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Abstract

In this thesis we study terminal embeddings, in which one is given a graph G = (V, E), and
a subset K C V of its vertices are specified as terminals. The objective is to embed the graph
into a simpler graph, or a normed space, while approximately preserving all distances among
pairs that contain a terminal. We devise such embeddings in various settings, and conclude that
even though we have to preserve ~ |K| - |V| pairs, the distortion depends only on |K|, rather
than on |V|.

We also strengthen this notion, and consider embeddings that must preserve the distances
between all pairs, but have improved distortion guarantees for pairs containing a terminal.
Surprisingly, in many settings we show that such embeddings exist, and have optimal distortion
bounds in both regimes.
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1 Introduction

Embedding of finite metric spaces is a very successful area of research, due to both its algorithmic
applications and its natural geometric appeal. Given two metric space (X,dx), (Y,dy), we say
that X embeds into Y with distortion « if there is a map f : X — Y and a constant ¢ > 0, such
that for all u,v € X,

dx (u,v) <c-dy(f(u), f(v) <a-dx(u,v) .

Some of the basic results in the field of metric embedding are: a theorem of Bourgain [Bou85],
asserting that any metric space on n points embeds with distortion O(logn) into Euclidean space
(which was shown to be tight by Linial et al. [LLR95]), and probabilistic embedding into a dis-
tribution of ultrametrics (or trees) by works of Bartal and Fakcharoenphol et al. [Bar96, FRT04],
with expected distortion O(logn) (which is also tight [Bar96]).

In this thesis we consider a natural variant of embedding, in which the input consists of a finite
metric space or a graph, and in addition, a subset of the points are specified as terminals. The
objective is to embed the metric into a simpler metric (e.g., Euclidean metric), or into a simpler
graph (e.g., a tree), while approximately preserving the distances between the terminals to all other
points. We show that such embeddings, which we call terminal embeddings, can have improved
parameters compared to embeddings that must preserve all pairwise distances. In particular, the
distortion (and the dimension in embedding to normed spaces) depends only on the number of
terminals, regardless of the cardinality of the metric space.

We also consider a strengthening of this notion, which we call strong terminal embedding. Here
we want a distortion bound on all pairs, and in addition an improved distortion bound on pairs
that contain a terminal. Such strong terminal embeddings may enhance the classical embedding
results, essentially saying that one can obtain the same distortion guarantees on all pairs, with the
option to select some of the points, and get improved bounds on the distances between any selected
point to the rest of the points.

As a possible motivation for studying such embeddings, consider a scenario in which a certain
network of clients and servers is given as a weighted graph (where edges correspond to links,
weights to communication/travel time). In some settings, it could be that we only care about
distances between clients and servers, and that there are few servers. We would like to have a
simple structure, such as a tree spanning the network, so that the client-server distances in the
tree are approximately preserved. It is well known that embedding a graph into a tree may cause
distortion linear in the number of points [RR98]. However, if one only cares about client-server
distances, we show that it is possible to obtain distortion 2k — 1, where k is the number of servers,
and that this is tight. Furthermore, we study possible tradeoffs between the distortion and the
total weight of the obtained tree. This generalizes the notion of shallow light trees.

We then address probabilistic approximation of metric spaces and graphs by ultrametrics and
spanning trees. This line of work started with the results of [AKPW95, Bar96, EEST08], and cul-
minated in the O(logn) expected distortion for ultrametrics by [FRT04], and O(logn) for spanning
trees by [AN12]. These embeddings found numerous algorithmic applications, in various settings,
see [FRT04, AN12] and the references therein for details. In their work on Ramsey partitions,
Mendel and Naor [MNO6] implicitly show that there exists a probabilistic embedding into ultra-
metrics with expected terminal distortion O(log k) (see Section 1.3 for the formal definitions). Here
we generalize this result by obtaining a strong terminal embedding with the same expected O(log k)
distortion guarantee for all pairs containing a terminal, and O(logn) for all other pairs. We also



show a similar result that extends the embedding of [AN12] into spanning trees, with O(log k)
expected distortion for pairs containing a terminal, and O(logn) for all pairs. In [ABN07], it was
shown that the average distortion (taken over all pairs) in an embedding into a single tree can
be bounded by O(1) (in contrast to the Q(logn) lower bound for the average stretch over edges).
Here we extend and simplify their result, and obtain O(1) average terminal distortion, that is, the
average is over pairs containing a terminal. We do this both in the ultrametric and in the spanning
tree settings.

We show that there exists a general phenomenon; essentially any known metric embedding
result can be transformed into a terminal embedding, while paying only a constant blow-up in the
distortion. An immediate implication is a terminal embedding of any finite metric into any ¢, space
with terminal distortion O(log k), using only O(log k) dimensions. We also show that embeddings
into normed spaces have their strong terminal embedding counterpart, albeit there is an additional
requirement: we assume that there is a Lipschitz extension of the black-box embedding to the non-
terminals (to be defined formally later).! Once again, many of the known embeddings into normed
spaces satisfy this requirement. On the other hand, these results do not apply in a graph setting
(e.g., when we want an embedding into a spanning subgraph), and we provide specific embeddings
for many such scenarios.

This thesis is based on a paper that is currently under submission [EFN]. In this paper one
can find results that do not appear in the thesis (about distance oracles and general spanners that
preserve distance from the terminals). On the other hand, there are results that appear in this
thesis, but do not appear in the paper. (Mainly results from Part II.) There are some additional
results that do not appear in any of them, we mention some of them in Part V.

1.1 Related Work

Already in the pioneering work of [LLR95], an embedding that has to provide a distortion guarantee
for a subset of the pairs is presented. Specifically, in the context of the Sparsest-Cut problem,
[LLR95] devised a non-expansive embedding of an arbitrary metric into ¢, with distortion at most
O(log k) for a set of k specified demand pairs.

In the context of preserving distances just between the terminals, [Gup01] showed that given a
tree and a set of terminals in it, one can find another tree (with only the terminals as the vertices)
that preserves distances between the terminals up to a factor of 8. In [CXKRO06] this factor was
shown to be tight, and that one can in fact obtain a tree which is a minor of the original tree.
Recently, [EGK™10] showed that for planar graphs there exists a distribution of minors over the
terminals, which in expectation preserves the distances between terminals up to a constant factor.
Even more recently, [KKN14] showed that any graph with a set of terminals, one can obtain a
minor on the terminals with polylogarithmic distortion.

In their work on the requirement cut problem, among other results, [GNR10] obtain for any
metric with k specified terminals, a distribution over trees with expected expansion O(log k) for all
pairs, and which is non-contractive for terminal pairs. (Note that this is different from our setting,
as the extra guarantee holds for terminals only, not for pairs containing a terminal. However, their
techniques are quite similar to ours.)

The notion of preserving certain quantities over a set of terminals appears in other contexts as

!The basic idea leading to the second transformation was communicated to us by an anonymous referee, and we
are grateful to her.



well. For instance, [Mo0i09] studied cut and flow-sparsifiers. Given a graph and a set of terminals,
the objective is to find a graph only on the terminals that approximates all minimum cuts. There
are interesting duality relations between preserving distances and cuts, and we refer the reader to
[R4c08, AF09] for more on this.

1.2 Organization

Our general transformations which convert ordinary embeddings into terminal ones are presented
in Part I. The tradeoff between terminal distortion and lightness in a single tree embedding is
shown in Part II. We also show in Part II several lower bounds, and prove NP-hardness of certain
optimization variants of the studied problems. The probabilistic embeddings into ultrametrics and
spanning trees with strong terminal distortion are given in Part III. The embeddings into a single
tree with constant average terminal distortion, both for ultrametrics and spanning trees, appear in
Part IV.

1.3 Preliminaries

Here we provide formal definitions for the notions of terminal distortion. Let (X, dx) be a finite
metric space, with K C X a set of terminals. Throughout the thesis we assume |K| < |X|/2, as
otherwise one may just use the standard results.

Definition 1. Let (X,dx) be a metric space, and let K C X be a subset of terminals. For a target
metric (Y,dy), an embedding f : X — Y has terminal distortion « if there exists ¢ > 0, such that
for allv e K and u € X ,?

dx (v,u) <c-dy(f(v), f(u)) <a-dx(v,u) .

We say that the embedding has strong terminal distortion («, 3) if it has terminal distortion «,
and in addition there exists ¢ > 0, such that for all u,w € X,

dX(u,’LU) < c - dY(f(u)a f(w)) <pB- dX(“'v w) :
We will also consider probabilistic embeddings.

Definition 2. For a class of metrics Y, a distribution D over embeddings fy : X — Y withY € Y
has expected terminal distortion « if each fy is non-contractive (that is, for all u,w € X and
Y € supp(D), it holds that dx (u,w) < dy(fy(u), fy(w))), and for allv € K and u € X,

Ey~pldy (fy (v), fy ()] < a-dx(v,u) .

The distribution D has strong expected terminal distortion («, 8) if it has expected terminal dis-
tortion «, and in addition for all v,u € X,

Ey pldy (fy (v), fy (v))] < B -dx(v,u) .

Finally, we consider average distortion of a single embedding;:

*In most of our results the embedding has a one-sided guarantee (that is, non-contractive or non-expansive) for
all pairs.



Definition 3. For f : X — Y a non-contractive embedding, the average terminal distortion of f

is®
1 Z dy (f(v), f(w))
(KX ey dx(vu)

Let G = (V, E,w) be a (weighted) graph. Throughout the thesis all graphs are undirected. For
U C V, G[U] is the induced graph on the vertices of U, with edge set E(U). Let dg be the shortest
path metric on G. For a subgraph H of G, w(H) = }_.c gy w (€), and define the lightness of H
to be ¥ (H) = w(%%, where M ST(G) is a minimum spanning tree of G.

For a metric space (X,d), let diam(X) = maxyex{d(y,2)}. For any x € X and r > 0 let
Bix,a)(z,7) = {y € X | d(x,y) < r} (we often omit the subscript when the metric is clear from
context) be the ball centered at x with radius r. Denote by B° (z,r) ={u € X : d(z,u) <r} the
open ball with radius r and center z. For A C X, |A|, denotes the number of terminals in A, i.e.,
|A|, = [ANK|. A metric d’ on X dominates d if for all z,y € X, d(z,y) < d'(z,y). For a point
x € X and a subset A C X, d(x, A) = mingea{d(z,a)}.

For 1 < p < o0, KI; is a normed vector space, over the vector space R¥. The £, norm of the
1

vector ¥ = (21, 22,...,2x) is [|Z], = (Zle \:pi\p> ”. The special case where p = 2 is called Hilbert

space. Consider also £% , a normed vector space over R¥ with the norm |7, = max; {|x;|}. For

two functions f: X — R® and g : X — R®, f @ ¢ is a function from X into R*t? such that the first
a coordinates of f @ g are identical to the coordinates of f, and the last b coordinates of f & g are
identical to the coordinates of g.

We use the symbol O as a variant of big O notation that ignores poly-logarithmic factors. Thus,
f(n) = O(g(n)) is shorthand for f(n) < g(n) - log*(g(n)) for some constant k.

An ultrametric (U, d) is a metric space satisfying a strong form of the triangle inequality, that
is, for all z,y,z € U, d(x,z) < max{d(z,y),d(y, 2)}. The following definition is known to be an
equivalent one (see [BLMNO5]).

Definition 4. An ultrametric U is a metric space (U, d) whose elements are the leaves of a rooted
labeled tree T. Fach z € T is associated with a label ® (z) > 0 such that if ¢ € T is a descendant of
z then ® (q) < ®(z) and ® (q) = 0 iff q is a leaf. The distance between leaves z,q € U is defined as
dr(z,q) = ® (lca(z,q)) where lca(z,q) is the least common ancestor of z and q in T.

3Note that pairs in K x K are counted twice, but this can only affect the average by a factor of 2. We also assume
that if v = v then 0/0 = 0.



Part 1
General Transformations

We first note that a transformation in the setting of embedding metrics into ultrametrics was already
attained by [MNOG]. In their work on Ramsey partitions, [MNO6] showed that if a subset Y C X of
a metric space (X, d) is embedded into an ultrametric with distortion «, then this embedding can
be extended to the whole of X, such that the distortion of any pair y € Y and x € X is at most 6a.
This directly implies that any embedding result for a subset-closed family* of metrics into a single
ultrametric with distortion «(-) (that depends on the cardinality of the metric), can be translated
to an embedding with terminal distortion O(«(k)). Thus the following theorem is implicit from
[MNO6].

Theorem 1 ([MNO06]). Let X be a subset-closed family of metric spaces. Let (X,d) € X, and a set
of terminals K C X of size |K| = k. If there is a function o : N — R, such that every (Z,dz) € X
of size |Z| = m embeds with non-contractive embedding p into an ultrametric with distortion a(k),
then there is an non-contractive embedding p of X into an ultrametric with terminal distortion at
most 6a(k).

Actually, in their proof, [MNO6] showed a somewhat stronger bound on the distortion, that p
in fact satisfies:

Forallt € K and x € X, p(z,t) <3 -max{p(ks,t),dx (x,t)} . (1)

Where k, is the closest point in K to z. In [FRT04], it was shown that for each metric space
(X, d) of size n, there is a distribution D over non-contracting embeddings from X into ultrametrics
with expected distortion O(logn). Thus, Theorem 1 reinforced by (1), combined with [FRT04],
implies a probabilistic embedding of any metric space into ultrametrics with expected terminal
distortion O(logk):

Theorem 2. Let (X,d) be a metric spaces and K C X a subset of terminals of size k, there is a
distribution over embeddings of X into ultrametrics with expected terminal distortion O(logk).

Proof. By [FRT04], there is a distribution D over non-contractive embeddings from K into ul-
trametrics with expected distortion O(logk). By Theorem 1, for each p € supp(D) there is an
embedding p from X into an ultrametric such that (1) holds. Note that p is a non-contractive
embedding. Set D’ to be the distribution that picks the embedding p with probability Prp(p). Fix
any r € X and t € K, then

—~
[
~

By (0,6)] = Epups [3-max{p (kart)  d (2, )}
< 3(E,p[p (ks t)] +d(x,1))
< 3(d(z,t) + O (logk) - d (ks 1))
< 3-d(z,t)+O(logk)-d(z,t) = O (logk) - d(z,y) ,
where the last inequality is due to d (k;,t) < d (ky,z) + d(x,t) < 2d(x,t). O

4A family of metrics F is subset-closed if for every (X,dx) € F, the metric d induced on any Y C X is in F as
well. All the families considered in this thesis are subset-closed.



In what follows we show more general theorems of a similar flavor, for embeddings into normed
spaces and graph families. We start with a small warm up, for the case where we are interested in
embedding between Euclidean spaces.

Theorem 3. For a set X of n points in €4 and a subset of terminals K C X of size k, there is an
embedding f : ¢4 — 05 with terminal distortion 1.

Proof. Without loss of generality, we assume that v; = 0 (otherwise shift all the points). Consider
V = span {K}, a vector space of dimension r < k — 1. Let uj,us,...,u, be an orthonormal basis
for V. Define a linear transformation T : V' — ¢4 by T (u;) = e;. Obviously, T is an isometry.
We extend T to T : Eg — EQH in the following way: for z € Eg, x can be uniquely represented as
=21+, where 2/ € V and z, € V. Define T (z) = T (') @ ||z ||,- Hence for every v € K
and z € X:

2

HT () = T (:U)H2 = [T 0T (@) &zl

= T -7 @)+ |0~ “HZ

—

0

2 2
[, = v —all} -

Jo=ll; +

Since r < k — 1, T' is the desired terminal embedding f. O

We say that a family of graphs G is leaf-closed, if it is closed under adding leaves. That is, for
any G € G and v € V(G), the graph G’ obtained by adding a new vertex u and connecting u to
v by an edge, has G’ € G. Note that many natural families of graphs are leaf-closed, e.g. trees,
planar graphs, minor-free graphs, bipartite graphs, bounded tree-width graphs, etc.

Theorem 4. Let X be a subset-closed family of metric spaces. Let (X,d) € X and a set of terminals
K C X of size |K| = k. If there are functions o,y : N — R, such that every (Z,dz) € X of size
|Z| = m embeds into @(m) with distortion a(m), then there is an embedding of X into Kg(k)ﬂ with
terminal distortion 2°~1D/P . ((2a(k))P 4+ 1)V/P.

Additionally, if G is a leaf-closed family of graphs, and any (Z,dz) € X of size |Z| = m (proba-
bilistically) embeds into (a distribution over) G with distortion o(m), then there is a (probabilistic)
embedding of X into (a distribution over) G with terminal distortion 2a(k) + 1.

Proof. We start by proving the first assertion. Since X is subset-closed, K € X, and by the
assumption there exists an embedding f : K — RY*) with distortion «(k) under the ¢, norm.
We assume w.l.o.g that f is non-contractive. For each x € X \ K, let k, € K be the nearest
point to z in K (that is, d(z, K) = d(z,k;)). Extend f to an embedding f : X — RY(W+1 by
defining for t € K, f(t) = (f(t),0), and for z € X \ K, f(z) = (f(ks),d(x,k;)). Fix any t € K
and x € X. Note that by definition of k,, d(z,k;) < d(x,t), and by the triangle inequality,
d(t, k) < d(t,x) + d(x, k) < 2d(t,z), so that,
1f@) = f@)p = 1F@) = flk)l} + dlz, k)
k) - d(t, 2))P +d(z, kg )P
t,a:)) +d(t, x)P

2a(k))" +1) .

I

S
SR
H —
‘63
—~
—_



On the other hand, since f does not contract distances,

1F &) = F)lIp 1£ () = f(ka)ll} + d(z, ka)”
d(t, kz)? + d(@, k)

(d(t, ke) + d(@, ky))P /207
d(zx, )P /2P~1

(AVAR VALV,

where the second inequality is by the power mean inequality. We conclude that the terminal
distortion is at most 2P~V/P . (2a(k))P + 1)1/,

For the second assertion, we start by showing the deterministic version. As K € X, there is a
non-contractive embedding f of K into G € G with distortion at most a(k). As above, for each
x € X define k; as the nearest point in K to = (note that if z € K then k,; = x). And for each
x € X\ K, add to G a new vertex f’(x) that is connected by an edge of length d(z, k) to f (k).
The resulting graph G’ € G, because it is a leaf-closed family. Note that f’ is non-contractive, as
for all z,y € X it holds that

Aoy (@), ') = de, (F'@), (k) + doy (' (k). ' (ky)) + des, (' (), £'(5)
- d(.%‘,kz) +de(f(kr)vf(ky)) +d(ky7y)
> d(l', kr) + d(kma ky) + d(ky? y) > d(.%', y) .

Fix any x € X and t € K, then as above d(t, k;) < 2d(¢,x), and so

der(f'(t), f'(@)) = da(f(t), [ (ko)) +dar (f (), f' (k) < alk)-d(t, k) +d(z, ke) < (20(k)+1)-d(t, ) ,

which concludes the proof.

The extension to probabilistic embedding is straightforward. As K € X, it probabilistically
embeds into a distribution over G with distortion a(k). Let D be a such distribution, where each
f € supp(D) is an embedding from K into Gy € G that chosen with probability Prp(f) such that
the expected distortion of each pair in K is bounded by «(k). For each such an embedding f, let
G’f € G be the extension of G as defined in the previous case (i.e. for each x € X \ K, add a new
vertex f(x) that is connected by an edge of length d(x,k;) to f(k;)). Let f’ be the appropriate
embedding from X into G’;. Note that f’ is non-contractive. Set D’ to be the distribution that
picks the embedding f’ with probability Prp(f). Fix any z € X and t € K, then

Epplde, (f'(t), f'(2))] Epoplda, (f(t), f(ke)) + dey, (f' (@), f(kx))]
Ef~D[de( (t), f(ka))] + d(z, ka)

a(k) - d(t, kz) + d(, kz)
20((k) - d(t, ) + d(t,x) = (2a(k) + 1) - d(t, 2) ,

+d
+d

IN A

as required.

Remark 1. Note that for any p,a > 1, 2a +1 < 20-D/P . ((20)P + 1)V/P < 4a.

Next, we study strong terminal embeddings into normed spaces. Fix any metric (X, d), a set
of terminals K C X and 1 <p < oco. Let f : K — £, be a non-expansive embedding. We say that

10



f is Lipschitz extendable, if there exists a non-expansive f : X — {, which is an extension of f
(that is, the restriction of f to K is exactly f). It is not hard to verify that any Fréchet embedding

is Lipschitz extendable (in our context, it will be convenient to call an embedding f : K — E;
Fréchet, if there are sets Ay, ..., Ay C X such that for all i € [t], fi(z) = %). For example, the

embeddings of [Bou85, KLMNO05, ALNOS8] are Fréchet. Fréchet embeddings are indeed Lipschitz
extendable by the following extension, which maps each y € X \ K to f (y) = (d(y’Ai)) " The
1€

t1/p

triangle inequality implies f is non-expansive.

Theorem 5. Let X be a subset-closed family of metric spaces. Let (X,d) € X of size | X| = n
and a set of terminals K C X of size |K| = k. If any (Z,dz) € X of size |Z| = m embeds into
Eg(m) with distortion a(m) by a Lipschitz extendable map, then there is an embedding of X into

f;)/(n)JW(k)H with strong terminal distortion O(a(k), a(n)).

Proof of Theorem 5. Let (X,d) € X be a metric on n points, K C X of size |K| = k. There is a
non-expansive embedding g : X — E?,(n) with distortion at most a(n). Since X is subset-closed,

there exists a Lipschitz extendable embedding f : K — Ez(k), which is non-expansive and has
distortion a(k). Let f be the extension of f to X, note that by definition of Lipschitz extendability,
f is also non-expansive. Finally, let A : X — R be defined by h(z) = d(z, K). The embedding

F.:X— ngHv(k)H is defined Aby the concatenation of these maps F'= g @ f @ h.
Since all the three maps g, f, h are non-expansive, it follows that for any xz,y € X,

1E(z) = F@)Ip < llg(e) = 9@l + 11f () = F@)f + |h(z) = h(y)I < 3d(z, )",

so I has expansion at most 3!/ for all pairs. Also note that

1) = E@)llp = llg(@) = 9y)ll, =

which implies the distortion bound for all pairs is satisfied. It remains to bound the contraction for
all pairs containing a terminal. Let ¢t € K and x € X, and let k, € K be such that d(z, K) = d(z, k)
(it could be that k; = ). If it is the case that d(z,t) < 3a(k)-d(z, k) then by the single coordinate
of h we get sufficient contribution for this pair:

1E@) = F(@)llp = |h(t) = ()] = h(z) = d(z, k) >

The other case is that d(z,t) > 3a(k) - d(z, k), here we will get the contribution from f. First
observe that by the triangle inequality,

d(t, ky) > d(t,x) — d(z, k) > d(t,2)(1 — 1/(3a(k))) > 2d(t,x)/3 . 2)

By another application of the triangle inequality, using that f is non-expansive, and that f has

11



distortion a(k) on the terminals, we get the required bound on the contraction:

1E@) = F@)llp, = 1F@) = f(@)llp
> NF@) = fka)llp = [1f (kz) = f (@)l
> lf() = fka)llp — d(w, ka)
- dt,ks) d(t,z)
- ak) 3a(k)
(i) 2d(t,x)  d(t, )
—  3a(k) 3a(k)
~d(t, o)
— 3a(k)

O

Remark 2. In Theorem 4, if the assumed embedding of every metric in X is Lipschitz extendable,
then the terminal embedding can be made non-expansive (with the same dimension and distortion
bounds), by using the techniques of Theorem 5.

Remark 3. The results of Theorem 4 and Theorem 5 can hold also if X is a family of graphs,
provided that the assumed embedding allows Steiner nodes. That is, if Z is a graph with terminal
set K, |K| =k, then there is a (Lipschitz extendable) embedding of K to Kg(k) with distortion a(k).
Note that it is not clear whether the metric on K can be induced from some graph in the family.
In fact, for many graph families (e.g. planar graphs), the following question is open: given a graph
Z in the family with terminals K, is there another graph in the family over the vertex set K, that
preserves the shortest-path distances with respect to Z (up to some constant).

We list some implications of Theorem 4 and Theorem 5:

Corollary 1. Let (X,d) be a metric space, and K C X a set of terminals of size |K| = k. Then
for any 1 < p < oo,

1. (X,d) can be embedded to E,?(logk) with terminal distortion O(logk).
O(log n+log? k) . . . .
2. (X,d) can be embedded to ¢, with strong terminal distortion (O(logk), O(logn)).

3. If (X,d) is an ly metric, it can be embedded to EQO(lOg ®) with terminal distortion O(1).

4. If (X,d) is a planar metric, it can be embedded to ¢, with strong terminal distortion
( (log k)mm{l/Q l/p}) O((log n)min{l/Q,l/p}))'

O(
5. If (X,d) ¢ a negative type metric, it can be embedded to ly with strong terminal distortion
O(

( x/og) O(vIogn)).

The corollary follows from known embedding results. (1) and (2) are from [Bou85], with im-
proved dimension due to [ABN11], (3) is from [JL84], (4) from [KLMNO5], and (5) from [ALNOS].
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Part 11
Terminal Distortion By a Single Tree

2 Introduction and preliminaries

This part is dedicated to questions regarding finding a single spanning tree of a graph, where the
goal is to minimize the terminal distortion of the tree. In this part of the thesis, we consider only
embeddings of graphs into their spanning trees. The notation of terminal distortion (which we will
call terminal stretch) in this setting is defined as follows: For a subset K C V of terminals, and a
spanning tree T' of G, the terminal stretch of T, denoted by TermStretchg i (T'), is defined by

TermStretchg k (T) = maxyek vev
' ’ de (v,u)

We are giving a special treatment for the case of a metric space rather than a general graph. (Recall
that a metric space can be viewed as a complete graph.) Any algorithm for graphs works also for
metric spaces, and every lower bound for metric spaces is also a lower bound for graphs.

We will show in Theorem 6, that for a terminal set of size k, there is always a spanning tree
with terminal stretch at most 2k — 1. Moreover, this is tight since by Theorem 9 there are graphs
where no spanning tree has terminal stretch less then 2k — 1. Hence, to make the problem more
involved, instead of only minimizing the terminal stretch, we are interested in finding a tradeoff
between the terminal stretch and the lightness.

The single-terminal case (k = 1) was analyzed by Awerbuch et al. [BAP92] and Khuller et al.
[KRY93]. They showed that for every weighted graph G = (V, E, w), designated vertex v € V', and
a parameter o > 1, there exists a spanning tree T" for G of lightness at most 1 + %
stretch with respect to v at most «. This tradeoff between TermStretch and lightness was shown
to be tight in [KRY93]. The running time of the algorithm in [KRY93] is O (m + n - logn), where
m = |E| and n = |V|. We will henceforth refer to a spanning tree T that provides terminal
stretch a with respect to a designated vertex and lightness [ (for some parameters o and ) as
a shallow-light-tree with parameters « and (3, or shortly, an (o, 8)-SLT. A small modification of
Khuller et al.’s algorithm produces for any subset A C V' a forest F' with stretch o with respect to
A and lightness 1 + % (A forest F' is said to provide stretch « with respect to A if for every
vertex u € V, dp (A,u) < a-dg (A, u). Each vertex v € A ends up belonging to different connected
component of F. (To obtain such a forest F' one should add a new vertex v4 to the graph and
connect it to each of the vertices of A with edges of weight zero. Then we compute an (o, §)-SLT
with respect to va in the modified graph. Finally, we remove vy from the SLT. The resulting
forest is F'.)

A tree T = (V', E',w') is called a Steiner tree for a graph G = (V, E,w) if (1) V C V', (2) for
any edge e € ENE’, the edge has the same weight in both G and T, i.e. w(e) = w’ (e), and (3) for
any pair of vertices u,v € V it holds that dr (u,v) > dg (u,v). The minimum Steiner tree T of
G, denoted SMT (G), is a Steiner tree of G with minimum weight. It is well-known that for any
graph G, w (SMT (G)) > M ST (G). (See, e.g., [GP68], Section 10.)

In Section 3 we devise algorithms for building trees that achieve terminal stretch 2k — 1, and

and terminal

algorithms for building light trees (lightness O (ﬁ)) with terminal stretch roughly (2k — 1) - a.
In the end of this section, we provide efficient implementations of the mentioned algorithms. In
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Figure 1: An illustration for the neighbors lemma: v; and v; are terminals. The edge {v;, v;} belongs to
the MST of the super-graph G’. The neighbors lemma asserts that there is an edge {u;,u;} on the shortest
path between v; and v; that crosses between V; and V.

Section 4 we show that there are graphs and metrics such that the lowest terminal stretch that
can be achieved for them by a spanning tree is 2k — 1. Then we show some lower bounds on the
lightness of spanning trees with terminal stretch (2k —1) - o for @ > 1. In Section 5 we show
that the problem of finding a minimum weight tree with terminal stretch at most (2k — 1) - 5 (for
1< B <1+1/(6k))is NP-Hard.

3 Algorithms

In all the algorithms we assume without loss of generality that all edge weights are different, and
every two different paths have different length. If it is not the case then one can break ties in an
arbitrary (but consistent) way.

3.1 k-terminal tree

Consider the 2k-cycle Co, = (vi,ve,...,v9;), for a positive integer parameter k > 2. Let
V'={va,v4,...,v9r} be the subset of terminals. It is easy to see that every spanning tree of Co
has terminal stretch 2k — 1 with respect to V'. (See also Theorem 9.) Next we show that for every
graph G = (V, E,w), w: E — Rt and subset V' C V of k terminals (denote V' = {vy,va,...,vx})
there exists a spanning tree T with terminal stretch 2k — 1 with respect to V’. In view of the
aforementioned lower bound, this result is tight.

For every i € [k], define V; = {u €V | for every j € [k]\ {i}, d(vi,u) < d(vj,u)} to be the
subset of vertices which are closer to v; than to any other terminal. Observe that {V;},, is a
partition of V, ie., V = Ule Vi, and V; NV; = 0 for every pair of different indexes 4,5 € [k].
Let T; be the shortest path tree (shortly, SPT) of V; rooted in v;. Now we define a super-graph

G = (V’, (‘g),w’), where w’ (v;,v;) = dg (vi,vj). Let T' be the MST of G'.

Lemma 2. The neighbors lemma: If {v;,v;} € T then there exist u; € V;, u; € V; such that
{ui,uj} € E and the shortest path from v; to vj in G contains the edge {u;,u;}. (See Figure 1 for
an illustration.)

Proof. Suppose for contradiction that the shortest path P; ; from v; to v; contains a vertex u € V.,
r #14,j. Then dg (vi,v,) < dg (vi,u) + dg (u,v,) < dg (vi, u) + dg (u,vj) = dg (v, v;). Similarly,
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d(vj,vy) < d(vi,vj). Hence {v;,v;} is the heaviest edge in the triangle {v;,v;,v,} in G’. This is a
contradiction to the assumption that {v;,v;} belongs to the MST of G’. Hence all the vertices in
P; j belong to V; UV}, which implies the lemma. ]

An edge {u;,u;} € E that satisfies the condition of Lemma 2 with respect to an edge {v;,v;}
of the MST T’ of G’ will be called the representative edge of {v;,v;}. (Since we assumed that
all paths have distinct lengths, it follows that such an edge is unique.) Let R C FE be the set of
representative edges of T', i.e.,

R = {{us,uj} | {us,u;} is the representative edge of {v;,v;}, {vi,v;} € T'} .

Define T = Ule T;|UR to be the spanning tree that our algorithm returns.> In other words,
the tree T contains the forest 17,715, ..., T} of shortest path trees for Vq, Vs, ..., Vi rooted at the
terminals vy, vs,. .., v respectively, and also the set R of representative edges of the MST T” of G’
that connect between the connected components Vi, Vs, ..., Vi.

The next lemma shows that for every edge {v;,v;} of the MST T” of G, the tree T preserves
the distance between v; and v;.

Lemma 3. If {v;,v;} € T' then dr (v;,v;) = da (vi, v;).

Proof. Let {u;,u;} be the representative edge of the edge {v;,v;}. Since V; =
{u | dg (vi,u) < dg (vj,u), for all i # j}, it follows that for every u € Vi, dg(v;) (vi,u) = dg (vi, ).
Since T; is an SPT of G (V;) rooted at v; and u; € V;, it follows that dr, (vi,u;) = dg(v;) (vi,u;) =
da (vi,u;). Similarly, dr; (vj,u;) = dg (vj,u;). Since T;,T; € T and {u;,u;} € R C T, it follows
that

dr (%‘7 ’Uj) <drp (UZ‘, uz) +dr (ui, Uj) +dr (uj, Uj) =dg (vi, uz) +dg (ui, Uj) +dg (uj, ?}j) =dg (UZ‘, ’Uj) .

(The last inequality holds because, by definition of the representative edge, the edge {u;, u;} belongs
to the shortest path P;; connecting the terminals v; and v; in G.) O

The next lemma shows that the tree T' approximates distances between pairs of terminals up
to a factor of k — 1.

Lemma 4. For every pair of terminals v;,v; € V', dr (v;,v) < (k — 1) - dg (vs, vj).

Proof. Since G' = (V’ , (‘g/),w’ ) is a connected k-vertex graph, there exists a path m with at most

k — 1 edges from v; to v; in the MST T” of G’. Denote m = (v; = v'v?...v" =v;), r < k. By
Lemma 3, for every index s, s € [r — 1], dpv (US,US+1) =dg (US,US+1) < dg (vi,vj) (because edges
of m belong to the MST 7”). Hence

r—1 r—1
dr (vi,v;) <> dp (0°,0°) < " dg (vi,05) = (r = 1) - dg (vi,v5) < (k= 1) - dg (05, v5) -
s=1 s=1

O]

To verify that T is a spanning tree of G note that {T1,75,...,Tk} is a spanning forest of G. Also, T is acyclic
as otherwise there would have been a cycle either in one of the trees T} or in the M ST T’ of G'.
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Finally, consider a terminal v; € V’ and a vertex u € Vj, for some pair of indexes i and j.
Observe that dr (vj,u) < dr (v, u), and the inequality is strict for i # j. Hence

dr (vi,u) < dr (vi,v5) +dr (vj,u) < (k= 1) - da (vi,v5) + dr; (vg,u)
< (k—=1)-(dg (vi,u) +dg (u,v;)) + da (vj,u) < (2k — 1) - dg (vi,u).

We proved the following theorem:

Theorem 6. For a weighted graph G = (V, E,w) with a non-negative weight function w : E — RT,
and a subset of terminals V! C V of size k, there exists a spanning tree T with terminal stretch at
most 2k — 1.

We will show in Section 3.4.1 that such a spanning tree T can be computed within
O (m+n-logn) time.

3.2 Light k-terminal trees for metric spaces

Next we devise a construction of light spanning trees with a small terminal stretch. We start with

the case of metric spaces. Later we extend our results to general graphs. A finite metric space (X, d)

can be viewed as a complete graph G = (V, (g),w) Here w is assumed to satisfy the triangle

inequality. We are also given a set of terminals V' C V of size k. We write V'={vy,v1,..., v}
The algorithm builds a tree with terminal stretch ((k — 1) + ka), for a > 1, with lightness bounded
by 3 + %

The algorithm starts by building a forest F' which is an (a, 1+ oﬁl)—SLT from the vertex
set V' (see the introduction). The forest F satisfies that for every vertex u € V, it holds that

gg%;z; < a and ¥ (F) = % <1+ % Also, no two terminals belong to the same
connected component of F'. Let V; be the connected component of v; and T; C F be the edges of
the forest F' induced by V;. (Observe that T; is a spanning tree for V;.) It follows that for every
uweV;, dp (V' u) =drp, (vi,u) < a-dg (V' u).

Now, let 77 be the MST of G (V'). (G (V') is the subgraph of G induced by V'.) Define
T=FuT = Ule T; UT'. T is a spanning tree of G. Since T’ is a minimum spanning tree
for the k—point metric G (V’), it follows that for any pair of terminals v;,v; € V', dr (v;,v;) =
dr (vi,v;) < (k—1) - dg (vi,vj). Hence for any terminal v; € V'’ and any vertex u € V; , it holds
that

dr (v, u) dr (vi,vj) + dr (vj,u) = dgr (vi,v5) + dr; (v, u)
(k—1)-dg (vi,vj) + a-dg (V' ,u) < (k—1) - (dg (vi,u) + dg (vj,u) + a - dg (vi, w)

(k—1)-(dg (vi,u) + a-dg (vi,u)) + o - dg (vi,u) = (K — 1) + ka) - dg (vi, u)

VARRVANN VAN

1

—
—

(The inequality (1) holds because dg (vj,u) < dp (vj,u) = dp (V',u) < a-dg (V',u) < a-dg (v, u).
The first inequality is because F' is a subgraph of G the second equality is because u € Vj; the
third follows from the fact that F'is (a, 1+ %)—SLT with respect to V’/, and the last inequality

is because v; € V'.)
Next we argue that T is a light tree. Observe also that while 7" is the MST of G (V’), the
MST T of G is also a Steiner tree for V'. Thus w(7) > w (SMT (G (V'))), where SMT (G (V"))
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2
(see the introduction), it follows that w (T) > 1w (1”), ie., w(T’) < 2w (T). Hence w(T)

w(T") +w(F) < <3+ %) ~w (T). We conclude:

is the minimum Steiner tree of G (V’). Since w (SMT (G (V")) > tw (MST (G (V")) = tw (T")

Theorem 7. For any finite metric space (X,d), subset of terminals X' C X of size k, and a
parameter o« > 1, there exists a spanning tree T with terminal stretch at most (k—1) + ka and
lightness at most 3 + %

Observe that for &« = 1+ ¢, € > 0 is a small parameter, we get terminal stretch 2k — 1 4 ke with
lightness 3 + % By setting ¢ = ke we get terminal stretch 2k — 1 + ¢ and lightness 3 + 26—5 Note
also that by setting o = 1 we can get terminal stretch 2k — 1 (with no guarantee on the lightness).

We will show in Section 3.4.2 that a spanning tree T' that satisfies the assertion of Theorem 7
can be computed in O (n2) time.

3.3 Light k-terminal trees for general graphs

In this section we devise a construction of light k-terminal trees for general graphs. By doing so we
extend Theorem 7 from metric spaces to general graphs. Consider a weighted graph G = (V, E, w),
w: E — RT, a subset of terminals V/ C V of size k, and a parameter o > 1. Our algorithm builds
a spanning tree with terminal stretch ka + (k — 1) o? and lightness 2o+ 1+ % Qualitatively this
tradeoff is similar to the tradeoff of Theorem 7. (The latter tradeoff applies only to metric spaces.)
Specifically, for small € > 0, we get terminal stretch 2k — 1 + € and lightness 3 + %.

Similarly to the construction from Section 3.2, our more general construction starts by building

a forest F' (an (a,l + azl)—SLT rooted at V') such that for every u € V, 32%:’3 < «a and

U(F) <1+ % The vertex set V; is defined to be the connected component of v; in F' and
T; C F is the spanning tree of V;. We also refer to V; as the component of v;. Recall that
for every w € Vi, dp (V',u) = drp, (vi,u) < a-dg (V',u). However, while in the metric case the
ultimate tree 7' was the union of F' with the MST of G, it is no longer the case in the current
construction. Let G' = (V/,E',w’) be the super-graph in which two terminals share an edge
between them if and only if there is an edge between the components V; to V; in G. Formally,
E' = {(vi,vj) : Fu; € Vi, uj € V; such that {u;,u;} € E}. The weight w’ (v;,v;) is defined to be
the length of the shortest path between v; and v; which uses exactly one edge that does not belong
to F. (In other words, among all the paths between v; and v; in G which use exactly one edge
that does not belong to F', let P be the shortest one. Then w’(v;,v;) = w(P).) Note also that
w' (vg,v;) is given by w' (vi,v;) = min cep {drygey (vi,v5) }. We call to the edge €;; = {ug,u;} for
which this minimum is achieved (w’ (v;,v;) = dpuge, ;3 (vi,v5)) the representative edge of {v;,v;}.
(By the assumption that different paths have different lengths, the representative edge is unique.)
Observe that {v;,v;} € E’ implies that w' (v;,v;) < co. Let T” be the M ST of G'. Define R =
{@i,j lei,j is the representative edge of e} ; = (vi,v;) € T’}. Finally, set T = FUR =", T, UR.
Obviously, T is a spanning tree of G. Next, we show that T has bounded terminal stretch and
lightness.

The next lemma shows that for every pair of terminals v;, v; € V’, there is a path between them
in G’ in which all edges have weight (with respect to w’) at most « - dg (vs, vj).
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V(a+1)

Figure 2: An illustration for the bottleneck lemma: v; and v; are terminals. The edge {uq, tuq+1} belongs
to the shortest path from v; to v; in G. We conclude that for terminals v(“), v(@*+1) guch that u, € V(@ and
Ugr1 € V@D it holds that w'’ (v(“),v(““)) < a-dg(vi,v§).

Lemma 5. The bottleneck lemma: For every pair of terminals v;,v; € V', there exists a path
P :v;=z21...2p = vj in G’ such that for every index s = 0,1,...,r—1, it holds that (25,2641) € E'
and W' (zs, zs41) < o - dg (vi,vj). (See Figure 2 for illustration.)

Proof. Let P; j : v; = uguy...us = vj be the shortest path from v; to v; in G, i.e., w(P; ;) = dg (vi, v;).
For each a, let V(@ be the connected component of u,, and v(® is the terminal in V(@) . Consider
the path P = v o) . (), (This path is not necessarily simple. In particular, it might contain
self-loops.) For every index a < s,

w (0@ pletD)) < g _— 0@ DY) = gp (0w, ) + de (tg, tart) + dp (U, v@TD
(9850) 5 ot (2.) () ) )
(S) a-dg (Uia Ua) +dg (uaaua—H) +a-dg (Uju Ua—i—l)
2
< a-(dg (vi,ua) + dg (Ua, Ua+1) + di (V) Ua+1)) 5 dg (vi,vj) .

Note that if for some index a it holds that v(® = v(@*1) then w’ (v(9),v(4¥1)) = 0, and the inequality
above holds trivially. Otherwise, (if v(® # v(@+1) inequality (1) follows by the definition of w’ and
by the assumptions that {us, ust1} € E, uy € 148 Ug+1 € ylatl), Inequality (2) follows from
the properties of the SLT tree T. (Specifically dp (v, u,) = dp (V' ,us) < a - dg (V' uq) <
a-dg (vi,uq).) Equality (3) follows because the edge {uq, uq+1} is on the shortest path from v; to

v; in G.

In particular, one can remove cycles from P and obtain a simple path with the desired prop-
erties. We get a simple path P/ = 0@ oM v such that for every index ¢ < r we have
w’ (v(Q), v(q+1)) < a-dg (vi,v;), as required. O

Recall that 7" is an M ST of G', and T = F'U R is the tree constructed by our algorithm. The
next corollary follow from Lemma 5.

Corollary 6. For {v;,v;} € T', we have w' (v;,v;) = dr (vi,v;) < a - dg (vi, vj).

Proof. By Lemma 5, w’ (v;,v;) < o - dg (vs,v5). (Indeed, otherwise the edge {v;,v;} is the strictly
heaviest edge in a cycle in G/, contradicting the assumption that it belongs to the MST of G’.) Since
{vi,v;} € E’ and the representative edge of {v;,v;} was taken into T, it follows that w’ (v;,v;) =
dT (Ui, ’Uj). ]
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UZ':'U(

Pj;

Figure 3: The two paths P’ and P;; considered in the proof of Lemma 7. The path P’ is contained
in 7", while all edges of P;; have weight at most « - dg (v;, v;).

Next we consider a general pair of terminals v;, v; € V',
Lemma 7. For v;,v; € V', we have dr (vi,vj) < dpr (vi,v;) < o+ (k — 1) - dg (vs, vj).

Proof. Let P' : v; = vy . oM = 4; be the (unique) path in 7" between v; and v;. Since T
is a spanning tree of the k-vertex graph G’, it follows that h < k — 1. Observe also that for every
index a € [h — 1] , by Corollary 6 we have w’ (v(®, v(@*D) = dp (v(@,v(@+D)) . Also, we next argue
that w’ (v(“),v(“+1)) < « - dg (vi,v). Indeed, suppose for contradiction that w’ (U(a),v(“ﬂ)) >
a - dg (vi,vj). Let Pj; be a path between v; and v; in G’ such that all its edges have weight at
most « - dg (v;,v5). The existence of this path is guaranteed by Lemma 5. In particular, since
w' (v @, v ) > - dg (v, v;), it follows that {v(@),v(@+D} ¢ P;;. Consider the cycle P’ o P;;
in G’. It is not necessarily a simple cycle, but since {U(a ,vetl) } gé Pj;, the edge {U(a),v(a+1)}
belongs to a simple cycle C' contained in P’ o P;;. The heaviest edge of C' clearly does not belong
to Pj;, because the edge {v( platl) } is heavier that each of the edges in P;;. Hence the heaviest
edge belongs to P/, but P’ C T’ This is a contradiction to the assumption that 7" is an MST of
G’'. (See Figure 3 for an illustration.) Hence dp (v(“),v(‘”l)) = (U(a),v(a+1)) < a-dg (vi,vy).
Finally,

h—1 h—1
dr ('Uz'an) < dr (’U a a+1 ) w < a) a+1)>
a=0 a=0
h—1
< a-dg (vi,v5) < h-a-dg(vi,vj) <a-(k—1)-dg (vi,v5).
a=0

O]

Next, we show that T provides a relatively small stretch for every terminal vertex pair (v/,u),
veViueV.

Lemma 8. TermStretchgy (T) <k-a+ (k—1)a?
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Proof. Consider a terminal v; € V’ and a vertex v € Vj. Observe that dr (vi,u) < dp (v;,vj) +
dr (vj,u). By Lemma 7, dr (vi,v;) < a- (k—1)-dg(vi,v;). Also, since FF C T, and F is an

<a, 1+ %) — SLT rooted at V', it follows that dr (v;,u) < a - dg (v;, w). Hence

dr (vi,w) dr (vi,v;) +dr (vj,u) < a- (k—1)-dg (vi,v5) + a - dg (vi, w)
a-(k—1)-(dg (vi,u) + dg (u,vj)) +a-dg (vi,u)

a-(k—1)- (dg (vi,u) + o dg (vi,u)) + a - dg (vi,u) = (k- a+ (k—1)a?) - de (vi,u) .

ININ TN

(The last inequality is because dg (v;, u) < dp (vj,u) = dp (V',u) < avdg (V' u) < a-dg (vi,u).)

Hence TermStretcheg,y (T) = mazyev’ yev {Zggzzg} <k-a+(k-1)a O

Finally, in the next lemma we analyze the lightness of the tree T
Lemma 9. The lightness of T is bounded by ¥V (T) < 2a+ 1+ %

Proof. The main challenge is to bound w (R). (Recall that R is the set of the representative edges
of T".) Consider an edge {v;,v;} € T”, and let {u;,u;} be its representative edge. Then dg (u;, uj) <
w’ (vi,v5). Also, since {v;,v;} € T" C E', it follows that w’ (v;, vj) = dgr (vi,v;). Hence dg (us, uj) <
der (v, vj). Therefore, w (R) < w' (T"). Next we provide an upper bound for the weight w' (T") of
the MST T of G’. Define the graph G = (V’, (‘;/),ﬁj = d(;’\//), where dg|y is the shortest path

metric in G restricted to V'. Let T be the MST of G. We build a new tree 7 by the following
algorithm:

Algorithm 1

1. T«T
2. for {v;,v;} =¢é€T

(a) Let P: be a path from v; to v; which consists of edges in E’ such that for each edge e in
P:, w'(e) < a-dg (vi,v;) = a-w(€). (By Lemma 5, such a path exists.)

(b) Let €’ € P; be an edge such that (T\ {é}) U {e'} is connected.

(¢) T (T\ {e}) u{e'}.

In each step in the loop we replace an edge € = {v;,v;} from T by an edge €’ from G’ of weight
w' () < - w(€). Hence the resulting tree 7' is a spanning tree of G/, and w’ (T) <a-w (TV)

Since T' is the MST of G, it follows that v’ (T") < w' (T) The MST of G is a Steiner tree for
G. Hence @ (SMT (G)) < w(MST (G)). Also, (by [GP68], sec. 10), @ (MST (G)) = (T) <
2.0 <SMT <G>> < 2w (MST (G)). Hence

w(R) < ' (T) §w’<T> Sa-@(f) <2-a-w(MST(Q)).
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a—1

Since w (F) < (1 + i) -w (MST (G)), we conclude that

w(T) = wRUF)=w(R)+w(F)< (2a+1+21> -w (MST (Q)).

o —

Lemma 8 and Lemma 9 imply the following theorem:

Theorem 8. For a weighted graph G = (V,E,w), w : E — Ry, and a subset of terminals V' CV
of size k, there exists a spanning tree T of G with terminal stretch k- o+ (k — 1) o? and lightness
200+ 1+ 2.

Remark 4. The bound 2o+ 1 + % is minimized by setting a = 2. So there is no point in using
the algorithm with o > 2, as for such values of a both the terminal-stretch and lightness decrease
by choosing the parameter a = 2 (instead of a > 2). Hence if one allows terminal-stretch at least
6k — 4, Theorem 8 provides a tree with lightness at most 7 and this stretch.

Remark 5. Note that when substituting o = 1 in Theorem § we obtain o k — terminal tree with
stretch exactly 2k — 1. Hence Theorem 8 generalizes Theorem 6.

Remark 6. We will argue in Section 3.4.3 that a spanning tree T as above can be constructed in
O (m+nlogn) time.

Remark 7. In the regime a = 1+¢, for a small parameter e > 0, we obtain stretch 2k—14+0 (e - k) =
(2k —1) (1 + O (¢)) and lightness O (1).

3.4 Implementations

In this section we present implementations of the algorithms presented in Sections 3.1, 3.2 and
3.3. In each implementation the description will use definitions from the respective algorithm.
Throughout n is the number of vertices, m is the number of edges and k is the number of terminals.

3.4.1 Implementation of the k-terminal-tree algorithm

In this section we describe an implementation for the algorithm from Section 3.1, which constructs
a k-terminal tree with terminal stretch at most 2k —1 for an arbitrary weighted graph G = (V, E, w)
and a set V' = {v1,v9,...,v;} of terminals.

Recall that V; is the subset of vertices which are closer to v; than to any other terminal, and T;
is the shortest path tree of V; rooted at v;. Now define a super-graph G’ = (V’ , (‘g,),w’ ), where
w' (vi,v;) = dg (vi,vj). Let T" be the M ST of G’. An edge {u;,u;} € E with u; € Vj, uj € V; and
such that the shortest path from v; to v; in G goes through {u;,u;} is called the representative
edge of {v;,v;}. By Lemma 2, each edge in 7" has a representative edge. The set R is defined as
the set of all the representative edges of 7”. The algorithm returns the tree T = U?Zl T, UR.

The implementation differs from the algorithm described above as it uses a different auxiliary
graph G” instead of G'. G” can be computed faster than G’, while G” and G’ will have the same
MST and hence the same set of representative edges R. Therefore the resulting tree will be the
same. We start by adding a new vertex z, and connecting it to all the terminals with edges of zero
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weight. Next, we run Dijkstra’s algorithm ([CLRS09] chapter 24) from z and remove all the edges
which contain z from the resulting tree. As a result we obtain a forest F' = {11,T5,...,T}} of k
shortest paths trees rooted at the terminals vy, ve,. .., vk, respectively. For each index i € [k], T;
is a shortest path tree in G rooted at v; for the set V;. The running time of this step is the time
required for invoking Dijkstra’s algorithm in a graph with n + 1 vertices and m + k edges, i.e.,
O (m + nlogn). At this point the algorithm knows for every vertex u € V the index ¢ € [k] such
that u € V;, and the distance dg (v;, u) between u and its closest terminal v;. We construct the
auxiliary graph G” = (V’, (‘g),w”) by setting w” (v, vj) = mineck {dTiuTju{e} (Ui,vj)}. (There
may be edges of infinite weight.) To compute G” we initialize all weights as co. Then for each
edge e = {u,x} we check if it connects two different components (V;, V;). If it is the case then we
check if dr, (vi,u) +w (u, z) + dr; (z,v;) is smaller then the currently recorded weight w” (v;,v;).
If this condition holds too then we set w” (vi,v;) = dr; (vi,u) + w (u, ) + d7; (x,v;), and the edge
e is recorded as the representative edge for the super-edge {v;,v;}. Hence computing G” requires
O (m) time. At this point the algorithm knows for each super-edge {v;,v;} of finite weight, its
representative edge. Now we compute the MST T” of G”. This step requires O (klogk + m)
time. (Each edge in G” has a unique representative edge. Hence there are at most m edges in

G".) For every pair € = {v;,v;} € (‘g,) of terminals, w” (v;,vj) = Mineep {dTiuTju{e} (vi,vj)} >
de (vi,vj) = w' (v;,vj). By Lemma 2 for each edge é = {v;,v;} of the MST of G’ it holds that
w” (vi,vj) = w' (v5,v;). Hence G’ and G” have the same M ST T" = T” with the same representative
edges set R. Hence we return 7' = F'U R. The overall running time is O (m + nlogn).

3.4.2 Implementation of the algorithm for metric spaces

In this section we describe an implementation for the algorithm from Section 3.2, which given
a finite metric space (X,d) with subset X’ C X of size k and a parameter o > 1 constructs a
spanning tree T' with terminal stretch at most (k — 1) + ka and lightness at most 3 + % Recall

that the algorithm starts with computing an (oz, 1+ -2 )—SLT F with respect to the set X’. Then

a—1
it computes the MST T of G’ = (V’, (‘g),d) and returns F U T".
The implementation is straightforward. Computing the SLT on a complete graph requires

O (n?) time. (See [KRY93].) The computation of the MST requires O (k?) time. Hence the total
running time is O (nQ)

3.4.3 Implementation of algorithm for general graphs

In this section we describe an implementation for the algorithm from Section 3.3, which given
a weighted graph G = (V, E,w), a subset V' C V of terminals {v1,vs,...,vx} and a parameter
a > 1 constructs a spanning tree 7' with terminal stretch at most k- a + (k — 1) & and lightness

200 + 1 4+ —2-. Recall that the algorithm starts with computing an (a, 1+ -2 )—SLT F with

a—1 a—1

respect to V’. For each i € [k], let V; denote the connected component of v; in F, and let T; C F
stand for F'[V;], i.e., the set of edges of the forest F' induced by the vertex set V;. The algorithm

constructs the graph G’ = <V’, (‘g/),w’> by setting w’ (vi,v;) = Mmineep {dTiuTju{e} (05, Uj)}. An

edge e = {u;,u;} € E with u; € Vi, u; € Vj and such that w' (v, vj) = dr,uruge) (vi,v5) is called
the representative edge of {v;,v;}. Then the algorithm computes the MST T” of G'. Let R be the
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set of all the representative edges of 7. The algorithm returns the tree 7= F'(J R.

The implementation starts by invoking the <a, 1+ Cﬁl)—SLT algorithm with respect to the set
of terminals. This step requires O (m + nlogn) time. The set R is computed in the same way
as described in Section 3.4.1. (Note that the auxiliary graph described there is the actual graph
used in the current algorithm.) This step requires O (m + nlogn) time. Hence the total time is

O (m+nlogn).

4 Lower bounds

In this section we provide lower bounds on the terminal stretch and lightness of k-terminal trees.
For each lower bound we start with showing a lower bound for graphs and proceed to showing a
lower bound for metric spaces. (Observe that the latter is more general.) The lower bounds exhibit
similar tradeoffs, while the analysis is significantly simpler for graphs than for metric spaces.

4.1 A lower bound for terminal stretch

The following simple lower bound was mentioned in the beginning of Section 3.1.

Theorem 9. For any k there is a weighted graph G with n = 2k vertices and k terminals such that
any spanning tree has terminal stretch at least 2k — 1.

Proof. Consider the cycle graph Coy, such that the terminals and the non-terminal vertices alternate
(As usual V' stands for the set of terminals.) Any spanning tree T' of Cy is obtained by removing
a single edge {v;, v;+1}. Observe that either v; or v;41 is a terminal. Hence

dT (U, 'LL) > dCQk\{’Ui,’UH_l} (Ui7 v’H‘l)

=2k —1.
dCQk (U, U’) B dCQk (Uia U’H—l)

TermStretche,, v (T') = mazyey: yev

O]

Remark 8. The same result for any n > 2k follows by adding additional n — 2k non-terminal
vertices to the graph, and connecting them all to an arbitrary vertex of Cor. In the resulting graph
every spanning tree has terminal stretch at least 2k — 1.

Next we extend Theorem 9 to metric spaces.

Theorem 10. For any k there is a metric space (M,d) with n = 2k vertices and k terminals such
that any spanning tree for (M,d) has terminal stretch at least 2k — 1.

Proof. Let M be the metric generated by the cycle graph Cy, where there are k terminals and
the terminals and the non-terminal vertices alternate. In [Gup01], Lemma 7.1, Gupta showed that
the stretch of every spanning tree of M is at least n — 1 = 2k — 1. Moreover, the maximal stretch
is achieved by an original edge e of Cy;. One of the two endpoints of e is a terminal. Hence the
terminal stretch of any spanning tree for M is at least 2k — 1. O

Remark 9. One can extend Theorem 10 to n > 2k by adding additional n — 2k non-terminal
vertices to M at a large distance from all the terminals. For a spanning tree T of M, if some
shortest path between a terminal v and a vertex u which is belongs to Cor uses at least one of the
new vertices then the terminal stretch is too high. Hence if the terminal stretch is small, the tree
restricted to Cop is connected. Hence by Theorem 10 it follows that the terminal stretch is at least
2k — 1.
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4.2 A lower bound on the lightness in graphs

In this section we prove a lower bound on the tradeoff between terminal stretch and lightness of
k-terminal trees.

Theorem 11. For any positive integer parameters k, n and € > 0 such that k < $n, there exists a
graph G with N = (n + 1) k vertices, such that any spanning tree T for G with terminal stretch at
most (2k — 1) (14 {Z) has lightness at least Q (1).

Proof. Consider the following graph G on N = k- (n + 1) vertices. There are k terminals V' =
{vo, v1, ..., vp—1} in G. For every index ¢ € [0,k — 1], there is a n-vertex path P,. All edges in these
paths have unit weight. Also, for each index i € [0,k — 1], both v; and v, +1(mod &) are connected
to every vertex in P; by edges of weight w, where w > 1 is a parameter that will be determined
later. (To simplify the notation we will henceforward write v;11 instead v, +1(mod )" Generally,

all the arithmetic operations on indexes of vertices vy, ..., vx_1 and paths P, ..., P,_1 are performed
modulo k.) See Figure 4 for an illustration.

Figure 4: An illustration of the graph used in the proof of Theorem 11. The k terminals are
depicted by the big dots. The vertices v; and v;41 are connected to each vertex of an n-vertex path
P; by edges of weight w.

Each spanning tree of G contains N —1 = k + kn — 1 edges. There are k- (n — 1) edges
of unit weight, and all the other edges have weight w. Hence the weight of the MST is at least
k(n—1)-14(2k — 1)-w. It is easy to verify that there actually exists a spanning tree of that weight.
We will show that for any 8 < m, every tree with terminal stretch at most (2k — 1) (1 + )
has weight at least Q(nw).

Let T be a spanning tree for G with terminal stretch at most (2k — 1) (1 + ), for some § > 0.
There exists an index ¢ such that the path between v; and v;41 in T does not use vertices from
the path P;. (Otherwise there is a cycle in T that passes through v, ...,vx_1.) Without loss of

generality assume that ¢ = 0. Therefore, dr (vo,v1) > (k — 1) - 2w.
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Claim 10. For every vertex u in Py, if B < then either (vo,u) or (vi,u) is an edge of T

1
(2k—1)w
Proof. Without loss of generality the shortest path from vy to u goes through v;. Assume for
contradiction that the edge (vi u) does not belong to T'. Then

—-1)2 1
TermStretchG,V/ (T) > dr (Uo, u) _ dr (Uo, Ul) + dp (Ul, u) > (k ) w—+w +
da (vo, u) da (vo, u) w

_ 2k—1+$:(2k—1) <1+(%_11)w) S (k=1 (1+8),

contradiction. O

By Claim 10, g < ST implies that w (7)) > n - w. Hence for every k-terminal tree T

1
2h—1
: . B . . — _w()
with terminal stretch at most (2k — 1) (1 + /), with 8 < i it holds that ¥ (T) TSy =

1
2k—1)w’
k(n—l)?—%' We set w = % Then the condition 8 < m translates to 8 < This

=y
condition implies that

nk nk nk n

U (T) = € = > = .
) k(n—1)+(2k—1)§ ek(n—1)+ 2k — 1)k — enk +2k%2  en+ 2k

As k < £n we obtain ¥ (T) > 5. O

Our algorithm from Theorem 8 guarantees stretch (2k —1)(1+ O (e)) and lightness O (1).
In the graph G from the above proof lightness smaller than % implies stretch at least

(2k—1) (1 + ﬁ) Hence our bounds are tight for £ = O (1), but generally there is a gap

of O (k‘Q) between the upper and lower bounds.

4.3 A lower bound on the lightness in metric spaces

The metric space case is similar to the graph case. We will use the metric closure of the graph from
the previous section. The main difficulty is however to show that the non-graph edges do not help
at all.

For a positive integer parameter k and a k—sequence ng,ni,...,ni_1 of positive integer num-
bers, we define a graph G ngn,,..n,_,- The graph has n = k + ), n; vertices and k terminals.
The k terminals are V' = {vg,...,vx_1}. For every index i € [0,k — 1], there is an n;-vertex path

P;. (We will use P; to denote both the path, and the set of vertices in the path.) All edges in
these paths have unit weight. Also, for each ¢ € [0,k — 1], both v; and v;4; (the index arithmetic is
modulo k) are connected to every vertex in P; by edges of weight w, for a parameter w > 1. Observe

that the graph G from Section 4.2 satisfies G = G ngmy,...np; With ng =ng = -+ =np_y = n.

Let ék,now,nkq denote the metric closure of G ... n, - We also write G = G pg,...n,_, and
G = Grng,..onge_s -
Lemma 11. For any spanning tree T ofék7n07._.7nk_l there exists an index i such that for any vertex
u € P; either - dr (Vi) oy 2 2k —1 or = dT(”“’“)(U_ > 2k — 1.

Gk,no ..... N1 v Gk,no ,,,,, Nj—1 v
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Remark 10. Observe that for a graph spanning tree T this lemma follows directly from the obser-
vation that there exists an index i such that the path in T from v; to viy1 does not contain vertices
of P;. Indeed, for this index i and a vertex u € P;, either (vi,u) ¢ T or (vit1,u) ¢ T. In the former

case dr (Vi) — > 2k — 1 and in the latter dT(U”l’“)_ > 2k — 1. The lemma proves
devnO - (’UZ,’U,) de,nO ..... ng_1 (v1+17u)

this statement in a much greater generality, specifically, for T being a spanning tree of the metric
closure GkanOw-vnk—l of GkanOw-ynk—l'

Proof. For a spanning tree T of ék7n07__.7n and an index ¢ € [0,k — 1], denote by ¢7; the number

k—1

of vertices u in P; such that -— dr (vi,u) ) > 2k —1or = dT(”i“’zg,H m > 2k — 1. We will
@ ko1 Ckngomg_y

show that for any spanning tree 7' there exists an index i such that ¢7; = n;. For a tree T,
define v (T') = min; {n; — t7;}. Observe that ~ (T") > 0. It suffices to prove that for every tree T,
v(T) = 0. Also, let pp = maxy {7y (7)}, where the maximum is taken over all spanning trees of
ék,no,...,nkfr It is enough to show that u = 0, i.e., that for every spanning tree T', v (T") = 0.

For each vertex, we define the right and the left hemisphere with respect to this vertex. Consider
a supergraph, where we replace each path P; by a supernode p;. We obtain the 2k—cycle Cy. The
right hemisphere of v; consists of all the vertices between v; to its antipodal vertex (in the path
Di, Vi+1, Pi+1, - - - ), while the left hemisphere of v; consists of all the vertices in the other shortest
path from v; to its antipodal vertex (p;—1, vi—1, pi—2, ... ). Formally, for a terminal v;, if k is even, let
R(UZ) = U {PZ',{UZ'+1},1D2'+1,...,{1)2-4_%}} and L(Uz‘) = U {{UH-%} ’PH-%’ {UH-%—H} g -;Pi—l}
denote the right and the left hemispheres with respect to w;, respectively. Similarly, if & is
odd then R(v;) = U {_F)i,{vi+1},...7pi+k2;l} and L (v;) = U{PH_;C?;l, {vi+%},...,f)’i,1}.
In addition we define hemispheres for non-terminal vertices. For an index ¢, all the
vertices in P, have the same hemispheres. For a vertex u € P;, if k is even, then

R(u) = U{{’Ulqu},Pi+1,{vi+2},...,.a+g} and L(u) = U{Pz‘+§’{Ui+§+1}’Pz'+§+1""’{vi}}'
It k is odd then R(u) = U{{vi+1},a+1,{vi+2},...,{UH%}} and L(u) =

U {{vw%} ’Pi+%’ {UH%H} e {vl}} (See Figure 5 for an illustration.)

For a vertex u € V and an index i € [0,k — 1], we say that all the edges from u to P, i.e.,
{{u,z} | z € P}, are of the same type. In addition, the edge from u to v; has a unique type. (Note
that each non-terminal vertex might be incident to edges of 2k different types, while a terminal
vertex might be incident to edges of 2k — 1 different types.) An edge e = {u, z} such that u, z are
in the same path P; called a path-internal edge. For illustration of these definitions, see Figure 6.
For a simple path 7 in ék7n07---7nk—1’ we say that m is a one-sided path if for any internal vertex z
in 7, the two edges (x,y1), (z,y2) which are incident on z in 7, connect = to different hemispheres,
i.e., y1 is in the left hemisphere with respect to x, and yo is in the right one, or vice versa.

The proof (that x = 0) is by induction on Zle n; = A. The base case where Zle n; =k (i.e.,

for all i € [0,k — 1], n; = 1) follows by Theorem 10.
During the induction step, in order to use the induction hypothesis we will delete some vertex from
ékynO,m;”k—l‘ By deleting a vertex u from a path P; we get a new graph ékmfo,~~~7”i—1,ni—17ni+1nk—1‘
The weight of all the edges, other than edges whose both endpoints are incident in P;, remain the
same. While for vertices wy,ws in P;, if the shortest path between them in the graph without the
complimentary edges goes trough u, the weight of the edges between them decreases by 1, otherwise
(the shortest path does not use u), the weight of their common edge remain the same.
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R (v;)

Figure 5: An illustration of the partition of the graph to the right and the left hemispheres with
respect to a terminal v;. This example is for odd k. Note that the path P, k-1 is both in the right
2

and the left hemispheres.

The induction step: assume that the claim is true for A and we will prove it for A+ 1. Let T
be some spanning tree of G, ;.. n, , With minimal weight among all the trees with v (T") = u. By

our assumption Zle ni=A+1.

Claim 12. For any vertex u (either a terminal or a non-terminal one), if there exist two edges
{u,a},{u,b} in T that connect u to two vertices a,b € R (u), then the two vertices a and b belong
to the same path P;. The same is true for the left hemisphere L (u) of u as well.

Proof. Suppose for contradiction that there exist two edges {u,a},{u,b} in T as above (i.e., with
a,b € R(u)) and such that these two edges have different type. (In other words, dg (u,a) #
de (u,b).) Without loss of generality dg (u, a) < dg (u,b). We construct a new tree 7' by replacing
{u,b} by {a,b}. This change decreases the weight of the tree. Note that any path 7 in T that uses
the edge {u,b} can be replaced by a similar path that uses the edges {u,a} and {a,b} instead of
{u,b}. Clearly, the length of the path does not change. Hence for every index i, the value t7; does
not increase. Hence 7 (7T') = min; {n — t7,;} does not decrease, i.e., y(T") > v(T). Since T is a
tree with v (T') = p = maxgpr {7y (T")}, it follows that v (T") = v (T') = p. This is a contradiction
to the minimality of the weight of 7" among trees with v () value equal to p. Obviously, the same
argument also applies for a,b € L (u). O

We now continue proving Lemma 11. The rest of the proof splits into a number of cases which
are characterized by existence of certain edges in the tree T

e Case 1: There is a path-internal edge in T. Assume that there is a path-internal edge between
vertices in a path Pj, for some index j € [0,k — 1]. Note that if all the vertices which have
path-internal edges in P; have more than one path-internal edge incident on them in 7', then
the graph induced by those vertices contains a cycle. However, this graph is a subgraph of T',
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A path-internal edge 2 is a common neighbor of u;, us € P;.

Figure 6: An illustration of the special edges that we use in the proof of Lemma 11.
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Figure 7: An illustration of deleting a path-internal edge {u, z} in the tree T

contradiction. Hence there is a vertex u € P; such that u has exactly one path-internal edge
{u, z} incident on u in T. Assume without loss of generality that j = 0. Delete the vertex u
from the graph and from the tree, and replace each edge {u, a} incident on w in 7', by an edge
{z,a}. (Note that u has only one path-internal edge in T, {u, z}. Therefore vertices a as above
do not belong to P; = Py, and this guarantees that the weight of each new edge {z, a}) is equal
to the weight of its source {u,a}). Note also that no multiple edges between the same pair of
vertices are introduced by this operation because T is acyclic. Denote the resulting tree by T”.
Note that 7" is a spanning tree for Gy ng—1.n,...n._,- (See Figure 7 for an illustration.) (7" is
obviously connected and we reduce the number of edges by exactly 1, hence it is a spanning
tree of ak’n0_17n1,m,nk71.) Note that for every two vertices a, b in ék,no_l,m,m,m, we have
dpr (a,b) < dp (a,b). (To see this consider the shortest path 7 from a to bin T. If u ¢ V (7)
then 7 belong to T” as well, i.e., d7v (a,b) < dp (a,b). Otherwise, if {u, 2z} € E(r), then denote

T = (a=wy,wy,..., W, =U,Wpry1 = 2,...,wp, =b). Observe that all the edges of the path
7' = (a=wo,w1,...,Wr—1,Wp41 = 2,...,wp, =b) belong to T', proving the claim. Finally,
if {u,z} ¢ E(m) but u € V (), then write 7 = (a = wo, ..., Wr_1, Wp = U, Wy41,..., W, = b)
and observe that all the edges of the path ©’ = (a = wp, ..., wr—1, Wy = 2, Wyy1,..., Wy =b)

belong to T". The claim follows as the total length of 7’ is no greater than that of 7.) Denote
ny = np — 1, n, = n;, for every i € [1,k — 1]. By the induction hypothesis, there is an index
i such that t7/; = n). If i # 0 then we show that t7; = n;. Indeed, in this case n; = n;.
Also, for every vertex ¢ € P;, it holds that d@wm ''''' . (vi,q) = d@mo """" s (Vit1,9) =

gy o imsm Vi) = dg o (vis1,q) = w, while dr (vi,q) > dpv (vi,q) and

,,,,, n
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dr (vig1,q) > drr (vig1,q). Hence o— drv(vi0) > 2k — 1 implies

Gk,no—l,nl ,,,,, ng_q (Ui’q)
d dT (Uiaq) Z d dT/ (Uiyq) Z o 1.
ék,no ,,,,, ngp_q (Ui7 q) ékmo—l’nlwn,nk_l ('Ui7 q)
Analogously,
dT (Ui+la Q) > dT/ (Ui+1, q)
d@k,no ,,,,, ng_1 (Ui-‘rla Q) o dék7n0_17n1 7777 —_— (Ui-‘rh q)
so if the latter fraction is greater or equal than 2k — 1, so is the fraction dT(viH,%LH -
Gk,no ,,,,, ny_ Tl
Since
dpr (v; A (0
max{d 1 (vi, q) e 7 (Vit1,q) } ok 1,
ék,no—l,nl ..... ng_1 (via q) ék,nofl,nl ,,,, - ('Ui_l,.l, q)
it follows that
dr (v; dr (v
max{d T (Vi 9) e 7 (Vit1,9) } S ok 1.
ak’no """ Nk—1 (Ui, q) aIv,n() ..... ng_1 (vi+1’ q)

Hence t7; > t7v; = n;. Since, by definition, t7; < n;, it follows that t7; = n;, as required.

The case ¢ = 0 is similar. In this case t7vg = ny = ng — 1. For a vertex a € P\ {u, z},

dr (v, a) > dpr (vg, a), and dalmo """ s (vo,a) = Chomg—tmy s (vp,a) = w. Hence
dr (vg, a) drpr (vo, @)
Congom, (V000) g (v0,a)
Observe also that by the same argument
dr (vi,a) S dps (v1,a)
QG iy, W10) —dg o (01,0)

Hence

Gk: NQyenns ng (UO’ a) , 6kz,n0 AAAAA ny, (U17 a)
o { dr (vo, a) d (01, 0) }
)
Ghng—1n1,..np_q (Uo,a) dék ng—1,m1,.cnp_q (Ul’a)

Since each vertex a € Py\ {u, 2z} contributes 1 to ¢z, it means that

max dr (vo,0) dr (11, 0) > 2k — 1.
. (v1,a)

—-1,nq,..., N1

Hence




i.e., the vertex a contributes 1 also to t7. Moreover, dr (vo,u),dr (vo,2) > dr (vo, ), and
analogously dr (vi,u),dr (vi, 2) > dgr (v1,2). Since z contributes 1 to t7v it follows that u
and z each contribute 1 to t79 and so t7,90 = ng, completing the proof of case 1.

e Case 2: There are no path-internal edges in T, and there is a path P;, with two vertices
ui,uz € P; which have a common neighbor z ¢ P;. (Observe that there can be at most
one common neighbor of u; and ug in T.) Without loss of generality, ¢ = 0. Similarly to
the previous case, delete uy and replace any edge {ug,a} by the edge {uj,a}. Denote the
resulting tree by 7”. Note that 7" is a spanning tree for Ggng—1n,...ne_,- (I” is obviously
connected and we reduce the number of edges by exactly 1.) Note also that for each two
vertices a,b in Ggng—1my...np_ys it holds that dr (a,b) < dr(a,b). To see this, consider
the shortest path m from a to b in T. If the vertex us does not belong to w then the
claim is trivial. Otherwise, write 7 = (a = wo, ..., Wr_1, Wy = U2, Wy41,-..,wp = b). Let
' = (a=wp,...,Wr—1,Wr = UL, Wy41,...,w, =Db). Note that 7’ is a path from a to b in T”,
and the length of 7’ in T” is equal to that of 7 in T. Hence dp/(a,b) < dr(a,b). Therefore,
for every q € P;,

d 3 d i+1
max{d 7 (vi,9) 7 (vi1,9) }

ék,no 1 (/Ui’ q) 7 dék,no ..... Np_1 (Ui-‘r].) q)

drr (vi, q) drr (vit1,9)
ék,no 1,nq 1 (Ui7q) dék,nofl,nl ,,,,, ng_1 (vi+1’q)

Denote ny = ng — 1, n;, = n;, for every ¢ € [1,k —1]. By the induction hypothesis, there is

a path P, such that tpr; = nh. If @ # 0 then obviously t7; = tyv; = nf. Otherwise, i = 0.

Every vertex a € Py\ {u2} contributes 1 to t7v o, and hence contributes 1 also to t7. Also,

dr (u2,v0) > dpr (u1,vo) and dp (u2,vg—1) > dpr (u1,vE—1). Since u; contributes 1 to t7, it

follows that ug contributes 1 to t7v o as well. Hence tr g =t g+1 = ny+1 = no, as required.

e Case 3: There are no path-internal edges, and for every index i € [0,...,k — 1], no two
vertices in P; have a common neighbor in 7. Hence for every vertex v, the set of edges
incident on v in 7" may contain at most one edge connecting it to its left hemisphere, and
at most one edge connecting it to its right hemisphere. Indeed, by Claim 12, v cannot be
incident on two edges of different type connecting it to its left (or right) hemisphere. Also, if
v is incident on two edges of the same type, then the other endpoints of these edges belong
to the same path P; and have a common neighbor v. This is a contradiction. Hence any path
7w in T is one-sided. There exist two terminals v;, v;41 such that there is no path between
them of length 2w. (Otherwise, there is a cycle.) Hence for all u € P;, either {v;,u} ¢ T
or {vit1,u} ¢ T. Without loss of generality, {u,v;} ¢ T. Then the shortest one-sided path
between u and v; is of length at least (2k — 1) w (since it must visit each terminal), implying
that the stretch between u and v; in T is at least 2k — 1. Hence t7; = n;, as required.

O

Now we are ready to prove the main theorem of this section. It states that with respect to the
tradeoff between the terminal stretch and the lightness, a metric spanning tree for Gy ... n can
do no better than a graph spanning tree for the same graph.
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Vi u Vi+1

Figure 8: A visualization of the contradiction in the proof of Theorem 12. We assume that u has
no incident edge of weight w. From the assumption that the distance from u to v; is (2k — 1) w we
conclude that the distance from ¢ to v; is larger than (2k — 1) w, which is a contradiction.

Theorem 12. For any positive integer parameters k, n and ¢ > 0 such that k <

€
- 2
tree T of Gy non,...n, Where w = %, with terminal stretch at most (2k — 1) (1 + ﬁ) has lightness at

least Q) (%)

n, any spanning

Proof. Fix a spanning tree T of ékmn By Lemma 11, there is a path P; such that for any
u € P;, either the pair {v;,u} or the pair {v;41,u} incurs stretch at least 2k — 1. We will show that
each u € P; is incident at a not path-internal edge in 7. (Each such an edge has weight at least
w.) Before proving this assertion we make a few observations.

e Each u € P; is at distance at most (2k — 1) - w from both v; and v;y;. Otherwise, the
respective distance (assume without loss of generality that it is between u and v;) is at least
(2k —1)w+ 1, and so

dr (u,v;) o @k-Nw+1 B 1
dg,  (u,v;) N w = (2k 1)<1+(2k—1)w>

= (2k—1) <1+(2k_€1)k> >(2k—1)(1+#>.

This contradicts the assumption that T has terminal stretch at most (2k — 1) (1 + 55z).

e Each u € P; is at distance exactly (2k — 1) - w from either v; or v;;1, this follows by the
assumption that u is of distance at least (2k — 1) w from v; or v;4; and the previous observa-
tion.

e Given any tree T', and two vertices u1,ug, such that u; and ug are neighbors in 7', it holds
that for any vertex v ¢ {u1,us2}, the path from u; to v passes through ug or the path from
u9 to v passes through u;.

Assume by contradiction, that there is u € P; with no incident edge of weight at least w. Let
p be the first vertex on the (unique) path from u to v; in T, and ¢ be the first vertex on the path
from u to v;41 in T. Both p and ¢ belong to P;. Without loss of generality, dr (v;,u) = (2k — 1) w.
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Hence dr (vi,p) < dr (vi,u) = (2k — 1) w, which implies dr (vit1,p) = (2k — 1) w. The path in T
from p to v;41 passes through u, as otherwise p = ¢, and so dp (vi+1,u) > dr (vit1,q) = (2k — 1) w,
contradiction. Hence p # ¢g. Necessarily the path in T from ¢ to v; passes through u, which implies
dr (vi,q) > dp (vi,u) = (2k — 1) w, contradiction.

We conclude that w (7T") > n - w. Hence,

n

w(T) n-w
> .
+(n—1)k en+2k

V)= 08T 7 @ Dwt (- Dk @k 1)

o

ol 3

As k < §n we obtain W (T) > 5, as required. O

5 NP-completeness of finding minimum weight spanning tree with
terminal stretch (2k — 1) «

In this section we discuss the hardness of finding an MST with small terminal stretch. The main
result presented in this section (Theorem 15) is that for small enough 3, a graph G and a subset
of terminals K, it is NP-hard to decide whether there is an M ST with terminal stretch at most
(2k — 1) 8. The proof is by a reduction from a problem presented in [KRY93]. Its definition is
provided below.

Definition 5. Given a weighted graph G = (V, E,w), and a subset of terminals K C V', a spanning
tree T of G with TermStretch at most o (with respect to K ) and lightness at most 3 is called an
(o, B) —k—LTT (LTT stands for light terminal tree). Given a weighted graph G = (V, E,w), and a
subset of terminals K C V, the decision problem of determining whether there is an (o, ) —k—LTT
in G is called the (o, 5)-k-LTT-problem.

Definition 6. Given a weighted graph G = (V, E,w) and a root vertex x € V', a tree T" with stretch
at most a with respect to x (i.e., for ally € V, dp(z,y) < a-dp(z,y)) and lightness at most [ is
called an (o, B)—SLT. Given a weighted graph G = (V, E,w), and a root vertex x € V', the decision
problem of determining whether there is an (a, ) — SLT in G is called the (a, B)-SLT-problem.

Note that an (o, B)—SLT is an (o, B)—k—LTT with k = 1. Define § (G) = ming, wyepda (u, w)
to be the minimal weight of an edge in the graph G. Define D (G) = maz{y wyerdc (v, w) to be the
maximal weight of an edge in the graph G.

Theorem 13. (From [KRY93]) For a fized 1 < a < 2, the (o,1) — SLT problem is NP-complete.
Moreover, restricted to graphs G with 6 (G) =1 and D (G) = 5.5, the (a, 1) — SLT problem is still
NP-complete.

Khuller et al. in [KRY93] proved that the (o, 1) — SLT problem in NP-complete by a reduction
from 3-SAT. They actually showed also that for every 5 < 1+ %, the (o, ) — SLT problem is
NP-complete as well. However, we will only need the case § = 1. We start with a basic version
of this problem, i.e., by showing that determining if there exists an MST with terminal stretch at
most 2k — 1 is NP-complete.

Theorem 14. (2k —1,1) — k — LTT problem is NP-complete.
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Proof. The proof is by a reduction from (o, 1) — SLT, which is NP-complete by Theorem 13. We
are given a graph G = (V, E,w), a vertex r € V and a constant 1 < o < 2. We construct a
new graph G which consists of k copies of G (denoted G1, G, ...,G) where the vertices of G; are
{ui | w € V}) and k additional terminals. In addition to the edges of the copies of G, there is a
cycle Co, = {v1,71,v2,72, ..., Uk, Tk}, where {v1,..., v} are the terminals, and {r1,...,r;} are the
k copies of the vertex r. All cycle edges have weight z > D (G). In addition, from any terminal v;,
there is an edge to every vertex s in the ith and the (i — 1)st copies of G. These edges have weight

x+ %&5) (See Figure 9 for an illustration.)

Figure 9: An illustration of the graph G constructed in the proof of Theorem 14. There are k copies
of GG, where the copy i is rooted at the vertex r;. There are k additional terminals. The roots and
the terminals placed on a cycle, and the two sets alternate. Each terminal has edges to all vertices
that belong to one of his two neighboring copies.

Now we analyze the reduction. In other words, we show that there is an MST T of G = (V, E,w)
with stretch « from r if and only if there is an MST T of G with terminal stretch 2k — 1 with
respect to {vi, ..., vk}

e Assume that T is an MST of G with stretch o with respect to ». We construct a tree T for
G. T consists of k copies of T and all the edges of Coy, except of {ry,v1}. T is an MST. (It
is obviously a spanning tree, and it contains no edge which is the heaviest in some cycle.)
Obviously the greatest stretch is achieved on edges connecting vy to vertices of Gi. Hence it
is sufficient to show that the stretch of those edges is bounded by 2k — 1. For all s in Gy,

dp(vi,s6)  (2k—1)x+dp(r,s) < 2k -1z +a-dg(r,s) ok _ 1
de (v1, k) T+ a'glfqu) B T+ a'gl,ff’;s) ’

as required.
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e Assume that 7" is an MST of G with terminal stretch 2k — 1. For all i, the edges connecting
v; to any vertex in G; or G;41 except for r;, ;41 cannot belong to T, because each such an
edge is the heaviest edge in a cycle. (Recall that x > D (G) ). Hence exactly 2k — 1 edges
from C9; have to be part of T, as otherwise 7' is either not connected (if it contains less than
2k — 1 edges of Cyy) or contains a cycle (if it contains exactly 2k edges of Cyy). Without loss
of generality {ry,vi} ¢ T. Let T be the subgraph of 7" on the edges of Gj,. Necessarily T is a
spanning tree of Gj. It remains to show that 7" has stretch o with respect to 7. (This will
complete the proof because Gy and G are isomorphic.) For all s € V,

dr (rk,sk)  _ dp (Vi sk) —dp (vi,me) _ (2k 1) -dg (v, 6) — 2k — 1)@
de (Tkv Sk) dG (Ta 5) o dG (Tv S)
a-dg(r,s)
k=D () @k D ogg(rns)
o dg (r, s)  da(rs)

O]

Next we generalize Theorem 14 by relaxing the condition on terminal stretch. Specifically,
we show that determining if there exist an MST with terminal stretch at most 2k — 1 + 2’;—;1 is
NP-complete as well.

Theorem 15. Fork>2 and 1 < <1+ 6%, ((2k—1)pB,1) — k— LTT 1is NP-complete.

Proof. The proof is (also) by a reduction from the (a,1) — SLT problem for « = 2. Here we
restrict the (a, 1) — SLT problem to graphs G where § (G) =1 and D (G) = 5.5. (Recall that by
Theorem 13, this problem is NP-complete.) We are given a graph G = (V, E,w), vertex r. Set
also a = 2. Let G be the graph constructed in the proof of Theorem 14, with the following small
modification. The weight of every edge from a terminal v; to a vertex s in one of the two neighboring
copies of G (other than the roots r; and r;11) is set to % + % . dgk(ﬁ’f) instead of = + O"gﬂqs). (The
weight of the edges between v; and 7, r;41 is still x.)

Fix x = 6, recall that o = 2. Note that for 5 € [1, 1+ 6%], the following two properties hold:

1. For every s € V\ {r}, z < %Jr%% This inequality holds because
z Q.L(T’S):QJFEJG(T’S)E 11 6+-—2 ) >6—2
B B8 2%k—1 B B 2k—1 " 1+L % —1

(The first inequality is because dg (7,s) > 1 = 0(G).)

2. Forevery s € V\{r}, x +dg(r,s) > 5+ G- dgk(i’f). This inequality follows since § > 1 and

1> 75(2,2‘_1).

Note that the first property combined with the fact that > D(G) implies that any MST of G
does not contain edges incident on terminals except for edges of Cor. We argue that there is an
(o,1) = SLT in G if and only if there is an ((2k — 1) 5,1) —k — LTT in G.

e Assume that T is an (a, 1) — SLT in G, i.e., there exists an MST T of G with stretch at most
« with respect to r. We construct a tree T' which consists of k copies of T and all the edges of
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Cyy, except for {rg,v1}. T is an MST of G. (It is obviously a spanning tree, and it contains no
edge which is the heaviest in some cycle.) Similarly to the proof of Theorem 14, the greatest
stretch is achieved by edges that connect v; with vertices of Gj. Hence it is sufficient to show
that the stretch of those edges is bounded by (2k — 1) 5. By the second property, for every

s € V' \ {r}, it holds that dg (vi,sK) = 5+ § dgk(i’f). Hence for every vertex sj in G,

dos _ — .
dplone) ko Drddilng g GkoDrvadalng g o _y) .
dG”(Ul,Sk) %+% 2Gk_71 T+ao- 2Gk‘—71

Hence T is an ((2k — 1) 8,1) — k — LTT of G, as required.

e Assume that T is a ((2k —1)8,1) — k — LTT in G. Hence there is an MST T of G with
terminal stretch at most - (2k — 1). We saw that the edges from v; to any vertex s in G; or
Gi+1 except for r;, r;+1 cannot belong to T. In addition, exactly 2k — 1 edges from Cy have
to belong to 7. Without loss of generality, {ri,v1} ¢ T. Let T be the subgraph of 7" induced
by the edges of G. Necessarily T is an MST of G. (It is obviously a spanning tree, and it
does not contain any edge which is the heaviest in some cycle.) Hence for all s € V' \ {r},

dr(r,s)  dp (Ul, sk) —dp (k) _ 2k —1)B-dg (v1,50) — 2k — 1)z
dG (T’ S) B (Tku Sk) o dG (Tv 3)
(2k—-1)p8- <%+g 2k(?"f)> (2k—1)x _a-dg(rs)

B
dg (r, s)  dg(r,s) -
hence T is a («, 1) — SLT of G as required.
O

Remark 11. We conclude that given a weighted graph G = (V, E,w), a subset of terminals K CV
of size k and a constant § < 1+ 6ik it 1s NP-hard to find a spanning tree of G of minimal weight
among all the spanning trees with TermStretch at most (2k — 1) 3.

We leave as an open problem the question whether ((2k — 1) o, 8) — k — LTT is NP-complete
for more general values of o and S.
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Part II1
Probabilistic Embedding

This part is dedicated to probabilistic embeddings, i.e, a distribution over embeddings into trees,
and the goal is to bound the expected distortion. In Section 6 we present an embedding of any
metric space into a distribution over ultrametrics with strong terminal distortion. This result is
obtained via a delicate modification of [FRT04]. In Section 7 we show an embedding of an arbitrary
graph into a distribution over its spanning trees with strong terminal distortion. This result is based
on the petal decomposition technique of [AN12].

6 Probabilistic Embedding into Ultrametrics with Strong Termi-
nal Distortion

Let (X, d) be a metric on n points, and K C X the set of terminals of size |K| = k. Theorem 4
combined with [FRT04] gives an embedding into a distribution over ultrametrics with expected
terminal distortion O(logk). However, this does not give any guarantee on the distortion of two
non-terminal points.® In order to obtain strong terminal distortion, we modify the FRT algorithm,
so that it gives “preference” to the terminals. In particular, the heart of the FRT algorithm is a
construction of a random partitioning scheme, based on [CKR04], whose purpose is to decompose
the metric to bounded diameter pieces, such that the probability of separating pairs is “sufficiently
small”. The partition is created by choosing a random permutation of X, a random radius in some
specified interval, and then creating clusters as balls of the chosen radius, in the order given by the
permutation. To obtain improved expected distortion guarantees for the terminals, we enforce them
to be the first k£ points of the permutation. We show that this restriction improves dramatically
the expected distortion of any pair that contains a terminal, while all the other pairs suffer only a
factor of 2 in the expected distortion bound.

Theorem 16. Given a metric space (X, d) of size | X| =n and a subset of terminals K C X of size
|K| = k, there exists a distribution over embeddings of X into ultrametrics with strong terminal
distortion (O(log k), O(logn)).

Proof. Let A be the diameter of X. We assume w.l.o.g that the minimal distance in X is 1, and let
§ be the minimal integer so that A < 2°. We shall create a hierarchical laminar partition, where for
each i € {0,1,...,68}, the clusters of level i have diameter at most 2¢, and each of them is contained
in some level 7 + 1 cluster. Recall Definition 4. The ultrametric is built in the natural manner,
the root corresponds to the level ¢ cluster which is X, and each cluster in level ¢ corresponds to
an inner node of the ultrametric with label 2¢, whose children correspond to the level i — 1 clusters
contained in it. The leaves correspond to singletons, that is, to the elements of X. Clearly, the
ultrametric will dominate (X, d).

In order to define the partition, we sample a uniformly random permutation, such that the
terminals are its preface, and sample some number § € [1,2]. In each step, each vertex x chooses
the vertex u with minimal value according to m among the vertices of distance at most 3; = 322
from z, and joins the cluster of u. Note that a vertex may not belong to the cluster associated with

51n fact, it is not hard to verify that this approach may lead to unbounded distortion.
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it, and some clusters may be empty (which we can discard). The description of the hierarchical
partition appears in Algorithm 2.

Algorithm 2 Modified FRT(X, K)

1: Choose a random permutation 7 of X such that 7! (K) = [k].
2: Choose 8 € [1,2] randomly by the distribution with the following probability density function
P () = 7is-
Let Ds = {X}; Assign the label 2% to Ds; i ¢+ 6 — 1.
while D, has non-singleton clusters do
Set B; «+ f3-2172.
fori=1,...,ndo
for every cluster S in D;;; do
Create a new cluster in D;, consisting of all unassigned vertices in S closer than f; to
7 (1).
Assign the label 2¢ to Dj;
9: end for
10: end for
11: 141 — 1.
12: end while

Let T denote the ultrametric created by the hierarchical partition of Algorithm 2, and dp (u,v)
the distance between w to v in T'. Consider the clustering step at some level ¢, where clusters in D; 11
are picked for partitioning. In each iteration I, all unassigned vertices z such that d (z,7(1)) < S,
assign themselves to the cluster of 7(1). Fix an arbitrary pair {v,u}. We say that center w settles
the pair {v,u} at level 4, if it is the first center so that at least one of u and v gets assigned
to its cluster. Note that exactly one center w settles any pair {v,u} at any particular level.
Further, we say that a center w cuts the pair {v,u} at level 4, if it settles them at this level,
and exactly one of v and v is assigned to the cluster of w at level i. Whenever w cuts a pair
{v,u} at level 4, dr (v,u) is set to be 271 < 83, We charge this length to the vertex w and
define d¥ (v, u) to be Y, 1 (w cuts {v,u} at level 7)-83; (where 1 (-) denotes an indicator function).
Clearly, dr (v,u) <) cx dF (v, u).

We now arrange the vertices of K in non-decreasing order of their distance from the pair {v, u}
(breaking ties arbitrarily). Consider the sth terminal ws in this sequence. We now upper bound
the expected value of dy* (v,u). W.lo.g assume that dx (ws,v) < dx (ws,u). For a center w; to
cut {v,u}, it must be the case that:

1. dx (ws,v) < B; < dx (ws,u) for some i.
2. wy settles {v,u} at level i.
20=2 if gy < 2072
For any i, let g;(y) = S v if y € [2072,2071), for 1 < a < bit holds that [a,b) = ;s,lgi(a), i (b))
22'71 if y > 21‘71
(where [z, z) = (). Moreover, it holds that

P ; P a b 9:(b)/2°7% 4 p 9i(b)  q J
I'[B’L € [aa )] =rIr |:ﬁ € |:2117211>:| _/gi(a)/QiQ xln?2 x_él(a) zln2 v
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Conditioning on 3; € [dx (ws,u), dx(ws,v)), any one of wy, ... w, can settle {v,u}, and the proba-
bility that wy is first in the permutation among wi, ... ws is % Thus we obtain,

Eld7: (v,u)] <

8xr - — -
gi(dx(wsﬂ))) s xzln2

gi(dx (ws,u)) 1 dx
/ )

i>2

-5 /dX(wsy)d— O () — dx (s, )) < 2 - de(v,)
~ s5-1n2 d(ws,w) T= g X\ Wsy U x(Ws,0)) < —= - dx (v, u) -

The crucial observation is that if y € X \ K, and at least one of v, u is a terminal, w.l.o.g v € K,
then y cannot settle {v,u}. The reason is that v always appears before y in 7, so v will surely be
assigned to a cluster when it is the turn of y to create a cluster. This leads to the conclusion that
forallve K and u € X

k k
Eldr(v,u)] < E[df (v, u)] (2 16dx (v, u) Z% = O(logk) - dx (v,u) .
s=1 s=1

It remains to bound the expected distortion of non-terminal pairs, so fix some v,u € X \ K.
Arrange the vertices y1, ..., yn—x of X\ K according to their distance from {v, u}, in non-decreasing
order. A similar reasoning as above gives the bound of (3) for the sth vertex ys in this ordering to
cut {v,u} (recall that the permutation over the non-terminals is uniformly distributed). In fact,
the bound is even slightly loose, because we disregard the possibility that a terminal will settle
{v,u}. We conclude that

k n—k
Bldp(v,)] < DO BIEE(v,u)] + Y Bl (v, u)]
s= s=1
1 k 1 n—~k 1
< 16dx (v, u) <Z 5 + Z s>
s=1 s=1
= O(logk +logn) - dx(v,u)

= O(logn)-dx(v,u) .

O]

7 Strong Terminal Embedding of Graphs into a Distribution of
Spanning Trees

In this section we consider strong terminal embedding of graphs into a distribution over their

spanning trees. We will show (O(logk), O(logn))-strong terminal distortion as promised in the
introduction.

Theorem 17. Given a weighted graph G = (V,E,w) on n wvertices, and a subset of k termi-
nals K C V, there exists a distribution over spanning trees of G with strong terminal distortion

(O(logk),O(logn)).
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We will use the framework of [AN12], in particular their petal decomposition structure in order
to obtain the distribution over spanning trees. Roughly speaking, it is an iterative method to
build a spanning tree. In each level, the current graph is partitioned into smaller diameter pieces,
called petals, and a single central piece, which are then connected by edges in a tree structure.
Each of the petals is a ball in a certain metric. The main advantage of this framework, is that it
produces a spanning tree whose diameter is proportional to the diameter of the graph, but allows
very large freedom for the choice of radii of the petals. Specifically, if the graph diameter is A, each
radius can be chosen in an interval of length ~ A. Intuitively, if a pair is separated by the petal
decomposition, then its distance in the tree will be O(A). So we would like a method to choose
the radii, that will give the appropriate bounds both on pairs containing a terminal, and for all
other pairs, simultaneously. We note that in the star-partition framework of [EESTO08] (used also
in [ABNO8]), the tree radius increases introduces a factor to the distortion that inherently depends
on n, which does not seem to allow terminal distortion that depends on k alone.

In order to “take care” of pairs containing a terminal, we will need to somehow give the terminals
a “preference” in the decomposition, as we did in Section 6. Since the [CKR04, FRT04] style
partitioning scheme cannot work in a graph setting (because it does not produce strong diameter
clusters, and the cluster’s center may not be contained in it), we turn to the partitions based
on truncated exponential distribution as in [Bar96, Bar04, ABN08]. To implement the “terminal
preference” idea, we first build petals with the terminals as centers, and only then build petals for
the remaining points. There are few technical subtleties needed to assure that pairs containing a
terminal suffer small expected distortion. By a careful choice for the petal’s center and the interval
from which to choose the radius, we guarantee that in a level where no terminals are separated,
none of the relevant balls around terminals are in danger of being cut. Using that the radius of
clusters decreases geometrically, we conclude that each ball is “at risk” in at most O(log k) levels.

7.1 Petal decomposition description

Algorithm 3 7' = hierarchical-petal-decomposition(G[X], zo,t, K)

1. if | X| =1 then

2. return G[X].

3: end if

4: Let (Xo,...,Xs, (y1,21),- -+, (ys, Ts), to, . .., ts) = petal-decomposition(G[X], zo,t, K);
5. for each j € [0,...,s] do

6: Tj = hierarchical-petal-decomposition(G[X],z;,t;, K N X;);

7: end for

8: Let T be the tree formed by connecting Ty, ..., Ts using the edges {y1,z1},...,{ys, Ts};

In this section we present the petal decomposition algorithm, and quote some of its properties.
We do not provide full proofs of these properties, these can be found in [AN12].

We start by executing the recursive procedure hierarchical-petal-decomposition with
parameters (G, xg,zg, K), for an arbitrary vertex xo (which is our initial center and target).
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Algorithm 4 (Xo, ..., Xs, {y1,z1},...,{ys, s}, to,...,ts) = petal-decomposition(G[X], zo,t, K)
1: Let A = Ax z; Let Yo = X; Set j = 1;
2: if dx(iL‘o,t) > 5A/8 then

3:  Let (X1,x1) = create-petal(X,t,xo, [dx(zo,t) — BA/8,dx(xo,t) — A/2], K);
4: LetYEZYO\Xl;

5. Let y; be the neighbor of 21 on P, (the one closer to z);

6: Set to =1, t1 =1t; j = 2;

7: else

8: set tg = t.

9: end if

10: Creating the terminal petals:

11: while K N }/jfl \Bx($0,3A/4) 75 0 do

122 Let t; € Y;_1 N K be an arbitrary terminal satisfying dx (zo,t;) > 3A/4;
13:  Let (Xj,z;) = create-petal(Yj_,t;,zo,[0,A/8], K);

14 Yy =Y\ Xj;

15:  For each edge e € Pyy;, set its weight to be w(e)/2;

16:  Let y; be the neighbor of x; on Py, (the one closer to zo);
17 Letj=j+1;

18: end while

19: Creating the non-terminal petals:

20: while Y;_; \ Bx(z0,7A/8) # 0 do

21:  Let t; € Yj_1 be an arbitrary vertex satisfying dx(xo,t;) > TA/8;
22:  Let (Xj,z;) = create-petal(Yj_1,t;, xo, [0, A/32],0);

23 Vi =Yia\ Xj;

24:  For each edge e € Py, set its weight to be w(e)/2;

25:  Let y; be the neighbor of z; on Py, (the one closer to xo);
26: Letj=7+1;

27: end while

28: Let s =75 — 1;

29: Creating the stigma Xo:

30: Let Xog =Ys;

hierarchical-petal-decomposition calls the algorithm petal-decomposition, and gets back
a partition of V' to sets Xo, X1,...,Xs, a set of edges (y1,21),...,(ys,zs) and a set of vertices
to,...,ts. The sets Xq,..., X, are called petals, they are balls in a certain metric called a “cone
metric” which is defined at Definition 7. The set X is called a “stigma”, it is the remainder of G
after we “tear off” the petals. For each index i > 1, x; is the center of the petal X;, while ¢; is its
target. The algorithm proceeds recursively by executing hierarchical-petal-decomposition on
each of the petals and on the stigma with the appropriate center and target. Each of the recursive
calls generates a tree T;. We connect the different trees we get from the different recursive calls
using the edges (y1, 1), ..., (ys, Ts), to construct a tree T, which is in particular the output of our
algorithm. Our version of hierarchical-petal-decomposition differs from the version of [AN12]
only by sending additional data to petal-decomposition about the identity of the terminals.
The petal-decomposition procedure is the main procedure in our algorithm. It is responsible
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Algorithm 5 (W, z) = create-petal(X,Y,t, z, [lo, hi], K)

1 We=Uper, i dy wty<r Bvio(vaop) (s (= dy (p: 1)) /2);

2: if K # () then

3:  [lo, hi] = reform-interval(Y,t, xo, [lo, hi], K);

4: Ly = [loglogk]; R = lo — hi;

5. Let 1 < g < Lj be the minimal integer satisfying ‘VVlOJqu/Lk ‘k < 21;1'3(%’
Set a=1lo+(¢q—1)R/Ly, b =a+ R/2Ly, x = ‘f;l,’:—';l, X = max{yx,e};

6: Set A= (2lnx)/(t/ —a) = (4LxInx)/R = (160LxIn x)/A;

7: else

8: L, = [loglogn]; R = lo— hi;

9:  Let 1 < ¢ < L, be the minimal integer satisfying ‘T/VloJqu/Ln‘ < 2105'}%,

Set a=lo+(q—1)R/Lp, V' =a+ R/2L,, x = ||)I(/I|/j|1, X = max{x, e};
10 Set A= (2Iny)/(t/ —a) = (4L, InY)/R = (27L, Inx)/A;
11: end if

12: Sample r € [a, V'] according to the truncated exponential distribution with parameter A, which

>\.€7>\r
e—Na_eg—Xb)

13: Let ' < r be the maximum value such that there exists a point p, of distance ' from ¢ on
Pxot;
14: return (W, p,);

has the following density function: f(r) =

to partition a given graph G into petals and stigma, and in addition to provide to each new petal
a center and a target, and also a set of edges which will be used to connect between the different
petals and the stigma. The procedure creates petals sequentially, by calling to the create-petal
procedure, and providing it with the remaining graph, the center xy, a target chosen for this
particular petal, the overall set of terminals and interval from which the create-petal procedure
is supposed to pick a radius. The procedure starts by (possibly) creating a special first petal X,
around the target t. Then it proceeds by creating petals X;, using terminal as targets, and when no
potential terminals remain, it proceeds by creating petals around regular vertices, until no vertices
remain outside of a certain ball around the center xg. The remaining un-assigned vertices become
the stigma Xg. For each new petal X, after its creation, we divide by 2 the weight of the edges
between the root of the petal x; and its target t;. This technical change used in the analysis of
[AN12] to bound the radius of the created tree. We say more about this issue and its implications
at Fact 3 and the discussion following it. Our Version of petal-decomposition differs from the
version of [AN12] in:

1. While in the original algorithm the targets were chosen arbitrarily, in our version we first
choose terminals as targets, and only when there are no terminals left sufficiently far from
xg, we choose the other vertices as targets. The purpose of this ordering, is to ensure that
only the terminal petals may cut certain balls around the other terminals.

2. The segments sent to create-petal procedure. In the various calls to create-petal, we
sent different segments than in the original version. However, our intervals are contained in
the intervals sent in the original version. The purpose of this change is to ensure that petals
which are created in line 22 are far away from any non-covered terminal.
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Algorithm 6 [l0', hi'| = reform-interval(Y,t,x, [lo, hi], K)
Let W, = UpEPzOt: dy (p,t)<r B(Yvﬂ(yﬂﬁoyp))(p’ (r —dy (p’ t)>/2);
Set o < hi — lo;
if K C Wj,i3,/5 then
return [lo+ 4a/5, hil;
end if
if KN VVlo—i-Qoz/5 = @ then
return [lo,lo+ a/5];
end if
return [lo+ 2a/5,lo + 3a/5];

3. We stop constructing petals at different radii for terminals and non-terminals. When there
are no more terminals outside Bx(zo,3A/4) we start handling the non-terminals, but only
those outside Bx (zg,7A/8). This again guarantees that non-clustered terminals will not be
affected by non-terminals. In the original version there is no such transition. In particular,
this change implies that the upper bound on the radius of the stigma bounded by %A, rather
than by %A as in the original version.

The create-petal procedure, receives from the petal-decomposition procedure as an input
the global set X, the current cluster Y (the remaining graph after deleting the previously created
petals), the center xg, target ¢ for this specific petal, set K of terminals (in X) and an interval
[lo, hi] from which create-petal is supposed to choose radius for the new petal. create-petal
starts by specifying a sub interval of [lo, hi] by calling to reform-interval, which is explained
below. Then create-petal samples a radius according to a truncated exponential distribution
with parameter A\. This parameter is essentially the density change of terminals (respectively, all
vertices) between a large ball and a small ball around the target. This procedure can be viewed as
the probabilistic equivalent of petal-decomposition from [AN12]. The original procedure finds
deterministically a radius that separates a small fraction of the edges to get small distortion in
average, while we sample a radius to obtain small distortion simultaneously for every pair, but only
in expectation. However, our procedure picks a radius from the given interval, and this is all what
we need to inherit the properties we are interested in from the original algorithm.

The reform-interval procedure does not appear at all in the original version. It gets an
interval [lo, hi] it addition to the current cluster Y, the center ¢, the target ¢ of the current petal
and a set of terminals K (all the terminals in X). It returns a sub interval of [lo, hi] of size
(hi — lo)/5, a change which is not significant for our analysis. The purpose of this is to ensure
that certain balls around terminals may be cut only at levels when some terminals are separated
(note that there can be at most k such levels). The features of this subinterval are formulated in
Claim 14.

Next, we quote some properties of the petal decomposition algorithm proved in [AN12]. Their
proofs remain valid even after our modification, because the algorithm allows for arbitrary choice
of targets after the first petal is built, and allows any radius in the appropriate interval. For a
subset X C V, let Ax ,, denote the radius of G[X]| with respect to zo (the maximal distance from
xo in G[X]). We often omit the subscript xg if it is clear from the context.

Fact 1. For a graph G, a wvertex set X, and some wvertices xzg,t € X,
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petal-decomposition (G [X],xo,t,K) returns (Xo,...,Xs,{y1, 21}, {¥s, Ts},t0,.-,ts)
such that for each j < s, Ax; o < TAX 2,/8.

Fact 2. The hierarchical-petal-decomposition algorithm returns a tree.

Fact 3. Every edge e € E can have its weight multiplied by % at most once throughout the execution
of the algorithm. 7

Fact 4. For a graph G and tree a T created by the hierarchical-petal-decomposition,
Ar < 4Aq.
Fact 5. Let 1 < j < s be an integer and z € Y;,° then Py, (X) C G[Yj].

From Fact 4 we can deduce that if the radius of G was A (with respect to some vertex x() then
the diameter of the tree created by the hierarchical petal decomposition is bounded by 8A. In lines
15 and 24 of the petal-decomposition procedure we divide the weight of some edges by 2. By
Fact 3 it can happen to any edge at most once, so in the analysis of the distortion we will ignore
this factor (for simplicity). We now formally define the cone-metric, which is the metric used for
creating petals, and some of its properties.

Definition 7 (Cone metric). Given a graph G = (V,E,w), a subset X C V and
points x,y € X, define the cone-metric p = p(X,z,y) : X2 — Rt as plu,v) =
[(dx (2, u) — dx (y,u)) — (dx(z,v) = dx(y,v))].

This is actually a pseudo metric. For a cone metric p = p(X, z,y),

ply,uw) = [(dx (2, u) = dx(y,u)) = (dx(z,y) = dx(y,9))| = dx (x,y) + dx (y,u) — dx (z, u)

is the difference between the shortest path from z to v in G[X] to the shortest path from z and
u in G[X] that goes through y. Therefore, the ball B x ,) (y,r) in the cone metric p = p(X,z,y)
centered in y with radius r, contains all such vertices u. Denote by Py, (G) the shortest’ path
between x and y in G. If Y is a subset of the vertices of G, we denote by P,,(Y) the shortest path
from z to y in G[Y].

A petal is a union of balls in the cone metric. In the create-petal algorithm, while working
in a subgraph G[Y] with two specified vertices: a center xg and a target ¢, we define W,. (Y, xg,t) =
UperOt: dy (pt)<r By p(v.zo.p)) (D5 %) which is union of balls in the cone metric, where any
vertex p in the shortest path from xzg to ¢ of distance at most r from ¢ is a center of a ball with
radius %(p’t). We will often omit the parameters and write just W, if Y, x¢ and ¢ are clear from
the context. The next claim, which is implicit in [AN12], states that W, is monotone (in r) and
that W, 4 contains the ball with radius [ around W, (where the ball is taken in the shortest path
metric in G[Y)).

Claim 13. For W, (Yv Lo, t) = UPEPxotl dy (p,t)<r B(va(Y@O,P)) (p’ (T —dy (p’ t))/2)
1. W, is monotone in r, i.e., for v <1’ it holds that W, C W,..

2. For every y € W, and l, the ball By (y,l) contained in Wy 4, i.e., Vz, dy (y,z) <l = z €
Wit

"This multiplication may happen only for edges in the special paths P, ;.t; for a petal X; which is not the first
special petal. Note that after the creation of Xj, t; will be the target for the first special petal in the decomposition
of X; which will ensure that the weights of the edges in Py,,:; won’t decrease again.

8Y; is different in the petal-decomposition procedure.

9For simplicity, we assume that for each pair of vertices there is a unique shortest path in G.
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7.2 Analysis

The analysis will proceed as follows: in Claim 14 we formulate the impact of the reform-interval
procedure in limiting the occasions in which certain balls around the terminal may be cut. Then
we will have a discussion, during which we give names and definitions to the different events
used in the analysis, and bound the expected stretch of a pair of vertices using these definitions.
Then we formulate the main lemma, Lemma 15. This lemma bounds the probability of a ball
to be cut during a single execution of petal-decomposition procedure. The proof of Lemma 15
uses the properties of the truncated exponential distribution, which we use to sample the radii
at create-petal procedure. Our main effort will be invested in the proof of this lemma. Using
Lemma 15, we will prove Claim 16, a claim that bounds the sum of the probabilities of cutting a
certain ball during an O(logloglogk) (O(logloglogn) for non terminals) fraction of the levels of
hierarchical-petal-decomposition. Eventually, combining Claim 16 on different fractions of
the levels, we are able to prove Theorem 17.

In what follows, fix a cluster X with center x(, a target ¢, and the set of terminals K contained
in X. Let (Xo,...,Xs,{y1,21},...,{ys, zs}, to,...,ts) be the result of applying
petal-decomposition(G[X], xo,t, K). The following claim will be useful for bounding the number
of levels in which a relevant ball around a terminal is in danger of being cut.

Claim 14. The following assertions hold true:

e If X1 is a petal created at line 3 of petal-decomposition and K N X1 = 0, then for all
veK, Bx(v,A/160) NnX;=0.

o If X; is a petal created at lines 3 or 13 of petal-decomposition and K C Xj, then for all
veK, Bx(’l},A/160) - Xj.

o If X; is a petal created at line 22 of petal-decomposition, then for all v € K NY;_4,
Bx(v,A/16) N X;= 0.

Proof. Let W, be as defined in line 1 of create-petal when forming the petal X;. For the first
assertion, note that the condition of line 6 in reform-interval must be satisfied (otherwise W,
necessarily contains some terminal), no terminals are in W, 9,/5, and thus hi' is set to lo+ «/5
(we use « as in reform-interval, the size of the interval sent by create-petal.) Now, for every
u€ X; C Wy and v € K, dx(u,v) > /20 = A/160, as otherwise, Claim 13 implies that
v € Whirta.a720 = Wioy2a/5, contradiction.

For the second assertion, observe that j € {1, 2}, because X5 certainly contains a terminal since
we are at the “creating terminal petals” stage. As K C Xj, it must be that the condition of line
3 in reform-interval is satisfied, and in line 4 we set lo’ to be lo + 4a/5. We conclude that if
u € Bx(v,A/160) for some v € K, then dy, ,(u,v) < A/160 (because by the first assertion, this
ball around v was not cut by the first petal). By Claim 13, u € W1 34/51+4/40 = Wioyaass € Xj-

Finally we prove the third assertion. By the termination condition in line 11 of
petal-decomposition, it must be that v € Bx(zo,3A/4). By Fact 5, all distances in Y;_; to
xo remain the same as in X. Note that the parameter r of the petal X; = W, is at most A/32,
and that dx(xo,t;) > 7A/8. By the definitions of a petal and of the cone-metric, for any p € Py
with dx(p,t) < A/32 we have that if u € By, | p(v;_1,20,))(P: (" — dy;_, (p,t))/2) then

dX(.fC(),’U) > dX(x()vp) + defl(p7 'LL) - (T - dY}71 (pat))/2 > dX(x07p) -r
> dy(zo,t) — dx(p,t) — A/32 > TA/8 — 2A/32 > 13A/16 .
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By the triangle inequality we obtain that dx (v, u) > dx(xo,u)—dx(zo,v) > A/16, which concludes
the proof.
O

By Claim 14, given a terminal v in cluster X of radius A, and a ball B = Bx(v,!) of radius
at most [ < A/160, the ball B might be cut in the petal decomposition of X only if the terminal
v is separated from some other terminal. petal-decomposition picks terminal targets arbitrary
but deterministically. Therefore we will be more specific, and decide that petal-decomposition
pick terminal targets by increasing order of the remaining terminals. If the first petal is built in
line 3, then the first target is given, and by the reform-interval procedure, it is deterministically
determined whether the first petal will contain all, part, or none of the terminals. If there are
terminals remaining, and the first special petal (if exists) contains none of the terminals, then the
second target is once again picked deterministically, and again reform-interval deterministically
determines whether the petal will contain all or only part of the terminals. In any case, the issue of
whether all the terminals will be in single petal or not, is resolved deterministically. Hence, given a
cluster X, root xy and target t, it is known if there is some danger that B may be cut. Moreover,
there are at most k levels in which some terminals are separated, and hence involving a danger of
cutting balls around terminals. (If [ > A/160 then we do not care whether B is cut or not, because
the stretch induced on v and points outside of B will be a constant.)

7.3 Expected stretch

When dealing with weighted graphs, it could be that a tiny ball participates in many recursive
levels, and thus is “threatened” many times. In order to avoid such situations, we shall change the
algorithm slightly, and when performing a petal decomposition on a cluster X of radius A, we shall
contract for each vertex u € X, the ball of radius A/n® around w. In addition, if terminals are
separated (which is determined deterministically) then for each terminal v € K, we contract the
ball of radius A/k3 around v. These contractions are done sequentially; when a vertex contracts
a ball of radius [ it becomes a “supernode” of all the vertices within distance [, and for any edge
leaving a vertex in the ball to some vertex z, we will have a corresponding edge with the same
weight from the supernode to z. These contractions yield a cluster X', on which we run the
petal-decomposition algorithm (note that X’ may contain supernodes - vertices that correspond
to several original vertices, and that X’ induces a multi-graph). After the partition of X’ to
Xo, ..., X is determined, we expand back the contracted balls, so that each vertex belongs to the
cluster of its supernode.

This guarantees that a ball of radius [ around each terminal can participate only at partitions
of radii in the range [l, k3-1], and by Fact 1, the radii decrease by a factor of at least 7/8 every level,
so there are at most 16 log k levels in which each such ball participates. Similarly, a ball of radius
I’ around some vertex u € X, can participate only at partitions of radii in the range [I’,n? - I'], so
there are at most 16 logn levels in which each such ball participates. This contraction, while saving
small balls from being cut, may have an effect on the radius of the tree when we expand back the
vertices. We claim that this will be a minor increase. To see this, note that in a particular level,
expanding back the balls around terminals can increase distances by at most 2A /k? (because every
contracted ball has diameter at most 2A/k3, and there can be at most k contracted balls). Similarly,
expanding back all the other contracted balls may increase distances by at most an additional term
of 2A/n?. Now, since there are at most k iterations in which terminals are separated (only in such
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levels the balls around them are contracted), even if the radius is increased by a factor of 14 2/k?
in every one of them, the total increase is at most (14 2/k%)F < ¢*/*. Similarly, there are at most
n iterations all in all (since @ C Xo C X), and even if the radius is increased by a factor of 1+ 2/n?
in every one of them, the total increase is at most (1 + 2/n?)" < /™. Henceforth we shall ignore
this minor increase, as it affects the stretch of every pair by at most a factor of e2/k+2/m

We will show that the distribution generated by the
hierarchical-petal-decomposition(G, zg, zg, K) algorithm has strong terminal distortion
(O(logk), O(logn)) (where xq is an arbitrary vertex). The hierarchical partition naturally corre-
sponds to a laminar family of clusters, that are arranged in a hierarchical tree structure denoted
by 7 (with V' as the root, and each cluster X which is partitioned by petal-decomposition
to Xo,...,Xs, has them as its children in 7). The level of a cluster is its distance in T to the
root. Note that there might be several trees that correspond to a single hierarchical partition
(this depends on the precise edges connecting the different petals). For a pair of vertices x,y
and hierarchical tree T, let dr(z,y) be the maximal distance between x and y in a tree T' that
corresponds to the hierarchical tree 7. Note that if z is separated from g in the hierarchical tree
T in cluster X of radius Ax, then by Fact 4, dy(x,y) < 8Ax.

Fix any two points z,y € V and denote by B, = Bg(x,d(z,y)). For j € [s]|, we say that B,
is cut by X; if B, N X; ¢ {0, B,}. Further, B, is cut in X if there exists some petal X that cuts
B,. For ¢ > 0, let Sx; be the event that B, C X and X is a cluster in level 7. When calling
petal-decomposition on the cluster X, a sequence of clusters Xy, ..., X, X¢ is generated, with
Y; as defined in the algorithm. For ¥ C X and integer j > 1, let Sx;y,; denote the event that
Sx,; holds, B, CY, and Y = Y;_1. Define the following events

Cx,i;={B:NX; ¢{0,B,}} “Bg cut in level ¢ at iteration j (when creating petal X; from X)”,
Fxij={B:NX; =0} “B, is not cut in level 7 iteration j”.

Denote by Fy ; ;) the event /\0<h<j Fx.in, by Fx,ij = {BsNX; # 0} the event that B, is either
cut or contained in X, and let

Ex,ij =1{Cx,ij N ]:X,i,(<j)} “B, is cut in level 7 iteration j but not in previous iterations”.

Finally, define £x; = {SXJ- A Uj Sx,i,j}, as the event that B, is cut for the first time in level 7.
With our new notations, we can bound the expected distance, as follows:

Eldr(z,y)] < Y Pr[T]-dr(z,y)
T
= ZZ Z Pri&x] - Pr[T | Ex,] - dr(z,y)

T ieNXCV
= > Prx,] ZPrTIEXZ] dr(z,y)

X,i

SZPT 5X1 Ax - ZPTT’SXZ]

IN

= SZPI'EXZ . . (4)
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Recall the constants defined in create-petal: L, = [loglogk]| and L, = [loglogn]. For

Y € X C V define pp(X,Y,z) = max{|By(I7A|f/"(“28Lk))‘k,e}, and similarly ¢, (X,Y,z) =
| X]|

By (e Ax an,e}. The following lemma bounds the probability that a ball around a

terminal or an arbitrary vertex, is cut. We defer its proof to Section 7.3.1.

max {

Lemma 15. For any integer i, and a cluster X with radius Ax (from some root vertex), it holds
that if x is a terminal (v € K ) then (where x,y are as defined earlier)

Pr(€xi|Ax < 2Md(x,y) Ly Z Z Pr [Sxiv,; A Fx,ij] In(pr (X,Y,2)) . (5)
J<k+1YCX

Moreover, without dependence wether x is a terminal, it holds that

Priex]Ax < 2Yd(z,y) Ly Z Z Pr[Sx,iyv, A Fxij] In(or (XY, 2))
J<k+1YCX

+ 214(1(1', y)Ln Z Z Pr [SX,i,Y,j AN ?X,i,j] In ((pn (X, Y, x)) . (6)
J YCX

The algorithm returns us a hierarchical tree 7. We refer to the base level (where there are
only one cluster that contains all the vertices) as level 0, to the next level as level 1 and so on.
For a hierarchical tree T, let A7 C N be the set of levels 4, in which B, is included in a cluster
X with radius Ay, such that d(z,y) is larger than Ay /k3. Note that if x is a terminal, due to
the contractions, if d(z,y) < Ax/k3, then the ball B, could not be cut, hence £x; = 0. By
Fact 1, A7 C N is of size at most logg,7(2 - k%) + 1 < 22logk. (The radius has to be in the range
[d(u,v)/2, k3d(u,v)], once the radius is less than d(u,v)/2, B, will surely be cut.) For any level
i, denote by A7; = {¢/ € Ay : ¢ > i}. Similarly, let Q7 be the set of levels ¢, in which B, is
included in a cluster X with diameter at most Ax < n?-d(z,y). For every vertex x due to the
contraction, if d(z,y) < Ax/n3, Ex; = 0. By Fact 1, Q7 C N is of size at most 22logn. For any
level i, denote by Q7, = {i' € Q1 : i > i}.

Define I, = {log8/7(29Lk)—‘, and [, = {10g8/7(29Ln)—‘. Consider the partition of the indices
of all the levels in the hierarchical tree to the sets I, = {i € N : ¢ = m (mod l;)} for m €
{0,1,...,l — 1}. Similarly, for g € {0,1,...,l, =1}, Jy={i € N : i =g (mod l,)}. The next
lemma, combined with Lemma 15, is used to bound the cut probability.

Claim 16. For every positive integers m, g and t, it holds that:

Z Z Pr [Sxyv,; A Fxij) In(pr (X,Y,2)) < Z Pr[Sx: AT](In|X | + [A7el)  (7)
i€Lm: i>t X,5Y X, T

D) PrSxavi AF x| In(pn (X,Y,2)) <> Pr[Sxe AT (In|X| + Q7)) (8)

i€y i>t X,5,Y X,T

Proof. Fix any such m, we will show (7) by (reverse) induction on t € I,.
For the base case, note that when t is sufficiently large, x and y must have been separated. E.g.
if t = logg/7(2diam(G)/d(z,y)), at levels i > ¢ the radius of any cluster will be less then d(z,y)/2
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(using that the radius drops by at least 7/8 at every level). We get that Pr[€x;] = 0 for any
possible X and i > ¢. Hence 3,/ =D vy Pr [Sx,i,v,j A Fx,ij] =0 and (7) holds.

Assume (7) holds for t + I, € I,,,, and prove for t. Observe that if Z is a cluster in level ¢ 4 I,
such that event Sz, holds, then there must be a cluster X at level ¢ (the ancestor of Z) such
that Sx; holds, and there are also Y and j such that Y = Y)_1, event .7:"X7i,j holds,and Z CY C X
(X; is the ancestor of Z at level t + 1). Also note that Ax > (8/7)k Ay = 29L; - Ay, therefore
Z C Bz(m,zAz) - By(x,Ax/(Qng» It follows that

> PrSzapn, ATI(W | Zlk + AT 444, ])
77

= > Pr[Sxiy, A Fxag ANT) PriSzeiu, | Sxayy A Fxeg AT] (0| Zlk + [A7 p40,])

T.X,Y,Z,j : ZCYCX

< > Pr[Sx.tv,j A Fx AT]-
T XY, Zj : ZCYCX

= A
Pz, | Sxavs A s AT] (I1By (o, 0+ ras, |

_ A
< > PrlSxivy AFxai AT <1n | By (=, ﬁ)!k + AT 144 ) :
T.X,Y,j:YCX k

Where the last inequality is by changing the order of summation and the fact that
>ozcy PriSzii, | Sxityj A Fxii ATl < 1. Now, if in the hierarchical tree T, t € A, then
|A7¢| > | A7 441,| + 1, so that

) PriSxivy A Fxig) In(er (X,Y,2))
i€ly,, i>t X,5,Y

= Z Z Pr [SX,i,Y,j A ?X,i,j] In (Sok (X7 Y7 ZE))

i€1m, i>t+lp X,5,Y

+ Y Pr[Sxiyvy A Fxa] In (o (X, Y, 2))

X7j7Y
(7) _
< D) PrSxa ATI( X |k + [Aras, )+ Y Pr[Sxvy A Fxug] In(or (X,Yj1,2))
X7 X351
©) _ Ay
< > PrlSxivy AFxa; AT](In|By(z, o5 e+ 1AT ]
TX,Y,j:YCX K
+ Z Pr(Sxiyv,; A Fxej AT]npg(X,Y, z)
T.X.Y,j
D PrlSxvy AFxug AT (In | X |+ A7) - (10)
T7X7Y7j

In the last inequality we used that if pi(X,Y,x) = EEe A))((l}CQSLk)‘k’ then

In|By (z, Ax /2°Li) |k + | A7 4] + Inop(X, Y, 2) = In [ X, + |A7 ] < In | X + [A7al
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and if @i (X,Y,z) = e, then

In|By (2, Ax /2°L)|, + |A7 | + Inp(X,Y,2) = In|By(x, Ax/2%Llg + |A ] + 1
In | X |k + | A -

IN

In addition note that

> PrlSxuyy AFxus AT (I X | + A7)
T.XY.j

= Z PI‘[SXJg ANT]- PI‘[SX,ty’j A\ ﬁX,t,j ’ Sxi N Tl (In| Xk + ‘AT,tD
T.X,Y,j

= > Pr(Sxy AT |X e+ [A7e)) Y Pr(Sxuayvy A Fxey | Sxa AT]
T,X Y,j

= > Pr[Sx: AT](In|X|x + A7) (11)
T,X

where the last equality follows by ZY, ; PriSxty,; A F Xt | Sxt AT] =1, which holds because for
every different Y, j, the events Sx ;y,; A F x,t,; are disjoint. This concludes the proof of (7).

The proof of (8) is fully symmetric. Fix some g, we will show (8) by (reverse) induction on
t € Jg. The base case is trivial (for every X and t > logg/7(2diam(G)/d(z,y)), Pr[Sx,;] = 0 and
therefore Zing: >t ZX,]‘,Y Pr [SX’Z-,YJ /\?XM] = 0.) Assume (8) holds for ¢t +1,, € J,, and prove
for t. For cluster Z such that event Sz;1;, holds, there are unique clusters X,Y and an index
4, such that the events vat,]:"X’i,j holds, Y = X, and Z C Bz(z,2Az) C By (z,Ax/(28Ly)).
Similarly to equation (9) we get

Z Pr[Sz 11, AT] (0| Z] 4+ Q7 441, 1)

ZT
= > Pr[Sxty,j A Fxpj AT] - Pr(Szp, | Sxayviy AFxe AT] - (In]Z] +|Q7 t41,])
T XY, Zj : ZCYCX
< > PrSxivy AFxug AT (hl | By (2, 557 )| + |QT,t+zn\> : (12)
T,X,Y,j:YCX n

49



Now we make the induction step:
Yo 2D PrSxavy AFxa]n(pn (X, Y,2))
icdy, i>t X 4Y

= Z ZZPI [SXJ-,yJ /\fxmj] In (¢, (X, Y, 7))

i€y, i>t+l, X Y

+ Z Z Pr [SX,t,Y,j A ?X7t,j] In ((pn (X, Y, x))

X Y
(8)
< > PrSxrr, AT X] + Q7 41, ])
X.T
+ Z Z PI‘ [8X7t»y7j /\ ?X,t,j] ln ((pn (X’ Y’ CL'))
X Y
(12) _ A
<> PrSxaviiAFxe; AT)(In|By(z, )+ QT 41,
. 25
T,X,Y,j
+ Z Pr [SX,t’Y,j /\ ?th)j /\ T] ln (Son (X7 }/j*l? x))
T’X7Y7j
<> PrSxavii AFxa AT X+ Q) -
T.X,Y.j

By the same calculation as in equation (11) we have Yy iPr[Sxiyv; A Fxij A
TT ([ X|+ Q7)) = Xox 7 Pr[Sx+ A T] (In| X[ + [Q74]), Which concludes the proof of (8). O

Proof of Theorem 17. The proof of Theorem 17 follows from Lemma 15, Claim 16 and equation (4).
We start by proving the assertion bounding the expected stretch over pairs containng a terminal
of Theorem 17. Recall that for every hierarchical tree T, |A7| < 22logk. Note that | X|; < k.

4)
Eldr(z,y)] < 8) Prl€x,]-Ax
X,

-1

= 8 Z Z ZPI‘[g)(,Z'] . AX

m=04i€l,,, X

l—1

(5) < -

< 2L, - d(x,y) g E E Pr[Sx,iy,; A Fx,ij]In(er (X,Y,2))
m=0i€ly X,j<k+lY

() fay

< 2Yd(z,y)Le Y > Pr[Sxo AT (In| Xk + [A7 )
m=0X,T

< 2Ly - d(x,y) (Ink + 22log k)l Y Pr[Syo A T]

=
< 2¥logkloglogklogloglogk - d(z,y) = O (logk) d(z,y) .

Similarly, for the assertion bounding the expected stretch over all pairs of Theorem 17, recall that
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for every hierarchical tree T, |Q7| < 22logn. Note that | X| < n.

—
W~
=

Eldr(z,y)] < 8) Prlfxi]-Ax
X.i
(6) _
< 8 Z 214d(x, y) Ly, Z Z Pr [SX,i,Y,j A ]:X,i,j] In (¢, (X, Y, 7))
X,i i<k Y
+8 Z 214d(x, y) L, Z Z Pr [Sxiv,; A Fx,ij]In(en (XY, )
X Jj Y
lo—1 B
< 2L - d(z,y) Z Z Z Pr [Sxiyv; A Fxij) In(or (X,Y,2))
m=04€ 1l X,j<k,Y
ln—1
+ 27d(x, y) L, Z Z Z Pr [Sxiv,; A Fx,ij] In(en (XY, 1))
9=0 i€Jy X.j,Y
(T)A(®) el

< 2Yd(z,y)Le YD Y Pr(Sxo AT (In|X |, + A7 o)
m=0icl, X,T
ln—1
+2d(w,y) Ly Y > Y PriSxo A T] (In] X[+ |Q70l)
g=01ieJy X, T
(229 log klog log klog log log k 4 22? log n log log n log log log n) d(z,y)

= O(logn)d(z,y) .

7.3.1 Proof of Lemma 15

Let X be the vertex set of the graph in the current level ¢ of the petal decomposition, with arbitrary
center xo, target ¢ and radius A (with respect to zp). Recall the vertices z,y € X, and the ball
B; = Bg(z,d(z,y)). Set v =d(z,y)/A. As X and i are fixed, and all the probabilistic events in
the statement of the lemma are contained in Sx ;, we will implicitly condition all the probabilistic
events during the proof on Sx; (i.e. our sample space is restricted to Sx ;). We shall also omit X
and ¢ from the subscript of the probabilistic events (i.e., we will write Cj, Fjs Fi<j),€j, € and we
will write Zy,; instead of Sx ;y,;)-

The petal decomposition algorithm returns a partition (Xo, ..., Xs, (y1,21),- -+, (Ys, Ts), t0y - - - 5 ts)-
We make a small change in the numbering of the created petals: let ¢1,...,¢tx11 be the terminal
targets chosen in lines 6 or 12 of petal-decomposition, and tgi9,...,t,+1 be the non-terminal
targets chosen in line 21. Observe that in that notation we always have exactly n + 1 petals, while
there might be an index j such that X; = (), in that case we say that X; is an imaginary petal.
Note that there are at most k + 1 terminal targets because there are just k terminals (in addition
to the first special petal whose target is not necessarily a terminal).

Recall the definitions from create-petal procedure, some of them depend on the type of petal
(terminal or non-terminal petal), and some of them are actually random variables (which depend
on the previously created petals). We will write these with an index j to clarify which petal they
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correspond to. In the terminal petal case (j < k+ 1), Ly = [loglogk]|, R; = hi —lo = A/40 (after
reformation), a; = lo+ (¢; — 1)R; /Ly, b; =a; + R;/(2Ly), bj = aj + R;j/ Ly, where g; is chosen in
such a way that

2| X
9log! =¥/ Lk |

A

< (13)

2| X
g @7y = Waglk

. X |41 2%, _ ALglng; _ 160LgInx; . o
Also, x; = max{ \W]Z\k e, Aj = b;—a; = —r = ~ - Theradius r; of the petal X; = W, ,
>\j~ef)‘jr
i N
case (j > k+1): L, = [loglogn|, Rj = hi—lo = A/32 (no reformation), a; = lo+ (¢; — 1)R;j/ Ly,
V; = aj + R;/(2Ly), bj = a;j + R;/Ly, where g; is chosen in such a way that 21%175% <

n

W,k <

is chosen from [a;, b}] with density function f (r) = . Analogously, in the non-terminal

21X . X|+1 2In%; _ 4L,Ilnx; _ 128L,Inx,
[Wa,| < [Wp,| < % Also, x; = max{l [+ e}, \j = gl = 22X = 72X The
2 J

1—q;/L ’  —a;
og q]/ L |Wa| bj aj

oA
radius 7; of the petal X; = W, is chosen from [a;, b}] with density function f (r) = %
e N e N
1
210Lk

the lemma are trivial (as Pr[€x ;] < Zj Zygx Pr [Sx,i,y,j A ?Xﬂ-’j] ).

Let 0; = e~ 872 Towards the proof, we assume that v < as otherwise the assertions of

Claim 17. For every 1 <j<n+1, Pr{C;| Zy;] < (1 —46;) (Pr [Fi | Zv;] + X22>
J

Proof. For ease of notation we write simply A ,d, x, a and V' instead of )\j,éj,xj,aj,b;», as the
proof is the same for both of the cases.!” Let p be the minimal number greater than a such that
W, N By #0. If p >V, then trivially Pr W | Zyvj] = 1 and hence P, [C; | Zy;] = 0 and we are
done. Otherwise, p € [a, V'], the probability that B, intersects X is

v v’
_ \.e e= 0 _ o=
Pr [fj | Zy,j] = /f (r)dr = / = - dr = p v v
p p

The ball B, is of diameter at most 2yA, therefore by Claim 13, B, € W, g,a. Hence

p+87A p+8YA
N e _ o= Apt8yA)
Pr(C; | Zy,] < / f(r)dr = / o—Na _ oAV dr = =N — =AY
P P
Y A gAY gAY
I SRS Y27 —(1-6° .
I va— - e

oM _ oY e
= (1-9) (e_xa s T s v e_/\'b/>
_ 1
= (1-9) (Pr [Fil Zvy] + em_a)_l)

< (1-9) (Pr [Fil Zvs] + Xi) -

Where the last inequality follows since x > 2. O

YNote that if X; = () is imaginary petal created only for clarity in notation, then Pr[C; | Zv,;] = 0 and the claim
is obvious.
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We are now ready to bound the probability that one of the terminal petals cuts B,.

Pr| \/ G| = Y Y Pr(C)]|Zy,] Pr[Zv

J<k+1 j<k+1YCX
2
< ¥ Sa-u(rEiz ) Pri 2,
j<k+1 Y X5
- Z 2(1—5j)Pr@Azy] Z Z Pr[Zy,] . (14)
j<k+1 Y j<k+1 Y

To see how the first equality follows, note that the probability that B, is cut by the first k£ 4+ 1
petals (Pr [\/jgkﬂ Cj]) is equal to the sum of the probabilities that B, cut at the first time by

petal j (3 < Pr [Cj A Niej a}) While for each j, the probability that B, is cut at the first
time by petal j is equal to the probability that B, is active at iteration j (i.e. F(;)), and is indeed
cut by petal j (ZY(_ZX Pr(C; | Zv;] - Pr[Zy;]).

Note that for j < k+1, 1 —§; = 1 — e 378 = 1 — ¢ 81600 LeInxs < 91y, Iny,. For
a set Y = Y; 1 such that Pr [fj/\ ZYJ-] # 0, necessarily a target ¢; and ¢; are chosen so that
B, N Wb;_ # ) (otherwise it is no possible that X intersects B,). As B, is a ball of radius yA <

A/(2'1°L;), increasing the petal radius by 4yA we have x € Wb}+47A7 and moreover B (a?, ﬁ) C

Wb‘;+4’yA+27AL C W’+28Lk+27ALk C Wb/+2}zk == Wb]
We will show that for such a Y, (for which Pr [F; A Zy,;] #0 ), log (%;) < 6log (¢r (X, Y, z)).1!

We may assume that x; = ‘ﬁ,’ﬁl as otherwise (x; = e) the bound is trivial. Using that logl/ Lef <

3 we get:

log%; = 10g<’X\k+1>
;= A+ 1
W, ),
2|X!k;>
< log
(it
(13)

< 3log 21Xl
- |B (2, A/29Ly)|;

= 3 (log(pr (X,Y,2)) +1)
< 6log(pr (X,Y,z)) .

1 Recall that ¢, (X,Y, ) = max { By (= A'j/"(“QSLk>)| ,e}.
’ k
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Note that in particular it is true that Inx; < 61n (¢ (X,Y,x)). Hence we can bound the first
component of the summation in (14):

SN 1=)Pr[FAZy] < 2%9Le YD In(xy) Pr[F A Zyy]

j<k+1 Y j<k+1 Y

< 6:-2"9Lp Y ) In(gk (X,Y,2))Pr[Fj A Zy,] . (15)
j<k+1 Y

For bounding the second component (3, 1> y (1 —d;) % - Pr[Z2y;]), note that X% =
- J

Wa . Wa .
||X|,: l’i,% < || X‘JJk In addition, the probability of the event Zy; is equal to the sum

min

of probabilities of sequences Xo,..., X, over all sequences for which ¥ = (X; U--- U X U X)
(while we abuse notation, Pr[Xj, ..., X;] is the probability that the petal decomposition returned
the partition Xo, ..., Xs). Note also that for each such partition, Xo,..., Xs, !Waj ‘k < |Xjl, and

X; . .
Zj<k+1 % < 1, because all the petals, Xi,..., Xk41, , are pairwise disjoint. We get
= k

ZZPr =Y ¥ 3 Pr[Xo, ..., Xo] =

j<k+1 Y J<k+1Y: BaCY (Xo,..,.Xs): Y=(X;U-UXsUX0) Xj

>y > Pr[XO,...,XS]‘Waj"“
R

J<k+1Y: BoCY (Xo,...,.Xs) : Y=(X,;U---UX:UXp)

IN

X,
Z Z 1B,c(x;U-UXUXo) - Pr[Xos -, X x|
J<k+1 (Xo,..,.X5) k

IA

X.
< > Y Pr[XO,...,XS]’Xf‘k
J<hH (Xo,Xo) | X1
X,
= Y PrXe...XJ] > X
(ORERRSY s) 1< +1
< > PrfXo,.... X=1.
(X0, Xs)

Where the third inequalitie follows by the fact that for a fixed j and a partlcular partltlon Xo,...,Xs
of X there might be only a single set Y such that B, CY = X; U---U X, U Xg. As n—z“ <1 we

can bound the second component of the summation in (14):

Z Z Pr[Zy;] < 2Ly, Z ZIHX] 2' r[Zy,]

j<k+1 Y J j<k+1 Y
P z
< ot 3y R
J<k+1 Y
< 2PyL,
< 2Ly Y Pr[FjA 2y Ingr(X Y, 2) | (16)
Y.
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Where the last inequality follows by >y, Pr [Fj A Zyj] Inpp(X,Y,z) EZYJ Pr[F;AZy;] =1
(recall that all the probabilities are implicitly conditioned on Sx ;, and F; has to hold for some j).
We conclude:

2

(14)
pri\/ ¢ < DD =6)Pr[FAZy ]+ Y. DY (1-065) =5 Pr[Zy,]
j<k+1 j<k+1 Y j<k+1 Y Xj
(15)A(16) -
< (6-2" +2%) Ly > > Pr[F; A Zy,]In (e (X,Y,0))
j<k+1 Y
= 2151, Z ZPr W/\ZYJ‘] In (pr (X,Y,v)) .

j<k+1 Y
Claim 18. Ifx € K, then for j > k+ 1, it holds that Pr [C; | Zy,;] = 0.

Proof. Since we condition on Zy;, it implies that B, C Y;_;. As v < 1/16, the third assertion of
Claim 14 implies that X; N B, = 0. O

We are ready to prove the first statement of Lemma 15. For terminal v € K, Using Claim 18,

Prig]=Pr| \/ Cj| =Pr| \/ Cj| <2"yLp D> > Pr[FAZyv,|In(pr (X, Y,0)) .
j<n+1 J<k+1 JSE+L Y

Using a symmetric argument, we can also show the second assertion of Lemma 15. Set pu =
Pr (vj§k+1 Cj) the probability that B, is cut by terminal petal. Let I,, = k + 2,...,n 4+ 1 be all the

indices of the non-terminal petals. Note that for j € I;,, 1-0; = 1— e 8NTA = 1 — = 81287LnInX; <

21041, In X;- Hence for every vertex x € X,

Prig] = Pr| \/ ¢
j<n+1

= Y Y Pr(Cy| 2yl Pr2y]

J<n+l1YCX

= u+ Z Z Pr[Cj | Zy,;] - Pr[Zy]

JEL YCX

pt D (1-4)) (Pf [Fi | Zv,4] + )(22) - Pr[Zy ]

jel, Y J

IN

IN

pA209L, [ YD gy Pr[FAZy + > Z; Pri2y,]
Y

j€In J€l, Y

where the first inequality is by Claim 17. For Y such that Pr [f] A Zy, j] # 0 it holds that BzﬂWbQ_ #*

(0. If z ¢ K, we may assume that v < ﬁ as otherwise the lemma is trivial. By Claim 13 we have

that B, (=, 5/ ) C W, cw, CW, », =W, Wewillshow that Ing; <

597, A A A =
» 297, ST AYA+ o — it T W+ 57
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61n ¢y, (X,Y,x). If x; = e this is trivial, hence we will assume that x; = |‘)‘(/[|/z1_ By the maximality

2|X 2|X . X|+1 2|X
Of q]' (21%1,((1'—,1‘)/% S |Wa]~| S ‘ij‘ S ngl,liq/‘Lnn) we get lOng = log <‘VV|:;‘> S log (I/Il/a]’) S
(g - 2|X 2|X
].Ogl (¢—1)/Ln n < Slogl q/Ln n < 310g <%> < 310g (m) < 3(].0g (SDTL (X, Y, ﬂ:)) + ].) <
6log (¢n (X, Y, 2)).
By similar arguments (and definitions) to (16) we get

[Wa

Zzpr[;y’j] < > ¥ > Pr[Xo, ..., X, ij‘

jel, Y JEILY: BoCY (Xo,...,Xs) : Y=(X;U--UXUXp)

>y Pr[XO,...,Xs]’g(j”

G€In (X0, Xs)

= ¥ Pr[XO,...,XS]Zg?” < 1.

(Xo0,..,Xs) Jj€In

IN

As1< Zy,j Pr m/\ Zy,j] Inp,(X,Y,z) we get

Prif] < p+2"09L, [6) ) In(ep (X,Y ) - Pr[Fj A Zy,;] +2
jel, Y
< p+289Ln > 0> In(en (XY 7)) - Pr[Fj A Zyy]
j€l, Y

Hence the second assertion of Lemma 15 follows as well.

Part IV
Average stretch

This part is dedicated to embedding a metric space into a single tree, such that the average terminal
distortion is bounded by a universal constant. In Section 8 we present embedding of a metric space
into an ultrametric, while in Section 9 we present embedding of a general graph into its spanning
tree. Both of these results are based on the notation of scaling distortion, as presented in [ABNO7].

8 Terminal Scaling Embedding into an Ultrametric

In this section we consider embedding of a metric space into a single tree, such that the average
terminal distortion is bounded by a universal constant. The main result of this section is

Theorem 18. Any metric space (X, d), with a set of terminals K C X, embeds into an ultrametric
with average terminal distortion O(1).

We will follow the partition framework of [ABNO7]. Roughly speaking, their algorithm finds
a certain partition, such that for all values of € € (0,1) simultaneously, at most e-fraction of the
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separated pairs suffer distortion which is “too large”. Then we recurse this process on both of the
parts. Using induction on the number of points we show that at most O(e)-fraction of all pairs
suffer too large distortion. This can be used to bound the average distortion over all pairs, by a
simple argument that appeared first in [ABN11].

In order to argue about the average over pairs containing a terminal, rather than all pairs, we
will require some non-trivial modification of the [ABNO7] partition algorithm. In particular, when
considering which radius to pick, we have to consider both the number of points and the number
of terminals on both sides of the partition, which leads to a more involved case analysis.

8.1 Definitions

Given a metric space (X, d), let K C X be a subset of terminals. For a non-contractive embedding

f of (X,dx) into some metric space (Y,dy ), let the distortion of the pair u,v € X be dist¢(u,v) =

dy (f(w),f(v))
dx (u,v)
For an embedding f : X — Y, the average — terminal-distortion of f is Avgy (K x X) =

WﬂXl D veKueX\{v} %. Note that the pairs K x K are counted twice. (This can affect

the average by a factor of 2, so we will ignore that.)

Definition 8. [Terminal Scaling Distortion/: Given two metric spaces (X,dx) and (Y, dy), an em-
bedding f : X — Y, and a function « : (0,1) — R, we say that f has terminal scaling distortion
a, if for every e € (0,1), at most €-|K|-|X| pairs (u,v) € K x X have distortion greater than o (e).
Formally,

Vee (0,1) [{(u,v) € K x X : disty(u,v) > a(e)}| <e-|K|-|X]|.

C

For an embedding f : X — Y, the set of pairs distorted by more than 7 is defined as
BP.(f,Y) = {(u,v) € K x X : disty(u,v) > i} (BP stands for bad pairs, and ¢ is a universal

Ve
constant that will be determined later). If the embedding is clear from the context we may write
just BP. (Y). We will use the function « (¢) = ﬁ In this case, f has terminal scaling distortion
ﬁ means that Ve € (0,1) |BP.(f)| <e-|K|-|X]|.

8.2 Construction

Set ¢ = 2!, In this section we will show that every metric (X,d), with any subset of terminals
K C X, has an embedding f into an ultrametric with terminal scaling distortion ﬁ This implies

that Avgy (K x X) is a constant. The following Lemma is a simplified version of lemma of [ABN11].

Lemma 19. For every finite metric (X, d) and a subset of terminals K, if f is an embedding from X
into a metric space (Y, dy) with terminal scaling distortion -, it holds that Avgy (K x X) < O (1).

Proof. By definition of terminal scaling distortion for every ¢ > 0, at most € - |K| - | X| pairs have

distortion greater than ﬁ Define for ¢ > 2, A; = {(v, u) € K x X @ vV2i-le < disty(u,v) < 2%}

and 4; = {(U,u) € K x X : disty(u,v) < \/ic} By the terminal scaling distortion of f, |A4;| <

21-1,1 -|K|-|X]| (the inequality hold trivially also in the case i = 1). Each pair in K x X is in some
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A;, hence | JA; = K x X. We conclude:
1 1 -
Avgr (K x X) < ——— dist p(u,v) < ———— > |A] - V2ic
f R % 2, ™ S X

Zzil_l -@0220-22_%§5c:0(1).

i>1 i>1

IN

as required. O

Let (X, d) be an n point metric, fix a subset of terminals K C X of size k and let A = diam (X).
1

In what follows we will always assume that ¢ > ﬁ, because the distortion bound for e < - is
required of all pairs so this case is subsumed by € = % The ultrametric will be represented by
a binary tree which is induced by a laminar hierarchical partition of X; each node u corresponds
to a subset X, C X, such that if v, w are the children of u in the ultrametric then X, N X, = 0,
X, U Xy = X,. Furthermore the root r» has X, = X, and each leaf corresponds to a singleton.
The high level construction of 7" is as follows: find a partition P of X into X; and Xo = X'\ X},
the root of T' will be labeled A, and its children will be the trees T, T5 formed recursively from X4
and Xo respectively. Since every node corrseponding to a set Y is labeled by diam(Y'), it always
holds that dp(z,y) > d(x,y), so it remains to bound BP. (T) by € - |K| - |X|. For a partition

P = (Pl;Pg) let

A c
BPS. (P, P>) = ) € K x X - {u,v} NP =1, > —
Apr) = { o € K x X fwobn Rl =1 g > )
be all the pairs that will have distortion greater than ﬁ due to the partition (P;; P;) (BPS stands

for bad pairs due to separation). Note that BPS, (P1, ) contains all the pairs in BP, (T) who

are separated in the current stage of the ultrametric construction, because their distance is fixed
to be A.

Lemma 20. For any finite metric space (X,d) of size n and a subset of terminals K of size k,
there is a partition P = (Py; Py) where |P;| = n;, |P;|,, = ki for i € {1,2}, such that ny ¢ {0,n}
and (Py; Py) fulfills at least one of the following requirements:

1. For every e € (0,1), |[BPS: (P1, P2)| < §-(k1-n+k-ny) and ky < %, ny < 5.

2. No pairs have distortion greater than c, in other words, for every e € (0,1), BPS. (P, P2) =)
(but no assumption on ni, ki ).

We will prove Lemma 20 in Section 8.3. Using Lemma 20, we can prove the following Theorem:

Theorem 19. For any finite metric space (X, d) and subset of terminals K, there is an embedding
f from X into an ultrametric (U,dy) with terminal scaling distortion %

Proof. Let |X| = n, |K| = k. We prove by induction on |X| = n that there is an embedding
f into an ultrametric, such that for every e € (0,1), at most enk pairs have distortion greater
than \% The base case, where |X| = 2, holds because the unique pair realizes the diameter, thus
dists (u,v) = 1. Assume that for any metric space with m < n points and j < k terminals, we
can find an ultrametric such that for every e € (0,1) the number of pairs distorted by more than
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% is bounded by emj. Now consider the metric space (X, d) with |X| = n and subset K C X of
terminals of size k. Let P be a partition (P;; P») guaranteed to exist by Lemma 20. For ¢ € {1,2},
set |Pj| = n; and |P;|, = k;. By induction, there exist ultrametrics 74,75 for the metrics induced
by Py, P5 such that for any € € (0,1), |BP: (T;)| < en;k; for i € {1,2}. We obtain our ultrametric
T by adding a common root to 77 and T with label A (diameter of X). Of course the resulting
tree T' is an ultrametric because the diameters of 17,15 are at rnost A.

The partition P fulfills one of two requirements. Either k; < 5, n1 < § and |[BPS. (P1, )| <

(k1 -n+k-ny). Then the total number of bad pairs can be bounded as follows:

|BP(T)| < [BPSc(P1, )| +|BP (T1)| + |BF (T2)|
< % - (k1 4+ k) + eniky + engky
- g ((nky + k) + 2n1ky + 2 (n —n1) (k — k1))
= % (4n1k1 — nik — nky + 2nk)
< % (n1 (2k1 — k) + k1 (2n1 — n) + 2nk) < enk.

Otherwise, BP, (Py, P») = (), hence

|BP:(T)| < |BPS: (P, P2)| + [BF:(Th)| + [BF: (T2)|
< entky + engky < 6(77,1 + ng) (]{71 + kg) < enk

as required. ]

Note that by Lemma 19 and Theorem 19, for every finite metric (X, d) and subset of terminals
K, there is an embedding f from X into an ultrametric (U, dy) such that Avgy (K x X) < O (1).

8.3 Proof of Lemma 20

We start by describing the partition algorithm, then prove its correctness by considering small and
large values of € separately, in Claims 24,25 respectively. Set a = 28, a constant which we will use
to distinguish between large and small €’s. Recall another constant ¢ = 2'! that we already set.
Let | X| =mn, | X|, = k and diam(X) = A.

Partition Algorithm. First we find v € X such that ‘BO (v, %)! < 3 and ‘BO (v,%)’k < g,
which will be the “center” of P; in our partition. Let T (u,ri,r2) = {z| r1 < d(x,u) < ra} be
all the points x € X such that d(z,u) € [r1,r2). Let u,q € V such that d(u,q) = A. W.lo.g
!BO (u, %)| <5 T (u, %A, %A) = () then take P, = B° (u, %A) , P, = X\ Pp, no pair will have
distortion greater than rAT\ = 8 < ¢ (since for every x € Py, y € Py, d(z,y) > %A). Hence for all
8
e >0, BPS.(P1,P;) = () and the second requirement of Lemma 20 is satisfied. Otherwise, take
weT(u,%A,%A).Then‘BO(w,%)‘<‘B°( )‘S” As d (u,w) > 1A BO( )ﬂBO( —):
(). Therefore }B" (u,%)‘k < g or ‘BO( w, 8)‘k < k . Let v € {u,w} be such that ‘B( , 8)’1: < k , it
also holds that ‘B (v, %)! < 3, so v is the Vertex we desired. Let
>€- k} .
k

€:max{e| ’B <v,\1/6EA)‘ >e€-nor B<v,\1/6EA)
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Note that the maximum is indeed attained because the metric space is finite. Since a ball
\ﬁA) C B°(v, ) and by the choice

always contains at least one point we have that é > l As B(v, 16
of v, the ball B(v, }f/\) will never contain more than 5 points, and similarly B(v, }f/\) N K will

never contain more then £ 5 terminals, hence ¢ <53 For € > 0, set §, = \EA Define the intervals
. [TWGA %A} S = [waaE, VEp - 5} the length of S, 5 =S| = (7 — 2f) VA, and the

shell Q = {w | d(v,w) € S } The partition P is defined by carefully choosing a certain r € S and
letting P, = B(v,r) and P» = X \ P;. The following claim will be useful,

Claim 21. |B (v, )| < 4én and |B (v, %A)| < 4ék

Proof. If ¢ < %, B (v, %A)‘ = ’B( ,‘{E?A)‘ < 4én, similarly for the

terminals. On the other hand, if € > i then 4€¢ > 1 and the claim follows trivially. O

by the maximality of €,

We will now show that a certain choice of r € S will produce a partition that satisfies the
condition of Lemma 20 for all € € (0, a€]. For any r € S and € < aé, let Sy(¢) = (r — 0,7+ 0¢) C S,
s (€) = 2d¢ (the length of the interval S, (€)) and @, (¢) = {w | d (v,w) € S, (¢)}. Notice that in the
partition P, = (P[; Py) = (B( r), X\B (v,7)), only pairs in P x Py who are both in @, (¢) can
have distortion greater than \[ Indeed, assume there exist a palr {z,y} € P[ xP;\Qr () X Qy (€),
by the triangle inequality d (z,y) > d. and hence dist ¢ (u,v) < & = %. Define that property A, (e)
holds if the number of pairs containing a terminal in the shell @, (¢) is sufficiently small, which will
imply that cutting at radius r is “good” for e. Formally,

l, < %énk
Claim 22. For every r € S and every ¢ € (0,1), if A, () holds, then |BPS.(Pi,P,)| < 5
(n-kl—i—k‘-nl) .

A (6) holds <= [Q, ()] 1Qr (¢)

Proof. Observe that r > ‘[A and thus by the definition of €, |B (v,r)| > é-n or |B (v,r)|, > €- k.
Recall that by the ch01ce of v, [ X\B(v,r)] > 2 and |X\B (v,7)|, > %. If it is the case that
|B (v,7)| > én, then A, (¢) implies

€ . €
[BPS: (P, Po)l < [Qr (&) |Qr(e)ly < 5 -k-&n<o-k-[B(v,r)
< 5B+ k1B, =5 (k- ko).
On the other hand, |B (v,r)|,, > € -k implies that
€ : €
BPS (P, P2)| < 1Qr()] 1@ (@) < 5 &k n < 5 (B(0,r),n)
< S B+ kB 5 (ki k)

We will find r € S such that for every € € (0, aé] A, (¢) holds, thus the condition of Lemma 20
is satisfied for any such e. The proof is based on the Delete-bad-intervals(S, A,d, o) iterative
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process that greedily deletes the “worst” interval in S. The procedure input is an interval S,
property A, a function § : (0,1) — R and a constant o € [0,1]. We will refer to A as a boolean
function with two inputs, note that in A, (¢) the inputs are » € S and € € (0,1). The procedure
returns a subset of S.

Algorithm 7 I; = Delete-bad-intervals(S, 4,6, 0)

1: Let Ip =5, and j = 1;

2. If for all r € I;_ and for all € € (0, o) property A, (e) holds, then set t = j—1, stop the iterative
process and output Iy;

3: Let S ={(e,r) : relj_1,e € (0,0),7A(€)}. We greedily remove the interval (r — ¢, + dc)
that has maximal e. Formally, let 7;, ¢; be parameters such that (¢j,7;) € S; and €; = max{e :
= (Ej,?“j) < SJ}

4: Set I; =1;_1 \ (r — 6c, 7+ ), set j = j+ 1, and go to line 2;

The next claim bounds the measure of all the intervals deleted by the Delete-bad-intervals
procedure.

Claim 23. Fiz an interval S, constants €,a,83, a function 6 (€) = av/e, function Q : S x (0,1) —
P(X) (P(X) is the power set of X) such that Q = Ugre @r (€), Q‘ < 4én, Q’k < 4ék. Also
fix a set of pairs (e1,71),..., (€, 1) such that each point x € X may be included in at most two

sets Qr, (€i),Qr; (€¢5), and property A which is a boolean function from S x (0,1), such that A
holds iff [Qr (€)| - |@r (€)|;, < Génk, and A does not holds for any pair (€;,7;). Then it holds that

>ict 26, < 32a/BVE.

Proof. From the assumption that each point * € X may be included in at most two sets
Qr; (€i),Qr; (¢5) it follows that

> 1Qr () £2|Q| < 8én (17)
and similarly

Z |Qr, (€)1, < 8ék. (18)

For every i, |Qy, (€)] > ei%n or |Qr, (&)], > ,/ei%k, as otherwise A, (¢) holds. Define N =

{i 2@, (6)] > ,/ei%n} and similarly K = {z 2@ (&) > ei%k}, NUK ={1,...t}. We
show that

S v < 16y/pé (19)
i=1

by considering two cases:

® DieNVE Z Qiek VEi
This implies that Y, n /& > 2 >, /€. We conclude:

€N 1€EN
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combining this with (17) proves (19) in this case.

® Dliek VE = Dlien VEi
This implies that Y, x /& > 5>, /€. We conclude:

Z‘Qn(el)’kZZ’Qn 61 >Z 61 ]C> \/>kiz\/>

i<t €K €K
combining this with (18) proves (19) in this case.

Finally

D 20, =) 20\/6 < 2016\/5¢ = 3201/BVE.

i<t i<t

O
Claim 24. There ezists some r € S such that property A, (¢) holds for all € < aé simultaneously.

Proof. Let I; = Delete-bad-intervals(S, A,0d,aé). We will conclude from Claim 23 that I; # )
and hence an appropriate value r € S can be found. Let (e1,71),..., (&, ) be all the selected
variables. Any number y € S can be covered by at most two intervals Sy (€5), Sr;(€;) for some
1 < j < i <t This holds because once y is covered from the left by S, (e;) (that is, r; < y)
then this interval is removed in step 3. from I;. By maximality of ¢;, for any j < i < ¢ we have
that s(e;) < s(ej), so as €; € I; it must be that the interval S, (¢;) covers y from the right (that is,
r; > y), and no other interval will cover y in the remainder of the process. Observe that STj (€5) C S
forany 1 < j <t. Forx € Q, let r = d(v,z). As x € Qy,(¢j) iff 7 € S, (¢;), it follows that any
z € ) appears in at most two sets @y, (€;), Qr,(€;). Note that @ =, o Qr () € B (v, %A), and
from Claim 21, |Q| < 4én, |Q)|,, < 4ék. Hence by Claim 23, with parameters a = %, £ =2, it holds
that the measure of all the intervals deleted by the Delete-bad-intervals procedure is bounded
by (recall that ¢ = 2!, a = 2%)

oA A .
;5 () = ;25@. < 3200/BVE =32 VaVE = Ve

But since the length of Iy = S is

s = (1_2f)m (2 216>m>251_5\/éA,

16 c

it is impossible that the entire interval Iy was removed, therefore I; # ), and in fact any r € I;
satisfies the first condition of the Lemma. ]

Finally, we show that any choice of r € S will produce a partition that satisfies the first condition
of Lemma 20 for all € € (aé, 1).

Claim 25. Ife € (aé, 1), 7€ S and P, = (P[; Py) = (B (v,r),X\B (v,r)) then |BPS. (P, P})| <
S-(ki-n+k-np).
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Proof. By the triangle inequality only pairs {z,y} such that € B (v,r) and y € B(v,r + J¢) can
be included in BPS, (P, Pj). Asr < %A, we get that

|B (v, +6)| = ‘B(U,T—F\/EA)’S B(v,\ggA+\/gA>‘
c c
2 16
VE Ve (F+%)ve
< AL
- ‘B<U’\/68A+ P T
(é) i—{—g ’ — i+i ? <1
Jae) T\ Tar) e

7a
|B (v,7 + 6)|, < i€ k. We get that

2
where (1) holds by the fact that (l + 16) €>2.q.¢> ¢and the maximality of é. Similarly

BPS. (P1,P;) < |B(v,r)|-|B(v,r+ 06|, +|B(v,r)|, - |B(v,r+6)]

1 1
< 56-k~n1+§6-n-k1:%-(k'nl—i-n-kl)

9 Terminal Scaling Embedding into a Spanning Tree

In this section we consider embedding of graphs into their spanning tree, such that the average
terminal distortion is bounded by a universal constant. The main result of this section is

Theorem 20. Any graph G = (V, E), with a set of terminals K C V', has a spanning tree with
average terminal distortion O(1).

We shall take inspiration from the techniques of the ultrametrics case in Section 8. In particular,
we use a similar partitioning scheme, in which for every € € (0,1), at most an e—fraction of the
pairs that contain a terminal and are separated by the partition are “bad”. However, obtaining
a subgraph tree is considerably more involved, and requires control over the radius of the final
tree (which is trivial in the ultrametric case). While [ABNO7] used a complicated construction and
argument in order to bound the final radius of the tree, we can use the more recently developed petal
decomposition method of [AN12], which arguably simplifies the proof of [ABN07]. We assume that
the reader is familiar with petal decomposition presented in Section 7, which constructs a spanning
tree with radius proportional to that of the original graph, while allowing large freedom in the
choice of radii for the clusters (called petals).

Set ¢ = 218, We recall some former definitions (in addition to some new ones): given a weighted
graph G = (V, E,w), a subset of terminals K C V and a spanning tree T, the average termi-
nal distortion of T is Avgr (K x V) = W > wwekxy distr(u,v). For e > 0, let BP(T') =
{(u, v) € K xV: distp(u,v) > ﬁ} be the set of all pairs with distortion greater than ﬁ We say
that an embedding f has terminal scaling distortion ﬁ if for all e € (0,1), |BP.(f)| <e-|K|-|V].
Note that as our embedding f is the identity into a spanning tree T', we consider T" as both spanning
tree and embedding, and denote |BP. (T')| instead of |BP. (f)|.
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Algorithm 8 7" = hierarchical-petal-decomposition(G[X], zo,t)
If |X| = 1, then return G [X];
Call (Xo,...,Xs, (y1,21),.--, (ys, Ts), to, - .., ts) = petal-decomposition(G [X], zg, t);
for j €10,...,s] do
Let Tj = hierarchical-petal-decomposition(G [Xj], z;,t;);
end for
return The tree T, formed by connecting Ty, ..., Ts using the edges {y1,z1},...,{ys, Ts};

Recall that the radius of G with respect to center vertex zg is Ag ., = maxycv dg (2o, v), we
often will omit the subscript and write just A if zg and G are clear from the context. For a graph
G and two vertices v, u, P, , is the shortest path from v to u in G.

The only (major) change in the petal decomposition algorithm presented here, compared to
the algorithm from [AN12], is the method of choice for the radius in the create-petal procedure.
Hence, Facts 1,2,3,4 and 5 remain valid.

Here are two of the main technical difficulties that we will face, which do not appear in the
ultrametric case:

1. The petal decomposition algorithm picks the vertex v around which we will grow the petal,
and we will not be able to assume that in some area of v there are at most % vertices and %
terminals.

2. For a partition (P;, P») of the graph, not only the separated pairs may suffer large distortion
due to the partition, but also pairs in the same part (P; for example), whose shortest path
uses vertices from the second part.

We will deal with the first difficulty by case analysis, according to the density of terminals and
vertices around v, and with the second difficulty by amortized analysis, by bounding the total
number of such pairs.

Our tree, is returned by the call of hierarchical-petal-decomposition algorithm with pa-
rameters G, xg, xo for arbitrary zg.

9.1 Analysis

In this section we present the procedure for choosing the radius r in line 3 of the create-petal
algorithm and its analysis. Define @ = 2% and recall ¢ = 2. Let G = (V,E,w) be a
weighted graph, K C V subset of terminals, and a root vertex xzg € V. Suppose G have
n vertices and k terminals. For a partition (P, Py) of V, we set ny = |Pi|, k1 = |PLNK]|
and similarly no,k2. Let A = Ag,,. For e > 0, set 6. = %ﬁA We define the sets
of pairs of vertices with large distortion with respect to €. For a partition (P;, Py) of V, let
BPS. (P, P,) = {(u, V) eK xV: [{uvl NP =1, dg(uv) < 8§A} be all the pairs which will
have too large distortion due to the partition of V' to P; and P,. Recall that in the previous section

we had similar definition. BPS stands for Bad Pairs due to Separation. For a subset P; of V, re-
stricting G to P; may increase the distance between vertices in P;. Thus any such pair is in danger
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Algorithm 9 (Xo,..., Xs,{y1,z1},...,{ys, s}, to,...,ts) = petal-decomposition(G [X], o, )

1:
2:
3:

11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:

Let A = Ay x; Let Yo = X; Set j = 1;
if dx(zo,t) > 5A/8 then

Create a special first petal:
Let (X1,x1) = create-petal(X, X, t, zo, [dx(zo,t) — 5A/8,dx (x0,t) — A/2]);
Let Yi = Y() \ Xl;
Let y; be the neighbor of x; on P, (the one closer to xg); Set tg = y1, t1 = t;
Set j = 2;

else
Set to = t;

end if

Creating the petals:

while Y;_1 \ Bx(z0,3A/4) # 0 do
Let t; € Yj_1 be an arbitrary point satisfying dx (zo,t;) > 3A/4;
Let (X;,z;) = create-petal(X,Y,_1,t;, zo, [0, A/8]);
Let ¥; = V1 \ X3
For each edge e € Py, set its weight to be w(e)/2;
Let y; be the neighbor of z; on Py, (the one closer to xo);
Let j =374 1;

end while

Let s =75 —1;

Creating the stigma Xj:

Let XO = Ys;

Algorithm 10 (W, z) = create-petal(X,Y,t, zo, [lo, hi])

Let R = hi — lo;

Let W, = UpEPth: dy (p,t)<r B(Y,P(Y@O,P))(p’ (T o dY(p’ t))/2)’

Pick r € [lo, hi] according to Lemma 29;

Let 7 < r be the maximal such that there exists a point p,s of distance 7’ from ¢ on Py¢;
return (W, p,.);
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/BPRGG (Ps)

\BP. (T3)

L0

Figure 10: Example of possible members in each of the sets. Note that for each edge in BPS, (P, P»)
the vertices are in different sets of the partition. The edges in BPR, (P;) are close to the boundary, and
edges in BP. (T1) can be found in any place inside P;.

of having distortion which is too large, and we will count some of these pairs as bad pairs. Let
BPR. (P) = {(u,v) € K x VNP x P | dggp, (u,v) > de (u,0) and dg (u,v) < 8§A} be all the

pairs in P; which may have distortion which is too large due to the restriction to P;. BPR stands for
Bad Pairs due to Restriction. Note that if dg (u,v) > 8§A then u, v will have distortion at most
C

7 (as the diameter of the tree is bounded by 8A), which is small enough for our goals (showing
that it is a scaling distortion). Now we present some properties of these sets.

Claim 26. For a graph H, with vertex xq, radius at most A, and a partition (Py, Ps) of H where P
is a petal chosen by the petal decomposition algorithm, Ty is the tree created from the hierarchical
petal decomposition of Py and similarly Ts of Po and T of H. It holds that for all € > 0 that:
BP.(T) C BP.(T\) U BP. (T») U BPS. (P1, P,) U BPR, (P1) U BPR, (P,).

Proof. Let {u,v} € BP. (T'). We consider the following cases:

o |{u,v} N P;| = 1: By Fact 4 the diameter of 7" is at most 8A. Therefore ﬁ < j:;((zz)) < dH8(ﬁ ~
which implies dg (u,v) < 8§A and (u,v) € BPS, (P1, P»).

o |[{u,v} N P;| = 2: Since T" has diameter at most 8A, and (u,v) has distortion greater than

ﬁ, necessarily dp (u,v) < % < 8§A. Therefore, if dgp,) (u,v) > dg (u,v) then

€

N
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{u,v} € BPR. (P1). Otherwise dyp,) (u,v) = dy (u,v) and

dT(u,v): dr (u,v) _ dr, (u,v)
du (w,v)  dgipy (w,v)  dgip (w,0)

f%S
so (u,v) € BP. (T}).

e |[{u,v} N P;| = 0 : This case is similar to the previous one. We get (u,v) € BPR. (P>) U
BP, (T»).

O

We now look on some specific stage in the algorithm. We have some cluster Y, root vertex
xo and target vertex t. We will refer to W, (Y, zo,t) as W,.. Define @, (¢) = W,15. \W,_5. (with
respect to Y, xg and t). The next claim shows that for each bad pair that is created by the partition
(W,, Y\W,), both of its members are in @, (¢). This claim will be used for bounding the number
of bad pairs created in particular stages of the recursion.

Claim 27. For a graph H (Vi, Efg,wp), with center vertex xg, target vertex t, radius at most A,
and any partition (Py, Py) where Py = W,., P, = Vg\W,, it holds that BPS, (P, P,)UBPR, (P;)U
BPR.(P3) CQy(€) x Qy(€).

Proof. The proof is by case analysis. For a pair {u,v}, in each case it holds that dy (u,v) <
BYEA = %
c

e {u,v} € BPS.(P;,P): W.lo.g assume that u € W,. Seeking contradiction, assume
{u,v} ¢ Qr(e) x Qr(€). Then u € W,_s5, or v ¢ W,4s5.. By Claim 13, if u € W, _s,
then v € Wi._s5_44dy; (uw) © Wr, contradiction. If v & W5, then by similar argument u ¢ W,
contradiction. Hence (u,v) € Qy (€) X Qr (€).

e {u,v} € BPR(P1): Then both u,v € W,.. Since dyp) (u,v) > dy (u,v), it implies that
the shortest path from w to v is going through some vertex z € P». Seeking contradiction
assume u € W, _s_, then by Claim 13, dg (u,z) > % (otherwise we will have z € W), so

dp (u,v) = dg (u, 2)+dg (z,v) > % contradiction. The same argument shows that v ¢ W, _s_.
e {u,v} € BPR.(P,): This case is symmetric to the previous one.

O

The next corollary shows that for € > 0, all the bad pairs created by the partition (W,., Y\W,.),

are included in the union of balls with radius ‘Z—G around the terminals of @, (¢). In addition, this

union is included in @, (4¢). The corollary will be used in the amortized analysis.

Corollary 28. For a graph H (Vg, Eg,wr), with root vertex xq, target vertex t, radius at most
A, and partition (Py, Py) where Py = W,., P, = Vg\W,, it holds that BPS¢ (P, P,) U BPR. (P;)U
BPR(Py) € Uyeqonx {0} * B (v, %) € (Qr () N K) x Q (de).

Proof. By Claim 27, each pair {v,u} € BPS. (P, P,) U BPR.(P;) U BPR,(P,) is included in
Qr (€)X Qy (€) (note that v € K). By definition, dg (v,u) < %, hence the first containment is trivial.
For the second containment, it is enough to show that for every v € Q, (€)NK, By (v, ‘Z—f) C @y (4e).
Let w € By (U, %), by Fact 4, u ¢ W,_qs,, as otherwise v € W, _s.. In addition v € W, 5. implies

u € Wypas. hence u € Wy o5 \Wy—as, = Wyps, \Wi—s,. = Qr (4e€). d
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The next lemma is the main lemma in this section, it asserts that there exists a “good” choice of
radius for all € simultaneously. It is similar in spirit to Lemma 20, but it is more involved because of
the difficulty that arises due to bad pairs of types BPR, (P1), BPR. (P), and because the center
point cannot be chosen, thus we have no control over the density of vertices and terminals around
the center.

Lemma 29. Given a graph H (Vy, Eg,wg), two vertices xo,t € V, some A such that Ag gz, < A,
and an interval [lo, hi] such that hi —lo = A and lo € [0,2A]. There exists r € [lo, hi] such that
for any € € (0,1), the partition P, = W,, Py = Vg\W, will satisfies at least one of the following:

11Qr ()] - 1Qr ()l < 5 - (IWe| - [VAW |, + [Wel - [VAW,]).
2. 1Qr (4e)] < 5 - |V].
where Qr(€) taken with respect to A.

We postpone the proof of Lemma 29 to Section 9.2. The next theorem proves that the tree
created from the hierarchical petal decomposition has scaling distortion ﬁ, given Lemma 29.
Theorem 21. For a weighted graph G = (V, E,w) and a subset of terminals K C V', the hierarchi-

cal petal decomposition algorithm returns a spanning tree T of G with terminal scaling distortion
C

NG
Proof. Fix € > 0, each terminal will have tokens, which it may use to compensate for bad pairs.
We will denote by BPM (T') (M for miser) all the pairs in BP. (T') that no token was paid for, and
by BPEI (T) (F for financed) all the pairs in BP, (T) which a token was paid for. The algorithm
constructs a hierarchical tree, in each step it constructs a petal P, = W,., and recursively constructs
a tree Ty for it. For P, = V\W, the algorithm proceeds using the radius A of G and not the radius
of X\W, which can only be smaller. The choice of the petal radius in Lemma 29 requires just an
upper bound on the radius, hence we can relate to the construction of the tree T on V\W, as an
independent part. Our final tree 7' is obtain by taking a union of 77,75 with an additional edge.
For i € {1,2} set n; = |Py|, ki = | Pi.

For each partition (P;, P,) of some cluster Y C V performed during the algorithm, the charging
scheme will be as follows: by Lemma 29 there are two possibilities: if [Q, (¢)| - [Qr (¢)], < § -
(n1 - k2 + k1 - n2) then no terminal pays tokens. On the other hand if |@, (4¢)| < § - |Y[, then each
terminal v € @, (¢) N K, will pay a token for each vertex in By (v, %).

We prove by induction on the cardinality of V, that |[BPM (T)| < §-|K|-|V|. In the base case
(|V| € {1,2}) there are no bad pairs, hence the claim is trivial. Assume the induction for values of
|V| smaller than n and we will prove it for n. Let 77, T be two trees constructed by the algorithm
for P;, P, respectively, such that the spanning tree of V' constructed by combining 77 with 75. By
the induction hypothesis:

|BPM (1y)| < ;;ﬁm and |BPM (Ty)| < £ - kyna.

N

If |Qr (e)| - |Qr (€)|,, < § - (n1- k2 + k1 - n2), then by Claim 27

|BPS€ (Pl,Pg) U BPR, (Pl) U BPR, (P2)| < |Q7« (€)| . |Qr (€)|k < -- (n1 ko + k1 'TLQ) .

N
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From Claim 26, and the induction hypothesis we get:

\BPM(T)| < |BPM(Ty)|+ |BPM (T%)|+ |BPS. (Pi,P2) UBPR, (P1) UBPR. (P,)|
€

€ €
< —-mk —nok
2n1 1-1-2712 2—1—2

- (n2k1 + nik2) Zg‘(k1+k2)'(n1+n2) = % n-k

as required. Otherwise, if |Q; (4€)| < § - [V, then by Corollary 28, a token is paid for each bad
pair created due to the partition of V' to Py, P,. Hence no new miser pairs are created and we get
|BP£W (T)‘ < |BPEM (Tl)’ + ‘BPGM (Tg)‘ < gmkl + %anQ < % . (k1 + kg) . (n1 +n2) = % -n -k, as
required.

Next, we count how many tokens were paid throughout the construction. During the partition
of some cluster Y, tokens are paid when Lemma 29 guarantees that |Q, (4¢)| < § - |Y|. Then each
terminal v € Q, (¢) N K pays a token for each vertex in By (v, %) C @y (4¢). (The containment is
by Corollary 28.) Observe that for any vertex v € Y, after any number of steps of the algorithm, v
will be contained in some subset P C Y with a smaller radius then the radius of Y (using Fact 1).
Hence Bp (v, %\/EAP) C By (v, %\/EAy). So the first time a terminal decides to use its tokens is
also the last time, because any time in the “future”, it will try to pay tokens for vertices which
it already paid for. We conclude that the sum of all tokens which were paid by all the terminals
combined is at most § - n - k.

We conclude that

|BP.(T)| = |BPY (T)uBPE(T)| Sg-n-k+§-n~k§e~n~k:e~\K]~\V\.
Thus the tree T created by the hierarchical petal decomposition has scaling distortion %, as
required. O

Note that by Lemma 19 and Theorem 21, for every graph G = (V,E,w) and a subset of
terminals K, there is a spanning tree T of G such that Avgy (K x V) < O (1).

9.2 Proof of Lemma 29.

In this proof, we are given a particular cluster Y root zg and target t. For simplicity in notation
we will call the vertices of this cluster V', and the graph induced by them G. We will also assume
for simplicity that lo = 0, while if lo > 0 the proof will work in a similar manner. We will consider
the following cases, according to the cardinality of vertices and terminals around the target vertex

t. Note that Wa N <V\WA) = () hence ‘WA < g or )V\WA < 5, and [Wa
32 16 32 16 32

< Z or
g 2

VAW a i < % Lemmas 30,33,36,38 will handle each case:
16
o If Wa| < g and (Wa | < 5 then we will use Lemma 30.
32 |k 32
o If [ Wa| < % and ‘V\WA < 5 then we will use Lemma 38.
32 |k 16
o If V\Wa| < % and |Wa | < 5 then we will use Lemma 36.
16 |k 32
o If [V\Wa i < % and )V\WA < § then we will use Lemma 33.
16 16
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The proof of all the four Lemmas will be very similar to the proof of Lemma 20. Recall that
c=218 q=25

Lemma 30. Let G (V,E,w) be a graph with two points xg,t € V', such that the radius from xg

is at most A. If ‘WA‘ < 5 and ‘Wé‘k < % then there is r € [0, %A], such that the partition
32 32

P, =W,, P, =V\W, satisfies the requirements of Lemma 29.

Proof. We assume |Wa
32

2VAW,|, > & Set

< Wg% < ¥ which implies for every r € 0 A] that [VAW;| >

& » 32
Ze-k}.
k

Note that ¢ is well defined: * < é < 1 (since t € Wy and ’WA’ <3
32

>e-nor Wy,
1

é =max €| Wy,
o1

n 2

Wal < E). Define
32 2

k
§=[in ], s = [Yia+0ue YA — due|, s = YA — 26,c and the shell Q = W ,\Woey
Claim 31. |W ; | < 4én and |W . < 4ék
B A BRI
Proof. 1If ¢ < i, from the maximality of €, |W 5z Al = ‘W\/; Al S 4én, similarly for the terminals.
32 64
On the other hand if € > i then 4¢ > 1 and the Claim follows trivially. O

We will find r that will be good for all the values of € simultaneously. First we will find r such
that any e < a - € will satisfy @, (¢)| - [Qr (€)], < § - (|Wo| - [V\Wy|;, + W], - [V\W,]). Then we
will show that the same r also satisfies [Q, (4¢)| < § - [V for every € > a-é. For r € S, define
S, () = (r — b, +0.) € S, 5(€) = 2. For r and € we say that A, () holds if the shell Q, (e) is
small enough which implies that cutting at radius r is “good” for e. Formally

A, (€) holds <= |Qr (¢)| - 1Qr (€)], <

Notice that since gA <r< %A, then it must be that |W,| > én or |W,|, > €k. If [W,| > én

then A, (¢) implies

€ . €
@r (@) 1Qr(e)ly < k&< 22 VAW | - (Wil < o - (VAW |- Wy, + [VAW [, - W)

On the other hand, |W,|, > € - k implies that

€ k-n<

Qr ()] - 1@r ()], < AWely - 2- VAW, ] < ; (VAW - Wy, + [VAW, [, - [W2])

o
NN

That is, the condition of Lemma 30 is satisfied for e. Hence for € € (0, a€] the following is sufficient:

Claim 32. There exists v € S such that A, (€) holds for all e < a - €.
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Proof. We start by running Algorithm 7. Let I; = Delete-bad-intervals(S, A,d,aé). In what
follows we will conclude from Claim 23 that I; # () and hence an appropriate value r € S can be
found. Let (€1,71),..., (€,7¢) be all the selected variables. Similarly to Claim 24, any point y € S
can be covered by at most two intervals S, (¢;), Sy, (¢;) for some 1 < j < i < ¢. For x € Q, let
q € S be minimal such that z € W,. As x € Q,,(¢;) iff ¢ € S, (¢;), this suggests that any z € Q
appears in at most two sets Qr;(€;), Qr,(€;). Note that Q = U, oesx (0,0 @r (€) € W%A’ and

from Claim 31 |Q| < 4én, |Q|, < 4ék. Hence by Claim 23, with parameters o = 32%, 8 =4, it
holds that the sum of lenghts of all the intervals deleted by the Delete-bad-intervals procedure
is bounded by

D s(e) =) 26, < 3201/BVe=32 32%2\@ = %\@

i<t i<t
But since the length of Iy = S is

Ve Ve 1 25/a\ . 11 . A -
s—aA—25aé——A—2—\/>A < C)JeA_<26—29>\feA>27xfe

it is impossible that the entire interval Iy was removed, therefore I; # ), and in fact any r € I;
satisfies the condition of the claim. O

Next, we show that any choice of » € S will produce a partition that for every ¢ > a - € will
satisfy |Q (4€)| < 5 - [V]. We get:

|Qr (46)’ < ‘W(r+64e) < 'W(£A+32g&A) < W(\}/;QA 26fA)
< |w 9 2+212 1+12 L€
S ()| S\t e) T e t) s
2
where (1) holds by the fact (7 + ﬁ) €> % -a - € > € and the maximality of €. We found r € §
such that for every e € (0,1) at least one property of Lemma 29 is satisfied. O

Lemma 33. Let G (V, E,w) be a graph with two points xo,t € V, such that the radius from xq is

at most A. If ‘V\WA <3 and ‘V\Wé‘k < g then there is r € [0, %A], such that the partition
16 16

Py =W,, P, =V\W, satisfies the requirements of Lemma 29.

Proof. The proof of this Lemma is fully symmetric to Lemma 30. Instead of growing the petal W,
we think about it as we grow V\W,. We give most of the details for completeness.

We assume ‘V\WA < § and ‘V\WA) < %, hence for every r € [ﬁj,é} [W;| > % and
16 16 |k
|W,.| > g Set v = 1A and

€ = max {6|

Note that € is well defined: % <é< % (since zg € V\W, and )V\WA‘ <3,
16

<4
16 1k
Let § = [y = YEA, 7= YA], S = |7 = YeA + 607 — YA = 0ue], 5 = YA — 20, and the shell
Q= Wv—ﬁ A\T/VW_ Vi The following claim is similar to Claim 31 and we omit its proof.

32 16
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< 4én and < 4ek
k

First we will find r € §’ that will be good for any € < a - €. Recall the definitions: for r € S,
Sr(€) = (r —0e,7+0c) €S, s(€) = 26.. For r and € we say that A, (¢) holds if |Q, (€)| - |Qr (€)], <
§-k-€é-n. Sincer <y — %A, it holds that |V\W,| > én or |[V\W,|, > ék. If [V\W,| > én then
A, (€) implies

Claim 34. ‘V\Wv—‘{fﬁ

LAVUSIVN

€

keé-n<
e-n< 5

Qr ()] - |@r ()], < 2 (Welp - [VAW[ < o - (VAW - [Wo |y + [VAW, . - W2 ])

= o
N

Symmetrically, [V\W,|,, > ék implies that |Q, (¢)|-|Qr (€)|,, < §-([V\W,| - W], + [VAWL], - [We]).
That is, the condition of Lemma 30 is satisfied for e. Hence for € € (0, a€] the following is sufficient:

Claim 35. There exists v € S such that A, (€) holds for all e < a - €.

Proof. This proof 1is fully symmetric to the proof of Claim 32. Let I, =
Delete-bad-intervals(S, A,d,aé) and (e1,71),...,(e, ) be all the variables selected by
the algorithm. As in Claim 32, any point € ) appears in at most two sets Q;(¢;), Qr,(&). By
Claim 34 |Q| < 4én, |Q|, < 4ék. Hence by Claim 23, with parameters o = 32, 8 = 4 it holds
that that the sum of lengths of all the intervals deleted by the Delete-bad-intervals procedure
is bound by .., s(€;) < ;%\/é, but since the length of Ip = S is s = %A — 204 > 2/\—7\@ it is
impossible that the entire interval Iy was removed, therefore I; # (), and any r € I, satisfies the
condition of the Claim. O

Next we show that any choice of r € S will produce a partition that satisfies for every € > a - €,
|Qr (4€)] < § - [V]. We get:

Q0] = [\Wiemso] < [V\W(, e, v

<[P

(1) /2 211\? 1 1)\?
S\vate) en-\mty) on=

2
where (1) holds by the fact (% + %) €> % -a - € > € and the maximality of €. We found r € S

such that for every e € (0,1) at least one property of Lemma 29 is satisfied. O

IN
DN

L RERN

Lemma 36. Let G (V,E,w) be a graph with two points xg,t € V', such that the radius from xg

is at most A. If ‘WA <3 and ‘V\Wé‘k < % then there is r € [0, éA], such that the partition
32 16

Py =W,, P, =V\W, satisfies the requirements of Lemma 29.

Proof. This case is actually a bit easier than the former ones. If |IWa

< g then by Lemma 30 we
32

k

are done, hence we can assume > % Similarly, if ‘V\WA ‘ < 5 then we done by Lemma 33,
16

Wa
32 |k

hence we assume ‘V\WA ‘ > 5. We will use the same basic technique but without defining é.
16

One can think that we choose é = 1. Define S = [3%, 1%} and § = [% + 01, % — 51} C S where
6 =2A, s = 3;A — 261, and the shell Q =Wa_; \Wa ;.
16 %1 32 701
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For r € S and € > 0 define S, (€) = (1 — d¢e, 7 + ) C S, s (€) = 25.. We say that for r € S and
€ € (0,1), Ay (e) holds if [Q (¢)] - [Qr (¢)[, < §-7n-k. Ay (e) implies that the partition (W, V\W,.)
is good for €, because than

Qr ()] - 1Qr ()], <

<

-n-k<f-2"V\WA‘-2-‘WA
8 16 32

k
€
AVAWE] - Wl < 5 - (IWe | - VAW, g + (W, - VAW, ).

N ool ™

That is, the first condition of Lemma 29 holds for e. Hence the following is sufficient:

Claim 37. There exists v € S such that A, (€) holds for all € € (0,1).

Proof. This proof is similar to the proof of Claim 32. Let I; = Delete-bad-intervals(S, 4,d,a)
and (€1,71),..., (e, ) be all the variables selected by the algorithm. As in Claim 32, any point
T € @ appears in at most two sets Q;(€;), Qr,(&). Trivially |Q| < 4n and |Q], < 4k. Hence by
Claim 23, with parameters o = 32%, B = 8, it holds that the measure of all the intervals deleted
by the Delete-bad-intervals procedure is bounded by

A A
i<t i<t

But since the length of Iy = S5 is

1 1 32 1 26 11 A

it is impossible that the entire interval Iy was removed, therefore I; # ), and in fact any r € I,
satisfies the condition of the Claim. O

We conclude that the first requirement of Lemma 29 is satisfied for all 0 < e < 1. O

Lemma 38. Let G (V,E,w) be a graph with two points xo,t € V, such that the radius from xg

is at most A. If ‘V\Wé‘ < 5 and ‘WA’k < % then there is r € [0, %A], such that the partition
16 32

P, =W,, P, =V\W, satisfies the requirements of Lemma 29.

The proof of Lemma 38 is perfectly symmetric to the proof of Lemma 36 and we will omit it.
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Part V
Conclusion, Future Work and Open Problems

We considered two notions of terminal embeddings, one that has a guarantee for all pairs containing
a terminal, and the strong setting, which has a (different) guarantee also for all other pairs. We
showed results that match the state-of-the-art in various settings, for both notions, while replacing
the dependence of the distortion on the size of the metric, with the cardinality of the set of terminals.
Recently we have been working on a strengthening of the notion of the terminal distortion, which we
call for now priority distortion. Given a metric space (X, d), a monotone function  and a priority
list 7 = {v1,v9,...,v,} over the points of X (some permutation), we say that an embedding f
has priority distortion v with respect to = if the distortion of the pair {v;,v;} is bounded by
v(min{é, j}). Some preliminary results are: embedding any metric space into a distribution over
ultrametrics with (i) = O(log i), and into £, with (i) = O(log ).
We leave a number of interesting open problems for future research.

e Can the dimension reduction result of [JL84] be attained in a terminal setting, without losing
a constant factor in the distortion? That is, if (X, d) is an {2 metric, the terminals K C X of
size |K| = k, and € > 0, we would like an embedding into Eg(e)'logk with terminal distortion

1 + ¢, for some function g : R — R (ideally g(e) = O(1/€?)). Recall that by Corollary 1 we

obtain terminal distortion O(1).

e For a weighted graph, and some constants «, 8 is it NP hard to determine if there exists an
(o, 8) — k — LTT? In this thesis we prove it only for § = 1.
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