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Abstract

Let (X, dx) be an n-point metric space. We show that there exists a distribution & over non-contractive
embeddings into trees f : X — T such that for every x € X,

dr (f(x), /()

< C(logn)?,
7| y&xiim dx(x,y) (logm)

where C is a universal constant. Conversely we show that the above quadratic dependence on logn
cannot be improved in general. Such embeddings, which we call maximum gradient embeddings, yield
a framework for the design of approximation algorithms for a wide range of clustering problems with
monotone costs, including fault-tolerant versions of k-median and facility location.

1 Introduction

Metric embeddings are an invaluable tool in analysis, Riemannian geometry, group theory, graph theory,
and the design of approximation algorithms. In most cases embeddings are used to “simplify” a geometric
object that we wish to understand, or on which we need to preform certain algorithmic tasks. Thus one
tries to “faithfully” represent a metric space as a subset of another space with controlled geometry, whose
structure is well enough understood to successfully address the problem at hand. There is some obvious
flexibility in this approach: Both the choice of target space and the notion of faithfulness of an embedding
can be adapted to the problem we wish to solve. Of course, once these choices are made, the main difficulty
is the construction of the required embedding, and in the algorithmic context we have the additional burden
of making sure that the embedding can be computed efficiently.

The present paper is inspired by problems from mathematical analysis, but its main motivation is algo-
rithmic. We introduce a new notion of embedding, called maximum gradient embeddings, which is “just
right” for approximating a wide range of clustering problems. We will then provide optimal maximum
gradient embeddings of general finite metric spaces, and use them to design the best known approximation
algorithms for several natural clustering problems. We do not attempt to explore here all the possible appli-
cations of maximum gradient embeddings, and we suspect that there are many more situations in which our
method is applicable. Indeed, rather than being encyclopedic, the main emphasis of the present paper is that
these embeddings yield a generic approach to many problems, and we give some example that illustrate this
fact. In addition, our work raises interesting algorithmic questions which deserve further investigation.

The flexibility that was described above in the choice of notions of embedding has been exploited to great
success by numerous authors in the past four decades. Due to the vast amount of work on this topic, we will
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not give references to the many embedding notions that were used in the mathematical and computer science
literature. We wish to stress, however, that apart from the most studied problem of bi-Lipschitz embeddings
into Euclidean space, there are a lot of variants of this problem which are useful in many different contexts
in mathematics and computer science. These notions include L; embeddings, embeddings into dominated
L metrics, low dimensional embeddings and dimension reduction, volume preserving embeddings, Fréchet
embeddings, snowflake, quasi-isometric, coarse, uniform, and quasisymmetric embeddings, embeddings
into hyperbolic spaces, Tits buildings and symmetric spaces, embeddings of subsets, quotients, subsets of
quotients and quotients of subsets, embeddings into distributions over trees, ultrametrics and spanning trees,
multi-embeddings, embeddings with slack, nearest neighbor preserving embeddings, spanners, additive dis-
tortion, and various notions of average distortion. In this paper the target spaces will be distributions over
tree metrics (also known as products of trees in the mathematical literature). Our notion of faithfulness is
new, and will be described below.

Due to their special structure, it is natural to try to embed metric spaces into trees. This is especially
important for algorithmic purposes, as many hard problems are tractable on trees. Unfortunately, this is too
much to hope for in the bi-Lipschitz category: As shown by Rabinovich and Raz [38] the n-cycle incurs
distortion Q(n) in any embedding into a tree. However, one can relax this idea and look for a random
embedding into a tree which is faithful on average. Such an approach has been developed in recent years by
mathematicians and computer scientists. In the mathematical literature this is referred to as embeddings into
products of trees, and it is an invaluable tool in the study of negatively curved spaces (see for example [11,
17,36]).

Probabilistic embeddings into trees became an important algorithmic paradigm due to the work of Bar-
tal [3,4] (see also [1, 18] for the related problem of embedding graphs into distributions over spanning trees).
Bartal’s work has led to the design of numerous approximation algorithms for a wide range of NP hard prob-
lems. In some cases the best known approximation factors are due to the “probabilistic tree” approach, while
in other cases improved algorithms have been subsequently found after the original application of proba-
bilistic embeddings was discovered. But, in both cases it is clear that the strength of Bartal’s approach is
that it is generic: For a certain type of problem one can quickly get a polylogarithmic approximation using
probabilistic embedding into trees, and then proceed to analyze certain particular cases if one desires to
find better approximation guarantees. However, probabilistic embeddings into trees do not always work.
In [7] Bartal and Mendel introduced the weaker notion of multi-embeddings, and used it to design improved
algorithms for special classes of metric spaces. Here we strengthen this notion to maximum gradient em-
beddings, and use it to design approximation algorithms for harder problems to which regular probabilistic
embeddings do not apply. From a mathematical viewpoint, analyzing this stronger notion of embedding
(which is nevertheless weaker than bi-Lipschitz embedding) creates new challenges, and arguably leads to
some surprising results.

Let (X,dx) and (Y, dy) be metric spaces, and fix a mapping f : X — Y. We shall say that f is non-
contractive if for every x,y € X we have dy(f(x), f(y)) = dx(x,y). The maximum gradient of f at a point
x € X is defined as

d ,
IV f(X)lo = sUp M (1)
yex\lxy  dx(x,y)

Thus the Lipschitz constant of f is given by

I f1lLip = sup [V f(x)lco-
x€X
Note that in the mathematical literature, mostly in the context of the study of isoperimetry on general
geodesic metric measure spaces (see for example [8,30]), it is common to define the modulus of the gradient



of fatxe X as

V()] = limsup LY 1SN

y—x dx(x,y) @

The definition in (2) is very natural in the context of connected metric spaces, but in the context of finite
metric spaces it clearly makes more sense to deal with the maximum gradient as defined in (1).

In what follows when we refer to a tree metric we mean the shortest-path metric on a graph-theoretical
tree with weighted edges. Recall that (U, dy) is an ultrametric if for every u,v,w € U we have dy(u,v) <
max{dy(u, w), dy(w, v)}. It is well known that ultrametrics are tree metrics. The following result is due to
Fakcharoenphol, Rao and Talwar [19], and is a slight improvement over an earlier theorem of Bartal [4]. For
every n-point metric space (X, dx) there is a distribution 2 over non-contractive embeddings into ultramet-
rics f : X — U such that

dy(f(x), f(y)
max o y) = O(logn). (3)
The logarithmic upper bound in (3) cannot be improved in general.

Inequality (3) is extremely useful for optimization problems whose objective function is linear in the
distances, since by linearity of expectation it reduces such tasks to trees, with only a logarithmic loss in the
approximation guarantee. When it comes to non-linear problems, the use of (3) is very limited. We will
show that this issue can be addressed using the following theorem, which is our main result.

Theorem 1. Let (X, dx) be an n-point metric space. Then there exists a distribution 9 over non-contractive
embeddings into ultrametrics f : X — U (thus both the ultrametric (U, dy) and the mapping f are random)
such that for every x € X,

Eg|V (0l < C(logn)?,

where C is a universal constant.

On the other hand there exists a universal constant ¢ > O and arbitrarily large n-point metric spaces Y,
such that for any distribution over non-contractive embeddings into trees f : Y, — T there is necessarily
some x € Y, for which

Eg|VF(x)eo = c(logn)?.

We call embeddings as in Theorem 1, i.e. embeddings with small expected maximum gradient, maxi-
mum gradient embeddings into distributions over trees (in what follows we will only deal with distributions
over trees, so we will drop the last part of this title when referring to the embedding, without creating any
ambiguity). The proof of the upper bound in Theorem 1 is a modification of an argument of Fakcharoen-
phol, Rao and Talwar [19], which is based on ideas from [3, 12]. It uses the same stochastic decomposition
of metric spaces as in [19], but it relies on properties of it which are well known to experts, yet have not
been exploited in full strength in previous applications. The argument appears in Section 2. Alternative
proofs of the main technical step of the proof of the upper bound in Theorem 1 can be also deduced from
the results of [34] or an argument in the proof of Lemma 2.1 in [22]. In both of these references the required
inequality is deduced from an analysis of the specific stochastic decomposition of Calinescu, Karloff and
Rabani [12] that was used in [19]. Here we present a different approach, which shows that the “padding
inequality” proved by Fakcharoenphol, Rao and Talwar in [19] can be used as a “black box™ to yield a max-
imum gradient embedding, and there is no need to recall how the stochastic decomposition was originally



defined. Our proof can be viewed as a variant of Talagrand’s generic chaining method [41] which was orig-
inally developed as a tool for bounding similar quantities in the context of Gaussian processes. Indeed, our
idea to consider maximum gradient embeddings is partially motivated by Talagrand’s work. Moreover, our
proof of the upper bound in Theorem 1 is a “decomposition into annuli” argument which is reminiscent of
Talagrand’s approach.

The heart of this paper is the lower bound in Theorem 1—we found it somewhat surprising, as there are
not many natural geometric problems whose answer is such a quadratic dependence on logn. Our proof of
this lower bound is much more involved than the proof of the upper bound. The metrics Y, in Theorem 1
are the diamond graphs of Newman and Rabinovich [37], which will be defined in Section 3. These graphs
have been used as counter-examples in several embedding problems— see [10,23,31,37]. In particular,
we were inspired to consider these examples by the proof in [23] of the fact that they require distortion
Q(log ) in any probabilistic embedding into trees. However, our proof of the Q((logn)?) lower bound in
Theorem 1 is considerably more delicate than the proof in [23]. This proof, together with other lower bounds
for maximum gradient embeddings, is presented in Section 3.

1.1 A framework for clustering problems with monotone costs

We now turn to some algorithmic applications of Theorem 1. The general reduction in Theorem 2 below
should also be viewed as an explanation why maximum gradient embeddings are so natural— they are
precisely the notion of embedding which allows such reductions to go through. As remarked above, we
do not attempt to be encyclopedic here— we will present a general paradigm for non-linear clustering
problems, and analyze some examples. There are many more directions for future research that arise from
the ideas described here. In particular, in a future paper we intend to apply maximum gradient embeddings
to problems in online algorithms.

A very general setting of the clustering problem is as follows. Let X be an n-point set, and de-
note by MET(X) the set of all metrics on X. A possible clustering solution consists of sets of the form
{(x1,C1),...,(xx, Cp)} where x1,...,x; € X and Cq,...,C; € X. We think of Cy,...,Cy as the clusters,
and x; as the “center” of C;. In this general framework we do not require that the clusters cover X, or that
they are pairwise disjoint, or that they contain their centers. Thus the space of possible clustering solution
is 2X2° " Assume that for every point x € X, every metric d € MET(X), and every possible clustering
solution P € 2XX2X, we are given I'(x,d, P) € [0, co], which we think of as a measure of the dissatisfac-
tion of x with respect to P and d. Our goal is to minimize the average dissatisfaction of the points of X.
Formally, given a measure of dissatisfaction (which we also call in what follows a clustering cost function)
I' : X X MET(X) x 2X2% [0, oo], we wish to compute for a given metric d € MET(X) the value

Optp(X, d) < min {Z T(x,d,P): Pe 2XX2X}

xeX

(Since we are mainly concerned with the algorithmic aspect of this problem, we assume from now on that I'
can be computed efficiently.)

We make two natural assumptions on the cost function I'. First of all, we will assume that it scales
homogeneously with respect to the metric, i.e. forevery 4 > 0, x € X, d € MET(X) and P € 2X32% we have
I'(x, Ad, Py = AI'(x,d, P). Secondly we will assume that I" is monotone with respecting to the metric, i.e.
ifd,d e MET(X) and x € X satisfy d(x,y) < c_l(x, y) for every y € X then I'(x,d, P) < I'(x, d, P). In other
words, if all the points in X are further with respect to d from x then they are with respect to d, then x is
more dissatisfied. This is a very natural assumption to make, as most clustering problems look for clusters



which are small in various (metric) senses. We call clustering problems with I satisfying these assumptions
monotone clustering problems. A large part of the clustering problems that have been considered in the
literature fall into this framework— we will see some examples presently.

The following theorem is a simple application of Theorem 1. It shows that it is enough to solve monotone
clustering problems on ultrametrics, with only a polylogarithmic loss in the approximation factor.

Theorem 2 (reduction to ultrametrics). Let X be an n-point set and fix a homogeneous monotone clustering
cost function I' : X X MET(X) X PRGN [0, co]. Assume that there is a randomized polynomial time
algorithm which approximates Optr(X, p) to within a factor a(n) on any ultrametric p € MET(X). Then
there is a polynomial time algorithm which approximates Optr(X, d) on any metric d € MET(X) to within a
factor of O (cx(n)(log n)z).

Proof. Let (X, d) be an n-point metric space and let & be the distribution over random ultrametrics p on X
from Theorem 1 (which is computable in polynomial time, as follows directly from our proof of Theorem 1
in Section 2). In other words, p(x,y) > d(x,y) for all x,y € X and

max E4 max px.y) < C(log n)*.

xeX yeX\{x} d(x, y)
Let P € 22" be a clustering solution for which

Opty(X, d) = Z T(x,d, P).

xeX

Using the monotonicity and homogeneity of I' we see that

max pLx, y)} -d, P) = Z [ max pLx, y)} -T'(x,d, P).
vex\( d(x, y) o byexiia d(x, y)

Optr(X,p) < Z I(x,p, P) < Zr(x,

xeX xeX

Taking expectation we conclude that

p(x,y)
max
yex\{x) d(x,y)

E4Opt(X, p) < Z (E@ D [(x,d, P) < C(logn)® - Optp(X, d).

xeX

Hence, with probability at least % we have
Optr(X, p) < 2C(logn)* - Optr(X, d).
For such p compute a clustering solution Q € 2Xx2* satisfying

Z I'(x, p, Q) < a(n)Optr(X, p) < 2Ca(n)(log n)2 - Optr(X, d).
xeX

Since p > d it remains to use the monotonicity of I once more to deduce that

Z I(x,p, Q) > Z I(x,d, Q) > Optp(X, d).

xeX xeX

Thus Qisa O (a/(n)(log n)z) approximate solution to the clustering problem on X with cost I'. O

5



Due to Theorem 2 we see that the main difficulty in monotone clustering problems lies in the design of
good approximation algorithms for them on ultrametrics. This is a generic reduction, and in many particular
cases it might be possible use a case-specific analysis to improve the O ((log n)z) loss in the approximation
factor. However, as a general reduction paradigm for clustering problems, Theorem 2 makes it clear why
maximum gradient embeddings are so natural.

We will now present some specific applications of Theorem 2. Before doing so we would like to state
at the outset that we do not know if it is the case that all monotone clustering problems can be well-
approximated on ultrametrics. If this were true then Theorem 2 would yield an approximation algorithm
for all monotone clustering problems. In Section 4.1 we will use a simple dynamic programming approach
to design algorithms for certain monotone clustering problems. Qur approach is quite flexible, and one can
use it to give some additional conditions which show that a wide range of monotone clustering problems
can be solved on ultrametrics. However carrying the analysis through in such generality seems to hide the
simplicity of our ideas, so we prefer to analyze particular cases. In any case, we state the following natural
question which remains open:

Open problem: Which monotone clustering problems have a polynomial time polylogarithmic approxima-
tion algorithm on ultrametrics?

We now describe some monotone clustering problems for which Theorem 2 yields the best known
approximation algorithm.

¢ Fault-tolerant k-median and facility location. Fix k € N. The k-median problem is as follows. Given an
n-point metric space (X, dy), find xp, ..., x; € X that minimize the objective function

min dx(x, x]'). 4)

iE{X15eers
x’ {x15e02k}

This very natural and well studied problem can be easily cast as monotone clustering problem by defining
I'(x,d, {(x1,C1), ..., (%m, Ci)}) to be oo if m # k, and otherwise

I(x, d {(x1,C1), oy (X, C))) = min - d(x, x;).
JEX X}

The linear structure of (4) makes it a prime example of a problem which can be approximated using
Bartal’s probabilistic embeddings. Indeed, the first non-trivial approximation algorithm for k-median clus-
tering was obtained by Bartal in [4] (another such example is Min-Sum clustering— see [5]). Since then
this problem has been investigated extensively: The first constant factor approximation for it was obtained
in [14] using LP rounding, and the first combinatorial (primal-dual) constant-factor algorithm was obtained
in [26]. In [2] an analysis of a natural local search heuristic yields the best known approximation factor for
k-median clustering.

Here we study the following fault-tolerant version of the k-median problem. Let (X, d) be an n-point
metric space and fix k € N. Assume that for every x € X we are given an integer j(x) € X (which we

call the fault-tolerant parameter of x). Given xy,...,x; and x € X let x;(x; d) be the j-th closest point to
xin {x1,...,xx}. In other words, {xj.(x; a?)}’]‘.:1 is a re-ordering of {xj}’;.:1 such that d(x, xj(x;d)) < --- <
d(x, x;(x; d)). Our goal is to minimize the objective function
D d (w2 xd). )
xeX



To understand (5) assume for the sake of simplicity that j(x) = j for all x € X. If {x j}’]‘.:l minimize (5) and

j — 1 of them are deleted (due to possible noise), then we are still ensured that on average every point in X
is close to one of the x;. In this sense the clustering problem in (5) is fault-tolerant. Observe that for j = 1
we return to the k-median clustering problem.

We remark that another fault-tolerant version of k-median clustering was introduced in [27]. In this
problem we connect each point x in the metric space X to j(x) centers, but the objective function is the
sum over x € X of the sum of the distances from x to all the j(x) centers. Once again, the linearity of the
objective function seems to make the problem easier, and in [40] a constant factor approximation is achieved
(this immediately implies that our version of fault-tolerant k-median clustering, i.e. the minimization of (5),
has a O (max ey j(x)) approximation algorithm). In particular, the LP that was previously used for k-median
clustering naturally generalizes to this setting. This is not the case for our fault-tolerant version in (5).
Moreover, the local search techniques for k-median clustering (see for example [2]) do not seem to be easily
generalizable to the case j > 1, and in any case seem to require n**/) time, which is not polynomial even for
moderate values of j.

Arguing as above in the case of k-median clustering we see that the fault-tolerant k-median clustering
problem in (5) is a monotone clustering problem. In Section 4.1 we show that it can be solved exactly in
polynomial time on ultrametrics. Thus, in combination with Theorem 2, we obtain a 0((log n)z) approxi-
mation algorithm for the minimization of (5) on general metrics.

Remark 1. Facility location type problems have been studied extensively since the 196(0’s— we refer to
the book [35], and specifically to the chapter [16], for a discussion of such problems. The uncapacitated
metric facility location problem is closely related to k-median problem (indeed k-median can be reduced to
it via Lagrangian relaxation— see [26]), and has been studied extensively in recent years (see [13,21, 25,
26,28, 39]). In the context of (5) we can also consider the following fault-tolerant version of the facility
location problem. Assume in addition that we are given non-negative facility costs { fx}xex. Then the goal is
to minimize over all xi, ..., x; € X the objective function

k
Z; for ¥ Z d (x. X (x: ). (6)
=

xeX

The case j(x) = 1 reduces to the classical un-capacitated metric facility location problem. The techniques
presented here can be easily generalized to yielda O ((log n)z) approximation algorithm for the minimization
of (6) as well.

e X(, clustering. Another problem which illustrates the usefulness of Theorem 2 is the X, clustering
problem which we now describe. Our argument for this problem is quite general, and it applies to more
cost functions, but it is beneficial to concentrate on a concrete example. For p € [0, oo] the X{,, clustering

problem is as follows: For a metric space (X, d) and k& € N the goal is to find x1,..., x; € X and a partition
of X into k sets Cy, ..., Cx € X which minimize the objective function
k /p
Z Z dx, x| . (7
j:1 XGC_/

When p = 1 this becomes the k-median problem, and when p = oo this is the “sum of the cluster
radii” problem, which has been studied in [15]. In both of these extreme cases there is a constant factor
approximation algorithm known, so we automatically get a O (min{nl/ Pon'-1 p}) approximation algorithm

7



for (7). Here we shall use the framework of Theorem 2 to give a O ((log n)z) approximation algorithm for
this problem for general p.

Observe that the ), clustering problems are monotone clustering problems. Indeed, all we need to do
is define I'(x, d, {(x1, C1), . . ., (X, Cip)}) to be oo if {Cy, ..., Cy,} is not a partition of X or m # k. Otherwise
set I'(x,d, {(x1,C1), ..., (x4, Cr)}) = 0if x € {x1,...,x;} and for j € {1,...,k},

I/p
L(xjydy {(x1,C1s -y (s COD) = [Z d(x, xj)P] .

x€Cj

This definition clearly makes I" a homogeneous monotone clustering cost function. The following lemma,
combined with Theorem 2, therefore implies that the ¢, clustering problem has a O ((log n)z) approxima-
tion algorithm.

Lemma 3. The X{, clustering problem has a constant factor polynomial time approximation algorithm
(even a FPTAS) on ultrametrics.

Lemma 3 will be proved via dynamic programming in Section 4.1.

2 Proof of the upper bound in Theorem 1

We start by recalling some terminology and results concerning random partitions of metric spaces. Given a
partition & of a finite metric space (X, dy) and x € X we denote by Z(x) the unique element of & to which
x belongs. For A > 0 the partition &7 is said to be A-bounded if for every x € X we have diam(Z(x)) < A.
We also fix a positive measure u on X. The following fundamental result is due to [19] when u is the uniform
measure on X. The case of general measures was observed in [29,32], and the specific numerical constants
used below are taken from [34].

Lemma 4. For every A > O there exists a distribution over A-bounded partitions & of X such that for every
x€ Xandevery O <t <A/S,

161 u(Bx(x, A))
Pr[Bx(x,t) ¢ P(x)] < — -log—————.
* A8 u(Bx(x. A/8)
We also recall the notion of a quotient of a metric space (see [9,20,33]). Let # = {Wy,...,W,} bea
partition of X. For W, W’ € # write dx(W, W) = min{dx(x,y) : x € W, y € W’}. The quotient metric space
(X/W ,dx;y) is define as follows. As a set X/# coincides with . The metric dx,y is the maximal metric
on # which is majorized by dx(-, -). In other words, for W, W’ € #/,

®)

m—1
dx/y (W, W) = min Z dx(Viet, V)i Voo o s Vg €W, Vo =W, Vo =W
=y

The following lemma is a well known “quotient version” of Lemma 4. The argument below is known
to experts, and appeared in various guises in several references— see for example [3, 24, 34]. Since we
couldn’t locate the formulation that we need in the literature, we include a proof here.



Lemma 5. Let (X,dx) be an n-point metric space and A > 0. Then there exists a distribution over A-
bounded partitions & of X such that for every x,y € X, if dx(x,y) < %2 then P (x) = P(y), and for every
x€Xand0 <t <A/16,

32t H(Bx(x, A))

Pr[Bx(x,1) ¢ P(x)] < A -log Z(Bx(x.D/16))°
Proof. Let p be an ultrametric on X such that dx(x,y) < p(x,y) < ndx(x,y) for every x,y € X. The simple
construction of such a metric is contained in Lemma 3.6 in [6]. Define an equivalence relation on X by
x ~yif p(x,y) < 2— This is an equivalence relation since p is an ultrametric. Let # = {Wy,..., W,,} be
the equivalence classes of this relation, and consider the quotient metric space X/% . We also denote by
n: X — W the induced quotient map, i.e. for x € W;, n(x) = W;. Let u o n~! be the push-forward of the
measure y under 7, i.e. gon ! is the measure on # given for W e # by uo Y (W) = u(r~Y(W)). Observe
that for every x,y € X,

A
dx(x.y) = 5 < dxpy (m(x), 7(y)) < dx(x. ). ©)

Indeed, the upper bound in (9) is immediate from the definition of a quotient metric. The lower bound
in (9) is proved as follows. There are points x = xp, x1,...,x = y in X such that dx;» (7(x), n(y)) =
Z’;zl dx(n(xj-1),n(x;)). For j € {1,...,k} let a; € n(x;_1) and b; € n(x;) be such that dx(a;,b;) =
dx(m(x;-1), m(x;)). Then, since k < n— 1 and for all z € X we have diam(7(z)) = max,peq(y) dx(a,b) <
maXxg pen(z) P(a, b) < ZH, we get that

k=1
dx(x,y) < dx(x,a1) + Z dx(ajbj)+ ) dx(bjaj) +dx(bi, )
J=1 J=1

A
Dt iy RN + (=D + 2

2 2n’

implying the lower bound in (9).
Let 2 be a distribution over A/2-bounded partitions of X/#  such that for every W € # and every
0 <t <A/16 we have

32 o By (WA/2)
PriBur QD & 2 o By (W AT IO

(10)

The existence of 2 follows from Lemma 4. Let & be the pull-back of 2 under 7, i.e. &7 is the partition of X
givenby & = {n71(A) : A € 2). Note that (9) implies that for every x € X we have 7! (By,» (7(x), A/2)) C
Bx(x,A) and for every t > 0, ! (Bx/w(m(x),1)) 2 Bx(x,1). Thus (10) implies that for every x € X and
0<t<A/l6,

321 H(Bx(xA))

Pr[Bx(x,1) € Z(x)] < Pr[Bx;y (n(x),1) £ 2(n(x))] < 5 log 2By (x. A/16))"

It remains to note that (9) implies that & is A-bounded and if dx(x,y) < % then p(x,y) < 2An' This means
that 7(x) = n(y), so that Z(x) = Z(y). O

Proof of the upper bound in Theorem 1. For every k € Z let &7 be the distribution over partitions of X
from Lemma 5 with A = 16, where y is the counting measure on X (we assume in what follows that the



distributions {7 }rez are independent). For x,y € X let k be the largest integer for which & (x) # Z(y)
(such a k must exists since for small enough k we have P (z) = {z} for all z € X). Denote p(x,y) =
16**1. Then p is a (random) ultrametric on X. Indeed, if x,y,z € X and p(x,y) = 16**! then Z(x) #
1 (y). It follows that either P (z) # Pi(x) or Pi(z) # Pi(y). Thus by the definition of p we have
that max{p(x,2), p(y,z)} > p(x,y). Note also that if p(x,y) = 165*! then Pi1(x) = Pre1(y), so that

dx(x,y) < diam(£(x)) < 161 = p(x, y). It follows that the identity mapping on X is a random non-
16k

5,2 we have

contractive embedding of X into the ultrametric (X, p). Finally, since whenever dx(x,y) <
Pi(x) = P(y), we are ensured that p(x, y) < 32n°dx(x, y) for every x,y € X.
Denote for x € X and i € Z, A;(x) = Bx(x, 16') \ Bx(x, 16/™1). For every j € N and k € Z we claim that

the following inclusion of events holds true

o(x,y)

Ay € Ap_i(x) 16/ >
{ Y=k dx(x,y)

> 16j+1} c {Bx(x,167) ¢ Z(w)}. (an
Indeed, assume for the sake of contradiction that (11) fails. Then it is possible that By(x, 16577y € Pr(x),
yet there exists y € Az j(x) satisfying 16/"2dx(x,y) > p(x,y) > 16/*'dx(x,y). Let s € N be such that
p(x,y) = 16°*1. Since y € By(x, 167/) we know that 16°*! = p(x,y) < 16/*2 - 165~/ = 16**2. Thus s < k.
Since y € By(x, 167/) € 22,(x) we also know that Z(x) = Z(y), which by the definition of p implies
that s # k. Thus s < k — 1. But since y ¢ Bx(x, 167/71) we have that p(x,y) = 165! < 16% < 16/ dx(x, y),
which is a contradiction to our assumption on y.
Using (11) we have

|Bx(x, 16Y)]

olx y) log
161 |Bx(x, 16k-1)|°

Pr|dy € Ap_i(x) 16772 > =222
[y - dxCry) ©

61”} <Pr [BX(x 167y ¢ %(x)]

Thus, since X = | J,cz Ai(x), we see that

Pr|16/*" > max 28V 5 16]] <Pr {3 € A 1671 > 28 o 16]}
[ vex\b) dx(x, ) g v e dx(x,y)
. , 32 Bx(x, 167771 512
< > Pr|3y e Ax) 165! NLC) Y <> Jog BxCe 167 )L_ 512
ieZ dx(x,y) 16/~ ! |Bx(x,16’+]_2)| 167

Hence, using the a priori bound p(x, y) < 32n%dx(x, ), it follows that

Llog,(32n2)]

E[ px, y)] 16Pr[ max LY 6] 4 > 16j+1Pr[16j+1 max LY 16]]
yEX\{x b dx(x,y) yex\tx dx(x,y) ~ = yex\tx) dx(x,y) —
Llog;4(321%)] 512
j+1 2
<16+ ; 16/ =TT logn =0 (1+(logn)).
This completes the proof of the upper bound in Theorem 1. m]

Remark 2. The above argument also shows that for every n-point metric space (X, dx) there exists a distri-
bution over non-contractive embeddings into ultrametrics f : X — U such that

EgIV f(X)lo = O (1 + (logn) log ®(X)),
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where ®(X) is the aspect ratio of X, which is defined by

DY) = diam X _ maxyyex dx(x,y)
Mingyex dx(x,y)  Mingyex dx(x,y)
X£Y XEY

3 Tight lower bounds for cycles, paths, and diamond graphs

As mentioned in the introduction, the metrics Y, in Theorem 1 are the diamond graphs of Newman and
Rabinovich [37], which will be defined presently. Before passing to this more complicated (and strongest)
lower bound, we will analyze the simpler examples of cycles and paths, which are of independent interest.

Let Cp,, n > 3, be the unweighted path on n-vertices. We will identify C,, with the group Z, of integers
modulo n. We first observe that in this special case the upper bound in Theorem 1 can be improved to
O(logn). This is achieved by using Karp’s embedding of the cycle into spanning paths— we simply choose
an edge of C, uniformly at random and delete it. Let f : C;, — Z be the randomized embedding thus
obtained, which is clearly non-contractive.

Karp noted that it is easy to see that as a probabilistic embedding into trees f has distortion at most 2.
We will now show that as a maximum gradient embedding, f has distortion @(log ). Indeed, fix x € Cy,
and denote the deleted edge by {a,a + 1}. Assume that dc,(x,a) =t < r/2 — 1. Then the distance from a + 1
to x changed from # + 1 in C,, to n — ¢ — 1 in the path. It is also easy to see that this is where the maximum

gradient is attained. Thus
2 n—t-1
EV/(Wlo ~ = Y ——— =0(logn).
t+1
0<t<n/2
We will now show that any maximum gradient embedding of C,, into a distribution over trees incurs distor-

tion Q(log n). For this purpose we will use the following lemma from [38].

Lemma 6. For any tree metric T, and any non-contractive embedding g : C, — T, there exists an edge
(x, x + 1) of Cy, such that dr(g(x),g(x+ 1)) > % -1

Now, let Z be a distribution over non-contractive embeddings of C,, into trees f : C, — T. By Lemma 6
we know that there exists x € C, such that dp(f(x), f(x + 1)) > % Thus for every y € C,, we have that
max{dy(f(y), (), dr(f(y), f(x+ 1))} > ’16i On the other hand max{dc,(y, x),dc,(y, x+ 1)} < dc,(x,y) + 1.

It follows that 3
n —_—
\% o2 .
IV 6dc. () 76
Summing this inequality over y € C,, we see that

n-3
Vil = —— = Q(nlogn).
);Cn OSkZSn/Z 6k +6

Thus |
max Eg[Vf(yleo = Z EglVf(Wlo = Q(logn),
yeCy n
yeCy
as required.
We will now deal with the more complicated case of maximum gradient embeddings of the unweighted
path on n-vertices, which we denote by P,, into ultrametrics. The following proposition shows that Theo-

rem 1 is optimal when one considers embeddings into ultrametrics. This is weaker than the lower bound in
Theorem 1, which deals with embeddings into arbitrary trees (note that P, is a tree).

11



Proposition 7. Let 2 be a distribution over non-contractive embeddings of P, into ultrametrics [ : P, — U.
Then there exists x € Py, such that Eg|V f(x)l = Q((log n)?).

Before proving Proposition 7 we record the following numerical inequalities.
Lemma 8. The following elementary inequalities hold true:

1. Foreverya,b€{0,1,2,...},

a(log a)® + b(log b)* > (a + b) (log(a + b))* — 2

1+ log(ﬂ)]alog(a + ).
a

2. Forevery x> 1, (1 +logx)logx < 4+/x.

Proof. The first inequality is trivial if @ = 0 or b = 0, so assume that a,b > 1. Denote for t > 0, Y(r) =

t(log £)%. Then
a+b
f W' (Hdt
b
+b

f ' |(log 1? + 2log ] d
b
a(log(a + b))* + 2alog(a + b)

(a + b) (log(a + b))* — b(log b)

IA

b
a(log a)® + a[log(a + b) + log a] - log (i) + 2alog(a + b)
a

IA

a(loga)® +2

1+ log(ﬂ)]alog(a + b,
a

proving the first assertion in Lemma 8.
The second assertion in Claim 8 follows from the inequality log x < 2+/x — 1, which is true since the
minimum of the function y = 2+fy — 1 —logy, which is attained at y = 16, is positive. O

Proof of Proposition 7. We think of P, as the interval of integers I = {0,...,n — 1} € R. Arguing the same
as in the case of the cycle C,, it is enough to prove that if (U,dy) is an ultrametric and f : P, — U is
non-contractive then

n—1

LN 94l = cltogn? (12)
n x=0

where ¢ > 0 is a universal constant.

Given a sub-interval J = {a,a+1,...,a+t} € {0,...,n—1} let m; be the largest pointm € {a+1,...,a+t}
for which dy(f(m — 1), f(m)) = || flsllLip = maxi<i<; dy(f(a+i—1), f(a+ i) (if t = 0 then we set m; = a).
Since the distortion of J in any embedding into an ultrametric is at least |/| — 1 (see Lemma 2.4 in [33]), we
know that dy(f(my—1), f(my)) >t = |J|— 1. We shall denote in what follows J, to be the shorter of the two
intervals {a,a+1,...,my— 1} and {my, ..., a + t} (breaking ties arbitrarily), and J, will denote the longer of
these two intervals (when |J| = 1 we use the convention J; = Jp). Thus J = J5 U Jp, and |Js| < |Jp|. Finally,
let x; be the point in Jg which is closest to J;, (so that x; € {my, m;_1}).

12



We define a function gy : J — R inductively as follows. If I < |J5| < V/|J] then

84,(x) if x € Js\ {x,},
/(0 = {4 [1+1og (BY)| 15l 10g Il if x = x5, (13)
g]],(-x) lfx € Jb.

If, on the other hand, |J5| > V|J| then

g7, (x)  ifxeJsand |x - x;1 > VIJ4,
g0 ={EL ifx e gy and |x — xg] < VT, (14)

[x—x0+1

gjb(x) if x e Jp.

The following claim summarizes the crucial properties of the these mappings. Recall that we are using
the notation I = {0,...,n— 1}.

Claim 9. The following assertions hold true for every sub-interval J C I.

dy (S ®.SO)

1. Forevery x € J we have g;(x) < |[V(f])) ()| = Maxye (x) =

2. Foreveryxe J, g;j(x) <|J| - 1.
3. If|Jsl = VJ and |x — x| < V|Jy| then 87,(x) < 4Vl|Jgl.

Proof. The proofs of all of the assertion in Claim 9 will be by induction on J. To prove the first assertion
assume first that 1 < |Jg| < +V|J|. From the recursive definition in (13) it follows that we should show
that 1 [1 +log ()] 15 log 1/l < V(f1,)(x))le. Since x; € {m; — 1,my} the definition of m; implies that
[V(f1,)(xp)leo > |J| = 1. Thus it is enough to show that %(l +1log|J]) ViJlog|J| < |J] - 1, which follows
from the second assertion in Lemma 8. If, on the other hand, |J,| > V/|J] then from the recursive definition
in (14) it follows that it is enough to show that for every x € J; we have |x|_J)|C;|1+ 7 < IV(f1)(X)le. But since U
is an ultrametric we know that

V=1 <dy(f(my — 1), f(my)) < max{dy(f(x), f(m; — 1)), dy(f(x), f(m))},

which implies the required lower bound on [V(f|;)(x)|« since x; € {my — 1,m;}. The second assertion in
Claim 9 is proved similarly.

It remains to prove the third assertion in Lemma 9. Let K C J; be the sub-interval of J; in which
the value of gy (x) was first set. In other words, K C J; is the smallest interval for which x € K, and
gk(x) = gy, (x). It follows in particular that |x — xx| < VIK,|. Also, by construction it is always the case that
either K or K}, is contained in the interval [min{xg, x;}, max{xg, x;}]. Since K, is shorter than K, we are
assured that

Kl < Ik = %1 < g = x| + e = ] < V1K + V1l < 23174, (15)
If |K,| £ V|K]| then necessarily x = xg and gx(x) was determined by the second line in (13). Hence

1
gs,(x) = gg(x) = 3

K] 1 e e
)] |Ks|10g|K| < Z [1 + log|-]s|] \ |Js|10g|~]s| <4 |Js|’ (16)

l+log(|K|
N

where we used (15) and the last inequality in (16) follows from the second assertion of Lemma 8.
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Otherwise |K;| > VI|K| and gg(x) was determined by the second line in (14), i.e.

K| -1

g7,(X) = gg(x) = < |K| < K> < 414,
|x — xg|+ 1

where we used (15). This completes the proof of Claim 9. O

With Claim 9 at hand we are in position to conclude the proof of Proposition 7. We will prove by
induction on |J| that

> gs(x) > clJIlog I)?. (17)
x€J
This will prove (12), and hence imply Proposition 7, since by the first assertion of Claim 9 we get that

=

IVl = D g1(x) = en(log n)’.

1
=0 xel

o

Inequality (17) trivially holds true with small enough constant ¢ if |J] < 20, so assume that |J| > 2°. To
prove (17) we distinguish between two cases. If | /| < V|J] then since g 7,(x7) < |Jsl (by the second assertion
in Claim 9) we see by induction that

D) = g+ Y g0+ gi(xs) - g4,(x)

xeJ xeJ, xeJy
> c(15l00g s + 1pllog [Jp)?) + 2|1 + log(%)] |7l log |71 = 1] (18)
> C|J|(log|J|)2—2(: 1+log(%) |Js| log |J] + 1+log(%)} | /| log |J] (19)
s s
> clJI(log |77, (20)

where in (18) we used the inductive hypothesis and the inductive definition in (13) , in (19) we used
Lemma 8, and (20) holds for ¢ < %
On the other hand if |J,| > V/|J] then

JI-1
Dl = Dl D g+ ) (pc!cﬁ - gmx)) @1

xeJ xeJy xeJp, xeJy

4
[x=x 1< V|l

> clJ|(log|J])* - 2¢ 1+10g(|—)
I A

> clJl(log |71, (24)

25| 1] ad - 1 2
> clJ(log|J)) —26»1+10g(m)_ |75 log |J| + kz_é m—Slel/ (22)
> clJ|(log|JN)* - 2¢ 1+ 1og(%)— |75l log 7] + }L(m — Dlog|Jsl - 8lJ1P"*
L JSl ]

1
sllog|J1+ 2 (/] = D log|Ji (23)

where in (21) we used the inductive definition in (14), in (22) we used the inductive hypothesis, Lemma 8
and Claim 9, and inequalities (23) and (24) hold for |J| > 2°0 and small enough ¢, respectively, since
% < |Js| > V|JI. This completes the proof of Proposition 7. O
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We now pass to the proof of the lower bound in Theorem 1 in its full strength, i.e. in the case of maximum
gradient embeddings into trees. We start by describing the diamond graphs {G};” |, and a special labelling
of them that we will use throughout the ensuing arguments. The first diamond graph G is a cycle of length
4, and Gy is obtained from Gy by replacing each edge by a quadrilateral. Thus Gy has 4 edges and #
vertices. As we have done before, the required lower bound on maximum gradient embeddings of Gy, into

trees will be proved if we show that for every tree T and every non-contractive embedding f : Gy — T we

have
D DIVl =0 (R). (25)

ecE(Gy) xee

Note that the inequality (25) is different from the inequalities that we proved in the case of the cycle and
the path in that the weighting on the vertices of Gy that it induces is not uniform— high degree vertices get
more weight in the average in the left-hand side of (25).

We will prove (25) by induction on k. In order to facilitate such an induction, we will first strengthen
the inductive hypothesis. To this end we need to introduce a useful labelling of G;. For 1 < i < k the
graph Gy contains 4~ canonical copies of G;, which we index by elements of {1,2,3,4}*" and denote
. These graphs are defined as follows—see Figures 1 and 2 for a schematic description.

Figure 1: The graph G, and the labelling of the canonical copies of G contained in it.

Figure 2: The graph G5 and the induced labelling of canonical copies of G1 and G,.

{ Ea]}ae{],2,3,4’k—i
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Formally, we set G% = Gy, and assume inductively that the canonical subgraphs of G;—_; have been
defined. Let Hy, Hy, H3, Hs be the top-right, top-left, bottom-right and bottom-left copies of G- in Gy,
respectively. For a € {1,2,3,4}*"17" and j € {1,2,3,4} we denote the copy of G; in H ; corresponding to

(k—1) (k)
Glay bY Gljay-

Forevery 1 <i<kanda €{1,2,3, 431 Jet T[(Z, BEI;)], LEI;)], Rg?] be the topmost, bottom-most, left-most,
(k)

and right-most vertices of G(Z)], respectively. We will construct inductively a set of simple cycles %[, in G[a]
and for each C € %}, an edge ec € E (¢{q)), with the following properties.

1. The cycles in 6}, are edge-disjoint, and they all pass through the vertices T, [((]3, BEI;)], Lg?], REZ)] There
are 2! cycles in %la» and each of them contains 21 edges. Thus in particular the cycles in o) form
a disjoint cover of the edges in Gg;)]

2. 1f C € %oy and ¢ = {x,y) then dr(f(x), f() = 2o —

3. Denote Efy; = {ec : C € oy} and A; = Uee(1 2345 Eje). The edges in A; will be called the
designated edges of level i. For a € (1,2,3,4} C e Gla) and j < ilet Ai(C) = A; N E(C) be the

70 w0 _ g

(@1 ~ Lia) ~ Blgy @nd

designated edges of level j on C. Then we require that each of the two paths

(k) (k) (k) s : i—j—1
T\, — Ry, — By, in C contain exactly 277" edges from A ;(C).

}k—l

The construction is done by induction on i. Fori = 1 and a € {1,2, 3,4} we let 6], contain only the

4-cycle Gg?] itself. Moreover by Lemma 6 there is and edge ;0 € E (Gg?]) such that if £;0 = {x,y} then
la] [a]

dr(f(x), f(y)) = % This completes the construction for i = 1. Assuming we have completed the construction
for i — 1 we construct the cycles at level i as follows. Fix arbitrary cycles Cy € 6{141, C2 € 61241, C3 € (301
C4 € Claa)- We will use these four cycles to construct two cycles in ¢J,). The first one consists of the
T® — REk) path in C; which contains the edge g¢,, the REI;)] - BEk) path in C3 which does not contain the

[a] a] a]

edge &c,, the BE’;)] - LEI;)] path in C4 which contains the edge &¢,, and the LEI;)] - T[(Z path in C> which does
not contain the edge €¢,. The remaining edges in E(C;) U E(C2) U E(C3) U E(C4) constitute the second
cycle that we extract from Cy, Ca, C3, C4. Continuing in this manner by choosing cycles from €107 \ {C1},
G201 \ {C2}, G130 \ {C3}, Glaa) \ {Ca) and repeating this procedure, and then continuing until we exhaust
the cycles in 6147 U G201 U €301 U €laa], We obtain the set of cycles 6,. For every C € ¢, we then apply
Lemma 6 to obtain an edge &¢ with the required property.

For each edge ¢ € E(Gy) let @ € {1,2,3, 4} be the unique multi-index such that e € E (GEZ)]) We
denote by Cj(e) the unique cycle in ¢}, containing e. We will also denote e;j(e) = £c,.). Finally we let

ai(e) € e and bj(e) € e;(e) be vertices such that

dr(f(ai(e)), f(bi(e))) = max dr(f(a), f(b)).

beei(e)

Note that by the definition of ¢;(e¢) and the triangle inequality we are assured that

1 2i+l 21'
dr(f(ai(e)), f(bi(e))) = 5( 3 1) 2 (26)

Recall that we plan to prove (25) by induction on k. Having done all of the above preparation, we are

now in position to strengthen (25) so as to make the inductive argument easier. Given two edges e, h € Gy
we write e —~; h if both e, i are on the same canonical copy of G; in Gy, Ci(e) = Ci(h) = C, and furthermore
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e and h on the same side of C. In other words, e —~;  if there is @ € {1,2,3,4}* " and C € %o such that if
we partition the edges of C into two disjoint T[((]g - BEI(?] paths, then e and /4 are on the same path.

Let m € N be a universal constant that will be specified later. For every integer { < k/m and any
@ €{1,2,3,4} define

Li(@) = L Z le{laxf} dr(f(aim(e)), f(bim(e))) A 2™ '

m —
4mt oy L dg, (e, eim(e)) + 1
eeE(G[a]) e~ im€im(e)

We also write Ly = minyeqy 3. 4ye-nt Le(a). We will prove that Ly > L¢—y + ¢f, where ¢ > 0 is a universal
constant. This will imply that for £ = | k/m] we have L, = Q(k?) (since m is a universal constant). By simple
arithmetic (25) follows.

Observe that for every a € {1,2, 3, 4}k=ml e have

l ! d im > bim 2im
L@ = 24} oY 1(f @in(@)). fbin(@)) A

m i€{l,....t} de(e,?im(e)) +1
Bel12.3, e<E(Gip,) e~imEim(e)

1 Z 1 Z | {{nax dr(f(apm(e)), f(biu(e))) A 2"

4m 4m-1) L e, (-1 dg,(e,e; +1
Bel1,2,3,4)m eEE(GEZQ]) eﬁ,-m?,-m(e)} Gk(e 31171(6))

+L Z max<0, dr(f(aeu(e)), f(ben(e))) A olm '

dy(e.etn(@) + 1 (e memel

dT(f(aim(e))’ f(blm(e))) A 2im

ie(lte1) dg, (e, eim(e)) + 1

= 5 > Lo

Bell,2,3,4)m

: Z max <0, dr(f(aem(e)), f(ben(e))) A olm

+_ — . P
4nt d, (e eum(€) + 1 Tl
eeE(Gly))
3 dr(f(aim(e)), f(bim(e))) A 2"
iefl,...0~1) dg, (e, eim(e)) + 1
eAim’Eim(e)
1 dT(f(a[m(e))’ f(bt’m(e))) A 2€m
> L+ — 0, = A, 2
-1 gmt Zk max de(e, em(e)) + 1 le~wmewn(e)}
ecE(GL))

dr(f(aim(e)), f(bim(€)) A 2"

ie(lte1) dg,(e,eim(e)) + 1
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Thus it is enough to show that

A LS Jo, @), fu@) n 2

— N TP
dc, (e etm(e)) + 1 e mem(@)

dT(f(aim(e))7 f(bim(e))) A 2”"

iellonl1) dg, (e, eim(e)) + 1

eﬁim/e\im(e)

= Q). (27)

To prove (27) denote for C € 6

Sc=1e€EC): ec ~¢ne and

dr(f(am(e)), f(bin(€))) A 2" o 1 dr(faen(@)), f(ban(e))) A 20

(L1} dg, (€, em(e)) + 1 =2 dg, (e, etm(e)) + 1

e~imCim (e)

Then using (26) we see that

A > I Z Z dr(f(aen(e)), f(ban(€)) A 27"

. qml —
2 4 Ce(glar] CGE(C)\SC dG/((e9 efm(e))—'—l
EC ™ me
Ly oy dr(f(@on(©), fbon(@) A2 1 3y ), S o) A 20
- 4mn e . qmt -
2.4 [c%,, Lt dg, (e, em(e)) + 1 2-4 = dg, (e, emm(e)) + 1
EC ™ tm€
ml—1
1y 22 201§ 3 ). (o) A2
. qmt ; . Amt —
2. 4m &5 12i  2-4m e & dg, (e, erm(e)) + 1

tm
Q(l .|Cg[a]|,2mt’,m5)_ L5 57 dr @), SN 12

ml 5. amt —
! 2-4 CEblqa) €€S ¢ dg (e, em(e)) + 1

I
2
3

D>

1 d m s f[(bem 2fm
- Z Z r(f(@mm(€)). f(bem(€)) A 27" (28)

CE€Gja) €€S ¢ dg,(e,emm(e)) + 1

To estimate the negative term in (28) fix C € %j4). For every edge e € S¢ (which implies in particular
thateg,,(e) = &c) we fix an integer i < € such that e ~;;, ej,,(e) and

2m o dr(f@im(e)), f(bin(e)) A 20m o L dr(flam(e)), f(ben(€)) A 20m
dg, (e, eim(e)) +1 dg, (e, eim(e)) + 1 2 dg, (e, egm(e)) + 1
1 2[111
> — . _—
12 de(e, eo)+ 1
or
d (e, em(e)) + 1 < 204 [ge (e, 8c) + 1]. (29)
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We shall call the edge ¢;,,(e) the designated edge that inserted e into S ¢. For a designated edge € € E(C) of
level im (i.e. € € A, (C)) we shall denote by &¢(g) the set of edges of C which ¢ inserted to S ¢. Denoting
D, = dg,(g,ec) + 1 we see that (29) implies that for e € &¢(g) we have

D, — [dg,(e.ec) + 1]| < 29" [dg, (e, ec) + 1]. (30)
Assuming that m > 5 we are assured that 20=07+4 < % Thus (30) implies that

& &

< de(e, ec)+1<

1 + 26-Om+4 — 1 = 2U=-Om+4"
Hence
-1
D dr(f(aen(@)), f(ben(e))) A 2" 5 20
EESC de(e’ e'fﬂ’l(e)) + 1 i=1 SEAim(C) eEéDC(é‘) de(ev 8C) + 1
(-1 tm
2
Yy oy 2
i=1 eeAjp(C) JEN
" +2(il—)?)m+4 <Jjs ]_z(il—)%mw
-1 i
1+ 2(1 Om+4
_ tm ) . - -
= 0(1) -2 > |Ain(O)] - log (1 — z(i_f),,l+4)

i=1
= 0Q)- olmp  A(l=iim  AG=Om _ o(1) - Almyp

Thus, using (28) we see that

1

A= Q) - 0()

|G| 27 € = Qme) — O(1)€ = Q(0),
provided that m is a large enough absolute constant.
This completes the proof of the lower bound in Theorem 1. O

4 Monotone clustering problems

In this section we give some examples which illustrate how certain monotone clustering problems can be
solved efficiently on ultrametrics. Our arguments are quite flexible, and apply in more general situations.
Before passing to these algorithms, we make a few general remarks on the framework for monotone cluster-
ing that was discussed in the introduction.

In the definition of monotone clustering we required that I'(x, d, P) is homogeneous in d. One might
wonder whether it is possible to consider also higher orders of homogeneity, i.e. clustering cost functions I'
which satisfy I'(x, Ad, P) = APT'(x, d, P) for some p > 1. For the proof of Theorem 2 to work in this setting
we need a distribution over non-contractive embeddings into ultrametrics f : X — U with a polylogarithmic
upper bound on the expected value of |V f(x)[%. Unfortunately, this is impossible to achieve in general.
Indeed, let f : C, — T be a random non-contractive embedding of the n-cycle into trees. Lemma 6 implies
that there exists an edge (x, x + 1) € E(Cy) for which d7(f(x), f(x + 1)) > 2 — 1. Thus

P
D a0 fO)Y 2

T 12p
{xyI€E(Cy)
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Taking expectation we see that

1 n?

EVFR 2~ Y BV 2 .

max B[Vl 2 - Vi@l 2 757
xeV(Cy)

We note, however, that the proof of Theorem 2 used the homogeneity of I in a weak way. In order to get
a polylogarithmic reduction to ultrametrics is enough to assume, for example, that for every 4 > 1 we have
['(x, Ad, P) = O (polylog(n)) - A - T'(x,d, P).

Our second remark concerns the fact that the solution space for monotone clustering problem that was
presented in the introduction was 2X2% Thisis a huge space, and as we have seen in Section 1.1, by setting
the clustering cost function to be co on certain possible clustering solutions it is possible to reduce the size
of this space. Additionally, in the arguments is Section 1.1 the cost function I' ignored the structure of the
solution space. Thus in a more generic formulation of the monotone clustering framework we can assume
that the solution space is some abstract finite set §(X). For example, in our version of the fault-tolerant
k-median problem we can take the solution space to be (),f)

4.1 Monotone clustering on ultrametrics via dynamic programming

We now pass to the design of some monotone clustering algorithms on ultrametrics. It is a standard fact (see
for example [6]) that any ultrametric (U, d;;) can be represented as follows. There is a graph theoretical tree
T = (V,E) such that U is the set of leaves of T. The vertices of T are labelled by A : V — [0, o0) and for
every u,v € U we have dy(u,v) = A(lca(u, v)), where Ica(u, v) is the least common ancestor of ¢ and v in 7.
We may, and will, assume in what follows that every vertex of T is either a leaf or has exactly two children.

We begin by showing that the fault-tolerant version of the k-median problem described in (5) can be
solved exactly on ultrametrics.

Lemma 10. The minimization of the objective function in (5) can be solved exactly on any n-point ultramet-
ric in time O(kn?).

Proof. Let (U,dy) be an n-point ultrametric and let T = (V, E) be a binary tree with vertex labels A : V —
[0, c0) which represents U. We also assume that we are given fault-tolerant parameters {j(u)},ey. For every
v € V let T, denote the subtree of T rooted at v. Define forve Vand s € {0,...,k}

cost™(v, §) = min Z dy (x, xj.(x)(x; dU)) DXL, X2,...,x €T, NU}. 3D
xeT,NU
J(x)<s

Our goal is to compute cost*(r, k), where r is the root of T. This will be done using dynamic program-
ming. For any leaf u € U and s € {0, ..., k} define cost(u, s) = 0. Let v € V be an internal vertex with two
children u, w € V. Define recursively

cost(v, s) = min [cost(u, ) + cost(w, s — )
t€{0,...,5}

+AW) (X e€T,NU: t<j) < s +HxeTyNU: s—1< jx) < sl)]. (32)

A bottom-up computation of the dynamic program in (32) computes cost(v, s) naively in O(kn?) time.
We will be done if we show that cost(v, s) = cost*(v, s) for any v € V and s € {0,...,k}. The fact that
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cost*(v, s) < cost(v, s) is obvious since (32) computes a feasible solution of (31) (this fact is proved by a
straightforward induction).

We prove the reverse inequality by induction on the distance of v from the leaves of 7. Let x1,...,x; €
T, N U be such that

cost™(v, §) = Z dy (x,xj(x)(x;dy)).

xeT,NU

J(X)<s
Let u,w be the children of v in 7. We may reorder the points so that for some ¢ € {0,...,s} we have
{x1,....,x} =T, N{x1,..., x5} and {x;41, ..., x5} = T\ N {x1, ..., xs}. Then

cost*(v, 5) = Z dy (x, X (x:dv)

xeT,NU
J0<s
= ) du(wxiydn)+ Y du(xx,xdy)
xeT,NU xeT,,NU
JO<t J(x)<s—t
+AW) - (xeT, NU: t< jx)<s}|+l{xeTyNU: s—t< j(x)<s}|) (33)
> cost*(u, 1) + cost (w, s — 1)
+AW) - (xeT, NU: t< jx)<s}|+l{xeTyWwNU: s—t< j(x)<s}) (34)
> cost(u,t) + cost(w, s — 1)
+AW) - ({xeT, NU: t< jx) < s+ {xeTyNU: s—1< j(x)<s}) (35)
> cost(v, s), (36)

where in (33) we used the fact that the tree T represents the ultrametric (U, dy;), in (34) we used the definition
of cost™(u,t) and cost*(w, s — t) given by (31), in (35) we used the inductive hypothesis, and in (36) we
used (32). O

Our final result is the proof of Lemma 3, which yields a FPTAS for the ¢, clustering problem on
ultrametrics. We start with the following inequality.

Lemma 11. Fix p > 1 and assume thatay > a, > --- > a, > 0and by,...,b, > 0. Then

P PN/p , p p
Z(aj+bj) 22a1+{a1+2bj] .
=1 =2 =1

Proof. The proof is by induction on n, and the inductive hypothesis simplifies to

n 1/p n+1 1/p
[a’f + Z bf] —dntl 2 [61117 * Z b?] - (a5+1 + b5+1)1/p' G7)
j=1 j=1

Denote for x > 0

l/p
n
f(x) = {all’ + Zb? + x] - (af;rl +x)l/P,
=1
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Inequality (37) is f(b”.,) < f(0), so it is enough to prove that f is decreasing. But

n+1
1 1 1 1 <0

— < _ <0,
P(af + Zl}:l b;’ + x)]_l/p p(a5+1 + x)]_l/p p(a’lJ + x)]_l/p p(af;l + x)]_l/p

f)=

since ap > dp+1. O

Proof of Lemma 3. Let (U,dy) be an n-point ultrametric and let 7 = (V, E) be a binary tree with vertex
labels A : V — [0, o) which represents U. Forv e V, £ € {0,...,k}, s € {0,...,n} and t € [0, c0) define
B*(v, ¢, s, t) to be the minimum cost according to (7) to cluster 7, N U using ¢ sets and centers, when we are
allowed to exclude s points from 7', N U, and the most costly cluster has cost .

We next define a “pseudo cost” B(v, ¢, s, t) inductively as follows. If v is a leaf then define B(v,1,0,0) =
B(v,1,1,0) = B(v,0,1,0) = 0, and for all other values of ¢, s, we set B(v,{, s,1) = co. When v has children
u and w define:

B(v,t,s,t) = min< B(u, {1, s1,t1) + Bw, {2, 52, 12)

51,71,82,72€{0,...,5},
11,12€[0,¢],
1 1 €1€{0,...,¢},
ri1<sy,
+ (7 + nAWP) " =+ (A rA0P) T - M5,
S=S§1+S2—r1—rp,
{=t1+03,

t:max{(tf+r2A(v)p) e (t§+r1 A(v)p)] /p}

With these definition we will prove the following claim by induction.

Claim 12. Foreveryve T, L €{0,...,k}, s €{0,...,n} and t € [0, ) we have
B*(v, ¢, s,1) = B, L, s,1).

Assuming the validity of Claim 12 for the moment, we conclude as follows. The dynamic programming
algorithm described above does not suffice since the parameter 7 takes values in the range [0, co0), while we
need it to take only poly(n) values. We fix this issue using an argument which is based on ideas from [5].

Normalize the distances in U so that the minimum distance is 1, and denote ® = diam(U). We can
clearly assume that ¢ < n®. Assume first of all that we can ensure that 1 < A = O (poly(n)). Once this is
achieved then all we need to do is to apply a standard discretization procedure as follows. Fix an integer
M > 0 which will be determined presently and let A’ = {0,A/M,2A/M,...,A}. Fort € [0,A] denote by
rd(?) the rounding of ¢ to its closest value in A’. We can now define a discretized dynamic programming
procedure B’'(v, ¢, s, T), where v, {, s take the same values as in the definition of B(v,{, s,t) and 7 € A’. This
is done by defining as before for a leaf v € U B(v,1,0,0) = B(v,1,1,0) = B(v,0,1,0) = 0, and for all other
values of ¢, s, T setting B(v, ¢, s, T) = co. When v has children u and w define:
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)1/17

B'(v,€,s,7) = min{rd ((Tf + AWy -7+ (TéJ + 1 A(v)P)l/p - Tz)

51,71,52,12€{0;..., s},
Tl,T2€A/,
fle{%m,f},
/ / . =81,
+B (Lt,fl, Sl,Tl)+B (W,fz, SZ’TZ) . <s2,
§=81+S52—r1—1r,
[:€1+f2,

T:rd(max{(rf+r2A(y)p)1/P’ (T§+r1 A(v)p)l/p})

It is straightforward to check by induction that foranyve V, £ € {0,...,k}, s € {0,...,n} and t € [0, A] we

have AT,
B, €, s,t) — B'(v, £, s,1d(®))| < A/; .

Since the optimal value of the X{, clustering problem is at least 1 (excluding trivial cases), as this is the
smallest distance in U, B” will yield an approximation algorithm for this problem whose multiplicative error
is bounded by 1 + O(n/M). Taking M = n/e for some € € (0, 1) we obtain the required PTAS.

We therefore need to argue that we can ensure that + = O(poly(n)). Recall that we can assume that t <
n®. Let P = {(x1,Cy), ..., (x, C)} be the (yet unknown) optimal solution of the X¢, clustering problem with
k-centers on U. Let & be the maximum length appearing in the solution, i.e. £ = max<;<x MaxXyec; dy(x;, X).
Fix € € (0, 1) and define two “levels” of the tree T by

L={veV: A®W) < h < Alparent(v))},

and
Q0= {v eV: Alv) < % < A(parent(v))}.
n

Let 77 be the subtree obtained from 7" by deleting the subtrees {7, \ {v}},¢(, and let U’ denote the leaves of
T’. Equivalently, U’ is obtained from U by contracting all distances smaller that eh/n>. It is straightforward
to check that costy: (P) < costy(P) < (1 + &) costyr (P).

Note that for every v € L the aspect ratio (i.e. the ratio of the diameter and the shortest distance) of
T/ NU’ is at most n?/e. So, by the above reasoning (in the case of an a priori polynomial bound on #) we can
approximate in polynomial time the value of B*(v,{, s, ) up to a factor 1 + O(¢). It remains to “glue” these
approximate solutions to a solution of the £, clustering problem on 7. This is done by a (simpler) dynamic
programming argument as follows. Denote by T the subtree of 77 whose root is the same as that of 7’ and
whose leaves are L. For v € T let C*(v, ¢) be the optimal solution of the X¢,, clustering problem on T, with
¢ centers and assuming that the largest distance appearing in the solution is at most 4. We calculate C*(v, £)
by dynamic programming: For v € L define C(v, ) = min, B*(v,{,0, ), and if v has two children u, w in T
then

Cw, &) =min{C(u, (1) + Cw, &) : €1 €{0,..., L}, {1+ = £},

A straightforward induction shows that C*(v, ) = C(v, {).

The only thing that is left to be explained is how to find the value /. This is done by exhaustive search:
We try all the (;) possible values of %, do the above procedure for each of them, and take the minimum of
the values that we get.
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The proof of Lemma 3 will be complete once we prove Claim 12, We first note that B*(v, ¢, 5,1) <
B(v, ¢, s,1). This is true because B(-) represents a feasible solution of B*(:). The proof of this fact is by
induction. If u, w € V are the children of v in T then there exist s1, 52, t1, f2, ¥1, 12, €1, {2 such that

)I/P

1
B, €, s,t) = B(u,tq, s1,11) + Bw, €3, 50,1) + (l‘f + rzA(V)p -1+ (l‘éJ + rlA(v)p) Ip -1,

where 51,711,582, € {0,...,5}, 1, € [0,1], 6 € {O,...,f}, rn <81, < 8,8 =85 +8$—1r—rnr,
t =1 + {,, and t = max {(tf + rzA(v)P)l/p, (tg + rlA(v)P)l/p}, By the inductive hypothesis B(u, {1, s1,11)
and B(w, {2, s2,1) correspond to feasible solutions of B*() on T, N U and T,, N U, respectively. Hence
B(v, ¢, s,t) corresponds to the following feasible solution: Take the union of the centers in 7}, N U and
T,,NU and retain all the current clusters in 7, " U and T\, N U as is. Next add arbitrary r; unclustered points
from 7, N U (from the pool of s; unclustered points that we are assuming exist in 7', N U) to the cluster with
the most weight in 7,, N U, and similarly add r» unclustered points from 7}, N U to the cluster with the most
weight in 7}, N U. This creates the required feasible solution.

We next prove by induction that B*(v, ¢, s,1) > B(v,{, s,t). Consider the clustering solution at which
B*(v, ¢, s,1) is attained. It corresponds to s excluded leaves yy,...,ys € T, N U, k “centers” xy,...,x¢ €
Ty U\ {y1,-..,ys} and a partition {Cy, ..., C¢} of (T, N U) \ {y1,...,ys} such that

¢ 1/p
B, €, s,1) = Z[Z d(x, xj)p] .

j=1 \xeC;

Moreover, assuming without loss of generality that

d(x, x1)P = d(x, x;)"
Z (x, x1) jer{r}axf} XZC: (x, xj)
J

xecy, ST

the definition of B*(v, ¢, s, t) guarantees that

xECl
By reordering the points we may assume that x1,...,x,, € T, and x¢, 41, ..., X¢,+¢,, € Ty (recall that €1+ =
{). Denote
01 {1+
UC]- NnNT,|=r and U Ci|NnTy|=rr.
J=1 j=t1+1

Finally, we may assume that

def
nh = d(x, x1)? = max d(x, x)?,
1E ) dway = max ) duy)

xeCintr, b xeC;NT,
and
def p p
th = Z d(x,x¢,+1)Y =  max Z d(x, xj)P.
Jjetbi+1,....6+62})
)CEC(I.H NT,, XECjﬂTw
Denote
£ {1+
Av=|lJci|nTw and 4, =| | ) ¢ifnT.
j=1 j=t+1
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We also write s1 = [{y1,...,ys} N Tyl +ryand 55 = |{y1,..., ¥} N T,| + 7, s0that s = s1 + 50 — 1] — 12,

Note that by definition

£ 1/p
Dl DL dex | =B b, (38)
j=1 XECI'QTM
and
f] +fz ]/p
D, dsx)P | 2 B b, s,b), (39)
j=ti+1\xeC;nT,
Thus
fl ]/[7 fl +€2 1/]7
B Gsn= Y| Y dox)’ +IC0AJAWY |+ D0 | Y dxp)P +1C; 0 AJAWY
j=1 | xeC;NT, j=ti+1 | xeC;NT,,
1 1
> B'uw b1, s1.11) + B, £, 52.12) + (1 + Ay P (% + rAWY) " _h (40)
1 1
> Bl b, 51,0 + Bov, G52, 12) + (4 128A0P) 7 =ty + (2 + mnawy) " -1, @1
> B, {, s,1), (42)
where in (40) we used Lemma 11 together with (38) and (39), in (41) we used the inductive hypothesis, and
in (42) we used the definition of B(-). This completes the proof of Lemma 3. O
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