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COMPUTING MEDIANS AND MEANS IN HADAMARD SPACES

MIROSLAV BACAK

ABSTRACT. The geometric median as well as the Fréchet mean of points in an
Hadamard space are important in both theory and applications. Surprisingly,
no algorithms for their computation are hitherto known. To address this issue,
we use a split version of the proximal point algorithm for minimizing a sum
of convex functions and prove that this algorithm produces a sequence con-
verging to a minimizer of the objective function, which extends a recent result
of D. Bertsekas (2001) into Hadamard spaces. The method is quite robust
and not only does it yield algorithms for the median and the mean, but it
also applies to various other optimization problems. We moreover show that
another algorithm for computing the Fréchet mean can be derived from the
law of large numbers due to K.-T. Sturm (2002).

In applications, computing medians and means is probably most needed in
tree space, which is an instance of an Hadamard space, invented by Billera,
Holmes, and Vogtmann (2001) as a tool for averaging phylogenetic trees. It
turns out, however, that it can be also used to model numerous other tree-like
structures. Since there now exists a polynomial-time algorithm for computing
geodesics in tree space due to M. Owen and S. Provan (2011), we obtain
efficient algorithms for computing medians and means, which can be directly
used in practice.

1. INTRODUCTION

Given positive weights wy, . .., wy satisfying > w, = 1, and a finite set of points
ai,...,ayn in a metric space (X, d), we define its geometric median as
N
(1) ¥ (w;a) := arg min Z wypd (z,a,) ,
TEH n—1

and its Fréchet mean as

N
(2) E(w;a) = argmin > wnd (z,a,)°,
T€EH ngl
where we denote W := (wy,...,wy) and @ := (ai,...,an). These definitions will

not function well in an arbitrary metric space, but as far as geodesic metric spaces
of nonpositive curvature (so-called Hadamard spaces) are concerned, they become
highly appropriate. Hadamard spaces include, apart from Hilbert spaces, Euclidean
buildings, and some Riemannian manifolds, also the Billera-Holmes-Vogtmann tree
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2 M. BACAK

space (BHV tree space), which is a nonpositively curved cubical complex con-
structed in [9] as a model space for phylogenetic trees. Computing means and me-
dians in this setting can therefore be of great importance in practice. We would like
to mention one more application. Very recently, Fréchet means have also emerged
in connection with so-called consensus algorithms in Hadamard spaces [19].

Our goal in the present paper is to introduce algorithms for computing medians
and means in Hadamard spaces. Research in this direction has already started,
see for instance [14, 15]. Three different methods (centroid, Birkhoff’s shortening,
and weighted averages) for computing the Fréchet mean were introduced in [14,
Section 4]. Unfortunately, none of these methods gives a correct result, as will be
demonstrated in Remark 1.1 below. To the best of our knowledge, no algorithms
for computing medians and means hitherto exist.

Remark 1.1. Let (#,d) be an Hadamard space consisting of three geodesic rays
issuing from the origin 0. This is an R-tree, and as a matter of fact the BHV tree
space T3. Consider three points x,y, z € H lying in distinct rays issuing from the
origin 0 such that d(0,z) = 5, and d(0,z) = d(0,y) = 1. Then it is easy to see
that the Fréchet mean = of x,y,z with the uniform weights %, %,% lies on the
geodesic [0, z] and d(0,Z) = 1. On the other hand if we apply Birkhoff’s shortening
or the centroid method, we will get a point ¢ € [0, z] such that d(0, ¢) > %. Finally,
the weighted average method of the points z,y, z yields a point w € [0, z] with

d(0,w) = g, or the origin 0, depending on the order we choose.

It is worth mentioning that in spite of an apparent similarity between (1) and (2),
there is a substantial difference in the complexity of computing the median and the
mean even in Euclidean spaces. While it is trivial to find a mean in finitely many
steps, see (13) below, there exists no formula for computing a median in R?, and
we can use only approximation algorithms; see [10] and the references therein.

The BHYV tree space and statistical biology. To increase the motivation and
whet the appetite even more we will now take a closer look at the BHV space and its
applications. The BHV tree space is a CAT(0) cubical complex whose elements are
(combinatorial) trees with a fixed number of terminal nodes and lengths assigned
to all edges [9)].

Combinatorial trees with a fixed number of terminal vertices can represent evo-
lutionary trees in phylogenetics. Then, given a finite collection of such trees, it is
desirable to find an average tree. Most naturally this average is the Fréchet mean.
On the other hand until now, no algorithm for its computation was available in the
BHYV tree space and therefore alternative and less satisfactory concepts of an aver-
age were used, for instance, a centroid [9], or a majority consensus [34]. However,
with our algorithms at hand, one can efficiently compute the Fréchet mean itself.
For a general mathematical background of contemporary phylogenetics, the reader
is referred to [13, 37, 39].

Apart from phylogenetics, tree-like structures emerge naturally in other subject
fields of biology and computing an average tree is again of interest. Let us mention
applications to airway systems in human lungs [14, 15] and blood vessels [46].

All the algorithms presented in this paper require computing geodesics in the
underlying Hadamard space. While it can be a difficult task in a general Hadamard
space, there exists an efficient polynomial-time algorithm for computing geodesics
in the BHV tree space due to M. Owen and S. Provan [35, 36], which makes our
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algorithms directly applicable in practice. See Section 5 at the end of the present
paper.

The proximal point algorithm and its applications. Let (#,d) be an Hada-
mard space. Our algorithms for computing medians and means are based on a spe-
cial version of the proximal point algorithm (PPA) for minimizing a convex func-
tion f of the form

N
(3) = fus

n=1
where f,, : H — (—o0, 00] are all convex and lower semicontinuous (Isc). The main
trick here is that instead of applying iteratively the resolvent

. 1 9
Ja(x) = arygergm [f(y) + ﬁd(m, Y) ]

of the function f, we apply the resolvents

R (w) = axgain | £,0) + 5dte o)
yeEH 22

of its components f,, either in cyclic or random order; see Definitions 3.3 and 3.5
for the precise formulations of the algorithms. Such algorithms have been recently
shown by D. Bertsekas [7] to converge to a minimizer of f when the underlying
space is R?. We extend these results into locally compact Hadamard spaces and
then apply them with f, being f,, = w,d (-, a,) in the case of the median (1), and
with f, = wpd (-, an)2 in the case of the mean (2). In either case, it is then easy to
find explicit formulas for the resolvents J{, and one hence obtains simple algorithms
for computing means and medians, respectively. The detailed description is given
in Section 4.

The proximal point algorithm in turn relies upon the supermartingale conver-
gence theorem, which is recalled in Section 2 below.

The function (3) can apparently accommodate more general problems. For in-
stance, we can put

N
(4) f@) =) wpd(x,a,)", xEH,
n=1

where p € [1,00). Then f is convex continuous and encompasses medians and means
as special cases:

(i) If p = 1, then f becomes the objective function in the Fermat- Weber
problem for optimal facility location and its minimizer is the median of
the points aq,...,any with weights wq, ..., wy.

(ii) If p = 2, then a minimizer of f is the barycenter of the probability measure

N
= E Wn0a,, ,
n=1

where §,, stands for the Dirac measure at the point a,,. For further details
on barycenters, the reader is referred to [23, Chapter 3] and [44]. Thus the
mean of the points aq, ..., an can be equivalently viewed as the barycenter
of .
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Another way of generalizing (1), and (2) alike, is to replace the points ay,...,an
by convex closed sets Cy,...,Cny C H. Since the distance functions to such sets
are convex continuous (see Example 1.3 below) in Hadamard spaces, the objective
function in this problem is of the form (3). Namely, we are to minimize the function

N
(5) flz) = Z wpd (x;Cy), x €H.
n=1

Problems of this type have been recently studied from various perspectives [31, 32,
33]. Our approach, based on the proximal point algorithm, seems to be however
novel even in linear spaces. See also Remark 4.5 where we give an explicit algorithm.

We will now present several natural examples of convex Isc functions in Hada-
mard spaces to see that the proximal point algorithm is applicable in many more
situations. Let still (#,d) be an Hadamard space.

Example 1.2 (Indicator functions). Let K C H be a convex set. Define the indi-
cator function of K by
0, ifzxekK,

ti(x) ==
oo, ifxé¢ K.

Then 1k is a convex function and it is Isc if and only if K is closed.
Example 1.3 (Distance functions). The function
(6) zw—d(z,z9), z€H,

where z is a fixed point of H, is convex and continuous. The function d (-, zo)" for
p > 1 is strictly convex. More generally, the distance function to a closed convex
subset C' C H, defined as

d(z;C) == inf d(z,c), =€,

is convex and 1-Lipschitz [12, p.178].

Example 1.4 (Displacement functions). Let T : H — H be an isometry. The
displacement function of T is the function d : H — [0, 00) defined by

or(x) :=d(zx,Tx), xz€H.
It is convex and Lipschitz [12, p.229].

Example 1.5 (Busemann functions). Let ¢ : [0,00) — H be a geodesic ray. The
function b, : H — R defined by

be(x) := tlg(r)lo [d(z,c(t))—t], zeH,

is called the Busemann function associated to the ray c. Busemann functions are
convex and 1-Lipschitz. Concrete examples of Busemann functions are given in
[12, p. 273]. Another explicit example of a Busemann function in the Hadamard
space of positive definite n x n matrices with real entries can be found in [12,
Proposition 10.69]. The sublevel sets of Busemann functions are called horoballs
and carry a lot of information about the geometry of the space in question, see [12]
and the references therein.
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Example 1.6 (Energy functional). The energy functional is a convex lsc function
on an Hadamard space of £2-mappings. It has been studied extensively at a varying
level of generality [16, 17, 20, 21, 22, 25]. Minimizers of the energy functional are
called harmonic maps and are of importance in both geometry and analysis. For a
probabilistic approach to harmonic maps in Hadamard spaces, see [41, 42, 45].

The indicator function of Example 1.2 is often employed to convert a constrained
minimization problem into an unconstrained one. Indeed, the minimization of the
function (3) on a closed convex set C' C H is equivalent to the minimization of

N
f =1c+ Z fna
n=1
over the whole space H.

We explicitly mention yet another application of the above version of the prox-
imal point algorithm. Namely, if C4,...,Cy are closed convex subsets of H such
that

Cin---NCx #£0,

and if we set f,, = tc, in (3), then it is easy to see that
J3(2) = Po, (),

forany x € H, A >0, and n =1,..., N. Here Pg, stands for the metric projection
onto C,; see Section 2. The proximal point algorithm hence becomes the method of
. - . . N
cyclic and random projections, respectively, and converges to a point ¢ € (),,_; Cn.
Such algorithms play an important role in optimization, for instance in convex
feasibility problems; see [4, 5, 6] and the references therein. If N = 2, both cyclic
and random orders of the projections give the same approximating sequence, and
we get the so-called alternating projections, which were in Hadamard spaces studied
in [3].

The Lie-Trotter-Kato formula. There is also a tight connection to gradient
flow semigroups for a function of the form (3), since the proximal point algorithm
is a discrete time version of the gradient flow.

We need the following notation. If F : H — H is a mapping, we denote its
kM power, with k € N, by

FWg:=(Fo---oF)z, z€H,

where F' appears k-times on the right hand side.
Recall that the gradient flow semigroup (St); of f is given as

(7) Sz = lim (JL)(IC) (z), z € dom f.

k—o0 k
The limit in (7) is uniform with respect to ¢ on bounded subintervals of [0, c0), and
(St);>0 is a strongly continuous semigroup of nonexpansive mappings, see [24, The-
orem 1.3.13] and [29, Theorem 1.13]. In the same way we define the semigroups S
of the components f,, using the appropriate resolvents Jy, forn=1,...,N.

The following nonlinear version of the Lie-Trotter-Kato formula was proved
in [40]. It shows that, given a function f of the form (3), we can approximate
the semigroup of f by the resolvents (or semigroups) of the components f,. The
symbol P, will denote the metric projection onto dom f,,, where n =1,..., N.



6 M. BACAK

Theorem 1.7 (Stojkovic). Let (H,d) be an Hadamard space, and f, : H —
(—o00,00] be convex lsc, where n = 1,...,N. Denote f = Ziv fn. Then, for any
t € [0,00), and x € dom f, we have

, (n)
(8a) Si(x) :nILII;O (Jfl:'o~~~o(]%) (),
and,
(8b) Si(z) = lim (SNoP ~-~oSloP)(n)()
t T nseo = N = 1 z).

The convergence in both (8a) and (8b) is uniform with respect to t on any compact
subinterval of [0, 00).

Proof. The proof given in [40] uses ultralimits of Hadamard spaces. A simpler proof
relying on weak convergence appeared in [1]. O

The law of large numbers in Hadamard space. The law of large numbers
is related to the Fréchet mean in a classical linear setting as well as in Hadamard
spaces. For a historical remark, we refer the interested reader to [43, Remark 2.7a].
As we shall see in the sequel, more precisely in Section 5, the probabilistic point of
view enables us to find an alternative algorithm for computing the Fréchet mean.
We shall also the algorithms based on the PPA with this algorithm based on the
law of large numbers.

The author was informed that the algorithm relying upon the law of large num-
bers was independently discovered by E. Miller, M. Owen, and S. Provan [30].

The organization of the paper. The following Section 2 is devoted to the rudi-
ments of Hadamard space theory including a discussion on medians and means.
The main results of the present paper are contained in Section 3. We prove that
both the cyclic and random order versions of the PPA converge to a minimizer of
the function in question. In Section 4 we apply the PPA to the case of medians
and means, respectively, and obtain explicit and user-friendly algorithms for their
computations. The last part, Section 5, is devoted to an alternative algorithm for
Fréchet means which relies upon the law of large numbers.

Acknowledgments. I would like to thank Megan Owen for bringing the ques-
tion of computing medians in the BHV tree space to my attention and sharing
her insight with me. I am also very grateful to Aasa Feragen, Ezra Miller, and
Sean Skwerer for many inspiring discussions on this and related subjects during
the Workshop on Geometry and Statistics in Bioimaging: Manifolds and Stratified
spaces in Sgnderborg, Denmark, in October 2012. Special thanks go to Martin Kell
and Ezra Miller for their helpful comments on earlier versions of the manuscript.

2. PRELIMINARIES

Hadamard spaces. We will now recall basic facts on Hadamard spaces. For
further details on the subject, we refer the reader to [12] or [23].

A metric space (X, d) is called geodesic if for any pair of points x,y € X there
exists a geodesic which connects them. That is, there exists a mapping 7 : [0,1] —
X such that v(0) = z,v(1) =y, and

d(v(s),v(t)) = d(z,y) |s — t],
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for s,t € [0,1]. If for any point z € X, geodesic v : [0,1] — X, and ¢t € [0, 1], we
have

(9)  d(z,7(1)* < (1= 1)d(2,7(0)" +td (2,7(1)* = t(1 = t)d (v(0), (1)),
the space (X, d) is called CAT(0). This property in particular implies that any two
points are connected by a unique geodesic.

We will moreover assume the Hadamard spaces in our theorems be locally com-
pact. Apart from the BHV tree space described in the Introduction, the class of
locally compact Hadamard spaces includes Euclidean spaces, hyperbolic spaces,
complete simply connected Riemannian manifolds of nonpositive sectional curva-
ture, Euclidean buildings, locally compact R-trees and CAT(0) complexes. The
algorithm in Section 5 however works without the local compactness assumption.

We will now recall an inequality which goes back to the work of Reshetnyak. Its
modern proof can be found in [44, Proposition 2.4], or in [26, Lemma 2.1].

Lemma 2.1. Let (H,d) be an Hadamard space. Then we have
d(z,y)* + d(u,v)* < d(z,v)* + d(y, u)* + 2d(z, u)d(y, v),
for any points x,y,u,v € H.

Given a pair of points z,y € H, we denote (1 — t)x + ty = ~y(t), where v is the
geodesic connecting x and y. We say that a set C C H is convex provided z,y € C
implies (1 — t)z + ty € C for any ¢ € [0, 1]. Furthermore, we say that a function
f:H — (—o00,00] is convez if the function f o~ : [0,1] — (—o0, 0] is convex for
any geodesic v : [0,1] — H.

Let (H,d) be an Hadamard space and C C H be a convex closed set. Then for
any r € H there exists a unique point ¢ € C such that

d(w,c) = inf d(z.y),

and we denote this point ¢ by Po(z). The mapping Po : H — C is nonexpansive
and we call it the metric projection onto the set C.
Given a function f : H — (—o00, 0], we say that a point z € H is a minimizer
of fif
z) = inf f(z).
1) = nf f(2)

The set of all minimizers of f will be denoted Min(f). A resolvent of the function f
is defined by

(10) Jn(@) = argmin | f(y) + ~d(z,)*| |
yer 2\

for any = € H, and parameter A > 0. If f is convex and lsc, then Jy : H — H is
a well-defined nonexpansive mapping [24, Lemma 2.5], and [29, Lemma 1.12].

Let us now state the following result from [18, Lemma 2.2], which then implies
the existence of a minimizer of a coercive function in Lemma 2.3 below.

Lemma 2.2. Let (H,d) be an Hadamard space and (Cy) be a nonincreasing se-
quence of bounded closed conver subsets of H. Then

() Cn #0.
neN
Proof. See [18, Lemma 2.2]. O
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As a consequence, we obtain the following Lemma 2.3. Just recall that a function
fiH = (—00,00] is coercive if it satisfies f(x) — oo whenever d (z,xq) — oo, for
some xg € H.

Lemma 2.3. Let (H,d) be an Hadamard space and f : H — (—o0, 0] be a coercive
convez Isc function. Then f has a minimizer.

Proof. We will first observe that f is bounded from below on bounded sets. Let
C C H be bounded, and without loss of generality assume that C' is closed convex.
If infe f = —oo, then the sets Sy = {x € C: f(z) < —N} for N € N are all
nonempty, closed, convex, and bounded. But then Lemma 2.2 yields a point z €
MNyen Sn. Clearly f(z) = —oo, which is not possible.

Since f is bounded from below on bounded sets, it is bounded from below on H,
by the coercivity assumption. Therefore infy, f > —o0, and the sublevel sets

C’n::{xe’f{:f(x)<igl_tff+i}y

form a nonincreasing sequence of nonempty, bounded, closed, convex subsets of .
Such a family has according to Lemma 2.2 nonempty intersection and any point in
this intersection is obviously a minimizer of f. O

Means. Given a finite set of points a1,...,ay € H, recall that the (weighted)

Fréchet mean with positive weights wq, ..., wy satisfying > w, = 1, was in (2)
defined as
N
(11) E:=E(w;a) = argmanwn (z,an)%,
zeH
where again we denote W = (wy,...,wy) and @ = (ay,...,an). Some authors

alternatively use the name Karcher mean. The existence and uniqueness of the
minimizer in the definition is a consequence of nonpositive curvature. It is guaran-
teed by the following theorem, which is a combination of [23, Theorem 3.2.1], [44,
Proposition 4.4], and [26, Lemma 4.2].

Theorem 2.4. Let (H,d) be an Hadamard space, let ay,...,axy € H be a finite set
of points, and wy, ..., wy be positive weights satisfying Y w, = 1. Then there exists
a unique point 2= € H defined in (11). Furthermore, this 2 satisfies the variance
inequality

N
(12) —|—an (Z,an) SZ zan ,

for any z € H. Finally, the function Z(w;-) satisfies

N
4(E W50) 2 (@:0) £ Y wnd an,d)).
n=1

for any a1,...,an € H, and ay,...,a)y € H.

Proof. We are to show that there exists a unique minimizer of the function
N

go::c»—)and(x,an)Z, y € H.

n=1
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The function ¢ is bounded from below by 0. Take a minimizing sequence (yx) C H,
that is, a sequence such that ¢ (yx) — inf . The inequality (9) yields that (yg) is
Cauchy. Indeed, if yi; denotes the midpoint of yx and y;, then (9) with ¢ = % gives

1 1 1
d(y1: an)” < 5d (yp,an)” + 5d (,0n)” = 7 (gr, )"
Multiplying this inequality by w, and summing from n = 1 to N easily gives that
the sequence (yi) is Cauchy. Since ¢ is continuous, the sequence (yj) converges

to a minimizer of ¢. The uniqueness of this minimizer follows again from (9). It
remains to show (12). Employing (9) yields

N N
S wnd (4t an (B0 < (1= 3 wn [1 00 )"~ d(E )]

S 2600 — d(Z )]
1= (02D

for any geodesic v : [0,1] — H. Setting v(0) = = and (1) = z gives

N
0 < Z wn an)2 - Z wnd (E, an)2
n=1

l

for any ¢ € (0, 1). Dividing by ¢ and letting ¢t — 0 yields (12).
If we denote E = = (w;a) and ' = = (w;a’), then Lemma 2.1 yields

d(an,Z)° +d(d,,2)? < d(an,2)* +d(d,, =) +2d (Z,Z) d (an,d,),

uMz

N
(z.0n) = > wnd (E, an)Z] — (1 —t)d(E,2)?

multiplying by w,, and summing up over n from 1 to N further gives

an{ an,Z) +d } an{ an, Z) +d(alna5/)2}

N
+2d (2,2 Z Wy d (an, al) .
n=1

By the variance inequality (12) we have

an[ an 2+ d (0, 2] = > wa [d(an,2) + d(a},,2)’]

Altogether we obtain

':":‘
‘—'—' § wn a7b7 n?

which finishes the proof. O
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If a1,...,an € R%, then of course
wiay + - +Fwyan
N

In other words, the Fréchet mean coincides with the usual (weighted) arithmetic
mean.

(13) E(w;a) =

Medians. The (weighted) geometric median of a finite set of points aq,...,an €
H, was in (1) defined as

N
(14) U (w;a) := arg minand (x,an) .
zeH

Since the function
N
x> Z wpd (z, ar)
n=1

is convex continuous and coercive, it has a minimizer due to Lemma 2.3. It is easy
to check that a minimizer is unique unless all the points a1, ..., ay lie on a geodesic.
As we have already mentioned in the Introduction, a median is an optimal solution
to the Fermat-Weber problem in facility location theory.

Supermartingale convergence theorem. The main results of the present paper
rely upon the following theorem.

Theorem 2.5. Let (Yy),(Zk), and (W) be sequences of random variables and let
Fi. be sets of random variables such that Fy, C Fg+1, for k € N. Assume that

(i) All random wvariables are nonnegative, and are functions of the random
variables in F.
(ii) For any k € N we have

E (Yis1, Fr) <Yy — Zp + Wy
(i) We have > Wi, < oo almost surely.

Then the sequence (Y}) converges to a random variable Y, and > Zj, < oo, almost
surely.

Proof. See for instance [8, Proposition 2]. O

A deterministic version of the above theorem will be used in the proof of Theo-
rem 3.4. We include its proof from [8, Lemma 3.4] for the reader’s convenience.

Lemma 2.6. Let (ag), (bg), and (ci) be sequences of nonnegative real numbers.
Assume that

(15) ar+1 < ag — by + cp,

for any k € N, and,

oo
Z Ccr < 00.
k=1

Then the sequence (ay) converges, and Y - b, < 0o.
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Proof. Fix I € N. Sum (15) over k > [ and take limsup,,_, . to obtain

oo
limsupax < a; + ch.
k—o0 k=1
Taking liminf;_, ., yields

lim sup ax < liminf a,
k—s o0 l—o0

and hence (ax) converges. Now fix n € N and sum (15) from k =1 to k = n,

n n
Zbk §a1+zck—an+1~
k=1 k=1

Since the last inequality holds for any n € N, we get Y p- ; by < . (]

3. THE PROXIMAL POINT ALGORITHM

The proximal point algorithm (PPA) is a method for finding a minimizer of
a convex lsc function defined on a Euclidean space. Its origins go back to Martinet,
Rockafellar, and Brézis&Lions [11, 28, 38]. Quite recently, this algorithm was ex-
tended into Riemannian manifolds of nonpositive sectional curvature [27], and later
also into Hadamard spaces [2]. We recall the main result of [2] in Theorem 3.1 be-
low.

Let (H, d) be an Hadamard space and f : H — (—o0, 00] be a lsc convex function.
Assume that f has a minimizer, that is, Min(f) # 0. The prozimal point algorithm
starting at a point xy € H generates in the k-th step, k& € N, the point

. 1

(16) zy, = argmin | f(y) + 5—d (y, 25-1)°

yeEH 2k
In terms of resolvents, we can equivalently express (16) as
(17) T = J)\k (.’Ekfl) .
The convergence of the algorithm was established in [2, Theorem 1.4].
Theorem 3.1. Let (H,d) be an Hadamard space and f : H — (—o0, 0] be a convex
lsc function attaining its minimum on H. Then, for an arbitrary starting point

zo € H and a sequence of positive reals (\,) such that Y ;" A\, = 0o, the sequence
(xn,) C H defined by (16) weakly converges to a minimizer of f.

If the underlying space H is locally compact, or the function f is strongly convex,
we obtain strong convergence in the above theorem.
In the present paper, we consider a function f : H — (—o0, 00] of the form

N
(18) =% fu,
n=1

where f,, : H — (—o00,00] are convex lsc, and N € N. In many cases, it is much
easier to find the resolvents

1
(19) (o) = argain [ £,() + 5o
ye’H 2)\
of the components f,, than the resolvent of the function f itself. This is true

for instance for the median and the mean. Then, instead of applying iteratively
the resolvent of f as in (17), we will apply the resolvents (19) of the components
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fn. There are essentially two ways of doing that. We either fix an order of the
components (that is, a permutation of the numbers 1,..., N, which without loss
of generality may be the identity permutation), and at each cycle we will apply
the corresponding resolvents in this fixed order, or alternatively, we will at each
step pick a number r € {1,..., N} at random, and apply the resolvent of f,.. In
either case, we get a sequence converging to a minimizer of f. For (H,d) being the
Euclidean space, such results were recently obtained by D. Bertsekas [7], and we
follow his proof strategy.

To prove Theorem 3.4 and Lemma 3.6, we will need the following estimate on
the function value at a single PPA step.

Lemma 3.2. Let h : H — (—o00,00] be a convez lsc function on an Hadamard
space (H,d), and let

1
JU(z) := argmin |h(2) + —d(z, 2)?
z€H 22

be its resolvent with parameter A\ > 0. Then

B IL) ~ h(y) < gydle)? — grd ()"

for any x,y € H.
Proof. Choose z,y € H. From the definition of J} () we have

1 1

h (T3 (x)) + 55 d(J3 (@), 2)* < hp) + 51 d(p, ),

2\ 2\
for any p € H. In particular, let ¢ € [0,1) and p; = (1 — t)y + tJ?(z), then
1 h 2 1 2 h
5d (J)\ (ZU)J«") - ﬁd(phx) <h(p) —h (J/\ (33)) .
Applying (9) to the above inequality gives

(1= 1) [hy) b (@) >~ ol ()

+ %d (J;\‘(ac),az:)2
t(1—1t)

@),

or, after taking into account that ¢ # 1,

B (T2 @) = h(y) < —~d (5, 2)° — =d (J2(2),2)" — Ld (T (),)°.

2 2\ 2\
After passing to the limit ¢ — 1, we conclude that
1 1 2 1 2
h 2 h h
h (JA (33)) —h(y) < ﬁd(y,x) - ﬁd (J,\ (30)71’) - ﬁd (JA (:U),y) )

which finishes the proof. O
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Cyclic order version. We will now prove the first main result, namely, that
the proximal point algorithm with cyclic order of applying the marginal resolvent
gives a sequence which converges to a minimizer. Let us first precisely define the
procedure.

Definition 3.3. Consider a function [ of the form (18). Let (Ag) be a sequence of
positive reals satisfying

(20) Z)\k = 00, and Z A7 < 0.
k=0 k=0

Let xg € H be an arbitrary starting point. For each k € Ny we set
Tpnt1 = Jy, (Ten)

zpnte = Jy, (Ten+1) s

Ten4N = JAy (TrN4N-1)
where the resolvents are defined by (19) above.

Note that the step size parameter A\ is constant throughout each cycle. The
convergence of the above algorithm is assured by the following theorem. The as-
sumption (21) will be commented on later in Remark 3.8.

Theorem 3.4 (Cyclic order version of the PPA). Let (H,d) be a locally compact
Hadamard space, and f : H — (—o0,00] be of the form (18) with Min(f) # 0.
Given a starting point o € H, let (x;) be the sequence defined in Definition 3.3.
Assume there exists L > 0 such that

(21) fn(@in) = fr (Tengn) < Ld (TeN, ThN4n) 5

forany k €N, andn=1,...,N. Then (x;) converges to a minimizer of f.

Proof. We divide the proof into two steps. Step 1: We claim that

(22)  d(zpvensy)” < d @, y) = 20 [f (ziv) = f(9)] + 2\ LN (N + 1),

for any y € H. Indeed, apply Lemma 3.2 with h = f,, and © = zxN1,_1 to obtain
d(@knn,Y)* < d(@rnsn-1,9)" = 20 [ (@n-40) = fa(®)],

for every y € H, and n =1,..., N. By summing up we obtain

N
d(@rnin,y) < d@en,y)” =20 Y [ @enin) = fu()],

< d(zin,y)* = 2 [f (@en) — ()]
N
+ 2k Z [fn (ka) - fn (ka-l-n)} .
n=1

By the assumption (21), we have
fo (@kN) = fo (TeN4n) < Ld (TN, TiNn)
where the right hand side can be further estimated as

d(xpN, TeN4n) < d(TpN, TeNg1) + -+ A (TeNfn—1, ThN+4n) -
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By the definition of the algorithm we have

fm (TeNtm) + d(ZrNtm—1, kN 4m) < fm (TeNim-1)

2\k
for any m = 1,..., N, which then gives

fm (mkN—Q—m—l) - fm (ka—}-m)
d(TkN+m—1,TkN+m)

d(TkN+m—1, TkN+m) < 2k
< 2M L,
where we again employed the assumption (21). Hence,
fr (@en) = o (@rngn) < 20 L%n,
and finally,
d(zeninsy)? < d(@en,y)” = 20 [f (wkn) = F(9)] + 20 LN (N + 1),

which finishes the proof of (22).
Step 2: Let now z € Min(f), and apply (22) with y = z. Then

d (ka+N,Z)2 § d({EkN, 2)2 — 2)\k [f (ka) — f(Z)] + 2)\%L2N(N + 1),

which according to Lemma 2.6 implies that the sequence

(d (kav Z))keNO

converges, (and in particular, the sequence (zxy) is bounded), and
(23) ZM [f (zkn) — f(2)] < o0
k=0

From (23) we immediately obtain that there exists a subsequence (x,n) of (zgn)
for which

fxr,n) = f(z), asl— co.

Since the sequence (zy,n) is bounded, it has a subsequence which converges to
a point 2 € H. By the lower semicontinuity of f we obtain 2 € Min(f). Then we
know that

(d (7N 2)) e,

converges, and also that it converges to 0, since a subsequence of (zxy) converges
to 2.
By Lemma 3.2 with h = f;, and x = zn, and y = 2, we get that

R 1 . 1 R
0< fi (Tent1) — i (3) < ~d(zn, 2)? — o~d (xen41,2)%
2\ 2\
and taking the limit k — oo yields
lim TEN+1 = z.
k—o0
In the same way, we obtain
lim ZgNtn = 2,
k—o0

for any n = 2,..., N. Hence the whole sequence (z;) converges to £, and the proof
is complete. (Il
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Random order version. Instead of applying the marginal resolvents in a cyclic
order, one can at each step select a number from {1,..., N} at random and use
the corresponding resolvent. Next we prove that the resulting sequence converges
to a minimizer of the function f, too.

Definition 3.5. Consider a function f : H — (—o00, 0] of the form (18). Let (A\x)
be a sequence of positive reals satisfying

(24) i)‘k = 00, and Z A7 < oo.
k=0

Let (1) be a sequence of random wvariables which attain values from {1,..., N}
according to the uniform distribution, independently of previous steps. For every

k € Ny, define
(25) Tt = J37 (k)
with a starting point xo € H. Finally, denote x7, | the result of the iteration with xy,
if re =n.
The following Lemma 3.6 is a stochastic version of Lemma 3.2. Again, the

assumption (26) will be commented on in Remark 3.8.

Lemma 3.6. Let (H,d) be an Hadamard space and f be of the form (18). Given
a starting point xo € H, let (xy) be the sequence defined in Definition 3.5. Assume
there exists L > 0 such that

(26) In (k) = fn (xZ+1) < Ld (xk:QUZ-H) )
forany k € N, andn=1,...,N. If we denote Fy, = {xk,...,x0}, then
2
E [d (o 9)° | ] < d(any)® = S 17 (@) = F)] + 47222

almost surely, for any y € H.

Proof. By Lemma 3.2 we have
d(@rs1,9)” < d(@5,9)° = 20 [fre (21) = fr (W)

Taking the conditional expectation with respect to Fj gives

E |:d ($k+1,y)2 ‘]:k:| < d(xkay)g - 2/\kE [ka: (-rk) - f’!‘k (y) ’]:k] .

If we denote zj;,; the result of the iteration with x; when ry =n, we get

9 Y al
E [d(ﬂﬁkﬂ,y) |]:k} <d(zr,y)" — N [Fn (2841) = Fn ()]
= al(ock,y)2 — QNﬂ lf (zx) — f(y)]
2 al
+5 Z [fn (@k) = fu (2741)]

By the assumption (26) we have

N
Z (@) = fu (k41)] Z (wr, 241) < 2L°ALN,
n=1 n=1
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since

fn (.’L'k) - fn (x2+1)

d (l‘k, IZ+1) < 2>\k n < 2/\kL
d (xk, x,H_l)
We hence finally obtain
2\
which finishes the proof. (I

We now get to the second convergence theorem.

Theorem 3.7 (Random order version of the PPA). Let (H,d) be a locally compact
Hadamard space and [ be of the form (18) with Min(f) # 0. Assume that the
Lipschitz condition (26) holds true. Then, given a starting point xg € H, the
sequence (x) defined in Definition 3.5 converges to a minimizer of f almost surely.

Proof. Let (v;) be a countable dense subset of Min(f). For each ¢ € N apply
Lemma 3.6 with y = v; to obtain

2\
E [d @1 (@), 00)? [Fe] < d (o), v)® = S5 [ (@) = f ()] + NEL2
Theorem 2.5 immediately gives that d (v;, x;(w)) converges, and

DA lf (@r(w)) — inf f] < oo,
k=0

for all w € Q,,, where 2, is a set of full measure. Next denote

Q=(),
€N

which is obviously again a set of full measure. The last inequality yields that for
w € Q, we have liminfy_, o f (zx(w)) = inf f, and since (zx(w)) is bounded, it has
a cluster point z(w) € H. By the lower semicontinuity of f we may assume that
z(w) € Min(f).

For each € > 0 there exists v;() € (v;) such that d (x(w), vi(g)) < €. Because the
sequence d (25 (w),v;(c)) converges and x(w) is a cluster point of z(w), we have

kli_}rgod (xk(w),vi(s)) <e.

This yields zy(w) — z(w). We obtain that xj converges to a minimizer almost
surely. This finishes the proof. O

Remark 3.8. The assumptions (21) in Theorem 3.4, and (26) in Theorem 3.7 are
satisfied, for instance, if

(i) the functions f,, are Lipschitz on H with constant L, or
(ii) the functions f,, are Lipschitz on bounded sets and coercive.

The latter condition applies for a function f of the form (4). In particular, for both
the mean (11), and the median (14).

4. COMPUTING MEDIANS AND MEANS

The algorithms from Definitions 3.3 and 3.5 can be directly applied to compute
means and medians in locally compact Hadamard spaces. We will now give an
explicit description of these two special cases.
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Algorithms for computing means. Given positive weights wq,...,wy with
> w, =1 and points ay,...,ay € H, we wish to minimize the function

N
f(x) = Z W d (zaan)Q, x e H.
n=1

The existence and uniqueness of a minimizer is assured by Theorem 2.4. Fur-
thermore, the function f is of the form (18) and according to Remark 3.8 satis-
fies both (21) and (26). We can therefore employ proximal point algorithms with
fn = wpd (~,an)2, for n = 1,...,N. Let us first consider the cyclic order version
from Definition 3.3. Let (Ax) be a sequence of positive reals satisfying (20). We
start at some point xg € H, and for each k € Ny we set

TEN4+1 = J,{k (xrN),

Tint2 = J3, (Ten+1)

Ten+N = A, (TrN4N-1)

where JY, is now the resolvent of the function f, = w,d(, an)2 ,forn=1,...
It is easy to find these resolvents explicitly. Indeed, fix k € Ny and n = 1,...
Then xk N+ is the unique minimizer of the function

=z

1
wnd('van)Q + md('amkNJrnfl)z )

and it is obvious that such a minimizer lies on the geodesic [xxnin—1, an], that is,
TpN4n = (1 — 1)) Tangn—1 + tihan,
for some ¢} € [0,1]. By an elementary calculation we get

2)\kwn

27 = _Crn
(27) T 4 2wy,

The above algorithm then reads:

Algorithm 4.1 (Computing mean, cyclic order version). Given xo € H and (\x)
satisfying (20) we set

+ 2)\kw1
X = X —a
RNHL 14 2 \wq RN 142X\ w, b
1 + 2)\kw2
x =——7x ———=a
RN+2 = T RN T
1 n 2\ WN
X = ————X _ — Y a
kN+N 1+ 2>\kwN kEN+N-1 1+ 2)\kwN N>

for each k € Ng andn=1,..., N.

The convergence of the sequence (x;) produced by Algorithm 4.1 to the weighted
mean of the points aq,...,an follows by Theorem 3.4 above. Note that if the
weights are uniform, that is, w, = % for eachn =1,..., N, then the coefficients ¢}
are independent of n.
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We will now turn to the randomized version from Definition 3.5. By a similar
process as above we obtain the following algorithm.

Algorithm 4.2 (Computing mean, random order version). Let xo € H be a starting
point and (N\i) satisfy (24). At each step k € Ny, choose randomly ri, € {1,...,N}
according to the uniform distribution and put

2)\kwrk
14 22wy, 14 22wy,

xk+1 Tk *

The convergence of the sequence (z) produced by Algorithm 4.2 to the weighted

mean of the points aq,...,ay follows by Theorem 3.7 above.
Algorithms for computing medians. Given positive weights wy, ..., wy with
> w, =1 and points ay,...,ay € H, we wish to minimize the function

N
f(z) = Z wpd (2, ) , x €H.
n=1

The function f is again of the form (18) with f, = w,d(-,a,),forn=1,... ,N. It
is Lipschitz, and hence satisfies the assumptions (21) and (26). In the cyclic order
version, we start at some point xg € H, and for each k € Ny we set

TN = Ji, (Ten)

Tpnte = J5, (Ten+1)

NN =I5 (TeN4N-1)

where JY, is the resolvent of the function f, = wnpd (-, a,), forn =1,...,N, and
(A\k) is a sequence of positive reals satisfying (20). More specifically, if we fix k € Ny
and n=1,..., N, then zpn, is the unique minimizer of the function
1
wnd ('7 aﬂ) +d ('7 mkN+n—1)2 s
2k

and it is obvious that such a minimizer lies on the geodesic [xxNitn—1,an], that is,
TkN+n = (1 - tZ) TEN+n—1 + tza'ru

for some t} € [0,1]. These coefficients are again easy to determine. We have to
however treat the cyclic and the random case separately.

Algorithm 4.3 (Computing median, cyclic order version). Given xg € H and (\g)
satisfying (20) we set

Tpn41 = (1— tk) TeN + thay,

zrnt2 = (1 — 1) Ten+1 + thaz,

N N
TEN4N = (1 —t )%N+N-1 +t;; an,

AWn
g =i {1, A,

d(anyxk:N—i-n—l)
for each k € Ng andn=1,...,N.

with t} defined by
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The convergence of the sequence (z;) produced by Algorithm 4.3 to the median
of the points ay,...,an with the weights (w1,...,wy) follows by Theorem 3.4
above. Finally, the randomized version can be derived in a similar way.

Algorithm 4.4 (Computing median, random order version). Let xg € H be
a starting point and (M) satisfies (24). At each step k € Ny, choose randomly
rr € {1,..., N} according to the uniform distribution and put

(28) i1 = (1 —tg) x + trar,

with ti defined by
)\kwr
ty=min{ 1, Tk
g mln{ ’d(arkvxk)}7

The convergence of the sequence (x) produced by Algorithm 4.4 to the median
of the points aq,...,ayn follows by Theorem 3.7 above.

for each k € Ny.

Remark 4.5. Let now take a look at a more general situation mentioned already
in the Introduction. Let C, ..., Cn be convex closed subsets of our locally compact
Hadamard space (H, d) and minimize the function (5), that is,

N
fl@) =) wnd(x;Cn),  xwEH,
n=1

where W = (wy,...,wy) are again positive weights with > w, = 1. We have to
assume that at least one of the sets C1,...,Cxn be bounded in order to fulfill the
assumption Min(f) # () in Theorems 3.4 and 3.7. It is also clear that f is convex and
1-Lipschitz and thus satisfies both (21) and (26). Denote P, the metric projection
onto the set C,,, where n = 1,..., N. We describe the random version of the PPA
algorithm only, the cyclic version being completely analogous.

Let zp € H be a starting point and (\y) satisfies (24). At each step k € Ny,
choose randomly ry, € {1,..., N} according to the uniform distribution and put

Tpp1 = (L —t) 2+t Py (7)
with ¢y defined by

. AWy }
tp =min{1l, —————* &
* { d(Py, (wx) )

for each k € Ny. Then the sequence (x) converges to a minimizer of f by Theo-
rem 3.7.

5. COMPUTING MEANS VIA THE LAW OF LARGE NUMBERS

In this last section we give an alternative algorithm for computing the Fréchet
mean, which is based on the law of large numbers. The advantage of this approach
is that we do not require the underlying Hadamard space be locally compact. We
shall also compare this algorithm with Algorithm 4.2.

Let again aj,...,ay € H be a finite set of points and wy,...,wy be positive
weights satisfying Y w, = 1. Denote the probability measure

N
(29) = wnla,,
n=1
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where d,, stands for the Dirac measure at a,,. Assume that Y is a random variable
with values in ‘H distributed according to 7. Then the variational inequality (12)
can be written as

(30) d(z,2)*+Ed(E,Y)? <Ed(z,Y)*, z€cH,

where the expectation E is of course taken with respect to the distribution .
Given a sequence of random variables Y; with values in H, we define a se-

quence (Sg) of random variables putting S; = Y7, and

(31) Sk41 = kLHSk + %Hyk—ﬁ-la

for ¢ € N. The random variables Y}, and hence also Sy, are defined on some proba-

bility space €2, but this space 2 of course plays no role here. The following theorem

due to K.-T. Sturm states a nonlinear version of the law of large numbers. It

appeared in a much more general form in [43, Theorem 2.6].

Theorem 5.1 (The law of large numbers). Let (H,d) be an Hadamard space,
and (Yy) be a sequence of independent random variables Yy, : Q — H, identically
distributed according to the distribution , defined in (29). Then

Sk = Z(W;T), ask — oo,
where the convergence is pointwise.

Proof. First denote

We show by induction on k£ € N that
1
(32) Ed(E,8)° < &

It obviously holds for £ = 1 and we assume it holds for some k € N. We have

k 1 2
Ed (2, Spt1)” = Ed (E, mSk + ]H_lYkH) ;

by (9) we get

k _ 9 1 - 2
< —UFEd(E,S —Ed(2,Y] —
—k+1 ( ) k‘) +I€+1 ( ) k-‘rl)

k

mﬂ‘:d (Yit1, Sx)?,

and applying independence and (30) gives

k _ 2 1 _ 2
< —Ed(E, S —Ed(2,Y,
“k+1 (7k)+k5+1 (7k+1)

k

- mE [d (E,8k)? +d (5, Yiy1)”

— (- 21Ed(:5)2+ L_¢
T \k+1 TR Tk 1)2
1
< ——¢.
~k+ 1f
This shows that (32) holds, and hence the proof is complete. O
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One can rather straightforwardly convert Theorem 5.1 into an approximation
algorithm for computing the Fréchet mean. Let us now describe such an algorithm.
It receives the points aq,...,ayx and weights wq,...,wxn as the input, and at each
iteration k € N it produces a new point s; € H, which is an approximate version
of the desired mean = = Z(w;Z) in the sense that d(sg, =) — 0 as k — oo.
The sequence is defined as follows. At each step k € Ny, choose randomly r; €
{1,..., N} according to the distribution W = (wy,...,wy) and put

1
33 =— — Q. -
(33) Sk+1 k+18k+k_+1a’k
The convergence of this algorithm is guaranteed by Theorem 5.1.
We shall now compare the algorithm (33) with Algorithm 4.2. Let us first con-
sider the unweighted case, that is, w, = % for every n = 1,..., N. At each iteration
k € Np, the algorithm (33) selects ry, € {1,..., N} according to the uniform distri-

bution and generates a new point
bt
= ——Sp+——ap,.
k1 k1
In Algorithm 4.2, at each step k € Ng we randomly choose a number r, € {1,..., N}
according to the uniform distribution and put
1 n 2k
x Q-
T+20 T 42n,

Sk+1 -

Th+1 =

Thus Algorithm 4.2 produces the same sequence as the algorithm (33) provided we
set A\, = i for each k € N. In other words the algorithm (33) is a special case of
Algorithm 4.2.

On the other hand as far as weighted Fréchet means are concerned, there exists
a difference between these two algorithms. Indeed, if W := (wy,...,wy) are the
weights, then the algorithm (33) selects ri, € {1,..., N} according to the distribu-
tion w and generates a new point

k n 1
Sk41 = =Sk + —— G,
TR Tk
that is, with the same coefficients as in the unweighted case. Algorithm 4.2 in
contrast still selects r, € {1,..., N} according to the uniform distribution, but the
new point is given by

1 2A W,

= Tk =+ i k
1+ 2>\kwrk 1+ 2)\kwrk

Tr+1 T
that is, the coefficients now do depend on the weights. In summary, introducing
weights effects either the coefficients (Algorithm 4.2), or the probability distribution
which is used for selecting the points aq,...,ay (the algorithm (33)).

Final remarks. Notice that all the algorithms presented in this paper require
finding a geodesic at each iteration. For instance, in Algorithm 4.4, we need to find
the geodesic [z, a,,] at each step k € Ny, or more presicely, we need to compute
the point zpy; which lies on this geodesic. When employing these algorithms in
the BHV tree space, we can use the Owen-Provan algorithm (mentioned in the
Introduction) to find this point in finitely many steps in polynomial time.



22

(1]
2]
(3]
(4]

(5]

(6]

(7]

(8]

9
(10]
(11]
(12]
13]
(14]
[15]
[16]
(17]
18]
19]
20]
21]
22]
(23]
24]
(25]

[26]

M. BACAK

REFERENCES

M. BACAK, A new proof of the Lie-Trotter-Kato formula in Hadamard spaces, Preprint,
arXiv:1301.6496.

, The proxzimal point algorithm in metric spaces, to appear in Israel J. Math., available
at arXiv:1206.7074, (2012), pp. 1-13.

M. BACAK, I. SEARSTON, AND B. Sims, Alternating projections in CAT(0) spaces, J. Math.
Anal. Appl., 385 (2012), pp. 599-607.

H. H. BAUSCHKE, A norm convergence result on random products of relaxed projections in
Hilbert space, Trans. Amer. Math. Soc., 347 (1995), pp. 1365-1373.

H. H. BAUSCHKE, J. M. BORWEIN, AND A. S. LEwIs, The method of cyclic projections for
closed convex sets in Hilbert space, in Recent developments in optimization theory and non-
linear analysis (Jerusalem, 1995), vol. 204 of Contemp. Math., Amer. Math. Soc., Providence,
RI, 1997, pp. 1-38.

H. H. BAUSCHKE AND P. L. COMBETTES, Convex analysis and monotone operator theory in
Hilbert spaces, CMS Books in Mathematics/Ouvrages de Mathématiques de la SMC, Springer,
New York, 2011.

D. P. BERTSEKAS, Incremental proxzimal methods for large scale convex optimization, Math.
Program., 129 (2011), pp. 163-195.

D. P. BERTSEKAS AND J. N. TSITSIKLIS, Neuro-Dynamic Programming, Athena Scientific,
1996.

L. BILLERA, S. HOLMES, AND K. VOGTMANN, Geometry of the space of phylogenetic trees,
Adv. in Appl. Math., 27 (2001), pp. 733-767.

P. BOSE, A. MAHESHWARI, AND P. MORIN, Fast approzimations for sums of distances, clus-
tering and the Fermat-Weber problem, Comput. Geom., 24 (2003), pp. 135-146.

H. BrEzis AND P.-L. LIONS, Produits infinis de résolvantes, Israel J. Math., 29 (1978),
pp. 329-345.

M. BRIDSON AND A. HAEFLIGER, Metric spaces of non-positive curvature, vol. 319 of
Grundlehren der Mathematischen Wissenschaften, Springer-Verlag, Berlin, 1999.

A. DrEss, K. HUBER, J. KOOLEN, V. MOULTON, AND A. SPILLNER, Basic phylogenetic com-
binatorics, Cambridge University Press, Cambridge, 2012.

A. FERACGEN, S. HAUBERG, M. NIELSEN, AND F. LAUZE, Means in spaces of tree-like shapes,
International Conference of Computer Vision (ICCV), (2011).

A. FERAGEN, P. Lo, M. DE BRULINE, M. NIELSEN, AND F. LAUZE, Towards a theory of
statistical tree-shape analysis, arXiv:1207.5371v1, (Submitted on 23 Jul 2012).

B. FUGLEDE, Harmonic maps from Riemannian polyhedra to geodesic spaces with curvature
bounded from above, Calc. Var. Partial Differential Equations, 31 (2008), pp. 99-136.

, Homotopy problems for harmonic maps to spaces of nonpositive curvature, Comm.
Anal. Geom., 16 (2008), pp. 681-733.

T. GELANDER, A. KARLSSON, AND G. A. MARGULIS, Superrigidity, generalized harmonic
maps and uniformly convex spaces, Geom. Funct. Anal., 17 (2008), pp. 1524-1550.

P. Groas, Wolfowitz’s theorem and convergence of consensus algorithms in Hadamard
spaces, preprint, available at http://www.math.ethz.ch/ pgrohs/research.html, (2012).

M. GROMOV AND R. SCHOEN, Harmonic maps into singular spaces and p-adic superrigidity
for lattices in groups of rank one, Inst. Hautes Etudes Sci. Publ. Math., (1992), pp. 165-246.
J. Jost, Convex functionals and generalized harmonic maps into spaces of nonpositive cur-
vature, Comment. Math. Helv., 70 (1995), pp. 659-673.

, Generalized Dirichlet forms and harmonic maps, Calc. Var. Partial Differential Equa-
tions, 5 (1997), pp. 1-19.

, Nonpositive curvature: geometric and analytic aspects, Lectures in Mathematics ETH
Ziirich, Birkhauser Verlag, Basel, 1997.

, Nonlinear Dirichlet forms, in New directions in Dirichlet forms, vol. 8 of AMS/IP
Stud. Adv. Math., Amer. Math. Soc., Providence, RI, 1998, pp. 1-47.

N. J. KOREVAAR AND R. M. SCHOEN, Sobolev spaces and harmonic maps for metric space
targets, Comm. Anal. Geom., 1 (1993), pp. 561-659.

U. LANG, B. PAVLOVIC, AND V. SCHROEDER, Eztensions of Lipschitz maps into Hadamard
spaces, Geom. Funct. Anal., 10 (2000), pp. 1527-1553.




27)
(28]
29]
(30]
(31]
(32]
33]
34]
(35]
(36]
37]
(38]
39]
[40]

[41]

42]
[43]
[44]

[45]
[46]

COMPUTING MEDIANS AND MEANS 23

C. L1, G. LOPEZ, AND V. MARTIN-MARQUEZ, Monotone vector fields and the prozimal point
algorithm on Hadamard manifolds, J. Lond. Math. Soc. (2), 79 (2009), pp. 663—-683.

B. MARTINET, Régularisation d’inéquations variationnelles par approximations successives,
Rev. Francaise Informat. Recherche Opérationnelle, 4 (1970), pp. 154-158.

U. F. MAYER, Gradient flows on nonpositively curved metric spaces and harmonic maps,
Comm. Anal. Geom., 6 (1998), pp. 199-253.

E. MIiLLER, M. OWEN, AND S. PROVAN, Aweraging metric phylogenetic trees, preprint,
arXiv:1211.7046v1, (2012).

B. MORDUKHOVICH AND N. M. NAM, Applications of variational analysis to a generalized
Fermat-Torricelli problem, J. Optim. Theory Appl., 148 (2011), pp. 431-454.

B. S. MORDUKHOVICH, N. M. NAM, AND J. SALINAS, Applications of variational analysis to
a generalized Heron problem, Appl. Anal., 91 (2012), pp. 1915-1942.

B. S. MORDUKHOVICH, N. M. NAM, AND J. SALINAS, JR., Solving a generalized Heron problem
by means of convezr analysis, Amer. Math. Monthly, 119 (2012), pp. 87-99.

T. M. W. NYE, Principal components analysis in the space of phylogenetic trees, Ann.
Statist., 39 (2011), pp. 2716-2739.

M. OWEN, Computing geodesic distances in tree space, SIAM J. Discrete Math., 25 (2011),
pp. 1506-1529.

M. OWEN AND S. PROVAN, A fast algorithm for computing geodesic distances in tree space,
IEEE/ACM Trans. Computational Biology and Bioinformatics, 8 (2011), pp. 2-13.

L. PACHTER AND B. STURMFELS, The mathematics of phylogenomics, SIAM Rev., 49 (2007),
pp. 3-31.

R. T. ROCKAFELLAR, Monotone operators and the prozimal point algorithm, STAM J. Control
Optimization, 14 (1976), pp. 877-898.

C. SEMPLE AND M. STEEL, Phylogenetics, vol. 24 of Oxford Lecture Series in Mathematics
and its Applications, Oxford University Press, Oxford, 2003.

1. SToJKOVIC, Approximation for convexr functionals on non-positively curved spaces and the
Trotter-Kato product formula, Adv. Calc. Var., 5 (2012), pp. 77-126.

K.-T. STURM, Nonlinear Markov operators associated with symmetric Markov kernels and
energy minimizing maps between singular spaces, Calc. Var. Partial Differential Equations,
12 (2001), pp. 317-357.

———, Nonlinear Markov operators, discrete heat flow, and harmonic maps between singular
spaces, Potential Anal., 16 (2002), pp. 305-340.

, Nonlinear martingale theory for processes with values in metric spaces of nonpositive
curvature, Ann. Probab., 30 (2002), pp. 1195-1222.

, Probability measures on metric spaces of nonpositive curvature, in Heat kernels and
analysis on manifolds, graphs, and metric spaces (Paris, 2002), vol. 338 of Contemp. Math.,
Amer. Math. Soc., Providence, RI, 2003, pp. 357-390.

——, A semigroup approach to harmonic maps, Potential Anal., 23 (2005), pp. 225-277.
H. WANG AND J. S. MARRON, Object oriented data analysis: sets of trees, Ann. Statist., 35
(2007), pp. 1849-1873.

MIROSLAV BACAK, MAX PLANCK INSTITUTE FOR MATHEMATICS IN THE SCIENCES, INSELSTR. 22,

04103 LEIPZIG, GERMANY

E-mail address: bacak@nmis.mpg.de



