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Abstract

Given a graph G, graph compression problems ask to construct succinct data struc-
tures that maintain certain properties of G. Within this context, this thesis studies
problems of vertexr sparsification in graphs, where the input is a graph G = (V, E) and
a set T C V of terminals, perhaps with some extra attributes, such as edge weights or
capacities, and the goal is to construct a “small” graph that maintains properties of T'.

Our first result involves distance sparsifiers. Specifically, we study the Steiner Point
Removal (SPR) problem, where, given an edge-weighted graph G = (V, E,w) and a
subset of terminals 7' C V, the goal is to construct a graph G' = (T, E’,w’) that is
isomorphic to a minor of GG, and such that inter-terminal distances are distorted by at
most a > 1. We show that SPR can always be solved with distortion o < O(log® |T).

In the second part of the thesis we study randomized low-diameter metric decom-
positions. We present a new property of randomized decompositions called degree of
separation, which gives a tail bound on the probability that “many” distinct subsets
intersect a shortest path in a metric space. We also design a new decomposition of
metrics that are induced by so called p-path-separable graphs, which roughly refers to
edge-weighted graphs that admit vertex-separators consisting of at most p shortest paths
in the graph.

The third part of this thesis considers cut sparsifiers, and specifically generalizes a
classical result of Gomory and Hu (1961), who showed that in every edge-weighted graph
G = (V, E,w), the minimum st-cut values, when ranging over all s,t € V, take at most
|V| — 1 distinct values. That is, these (“;') instances exhibit redundancy factor Q(|V]).
Motivated by this result, we obtain tight bounds for the redundancy factor of several
generalizations of the minimum st-cut problem. A natural application of these bounds
is to construct small data structures that store all relevant cut values. We initiate this
direction by giving some upper and lower bounds.

In the final part of this thesis we introduce a batch version of sparse recovery, where
the goal is to construct a sequence of estimates A),..., A, € R™ of unknown signals
Aq, ..., Ay € R", using linear measurements, under an assumption of average sparsity.
We resolve the question of minimizing the number of measurements up to polylogarith-
mic factors, by presenting a randomized adaptive scheme that with high probability
performs O(km) measurements, which is asymptotically tight up to logarithmic factors.
Additionally, we show that adaptivity is necessary for every non-trivial scheme that
solves the batch sparse recovery problem.
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1 Introduction

In today’s day and age, our technology-driven civilization generates and consumes massive
amounts of data. For many reasonable purposes, most of this data is irrelevant, or even
useless, and therefore the utility of compressing the data while keeping the important or
relevant information, either exactly or approximately is clear, both theoretically and prac-
tically. Once the compressed data (be it a graph, a network traffic log, an image or audio
signal etc.) is computed as a pre-processing step, further processing can be performed on the
compressed instance instead of on the original one, using less resources like running time,
memory and communication bandwidth, or achieving better accuracy (for example, when
the solution is approximate and the approximation ratio depends on the size of the object
in question). The main theme of this thesis is algorithms for lossy compression of data and
retrieval of information from partial, compressed or corrupted data.

Within this context we mainly focus on graph compression. Loosely speaking, graph
compression is the process of constructing, given a graph G, a (small) data structure, that
maintains certain features (quantities) of G, such as distances, cut or flow values. Exten-
sively studied examples for this genre include graph spanners, distance oracles, cut and flow
sparsifiers, and spectral sparsifiers, see e.g. [PS89, [TZ05, BK96, BSS09]. A prime example
for this genre is vertex-sparsification, where G has a designated subset of vertices T, referred
to as terminals, and the goal is construct a new graph G’ (rather than an arbitrary data
structure), such that

o T'CV(G) and |V(G")| is "small”; and

e certain properties of T, such as cut or flow values and connectivity requirements, or
structural properties of G' (e.g. planarity) are maintained in G’ (either exactly or
approximately).

When properties of T" are maintained approximately, the approximation ratio is referred to as
the quality of the sparsifier. The algorithmic utility of such constructions is clear — once the
new graph is computed (as a preprocessing step), further processing can be performed on G’
instead of on G, using less resources like runtime and memory, or achieving better accuracy;
for example, when the solution is approximate, and the approximation factor depends on
the number of vertices, executing the algorithm on a smaller graph may attain a better
approximation ratio.

This work focuses mainly on two vertex sparsification problems: Distance Sparsifiers
and Cut Sparsifiers. These examples are extensively studied in the literature and have
many applications, both theoretical and practical. Prior studies introduced new combina-
torial techniques, and showed interesting connections to several other problems e.g. the
0-extension problem, embedding into trees and several metric decomposition problems, as
well as connections between distance and cut sparsifiers.

This thesis is divided into four parts. In what follows, we present a brief overview of each
part.



1.1 Distance Sparsifiers and Steiner Point Removal

The first part of the thesis deals with distance sparsifiers, which are vertex sparsifiers that
maintain inter-terminal distances, either exactly or approximately. Specifically, we focus on
sparsifiers whose vertex set is exactly the designated set of terminals.

Formally, given an edge-weighted undirected graph, G = (V, E,w), let dg,, denote the
shortest-path metric induced by w on V. Given a designated set of terminals 7" C V', an
a-quality distance sparsifier for G is an edge-weighted graph G’ = (V' E’,w') such that

e (&' is isomorphic to a minor of G (thus maintaining certain properties of G, e.g. pla-
narity).

e T'C V" and V'is "small” (in terms of |T).
e Distances between the terminals are distorted by at most factor a > 1, that is,

Yu,v €T, dew(u,v) < dg w(u,v) < a-dga,(u,v) .

Vertices in V' \ T" are usually referred to as Steiner points. Our results deal with the Steiner
Point Removal (SPR) problem, where the second requirement above is the strongest possible,
that is V/ = T'. This formulation of the SPR problem was proposed by Chan, Xia, Konjevod,
and Richa [CXKRO6, Section 5], who posed the problem of bounding the distortion «. In
the first part of this thesis we answer their open question, and give a polylog(|T|)-quality
sparsifier. The formal statement follows.

Theorem 1.1. Let G = (V, E,w) be an edge-weighted graph with terminal set T C V. Then
there exists a graph G' = (T, E',w’), that is isomorphic to a minor of G and attains quality
O(log® |T)), i.e.,

dGﬂ’w/ (u, U)
deaw(u,v)

Moreover, G’ is computable in randomized polynomial time.

Yu,veT, 1<

< O(log” |T).

A previous result by Englert et al. [EGKT10] introduced a variation of the Steiner
Point Removal problem. They gave an algorithm which produces an O(log|T|) quality
distance preserving graph, which is a convex combination of minors of the original graph.
The fundamental innovation of Theorem [1.1]over [EGK™10] is the existence of a single minor
of G that maintains distances with polylogarithmic quality.

We prove Theorem in Part [A] and elaborate on previous work as well as potential
applications. This result has been published in the SIAM Journal of Computing [KKNT5].

1.2 Metric Decompositions

In recent decades, the problem of decomposing a metric space into low-diameter subspaces
has become a key step in the solution for many problems, including metric embeddings (e.g.
[Ass83) Bar96, Ra099, (GKL0O3, [FRT04, [KLMNO05]), distance oracles and routing schemes
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design (e.g. [AP90, DSB97, [Tal04, (CGMZ05, MNO7]), graph sparsification (e.g. [EGK™14],
as well as the results described in Section and optimization problems, such as multi-
commodity cuts [KPR93| [GVY96, [LRI9|, 0-extension [CKRO04] and the traveling salesman
problem [Tal04].

Following the more recent literature, our results in the second part of the thesis focus on
randomized (or stochastic) decompositions, which generally refers to a probability distribu-
tion over partitions of a metric space into sets (called clusters) of low diameter, such that
nearby points are likely to be “clustered” together. Specifically, we consider padded decom-
positions, in which, loosely speaking, for every point = we “expect” the cluster containing x
to contain in addition a (small) ball around x. A formal definition follows.

Let (X,d) be a metric space, and denote the ball of radius ¢ > 0 around = € X by
B(z,0) :={y € X : d(z,y) < o}. Let II be a partition of X. Every S € Il is called a cluster,
and for every z € X, let II(x) denote the unique cluster S € II such that z € S.

Definition 1.2. A metric space (X,d) is called f-decomposable if for every A > 0, there is
a probability distribution pu over partitions of X, satisfying the following requirements:

(a). Diameter bound: for all 11 € supp(p) and all S € I, diam(S) < A.
(b). Padding probability: for every z € X, r?r [B(z,A/p) CI(z)] > 1/2.
~h

W 1s called a B-decomposition of X .

We note that while definition is commonly used in literature, and is given here for
sake of simplicity, our work, described in detail in Part [B|involves a slightly refined definition
of padded decompositions introduced by Abraham et al. |[AGGT14].

1.2.1 Metric Decompositions with Concentration

Our proof in Part [A] for the SPR problem in fact features a new property of metric decompo-
sitions, called degree of separation. We believe that this tool is important, and that further
applications of this property will be found. In previous work (e.g. [EGK™14]) that proved
existence of a convex combination of minors of G that maintains distances approximately, it
was enough to show that the metric space induced by the graph was -decomposable, and
rely on linearity of expectation. However, to show existence of a single minor that main-
tains distances with low quality, S-decomposability was not sufficient, and we proposed the
following notion of degree of separation, which provides high probability bounds.

Let P = (xo,21,...,2¢) be a shortest path, i.e. a sequence of points in X such that
> icig Uxiz1, ) = d(zo,z¢). We denote its length by d(P) := d(xo,x¢), and say that P
meets some S C X if SN P # (). Given a partition IT of X, we define the degree of separation
of P with respect to II as

ZP(H) = Z ]l{P meets S}-
Sell

Roughly speaking, the degree of separation property augments Definition with a tail
bound on Zp(II).
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Theorem 1.3. For every n-point metric space (X,d) and every A > 0 there is a padded
decomposition , that satisfies requirements |(a)) of Definition for B = 0O(logn), and

furthermore

(c). Degree of separation: For every shortest path P of length d(P) < %,

vt > 1, pr [Zp > 1] < 2790, (1.1)

In Section [6] of Part [B] we present a slightly stronger and more elaborate result than
Theorem that involves terminals and discusses general shortest paths rather than paths
of small length. This result was published in SIAM Journal of Computing [KKN15].

1.2.2 Metric Decomposition of Path-Separable Graphs

A second result regarding metric decompositions deals with metrics that arise as shortest-
path metrics in (certain) graphs. Specifically, given G = (V, E,w) a connected graph with
non-negative edge weights, recall that dg ,, denotes the shortest-path metric induced on V' by
G. We say that a graph G is -decomposable if the metric space (V, dg ) is S-decomposable.
Loosely speaking, a p-path-separable graph is an edge-weighted graph G = (V, E,w) that
admits a vertex separator consisting of at most p shortest paths. Note that such separators
inherently depend on the weight assignment w, and not only the “topology” of G, since
they are composed of shortest paths in GG. Our result is that every p-path-separable graph
G admits an O(In(pIn|V]))-decomposition. This result refines the ©(In |V|) bound known
for general graphs. Moreover, this result implies new bounds for special families of graphs.
While formally describing the main result requires the technically involved definition of p-
path-separable graphs, and is therefore deferred to Part a principal implication gives
bounds for graph families with low treewidth.

Proposition 1.4. Let G = (V, E) be of treewidth t. Then for every assignment w of edge
weights to E, (V,dg.) is O(In(tIn|V]))-decomposable.

The known upper bound for graphs of treewidth ¢ is = O(t) due to [AGG™14]. Our
decomposition provides a tradeoff between ¢ and |V| and matches or improves all other
bounds when ¢ > Inln|V]. It is conjectured that 5 = O(logt), which would be tight due to
the lower bound of Bartal [Bar96], and our result provides partial evidence in favor of this
conjecture. Specifically, it provides a tight upper bound if ¢ > In|V|. The technical details
are presented in Section [7] of Part [B] This result was accepted for publication in Algorithmica
[KK16].

1.3 Cut Sparsifiers for Restricted Families of Cuts

The third part of the thesis deals with cut sparsifiers. It initiates the study of small data
structures that store the cut values of certain families of cuts in a given graph. Specifically,
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we show that for the families in question we can, in a sense, enumerate all cut values more
efficiently than the naive approach due to inherent redundancy.

Consider first the minimum st-cut problem, where, given an edge-weighted graph G =
(V, E,w) and two vertices s,t € V, the goal is to find a set of edges of minimum total weight
that separates s,¢ (meaning that removing these edges from G ensures there is no s-t path).
This problem is one of the most fundamental combinatorial optimization problems, and was
studied extensively, see e.g. the famous minimum-cut/maximum-flow duality [FE56]. It has
numerous theoretical applications, such as bipartite matching and edge-disjoint paths, in ad-
dition to being extremely useful in many practical settings, including network connectivity,
network reliability, and image segmentation, see e.g. [AMO93] for details. Several general-
izations of the problem, such as multiway cut, multicut, and k-cut, have been well-studied
in operations research and theoretical computer science.

In every undirected graph G = (V, E/, w), there are in total (I‘;I) instances of the minimum
st-cut problem, given by all pairs s,t € V. Potentially, each of these instances could have a
different value for the minimum cut. However, the seminal work of Gomory and Hu [GH61]
discovered that undirected graphs admit a significantly stronger bound (see also [AMO93),
Lemma 8.15] or [CCPS98, Section 3.5.2]).

Theorem 1.5 ([GH61]). Let G = (V, E,w) be an edge-weighted undirected graph. Then the
number of distinct values over all possible (“;') instances of the minimum st-cut problem is
at most |V| — 1.

The beautiful argument of Gomory and Hu shows the existence of a tree T = (V, E', w’),
usually called a flow-equivalent tree, such that for every s,t € V the minimum st-cut value in
T is exactly the same as in G. (They further show how to construct a so-called cut-equivalent
tree, which has the stronger property that every vertex-partitioning that attains a minimum
st-cut in T, also attains a minimum st-cut in GG; see Section for more details on this and
related work.) Every G which is a tree (e.g., a path) with distinct edge weights has exactly
|V| — 1 distinct values, and hence the Gomory-Hu bound is existentially tight.

Another way to state Theorem is that there is always a huge redundancy between
the (“2/‘) minimum st-cut instances in a graph. More precisely, the “redundancy factor”,
measured as the ratio between the number of instances and the number of distinct optimal
values attained by them, is always Q(|V|). In Part [C] we study the redundancy factor in
several generalizations of minimum st-cut. Specifically, we study the GROUP-CUT problem.
Given an undirected edge-weighted graph G = (V, E,w), Given two disjoint sets A, B C V
find a minimum (A, B)-cut, i.e., a set of edges of minimum weight that separates every vertex
in A from every vertex in B. Our main result regarding GROUP-CUT gives a tight bound
on the redundancy factor of the family of all instances where A and B are of given sizes «
and [, respectively. This result generalizes Theorem [I.5] which proves a similar bound for
the special case a = = 1.

Theorem 1.6. For every two constants o, 3 = O(1), there are at most O(n®+t#=1) distinct
cut values over all possible Q(|V|*+#) instances of GROUP-CUT satisfying |A| = o, |B| = f3.
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Theorem implies that the family of («, 8)-group-cuts has redundancy factor Q(|V]).
Our work further shows that this bound is existentially tight (attained by some graph G)
for all a;, 8 and n.

Theorem is proved in Part [C] We additionally present similar results regarding two
more generalizations of st-cuts, and show that for the analogous problems in directed graphs
the redundancy factor is at most a constant. The results presented in Part [C] were published
in the International Workshop in Graph-Theoretic Concepts in Computer Science [CKK16].

1.4 Batch Sparse Recovery

The fourth and final part of this thesis goes beyond the boundaries of vertex sparsification
in graphs, and deals with the broader theme of data compression, and more specifically with
a field called sparse recovery (or compressed sensing).

In sparse recovery the goal is to reconstruct a signal vector x € R"™ using only linear
measurements, meaning that x can be accessed only via queries of a linear form z — a'x =
> .;aix;. To keep a tab on the number of linear measurements, one usually assumes that
the unknown signal © € R" is k-sparse (defined as having at most k non-zero entries, i.e.,
|z]lo < k), or that x is close to a k-sparse vector z*, and then the goal is to construct an
estimate to x. The astounding development of a concrete mathematical foundation for the
problem by Candes, Tao and Romberg [CRT06] and by Donoho [Don06], over a decade ago,
has granted the problem huge attention, see, e.g., [CW0S, [GI10, [EK12, [FR13| for exposition
and references.

Probably the most well studied version of the problem, called stable sparse recovery, is
formulated as follows. A scheme for dimension n and sparsity bound k € [n], consists of
(a) t = t(n, k) non-adaptive linear measurements, arranged as the rows of a sensing matrix
S € R™™: and (b) a recovery algorithm that uses the measurements vector Sz to output
2’ € R™. Together, these should satisfy, for every signal x € R",

|z —2'||, <C min
p ) .
-Sparse

x—x,, (1.2)

where C' > 1 and p are some (predetermined) constants. The main goal is to minimize the
number of measurements t = t(n, k).

Average Sparsity and Batch Recovery. Although it is well established that many sig-
nal types are typically sparse, a reasonable sparsity bound k need not hold for all signals,
and in some natural scenarios, a good upper bound might simply not be known in advance.
Consider, for example, m servers operating in a large network, and denote the frequency
vector of the requests made to server j € [m] by a column vector A; € R". To perform
network analysis, such as anomalies detection and traffic engineering, a designated coordi-
nator needs to examine information from all the m servers, represented as a collective traffic
matrix A = (Ay,...,A,,) € R This vast amount of information exceeds communication
constraints, and thus the coordinator usually collects only the most relevant data, such as
the “heavy” entries from each server [CQZ'14, Yuld]. Since typical traffic vectors have few
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heavy entries, it is more plausible to assume the columns have average sparsity k (or even
©(k)), than the significantly stricter assumption that every A; is k-sparse.
To formalize this scenario as the problem of batch sparse recovery, we will need the

following notation. We gather a sequence of column vectors Ay,..., A, € R" into an n x m
matrix A := (A;,...,A,,). Forp € [1,00), we let ||A||, denote the £,-norm when A is viewed
as a “flat” vector of dimension nm, ie., |A|[} = >, [Ay[P = >0 [14;]1p, for example,

p = 2 gives the Frobenius norm. Similarly, let [[Allo := 37, [|4;]lo denote the sparsity of
A, i.e., the number of nonzero entries in A.

Definition 1.7. In batch recovery, the input is a matrix A € R™™ as well as a parameter

k € [n]. The goal is to perform linear measurements to columns of A (one column in each

measurement), and recover a matriz A" satisfying ”’T@%Hl < Ce for some constant C > 1,
lA—A]1

where € = min
lAll1

(km)-sparse A*

In Part [Df we show the existence of an adaptive algorithm that recovers a sequence of

m vectors with average sparsity k using at most O(km) linear measurements. Formally, we
show the following.

Theorem 1.8. There is a randomized adaptive scheme for batch recovery that, for every
input A and k, outputs a matriz A" such that with high probability HA”;{ﬁl”l = O(e), where
€ 1s the optimum as in Definition . The algorithm performs O(kmlognlogm) linear

measurements in O(logm) adaptive rounds, and its output A’ is O(kmlogm)-sparse.

We prove Theorem in Part [D| and provide some background to previous results and
several future research directions in compressed sensing. We additionally show that every
non-trivial algorithm for batch sparse recovery must employ adaptivity. Specifically, we
show that every non-adaptive randomized algorithm for batch recovery must make 2(mn)
linear measurements in the worst case. The results presented in Part [D| have recently been
submitted for publication [AKKI7].
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Part A
Distance Sparsifiers

2 Introduction: The Steiner Point Removal Problem

Let G = (V, E,w) be an edge-weighted graph and let "= {t1,...,tx} C V be a designated
set of k terminals. Here and throughout, dg (-, ) denotes the shortest-path metric between
vertices of G according to the weights w. Recall that the Steiner Point Removal problem,
first formulated by Chan, Xia, Konjevod, and Richa [CXKRO06, Section 5], asks to construct
on the terminals a new graph G’ = (T, E',w’) such that (i) distances between the terminals
are distorted at most by factor a > 1, formally

Vu,v €T, dew(u,v) < dgrw(u,v) < o dew(u,v);

and (ii) the graph G’ is (isomorphic to) a minor of G.

Requirement (ii) above expresses structural similarity between G and G; for instance, if
G is planar then so is G'. The SPR formulation above actually came about as a generalization
to a result of Gupta |Gup01], which asserts that if G is a tree, then there exists a tree G,
which preserves terminal distances with distortion o = 8. Later Chan et al. [CXKROG]
observed that this same G’ is actually a minor of the original tree GG, and proved the factor
of 8 to be tight. The upper bound for trees was later extended by Basu and Gupta [BGOS§]|,
who achieve distortion o = O(1) for the larger class of outerplanar graphs.

How to construct minors. We now describe a general methodology that is natural for
the SPR problem. The first step constructs a minor G’ with vertex set T', but without
any edge weights, and is prescribed by Definition 2.2l The second step determines edge
weights w’ that are minimal subject to d¢s,y dominating dg,, on the terminals T, as given
in Definition [2.3] These steps are illustrated in Figure [2] Our definitions are actually more
general (anticipating the technical sections), and consider G' whose vertex set is sandwiched
between 7" and V.

Definition 2.1. A partial partition of a set V' is a collection Vi, ...,V of pairwise disjoint
subsets of V', referred to as clusters.

Definition 2.2 (Terminal-Centered Minor). Let G = (V, E) be a graph with k terminals T =
{t1,...,tr}, and let Vi,..., Vi be a partial partition of V', such that each induced subgraph
G[V;] is connected and contains t;. The graph G' = (V', E') obtained by contracting each
G[V;] into a single vertex that is identified with t;, is called the terminal-centered minor of

G induced by Vi, ..., V.

By identifying the “contracted super-node” V; with ¢;, we may think of the vertex-set V'
as containing 7" and (possibly) some vertices from V' \ 7', which implies V/ C V. A terminal-
centered minor G’ of G can also be described by a mapping f : V. — T U {L}, such that
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Figure 1: The graph G, a 9-cycle with unit edge weights, is depicted on the left with 3
terminals and disjoint subsets Vi, V5, V3. Its terminal-centered minor G' and the standard-
restriction edge weights are shown on the right.

flr =id and f~'({t;}) is connected in G for all j € [k]. Indeed, simply let V; = f~*({¢;})
for all j € [k], and thus V' \ (U;V;) = f~1({L}).

Definition 2.3 (Standard Restriction). Let G = (V, E,w) be an edge-weighted graph with
terminal set T, and let G' = (V', E') be a terminal-centered minor of G. (Recall we view
V' C V.) The standard restriction of w to G’ is the edge weight w' given by the respective
distances in G, formally

\V/(ZL‘,y> € Elv w/my = dG,w(xay)'

This edge weight w’ is optimal in the sense that d¢ v dominates d¢ ,, (Where it is defined,
i.e., on V'), and the weight of each edge (z,y) € E’ is minimal under this domination
condition.

2.1 Main Result

Our main result below gives an efficient algorithm that achieves polylog(k) distortion for the
SPR problem. Its proof spans Sections [3] and [4] though the former contains the heart of the
matter. For the convenience of the readers we restate the main theorem.

Theorem Let G = (V, E,w) be an edge-weighted graph with k terminals T C V. Then
there exists a terminal-centered minor G' = (T, E',w') of G that attains distance distortion
O(log” k), i.e.,
e wr (u, v)
dew(u,v)
Moreover, w' is the standard restriction of w, and G’ is computable in randomized polynomial
time.

This theorem answers a question of Chan et al. [CXKRO06]. The only distortion lower
bound known for general graphs is a factor of 8 (which actually holds for trees) [CXKRO6],

Yu,v €T, 1< < O(log’ k).
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and thus it remains a challenging open question whether O(1) distortion can be achieved in
general graphs.

Our proof of Theorem begins similarly to the proof of Englert et al. [EGKT10], by
iterating over the “distance scales” 2, going from the smallest distance dg ., (u,v) among
all terminals u,v € T, towards the largest such distance. Each iteration i first employs a
“stochastic decomposition”, which is basically a randomized procedure that finds clusters of
V whose diameter is at most 2¢. Then, some clusters are contracted to a nearby terminal,
which must be “adjacent” to the cluster; this way, the current graph is a minor of the previous
iteration’s graph, and thus also of the initial G. After iteration i is executed, we roughly
expect “neighborhoods” of radius proportional to 2¢ around the terminals to be contracted.
As i increases, these neighborhoods get larger until eventually all the vertices are contracted
into terminals, at which point the edge weights are set according to the standard restriction.
To eventually get a minor, it is imperative that every contracted region is connected. To
guarantee this, we perform the iteration ¢ decomposition in the graph resulting from previous
iterations’ contractions (rather than the initial G), which introduces further dependencies
between the iterations.

The main challenge is to control the distortion, and this is where we crucially deviate
from [EGKT10] (and differ from all previous work). In their randomized construction of
a minor G’, for every two terminals uw,v € T it is shown that G’ contains a uwv-path of
expected length at most O(log k)dg(u,v). Consequently, they design a distribution D over
minors G, such that the stretch dg (u,v)/dg(u,v) between any u,v € T has expectation
at most O(logk). Note, however, that it is possible that no G’ € supp(D) achieves a low
stretch simultaneously for all u,v € T. In contrast, in our randomized construction of G,
the stretch between u,v € T is polylogarithmic with high probability, say at least 1 — 1/k3.
Applying a simple union bound over the (g) terminal pairs, we can then obtain a single
graph G’ achieving a polylogarithmic distortion. Technically, these bounds follow by fixing
in GG a shortest-path P between two terminals u,v € T, and then tracking the execution of
the randomized algorithm to analyze how the path P evolves into a uv-path P’ in G'. In
[EGK™10], the length of P’ is analyzed in expectation, which by linearity of expectation,
follows from analyzing the case where P consists of a single edge; In contrast, we provide
for P a high-probability bound, which inevitably must consider (anti)correlations along the
path.

The next section features a new tool that we developed in our quest for high-probability
bounds, and which may be of independent interest. For the sake of clarity, we provide
below a vanilla version that excludes technical complications such as terminals, strong diam-
eter, and consistency between scales. The proof of Theorem [1.1] actually does require these
complications, and thus cannot use the generic form described below.

2.2 Related Work

Applications. Vertex-sparsification, and the “graph compression” approach in general, is
obviously beneficial when G’ can be computed from G very efficiently, say in linear time,
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and then G’ may be computed on the fly rather than in advance. But compression may
be valuable also in scenarios that require the storage of many graphs, like archiving and
backups, or rely on low-throughput communication, like distributed or remote processing.
For instance, the succinct nature of G/ may be indispensable for computations performed
frequently, say on a smartphone, with preprocessing done in advance on a powerful machine.

We do not have new theoretical applications that leverage our SPR result, although we
anticipate these will be found later. Either way, we believe this line of work will prove tech-
nically productive, and may influence, e.g., work on metric embeddings and on approximate
min-cut/max-flow theorems.

Probabilistic SPR. Here, the objective is not to find a single graph G’ = (T, E’, w’), but
rather a distribution D over graphs G’ = (T, E’,w’), such that every graph G’ € supp(D) is
isomorphic to a minor of G and its distances d¢ . dominate dg,, (on 7' x T'), and such that
the distortion inequalities hold in expectation, that is,

Vu,v e T, G/ED[dG,’w/(u’ V)] < a-dguw(u,v).
This problem, first posed by Chan et al. in [CXKR06|, was answered by Englert et al. in
[EGK™10] with a = O(log |T).

Distance Preserving Minors. This problem is a relaxation of SPR in which the minor
G' may contain a few non-terminals, while preserving terminal distances exactly. Formally,
the objective is to find a small graph G’ = (V’/, E’,w') such that (i) G’ is isomorphic to a
minor of G; (ii) ' C V' C V; and (iii) for every u,v € T, dgrw(u,v) = dg(u,v). This
problem was originally defined by Krauthgamer, Nguyén and Zondiner [KNZ14], who showed
an upper bound |V'| < O(|T'|*) for general graphs, and a lower bound of Q(|T|?) that holds
even for planar graphs.

3 Terminal-Centered Minors: Main Construction

maXy, yeT dG (u’v)
minu,’vET dG (’U,,’U)
(the extension to the general case is proved in Section .

This section proves Theorem when D := satisfies the following assumption

Assumption 3.1. D < 2¥°,
By scaling all edge weights, we may further assume that min, yer dg(u,v) = 1.

Notation 1. Let Vi,...,V, C V. For S C [k], denote Vs := ;.4 V). In addition, denote
V=V \Vy and Viy; .=V, UV] for any j € [k].

We now present a randomized algorithm that, given a graph G = (V, E, w) and terminals
T C V, constructs a terminal-centered minor G’ as stated in Theorem [I.1 The algorithm
maintains a partial partition {V;,V5,...,Vi} of V, starting with V; = {¢;} for all j € [K].
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The sets grow monotonically during the execution of the algorithm. We may also think of
the algorithm as if it maintains a mapping f : V. — T U {L}, starting with f(¢;) = t; for
all j € [k] and gradually assigning a value in T' to additional vertices, which correspond
to the set Vj,). Thus, we will also refer to the vertices in Vi as assigned, and to vertices
in V| as unassigned. The heart of the algorithm is two nested loops (lines . During
every iteration of the outer loop, the inner loop performs k iterations, one for every terminal
tj. Every inner-loop iteration picks a random radius (from an exponential distribution) and
“grows” V; to that radius (but without overlapping any other set) thus removing nodes from
V| and assigning them to V;. Every outer-loop iteration increases the expectation of the
radius distribution. Eventually, all nodes are assigned, i.e. {Vi, Vs, ..., Vi } is a partition of V.
Note that the algorithm does not actually contract the clusters at the end of each iteration
of the outer loop. However, subsequent iterations grow each V; only in the subgraph of G
induced by the respective V. ;, which is effectively the same as contracting clusters to their
respective terminals at the end of each outer-loop iteration.

Every cluster in the partial partition maintained by the algorithm needs to induce a
connected subgraph of GG. In particular, the algorithm has to grow the clusters so that they
do not overlap. We therefore require the following definition.

Definition 3.2. For U C V, let G[U] denote the subgraph of G induced by U, with induced
edge lengths (i.e. w|guy)). For a subgraph H of G with induced edge lengths, a vertex
v e V(H) and r > 0, denote By(v,r) := {u € V(H) : dg(u,v) < r}, where dy is the
shortest path metric in H induced by w.

Input: G= (V,E,w), T={t;,...,ts} CV
Output: A partition {V, Vs, ..., Vi} of V.
: set b« 1+ 1/(451logk)
for every j € [k] set V; <= {t;}, r; =0
set i < 0. // i is the iteration number of the outer loop.
while Vi) # V do
141+ 1.
for all j € [k] do
choose independently at random R} ~ exp(b').
T < Tj + R;
Vi < V;U Ba,, ,)(t,75). /] This is the same as Vj <= By, ;) (t;,75)-
return {V}, Vs, ..., Vi }.

,_.
@

Algorithm 3.1: Partitioning V'

Claim 3.3. The following properties hold throughout the execution of the algorithm.

1. For all j € [k], V; is connected in G, and t; € V.
2. For every j1, jo € [k|, if 1 # j2, then V;, NV, = 0.
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3. For every outer loop iteration i and every j € k], if V[ denotes the set Vj at the
beginning of the i-th iteration (of the outer loop), and V' denotes the set V; at the end
of that iteration, then Vj C V.

In what follows, we analyze the stretch in distance between a fixed pair of terminals. We
show that with probability at least 1 — O(k~°), the distance between these terminals in G’ is
at most O(log” k) times their distance in G. By a union bound over all (];) pairs of terminals,
we deduce Theorem [I.1} Let s,¢ € T, and let P* be a shortest st-path in G. Due to the
triangle inequality, we may focus on pairs which satisfy V(P*) NT = {s,t}, where V(P*) is
the node set of P*. We denote ¢ := w(P*) = dg.(s,1).

3.1 High-Level Analysis

Following an execution of the algorithm, we maintain a (dynamic) path P between s and t¢.
In a sense, in every step of the algorithm, P simulates an st-path in the terminal-centered
minor induced by Vi, Vs, ..., Vi. At the beginning of the execution, set P to be simply P*.
During the course of the execution update P to satisfy two invariants. At every step of
the algorithm, the weight of P is an upper bound on the distance between s and ¢ in the
terminal centered minor induced by Vi,...,V}, (in that step). In addition, if I is a subpath
of P, whose inner vertices are all unassigned, then [ is a subpath of P*. Throughout the
analysis, we think of P as directed from s to ¢, thus inducing a linear ordering of the vertices
in P.

Definition 3.4. A subpath of P will be called active if it is a maximal subpath whose inner
vertices are unassigned.

Note that a single edge whose endpoints are both assigned will not be considered active.

We now describe how P is updated during the execution of the algorithm. Consider line
[9] of the algorithm for the i-th iteration of the outer loop, and some j € [k]. We say that the
ball B = By, ,,|(tj,7;) punctures an active subpath A of P, if there is an inner node of A
that belongs to the ball. If B does not puncture any active subpath of P, we do not change
P. Otherwise, denote by u, v the first and last unassigned nodes (possibly not in the same
active subpath) in V' (P) N B respectively. Then we do the following.

We replace the entire subpath of P between u and v with a concatenation of a shortest
ut;-path and a shortest t;v-path that lie in B; this is possible, since G[B] is connected, and
u,t;,v € B. This addition to P will be called a detour from u to v through ¢;. The process
is illustrated in figures [2(a)i2(b)l Beginning with P*, the figure describes the update after
the first four balls. Note that the detour might not be a simple path. It is also worth noting
that here v and v may belong to different active subpaths of P. For example, in figure ,
the new ball punctures two active subpaths, and therefore in figure the detour goes
from a node in one active subpath to a node in another active subpath. Note that in this
case, we remove from P portions which are not active.

It is worth noting that this update process implies that at any given time, there is at
most one detour that goes through ¢;. If, for some iteration ¢’ < i of the outer loop, and
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(a) We begin with P = P*

Blts,r4)

Bty r2)

B(ty,m1)

(b) Every inner-loop iteration
grows a terminal-centered ball.
Here balls around t1,ts,t3,1%4
are grown with detours added.

(¢) Endpoints of a detour can
belong to different active sub-
paths. Here a ball around t5
is grown.

Since P* is a shortest path, the
detours for ¢; and ¢y are, in
fact, subpaths of P*.

A

Vs B(ts, r5)

(f) Update detour for V.

(d) Update detour for V. (e) The ball around t3 is fur-

ther grown.

Figure 2: Updating P

for some u',v" € V(P), we added a detour from ' to v' through ¢; in iteration ', we keep
only one detour through ¢;, from the first node between u, v’ and to the last between v, v'.
For example, in figure , the ball centered in t3 punctures an active subpath. Only one
detour is kept in figure

The total weight of all detours during the execution will be called the additional weight
to P (ignoring portions of P that are deleted from P). Denote the set of active subpaths of
P at the beginning of the i-th iteration of the outer loop by A;.

Let Viin ... V" be the partition returned by the algorithm, let G’ the terminal-centered
minor induced by that partition, and let w’ be the standard restriction of w to G’. Denote
by Pfi" the path obtained at the end of the execution.

Claim 3.5. At every step of the algorithm the following holds:

1. The weight of P is an upper bound on the distance between s and t in the terminal
centered minor induced by Vy,...,Vi. Moreover, once A; = () (namely, P has no
active subpaths), the weight of P is an upper bound on the distance between s and t
i the terminal centered minor induced by Vlﬁ S Vkﬁ " (actually, from this point on,
P = pfin),

2. If A is a subpath of P, whose inner points are all in V , then A is a subpath of P*.
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3. If Ay, As are two different active subpaths of P, they are internally disjoint.

4. Al <k for alli.
Proof. Follows easily by induction on i, j. O
Corollary 3.6. dg ./ (s,t) < w(Pfm).

Let A € A;. During the execution of the inner loop, A is either removed from P entirely,
or some subpaths of A remain active (perhaps A remains active entirely). Therefore, for every
A" € A;yq, either A’ is a non-trivial subpath of A (by non-trivial we mean |V (A’)| > 3), or
A" and A are internally disjoint. Therefore there is a laminar structure on J; A;.

We describe this structure using a tree 7, whose node set is {(i, A)| A € A;}. The root
of T is (1, P*), and for every i and every A € A;, the children of (i, A), if any, are all pairs
(1+1, A", where A’ € A, is a subpath of A. Whenever we update P we log the weight of
the detour by charging it to one of the nodes of T as follows. Consider a detour from u to
v in the i-th iteration of the outer loop for some 7. Before adding this detour, u and v are
unassigned nodes in P. Because u is unassigned, v is an inner vertex of some active subpath.
In either case, there is exactly one active subpath containing u. The weight of the detour is
charged to the unique active subpath A € A; such that u € A. For every i and A € A;, let
w; 4 be the total weight charged to (i, A). If the node is never charged, the weight of the
node is set to 0. Therefore,

w(P™) < w(P*) + Z Wi A- (3.1)

Eqn. (3.1]) together with Corollary [3.6|imply that if we show that with high probability, the
total weight charged to the tree is at most O(log® k) - £, we can deduce Theorem For the
rest of this section, we therefore prove the following lemma.

Lemma 3.7. With probability at least 1 — O(k™>), the total weight charged to the tree is at
most O(log” k){.

Consider an iteration ¢ > 1 and an active subpath A € A;. Informally, since the distortion
is measured relatively to ¢ = w(P*), if the expected radius b’ is small compared to w(A),
then with high probability a detour will not add “much” to the distortion, and thus we are
more concerned with the opposite case where w(A) is small relative to the current expected
radius.

Formally, let p = 1/100. An active subpath A € A; will be called short if w(A) < pb'.
Otherwise, A will be called long. Notice that P* € A, is long, and for i > log,(¢/p), every
A € A, is short.

Definition 3.8. Leti > 1 and let A € A; be a short subpath. Denote by T; 4 the subtree of
T rooted in (i, A). Denote the parent of (i,A) in T by (i —1,A") for A" € A,_y. If A is
long, T; a will be called a short subtree of T .
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Once an active subpath becomes short (during the course of the iterations), we want all
its vertices to be assigned quickly, and by a few detours. For this reason, the height and
weight of short subtrees will play an important role in the analysis of the height and weight
of T.

To bound the total weight of the tree T, we analyze separately the weights charged to
long active subpaths at each level, and the weights of short subtrees rooted at each level.
More formally, for every i < log,(¢/p), denote by I; the total weight charged to nodes of the
form (i, A), where A € A; is a long active subpath. Denote by s; the total weight charged to
short subtrees rooted at the level i of 7. For ¢ > log,(¢/p), every A € A; is short and thus
(i, A) belongs to some short subtree rooted at level at most log, (¢/p). Therefore,

logy, (£/p)
(1,A)eT i=1

We will first analyze the behavior of short subpaths of active paths, and then use it to bound
s;. 'To bound the weight of long active paths, we will divide them into short segments, and
then sum everything up to bound /;.

3.1.1 The Effect of a Single Ball on a Short Segment

Let ig > 1 and let I be a subpath of P such that all the inner nodes of I are unassigned in
the beginning of the io-th iteration of the outer loop, and w(I) < pb®. Note that I is not
necessarily maximal with that property, and therefore is not necessarily an active subpath.
However, I is a subpath of some (unique) active subpath A € A;,. We first consider the
effect of a single ball over I, in some iteration 7 > ig.

Fix some ¢ > iy, and some j € [k]. Let X denote the number of active subpaths A’ such
that V(A) N V(I) # 0 at the beginning of the j-th iteration of the inner loop (during the
i-th iteration of the outer loop). Note that every such subpath A’ is necessarily a subpath
of A, due to the laminar structure of active subpaths. Since every such active subpath will
add at least one detour before it is completely assigned, we want to show that X is rapidly
decreasing. Let X' denote the number of active subpaths A’ such that V(A) NV(I) # 0
at the end of the j-th iteration. Denote by B the ball considered in this iteration, namely

B = B, ,)(t5:75).
Proposition 3.9. With certainty, X' < X + 1.

Proof. Let Ay, As, ..., Ax be all active subpaths of A which intersect I and are active in
the beginning of the j-th iteration ordered by their location on P. For a € [X]| denote by
Uq, Vo the first and last unassigned nodes in A,, respectively. If B does not puncture any of
these subpaths, then X’ < X < X + 1 (Note that subpaths of A can still be removed if B
punctures active subpaths of P not contained in A). So assume B punctures A,. Assume
first that A, is the only subpath of P which is active and is punctured by B. Then there are
three options: If both u,,v, € B, then A, is replaced and removed entirely from P when
adding the detour, and X’ < X —1 < X + 1. If u, € B and v, ¢ B, let v/ be the last node
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in V(A,) N B then the u,v’ segment of A, is replaced, and the segment v'v,, remains active.
Therefore X’ < X < X 4+ 1. The argument is similar, if u, ¢ B and v, € B. Otherwise,
some of the inner portion of A, is replaced by a non-active path, and both end segments
of A, remain active, therefore X’ = X + 1. Next, assume the ball punctures several active
subpaths of A, and maybe more subpaths of P. Denote by I,, s the first and last subpaths
of A punctured by B. Denote by u the first node in V(I,) N B, and v the last node in
V(Iz) N B. When updating P, the entire subpath of P between v and v is removed. Thus
X'<X-P-a+]) < X<X+1 m

We now want to show that if some unassigned vertex v € V(I) gets assigned due to a
ball B, i.e., B punctures some active subpath intersecting I, then X is likely to decrease.
Recalling that unassigned nodes in P must be in P*, this goal is stated formally as

PrX' > X | BNV(I)NV(P) £ 0] <p.

However, this statement is not sufficient for our needs, as it does not imply that with high
probability a short active subpath is assigned quickly. Indeed, let I be a short active subpath
and suppose no ball punctures any subpath of I for many iterations following ig; then the
detour that will eventually be added to replace a subpath of I might be too long relative to
I (as expected radii increase exponentially). Therefore, when arguing that with reasonable
probability X decreases, we shall condition on a more refined event, which generalizes the
notion of a ball puncturing an active subpath. Loosely speaking, we consider events in
which the ball B includes a vertex v ¢ P* (i.e., v is already assigned), and assume there is
an unassigned u € V'(I), such that uv is an edge in G (since P* is a shortest path, this edge
uwv must be part of P*), which means there is an active subpath intersecting I adjacent to
v (in particular, v is one of its endpoints). By the memoryless property of the exponential
distribution, conditioned on v € B, with reasonable probability B covers that subpath. The
formal definition follows.

Definition 3.10. Let I be a subpath of P. We say that a ball B reaches I if there is
v € V(I)N B such that either v € V(P*) is unassigned, or v has an unassigned neighbor
which is in V(I).

Consider again the case where I is active. Then both its endpoints are assigned. Note
that the endpoints of I cannot both be assigned to the same terminal (otherwise I would
have been removed entirely). By the definition of the balls in the algorithm, B C G[V| 4]
and therefore B may reach I and not puncture it if and only if I has exactly one endpoint
in V;. Note that all active subpaths are reached at least twice in every iteration of the outer
loop (by the clusters which contain their endpoints). Therefore in every iteration of the
outer loop at least two balls reach I with certainty, even though it could be the case that no
ball punctures 1.

Proposition 3.11. Pr[X’ > X | B reaches I]| <p.
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Proof. Assume that B reaches I. Then there exists a node v € V(I) N B such that either v
is unassigned, or v has an unassigned neighbor u € V/(I). Let d = dgv,,,)(t;,v). Assume
first that v € V(P*) is unassigned. Let A’ be the active subpath such that v € V(A').
Following the analysis of the previous proof, if X’ > X, then B punctures exactly one active
subpath (namely A’) that intersects I and does not cover the part of A’ contained in I, or
B punctures exactly two such active subpaths and covers neither of them. In either case,
B punctures A’ and does not cover the part of A’ contained in I. Since w(I) < pb®® < pb’,
the length of A’ is at most pb’. We conclude that r; + R} > d, and r; + R} < d + pb'. If v
has an unassigned neighbor u € V(I), we get the same conclusion, since this again means
rj+ R > r; > d. By the memoryless property,
Pr[X’ > X | B reaches I] < Pr[R, <d—rj+pb' | R, >d—rj]<1—eP?<p.

3.1.2 The Effect of a Sequence of Balls on a Short Segment

Consider now the first N balls that reach I, starting from the beginning of iteration ¢, of
the outer loop, and perhaps during several iterations of that loop. For every a € [N], let Y,
be the indicator random variable for the event that the a-th ball reaching I decreased the
number of active subpaths intersecting /. In these notations, Proposition [3.11] stated that

Vae[N], PilYau =1|Yi,..,V]>1-p.

Let Y = Zae[ Ny Yo and let Z ~ Bin(N,1 —p). Simple induction on N implies the following
claim.

Claim 3.12. Vk, Pr[Y > k] > Pr[Z > k].

Lemma 3.13. With probability at least 1 — 1/k'¥, after 90log k balls have reached I, there
are no active subpaths intersecting 1.

Proof. Assume N = 70log k. Since whenever Y, = 0, the number of active subpaths increases
by at most 1, and whenever Y, = 1, the number of active subpaths decreases by at least
1, if Y > N/2, then there are no active subpaths intersecting I. Therefore by the Chernoff
bound,

Pr[there are no active subpaths intersecting I after N balls reach []
>Pr[Y > N/2] > Pr[Z > N/2| >1-1/k" .
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3.2 The Behavior of Short Subtrees

As stated before, the most crucial part of the proof is to bound the weight and height of
short subtrees of 7. Let ¢y > 1, and let A € A;; be a short subpath such that 7;, 4 is a
short subtree of 7. Clearly, A’ is short for every node (i', A’) of T;, 4. In order to bound the
height of 7;, 4 we combine the fact that not too many balls may reach A, with the fact that
at least two balls reach A during each iteration of the outer loop.

Claim 3.14. With probability at least 1 — 1/k'°, the height of Ti, .4 is at most 451og k.

Proof. In the notations of Lemma [3.13] consider some ¢ > iy. If A has an active subpath
at the end of the i-th iteration of the outer loop, then at least two times during the i-th
iteration an active subpath of A is reached by a ball. After 45log k iterations of the outer
loop, if A has an active subpath, then N > 90log k. By similar arguments to Lemma [3.13]

Pr[The height of T;, 4 is at most N/2] > Pr[Y > N/2] > Pr[Z > N/2] >1—1/k' .
[l

We denote by E; the event that for every i, and every A € A;, if T; 4 is a short subtree
then after at most 90 log k balls reach an active subpath of A, A has no more active subpaths
and in addition, the height of 7; 4 is at most 45 log k.

Lemma 3.15. Pr[E{] > 1 — 1/k°.

Proof. Fix some ¢, and A € A;. Assume that 7; 4 is a short subtree. By definition, (i, A)
has no short ancestor. For i/ = log,(¢/p) < log,(D/p), P* itself is short, since b = ¢/p,
and thus all tree nodes in level i’ (and lower) are short. Therefore, i < ¢'. Since there are
at most k nodes in every level of the tree, the number of short subtrees of 7 is at most
k -1og,(D/p) = k - (log, D + log,, 100) < k*logk + O(klog k) < O(k*logk). By the previous
lemma, and a union bound over all short subtrees, the result follows. O

Since every node in level log,(¢/p) of the tree belongs to some short subtree, we get the
following corollary.

Corollary 3.16. With probability at least 1 — 2/k5, the height of T is at most log,(¢/p) +
O(log k) < 10log, D.

We denote by Eg the event that for all ¢ < 10log, D and j € [k], the radius of the j-th
ball of the i-th iteration of the outer loop is at most O(blog k). We wish to prove that E,
holds with high probability. We will need the following lemma, which gives a concentration
bound on the sum of independent exponential random variables.

Lemma 3.17. Let X4,..., X, be independent random variables such that each X; ~ exp(\;)
for Aj >0, and denote A = max; \;. Then X =} . X; has expectation p = E[X] =3, \;
and satisfies

Vo >1,  Pr[X > (1+0)pu <el i
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Proof. We proceed by applying Markov’s inequality to the moment generating function (sim-
ilarly to proving Chernoff bounds). Let j € [n] and consider 0 < ¢ < i Then the moment

generating function of X; is known and can be written as E [e*7] = - <1+42t); < €Y.
J
Now set t = % and use Markov’s inequality to get
E [etX . E [etXs 2tp
Pr[X > (1+6)u] = Pr[et* > 094] < ] _ e ) < £ = (1792

= et(l+0)p et(1+d)u = et(+8)p
[l
Lemma 3.18. Pr[E;] > 1 — 1/k°.

Proof. Fix i < 10log, D and j € [k]. In the notations of Algorithm , let ; be the radius
of the jth ball in the ith iteration of the outer loop. Then r; = R;-/ is the sum of
independent exponential random variables. E[r;] = >, b" =b-2=1 > 200" log k. Applying
Lemma [3.17| we get that

—E[ry]

Pr[r; > 400" log k] = Pr[r; > 2E[r;] | <e v <k

By assumption , 10log, D = O(log Dlogk) = O(k*logk). Thus by a union bound over
all values of ¢ and j in question,

- k- 10log, D 1
Pr[Vi, j. r; <40b'logk in the ith iteration of the outer loop] > 1 — % >1-— =

Summing everything up, we can now bound with high probability the weights of all short
subtrees of T.

Claim 3.19. Conditioned on the events Ey and Eq, for every iy > 1 and A € A,,, if Tiy.a is
a short subtree of T, then the total weight charged to nodes of T, A is at most O(b® log? k)
with certainty.

Proof. Conditioned on E;, at most 90logk detours are charged to nodes of every short
subtree and for i = 75 + 45log k, there are no more active subpaths of A. Conditioned on
E2, the most expensive detour is of weight at most O(bt41°ek Jog k), we get that the total
weight charged to nodes of the subtree is 90log k - O(b% - b*°'°8% . log k) < O(b™ log® k), since
plosk — O(1). O

3.3 Bounding The Weight Of T

We are now ready to bound the total weight charged to the tree. Recall that for every
i < log,(¢/p) we denoted by I; the total weight charged to nodes of the form (i, A), where
A € A; is a long active subpath, and by s; the total weight charged to short subtrees rooted
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in the i-th level of 7. Since ¢ > 1, P* € A, is long. Therefore, s; = 0. We can therefore
rearrange Eqn. (3.2) to get the following,.

logy, (¢/p)
Z Wi A = Z (lz + Si—‘rl) . (33)
(i,A)eT i=1

Let i < log,(¢/p). Let A € A; be a long active subpath. That is, w(A) > pb’. Thinking
of A as a continuous path, divide A into w(A)/(pb’) segments of length pb’. Some segments
may contain no nodes. Let I be a segment of A, and assume [ contains nodes (otherwise,
no cost is charged to A on account of detours from 7). Following Lemma we get the
following.

Lemma 3.20. With probability at least 1 — 1/k' no more than 90logk balls reach I.

Denote by E3 the event that for every i > log,(¢/k?), and for every long active subpath
A € A;, in the division of A to segments of length pb’, every such subsegment is reached by
at most 90 log £k balls.

Lemma 3.21. Pr[Eg] > 1 — 1/k°.

Proof. Since for every i > log,(¢/p), every A € A; is short, the number of relevant iterations
(of the outer loop) is at most log,(¢/p) — log,(¢/k?) = log,(k%/p) < O(log® k). For every
i > log,(¢/k?) and every long path A € A;, the number of segments of A is at most
w(A)/(pb®) < w(A)/(pl/k?) < k?/p. Therefore the number of relevant segments for all
i > logy(¢/k?) and for all long A € A; is at most O(k?log® k) Applying a union bound over
all relevant segments the result follows. O

Since Pr[E;] > 1 — 1/k° and Pr[E3] > 1 — 1/k°, we get the following corollary.
Corollary 3.22. Pr[E; AE; AE3] > 11— O(k™)

It follows that it is enough for us to prove that conditioned on E;, Es and Ej3, with
probability 1 the total weight charged to the tree is at most O(log® k).

Lemma 3.23. Conditioned on Eq and Es, I; < O(b'klogk). In addition, if i > log,(¢/k?),
then I; < O(log® k) - £ with probability 1.

Proof. To see the first bound, observe that by the update process of P, at most k detours
are added to P during the i-th iteration. Conditioned on Es, each one of them is of weight
at most O(b'logk). To see the second bound, let A € A; be a long active subpath. The
additional weight resulting from detours from vertices of A is at most the number of segments
of A of length pb?, times the additional weight to each segment. Therefore, the additional
weight is at most

w4 < w(A)/pb* - O(log k) - O(b'log k) = O(log® k) - w(A) .
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Since all paths in A; are internally disjoint subpaths of P*, we get:

Z w;a < Z O(log® k) - w(A) < O(log® k) - £ .

long A€A; long A€A;

]

Lemma 3.24. Conditioned on events E1, Ey and Eg, s;1; < O(b*klog® k). In addition,
if i > log, (¢/k?), then siyy < O(log® k) - £.

Proof. Conditioned on E; and Ej, we proved in Claim that the total weight charged
to a short subtree rooted in level 4 + 1 is at most O(b""! log® k) with certainty. Since there
are at most k such subtrees, the first bound follows. To get the second bound, note that by
the definition of a short subtree, for every short subtree 77 rooted at level 7 + 1, the parent
of the root of 7’ consists of a long active subpath A of level i. Conditioned on Eg, every
segment of A is intersected by at most 90logk balls. Therefore, (i, A) can have at most
(w(A)/pb®) - 901log k children, and in particular, children consisting of short active subpaths.
The cost of a short subtree rooted in the i + 1 level of 7 is at most O(b’log” k). Thus the
total cost of all short subtrees rooted in children of A is bounded by

(w(A)/pb?) - 901log k - O(b'log? k) < O(log® k) - w(A) .
Summing over all (internally disjoint) long subpaths of level ¢, the result follows. O]

We now turn to prove Lemma [3.7]

of Lemma([3.7. Since Pr[E; AEy AE3] > 1— O(k™°), it is enough to show that conditioned
on E1, E2 and E3, the total weight charged to the tree is at most O(log® k)¢ with certainty.
Recall that Z(i,A)GT Wia = Ziozgf(g/p) (I; + s;41). Following Lemmas [3.23| and [3.24] we get
that

log, (¢/1?) logy (¢/K) |

Y li+si) < Y OWkloghk+ b+ klog k)

=1 =1

IOgb e/k2) b E
7 2 R .
O(klog? k) Z b= O(klog®k);— + 75 =ol(1) - L.
In addition,

log;, (¢/p) log;, (¢/p)

> litsi)< Y O(log’ k)l + O(log® k)t
i=log; (¢£/k2)+1 i=logy (¢/k?)+1

< O(log” k)L - (log, (¢/p) — log, (£/k?))
< O(log® k)¢ - O(log® k) = O(log” k) - £ .
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4 Terminal-Centered Minors: Extension to General
Case

In this section we complete the proof of Theorem by reducing it to the special case where
Assumption holds (which we proved in Section . We first outline the reduction, which
is implemented using a recursive algorithm, as follows. The algorithm initially rescales edge
weights of the graph so that minimal terminal distance is 1. If D < 2*° then we apply
Algorithm and we are done. Otherwise, we construct a set of at most k — 1 low-diameter
balls which are mutually far apart, and whose union contains all terminals. Then, for each
of the balls, we apply Algorithm on the graph induced by that ball. Each ball is then
contracted into a “super-terminal”. We apply the algorithm recursively on the resulting
graph G with the set of super-terminals as the terminal set. Going back from the recursion,
we “stitch” together the output of Algorithm on the balls in the original graph with the
output of the recursive call on G, to construct a partition of V as required. The detailed
algorithm and proof of correctness are described in Section Before that, we need a few
definitions.

Assume that the edge weights are already so that the minimum inter-terminal distance
is 1. Denote by D the set of all distances between terminals, rounded down to the nearest
powers of 2. Note that |D| < k2. Consider the case D > 2k There must exist 0 < my <
k®—k such that DN{2mo 2motl 9motht — () Define R := {(z,y) € T?: dg(x,y) < 2™}

Claim 4.1. R s an equivalence relation.

Proof. Reflexivity and symmetry of R follow directly from the definition of a metric. To see
that R is transitive, let z,y,2z € T, and assume (z,y), (y,z) € R. Therefore dg(z,y) < 20
and dg(y, z) < 2™. By the triangle inequality, dg(z, 2) < 2™0FL. Since DN{2™m0, ... 2motk) —
0, do(z, z) < 2™, and therefore (z,z) € R. O

For every equivalence class U € T/, we pick an arbitrary u € U, and define U =
Bg<u, QmO).

Claim 4.2. U = {U}UGT/R 18 a partial partition of V. Moreover, for every U & T/p:
U CU, G[U] is connected and of diameter at most 2m0+! < 2k*

Proof. Let U € T/R. Let u € U be such that U= Bg(u,2™). For every x € U, by the

definition of R, d(z,u) < 2™, and thus z € U. Therefore U C U. By the definition of a ball,
G [U ] is connected and of diameter at most 2™+ < 2% To see that U is a partial partition
of V, take U’ € T'/R such that U # U’, and let v’ € U’ be such that U = Bg(u',2™0). Since
(u,u') ¢ R, dg(u,u’) > 2™, and since D N {2m0 ... 2m0+kL = () dg(u,u') > 2motE+HL thus
Unu’ = 0. O
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Input: G=(V,E,w), T={ty,...,t,} CV
Output: A partition {V3, V5, ..., Vi} of V.
1: rescale the edge weights so that the minimal terminal distance is 1.
2: if D := max, yer dg(u,v) < 2k then
3:  run Algorithm [3.1], and return its output.
else
define R and U as above.
for all U € U do
run Algorithm independently on G[U].
contract U to a single “super-terminal”, maintaining edge weights of all remaining
edges.
9:  denote the resulting graph G.
10:  run Algorithm recursively on G with the set of super-terminals.
11:  for all super-terminals u € G do

12: let uq,...,u, be the terminals contracted to « in line |8/ in an arbitrary order.
13: for all vertices v assigned to u in the recursive call do
14: assign v to its nearest terminal among uq, ..., u,.
Break ties by the ordering of uy, ..., u,.. // Making sure we construct a minor.

15: return the resulting partition of V.

Algorithm 4.1: Partitioning V' - The General Case

4.1 Detailed Algorithm

Our algorithm for the general case of Theorem [1.1]is given as Algorithm [4.1] (which makes
calls to Algorithm [3.1]). It is clear that this algorithm returns a partition of V. In addition,
since every level of recursion decreases the number of terminals in the graph, the depth of
the recursion is at most k. During each level of the recursion, Algorithm is invoked at
most k times. Therefore, Algorithm is invoked at most k? times, each time on a set of
at most k terminals. Note that the result of Lemma [3.7] still applies if &k is only an upper
bound on the number of terminals, and not the exact number of terminals. Therefore, we
get that there exists Cy > 0, such that all O(k?) times that the algorithm is invoked, it
achieves a weight stretch factor of at most Clog® k, with probability at least 1 — O(k™3).
Applying a union bound, we get that with high probability, the stretch bound is obtained in
all invocations of the algorithm. It remains to show that this suffices to achieve the desired
stretch factor in G.

Lemma 4.3. With probability at least 1 — 1/k, on a graph with T < k terminals, Algorithm
obtains a stretch factor of at most Cylog® k + log® k - 27 Dower 2(K)? < 2C log® k.

Proof. 1t is enough to show that conditioned on the event that every invocation of Algo-
rithm achieves a stretch factor of at most Cplog® k, the generalized algorithm achieves
the desired stretch factor. We prove this by induction on k. For the case k = 2, rescaling
the weights assures that D = 1 < 2F " and therefore Algorithm is applied on G. The
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result follows from the proof of Section [3] Assuming correctness for every k < k, we prove
correctness for k. Let s,t € T. If (s,t) € R, then s and ¢ are in the same set in U, and
by the conditioning, the stretch factor of the distance between s and ¢ is at most Cplog® k.
This does not change in steps 4 — 7 of the algorithm. Otherwise, Let 3, be the terminals
(or super-terminals) associated with s and t in G respectively. Denote d = dg.,(s,t) and

d = dg 4(5,t). Denote by G' = (V', E',w') the terminal-centered minor induced by the par-
tition returned by the recursive call, and by G” = (V”, E” w") the terminal-centered minor
induced by the partition returned in the final step of the algorithm. Denote d’ = dgr (3, 1).
and d” = dgn »(s,t). Let u be a super terminal on a shortest path P’ between § and ¢ in
G'. Let P” be the path obtained from P’ in G” in the following manner. In the place of
every super-terminal u in P’, originating in some node set U , we add a path between the
corresponding terminals in U (based on the terminal-centered minor constructed for G [U ] in
step 3). The edges of P are also replaced with corresponding edges in G”.

Recall that in G’ the weight of every edge is the distance between its endpoints in G (by
the definition of a terminal-centered minor). In G” the weight of every edge is the distance
between its endpoints in G. Therefore the weight P’ contained at most £ — 1 edges. In G”
the weight of each such edge increases by at most k2™°. In addition, every expansion of
a super-terminal adds at most k2™ to the path. Therefore, w”(P") < w/'(P') + 2k*2™0 <
d' +d - 2k*27*. By the induction hypothesis

d < (C’D log® k + log® k- 27F Z (k')2> d.
K <k—1
Since d < d, we get that

d' < (Co log® k + log® k - 27* Z 2(k’)2> d+d-2k*27F

k'<k—1

< (C’o log® k + log® k - 27* Z 2(1{:’)2> d.

K<k

This completes the proof of Lemma (and in fact also of Theorem [1.1)). O
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Part B
Metric Decompositions

5 Introduction: Randomized Metric Decompositions

A randomized decomposition of the metric (X, d) is a distribution p over partitions of X,
although we usually impose additional requirements in order to obtain more specialized de-
compositions. One of the most basic versions of randomized decompositions is often referred
to as padded decompositions (see Definition . Our results in this section employ a refined
definition of so-called padded decompositions, introduced by Abraham et al. |[AGGT14].

Recall that if II is a partition of X, then every S € II is called a cluster, and for every
x € X, II(x) denotes the unique cluster S € II such that = € S.

Definition 5.1. A metric space (X, d) is called f-decomposable for > 0 if for every A > 0
there is a probability distribution p over partitions of X, satisfying the following properties.

(a). Diameter Bound: For every Il € supp(p) and S € 11, diam(S) < A.
(b). Padding: For every x € X and 0 <~ < 1/100,

Pr[B(r,yA) CII(x) ] > 277

We note that Definition [1.2] which is more common in the literature (see e.g. [KLMNOZ),
LNO04]) is a special case of Definition obtained by setting in [(b)] v = 1/8. Our results
provide constructions that satisfy Definition [5.1, and thus immediately apply also to the
more common definition.

5.1 Preliminaries

The Truncated Exponential Distribution. Define the truncated exponential with pa-
rameters A > 0 and 0 < a < < oo, denoted Texp[aﬁ]()\), to be distribution given by the
probability density function

1 —x
Infa8) () = Ne—a/n = e—ﬁ/k)e /A Vo € o, f] .

Note that this is the pdf of an exponential random variable with mean A that is conditioned
to be in the range [«, 5].

r-Nets. Given a metric space (V,d), an r-net of (V,d) is a set Y C V satisfying
1. Packing: For all distinct u,v € Y we have d(u,v) > r.

2. Covering: For every v € V| there is some u € Y such that d(v,u) <r
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6 Metric Decompositions with Concentration

Bartal [Bar96] proved that every n-point metric is O(logn)-decomposable, and that this
bound is tight. We remark that by now there is a rich literature on metric decompositions,
and different variants of this notion may involve terminals, or (in a graphical context) con-
nectivity requirements inside each cluster, see e.g. [LS93, Bar96, (CKRO01, [FRT04, Bar04,
LNO05, [GNR10, EGK™10, MNO07, AGMW10, [KR11].

Degree of separation. Consider a metric space (X,d), and let P = (zg,x1,...,2¢) be
a shortest path in X. We denote its length by d(P) := d(xg,z¢), and say that P meets a
cluster S C X if SN P # (). Given a partition IT of X, we define the degree of separation of
P with respect to IT Zp(II) as the number of different clusters in the partition IT that meet
P. Formally,

ZP(H) = ZE{P meets S}- (61)
Sel
Throughout, we omit the partition II when it is clear from the context. When we consider

a random partition IT ~ p, the corresponding Zp = Zp(I1) is actually a random variable. If
this distribution p satisfies requirement [(b)] of Definition [5.1], then

E[Zp] <1+ Prl(zioy) # 1(z)]
# e~
<14 ) PrB(zi,d(zi1,2:) € (w;1)]
i€[{)
<1+ ) (1— 2 Pdmmrm/ay
i€[()

(6.2)

A A

1€[(]
But what about the concentration of Zp? More precisely, can every finite metric be de-

composed, such that every shortest path P admits a tail bound on its degree of separation
Zp?

A tail bound. We answer this last question in the affirmative by proving a stronger version
of Theorem that does involve terminals in Section [6.1] The tail bound over Pr[Zp > ¢
in Theorem (eqn. on page can be compared to a naive estimate that holds for
every (-decomposition p: using we have E[Zp] < 2 for every path P with d(P) < %,
and then by Markov’s inequality Pr[Zp > t] < 2/t.

We remark that for general metric spaces, it is known that 5 = O(logn) is tight [Bar96].
However, for requirements|(a)H(b)| of Definition [5.1{several decompositions are known to have
better values of § for special families of metric spaces (e.g. metrics induced by planar graphs
[KPR93]). We leave it open whether for these families the bounds of Theorem can be
improved, say to 5 = O(1).
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6.1 A Tail Bound for the Degree of Separation

In this section we prove a slightly stronger result than that of Theorem[1.3] stated as Theorem
below. Let (X,d) be a metric space, and let {t1,...,t} C X be a designated set of
terminals. Recall that a partial partition Il of X is a collection of pairwise disjoint subsets
of X. For a shortest path P in X, define Zp = Zp(II) using Eqn. (6.1)), which is similar to
before, except that now II is a partial partition. We first extend Definition [5.1]

Definition 6.1. We say that X is S-terminal-decomposable with concentration if for every
A > 0 there is a probability distribution p over partial partitions of X, satisfying the following
properties.

Diameter Bound: For all II € supp(u) and all S € II, diam(S) < A.
Padding Probability: For every x € X and 0 <~ < 1/100,

Pr [3S € 11 such that 0 < |S N B(z,vA)| < |B(z,yA)| ] < 1—-2777.

Il~p

Terminal Cover: For all IT € supp(p), we have T C |Jgeyr S-

Degree of Separation: For every shortest path P and everyt > 1,
rﬁru [Zp > tmax{%, 1}} <0 (min {kﬁ, PM&P)—‘ }) o~ U

Theorem 6.2. Every finite metric space with k terminals is (4 log k)-terminal-decomposable
with concentration.

For simplicity of notation, we prove the result with cluster diameter at most 2A instead
of A. Fix a desired A > 0, and set for the rest of the proof A := @ and g := g 0,4 (the
pdf of the truncated exponential distributions Texpjy Aj(A)). For x € X and r > 0, we use
the standard notation of a closed ball B(x,r) := {y € X : d(z,y) < r}. We define the
distribution p via the following procedure that samples a partial partition IT of X.

1: for j=1,2,...,k do

2: choose R;j ~ Texpy A](A) independently at random, and let B; = B(t;, R;).
i—1

3 set S;=B;\U _, Bm-

4: return IT = {S,..., S} \ {0}

The diameter bound and terminal partition properties hold by construction. The proof
of the padding probability is identical to the one in [Bar96, Section 3]. The following two
lemmas prove the degree of separation property, which will conclude the proof of Theorem [6.2]
Fix a shortest path P in X, and let us assume that ¢/2 is a positive integer; a general ¢t > 1
can be reduced to this case up to a loss in the unspecified constant.

Lemma 6.3. If d(P) < ), then Pr[Zp > t] < 2790,
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Proof. Split the k terminals into Jg, := {j € [k] : d(t;, P) > A —2\} and Jyear = [K] \ Jtar-
Define random variables Zg,, := #{j € Jpar : B; NP # 0} and Zpear 1= #{j € Jnear :
S; NP #0}. Then Zp < Ztay + Zpear and

Pr[Zp > t] < Pr[Ziar + Znear > t] < Pr[Zpay > t/2] 4+ Pr[Znear > t/2].
For every j € Jar,

A
k _
Pr[B,NP # 0] <Pr[R; > A -2\ = / g(x)dx = —(e’¥ — e’%) < §,
A-2x k-1 k

and therefore E[Z,,] < 8. Since Z,, is the sum of independent indicators, by the Chernoff
bound, Pr[Zg, > t/2] < 272 for all t > 32¢. For smaller ¢, observe that Pr[Zg,, = 0] >
(1 —8/k)% > Q(1), and thus for every ¢t > 1 we have Pr[Zg, > t/2] < e™%®),

Next, consider the balls among {B; : j € Jyear} that have non-empty intersection with
P. Let m denote the number of such balls, and let j; < ... < j,, denote their indices. In
other words, we condition henceforth on an event £ € {0, 1}/« that determines whether
R; > d(t;, P) occurs or not for each j € Jyear. The indices of coordinates of £ that are
equal to 1 are exactly ji,...Jm. For a € [m], let Y, be the indicator variable for the event
that the ball B;, does not contain P. Note that since {R;};cjy) are independent, then so are
{Ya}ae[m]~ Then

Pr[Ya:1|8]:Pr[PZBja|PﬂBja7é@}

IN

1 — -1
<Pr |:R]<d(t]a,P>+)\’R]2d(t]a7P)] < 1_272

3
Z.
Having conditioned on &, the event { Z,car > t/2} implies that m > ¢/2 and moreover, Y, = 1
for all a € [t/2], and since {Y,},cpm) are independent, Pr[Zyea > /2 | €] < (3/4)2 < ¢!
for an appropriate constant C' > 0. The last inequality holds for all such events £ (with the
same constant C' > 0), and thus also without any such conditioning.

Altogether, we conclude that Pr[Zp > t] < 2e=%0), O

Lemma 6.4. If d(P) > \, then Pr[Zp > td(P)/\ < O (min {klog k, {@} }) =0,

Proof. Treating P as a continuous path, subdivide it into r := [d(P)/\] segments, say
segments of equal length that are (except for the last one) half open and half closed. The
induced subpaths Pi,..., P. of P are disjoint (as subsets of X) and have length at most
A each, though some of subpaths may contain only one or even zero points of X. Writing
Zp = Zie[r] Zp,, we can apply a union bound and then Lemma on each P;, to obtain

Pr[Zp > td(P)/)\| < Pr |3i € [r] such that Zp, > t/z] <O ([@D e,
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Furthermore, for every j € [k], let A; := {i € [r] : P, N B(t;,A) # 0}, and since P is a
shortest path, |A;| <4A/\ = 4logk. Observe that Zp, = 0 (with certainty) for all i ¢ U;A;,
hence

Pr[Zp > td(P)/\] < Pr |3i € UjeyA; such that Zp, > ¢/2| < 4klog ke %)

]

By substituting 8 = 4logk and A = A/logk, it is easy to verify that Lemmas and
[6.4] complete the proof of Theorem [6.2]

7 Metric Decomposition of Path-Separable Graphs

Bartal’s proof [Bar96] that every n-point metric space is O(logn)-decomposable, and that
this bound is tight for general metric spaces, has motivated an extensive research on restricted
families of metric spaces. Notable progress has been made for families defined by topological
restrictions, such as shortest-path metrics in graphs excluding a fixed minor [KPR93|, [FT03],
AGGT14] or bounded-genus graphs [LS10, IAGGT14] and geometric restrictions, such as a
bounded doubling dimension [GKL03] or hyperbolic structure [KLOG]. Our work considered
metrics induced by graphs of bounded “path separability”, which is a blend of topological
and geometric restrictions, as defined below. The metric spaces we study in this section
arise as shortest-path metrics in (certain) graphs. Specifically, given an undirected graph
edge-weighted G = (V, E, w), recall that dg,, denotes the shortest-path metric induced on
V by w. If w is clear from the context we will simply denote dg. Denote by Bg(u, ) the
ball of radius ¢ > 0 around u € V' in the metric space (V,dg). We say that a graph G is
p-decomposable if the metric space (V,dg) is f-decomposable.

Shortest-Path Separators. Given a graph G = (V, E,w) and a set S C V, an S-flap
is a connected component of G[V \ S]. We say that S is a (balanced) vertez separator
if every S-flap U has size |U| < |V|/2. Vertex separators are widely used in divide-and-
conquer algorithms. Thorup [Tho04] observed that every planar graph has a vertex separator
composed of three shortest paths E], and used this property to design distance and reachability
oracles for planar graphs. Abraham and Gavoille [AG06] extended this notion and defined
path separability. Intuitively, a graph is path separable if it has a vertex separator composed
of a few shortest-paths.

Notation 2. For sets Xi,..., X, and S C [m], we denote X := J;cs X;-

Definition 7.1. [AG06] A graph G = (V, E,w) is called p-path separable for p € N if there
exists S C V' such that the following holds.

1. There exist Py, ..., Py, CV such that S = Py, and every P; is the union of p; shortest-
paths in G := G \ P;_q].

f we only require that every S-flap U has size |U| < 2|V|/3, then two shortest paths suffice.
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2. Y jemPi <D
3. S is a vertex separator, and every S-flap is p-path-separable.

Abraham and Gavoille showed that for every graph H there is a number p = p(H) such
that every graph (V) E) that excludes H as a minor is p-path-separable under every edge
weights w. Diot and Gavoille [DGI0] proved that every graph of treewidth ¢ is [(t — 1)/2]-
path-separable with every edge weights w.

7.1 Main Results
Theorem 7.2. Every p-path-separable graph (V, E,w) is O(In(pIn|V]))-decomposable.

We further note that if, in addition, for every subgraph G’ of G, we can find a p-path-
separator in polynomial time then we can efficiently sample from the distribution guaranteed
in Theorem [7.21

Combining our theorem with the result of Diot and Gavoille [DG10] we get an upper
bound for bounded treewidth graphs.

Corollary 7.3. Every graph (V, E) of trecwidth t with every edge weights w is O(In(t1In|V]))-
decomposable.

Previously, no bound was known for p-path-separable graphs other than O(log |V'|) due
to Bartal [Bar96]. For graphs of treewidth ¢ the known upper bound is § = O(t) due
to [AGGT14]. Our decomposition provides a tradeoff between ¢ and |V| and matches or
improves all other bounds when ¢ > Inln|V|. It is conjectured that § = O(logt), which
would be tight due to the lower bound of Bartal [Bar96], and our result provide partial
evidence in favor of this conjecture.

Many known results “interface” the metric only through decompositions, and thus plug-
ging in our decomposition bounds immediately yields new results for the aforementioned
families of metric spaces. For example, using a result from [KLMNO5] we conclude that ev-
ery n-vertex graph of treewidth ¢ (with every edge weights w) can be embedded in a Hilbert
space with distortion O(y/In(tInn) - Inn), which improves over the known bound O(vt1nn)
whenever ¢ > Inlnn.

7.2 'Techniques

Carving Random Balls. A common approach for constructing a decomposition of a

metric (V,d) is to choose a sequence of centers cy,...,c;, € V and corresponding radii
Ry, ..., Ry < A/2, where the choice of centers and/or radii may involve randomization, and
then define

S;={veV:j=min{iec [k]:dv,¢) <R}}.

Clearly, each S; has diameter at most A. This approach goes back to [Bar96|], and has seen
many useful variations, for example, randomly ordering the centers [CKR04] or reducing the
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v
)

(a) Original unit weighted (b) If balls are carved in this
graph G. When all outer- subgraph, x is threatened by
cycle vertices are centers and only 5 centers.

all R, € [1,2], vertex x is
threatened by 8 centers.

Figure 3: When carving balls in a subgraph of GG, the number of threateners to a vertex is
smaller.

number of centers [CKR04, I(GKTLO03|. As it turns out, it is enough to bound the number of
centers locally. More formally, for every v € V' we control the number of centers c; that
threaten v in the sense that Pr[d(v,¢;) < R; +vA] > 0.

Carving Balls in Subgraphs. Inspired by ideas from |[AGGT14], we introduced another
modification to the approach described theretofore. In addition to the above, for every center
¢; we choose a corresponding subgraph G; of G, such that ¢; € V(G;), and define

S;={veV:j=min{iec[k]:veV(G;) and dg,(v,c;) < R;}} .

Choosing the subgraphs and centers carefully allows us to reduce the number of centers that
threaten a vertex v in two ways. The first and more obvious manner is by making sure that
v € V(G;) for only a few indices i. The second aspect is a bit more subtle. Since distances
are considered in subgraphs of G, they might be larger than the corresponding distances in
the original graph G, as demonstrated in Figure |3 thus reducing the number of threateners
of a vertex v.

Note that we need to ensure that {S;};ex is indeed a partition of V, i.e. that the balls
{Bg,(cj, R;)}jepw cover all of V.

7.3 Decomposing Path-Separable Graphs

In this section we prove Theorem[7.2] We present a procedure which, given a p-path-separable
graph G and a parameter A > 0, produces a random partition Il of V. The algorithm works
in two phases. The first phase, presented in detail as Algorithm [7.1] constructs a sequence
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of centers. This is performed deterministically and by recursion. The algorithm finds a
path-separator S of G and chooses a A/4-net on each path of the separator to serve as
centers. For every center vertex, the algorithm chooses a corresponding subgraph of G.
The algorithm is then invoked recursively on every S-flap. The second phase, presented in
detail in Algorithm [7.2] samples random radii and carves balls around the centers to obtain
a partition of V. The radii are all sampled independently at random from a truncated
exponential distribution.

Denote by N the union of all A /4-nets throughout the execution of Algorithm . Note
that NN is independent of the random radii (in fact, it is constructed deterministically). For
sake of clarity, for a center ¢ € N let Gy, Ry, B, be the subgraph, radius and ball corresponding
to t respectively. To prove that Algorithm produces a partition of V', consider v € V.
During the execution of Algorithm[7.1]there exists a subgraph G’ of G such that Algorithm[7.1]
is (recursively) invoked on G’ and v is in the path-separator S of G’ chosen by the algorithm
(in fact, G’ is unique). Let P be the path in S such that v € P, let ¢ € P be the closest net
point to v, and let G” be the respective subgraph, then P C G”. By the definition of a net,
dp(v,c) < A/4, and therefore v € Bp(c,A/4) C Bgn(c, R.) (recall R. > A/4 is the radius
chosen for ¢). Therefore | Jg.; S =V, and Algorithm indeed outputs a partition of V.

To prove the diameter requirement, let S € II, and let x,y € S. Then there exists t € N
such that S C B, C Bg(t,2A/5) and therefore dg(x,y) < A.

Next, we prove the padding property of the decomposition. Let x € V', and let 0 <~ <
1/80. Denote B = Bg(x,yA). We say that B is settled by t € N if B, is the first ball (in
order of execution) to have non-empty intersection with B. Therefore, B Z Il(z) iff B is
settled by t and B, B # B for some t € N. Let N, := {t € N : Pr[B,N B # ()] > 0} be the
set of centers that threaten z. In order to bound the size of N, we consider the execution of
Algorithm [7.1] Consider first a single recursion level. Denote the current graph by G’, and
let P/,..., P/ and G,...,G), be as in Definition Let j € [m] and let P be some path
in P/. Consider the A/4-net N picked by the algorithm. Since P is a shortest-path in G7,

[{te N:Pr[B,NB#0] >0} <|{t € N:Bg(t,2A/5)N B # 0}| .

Let s,t € N be such that Bg(s,2A/5) N B # 0 and B (¢,2A/5) N B # 0. Since P is a
shortest path in G}, we get that dp(s,t) < 2A/5 +29A +2A/5 < A. Therefore

A p—
A4

Since in every recursive call of Algorithm [7.1] the number of vertices in the input graph
is reduced by at least a factor of 1/2; the depth of the recursion is at most logn. Every
recursion level contains exactly one subgraph that contains z. Since the number of paths
in each such subgraph is at most p, we conclude that |N,| < 4plogn. For simplicity, let us
further assume this inequality holds with equality, and denote k£ := 4plogn.

Let t1,...,tx be the elements of Nx in the order in which the algorithm considers them.
Denote by & the event that B ¢ II(z), and for every i € [k], denote by &; the event that B
was not settled before t; was considered.

[{t € N: Be(t,2A/5) N B # 0} < 4
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Input: A p-path-separable graph G and a parameter A.
Output: A sequence (c1, Gh), (c2,Ga), . . ..
. let Py,...,P,, Gq,...,Gp, be as in Definition [7.1]
: for j =1 tom do
for all paths P € P; do
let (c1,co,...) be a A/4-net of (P,dg|p) in an arbitrary order.
let N; be the sequence (c1, G;), (¢2, Gj), . . ..
: let N be the concatenation of Ny, N, ..., N,, in that order.
: for all connected components G’ of G\ P},,) do
invoke Choose-Centers(G’, A) and append the output sequence to N.
return N.

© X e gk ey

Algorithm 7.1: Choose-Centers(G, A)

Input: A p-path-separable graph G and a parameter A.
Output: A partition II of V.
let (¢1,G1), (c2,Ga), . .. be the sequence returned by Choose-Centers(G, A).
let A < m.
let IT < ().
for all j > 1 do
choose R; ~ Texpia /4245 (A) independently at random.
let S < Bg,(cj, B;) \ (Usen 5)-
let II +— ITU {S,}.
return 1T\ {0}.

Algorithm 7.2: Decomposing Path-Separable Graphs

Lemma 7.4. Pr[€ | &] < (1 + Z;@i) (1 — e 207nky for all j € [K].

Proof. Consider some j € [k]. Conditioned on &;, there are three possible outcomes to the
jth round. Either B was not settled also in the jth round, and then (for j < k — 1) the
final status of B is left to the following rounds, or B was settled in the jth round, and in
that case, either B ¢ II(x), (and thus £ occurred), or B C II(x). The "bad” event & can
therefore only occur (either in the jth round or some time in the future) if either j < k — 1
and Ry, < dg(z,t;) —vA or if |R,, — da(z,t;)| < ~A.

Denote a = max{A/4,d(z,t;) —vA}, b = min{d(z,t;) + vA,2A/5}, then

b
1 —x /A
Pr[ |Ry, —da(z,t;)| <vA ] = /a (k1071 — k720/5)6 P
_A/4
e A _a=A/4

(1—6_1)_%)'6 X

= L-10/4 _ —20/5

Since b — a < 2yA, then 1 — e~ <1 — e 20vInk Qubstituting e = k25 we get that
k3/2
< a1

_a—A/4

Pr[ |Ry, — da(z,t;)] <A ] 1 — e 20vInky o= (7.1)
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Similarly we get that
3/2

wr

a—A/4

Pr[Ry, < dg(z,t;) — vA] < —e TR (7.2)

The proof proceeds by induction over j = k,k — 1,...,1. As previously noted,
PriE | &) < Pr[|Ry, —da(z, )| <A .

Plugging ([7.1)) we get that

k3/2
Ey

Pri€ | &] <

T R (1 * ka/z1 1) (1—e20hy,

where the last inequality follows from the fact that a > A/4. Next, let j € [k — 1]. Then as
previously explained,

Pri€| &l =Pr [‘Rtj —dg(z,t;)] < 7A] +Pr[R;; < dg(w,t;) —vA]-Pr[€ | £41] . (7.3)

By plugging ([7.1)) and into and using the induction hypothesis, we get that

k‘3/2 " W b— i
[5|5]_k3/2 (e 7A/4+(1_€ f/4)(1+]€3/2__jl>)(1_62071nk)

3/2 —o=a/d ;
k3/ (1 . (1—e>)(k —J)) (1 — =207y

R k32 —1
k—j+1 20y Ink
§<1+—k3/2_1)(1—e ),
which proves Lemma [7.4] O O

To complete the proof of Theorem note that since v < 1/80 and for k > 3,

Pr[€] =Pr[€ | &] < (1 + #) (1 — e~20vink)

< (1 + e—20’71nk) (1 _ e—20fylnk> _ (1 . 6—4071nk) .

By setting # = %2k = O(In(pInn)) we get that Pr[B(z,yA) C II(z) ] > 2777, thus proving
the last part of Theorem [7.2]
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Part C
Cut Sparsifiers for Restricted Families

of Cuts

8 Introduction : Counting Cuts in Restricted Cut Fam-
ilies

Our work studies the redundancy factor for the following generalizations of minimum st-cut.
Let G = (V, E,w) be an undirected edge-weighted graph.

e GROUP-CUT : Given two disjoint sets A, B C V find a minimum (A, B)-cut, i.e., a set
of edges of minimum weight that separates every vertex in A from every vertex in B.

o MULTIWAY-CUT : Given S C V find a minimum-weight set of edges, whose removal
ensures that for every s # s’ € S there is no s- s’ path.

e MurticuT : Given (Q C V x V find a minimum-weight set of edges, whose removal
ensures that for every (¢,q’) € @ there is no ¢-¢' path.

In order to present our results about the redundancy in these cut problems in a stream-
lined way, we introduce next the terminology of vertex partitions and demand graphs.

Cut Problems via Demand Graphs. Denote by Par(V') the set of all partitions of V/,
where a partition of V' is, as usual, a collection of pairwise disjoint subsets of V' whose union
is V. Given a partition II € Par(V) and a vertex v € V, denote by II(v) the unique S € II
satisfying v € S. Given a graph G = (V, E,w), define the function Cutg : Par(V) — R2°
to be Cutg () = > ,,cp miuzm) wW(uv). We shall usually omit the subscript G, since the
graph will be fixed and clear from the context.

Cut problems as above can be defined by specifying the graph G and a collection D of
demands, which are the vertex pairs that need to be separated. We can view (V, D) as an
(undirected and unweighted) demand graph, and by slight abuse of notation, D will denote
both this graph and its edges. For example, an instance of GROUP-CUT is defined by G and
demands that form a complete bipartite graph K4 p (to formally view it as a graph on V,
let us add that vertices outside of A U B are isolated). We say that partition II € Par(V)
agrees with D if every uv € D satisfies II(u) # II(v). The optimal cut-value for the instance
defined by G and D is given by

mincutg (D) := min{Cutq(II) : IT € Par(V) agrees with D}.
Redundancy among Multiple Instances. We study multiple instances on the same
graph G = (V, E,w) by considering a family D of demand graphs. For example, all minimum

st-cut instances in a single GG corresponds to the family D of all demands of the form D =
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{(s,t)} (i.e., demand graph with one edge). The collection of optimal cut-values over the
entire family D of instances in a single graph G, is simply {mincut(D) : D € D}. We are
interested in the ratio between the size of this collection as a multiset and its size as a set,
i.e., with and without counting multiplicities. Equivalently, we define the redundancy factor
of a family D of demand graphs to be

D
dund D) =
redun ancy( ) \{mincut(D) D e 'D}‘ ’

where throughout, |A| denotes the size of A as a set, i.e., ignoring multiplicities.

Motivation and Potential Applications. A natural application of the redundancy fac-
tor is to construct small data structures that stores all relevant cut values. For the minimum
st-cut problem, Gomory and Hu were able to collect all the cut values into a tree on the same
vertex set V. This tree can easily support fast query time, or a distributed implementation
(labeling scheme) [KKKPO05].

In addition, large redundancy implies that there is a small collection of cuts that contains
a minimum cut for each demand graph. Indeed, first make sure all cut values in G are distinct
(e.g., break ties consistently by perturbing edge weights), and then pick for each cut-value
in {mincut(D) : D € D} just one cut that realizes it. This yields a data structure that
reports, given demands D € D, a vertex partition that forms a minimum cut (see more in

Section [8.2)).

8.1 Main Results

Throughout, we denote n = |V/|. We use the notation O,(-) to suppress factors that depend
only on 7, and similarly for 2 and ©.

The GrROUP-CUT problem. In this problem, the demand graph is a complete bipartite
graph K4 p for some subsets A, B C V. We give a tight bound on the redundancy factor
of the family of all instances where A and B are of given sizes a and 3, respectively. The
special case a = =1 is just all minimum st-cuts in G, and thus recovers the Gomory-Hu
bound (Theorem . The following is a restatement of Theorem using the terminology
and notation defined in the previous section.

Theorem 8.1. For every graph G = (V,E,w) and o, € N, we have [{mincut(Kp) :
|Al = «a,|B| = B} = O p(n®tP=1), hence the family of («, B)-group-cuts has redundancy
factor Q, g(n). Furthermore, this bound is existentially tight (attained by some graph G) for
all o, B and n.

The MULTIWAY-CUT problem. In this problem, the demand graph is a complete graph
K for some subset S C V. We give a tight bound on the redundancy factor of the family
of all instances where S is of a given size k > 2. Again, the Gomory-Hu bound is recovered
by the special case k = 2.
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Theorem 8.2. For every graph G = (V,E,w) and for every integer k € N, we have
{mincut(Ks) : |S| = k}| = Or(n*71), hence the family of k-multiway-cuts has redundancy
factor Qi(n). Furthermore, this bound is existentially tight for all n and k.

The MuLTICUT problem. In this problem, the demand graph is a collection D of demand
pairs. We give a tight bound on the redundancy factor of the family of all instances where

D is of a given size k € N. Again, the Gomory-Hu bound is recovered by the special case
kE=1.

Theorem 8.3. For every graph G = (V, E,w) and k € N, we have [{mincut(D) : D C
V x V, |D| = k}| = Ox(n*), and hence the family of k-multicuts has redundancy factor
Qi (n*). Furthermore, this bound is existentially tight for all n and k.

Theorem is a bit surprising, since it shows a redundancy factor that is polynomial,
rather than linear, in n (for fixed a, 8 and k), so in general MULTICUT has significantly
larger redundancy than GROUP-CUT and MULTIWAY-CUT.

8.2 Extensions and Applications

Our main results above actually apply more generally and have algorithmic consequences,
as discussed below briefly.

Terminals Version. In this version, the vertices to be separated are limited to a subset
T CV called terminals, i.e., we consider only demands inside 7" x T'. All our results above
(Theorems , , and immediately extend to this version of the problem — we simply
need to replace |V| by |T| in all the bounds. As an illustration, the terminals version of
Theorem states that the (‘g') minimum st-cuts (taken over all s,t € T') attain at most
|T'| — 1 distinct values. (See also [CCPS98, Section 3.5.2] for this same version.) Extending
our proofs to the terminals version is straightforward; for example, in Section we need
to consider polynomials in |T'| variables instead of |V/| variables.

Data Structures. Flow-equivalent or cut-equivalent trees, such as those constructed by
Gomory and Hu [GH61], may be viewed more generally as succinct data structures that
support certain queries, either for the value of an optimal cut, or for its vertex-partition,
respectively. Motivated by this view, we define data structures, which we call as evaluation
schemes, that preprocess an input graph G, a set of terminals T, and a collection of demand
graphs D, so as to answer a cut query given by a demand graph D € D. The scheme has
two flavors, one reports the minimum cut-value, the second reports a corresponding vertex-
partition. In Section we initiate the study of such schemes, and provide constructions
and lower bounds for some special cases.

Functions Different From Cuts. Recall that the value of the minimum st-cut equals
min{Cutg(X,V\X) : X CV, s € X, t ¢ X}. Cheng and Hu [CH91|] extended the
Gomory-Hu bound (Theorem to a wider class of problems as follows. Instead of a graph
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G, fix a ground set V and a function f : 2V — R. Now for every s,t € V, consider the
optimal value min{f(X) : X C V, | X N {s,t}| = 1}. They showed that ranging over all
s,t € V, the number of distinct optimal values is also at most V| — 1. All our results above
(Theorems [8.1] [8.2] and actually extend to every function f : Par(V) — R. However,
to keep the notation simple, we opted to present all our results only for the function Cut.

Directed Graphs. What happens if we ask the same questions for the directed variants
of the three problems considered previously? Here, an s — t cut means a set of edges
whose removal ensures that no s — ¢ path exists. Under this definition, we can construct
explicit examples for the directed variants of our three problems above where there is no
non-trivial redundancy, i.e., the number of distinct cut values is asymptotically equal to the
total number of instances. See Appendix [13| for more details.

8.3 Related Work

Gomory and Hu [GHG61] showed how to compute a cut-equivalent tree, and in particular a
flow-equivalent tree, using |V| — 1 minimum st-cut computations on graphs no larger than
G. Gusfield [Gus90] has shown a version where all the cut computations are performed on
G itself (avoiding contractions). For unweighted graphs, a faster (randomized) algorithm for
computing a Gomory-Hu tree which runs in O(|E| - |V|) time was recently given by Bhalgat
et al. [BHKPOT].

We already mentioned that Cheng and Hu [CH91] extended Theorem from cuts to
an arbitrary function f : 2 — R. They further showed how to construct a flow-equivalent
tree for this case (but not a cut-equivalent tree). Benczir [Ben95] showed a function f for
which there is no cut-equivalent tree. In addition, he showed that for directed graphs, even
flow-equivalent trees do not exist in general.

Another relevant notion here is that of mimicking networks, introduced by Hagerup,
Katajainen, Nishimura, and Ragde [HKNR98|. A mimicking network for G = (V, E, w) and
a terminals set T C V' is a graph G' = (V' E',w’) where T C V' and for every X,Y € T,
the minimum (X,Y)-cut in G and in G’ have the exact same value. They showed that
every graph has a mimicking network with at most 22" Vertices. Some improved bounds
are known, e.g., for graphs that are planar or have bounded treewidth, as well as some lower
bounds [CSWZ00, [KR13| [KR14]. Mimicking networks deal with the GROUP-CUT problem
for all A, B C V; we consider A, B of bounded size, and thus typically achieve much smaller
bounds.

9 GROUP-CUT: The Case of Complete Bipartite De-
mands

This section is devoted to proving Theorem [8.1] First we give two proofs, one in Section
via polynomials and the second in Section via matrices, for the bound | {mincut(K4 ) :
|A] = o, |B| = B} = Oas(n®™~1). Then in Section 0.3/ we construct examples of graphs for
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which this bound is tight. Since [{Kap : |[A] = o, |B] = 8} = (7) - ("ga) = O p(n), it

follows that the redundancy factor is Q, g(n).

9.1 Proof via Polynomials

In this section we show the bound | {mincut(K ) : |A| = «,|B| = B} = 04 5(n*#71) using
polynomials. Let r = (7) (”ga) and let {K4, B,, Ka,.8,,.-.,Ka, 5} be the set of demand
graphs for (a, 8)-GROUP-CUT. For every vertex v € V' we assign a boolean variable denoted
by ¢,. Given an instance A, B we can assume that the optimal partition only contains two
parts, one which contains A and other which contains B, since we can merge other parts
into either of these parts.

Fix some j € [r]. Recall that Il = {U,V \ U} € Par(V) agrees with, i.e., is a feasible
solution for, the demand graph K, p, if and only if the following holds: II(u) # II(v)
whenever u € A; and v € B; or vice versa.

Fix arbitrary a; € A; and b; € B;. We associate with the demand graph K A;,B; the
formal polynomial P; over the variables {¢, : v € V'}

P; = pep, <¢aj — ¢b> Haea;\{a;} <¢a - ¢bj> )

Note that P; is a polynomial of degree a+f—1. Given U C V', we may think of Il = {U, V\U}
as a vector in {0,1}". We denote by P;(II) the value of the polynomial P; (over Fy) when
instantiated on II.

Lemma 9.1. A partition I1 is feasible for the demand graph K, g, if and only if P;(II) # 0

Proof. Suppose II is feasible for the demand graph K4, p,. So II(u) # Il(v) if u € Aj,v € B;
or vice versa. Since every term of P; contains one variable from each of A; and B;, it follows
that P;(II) # 0.

Conversely, assume P;(II) # 0. Let uw € A;. Since II(u) # II(b;) and II(b;) # Il(a,) it
follows that II(u) = II(a;). Similarly for every v € B;, II(v) = II(b;). Therefore, it follows
that II(u) # II(v) whenever u € A; and v € B; or vice versa, i.e., I is feasible for K4, p,. [

Next we show that the polynomials corresponding to demand graphs with distinct values
under mincut are linearly independent.

Lemma 9.2. Reorder the demand graphs such that mincut(Ka, p,) < ... < mincut(K4, p,).
Then the polynomials Py, ..., P, are linearly independent.

Proof. Let 11, ...,1I, be the optimal partitions for the instances corresponding to the de-
mand graphs K4, p,, ..., Ka, B, respectively, i.e., for each ¢ € [¢] we have that mincut(Ky, 5,)
Cut(Il;). Since mincut(K 4, p,) < mincut(K,; p;) whenever i < j, it follows that II; is not
feasible for the demand graph K4, g, for all 7 < j.

Suppose that the polynomials P, P, ..., P, are not linearly independent. Then there
exist constants Aj,..., A, € R which are not all zero such that P = ) ield A;P; is the zero
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polynomial. We will now show that each of the constants Ai, Ag, ..., A, is zero, leading to a
contradiction. Instantiate P on II;. Recall that II; is not feasible for any Ky, g, with ¢ > 2.
Therefore, by Lemma [9.1] we have that P;(IT;) = 0 for all ¢ > 2. Therefore A\ P;(IT;) = 0.
Since II; is an (optimal) feasible partition for instance corresponding to K4, p,, applying
Lemma we get that Py(II;) # 0. This implies A; = 0. Hence, we have P =3, .. A;P;
is the zero polynomial. Now instantiate P on II; to obtain Ay = 0 via a similar argument as
above. In the last step, we will get that A\,_; = 0 and hence P = )\, P, is the zero polynomial.
Instantiating on I, gives 0 = P(II,) = A\, P,(1I,). Since II, is (optimal) feasible partition for
the demand graph K4 p, it follows that P,(Il,;) # 0, and hence A\, = 0. O

Note that each of the polynomials P, P, ..., P, is contained in the vector space of
polynomials with n variables and degree < « + g — 1. This vector space is spanned by

{ILev @ = > ey o < a4 B—1} and therefore is of dimension (”tﬁgf;l)) = Oy 5(n*71),

From Lemma[9.2] and the fact that size of any set of linearly independent elements is at most
the size of a basis, it follows that | {mincut(K4 p): |A| = «,|B| = 5}‘ = Oy 5(n>tF71).

9.2 Proof via Matrices

In this section we show the (slightly stronger) bound that |{mincut(K45): |A] < a,|B| <
B} = O p5(n+P~1) using matrices. Let Pary(V') C Par(V) be the set of partitions of V into
exactly two parts. Let Q@ := {(4,B) : |A| < «, |B| < g}. Consider the matrix M over
Fy with |Q| rows (one for each element from Q) and |Pars(V)| = 2" columns (one for each
partition IT of V' into two parts). We now define the entries of M. Given (A, B) € Q and
IT € Pary(V), we set M4 pyn = 1 if and only if the partition II € Pary(V') agrees with the
demand graph K, g, which is equivalent to saying that II(u) # II(v) whenever u € A and
v € B or vice versa.
Fix a vertex vy € V, and consider the set R := {(A,B) € Q vy € AU B} .

Claim 9.3. OQver sy, the row space of M is spanned by the rows corresponding to elements
from R

Proof. Consider (A, B) € Q and Il € Pary(V). If vy € AU B then (A, B) € R. Henceforth
we assume that vg ¢ AU B. Let

L(IT) := Ma,p)1 + Z M wuar,Bym + Z M (4,B'0v0) 11 5

A'CA B'CB

where addition is over Fy. Note that (vo U A’, B), (A, B’ Uwy) € R for every A’ C A and
B’ C B, and therefore it is enough to show that L(II) =0 (mod 2).

Assume first that M4 gy = 1, i.e. II agrees with the demand graph K4 5. Without
loss of generality assume that II(vg) = II(a) for some a € A. Then we have M ,,uar, )1 = 1
for all A’ C A, and Maoupyn = 0 for all B’ C B. So, L(II) = 1 + (24 — 1) = 0 (mod 2).

Otherwise, we have M4 gy = 0. If for every v € AU B it holds that II(v) # II(vy) then

L(II) = 0+ Myy.B)1 + Mawyn =1+1=0 (mod 2) .
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Hence suppose that there exists v € A U B such that II(v) = II(vg). Without loss of
generality, assume v € A. Then M4 i) = 0 for all B C B. Note that if A;, Ay C A
satisfy Myua,Bym = 1 = Myua,,n)m, then Mi,ua,04,,891 = 1. Hence there is an
inclusion-wise maximal set A* C A such that Mua-pn = 1. Since M pn = 0, we
conclude that A* C A. Moreover |A*| > 1 since v € A. Therefore

L(I) = Ma,p)n + Z M wouar,Byn = Z M puar gy = 241 =0 mod(2)
A'CA AIC A
[

An argument similar to Lemmal9.2|shows that rows corresponding to demand graphs with

distinct values under mincut are linearly independent. Hence, we have | {mincut(K4p) :

Al < a,|B| < 6}‘ < rank(M) < |R/|, where the last inequality follows from Claim We
now obtain the final bound

Ri= > (3)-070+ > ()0

i<a—1,j<p Jj<B-1ia
— (it (it
= E, Oy (™) + Z 0;,;(n"™)
i<a—1,j<p J<B-1lica

= O p(n*"77)

)

9.3 Lower Bound on Number of Distinct Cuts for (a,3)-GROUP-
Cur

We now turn to prove that the bound given in Theorem [8.1]is existentially tight. To this end,
we construct an infinite family G®? of graphs satisfying [{mincut(K4 ) : |A| = o, |B| =
BY = Qo plne+5-1).

Let n,a, 8 € N be such that n is odd, and both o and 8 — 1 divide (n — 3)/2. We define

a graph G2 on n vertices as follows. G®* is composed of two graphs that share a common
vertex H® and J? defined below.

e H2 has (n + 1)/2 vertices, and is given by « parallel paths P, ..., P, between two
designated vertices s, t, each path having (n—3) /2« internal vertices. The edge weights
are given by distinct powers of 2, monotonically decreasing from s to t. All edges in
H¢ incident on t have co weight (see Figure [4)).

e JP has (n+1)/2 vertices, and is given by (3 — 1) parallel paths Q, ..., Qs_1, between
t and a designated vertex u, each having (n — 3)/2(8 — 1) internal vertices. As in HS,
edge weights are given by distinct powers of 2, monotonically decreasing from ¢ to w,
and all of which are strictly smaller than the weights of H®. All edges in J? incident
on u have oo weight.
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Figure 4: The graph G%” used in the lower bound of Section The left part of the graph

is H?, consisting of a parallel s-t paths. The right part of the graph is J°, consisting of
(B —1) parallel t-u paths. The gray vertices are in A, and the black ones are in B. The red

edges represent the minimum cut for this choice of A and B.

The following claim implies the desired lower bound.
Claim 9.4. [{mincut(Kap): |A| = o, |B| = B} > Qu s(n*#71).

Proof. Pick one internal vertex from each P; for i € [a] to form A. Similarly for § — 1
elements in B, we pick one internal vertex from each @); for j € [3]. In addition, s € B (as
demonstrated in Figure . We claim that every such choice of A, B gives a distinct value
for the minimum (A, B)-cut.

Indeed, for i € [a] let a; be the unique element in AN P;. In order to separate A from
B, we need to separate a; from s. This implies that at least one edge on the segment of P,
between s and a; has to be in the cut. By monotonicity of weights and minimality of the cut,
this must be the edge incident to a;. Similarly, for every b € B\ {s}, the left edge incident
to b must be cut. It can be easily seen (as demonstrated in Figure [4]) that this set of edges
is also enough to separate A and B.

By the choice of weights, each such cut has a unique value, and therefore [{mincut (K, p) :
[Al = o, |B] = B} = ((n — 3)/20)*((n — 3)/2(8 — 1))°~! = Qq5(n*771). O

10 MurTiwAY-CuT: The Case of Clique Demands

This section is devoted to proving Theorem [8.2] In Section we show that for every
graph G = (V, E,w) we have | {mincut(K5s) : |S| = k}| = Op(n*1). The proof follows the
lines of the proof from Section In Section we construct an infinite family of graphs
for which this bound is tight. Since |[{Kg : [S] = k}| = (}) = Ox(n*), it follows that the
redundancy factor is Qg (n).

10.1 Upper Bound on Number of Distinct Cuts for k-MULTIWAY-
Cur

In this section we show that | {mincut(Kj) : |S| = k}| = Op(n*~1). Let Pary(V) C Par(V)
be the set of partitions of V' into exactly k parts. Let Q := {A C V : |A| = k}. Consider
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the matrix M over Fy with |Q| rows (one for each element from Q) and |Parg (V)| columns
(one for each partition II of V' into k parts). We now define the entries of M. Given A € Q
and II € Parg(V), we set M4 = 1 if and only if the partition I € Pary (V') agrees with the
demand graph K 4. That is if and only if we have II(u) # II(v) for every u,v € A such that
u # v Fix a vertex vy € V, and consider the set R :={A € Q:vy € A}.

Claim 10.1. Ouver Iy, the row space of M 1is spanned by the rows corresponding to elements

from R

Proof. Consider A € Q and II € Parg(V). If vy € A then A € R. Henceforth we assume
that vy ¢ A. Let
L(IT) := Man + ) Mo (e
acA
where addition is over Fy. Note that ({vg} U A\ {a}) € R for every a € A, and hence it is
enough to show that L(IT) =0 (mod 2).

Assume first that M4 = 1. Since II € Pary(V), there is a unique element a* € A such
that II(vg) = II(a*). Then My ua\gay,n = 0 for all @ € A\ {a*} and Myyua\feryn = 1.
Therefore

L(H) = MA,H + ZM{UO}UA\{G}7H =141=0 (mod 2) .
acA
Next, assume My = 0. If Myguagapn = 0 for all a € A, then clearly L(II)
(mod 2). Otherwise, there exists a’ € A such that M, yua(ey,n = 1. Since My =
it follows that II(a’) # II(vg). Therefore there is some a” € A such that II(a") = Il(a
Since Myyyuagarym = 1, it follows that My,ua\ferym = 1 and Myyyua\far,m = 0 for any
a € A\ {d,a"}. Therefore

0
0,
//).

L(II) := Man + Z Mupyuanfayn=0+1+1=0 (mod 2) .

acA
]

An argument similar to Lemma shows that rows corresponding to demand graphs

with distinct values under mincut are linearly independent. Hence, we have | {mincut(Kg) :

|S| = k}| < rank(M) < |R|, where the last inequality follows from Claim [10.1} We now
obtain the final bound since |R| = (}_}) = Ox(n"~1)

10.2 Lower Bound on Number of Distinct Cuts for k-MULTIWAY-
Cut

We now turn to prove that the bound given in Theorem [8.2]is existentially tight. To this end,

we construct an infinite family P, of graphs satisfying |[{mincut(Ks) : |S| = k}| > Qx(n*~1).

For n € N consider the path graph P, = (V,, E,,w) where V,, = {1,2,...,n} and

E, ={{i,i+1} : 1 <i < n-—1}. For each i € [n — 1] we denote the edge {i,7 + 1}
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by e; and set w(e;) = 2. By choice of the weights, it follows that any set of k — 1 edges
from F), has different weight. Now consider a set £* C E,, of exactly k — 1 edges. We will
show that there is an set S* C V,, of size k such that E* is the minimum solution for the
k-MULTIWAY-CUT instance with S* as the input. Let E* = {iy,42,...,ik_1}. Then it is
easy to see (by choice of weights) that E* is the minimum weight solution for the instance
with input S* = {i1,42...,4_1,9k—1 + 1}. Note that e; , is an edge implies i3 < n —1
and so 7,1 + 1 is well-defined.

This implies that for the path graph P, (with the weight function specified above) we
have ‘{mincut(KS) 2|5 = k}‘ > (#~}), and hence we have | {mincut(K5s) : |S| = k}| =

k—1
Qk(nkfl).

11 MuLrrticuT: The Case of Demands with Fixed Num-
ber of Edges

This section is devoted to proving Theorem [8.3] In Section[I1.1]we show that for every graph
G, | {mincut(D) : D CV x V,|D| = k}| = Ox(n*). This proof follows the lines of the proof
from Section [0.1] Then in Section we construct an infinite family of graphs for which
this bound is tight. Since [{D: D CV x V,|D| =k}| = ((%)) = O(n?*), it follows that the
redundancy factor is {,(n*).

11.1 Upper Bound on Number of Distinct Cuts for k-MuLTICUT

In this section we show that |{mincut(D): D CV x V,|D| = k}| = Op(n*). Let r = ((g))
and the set of demand graphs for k-MurtiCcUT be {Dy,...,D,}. For every vertex v € V
we assign a variable denoted by ¢, which can take values from [n]. Fix some j € [r]. Recall
that II € Par(V') agrees with (or equivalently, is feasible for) the demand graph D; if and
only if u — v € D; implies IT(u) # I1(v).

We associate with the demand graph D; the formal polynomial

Pj = Hu—veDj <¢u - ¢u>

Note that P; is a polynomial of degree k. We denote by P;(II) the value of the polynomial
P; (over Fy) when instantiated on II. The proof of the next lemma is straightforward.

Lemma 11.1. A partition 11 is feasible for the instance corresponding to the demand graph
D; if and only if P;(II) # 0

Proof. Suppose 11 is feasible for the instance corresponding to the demand graph D;. So for
every edge u — v € D; we have II(u) # II(v) and hence P;(II) # 0.

Conversely, assume P;(II) # 0. Hence, for each edge u — v € D; we have II(u) # II(v)
which is exactly the condition for II being feasible for the demand graph D). m
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The proof of the following lemma is very similar to that of Lemma [9.2] and hence we
omit the details.

Lemma 11.2. Reorder the demand graphs such that mincut(D,) < mincut(Dy) < ... <
mincut(D,). Then the polynomials Py, P, ..., P, are linearly independent.

Note that each of the polynomials Py, P, ..., P, is contained in the vector space of
polynomials with n variables and degree < k. It is well known that the size of a basis
of this vector space is ("Zk) = Ok(n*). From Lemma and the fact that size of any set

of linearly independent elements is at most the size of a basis, it follows that | {mincut(D) :

DCV xV,|D|= k}’ — Oy(nb).

11.2 Lower Bound on Number of Distinct Cuts for k-MUuLTICUT

We now turn to prove that the bound given in Theorem is existentially tight. To this end,
we construct an infinite family PM,, of graphs satisfying |[{mincut(D) : D C V x V,|D| =
kH > Qi(n).

For even n € N consider the graph PM,, = (V,,, D,,w) which is a perfect matching on
n vertices. Let V,, = {1,2,...,n} and D,, = {{2i — 1,2i} : 1 < i < n/2}. For each i € [n]
we denote the edge {2i — 1,2i} by d; and set w(d;) = 2°. By choice of the weights, it follows
that any set of k edges from D, has different total weight. Now consider a set D* C D,, of
exactly k edges. We will now show that there is an set D** C D, of size k such that D*
is the minimum solution for the A-MULTICUT instance whose demand graph is D**. It is
easy to see that D* is the only solution (and hence of minimum weight too) for the instance
whose demand graph is D*. Hence taking D** = D* suffices.

This implies that for the perfect matching graph PM, = (V,,D,) (with the weight
function specified above) we have [{mincut(D): D CV, x V,,|D| = k}| > ("42) = Qi(n").

12 Evaluation Schemes: Constructing Succinct Data
Structures

Gomory and Hu [GH61] showed that for every undirected edge-weighted graph G = (V, E, w)
there is a tree T = (V, E',w') that represents the minimum st-cuts exactly both in terms of
the cut-values and in terms of their vertez-partitions. The common terminology for the first
property, probably due to Benczur [Ben95|, is to say that T is flow-equivalent to G. The
second property, which is actually stronger, says that 7T is cut-equivalent to G. E]

These (flow-equivalent and cut-equivalent) trees can be viewed more generally as succinct
data structures that support certain queries, either for the value of an optimal cut, or for its
vertex-partition.

2 We say that 7 is flow-equivalent to G' when for every s,¢ € V the minimum st-cut value in 7 is exactly
the same as in G. We say it is cut-equivalent to G when every vertex-partitioning that attains a minimum
st-cut in 7T, also attains a minimum st-cut in G.
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Motivated by this view, we define two types of data structures, which we call a flow-
evaluation scheme and a cut-evaluation scheme (analogously to the common terminology in
the literature). These schemes are arbitrary data structures (e.g., need not form a tree), and
address the terminals version (of some cut problem). Both of these schemes; first preprocess
an input that consists of a graph G = (V, E,w), a terminals set T C V, and a collection of
demand graphs D. The preprocessed data can then be used (without further access to G)
to answer a cut query given by a demand graph D € D. The answer of a flow-evaluation
scheme is the corresponding minimum cut-value mincut(D). The answer of a cut-evaluation
scheme is a vertex-partition that attains this cut-value mincut(D). Formally, we define the
following.

Definition 12.1. A flow-evaluation scheme is a data structure that supports the following
two operations.

1. Preprocessing P, which gets as input a graph G = (V, E,w), a set of terminals T CV
and a family D of demand graphs on T and constructs a data structure P(G,T,D).

2. Query Q, which gets as input D € D and uses P(G,T, D) to output mincut(D). Note
that () has no access to G itself.

A cut-evaluation scheme also supports a third operation.

3. Query Q', which gets as input D € D and uses P(G,T,D) to output a partition I1 €
Par(T) which attains mincut(D).

We provide below some constructions and lower bounds for flow-evaluation schemes
and cut-equivalent schemes, for the three cut problems in question, i.e. GROUP-CUT,
MuLTiwAY-CUT and MuLTicUT. Note that all our upper bounds are for the stronger
version of cut-evaluation schemes, and our lower bound is for the weaker version of flow-
evaluation schemes for the (2,1)-GROUP-CUT problem. In order to measure bit complexity
for the bounds, we assume hereafter that all weights are integers.

12.1 Upper Bounds for Cut-Evaluation Schemes

The next theorem follows from the terminal version of Theorem [R.1l Similar results also
hold for the MULTIWAY-CUT and MULTICUT problems; the proofs follow in the same manner
from Theorem [8.2] and Theorem [8.3] respectively.

Theorem 12.2. There exists a cut-evaluations scheme such that for every graph G =
(V,E,w), a set of terminals T C V and o, € N, for the family D = {Ksp : A,B C
T, |A| = «, |B| = B} of demand graphs at most O, s(|T|*P=1 - (|T| + logW)) bits are
stored, where W = > _pw(e), and such that the query time is Oq g(|T|*771).

Proof. Let q be the number of distinct values attained by demand graphs on 7. Apply-
ing the upper bound of Theorem adjusted for the terminals version, we get that ¢ <
Ou5(|T|*"#1). Order the demand graphs {Ka, p,, ..., Ka, p,} such that mincut(K 4, 5,) <
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mincut(K 4, p,) for all i < j. For every j € [g] we associate with K4, p, a partition
I1; € Pary(T') which attains mincut(Ky4, p,). Representing II; as a bit vector of length |77,
we list all values in an increasing order. Each entry of this structure is of size O(|T'|+1log W).
Therefore the size of the evaluation scheme is at most O, g(|T|**#~1 - (|T| +log W)) bits. To
see the bound of the query time, note that given A, B C T such that |A| = « and |B| = £,
the evaluation scheme holds mincut(K 4 5) and a partition IT that attains it. Moreover,
going over the list, mincut(K 4 p) is the first value in the list for which II agrees with the
associated partition. O

12.2 Lower Bound on Flow-Evaluation Schemes for (2,1)-GROUP-
Cur

Next we use an information-theoretic argument which shows a lower bound on the stor-
age required by any flow-evaluation scheme for (2,1)-GROUP-CUT. Since a cut-evaluation
scheme is stronger than a flow-evaluation scheme, this lower bound immediately extends also
to cut-evaluation schemes.

Theorem 12.3. For every n > 3, a flow-evaluation scheme for (2,1)-GROUP-CUT on
graphs with n terminals (in which T =V ) and with edge-weights bounded by a polynomial in
n requires storage of Q(n?logn) bits.

Let 3<neN/letD={Ksp: A BC|n], |A|=2, |B| =1} and let G = (V, E) be the
complete graph on V =T = [n]. For every j € [n — 1], (j,j + 1) € E are referred to as path
edges, and the rest of the edges are referred to as fork edges as demonstrated in Figure

A Fork Edge

A Path Edge/

Figure 5: Edge types in G. Black edges correspond to path edges, while red edges correspond
to fork edges (we illustrate only a few fork edges for simplicity).

To prove Theorem we assign random edge weights to the graph in the range {1, ...,2n°}.
We then show that given query access to {mincut(D) : D € D} we can recover all edge

weights. This, in turn, implies that we can recover at least 2(n?logn) bits, and thus implies
Theorem [12.3]
We assign edge weights to the edges of G as follows:

(P1) For every j € [n], w(j,j+ 1) is chosen uniformly at random in [2(n — j)n?*, (2(n — j) +
1)n?]. This ensures that the weights of the path edges are non-increasing as we go from
left to right. Moreover, whenever j > i,

w(j,j+1) < (2(n—7)+1)n* = (2n— 25+ 1)n* < (2n —2i)n* —n* <w(ii+1) —n*.
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(P2) The weights of all fork edges are chosen uniformly at random from {0,1,2,...,n—1}.
Thus the total weight to all fork edges is at most n®. Note that this is strictly smaller
than the difference between weights of any two path edges (which is at least n?).

Claim 12.4. Let 1 <i < j <mn, then mincut(Kp j ) = > We.
e€E:|len{i,...,j—1}|=1

Proof. By Property (P2) the total weigtht of all the fork edges is at most n3, which is less
than the difference between weights of any two path edges (which is at least n*). Hence, the
value mincut (K jy,3) is determined only by which path edges we choose.

Note that the minimum cut separating {1, 5} from {i} needs to pick at least one edge
each from the paths 1 — ¢ and ¢ — j. By Property (P1) the path edges have non-increasing
weights going from left to right, and hence the two cheapest edges on the paths 1 —2—...—1
and i — (i + 1) —... —j are (: — 1,4) and (j — 1,7) respectively. Therefore, it follows that
mincut(Kp jy.1p) = Cut(C,C), where C = {i,i + 1,...,5 — 1}. By definition of Cut(C,C)
it follows that

mincut(K{LjMi}) = Z We

ecE:len{s,....j—1}=1

Lemma 12.5. Given access to queries (Q as in Definition [12.1], we can recover w.

Lemma implies that we can recover £2(n?logn) random bits given access to queries
() as in Definition [12.1], and thus implies Theorem [12.3]

Proof. For every 1 < i < j < n, we show that we can recover w;;. The proof continues
by induction on j — 4, starting with the case j = ¢ + 1. By Claim [12.4] we get that
mincut (K1), (i) = D ecmice We and mincut (K1 iro) (it1}) = D ccpii1ce We- Therefore

mincut (K 41y,4y) + mincut (K 0y (i41}) = 2Wi 41 + Z We (12.1)
e€E:len{ii+1}|=1

In addition we have mincut (K 49} iy) = ZeeE:|em{i,i+1}\:1 we. Plugging this into (12.1)) we
get that

Wijp1 = (mincut(K{LHlL{i}) + mincut(K{17i+2}7{i+1}) — mincut(K{17i+2}7{i})) ,

N | —

and therefore we can recover w; ;1. Next, let 1 <14 < j <n, and assume that we can recover
wpq for all 1 < p < ¢ < n such that ¢ —p < j — 7. In addition, we assume that j < n. The
proof is similar for the case j = n. From Claim we get that

J
mincut (K jp1y,4}) = Z We = Z Z Wink (12.2)

ecE:len{i,....j}=1 k=i m¢{s,....j}
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Let i < k < j, then by Claim

Z Wynl = Z W, — Z Wty = mincut (K pi1y,(k}) — Z Wynk -

mé¢{i,....j} ecE:kee me{i,....j} me{i,....j}

For every m € {i,...,j}, |k —m| < j — i, and therefore we can recover w,. It follows that
we can recover ngz{i,...,j} Wk Plugging this into ((12.2)), and rearranging we get that

mincut(K{l,jH},{i})— Z Z Wk = Z Wim + Z Wjm (12.3)
i<k<jmé{i,..j} me{i,...j} me{i,...j}

It remains to show that we can recover w;; assuming we can recover ng{z‘... 7} Wim =+
ng{i .j} Wim- Applying Claim once more, we get that

Z Wim = Z We — Z Wi, = mincut (K i1y ) — Wij — Z Wi

me&{i,....j} e€FE:ice mée{i,....j} me{i,...,j—1}

and similarly

> wim =mincut(K(y) —wi — > Wim -

m@{i,...j} me{i+1,....5}
By the induction hypothesis, we can recover w, for all m € {i,...,j — 1} and wj,, for all
me{i+1,...,7}, and therefore we can recover w;;. ]

This completes the proof of Theorem [12.3, We note that similar arguments give a lower
bound of Q(n®logn) by allowing weights which are exponential in n3. Details omitted.

13 No Non-trivial Redundancy for Directed Graphs

In this section, we consider the directed versions of the three cut problems considered in
this context, viz. the GROUP-CUT, MULTIWAY-CUT, MULTICUT. Note that in directed
graphs, an s — t cut is a set of edges whose removal ensures there is no s — t path. We
construct an infinite family of graphs which have no non-trivial redundancy for any of these
problems, i.e., the number of distinct cut values is asymptotically equal to the total number
of instances.

Let n € N, and let X, Y be two disjoint n-element sets. Consider the graph G,, :== Kx_,y,
which is the orientation of the complete bipartite graph Kxy obtained by orienting each
edge from a vertex of X towards a vertex of Y. We assign edge weights in GG, in such a
manner that every set of edges has distinct weight (for example, we may assign each edge a
distinct power of 2).
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GRrOUP-CUT in Directed Graphs. In the directed version of the («a,f)-GRrRouP-CuUT
problem, given sets A, B C V such that |A] = « and |B| = 8, we want to find a set of
edges of minimum weight whose removal ensures there is no path from any vertex of A to
any vertex of B. The total number of demand graphs for G,, is therefore [{K4p : |A| =
a,|Bl = B} = (3) - (*"7*) = Oap(n®™?). Let A C X, B CY be such that [A] = o, |B| = 5.
A minimum (A, B)-cut must include all the edges of K4_,p, and furthermore these edges are
enough. By choice of weights, the value of the minimum (A, B)-cut is unique. This implies
that in G, we have |{mincut(K,p) : |A] = o, |B] = 8} > (7) - (g) = Qu5(n*™?) | and
hence there is no non-trivial redundancy.

We note that for the special case of st-cuts in directed graphs (i.e. («, 5)-GRoupP-CUT
with o = 8 = 1), Lacki et al. [LNSWI2] show that there exists an infinite family of planar
graphs, which have no non-trivial redundancy. That is, for every graph in the family there
are Q(|V]?) distinct st-cuts.

MULTIWAY-CUT in Directed Graphs. In the directed version of the k-MULTIWAY-CUT
problem, given a k-element set S C V we want to find a set of edges of minimum weight
whose removal ensures there is no s — s path for any distinct 5,5 € S. Let k < n be
even. The number of instances S in G,, is (2k") = Ox(n*). Let A C X, B CY be such that
|A| = |B| = k/2, and let S = AU B. Then |S| = k, and therefore constitutes an instance for
the directed k-MULTIWAY-CUT problem. For this instance any multiway cut must include
all the edges of K4_,p, and furthermore these edges are enough. Therefore the number of
distinct cut values for the directed MULTIWAY-CUT problem is at least | {mincut(K4p) :
ACX,BCY,|Al= Bl =k/2H = () - (1) = %ln®)

MurTicUuT in Directed Graphs. In the directed version of the k-MULTICUT problem,
given a set of demands D C V x V such that |D| = k, we want to find a set of edges of
minimum weight whose removal ensures there is no s — s’ path for any (s, s’) € D. The total
number of such demand graphs for G,, is {D CV x V : |D| = k}| = (2"(2:_1)) = Ox(n?).
Let D be a set of edges of G, such that |D| = k. It is evident that the minimum set of edges
satisfying D is, in fact, D itself. By the choice of weights, the number of distinct values is
at least | {mincut(D): D CV x V,|D| = k}| > () = Qu(n?).

14 Future Directions

A natural direction for future work is to construct better data structures for the problems
discussed in this part. Our tight bounds on the number of distinct cut values (redundancy
factor) yield straightforward schemes with improved storage requirement, as described in
Section [I2] But one may potentially improve these schemes in several respects. First, our
storage requirement exceeds by a factor of |T'| the number of distinct cut values. The latter
(number of distinct cut values) may be the “right bound” for storage requirement, and it is
thus important to prove storage lower bounds; we only proved this for (2,1)-GroupP-CUT.
Second, it would be desirable to achieve fast query time, say sublinear in |T'| or perhaps even
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constant. Third, one may ask for a distributed version of the data structure (i.e., a labeling
scheme) that can report the same cut values; this would extend the known results [KKKPO05]
for minimum st-cuts. All these improvements require better understanding of the structure
of the optimal vertex partitions (those that attain minimum cut values). Such structure is
known for minimum st-cuts, where the Gomory-Hu tree essentially shows the existence of a
family of minimum st-cuts, one for each s,t € V', which is laminar.

Another very interesting question is to explore approximation to the minimum cut, i.e.,
versions of the above problems where we only seek for each instance a cut within a small
factor of the optimal. For instance, the cut values of (o, 5)-GROUP-CUT can be easily
approximated within factor - 8 using Gomory-Hu trees, which requires storage that is linear
in |T'|, much below the aforementioned “right bound” |T|**#~1. Can a better approximation
be achieved using similar storage?
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Part D
Batch Sparse Recovery

15 Introduction : Stable vs. Batch Sparse Recovey

We introduce a batch version of sparse recovery, where the goal is to construct A},..., A €
R"™ that estimate a sequence of unknown signals Ay, ..., A,, € R", using linear measurements,
each involving exactly one signal vector, under an assumption of average sparsity. More
precisely, given a matrix A € R™™ and a parameter k € [n], the goal is to perform linear
measurements to columns of A, one column in each measurement, and recover a matrix A’

satisfying 1A= A"l < C¢ for some constant C' > 1, where
(AR
: A=A
€= min _
(km)-sparse A* ||A” 1

The special case m = 1 (i.e. A = A; € R") is known as stable sparse recovery. Recall
that a scheme for dimension n and sparsity bound k € [n], consists of (a) ¢t = t(n, k) non-
adaptive linear measurements, arranged as the rows of a sensing matriz S € R™™; and (b) a
recovery algorithm that uses the measurements vector SA = SA; € R! to output an estimate
A} € R". Together, these should satisfy, for every signal A € R",

||A—A'||p§C’k min [|[A— A"

-sparse A*

(15.1)

Iy

which is called an ¢,/¢, guarantee, where C' > 1 and p are some (predetermined) constants.
The above is often called the “for all” model (or sometimes a uniform or deterministic
guarantee). In contrast, in the “for each” model, the scheme (and in particular the matrix
S) is random, and for every signal A € R” with high probability, the £,/¢, guarantee
holds. The main goal is to minimize the number of measurements ¢t = t(n,k). For C' =
O(1), known schemes achieve the ¢;/¢; guarantee in the “for all” model using t =
O(klog(n/k)) measurements [CRT06], and this bound is asymptotically tight even in the
“for each” model [BIPWI10]. A similar upper bound on ¢ is known also for ¢5/¢5 guarantee
in the “for each” model [GLPS12], and again this bound is tight [PW1I]. There are many
other variants which focus on different considerations, for instance, when the measurements
may be constructed adaptively, there is a scheme with ¢ = O(kloglog(n/k)) [[PW1I]. In
some schemes, the output A* is itself sparse, and/or C' can be made arbitrarily close to 1
(at the cost of increasing t).

15.1 Our Results

Our main result gives an adaptive algorithm that recovers a sequence of m vectors with
average sparsity k using at most O(km) linear measurements. Known sparse recovery lower
bounds imply that this bound is asymptotically tight up to logarithmic factors, even in
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the simple case where every vector in the sequence is exactly k-sparse. Our result and the
ensuing discussion are stated in terms of the ¢/; norm, although all our results extend to the
/5 norm in a standard manner. We repeat the formal statement for the convenience of the
readers.

Theorem There is a randomized adaptive scheme for batch recovery that, for every
input A and k, outputs a matriz A" such that with high probability Hf?l;‘ﬁl”l = O(e), where
€ 1is the optimum as in Definition . The algorithm performs O(kmlognlogm) linear

measurements in O(logm) adaptive rounds, and its output A’ is O(kmlogm)-sparse.

The theorem is proved in Section[I7] The algorithm extends to the scenario where instead
of k we are given € as a part of the input (k is implicit from z and €), by the approach of
repeatedly doubling the guess for k. More details are given in Section [15.2]

The main challenge in the batch recovery setting is to discover how the km heavy entries
of A are distributed among the columns Ay, ..., A,,. Once this distribution is known, even
approximately, the algorithm can perform robust sparse recovery separately on each column.
Formally, let A* be a (km)-sparse matrix such that ||[A — A*[|; < ¢||A]|1, and denote the
sparsity of its j-th column by k; := [[A}|lo. If the values {k;};e[m are known, then the
columns can be recovered near-optimally using > | O(k;log(n/kj)) = O(kmlogn) linear
measurements, all in one additional round.

The key innovation in our algorithm (presented in Section is that in addition to
traditional sparse recovery separately on each column, our algorithm adopts a broader view
and constructs a matrix A’ that estimates A.

Intuitively, every algorithm for batch recovery must employ such a broader view and
learn how the heavy entries are distributed across the columns, before it can successfully
reconstruct A. Indeed, our second result shows that this is more than mere intuition, and
proves that in the non-adaptive setting, batch recovery is significantly harder than standard
sparse recovery. Specifically, in Section we prove the following theorem, which shows
that non-adaptive algorithms for reconstructing A require Q(nm) measurements, even in the
noise-free case ¢ = 0.

J€[m]

Theorem 15.1. For every m > n, every non-adaptive randomized scheme for batch recovery
must make Q(mn) linear measurements in the worst case, even when k = 2 and the input is
(2m)-sparse (i.e., e =0).

15.2 A Noise-Capped Variant of Sparse Recovery

In addition to our main result we give a variant of stable sparse recovery, where the input
specifies an intended noise level € € [0, 1] instead of an intended sparsity bound k € [n].
While each of these two parameters completely determines the other one, which of them is
given explicitly does matter algorithmically. Specifically, in our noise-capped variant, the
input is z € R™ and ¢ € [0, 1], and the goal is to recover 2/ € R™ that satisfies

lz = 'l < O(e)lzlx , (15.2)
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using a small number of linear measurements to x, where small is with respect to the minimal
sparsity k needed to approximate x with relative error €. We prove the following theorem
in Appendix [19| using once more the approach of repeatedly doubling the guess for & (and
applying standard sparse recovery).

Theorem 15.2 (Noise-Capped Sparse Recovery). There is an adaptive randomized scheme
that, for every input x € R™ and € € |0, 1], outputs x’ € R"™, such that with high probability:
(i) o' satisfies (15.2)); (it) the algorithm performs O(klogn) linear measurements in O(log k)
adaptive rounds, where k = k(x,¢) := min{||z*||o : ||z — z*|1 < ¢||z|l1}; and moreover (iii)
the output ' is (2k)-sparse.

We additionally show that in the non-adaptive setting, noise-capped recovery is signif-
icantly harder than stable sparse recovery, and requires at least n measurements, even in
very simple settings. Since even the naive algorithm makes only n measurements, we obtain
that a (non-trivial) noise-capped recovery scheme must be adaptive.

Proposition 15.3. Every non-adaptive randomized scheme for noise-capped sparse recovery
(randomized means that, for every input x € R™ and € € [0, 1], the output x’ with high prob-
ability satisfies ) must perform, with high probability at least n linear measurements,
even in the case € =0 and k(z,0) = 1.

The validity of Proposition is easily verified. For consider such a scheme in the case
€ = 0. Since it is non-adaptive, the number of measurements ¢t depends only on n and the
scheme’s coins, and it thus must be independent of k(z,0). As the scheme succeeds on every
input x € R"™ with high probability, including non-sparse inputs, the scheme must perform
with high probability at least n measurements.

15.3 Related Work

The recovery of a matrix from partial or corrupted measurements has numerous applica-
tions in theoretical fields such as streaming and sublinear algorithms as well as practical
ones, such as signal processing, communication-networks analysis, computer vision and ma-
chine learning. In many of these natural settings the matrix is typically sparse. Such set-
tings include covariance matrices [DSBNT5|, adjacency matrices of sparse or random graphs
[McG09L IDSBN15], image and video processing for facial recognition [WYGT09] and medical
imaging [Mal08|, in addition to traffic analysis of large communication networks [CQZ™14].
Woodruff and Zhang [WZ12|, [WZ13] considered a distributed model known as the message-
passing model, similar to that described in the previous section. m servers, each holding
partial information regarding an unknown matrix A (not necessarily a column, though),
need to communicate with a designated coordinator in order to compute some function of
A. The communication they consider is not restricted to linear measurements. They show
communication complexity lower bounds in terms of bit-complexity for several designated
functions (e.g. ||Allo or ||A|c)-

Considerable work has been made on the reconstruction of a matrix from linear mea-
surements performed on the matrix rather than on each column separately. That is, each
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measurement is of the form A+— Be A= >" A;;B;;, where B € R"*™ is a sensing “vector”.
This model offers a much richer set of linear measurements, and, in fact, in terms of sparse
recovery reduces matrix reconstruction to stable sparse recovery, albeit in some models, e.g.
the message-passing model, such measurements are infeasible. Waters, Sankaranarayanan
and Baraniuk [WSBTI] give an adaptive sensing algorithm for recovering a matrix which is
the sum of a low-rank matrix and a sparse matrix using linear measurements on A.

Dasarathy et al. [DSBNI15] recently considered matrix recovery from bilinear measure-
ments (also called tensor products), i.e., measurements of the form A — v'Au = A;jvu;,
where v, u are sensing vectors. This model can be viewed as a restriction of the afore-
mentioned model, in which every sensing vector B is a matrix of rank 1. They show how
to reconstruct a sparse matrix using bilinear measurements, in the special case where the
heavy entries of A are not concentrated in a few columns.

16 Preliminaries

It is well known [CRT06] that given a sparsity parameter s, there exist sensing matrices and
associated recovery algorithms for the stable sparse recovery problem such that the number
of linear measurements is O(slogn).

Claim 16.1 ([CRT06]). Let s € [n], there exists a sensing matriz S € R™™ for t =
O (s log %), and an associated recovery algorithm such that for every x € R™, given Sz,
produces an s-sparse vector x'(s) that satisfies ||z — 2'(s)[1 <3 min |z —2*||;. More-

S—Ssparse

over, such S can be found efficiently with high probability.

We note that the choice of a “for all” guarantee in Claim is not required in our case.
The role of Claim in our algorithms can be replaced by any (adaptive or non-adaptive)
stable sparse recovery guarantee either in the “for all” or “for each” models.

Indyk [[nd06] showed that one can construct a matrix S € R™" where t = O (logn)
such that for every x € R", given Sz, we can estimate ||z||; up to a constant factor with
high probability.

Claim 16.2 ([Ind06]). There exists a sensing matriz S € R™™ for t = O (logn), and an
associated algorithm such that for every x € R", given Sx, produces a number o(x) that
satisfies 5| z|ly < o(x) < 2||z||y with probability at least 1 — —a5. Moreover, such S can be
found efficiently.

17 Batch Reconstruction

In this section we prove Theorem by presenting an iterative algorithm that, given access
to Ay, ..., A, via linear measurements, in addition to a parameter k as in Definition[1.7], con-
structs vectors A% ... A%9 gatisfying || A%||, < O(kmlogm) and ||A— A%9||; < O(e)||Allx.
We will additionally show that the algorithm performs a total of at most O(km logmlogn)
linear measurements.
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The algorithm, described in detail as Algorithm , performs log(2m) iterations. Through-
out the execution, it maintains a set I C [m], of the indices of all columns not yet fixed by
the algorithm. Initially I is the entire set [m]. At every iteration ¢ € [log(2m)], the algo-
rithm performs standard sparse recovery on each of the columns indexed by I with sparsity
parameter 271k, and constructs vectors {Azmp }ier- Applying Claim the algorithm
additionally estimates the residual error ||A; — A;mp I, for all j € I, and then chooses the
%|] | indices for which the residual error is smallest. For each such index j, the algorithm
fixes A?lg to be A;mp , and removes j from I. After log(2m) iterations, the algorithm returns
Al Adls,

1: initialize I < [m).
2: for ¢ =1 to log(2m) do
3: forall jeldo

4: let A;mp — A2 E) // by applying Claim
5: pj < p(A; — A;mp) // by applying Claim
6: let I, C I be the set of (m/ 2q indices j € I with smallest p;.
7 let I« I\,
8: for all j € I, do
al m, m, .
9: let A7Y A; P /] fix the columns {A; Pojel}
10: return A9 ... A%,

Algorithm 17.1: Algorithm for Batch Reconstruction

Prior to analyzing Algorithm in the next section, let us note that we can easily
bound the number of times it invokes Claims and [16.1], and show that with probability
at least 1 — ﬁ all invocations succeed. We therefore condition on that event. For sake of
simplicity, we assume that m is a power of 2. The next claim follows by simple induction.

m

Proposition 17.1. For every { € [log(2m)|, at the beginning of the {th iteration, |I| = 5.

It follows that at the end of the last iteration of the main loop, I = (), and thus the
output columns are all well-defined.

17.1 Controlling the Noise and the Number of Measurements

The main challenge is to bound the relative error by O(¢). We remark that if one is willing
to pay an extra factor of logm, then there is a simple analysis for this algorithm, as follows.
Let A* denote a (km)-sparse matrix satisfying ||[A — A*||; < ¢||A]|;. By straightforward

averaging, for every ¢ € [log(2m)], at most 5+ columns A* have ||A%||; > 2!k, and at

most 577 columns A% have [[A; — A%[l; > ze:sHAHL The total number of columns in these

two groups is at most 2 - 74 = $|I|, and thus at least [$|I]] = |I;| columns in I are not in
these two groups. By the sparse recovery guarantees on these columns and the choice of Iy,

3. 26—}—1

Vj e I, |A; — A%, <

ellAfls (17.1)
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Summing these over all values of ¢ we get that ||[A — A%||; < O(glogm). To improve this
guarantee to O(¢), we need to tighten the bound in (17.1)). We replace the term ||Al|;/m,
which represents the norm of an average column, with the norm of a specific column, and
the crux is that they sum up (over all iterations ¢) very nicely, because these summands
correspond (essentially) to distinct columns.

We start the analysis by first bounding the number of linear measurements performed by
the algorithm, as well as the sparsity of A%,

Lemma 17.2. During the (th iteration of the main loop, Algomthm-performs O(kmlogn)

linear measurements, and moreover ;. HAalgHo < O(km).

Proof. At the beginning of the fth iteration, |I| < 5%;. For every j € I, the algorithm
performs O(2'klogn) linear measurements on A;, and by Claim we have ||A§-mp||0 <
O(2"'k). Thus the total number of measurements performed during the (th iteration is
OEZ“l)klogn) -|[I] < O(mklogn). Similarly we get that >, HA?ZgHO =D e, AT (|o <
O(km). O

The algorithm performs log(2m) iterations, and thus at the end of execution, ||A%||, <
O(kmlogm). Moreover, the total number of linear measurements performed throughout the
execution is at most O(kmlognlogm). It remains to show that |4 — A%||; < O(e)| A4]|:.

To this end, denote for every j € [m], ¢; = %, and note that >, ;= ¢e. Let

E(1) = E€(2) = ... 2> €(m) be a non-increasing ordering of {&;};cm
Lemma 17.3. For every ( € [log(m/2)] and j € I, 7= < 6e(a-t-1,).

Proof. Fix some ¢ € [log(m/2)], and consider the set I at the beginning of the ¢th iteration.
Recall that |I| = m/271, and I, is the set of m/2¢ indices j € I with smallest p;. Observe
that to prove the claim, it is enough to show that

Pr

> Ge m
||A||1 (@im)

N | —

To this end, consider an arbitrary j € I with ”f{“l > 6e(p-—t-1). I, in addition, [|A%[lo <
2t+1L then by Claim

14; = ATl =114, = AR <3 min A ="y < 3]l A; = Aflh = 3e;]| Al -

x* 20+1k—sparse
By Claim 16.2} [|A; — A;mle > 1p(A; — A;mp) = 2p;, and therefore
1 - 1
gillAllr > gHAj — ATy > 6P > E-t-—1my | A1 -

We conclude that for every j € I, if HAH > 6(2-t-1,), then either [[A%]ly > > 94+ or
€j > E@-t-1y). By definition, ; > €(9-¢-1,,) occurs for at most %r indices j € [m]. In

addition, since E]E[m][HA lo] = k, then at most 54 indices j € [m ] satisfy [|A%|lo > 277"k
Thus at most 2% = £|I| indices j € [m] satisfy Hflﬁ > 6€(g-¢-1m). The claim follows. O
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Lemma 17.4. For every { € [log(m/2)],

Dol —AF L <24l DY ey

el ezt 5]

Proof. Fix some /¢ € [log(m/2)], and let j € I,. Then A?lg was fixed in the (th iteration, and
thus by the previous claim, ||A; — A?lng < 2p(A; — A;.ng) = 2p; < 12g(9-t-1,,[|Al|1. Since
[Iy| = 5 and {e(j)}je[m] is non-increasing

al m
SOUA; = AT <120 Al B s 12042 YD s

J&le je[ﬂ’il ’2%_1]

]

Corollary 17.5. ||A — A"9||; < O(e)||Al];.

Proof. Since Uze[log(zm)] Iy = [m], and the sets {I;}sciog(2m) are pairwise disjoint, then

log(?m) 10gm
a al al al
JA= A%y = D" 3 A=A = D A=A+ YD 1A — AT
(=1 jel, jellog(Qm)Ullogm =1 jel,

Observe first that [liog2m) U liogm| = 3. Moreover, for every j € liogam) U liogm, A?lg
is constructed by applying standard sparse recovery on A; with sparsity parameter > mk.
Since [|Af[[o < km, then similarly to the previous proof we get that ||Aj—A‘;lgH1 < 3gj[|A|: <
3e||All;. Therefore by the previous lemma

logm m
lA-At)y < 9e Al +241 A1 Y. ST e < OellAli+ 2414l Y =) = @Al -
/=1 ]G[ m_ m 1] 7j=1

2l+1090

]

Theorem follows from Lemma and Corollary

18 Adaptivity is Necessary Even for Noise-Free Signals

To prove Theorem [15.1] we first note that every non-adaptive scheme ALG to the problem
of reconstructing a km-sparse matrix A € R™ " can be viewed as the concatenation of two
algorithms. ALG® constructs sensing matrices Si,...,.S,,, and ALG" is given the measure-
ments S1Ai,...,S,A,, and recovers A. For every j € [m], let t; denote the number of
rows of (i.e. measurements performed by) S;. The total number of linear measurements
performed by ALG? is therefore tarq := > icpm) Ui
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Assume that for every A € R™™  ALG reconstructs A with success probability > %

Since ALG is non-adaptive, the number of measurements A1, depends only on k, m, n.

By Yao’s minimax principle, it suffices to show a distribution D over (2m)-sparse matrices
in R™*™ such that for every deterministic algorithm ALG e, if Praop[ALGge; succeeds| > %,
then tara,,, > Q(mn). Consider a matrix A constructed as follows. Choose uniformly at ran-
dom i* € [m]. For every j € [m]\ {i*}, let 4; = (1,0,0,...,0)", and let Ay = (21,...,2,)",
where zy,...,2, ~ N(0,1) i.i.d. ALG],, constructs sensing matrices Sy,...,Sy,. The fol-
lowing lemma implies Theorem [15.1]

Lemma 18.1. Fiz j € [m], and assume that t; < n—1, then conditioned on i* = j, ALG,,
fails to recover A; with probability 1.

Proof. Conditioned on i* = j, the distribution of A; is independent of {A4;},2;. We can
therefore analyze the success probability of ALG},, on A; as if ALG],,, receives only (S}, S;A;)
as input, and attempts to recover A;. Denote U = Ker(S;) and v = dim U, then since S; is
underdetermined, v > 1, and there is an orthonormal basis ug, ..., u, to R" satisfying that
Ui, ..., U, is a basis of U, and u,1, . .., u, is a basis of U*. For every y € Im(S;) there exists
a unique =’ € U” satisfying S;z = y. Since ALG},, is deterministic, there exists a unique
x € R" such that ALG],, returns  when invoked on (S;,v).

Denote A; = Zee[n] yeug, then since {ug}ocpy is orthonormal, then yi,...,y, ~ N(0,1)
i.i.d. Following the above discussion, the value of S;A; is independent of y4, ..., y,. Moreover,
for every y,11,...,yn € R, there exist unique values yj, ...y, such that ALG},,(S;,S;4,)
is correct if and only if y, = y; for all £ € [v]. Therefore,

Pr[ALG],, fails|i* =j] = /

Yo+1,.-Yn ER

/ H fye) |dyy ... dy, =1,
(ylv"'vyV)#(yTV"'vy:)

£€n+1]

where f is the pdf of the standard normal distribution. O]
Proof of Theorem[15.1] Denote J := {j € [m| : t; > n}. From Lemma|18.1, whenever j ¢ J,
Pr[ALG),, recovers A;|i* = j] = 0. Since ALGge; reconstructs A with probability > 1, then

< Pr[ALG],, recovers A] = Pr[ALG),, recovers Al|i* € J|Pr[i* € J| < Pr[i* € J].

N | —

Therefore,
m
tALG . = ;}ta‘ > ), tizneg = 0mn).
J

JjEM]:t;>n

19 Noise-Capped Sparse Recovery

We now prove Theorem by presenting an adaptive algorithm that constructs a sensing
matrix S € R¥*" and, given Sz, can recover a (2k*)-sparse vector 2’ close to z, where
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k* = k(z,e) = min{||z*||o : [[z—2*||1 < ¢||z|1}. The algorithm is iterative, and, given x € R"
and a parameter € € [0, 1], performs with high probability O(k*logn) linear measurements
on x, and constructs a (2k*)-sparse vector %9 satisfying ||z — 29|, < O(e)|z]|:.

Loosely speaking, starting with & = 1, during each iteration, the algorithm invokes
Claim [16.1; namely it performs O(klog %) linear measurements on = and thus constructs
o' (k). Ideally, we wish to proceed as follows. If ||z — 2/ (k)[|s < O(e)||z||; the algorithm halts
and then returns 2/(k). Otherwise, it doubles k and performs another iteration. However,
since we only have access to = via linear measurements, we cannot compute ||z — z’(k)|s
or ||z]|; exactly (using a small number of measurements). Not all is lost, though. Applying
Claim the algorithm can perform additional O(logn) linear measurements on = and
estimate ||z||; with high probability. Moreover, since z’(k) is known, and by utilizing the
linearity of the measurements, we can also estimate ||z — 2’(k)||; with high probability. The
algorithm is given in detail as Algorithm We now turn to prove Theorem [15.2]

Input: = € R” accessed by linear measurements and an upper bound € > min
r* k*—sparse

Output: A 2k*-sparse 2’ € R" satisfying ||z — 2'||; < O(e)||z||:.

1: £+ 0

2: 2% 0.

3: while g(z — 2%9) > 12¢p(x) do
4 L+ 0l+1

5. 2% « 2'(2%) as in Claim [16.1]
6: return %9

Algorithm 19.1: Sparse Recovery Given € > 0

Fix z € R" and € € [0,1]. By the definition of k* there exists a k*-sparse z* € R
satisfying ||z — z*||s < ¢l|z|;. Denote by A the number of iterations performed by the
algorithm, when invoked on z,e. Fix some ¢ € A. Let & denote the event that the algorithm
fails to estimate ||z — 2/(2)[);. That is, o(z — 2/(2%)) ¢ [5]lz —2/(2°)| , 2]z — 2/(29]1].
Similarly, let & denote the event that the algorithm failed to estimate ||z||;. By Claim[16.2]
Pr[&] < ﬁ for every 0 < ¢ < A. Since by performing n linear measurements we can
uniquely characterize z, that is 2'(n) = x, then A < logn with certainty. Applying a union
bound we get that Pr [[Jy<ys &) < —agy. We can therefore condition on [, &-

Lemma 19.1. Algorithm performs at most O(k*logn) linear measurements in O(log k*)
adaptive rounds. Furthermore, in the end of the execution |9y < 4k*.

Proof. Consider the (th iteration for £ = [log k*]. Then k* < 2¢ < 2k*. Since z* is k*-sparse,
we get that

lz =" <3 min lz —ylh < 3llv — 2" [ < 3¢l .
Y

¢ —sparse

Therefore, o(z — 2/(2%)) < 6¢||z||; < 12ep(x), and the algorithm halts. It follows that the
algorithm performs at most [log k*| iterations. The total number of linear measurements
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performed is therefore at most O( l[lzotfk*] 2¢log n) = O(k*logn). Moreover, ||z, <
2Mos k™1 = 2. O
To finish the proof of Theorem [15.2] it remains to show that ||z — z%9||; < O(e)||z|;. It

is enough to see that by the halting condition of the algorithm, in the end of the execution
lz — 2™y < 20(x — %) < 24ep(x) < Oe)|]s -

This completes the proof of Theorem [15.2

20 Future Directions

A natural important question that arises from the main results, and is not completely resolved
within the context of our previous work is whether we can obtain tight bounds on the number
of adaptive rounds needed for a batch sparse recovery scheme that performs O(km) linear
measurements. A more refined question asks for the correct tradeoff between the number of
adaptive rounds and number of linear measurements. We note that both questions are not
resolved even for the simpler special case of a single vector (i.e. the noise-capped recovery).

We showed in Theorem that every random non-adaptive scheme for batch sparse
recovery must perform Q(mn) measurements for every A and k with high probability, even
for the case ¢ = 0. As it turns out, for the case ¢ = 0, two adaptive rounds are indeed enough
to get an optimal number of linear measurements. Indeed, in the first round the algorithm
estimates, up to a constant factor, the “correct” sparsity bound of each column, i.e., || A4;]o,
which can be done by performing O(logn) linear measurements on every column [KNWI(].
In the second round of measurements, the algorithm employs stable sparse recovery (e.g.
Claim to reconstruct the unknown entries while using the correct sparsity bound, up
to a constant factor. The total number of measurements is therefore O(mklogn), which is
optimal by known sparse recovery lower bounds.

For arbitrary values of ¢ € (0, 1), however, the scheme we have presented uses O(logm)
adaptive rounds of measurements in order to bound the number of measurements by O(km).
We suspect that a doubling approach similar to that in Algorithm is, in a sense, required
and therefore every batch recovery scheme that performs O(k’m) measurements must perform
(log m) adaptive rounds.
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