,,, I,,) Q". (20)
Let us now consider the matrices
O i= 5 (e + (-1)'T0), (21)

where ¢ = 1, 2. Both matrices U, and U, are symmetric, idempotent and diag-
onalizable with eigenvalues 0 and 1. Moreover, if @) is the orthogonal matrix
considered in (20), we have

ﬁl = leag(‘[’le?OnQ) QT7
Uy = Qdiag(0,,, I,,) QT.
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Lemma 1. Let M = I, and assume that Dy, and Dy, are matrices defined as
in (12) and that Uy, and Uy, are defined as in (11). Then, both Uy, = Dy, and
UL, = Dy, have orthonormal columns, that is, U};UJI =1 and UHTI U, = 1.
Moreover, Uy, U}, = U, and UL, U, = Uy, where U; (i = 1,2) are given in
(21).

Proof. The results follow from the way as the matrices Uy, and Uy, are defined.
Check (11). O

In [14, Sec.4], it is proven that, if A is symmetric or skew-symmetric,
then the structured and the unstructured condition numbers of f(A) coincide.
The proof is mainly based on the fact that the Kronecker form K;(A) is
symmetric and commutes with the commutation matrix II. Unfortunately,
these results cannot be extended to functions f(A, B) € Ps. Indeed, if A and
B are either both symmetric or skew-symmetric, the Kronecker form of the
Fréchet derivative K¢(A,B) = [K1 K, € K" *27* is a non-square matrix,
with K7 and K5 being in general non-symmetric. Moreover, K7 and K5 do
not commute in general with II and cond(f, (A4, B)) and condguc(f, (4, B))
may not coincide. The connections we have found between these two condition
numbers are stated in the following theorem. Before that, it is worth to recall
that Uy, Ur,, IT and @ are real matrices, while K;(A, B) may be non-real if
A or B have non-real entries.

Theorem 2. Let A, B € K"*" be either both symmetric or skew-symmetric
matrices such that f(A, B) € Py and let S := K1 K} + K2 K5, where K; and
K5 are square matrices of order n* such that K¢(A, B) = [K; Ka]. Assume in
addition that K1 and Ko commute with the commutation matriz 11.
(i) QT SQ = diag(Sy, S2), where Q is the orthogonal matriz in (20) and,
fori=1,2, S; is a Hermitian matriz of order n; = in(n+ (-1)%).
(ii) If A and B are symmetric, then condsirue(f, (A, B)) = ||52||§/2 and

cond(f, (4, B)) = max {|51]5"%, condsurc(f, (4, B)) } . (22)

(#ii) If A and B are skew-symmetric, then condsruc(f, (4, B)) = ||51||§/2 and
1/2

cond(f, (4, B)) = max {condumuc(f, (4, B)), [S:3° }. (23)

Proof. To ease the notation, let K := K(A, B) = [K; K,] € K" *2°,

(i) Let us consider the orthonormal basis Uy, for Jy, as defined in (11). Since

K; and Ky commute with II, it is easy to show that S = K1 K7 + K2 K

commutes with Up = %(Inz + II). Because S is Hermitian, there exists

R unitary and D diagonal with real entries, such that S = R D R*. Let
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V := R*Q, where Q is the orthogonal matrix of (20). Hence
SU, =Us S
&= RDR*Qdiag(0n,, In,)Q" = Qdiag(0,,, I,) Q" RD R*
< V*DV diag(0,,, I,,) = diag(0,,, I,)V* DV,

which means that V*DV commutes with diag(0y,,In,). If we denote
G :=V*DV and partition it conformally with dlag(Onl,Inz)

(G Gy
o1& @l

then
diag(0,,,I,) G = G diag(0,,, I.,)

implies that G; and G4 are Hermitian matrices of orders, respectively,
ny and ng, and G5 and G3 are zero matrices. Therefore,

V*DV = diag(Gl, G4)
< QTRDR*Q = diag(G1, G4)
— QTSQ = diag(G1, Gy),

and the result follows by letting S7 := G and S5 := Gj4.
(ii) For any matrix X € K"*" it is known that || X|[|3 = || X X*||2 = [| X *X]||2-
Denoting U := diag (Uy,, Uy, ), we have:

COHdstruC(fa (A»B)) = ”KU”Z

= (KU

= |KU(KU)* ||}

- s,

- Hlea’g ny nz)Q leag<51552 Q H
= ||diag(0,, , S2) 15>
= [[Sall5’,

which proves the first part of the claim (ii). The equality (22) holds,
because

cond(f, (4, B)) = [|K||2
= [|K*[2
= | KK*[|;
= |[diag(S1, Sa)|5°
= max {|1[%, 1520152}

(iii) Similar to the proof of (ii). O
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If A and B are symmetric, it will be shown in Sect. 3 that both the matrix
geometric mean and the exp-log mean satisfy the conditions of Theorem 2,
namely K7 and K> commute with II. Hence, for these two functions we can
ensure that the structured and unstructured condition numbers can be related
by (22). Surprisingly, in all the experiments we have carried out with the matrix
geometric and the exp-log means of randomized symmetric matrices, we have
noticed an equality between those two condition numbers. Although we were
not able to provide a theoretical support for this fact, a possible explanation
may lie on the fact that the order of S5, which is equal to ny = %n(n +1), is
larger than the order of Sy (n; = $n(n — 1)) which makes more probable that
the largest singular value of S comes from S5 instead of S;. In contrast, no
pair of skew-symmetric matrices A and B was found to illustrate a possible
equality between the unstructured and the structured condition numbers.

In the case of the matrix-matrix exponentiation, in general the matrices
K and K5 do not commute with II, even in the particular case when A and B
are commuting matrices and symmetric. Hence, the conditions of Theorem 2

are not satisfied and equality (22) may not be valid.

3. Some Important Functions in the Class P,

3.1. Matrix Geometric Mean

In this section, we will assume that f(A, B) stands for the geometric mean
defined in (3).

Lemma 2. Let M be real non-singular and let A, B € Gy (resp., Jar) such that
A and A=Y2BA~Y2 have no non-positive eigenvalue. Then f(A,B) € Gy
(resp., Inr)-

Proof. The (principal) matrix square root and the matrix inverse preserve au-
tomorphism groups [24]. Since Gy is closed under multiplications, the geomet-
ric mean preserves the automorphism group structure. To show that A, B € Jy,
implies f(A, B) € Ja, we just need to carry out a few calculations and pay
attention to the identities (2). O

From Lemma 2, we can say, in particular, that if A and B are orthogonal
(resp., symplectic, symmetric) matrices satisfying the above mentioned spec-
tral restrictions, then f(A, B) is orthogonal (resp., symplectic, symmetric).

The Kronecker form of f(A, B) is given in the next lemma.

Lemma 3. Assume that A and A~Y/2BA~Y2 have no non-positive eigenvalue.
The Kronecker form of the Fréchet derivative of the matrix geometric mean
function f(A, B) is given by

KiAB)=[(I®z+YTol)™' Iez'+Y Tl (24)
where Z = (AB~)Y/? and Y = (B~1A)Y/2.
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Proof. The proof is omitted because it is somewhat similar to the one given in
[26, Thm. 3.1], with the difference that here A and B may not be symmetric
positive definite. O

Algorithms 1 and 2 presented in Sect. 2.2 are now particularized for the
geometric mean function.

Algorithm 3. Assume that A € My and B € My, where My, My are smooth
matriz manifolds of K"*™ are given. For any E € TaM;, with vec(E) = Uyyy
for some y; € KP' and F € TgMa, with vec(F) = Usyy for some ys € KP2,
this algorithm computes k = ||K (A, B)U||2 (U = diag(Uy, Us)) for the matriz
geometric mean.

X € K"XP (p=py +pa)

Z = (AB~1)1/2

Y = (B~1A)Y/?

for i=1:p; do
Solve ZLy + L1Y = E, where vec(E) = Use;
X(:,1) = vec(L1)

end for

for i =1:py do
Solve Z7 1Ly + LY ! = F| where vec(F) = Use;
X(:,i4+p1) = vec(La)

: end fork = || X||2

For the matrix geometric mean, the adjoint operator (19) is now given

=
=

lon
<

(I®Z*+Y @) tvec(W)
(I®Z*+Y '@I) tvec(W)
The following algorithm is employing the power method to estimate the struc-
tured condition number of geometric mean.

vec (L}(A,B; W)) =

Algorithm 4. Given the same function and matrices as in Algorithm 3, this
algorithm uses the power method to compute v such that v < ||Kf(A, B)U|2.

1: Xq = BA_17 Xo = AB~!

2: Choose nonzero starting vectors eg € KP' and fy € KP2, (p = p; + p2)
3: for k=0:00do

4: vec(Ek) = Uyep, and vec(Fk) = Ugfk
,qutl = qurt(XlaEk)

Wk:+1 - qurt(X27Fk)

‘/1 - qurt(XiKa Yk—i—l)

‘/2 = qurt(Xga Wk+1)

vy = vec(Vq)

10: vy = vec(Vz)

W e = U] gl



248 Page 20 of 34 B. Arslan and J. R. Cardoso Results Math

122 Yet1 = [[Yerall2/ (W |l p
13: vec(Eki1) = yr+1(1:p1), vec(Fry1) = ykt1(p1 +1:p)
14: if converged, then

15: Y = Vk+1, qUit7
16: end if
17: end for

3.2. The Exp-Log Mean
We now return to the exp-log mean function g(A, B) defined in (4), which is
written here for convenience: g(A, B) = exp(0.5(log A + log B)).

Lemma 4. Let M be non-singular and let A and B have no eigenvalues on the
closed negative real axis. If A, B € Gy (resp., In ), then g(A, B) € Gy (resp.,
Jnr).

Proof. The proof is mainly based on the fact that for any X € Gj; with no
non-positive eigenvalue, log(X) € Ly, while ¥ € Gy, for any Y € LLy,. For
more details see [12]. O

Lemma 4 implies, in particular, that the exp-log mean of orthogonal
(resp., symplectic) matrices is also orthogonal (resp., symplectic).

Lemma 5. Let A and B have no eigenvalues on the closed negative real axis.
The Fréchet derivative of the exp-log mean of g at (A, B) in the direction of
(E,F) is given by

Lo(A, B; B, F) = Loy (o.s(log A+ log B); 0.5(Liog(A, E) + Liog(B, F))) ,

where Lexp and Liog represent the Fréchet derivatives of the matriz exponential
and the principal logarithm, respectively.

Proof. Using [13, Thm. 4.1], we have

(o B0 5])=ewloaeslo 5]y 5]))

exp (0.5 FOg A+logB  Liog(A, E) + Liog(B, F)} )

0 log A+log B
_ |exp(0.5(log A + log B)) Lexp (X, W)
- 0 exp(0.5(log A + log B))
where X = 0.5(log A + log B) and W = 0.5(Liog(A, E) + Liog(B, F)), which
proves the result. O

Hence, the Kronecker form of the exp-log mean is given by
KQ(A»B) = KeXp(X> [Klog(A) Klog(B)] ) (25)

where Kexp(X) and Kiog(X) represent the Kronecker forms of the Fréchet
derivative of the matrix exponential and the principal logarithm, respectively.
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Hence, building the Kronecker form of the exp-log mean requires the construc-
tion of the Kronecker forms of the matrix exponential and logarithm functions
and two matrix-matrix multiplications.

The adapted versions of Algorithms 1 and 2 for the exp-log mean function
are given in the next two algorithms.

Algorithm 5. Let us assume that A € My and B € My, where My, My are
smooth matriz manifolds of K"*™  are given. For any E € TaM;, vec(E) =
Uiy, for some y; € KPr | and F € TgMa, vec(F) = Usys, for some ys € KP2,
this algorithm computes k = | K4(A, B)U |2 (U = diag(Uy, Us)) for the exp-log

mean.

1 X € K™ %P (p=pi +pa)

2: X = 0.5(log A + log B)

3: fori=1:p; do

4: Compute L1 = Lexp(X; Liog(A, E)), where vec(E) = Uye;
5: X(:,1) = vec(L)

6: end for

7. fori=1:ps do

8: Compute Lo = Lexp(X; Liog (B, F)), where vec(F) = Use;
9: X(:,1+p1) = vec(Ls)

10: end for

11: k= || X2

In the next less expensive algorithm we estimate the structured condition
number of g(A, B), where the Eq. (19) has now the form
Klog(A*)Kexp(X*)vec(W)]

vec (L3 (A, B;W)) = Kiog(B*) Kexp (X *)vec(W)

and, consequently, we have

Li(A,B;W) =

Llog(A*aLeXp(X*yw))
Llog(B*v LeXp<X*7 W)) .

Algorithm 6. Given the same function and matrices as in Algorithm 5, this
algorithm uses the power method to compute v such that v < |K4(A, B)U|2.

1: X = 0.5(log A + log B)

2: Choose a nonzero starting vectors ey € KP* and fy € KP2 (p = py + p2)
3: for k=0:00do

4: vec(Ey) = Uyer, and vec(Fy) = Us fi,

Wk+1 = Lexp(X; Llog(Av Ek) + Llog(Ba Fk))

L = Lewp(X*, Wi1)

vy = vec(Liog(A*, L))

vg = vec(Liog(B*, L))

Yrtr = U™[o} v3]"
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100 Vi1 = [[Yrrall2/ (Wil
1: vee(Eki1) = yr+1(1 1 p1), vee(Fry1) = ykt1(p1 +1:p)
12: if converged, then

13: Y = Vk+1, qUit7
14: end if
15: end for

3.3. Matrix—Matrix Exponentiation

As a last primary matrix function in Ps, we analyse the matrix-matrix expo-
nentiation h(A, B) = ellog A)B

Lemma 6. Given a non-singular matriz M, let A, B € Jy and let them com-
mute. Then AB € Ju.

Proof. For a given matrix function we have h(X*) = h(X)*.
(AB)* _ (e(logA)B)*
_ B (log A)"
_ oBllogA*)
— BllogA)
If B commutes with A then B commutes with log A [22, Thm. 1.13], which
yields
(elog(A)B>* _ (log A)B
O
Lemma 7 [13]. Let A have no eigenvalues on Ry (the closed negative real azis)
and B be arbitrary. The Fréchet derivative of h(A, B) = AP is given by
Li(A,B;E,F) = Lexp(log(A)B; log(A)F + Liog (A, E)B)
where Lexp and Liog Tepresent the Fréchet derivatives of the matriz exponential

and matriz logarithm, respectively.

The Kronecker form Kj(A, B) of the matrix-matrix exponentiation is
obtained as [13]

Ki(A,B) = Kexp ((log A)B) (BT ® IKos(A) I®logA]. (26)
The cost of constructing the Kronecker form of the matrix-matrix exponen-
tiation has the same cost of the exp-log mean function since it requires the

computation of the Kronecker form of the matrix exponential and logarithm
together with their multiplication.

Algorithm 7. Let us assume that A € My and B € Ms, where My, My are
smooth matriz manifolds of K" ™, are given. For any E € TyM;, vec(E) =
Uryy for some y1 € KPr and F € TgMas, vec(F) = Usys for some ys € KP2
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this algorithm computes k = || Kp(A, B)U||2 (U = diag(Uy, Us)) for the matriz-
matrix exponentiation.

1: X € K"XP (p=py +po)

2: X = log(A)B

3: fori=1:p; do

4: Compute L1 = Lexp(X; Liog (A, E)B), where vec(E) = Uye;
5: X (:,1) = vec(Ly)

6: end for

7: for i =1: ps do

8: Compute Lo = Leyxp(X;log(A)F), where vec(F) = Uge;
9: X (:,1+p1) = vec(Ls)

10: end for

11: K = HX||2

For the matrix-matrix exponentiation Eq. (19) yields
Ligg(A*; Lexp(X*; W) B*)

Ly (A, B;W) =
A= g4 Loy (675 W)

We present the power method to estimate the structured condition number of
matrix-matrix exponentiation.

Algorithm 8. Given the same function and matrices as in Algorithm 7, this

algorithm uses the power method to compute v such that v < || Ky (A, B)U]||2.
1. X = (log A)B
2: Choose a nonzero starting vectors eg € KP* and fy € KP2 (p = py + p2)
3: for k=0:00do
4: vec(Ey) = Urey and vec(Fy) = Us fi

Wit1 = Lexp(X;10g(A)Fi, + Liog (A, Ex)B)

L= Lexp(X*; Wk+1)

v = Llog(A*; LB*)

vy = log(A*)L

Yes1 = U] 3]

10: Ver1 = [[Yrtll2/ Wil p

11 vee(Ey41) = Yk+1(1: p1), vee(Fit1) = yp1(p1 +1: p)

12: if converged, then

13: Y = Vk+1s quit7
14: end if
15: end for

3.4. A and B are Symmetric or Skew-Symmetric

In this section we investigate whether the above three particular primary ma-
trix functions f(A, B), g(A4, B) and h(A, B) satisfy the conditions of Theo-
rem 2, whenever A and B are either symmetric or skew-symmetric matrices,
namely if K7 and K5 commute with the commutation matrix II. The results
for f and g are displayed in next Lemma.
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Lemma 8. Let A and B be either symmetric or skew-symmetric matrices.

(i) If W1 = f(A, B) is well defined, then Wy is a symmetric matriz and both
Ky and Ky commute with II, where K (A, B) = [Ky Kj| is the matriz
in (24).

(ii) If Wo = g(A, B) is well defined, then Wy is symmetric and both Ky and
Ky commute with I1, where K4(A, B) = [K K»] is the matriz in (25).

Proof. The symmetry of W7 and W5 comes from Lemmas 2 and 4, respectively.
To avoid repetition, we prove the above results only for the matrix K7, with
the assumption of A and B being symmetric.

(i) From (24) we have K1 = (I ® Z+ YT @ I)™!, where Y = (B~1A)'/2
and Z = (AB~1)Y/2. Since A and B are assumed to be symmetric, the
properties of the inverse and of the matrix square root ensure that Z =
YT, Hence, K1 = (I ® Z + Z ® I)~!. Attending that the commutation
matrix IT of order n? satisfies 17! = IT and I1(X; ® X3) = (Xo® X 7)1, for
every matrix X and X5 of order n, a few calculations yield K11 = I1K};.

(i) Now, we have K; = Kexp(X) Kiog(A), where X = 0.5 (log(A) + log(B));
see (25). Then the result follows because, for a given symmetric matrix W
for which Kiog (W) exists, it is known that both Kiog(W) and Kexp, (W)
commute with II; see [14].

O

If A and B are symmetric and AB = BA, we know that the matrix-
matrix exponentiation AP is symmetric; check Lemma 6. However, as men-
tioned previously, K; and Ky may not commute with IT and so the conditions
of Theorem 2 are not full filled.

4. Numerical Experiments

In this section we conducted numerical tests to compare the structured and
unstructured condition number and to analyse the reliability of the lower and
the upper bounds on the structured condition number. All the numerical ex-
periments were performed in MATLAB R2020b on a machine with Core i7
for which the unit roundoff is v ~ 1.1 x 107, We consider the follow-
ing primary matrix functions from Py: f(A, B) = A(A™'B)/2, g(A,B) =
exp(0.5(log A +log B)) and h(A, B) = AB.

The exact structured condition number of the matrix functions f(A, B),
g(A, B) and h(A, B) is computed by Algorithms 3, 5 and 7, respectively. These
algorithms are also used for computing the unstructured condition number,
with the difference that now we take U = I,,,2.

To compute the square root of a matrix in automorphism groups (real
orthogonal, symplectic and perplectic matrices), we use the following structure
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preserving iteration [24]:
1 _
Yier = 3V [[+8(I+32Y:) '],  Yo=4,

1 -
Zir = 3 [T +8(1+32:Yz) N2,  Zo=1,
where
klim Yk = A1/2 khm Zk = A71/27

while for the remaining test matrices, we use the sqrtm MATLAB function.
Matrix logarithm and matrix exponential are computed by [3, Algor. 5.1] and
expm MATLAB function based on [2], respectively. For the Fréchet derivative
of matrix exponential and the matrix logarithm, we employ [1, Alg. 6.4] and
[3, Algor. 6.1], respectively.

In the first part of the experiment, we consider two symplectic matrices
taken from [18], regarding an application of averaging eyes in Optometry:

[ —0.0835  0.1331  0.0166 0.0004 ]
0.1286  0.1326  0.0004 0.0169

A= —64.4147  7.9214  0.8281 0.0295 |’
| 7.7307  —52.5506 0.0297 0.8535 |
[ 0.0385 0.0882  0.0158 0 ]

B 0.0888 0.2505 0 0.0160

—61.1187  5.0696  0.8806 0.0025
| 51390  —48.4305 0.0025 0.8994 |

We construct the basis using Eq. (13) in which

o 5
=L G

and compute the exp-log mean of A and B. The unstructured condition number
is about cond(g, (A4, B)) = 56.5468, while the structured condition number is
much lower: condstrue (g, (A, B)) = 2.4482. Here, the ratio between the unstruc-
tured and structured condition number is about 23, that is, the unstructured
condition number is 23 times the structured one.

In the second part of the experiment the size of the test matrices is chosen
as 10 apart from the last experiment which is 2 and they are built as follows:

e For random orthogonal, symplectic and perplectic matrices we use Jag-
ger’'s MATLAB Toolbox [27];
e Hamiltonian matrices are constructed by

A[‘;{_?{T], FI'=F and GT =gG;

o For symmetric positive definite matrices we use A = X X7, where X is
a random n X 1 matrix.
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FIGURE 1. Lower and upper bounds, together with the struc-
tured and unstructured condition numbers of f(A, B) (top)
and g(A4, B) (bottom) for orthogonal matrices A and B

In figures we plot the values of the relative unstructured uscond and relative
structured scond condition numbers

- 1(4, B)||
uscond = cond(f, (4, B))m’
1(4, B)|
scond = Ndstrucl/ A’ (A B’
d = condggruc(f, ( B))Hf(A,B)”F

together with the lower and the upper bounds on the structured condition
number given in (14), (15), (16) and (17). For some test matrices, we present
the maximum condition number of the test matrices A or B.

Figure 1 presents the bounds and the condition numbers for the geometric
mean and exp-log mean of orthogonal matrices A and B. Since the orthogonal
matrices are well-conditioned, the difference between the structured and un-
structured condition numbers is relatively small. For some cases, we observe
that the unstructured condition number is larger than the upper bound. The
results of the exp-log mean for symplectic and perplectic matrices A and B
are reported in Figs. 2 and 3, respectively, with increasing maximum condition
number of kr(A) and kp(B). Figures4 and 5 assess the experiments for the
geometric mean of symplectic and perplectic pairs A and B, respectively. The
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FIGURE 2. Lower and upper bounds, together with the struc-
tured and unstructured condition numbers of g(A, B) for sym-
plectic matrices A and B
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tured and unstructured condition numbers of g(A, B) for per-
plectic matrices A and B
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FIGURE 6. Lower and upper bounds, together with the struc-
tured and unstructured condition numbers of h(A, B) for sym-
plectic matrices A and B

gap between the structured and unstructured condition numbers is increasing
in Figs.2, 3, 4 and 5, in particular for the test matrices with high condition
numbers. Figure 6 shows the experimental data on the matrix-matrix exponen-
tiation of the symplectic matrices A and B. Figure 7 provides results to A?,
with orthogonal A and skew-symmetric B on the top graphic and symplectic
A and Hamiltonian B on the bottom. Similarly, the unstructured condition
number can be relatively larger than the structured condition number for ill-
conditioned matrices, as shown in Figs.6 and 7. Finally, in Figs.8 and 9 we
compare the unstructured and structured condition numbers with the bounds
for the given three functions in P, with the input matrices A and B being
symmetric positive definite. While for the geometric mean and the exp-log
mean the structured and unstructured condition numbers are the same (see
Sect. 2.3), we get a small difference for the matrix-matrix exponentiation. We
also see that the bounds are equal to the structured condition number when
A and B are symmetric positive definite. Recall that in this situation an or-
thonormal basis U is available. In all the experiments we observe that the
lower bound of the structured condition number, which is cheaper to evaluate,
is a good approximation to the structured condition number even for the ill-
conditioned matrices. While in most of the cases the unstructured condition
number is smaller than the upper bound of the structured condition number,
in some of them it is larger, which might happen.
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F1GURE 7. Lower and upper bounds, together with the struc-
tured and unstructured condition numbers of h(A, B). In the
top picture, A is orthogonal and B is skew-symmetric; in the
bottom picture, A is symplectic and B is Hamiltonian

5. Conclusion

In this work, we have given a detailed analysis of the structured condition
number for a certain class of functions of two matrices, here denoted by Ps.
When the unstructured condition number is small, the problem of computing
f(A, B), with A and B structured, is well conditioned; however, if it is large
that does not necessarily mean that the problem is ill conditioning, because the
structured condition number may be small. This situation reinforces the inter-
est in estimating the structured condition number. We also have shown that
for certain functions depending on two non-commuting symmetric matrices
the two condition numbers are likely to be the same and hence in these special
situations there is no need of estimating the structured condition number.
Algorithms for computing the structured condition number and lower/
upper bounds have been provided for it. When orthonormal bases for the tan-
gent spaces of M; and My are not available, it is cheaper to estimate the
structured condition number by the bounds, instead of orthonormalizing the
bases. Particular emphasis has been devoted to the geometric mean, the exp-log
mean and the matrix-matrix exponentiation functions. A set of experiments
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has shown that the unstructured condition number can be relatively larger
than the structured condition number, especially for ill-conditioned matrices.
One of the examples comes from a practical application in Optometry. The
results also indicate that in most of the cases the lower bound is a good ap-
proximation to the structured condition number, even when the matrices are
ill-conditioned, which gives an advantage in terms of computational cost. For
future work, we are planning to generalize our results to functions depending
on more than two non-commuting matrices.
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