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Abstract. In this paper we introduce metric-based means for the space of positive-definite matrices. The mean associated with the
Euclidean metric of the ambient space is the usual arithmetic mean. The mean associated with the Riemannian metric corresponds to
the geometric mean. We discuss some invariance properties of the Riemannian mean and we use differential geometric tools to give a

characterization of this mean.
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1. Introduction. Almost 2500 years ago, the ancient Greeks defined a list of ten (actually eleven) distinct
“means” [14, 21]. All these means are constructed using geometric proportions. Among these, are the well known
arithmetic, geometric, and harmonic (originally called “subcontrary”) means. These three principal means, which
are used particularly in the works of Nicomachus of Gerasa and Pappus, are the only ones that survived in common
usage.

The arithmetic, geometric and harmonic means, originally defined for two positive numbers, generalize natu-
rally to a finite set of positive numbers. In fact, for a set of m positive numbers, {x}1<k<m, the arithmetic mean is
m

the positive number & = % > ey k. The arithmetic mean has a variational property; it minimizes the sum of the

squared distances to the given points xy

m
(1.1) T = arg minZde(x,xk)Q,
>0
k=1
where d.(z,y) = |z — y| represents the usual Euclidean distance in IR. Their geometric mean which is given by

T = ®/x1x9--- T also has a variational property; it minimizes the sum of the squared hyperbolic distances to the
given points xy,
m
(1.2) = argminZdh(xk,x)Q,
x>0 =1
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where dj,(x,y) = |logx — logy| is the hyperbolic distance! between z and y. Their harmonic mean is simply given
by the inverse of the arithmetic mean of their inverses, i.e., & = [% S (zk)71 7!, and thus it has a variational
characterization as well.

The arithmetic mean has been widely used to average elements of linear Euclidean spaces. Depending on the
application, it is usually referred to as the average, the barycenter or the center of mass. The use of the geometric
mean on the other hand has been limited to positive numbers and positive integrable functions [13, 6]. In 1975,
Anderson and Trapp [2], and Pusz and Woronowicz [20] introduced the harmonic and geometric means for a pair of
positive operators on a Hilbert space. Thereafter, an extensive theory on operator means originated. It has been
shown that the geometric mean of two positive-definite operators shares many of the properties of the geometric mean
of two positive numbers. A recent paper by Lawson and Lim [16] surveys eight shared properties. The geometric
mean of positive operators has been mainly used as a binary operation.

In [24], there was a discussion about how to define the geometric mean of more than two Hermitian semi-
definite matrices. There have been attempts to use iterative procedures but none seemed to work when the matrices
do not commute. In [1] there is a definition for the geometric mean of a finite set of operators, however, the given
definition is not invariant under reordering of the matrices. The present author, while working with means of a finite
number of 3-dimensional rotation matrices [18] discovered that there is a close connection between the Riemannian
mean of two rotations and the geometric mean of two Hermitian definite matrices. This observation motivated the
present work on the generalization of the geometric mean for more than two matrices using metric-based means.
In an abstract setting, if .# is a Riemannian manifold with metric d(-,-). Then by analogy to (1.1) and (1.2), a
plausible definition of a mean associated with d(-,-) of m points in .# is given by

m
(1.3) M(z1,...,25) 1= argminZd(xk,m)z.
ved T3
Note that this definition does not guarantee that the mean is unique.

As we have seen, for the set of positive real numbers, which is at the same time a Lie group and an open
convex cone?, different notions of mean can be associated with different metrics. In what follows, we will extend
these metric-based means to the cone of positive-definite transformations. The methods and ideas used in this
paper carry over to the complex counterpart of the space considered here, i.e., the convex cone of Hermitian definite
transformations. We here concentrate on the real space just for simplicity of exposition but not for any fundamental
reason.

The remainder of this paper is organized as follows. In § 2 we gather all the necessary background from

I'We borrow this terminology from the hyperbolic geometry of the Poincaré upper half-plane. In fact, the hyperbolic length of the

geodesic segment joining the points P(a,y1) and Q(a,y2), y1,y2 > 0 is |log z—;\, (see [22, 25]).

2Here and throughout we use the term open convex cone, or simply cone, when we really mean the interior of a convex cone.
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differential geometry and optimization on manifolds that will be used in the sequel. Further information on this
condensed material can be found in [8, 4, 10, 23, 25]. In § 3 we give a Riemannian-metric based notion of mean for
positive-definite matrices. We discuss some invariance properties of this mean and show that in the case where two

matrices are to be averaged, this mean coincides with the geometric mean.

2. Preliminaries. Let M(n) be the set of n-by-n real matrices and GL(n) be its subset containing only
non-singular matrices. GL(n) is a Lie group, i.e., a group which is also a differentiable manifold and for which
the operations of group multiplication and inverse are smooth. The tangent space at the identity is called the
corresponding Lie algebra and denoted by gl(n). It is the space of all linear transformations in IR", i.e., M(n).

In M(n) we shall use the Euclidean inner product, known as the Frobenius inner product and defined by
(A, B) . = tr(AT B), where tr(-) stands for the trace and the superscript 7 denotes the transpose. The associated

norm || A||lr = (A, A)},/Q, is used to define the Euclidean distance on M (n)
(2.1) dr(A,B) =[|A - B .

2.1. Exponential and logarithms. The exponential of a matrix in gl(n) is given as usual by the convergent
series
1
(2.2) exp A = Z HAk'
k=0
We remark that the product of the exponentials of two matrices A and B is equal to exp(A + B) only when A and
B commute.

Logarithms of A in GL(n) are solutions of the matrix equation exp X = A. When A does not have eigenvalues
in the (closed) negative real line, there exists a unique real logarithm, called the principal logarithm and denoted by
Log A, whose spectrum lies in the infinite strip {z € C : —7 < Im(z) < 7} of the complex plane [8]. Furthermore,
if, for any given matrix norm || - ||, ||[I — A|| < 1, where I denotes the identity transformation in IR"™, then the series

o~ (I —A)F
— Z — converges to Log A and therefore one can write
k=1

© (1 AVk
(2.3) Log A = _ZUTA)
k=1

We note that in general Log(AB) # Log A + Log B. We here recall the important fact [§]

(2.4) Log(A"'BA) = A '(Log B)A.

This fact is also true when Log in the above is replaced by an analytic matrix function.

In what follows, we give the following result which is essential in the development of our analysis.
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PROPOSITION 2.1. Let X (t) be a real matriz-valued function of the real variable t. We assume that, for all t

in its domain, X (t) is an invertible matriz which does not have eigenvalues on the closed negative real line. Then

%tr [Log2X(t)] =2tr LogX(t)X_l(t)%X(t) .

Proof. We recall the following facts:
(i) tr(AB) = tr(BA).
(ii) tr ( K M(s)ds) = [P te(M(s))ds
(iii) Log A commutes with [(A — I)s+ I]™"
) Jy [(A—=TI)s+ I]’Q ds= (I—A)"'[(A-Ds+ 1] ; — AL
(v) LLog X(t) = [ [(X(t) = D)s+ 17" S X (1) [(X(t) — I)s + 1] " ds.
The facts (i), (i), (iii) and (iv) are easily checked. See [9] for a proof of (v).

Using the above we have

=

% tr ([Log X (t)]?) o) tr(Log X(t)% Log X (t))

Yoty (LogX(t)/O (X(t)—I)s+ 1]~ lth( V(X (t) = I)s+ 1) " ds

= 2tr (/O Log X (¢) (X (t) — I)s + I]~ lti()[(X(t)—.r)sﬂr]*1

d
W 2/0 tr (LogX(t) (X(t)—I)s+1I]” 1ZX()[(X@)—I)3+I]1>

ds

V)
_|_
~

R ! B
g 2/0 tr ([(X(t)—f)su} "Log X (1) [(X (1) ~ D)s + 17 2 X (1)

) / (LogX( V(X () — I)s+ 172 th( )) ds
= 2tr (Log X(t) [ [(X(t)=I)s+1]"2 dsth(t))

(
ot <LogX t)iX(t)) .

2.2. Gradient and geodesic convexity. For a real-valued function f(x) defined on a Riemannian manifold

M , the gradient V f is the unique tangent vector u at x such that
d
(25) (V1) = L6

where 7(t) is a geodesic emanating from x in the direction of u, and (-, -) denotes the Riemannian inner product on

the tangent space.

A subset o of a Riemannian manifold .# is said to be convex if the shortest geodesic curve between any two

points x and y in 7 is unique in .# and lies in . A real-valued function defined on a convex subset &/ of .# is
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said to be convex if its restriction to any geodesic path is convex, i.e., if t — f(t) = f(exp,(tu)) is convex over its

domain for all z € # and u € T,,(.#'), where exp,, is the exponential map at x.
2.3. The cone of the positive-definite symmetric matrices. We denote by
S(n)={A € M(n), AT = A}
the space of all n X n symmetric matrices, and by
P(n)={AeSn), A>0}

the set of all n x n positive-definite symmetric matrices. Here A > 0 means that the quadratic form 7 Ax > 0 for
all x € IR™\{0}. It is well known that P(n) is an open convex cone, i.e., if P and Q are in P(n), so is P + tQ for
any t > 0.

We recall that the exponential map from S(n) to P(n) is one-to-one and onto. In other words, the exponential
of any symmetric matrix is a positive-definite symmetric matrix and the inverse of the exponential (i.e., the principal
logarithm) of any positive-definite symmetric matrix is a symmetric matrix.

As P(n) is an open subset of S(n), for each P € P(n) we identify the set Tp of tangent vectors to P(n) at P

with S(n). On the tangent space at P we define the positive-definite inner product and corresponding norm
(2.6) (A,B)p=u(P'APT'B),  ||A|p = (A, 4)8%,

that depend on the point P. The positive definiteness is a consequence of the positive definiteness of the Frobenius
inner product, for (A, A)p, = tr(P~Y2AP2P-12AP~1/?) = <P_1/2AP_1/2,P_l/QAP_1/2>.
Let [a,b] be a closed interval in IR, and I : [a,b] — P(n) be a sufficiently smooth curve in P(n). We define

the length of T" by

(2.7) L(T) := /ab,/<1'“(t),r(t)>r(t) dt:/ab\/tr(I‘(t)—lI"(t))Q dt.

We note that the length £(T) is invariant under congruent transformations, i.e., I' — CTCT where C is any fixed
d .

element of € GL(n). As aI"l = —T7!TT!, one can readily see that this length is also invariant under inversion.

The distance between two matrices A and B in P(n) considered as a differentiable manifold is the infimum

of lengths of curves connecting them

(2.8) dpn)(A, B) :=inf {L(T') | T : [a,b] — P(n) with T'(a) = A, T'(b) = B}.

This metric makes P(n) a Riemannian manifold which is of dimension $n(n + 1). The geodesic emanating from I

in the direction of S, a (symmetric) matrix in the tangent space, is given explicitly by e*S [17]. Using unvariance

under congruent transformations, the geodesic P(t) such that P(0) = P and P(0) = S is therefore given by

P(t) = P'/2etP7SPT1 2 p1/2,



6 M. MOAKHER

It follows that the Riemannian distance of Py and P3 in P(n) is

" 1/2
(2.9) dp(n)(P1, P2) = || Log(Py ' Py)||r = [Z In? )\i] ;
i=1
where A\;, i = 1,...,n are the eigenvalues of Pl_ng. Even though in general Pl_ng is not symmetric, its eigenvalues

are real and positive. This can be seen by noting that P1_1P2 is similar to the positive-definite symmetric matrix
Pé/szlPéﬂ. It is important to note here that the real-valued function defined on P(n) by P + dp,)(P,S),
where S € P(n) is fixed, is (geodesically) convex [19].

We note in passing that P(n) is a homogeneous space of the Lie group GL(n) (by identifying P(n) with the
quotient GL(n)/O(n)). It is also a symmetric space of non compact type [23].

We shall also consider the symmetric space of special positive matrices
SP(n)={A € P(n), det A =1}.

This submanifold can also be identified with the quotient SL(n)/SO(n). Here SL(n) denotes the special linear group
of all determinant one matrices in GL(n). We note that SP(n) is a totally geodesic submanifold of P(n) [17]. Now

since
P(n) = SP(n) x RT,

P(n) can be seen as a foliated manifold whose codimension-one leaves are isomorphic to the hyperbolic space HP,

where p = in(n+1) — 1.

3. Means of positive-definite symmetric matrices. Using the definition (1.3) with the two distance func-
tions (2.1) and (2.9) we introduce the two different notions of mean in P(n).
DEFINITION 3.1. The mean in the Euclidean sense, i.e., associated with the metric (2.1), of m given positive-

definite symmetric matrices P1, Po, ..., P,, is defined as

(3.1) APy, Py,...,Ppy) :=argmin ¥ _||Py— P|7.
PeP(n) .

DEFINITION 3.2. The mean in the Riemannian sense, i.e., associated with the metric (2.9), of m given

positive-definite symmetric matrices P1, Py, ..., Py, is defined as
(3.2) &(Py,Py,...,P,,) :=argmin » || Log(P;' P)|%.
PcP(n) =1

Before we proceed further, we note that both means satisfy the following desirable properties:
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P1. Invariance under re-ordering: For any permutation o of the numbers 1,...,m, we have
M(P1, Pa,...,Pn) =MPsay, Poa),- s Pom))-

P2. Invariance under congruent transformations: If P is the positive-definite symmetric mean of { P }1<k<m,
then CPCT is the positive-definite symmetric mean of {CPC”}1<i<m, for every C in GL(n). From
the special case when C is in the full orthogonal group O(n), we deduce the invariance under orthogonal
transformations.

We remark that Property 2 is the counterpart of the homogeneity property of means of positive numbers (but here
left and right multiplication are both needed so that the resultant matrix lies in P(n)). The mean in the Riemannian
sense does satisfy the additional property

P3. Invariance under inversion: If P is the mean of {Pj}1<g<m, then P~! is the mean of {P;l}lngm.

The mean in the Euclidean sense does in fact satisfy other properties than Properties P1 and P2, however, they
are not relevant for the cone of positive-definite symmetric matrices. Furthermore, the solution of the minimization
problem (3.1) is simply given by P = % >, Py, which is the usual arithmetic mean. Therefore, the mean in the
Euclidean sense will not be considered any further.

REMARK 3.3. The Riemannian mean of Py,..., P, may also be called the Riemannian barycenter of
P,,...,P,,, which is a notion introduced by Grove, Karcher and Ruh [12]. In [15] it was proven that for man-

ifolds with non-positive sectional curvature, the Riemannian barycenter is unique.

3.1. Characterization of the Riemannian mean. In the following Proposition we will give a characterization
of the Riemannian mean.
PRrROPOSITION 3.4. The Riemannian mean of a given m symmetric positive-definite matrices Py, ..., Py, is

the unique symmetric positive-definite solution to the nonlinear matrixz equation

(3.3) > Log(P;'P)=0.
k=1

Proof. First, we compute the derivative of the real valued function H(S(t)) = %|| Log(W ~*S(t))||3. with respect to
t, where S(t) = P'/? exp(tA)P/? is the geodesic emanating from P in the direction of A = §(0) = P'/2AP'/?,
and W is a constant matrix in P(n).

Using (2.4) and some properties of the trace it follows that H(S(t)) = %|| Log(W ~1/2S(t)W ~1/2)||3.. Because

Log(W~1/28(t)W ~1/2) is symmetric we have

L)) =1 4 ([Log(W-12S()yW-1/2)2)

dt —o ’t:O :
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Therefore, the general result of Proposition 2.1 applied to the above yields

—H(S(t))| =tr[LogW'P)P'A] = tr[A Log(W'P)P ],
and hence, the gradient of H is given by

(3.4) VH =Log(W 'P)P' = P ' Log(PW™1),

which is indeed in the tangent space, i.e. in S(n).

Now, let G denote the objective function of the minimization problem (3.2), i.e.,

(3.5) Z | Log (P} P)||%.
Using the above, the gradient of G is found to be
(3.6) VG =P Log(P;'P).
k=1
As (3.5) is the sum of convex functions, the necessary condition and sufficient condition for P to be the

minimum of (3.5) is the vanishing of the gradient (3.6), or, equivalently,

ZLog 1P =0.

|
It is worth noting that, the characterization for the Riemannian mean given in (3.3) is similar to the charac-
terization
m
(3.7 Zln(a:,?lx) =0
k=1
of the geometric mean (1.2) of positive numbers. However, unlike the case of positive numbers where (3.7) yields to
an explicit expression of the geometric mean, in general, due to the non-commutative nature of P(n), equation (3.3)
cannot be solved in closed form. In the next section we will show that when m = 2, (3.3) yields explicit expressions

of the Riemannian mean.

3.1.1. Riemannian mean of two positive-definite symmetric matrices. The following Proposition shows
that for the case m = 2 equation (3.3) can be solved analytically.
PROPOSITION 3.5. The mean in the Riemannian sense of two positive-definite symmetric matrices Py and

Py is given explicitly by the following six equivalent expressions

(3.8) (P, Py) = P, (P7Py)Y? = Py(P;1Py)/? = (P, PTH)Y2 P, = (P P; )2 P,

(3.9) = PY2(p7V2p,p Y22 pl2 = pYR(pri2p, pyt/?) 2 pl?
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Proof. First, we rewrite (3.3) as Log(P; ' P) = — Log(P5 ' P), then we take the exponential of both sides to obtain

(3.10) P'P=P'P,.

After left multiplying both sides with P; ' P we get (P;'P)? = P! P5. Such a matrix equation has Py (P! Py)"/?

as the unique solution in P(n). Therefore, the mean in the Riemannian sense of P; and Ps is given explicitly by
&(Py, Py) = Py (P Py)Y/2

The second equality in (3.8) can be easily verified by pre-multiplying Pl(Pfng)l/2 by PoP,' = I. This makes
it clear that & is symmetric with respect to Py and Ps, i.e., &(P1, P3) = &(P3, P1). The third equality in (3.8)
can be obtained by right multiplication both sides of (3.10) by P~!P5 and solving the resultant equation for P.
The forth equality in (3.8) can be established from the third by right multiplication of (Po P ")'/2P; by Pgng.
Alternatively, these equalities can verified using (2.4). Furthermore, by use of (2.4) and after some algebra, one can
show that the two expressions in (3.9) are but two other alternative forms of the geometric mean of P; and P that
highlight not only its symmetry with respect to P; and P, but also its symmetry as a matrix. |

The explicit equivalent expressions given in (3.8) and in (3.9) for the Riemannian mean of a pair of positive-
definite matrices that we obtained by solving the minimization problem (3.5) coincide with the different definitions
of the geometric mean of a pair of positive Hermitian operators first introduced by Pusz and Woronowicz [20]. This
mean arises in electrical network theory as described in the survey paper by Trapp [24]. For this reason and the
following Proposition, the Riemannian mean will be termed the geometric mean.

PROPOSITION 3.6. If all matrices Py, k=1,...,m belong to a single geodesic curve of P(n), i.e,
P, =Cexp(tS)CT, k=1,....m
where S € §(n), C € GL(n) and t;, € R, k =1,...,m, then their Riemannian mean is

1 m

P = Cexp(— .

exp(m ZtkS’)C

k=1

In particular, when C is orthogonal, i.e., such that CTC = I, we have

P= (P1~--Pm)1/m _ P}/mP}ﬂ{m

Proof. Straightforward computations show that the given expression for P does satisfy equation (3.3) characterizing

the Riemannian mean. [}
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For more than two matrices, in general, it is not possible to obtain an explicit expression for their geometric
mean. In the commutative case of the cone of positive numbers, the problem of finding the geometric mean of three
positive numbers can be done by first finding the geometric mean of two numbers then finding the weighted geometric
mean of the latter (with weight 2/3) and the other number (with weight 1/3). This procedure does not depend on
the ordering of the numbers. For the space of positive-definite matrices this procedure gives different positive-definite
matrices depending on the way we order the elements. Furthermore, in general, none of these matrices satisfy the
characterization (3.3) of the geometric mean. This is due to the fact that the geodesic triangle whose sides joint the
three given matrices is not flat. (See the discussion at the end of Section 3.3.)

Thus, it is only in some special cases that one expects to have explicit formula for the geometric mean. In the
following proposition we give an example where we obtain a closed form of the geometric mean.

PROPOSITION 3.7. Let Py, Py, and P3 are matrices in P(n) such that Py = r Py for some r > 0, then their

geometric mean is given explicitly by
QS(P17P2,P3 — T1/3P3(P§1P2)2/3 — 7"_1/3P3(P51P1)2/3 — T1/3P2(P51P3)1/3 — T_1/3P1(P;1P3)2/3.

This proposition can easily be checked by straightforward calculations.

3.2. Reduction to the space of special positive-definite symmetric matrices. In this section we will
show that the problem of finding the geometric mean of positive-definite matrices can be reduced to that of finding
the geometric mean of special positive-definite matrices.

LEMMA 3.8. If P is the geometric mean of m positive-definite symmetric matrices Pq,..., P,,, then for
any m-tuple (ai ..., am) in the positive orthant of IR™, the positive-definite symmetric matriz /ay - am P is the
geometric mean of a1 P, ..., 0, P,y,.

Proof. We have

1 < +1Inay,
Log [(akPk)_l wag - amP] = Log(P,ZlP) + [ o B Inag| I.
m
Therefore,
Z Log [(axPr) ™" ®/ay - amP] = Z Log(P;'P) =0,
k=1 k=1
and hence 7/aj---a,, P is the geometric mean of a1 P1,...,0nPm. [ |

LEMMA 3.9. If P and Q are in SP(n), i.e., are positive-definite symmetric matrices of determinant one,

then for any o > 0 we have dp(,) (P, Q) < dpn)(P,aQ) and equality holds if and only if a = 1.
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Proof. This lemma follows immediately from the fact that SP(n) is a totally geodesic submanifold of P(n). Here

is an alternative proof. Let 0 < \;, i = 1,...,n be the eigenvalues of P~1Q. Then

dpiy(PaQ) =Y In’(a)) = I’ A +2lna ) In); +nln’a.
i=1

=1 i=1

But as P and Q have determinant one it follows that Y ., In A; = 0, and hence
d'2P(n) (Pa OéQ) = d?P(n) (P, Q) + nln2 «.

Therefore dp,) (P, Q) < dp(n) (P, Q) where the equality holds only when o = 1. [ ]
PROPOSITION 3.10. Given m positive-definite symmetric matrices {Px}1<k<m, set ar = i/det P and
P, = Py /ag. Then the geometric mean of {Pk}1<k<m 15 the geometric mean of {ou}1<k<m multiplied by the

geometric mean of {-ﬁk}lgkgm; i.e.,

®(P1;-~-7Pm) = /o amQS(]Bl,,le)
The proof of this Proposition is given by the combination of the results of the two previous Lemmas.

3.3. Geometric mean of 2-by-2 positive-definite matrices. We start with the following geometric char-
acterization of the geometric mean of two positive-definite matrices of determinant one.
PROPOSITION 3.11. The geometric mean of two positive-definite symmetric matrices Py and Ps in SP(2) is

given by

P+ Py

Vdet(Py + P3)’

&(Pq, Ps) =

Proof. Let X = (P;ng)l/Q. Note that det X = 1 and that the two eigenvalues A and 1/ of X are positive. By

Cayley-Hamilton’s theorem we have
X? - tr(X)X +1=0,
which after pre-multiplication by P; and rearrangement writes
tr(X) Py (P Py)Y? = Py + Py
But tr X = A+ 1/X and det(P; + P3) = det Py det(I + X?) = (1 + A?)(1 +1/A?) = (A + 1/A)%. Therefore,
P, + Py

pP(Pp)/2—- -~ 1"-2
1( ! 2) det(P1+P2)
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This proposition gives a nice geometric characterization of the geometric mean of two positive definite matrices
in SP(2). It is given by the intersection of SP(2) with the ray joining the arithmetic average §(P1 + P3) and the
apex of the cone, i.e., the zero matrix.

By use of Lemma 3.8 and the above proposition we have the following result giving an alternative expression
for the geometric mean of two matrices in P(2) that does not require the evaluation of a matrix square root.

COROLLARY 3.12. The geometric mean of two positive-definite symmetric matrices Py and Py in P(2) is

given by

vas Py + /o P
(P, P2) = /aras a2 1t vl )
\/det(,/ongl +\/OZ1P2)

where ay and as are the determinants of P1 and Ps, respectively. Unfortunately, this elegant characterization of

the geometric mean for two matrices in SP(2) cannot be generalized for more than two matrices in SP(2) nor for
two matrices in SP(n), with n > 2. Indeed, this characterization, in general, does not hold for the mentioned cases.

Let us now consider in some detail the geometry of the space of 2-by-2 positive-definite matrices
P(2) = :a>0,b>0and ab>

Set 0 < u= “TM, v = ‘IT_Z’. Then the condition ab > ¢? can be rewritten as
Vii+e2<u

and therefore P(2) parameterized by u, v and ¢ can be seen as an open convex second-order cone (ice cream cone, or

future-light cone). Furthermore, the determinant-one condition ab — ¢ = 1 can be formulated as u? — (v? + ¢?) = 1,

a c
and hence using the identity cosh®?a — sinh?« = 1, a matrix P = in SP(2) can be parameterized by

c b
(a,0) e R x [0,7) as

P = cosh al + cosfsinh aJ + sin @ sinh a.J 5,

where

1 0 0 1 b )
J = , Jo= , coshoz:i7 tanf = ¢

0 -1 10 2 a—b

Note that (I, Jq1, J2) is a basis for the space §(2) of 2-by-2 symmetric matrices. Thus, we see that SP(2) is
isomorphic to the hyperboloid H2. In particular, geodesics on SP(2) correspond to geodesics on H?2.
For more than two matrices in SP(2), in general, it is not possible to obtain their geometric mean in closed

form. Nevertheless, using the isomorphism between SP(2) and H?, we can identify the geometric mean with the
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hyperbolic centroid of point masses in the hyperboloid. In particular, the geometric mean of three matrices in SP(2)
corresponds to the (hyperbolic) center of the hyperbolic triangles associated with the given three matrices. This
center is the point of intersection of the three medians, see Fig. 3.1. However, unlike Euclidean geometry, the ratio
of the geodesic length between a vertex and the center to the length between this vertex and the mid point on the

opposite side is not 2/3 in general [5].

F1G. 3.1. Two views for the representation, in the space parametrized by u, v and c, of the cone P(2) and the hyperboloid SP(2).
For the geodesic triangle shown, the point of concurrence of the three medians corresponds to geometric mean of the positive-definite

symmetric matrices in P(2) associated with the vertices of this triangle.

4. Conclusion. Using the Riemannian metric on the space of positive-definite matrices we defined the geometric
mean. This mean satisfies some invariance properties. Some of these properties are related to the geodesic reversing
isometry in the symmetric space considered here. Therefore, the notion of geometric mean, studied here and which is
based on the Riemannian metric, can be used to define the geometric mean on other symmetric spaces which enjoying
similar invariance properties. We here used the space of positive-definite matrices as a prototype of a symmetric
spaces of non-compact type. The case of the geometric mean of matrices in the group of special orthogonal matrices,
which was studied in [18], is a prototype of symmetric spaces of compact type.

Equation (3.3) characterizing this mean is similar to the equation (3.7) characterizing the geometric mean of
positive numbers. Unfortunately, due to the non-commutative nature of the matrix multiplication, in general, it is
not possible to obtain the geometric mean in closed form for more than two matrices.

Possible applications of the geometric mean to the problem of averaging data of anisotropic symmetric positive-
definite tensors, such as in elasticity theory [7] and in diffusion tensor magnetic resonance imaging [3], will be discussed
in future works where numerical results based on Newton’s method on manifolds, for solving the geometric mean of

more than two matrices will be presented.

REFERENCES



14

(1]

2]
(3]

[10]
[11]

[12]

21]
22]
(23]

[24]

[25]

M. MOAKHER

M. Ali¢, B. Mond, J. Pecari¢, and V. Volenec, Bounds for the differences of matriz means, SIAM J. Matrix Anal. Appl., 18 (1997),
pp. 119-123.

W. N. Anderson and G. E. Trapp, Shorted operators, SIAM J. Appl. Math., 28 (1975), pp. 60-71.

P. J. Basser, J. Matiello, and D. Le Bihan, MR diffusion tensor spectroscopy and imaging, Biophysical Journal, 66 (1994), pp. 259—
267.

M. Berger and B. Gostiaux, Differential Geometry: Manifolds, Curves, and Surfaces, Springer-Verlag, New York, 1988.

O. Bottema, On the medians of a triangle in hyperbolic geometry, Canad. J. Math., (1958), pp. 502-506.

P. S. Bullen, D. S. Mitrinovi¢, and P. M. Vasi¢, Means and their Inequalities, Mathematics and its Applications (East European
Series), 31, D. Reidel Publishing Co., Dordrecht, The Netherlands, 1988.

S. C. Cowin and G. Yang, Averaging anisotropic elastic constant data, J. Elasticity, 46 (1997), pp. 151-180.

M. L. Curtis, Matrix Groups, Springer-Verlag, New York-Heidelberg, 1979.

L. Dieci, B. Morini, and A. Papini, Computational techniques for real logarithms of matrices, SIAM J. Matrix Anal. Appl., 17
(1996), pp. 570-593.

P. B. Eblerlein, Goemetry of Nonpositively Curved Manifolds, The University of Chicago Press, Chicago, 1996.

G. H. Golub and C. F. V. Loan, Matrix Computations, The Johns Hopkins University Press, London, 1989.

K. Grove, H. Karcher, and E. A. Ruh, Jacobi fields and Finsler metrics on compact Lie groups with an application to differentiable
pinching problem, Math. Ann., 211 (1974), pp. 7-211.

G. H. Hardy, J. E. Littlewood, and G. Pdélya, Inequalities, Cambridge University Press, Cambridge, 1934.

T. Heath, A History of Greek Mathematics, Vol. 1: From Thales to Euclid, Dover, New York, 1981.

H. Karcher, Riemannian center of mass and mollifier smoothing, Comm. Pure Appl. Math., 30 (1977), pp. 509-541.

J. D. Lawson and Y. Lim, The geometric mean, matrices, metrics and more, Amer. Math. Monthly, 108 (2001), pp. 797-812.

H. Maa8}, Siegel’s Modular Forms and Dirichlet Series, Lecture Notes in Mathematics 216, Springer-Verlag, Heidelberg, 1971.

M. Moakher, Means and averaging in the group of rotations, STAM J. Matrix Anal. Appl., 24 (2002), pp. 1-16.

G. D. Mostow, Strong Rigidity of Locally Symmetric Spaces, Annals of Mathematics Studies, Princeton University Press, Princeton,
1973.

W. Pusz and S. L. Woronowicz, Functional calculus for sesquilinear forms and the purification map, Rep. Math. Phys., 8 (1975),
pp. 159-170.

M. Spiesser, Les médiétés dans la pensée grecque, Musique et Mathématiques, Sci. Tech. Perspect., 23 (1993), pp. 1-71.

S. Stahl, The Poincaré Half-Plane, a Gateway to Modern Geometry, Jones & Bartlett, Boston, 1993.

A. Terras, Harmonic Analysis on Symmetric Spaces and Applications II, Springer-Verlag, New York, 1988.

G. E. Trapp, Hermitian semidefinite matrix means and related matrix inequalities—an introduction, Linear and Multilinear Algebra,
16 (1984), pp. 113-123.

C. Udriste, Convex Functions and Optimization Methods on Riemannian Manifolds, Mathematics and Its Applications, Vol. 297,

Kluwer Academic, Dordrecht, The Netherlands, 1994.



