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Abstract

An embedding of one metric space (X,d) into another (Y,p) is an injective map
f X — Y. The central genre of problems in the area of metric embedding is finding
such maps in which the distances between points do not change “too much”.

Metric Embedding plays an important role in a vast range of application areas such
as computer vision, computational biology, machine learning, networking, statistics, and
mathematical psychology, to name a few. The mathematical theory of metric embedding
is well studied in both pure and applied analysis and has more recently been a source of
interest for computer scientists as well. Most of this work is focused on the development
of bi-Lipschitz mappings between metric spaces. In this work we present new concepts
in metric embeddings as well as new embedding methods for metric spaces. We focus
on finite metric spaces, however some of the concepts and methods may be applicable in
other settings as well.

One of the main cornerstones in finite metric embedding theory is a celebrated theorem
of Bourgain which states that every finite metric space on n points embeds in Euclidean
space with O(logn) distortion. Bourgain’s result is best possible when considering the
worst case distortion over all pairs of points in the metric space. Yet, it is natural to
ask: can an embedding do much better in terms of the average distortion? Indeed, in
most practical applications of metric embedding the main criteria for the quality of an
embedding is its average distortion over all pairs.

In this work we provide an embedding with constant average distortion for arbitrary
metric spaces, while maintaining the same worst case bound provided by Bourgain’s
theorem. In fact, our embedding possesses a much stronger property. We define the
lq4-distortion of a uniformly distributed pair of points. Our embedding achieves the best
possible £,-distortion for all 1 < ¢ < oo simultaneously.

The results are based on novel embedding methods which do well in another aspect:
the dimension of the host space into which we embed (usually L, spaces). The dimension
of an embedding is of very high importance in particular in applications and much effort
has been invested in analyzing it. Our embedding methods yield a tight O(logn) dimen-
sion. In fact, they shed new light on another fundamental question in metric embedding,
which is: whether the metric dimension of a metric space is related to its intrinsic dimen-
sion ? L.e., whether the dimension in which it can be embedded in some real normed space
is related to the intrinsic dimension, which is captured by the inherent geometry of the
metric space, measured by its doubling dimension. The existence of such an embedding,
where the distortion depends only on the intrinsic dimension as well, was conjectured
by Assouad and was later posed as an open problem by others. Our embeddings give
the first positive result of this type showing that every finite metric space attains a low
distortion (and constant average distortion) embedding in Euclidean space of dimension
proportional to its doubling dimension.

We also consider the basic problem of how well a tree can approximate the distances
induced by a graph, of particular interest is the case where the tree is a spanning tree
of the graph. Unfortunately, such approximation can suffer linear distortion in the worst
case, even for very simple graphs. We show an embedding of any metric into a tree metric



(in fact an ultrametric), and embed any weighted graph into a spanning tree both with
constant average distortion.
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Chapter 1

Introduction

The theory of embeddings of finite metric spaces has attracted much attention in recent
decades by several communities: mathematicians, researchers in theoretical Computer
Science as well as researchers in the networking community and other applied fields of
Computer Science.

The main objective of the field is to find embeddings of metric spaces into other more
simple and structured spaces that have low distortion. Given two metric spaces (X, dy)
and (Y, dy) an injective mapping f : X — Y is called an embedding of X into Y. An
embedding is non-contractive if for every u # v € X: dy(f(u), f(v)) > dx(u,v). The
distortion of a non-contractive embedding f is: dist(f) = sup,,cx disty(u,v), where

dist(u,v) = W. Equivalently, the distortion of a non-contracting embedding is
the infimum over values « such that f is a-Lipschitz.

We say that X embeds in Y with distortion « if there exists an embedding of X into
Y with distortion a.

In Computer Science, embeddings of finite metric spaces have played an important
role, in recent years, in the development of algorithms. More general practical use of
embeddings can be found in a vast range of application areas including computer vi-
sion, computational biology, machine learning, networking, statistics, and mathematical
psychology to name a few.

From a mathematical perspective embeddings of finite metric spaces into normed
spaces are considered natural non-linear analogues to the local theory of Banach spaces,
which deals with finite dimensional Banach spaces and convex bodies. The most classic
fundamental question is that of embedding metric spaces into Hilbert Space.

Major effort has been put into investigating embeddings into L, normed spaces (see
the surveys [Lin02, Ind01, IM04] and the book [Mat02] for an exposition of many of the
known results). The main cornerstone of the field has been the following theorem by
Bourgain [Bou85]:

Theorem 1 (Bourgain). For every n-point metric space there exists an embedding into
Euclidean space with distortion O(logn).

This theorem has been the basis on which the theory of embedding into finite metric
spaces has been built. In [LLR95] it is shown that Bourgain’s embedding provides an
embedding into L,, for any 1 < p < oo with distortion O(logn) and the dimension
of the L, space may be at most O(log®n). In this work we extend this result in two
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ways: we present an embedding with average distortion O(1) and dimension O(logn),
while maintaining O(logn) distortion. The same embedding also obtains the optimal /-
distortion, the notions of average and [ ,-distortion are defined in the sequel. Our result on
the average distortion and ¢,-distortion can also be extended to infinite compact metric
spaces.

In addition, we study the best possible dimension in which a metric space can be
embedded into normed space. The intrinsic dimension of a metric space, which may
be defined as its doubling dimension, is the best possible dimension one can hope for
(embedding into less dimensions may incurs arbitrarily high distortion). Assouad [Ass83]
showed that for a metric space (X, d) a "snowflake” version of the metric, (X, d”) for any
0 < v < 1 can be embedded into Euclidean space with constant distortion and dimension,
where the constant depend only on the doubling dimension of the metric and on v. He
conjectured that the same holds for (X, d), i.e. the case v = 1, but this was disproved
by Semmes [Sem96]. A natural variation on Assouad’s conjecture, now that we know a
constant distortion is impossible, is whether a constant dimension can be obtained with
low distortion. We show an embedding of any metric space into L, with low distortion,
and the dimension is of the same order of the doubling dimension. We also extend this
embedding to obtain constant average distortion as well as low dimension.

Embedding finite metric spaces into tree metrics has been a successful and fertile line
of research [AKPWO95, Bar96, Bar98, CCGG98, FRT03, EEST05]. These embeddings
provide very simple structure, that can be exploited to provide efficient approximation
algorithms to a wide range of problems, see [Ind01]. Previous work focused on probabilis-
tic embedding into trees, and graphs into spanning trees of the graph. The main results
are

e An embedding with O(logn) expected distortion into dominating ultrametrics (spe-
cial type of tree defined in the sequel), which can also be stated as an embedding
into a single dominating tree with O(logn) average distortion.

e An Embedding of a graph into a distribution of spanning trees of the graph with
O(log® nloglogn) distortion.

We study the special cases of embedding a metric into a single ultrametric, and of em-
bedding a graph into a spanning tree of the graph. Even though in the worst case
the embedding must incur linear distortion, we show that the average distortion can
still be bounded by a universal constant, and give a good bound on the /¢y-distortion
as well. In an additional result not included in this thesis (see [ABNO8b]) we improve
the result for spanning trees to the nearly optimal O(logn), where O(N) is defined as
O(N) = O(N) -log°?V N

Another line of work which is not included in this thesis (see [ABNO7b, ABN09]) is
local embeddings, in which better distortion bounds are obtained for pairs that are nearby
neighbors, while preserving the best possible worst case distortion bound.



1.1 On the Average Distortion of Metric Embed-
dings

The O(logn) distortion guarantied by Bourgain’s theorem is existentially tight. A nearly
matching bound was already shown in Bourgain’s paper and later Linial, London and Ra-
binovich [LLR95] proved that embedding the metrics of constant-degree expander graphs
into Euclidean space requires 2(logn) distortion.

Yet, this lower bound on the distortion is a worst case bound, i.e., it means that there
exists a pair of points whose distortion is large. However, the average case is often more
significant in terms of evaluating the quality of the embedding. Formally, the average

distortion of an embedding f is defined as: avgdist(f) = é > uzvex disty(u,v).

Indeed, in most real-world applications of metric embeddings average distortion and
similar notions are used for evaluating the embedding’s performance in practice, for ex-
ample see [HS03, HFC00, AS03, HBK*03, ST04, TC04]. Moreover, in some cases it is
desired that the average distortion would be small and the worst case distortion would
still be reasonably bounded as well. While these papers provide some indication that
such embeddings are possible in practice, to the best of my knowledge the classic theory
of metric embedding did not address this natural question. In particular, applying Bour-
gain’s embedding to the metric of a constant-degree expander graph results in Q(logn)
distortion for a constant fraction of the pairs®.

In this thesis we prove the following theorem which provides a qualitative strength-
ening of Bourgain’s theorem:

Theorem 2 (Average Distortion). For every n-point metric space there exists an em-
bedding into O(logn) dimensional Euclidean space with distortion O(logn) and average
distortion O(1).

In fact our results are even stronger. For 1 < ¢ < oo, define the ¢,-distortion of an
embedding f as:
(~dist(f) = E[dist ;(u, v)1]"4,

where the expectation is taken according to the uniform distribution U over ()2( ) This
can be thought of as taking the g-norm of the distortion function. The classic notion of
distortion is expressed by the /. -distortion and the average distortion is expressed by
the ¢;-distortion. Theorem 2 follows from the following:

Theorem 3 ({,-Distortion). For every n-point metric space (X,d) there exists an em-
bedding f of X into O(logn) dimensional Euclidean space such that for any 1 < q < oo,
,-dist(f) = O(min{q,logn}).

It is worth noting that requiring the embedding to be non-contractive is essential, see
Section 1.7 for discussion on the average distortion of Lipschitz maps.
A variant of average distortion that is natural is what we call distortion of average:

distavg(f) = z“’éiei djééz)g(v)) , which can be naturally extended to its {,-normed version
uFvVE ’

termed distortion of £,-norm. Theorems 2 and 3 extend to these notions as well.

!Similar statements hold for the more recent metric embeddings of [Ra099, KLMNO04] as well.



Besides ¢ = oo and ¢ = 1, the case of ¢ = 2 provides a particularly natural measure. It
is closely related to the notion of stress which is a standard measure in multidimensional
scaling methods, invented by Kruskal [Kru64] and later studied in many models and vari-
ants. Multidimensional scaling methods (see [KW78, HS03]) are based on embedding of
a metric representing the relations between entities into low dimensional space to allow
feature extraction and are often used for indexing, clustering, nearest neighbor search-
ing and visualization in many application areas including psychology and computational
biology [HFCO00].

These results are proved in Chapter 4, in particular Theorem 18 combined with
Lemma 2.1 proves the above mentioned theorems.

1.2 Low-Dimension Embeddings

Our new embeddings into L, improve on the previous embedding methods by achieving
optimal dimension.

One of the most important parameters of an embedding into a normed space is the
dimension of the embedding. This is of particular importance in applications and has
been one of the main objects of study in the paper by Linial, London and Rabinovich
[LLR95]. In particular, they ask: what is the dimension obtained by the embedding in
Theorem 1 7

For embedding into Euclidean space, this can be addressed by applying the Johnson
and Lindenstrauss [JL84] dimension reduction lemma which states that any n-point met-
ric space in Ly can be embedded in Euclidean space of dimension O(logn) with constant
distortion. This reduces the dimension in Bourgain’s theorem to O(logn).

However, dimension reduction techniques cannot be used to generalize the low dimen-
sion bound to L, for all p.? In particular, while every metric space embeds isometrically
in L., there are super-constant lower bounds on the distortion of embedding specific
metric spaces into low dimensional L., space [Mat96].

This problem has been addressed by Linial, London, and Rabinovich [LLR95] and
separately by Matousek [Mat90] where they observe that the embedding given in Bour-
gain’s proof of Theorem 1 can be used to bound the dimension of the embedding into L,
by O(log®n). Here we prove the following:

Theorem 4. For any 1 < p < o0, every n-point metric space embeds in LIJ? with distor-
tion O(logn) where D = O(logn).

In addition to the new embedding techniques discussed above the proof of Theorem 4
introduces a new trick of summing up the components of the embedding over all scales.
This is in contrast to previous embeddings where such components were allocated separate
coordinates. This saves us the extra logarithmic factor in the dimension.

Moreover, we show the following trade-off between distortion and dimension, which
generalizes Theorem 4:

Theorem 5. For any 1 < p < oo and D > 1, every n-point metric space embeds into
L) with distortion O(n*Plogn).

2For 1 < p < 2, a combination of lemmas of [JL84] and [FLM77] can be used to obtain an embedding
in dimension O(logn).



In particular one can choose for any § > 0, D = 91(1)Zgl:gn and obtain dimension O(D)
with almost optimal distortion of O(log'™n). The bound in Theorem 5 is tight for all
n,p, D for the metric of an expander, as shown in Theorem 28.

Matousek extended Bouragin’s proof to improve the distortion bound into L, to

O(PO%D. He also showed that this bound is tight [Mat97]. The dimension obtained

in Matousek’s analysis of the embedding into L, is e“®) logZn. Our methods extend to
give the following improvement:

Theorem 6. For any 1 < p < oo and any 1 < k < p, every n-point metric space embeds

in LD with distortion O ([*&27) where D = e°®) logn.

The bound on the dimension in Theorem 6 is nearly tight (up to lower order terms)
as follows from volume arguments by Matousek [Mat96] (based on original methods of
Bourgain [Bou85]).

These results are proved in Chapter 4, in particular Corollary 4.1 implies Theorem 4
and Theorem 5, and Theorem 18 implies Theorem 6.

1.3 Infinite Compact Spaces

It is well known that infinite metric spaces may require infinite distortion when embedded
into Euclidean space, this is also implied by Bourgain’s result - the distortion tends to
infinity with the cardinality of (X, d). However, our bound on the average distortion (and
in general the ¢,-distortion) does not depend on the size of (X, d), hence we can apply
our embedding technique to infinite compact metric spaces as well.

For a compact metric space (X, d) equipped with a measure® o we define the product
distribution II = II(o) over X x X as II(z,y) = o(x)o(y). Define the ¢,-distortion of an
embedding f as

{dist(f) = B yonldist ()7

Theorem 7. For any ¢ > 1, p > 1, any compact metric space (X,d) and for every
probability measure o on X there is a mapping f : X — L, with {,-dist(f) = O(q).

In particular the embedding has constant average distortion. This extension is shown
in Chapter 5

1.4 Intrinsic Dimension

Metric embedding has important applications in many practical fields. Finding compact
and faithful representations of large and complex data sets is a major goal in fields like
data mining, information retrieval and learning. Many real world measurements are of
intrinsically low dimensional data that lie in extremely high dimensional space.

The fulklore lower bound on the dimension of 2(log, n) for embedding into Euclidean
space with distortion « (see for instance [Mat02]) is associated with metrics that have high
intrinsic dimension. The intrinsic dimension of a metric space X is naturally measured by

3We may assume w.l.o.g that o is a probability measure



the doubling constant of the space: the minimum A such that every ball can be covered by
A balls of half the radius. The doubling dimension of X is defined as dim(X) = log, A\. The
doubling dimension of a metric space is the minimal dimension in which a metric space
can be embedded into a normed space, in a sense that using less dimensions necessarily
requires arbitrarily high distortion.

A fundamental question in the theory of metric embedding is the relationship between
the metric dimension of a metric space and its intrinsic dimension. That is, whether the
dimension in which it can be embedded in some real normed space is implied by the
intrinsic dimension which is reflected by the inherent geometry of the space.

Variants of this question were posed by Assouad [Ass83] as well as by Linial, Lon-
don and Rabinovich [LLR95], Gupta, Krauthgamer and Lee [GKLO03], and mentioned
in [Mat05]. Assouad [Ass83] proved that for any 0 < v < 1 there exists numbers
D = D(\,v) and C = C(\, ) such that for any metric space (X, d) with dim(X) = A,
its “snowflake” version (X, d”) can be embedded into a D-dimensional Euclidean space
with distortion at most C. Assouad conjectured that similar results are possible for
~v = 1, however this conjecture was disproved by Semmes [Sem96]. Gupta, Krathgamer
and Lee [GKLO03| initiated a comprehensive study of embeddings of doubling metrics.
They analyzed the Euclidean distortion of the Laakso graph, which has constant dou-
bling dimension, and show a lower bound of €(y/logn) on the distortion. They also
show a matching upper bound on the distortion of embedding doubling metrics, more
generally the distortion is O(log"?n) for embedding into L,. The best dependency on
dim(X) of the distortion for embedding doubling metrics is given by Krauthgamer et. al.
[KLMNO4]. They show an embedding into L, with distortion O((dim(X))*~*/?(logn)*/?),
and dimension O(log®n).

However, all known embeddings for general spaces [Bou85, Mat96, LLR95, ABNO6],
and even those that were tailored specifically for bounded doubling dimension spaces
[GKL03, KLMNO04] require Q(logn) dimensions. Replacing the dependence on n in the
dimension with a dependence on A seems like a natural question. In this work we give
the first general low-distortion embeddings into a normed space whose dimension depends
only on dim(X) .

Theorem 8. For any n-point metric space (X, d) with dim(X) =log A and any 0 < § <

1, there exists an embedding f : X — Lf with distortion O (logHg n) where D = O (log’\

We present additional results in Section 2.5, including an embedding into O(dim(X))
dimensions with constant average distortion, a trade-off between distortion and dimen-
sion, and an extension of Assouad’s result. The proofs appear in Chapter 6.

1.5 Embedding into Trees

The problem of embedding general metric spaces into tree metrics with small distortion
has been central to the modern theory of finite metric spaces. Such embeddings provide an
efficient representation of the complex metric structure by a very simple metric. Moreover,
the special class of ultrametrics (rooted trees with equal distances to the leaves) plays a
special role in such embeddings [Bar96, BLMNO5¢|. Such an embedding provides an even
more structured representation of the space which has a hierarchical structure [Bar96.



Probabilistic embedding into ultrametrics have led to algorithmic applications for a wide
range of problems (see [Ind01]).

An important variation is embedding a graph into a spanning tree of the graph. The
papers [AKPW95, EEST05] study the problem of constructing a spanning tree with low
average stretch, i.e., low average distortion over the edges of the graph. It is natural
to define our measure of quality for the embedding to be its average distortion over all
pairs, or alternatively the more strict measure of its ¢s-distortion. Such notions are very
common in most practical studies of embeddings (see for example [HS03, HFC00, AS03,
HBK*03, ST04, TCO04]) .

Definition 1.1. An ultrametric (X, d) is a metric space satisfying a strong form of the
triangle inequality, for all z,y,z € X, d(z, z) < max{d(x,y),d(y, z)}. In particular, it is
also a tree metric.

Theorem 9. Any n-point metric space embed into an ultrametric and any finite weighted
graph on n vertices contains a spanning tree with average distortion O(1) and ly-distortion

O(Vlogn).

An additional result described in Theorem 26 we extend [FRT03] result of probabilistic
embedding into a distribution of ultrametrics, and obtain constant ¢,-distortion for all ¢
simultaneously. These results are shown in Chapter 8.

1.6 Embedding Methods

There are few general methods of embedding finite metric spaces that appear throughout
the literature. One is indeed the method introduced in Bourgain’s proof. This may be
described as a Fréchet-style embedding where coordinates are defined as distances to
randomly chosen sets in the space. Some examples of its use include [Bou85, LLRI5,
Mat90, Mat97], essentially providing the best known bounds on embedding arbitrary
metric spaces into L.

The other embedding method which has been extensively used in recent years, is
based on probabilistic partitions of metric spaces [Bar96] originally defined in the con-
text of probabilistic embedding of metric spaces. Probabilistic partitions for arbitrary
metric spaces were also given in [Bar96] and similar constructions appeared in [LS91].
A A-bounded partition of a metric space is a collection of clusters, each with diameter
(maximum distance between two points in the cluster) at most A.

The probabilistic embedding of [Bar96] (and later improvements in [Bar98, FRT03,
Bar04]) provide in particular embeddings into L; and serve as the first use of probabilistic
partitions in the context of embeddings into normed spaces.

A major step was done in a paper by Rao [Rao99] where he shows that a certain
padding property of such partitions can be used to obtain embeddings into L. Informally,
a probabilistic partition is padded if every ball of a certain radius depending on some
padding parameter has a good chance of being contained in a cluster. Rao’s embedding
defines coordinates which may be described as the distance from a point to the edge of
its cluster in the partition and the padding parameter provides a lower bound on this
quantity (with some associated probability). While Rao’s original proof was done in the
context of embedding planar metrics, it has since been observed by many researchers that
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his methods are more general and in fact provide the first decomposition-based embedding
into L,. However, the resulting distortion bound still did not match those achievable by
Bourgain’s original techniques.

This gap has been recently closed by Krauthgamer et. al [KLMNO04]. Their embedding
method is based on the probabilistic partition of [FRT03], which in turn is based on an
algorithm of [CKRO1] and further improvements by [FHRT03]. In particular, the main
property of the probabilistic partition of [FRT03] is that the padding parameter is defined
separately at each point of the space and depends in a delicate fashion on the growth
rate of the space in the local surrounding of that point.

This work uses novel probabilistic partitions with even more refined properties which
allow stronger and more general results on embedding of finite metric spaces.

Decomposition based embeddings also play a fundamental role in the recently devel-
oped metric Ramsey theory [BBM06, BLMNO5c, MNO06]. In [BLMNO5a] it is shown that
the standard Fréchet style embeddings do not allow similar results. One indication that
our approach significantly differs from the previous embedding methods discussed above
is that our new theorems crucially rely on the use of non-Fréchet embeddings.

The main idea is the construction of uniformly padded probabilistic partitions. That
is the padding parameter is uniform over all points within a cluster. The key is that
having this property allows partition-based embeddings to use the value of the padding
parameter in the definition of the embedding in the most natural way. In particular, the
most natural definition is to let a coordinate be the distance from a point to the edge
of the cluster (as in [Rao99]) multiplied by the inverse of the padding parameter. This
provides an alternate embedding method with essentially similar benefits as the approach
of [KLMNO04].

We present a construction of uniformly padded probabilistic partitions which still
posses intricate properties similar to those of [FRT03]|. The construction is mainly based
on a decomposition lemma similar in spirit to a lemma which appeared in [Bar04], which
by itself is a generalization of the original probabilistic partitions of [Bar96, LS91].

We also give constructions of uniformly padded hierarchical probabilistic partitions.
The idea is that these partitions are padded in a hierarchical manner — a much stronger
requirement than for only a single level partition. Although these are not strictly neces-
sary for the proof of our main theorems they capture a stronger property of our partitions
and play a central role in showing that arbitrary metric spaces embed in L, with constant
average distortion, while maintaining the best worst case distortion bounds.

The new probabilistic partitions appear in Chapter 3

1.7 Related Work

Average Distortion. Related notions to the ones studied in this thesis have been
considered before in several theoretical papers. Most notably, Yuri Rabinovich [Rab03]
studied the notion of distortion of average* motivated by its application to the Sparsest
Cut problem. This however places the restriction that the embedding is Lipschitz or
non-expansive. Other recent papers have address this version of distortion of average
and its extension to weighted average. In particular, it has been recently shown (see for

4Usually this notion was called average distortion but the name is somewhat confusing.
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instance [FHLO5]) that the work of Arora, Rao and Vazirani on Sparsest Cut [ARV04]
can be rephrased as an embedding theorem using these notions.

In his paper, Rabinovich observes that for Lipschitz embeddings the lower bound
of Q(logn) still holds. It is therefore crucial in our theorems that the embeddings are
non-contractive.

To the best of our knowledge the only paper addressing such embeddings prior to
this work is by Lee, Mendel and Naor [LMNO04] where they seek to bound the average
distortion of embedding n-point L; metrics into Euclidean space. However, even for this
special case they do not give a constant bound on the average distortion®.

Network embedding. Our work is largely motivated by a surge of interest in the
networking community on performing passive distance estimation (see e.g. [FJJT01, NZ02,
LHCO03, CDK"04, ST04, CCRKO04]), assigning nodes with short labels in such a way that
the network latency between nodes can be approximated efficiently by extracting informa-
tion from the labels without the need to incur active network overhead. The motivation
for such labelling schemes are many emerging large-scale decentralized applications that
require locality awareness, the ability to know the relative distance between nodes. For
example, in peer-to-peer networks, finding the nearest copy of a file may significantly
reduce network load, or finding the nearest server in a distributed replicated application
may improve response time. One promising approach for distance labelling is network
embedding (see [CDKT04]). In this approach nodes are assigned coordinates in a low
dimensional Euclidean space. The node coordinates form simple and efficient distance
labels. Instead of repeatedly measuring the distance between nodes, these labels allow
to extract an approximate measure of the latency between nodes. Hence these network
coordinates can be used as an efficient building block for locality aware networks that
significantly reduce network load.

As mentioned above a natural measure of efficiency in the networking research is
how the embedding performs on average. The phenomenon observed in measurements of
network distances is that the average distortion of network embeddings was bounded by
a small constant. Our work gives the first full theoretical explanation for this intriguing
phenomenon.

Embedding with relaxed guaranties. The theoretical study of such phenomena
was initiated by the work of Kleinberg, Slivkins and Wexler [KSW09]. They mainly focus
on the fact reported in the networking papers that the distortion of almost all pairwise
distances is bounded by some small constant. In an attempt to provide theoretical justi-
fication for such phenomena [KSW09] define the notion of a (1 — ¢)-partial embedding®
where the distortion is bounded for at least some (1 —¢) fraction of the pairwise distances.
They obtained some initial results for metrics which have constant doubling dimension
[KSW09]. In Abraham et. al. [ABCT05] is was shown that any finite metric space has a
(1 — ¢)-partial embedding into Euclidean space with O(log 2) distortion.

While this result is very appealing it has the disadvantage of lacking any promise for
some fraction of the pairwise distances. This may be critical for applications - that is we
really desire an embedding which in a sense does “as well as possible” for all distances.
To define formally such an embedding [KSW09] suggested a stronger notion of scaling

®The bound given in [LMNO04] is O(y/log n) which applies to a somewhat weaker notion.
6Called “embeddings with e-slack” in [KSW09).

12



distortion”. An embedding has scaling distortion of «(e) if it has this bound on the

distortion of a (1 — €) fraction of the pairwise distances, for any e. In [KSWO09], such
embeddings with a(e) = O(log 2) were shown for metrics of bounded growth dimension,
this was extended in [ABCT05] to metrics of bounded doubling dimension. In addition
[ABCT05] gives a rather simple probabilistic embedding with scaling distortion, implying
an embedding into (high-dimensional) L.

The most important question arising from the work of [KSW09, ABC*05] is whether
embeddings with small scaling distortion exist for embedding into Euclidean space. We
give the following theorem® which lies at the heart of the proof of Theorem 3:

Theorem 10. For every finite metric space (X,d), there exists an embedding of X into
O(logn) dimensional Buclidean space with scaling distortion O(log 2).

This theorem is proven in Section 4 by Corollary 4.1.

Embedding into Trees Probabilistic embedding of metrics into dominating ultra-
metrics was introduced in [Bar96]. Other related results on embedding into dominating ul-
trametrics include work on metric Ramsey theory [BLMNO5¢], multi-embeddings [BM03]
and dimension reduction [BM04]. Embedding an arbitrary metric into any tree metric re-
quires (n) distortion in the worst case even for the metric of the n-cycle [RR98a]. It is a
simple fact [HPMO06, BLMNO05¢, Bar96] that any n-point metric embeds in an ultrametric
with distortion n — 1. However the known constructions are not scaling and have average
distortion linear in n. The probabilistic embedding theorem [FRT03, Bar04] (improving
earlier results of [Bar96, Bar98|) states that any n-point metric space probabilistically em-
beds into a distribution over dominating ultrametrics with expected distortion O(logn).
This result has been the basis to many algorithmic applications (see [Ind01]). This the-
orem implies the existence of a single ultrametric with average distortion O(logn) (a
constructive version was given in [Bar(04]).

It is a basic fact that the minimum spanning tree in an n-point weighted graph
preserves the (shortest paths) metric associated with the graph up to a factor of n — 1
at most. This bound is tight for the n-cycle. Here too, it is easy to see that the MST
does not have scaling distortion, and may result in linear average distortion (for instance,
in a slightly perturbed complete graph, the MST will contain a linear long path). Alon,
Karp, Peleg and West [AKPW95] studied the problem of computing a spanning tree of a
graph with small average stretch (over the edges of the graph). This can also be viewed
as the dual of probabilistic embedding of the graph metric in spanning trees. Their work
was significantly improved by Elkin, Emek, Speilman and Teng [EEST05] who show that
any weighted graph contains a spanning tree with average stretch O(log? nloglogn), and
in [ABNO8b] it is further improved to a nearly tight O(log n). This result can also be
rephrased in terms of the average distortion (but not the fo-distortion) over all pairs.

1.8 Applications

In addition to our main results, there are several other contributions: we extend the
results on average distortion to weighted averages. We show the bound is O(log ®) where
® is the effective aspect ratio of the weight distribution.

"Called “gracefully degrading distortion” in [KSW09].
8In fact in this theorem the definition of scaling distortion is even stronger.

13



Then we demonstrate some basic algorithmic applications of our theorems, mostly
due to their extensions to general weighted averages. Among others is an application
to uncapacitated quadratic assignment [PRW94, KT02]. We also extend our concepts to
analyze Distance Oracles of Thorup and Zwick [TZ05] providing results with strong rela-
tion to the questions addressed by [KSW09]. Finally we prove some theorems on partial
embeddings, providing a method that transfers practically any standard embedding into
the partial model.

The applications are discussed in Chapter 11

1.9 Additional Results

There are several other results we obtained, that are not included here because of space
considerations. In what follows we give a short introduction and overview of the main
results.

1.9.1 Local Embedding

Introduction. In many important applications of embedding, preserving the distances
of nearby points is much more important than preserving all distances. Indeed, it is
sometimes the case in distance estimation, that determining the distance of nearby objects
can be done easily, while far away objects may just be labeled as “far” and only a rough
estimate of the distance between them will be given. Thus large distances may already
incorporate an inherently larger error factor. In such scenarios it is natural to seek local
embeddings that maintain only distances of close by neighbors. Indeed both [BN03] and
[XSBO06] study low dimensional embeddings that maintain distances only to the k nearest
neighbors.

One aspect studied by Kleinberg [Kle00] is the algorithmic aspects of the “small world”
phenomena: how messages are greedily routed in networks that arise from a social and
geographical structure. In this model the network is assumed to have a local property:
the probability of choosing a close neighbor as an associate is larger than that of choosing
a far away neighbor. In the context of using metric space embedding in “small world”
networks it is natural to require that the distortion of close neighbors would be better
than that of far away neighbors.

Our work and the work of [KSW09, ABC*05] indeed gives better bounds on the
distortion of most pairs, however it is almost always the case that the nearest neighbors
suffer the highest distortion, while the "far away” pairs are preserved relatively well.

Definitions. In a separate line of work [ABN07b, ABN09] we study local embeddings:
in which we want to obtain better distortion bounds for pairs which are close neighbors,
and still maintain the best possible worse case bounds. Formally, for a metric spaces
(X,d), (Y, p) an embedding f : X — Y has k-local distortion « if

e Forall z,y € X, p(f(2), f(y)) < d(z,y).

e If y is among the k nearest neighbors of x in X, then p(f(z), f(y)) > d(z,y)/a.
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We say that the mapping has scaling local distortion «, for some non-decreasing function
a: N — R if it has k-local distortion (k) for all values of k simultaneously.

Main Results. The main theorems shown in [ABNO7b] are:

Theorem 11. Any metric space (X,d) embeds into Euclidean space with scaling local
distortion O(log k), in dimension O(logn).

Theorem 12. Any metric space (X, d) with weak growth bound® embeds into Euclidean
space with k-local distortion O(logk), in dimension O(logk).

Note that both distortion and dimension are a function of k only.

Theorem 13. Any metric space (X,d) embeds into a distribution of ultrametrics with
scaling local distortion O(log k).

All these result are tight or nearly tight, and in addition have the best possible worse
case bound on all pairs, hence they are a strict improvement of Bourgain’s theorem.

In a followup work [ABN09], we show how to remove the growth bound condition of
Theorem 12 while paying a small price in the dimension.

Theorem 14. Any metric space (X, d) embeds into Euclidean space with k-local distortion
O(logk), in dimension O(log” k).

A natural question that can be asked is about local dimension reduction. Adi Shraib-
man and Gideon Schechtman [SS09] recently showed that embedding an n point subset
of Euclidean space into dimension O(log k) with k-local distortion 1 + € is impossible in
general, even for £ = 2. On the positive side, we show in [ABN09] a local dimension

reduction for ultrametrics'®:

Theorem 15. Let (X,d) be an ultrametric, then for any p > 1, € > 0 and k < | X| there
is an embedding of X into L, with k-local distortion 1+ € and dimension O((logk)/€*).

1.9.2 Low Stretch Spanning Trees

As mentioned above, we show an improved and almost tight bound for the problem of

low stretch spanning tree. For an edge-weighted graph G = (V, E,w) that satisfy the

triangle inequality and a spanning tree T of G, define for every edge (u,v) € F its stretch
dr (u,v)

under T as stretchy(u,v) = “atus) > and then define

1
avg-str(T) = —

Z stretchy (u, v) .

’ ’ (u,v)EE

Note that the average stretch is define with respect to the edges only, while average dis-
tortion is over all pairs of points - recall that we show in Theorem 9 that the average
distortion is bounded by a universal constant, while there is a non-constant lower bound
on the average stretch. Previous work on the average stretch was initiated by [AKPW95]

9X has a x weak growth bound if |B(u,2r)| < |B(u,r)[X for all u,r > 0 such that |B(u,r)| > 1
107t is known that any ultrametric is isomorphic to a subset of L, for any 1 < p < oo
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who show that for any graph G on n vertices there is a spanning tree 7' such that
avg-str(T) < 20(Vlgnloglogn) " and also showed a lower bound: that for any size n there
exist graphs on n vertices such that for any spanning tree T', avg-str(T) > Q(logn), in fact
those graphs include the d-dimensional grid, for any d > 2. In a recent work [EESTO05]
improve the upper bound to O(log2 nloglogn). We extend the star-decomposition tech-
nique of [EEST05] and show the following theorem

Theorem 16. Any weighted graph G = (V,E,w) contains a spanning tree T with

avg-str(T) = O(logn)

Which is nearly tight (up to poly(loglogn) factors). The main new ingredient in the
proof is a new bound on the increase in the radius of the spanning tree, which is obtained
by building "highways” to carefully selected points.

Approximating graphs by trees has been a very successful paradigm in approximation
algorithms - given some NP-hard problem on a graph, embed it into a tree, solve the
problem for the tree, which in many cases induces an approximate solution for the origi-
nal problem. However, in some cases it is crucial that the tree is a spanning tree of the
original graph, for instance in the minimum communication cost spanning tree problem.
Another notable application of finding low stretch spanning tree is solving sparse sym-
metric diagonally dominant linear systems of equations. This approach was suggested
by Boman, Hendrickson and Vavasis [BHV08] and later improved by Spielman and Teng
[STO04]. In the algorithm of Spielman and Teng, finding efficiently a low stretch spanning
tree is one of the basic steps of the algorithm, and the stretch obtained translates into
the running time of the solver.
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Chapter 2

Definitions and Results

In this chapter we give the basic definitions that will be used throughout the thesis,
including the novel notions of distortion. We then proceed to state all the theorems
formally.

2.1 Preliminaries

Consider a finite metric space (X,d) and let n = |X|. For any point x € X and a
subset S C X let d(z,S5) = mingegsd(z,s). The diameter of X is denoted diam(X) =
max, yex d(z,y). Given x € X let rad,(X) = maxyex d(z,y). When a cluster X has a
center x € X that is clear from the context we will omit the subscript and write rad(X)
instead of rad,(X). For a point x and r > 0, the ball at radius r around x is defined
as Bx(x,r) = {z € X|d(x,z) < r}. We omit the subscript X when it is clear form the
context. For any € > 0 let r.(z) denote the minimal radius r such that |B(z,r)| > en. For
sets A, B,C C X we denote by A < (B, C) the property that AN B # () and ANC # 0.

2.2 Average Distortion

Given two metric spaces (X, dx) and (Y, dy) an injective mapping f : X — Y is called an
embedding of X into Y. An embedding f is called non-contractive if for any u # v € X:
dy (f(u), f(v)) > dx(u,v). In the context of this work we will restrict attention to non-
contractive embeddings. This has no difference for the classic notion of distortion but
has a crucial role for the results presented in this thesis. We will elaborate more on this
issue in the sequel.

For a non-contractive embedding define the distortion function of f, dist; : ()2( ) — RT,
where for u # v € X: disty(u,v) = A7) - The distortion of f is defined as

dx (u,v)
dist(f) = sup,,ex dist(u,v).

Definition 2.1 (/,-Distortion). Given a distribution IT over ()2() define for 1 < ¢ < o0
the ¢,-distortion of f with respect to II:

C-dist™ (f) = [|dist(u, v) ||V = En[dist s (u, v)7]"/7,

17



where || - |y§“’ denotes the normalized ¢ norm over the distribution (IT), defined as in the
equation above. Let U denote the uniform distribution over (X ) The (,-distortion of f

2
is defined as: £ -dist(f) = £ -dist™ (f).

In particular the classic distortion may be viewed as the /(-distortion: dist(f) =
disto(f). An important special case of ¢ ,-distortion is when ¢ = 1:
Definition 2.2 (Average Distortion). Given a distribution II over ()2() define the average
distortion of f with respect to II as: avgdist™(f) = ¢;-dist™(f), and the average
distortion of f is given by: avgdist(f) = ¢;-dist(f).

Another natural notion is the following:

Definition 2.3 (Distortion of ¢,-Norm). Given a distribution II over ()2() define the
distortion of £,-norm of f with respect to II:

_ Ex[dy (f(u), f(v))4]/

distnorm™ (f) Eni[dx (u, o)1/

q

and let distnorm,(f) = distnormgu)( f).
Again, an important special case of distortion of /,-norm is when ¢ = 1:

Definition 2.4 (Distortion of Average). Given a distribution II over ()2() define the

distortion of average of f with respect to II as: distavg™(f) = distnormgn)( f) and the
distortion of average of f is given by: distavg(f) = distnorm; (f).

For simplicity of the presentation of our main results we use the following notation:
C-dist* ™ (f) = max{£,-dist™ (), distnormgn)(f)}, l,~dist™(f) = max{/,-dist(f), distnorm,(f)},
and avgdist™(f) = max{avgdist(f), distavg(f)}.

Definition 2.5. A probability distribution II over ()2(), with probability function 7 :

(3) — [0,1], is called non-degenerate if for every u # v € X: w(u,v) > 0. The aspect

ratio of a non-degenerate probability distribution II is defined as:
maxy,cpex m(U,v)
min, z,ex m(u, v)
In particular ®(U) = 1. If II is not non-degenerate then ®(II) = oc.

For an arbitrary probability distribution II over ()2( ), define its effective aspect ratio
as:! (1) = 2min{®(1I), (5}
Theorem 17 (Embedding into L,). Let (X, d) an n-point metric space, and let 1 < p <
oo. There exists an embedding f of X into L, of dimension e logn, such that for every
1 < q < oo, and any distribution 11 over (3): (,-dist™ ™ (f) = O([min{q,logn}/p] +
log ®(I1)). In particular, avgdist* ™ (f) = O(log ®(I1)). Also: dist(f) = O([logn/p]),
l,-dist™(f) = O([q/p]) and avgdist™(f) = O(1).

Theorem 29, Lemma 2.2 and Theorem 30 show that all the bounds in the theorem
above are tight.

The proof of Theorem 17 follows directly from results on embedding with scaling

distortion, discussed in the next paragraph, in particular it follows from Lemma 2.1 and
Theorem 18.

'The factor of 2 in the definition is placed solely for the sake of technical convenience.

o(I0) =
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2.3 Partial Embedding and Scaling Distortion

Following [KSW09] we define:

Definition 2.6 (Partial Embedding). Given two metric spaces (X,dy) and (Y,dy), a
partial embedding is a pair (f, G), where f is a non-contractive embedding of X into Y,
and G C (3). The distortion of (f,G) is defined as: dist(f,G) = SUD{y vyeq disty(u, v).

For ¢ € (0,1), a (1 — €)-partial embedding is a partial embedding such that |G| >
(1—e)(3).2 A

Next, we would like to define a special type of (1 — ¢)-partial embeddings. Let G(e) =
{{z,y} € ()2() | min{|B(z,d(x,y))|,|B(y,d(x,y))|} > en/2}. A coarsely (1 — €)-partial
embedding f is a partial embedding (f, G(e))?.

Definition 2.7 (Scaling Distortion). Given two metric spaces (X, dx) and (Y, dy) and a
function « : (0,1) — R™, we say that an embedding f : X — Y has scaling distortion « if
for any € € (0, 1), there is some set G(¢) such that (f, G(¢)) is a (1 —¢)-partial embedding
with distortion at most «(e). We say that f has coarsely scaling distortion if for every e,

G(e) = Ge).

We can extend the notions of partial probabilistic embeddings and scaling distortion to
probabilistic embeddings. For simplicity we will restrict to coarsely partial embeddings.*

Definition 2.8 (Partial/Scaling Prob. Embedding). Given (X, dx) and a set of metric
spaces S, for € € (0,1), a coarsely (1 — €)-partial probabilistic embedding consists of a
distribution F over a set JF of coarsely (1 — ¢)-partial embeddings from X into Y € S.
The distort%on of F i§ deﬁped as: d‘ist(]-") = SUDP{(,, p3edi(e) ‘]E;(f’.é(e))wﬁ[dis“uf(u‘, v)]. '

The notion of scaling distortion is extended to probabilistic embedding in the obvious
way.

We observe the following relation between partial embedding, scaling distortion and
the ¢,-distortion.

Lemma 2.1 (Scaling Distortion vs. ¢,-Distortion). Given an n-point metric space (X, dx)
and a metric space (Y, dy ). If there exists an embedding f : X — Y with scaling distortion

a then for any distribution 11 over ()2() 5

1 1/q
(,-dist™ () < (2 / a(xi)(ﬂ)_l)qu> + ().

1(5) " e

In the case of coarsely scaling distortion this bound holds for €q—dist*(n)( f).

Note that the embedding is strictly partial only if € > 1/(5).

31t is elementary to verify that indeed this defines a (1 — ¢)-partial embedding. We also note that in
most of the proofs we can use a max rather than min in the definition of G(¢). However, this definition
seems more natural and of more general applicability.

4Our upper bounds use this definition, while our lower bounds hold also for the non-coarsely case.

5 Assuming the integral is defined. We note that lemma is stated using the integral for presentation
reasons.
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Combined with the following theorem we obtain Theorem 17. We note that when
applying the lemma we use a(e) = O(log %) and the bounds in the theorem mentioned
above follow from bounding the corresponding integral.

Theorem 18 (Scaling Distortion Theorem into L,). Let 1 < p < co. For any n-point
metric space (X, d) there exists an embedding f : X — L, with coarsely scaling distortion
O([(log 2)/p]) and dimension e°®) logn.

This theorem is proven in Section 4.3.

2.4 Infinite Compact Spaces

For embedding of infinite compact spaces we require slightly different definitions. Let
(X, d) be a compact metric space, equipped with a probability measure ¢ (in compact
space every measure is equivalent to a probability measure). Define the product distribu-
tion I = II(o) over X x X as II(x,y) = o(z)o(y). Now the {,-distortion of an embedding
f will be defined with respect to Il

E(a,y)~ni[dist s (z, )7/

The definition of G ( ) for coarse scaling embedding will become

Gle) = {(x,y) € (3) | min{o(B(z,d(z,y))),0(B(y,d(x,y)))} = ¢/2}.

In order to prove Theorem 7 we again will show an embedding with scaling distortion.

Theorem 19 (Scaling Distortion for Compact Spaces). Let 1 < p < oo and let (X, d)
be a compact metric space. There exists an embedding F' : X — L, with coarsely scaling

distortion O([(log 2)]). The {,-distortion of this embedding is: dist,(F) = O(q).

2.5 Intrinsic Dimension

The intrinsic dimension of a metric space is naturally measured by its doubling constant:

Definition 2.9. The doubling constant of a metric space (X, d) is the minimal A such
that for any x € X and r > 0 the ball B(z,2r) can be covered by A balls of radius r.
The doubling dimension denoted by dim(X) is define as log, .

The doubling dimension of a metric space (X, d) provides an inherent bound on the
dimension in which the metric can be embedded into some normed space with small
distortion. Specifically, a simple volume argument suggests that to embed X into L, with
distortion « requires at least 2(dim(X)/log o) dimensions. In addition to Theorem 8 we
have the following results:

We prove the following theorem which shows that Assouad’s conjecture is true for
any practical propose: low dimensional data embeds into constant dimensional space
with constant average distortion:

Theorem 20. For any 1 < p < oo and any A-doubling metric space (X,d) there
exists an embedding f : X — Lf with coarse scaling distortion O (log 6 l ) where
D = O(log Aloglog A).
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Obtaining bounds on the scaling distortion in a dimension which depends only on
dim(X) is more demanding. The technical difficulties are discussed in Section 6.2

The next theorem shows a trade-off between distortion and dimension that has better
guarantees than Theorem 5 for metrics with low doubling dimension. A similar tradeoff
result was recently obtained by Chan, Gupta and Talwar [CGTO08].

Theorem 21. For any 1 < p < oo and any A-doubling metric space (X, d) on n points,
and for any loglog A < D < (logn)/log A there exists an embedding into L, with distor-
tion O(log"? n((logn)/D)'~/?) in dimension O(D -log X - loglog X - log((logn)/D)).

We also show a theorem that strengthen Assouad’s result [Ass83], regarding embed-
ding of a ”snowflake” of metrics with low doubling dimensions, that is, for a metric (X, d)
embed (X, d%) for some 0 < o < 1 with distortion and dimension that depend only on
the doubling dimension of (X, d). For simplicity of presentation the result is stated for
(X,d"?).

Theorem 22. For any n point \-doubling metric space (X,d), any 1 < p < 0o, any
0 < 1 and any 29%% < k < log )\, there exists an embedding of (X,d*?) into L, with

distortion O(K**2 XV ®R)Y and dimension O (_,\1/1;111,\)_

2.6 Scaling Embedding into Trees

We prove the following theorems about embedding into a single ultrametric/spanning
tree:

Theorem 23. Any n-point metric space (X, d) embeds into an ultrametric with scaling
distortion O(\/1/e€). In particular, its {,-distortion is O(1) for 1 < q <2, O(y/logn) for
q =2, and O(n'=?/7) for 2 < q < oco.
Theorem 24. Any weighted graph G = (V, E, w) with |V| = n, contains a spanning tree
with scaling distortion O(\/1/€). In particular, its {,-distortion is O(1) for 1 < q < 2,
O(y/1ogn) for ¢ =2, and O(n'=2/%) for 2 < q < co.

These results are tight, as shown in Corollary 10.1. We also present a result about
probabilistic embedding into ultrametrics:

Theorem 25 (Scaling Probabilistic Embedding). For any n-point metric space (X,d)
there exists a probabilistic embedding into a distribution over ultrametrics with coarse
scaling distortion O(log 2).

Applying Lemma 2.1 to Theorem 25 we obtain:

Theorem 26. Let (X, d) an n-point metric space. There exists a probabilistic embedding
F of X into ultrametrics, such that for every 1 < q < oo, and any distribution I1 over
(3): distz(m (F) = O(min{q, log n} + log ®(I1)).

For ¢ = 1 and for a given fixed distribution Theorem 26 can be given a deterministic
version, which follows from the method of [CCG198] for finding a single ultrametric, as
stated in the following theorem.

Theorem 27. Given an arbitrary fized distribution 11 over ()2{), for any finite metric

space (X, d) there exists embeddings f, f' into ultrametrics, such that avgdist ™ (f) =
O(log ®(11)) and distavg™ (") = O(log ®(I1)).
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2.7 Lower Bounds

In Chapter 10 We show that our results are tight. First we show that the distortion-
dimension tradeoff of Theorem 5 is indeed tight.

Theorem 28. For any firted 1 < p < oo and any 0 > 0, if the metric of an n-node
constant degree expander embeds into L, with distortion O(log"t? n) then the dimension
of the embedding is Q(logn/[log(min{p,logn}) + #loglogn]).

Then the following theorem shows that the bound on the weighted average distortion
(and distortion of average) is tight as well.

Theorem 29. For any 1 < p < 2 and any large enough n € N there exists a metric
space (X, d) on n points, and a non-degenerate probability distribution 11 on ()2(), such
that any embedding f of X into L, will have avgdist™ (f) = Q(log(®(I1))) and there is a

non-degenerate probability distribution II' such that for any embedding f, distavg(n)(f) =
Q(log(2(II'))).

The following simple Lemma gives a relation between lower bound on partial embed-
ding and the ¢, distortion. .1

Lemma 2.2 (Partial Embedding vs. ¢,-Distortion). Let Y be a target metric space, let
X be a family of metric spaces. If for any e € (0,1), there is a lower bound of a(e) on
the distortion of (1 — €) partial embedding of metric spaces in X into Y, then for any
1 < q < o0, there is a lower bound of %Oé(Q_q) on the {,-distortion of embedding metric
spaces in X into Y .

Finally we give a lower bound on partial embeddings. In order to describe the lower
bound, we require the notion of metric composition introduced in [BLMNO5¢].

Definition 2.10. Let N be a metric space, assume we have a collection of disjoint metric
spaces C, associated with the elements x of N, and let C = {C, },en. The S-composition
of N and C, for 8 > %, denoted M = Cg[N], is a metric space on the disjoint union chl"
Distances in C are defined as follows: let z,y € N and u € C,,v € Cy, then:

B de,(u,v) ==y
dar(u,v) = { ﬁvilzv(w,y) x#y

maxg e v diam(Cy)

i e dn (0] guarantees that M is indeed a metric space.
u, Ve )

where v =

Definition 2.11. Given a class X of metric spaces, we consider compg(X), its closure
under > [-composition. X is called nearly closed under composition if for every § > 0
there exists some 3 > 1/2, such that for every X € compg(X) there is X € X and an
embedding of X into X with distortion at most 1 + 4.

Among the families of metric spaces that are nearly closed under composition we find
the following: tree metrics, any family of metrics that exclude a fixed minor (including
planar metrics) and normed spaces. When the size of all the composed metrics C, is
equal, also doubling metrics are nearly closed under composition.
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Theorem 30 (Partial Embedding Lower Bound). Let Y be a target metric space, let X
be a family of metric spaces nearly closed under composition. If for any k > 1, there is
Z € X of size k such that any embedding of Z into Y has distortion at least a(k), then
for all n > 1 and % < e <1 there is a metric space X € X on n points such that the

distortion of any (1 — €) partial embedding of X into Y is at least « <[4Lﬁ1> /2.

See Corollary 10.1 for some implication of this Theorem.

2.8 Additional Results

Decomposable Metrics

For metrics with a decomposability parameter 7 (see Definition 3.6 for precise definition)®

we obtain the following theorem, which is the scaling analogous of the main result of
[KLMNO4].

Theorem 31. Let 1 < p < oo. For any n-point T-decomposable metric space (X, d) there
exists an embedding f : X — L, with coarse scaling distortion O(min{r'~*/?(log 2)"/7, log 2})
and dimension O(log®n).

Partial Embedding Results

Even though partial embeddings are inferior to embeddings with scaling distortion, in a
sense that they guarantee distortion bound only on a fraction of pairs, they can be useful
since the dimension of the embedding can be much lower. We show general theorems
that convert any embedding to partial embedding, for subset-closed” families of metric
spaces. See Chapter 12 for the specific theorems.

2.9 Algorithmic Applications

We demonstrate some basic applications of our main theorems. We must stress however
that our current applications do not use the full strength of these theorems. Most of our
applications are based on the bound given on the distortion of average for general distri-
butions of embeddings f into L, and into ultrametrics with distavg™ (f) = O(log ®(II)).
In some of these applications it is crucial that the result holds for all such distributions
II. This is useful for problems which are defined with respect to weights c(u,v) in a
graph or in a metric space, where the solution involves minimizing the sum over dis-
tances weighted according to c¢. This is common for many optimization problem either as
part of the objective function or alternatively it may come up in the linear programming
relaxation of the problem. These weights can be normalized to define the distribution II.
Using this paradigm we obtain O(log <i>(c)) approximation algorithms, improving on the
general bound which depends on n in the case that CfD(c) is small. This is the first result
of this nature.

6In particular doubling metrics and planar metrics have constant decomposability parameter
TA family of metrics X is subset-closed if for all X € X, any sub-metric Y of X satisfies Y € X
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We are able to obtain such results for the following group of problems: general sparsest
cut [LR99, AR98, LLR95, ARV04, ALNO5|, multi cut [GVY93], minimum linear arrange-
ment [ENRS00, RRI8b|, embedding in d-dimensional meshes [ENRS00, Bar04], multiple
sequence alignment [WLBT98] and uncapacitated quadratic assignment [PRW94, KT02].

We would like to emphasize that the notion of bounded weights is in particular natural
in the last application mentioned above. The problem of uncapacitated quadratic assign-
ment is one of the most basic problems in operations research (see the survey [PRW94])
and has been one of the main motivations for the work of Kleinberg and Tardos on metric
labelling [KT02].

We also give a different use of our results for the problem of min-sum k-clustering
[BCRO1].

2.9.1 Distance Oracles

Thorup and Zwick [TZ05] study the problem of creating distance oracles for a given
metric space. A distance oracle is a space efficient data structure which allows efficient
queries for the approximate distance between pairs of points.

They give a distance oracle of space O(kn'*'/*), query time of O(k) and worst case
distortion (also called stretch) of 2k — 1. They also show that this is nearly best possible
in terms of the space-distortion tradeoff.

We extend the new notions of distortion in the context of distance oracles. In par-
ticular, we can define the /,-distortion of a distance oracle. Of particular interest are
the average distortion and distortion of average notion. We also define partial distance
oracles, distance oracle scaling distortion, and extend our results to distance labels and
distributed labeled compact routing schemes in a similar fashion. Our main result is the
following strengthening of [TZ05]:

Theorem 32. Let (X,d) be a finite metric space. Let k = O(lnn) be a parameter.
The metric space can be preprocessed in polynomial time, producing a data structure
of O(n'*/*logn) size, such that distance queries can be answered in O(k) time. The
distance oracle has worst case distortion 2k — 1. Given any distribution 11, its average
distortion (and distortion of average) with respect to II is O(log ®(I1)). In particular the
average distortion (and distortion of average) is O(1).

Our extension of Assouad’s theorem can yield an improved distance oracle for metrics
with small doubling dimension. Taking p = (logA)/k and 6 = 1/logk in Theorem 22
yields a distance oracle with O(k) stretch and O(AY/Y*1og Alog k) memory. This distance
oracle improves known constructions when dim(X) = o(logn/v/k).

2.10 Organization of the Thesis

In Chapter 3 we define the new probabilistic partitions, including a unform padding
lemma, a lemma for decomposable metrics and a hierarchical padding lemma.

Chapter 4 contains the proof of our main results: In Section 4.1 we present the
main technical lemma, that gives an embedding into the line with “good” properties. In
Section 4.2 this lemma is used to prove Theorems 4, 5 on embedding into Lz? with the
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optimal distortion-dimension tradeoff. We also give its extension to scaling distortion
thus proving Theorem 10, which by Lemma 2.1 implies O(1) average distortion, and /-
distortion of O(q) as stated in Theorems 2, 3. Later in Section 4.3 we extend the previous
result for embedding with scaling distortion into L, with smaller distortion as p increases,
proving Theorem 18 (which imply also Theorem 6).

In Chapter 5 we show how to extend the embedding for infinite compact metric spaces,
proving a scaling distortion result stated in Theorem 19 and showing how it implies the
O(q) bound on the ¢, -distortion for infinite spaces mentioned in Theorem 7.

In Chapter 6 we prove the theorems regarding the intrinsic dimension of metric spaces,
that are described in Section 2.5, in particular the result on low distortion embedding
for A-doubling metric spaces into L, of dimension O(log \), as stated in Theorem 8. In
Chapter 7 we continue and prove Theorem 31, a generalization of our techniques tailored
for decomposable metrics, which improves the distortion for this family of metric spaces.

In Chapter 8 we prove the embedding into trees theorems: Theorem 23, Theorem 24,
which gives a constant average distortion embedding into a single ultrametric and a single
spanning tree of the graph respectively, and also Theorem 25, in which the embedding is
into a distribution over ultrametrics.

In Chapter 9 we prove Lemma 2.1, showing the relation between scaling distortion
and our notions of average distortion,

In Chapter 10 we prove all the lower bound results mentioned in Section 2.7, including
the tightness of the distortion-dimension tradeoff shown in Theorem 28, and a tight lower
bound on partial (and hence also on scaling) distortion given in Theorem 30.

In Chapter 11 we show some algorithmic applications of our methods, we also discuss
distance oracles in Section 11.6. Finally in Chapter 12 we show some partial embedding
results, and conclude with possible future research directions in Chapter 13
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Chapter 3

Partition Lemmas

In this chapter we show the main tool of our embedding: uniformly padded probabilistic
partitions. We give several versions of these partitions, first a general one, then an
extension of it to decomposable metrics (defined formally in the sequel), and finally a
hierarchical construction of partitions. These partitions will be used in almost all the
embedding results.

Definition 3.1. The local growth rate of € X at radius r» > 0 for given scales v, 7, > 0
is defined as

p(xa 7, 72) = ‘B(‘T7 TVI)’/|B(I7 7172)|‘
Given a subspace Z C X, the minimum local growth rate of Z at radius » > 0 and
scales 71,72 > 0 is defined as p(Z,7,71,72) = mingez p(x,r,71,72). The minimum local
growth rate of x € X at radius r > 0 and scales 1,72 > 0 is defined as p(z,r,v1,72) =
/O<B($7 7'), 71, 72)

Claim 3.1. Let z,y € X, let 71,72 > 0 and let v be such that 2(1 + yo)r < d(z,y) <
(v1 — 2 — 2)r, then
max{ﬁ(x,r, 71772)7ﬁ(y7ru 71772)} > 2.

Proof. Let B, = B(z,r(1+2)), B, = B(y,r(1 4+ 12)), and assume w.Lo.g that |B,| <
|By|. As r(1+ ) < d(z,y)/2 we have B, N B, = (. Note that for any 2/ € B(x,r),
B(z',1v,) C B,, and similarly for any v’ € B(y,r), B(y',ry2) C B,. On the other hand
B(«',rv) 2 B, U By, since for any v € B, d(z',y') < d(z/,z) + d(z,y) + d(y,y’) <
r+r(yn —92 —2) +r(l+ ) = rv;. We conclude that

pla’,r,n,72) = [B@', r)l/|B(@',r2)| 2 (1B:| + [Byl)/1Be| = 2.
U

Definition 3.2 (Partition). A partition P of X is a collection of pairwise disjoint sets
C(P) = {Cy,Cs,...,C;} for some integer t, such that X = U,;C;. The sets C; C X are
called clusters. For z € X denote by P(x) the cluster containing z. Given A > 0, a
partition is A-bounded if for all j € [t], diam(C;) < A. For Z C X we denote by P|[Z]
the restriction of P to points in Z.
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Definition 3.3 (Probabilistic Partition). A probabilistic partition P of a metric space
(X, d) is a distribution over a set P of partitions of X. Given A > 0, P is A-bounded

if each P € P is A-bounded. Let supp(P) C P be the set of partitions with non-zero
probability under P.

Definition 3.4 (Uniform Function). Given a partition P of a metric space (X,d), a
function f defined on X is called uniform with respect to P if for any x,y € X such that
P(z) = P(y) we have f(z) = f(y)

Let P be a probabilistic partition. A collection of functions defined on X, f = {fp|P €
P} is uniform with respect to P if for every P € P, fp is uniform with respect to P.

Definition 3.5 (Uniformly Padded Local PP). Given A >0 and 0 < § < 1, let P be a
A-bounded probabilistic partition of (X, d). Given collection of functions n = {np : X —
0,1]|P € P}, we say that P is (n,8)-locally padded if the event B(z,np(z)A) C P(x)
occurs with probability at least 0 regardless of the structure of the partition outside
B(z,2A).

Formally for all C' C X \ B(z,2A) and all partitions P’ of C,

Pr[B(z,np(z)A) € P(z) | P[C] =P >0

Let 0 < 6 < 1. We say that P is strong (n,g)—locally padded if for any 6 < § < 1, P is
(7 -1n(1/6), 0)-padded.
We say that P is (n, 0)-uniformly locally padded if n is uniform with respect to P.

The following lemma is a generalization of a decomposition lemma that appeared
in [Bar04], which by itself is a generalization of the original probabilistic partitions of

[Bar96, LS91]. Recall that A (B, C) stands for AN B # () and ANC # (.

Lemma 3.1 (Probabilistic Decomposition). For any metric space (Z,d), point v € Z,
real parameters x > 2,A > 0, let v be a random wvariable sampled from a truncated
exponential density function with parameter A = 81n(x)/A

f(rA) = { e re[A/4A)2)

0 otherwise

If S = B(v,r) and S = Z \ S then for any 0 € [x~',1] and any v € Z such that
d(z,v) < A:

Pr [B(z,nA) = (S,5)] < (1-16) (Pr [B(z,nA) € S] + %) :

where n = 2"41n(1/0)/In x.

Proof. Let x € Z. Let a = infyepuya){d(v,y)} and b = sup,cp(,,a)1d(v,y)}. By the
triangle inequality: b —a < 2nA. We have:

< (=) 2 (1-0), (3.1)



which follows since:

8(b—a) < 16nA
A T A

= 16n = In,(1/6).

AJ2
| 1w = (Zm)cE -, 32)
Therefore we have:

Pr[B(z,nA) b ( S)| = (1=0) - Pr[B(z,nA) £ 8]
<=0 (=)t <1-0)-2¢

where in the last inequality we have used the assumption that y > 2. Since y~! < 0, this
completes the proof of the lemma. n

3.1 Uniform Padding Lemma

The following lemma describes the uniform probabilistic partition, the uniformity is with
respect to 1 - the padding parameter, which will the same for all points that are in the
same cluster. This n will actually be a function of local growth rate of a single point,
“the center “ of the cluster, which has the minimal local growth rate among all the other
points in the cluster. The purpose of the function £ is to indicate which clusters have
significantly high enough local growth rate at their centers for 1 to be as above, while
the threshold for being high enough is set by the parameter 5.

Lemma 3.2. Let (Z,d) be a finite metric space. Let 0 < A < diam(Z). Let § € (0,1/2],
M > 2, v < 1/16. There exists a A-bounded probabilistic partition P of (Z,d) and
a collection of uniform functions {{p : Z — {0,1} | P € P} and {np : Z — (0,1] |
P € P} such that the probabilistic partition P is a strong (1, 5)—umf0rmly locally padded
probabilistic partition; and the following conditions hold for any P € supp(75) and any
xEL:

o Ifép(z) =1 then: 279/ Inp(x, 22, 11, 72) < np(z) < 276/1In(1/5).
o Ifép(x) =0 then: np(x) = 275/In(1/8) and p(x, 2, v1,72) < 1/6.

Proof. We generate a probabilistic partition Pof Z by invoking the probabilistic decom-
position Lemma 3.1 iteratively. Define the partition P of Z into clusters by generating a
sequence of clusters: Cy, Cy, ..., for some fixed s € [n]. Notice that we are generating
a distribution over partitions and therefore the generated clusters are random variables.
First we deterministically assign centers vy, vy, ..., vs and parameters xi, X2, - - -, Xs- Let
Wi =7 and j = 1. Conduct the following 1terat1ve process:

1. Let v; € W; be the point minimizing x; = p(x, 2A, 71, ¥2) over all z € W.

2. Set x; = max{2/0'/2,x;}.
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3. Let Wj+1 = Wj \ B(’UJ,A/4)
4. Set j =j+ 1. If W; # 0 return to 1.

Now the algorithm for the partition and functions &, 7 is as follows: Let Z; = Z. For
i=1,2,3.. .5

1. Let (S, S'Uj) be the partition created by S,, = Bz, (v;,7) and S'Uj = Z;\ Sy, where
r is distributed as in Lemma 3.1 with parameter A = 81n(y;)/A.

2. Set Cj = Svj, Zj+1 = gvj-

3. For all z € C; let np(z) = 276/ max{In {;,In(1/8)}. If ¥; > 1/4 set &p(z) = 1,
otherwise set {p(x) = 0.

Throughout the analysis fix some 6 <8 <1. Let 6 = §'/2, hence 6 > 2)(]._1 for all j € [s].
Let n; = 27*In(1/6)/Inx; = 27°1In(1/8)/Inx;. Note that for all z € C; we have np(z) -
In(1/6) = 275 1In(1/6) min{1/In g;,1/In(1/6)} < 2751n(1/8) min{1/In {;,1/In(2/5"/2)} =
n;. Observe that some clusters may be empty and that it is not necessarily the case that
Um € C),. We now prove the properties in the lemma for some x € Z. Consider the
distribution over the clusters Ci, Cs, ... as defined above. For 1 < m < s, define the
events:

Zm = {Vj,l < j <m, B(%WJA) - Zj+1}7
Em = {3J, m <j<sst B(x,nA)p (Svj,S’vj)|Zm}.

Alsolet T'=T, = B(z,A). We prove the following inductive claim: For every 1 < m < s:

Pri€,] < (1=0)(1+0 Y XV (3.3)

Note that Pr[&] = 0. Assume the claim holds for m + 1 and we will prove for m. Define
the events:

fm - {B(xﬂlmA) > (Svm7gvm)|2m}7
g_m = {B(7,nmA) C gvm|Zm} = {Z’jerl‘Zm}’
On = {B T, N 7@ Svm m} = {Zm+1|zm}'

First we bound Pr[F,,]. Recall that the center v,, of C,, and the value of x,, are de-
termined deterministically. The radius 7, is chosen from the interval [A/4, A/2|. Since
Nm < 1/2, if B(z,nymA) 1 (S,,,, Sy, ) then d(v,,z) < A, and thus v, € T. Therefore if

Um>

U € T then Pr[F,,] = 0. Otherwise by Lemma 3.1

Pl (3.4)
= Pr[B(z,n,A) = (Svm;S )| Zm]

< (1 -0)(Pr[B(z,nnA SZ Svm|Zm] + QX;I)
= (1=0)(Pr[Gn] +0x.,).
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Using the induction hypothesis we prove the inductive claim:

Pr(&,) Pr[F,.] + Pr[Gn] Pr[&m 1]
(1= 0)(Pr[Gm] + 01y, ey X)) +
Pr(G,]-(1=0)(1+6 > x;)

jzm+1v;€T

L=0)1+0 > x5,

j>m;eT

<
<

IA

The second inequality follows from 3.4 and the induction hypothesis. Since the choice of
radius is the only randomness in the process of creating P, the event of padding for z € Z
is independent of all choices of radiuses for centers v; ¢ T,. That is, for any assignment
to clusters of points outside B(z,2A) (this may determine radius choices for points in
Z \ B(z,A)), the padding probability will not be affected.

Fix some z € Z, T = T,. Observe that for all v; € T, d(v;,z) < A, and so we
get B(vj,27%A) C B(z,2A). On other hand B(v;,271A) O B(z,2A). Note that the
definition of W; implies that if v; is a center then all the other points in B(v;, A/4)
cannot be a center as well, therefore for any j # j', d(v;,v;) > A/4 > 4y, A, so that
B(v;,272A) N B(vjr, 299A) = ). Hence, we get:

DRGNS M

j=>1lwv;eT j>1v;€T

Z |B(UJ72’72A)|
(

|B UJ7272A)|
< E — = ],
o |B(z,2A)] —
j>1v;€T

<

Let j € [s] such that P(z) = Cj, then as np(z) - In(1/§) < n; follows B(z,np(z) -
In(1/9)A) C B(xz,n;A). We conclude from the claim (3.3) for m = 1 that:

Pr[B(z,np(z) - In(1/6)A) € P(x)] < Pr[&] <
1=0)(1+6- > xH<A-01+6)=1-0

j=1lv;eT

It follows that P is strong uniformly padded. Finally, we show the properties stated
in the lemma. Let x € Z and j € [s] be such that z € C;. For the first property

if {p(x) = 1 by definition x; > 1/6 so np(z) = 27%/1n p(vj,2A,791,72) and by the
minimality of v;, np(z) > 27%/1In p(z, 2A, 71, 72). By definition also np(z) < 2_6/ln(1/5).
As for the second property, {p(x) = 0 implies that x; = p(v;,2A,7,72) < 1/6 and
p(x, 28,71, 72) < p(vj,2A,71,72), also by definition np(z) = 276/1n(1/0). O

The following corollary shows that our probabilistic partitions yield a similar result
to the one given in [FRTO03] (which are based on [CKRO1] and improved analysis of
[FHRTO03]).
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Corollary 3.1. Let (X,d) be a metric space. Let y1 = 2, v = 1/32. For any A > 0
there exists a A-bounded probabilistic partition P, which for any 1/2 < § < 1 is (n,0)
padded, where

- n(1/0) -6
n(z) = {261n(p(x,2A,’71,’72>)’2 } '

Proof. Let § = 1 /2, and let P be a A-bounded probabilistic partition as in Lemma 3.2
with parameters 9, v1,72. Let p(x) = p(z,2A,71,72), B(x) = B(x,n(x)A) and let 1/2 <
0 < 1. We distinguish between two cases:

Case 1: p(z) < 2. We will show that Pr[B(z) € P(x)] = 0. Let j be the minimal
such that v; is a center of a cluster C; that intersects B(x). If d(x,v;) < A/8 then
since n(z) < 279, it follows that B(x) C B(z,A/2°) C B(v;,A/4) C C; = P(x).
Otherwise d(z,v;) > A/8 will lead to a contradiction: Let A = |B(x,4A)|, a =
|B(z,A/16)|, B = |B(vj,4A)| and b = |B(vj, A/16)|. Note that p(z) = A/a and
p(v;) = B/b. Asd(x,v;) < AJ/2+A/32 < A wehave a+b < A, a+b < B. On the
other hand B(z,A/16) N B(vj, A/16) = (. From the minimality of p(v;) follows
p(v;) < p(x) < 2, therefore A < 2a and B < 2b, hence A+ B < 2a+2b < A+ B,
contradiction.

Case 2: p(z) > 2. In this case we simply use Lemma 3.2 which states that if z € C; with
center v; then z is (np(x)In(1/4),d)-padded for np(x) = 279/ max{In(p(v;)),In 2},
and as v; minimizes p(v;) < p(x), we have that n(z) < np(z) it follows that

Pr[B(z) C P(z)] > .

3.2 Padding Lemma for Decomposable Metrics

In this section we extend the uniform padding lemma, and obtain an additional lower
bound on the padding parameter with respect to the "decomposability“ of the metric
space, as given by the following definition.

Definition 3.6. Let (X, d) be a finite metric space. Let 7 € (0,1] and let 0 < A <
diam(X). We say that X admits a (local) 7-decomposition if there exists a A-bounded
probabilistic partition P of X such that for all § < 1 satisfying In(1/8) < 26771, P is
(1 -1n(1/6),d)-(locally) padded.

It is known [L.S91, Bar96] that any metric space admits a 2(1/logn)-decomposition,
however there are certain families of metric spaces which have a much larger decomposi-
tion parameter, such as doubling metric and metrics derived from graphs that exclude a
fixed minor. Note that we require padding for a wide range of the parameter ¢ and not
just a fixed value (a common value used in many places is § = 1/2).

Lemma 3.3 (Uniform Padding Lemma for Decomposable Metrics). Let (X, d) be a finite
metric space. Let 0 < A < diam(X). Assume X admits a (local) T-decomposition.
Let & € (0,1/2] satisfying In(1/0) < 25771 and let v1 > 2 v < 1/16. There exists
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a A-bounded probabilistic partition P of (X,d) and a collection of uniform functions
{¢p : X — {0,1} | P € P} and {np : X — (0,1/1n(1/)] | P € P} such that the
probabilistic partition P is a strong (n,g)—um'formly padded probabilistic partition; and
the following conditions hold for any P € P and any v € X:

o np(x) >71/2.

o If&p(x) =1 then: 277/ Inp(, 28,3, 72) < np(x) < 277/In(1/9).

o Ifép(x) =0 then: np(z) =277/In(1/0) and p(x, 20, v1,72) < 1/0.
Furthermore, if X admits a local T-decomposition then P is local.

Proof. We generate a probabilistic partition P of X in two phases. the first phase is done
by invoking the probabilistic decomposition Lemma 3.1 iteratively. By sub-partition we
mean a partition {C;}; lacking the requirement that J, C; = X. The intuition behind
the construction is that we do the same partition as in Lemma 3.2 while the local growth
rate is small enough. Once the growth rate is large with respect to the decomposability
parameter, we assign all the points who were not covered by the first partition, a cluster
generated by the probabilistic partition known to exists from Definition 3.6. This is done
in two phases:

Phase 1: Define the sub-partition P, of X into clusters by generating a sequence of
clusters: Cy, Cs, ... Cy, for some s € [n]. Notice that we are generating a distribution
over sub-partitions and therefore the generated clusters are random variables. First
we deterministically assign centers vy, vy, ..., v, and parameters xi, X2, - - -, Xs- Let
Wi = X and j = 1. Conduct the following iterative process:

1. Let v; € W; be the point minimizing x; = p(z,2A, 791, 72) over all z € W;.
2. If 2%In(x;) > 7' set s = j — 1 and stop.

3. Set x; = max{2/51/4,)€j}.

4. Let W = W; \ B(v;, A/4).

5. Set j =7+ 1. If W; # () return to 1.

Now the algorithm for the partition and functions &, 7 is as follows: Let Z; = X.
For y=1,2,3...s:

1. Let (S,,, Sy,) be the partition created by invoking Lemma 3.1 on Z; with center
v = v; and parameter x = ;.

2. Set Cj = Svj, Zj+1 = Svj-

3. For all z € C; let np(x) = 277/ max{In x;, In(1/6)}. If x; > 1/0 set &p(z) = 1,

otherwise set {p(x) = 0.

Fix some 6 < 6 < 1. Let § = 6'/4. Note that § > 2X;1 for all j € [s] as required.
Recall that n; = 27*In(1/60)/Inx; = 27%In(1/6)/Inx; (it is easy to verify that
np(z) -1n(1/5) < n;). Observe that some clusters may be empty and that it is not
necessarily the case that v, € C,,.
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Phase 2: In this phase we assign any points left un-assigned from phase 1. Let P, =
{D1, D, ...,D;} be a A-bounded probabilistic partition of X, such that for all
§ < 1 satisfying In(1/9) < 2677, P} is (7-1In(1/6), d)-padded. Let Z = |J;_, C; and
7 = X\ Z (the un-assigned points), then let P, = {D,NZ,DyNZ,...,D;NZ}.
For all x € Z let np(x) = 7/2 and &p(z) = 1. It can be checked that 771(3)(:1:) <n;
for all j € [s]. Notice that by the stop condition of phase 1, 7 < 27%/Iny;,
since by definition 7 < 276/1n(1/4) as well follows that for all € Z and j € [d],

Define P = P, U P,. We now prove the properties in the lemma for some x € X,
first consider the sub-partition P;, and the distribution over the clusters Ci, Cs, ... as
defined above. For 1 < m < s, define the events:

Zn = {Vj,l < j <m, B(‘ran]A) - Zj+1}7
En = {3, m <j<sst Blx,nA) (Svj,gvj)|Zm}.

Alsolet T'=T, = B(z, A). We prove the following inductive claim: For every 1 < m < s:

Prig,] < (1-0)1+6 Y  x;). (3.5)

j=m,v; €T

Note that Pr[€] = 0. Assume the claim holds for m + 1 and we will prove for m. Define
the events:

Fm = {B(:L‘, NmA) > (S, S’vm)|Zm}v
g_m = {B(l’,nmA) - €Um|zm} = {Zm+1|zm}>
gm == {B(.Z',?]mA) g Svm|Zm} = {Zm+1|Zm}

First we bound Pr[F,,]. Recall that the center v,, of C,, and the value of x,, are de-
termined deterministically. The radius 7, is chosen from the interval [A/4, A/2]. Since
Nm < 1/2, if B(z,nnA) 1 (S,,,, Sy, ) then d(v,,z) < A, and thus v, € T. Therefore if
Um ¢ T then Pr[F,,] = 0. Otherwise by Lemma 3.1

Pr[F,) (3.6)
= Pr[B(z,1nA) < (S, o, )| 2]
< (1= 0)(Pr[B(z,mnA) € So, | 2] + 0x5,)

= (1—0)(Pr[Gn] + 0x.,))-

Since the choice of radius is the only randomness in the process of creating P, the event
of padding for z € Z, and the event B(z,np(2)A)N Z = () for 2 € Z are independent of
all choices of radii for centers v; ¢ T,. That is, for any assignment to clusters of points
outside B(z,2A) (which may determine radius choices for points in X \ B(z,A)), the
padding probability will not be affected. Using the induction hypothesis we prove the
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inductive claim:

Pr(&,) Pr[F,.] + Pr[Gp] Pr[&mia]

(1= 0)(Pr[Gp] + 011y, e X, ) +
PrGn]-(1—0)(1+6 > ;')

j>m+1;€T

< A-0)01+0 Y X,

jzm,v;eT

IA A

The second inequality follows from (3.6) and the induction hypothesis. Fix some = € X
T =T,. Observe that for allv; € T', d(v;,x) < A, and so we get B(vj, 272A) C B(z,2A).
On the other hand B(v;, 27 A) D B(x,2A). Note that the definition of W; implies that if
v; is a center then all the other points in B(vj, A/4) cannot be a center as well, therefore
for any j # j', d(vj,v;) > AJ4 > 4y A, so that B(vj, 27A) N B(vjr, 279.A) = 0. Hence,

we get:
)R D DS

j=>1lwv;eT j>1v;€T
Z |B(v;,27:4)]
|B(vj, 21 A)

| B(v;, 2924
< — = 1.
T 2 |B(z,2A)]
j=1v;eT
We conclude from the claim (3.5) for m = 1 that
Pri&] < (1=0)(1+6- Y x;)<(1-0)(1+0)<1-6"

j>1v;€T

j>1,0;€T

Hence there is probability at least 6'/2 that event —&; occurs. Given that this happens,
we will show that there is probability at least 6'/2 that z is padded. If z € Z, then let
J € [s] such that P(z) = C}, then np(z) - In(1/0) < n; and so B(z,np(z) - In(1/5)A) C
B(z,n;A). Note that if z € Z is padded in P it will be padded in P. If z € Z: since for
any j € [s], np(x)-In(1/0) < n; we have that =& implies that B(x,np(z)-In(1/6)A)NZ =
(. As P, is performed independently of P, we have Pr[B(x, (7/2)1In(1/68)) C Py(x)] > 6'/2,

hence
Pr[B(z, (7/2)In(1/6)) C P(x)] > Pr[B(z, (7/2)In(1/§)) C P(x) | =& ]-Pr[—& ] > 512612 = 6.

It follows that P is uniformly padded. Finally, we show the properties stated in the
lemma. The first property follows from the stop condition in phase 1 and from the
definition of np(x). The second property holds: first take x € Z and let j be such
that z € Cj, then £p(z) = 1 implies that ¥; > 1/0 hence np(z) = 277/Iny; =
277/1n p(vj, 22, 91,72) and by the minimality of v, np(z) > 277/ Inp(z,2A,791,72). By
definition np(z) < 277/In(1/8). If & € Z then np(x) = 7/2, by the stop condition of
phase 1 7/2 > 277/In;. Again by definition of ¢ follows that 7/2 < 277/In(1/d). As
for the third property, which is meaningful only for 2 € Z, let j such that « € C}, then
p(x) = 0 implies that x; < 1/6 hence np(z) = 277/1In(1/4) and since d(z,v;) < A also
ﬁ<x72Aa71772) < p(vj72A771772) < 1/6 u
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Lemma 3.4 (Local Padding Lemma for Doubling Metrics). Every finite metric space
(X, d) is locally T-decomposable for any 0 < A < diam(X) where T = 27%/dim(X).

Proof. Fix 0 < A < diam(X) and let A denote the doubling constant of X. We generate
a probabilistic partition P of X by invoking the probabilistic decomposition Lemma 3.1
iteratively. Define the partition P of X into clusters by generating a sequence of clusters:
Cy,Cy, ... C.

First we deterministically assign centers vy, vs,...,vs, by choosing an arbitrary se-

quence of an arbitrary A/4-net of X. Now the algorithm for the partition is as follows:
Let Z1 =X. For j=1,2,3...s:

1. Let (S,,,S,,) be the partition created by invoking Lemma 3.1 on Z; with center
v = v; and parameter y = x; = A%

2. Set Cj = Svj, Zj+1 = gvj-

Throughout the analysis fix some ¢ and let § = §'/2. Note that § > A™2 > 2y~" as
required, where we use the fact that A > 2 assuming | X| > 1.

Recall that n; = 27*In(1/6)/In x; = 27°In(1/8)/In x;, and define: np(x) = n;/In(1/8) =
T/2.

Define the events

Zn = {Vj,1<j<m, Blz,nA) C Zj},
En = {34, m <j<sst Ba,nA) (S, S,)|Zm}

Also let T' = T, = B(x,A). The following inductive claim is identical to that in
Lemma 3.2: For every 1 < m < s:

PrE] <(1=0)(1+0 > x5
j=>m,; €T

Now consider a fixed choice of partition P. Let ¢t be the number of center points v;
such that v; € T. Consider covering of T" by balls of radius A/8. Observe that there exists
such a covering with at most A*. Since the centers are a net for any j # 5/, d(v;, v) > AJ4.
It follows that each of the balls in the covering of 7" contains at most one v; and therefore
tr < M. We therefore obtain:

Z X;lItT')\izlg 1.

j>1,0,€T

For z € X, if P(x) = S,,; then by definition np(x)In(1/0) = n;. We conclude that:

Pr[B(z, (np(x))In(1/6)A) € P(z)] = Pr[&] < (1-0)(1+6E[ > x;']) < (1-0)(1+6) = 1—4.

j>1u,€T
[
We also have the following Lemma from [KPR93, FT03]

Lemma 3.5. Let G be a weighted graph that excludes the minor K,.. Then the metric
(X,d) derived from the graph is T-decomposable for any 0 < A < diam(X) where T =

276 /r2,
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3.3 Hierarchical Padding Lemma

Definition 3.7. [Hierarchical Partition] Given a finite metric space (X,d) and a pa-
rameter k > 1, let A = Zewex{@V) 0 16 apect ratio of (X, d) and let T = {0 <

ming -y e x{d(z,y
i < log, Ali € N}. Let A0¢ - ({hz;m(X), and for each 0 < ¢ € I, A; = Aj1/k. A
k-hierarchical partition H of (X, d) is a hierarchical collection of partitions {P;};cs, each
P; is A;-bounded, where P, consists of a single cluster equal to X and for any 0 < € [
and x € X, Pi(x) C P_1(x).

Definition 3.8 (Prob. Hierarchical Partition). A probabilistic k-hierarchical partition
H of a finite metric space (X, d) consists of a probability distribution over a set H of
k-hierarchical partitions. A collection of functions defined on X, f = {fp;|P, € H,H €
H,i € I} is uniform with respect to H if for every H € H, i € I, fp; is uniform with
respect to P;.

Definition 3.9 (Uniformly Padded PHP). Let H be a probabilistic k-hierarchical par-
tition. Given collection of functions n = {np; : X — [0,1]|i € I, P, € H,H € H} and
6 € (0,1], H is called (n,d)-padded if the following condition holds for all i € I and for
any r € X:

Pr(B(z,npi(z)Ai) C Pi(z)] > 6.

7—:{ is called strong (1, 6)-padded if for all § < § < 1, H is (1 - In(1/6),8)-padded. We say
H is uniformly padded if n is uniform with respect to H.

In order to construct partitions in a hierarchical manner, one has to note that the
padding in level ¢ € I can fail because of the partition of level j < 7. The intuition is
that this probability decays exponentially with ¢ — j, however in order to make this work
we will use the fact that our partitions are strongly padded, and argue about padding in
all the levels 1,...,7 — 1 with larger value of §. The main property of the hierarchical
partition is that the sum of the inverse padding parameters over all levels in which there
actually was a local growth rate (this is indicated by & = 1) is bounded by a logarithm
of a "global“ growth rate - this is attained by a telescopic sum argument.

Lemma 3.6 (Hierarchical Uniform Padding Lemma for Decomposable Metrics). Let
(X,d) be a T-decomposable finite metric space, and let vy, = 16, v2 = 1/16. Let o€ (0, 3]
such that In(1/8) < 267=1. There exists a probabilistic 2-hierarchical partition H of (X, d)
and uniform collections of functions £ = {&{p; : X — {0,1}|i € I, P, € H H € H} and
n={np; : X — {0,1/In(1/8)}}i € I, P, € H H € H}, such that H is strong (n,0)-
uniformly padded, and the following properties hold:

<2141H(L>.
2 Eriw)mes(@)™ < Bz, Ay

1<t

and forany He H,0<i€ 1, P, H:
® np; > T/8.
o Ifépi(x) =1 then: np(x) <279/1In(1/9).
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o If&pi(x) =0 then: npi(x) =272/In(1/0) and p(z, Ai_1,71,72) < 1/6.

Proof. We create a probability distribution over hierarchical partitions, by showing how
to sample a random H € H, and uniform functions £ and 1. Define Fj as a single cluster
equal to X. For all z € X, set 7jpg(x) = 279/1n(1/6), Epo(x) = 0. The rest of the levels
of the partition are created iteratively using Lemma 3.3 as follows. Let i = 1.

1. For each cluster S € P,_q, let P[S] be a Ai—boundedA probabilistic partition created
by invoking Lemma 3.3 on S with the parameters ,71,72, and let {'pig), 7ps be
the uniform functions defined in Lemma 3.3.

2. Let P, = Ugep,_, P[S).

3. For cach cluster S € P,y and each z € S let p;(x) = min{; Mpis) (@), Sonpia(z)}.
If it is the case that np;(z) = “Npis () and also &' pig)(x) = 0 then set {p;(z) =0,
otherwise &p;(z) = 1.

4. Let e =i+ 1, if ¢ € I, return to 1.

Note, that for ¢ € I, z,y € X such that Pj(z) = Pi(y), it follows by induction
that np;(x) = npi(y) and €p;(z) = €pi(y), by using the fact that 7" and ' are uniform
functions with respect to P[S], where S = P,_i(x) = P,_1(y).

We prove by induction on i that P; is strong (7, 5)—unif0rmly padded, ¢.e. that it is
(n-1n(1/6),8)-padded for all § < § < 1. Assume it holds for i — 1 and we will prove for
i. Now fix some 0 < § < 1. Let B; = B(z,npi(x)In(1/6)A;). We have:

Pr[B; C Pi(x)] =
Pr[B; C P,_1(x)] - Pr[B; C Pi(x)|B; C P,_1(x)]. (3.7)

Let S = Pi_1(z). Note that np;(z)n(1/6) < § - 1pg () In(1/0) = njpq () In(1/6Y4).
Since 6*/4 > §, we have by Lemma 3.3 on S that Pr[B; C Pi(x)|B; C P, 1( )] > 64

Next observe that by definition 1p;(z) In(1/6) < 2-np;_1(z) In(1/6) = 3-3np;—1(z) In(1/6%*) =
2npi_1(x) In(1/6%4). Since A; = A;_1/2 we get that np;(x) In(1/6)A; < npi1(z) In(1/63*)A_;.
Therefore B; C B(z,np;_1(x)In(1/5%4)A;_;). Using the induction hypothesis it follows
that Pr[B; C P,_(z)] > §%* We conclude from (3.7) above that the inductive claim
holds: Pr[B; C Py(x)] > 6Y*. %% = §. This completes the proof that H is strong
(1, §)-uniformly padded.

We now turn to prove the properties stated in the lemma. The second property
holds by induction on i: assume np;_1(x) > 7/8 and by the first property of Lemma 3.3
np;(x) = min{{ - n;)[s](x),% npi—1(z)} > min{i - 7/2,3 . 7/8} = 7/8. Consider some
i €1, v € X and let S = P_y(z). The third property holds as np(x) < f1pg () <
279/ ln(l/g), using Lemma 3.3. Let us prove the fourth property. By definition if {p,(x) =
0 then np;(x) = in}[s] (z) and & pg(x) = 0. Using Lemma 3.3 we have that np,(z) =
279/1n(1/6) and that p(z, A;_1,71,72) < 1/0.

It remains to prove the first property of the lemma. Define ¢p;(z) = 279-¢ p,( Inpi(z)~t
Using Lemma 3.3 it is easy to derive the following recursion: ¢p;(z) < In ,0( Ai1,71,72)+
(2/3)¢p;—1(x). A simple induction on ¢t shows that for any 0 < ¢t < i Zt<]<1 Ypi(z) <
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3Zt<j§i Inp(z, Aj_1,71,72) +2¢ps(z). Now observe that as vy, = 16, 7, = 1/16 and that
for any j € I

lnp(x7Aja71772) = h’l(

h=—3

M)
|B(z, Aj72)|

It follows that

D vrs(@) <3 ) lnple, 81, 72)

0<j<i 0<j<i

4
_3 In <M)
0<j<i h=—3 |B(z, Ajin)|

4
3 In (M)
h=—30<j<i |B(x, Ajin)]

n
=24ln | ———].
(|B($; Az‘+4)|)

This completes the proof of the first property of the lemma. n
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Chapter 4

Embedding with Scaling Distortion
into Normed Spaces

In this section we prove our main theorem on embeddings with scaling distortion. The
construction is based on the following lemma which gives an embedding into the real line,
which is good for all pairs in expectation. The main tool that this lemma uses is the
probabilistic partitions given in Section 3. The parameter ( determines the quality of the
embedding, and as a consequence the number of coordinates needed (which is calculated
in Section 4.2).

4.1 Main Scaling Lemma

Lemma 4.1. Let (X, d) be a finite metric space on n points and let 0 < ¢ < 1, then there
exists a distribution D over functions f : X — R such that for all u,v € X:

1. For all f € supp(D),

)= )| < © [m (Mﬂ d(u,v).

Pr (1)~ f@)] 2 ¢ d(,)/C] 21~
where C' s a universal positive constant.

In the reminder of this section we prove this lemma, let us begin with the construction
of the distribution D.

Let Ay = sup, ,cx d(u,v). For i € Nlet A; = ((/8)'Ay and let P; be a A;-bounded
partition. Let s : (é() — N by s(u,v) = k for the unique k satisfying 8A; < d(u,v) <
8Ai_1. Foralli € Nlet o, : X — [0,1], & : X — {0,1}, ; : X — R* be uniform
functions with respect to P;, the functions 7; and &; will be randomly generated by the
probabilistic partition. For every scale i € N define ¢; : X — R™ as

&i(w)
ni()

©i(x) :min{ d(:c,X\Pi(:c)),CAi/él} : (4.1)
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and for 7 € N define ¢; : X — R as

Yi(z) = oi(z) - pi(z).

Finally let f : X — R be defined as f = ), y%;. Note that f is well defined because
f(@) =3 ien ¥i(2) < Ylien Ai < 24,

The distribution D on embeddings f is obtained by choosing each P; from the dis-
tribution P; as in Lemma 3.2 with parameters Z = X, A = A;, § = 1/2, v1 = 64/¢
and 72 = 1/16. For each i € N set § = &p and n; = np, as defined in the lemma.
For each i« € N let o; be a uniform function with respect to P, defined by setting
{0:,(C)|C € P,0 < i € I} as iid random variables chosen uniformly in the interval
[0, 1].

Lemma 4.2. For allu,v € X, f € supp(D),

)= 101 = ¢ [ (Bt

where C is a universal constant.

Proof. Fix some u,v € X and f € supp(D). Hence {P,}ien, {0 }ien are fixed. Let £ € N
be the maximum index such that A, > 2d(u,v), if no such ¢ exists then let £ = 0. We
bound |f(u) — f(v)| by separating the sum into two intervals 0 <1 < ¢, and i > ¢:

() = F)I < D Jaw) = du)[ + D [a(w)[ + ) [ei(v)

0<i<t i>0 i>0

Each term is bounded as follows:

Claim 4.1. For any u,v € X, ¥;(u) — ¢;(v) < Wu%d(u v).

Proof. For any set U C X and r € R*, it follows from the triangle inequality that
min{d(u,U),r} — min{d(v,U),r} < d(u,v). The fact that o;,§;,n; are uniform implies
that for each 0 <4 < {: if it is the case that P;(u) = F;(v) then 1;(u) —v(v) < 3 5’ ;d(u v).
Otherwise, if P;j(u) # P;(v), then d(u, X \ Pi(u)) < d(u,v) and hence ¢;(u ) Pi(v) <

bi(u) < 5’(“§d(u v). O

By symmetry we have that

[Vi(u) — i(v)] <




For any =z € X

§j@ﬁ§: > ) (4.2

0<i<l:€;(z)=1

Z 26 lnp(a:aQAia’hafVQ)

0<i<t:;(z)=1
B(z, 2% A )‘)
26 In (‘—
0;@ |B(x,274,)|
X|
20.31n | )
(IB(% Ar-1/8)]

The first inequality follows from the first property of Lemma 3.2, and the third inequality
holds as 271 A; < 27,43 (since 71 /72 < (8/¢)?), this suggests that the sum is telescopic
and is bounded accordingly. And now, noticing that |¢;(u)| < (A;/4 for all u € X and
i €N,

IN

IN

IN

|f(u) = fv)] < Z |i(u) — i(v)] + Z i (u)| + Z |93 (v)
0<i<t >l >0
(u) &i(v)
< (/DS A+ (/DS A,
3 (G + ) e+ @0y 2

< 2 (i (fpo a0y *m( nO)““”*“”
< | (g i) 0

The third inequality uses (4.2). The last inequality uses the fact that B(u,d(u,v)) C
B(u, Ay) N B(v,Ay) and that the maximality of ¢ suggests that A, < 16d(u,v)/(. ]

Lemma 4.3. For each u,v € X, Pr[|f(u) — f(v)] > - d(u,v)/C] > 1
We will use the following claims:
Claim 4.2. For each u,v € X, let k = s(u,v), then & (u) + & (v) > 0.

Proof. Using Claim 3.1 with parameters r = 2Ay, 71, 72, we have that indeed 2(1+,)r <

8Ag < d(u,v) and (y1—y2—2)r > 8A,_1 > d(u,v) so max{p(u, 2Ax, v1,72), (v, 20k, Y1,72) } >

2. By the second property of Lemma 3.2 it follows that & (u) 4 & (v) > 0, using that
1/6 = 2. O

Claim 4.3. Let A,B € R" and let o, 8 be i.i.d random variables uniformly distributed
in [0,1]. Then for any C € R and v > 0:

Pr[|C'+ Aa — BA| < v-max{A, B}] < 2v.
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Proof. Assume w.l.o.g A > B. Consider the condition |C'+ Aa — B3| < v-max{A, B} =
~vA. If C — BB > 0 then it implies o < y. Otherwise | — BBA_C| < 7. O

Proof of the lemma. Fix u,v € X and let k = s(u,v). Since §(u)+Ex(v) > 0 then assume
without loss of generality that {(u) = 1. Recall that Py is a strong (ng, 1/2) locally
padded probabilistic partition, hence it is (7 - In(1/ 5) d)-padded for all 1/ 2 < 5 < 1.

We take § = 1 — (/2. Note that as 0 < ¢ < 1, =753 = 1 + 1(/42/2 > e2<1 58 hence
ln<1 </2> > (/4

Let Eu—pad be the event {B(u,ni(u) - (Ax/4) C Py(u)}. From the properties of
Lemma 3.2 we have Pr[€,_p.q] > 1 — (/2. In this case, given &, pad,

[ X\ Aw)
onlu) = { (@)

Let &, _color be the event that |Zo<j§k(¢j(u) —;(v))] > (¢/4)*A), and Eyp—good be
the event that both events &,_pad, Eu—color hold. We will show that

PIA[gu—color | gu—pad] > 1— C/Q 5 (43)

/

,CAk/‘l} > (A/4

therefore
Pr[guv—good] - Pr[gu—pad A gu—color] - Pr[gu—pad] : Pr[gu—color | gu—pad] 2 (1 - C/2)2 Z 1— C

Now to prove (4.3). Define A = @p(u), B = ¢p(v), a = ox(u), 8 = ox(v) and
C =3, (Wi(u)=¢;(v)). Since diam(Py(u)) < Ay < d(u,v) we have that Py (v) # Py(u).
Thus «a and 3 are independent random variables uniformly distributed in [0, 1], hence we
can apply Claim 4.3 with v = {/4, noticing that given &,_pad, max{A, B} > (A;/4

PI[_l u—color | gu—pad] < PIHC + Ao — Bﬁ| <7 maX{A7 B} | gu—pad]
< Pr[|C + Aa — BB| < (¢/4)*Ag | Eu_pad]

< (/2.
Note that |¢;(u) — ¢, (v)| < (A;/4, hence
> (W(u V) < (/D) A; < (¢/4) - CAR/6 = (2/3) - (¢/4)* Ay
J>k j<k
We conclude that with probability at least 1 — ¢ event &,,_go0q4 OCccur and then
)= =1 Y (W)=t (0)l=1 D (5 (w) =5 (0))| = (1/3)-(¢/4)°Ar = ¢Pd(u,v)/C
0<j<k j>k
for C' > 384.
n

Lemma 4.4. The embedding of Lemma 4.3 can actually give a stronger local result. For
any pair u,v with s(u,v) = k define @ = Q(u,v) C (3) by

Q= {(u', V') € ()2() | s(u/,v") < kV (s(u',v) =k Ad({u,v}, {u/,0'}) > 4Ak)} ,
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then

Pr ﬁguv—good | /\ gu’v’—good < C
(W v')eQ
Proof. The observation is that the bound on the probability of event &,,_good depends
only on random variables o, (u), ox(v) and w.l.o.g the event &,_paq, given any outcome for
scales 1,2,...k — 1, and is oblivious to all events that happen in scales k + 1,k +2,....
The events {E€uv/—good } (u )@ either depend on scale < £, in this case £,,—good holds with
probability at least 1 — ¢ given any outcome for those events. If s(u',v") = k then it must
be that d({u, v}, {u/,v'}) > 4Ag, now the locality of the partition suggests that the event
Eu—pad has probability at least 1—(/2 given any outcome for £,/ _good. Since any partition
P, € supp(Py) is Ap-bounded it follows that {Py(u), P(v)} N {Pe(w'), Po(v))} = 0, i.e.
the random variables g, for each pair are independent. O

4.2 Scaling Distortion with Low Dimension

Now we prove the following corollary of the embedding into the line

Corollary 4.1. For any 1 < p < oo, any finite metric space (X,d) on n points and
any 6 > 12/loglogn there is an embedding F' : X — L, with coarse scaling distortion

O(log(2/¢) - log’ n) and dimension O < logn >

0loglogn

This implies Theorems 4, 5 and Theorem 10 when taking 6§ = 12/ log log n.

Proof. Let D = c¢-logn/(floglogn) for some constant ¢ to be determined later. Let
¢ = 9/3 . We sample for any ¢ € [D] an embedding f® : X — R, as in Lemma 4.1

with parameter ¢ and let F = D~V/p ], f®. Fix any ¢ > 0 and let u,v € G.. Let
2, = Z,(u,v) be the indicator for the event &y, _good, ¢-€. We failed in the t-th coordinate.
Let Z = Z(u,v) = > ,cp) Zr- We are interested to bound the probability of the bad
event, that Z > D/2. Note that E[Z] < (D, so let a > 1 such that E[Z] = (D/a. Using
Chernoff bound:

0a/(20)-1 E[Z] D)2
Pr[Z > DJ2) = Pr [CE[2]/(2a)] < ( ( ) < (200) (4.4)

a/(2))70

As /(= 9/6 < o it follows that

1
Pz > D/2 < O = (m

for large enough constant c.
As there are (Z) pairs, by the union bound there is probability at least 1 — 1/n that
none of the bad events Z(u, v) occur, in such a case, using the first property of Lemma 4.1

IE(u) = F)ll; = D™ Y |fO ) — fO(o) (4.5)

te[D]

S

= O((In(2/e) - d(u,v))?),
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since by definition of Gy, |B(u, d(u,v)| > en/2.
Let S = S(u,v) C [D] be the subset of coordinates in which event &£,,_good holds,
then as |S| > D/2 and by the second property of Lemma 4.1

IE@) = F@)lls = D™ Y |fOuw) — fO(o)

te[D)

> DY 19w — fO)P

tesS

> D8] (¢*d(u,v)/C)"
_ d(u,v)\"
B Q( In’n )

4.3 Embedding into L,

In this section we show the proof of Theorem 18, which gives an improved scaling dis-
tortion bound of O([log(2/¢)/p]), when embedding into L,, with the price of higher
dimension. As in the previous section, the bulk of the proof is showing an embedding
into the line with the desired properties, described in the following lemma.

Lemma 4.5. Let (X,d) be a finite metric space on n points and let k > 1, then there
exists a distribution D over functions f : X — R such that for all € € (0,1] and all
z,y € G(e):

1. For all f € supp(D),

|f(z) = fy)] < C [ln( )//i—i—l—‘ d(x,y).

1
- 4655

Prllf(z) = fW)l 2 dlz,y)/C]
where C'is a universal positive constant.

The proof of this lemma is in the spirit of Lemma 4.1, the main difference is that we
choose a partition with very small probability of padding, ¢.e. the parameter 5~ e "
This will improve the distortion by a factor of In(1/8) = «, but choosing ¢ in such a way
Claim 4.2 does not hold anymore. There may be pairs x, y such that &;(x) = &(y) = 0. For
such cases we need to modify f by adding additional terms that are essentially distances
to random subsets of the space, similarly to Bourgain’s original embedding, and show
that if indeed &;(z) = &;(y) = 0 then we can get the contribution from these additional
terms.

Let s = e*. Let I and A; for i € I be as in Definition 3.7. We will define functions
P, X — R and let f = ¢+ p. In what follows we define 1). We construct a uniformly
(n,1/s)-padded probabilistic 2-hierarchical partition H as in Lemma 3.6, and let £ be as
defined in the lemma. Now fix a hierarchical partition H = {P;};c; € H. We define the
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embedding by defining the coordinates for each x € X. For each 0 < ¢ € I we define a
function 1); : X — R* and for z € X, let ¢(x) = > .., ¥i(x).

Let 0; : X — {0,1} be a uniform function with respect to P; define by letting
{0:(C)|C € P,,0 < i € I} be iid symmetric {0, 1}-valued Bernoulli random variables.
The embedding is defined as follows: for each z € X and 0 < i € I let

&i(z)
K1)

4(0) = (o) - min § e X\ R

Next, we define the function yu, based on the embedding technique of Bourgain [Bou85]
and its generalization by Matousek [Mat90]. Let 7" = [log,n| and K = {k € N|]1 <k <
T'}. For each k € K define a randomly chosen subset Ay C X, with each point of X
included in A;, independently with probability s=%. For each k € K and x € X, define:

Ii(x) = {i € IIVu € P(x), s"7% < |B(u,4A;)| < s}
We make the following simple observations:
Claim 4.4. The following hold for every i € I:
o Foranyx € X: |{kl|i € I(x)}] < 2.
e For every k € K: the function i € Ij(x) is uniform with respect to P;.

We define i : X — I, where i(x) = min{i|i € Ix(z)}.
For each k € K we define a function py, : X — R and let p(x) = >, (). The
function py is defined as follows: for each x € X and k € K, let i = ix(z) and

tx () = min {%d(a:, Ay, 2%(z, X \ Pi(x)), Ai}

Upper Bound Proof
Claim 4.5. Foranyi €I and x,y € X,
§i(z)

K1)

(0) = ily) < min { )

The proof is essentially the same as the proof of Claim 4.1.

Claim 4.6. For any k € K and xz,y € X,

() — pe(y) < min{2%(z, y), Ajy )}

Proof. Let i = ix(z) and i’ = ix(y). There are two cases. In Case 1, assume P;(x) = Pi(y),
and first we show that ¢ = ¢/. By Claim 4.4 we have that ¢ € [ (y), implying ¢' < ¢. Since
H = {P,}ics is a hierarchical partition we have that Py(z) = Py(y). Hence Claim 4.4
implies that i’ € I(x), so that ¢« < ¢, which implies i’ = 1.

Since pug(z) < A; we have that ug(z) — p(y) < pe(z) < A;. To prove ug(z) —
k(y) < 2°d(x,y) consider the value of py(y). If p(y) = £d(y, Ag) then gy (x) — pi(y) <
(d(z, Ay) — d(y, Ay)) < sd(x,y). Otherwise, if yu,(y) = 2°d(y, X \ P;(z)) then

pu () — p(y) < 2°(d(z, X \ Py(x)) —d(y, X \ Pi(x))) < 2°d(z,y).

0
1
8
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Finally, if u(y) = A; then pg(z) — ue(y) < A — A; = 0.
Next, consider Case 2 where P;(z) # P;(y ) In this case we have that d(z, X'\ Pi(z)) <
d(x,y) which implies that
pe(@) = pe(y) < p(@) < min{2%d(z,y), A} .
[
Let ¢ be largest such that Ayy > d(z,y) > max{r./2(x),re2(y)}. If no such £ exists

then let ¢ = 0.
By Claim 4.5 and Lemma 3.6 we have

S ) i) < Y - @ d(z, )

0<i<t 0<z<€

n

< 2 -ln(m>-d(x,y)/n§(2 In(2/¢)) - d(x,y)/k.

We also have that
ST (Wilx) —vily) < Y A< A < 2d(z,y).
l<iel l<iel

It follows that

[(x) =)l =1 Y Wile W)l < (2" In(2/e)/k +2°) - d(z,y).

0<iel

Let &’ be the largest such that s* < en/2. Note that [{k € K | k > k'}| < [log,n] —
|log,(en/2)| < In(2/€)/k + 2, hence

Y (@) = m(y) < Y 2d(w,y) <2°- (In(2/e)/k + 2)d(w,y).

Now, if & < k' and i € Ix(z) then for any u € P(z) we have |B(x,24;)] <
|B(u,44;)] < s* < en/2. It follows that d(z,y) > rep(z) > 2A,. Let ¢ = min{i €
I'|d(z,y) > 2A;}. Using Claim 4.6 and the first property of Claim 4.4 we get

7 (@) —m@) <Y N < D D> A< Y 24 S4Ay < 2d(a,y).
k'>keK k'>keK U<iel keK|i€l(x) 0<iel

It follows that

(@) = )l =1 (il W) <2°(In(2/e)/r +3) - d(z,y).

keK

It follows that
f(2) = f(y)] = [¥(2) + p(z) —o(y) — p(y)| <2 (In(2/€)/k + 1) - d(z,y).

Lower Bound Proof
Let 0 < ¢ € I be such that 8A, < d(z,y) < 164A,. We distinguish between the

following two cases:
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e Case 1: Either &(z) =1 or &(y) = 1.
Assume w.l.o.g that {(x) = 1. Let £,_paqa be the event that
B(z,ne(z) Ins - Ay) C Py(x)
As H is (n,1/s)-padded, Pr[€,_paa] > 1/s, recalling that x = Ins, if this event

OCcurs
§o()
K ne()

Ye(x) > 00() 'min{ (@)K - Ay, Ae} = 0y() - A

Assume that £, ,aq occurs. Since diam(FPy(x)) < Ay < d(z,y) we have that Py(y) #
Py(z), so the value of o,(z) is independent of the value of f(y). We distinguish
between two cases:

— |f(z)= f(y)—e(z)| > $A,. In this case there is probability 1/2 that o,(z) = 0,
so that ¢,(x) = 0.

— |f(2)—f(y)—e(2)| < $A,. In this case there is probability 1/2 that oy(x) = 1,
so that ¥,(x) > A,.

We conclude that with probability at least 1/(2s): |f(z) — f(y)| > A

e Case 2: {py(x) = Epe(y) =0
It follows from Lemma 3.6 that max{p(x,2A,v1,72), p(y, 2A¢,71,72)} < s. Let
' € B(x,2A,) and y' € B(y,2A,) such that p(a’,2As,v1,72) = p(x, 200,71, 72)
and p(y', 2A¢,71,72) = p(Y, 280,71, 72)-
Recall that v, = 16, 7o = 1/16. For z € {2/, y'} we have:

|B(2,324,)| _ [B(x,14A,)|
24 - =
5> p(z, 200,71, 72) |B(2,2A¢/16)| ~ |B(z,A¢/8)|’

using that d(x, ') < 2A,and d(z,y’) < d(z,y)+d(y,y") < 187y, so that B(x, 14A,) C
B(Z, 32A5)

Let k € K be such that s*~! < |B(z,14A,)| < s*. We deduce that for z € {/,/},
|B(z,A¢/8)| > s*~2. Consider an arbitrary point u € Py(z), as d(u,2’) < 34, it
follows that s*=2 < |B(u,4A,)| < s*. This implies that ¢ € I(z) and therefore
in(z) < 0. As H is (n,1/s)-padded we have the following bound

Pr[B(z,n(x) - kAy) C Py(x)] > 1/s.
Assume that this event occurs. Since H is hierarchical we get that for every ¢ < ¢,

B(z,ne(z) - kKAy) C Py(x) C Py(z) and in particular this holds for i = ix(z). As
&(x) = 0 we have that ny(z) = 27%/k. Hence,

27 d(z, X \ Pi(z)) > 27 -nu(2)rAp = Ay

Implying:
pi(z) = min {éd(:p, A), 2 - d(x, X \ Py(x)), Al} > min {éd(x, Ar), Ag} .

47



The following is a variant on the original argument in [Bou85, Mat90]. Define
the events: A; = B(y/,Ay/8) N Ax # 0, Ay = B(a/,A/8) N A # ) and A3 =
[B(xz,14A) \ B(y/, A¢/8)] N A, = 0. Then for m € {1,2}:

k

8k72 _ _ _
Pr[A,.] 1-(1-5%)" " >1-e ™" =1 >572)2

Prids] > (1—s7%)" >1/4,

v

using s > 2. Observe that d(2',y') > d(x,y) — d(z,2") — d(y,y') > d(z,y) — 40, >
40y, implying B(y', A¢/8)NB(z', Ay/8) = (). Tt follows that event .4, is independent
of either event Ay or As.

Assume event A; occurs. It follows that d(y, Ax) < d(y,y') + A¢/8 < FA,. We
distinguish between two cases:

— | f(@) = f(y) = (ur(z) — p(y))| = 2A,. In this case there is probability at least
s72/2 that event A, occurs, in such a case d(x, Ay,) < d(m, o)+ A8 < FA,
so that |ug(2) — pe(y)| < § max{d(z, Ap),d(y, Ax)} < § Ag We therefore get
with probability at least s72/2 that |f(z) — f(y) > 24Ag TN > Ay/10.

— |f(2) = f(y) — (me(x) — pe(y))| < 2A,. In this case there is probability at least
1/4 that event Az occurs. Observe that:

d(z,B(y',Ar/8)) > d(z,y) —d(y,y') — A¢/8

A7
> 80— 20— Ayf8 = A,

implying that d(x, Ax) > min {144, d(z, B(y', Ar/8))} > LA, and therefore
pu (@) > min{3 - %AK,AE} = T A, Since pi(y) < gd(y, Ax) < 5 A, we obtain
that: pg(z) — me(y) > 2A,. We therefore get with probability at least 1/4
that ’f(.’ll') ( )l > Ag — EAE > Ag/lo

We conclude that given events &, p.q and A;, with probability at least s—2/2:
|f(z) = f(y)| = Ag/10.

It follows that with probability at least s~°/4:
[f (@) = f(y)] = A¢/10 = d(z, y)/160.

This concludes the proof of Lemma 4.5.

Proof of Theorem 18. Fixsome 1 < p < 0o. ! Let D = c-ePlogn for a universal constant
c and define F': X — Lg by F(z) = D~Y* @, f®(x) where each f®) is sampled as in
Lemma 4.5. Let x,y € G(e), then by the first property of the lemma

[1F(z) = F(y)ll; = D~ Z |f W)IP < (Cn(2/e)/k+1)" d(z,y)

For p = oo we can simply use the isometric embedding of [Enf69] in n dimensions.
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By the second property of the lemma, by using that x < p and by applying Chernoff
bounds we get w.h.p for any z,y € X:

IF(z) — F@)I > e (Cd(z,y)) >

rZ 3 (e7®- Cd(z,y))".

1
8
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Chapter 5

Extending to Infinite Compact
Spaces

In this section we extend our main result to infinite compact spaces. In what follows
(X,d) is a compact metric space equipped with a probability measure o. Our aim is to
bound the ¢,-distortion of embedding X into L, spaces by O(q), and as before the initial
step is to bound the scaling distortion.

Theorem 19. Let 1 < p < oo and let (X, d) be a compact metric space. There ezists an
embedding F : X — L, with coarsely scaling distortion O([(log 2)]). The {,-distortion of
this embedding is: disty(F) = O(q).

5.1 Uniform Probabilistic Partitions for Infinite Spaces

For the infinite metric spaces case we require a slightly different definition of local growth
rate, which can also be infinite.

Definition 5.1. The local growth rate of x € X at radius r» > 0 for given scales ~y;, 72 > 0
is defined as

U(B(I7T'Yl))
,O(ZE,T, 71772) == { m U(B('x?r’)/?)) >0

00 o(B(x,rvy,)) =0
p is defined as before.

The definitions for padded partitions remain the same, as the proof of Lemma 3.1.
Now the partition lemma will be the following

Lemma 5.1. Let (X,d) be a compact metric space. Let Z C X. Let 0 < A < diam(Z).
Let § € (0,1/2], 1 > 2, 79 < 1/16. There exists a A-bounded probabilistic partition
P of (Z,d) and a collection of uniform functions {€p : Z — {0,1} | P € P} and
{np : Z — (0,1] | P € P} such that the probabilistic partition P is a strong (n,0)-
uniformly locally padded probabilistic partition; and the following conditions hold for any
P € supp(P) and any z € Z:

o [fép(x)=1 then:
- [f p(x72A7'717’72> < o0 then 2_6/ lnp(x72A7717’y2) S 77P(x) S 2_6/ 1n<1/5>
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— Otherwise, when p(x,2A,v1,v2) = oo then np(z) = 0.
o Ifép(z) =0 then: np(x) =275/In(1/6) and p(z, 2, v1,72) < 1/6.

Our partition algorithm will be similar to the one of Lemma 3.2. First we determin-
istically assign a set of centers C' = {vy,vq,...,v5s} C Z and parameters xi, X2, ..., Xs €
RT U {oc}. Let W) = Z and j = 1. Conduct the following iterative process:

1. Let v; € W; be the point minimizing x; = p(z, 24,791, 72) over all z € W;.
2. Set x; = max{2/51/2,)€j}.

3. Let W = W; \ B(v;, A/4).

4. Set j =7+ 1. If W; # 0 return to 1.

One observation we require is that the number s of cluster centers in every partition
is indeed finite, using the following claim:

Claim 5.1. For any A > 0 and the algorithm described above, there exists some s € N
such that W, = 0.

Proof. Since the metric is compact by definition it is also totally bounded (i.e. for every
r > 0 there exists a finite cover of X with balls of radius at most 7). The algorithm starts
by assigning a set of centers C' that are actually a A/4-net, and we can show that this
net is finite. Take r = A/8 and consider the finite cover with balls of radius at most .
Every net point ¢ must be covered by this cover, so there is a ball B, in the cover with
center z such that d(z,c) < r, which implies that these balls B, are distinct for every
c € C, so as the cover is finite also C' is finite. O

Let t < s be the minimal index such that x; = co. Now the algorithm for the partition
and functions &, 7 is as follows: Let Z; = Z. For j =1,2,...,t —1:

1. Let (S,,,S,,) be the partition created by S,, = Bz (v;,r) and S,, = Z; \ S, where
r is distributed as in Lemma 3.1 with parameter A = 81n(x;)/A.

2. Set Cj = Svj, Zj+1 = gvj-

3. For all z € C; let np(x) = 2*6/max{ln)2j,ln(1/$)}. If x; > 1/6 set &p(z) = 1,
otherwise set {p(z) = 0.

Forj=tt+1...s:
1. Let Cj = BZj(Uj,A/4), Zj+1 = Zj \ Cj.
2. For all x € Cj let np(x) =0, {p(z) = 1.

The proof remains essentially the same, replacing every |B(x,r)| by o(B(x,r)) in the
part that bounds ijmjeT Xj_l. It is easy to see that the padding analysis of Lemma 3.2
still holds for all points « € C; where j < ¢, and it will hold for 5 > ¢ since for such
points np(xz) = 0, which means that we need to pad a ball of radius 0, so the padding
probability is 1, and the other properties are easily checked.
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5.2 Embedding Infinite Spaces into L,

As in the finite case, we first construct an embedding into the real line, that is good in
expectation.

Lemma 5.2. Let (X,d) be a compact metric space with diameter A and let 0 < ¢ < 1,
then there exists a distribution D over functions f : X — R such that for all u,v € X:

1. For all f € supp(D),

o If there exists € > 0 such that u,v € G(e)

o Otherwise

[f(u) = f()] < Ao

Pr [1f(w) = ()] = ¢ d(u,v)/C) 21~ ¢
where C'is a universal positive constant.

Proof. The proof of the lemma is very similar to the proof of Lemma 4.1, we highlight
the main differences.
The embedding f is defined as in Lemma 4.1, where ¢; : X — R is defined as

{ min{f}ig;d(x,X\Pi(x)),CAZ-/4} ni(x) > 0
CA;/4 ni(z) =0

pix) = (5.1)

For the upper bound proof, fix a pair u,v € X such that u,v € G’(e) for e > 0.
Then both o(B(u,d(u,v))),o(B(v,d(u,v))) > 0. The proof of Lemma 4.2 will still hold
for such u,v by the same argument shown there, just replacing the size of a ball by its
measure. This is true because the choice of scale £ was such that the growth rate is indeed
finite p(u, 2A;,71,72) < oo for all i < /.

For any pair u,v € X, we have that ¢;(u) — ¥;(u) < (A;/4, hence

() = F)] =Y dhalu) = i(v)] < /4D A < A,

>0 1>0

The proof of the lower bound is essentially the same as in Lemma 4.3.
O

Proof of Theorem 19. Define the embedding F': X — L,(D) as a convex direct sum of all
f € supp(D), each f is naturally weighted by Pr(f). It can be seen that ||F(z)—F(y)||} =
Esop[|f(x) — f(y)[P], hence applying Lemma 5.2 with ¢ = 1/2 we get that for any € > 0
and all (u,v) € G(e),

distp(u,v) < O(log(2/e€)) .
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5.3 Scaling Distortion Vs. /[ -distortion for Infinite
Spaces

The main difference from the proof of Lemma 2.1 is that not all pairs u,v € X have an
¢ > 0 such that (u,v) € G(e). This means in particular that having scaling distortion
gives no guarantees on the distortion of such pairs. Luckily, the measure of the set of
such pairs is zero, hence it is enough to obtain for every pair some finite bound on the
distortion.

Let C be the universal constant of the distortion. Let G; = G(277) \ G(27¢~) and
Goo = (5)\ <U6>0 @(e)), and note that for all z € X if Gi(z) = {y € X | (z,y) € G;}
then o(G;(z)) < 2707Y hence II(G;) = [, J, Lyeaixydodo < 2701 Also note that as

N

II(G(e)) > 1 — €/2, we have that II(Gs) = 0. We can now bound the ¢, -distortion as
follows:

1/q
E(oyynldiste(z, )]0 = ( / / distF<x,y>qdada)
T JYy

> 1/q
- (/ (Z/ diStF(may)qu ‘|’/ distp(x,y)qda> da)
z \ j=1 Yy€Gi(2) YE€G oo ()
00 1/q
<20([(X ] top@)is+o)do
z o\ 4 yEG; ()

=1

g 1/q

=1

= 0O(q)

Given weights w : X x X — Ry on the pairs such that [ fyw(x,y)ﬂ(m,y)dada =
1, an analogous calculation to the finite case also bound the weighted ¢,-distortion by
O(q + log ®(w)) (above was shown the case that for all z,y € X, w(z,y) = 1).
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Chapter 6

Embedding of Doubling Metrics

In this section we focus on metrics with bounded doubling constant A (recall Defini-
tion 2.9. The main result of this section is a low distortion embedding of metric spaces
into L, of dimension O(log\). Other results shown here are an extension to scaling
distortion, which implies constant average distortion with low dimension O(log A), a
distortion-dimension tradeoff for doubling metrics and ”snow-flake“ embedding in the
spirit of Assouad.

6.1 Low Dimensional Embedding for Doubling Met-
rics

Theorem 8. For any n-point metric space (X, d) with dim(X) =log A and any 0 < § <
1, there exists an embedding f : X — Lf with distortion O (logHe n) where D = O (log’\).

One can take 6 to be any small constant and obtain low distortion in the (asymp-
totically) optimal dimension. Another interesting choice is to take § = 12/loglogn, and
get the standard O(logn) distortion with only O(loglogn -log A\) dimensions. The proof
is also based on the embedding into the line of Lemma 4.1, with the parameter ( being
much smaller. The analysis uses nets of the space for each scale, which is standard tech-
nique for doubling metrics, then argues that it is enough to have a successful embedding
only for certain pairs of points in the net in order to have a successful embedding for
all pairs. The low dimension is then obtain by arguing that there are few dependencies
between the relevant pairs of points in the nets, and then using Lovasz local lemma in
order to show that small number of dimensions is sufficient to obtain a positive success
probability for all relevant pairs in the nets. Now for the formal proof:

Let A = 29m(X) he the doubling constant of X and D = (clog \) /6 for some constant
¢ to be determined later. Let ( = m and let C' be the constant from Lemma 4.1. For

any t € [D] let f® : X — R, be an embedding as in Lemma 4.1 with parameter ¢ (the
exact choice of f® will be determined later), and let F' = D~/P @?:1 f®. Fix any € > 0

and let =,y € G..
By the same calculation as in (4.5) we have that

[1F(x) = F(y)ll, = O(In(2/¢) - d(u, v))
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The proof on the contraction of the embedding uses a set of nets of the space.
For any ¢+ € N, let N; be a 0231 -net of X. Let M C ()2() be the set of net pairs
for which we would like the embeddlng to give the distortion bound, formally M =
{(u,v) € (5) | F €N: uv € Ny TA; < d(u,v) < 9A; 1 }. For all (u,v) € M, let &)
be the event that Euv good N10lds for at least D/2 of the coordinates ¢ € [D]. Define the

event £ = ﬂ(u neM E(u,v) that captures the case that all pairs in M have the desired
property. The main technical lemma is that £ occurs with non-zero probability:

Lemma 6.1. Pr[€] > 0.

Let us first show that if the event £ took place, then the contraction of every pair
x,y € X is bounded. Let i = s(x,y). Consider u,v € N; satisfying d(x,u) = d(z, N;) and
d(y,v) = d(y, N;), then d(u,v) < d(z,y) + d(u x) +d(y,v) < 8A;_1 +2A; <9A;_; and
d(u,v) > d(z,y) — d(z,u) — d(y,v) > 8A; — 255 > TA,;, so by the definition of M follows
that (u,v) € M. The next claim shows that since x,y are very close to u,v respectively,
then by the triangle inequality the embedding F' of x,y cannot differ by much from that
of u,v (respectively).

Claim 6.1. Let x,y,u,v € X be as above, then given &:
[F(x) = F(y)ll, > Cd(z,y)/(120) .

Proof. First note that if event &) holds then letting S C [D] be the subset of good
coordinates for u,v, by Lemma 4.1 in each good coordinate there is contribution of at
least ¢3d(u,v)/C, and since there are at least D/2 good coordinates,

1E(u) = F(u)llp = D7) 9 ()" = (¢CPd(u,v)/(2C))". (6.1)

tesS

Since NV; is CsAin-net, then d(z,u) < 5

o By the first property of Lemma 4.1,

C’2 lnn

[ (2)=F ()l = D™ Z fO (e ()" < (Claned(z,u)” < (¢PAi/C) < (Cd(x,y)/(8C))F

using that A; < d(z,y)/8. Similarly || F(y) — F(v)||, < ¢*d(x,y)/(8C), then

1E(x) = Fll, = F(x) = Fu) + F(u) = F(v) + F(v) = F(y)],
> |[[F(w) = E()ll, = [F(z) = Flu)ll, = 1F(y) = F(0)l,
> d(u,v)/( C) =2 ¢*d(z,y)/(8C)
> (Pd(z,y)/(120)

in the second inequality using (6.1) and in the last inequality using that d(u,v) >
2d(z,y) /3. U

Proof of Lemma 6.1:

We begin with a variation of Lovasz local lemma in which the bad events have rating,
and events may only depend on other events with equal or larger rating. See the general
case in Lemma 6.7 for a proof.
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Lemma 6.2 (Local Lemma). Let Ay, As,... A, be events in some probability space.
Let G(V, E) be a directed graph on n vertices with out-degree at most d, each vertex
corresponding to an event. Let ¢ : V. — N be a rating function of events, such that if
(A;, A;) € E then c(A;) < c(A;). Assume that for anyi=1,...,n

Pr [Ai A\ 4

jeQ

<p

for allQ C{j: (Ai, Aj) € ENc(A;) > c(Aj). Ifep(d+1) <1, then

n

A4

i=1
Define a directed dependency graph G = (V, E), where V' = {€,4) | (u,v) € M}, and

the rating of a vertex ¢(&u.)) = s(u,v). Define that (£ ), Ew ) € £ iff i = s(u,v) =
s(u/,v") and d({u, v}, {u',v'}) <4A;.

Pr >0

Claim 6.2. The out-degree of G is bounded by N>

Proof. Fix &) € V, we bound the number of pairs u',v" € M such that (v, Ew ) €
E.

Since ¢ = s(u,v) = s(u/,v") we have that 8A; < d(u,v),d(u',v") < 8A;_1, hence
if (u,v) € Ny or (v/,v") € Ny then ' satisfies i — 1 < ¢/ < i 4+ 1 by the definition
of M, solet N = N;_; UN;UN;;;. Assume w.lo.g d(u,u') < 44, hence d(u,v") <
d(u,v) +d(u',v") < 4A; +8A;_1 < A,;_5 and it follows that u,v,u',v" € B = B(u, A;_s).
The number of pairs can be bounded by |N N BJ?. Since (X, d) is A-doubling, the ball B
of radius r; = (8/¢)%?A; can be covered by A = \1°8("1/m2)1 balls of radius ry = 16%2%,
and A < \8+2logCtloglnntlog(1/¢°)  Fach of these small balls of radius 75 contains at most
one point in the net NV;;;. Recall that { = m, so assuming n is large enough it follows

that |[N N B2 < |N;.y N B2+ |N; N B|? + [Ny N BJ2 < Asnlnn, 0

The construction of the graph is based on the proposition that pairs of net points that
do not have an edge connecting them in G, are either farther than ~ A; apart or have
different scales and hence do not change each other’s bound on their success probability.
Indeed by Lemma 4.4 the bound on the probability of some event &€ (u, v) still holds given
any outcome for events £(u',v’) of smaller or equal rating such that (v, Ewwy) € E.

Claim 6.3.

Pr ﬁg(uﬂ]) | /\ g(u/ﬂ}/) S Aflﬁlnlnn7
(u'v)€EQ

for all Q C {(u’,v’) | s(u,v) > s(u,v") A (S(W), E(u’,v’)) ¢ E}
Proof. By Lemma 4.4 for all t € [D]

Pr| =€ oal N\ Ewan| <¢
(v ,v")eQ
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It follows from Chernoff bound (similarly to (4.4)) that the probability that more than
D/2 coordinates fail is bounded above by:

Pr ﬂg(uﬂ,) ’ /\ 5(1/71,/) < \/Z <A 16Inlnn, (6.2)
(' v)eQ

For large enough constant c. O]

Apply Lemma 6.2 to the graph G we defined, by Claim 6.2 let d = A"In"™ and by
Claim 6.3 we can let p = A716nInn gatisfying the first condition of Lemma 6.2. It is
easy to see that the second condition also holds (since A > 2 and assuming Inlnn > 2).
Therefore Pr[€] = Pr[A\(, ,jens E@ww] > 0, which concludes the proof of Lemma 6.1.

6.2 Low Dimensional Embedding of Doubling Met-
rics with Scaling Distortion

In this section we show an extension of the previous result to embedding with the scaling
distortion property.

Theorem 20. For any 1 < p < oo and any A-doubling metric space (X,d) there
exists an embedding f : X — Lf with coarse scaling distortion O(log%(l)) where

D = O(log Aloglog \).

o™

Proof overview:
We highlight the differences between the proof of Theorem 8 and Theorem 20. We
assume the reader is familiar with the proof of Theorem 8.

1. The main difference is that in the analysis of the lower bound, a contribution for
a pair is ”"looked for” in one of many scales, instead of examining a single critical
scale.

2. We partition the possible € € (0, 1] values into ~ logloglog n buckets (see equation
6.3 and definition of €;). For each scale A; and each of the & logloglogn possible
values of € we build a =~ A;/polylog(\, 1/¢)-net.

A naive approach would be to assign separate coordinates for each ¢, and increase
the dimension and hence the distortion by a factor of logloglogn. To avoid paying

this logloglogn factor we sieve the nets N} in a subtle manner (see definition of
N} for details).

3. The local growth rate of each node is defined with respect to some € value in non
standard manner - this is done so that for sufficiently many levels (as a function of
€) there will be a local growth rate change. This is defined by 7 (x, ).

4. A pair with distance &~ A; and epsilon that falls into bucket k (hence k ~ loglog(2/¢))
“looks” for a contribution in the levels i+k&/2, ..., i+k, see the definition of E(Lk’u,v)
for details. This is necessary to avoid collisions between contributing scales of pairs
with different e values.
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5. Showing independence of lower bound successes between two pairs is technical and
relies on the sieving process. For a pair u, v related to a net NF the scales examined
are &2 i+ k/2,...1+ k. Claim 6.10 shows that examining only these scales ensures
that u,v are independent of a pair u/,v" if one of the following occurs (1) o/, v’
belong to a different scale than that of w,v; (2) u/,v" are far enough from w,v in
the metric space; (3) v/, v’ has a different ¢, value from that of u,v.

6. Proving that all pairs have the desired scaling distortion given that the sieved net
points N} have this property is more involved now since it depends on the €, see
Lemma 6.5.

7. The application of the local lemma is complicated due to two issues - (1) we use
the general case (2) we do not proceed simply from scale i to scale i 4+ 1, but rather
use the ranking function in a non-trivial manner, see proof of Lemma 6.4.

The proof

Let C be a constant to be defined later, and D = C'log Aloglog A\. Let Ag = diam(X),
I={ieZ|1<i<(logA+loglogn)/3}. Fori e I let A; = Ay/8". By Lemma 3.4 we
have that (X, d) is locally 7-decomposable for 7 = 27%/log .

Define an e-value for every point in every scale ¢ € I. The idea is that the number of
scales we seek contribution from depends on the density around the point in scale i, so
the growth rate ratio must be defined beforehand with respect to this density. Let ¢ = 12.
For any i € I, x € X let ¢;(z) = |B(z,2A,)|/n, and let v (x,1) = 824 10g”(64/¢;(x)).
Fix 75 = 1/16. We shall define the embedding f by defining for each 1 < ¢t < D, a
function f® : X — R* and let f =D "Y? @, ,.p, fY.

Fix t, 1 <t < D. In what follows we define f®. For each 0 < i € I construct a
A;-bounded (n;,1/2)-padded probabilistic partition P;, as in Lemma 3.3 with parameters
7, 71(+, 1), 72 and 5 = 1/2. Fix some P; € P; for all i € I.

We define the embedding by defining the coordinates for each x € X. Define for
reX 0<iel, ¢ X =R by ¢\ (x) = &pi(a)npi(x) L

Claim 6.4. Foranyx € X, 1<t <D and1 € [ we have

(t) 9 2 n
29 (@) s 2log (|B<x,A7+;>|)

j<i
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Z¢](x) = Z 773_1(33) < Z 27 lng(.T,QAj,’)/1<Qf,j),’}/2)
J<i J<igj(z)=1 J<ig (z)=1
Yl (—’ 805
pro A R | B2, Ajisn)]
1
27 lo (’ J+
2 2 Bz, Ajin)l

h=—2c—4—2cloglog(2/e;(x)) j<i

2 (e (1 tomoe (1)) o ()

n
29 Jog? (—)
|B(z, Aiy1)]

IA

IN

IN

IN

[
For each 0 < i € I we define a function fz-(t) : X — RY and for x € X, let f(2) =

Ziel fi(t) (2).
Let {al@(C)|C € P,,0 < i € I} be ii.d symmetric {0, 1}-valued Bernoulli random
variables. The embedding is defined as follows: for each x € X:

e Foreach 0 <i € I, let f7(2) =6 (P(2)) - min{¢"(2) - d(z, X \ Pi(z)), A;}.

Lemma 6.3. There exists a universal constant Cy > 0 such that for any (z,y) € G(e):

1f9(x) — fO(y)] < Crlog*(2/e) - d(x,y).

Proof. Define ¢ to be largest such that Apyy > d(z,y) > max{re2(x),7/2(y)}. If no such
¢ exists then let £ = 0.
By Claim 6.4 we have

S (@) - ) < Y V() d(z,y)

0<i<t 0<i<t

2" log (chr, Am) =)
< 2°log®(2/e) - d(z,y).

IA

A

We also have that

S @) - ) < Y A< A <8 d(a,y).
l<iel (<icl
It follows that

fO@) = O = 1D () - W)l

O<iel

< (c2log?(2/€) + 8%) - d(x,y).
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Scaling Lower Bound Analysis

For any ,y € X let ¢, = max { \Bo<x,i(x,y))\’ |B0(ya:ll(x,y))| } Let

K ={k € [[loglogn]] | k =¢,j € N} (6.3)

For any k € K let ¢, = 27" and define ¢; = 1. Define I, = {i € I | i = jk,j € N}. For
; \/ A
any ¢ € Ik let Nk be a m—net. ‘
We now wish to sieve the nets: for any k£ € K and ¢ € I} remove all the points u from
the net N} if one of these conditions apply:

o |B(u,A;i—1)| > €xsen, or
o |B(u,Aj_j_4)| < egn,

and call the resulting set Ni. The intuition is that the nets we created contain “too
many” points, in a sense that the degree of the dependency graph of the Lovasz Local
Lemma will be large, so we ignore those net points that play no role in the embedding
analysis.

Let M = {(i,k,u,v) | k€ K, i € I;, u,v € N}, 7A;_; < d(u,v) < 65A; 4_1}. Define
a function T : M — 2[P! such that for t € [D] :

FE Tl b uv) & |fO@) — fO@)] > —

€ T kyu,v) & ) = 1O0)| >
For all (i, k,u,v) € M, let £ v be the event that |T(i, k,u,v)| > 15D/16.
Then we define the event & = ﬂ(i’k’w)eM E(ikuw)- The main Lemma to prove is:

Lemma 6.4.
Pr[&] > 0,

we defer the proof for later. In what follows we show that using this lemma we can prove
the main theorem.

Let z,y € X, € = €,, (note that 1/n < e <1). Let ¢ < k = k,, € K be such that
€r < € < €. Let 7' € I be such that Ay_y < d(z,y) < Ay_s, and let i = i, € I
be the minimal such that i > i'. Let u = u(z) € N} and v = v(y) € N} such that
d(x,u) = d(z, N}) and d(y,v) = d(y, N}).

The following claim show that indeed we did not remove points from the nets, that
were needed for the embedding.

Claim 6.5. For any x,y € X, u(z),v(y) € Ni=wv

Ky
Proof. Let k = kyy, i = ipy, u = u(z), v = v(y). Since N} is a Wm-net,
|B(u, Ai—1)| < |B(x,Ai—2/2)| < €41 < €gcn. On the other hand
|B(’LL, Ai*k*‘l)‘ = ’B(u7 Ai'*4)’ > HlaX{lB(J}, d(ﬂ?, y))|7 |B(y7 d(il?, y))’} > €x,yN 2 €N
The argument for v is similar. m

We will use the following claim
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Claim 6.6. For any t € [D] and (i,k,u,v) € M, let m € I be the minimal such that

A, < m. Then for w € {u,v}:

> ol (w) < 2% log(2/ex) log A
j<m

Proof. By definition of A,, we have that m < i+ 2logglog(2/ex) + logg(32) + 1. From
the proof of Claim 6.5 we have that |B(u, A;_x_4)|, |B(v, Ai—g—4)| > exn.
By Lemma 3.3 for any i € I, np;(w) > 1/(2"1log \). Using Claim 6.4 we get

m

Soolw) = > oW+ > o (w)

Jj<m J<i—k—5 j=i—k—4
< 27102( . >+m—z’—k—4 +1)27log A
B & | B(w, Aj_g—4)] ( ( ) ) &
< 271og?(2/ex) + (2logglog(2/ex) + 8)27 log A
< 2%10g*(2/e;) log A

]

We now show the analogue of Claim 6.1 for the scaling case, in this case a more
delicate argument is needed, as there is no sufficiently small universal upper bound on
the distortion, but one that depends on €, hence we consider the contribution of different
scales: small, medium and large, separately.

Lemma 6.5. For any t € T(i, k,u,v)

A

10) = 00| 2 157

Proof. Let m € I be the minimal such that A,, < ﬁé/%).
By Claim 6.5, we have that max{d(z,u),d(y,v)} < m. We define for any
u,r € X

Jug =15 € 1| Pi(u) = Pj(x)}

> (H@ -£w) ‘ (6.4)

jel

< > (1w - 1w |+ Z(f;%u)—f;%))‘
i<m j>m

<| > Fw- > Ao+ Y w- > W)
J€Ju,z;j<m JE€Jv,y;i<m j¢Ju,Z§j§m j¢Jv,y§j§m
+Y A
j>m
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First we bound the contribution of coordinates in which the points x, y fall in different
clusters than u, v respectively, using Claim 6.6

o - Y 1) (6.5)

j¢Ju,z§j§m j¢Jv,y§j§m
t t
< S e S
j¢Ju,z§jSm j%Jv,ijSm
< Y Nwdwx)+ D ¢ ()d(v.y)
]¢Ju,17]§m jéJv,y;jSm
A 211 10g”(2/e€;,) log A
220 Jog Alog®(2/e;,)
A;
2°log(2/ex)

However we know that

A
17w = £ 0)| 2 ==
j; J J 4log(2/ex)
and since . A; <A, < m by plugging this and (6.5) into (6.4) we get

(®) () — ors A; B A B A
2. K= 3 K0 2 GTe) T Fleawje) ~ Bloate)

J€Ju,z;j<m JE€Jv,y;g<m
3A,;
161og(2/ex)’

Assume w.lo.g that > ., fj@(a:) =D jedn, f]@ (y) > 0, then notice that for any
J € Jugz, t € D d(u, X \ Pj(u)) < d(u,z) +d(xz, X \ P;(u)), and since the partition is
uniform we get that

A
O(2) > fO ) — 6P (u) Z
fi7 (@) = f;7(u) = 657 (u) 2201og Alog®(2/¢x)
and similarly
A
(t) < (t) (t) . !
I (y) </ (v)+¢] ) 22010g)\10g3(2/€k)
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Then by Claim 6.6

o @- > £

J€Ju,z;j<m JE€Jv,y;j<m
: o) (u) - A o (v)
= Z (fg( )(“)_2201 . 3 - Z (fj By )
e o< og Alog”(2/ex) Jedi<n 220 Jog A log® 2/ek
) ) ¢§~t) (u) - A ¢ ‘() - A
= jeJu,Zz;:jgm Ji ) jng;;gm fi @) J%:n 2201og Alog®(2/e;,) - 2201og Alog®(2/ey)
34, . A
161og(2/€x) 26log(2/¢x)
B LAY
— 32log(2/er)’

Using the same argument as in (6.5) we get that

O () _ A
S Pw- Y 0| g

J¢Ju,z3i<m 3¢ Jv,ysi<m

as well. and finally

> (@) - f“())‘ > Y M@= Y - Y e Y

Jj<m J€Juz;g<m J€Jv,ysi<m JEJuzsi<m JEJv,y;i<m
5A; A,
32log(2/er)  251og(2/ex)
A,
8log(2/ex)

Notice that ‘me ( ) — f]@ (y)) < m, hence

¢ t) A,
Z (fj()( )~ f( (v )>‘ ~ 161og(2/e€x)

jeI

As in the previous section, we have

Lemma 6.6. If event & took place then there exists a universal constant Cy > 0 such
that for any € >0 and any x,y € Gu
d(z, y)
x) — > Cy—5———.
||f( ) f(y)Hp - 210g20(2/6,)
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Proof. Any € such that d(x,y) > max{re (x), T€//2(y)} satisfies € < 2e = 2¢,,, hence

log™(2/e)
u = u(z), v = v(y). Noticing that A;,_x_3 > d(z,y), |T(i,k,u,v)] > D/16 and that
log(2/ex) < log®(2/e) for all € < 1/28, we get from Lemma 6.5 that

If(@) = f@)E = DY 1f9() — fO)P

teD

> D) (ﬁ(;/e;@))p

teT (i,k,u,v)
d(z,y) )p
21310g?(2/ey,)

it is enough to lower bound the contribution by (2 ( diz.v) ) Let i = 1,4, k = k;, and

Y]

DTG, k) (

So set Cy = 2. (If it is the case that e > 1/2% then log(2/¢;) = 8% so we show
1f () = FW)llp = Cod(z, y)). O

Proof of Lemma 6.4
Define for every (i, k,u,v) € M, i+ k/2 <{ < i+ k and t € [D] the event F; kuv.0) as

('f £ =S > A Y1) - £ )] < %) V

j<t
0 (y A
(( '(u) = f] OA‘;f )\22>
Now define event (‘:’(M’u’v) as
35 C [D],|S| > 156D/16,Vt € S, s.t. i+ k/2 < £ < i+ k and F; ku,00) holds.
Claim 6.7. For all (i,k,u,v) € M, é(i,k,u,v) implies E(; ku,v)

Proof. Let S C [D] be the subset of good coordinates from the definition of é(z‘,k,u,v% For
any t € S, let i +k/2 < ((t) <i+k be such that F; v holds. Then for such t € S:

Ag
> )
Y 10— )] > 2
F<L(t)
We also have that A
> 2w - )] < Y A<
F>6(t) F>L(t)
Which implies that
A A8 (k—1) A,
() — (O ()] > 240 < Bi S i
25w =) 2 1 = 4 T 4log(2/e)

jel

as required.
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Now we shall use a variation the general case of the local Lemma, the reason being
that in the graph we shall soon define the degree of the vertices will depend on k, and
cannot be uniformly bounded.

Lemma 6.7 (Lovasz Local Lemma - General Case). Let A, As, ... A, be events in some
probability space. Let G(V, E) be a directed graph on n vertices, each vertex corresponds
to an event. Let ¢ : V — [m] be a rating function of events, such that if (A;, A;) € E
then c(A;) < c(A;). Assume that for all i =1,...,n there exists x; € [0,1) such that

Ai | /\ﬁAj] <z J[ Q-

JEQ j:(i,5)EE

for allQ C{j: (Ai, Aj) ¢ ENc(A;) > c(A;)}, then

o ea] -

i=1

Pr

Proof. We iteratively apply the Lovasz Local Lemma on every rating level k € [m/|, and
prove the property by induction on k. For k € [m| denote by Vj, C V' all the events with
rating k, and by Gy = (Vj, Ex) the induced subgraph on Vj. The base of the induction
k =1, by the assumption for all A4; € V4,

Pr [Ai A\ 4

Jjeq

<z ] (-=),

j:(4,5)EEL

for any @ satisfying @ C {j : (Ai, A;) ¢ E1 A c(A;) = 1}. This means that by the usual
local lemma on the graph G there is a choice of randomness for which all the bad events
in V; do not occur.

Fix some k € [m] and assume all events in Vi,...V,_; do not hold. Note that by
definition event in V}, depends only on events of rating £ or higher, so given that events
in V4,... Vi1 are fixed to not happen, for all A; € V}, by the assumption

Pr [Ai A\ 4

jeQ

<z [ (-,

J:(i,5)EEx

for any @ satisfying Q C {j : (A, A;) ¢ Ex ANe(Aj) =k}u{j: A eViUu---UVi4}
So once again by the usual local lemma on G}, there is non-zero probability that all the
events in V}, do not occur.

O

Define a directed graph G = (V, E), where V = {é’(i,k,u,v) | (i, k,u,v) € M} Define

c:V — I by C(S(i,k‘,u,v)) =1+ k.
We say that a pair of vertices <6A'(Z~7k7u7v), EA(Z%/’U/’U/)) € F if all of these conditions apply:

o d({u,v},{u/, v'}) <4A,.
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o =1,

o k=F.
Claim 6.8. The out-degree of é(i7k7u7v) € G is bounded by \30kloglog(2A)

Proof. Fix some é(i,k,w) € V, we will see how many pairs v/, v’ € Nj can exists such that

(g(i,k,u,v)a g(i,k,u’,v’)) SN

For any such u',v" assume w.l.o.g that d(u,u’) < 4A;, hence as d(u,v),d(v,v") <
654, _k_1 we get u,v,u',v" € B = B(u, A;_g_4). The number of pairs can be bounded by
|Nin BJ?. Since (X,d) is A»-doubling the ball B can be covered by A\33*+12ktloglogX hallg of

radius éwgﬁ—ilogl\, each of these contains at most one point of the set Nj. As k > ¢ = 12,

|le N B|2 < )\SOkloglog(Q)\)‘ N

Lemma 6.8.

—32k loglog(2\
PI‘ ﬁg(i,k,uﬂ_)) | /\ S(i/,k’,u’,v’) S )\ og Og( )’
(& k' ! e

for all Q@ C{( K v/ ) |i+k>i+E A (E(i,kyu,v) (6 ') ) ¢ £}

Before we prove this lemma, let us see that it implies Lemma 6.4. Apply Lemma 6.7 to
the graph G we defined. For any (i, k,u,v) € M assign the number x;, = A~30k108108(2}) for
the vertex é(i7k7u7v). From the definition of GG it can be seen that if (8 (i, ) é’ Kl ) ) €

FE then zp = x.
By Claim 6.8 there at most \30k1°e10e(2)) pejghbors to the vertex 5 (i ku,0), SO for any
such vertex:

T H (1 — iEk/) 2 T (1 — $k)

(i,uklyulvvl):(g(i,k,u,v)7g(i’,k’,u’,u’))€E

)30k log log(2X)

> 1/4 x> )\—32kloglog(2/\)'
By Lemma 6.8 we get that indeed

3 —32k log log(2X
Pr [ =& kuw) | /\ Ewprarary| <A 32k loglog(2))

(’i’,k/,u',vl):(é(i7k,u,v) 7é(i/,k’,u’,v’))¢E

as required by Lemma 6.7, hence

PI“[ /\ é(z‘,k,u,v)] > 0.

(4,kuv)eM

By Claim 6.7 we have
Prig] =Pr[ A\ Eikuw] > 0.

(3,kyu,w)EM
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Proof of Lemma 6.8

Claim 6.9. Let (i,k,u,v) € M, t € [D] and i + k/2 < { <i+k, then
Pr [f(i,k,u,v,t,f)} 2 1/8

Proof. We begin by showing that £py(u) = 1 which will imply that gbét) (u) =npe(u)~t. In
order to show that we will prove that max{p(u, 22,1 (-, €), Y2), p(v, 280, 71(+,€),72) } > 2,
and then assume w.l.o.g that p(u,2A,71(+,¢),72) > 2. It follows from Lemma 3.3 that
¢pe(u) = 1. Now to prove that max{p(u,2As,v1(+, ), v2), p(v, 280,71 (-, €),72) } > 2:

Consider any a € B(u,2A,) (a is a potential center to the cluster containing u in scale
(). As k > 2 we have that £/ —1 > 4, then since |B(a,2A,)| < [B(u, Ai—1)| < €xcn we have
that €,(a) < €/ which implies that v (a, £) > 8*1og*(64/ex/.) > 84+2e(k/c) = 84+2k Gince
Ay > 8A;/8" we get that 7 (a, ()24, > 842 . 1080 — ga+2k  10Qickot > 9. 657, 44 >
2d(u,v), where the last inequality is by the definition of M.

The same argument shows that for any a € B(v,24A,), y1(a, )22, > 2d(u,v) as well.
Therefore by Claim 3.1 we have max{p(u, 20,71 (-, £),v2), p(v, 28,71 (-, €),72)} > 2 as
required.

We now consider the 2 cases in F; .0 If it is the case that

10w - 10 <

j<t

then we wish that the following will hold
e B(u, Wg)e( JA¢) C Py(u).
o o\ (Piu)) = 1.
o 0\ (Py(v)) =0.

Each of these happens independently with probability at least 1/2, the first since P, is
(n¢, 1/2)-padded and the other two follow from d(u,v) > 3A, = Py(u) # Pe(v).
Similarly if it is the case that

A
| Z f(t) f(t )‘ 74

j<e

then we wish that the following will hold
0" (Pi(w)) = o, (Pu(v) = 0.

And again there is probability 1/2 for each of these.
So we have probability at least 1/8 for event F; y.40)-

The main independence claim is the following:
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Claim 6.10. Let (i,k,u,v) € M, t € [D] andi+k/2 <{<i+k. Then

Pr _'-,’r(i,k,u,'u,t,é) ’ /\ g(i’,k’,u’,v’) < 7/8,

(& k' ! W' eQ
for all Q C{( K, v, v) [ i+k > + K N (Eapuwy E@p ) & E}

P’I"OOf Fix some S(i’,k’,uﬁv’) such that (5(i7k7u71}), g(i’,k’,u’,v’)) ¢ Eand i+ k > i + K.

First consider the case that d({u, v}, {u’,v'}) > 4A;. Then since the partition is local,
for any ¢ € [i + k/2,i + k) the probability of the padding event and choice of o for scale
¢ are not affected by of the outcome of events such as & g w1y

From now on assume that d({u,v}, {v,v'}) < 4A;, and w.l.o.g d(u,u') < 4A;. The
idea is to show that i’ + k" < i+ k/2, and hence as event & i, . is concerned with
scales at most ¢’ + k' — 1 the padding and choice of o for scales i+ k/2,...,i+k — 1 will
be independent of the outcome of events such as Egr o).

Case 1: k' < k. By the definition of K follows that & < k/c. If it is the case that
i'" <ithend +k <i+k/c<i+k/2. If i > i, then assume by contradiction
that i + k' > i 4+ k/2. By the nets sieving process we have epn < |B(u', Ay_pr—4)|
and also eyn > egen > |B(u,A;—1)|. Now & — K —4>i+k/2-F -k —4>
i+k(1/2—-2/c)—4>1i, as ¢ =12 and k > ¢. Since d(u,u’) < 4A; follows that
|B(v', Ay —r—4)| < |B(u/, A;)] < |B(u, Aj—1)| < en. Contradiction.

Case 2: k' > k. Then it must be that ¢/ < 7. We will show that this cannot
be. Note that since i + k > ¢ + k' and k < k'/c then i > ¢/ + K — k >
i"+ k'(1—1/c). Now similarly to the previous case we have exn < |B(u, A;_p_4)| <
|B(t, Ay (1-1/0) -kt fe—a)| < |B(u, Av)| < |B(w, Ay—1)| < €pyen < n. Contradic-
tion.

Case 3: If k = k' then by the construction of G i # ¢, therefore i’ < i. By the definition
of Iy, i + K <i<i+k/2.

We conclude that if indeed (é(z,k,u,v),é(i/,k/,u/,v')) ¢ E then Claim 6.9 suggests that

there is probability at least 1/8 for event F; y v to hold, independently of é(iak/’u,,vl).
O

Now we are ready to prove Lemma 6.8. First consider the case where k < 60, then
fix some ¢ € [i +k/2,i+ k), and let Z, be the indicator event for Fliksuv,t,0) Pr[Zt] >1/8
and let Z = Y1 Z,. As each coordinate is independent of the others, and E[Z] > D/8,
using Chernoff’s bound:

PT[Z < D/16] < PI'[Z < E[Z]/Q] < €_D/64 < )\—32-6010glog(2)\) < >\—32klog10g(2)\)’

for large enough constant C.

On the other hand if k£ > 60, then for every coordinate ¢ € [D], we have k/2 possible
values of . In each scale ¢, by Claim 6.10 there is probability at most (7/8) to fail,
this probability is unaffected by of all other scales ¢’ < ¢. Let ), be the indicator event
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for =F(i kuwte). The probability that we failed for all scales ¢ € [i + k/2,i + k) can be
bounded by:

i+k—1 i+k—1 -1
Pri A Y|= I (Pr|Y] A\ V|| <@/®)"=x
l=i+k/2 O=i+k/2 j=itk/2

Let Z, be the event that we failed in the ¢-th coordinate, Pr[Z;] < z,and Z = ), |, Z;.
We have that E[Z] < 2D, let a > 1 such that E[Z] = 2. Using Chernoff bound:

00/ (22)-1 zD/a
((&/(22))a/(2z))
(2€Z)D/2 S >\(log(26)+(k:/2) log(7/8))(C/2) loglog(2)\)

\(k/4)108(7/8)(C/2) loglog(2))

—32k loglog(2\
A g log )7

Pr[Z > D/2]

IN

INIAIA

since for k > 60 we have log(2¢) < —(k/4)log(7/8), and for large enough constant C.
This concludes the proof of Lemma 6.8 and hence the proof of Theorem 20.

6.3 Distortion-Dimension Tradeoff for Doubling Met-
rics

Theorem 21. For any 1 < p < oo and any A-doubling metric space (X, d) on n points,
and for any loglog A < D < (logn)/log A there exists an embedding into L, with distor-
tion O(log"/? n((logn)/D)*~1/?) in dimension O(D -log X - loglog X - log((logn)/D)).

In particular choosing D = (logn)/log A we get an embedding into L, with distortion
O(log"?n-log'~'/? \) and dimension O(logn(loglog \)?), which matches the best known
distortion bound from [KLMNO04] with better dimension. On the other hand, choosing
D = O(loglog \) we get distortion O(logn) with dimension O(loglogn -log A(loglog \)?),
which almost matches the distortion-dimension tradeoff of Theorem 8 when choosing
there § = 12/loglogn, so in a sense these two theorems give a range of tradeoffs from
dimension O(log A\) to roughly O(logn).

Proof overview:

In order to improve the usual distortion bound of O(logn) we use the properties of
L,, and divide the scales between D coordinates for some parameter loglogA < D <
(logn)/log A\. This division is done in a subtle manner - for every point x € X assign
scales jbeein gbesintl - jend oych that Zﬁ:;begm n;'(x) ~ (logn)/D. In order for the
upper bound argument to hold, it is essential that points in the same cluster in scale ¢
will have the same coordinate arrangement until the i-th scale. This is why we require a
hierarchical partition - the padding parameter is uniform, so points that are separated in
scale ¢ for the first time, will have the same coordinate arrangement until the /-th scale.

Since we need hierarchical partitions without long-range dependencies, this prevents
us from using the hierarchical partition of Lemma 3.6, since the hierarchical top-down
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constructions lack the ”local” property. Instead we create partitions in a bottom-up
fashion by choosing partitions independently for every scale, and defining S = loglog A
bundles of partitions, each bundle being all partitions with radius a power of ¢ ~ log .
We use the fact the padding parameter is bounded from below by €(1/logA), and a
lemma from [KLMNO4] to make all partition bundle hierarchical (loosing only a constant
factor in the padding parameter).

When considering the lower bound for some net pair x,y, it might be that the co-
ordinate containing the critical scale for = (from which we want contribution), contains
completely different scales than for y, hence we use one-sided contribution, that is, con-
sider not only the value of the coordinate for x,y in scales with larger radiuses than the
critical scale, but also the value of the current scale of y.

The proof:

The first step in proving the theorem is creating a small collection of partitions for
every scale. We require that the partitions will have the padding property only for a
small number of net points, hence the number of partitions, using the Local Lemma, can
depend only on the doubling dimension.

Lemma 6.9. Let (X,d) be a A-doubling metric space on n points. Fiz some v > 2,
v < 1/16, A > 0 and M > 0. Let N be a %—net of X. There exists a collection
of T = O(log Alog M) A-bounded partitions P and a collection of uniform functions
E={& X = {0,1}|P € P} andn={np : X — [0,1]|P € P} such that for all x € N
there are at least T'/4 partitions P € P satisfying B(x,np(z)A) C P(x)].

The following conditions hold for all1 <k <T,i1€ 1l andx € X:

e np(z) >279/(InN).
o Ifép(x) =1 then: 277/ Inp(x, 24, v1, %) < np(z) < 277.
o Ifép(x) =0 then: np(x) > 277 and p(x, 20,71, 72) < 2.

Proof. By Lemma 3.4 we have that (X, d) is 276/ log \-decomposable, so let P be a A-
bounded (7, 1/2)-padded probabilistic partition as in Lemma 3.3 with parameters vy, 72,
6=1/2and 7 = 275/log \. We will use the Local Lemma to choose T' = Clog Alog M
partitions for a constant C' to be determined later. Let N be a %-net of X. Note that
the partition is local, and any ball B(z,2A) contains at most A2 points in N.

Define an indicator "good” event &, for all x € N which is 1 if x is padded in more
than 7'/4 partitions. Let G = (V, E) be a graph whose vertices are the events {&, }.en,
two events (&,,&,) € E iff d(x,y) < 2A. Note that the degree of the graph is bounded
by /\2logM‘

Let A, be the number of partitions in which x € N is padded. E[A,] > T'/2, since all
partitions are chosen independently of each other, using Chernoff bound

Pr[—&,] = Pr[A, < T/4] < Pr[A, < E[A4,]/2] < e 1/24 < \~3log M

for C > 72. Now apply Lemma 6.2 on G with d = A28 and p = A7319¢M  hence
Pr[Ngen&:] > 0, which suggests that these T partitions can be found using standard
algorithmic versions of the Local Lemma. O]

The following lemma was shown in [KLMNO04]
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Lemma 6.10. Let t = 4log\, Ay = diam(X), [ = {i € N | 1 < i < log, Ao}, for
all i € I let A; = No/t', and let Q; be a A;-bounded partition. Then a t-hierarchical
partition H = {Py, P,..., Py} can be created from all the Q; such that for all x € X
and all n > 1/(2'9), if B(z,nA;) C Qi(x) then B(x,nA;/2) C Pi(x).

Sketch. We give the simple “bottom-up” construction for completeness. The proof ap-
pears in [KLMNO4].

For i = |I| —1,...,0 do the following: For any C' € @Q; let S¢c = {A € Q;11 | ANC #
DA AEC} and replace C' with the sets A € Sp and the set C'\ J,cg,, A- O

Proof of Theorem 21. Let Ay = diam(X), T' = C'logAlog((logn)/D), I = {i:1<i <

log Ag} For all i € I let A; = Ag/8" and let N; be a 217(A—)/D -net. Using Lemma 6.9

create for each ¢ € I a collection Q; = {Qi ,...,Qi } of T' A;-bounded partitions
with parameters 7, = 128, 75 = 1/64, such that for all x € N; we have B(z,ny:(x)A;) C
ng)(:p) for at least T'/4 values of 1 < k < T', where ,; and & ; are given from Lemma 6.9.

The next step is to make these partitions hierarchical, this can be done if the scales
are decreasing by a factor of 4log\, so let ¢ = 4log A, S = loggt. We shall define S
bunches of hierarchical partitions, each will consist of scales which are multiples of ¢.

Forall 0 < j < S—1letl; ={i € l]¢=j( modS)}, and create from each
{Qi | i € Ij}o<j<s-1 a collection of T" t-hierarchical partitions H,; = {HJQ), . ,HJ(T)},
i.e. each HJ@ = {Pi(k)}ie[j (starting with A; as the largest radius), such that for all
0<j<S-—1,i¢€l; xe N, there exists at least T'/4 values of 1 < k < T such that
B(z, (1/2)nki(x)A;) C Pi(x), using Lemma 6.10.

Foralll1 <k <T,ielandC € Pi(k) let 04,(C) be an ii.d Bernoulli symmetric
{0,1} random variable. Let

() = 2&:@(35)
Pri() Mei ()

Claim 6.11. For any 1 <k <T, z € X we have Y, ; opi(x) < 2" logn.

Proof.
D drile) = > 2ma(n)
iel iellgi(z)=1
2823 " p(x,24,,128,1/64)
el

* 2 (ot )

el

IN

IN

IN

21 log n.
O

The embedding:

We define the embedding by defining D - S - T' coordinates (Recall that D is a pa-
rameter of the theorem such that loglog A < D < (logn)/log A, S = logg(4log ), T =
C'log Alog M where C'is a constant defined later). Fix some 1 <k <T,0<j<S—1,
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and define for each z € X, D coordinates fl(k’j ) (x),..., l()k’j ) (x) recursively. For each coor-
dinate f,gf’j) (7), 1 <m < D, we will associate two scales i"°#"(m, k, j, x), i (m, k, j, z) €
I; when m, k, j, x are clear from the context we omit some of the indexes.

Fixz e X, 1<k<T 0<j<S8—1. Seti"0,k, jz)=7j—S and assume we
defined the coordinates f*7(x),... f%)(z) and their associated scales i*°8 4 We
now define jPegin(mk.j.z) jend(m.k.j.z) féf 4 )(x), as follows:

o Ifi™(m — 1,k,j,2) = oo set f,%’j)(:c) =0, and *°&"(m, k, j,2) = iY(m, k, j, 1) =
00

e Otherwise define "¢ (m, k, j, 2) as i (m — 1, k, j,z) + S, define i®*4(m, k, j,7) as
the minimal ¢ € I; such that

22 logn
Z bep(T) > D :
Le T ibosin (m,k, j,x) <U<i

If no such i exists let i®(

m, k,j,x) = oo.

e For every ( € I; let

Y (@) = ou (B (@) - min{ees(z) - d(w, X \ P (2)), A},

define ‘
FED (@) = > ()

KEI] ’ibegin (mvkajax) Sggiend (makzjzx)

For any 1 < k < T define f® : X — LI’?'S by

Finally

Upper bound:
Claim 6.12. Forallz,y e X, 1 <k<T,0<7<S5S—1and1 <m <D we have

59 (@) = f5 D (y)] < 2 (logn)/D - d(x, y).

Proof. Leti' = i*®™(m, k, j,z) and i = i®4(m, k, j, ). Consider the partitions {P}Ek)}heljyhe[m].
Let h € [',i] be the largest satisfying that P,Ek) (x) = P,Ek) (y) (if no such h exists take
h =i’ — 1), then since the partition H ](k) is hierarchical we have that P\ (z) = P (y)
for all A’ < h such that b’ € I;. This suggests that  and y had the same coordinate
arrangement until the m-th coordinate. Since ¢y is a uniform function for all £ € I, then
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for all b’ € [i', h] such that &' € I; we have that if ¥'%7(y) = ¢ 4(y) - d(y, X \ PP (1))
then

@)= (y) < b g()-d(a, X\PS (@) —dm i (y)-d(y, X\P () < ow () d(z, y).

Also if@bh, ( ) Ah/ then¢ ( ) (kj)( )<Ah/—Ah/—0
Now consider the scales h < b’ < i, then since the partition is hierarchical y ¢ P, k)( ),
and we get that

b @) = oY) < dwale) - dla, X\ PP (2)) < dwala) - d(a,y)

Note that since for all £ € I, ¢p(z) < 20 10g>\ < 2121%, which means that a single

scale will not cause fi” (x) to be larger than 22 Z_joan

fEN @) = fEN ) < Y @h @) e+ Y. ()

el <h'<h Wel;h<h/<i
< dzy) Y, dwalo)
el i <h'<i
213d(z, y) logn
J— D .

, ..e. we have that

Let Dy j(z) be such that for any 1 < m < Dy ;(z) we have "8 (m, k, j, x) # oc.
Claim 6.13. Forany 1 <k<T,0<j<S—-1andz e X,

Proof. Let L;k) = Zzelj ¢r k() and note that Dy (z) < D - L;I‘C)/(Q12 logn) + 1. By
Claim 6.11 follows that Zle L§k) < 2'og n, hence

T
—_
CQ
,_.

(D L® /(22 logn) + 1)

<
g
O
ES
2
AN
<.
g

5—
= D/(2"%logn Z

< (D/2+ loglog)\/?) +1) < D.

Lemma 6.11. For all v,y € X, ||f(x) — f(y)|, < 2"d(x,y)logn - DY/P~}
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Proof. Fix some 1 <k <T,0<7<5—1. Using Claim 6.12

( Dk]

Z|fiw) (lw(y)|p < Z (kJ Z |f(7w (lw(y)|p

m=1

< (Diyl) + D) (2 e ’D”Og”) .

And now using Claim 6.13 the upper bound follows:

T
Ty Ml Iy

I1f () = FW)I}

[\
~
AR
1~
E
S
Pl
<
S
S~—
+
S
ka
<.
s
VRS
[\
et
w
=
8
Ol<
)
(0]
3
~_
S

Lower Bound:

The first step is showing that the embedding will have the required distortion on
all appropriate pairs of the points in the nets. Define M = {({,u,v) | £ € I,u,v €
Ng, 7Ag_1 S d(u, U) S 65Ag_1}.

For (¢,u,v) € M by Claim 3.1 it must be that max{p(u, 22, v1,72), p(v, 280, 71,72) } >
2. If it is the case that p(u,2Ag,v1,72) > 2. It follows from Lemma 3.3 that & ,(u) =1
for all k € [T]. In such a case let G = G(u) C [T] be the collection of partitions indexes
for which u are padded in the ¢-th scale. As u is padded in at least T'/4 of the partitions
|G| > T/4. For all k € G let m = my(u) be the coordinate that contains the ¢-th scale
for u. Let 0 < j < §—1such that ¢ € I;. For all ({,u,v) € M and k € G define an event
f(z,u,v,k,o) as

D () > Ay A > Y () — > P () < A2 |/
ibegin (m k, ju)<h<l,hel; ibegin(m k,jv)<h<lhel;
U () = 0 A 3 D (u) — 3 D )| > A2 |
ibegin(m k, ju)<h<l,h€l; ibegin(m k,jv)<h<lhel;

Otherwise it must be the case that p(v, 2A, v1,72) > 2 (i.e. & o(v) = Lforall k € [T7]),
define Fg k1) by switching the roles of u,v. Define the event £, .) as

(P(w, 20,71, 792) > 2= 3G C G(u), |G| > |Gw)|/4, VE € G Fuuwro) /\
((ﬁ(u, 200,71,72) < 2 A p(v, 200, 71,72) > 2) = 3G C G(v), |G| > |G(v)|/4, Vk € G’ : f(m’v,k,l)) )
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Claim 6.14. For all ({,u,v) € M, let 0 < j < S — 1 such that ¢ € I;, event Eyu
implies that for all k € G' there exists m € [D] such that

[ () = £ ()] = A/4.

Proof. Assume w.lo.g that p(u,2A,v1,72) > 2, hence event Fy .0y holds, let m =
my(u) , then

o () = f ) (0)]

= | 3 P () — 3 Ui ()]

ibegin (m, k., j,u) <h<iend (m,k,ju),h€l; ibeein (m k,j,0) <h<iend(m,k,j,v),hel;

IO R B SR S E S ol

ibesin (m k,j,u) <h<,hel, ibesin (m.k,j.v) <h <O hel;

-1 > W= Y w )

<h<iend (m,k,j,u) ¢<h<iend (m k,j,v)

v

Note that

Y wPw - Y WIS A=A 8T =T,

¢<h<iond(m .k, ju) t<h<iond(m k jv) {<h >0

so by the definition of F . 1,0) follows that
[F5 D () = FD ()] 2 Ap = Ap/2 = AgJT > Ay/4,

]

Now we wish to use the Local Lemma in order to show that there exist choices of o
for which all the good events occur simultaneously. Define a graph P = (V| E) whose
vertices are the events {Eyuv)}uv)enm, the rating of a vertex is ¢ (E(Z’W)) =/¢. Two
vertices (5(47%1,), S(y’u/ﬂ,/)) € E iff the following holds:

o (=1
o d({u,v},{u/,v'}) <A,
Claim 6.15. The degree of P is bounded by \06+6los((logn)/D)

Proof. Fix some £y € V, we will see how many pairs «/,v" € N, can exists such that
(g(ﬁ,u,v)a S(Z,u’,v’)) el

Assume w.l.o.g d(u,u') < Ay, since d(u,v),d(u',v") < 65A,_1 follows u, v, v, v' € B =
B(u, Ay_4). The number of pairs can be bounded by |[N,NBJ?. Since (X, d) is \-doubling,
the ball B can be covered by A\33+31os((loen)/D) halls of radius WO()@W’ each of these
contains at most one point in the net N,.

It follows that |N, N B|? < \66+6log((logn)/D), O
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Claim 6.16.

Pr ﬁg(f,u,’u) | /\ g(g/,u/m/) S )\_68_610g((10gn)/D),
(URTRVATIS®)

for all Q Q {(f’, u',v) eM | A S /N (5(@7U7U),g(3/7u/,vl)) ¢ E}

Proof. Let 0 < j < S — 1 be such that ¢ € I;. First note that if ¢/ < ¢, then
the randomness for events F k0 and F ek is independent of events such as
Ewwwy. 0 = L, then it must be that d({u,v}, {v',v'}) > A, which means that
Pe(k) (u), Pg(k) (v), Pé(k) (u'), Pe(k) (v") are all different. Assume w.l.o.g that p(u, 8y, v1,72) >
2, and recall that then & ,(u) = 1. Since for any k € G(u), u is padded in scale ¢ with
parameter 7, (u)/2, it follows that

W) = (PP (w)) - min{ge(u) - dlu, X\ P (u), Agy
Ue,k(Pe(k) (w)) - min{2ng(w) ™" - (nes(w)/2) A, Ag}
= ouu(PP(w) - A

IV

If it is the case that

3 O (u) — > U ()| < A2,

ibesin(m k,ju)<h<l,hel; ibesin(m k,jv)<h<lhel;

then there is probability of 1/2 that O'g7k(P£(k) (u)) = 1, otherwise there is probability of
1/2 that O'M(Pg(k) (u)) = 0, independently of choices of o for partitions in scales before
the ¢-th scale and choices for clusters of v, ', v’ in the /-th scale. We conclude that there
is probability 1/2 for event F v k,0)-

The clusters of partitions for different values of k£ are colored by ¢ independently, so
if we denote by Z the number of & € G(u) for which the event Fy,.10) failed, then
E[Z] < |G(u)|/2 and by Chernoff bound

Pr[Z > 3|G|/4] < e71G12 < o=T/96 < \~68-6log((logn)/ D)

for large enough value of C. The case that p(v,8Ay,v1,72) > 2 is symmetric for event

f(f,u,v,k,l)'
]

Now we can use the Local Lemma again on the graph P with d = \66+6log((logn)/D)
and p = A\ ~68-6loa((logn)/D) " and conclude that there is positive probability that all the
good events {&u.0) }(t,u,0)em hold simultaneously.

The Next step is to show that once the net point are well embedded, other pairs have
the desired distortion as well.

Let z,y € X, and let ¢ € I; such that A,y < d(x,y) < Ay_3. Let u,v be the nearest
points in the net Ny to z,y respectively. Note that since d(z,u), d(y,v) < % we have
that (¢,u,v) € M, hence if G’ C [T] is the set of good coordinates for u,v then for each
k € G’ by Claim 6.14 there exists some m € [D] such that | £ (u) — £ (v)] > Ay/4.
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On the other hand by Claim 6.12
[ () = 59 ()] < 2%d(u, 2)(logn) /D < Ay/16,

and similarly | £ (v) — £ ()] < A,/16.
So the triangle inequality implies that

for all k € G'. As Ay > d(x,y)/2° and |G'| > T/16:

If @) = flly = 77 1™ @) = P )l

keG’
> T | (@) = (5D (y))”
keG’

> (1/16) - (Ag/8)" = (d(x,y)/2"°)".

6.4 Snowflake Results

Theorem 22. For any n point \-doubling metric space (X,d), any 1 < p < oo, any
0 < 1 and any 299 < k < log\, there exists an embedding of (X,d/?) into L, with

distortion O(K+2\Y®R)) and dimension O (_,\1/1;1n,\>'

Proof overview:

The high level approach is similar to that of Theorem 8. However here it is sufficient
to use Lemma 3.4 instead of Lemma 3.3. In each term for scale i of the embedding
(i.e. fi(x)) we introduce a factor of Ai_l/2. Hence the upper bound of Lemma 6.12 is
independent of the number of scales or the number of points in the metric. We exploit
the higher norm L, in the lower bound, Lemma 6.15. The main technical lemma is
Lemma 6.16 which requires a subtle use of Cherneff bounds.

The proof:

Let Ag = diam(X), I ={i € Z | 1 < i < (logAgy + Ologlog\)/3}. For i € I let
A; = Ay/8". Set D = ‘ﬂ# for some constant ¢ to be determined later.

Let 6 = A™Vk 7 =27"In(1/8)/In(\) = 277 /k. We shall define the embedding f by
defining for each 1 < ¢ < D, a function f® : X — R* and let f = D"Y? @, ., f.

Fix t, 1 <t < D. In what follows we define f®. For each 0 < i € I construct a
A;-bounded (7, §)-padded probabilistic partition P;, as in Lemma 3.4. Fix some P; € P;
forall i € 1.

For each 0 < i € I we define a function fi(t) : X — R* and for z € X, let f)(x) =
Y il fi(t)(x). Let {al@(C’)|C’ € P,,0 <i € I} be iid symmetric {0, 1}-valued Bernoulli
random variables. The embedding is defined as follows: for each x € X:

e For each 0 < i€ [, let fi(t) () = crgt)(Pi(a:)) CATY? min{r ! - d(z, X \ Pi(z)), A;}.

)
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Claim 6.17. For any 0 < ¢ € I and z,y € X: fi(t)(x) - f.(t)(y) < A;lﬂ - min{7~!
d(l’,y), Az}
Lemma 6.12. For any (z,y) € X andt € [D]:
[fO@) = FO )] < 2% - d(x, )"
Proof. Let ¢ € I be the minimal such that d(z,y) > A,.
Z |fi(t)( (t)( ) <77 -d(x,y) Z A 12 < 97 d(z,y)A, 12 < 99 d(z,y)Y? |

o<i<l o<i<t

and
ST @) = 100 < DA <28, < 2d(x, )2
i>/ >
To conclude
|fO(z) = fO(y)] < 2%k - d(z, y)">.

O

Lower Bound Analysis:

The lower bound analysis uses a set of nets. First we define a set of scales in which
we hope to succeed with high probability. Let r = [(0/3)log k], note that » > 2 and let
R={i€l:r|i}. For any 0 <i € R let N; be a 55ir-net of X.

Let M = {(i,u,v) | 1 € K, u,v € N;,7A;_1 < d(u,v) < 65A;_,_1}. Given an embed-
ding f define a function T : M — 2P such that for t € [D] :

A}
(t) o
t € T(i,u,v) ’f — f (v)|28k9.

For all (i,u,v) € M, let ;4. be the event |T'(i,u,v)| > A‘l/kD/éL. Then we define
the event £ = ﬂ(w’v)e a €ty that captures the case that all triplets in M have the
desired property.

The main technical lemma is the following:

Lemma 6.13.
Pr[&] >0

We defer the proof for later, and now show that if the event £ took place, then we
can show the lower bound. Let z,y € X, and let 0 < ¢ € I be such that 8A;_; <

d(xz,y) < 64A;_1. Let ¢ € R be the minimal such that ¢ > ¢, note that A; > By

ol
Consider u,v € N; satisfying d(z,u) = d(z, N;) and d(y,v) = d(y, N;), as d(u,v)kg
d(u,z) +d(z,y)+d(y,v) <6401+ A; <65A;_,_1, by the definition of M follows that
(1,u,v) € M. The next lemma shows that since z,y are very close to u, v respectively,
then by the triangle inequality the embedding f of x,y cannot differ by much from that

of u,v (respectively).

Lemma 6.14. Let x,y € X, let 7' such that 8Ay_y < d(z,y) < 64A,_1, leti € R be the
minimal such thati >4, let u,v € N; satisfying d(x,u) = d(z, N;) and d(y,v) = d(y, N;).
Given &, for any t € T(i, u,v).




Proof. Since N; is sivir-net, then d(z,u) < A;'#. By Lemma 6.12 |f®(x) — fO(u)| <

AL/2
210% - d(z,u)'/? < 25k9, and similarly |f®(y) — f®(v)| < 2%9 By the triangle inequality
we get that

0@ - FOW = 1£0() = FO) + FOw) - FO0) + £ ) - f(”( )
79w) = 1O@)] = 119() = FOw)] = 179) - )

vV

- Ai/z 202
= 8kV 32KV
~ 16kY°

This Lemma and Lemma 6.13 implies the following:

Lemma 6.15. There exists a universal constant Cy > 0 and an embedding f such that
for any x,y € X
d(z, y)'/*
1f (@) = fW)ll> 2 Cormgyi/om

Proof. Let f be an embedding such that event £ took place. Let i’ € I such that Ay o <
d(z,y) < Ay_3, i € R the minimal such that ¢ > i’ and u, v be the nearest points to x,y
respectively in the net N;. Noticing that A; > 2;616%) and that |T(i,u,v)| > A\"/*D/4 we
get from Lemma 6.14 that

If(@) = f)E = DY |f D) = fO)P

te[D]

AV2\"
> D—l ?
N> (W

teT (i,u,v)

Vv

- . d T,y 1/2\ P
D7 7o) (U5

N\~ L/k (d(% y)l/2>p

v

212]{:29

Proof of Lemma 6.13:
Define for every (i,u,v) € M, 1 < ¢ <i+r and t € [D] the event F; .10 as

1/2
('f D)~ 100 2 AV A S 1) - 10)] < AT) \

Jj<t
A1/2
t t t t
((fé><u>= L) =0) A YA - )] > %)
j<t
And define event é’(i’u,v) as
3S C[D),|S| > D/2,vt € S,3i <L <i+7 : Fliuwre holds.
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Claim 6.18. For all (i,u,v) € M, é(i7u,v) implies £ y.v)-

Proof. Let S C [D] be the subset of coordinates from the definition of é(i7u7v). For any
te S, leti <U(t) <i+r besuch that F; 1)) holds. Then for such t € S:

AL2
DIFROEF OIS~
7<L(¢)
From Claim 6.17 it follows that
1/2
12 5 I N
J>L(t) J>L(t) \/_
Which implies that
AL/2 AL2
@ _ £ O
‘;fj (u) f] (U)l— 8 — 8k9
as required. 0

Define a graph G = (V| E), where V = {g(i,u,v | (i, u, v) € M}, and the rating of a
vertex c(é’(i,uﬁv)) = 4. We say that a pair of vertices (é (6,10,0) 5 @) € B if

d d({u7v}7 {ul7vl}) < 4Ai7 and
e =1,
Claim 6.19. The out-degree of G is bounded by N9 +10logk

Proof. Fix some é(i,u,v) € V, we will see how many pairs u/,v" € IV; can exists such that
(Etuw)s EGr ) € E.

Assume w.l.o.g d(u,u") < 4A;, since d(u,v),d(u',v") < 65A;_,_1 follows u,v,u’,0v" €
B = B(u,A;_,_4). The number of pairs can be bounded by |N; N BJ?. Since (X,d) is
A-doubling, the ball B can be covered by A*721°¢% balls of radius 5%, each of these
contains at most one point in the net N;. It follows that |N; N B> < A\%+10lgk, O

Notice that events g(mm) do not depend on the choice of partitions for scales greater
than ¢ 4 r.

Lemma 6.16.

3 3 —97-101
o I N e
(@' v')eQ

for allQQ{(i’,u’,v’)|@'Zi’/\<<‘:’(i7u,v ,uv/)) ¢E}

Before we prove this lemma, let us see that it implies Lemma 6.13.

Apply Lemma 6.2 to the graph G we defined, by Claim 6.19 let d = \%*1018% and by
Lemma 6.16 we can let p = A\797710log* gatisfying the first condition of Lemma 6.2. It is
easy to see that the second condition also holds (since A > 2), hence
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/\ 5(““)

(4,u,v)eM

/\ gzuv

(4,u,v)eM

Which concludes the proof of Lemma 6.13.
Proof of Lemma 6.16:

In order to prove this lemma, we first show the following claim, a slight variation of
a claim shown in [ABNOG6].

By Claim 6.18 we have

Claim 6.20. Let (i,u,v) € M, t € [D] and i < { <i+7 then Pr [Fj ] = A /4.

Proof. Let i < ¢ < i+ 1 and consider the two cases in F; y...0):

1/2
If it is the case that | > i<t f]@ (u) — f;t) (v)| < A‘# then it is enough for the following
to hold

o B(u,7Ay) C Py(u).
o o) (Py(u)) = 1.

ol (Py(v)) = 0.

The second and third events happen independently with probability at least 1/2, the first
happens with probability at least § = A™Y/* since P, is (7, 0)-padded. If all these events

oceur then | £ (u) — fP(v)] > A, mln{T cd(u, X\ Po(w)), A} > A}
1/2
Similarly, if it is the case that | D i<t fj (u) - fj@ (v)| > T then it is enough that

o 0} (Pu(w) = 0} (Pu(v)) = 0.
Again there is probability 1/2 for each of these. So we have probability at least A=*/* /4
for event F; u.u.1.0)- ]

Claim 6.21. Let (i,u,v) € M,t € [D] andi <{ <i+k. Then

PI‘ ﬁf(i,u,’u,t,@ ’ /\ 51 ') < 1 — 71/"3/47

(' v)eQ

for all Q C {(¥, v U)]z>z/\<5(mv), “H,>§§E}

Proof. First note that if i’ < 7, then event g(i’,u/,v’) depend on events Fi o ¢ ¢y, Where by
definition ¢’ < i’ 4+ 7 < i (recall that R contains only integers that divide by r), and these
events depend only on the choice of partition for scales at most ¢'. Hence the padding
probability for u, v in scale ¢ and the choice of o, is independent of these events.

If it is the case that i' = i, let (i,u/,v") € M such that <g(i,u,v)7é(i,u’,v’)> ¢ E. We
know by the construction of G that v',v" ¢ B(u,4A;) and v',v" ¢ B(v,4A;). Hence
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u',v" are far from w,v and they fall into different clusters in every possible partition
of scale £. Moreover, the locality of our partition suggests that the padding of u,v in
scale ¢, for all ¢ € [i,i + k), depends only on the partition of their local neighborhoods,
B(u,2A,) U B(v,2A,), which is disjoint from that of u/, v'.

Note that even though event F; ¢ is defined with respect to scales ¢/ > ¢, since
the padding probability and coloring by o for u,v in scale ¢ will be as in Claim 6.20, no
matter what happened in scales ¢/ < £ or “far away” in scale /. O]

Now we are ready to prove the Lemma. For every coordinate t € [D], we have
r = [(0/3)log k] possible values of ¢. In each scale ¢, by Claim 6.21 there is probability
at most ¢ = 1 — A™'/*/4 to fail, this probability is unaffected by of all other scales ¢/ < /.
Let ), be the indicator event for =7 ;... The probability that we failed for all scales
¢ € [i,i+ ) can be bounded by:

itr—1 i+r—1 /—1
Pr [ /\ yg] = H (Pr [yg | /\%’]) < q((e/s)logk] -
=i i

=i =1

Case 1: Assume first that (0/48)\~¥logk > 1, then let Z; be the event that we failed
in the ¢t-th coordinate (i.e. , F(;uvue does not hold for all £ € [i,i +7)). Then
Pr[Z] < z,and Z = ), . Z;. We know that E[Z] < 2D, let o > 1 be such that
E[Z] = 22, Using Chernoff’s bound implies that

Pr[Z >¢D] = Pr [Z > (ﬁ) E[Z]}

z
eqa/z—l 2D/«
<(qa/z)“”2)
< (ez/q)”

Note that g > q¥/91e* hence z/q < 21/? = ¢(6/91ek By the assumption we have
that e < e@/4A" Mok < =1/4 Gince ¢ > 1/2, and ¢ < e"/4 as well, follows
that

(ez/q)qD < SD/8 _ q(9/24)logk-c-)\l/k(ln)\)/H < e”\l/k/4'(9/24) log k-c:AMk(InX) /6 _ \—clogk/96

taking ¢ = 96 - 107 implies that Pr[Z > ¢D] < \7977101gk " a5 required.

Case 2: (A/48)A\"*logk < 1 we consider Z; the event that for some £ € [i,i47), event
Fliuw,,e) holds, we have that

Pr(Z)] > 1— (1= AEya) IR 5 g oA Mo onk 5 =1k (9 196) log K,

the last inequality holds sAince 1 — ejw > /2 when p < x <1 Let ¢ =
A~VE(0/96) log k, and let Z = >, ;, Z. Obviously E[Z] > ¢'D, using Chernoff
bound implies that
Pr[Z < XVED] < Pr[Z < A\YFE[Z]/¢]
= Pr[Z < 96E[Z]/(0log k)]
< efE[Z](1796/(910gk))2/2.
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Since flog k > 192 we have that (1 —96/(6logk))? > 1/4 hence

Pr[Z < )\fl/kD] < o4 D/A < 67)\*1/’“(9/96)logk-c/\l/k(ln)\)/O < )\~ (¢/96)logk

Again taking ¢ = 96 - 107 implies that Pr[Z < A=Yk D] < A=97-10lgk a5 required.
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Chapter 7

Scaling Distortion for Decomposable
Metric

Theorem 31. Let 1 < p < oco. For any n-point T-decomposable metric space (X, d) there
exists an embedding f : X — L, with coarse scaling distortion O(min{r'~/?(log 2)"/7, log 2})
and dimension O(log®n).

Let D = clnn for a constant ¢ to be determined later. Let D’ = [32Inn]. We will
define an embedding f : X — LI'P| by defining for each 1 < t < D, an embedding
fO X — LY andlet f=D"Y"@,_,p fO.

Fix t, 1 <t < D. In what follows we define f). We construct a strong (1, 1/2)-
uniformly padded probabilistic 2-hierarchical partition H as in Lemma 3.6, and let &
be as defined in the lemma. Now fix a hierarchical partition H = {P,;};c; € H. Let
D(x) = ;e &pi(x). Another consequence of Lemma 3.6 is:

Claim 7.1. For anyz € X: D(z) < D'.

Proof. Note that np;(z) < 27, it follows that

D(x)= Y &pilx) < > 27%pi(x)npi(z)~" < 32logn < D'

0<iel 0<iel

O

Let J = {1 <j < D'|j € Z} the set of indexes of the coordinates, and for x € X, let
J(x) ={1 <j < D(x)|j € Z} and let J(x) = J\ J(z). For each x € X and i € I, let

Jilz) = Y o<i<i&pi(z). For j € J(z), let i;(x) be the smallest i such that Jilz) = j.
We have following important property:

Claim 7.2. If for some 0 < i € I, we have that Pi(z) = P;(y) then for all 1 < j < Jilz),
1) = 15(y).

Proof. Since the partition is hierarchical we have that Py(z) = P(y) for all 0 < ¢ < 4.
Since ¢ is uniform with respect to H we have that {p(x) = {pe(y). This implies that

Je(@) = Je(y) forall ¢ <i. Let1 <j < J:(z) and ¢ the smallest such that j,(z) = ju(y) = 4,
it follows that i;(z) = 7;(y) = /. O
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We define the embedding f*) by defining the coordinates for each z € X. For every
1 €1 let 01@ : X — {0,1} be a uniform function with respect to P; define by letting
{agt)(C)|C € P,,0 < i € I} be i.id symmetric {0, 1}-valued Bernoulli random variables.
Let f®: X — LY be defined as f) = D,cip 2/1]@. For each j € [D'] define wj(t) X —
R* as
0(@) = 0 (@) - o (@),

where gog.t) : X — R* is defined as

() = { min {25050 (0. X\ P(@) A} Ge@i=i) o)
0 j e J(x)

Define g§t) X x X — R* as follows: ¢\ (z,y) = min{ tp.i(@) d(x,y),AZ} (Note

i np(@) 7P

that gft) is nonsymmetric).
Claim 7.3. For any z,y € X such that D(z) > D(y):
y

o Foranyj € J(x)NJ(y), leti=1;(x) and i = i;(y), then

[\ () — i (y)] < max{g" (x,), g% (y,2)}

o Foranyje€ J(x)\ J(y), leti= zj(x), then |¢](t)(x) — ¢§t) (y)| < g§t) (x,y).

Proof. Assume w.l.o.g j € J(z), and first we prove the first bullet. ‘We have two cases.
In Case 1, assume P;(z) = P;(y) then by Claim 7.2 we get that ' = 1;(y) = 7;(x) = i. It
follows that
t ¢ t ¢ t
v (@) = ¢ )] = o (Ailw)) - [l (@) = o1 (w)].
We will show that gog-t) () — gog-t) (y) < ggt) (z,y). The bound gpgt) (x) — gog-t) (y) < A;is
immediate. To prove gog-t) (x) — gog-t) (y) < mfp ’(iaf)"?/p -d(x,y) consider the value of gog»t)(y).

) (y) = _Era@) d(y, X \ P;(y)). From the uniform padding property of

Assume first ¢

J Pi(y)t/P
H we get that {p;(y) :nész‘Zx) and np;(y) = npi(z) therefore
¢ ¢ pi pi
) =) < SE e X\ )~ dn X\ P)) < S i)

In the second case ng) (y) = A; and therefore 905” (x) — gpl(-t) (y) < A; — A; = 0. Thus
proving the claim in this case.
Next, consider Case 2 where P;(x) # P;(y). In this case we have that d(z, X \ Pi(z)) <

d(x,y) which implies that

(@) = P (y) < (@) < gil, y). (7.2)

The bound gz(,t ) (y,x) is obtained by considering gpét) (y) — gog-t)(x).

For the second bullet it must be that P;(x) # P;(y) (otherwise we would get i’ = ¢

which would be a contradiction). Since j ¢ J(y) then wj@ (y) = 0 and we are done by
(7.2). O
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Lemma 7.1. There exists a unwersal constant Cy > 0 such that for any € > 0 and any
(z,y) € G(e):
[fO(z) = O )P < In(2/e) - (Cr - d(a, y)).

Proof. Assume w.l.o.g D(x) > D(y). Claim 7.3 implies that

1F9@) = Ol = Y1 @) - )P

jeJ
0 - ® »
< A A
< Y max{yl) (@yhal, @)+ D g (@)
jeTDnI) JeT NI W)
fgii@ﬂaw+ﬁwwm. (73)
o<iel

Now, define ¢ to be largest such that Ayy > d(x,y) > max{re(x),re2(y)}. If no
such ¢ exists then let £ = 0.
By Lemma 3.6 we have

Y gy < Y gpl(i ()

0<i<t 0<i<t NP,

< 2%.In (M) ~d(z,y)? < (27 In(2/¢)) - d(z, y)P.

We also have that

> aleyP < Y AT <A <27d(a,y)”

(<iel t<iel
Therefore, using (7.3) we get
FO@) = P = 3 (0@ + 0 (g 0)) <2 (21 In(2/e) +27) - d(x, y)"

0<iel

]

Lemma 7.2. There exists a universal constant Cy > 0 such that for any x,y € X, with
probability at least 1/8:

[fO(z) = fO)P = 777 - (Cy - d(z, )"

Proof. Let 0 < £ € I be such that 8A, < d(z,y) < 164A,. By Claim 3.1 we have that
max{p(x, 28¢, v1,%2), p(Y, 280, 71,72) } > 2. Assume w.Lo.g that p(z,240,71,72) > 2. It
follows from Lemma 3.6 that {pe(x) = 1. As H is (1, 1/2)-padded we have the following
bound

Pr[B(xz,npi(x)Ar) C Py(x)] > 1/2.

Therefore with probability at least 1/2:

Epe(z) P 1 A A S (AT
(nm( N ('”’X\Pﬁ(l"))) 2 oy (@A = npa (@) A 2 (7 /8T N(T.A)
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where the last inequality follows from the second property of Lemma 3.6.
Let j = je(x). Note that since {p(x) = 1 we have that £ = i;(x). Since diam(FP(z)) <
Ay < d(z,y) we have that Py(y) # Pi(x). Now, if j ¢ J(y) then ¢§t>(y) = 0 and

with probability 1/2 we have o,(P;(z)) = 1 so that by (8.2) ]wj(-t)(z) - wj(-t)(y)|p =

min{( tpe(a) -d(a;,X\PAx)))p,Af} > (7/8)P~'AD. Otherwise, if j € J(y), then for

npe(x) /P
¢ = i;(y) we have Py(x) # Pu(y). We get that there is probability 1/4 that oy(Py(x)) = 1
and oy (Py(y)) = 0 so that |@Z)](t)(m) - ¢§t) (y)[P > (7/8)P~1AD.
We conclude that with probability at least 1/2-1/4 =1/8:

O @) = fO )P = (0 (@) = @) = (r/8)77 AL = (r/8)7 27 d(w, ).
O

Lemma 7.3. There exists a universal constants C1, Cy > 0 such that w.h.p for any e > 0
and any (x,y) € G(e):

C, -7V d(z,y) < | f(x) — F()ll, < C (In(1/e) P - d(z, y).

Proof. By definition

1f(@) = fllb=D" > [fD) = fO)P.

1<t<D

Lemma 7.1 implies that

1f () = F)II} < In(1/€) (Cr - d(x,y))".

Using Lemma 7.2 and applying Chernoff bounds with ¢ large enough we get w.h.p for
any z,y € X:

£ (@) = F)llf = 277771 (Cy - d(2, y)"
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Chapter 8

Embedding into Trees with Scaling
Distortion

8.1 Scaling Embedding into an Ultrametric

Theorem 23. Any n-point metric space (X,d) embeds into an ultrametric with scaling
distortion O(\/1/e€). In particular, its {,-distortion is O(1) for 1 < q <2, O(y/logn) for
q =2, and O(n'=2/%) for 2 < q < oo.

We begin with the following definition of ultrametric, which is equivalent to Defini-
tion 1.1 , and is somewhat more convenient to work with.

Definition 8.1. An ultrametric U is a metric space (U, diy) whose elements are the leaves
of a rooted labeled tree T'. Each v € T' is associated a label ®(v) > 0 such that if u € T
is a descendant of v then ®(u) < ®(v) and ®(u) = 0 iff u € U is a leaf. The distance
between leaves z,y € U is defined as dy(x,y) = ®(lca(z,y)) where lca(z,y) is the least
common ancestor of z and y in 7.

The proof is by induction on the size of X (the base case is where |X| = 1 and is
trivial). Assume the claim is true for any metric space with less than n points. Let (X, d)
be a metric space with n = |X| and A = diam(X). The ultrametric U is defined in
a standard manner by defining the labeled tree T whose leaf-set is X. The high level
construction of 7" is as follows: find a partition P of X into X; and X, = X \ X}, the
root of T will be labelled A, and its children 77,75 will be the trees formed recursively
on X; and X, respectively. Let u € X be such that |B(u, A/2)| < n/2 (such a point
can always be found). For any 0 < € < 1 denote by B.(X) the total number of pairs
z,y € X such that dy(z,y) > (150/\/€)dx(v,y). For a partition P = (X3;X5) let
B(P) = [{(z,y) | 2 € Xy Ay € Xo Adx(2,y) < (ve/150) - A}

Claim 8.1. Let € € (0,1] and let (X, d)A be a metric space, if there exists a non-trivial
partition of X, P = (X1; Xs) such that B.(P) < €| X1]| - | X3| then B.(X) < e(l);').
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Proof. Let P = (X1: X5) be a partition of X such that B.(P) < €| X;|-|Xs|. By induction,

B.(X) B.(P) 4 B.(X1) + Bc(X>)

() (3) )

/2 (| X1]? — | X1| + | Xo]? — | Xa| + 2| X1 - | X2])
€/2 (| X1| + [ X ) (| Xa] + [ X2| = 1))

_ 6('?’).

So it is sufficient to show that there exists a partition satisfying Claim 8.1 for all
e € (0, 1] simultaneously.

<
<

]

Partition Algorithm. Let ¢ = max{e € (0,1] | |B(u,+/€A/4)| > en}. Observe that
1/n < é < 1/2 by the choice of u . Define the intervals § = [VEA/4,VEA/2], S =
(2 + 2)VEA, (3 — 2)VEA], s = 5VEA, and the shell Q = {w | d(u,w) € S}. We
partition X by choosing some r € S such that X; = B(u,r) and Xo = X \ X;. The
following property will be used in several cases:

Claim 8.2. |B(u,VéA/2)| < 4én.

Proof. There are two cases: If é < 1/4 then |B(u, VEA/2)| = |B(u, V4eéA/4)| < 4én
(otherwise contradiction to maximality of €). Otherwise, ¢ € (1/4,1]. In such a case
|B(u, VEA/2)| < |B(u, A/2)| < n/2 < 2én. O

We will now show that some choice of r € S will produce a partition that satisfies
Claim 8.1 for all € € (0,32¢]. For any r € S and ¢ < 32¢ let S,(¢) = (r — /eA/150,r +
VEA/150), s(e) = \/eA/75, and let Q.(¢) = {w | d(u,w) € S,.(€)}. Notice that for any
r €S and any € < 32¢ : S,(e) C S. Define that properly A,(€) holds if cutting at radius
ris “good” for €, formally: A,(e) iff |@Q,(€)| < \/€-€/2-n. For any € < 32¢, note that in
any partition to X; = B(u, ), Xo = X \ X; the triangle inequality implies that only pairs
(x,y) such that x,y € Q,(¢) are distorted by more than 150/+/¢. If property A, (e) holds
then B.(P) < e-én?/2. Since én < |X;| < n/2 then e - én?/2 < en/2|X;| < €| X;||X| so
A, (e) implies Claim 8.1 for e. Hence for € € (0, 32¢] the following is sufficient:

Claim 8.3. There exists some r € S such that properly A,(€) holds for all € € (0, 32¢€].

Proof. The proof is based on the following iterative process that greedily deletes the
“worst” interval in S. Initially, let [p = .5, and j = 1:

1. If for all r € I,_4 and for all e < 32¢ property A, (e) holds then set t = j — 1, stop
the iterative process and output I;.

2. Let S; ={S,(¢) | r € I;_1,e < 32¢,-A,(¢)}. We greedily remove the interval S € S
that has maximal e. Formally, let r;, ¢; be parameters such that S, (¢;) € S; and
€j = max{e ’ HST(G) € Sj}
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3. Set Ij = I;_1 \ Sy,(¢;), set j = j+ 1, and goto 1.

Let Q@ = {Q.(¢)} and note that |Q] = O(n?) and it is easy to show that for every
Jje{l,...,t}, Q@ € Q, the maximum of {e | S.(¢) € S;,Q,(¢) = Q} is obtained inside
the set and can be found in O(n?) time.

We now argue that I; # () and hence such a value r € S can be found. Since for
any 1 < j <i <t s(e) > s(g) it follows that any x € @) appears in at most 2 “bad”
intervals. From this and Claim 8.2:

D 1@ ()] < 2IQ) < 8én.

J=1

Recall that since A, (¢;) does not hold then for any 1 < j <t : |Q,;(¢;)| > /€ - €/2-n

which implies that
t

> Ve < 12ve

j=1
On the other hand, by definition
t

> s(e) < Zt: VEGA/T5 < 12/75 - VEA = 16/100 - VEA.

i=1

Since s = 17/100 - VA then indeed I, # 0 so any r € I, satisfies the condition of the
claim. O

It remains to show that any choice of r € S will produce a partition that satisfies
Claim 8.1 for all € € (32¢, 1].

Claim 8.4. Ife € (32¢,1], r € S and P = (B(u,r); X\ B(u, 7)) then B(P) < €| X1|-|Xs|.

Proof. Let € € (32¢,1] and fix some r € S. Only pairs (z,y) such that z € X; and
y € B(u,r + v/eA/16) N X, can be distorted by more than 164/1/¢ and hence may be

counted in B,(P). Since vé < \/e/2/4 and r < VEA/2 then |B(u,r + \/eA/16)] <
|B(u,\/¢/2(3 + 2)A)| = |B(u, \/€/2A/4)| < en/2 by the maximality of é. Since |X5| >
n/2 it follows that B.(P) < €| X;| - | Xa|, as required. O

Proof of Theorem 23. From Claim 8.3 and Claim 8.4, it follows that our partition scheme
finds a cut P = (X;; Xs) such that B.(P) < €|X;| - | X3 for all e. Hence when applying
the partition scheme inductively, by Claim 8.1 the theorem follows. [

8.2 Scaling Embedding of a Graph into a Spanning
Tree

Here we extended the techniques of the previous section, in conjunction with the con-
structions of [EEST05] to achieve the following:
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Theorem 24. Any weighted graph G = (V, E, w) with |V| = n, contains a spanning tree
with scaling distortion O(y/1/€). In particular, its {,-distortion is O(1) for 1 < g < 2,
O(y/logn) for ¢ =2, and O(n'=?/7) for 2 < q < cc.

Given a graph, the spanning tree is created by recursively partitioning the metric
space using a hierarchical star partition. The algorithm has three components, with the
following high level description:

1. A decomposition algorithm that creates a single cluster. The decomposition algo-
rithm is similar in spirit to the decomposition algorithm used in the previous section for
metric spaces. We will later explain the main differences.

2. A star partition algorithm. This algorithm partitions a graph X into a central
ball Xy with center xg and a set of cones Xi,...,X,, and also outputs a set of edges
of the graph (y1,21),..., (Ym,Zm) that connect each cone set, z; € X; to the central
ball, y; € Xo. The central ball is created by invoking the decomposition algorithm with a
center x to obtain a cluster whose radius is in the range [(1/2)rad,,(X) ... (5/8)rad,,(X)].
Each cone set X is created by invoking the decomposition algorithm on the “cone-metric”
obtained from zg, z;. Informally, a ball in the cone-metric around z; with radius r is the
set of all points x such that d(z¢,x;) + d(z;, ) — d(xo,z) < r. Hence each cone X; is
a ball whose center is x; in some appropriately defined “cone-metric”. The radius of
each ball in the cone metric is chosen to be ~ 7*rad,,(X) where 7 < 1 is some fixed
constant and k is the depth of the recursion. Unfortunately, at some stage the radius
may be too small for the decompose algorithm to preform well enough. In such cases we
must reset the parameters that govern the radius of the cones. (in the next bullet, we
will define more accurately how the recursion is performed and when this parameter of a
cluster may be reset). The main property of this star decomposition is that for any point
x € X;, the distance to the center xy does not increase by too much. More formally,
dxoUf (s ) yux, (T, ) [d(x0, ©) < T[ (1 + 77) where k is the depth of the recursion.
Informally, this property is used in order to obtain a constant blowup in the diameter of
each cluster in the final spanning tree.

3. Recursive application of the star partition. As mentioned in the previous bullet,
the radius of the balls in the cone metric are exponentially decreasing. However at certain
stages in the recursion, the cone radius becomes too small and the parameters governing
the cone radius must be reset. Clusters in which the parameters need to be restarted
are called reset clusters. The two parameters that are associated with a reset cluster
X are n = |X]|, and A = rad(X). Specifically, a cluster is called a reset cluster if its
size relative to the size of the last reset cluster is larger than some constant times its
radius relative to radius of the last reset cluster. In that case n and A are updated to
the values of the current cluster. This implies that reset clusters have small diameter,
hence their total contribution to the increase of radius is small. Moreover, resetting the
parameters allows the decompose algorithm to continue to produce the clusters with the
necessary properties to obtain the desired scaling distortion. Using resets, the algorithm
can continue recursively in this fashion until the spanning tree is formed.

Decompose algorithm. The decompose algorithm receives as input several param-
eters. First it obtains a pseudo-metric space (W, d) and point u (for the central ball
this is just the shortest-paths metric, while for cones, this pseudo metric is the so called
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“cone-metric” which will be formally defined in the sequel). The goal of the decompose
algorithm is to partition W into a cluster which is a ball Z = B(u,r) and Z = W \ Z.

Informally, this partition P is carefully chosen to maintain the scaling property: for
every €, the number of pairs whose distortion is too large is “small enough”. Let A be
a parameter corresponding to the radius of the cluster over which the star-partition is
performed. Pairs that are separated by the partition may risk the possibility of being
at distance ©(A) in the constructed spanning tree. We denote by B.(P) the number of
pairs that may be distorted by at least Q(\/l_/e) if the distance between them will grow
to A. There are several parameters that control the number of pairs in B.(P). Given a
parameter n > |W/| which corresponds to the size of the last reset cluster containing W, we
expect the number of “bad” pairs for a specific value of € to be at most O(e|Z|- (n—|Z])).
To allow to control this bound even tighter we have an additional parameter § so that
the partition P will have the property that B.(P) = O(e|Z| - (n — |Z]) - 3). However,
if we insist that this property holds true for all ¢ we cannot maintain a small enough
bound on the maximum value for the radius r. Since this value determines the amount
of increase in the radius of the cluster, we would like to be able to bound it. Therefore,
we keep another parameter, denoted €j;,,. That is, the partition P will be good only for
those values of € satisfying € < €jy,.

The radius r of the ball is controlled by the parameters A, 6 and a value a < \/€lim-
The guarantee is that r € [#A, (6 + a)A]. Recall that A, corresponds to the radius of
the cluster over which the star-partition is performed. For the central ball of the star-
partition € is fixed to 1/2 and for the star’s cones 6 is fixed to 0. Indeed, as indicated
above, the value of €}, determines the increase in the radius of the cluster by setting the
value for a. This cannot, however, be set arbitrarily small, in order to satisfy all of the
partition’s properties, and so €, must be set above some minimum value of |W|/(n - ).
Intuitively, we can only keep v small if || < n.

Let us explain now how the decompose algorithm will be used within our overall
scheme. The parameter 3 is chosen such that it is bounded by p* where i < 1 is some
fixed constant and k is the depth of the recursion from the last reset cluster. There will
be three types of ways to count distorted pairs: Our decompose algorithm generates a
parameter € for each cluster it cuts, which distinguishes small and large values of epsilon.

1. For each € < € the notation B.(P) for a partition P = (S,5) will stand for the
number of pairs that may be distorted by the partition P, informally it consists
of all the pairs (u,v) such that at least one of u,v is of distance less than ~ \/EA
from the cut. The property obtained by the decompose algorithm is that B.(P) is
at most O(e|Z| - (n —|Z]) - u*).

2. For € < € < ¢y, if a point u is close enough ( =~ \/EA) to the partition we simply
throw away all pairs (u, v) such that d(u,v) < ¢y/eA for some constant ¢, these are
all the pairs that can be distorted by more than O(\/l_/e), our decompose scheme
will guarantee that there are only ~ en such points for any fixed v € X. Although
the metric induced by the graph changes after each cut is made, distances can only
increase, hence once we throw for a point u all of its close neighbors we will not have
any other distorted pair that contains u in the next cuts and in the depth of the
recursion - this count is done only once per point in the whole recursive algorithm.
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3. For € that are larger than €,,, we show that the number of points in the current
cluster is less than an € fraction of the number of points in the last reset cluster,
hence we can discard all the pairs in such clusters and the total sum of all such
discarded pairs is small.

Assuming X is partitioned to Xy, X1, ..., X,, by invoking the decompose algorithm that

generates partitions P, ..., P, then define recursively
B(X) =) BdP)+ ) Bd(X)
j=1 §=0
where the base case is when |X| = 1, or when € > ¢}, in such a case B.(X) = |()2()|

Note that the definition of B.(X) ignores the pairs thrown due to the second bullet, for
€ < € < €im- Indeed those pairs will be accounted for separately.

Now, if X is not a reset cluster then | X|/n is small compared to the ratio of its radius
and the radius of the last reset cluster. We show that this ratio drops exponentially,
bounded by (%)k , where k is the depth of the recursion since the last reset cluster. By
letting ey = | X|/(n-3), and as u < 2, we maintain that o < /ey, = 7F for some 7 < 1,
as we desired.

We now turn to the formal description of the algorithm and its analysis. We will
make use of the following predefined constants: ¢ = 2e, ¢ = e(2e + 1), ¢ = 44, and
C = 16V/c- ¢. Finally, the distortion is given by C = 150C - ¢. The exact properties of
the decomposition algorithm is captured by the following Lemma:

Lemma 8.1. Given a metric space (W,d), a point w € W and parameters n > |W/|,
A >0, and B,0 > 0, there exists an algorithm decompose((W,d),u, A, 0,n, €im, 8) that
computes a partition P = (Z;Z) of W such that Z = Buw,ay(u,r) and r/A € [0,0 + o]
where o = w/elim/AC’. It also returns a gfarameter € < €im where €y > gv—n‘ Let S(P) =
By.a (u,T + Iég_o?)> \ Baw.a) <u,r - I{)%é) and for e < € let B.(P) = |S|?>. The partition
has the property that for any € € (0, €:

A~

B.(P) < d2|-(n—|2))- 5,

For any € € [€, enm| and for any v € S.(P),

veA
B ~y -
‘ (Wd) (x 150C

Star-Partition algorithm. Consider a cluster X with center xy and parameters n, A.
Recall that parameters n, A are the number of points and the radius (respectively) of
the last reset cluster. A star-partition, partitions X into a central ball X, and cone-
sets X1,...,X,, and edges (y1,21),- -, (Ym, Tm), the value m is determined by the star-
partition algorithm when no more cones are required. Fach cone-set X; is connected to
Xy by the edge (y;, z;),y; € Xo,x; € X;. Denote by P, the partition creating the central
ball Xy and by {P;}™, the partitions creating the cones. In order to create the cone-set
X; use the decompose algorithm on the cone-metric £3° defined below.

<en/8.
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Definition 8.2 (cone metric'). Given a metric space (X,d) set Y C X,z € X,y €Y
define the cone-metric £ : Y? — RT as £} (u,v) = |(dx(z,u) — dy(y,u)) — (dx(z,v) —
dY (y7 /U))‘

Note that By (y,r) = {v € Y|dx(z,y) + dy(y,v) — dx(x,v) <1}

(Xo, ..

1.

y Xoms W1,21), -+, (Ym, Tm)) = star-partition(X, xg,n, A):

ra 1/4 A
Seti=0;0=1 (d+(x)> s aim = | X|/(Bn); A =rad,, (X);

(X;,Y;) = decompose((X, d), xo, A, 1/2, €1im, B);

. IfY; = 0 set m =i and stop; Otherwise, set i =i + 1;
. Let (x;,y;) be an edge in E such that y; € Xg,z; € Y;_;
. Let £ = £3° be cone-metric of g, z; on the subspace Y;_1;

. <X17 }/;) = decompose(<}/;—l7£)7 Zi, Av Oa €lim ﬁ)v

goto 3;

Figure 8.1: star-partition algorithm

Hierarchical-Star-Partition algorithm. Given a graph G = (X, F,w), create the
tree by choosing some x € X, setting X as a reset cluster and calling:
hierarchical-star-partition(X,z, |X|, rad,(X)).

T = hierarchical-star-partition(X,z,n,A):

1.

2.

If | X|=1set T'= X and stop.

(Xo, s Xy (Y1, 21), -« o, (Ym, Tm)) = star-partition(X, z,n, A);

. Foreach i € [1,...,m]:
If il < CM then 7; = hierarchical-star-partition(X;, z;,n, A);
n

Otherwise, X; is a reset cluster,
T; = hierarchical-star-partition(X;, x;, | X;|, rad,, (X}));

. Let T be the tree formed by connecting Ty with T; using edge (y;,x;) for each

iel,...,m|;

Figure 8.2: hierarchical-star-partition algorithm

'In fact, the cone-metric is a pseudo-metric.

94




Algorithm Analysis

The hierarchical star-partition of G = (X, £/, w) naturally induces a laminar family F C
2% Let G be the rooted construction tree whose nodes are sets in F, I’ € F is a parent
of F' € F if F' is a cluster formed by the partition of F'. Observe that the spanning tree
T obtained by our hierarchical star decomposition has the property that every F' € F
corresponds to a sub tree T'[F] of T. Let R C F be the set of all reset clusters. For each
F € F, let Gr be the sub-tree of the construction tree G rooted at F', that contains all
the nodes X whose path to F' (excluding F' and X) contains no node in R. For F' € F
let R(F) C R be the set of reset cluster which are descendants of F' in G (These are the
leaves of the construction sub-tree Gp rooted at F'). In what follows we use the following
convention on our notation: whenever X is a cluster in G with center point xy with respect
to which the star-partition of X has been constructed, we define rad(X) = rad,,(X). We
first claim the following bound on a produced by the decompose algorithms.

Claim 8.5. Fiz F € F and Gp. Let X € Gp \ R(F), such that dg(X, F) = k. By our
construction, in each iteration of the partition algorithm the radius decreases by a factor

of at least 2, hence rad(X) < rad(F) - (2)F.

Proof. For any cluster F', the radius of the central ball in the star decomposition of F' is
at most ((1/2) 4+ a)rad(F). Since the radius of this ball is also at least (1/2)rad(F’) then
the radius of each cone is at most ((1/2) + 2a)rad(F') as well (see [EEST05] for a proof).
It remains to show that @ < 1/16. Let Y € R such that X € Gy. Since C' = 16Vc - ¢

1/4 3/4
- o | X| [ rad(Y) rad(X)
then a = /6 /C' = \/c|y| (rad(X)> /16 < 55 <rad(Y)) < 1- 0

We now show that the spanning tree of each cluster increases its diameter by at most
a constant factor. Recall that ¢ = e(2e + 1).

Lemma 8.2. For every F € F and T|F) C T we have rad(T[F]) < ¢ - rad(F)).

Proof. Let Y € R. We first prove by induction on the construction tree G that for every
X € Gy with t = dg(X,Y’) we have

rad(T[X])ﬁH(lJré(g)j) rad(X)+ ) rad(T[R]) (8.1)

j>t ReR(Y)NGx

Fix some cluster X € Gy, such that ¢t = dg(X,Y’) and assume the hypothesis is true for all
its children in Gy . If X is a leaf of Gy then it is a reset cluster and the claim trivially holds
(since X € R(Y)NGx). Otherwise, assume we partition X into Xy, ..., X,,. Let ¢ € [1,m]
such that X; is the cluster such that w(y;, z;) +rad(7T[X;]) is maximal, hence rad(7T'[X]) <
rad(T'[Xo])+w(y;, x;)+rad(T[X;]). There are four cases to consider depending on whether
Xo and X; belong to R. Here we show the case of X, X; € R, the other cases are similar
and easier. Using Claim 8.5 we obtain the following bound on the increase in radius:

3/4
2 < 1/84/ (j@(;) < 1/8(5/8)%/% < 1/8(7/8)". It follows that rad(Xo) + w(ys, ;) +

rad(X;) < rad(X)(1+2a) <rad(X)(14+1/8(7/8)"). By the induction hypothesis we know
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that rad(T'[X,]) < Hj>t+1(1+%(—) )(rad(Xo)—I—ZReR ()G, rad(T'[R])) and rad(T[X}])
[[si (T4 $(2)7)(rad(X rad(T'[R])), hence
rad(T[X]) < rad(T[Xo]

IN

+ Y)NGx,
+ w(yz, xl) + rad(T'[X;])

i)
)
< H (1+ é(g)ﬂ) rad(Xo) + w(y;, x;) + rad(X;) + Z rad(T'[R])

j>t+1 RER(Y)NGx

IN

H(1+é<g)j> rad(X)(lJré(g)t)Jr Y rad(T[R])

J>t+1 RER(Y)NGx

< H(1+;(;)) rad(X)+ ) rad(T[R])
j>t ReR(Y)NGx

This completes the proof of (8.1). Now we continue to prove the Lemma. First, we prove
by induction on the construction tree G that the Lemma holds for the set of reset clusters.
In fact we show a stronger bound, which is necessary in order to obtain the bound for
non-reset clusters. Recall that ¢ = 2e. We show that for every cluster Y € R we have

rad(TY]) < c¢-rad(Y) (8.2)

Assume the induction hypothesis is true for all descendants of Y in R. In particular,
for all R € R(Y), rad(T[R]) < c¢-rad(R). Recall that R becomes a reset cluster since

rad(R) < ™40 | hence > rer(y)rad(R) <rad(Y)/c. Using (8.1) we have that

clY|
H(1+ (<)) | rad(Y) + Z rad(T'[R])

7>0 RER(Y)

rad(T'[Y])

IN
OOI\I

| =

< (e8ZizE)(rad(Y) + ¢ rad(Y) /c)
< e-2rad(Y) = c-rad(Y).
Finally, we show the Lemma holds for all the other clusters. Let F' € F \ R and
Y € R such that F' € Gy. Let t = dg(F\Y). Note that Y p g, Rl = |F]. Since
rad(Y rad(F)
F ¢ R we have CI3(’|) < \I*E hence
rad(Y)
Y rad(R) < e > R <rad(F).
RER(Y)NG RER(Y)NGr
By (8.1) and (8.2) we get
1 ;
rd(TlF) < [+ g(g)") wd(F)+ S rad(T(R))
>t ReR(Y)NGR
< e-|rad(F)+c Z rad(R)
RER(Y)NG
< e-rad(F)(c+1) =¢ - rad(F),
proving the Lemma. [
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We now proceed to bound for every e the number of pairs with distortion 2(1/1/€),
thus proving the scaling distortion of our constructed spanning tree. We begin with some
definitions that will be crucial in the analysis.

Definition 8.3. For each € € (0,1] and R € R let K(R,e) ={F € Gr | |F| < ¢€/¢-|R|}.

Hence, a cluster is in (R, €) if it contains less than €/¢ fraction of the points of R.
Informally, when counting the badly distorted edges for a given e, whenever we reach a
cluster in IC(R, €) we count all its pairs as bad. If X € G then let (X, ¢) = K(R, €)NGx.
For R € R let Gg be the sub-tree rooted at R, that contains all the nodes X whose path
to R (excluding R and X) contains no node in R U IC(R,€). Observe that Gg . is a sub
tree of Gp.

In the following lemma we bound B.(R) for every reset cluster R, for any value of e.
Note that the set B.(R) does not count the distorted pairs for values of € € [€, €|, those
will be accounted for separately, as they occur only once for every point throughout the
recursion.

Lemma 8.3. For any R € R, € € (0,1] we have that B{(R) < e(g)/Q.

Proof. Fix some € € (0,1]. Fix FF € R. In order to prove the claim for F, we will first
prove the following inductive claim for all X € Gp. Let t = dg(X, F). Let £(X) =

() \Unerco () UUkerorg (5)).

B(X) <2e/¢) (9/10)-|E(X)|+ > BdAR)+ > = BdK). (83

i>t RER(F)NGx KeK(Fe)NGx

The base of the induction, where X is a leaf in Gp, i.e. X € R(F) U K(F,¢), is
trivial. Assume the claim holds for all the children Xy, ..., X,, of X. Let P = {P;}",
be the star-partition of X, where P; = (X;,V;), Vi = UJL,; X;. Note that the value
of €im is equal for all the partitions P;, however the value of € = €(i) returned by the
decompose algorithm can be different for the partitions {P;}. Now, since X & K(F)¢€)
then e < ¢- | X|/|F| < 1/8-|X|/|F| = €im- Hence we can apply Lemma 8.1 to deduce a

1/4
bound on B.(P;). By Claim 8.5 we have § = 1 (rad(X)) < 1(£)Y/%. From Lemma 8.1 we

¢ \ rad(F)
obtain (if it is the case that in some partition P;, e > (i) then by definition B.(P;) = 0)

B(P) = ZR(PZ-) <efe- (5/8)”42 (Xl P\ Xi] < 2¢/¢- (9/10)"€(X)].
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Using the induction hypothesis we get that

Be(X)
< BdP)+)  BdX;)

< 26/6-(9/10)t|8(X)|+Z 2¢/e- [E(X))] ) (9/10)+ > BdR)+ Y B(K)

i>t+1 RER(F)NGx ; KeK(F,e)Ngx;

< 2¢/e-(9/10)|E(X)| +2¢/¢- [E(X)] D (9/10)'+ > B(R)+ Y. BdK)

i>t+1 ReER(F)NGx KeK(F,e)NGx
< 2/ey (O/W0)EX)+ D BB+ Y. BK),
i>t ReR(F)NGx KeK(F,e)NGx

which proves the inductive claim. We now prove the Lemma by induction on the con-
struction tree G. Let F' € R. By the induction hypothesis B.(R) < 6(]2%)/2 for ev-
ery R € R(F). Observe that if K € K(F,¢) then we discard all pairs in K. Hence
B.(K) < |K|* < 1-¢|F|-|K|. Recall that ¢ = 44. From (8.3) we obtain

B(F)
< 2¢/44) (9/10) - [E(F)| +€¢/2 > ( ) > /44 |F|-|K]|

i>0 RER(F KeK(Fie)

< | 20e/44 - |E(F)|+ 20e/44 > ( ) + | 2¢/44 Z (IRl = 1)/2+€¢/44-|F| Y |K]
RER(F ReR(F KeK(Fe)
< 206/44<|F|)+6/44~|F| > (R-D+ D K]
= 2
ReR(F) KeK(Fye)

< 206/44(‘?) +e/44 - |F|(|F) = 1)

. /Q(r?)’

where the third inequality follows from the definition of £(X) and the forth from the
fact that for each K € K(F,¢), R € R(F) we have K N R = 0. O

Proof of Theorem 24. First we show that the total number of pairs discarded by our
algorithm is at most e(g) for any value of €. Indeed, applying Lemma 8.3 on the original
graph G suggests that B.(G) < €(}) /2, by Lemma 8.1 we discard at most en/8 additional
pairs for every z € G, and hence at most en?/8 < e(g’) /2 additional pairs.

It remains to see that for pairs that were not discarded the distortion is O <«/ 1/ e).

Note that the definition of B.(P;) for the partition P, = (Z;Z) when cutting some
cluster X with radius A, suggests that if a pair z,y € X is not included, it must be
that either: for one of z,y, w.l.o.g x, we have that = ¢ S.(u), or € > €. For the first
case, note that since cone distances are always smaller than the usual metric distances,
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if indeed z,y are separated by the partition, w.l.o.g z € Z and y € Z, it must be that
d(z,y) > v/e-A/(150C). By Lemma 8.2 we have that the radius of the tree created from
X is bounded by ¢ - A, and it is easy to see that dr(z,y) < 2rad(T) < ¢ - A, and we

have distortion of O <\/1/e> If it is the case that € > €, then if z € S.(P;) we discard all

pairs containing z with a point in B(z, /e - A/(150C)), and by the same argument the
distortion for all the other pairs is small enough. O

Finally, we complete the proof of Lemma 8.1 stating the properties of our generic
decompose algorithm.

Proof of Lemma 8.1. In what follows all the balls are with respect to the metric (W, d)
(which may be a cone pseudo-metric). The proof is very similar to the proof of the
ultrametric case, the major difference is that we cannot choose the center point u to
satisfy that any possible ball around it will contain less than half of the points, therefore
we need to consider two cases: If indeed a certain ball contains less than n/2 points,
we choose the radius in a similar manner to Claim 8.3, so that Z will be small enough.
Otherwise, the roles of Z and Z switch, and we choose the radius so that Z will be small
enough.

Case 1: |B(u, (6 + a/2)A)| < n/2.

In this case let € = max{e € (0, €m) | |B(u, (0 + %) )| > e-6-n} Let S =
[0+ 3R, 0+ 39)A), and S = [ (045 (1 + %)) A (0+ % (- %)) A]-
Case 2: |B(u, (8 + a/2)A)| > n/2. In this case let é = max{e € [0, €xm] | [W\ B(u, (6 +

> c-B-n}. Let S = [0 +a— XA 0+a— YA, and S =

iC
[(ew—— (- %) A (ora=E (G +5) 4.
We show that one can choose r € S and define the partition P = (Z, Z), by Z = B(u,r)

such that the property of the Lemma holds with € = 32¢é. Fix any r € S. For € € [€, €jin|
let x € S(P).

Case 1: Note that since d(u, z) < r+ fgfé

NG 2 /EA
( 71500) c B(“ r+ 15oc> C

B(u, (0—1—%)[&), we used that r < (9—1—%)]\ < (9—1— @) A. By the

maximality of é and since ¢/16 € [€, x| we have that ‘B (u, <9+ 8—‘/5) A)‘ =

om0 5))

Case 2: By a similar argument to the previous case we have t}}at
B ( ’ 1500) CWA\B (U d(u, ) 1500) CW\B ( i}ﬁé) CW\B < (9 +a— —) A)

and the maximality of € gives that ’W \ B < (9 +a— %) A) ‘ < €0n/16 < en/8.

< €0fn/16 < en/8.

We next show the property of the Lemma hold for all € € (0,32¢]. We will prove
the claim for Case 1. The argument for Case 2 is the analogous. As before we define
Q = {w | d(u,w) € S}. Now we have
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Claim 8.6. |Q| <4-¢-(3-n.

Proof. We have Q@ C B(u, (0 + \{E/(ZC))A) We distinguish between 2 cases: If ¢ <
€im/4 then |B(u, (6 + V4é/(4C))A)| < 4é- 3 -n (by the maximality of ¢). Otherwise,
€ € (€1im/4, €1im]. In this case |Q| < [W| < € - B-n < 4é-[F-n. O

As before we will choose some r € S and the partition P will be Z = B(u,r),
Z =W\ Z. It is easy to check that for any r € S we get ¢-n-3 < |Z] < n/2. We
now find r € S which satisfy the property of the Lemma for all 0 < ¢ < 32¢é: For any
re S and e < 32¢ let S,(e) = [r — eA/(1500)), r + /€A /(150C))], s(e) = /eA/(75C)
and let Q,(€) = {w | d(u,w) € S,(e)}. Note that the length of the interval S is given by
s = 17/(100C)véA. We say that properly A,(e) holds if cutting at radius r is “good”
for €, formally: A, (e) iff |Q.(¢)| < v/€-€/2-n- (. Notice that only pairs (x,y) such that
2,y € Q,(¢) may be distorted by more than 150C/1/e.

Claim 8.7. There exists some r € S such that properly A,(€) holds for all € € (0, 32¢].

Proof. As the proof of Claim 8.3 goes, we conduct exactly the same iterative process that

greedily deletes the “worst” interval in S, which are {S,,(¢;)}5_;, and we remain with

I; € S. We now argue that [, # (). As before we have 22:1 |Qr;(€;)] < 2|Q| < 8- - n.
Recall that since A, (¢;) does not hold then for any 1 < j <t: |Q,,(&;)| > /¢ -€/2-5-n
which implies that Y ;_, /& < 12v/é. On the other hand, by definition

is(ej) < i JEA/(T5C) < 12/(75C) - VEA = 16/(100C) - VEA.

j=1 j=1

Since s = 17/(100C) - v/éA then indeed I, # () so any r € I satisfies the condition of the
claim. 0

Claim 8.7 shows that for any e € (0, 32¢] we have
B(P)y<e-¢/2-(n-B) <e-B-|2]-(n—|2]),

which concludes the proof of the lemma. n

8.3 Scaling Probabilistic Embedding into Ultramet-
rics

In this section we study scaling probabilistic embedding into trees, and show that a slight
variation of a result of [FRTO03] gives a scaling distortion version. A full proof is given
for completeness. In particular the following theorem is proven.

Theorem 25. For any n-point metric space (X, d) there exists a probabilistic embedding
into a distribution over ultrametrics with coarse scaling distortion O(log 2).
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Proof. Let A = A(X). For every i € N let P, be a A27% bounded probabilistic partition
given by Corollary 3.1, and let n; be as in the corollary. We build an ultrametric U by
defining a labelled tree (recall Definition 8.1), in the following manner. For every i > 1 we
iteratively alter P; into P! by replacing each C' € P; with the clusters {CND | D € P,_4}.
Each cluster C' € P/ defines a node in the tree, its parent is the cluster in P;_; that contains
it, and the label of every cluster in P/ is A27*. The root has label A and is connected to
all the clusters in P;. Finally, leaves are formed by clusters that contain only one node.

For any u,v € G(€) let ¢t be the integer such that A2~(+Y < d(u,v) < A27F. Let
pi(u) = p(u,2A27%2,1/32). Choose for each 1 < i <t —6, §; = exp{—W}

and note that §; < 1. Recall that in Corollary 3.1 n;(u) = min{;ll(nll/) ‘?ZZL),Q*f‘} = ‘gf’?

(because A(g ) < 276 and if p;(u) = 1 we assume that 0/0 = 1).

If it is the case that d; > 1/2 we may use the padding property shown in Corollary 3.1
and argue that for any 1 <i<¢—6

Pr[B(u,d(u,v)) € Pi(u Pr[B(u, n(u)A27) ¢ Pi(u)] <1—6 < 26d(uv§;510i(u) ’

however if § < 1/2 it will imply that A27 < 26d(u,v) In(p;(u))/In2 < 27d(u, v) In p;(u)
and we will use that Pr[B(u, d(u,v)) € P,(u)] < 1. Finally write

Eldy(u,v)] < Xt:Pr[ B(u,d(u,v)) € Pi(u)]A27

ZAQ +227duvlnpl u)

i=t—5

27d(u,v) + 2 1n (W) - d(u,v)

-0 (mg) d(u,v) |

where the third inequality follows by a telescopic sum argument, similar arguments ap-
peared before (Section 4.1). O

IN

IN
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Chapter 9

Partial Embedding, Scaling
Distortion and the Eq-Distortion

In this section we show that the relation between scaling distortion and the ¢,-distortion.
The idea is to consider the values of € which are some exponentially decreasing series (like
all powers of 1/2), then in the formula for the ¢, -distortion, partition the pairs according
to which ”e-group” they belong to.

Lemma 9.1. Given an n-point metric space (X,dx) and a metric space (Y, dy ). If there
exists an embedding f : X — Y with scaling distortion o then for any distribution 11 over

(2)" 1 e
l,-dist ™ (f) < [ 2 a(z®(I1)~1)4dz a(P(I) 7).
| <f><</§(g)_1@(m (wb(m) ) ) (@)

Proof. We may restrict to the case ®(II) < (3). Otherwise (1) > (5) and therefore

C,-dist™ () < dist(f) < a(P(IT)~). Recall that
Cy-dist™ (f) = ||dist s (u, v) |V = En[dist s (u, v)1]"7.

Define for each € € (0,1) the set G(e) of the (1 —€)(}) pairs u,v of smallest distortion
dist f(u, v) over all pairs in ()2() Since f is a (1 — €)-partial embedding for any € € (0, 1)
we have that for each {u,v} € G(e), distf(u,v) < a(e). Let G; = G(27®(I)1) \

! Assuming the integral is defined. We note that lemma is stated using the integral for presentation
reasons.
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G(27-D(IT)~"). Since « is a monotonic non-increasing function, it follows that

En[distf(u,v)] = Z 7(u, v)dist f(u, v)?
uFveEX
Z 7(u, v)a(P(I) )7 +
{up}eG(@(I~1)
llog((5)®(m)~)]

IA

{u,v}€eG;
< Y ﬂ(u,v)-a(@(ﬂ)*)”
uFveX
log((5)®()~1) R
2. |Gil <¢((n1;) > 7r(lw)) a2 () ")
= 2/ u#veX
) llog((3)#(D)~")) )
< ()N + Z 270 (27T D(IT) )

VAN
=
K>
S
L
=
+
7N
DO
M\H\'L
2
&
iy
A
=
IS8
&
N———

]

In the next lemma we show that a similar relation holds between scaling distortion
and the distortion of the [, norm, provided that the scaling distortion is coarse.

Lemma 9.2 (Coarse Scaling Distortion vs. Distortion of ¢,-Norm). Given an n-point
metric space (X,dx) and a metric space (Y, dy ). If there exists an embedding f : X — Y

with coarse scaling distortion o then for any distribution I1 over ()2() 2

1 1/q
distnormgn)(f) < (2[«)1&)(11) a@cﬁ(ﬂ)*)%ﬁ) +a(®(I) ).

Proof. We may restrict to the case ®(II) < (}). Otherwise () > (%) and therefore

dlstnorm(n)(f) < dist(f) < a(P(IT)1). Recall that

- Enldy (f(w), f(v))]"/
(1) _ 1|0y
distnorm, " (f) Enldx (u, o)1/
For € € (0,1) recall that G(e) = {{x,y} € (3)ld(z,y) > max{rea(z),7¢2(y)}}. Since
(f,G) is a (1—e)-partial embeddmg for any e € (0, 1) We have that for each {u,v} € G(e),

dist;(u,v) < a(e). Let Gy = G(27'®(I1)~) \ G(2-0-Dd(I)~"). We first need to prove
the following property:

> dx(uw)! <27 Y dx(u,v)"

{uw}ed; uFvEX

2 Assuming the integral is defined.
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To prove this fix some v € X. Let S = {v[{u,v} ¢ G(Z*(i*1)§(q)*l)}. Then S =
B(u, 7y-igqmy-1(u)). Thus, S| = 27'®(I1)"'n and for each v € S, v’ € S we have d(u,v) <
d(u,v"). It follows that:

Z dx(u,v)? = de(u,v)q+2dx(u,v)q

viuFveX ves veS

> ves dx (u,v)9 1 Doves dx (u,v)
> L ) d
> |9 S + 18] S |S|quv

veS
Since « is a monotonic non-increasing function, it follows that

Enldy (f(u), f(0))] = Y w(u,v)dy(f(u), f(v))*

uFveX
= Z 7(u, v)dx (u, v)dist ¢ (u, v)?
uFveX
< Z 7(u,v)dx (u, v)qa(@(ﬂ)’l)q +

{up}eG(@ID)-1)
Llog (%) (M) ~1)]
Z Z 7(u, v)dx (u, v)7a(27 (1) 1)4

{u,v}el;
< Z 7(u,v)dx (u,v)? -a((i)(l'[)’l)q—l—
uFveX
Llog (%) ®(m)~1)] ) A
> Y dx(w o) @) min w(w,2) a2 b))
1=1 {u,v}Eéi
< Z 7(u,v)dx (u,v)? - a(dA)(H)_l)q +
uFveX
Llog (%) (M) ~1)] )
Z Z 2 " dx (u,v) 'wI;lzlélXW(w 2) - a(27'®(II) 1)
uFveX
< Z ﬂ(u,v)dx(u,v)q~a(§>(ﬂ)_ )9+
uFveX

IN
=
=
<
<

9.1 Distortion of /,-Norm for Fixed ¢

Lemma 9.3. Let 1 < ¢ < oo. For any finite metric space (X, d), there exists an em-
bedding f from X into a star metric such that for any non-degenerate distribution I1:
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distnormf]n)(f) < 2Ya(24 — 1)V4®(M)V9. In particular: distnorm,(f) < 2/9(2¢ — 1)1/4 <

V6.

Proof. Let w € X be the point that minimizes (3, d(w,z)?)"/4. Let Y = X U {r}.
Define a star metric (Y, d') where r is the center and for every z € X: d'(r,x) = d(w, x).

Thus d'(z,y) = d(w, x) + d(w,y). Then

En[d (u,v)]

IN

VAN

IN

IN

Z 7(u,v)d (u,v)? < Z 7(u,v) (d(u,w) + d(w,v))?

uFveX uFAveX

(29=1) Y w(u,v) (d(u,w)? + d(w,v)?)
uFveX

(27 —-1) O(I1) min 7(s,t) | - (d(u, w)? + d(w,v)?)
u?ge:x ( s#teX )

(29— 1) - ®(II) min 7(s,t) - ; ! (Z d(u,w)" + Y d(w,v)q>

s#teX
ueX veX

(27—=1)-®(I) - (n—1) - 1 Z 51;215( 7(s,t) - d(u, z)?

2(29—1) - O(II) - Z 7(u,v) - d(u,v)?

uFveX

2(27—1) - ®(II) - Eg[d(u,v)?)].
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Chapter 10

Lower Bounds

10.1 Lower Bound for Weighted Average distortion

In this section we show that the upper bound on weighted average distortion is tight up
to a constant factor.

Theorem 29. For any 1 < p < 2 and any large enough n € N there exists a metric
space (X, d) on n points, and a non-degenerate probability distribution I1 on ()2(), such
that any embedding f of X into L, will have avgdist™ (f) = Q(log(®(I1))) and there is a
non-degenerate probability distribution II' such that for any embedding f, distavg(n)(f) =

Q(log(®(I1'))).

Proof. Let G = (V,E) be a 3-regular expander graph on n vertices, i.e. the second
eigenvalue \ of the Laplace matrix of G is a universal constant independent of n, let (X, d)
be the usual shortest path metric on G. Let F' = (‘2/) \ E. Since for 1 <p < 2, [, space
embeds isometrically into [; we may assume w.l.o.g that the embedding is f : X — [;.
We define IT as Z/n on all pairs in E and Z/n? on all pairs in F', where Z = 2(7:11) >
is some normalizing factor. It follows that log(®(IT)) = logn. It is a easy fact that
at least 1/2 of the distances in F' are at least |logy(n/2)], hence >_, cpd(u,v) >
|F|(logn)/4 > n*(logn)/16 (for n large enough), and of course > (uwer A, v) = 3n/2.
By [LLR95, Mat97] we know that if 3 is such that >, \cp[lf(w) — f(v)[1 = B, then
> wwyer 1f (@)= f(v)[li £ O(ABn). Note that since f is an expansive embedding we have
that 8 > Q(nlogn).

N =

avgdist™W(f) = Z H<u,v)||f(12(; ?f;)(v)Hl
u,vEX
_ Z||f(u ) V)l Z||f(w) — f()]|x
N (U%E * MZGF n? - d (u,v)
2 Znﬁ ZAF| > Q(logn).

For the distortion of average we use the following distribution IT" which is Z’ on edges and
Z'/n? on (u,v) € F, for some normalizing factor Z’. In this case log(®(IT')) = 2logn.
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Then

> uwex H(w, 0)[[f (u) = f(0)[ly
> uwex 1w, v)d(u, v)
> woyer L 0)[[f(w) = f0)ll1 + X mer Hw v)[1f (u) = f(0)[]1
> (uwyer H(w,v) + 320, ep H(u, v)d(u, v)
Do (W) = f)lh + (1/n?) 32, er 1 (@) = fF(0) |1
> tuwyer L+ (1/n%) 300, er dus v)
> wwer 1 (@) = f(0)]l
2> uwyer 1
5

> 2> 0flogn).

distavg™W(f) =

>

In the third equality the normalizing factor Z’ cancels out, and the first inequality follows
since

(1/n?) Z(u,v)EF d(u,v) < Z(U,U)EE L. H

10.2 Lower Bound on Dimension

Theorem 28. For any fixed 1 < p < oo and any 0 > 0, if the metric of an n-node
constant degree expander embeds into L, with distortion O(log"*? n) then the dimension
of the embedding is Q(logn/[log(min{p,logn}) + #loglogn]).

Proof. Let G = (V, E) be a 3-regular expander graph on n vertices and let (X,d) the

shortest path metric on G. W.lo.g let # > 1/loglogn and assume that f : X — [,

is a non-expansive embedding with distortion C'log'™ n for a constant C'. Note that

|_115\ > woyer If(w) = F()[[f < 1. Matousek [Mat97] extended a theorem of [LLR95] and

showed that there exists a number ¢ = O(min{p, logn}?) where the constant in the big

O notation depends only on the expansion of G, such that ﬁ Do 1 () = fW)|ID < e
2

Define a graph H on {f(u)}.ex where two vertices are connected iff || f(u) — f(v)[]b <
2c. There must be a vertex f(u) with degree at least n/2, as otherwise the average of all
pairs will be larger than c¢. Denote the set of f(u) and the neighbors of f(u) in H by M.

We claim that there exists a subset M’ C M of cardinality at least \/n/2 such that
for any z,y € M’ we have d(z,y) > (1/2)logs n. To see this, greedily choose some point
x € M, add x to M’, and remove all points z € M such that d(zx, z) < (1/2)logs n (note
that there are at most \/n such points). Continue while M # (). Since there are n/2
points in M we must have chosen at least \/n/2 points before M was exhausted.

Note that for any @,y € M’, it must be that (log™?n)/(4C) < ||f(z) — f(y)|l,- This
holds since d(z,y) > (logn)/4, so it cannot be contracted by the embedding to less than
(log~" ) /(4C).

Now a volume argument suggests that having the points of M’ in [, space requires
dimension at least €( Hléz;glggn)’ by the following reasoning. Assume we embed into D
dimensions, the idea is that for all € M’, by definition of M we have that f(x) €
B(f(u), (2¢)Y/?), let a = (2¢)'/? = O(min{p,logn}). The ball B(f(u), ) can be covered
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by 2P 1es(4Ca/log™" n) 1alls of radius (log ™’ n)/(4C), each of the small balls contains no more
than a single image of a point in M’. As |[M'| > \/n/2 it follows that 20(P(lega+floglogn)) >
V)2, or D > Q(—1an ),

log a+60loglogn

]

For 1 < p < O(log’n) the the dimension required is at least ( Hltl)zgl:gn>’ which

implies that the trade-off between distortion and dimension given in Theorem 5 is tight
up to constant factors.

10.3 Partial Embedding Lower Bounds

Recall the definition of metric composition Definition 2.10 and composition closure Defi-
nition 2.11. The theorem we prove is

Theorem 30. Let Y be a target metric space, let X be a family of metric spaces nearly
closed under composition. If for any k > 1, there is Z € X of size k such that any
embedding of Z into Y has distortion at least o(k), then for allm > 1 and % <e<1
there is a metric space X € X on n points such that the distortion of any (1 — €) partial

embedding of X intoY is at least « <(ﬁ}> /2.

Proof. Given ¢, let Z be a metric space on k = [ﬁj points, choose m = [4+/en] for n
large enough, so that m is strictly bigger than 2k, let C = {C, },cz where each C, € X
with size m, and let X = Cs[Z] be its S-composition space for 5 satisfying that X can
be embedded into some X € X with distortion 2.

Recall that a family of sets F is called almost disjoint if for any A, B € F |ANB| < 1.
Let H = {(x1,...,zx) : Vi,z; € C;}, we shall use the following basic lemma, similar
arguments can be found in [BLMNO5b].

Lemma 10.1. For any integer k let Sy, ..., Sk be disjoint sets of size m, where m/2 > k.
Then there is a family F of representatives, i.e. a family of almost disjoint sets of size k
containing a single element from each S;, such that |F| > (m/2)%.

Proof. Let p be a prime satisfying m/2 < p < m Assume any p elements in each S; are
numbered 0,1,2...p—1 (we ignore the others). denote x;; the j-th element in the set S;.
for each a,b € Z, let

Agp ={xi;: 1 <i<k,j=b+ai (modp)}

A, is indeed a set of representatives - there is a unique 0 < j < p—1 for each ¢ satisfying
the condition. Then take F = {A.p : a,b € Z,}, | F| = p*.
Assume by contradiction that for A, # Ay we have |Agp () Aapr| > 1, then there must
be i, i € Aap () A, then j = b+ ai (mod p) = b’ + a'i (mod p) and j' = b+ ai’
(mod p) = b/ +d'i’ (mod p). Now if a = @’ we have b = V' (since p is prime), contradiction.
otherwise w.l.o.g assume a’ > a

b+ai = V+di (modp)

b = U+ (d —a)i (modp)
(V' + (' —a)i) +ai’ = b +d7d (mod p)
!/

/

(@' —a)i = (a'—a)/ (modp)
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and since a # a’ we have i =i’ - contradiction. O

Consider a (1 — ¢) partial embedding of X in Y. By the lemma there is an almost
disjoint family F C H of size at least (m/2)? > 2en?, each pair (u,v) € X belongs to at
most one set in F.

Since |()2() \G‘ < en?, let Z' € F be a set such that for all u,v € 7/, (u,v) € G. up to
scaling, Z' is isomorphic to Z, therefore the (1 — €) partial embedding of X into ¥ must
incur distortion at least a(|Z]), and since X can be embedded into some X € X with
distortion 2, (1 —¢) partially embedding X into Y requires distortion at least a(|Z])/2 =

ol [21)/2 =

Notice that if we are dealing with probabilistic embedding into a set of metric spaces
S, the claim hold for embedding into every Y € S, and the theorem follows from our
definition of probabilistic (1 — €) partial embedding.

The next Lemma gives an improved lower bound for coarse partial embeddings.

Lemma 10.2. Let Y be a target metric space, let X be a family of metric spaces nearly
closed under composition. If for any k > 1, there is Z € X of size k such that any
embedding of Z into Y has distortion at least o(k), then for allm > 1 and % <e<1
there is a metric space X € X on n points such that the distortion of any coarse (1 — ¢)
partial embedding of X intoY is at least o ([52]) /2.

The proof is immediate using the same method of metric composition. Let Z be a
metric space on k = [5] points, and m = [2en] be the composition sets’ size. Then from

the coarse property only distances inside each C, can be discarded, so many isomorphic
Z' have for all u,v € 7', (u,v) € G.

Corollary 10.1. For any 1/n <e <1
1. Q <$> distortion for (1 — €) partial embedding into L,,.

2. Any (1—e¢) partial embedding with distortion « into L, requires dimension Q(log, 1).

3. Q(L) distortion for (1 — €) partial embedding into trees.
/e

4. QL) distortion for coarse (1 — €) partial embedding into trees.

5. Q (log (%)) distortion in probabilistic (1 — €) partial embedding to trees.

6. Q(\/log(2/e)) distortion for (1 — €) partial embedding of 1y into ls.

7. Q(+/loglog(2/¢)) distortion for (1 — €) partial embedding of trees into ls.
8. Q(min{q,logn}/p) for g-norm of the distortion to L,.

(
(
(
(

9. Q(min{q,logn}) for g-norm of probabilistic distortion to trees.
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This follows from known lower bounds: (1) from [Mat97], (2) from equilateral dimen-
sion considerations, (3) and (4) from [RR98a], (5) from [Bar96], (6) from [Enf69] and
with (7) also from the fact shown in [BLMNO5¢| that every normed space and trees are
almost closed under composition, (7) also from [Bou86], (8) and (9) from Lemma 2.2.

2

Theorem 33. Let Y be a target metric space, let X be a family of metric spaces. If for
any € € (0,1), there is a lower bound of a(€) on the distortion of (1 —e€) partial embedding
of metric spaces in X into Y, then for any 1 < q < 0o, there is a lower bound of %oz(Z_q)
on the {,-distortion of embedding metric spaces in X into Y.

Proof. For any 1 < g < oo set ¢ = 279 and let X € X be a metric space such that
any (1 — €) partial embedding into Y has distortion at least a(e). Now, let f be an
embedding of X into Y. It follows that there are at least e(g) pairs (u,v) € ()2() such
that dists(u,v) > a(e). Therefore:

(E [dist; (1, 0)'])'/7 > (ca())!/" > (27% (27)") /" = Za (277).
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Chapter 11

Applications

Consider an optimization problem defined with respect to weights ¢(u,v) in a graph or in
a metric space, where the solution involves minimizing the sum over distances weighted
according to ¢: ) . c(u,v)d(u,v). It is common for many optimization problem that
such a term appearé either in the objective function or alternatively it may come up in
the linear programming relaxation of the problem.

These weights can be normalized to define the distribution IT where 7 (u, v) = %
so that the goal translates into minimizing the expected distance according to the distri-
bution II. We can now use our results to construct embeddings with small distortion of
average provided in Theorem 17, Theorem 26 and Theorem 27. Thus we get embeddings
f into L, and into ultrametrics with distavg™(f) = O(log ®(IT)). In some of these ap-
plications it is crucial that the result holds for all such distributions IT (Theorems 17 and
26).

Define ®(¢) = ®(IT) and &(c) = ®(II) . Note that if for all u # v, ¢(u,v) > 0 then
P(c) = % Using this paradigm we obtain O(log ®(¢)) = O(min{log(®(c)), logn})
approximation algorithms.

This lemma below summarizes the specific propositions which will be useful in most

of the applications in the sequel:

Lemma 11.1. Let X be a metric space. For a weight function on the pairs c : ()2() — R,
. Then:

1. There exists an embedding f : X — L, such that for any weight function c:

Y cwn)lfu) = f)], < Oog(e)) Y c(u,v)dx(u,0)
{uwde(3) {uvte(3)

2. There is a set of ultrametrics S and a probabilistic embedding F of X into S such
that for any weight function c:
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3. For any given weight function c, there ezists an ultrametric (Y,dy) and an embed-
ding f: X —Y such that

Y clwv)dy(f(u), f(v) < OQlog(c)) D elu,v)dx(u,v)
{uv}e(3) {uvte(3)

11.1 Sparsest cut

We show an approximation for the sparsest cut problem for complete weighted graphs,
i.e., for the following problem:

Given a complete graph G(V, E) with capacities c¢(u,v) : F — R, and demands
D(u,v) : E — R,. Define the weight of a cut (5,5) as

ZuES,vEg C(U, U)
ZueS,veﬁ D(u, U)

We seek a subset S C V' minimizing the weight of the cut.

The uniform demand case of the problem was first given an approximation algorithm
of O(logn) by Leighton and Rao [LR99]. For the general case O(logk) approximation
algorithms were given by Aumann and Rabani [AR98] and London, Linial and Rabinovich
[LLR95] via embeddings into L; of Bourgain. Recently Arora, Rao and Vazirani improved
the uniform case bound to O(y/logn) and subsequently Arora, Lee and Naor gave an
O(v/lognloglogn) approximation for the general demand case based on embedding of
negative-type metrics into ¢;.

We show an O(log ®(c)) approximation. We apply the method of [LLR95]: build the
following linear program:

min Z c(u, v)7(u,v)
T u,v

subject to: ZD(u, v)T(u,v) > 1
forall x,y,z: 7(x,y) < 7(x,2) + 7(y, 2)
T2>0
If the solution would yield a cut metric it would be the optimal solution. We solve

the relaxed program for all metrics, obtaining a metric (V, 1), then embed (V, 1) into ¢4,
using f of Lemma 11.1. Since the embedding is non-contractive 7(u,v) < || f(u)— f(v)]1,

)l - ) 3 el )7, v)
o € V)| f (u V)1 < Olog b)) 2 c(u, v)7(u, v
2w D(w, 0)[[f (u) = f(0)l3 2w D, 0)7(u, )
Following [LLR95], we can obtain a cut that provides a O(log ®(c)) approximation.

11.2 Multi cut

The multi cut problem is: given a complete graph G(V, E) with weights c(u,v) : B — R,
and k set of pairs (s;,t;) CV xV i=1,...,k find a minimal weight subset £’ C E,
such that removing every edge in E’ disconnects every pair (s;, ;).
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There best approximation algorithm for this problem due to Garg, Vazirani and Yan-
nakakis [GVY93] has performance O(log k).

We show a O(log @(C)) approximation. We slightly change the methods of [GVY93],
create a linear program:

mTin Z c(u, v)T(u,v)

(u,v)E(g)
subject to: Vi, j Z T(u,v) > 1
(u,v)epg

forall x,y,z: 7(x,y) < 7(x,2) + 7(y, 2)
T2>0

where pg is the j-th path from s; to t;. Now solve the relaxed version obtaining metric
space (V, 7). Using (3.) of Lemma 11.1 we get an embedding f : V — Y into an HST
(Y, dy) satisfying

Z c(u, v)dy (u,v) < O(log d(c)) Z c(u,v)1(u,v) .
(u,v)e(g) (u,v)e(g)

We use this metric to partition the graph instead of the region growing method introduced
by [GVY93].

We build a multi cut E': for every pair (s;,t;) find their lca(s;, t;) = r;, and create two
clusters containing all the vertices under each child: insert into E’ all the edges between
the points in each subtree and the rest of the graph. Since we have the constraint
that Z(u,v)ep{ T(u,v) > 1, we get from the fact that f is non-contractive that A(r;) =
dy (si,t;) > 1. It follows that if an edge (u,v) € E' n then d(u,v) > 1. It follows that

Z c(u,v) < Z c(u,v)dy (u,v) < O(log ®(c))OPT

(u0)E wwe(y)

11.3 Minimum Linear Arrangement

The same idea can be used in the minimum linear arrangement problem, where we have
an undirected graph G(V, E') with capacities c(e) for every e € E, we wish to find a one
to one arrangement of vertices h : V' — {1,...,|V|}, minimizing the total edge length:
2 (uwyer C(u, V)[h(w) = h(v)].

This problem was first given an O(lognloglogn) approximation by Even, Naor, Rao
and Schieber [ENRSO00], which was subsequently improved by Rao and Richa [RRI8b] to
O(logn).

As shown in [ENRS00], this can be done using the following LP:

min Z c(u,v)d(u,v)
uFAveV

st.  YUCV, YweU:) duv)>

ucU

(U] = 1)

o |

V(u,v) : d(u,v) >0
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which is proven there to be a lower bound to the optimal solution. Even et. al [ENRS00]
use this LP formulation to define a spreading metric which they use to recursively solve
the problem in a divide-and-conquer approach. Their method can be in fact viewed as
an embedding into an ultrametric (HST) (the argument is similar to the one given for
the special case of the multi cut problem) and so by using assertion (3.) of Lemma 11.1
we obtain an O(log ®(c)) approximation.

The problem of embedding in d-dimensional meshes is basically an expansion of h to
d dimensions, and can be solved in the same manner.

11.4 Multiple sequence alignment

Multiple sequence alignments are important tools in highlighting similar patterns in a set
of genetic or molecular sequence.

Given n strings over a small character set, the goal is to insert gaps in each string as
to minimize the total number of different characters between all pairs of strings, when
the cost of gap is considered 0.

In their paper, [WLB'98] showed an approximation algorithm for the generalized
version, where each pair of string has an importance parameter c(u,v), they phrased
the problem as finding a minimum communication cost spanning tree, i.e. finding a tree
that minimizes »,  c(u,v)d(u,v), where d is the edit distance. They apply probabilistic
embedding into trees to bound the cost of such a tree. This gives an approximation ratio
of O(logn).

Using Lemma 11.1 we get an O(log ®(c)) approximation.

11.5 Uncapacitated quadratic assignment

The uncapacitated quadratic assignment problem is one of the most studied problems
in operations research (see the survey [PRW94]) and is once of the main applications
of metric labelling [KT02]. Given three n x n input matrices C, D, F', such that C is
symmetric with 0 in the diagonal, D is a metric and all matrices are non-negative. The
objective is to minimize

min S C(,)D (0(i), 0(j)) + Z F(i,0(i))

UESn .
27‘7

where §,, is the set of all permutations over n elements.
One of the major applications of uncapacitated quadratic assignment is in location theory:
where C(i, ) is the material flow from facility i to j, D (0(i),0(j)) is their distance after
locating them and F'(i,0(7)) is the cost for positioning facility i at location o (7).

Unlike the previous applications here C' is not a fixed weight function on the metric
D, but the actual weights depends on o which is determined by the algorithm. Hence
we require the probabilistic result (1) of Lemma 11.1 which is oblivious to the weight
function C.
Kleinberg and Tardos [KT02] gave an approximation algorithm based on probabilistic
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embedding into ultrametrics. They give an O(1) approximation algorithm for an ultra-
metric (they in fact use a 3-HST). This implies an O(log k) approximation for general
metrics, where k is the number of labels.

As uncapacitated quadratic assignment is a special case of metric labelling it can be
solved in the same manner, yielding a O(log ®(C')) approximation ratio by applying result
(1) of Lemma 11.1 together with the O(1) approximation for ultrametrics of [KT02].

11.5.1 Min-sum k-clustering

Recall the min-sum k-clustering problem, where one has to partition a graph H to k
clusters C1, ..., C} as to minimize

Z Z dp(u,v)

i=1 u,weC;

[BCRO1] showed a dynamic programming algorithm that gives a constant approximation
factor for graphs that can be represented as HST. Then they used probabilistic embedding
into a family of HST to give approximation with a factor of O (%(log n)1+€) for general
graphs H, with running time n®1/9. Let ® = ®(d).

Lemma 11.2. For a graph H equipped with the shortest path metric, there is a logo(log ®)p

time algorithm that gives O (log(k®)) approzimation for min-sum k-clustering problem.

Proof. Denote by OPT the optimum solution for the problem with clusters COFT | and
OPTy the optimum solution for an HST T' with clusters CZ¥7". Also denote ALG for
the result of [BCRO1] algorithm with clusters C/*¢7

By Theorem 36 there exists a probabilistic (1 — €) partial embedding of H into a
family of HST 7. Recall that G is the set of pairs distorted by at most O(log %) Note

that edges e € G are expanded by O(log %) and for e ¢ G the maximum expansion is @
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(no distance is contracted), therefore choosing ¢ = ﬁ yields:

EALG] = Y Pr(T]> > dul(u,v)

TeT =1 u,vEC?LGT
k
< ZPT[T}Z Z dr(u,v)
TeT i=1 u,vEC?LGT
k
< O PrTI> ) dr(uw)
TeT i=1 u,vGC’OPTT
k
< O PrT>  > dr(uv)
TeT i=1 u,vEC’iOPT
k k
<o (> > DoPrTldr(w)+> . > ) PrTldr(u,v)
i=1 ypeCPPTnGTeT i=1 yeCPPT\GTET
k k
< oY, > Olog(/)du(uw,v)+>, Y @
i=1 uweCOPTNG =1 uweCOPT\@

O((log (1/€)) OPT + ken*®
O (log(k®)) OPT + n?/k = O (log(k®)) OPT ,

the last equation follows from the fact that % < OPT (assuming we scaled the distances

such that min,z,ep dy(u,v) > 1), in what follows we show this fact. Let the clusters
of the optimal solution be of sizes aq,...,ay, naturally Zle a; = n, and there are at
least S a2/2 pairs of distance 1 inside clusters. Let b = (1,1,...,1) € R*. From

Cauchy-Schwartz we get

. 2
(Z ai) = ((a,0))* < [lall?b* = > _(a7)k
i=1 i
therefore Y. (a?) > %2, meaning OPT > %
The running time of the algorithm is shown in [BCRO1] to be log” n, where L is the
maximal number of levels in the HST family 7. and this is at most O(log®1°¢®) n, 4 n?)

(which is n°® for & < 2102)&;”), (see [BCRO1] for details).
[l

11.6 Distance Oracles

A distance oracle for a metric space (X, d), | X| = n is a data structure that given any pair
returns an estimate of their distance. In this section we study scaling distance oracles
and partial distance oracles.
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11.6.1 Distance oracles with scaling distortion

Given a distance oracle with O(n'/*) bits, the worst case stretch can indeed be 2k — 1
for some pairs in some graphs. However we prove the existence of distance oracles with
a scaling stretch property. For these distance oracles, the average stretch over all pairs is
only O(1).

We repeat the same preprocessing and distance query algorithm of Thorup and Zwick
[TZ01a, TZ05] with sampling probability 3n~/¥ Inn for the first set and n~'/* thereafter.

Given (X, d) and parameter k:
Ao =X ; A =0 ;
fori=1tok—1
let A; contain each element of A;_1,
—1/k C_
independently with probability {3111 /]: Inn Z N 1;
n t>1
for every x € X
fori=0to k—1
let p;(x) be the nearest node in A;,
so d(x, A;) = d(z, pi(x));
let Bi(z) :={y € 4\ Ai1 | d(z,y) < d(z, Ait1)};

Figure 11.1: Preprocessing algorithm.

Given z,y € X:
z:=x;1:=0;

while z & B;(y)

1:=1+1;
(@,y) = (y, 2);
z = p;i(x);

return d(z, z) + d(z,y);

Figure 11.2: Distance query algorithm.

Theorem 34. Let (X,d) be a finite metric space. Let k = O(lnn) be a parameter.
The metric space can be preprocessed in polynomial time, producing a data structure
of O(n'™/*logn) size, such that distance queries can be answered in O(k) time. The

distance oracle has greedy scaling distortion bounded by <2 {%—‘ + 1).

Proof. Fix € € (0,1), and z,y € G(e). Let j be the integer such that ni/* < en/2 <
nUtD/E We prove by induction that at the end of the (th iteration of the while loop of
the distance query algorithm:

1. d(z,2) < d(x,y) max{1,{ — j}

2. d(z,y) < d(z,y)max{2,{ —j + 1}.
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Observe that
Pr(B(z,ri-om(x) N A4 =0] < (1 —n"/*3In n)”i/k <n3

forall z € X and i € {0,1,2,...,k — 1}. Hence with high probability (1.) holds for any
¢ < j since d(x,pey1(z)) < rejo(z) < d(x,y) and (2.) follows from (1.) and the triangle
inequality. For £ > j, from the induction hypothesis, at the beginning of the /th iteration,
d(Z',y) < d(x,y) max{l,¢ —j}, where 2’ = py(z), 2’ € Ay. Since 2’ & By(y) then after the
swap (the line (z,y) := (y,z)) we have

d(x,z) = d(x,pe1(x)) < d(z,y) max{1,{ — j}

and d(z,y) < d(z,y) max{2,{— j+1} follows from the triangle inequality. This competes
the inductive argument. Since py_1(z) € Ag—1 = Bg_1(y) then £ < k — 1 and therefore

the stretch of the response is bounded by 2(k — j) — 1 < 2 {M—‘ + 1. O

logn

We note that a similar argument showing scaling stretch can be given for variation of
Thorup and Zwick’s compact routing scheme [TZ01b].

11.6.2 Partial distance oracles

We construct a distance oracle with linear memory that guarantees stretch to 1—e fraction
of the pairs. Recall the definition of G(¢) given in Definition 2.6.

Theorem 35. Let (X,d) be a finite metric space. Let 0 < € < 1 be a parameter. Let
k < O(log %) The metric space can be preprocessed in polynomaial time, producing data
structure with either one of the following properties:

: : log(2/e)\ \TV/EY .
1. Either with O { nlog(2/€) + k (gT) size, O(k) query time and stretch
6k — 1 for some set G C ()2(), Gl > (1—¢€)(3).

2. Or, with O (nlognlog(2/e) + klogn(1/e)'+1/*) size, O(klogn) query time and stretch
6k — 1 for the set G(e).

Proof. We begin with a proof of (1.). Let b = [(8/¢)In(16/¢)]. Let B be a set of b
beacons chosen uniformly at random. Construct a distance oracle of [TZ01a] on the
subspace (B, d) with parameter k < logb yielding stretch 2k — 1 and using O(kb'+/F)
storage. For every x € X we store p(x), which is the closest node to z in B. The
resulting data structure’s size is O(nlogb) + O(kb'*/¥) = O(nlogb + kb'+Y/*). Queries
are processed as follows: given two nodes x,y € X let r be the response of the distance
oracle on the beacons p(z),p(y) then return d(z, p(z)) +r + d(p(y), y).

Observe that from triangle inequality the response is at least d(x,y). Let &, for any
x € X be the event

Ey ={d(x,B) > rs(x)}

Then Pr[€,] < (1 — b/n)"® < €/16 and so by Markov inequality, Pr[[{&, | » € X}| <
en/8] > 1/2. In such a case let

G={(x,y) € <)2(> | 2E N =&y Nd(z,y) > max{res(x), 7es(y)}} -
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We bound the size of G. For every point x € X at most en/8 pairs (z, z) are removed
due to &, occurring and at most en/8 pairs (z, z) are removed because z € B(x,7¢/s(x)),
so |G] > (1 —¢/4)n* > (1 — e)();) For (z,y) € G, we have d(p(z),p(y)) < d(p(z),x) +
d(z,y) + d(p(y),y) < d(z,y) + ress(x) + ress(y) < 3d(z,y) so from the distance oracle
r < (6k — 3)d(z,y) and in addition max{d(x, p(z)),d(y,p(y))} < d(z,y) so the stretch is
bounded by 6k — 1.

The proof of (2.) is a slight modification of the above procedure. Let m = [3lnn].
Let By, ..., B, be sets each containing b = [16/¢] beacons, chosen independently and
uniformly at random. Let DO; be the distance oracle on (B;, d). For every x € X we store
p1(z), ..., pm(x) where p;(x) is the closest node in B;. The resulting data structure’s size
is O(nlogblnn) + O(kb'*Y*Inn) = O(nlogblnn + kb'*/*Inn). Queries are processed
as follows: given two nodes z,y € X let r; be the response of the distance oracle DO; on
the beacons p;(x), p;(y) then return min,<;<,, d(z, p;(z)) +r; + d(pi(v), y).

For every (z,y) € (3),1 < < m define the event &, = {d(z, By) > rgs(x) vV
d(y, B;) > ress(y)}. Then Pr(€l,] < 2(1—b/n)*/® < 1/e, by independency Pr[Vi,EL ] <
1/e™ < 1/n®, and so by the union bound, Pr[Vz,y € X,3i | =L ] > 1/n.

By a similar argument as in (1.) above, the stretch of d(z, p;(x)) + r; + d(pi(y),y) is
at most 6k — 1.

[
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Chapter 12

Partial Embedding

12.1 Embedding into L,

Definition 12.1. We say that a family of metric spaces X is subset-closed, if for any
X € X every sub-metric Y C X is also in X.

Theorem 36 (Partial Embedding Upper Bound). Let X be a subset-closed family of
finite metric spaces. If for any m > 1 and any m-point metric space from X there exists
an embedding into L, with distortion a(m) and dimension 3(m). Then there exists is
a universal constant C' > 0, such that for any X € X and for any ¢ € (0,1) there
exists a (1 — €) partial embedding into L, with distortion &(%)
BIEEED) + O(log(2/e)).

Proof. The idea of the proof is to choose a constant set of beacons, embed them, then
embed all the other points according to the nearest beacon, and add some auxiliary
coordinates. Formally, given ¢ > 0 let é = ¢/20, and ¢t = 100log (%) Let B be a
uniformly distributed random set of £ points in X (the beacons). Let g be an embedding
from B into L, with distortion a(%) and dimension (%), which exists since B € X. Let
{o;(u) | u e X,1 <j <t} beiid symmetric {0, 1}-valued Bernoulli random variables.
Define the following functions:

Vue X, 1<j<t hj(u)=o;(u)re(u)t™/?
Vue X f(u) =g(b) where b e B such that dx(u,b) = dx(u, B)
The embedding will be ¢ = f @& h. Let G' = (X) \ (D1 U Dy) where Dy = {(u,v) |

2
dx(u,v) < max{re(u),re(v)}} and Dy = {(u,v) | dx(u, B) > re(u),dx (v, B) > r:(v)}.
Observe that |D;| < én?. For any u € X Pr[dy(u, B) > re(u)] < (1—t/(né))™ <et<e
so by Markov inequality with probability at least 1/2, |Dy| < 2én?. We begin with an

upper bound on ¢ for all (x,y) € G":

and dimension

p

lew =) = 1f@ = F@IE+ D Iy = )P

< (Bdx(,0)” + D0 177 max{re(u), re(w)} — Of
< (3 +1) (dx(u,0)
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We now partition G’ into two sets G; = {(u,v) € G' | max {re(u),res(v)} > dx(u,v)/4}
and Gy = G\ Gy. For any (u,v) € G1,1 < j <t, assume w.l.o.g that r:(u) > r:(v), and
let &;(u,v) be the event

7e(u)
ti/p

(u,v) = {hy(w) = "2 A hy(w) = 0}

Then Pr[€;(u,v)] = 1. Let A(u,v) = Z§'=1 1¢;(uw), then E[A(u,v)] = t/4, using Cher-
noff’s bound we can bound the probability that A(u,v) is smaller than half it’s expecta-
tion:

Pr[A(u,v) <t/8] <e /0 < ¢

Let Dy = {(u,v) € Gy | A(u,v) < t/8} so by Markov inequality with probability at least
1/2, | D3| < 2én?. Therefore, for any (u,v) € G \ D3 we lower bound the contribution.

o) —e@)]| = 37 Ihy(w) = hy@)P = (1/8) (relw)t™)" = 1/8(dx(u,0)/4)

For any (u,v) € Gy let by, b, be the beacons such that f(u) = g(b,), f(v) = g(b,). Due
to the definition of Dy and G5 and from the triangle inequality follows

dx (by, by) > dx(u,v) — dx(u, by) — dx (v, b,) > dx(u,v) — dx(u,v) _ dx(u,v)

2 2
Therefore, we lower bound the contribution of (u,v) € Gs.
p p p
le@) o) = || 1@~ r)|| = o) - a0
1 dx(u,v)
>
= a(é>dX(bu>bv) 20&(%)

Finally we note that G = ()2() \ (D1 U Dy U D3) so with probability at least 1/4 we have
G| > (5) —5en® > (3) —en/4 > (1 —¢€)(}) as required. O

Corollary 12.1 (Partial Embedding Upper Bounds). For any € € (0,1):

1. Any finite metric space has a (1 — €) partial embedding into L, with distortion
O(log 1) and dimension O(log 1).

2. Any finite metric space has a (1 — €) partial embedding into L, with distortion
O([(log 2)/p]) and dimension e°® log L.

3. Any negative type metric (in particular Iy metrics) has a (1 — €) partial embedding

into Uy with distortion O ( log £ loglog %) and dimension O(log ).
4. Any tree metric has a (1—e€) partial embedding into ly with distortion O (w /log log %)
and dimension O(log t).

This follows from known upper bounds. (1) and (2) from [Bou85, Mat90] with dimen-
sion bound due to Theorem 17, (3) from [ALNO05], and (4) from [Bou86, Mat99].
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12.2 Coarse Partial Embedding into L,

We now consider the coarse version of partial embedding into L,. The trade off in getting
a coarse (1 — €) partial embedding is in higher dimension and stronger requirements.

Definition 12.2 (Strongly non-expansive). Let f is an embedding from X into L’;, where
f=0nfi, .. ,mfx) and Zle n’ = 1, we say that f is strongly non-expansive if it is
non-expansive and

Vu,oe Xyi=1...k, |fi(u) — f;(v)] < d(u,v)

Notice that the requirement of strongly non-expansion is not so restricting, since
almost every known embedding can be converted to a strongly non-expansive one. In
particular any generalized Fréchet embedding is strongly non-expansive.

Theorem 37. Consider a fized space L,, p > 1. Let X be a subset-closed family of finite
metric spaces such that for any n > 1 and any n-point metric space X € X there exists
a strongly non-expansive embedding ¢x : X — L, with distortion a(n) and dimension
B(n). Then there exists a universal constant C' > 0 such that for any metric space X € X
and any € > 0 we have a coarse (1—¢) partial embedding into L, with distortion O(a (<))

and dimension B(<) - O(logn).

Proof. This embedding is quite similar to the previous one, only this time we choose
O(logn) sets of beacons in order to succeed in some events with high probability - de-
pending on n instead of €. This makes the proof more complex, and we need to embed
each point according to the "best” beacon in each coordinate. Given € > 0 let é = €/4,
let 7 = [100logn] and denote T ={t e N |1 < ¢ < 7}. Let m = [£]. For each t € T,
let B; be an independent uniformly distributed random set of m points in X. For each
teT let qba) = (ng) @, . ,ng()m) gb(ﬁt()m)) be a strongly non-expansive embedding from B;
into L, with distortion a(m) and dimension G(m). Let [ = {i e N | 1 < i < (m)}.
When clear from the context we omit the gg(t) superscript and simply write gz? Let
{ov(u) | w € X,t € T} be iid symmetric {0,1}-valued Bernoulli random variables.
Define the following functions:

Vue X, teT hY(u) = oy(u)re(u)r™1/?
vueXjielteT  f"(u)=n" min{dwb) + ¢ ®)}r "
€Dt

Let fO = (f{, .. f50), £=(FD, ..., fD), and h = (hD, ... ™), the final embed-
ding will be ¢ = f @ h. Let D = {(u,v) | d(u,v) < max{re(u),re(v)}} and G = ()2() \ D,
as in Theorem 36 before: |D| < én®. We begin by an upper bound for all (u,v) € G: For
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any t € T,i € I let bt € B, be the beacon that minimizes fi(t) (v):

o) - o] = Hf(u) 1)+ [[w) ~ )|
< it (v) —I—Z —p max{rg(u),rg(v)})p
teT iel teT
< tEZTT Z ’77( ) mln{d u,b) + 7 (b)) — n? Ir)relgtl{d(v, b) + ¢§t)(b)}’p + d(u,v)?
< ZT‘IZHZ (u, 1) + 6 (81) — d(w,4) = o) + dlw, 0"
teT el
< S n P d(u, o) + d(u, vy
teT el
< 2d(u,v)?

(recall that forany t € T', Y., nlt "= = 1) We now partition G into two sets G; = {(u,v) €
G | max {re(u),re(v)} > l‘é(;‘fn and Go = G \ Gy. For any (u,v) € Gy,t € T, assume
w.l.o.g that r:(u) > r¢(v), and let Ei(u,v) be the event

E(u,v) = {hY(u) = r:(u) A D (v) = 0}

Then Pr [€,(u,v)] = ;. Let A(u,v) = Y ,c7 Le,(uw), then E[A(u,v)] = 7/4, using Chernoff
bound we can bound the probability that A(u,v) is smaller than half it’s expectation:

Pr[A(u,v) < 7/8] < e/ < 1/n?

Therefore with probability greater than 1/2, for any (u,v) € G, A(u,v) > 7/8. Assume
that this happens, then we can lower bound the contribution for any (u,v) € Gy :

o) = e(0)) = S H00 = KOO > (7/9) () > 5 LCURE
8 \ 16a(m)

For any (u,v) € Go,t € T let b,,b, € B; the nearest beacons to u, v respectively. Let
Fi(u,v) = {b, € B(u,re(u)) Nb, € B(v,re(v))}

Then Pr [F,(u,v)] > 1—2/e > 1/4, since for any u € X, Pr[d(u, B;) > re(u)] = (1—6)Y/¢ <
-1

e L.

Let Z(u,v) = > ,cr 17, (uw), then E[Z(u,v)] > 7/4, using Chernoff bound we can bound

the probability that Z(u,v) is smaller than half it’s expectation:

Pr[Z(u,v) < 7/8] < e ™/ < 1/n?

Therefore with probability greater than 1/2 for any (u,v) € Go, Z(u,v) > 7/8, assume
from now on that this is the case. Fix a ¢ € T" such that F;(u,v) happened. We have
d(u,v)

16c(m)

max {d(u,bu),d(v,bv)} <
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Claim 12.1.
P fiw) = Fi)] 2 [[6u(ba) — éu(b)| — (du.b,) + d(v,b,)

Proof. W.l.o.g assume that f;(u) > f;(v), then let b; € B; be the beacon minimizing
fi(u). Since for every i € I,  ¢;(b,) — ¢:(b;) < d(by,b;) we get

TV fi(w) = du, bi) + 6i(bi) = d(u, bi) + ¢i(b) — d(bu, bi) = di(bu) — d(u,by)

and
TP fi(v) < d(v,by) + ¢i(by)
0
Let J={i € I'| |oi(bu)—=i(bo)| > f5e3}. We claim that 3, ] [6i(b) — ¢u(b) [ >
[jgz;z))]p. Assume by contradiction that it is not the case, then
- - p
(bu> - (bv) = an) ¢z(bu z v sz u z v)
P icJ
d(u,v)1” » [ d(u, v) »
< 5] * 2 datm
P P
5 d(u,v) _ d(by, by)
do(m) a(m)
The last inequality follows since d(by,b,) > d(u,v) — 216(04(m)) > Zd(u,v).

Thus contradicting the fact that ¢ has distortion a(m) on B;. Now

[0 - 0w = | - £

p

> 71;77? Bi(ba) = d(u,b) — d(v,5,) = 6i(b)|

2 7 S llb) = )l = )+ )| ’

> 7Sl = o] = 2mc{dl ). b))}
2 L ket 0] - %ngzm; !

> 7 S |l6in) — 6i0)| - 5lontb) — 010

iceJ

> (i)
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Since we assumed that F;(u,v) happened for at least 7/8 indexes from T' we have the
lower bound

p p

> 3| fOw- )
()

12.3 Low Degree k-HST and Embeddings of Ultra-
metrics

let) - )

p p

v

O

In this section we study partial embedding of ultrametrics into low degree HSTs and into
L

p-

Claim 12.2. Let 0 < € < 1. Given a set |X| = n and a partition of X into pair-wise
disjoint sets (X1,...,Xy) such that | X;| < en for all 1 <i <k then

2 (7)< (0

k k k
X XX =1) _ en—1 en—1 n
Z( ) ) =2 2 =79 ;' ===,

i=1 i=1

Proof.

]

A k-HST is special type of ultrametric defined in [Bar96], which is an ultrametric T" as
defined in Definition 8.1, and has the additional requirement that if u € T"is a descendant
of v then A(u) < A(v)/k.

Lemma 12.1. Any ultrametric has a coarse (1 —¢)-partial embedding into a 6-HST, such
that the internal nodes’ maximum degree is O(1/€), with distortion O(1).

Proof. First we apply a lemma from [Bar96] and create a 6-HST by distorting any distance
by no more than 6. Let r be the root, denote the weight of a node as the number of leaves
in the tree below it. Let by,..., by, be all the children of r such that weight(b;) < 5.
Do the following process recursively:

create a cluster C;j, while weight(C;) < 5 insert any b; into the cluster. when the cluster
is big enough, start filling another until all b; are clustered.

We create sets (', . . ., Cy, that will replace by, . . ., b,, as children of r. note that the weight
of each Cj and each remaining child is at least § (except for maybe one), therefore we
have at most %—1— 1 degree of internal node in the HST. Observe that distances between any
clusters C;, C; are preserved, only distances inside clusters are discarded. By construction,
the weight of each C; is at most en, therefore by Claim 12.2 there are less than 2¢ (;L) such
distances, and we have a 6-HST with the desired distortion.
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The next step is to apply the following lemma [BLMNO05¢]

Lemma 12.2. For any k > 5, any k-HST can be (%)—embedded m ng where h =

[C(1 + k/p)?log D], where D is mazimal out degree of a vertex in the tree defining the
k-HST, and C' > 0 is a universal constant.

Corollary 12.2. Any ultrametric has a (1 — €)-partial embedding into L, with O(1)
distortion and O(log(1/€)) dimension.

Proof. We first embed the ultrametric in a 6-HST of degree O(1/¢). Choosing € = ¢/4 for
this embedding then further embedding into L, we discard at most e(g) distances. [
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Chapter 13

Conclusion and Future Directions

In this work we focused on novel notions of distortion: the average distortion and the £,-
distortion. We gave tight bounds on these, for embedding arbitrary metrics into normed
spaces and into tree metrics and spanning trees. Even though these results seems to be
mathematically interesting, from the computer science perspective it would be nice to
find more algorithmic applications for our embeddings (except for the somewhat limited
applications we show in Chapter 11).

We also studied metrics with bounded doubling dimension, and showed an embed-
ding into the doubling dimension with low distortion. It would be very interesting and
applicable to find an analogous of the dimension reduction lemma of [JL84] for doubling
metrics - that is, embed a doubling n point subset X of Euclidean space into dim(X)
dimensions with constant distortion.

Another interesting family of metric spaces are the metrics derived from a graph
excluding a fixed minor. We gave a scaling embedding into L, for even a more gen-
eral family (decomposable metrics), however the worse case distortion bound remains
O(y/logn). There is still an intriguing open problem regarding the embedding of such
metrics into L;. [GNRS99] conjectured that these metrics can be embedded to Ly with
distortion O(1), proving this conjecture, even for the family of planar metrics would be
very interesting.
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