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Abstract

Algorithms based on convex optimization, especially linear and semidefinite programming,
are ubiquitous in Computer Science. While there are polynomial time algorithms known
to solve such problems, quite often the running time of these algorithms is very high.
Designing simpler and more efficient algorithms is important for practical impact.

In this thesis, we explore applications of the Multiplicative Weights method in the
design of efficient algorithms for various optimization problems. This method, which was
repeatedly discovered in quite diverse fields, is an algorithmic technique which maintains
a distribution on a certain set of interest, and updates it iteratively by multiplying the
probability mass of elements by suitably chosen factors based on feedback obtained by
running another algorithm on the distribution.

We present a single meta-algorithm which unifies all known applications of this method
in a common framework. Next, we generalize the method to the setting of symmetric
matrices rather than real numbers. We derive the following applications of the resulting
Matrix Multiplicative Weights algorithm:

1. The first truly general, combinatorial, primal-dual method for designing efficient
algorithms for semidefinite programming. Using these techniques, we obtain signif-
icantly faster algorithms for obtaining O(y/logn) approximations to various graph
partitioning problems, such as SPARSEST CUT, BALANCED SEPARATOR, in both di-
rected and undirected weighted graphs, and constraint satisfaction problems such
as MIN UNCuT and MIN 2CNF DELETION.

2. An O(n?) time derandomization of the Alon-Roichman construction of expanders
using Cayley graphs. The algorithm yields a set of O(log n) elements which generates
an expanding Cayley graph in any group of n elements.

3. An O(n?®) time deterministic O(logn) approximation algorithm for the quantum
hypergraph covering problem.

4. An alternative proof of a result of Aaronson that the ~-fat-shattering dimension of
quantum states on n qubits is 0(7%)

Using our framework for the classical Multiplicative Weights Update method, we derive
the following algorithmic applications:

1. Fast algorithms for approximately solving several families of semidefinite programs
which beat interior point methods. Our algorithms rely on eigenvector computa-
tions, which are very efficient in practice compared to the Cholesky decompositions
needed by interior point methods. We also give a matrix sparsification algorithm to
speed up the eigenvector computation using the Lanczos iteration.

2. O(y/logn) approximation to the SPARSEST CUT and the BALANCED SEPARATOR
problems in undirected weighted graphs in O(n?) time by embedding expander flows
in the graph. This improves upon the previous O(n*?%) time algorithm of Arora,
Rao, and Vazirani, which was based on semidefinite programming.
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Chapter 1

Introduction

Convex optimization deals with the problem of minimizing a convex function on a convex
domain in Euclidean space, and is a very well developed area (see [27]). Convex optimiza-
tion techniques have found wide application in theoretical computer science, especially in
the design of efficient algorithms for various fundamental combinatorial optimization prob-
lems. Typically, a relaxation to a given combinatorial optimization problem is obtained
by embedding its solutions as vectors in FKuclidean space, and optimizing the objective
function over a convex body defined by constraints satisfied by any solution. This “con-
vexification” of the problem allows the application of powerful tools from convex analysis.
In addition, this relaxation endows a combinatorial problem with geometric structure
which can be exploited to good effect for rounding the obtained solution to one of the
desired characteristics, such as an integer solution.

In particular, various kinds of mathematical programming, such as linear programming
(LP) and its more sophisticated cousin, semidefinite programming (SDP), have been of
fundamental importance in the design of various exact and approximation algorithms,
and numerous algorithms are based directly or indirectly on mathematical programming
intuition. Similarly, convex optimization concepts such as duality and complementary
slackness have inspired the design of many algorithms. The paradigm of obtaining ap-
proximation algorithms to NP-hard problems by using their linear or semidefinite pro-
gramming relaxations has become standard; indeed, rarely does one find an algorithm
which is not directly based on either LP or SDP, or for which an interpretation in the
setting of an LP or an SDP does not yield additional intuition.

Thus, approximation algorithms for various optimization problems such as VERTEX
COVER, SET COVER, and MAX-SAT have been developed inspired by their LP relax-
ations. Similarly, various network design problems such as k-MEDIAN, MULTICUT, and
STEINER FOREST network flow problems such as Max Flow, Multicommodity Flow, etc.
have algorithms based on LP. Many scheduling problems are also solved using LP. Even
outside traditional Computer Science, linear programming has enjoyed spectacular suc-
cess. Many practical problems arising in Operations Research and Business Management,
such as network flow, inventory management, air traffic management, allocation for hu-
man and machine resources, food blending, portfolio and finance management, can be
cast as linear programming problems.



Similarly, SDP has recently received much attention in Computer Science as a result
of the work of Goemans and Williamson [45], who used SDP to design new approximation
algorithms for several NP-hard problems such as MAXCuT, MAX 2-SAT, and MAX 3-
SAT. In subsequent years, SDP-based approximation algorithms were designed for coloring
k-colorable graphs, MAX DI1cuUT, etc. Then progress halted for a few years, until the work
of Arora, Rao, Vazirani [18] that gave a new O(y/log n)-approximation for the SPARSEST
Curt problem. The ideas of this paper were extended to derive similar approximation
algorithms for MIN 2CNF DELETION, MIN UNCUT, directed SPARSEST CUT, directed
BALANCED SEPARATOR in [2] and NON-UNIFORM SPARSEST CUT in [32, 17].

In addition to these well-known approximation algorithms, SDP has also proved useful
in a host of other settings. For instance, Linial, London, and Rabinovich [75] observe that
given an n-point metric space, its minimum-distortion embedding into Euclidean space
can be found via SDP. Recent approximation algorithms for the cut norm of a matrix [8]
and for certain subcases of correlation clustering [31] use SDPs. Halperin and Hazan [51]
showed that a biological probability estimation problem, which estimates the frequencies
of haplotypes from a noisy sample, can be solved using SDP. Outside Computer Science,
semidefinite programming is used in Control Theory and for polynomial optimization.

Given the fundamental importance of linear and semidefinite programming, both of
these have been intensively studied by algorithm designers and numerical analysts. Var-
ious general purpose methods have been developed which solve LPs and SDPs. Among
these are the famous simplex algorithm of Dantzig [38], which, though not polynomial
time, is nevertheless extremely efficient and widely used in practice to solve LPs; the el-
lipsoid method developed by Shor, Yudin and Nemirovskii in the 1970s and later adapted
by Khachiyan [63] to give the first polynomial time algorithm for LP; and the interior
point method introduced by Karmarkar [60] for LPs and adapted by Nesterov and Ne-
mirovskii [83, 84] and Alizadeh [5] for SDPs. Appendix A gives more details of these
algorithms.

Even though interior point methods for LPs are quite efficient in practice, the worst
case running times one obtains for several important optimization problems mentioned
in the beginning of this chapter are still quite high. This problem is exacerbated in the
case of SDP, where interior point methods have even higher worst case running times.
Given the growing popularity of SDP, it would be extremely useful to develop alternative
approaches that avoid the use of general-purpose interior point methods. Even problem-
specific approaches would be very useful and seem hard to come by, and most SDP based
algorithms use a general-purpose SDP solver as a first step.

A similar situation developed in the past decade in the case of linear programming,
after LPs were used to design many approximation algorithms. Subsequent improvements
to running times for these algorithms fall into two broad camps:

(A) Eliminating use of LP in favor of a direct, combinatorial algorithm that uses the
same intuition (in many cases, the same proof of the approximation ratio). Various
primal-dual algorithms that substitute (previously) LP-based algorithms fall in this
category. Though these usually evolve out of (and use the same intuition as) earlier
approximation algorithms that used LP as a black box, they do not solve the LP



per se. Rather, the algorithm incrementally builds a dual solution together with an
integer primal solution, updating them at each step using “combinatorial” methods.
At the end, the candidate dual solution is feasible and the bound on the approxima-
tion ratio is derived by comparing the integer primal solution to the bound provided
by this feasible dual. Usually the update rule is designed using intuition from the
rounding algorithm used in the original LP-based algorithm.

Some canonical examples are network design problems [3] (or see the survey [46])
and O(1)-approximation for k-MEDIAN (LP-based algorithm in [30]; faster primal-
dual algorithm in [58]).

Solving the LP approximately instead of exactly. Typically this uses some version
of the classical Lagrangian relaxation idea. Shahrokhi and Matula [80] gave the first
approximation algorithm for multicommodity flow problems. Plotkin, Shmoys, and
Tardos [85] generalized the method to the family of packing/covering LPs. Later,
Garg and Konemann [44] and Fleischer [40] improved the running times further for
flow LPs.

The technique of Lagrangian relaxation also finds applications in algorithms of type
(A) above, such as in [58]. This technique solves a constrained optimization prob-
lem iteratively by combining the constraints into a single weighted constraint, and
then solving the relaxed problem. The weights are then tuned based on the solu-
tion obtained. This technique has proved quite successful in designing very fast,
combinatorial algorithms for various problems.

Such problem-specific algorithms for SDP are quite rare. The majority of this thesis
describes how a specific Lagrangian relaxation technique, which we call the Multiplicative
Weights algorithm, can be used to design fast algorithms for various optimization problems
based on both LP and SDP. In the rest of this chapter, we formulate the linear and
semidefinite programming problems, and then give a description of the results in this
thesis.

1.1

Linear and Semidefinite Programming

In this section we formalize the linear and semidefinite programming problems. A lin-
ear program aims to optimize a linear objective function subject to linear equality and
inequality constraints:

min c - x
b1
by

al - X

AV

az - X

AVANAY,



where x € R" is a vector of variables, c,aj,as,...,a,;, € R", by,bo,..., b, ER, andx >0
is notation for the condition that all coordinates of x are non-negative. Here, for vectors
u,veR" u-v=>" uvis their inner product.

A semidefinite program has superficially the same form as a linear program, in that it
has linear constraints and a linear objective function. The number of variables is n + (Z),
and are written in the form of a square symmetric matrix X. We have the additional
stipulation that X is positive semidefinite, i.e. all its eigenvalues are non-negative. Thus,
a general SDP can be written as follows:

min CeX
A10X Z bl
AQ.X 2 b2

A,,eX
X

bm
0

Y v

where X € R™*" is a square matrix of variables, C, A1, As,..., A, € R™™ ™ by, bg,..., by, €
R. We assume that all matrices are symmetric. Thus X has real eigenvalues, and X > 0 is
notation for the condition that X is positive semidefinite. Here, for matrices U,V € R™*",
UeV =5%", 27:1 U;;Vij is the inner product of the matrices thinking of them as vectors
in R,

A point of notation: in this thesis, bold lowercase letters such as a, b, x, v represent
vectors, and bold uppercase letters such as A,B, X,V represent matrices. Variables
written in normal weight font represent scalars, for e.g. x is a scalar variable, a; is the
ith coordinate of the vector a, and A;; is the ij'" element of the matrix A. Frequently,
in summations where the index runs over the entire range, we will drop the specification
of the range when it is clear from the context: for example, ) . may be used to stand for
> iz, and 37, may be used to stand for YIS0

1.2 Results in this thesis

The focus of this thesis is the design of efficient algorithms using a specific Lagrangian
relaxation technique which we call the Multiplicative Weights method. This method is
certainly not new, and has been discovered and rediscovered in widely different areas. We
now discuss the results of this thesis in some detail.

The Multiplicative Weights algorithm and Applications. In Chapter 2, we present
a framework for the Multiplicative Weights algorithm that unifies all previously known
applications of this method. This framework is based on an online player who needs to
take one of several courses of actions in the face of uncertainty. Once the action is chosen,
the cost of all the actions is revealed, and the player incurs the cost of her chosen action.
The player’s long term goal is to minimize her cost relative the cost of the best fixed action



in hindsight. The Multiplicative Weights algorithm allows her to do that. She chooses
her action based on some weights on the actions, and iteratively penalizes actions which
have high cost by reducing their weight by a carefully chosen multiplicative factor. This
simple idea is powerful enough to give efficient algorithms for a wide variety of problems.
We present some of these applications, including solving feasibility problems with concave
constraints on convex domains, and solving zero-sum games.

The Matrix Multiplicative Weights algorithm and Applications. In Chapter 3,
we present a matrix generalization of the Multiplicative Weights algorithm. This algo-
rithm makes use of the matrix exponential operation to replace the multiplicative weights
update of the basic algorithm. We call this the Matrix Multiplicative Weights algorithm.
This retains the original Multiplicative Weights algorithm as a special case when all the
matrices involved are diagonal. In an analogous manner to the Multiplicative Weights al-
gorithm, we present an application of this algorithm to solving a matrix generalization of
a zero-sum game, and thus obtain a min-max theorem which is equivalent to semidefinite
programming duality. This connection to semidefinite programming paves the way to the
applications in the following chapter.

Combinatorial, Primal-Dual Approach to Semidefinite Programs. The first im-
portant application of the Matrix Multiplicative Weights algorithm appears in Chapter 4.
SDPs satisfy a duality theorem just like LPs, and so in principle one should be able to
solve them using primal-dual (type (A)) approaches. However, several conceptual difficul-
ties arise, and no primal-dual algorithms for SDP were known so far. One issue is that the
basic object in SDPs is a positive semidefinite matrix, rather than vectors as in LPs, and
it is harder to reason about matrices than vectors. Another issue is that most rounding
algorithms for SDPs use the global geometric structure of optimum or near-optimum so-
lutions, and it is unclear how to use this geometric structure in the context of the grossly
infeasible solutions one might encounter during a primal-dual algorithm. Finally, there is
the issue of implementing matrix operations efficiently enough so that the running time
is an improvement over interior point methods.

In Chapter 4, we show how the Matrix Multiplicative Weights algorithm gives us
a generic primal-dual scheme for solving SDPs. This yields primal-dual algorithms for
various SDPs. We also show how to implement our algorithms efficiently, by making
a subtle use of the Johnson-Lindenstrauss lemma to reduce the expensive operation of
computing matrix exponentials to matrix-vector products.

Thus, we obtain the fastest known algorithms for obtaining O(y/logn) and O(logn)
approximations to the SPARSEST CUT and minimum c-BALANCED SEPARATOR problems
in both undirected and directed, weighted graphs. These problems ask for a partition of
the input graph into two large pieces while minimizing the size of the “interface” between
them, as measured by the number of edges crossing the partition. Graph partitions or
separators are central objects of study in the theory of Markov chains, geometric embed-
dings and are a natural algorithmic primitive in numerous settings, including clustering,
divide and conquer algorithms, PRAM emulation, VLSI layout, and packet routing in



distributed networks. Since finding optimal separators is NP-hard, one is forced to settle
for approximation algorithms (see [89])

We also obtain the fastest known algorithms for obtaining an O(y/logn) approxima-
tion to the MIN UNCUT problem, and an O(y/logn) approximation to the MIN 2CNF
DELETION problem. The MIN 2CNF DELETION problem is of particular interest since it
is the hardest MIN CSP problem that has nontrivial approximation guarantees. Khanna,
Sudan, Trevisan and Williamson [66] classified the approximability of all Min CSP prob-
lems and both MIN UNCUT and MIN 2CNF DELETION are complete problems for classes
of MIN CSP problems in their hierarchy. Our algorithms significantly improve upon previ-
ously known algorithms which are based on solving the SDP using interior point methods.

Derandomization and Quantum Algorithms. In Chapter 5, we describe some ad-
ditional applications of the Matrix Multiplicative Weights algorithm to derandomization
and quantum computing. The first result is a derandomization of the Alon-Roichman
theorem [9], which says that the Cayley graph generated using O(logn) randomly chosen
elements of an arbitrary group of order n is an expander with high probability. We show
how to use the Matrix Multiplicative Weights algorithm to obtain an O(n?) time deter-
ministic algorithm which chooses a set of O(logn) generators such that the Cayley graph
thus formed is guaranteed to be an expander.

The second application is a deterministic O(logn) approximation to the Quantum
Hypergraph Cover problem. This problem is a generalization of the classical Set Cover
problem and it arises in quantum information theory. It was shown by Ahlswede and
Winter [4] that a O(logn) approximation to the problem can be found by solving an
associated SDP and randomly rounding the fractional solution thus obtained. We de-
randomize this process using the Matrix Multiplicative Weights algorithm, and obtain
an O(n?®) time algorithm to find an O(logn) approximate cover. This algorithm can be
viewed as a generalization of the greedy algorithm for the Set Cover problem.

The third application is to a learning problem in quantum mechanics. An n-qubit
quantum state is described by a positive semidefinite matrix of trace 1 of size 2" x 2.
Suppose we could repeatedly measure the quantum state, and now we want to build an
approximate description of it (in terms of another quantum state). To learn the state
exactly we may need to do exponentially many (in n) measurements, but if our goal is
to learn the state well enough to have reasonable confidence about its behavior in future
measurements, then we need to do only O(n) measurements. This result was shown
by Aaronson [1] by bounding a learning theoretic parameter called the fat-shattering
dimension of quantum states by O(n). Just like the VC-dimension, this parameter allows
us to place bounds on the sample complexity of a learning problem in a relevant PAC-style
framework. Using the Matrix Multiplicative Weights algorithm, we give an alternative
proof of Aaronson’s result.

Fast Algorithms for Approximate Semidefinite Programming. We then turn
back to semidefinite programming in Chapter 6. This chapter describes how to apply the
(basic) Multiplicative Weights algorithm to approximate SDPs. The algorithms thus ob-
tained are of type (B). Our algorithm reduces SDP solving to a sequence of approximate



eigenvalue/eigenvector computations, which can be done efficiently using the well-known
iterative methods such as the power method or the more efficient Lanczos method. This
generalizes the work of Klein and Lu [67] who had previously applied the Multiplicative
Weights algorithm to approximately solve SDPs that arose in the algorithms of Goemans-
Williamson for MAXCuUT and Karger, Motwani, and Sudan for COLORING. We make
this approach more efficient by making judicious use of the ellipsoid algorithm in a hy-
brid two-level algorithm, and we further speed up the process of computing approximate
eigenvectors by using a sparsification procedure for reducing the number of non-zero en-
tries in the input matrix. Using this approach, we give significantly faster algorithms
for approximately solving SDPs which arise in quadratic programming problem called
MAxQP (which generalizes MAXCuUT), in a biological probability estimation problem
called HAPLOFREQ considered by Halperin and Hazan [51], and in computing the mini-
mum distortion embedding of a given finite metric space into /.

Fast Graph Partitioning algorithms using Expander Flows. Finally, in Chap-
ter 7, we again consider the problem of approximating the SPARSEST CUT and minimum
¢-BALANCED SEPARATOR problems in undirected weighted graphs, which we first consid-
ered in Chapter 4. We give an alternative algorithm for approximating these problems
up to a factor of O(y/Iogn) in O(n?) time. This approach is different from the one in
Chapter 4 in that we do not solve the associated SDP; though the formulation in terms
of expander flows is indeed inspired by the SDP dual. Instead, we use the Multiplicative
Weights algorithm to embed an expander flow, which is a multicommodity flow whose
demand graph is an expander, in the graph. The expander flow gives a lower bound
on the expansion of the input graph. Then using the theorems of [18], we can find a
cut of expansion within a factor of O(y/logn) of the lower bound thus obtained, which
thus gives us an O(y/logn) factor approximation of the SPARSEST CuT. The algorithm
uses a combination of multicommodity flow computations, eigenvalue computations, and
random sampling to achieve the O(n?) running time.

At the core of all these algorithms is the Multiplicative Weights algorithm, and this is
the common theme which runs through all the results in this thesis.



Chapter 2

The Multiplicative Weights
Update method

The Multiplicative Weights method is a simple idea which has been repeatedly discovered
in fields as diverse as Machine Learning, Optimization, and Game Theory. The setting for
this algorithm is the following. A decision maker has a choice of n decisions, and needs to
repeatedly make a decision and obtain an associated payoff. The decision maker’s goal,
in the long run, is to achieve a total payoff which is comparable to the payoff of that fixed
decision that maximizes the total payoff with the benefit of hindsight. While this best
decision may not be known a priori, it is still possible to achieve this goal by maintaining
weights on the decisions, and choosing the decisions randomly with probability propor-
tional to the weights. In each successive round, the weights are updated by multiplying
them with factors which depend on the payoff of the associated decision in that round.
Intuitively, this scheme works because it tends to focus higher weight on higher payoff
decisions in the long run.

This idea lies at the core of a variety of algorithms. Some examples include: Fre-
und and Schapire’s AdaBoost algorithm in machine learning [42]; algorithms for game
playing studied in economics (see Section 2.4), the Plotkin-Shmoys-Tardos algorithm for
packing and covering LPs [85], and its improvements in the case of flow problems by Garg-
Koénneman [44] and Fleischer [40]; etc. The analysis of the running time uses a potential
function argument and the final running time is proportional to 1/¢2.

It has been clear to most researchers that these results are very similar, see for in-
stance, Khandekar’s PhD thesis [64]. In this chapter, we develop a unified framework
for all these algorithms. This meta algorithm is a generalization of Littlestone and War-
muth’s Weighted Majority algorithm from learning theory [78]. We call this the Multi-
plicative Weights algorithm (a similar algorithm, Hedge, was developed by Freund and
Schapire [42]). This algorithmic framework, and the derivation of previously known al-
gorithms using it, have been studied in much more detail in the survey paper [15]. We
also present some applications of this framework in designing algorithms to approximately
solve zero-sum games, feasibility problems with concave constraints over a convex domain,
and fractional packing and covering linear programs.



2.1 The Weighted Majority Algorithm

Consider the following setting. We are trying to invest in a certain stock. For simplicity,
think of its price movements as a sequence of binary events: up/down. (Below, this will
be generalized to allow non-binary events.) Each morning we try to predict whether the
price will go up or down that day; if our prediction happens to be wrong we lose a dollar
that day.

In making our predictions, we are allowed to watch the predictions of n “experts”
(who could be arbitrarily correlated, and who may or may not know what they are talking
about). The algorithm we present will be able to limit its losses to roughly the same as
the best of these experts. At first sight this may seem an impossible goal, since it is not
known until the end of the sequence who the best expert was, whereas the algorithm is
required to make predictions all along.

The algorithm does this by maintaining a weighting of the experts. Initially all have
equal weight. As time goes on, some experts are seen as making better predictions than
others, and the algorithm increases their weight proportionately. The Weighted Majority
algorithm is given in Figure 2.1.

Weighted majority algorithm
Initialization: Fix an ¢ < % For each expert ¢, associate the weight w;W = 1.

Fort=1,2,...,T:

1. Make the prediction that is the weighted majority of the experts’ predictions based
on the weights w®), ... w,®. That is, predict “up” or “down” depending on which
prediction has a higher total weight of experts advising it (breaking ties arbitrarily).

2. For every expert ¢ who predicts wrongly, decrease his weight for the next round by
multiplying it by a factor of (1 — ¢):

w Y = (1 = e)w;® (update rule). (2.1)

Figure 2.1: The Weighted Majority algorithm.

Theorem 1. After T steps, let m;\T) be the number of mistakes of expert i and m™) be
the number of mistakes our algorithm has made. Then we have the following bound for

every i:
2Ilnn

m™) < +2(1 +&)m;").

In particular, this holds for i which is the best expert, i.e. having the least m;(™).

PROOF: A simple induction shows that w; 1) = (1 — £)mi"” . Let &) = S wil (“the
potential function”). Thus d() = n. Each time we make a mistake, the weighted majority



of experts also made a mistake, so at least half the total weight decreases by a factor 1 —e.
Thus, the potential function decreases by a factor of at least (1 —&/2):

o) < o) @ + %(1 - 5)> = oW1 —¢/2).

Thus another simple induction gives @7+ < n(1 — £/2)™™ . Finally, since &;T+1) >
w;T*Y for all i, the claimed bound follows by comparing the above two expressions and
using the fact that —In(1 —¢) <e+¢e?since e < 3. O

The beauty of this analysis is that it makes no assumption about the sequence of events:
they could be arbitrarily correlated and could even depend upon our current weighting
of the experts. In this sense, this algorithm delivers more than initially promised, and
this lies at the root of why (after generalization) it can give rise to the diverse algorithms
mentioned earlier. In particular, the scenario where the events are chosen adversarially
resembles a zero-sum game, which we consider later in Section 2.3.1.

2.2 The Multiplicative Weights algorithm

In the general setting, we still have n experts. The set of events/outcomes may not
be necessarily binary and could even be infinite. To model this, we dispense with the
notion of predictions altogether, and instead suppose that in each round, every expert
recommends a course of action, and our task is to pick an expert and use his advice. At
this point the costs of all actions recommended by the experts is revealed by nature. We
suffer the cost of the action recommended by the expert we chose.

To motivate the Multiplicative Weights algorithm, consider the naive strategy that, in
each iteration, simply picks an expert at random. The expected penalty will be that of the
“average” expert. Suppose now that a few experts clearly outperform their competitors.
This is easy to spot as events unfold, and so it is sensible to reward them by increasing
their probability of being picked in the next round (hence the multiplicative weight update
rule).

Intuitively, being in complete ignorance about the experts at the outset, we select
them uniformly at random for advice. This maximum entropy starting rule reflects our
ignorance. As we learn who the hot experts are and who the duds are, we lower the
entropy to reflect our increased knowledge. The multiplicative weight update is our means
of skewing the distribution.

We now set up some notation. Let t =1,2,...,T denote the current round, and let ¢
be a generic expert. In each round t, we select a distribution p® over the set of experts,
and select an expert ¢ randomly from it (and use his advised course of action). At this
point, the costs of all the actions recommended by the experts are revealed by nature
in the form of the vector m® such that expert ¢ incurs cost m;!). We assume that the
costs lie in the range [—1,1]. This is the only assumption we make on the costs; nature
is completely free to choose the cost vector as long as these bounds are respected, even
with full knowledge of the actions recommended by the experts.

10



The expected cost to the algorithm for choosing the distribution p® is

m:®] = m® .p®.
iep(®)

The total expected cost over all rounds is therefore Zle m® . p®). Just as before, our
goal is to design an algorithm which achieves a total expected cost not too much more
than the cost of the best expert, viz. min; Zthl m;®).

Multiplicative Weights algorithm

Initialization: Fix an ¢ < % For each expert i, associate the weight w;®) := 1.
Fort=1,2,...,T:

1. Choose expert i with probability proportional to his weight w;®. I.e., use the
distribution p®) = {w,®/@® ... w,®/d®} where &®) = 3 w;®).

2. Observe the costs of the experts m(),

3. Penalize the costly experts by updating their weights as follows: for every expert 4,

w1427 if m,® <0

(t+1) { w; (1 — ey if m;® >0
Wy =

Figure 2.2: The Multiplicative Weights algorithm.

The following theorem —completely analogous to Theorem 1— bounds the total ex-
pected cost of the Multiplicative Weights algorithm (given in Figure 2.2) in terms of the
total cost of the best expert:

Theorem 2. In the given setup, the Multiplicative Weights algorithm guarantees that
after T rounds, for any expert i, we have

T T T Inn
). ) < (1) ()
;m p'Y < ;mz —|—s;|ml | + pt

PROOF: We use the following facts, which follow immediately from the convexity of the
exponential function:

(1-e)*<(1—ex) ifzel0,1]
(14+e)*<(1—ex) ifxel[-1,0]

The proof is along the lines of the earlier one, using the potential function ®® = 3=, w;®.

11



Since m;® e [—1, 1], using the facts above we have,

P+ — Zwi(tﬂ)

= Z wi(t)(l—e)mi(t)+ Z wi(t)(l—i—a)*mi(t)

i: m; (>0 i: mi(0 <0

< Z w;® (1 —em;®)

20 — o 3 i 0,0

= oW (1 —em® . p®)
< 1 exp(—em® . p®)),

Here, we used the fact that p;(® = w;® / o). Thus, by induction, after T rounds, we have

T T
DT+ < e exp(—=Y m® - p®) = nexp(—e > m® . p).
t=1 t=1

Furthermore, for every expert 4,

BT > 4, (TH) — (1 — ) X200 (1 4 g) Tcomi®,

where the subscripts “> 0” and “< 0” in the summations refer to the rounds ¢ where
m;® is > 0 and < 0 respectively. Now we get the desired bound by taking logarithms
and simplifying as before. We used the facts that In(1-) < e +¢e? and In(1 4+ &) > & — 2
for e < % O

REMARK: From the proof, it can be seen that the following multiplicative update rule:
w; ) = w,-(t)(l —ami(t))

regardless of the sign of m;®), would also give the same bounds. Such a rule may be easier
to implement.

Corollary 1. If the costs of all experts lie in the range [0,1], then the Multiplicative
Weights algorithm also guarantees that after T rounds, for any distribution p on the

experts,
T

S m® . p® < (146 m® pt Inn

g
t=1 t=1

PRrROOF: This corollary follows immediately from Theorem 2, by taking a convex combi-
nation of the inequalities for all experts ¢ with the distribution p. O
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2.2.1 Gains instead of losses

There are situations where it makes more sense for the vector m® to specify gains for
each expert rather than losses. Now our goal is to get as much total expected payoff as
possible in comparison to the total payoff of the best expert. We can get an algorithm

for this case simply by running the Multiplicative Weights algorithm using the loss vector
—m®
m',

The algorithm that results updates the weight of expert i by a factor of (1 + 5)mi(t>

when m;) >0, and (1 — 5)*””(0 when m;® < 0. The following theorem follows directly

from Theorem 2 by simply negating the quantities:

Theorem 3. In the given setup, the Multiplicative Weights algorithm (for gains) guar-
antees that after T rounds, for any expert i, we have

T
Zm(t) —EZ|mz ]—ln—n
t=1 -

\Y
Nl
3

2.3 Applications

Typically, the Multiplicative Weights method is applied in the following manner. A pro-
totypical example is to solve a constrained optimization problem. We then let an expert
represent each constraint in the problem, and the events correspond to points in the
domain of interest. The penalty of the expert is made proportional to how well the cor-
responding constraint is satisfied on the point represented by an event. This might seem
counterintuitive, but recall that we reduce an expert’s weight depending on his penalty,
and if an expert’s constraint is well satisfied on events so far we would like his weight to
be smaller, so that the algorithm focuses on experts whose constraints are poorly satis-
fied. With these weights, the algorithm generates a mazimally adversarial event, i.e. the
event whose corresponding point maximizes the expected penalty, i.e. the weighted sum
of penalties. With this intuition, we can describe the following applications.

2.3.1 Solving zero-sum games approximately

We show how the general algorithm above can be used to approximately solve zero-sum
games. This is a duplication of the results of Freund and Schapire [43], who gave the same
algorithm but a different proof of convergence that used KL-divergence.

Let A be the payoff matrix of a finite 2-player zero-sum game, with n rows (the
number of columns will play no role). When the row player plays strategy i and the
column player plays strategy j, then the payoff to the column player is A(%, j) := A;;. We
assume that A(4,j) € [0,1]. If the row player chooses his strategy ¢ from a distribution p
over the rows, then the expected payoff to the column player for choosing a strategy j is
A(p,j) = EieplA(3, j)]. Thus, the best response for the column player is the strategy j
which maximizes this payoff. Similarly, if the column player chooses his strategy j from a

13



distribution q over the columns, then the expected payoff he gets if the row player chooses
the strategy i is A(i,q) := Ejeq[A(4, j)]. Thus, the best response for the row player is the
strategy ¢ which minimizes this payoff. John von Neumann’s min-max theorem says that
if each of the players chooses a distribution over their strategies to optimize their worst
case payoff (or payout), then the value they obtain is the same:
minmax A(p,j) = maxmin A(i,q) (2.2)
P a i
where p (resp., q) varies over all distributions over rows (resp., columns). Also, i (resp., j)
varies over all rows (resp., columns). The common value of these two quantities, denoted
A*, is known as the value of the game.
Let 6 > 0 be an error parameter. We wish to approximately solve the zero-sum game
up to additive error of §, namely, find mixed row and column strategies p and q such that

A" =6 < minA(i,q) (2.3)

max A(p,j) < A +0. (2.4)
j

The algorithmic assumption about the game is that given any distribution p on ex-
perts, we have an efficient way to pick the best event, namely, the pure column strategy j
that maximizes A(p, j). This quantity is at least A* from the definition above. Call this
algorithm the ORACLE.

Theorem 4. Given an error parameter § > 0, there is an algorithm which solves the
zero-sum game up to an additive factor of § using O(logn) calls to ORACLE, with an
additional processing time of O(n) per call.

PROOF: We map our general algorithm from Section 2.2 to this setting by considering (2.3)
as specifying n linear constraints on the probability vector q: viz., for all rows i, A(i,q) >
A* —J. Now, following the intuition given in the beginning of this section, we make our
“experts” to correspond to pure strategies of the row player. Thus a distribution on the
experts corresponds to a mixed row strategy. “Events” correspond to pure strategies of
the column player. The penalty paid by an expert ¢ when an event j happens is A(i, 7).

In each round, given a distribution p*) on the rows, we will set the event j® to be
the best response strategy to p® for the column player, by calling ORACLE. Thus, the
cost vector m*) is the j(-th column of the matrix A.

Since all A(i,7) € [0, 1], we can apply Corollary 1 to get that after 7' rounds, for any
distribution on the rows p, we have

(t)) 111 n

B

T
> APY, i) < (1+¢)>_ Alp,
t=1

I
fn

t

Dividing by T', and using the fact that A(p,j(t)) < 1 and that for all ¢, A(p(t),j(t)) > N\,
we get

1§:A( ® 0y < ET: M) 4 4 07

T 2 P 2 T

14



Setting p = p*, the optimal row strategy, we have A(p,j) < A* for any j. By setting

€= % and T = [415%”], we get that

T
> A(p, i+ < A+ (2.5)
t=1

1
T

N

T
A< 2N APP©®, 0y <
t=1

Thus, %23:1 A(p®, j®) is an (additive) d-approximation to A*.
Let ¢ be the round ¢ with the minimum value of A(p®, j®). We have, from (2.5),

T
> AP i) < A+

1
T t=1
Since j(g) maximizes A(p(f) ,j) over all j, we conclude that p(f) is an approximately optimal
mixed row strategy, and thus we can set p* := p®. !
.. . . . . o c i) =;
We set q* to be the distribution which assigns to column j the probability Ht]Tij}‘
From (2.5), for any row strategy i, by setting p to be concentrated on the pure strategy

i, we have

T
1
Vo0 S gAY = AGa)

which shows that q* is an approximately optimal mixed column strategy. O

2.3.2 Approximating Linear Feasibility Programs on Convex Domains

Plotkin, Shmoys, and Tardos [85] generalized some known flow algorithms to a framework
for approximately solving fractional packing and covering problems. Their algorithm is a
quantitative version of the classical Lagrangian relazation idea, and applies also to general
linear programs. Below, we derive the algorithm for convex programs which can be stated
as trying to find a point in a convex domain satisfying a number of linear inequalities.
We will then mention the slight modification that yields better running time for fractional
packing and covering LPs.
The basic problem is to check the feasibility of the following convex program:

Ix € P: Ax > b (2.6)

where A is an m X n matrix, x € R", and P is a convex set in R”. Intuitively, the set P
represents the “easy” constraints to satisfy, such as non-negativity, and A represents the
“hard” constraints to satisfy.

We wish to design an algorithm that given an error parameter § > 0, either solves the
problem to an additive error of 4, i.e., finds an x € P such that for all i, A;x > b; — 6, or
failing that, proves that the system is infeasible. Here, A; is the i*" row of A.

! Alternatively, we can set p* = % > p(t>. For let j° be the optimal column player response to p*.
Then we have A(p*,j*) = %3, A(p",j*) < + 3, A(p™, i) < A" +4.
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We assume the existence of an algorithm, called ORACLE, which, given a probability
vector p on the m constraints, solves the following feasibility problem:

J7xeP: p Ax > p'b (2.7)

It is reasonable to expect such an optimization procedure to exist (indeed, such is the
case for many applications) since we only need to check the feasibility of one constraint
rather than m. If the feasibility problem (2.6) has a solution x*, then the same solution
also satisfies (2.7) for any probability vector p over the constraints. Thus, if there is a
probability vector p over the constraints such that no x € P satisfies (2.7), then it is proof
that the original problem is infeasible.

We assume that the ORACLE satisfies the following technical condition, which is nec-
essary for deriving running time bounds:

Definition 1. An (¢, p)-bounded ORACLE, for parameters 0 < £ < p, is an algorithm
which given a probability vector p over the constraints, solves the feasibility problem (2.7).
Furthermore, there is a fized subset I C [m] of constraints such that whenever the ORACLE
manages to find a point x € P satisfying (2.7), the following holds:

Viel: Ax—b €[]
Vigl: Aix—b € [-p/]

The value p is called the width of the problem.

In previous work, such as [85], only (p, p)-bounded ORACLEs are considered. We
separate out the upper and lower bounds in order to obtain tighter guarantees on the
running time. The results of [85] can be recovered simply by setting ¢ = p.

Theorem 5. Let § > 0 be a given error parameter. Suppose there exists an (£, p)-bounded
ORACLE for the feasibility problem (2.6). Assume that £ > g Then there is an algorithm
which either solves the problem up to an additive error of §, or correctly concludes that
the system is infeasible, making only O(M;ﬂ) calls to the ORACLE, with an additional

processing time of O(m) per call.

PRrROOF: The condition £ > % is only technical, and if it is not met we can just redefine ¢
to be g. To map our general framework to this situation, we have an expert representing
each of the m constraints. Events correspond to vectors x € P. The loss of the expert
corresponding to constraint i for event x is %[Aix — b;] (so that the costs lie in the range
~1,1)).

In each round ¢, given a distribution over the experts (i.e. the constraints) p*), we
run the ORACLE with p®. If the ORACLE declares that there is no x € P such that
p(t)TAX > p(t)Tb, then we stop, because now p® is proof that the problem (2.6) is
infeasible.

So let us assume that this doesn’t happen, i.e. in all rounds ¢, the ORACLE manages

to find a solution x(*) such p(t)TAx > p(t)Tb. Since the cost vector to the Multiplicative
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Weights algorithm is specified to be m® := %[Ax(t) — b, we conclude that the expected
cost in each round is non-negative:

m® p0 — ;[Ax(t)_b].p(t) _ :)[p(t)TAX_p(t)Tb] _—

Let ¢ € I. Then Theorem 2 tells us that after 7" rounds,

1 1
OSZ; +€Zf|Ax —b|+ﬂ
. T 1 1 Inm
= (1+2)> —[Ax —b]+2:) ~|AxD —bil+ —
=1 P <0 P
N 2el 1nm
< (1+5)Z;[Aix(t)—b]+7T -

t=1

Here, the subscript “< 0” refers to the rounds ¢ when A;x®) —b; < 0. The last inequality
follows because if A;x(®) —b; < 0, then |A;x® — b;| < £. Dividing by T, multiplying by
p, and letting X = % Zthl x(®) (note that x € P since P is a convex set), we get that

1
0 < (1+)[AX— b+ 20+ ”z_l("‘).

Now, if we choose ¢ = fg (note that e < % since £ > g), and T = [%2(”1)], we get that

Reasoning similarly for i ¢ I, we get the same inequality. Putting both together, we
conclude that x satisfies the feasibility problem (2.6) up to an additive § factor, as desired.
O

Concave constraints

The algorithm of Section 2.3.2 works not just for linear constraints over a convex domain,
but also for concave constraints. Imagine that we have the following feasibility problem:

dxeP: Viem]: fi(x)>0 (2.8)

where, as before, P € R" is a convex domain, and for i € [m], f; : P — R are con-
cave functions. We wish to satisfy this system approximately, up to an additive error
of §. Again, we assume the existence of an ORACLE, which, when given a probability
distribution p = (p1,p2,...,pm) ', solves the following feasibility problem:

IxeP: Zpifi(x) >0 (2.9)
An ORACLE would be called (¢, p)-bounded there is a fixed subset of constraints I C [m)]

such that whenever it returns a feasible solution x to (2.9), all constraints ¢ € I take
values in the range [—/, p] on the point x, and all the rest take values in [—p, £].
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Theorem 6. Let 6 > 0 be a given error parameter. Suppose there exists an (¢, p)-bounded
ORACLE for the feasibility problem (2.8). Assume that £ > g. Then there is an algorithm
which either solves the problem up to an additive error of 0, or correctly concludes that
the system is infeasible, making only O(M) calls to the ORACLE, with an additional
processing time of O(m) per call.

PROOF: Just as before, we have an expert for every constraint, and events correspond to
x € P. The loss of the expert corresponding to constraint ¢ for event x is % fi(x).

Now we run the Multiplicative Weights algorithm with this setup. Again, if at any
point the ORACLE declares that (2.9) is infeasible, we immediately halt and declare the
system (2.8) infeasible. So assume this never happens. Then as before, the expected cost
in each round is m® - p® > 0. Now, applying Theorem 2 as before, we conclude that for
any ¢ € I, we have

1 2el Inm
0 < 1+€Z fix®y+ =14 —.
p £
=1
Dividing by 7', multiplying by p, and letting X = # Zt , x® (note that % € P since P is
a convex set), we get that

0 < (1+£)fi(x)+25€+ph;§?l),

since = Z?zl fi(x®) < fi(% Zthl x(®)), by Jensen’s inequality, since all the f; are concave.

Now, if we choose € = % (note that e < 3 since £ > g), and T =

that

[8Zpln m) -| we get

0 < (1+e)fi(X)+5 = fi(x) > =4

Reasoning similarly for i ¢ I, we get the same inequality. Putting both together, we
conclude that x satisfies the feasibility problem (2.8) up to an additive § factor, as desired.
Od

Approximate Oracles

The algorithm described in the previous section allows some slack for the implementation
of the ORACLE. This slack is very useful in designing efficient implementations for the
ORACLE.

Define a d-approximate ORACLE for the feasibility problem (2.6) to be one that solves
the feasibility problem (2.7) up to an additive error of §. That is, given a probability
vector p on the constraints, either it finds an x € P such that p' Ax > p'b — 4, or it
declares correctly that (2.7) is infeasible.

Theorem 7. Let § > 0 be a given error parameter. Suppose there exists an (£, p)-bounded
%—appma:z’mate ORACLE for the feasibility problem (2.6). Assume that ¢ > g Then there
18 an algorithm which either solves the problem up to an additive error of §, or correctly
concludes that the system is infeasible, making only O(%%(m)) calls to the ORACLE, with
an additional processing time of O(m) per call.
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PrOOF: We run the algorithm of the previous section with the given ORACLE, setting

€= 657' Now, in every round, the expected payoff is at least — 5p. Simplifying as before,

3p
we get that after T rounds, we have, the average point X = % Zthl x(® returned by the
ORACLE satisfies

5 1
-3 < (1+4¢)[Aix — bi] + 2el + P ?;m)
Now, if T' = [%ﬂmﬁ, then we get that for all 7, A;x > b; — 4, as required. O

Fractional Covering Problems

In fractional covering problems, the framework is the same as above, with the crucial
difference that the coefficient matrix A is such that Ax > 0 for all x € P, and b > 0. A
d-approximation solution to this system is an x € P such that Ax > (1 — J)b.

We assume without loss of generality (by appropriately scaling the inequalities) that
b; = 1 for all rows, so that now we desire to find an x € P which satisfies the system
within an additive § factor. Since for all x € P, we have Ax > 0, and since all b; = 1, we
conclude that for any i, A;x — b; > —1. Thus, we assume that there is a (1, p)-bounded
ORACLE for this problem. Now, applying Theorem 5, we get the following:

Theorem 8. Suppose there exists a (1, p)-bounded ORACLE for the program Ax > b
with x € P. Given an error parameter § > 0, there is an algorithm which computes a
d-approximate solution to the program, or correctly concludes that it is infeasible, using

O(N%Q(m)) calls to the ORACLE, plus an additional processing time of O(m) per call.

Fractional Packing Problems

A fractional packing problem can be written as
d’xeP: Ax < b

where P is a convex domain such that Ax > 0 for all x € P, and b > 0. A §-approximate
solution to this system is an x € P such that Ax < (1+0)b.
Again, we assume that b; = 1 for all 4, scaling the constraints if necessary. Now by
rewriting this system as
dxeP: —-Ax > —-b

we cast it in our general framework, and a solution x € P which satisfies this up to an
additive ¢ is a §-approximate solution to the original system. Since for all x € P, we have
Ax > 0, and since all b; = 1, we conclude that for any 7, —A;x+b; < 1. Thus, we assume
that there is a (1, p)-bounded ORACLE for this problem. Now, applying Theorem 5, we
get the following:

Theorem 9. Suppose there ezists a (1, p)-bounded ORACLE for the program —Ax > —b
with x € P. Given an error parameter § > 0, there is an algorithm which computes a
d-approximate solution to the program, or correctly concludes that it is infeasible, using
O(pl%g(m)) calls to the ORACLE, plus an additional processing time of O(m) per call.
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2.4 A brief history of various applications of the Multiplica-
tive Weights method

An algorithm similar in flavor to the Multiplicative Weights algorithm were proposed in
game theory in the early fifties [29, 28, 86]. Following Brown [28], this algorithm was
called “Fictitious Play”: at each step each player observes actions taken by his opponent
in previous stages, updates his beliefs about his opponents’ strategies, and chooses my-
opic pure best responses against these beliefs. In the simplest case, the player simply
assumes that the opponent is playing form an stationary distribution and sets his current
belief of the opponent’s distribution to be the empirical frequency of the strategies played
by the opponent. This simple idea (which was shown to lead to optimal solutions in
the limit in various cases) led to many subfields of economics, including Arrow-Debreu
General Equilibrium theory and more recently, evolutionary game theory. Grigoriadis
and Khachiyan [49] showed how a randomized variant of “Fictitious Play” can solve two
player zero-sum games efficiently. This algorithm is precisely the multiplicative weights
algorithm. It can be viewed as a soft version of fictitious play, when the player gives
higher weight to the strategies which pay off better, and chooses her strategy using these
weights rather than choosing the myopic best response strategy.

In Machine Learning, the earliest form of the multiplicative weights update rule was
used by Littlestone in his well-known Winnow algorithm [76, 77]. This algorithm was
generalized by Littlestone and Warmuth [78] in the form of the Weighted Majority algo-
rithm.

The multiplicative update rule (and the exponential potential function) was also dis-
covered in Computational Geometry in the late 1980s [34] and several applications in
geometry are described in Chazelle [33] (p. 6, and p. 124).

The weighted majority algorithm as well as more sophisticated versions have been inde-
pendently discovered in operations research and statistical decision making in the context
of the On-line decision problem; see the surveys of Cover [37], Foster and Vohra [41], and
also Blum [23] who includes applications of weighted majority to machine learning. A no-
table algorithm, which is different from but related to our framework, was developed by
Hannan in the fifties [52]. Kalai and Vempala showed how to derive efficient algorithms
via similar methods [59].

Within computer science, several researchers have previously noted the close relation-
ships between multiplicative update algorithms used in different contexts. Young [103]
notes the connection between fast LP algorithms and Raghavan’s method of pessimistic
estimators for derandomization of randomized rounding algorithms. Klivans and Serve-
dio [70] relate boosting algorithms in learning theory to proofs of Yao’s XOR Lemma.
Garg and Khandekar describe a common framework for convex optimization problems
that contains Garg-Kénemann [44] and Plotkin-Shmoys-Tardos [85] as subcases.

In the survey paper [15], we use the framework developed in this chapter to unify
previously known applications of the Multiplicative Weights method. In the same paper,
we also give lower bounds (inspired by the work of Klein and Young [69]) that show that
the analysis of the Multiplicative Weights algorithm is tight in the various parameters
involved.
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Chapter 3

The Matrix Multiplicative
Weights Algorithm

In the preceding chapter, we considered an online decision making problem with experts.
We refer to that setting as the basic or scalar case. In the present chapter, we consider a
different online decision making problem with experts, which is seemingly quite different
from the previous one, but has enough structure that we can obtain an analogous algo-
rithm for it. We move from loss vectors to loss matrices, and from probability vectors to
density matrices. For this reason, we refer to the current setting as the matriz case. We
call the algorithm presented in this setting the Matriz Multiplicative Weights algorithm.

The matrix case has the basic case as a subcase when all the matrices involved are
diagonal, and in this sense the results of this chapter are a generalization of the ones in
the last. The advantage of this matrix formulation is that it allows us to algorithmically
obtain good bounds on the extreme eigenvalues of matrices of interest. This immediately
leads to applications in:

e solving semidefinite programs, which have non-negativity conditions on the eigen-
values of a matrix of variables (see Chapter 4),

e derandomizing constructions of expander graphs, which are characterized by having
second largest eigenvalues of their normalized adjacency matrix bounded away from
1 (see Chapter 5), and

e a learning problem in quantum computing concerning density matrices (see Chap-
ter 5).

We expect there to be many more applications, just as the basic case does.

3.1 Preliminaries

The domain of interest is R", and we will deal with symmetric matrices in R"*" through-
out (or, in general, Hermitian matrices in C"*™: all results stated here follow without
change). We review a few basic matrix facts which can be found in [55, 56]. By the
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spectral theorem, any symmetric matrix A can be diagonalized and has real eigenvalues,
i.e. there exists an orthogonal matrix U and a diagonal matrix D with the eigenvalues
of A on the diagonal such that A = UDU'. We let A\1(A), \2(A),...,\,(A) be the
eigenvalues of A in decreasing order.

The trace of a matrix A, denoted by Tr(A), is the sum of its diagonal entries, i.e.
Tr(A) = > | Ay, and is also equal to the sum of all its eigenvalues, Y i ; \;(A). A
matrix A will be called positive semidefinite, denoted by A > 0, if all its eigenvalues
are non-negative, i.e. for all ¢ € [n], A\;(A) > 0. The positive semidefiniteness property
induces a partial order on all symmetric matrices: we say that A = B if A — B > 0.

For any function f : R — R, extend the definition of f to symmetric matrices as
follows. For a diagonal matrix D, f(D) is the diagonal matrix with f applied to each
diagonal entry of D. For an arbitrary symmetric matrix A, we first diagonalize A as
UDU" where U is an orthogonal matrix and D is a diagonal matrix of the eigenvalues
of A. Then f(A) =Uf(D)U'.

Lemma 1. Let f,g: R — R, and suppose that the inequality f(x) > g(x) holds for x € D

for some D C R. Then for any symmetric matric A aoll of whose eigenvalues lie in D, we
have f(A) = g(A).

PrROOF: Let A = UDUT be the diagonalization of A. Then f(A) — g(A) = U(f(D) —
g(D))UT, and since all eigenvalues of A are in D, f(D) — g(D) is diagonal matrix with
non-negative diagonal. Thus, f(A) — g(A) is a positive semidefinite matrix, and hence
f(A) = g(A). O

In particular, we will need the notion of the matrix exponential, exp(A), which can
be equivalently defined as

o0

Ai
exp(A) = Z R
i=0
This power series converges for all A. We will need the following matrix inequalities:

€

Corollary 2. Foranye <1, letegy =1—e~
matrix inequalities:

and g5 = ¢ —1. Then we have the following

1. If all eigenvalues of a symmetric matriz A lie in [0,1], then exp(—cA) <IT—¢1A.

2. If all eigenvalues of a symmetric matriz A lie in [—1,0], then exp(—cA) < T —e5A.

PRrROOF: The inequalities follow immediately from Lemma 1 using the following inequali-
ties over real numbers, which follow from the convexity of the exponential function:

exp(—ex) < 1—¢gix if x € [0,1]
exp(—ex) < 1—e9x if x € [-1,0]

Od
We also need the Golden-Thompson inequality:

Lemma 2 (Golden [48], Thompson [91]). Let A and B be any two real symmetric ma-
trices. Then,
Tr(exp(A + B)) < Tr(exp(A)exp(B)).
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3.2 A Matrix Game

We associate an expert with every unit vector v in S"~!, the unit sphere in R”. As in
the basic case, in every round, each expert recommends an action, and our task is to
pick an expert v € S* ! and follow his suggested course of action. At this point, the
losses of all actions recommended by the experts are revealed by nature. These losses
are not arbitrary, but they are correlated in the following way. A loss matriz M € R™*"
is revealed, and the loss of an expert v is then v Mv. We assume that all these losses
are either in the range [0, 1] or in [—1,0]. Again, as in the basic case, this is the only
assumption we make on the way nature chooses the costs; indeed, the costs could even
be chosen adversarially. Equivalently, we assume that the matrix M satisfies the bounds
O0<M<TIor-I=<M=0.

This game is repeated over a number of rounds. Let ¢ = 1,2,...,T denote the current
round. In each round ¢, we select a distribution D® over the set of experts "1, and
select an expert v randomly from it (and use his advised course of action). At this point,
the losses of all the experts are revealed by nature in the form of the loss matrix M®.
The expected cost to the algorithm for choosing the distribution D® is

E v MOv] = E MPDevww'] = MPe E [vv']
veD() veD(t) veD(®)

Define the matrix P®) := E _p) [vv']. Note that P(®) is positive semidefinite: this is
because it is a convex combination of the elementary positive semidefinite matrices vv .
Also, Tr(P®) = 1, again because for all v, we have Tr(vv') = ||v]> = 1. A matrix P
which is positive semidefinite and has trace 1 is called a density matriz.

We will only be interested in the expected loss to the algorithm, and all the information
required for computing the expected loss for a given distribution D over S*! is contained
in the associated density matrix. Conversely, given a density matrix P, there is a canonical
way to associate a distribution D over S"~! such that its density matrix is P: let P =
S Ai(P)viv,] be the eigen decomposition of P, where for i = 1,2,...,n, v; is a (unit)
eigenvector belonging to the eigenvalue \;(P). Then the canonical distribution D is the
one that chooses the vector v; with probability A\;(P). Note that for all i, A\;(P) > 0 (since
P is positive semidefinite), and Y ;" | A;(P) = Tr(P) = 1, so the eigenvalues do form a
valid probability distribution. Note that D is a discrete distribution.

With this intuition, in each round ¢, we require our online algorithm to choose a
density matrix P®), rather than a distribution D) over S*—! (the distribution is implicit
in the choice of P()). We then observe the loss matrix M(*) revealed by nature, and suffer
the expected loss M(®) e P(). After T rounds, the total expected loss is Ethl M® o P(),
while the best fixed expert in hindsight corresponds to the unit vector v which minimizes
ZtT:1 v M®v. Since we minimize this quantity over all unit vectors v, the variational
characterization of eigenvalues implies that this minimum loss is exactly An(Zthl M®).
Our goal is to design an online algorithm whose total expected loss over the T' rounds is
not much more than the loss of the best expert.

The following theorem bounds the total expected loss of the Matrix Multiplicative
Weights algorithm (given in Figure 3.1) in terms of the loss of the best fixed expert:
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Matrix Multiplicative Weights algorithm
Initialization: Fix an ¢ < % Initialize the weight matrix W) =1T,,.
Fort=1,2,...,T:

. . (t)
1. Use the density matrix P(*) = Tr‘(NW(t))'

2. Observe the loss matrix M®),

3. Update the weight matrix as follows:

wiHD — exp(—gzile(T)).

Figure 3.1: The Matrix Multiplicative Weights algorithm.

Theorem 10. In the given setup, the Matriz Multiplicative Weights algorithm guarantees
that after T' rounds, for any expert v, we have

1-Y MOePO 4 (146 MO PO < Y vTMOy+ 2% (31

Here, the subscripts “> 0”7 and “X 0”7 in the summations are used to refer to the rounds
t when M®) =0 and M® = 0 respectively.

PROOF: The proof is exactly on the lines of the proof of Theorem 2, and is based on
the potential function ®® = Tr(W®). We track the changes in ®®) over time. The
analysis is complicated by the fact that matrix multiplication is non-commutative, so
exp(A + B) # exp(A)exp(B) in general. However, we can use the Golden-Thompson
inequality (Lemma 2): Tr(exp(A + B)) < Tr(exp(A)exp(B)). Define e =1 — e~ and
g9 = e — 1. We have:

P+ — Tr(W W (1) )

= Tr(exp(—e_;_,M"))

< Tr(exp(—eY ' M) exp(—eM®)) " Golden-Thompson inequality

= W o eXp( eM®) -~ Tr(AB) = A B

e M® if M®) =

< W aM™) Tf =0 by Corollary 2
w® 1—521\/1()) it M® <0

(W) (1 - MO e PO if M) =0

| Te(W®) . (1 —eoM® e PO if MO <0

_ e ®) . exp(—e;M®) o P(1)) it M® =0

T 2@ . exp(—eoM®) o PO)) it M® <0
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By induction, since ®) = Te(WM)) = Tr(I,) = n, we get that

BT+ < nexp< a1y oMY e PO — 55" (M .P())
On the other hand, we have:
o) — Tr(WIHD) = Tr(exp(—e)>, t)) > exp(_g)‘n(thle(t)))'

The last inequality follows because Tr(e®) = S")_ et ) > eM(A) . Thus, we conclude
that

exp(—e)\n(thle(t))) < nexp( €1) oM e pl —e2) ;oM e (t)).

Now, for any unit vector v, )\n(ZfZIM(t)) < ZtT:lVTM(t)v. Using this fact, and by
taking logarithms and simplifying, we get the required inequality. We also need the facts
that ey =1—e*>¢c(l—¢c)andeg =€ —1<g(l+¢)fore<1/2. O

Corollary 3. In the given setup, the Matriz Multiplicative Weights algorithm guarantees
that after T rounds, for any density matriz P, we have

Inn

M<>.P+— (3.2)

M=

1-2)>Y MY ePO 4 (14+)> MY ePl <
=<0 t=1

Furthermore, we have

(1-2)Y MO ePW 4 (146 MOeP? < i, (ZM(ﬂ) nn g3
>0 =<0

PrOOF: The inequality (3.3) follows from (3.1) because minycgn—1 Zthl viMOy =
(5, M®). As for (3.2), let P = 327, Mi(P)viv] be the eigen decomposition of
P, where v; are unit vectors. Then

T T T
> MPep ZZA v MOy, > ZA (ZM@)) =\ (ZM“)),
t=1 t=1 t=1

t=1 i=1 i=1
because Y ;- \(P)=Tr(P)=1. O

REMARK. While we have restricted our matrices to be real and symmetric, the algorithm
and the theorem hold without change even for complex Hermitian matrices. The analysis
is identical because the Golden-Thompson inequality and Corollary 2 hold for complex
Hermitian matrices as well. This consideration is important when we apply the algo-
rithm to quantum computing problems where the matrices are complex Hermitian (see
Chapter 5).
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3.2.1 Gains instead of losses

Just as in Section 2.2.1, we can consider a version of the matrix game where the matrices
M® specify gains for the experts instead of losses. We get an algorithm for this case
by using the Matrix Multiplicative Weights algorithm with the loss matrices —M®). The
weight matrix in round ¢ + 1 is now

WD — oxp(edt_ MY,
Now Theorem 10 immediately implies the following theorem:

Theorem 11. In the given setup, the Matrixz Multiplicative Weights algorithm (for gains)
guarantees that after T rounds, for any expert v, we have

Inn

T
1=2)> MO ePD 4 (142)) MWeP® > Y " vIMUy - —. (3.4)
=<0 =0 t=1 €
We also have the following corollary analogous to Corollary 3:

Corollary 4. In the given setup, the Matriz Multiplicative Weights algorithm (for gains)
guarantees that after T rounds, for any density matriz P, we have

1-2)> MO ePD 1 (14+6)Y MUeP® > Y " MY eP - 1“7” (3.5)
<0 =0 t=1

Furthermore, we have

T
1-2)) MY ePD 4 (14+6)> MIePW > ) (Z M(t)> _lon (3.6)
=0

3.2.2 Connection to the Basic Setting

The algorithm presented here can be viewed as a generalization of the basic Multiplica-
tive Weights algorithm, when all matrices involved are diagonal. To avoid complications
due to positive and negative losses, we only consider the setting where all losses in the
basic setting are non-negative, and all loss matrices in the matrix setting are positive
semidefinite.

We associate the n experts in the basic setting with the n standard basis vectors
e, es,...,e,, where e; has 1 in the i*" coordinate, and zeros elsewhere. In round ¢,
the loss vector m(® is specified in the form of a diagonal positive semidefinite matrix
M® = diag(m®). Then the loss of expert i is exactly e; M(*e;. A distribution p*) over
the experts can also be specified as the diagonal density matrix P(*) = diag(p(t)). Then
the expected loss for using distribution p® in round ¢ is exactly M®) o PO,

With these transformations, we see that the Matrix Multiplicative Weights algorithm
in this setting reduces exactly to the basic Multiplicative Weights algorithm (with the
minor change that the parameter ¢ in the Matrix Multiplicative Weights algorithm is
actually —In(1 — &’) where €’ is the parameter used in the basic Multiplicative Weights
algorithm). The loss bound of Theorem 10 in this case also translates directly to the loss
bound of Theorem 2.
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3.3 A Min-Max Theorem

Freund and Schapire [43] observed that the basic Multiplicative Weights algorithm can
be used to construct approximately optimal strategies for two player zero-sum games (see
Section 2.3.1). They also noted that this gives an alternative way to prove von Neumann’s
min-max theorem for two player zero-sum games. In the previous section, we saw that
the Matrix Multiplicative Weights algorithm reduces to the basic Multiplicative Weights
algorithm if all the matrices involved are diagonal. This indicates that there should be an
analogous min-max theorem arising out of the Matrix Multiplicative Weights algorithm.

We describe such a min-max theorem now. We imagine a two player zero-sum game
where the first player’s strategy set is S*~1, and the second player’s strategy set is a subset
M of symmetric matrices in R™*" with eigenvalues in [0, 1]. In each round of the game,
the first player chooses a unit vector v € S*~!, and the second player chooses a matrix
M € M. The first player then suffers a loss of v Mv to the second player. We allow
both players to randomize over their strategy sets, i.e. the first player chooses his strategy
from a distribution P over S*~! and the second player chooses his from a distribution Q
over M. Then the expected payoff to the second player is denoted by EP,Q[VTMV]. The
following min-max theorem shows that if both players choose their respective distributions
to optimize their worst case payoffs, then the expected payoff in either case is the same:

Theorem 12. With the given setup, the following equality holds:

minmax E [v! Mv] = maxmin E [v' Mv].
P Q PO Q P PO
PrOOF: First, we observe that the expected payoff EPQ[VTMV] = M e P where M =
Eo[M] and P = Ep[vv']. Note that 0 < M < I, and P is a density matrix. Now define
A1 = minp maxg Ep,o[v Mv] and A\ = maxg minp Ep,g[v' Mv].
Standard calculations show that A\ > Ao: we have, for any Py, Qo,

E [v Mv] > min E [v' Mv]

Po,Q0 P P,Qo
smax E [v'Mv] > maxmin E [v' Mv]
Qo Po,Qo Q P P.Qo

S minmax E [v Mv] > maxmin E [v' Mv].
Po Qo Py,Qo Q0 P P,Qo
To show A\ < A9, we imagine a matrix game between a player, who iteratively chooses
and updates distributions on S~ 1, P(®)| expressed in the form of density matrices P(®),
using the Matrix Multiplicative Weights algorithm. Nature chooses the most adversarial
distribution on M, i.e. Q) = argmaxg EQ[MOP(t)], in response to the distribution P®),
and plays the matrix M{®) = Eg[M]. This implies that for all rounds ¢,

MO e P = E [v Mv] > A
P®),0)
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Now, applying Theorem 10 and using the fact that in all rounds ¢ we have M® > 0,
we get that for any density matrix P,

Inn

M® e P + —.
e

M=

T
1-)Th < (1-2)> MY eP® <
t=1 t=1

Divide by T, and define Q) = %Zthl QM. Since P can represent any distribution P
over S* ! we have

In(n
1-e))\ < E [v Mv]+ ( )
P,0(T) eT
If we choose P to be the most adversarial response of the online player to nature’s dis-
tribution Q) i.e. P = arg minp, Ep, o) [vIMv], and using the definition of Ao, we
get

E [v Mv] < ).
P,o1)

Putting these together, and choosing € = 4/ ln;"), we get that

[Inn In(n)
1—/— XA < A .
( T ) 1S A2t T

Letting T' — oo, we get that A\; < Ao as desired. O
REMARK. From the proof of Corollary 3, it can be seen that this theorem is equivalent
to the following;:

min max E[v' Mv] = max A,(E[M])
P MeMp Q Q

This fact also follows from the (strong) semidefinite programming (SDP) duality. Alter-

natively, this can be seen as a proof of the strong SDP duality, in the same way that von

Neumann’s min-max theorem is equivalent to LP duality. This fact is the basis of the

primal-dual algorithms for SDP of the next chapter.

3.4 Related work

A form of the Matrix Multiplicative Weights algorithm for learning problems had been
previously discovered in Machine Learning by Tsuda, Ratsch and Warmuth [92], as the
Matriz Exponentiated Gradient algorithm. Warmuth and Kuzmin extended these ideas to
independently discover the same Matrix Multiplicative Weights algorithm as ours and gave
further applications to online variance minimization [98] and online Principal Component
Analysis [99, 100]. They also developed a related Bayesian probability calculus for density
matrices [97]. Warmuth [96] applies the algorithm to online Winnowing Subspaces. All
these papers have a different proof of convergence using the quantum relative entropy as
a potential function.

Finally, Wigderson and Xiao [101] independently obtained some more applications to
derandomization and covering SDPs (see Chapter 5 for some of these applications). Their
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algorithms are derived by derandomizing the Ahlswede-Winter [4] Chernoff bound for
matrix valued random variables using the technique of pessimistic estimators, and in fact
implicitly use the Matrix Multiplicative Weights algorithm. This is directly analogous to
Young’s [103] algorithms for fractional packing and covering linear programs which are
based on derandomizing the standard Chernoff bounds using pessimistic estimators. In
fact, it was this very connection to Chernoff bounds discovered by Young that led us to
wonder whether a matrix analogue of the basic Multiplicative Weights algorithm can be
designed, using the matrix Chernoff bounds of Ahlswede and Winter. The result was the
Matrix Multiplicative Weights algorithm.
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Chapter 4

Combinatorial, Primal-Dual
Algorithms for Semidefinite
Programming

As discussed in the introductory chapter, semidefinite programming (SDP) has proved
useful in design of approximation algorithms for NP-hard problems, and often (as in the
case of MAXCuT, SPARSEST CuT, MIN UNCuT, MIN 2CNF DELETION, etc.) yields
better approximation ratios than known LP-based methods.

But in several ways, our understanding of SDPs seriously lags our understanding of
LPs. One is running time: though LP and SDP are syntactically similar when viewed
as subcases of cone optimization and can theoretically be solved in similar amounts of
time [5, 84], in practice SDP solvers are slower. Another is conceptual: LP-inspired
notions such as duality are ubiquitous in algorithm design whereas corresponding SDP-
inspired concepts are rarely used. Thus, primal-dual algorithms which achieve fast running
time by circumventing the necessity of solving an LP using a generic method (such as the
ellipsoid algorithm, interior point methods, etc.) abound, whereas similar algorithms for
SDPs are quite rare.

In this chapter, we describe how to use the Matrix Multiplicative Weights algorithm to
obtain a general scheme to design primal-dual algorithms for SDPs. We apply this method
to various graph partitioning and constraint satisfaction problems, and obtain the fastest
known algorithms for them, beating the running times of previous algorithms based on
interior point methods. Furthermore, these algorithms are combinatorial, and are able to
exploit the special structure of these problems. Thus, we obtain O(y/logn) and O(logn)
approximation algorithms to the SPARSEST CUT and BALANCED SEPARATOR problems
in undirected and directed weighted graphs, and O(y/logn) approximation algorithms to
the MIN UNCuT and MIN 2CNF DELETION problems. The design of our primal-dual
algorithms is guided by a robust analysis of rounding algorithms used to obtain integer
solutions from fractional ones.

The results of this chapter first appeared in a joint paper with Sanjeev Arora [87].
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4.1 Primal-Dual algorithms

Primal-dual algorithms in the LP world can be typically divided into two classes. The
first compute (1 + ¢)-approximation to special families of LPs, such as multicommodity
flow. They eschew interior point methods in favor of more efficient (and combinatorial)
Lagrangian relaxation methods; see Plotkin, Shmoys, Tardos [85], Young [103], Garg,
Koénemann [44], etc. (these are the type (B) algorithms considered in Chapter 1).

The second class consists of primal-dual approximation algorithms for NP-hard prob-
lems. These are the type (A) algorithms considered in in Chapter 1. Though these usually
evolve out of (and use the same intuition as) earlier approximation algorithms that used
LP as a black box, they do not solve the LP per se. Rather, the algorithm incrementally
builds a dual solution together with an integer primal solution, updating them at each step
using “combinatorial” methods. At the end, the candidate dual solution is feasible and
the bound on the approximation ratio is derived by comparing the integer primal solution
to the bound provided by this feasible dual. Usually the update rule is designed using
intuition from the rounding algorithm used in the original LP-based algorithm. Some
canonical examples are network design problems [3] (or see the survey [46]) and O(1)-
approximation for k-median (LP-based algorithm in [30]; faster primal-dual algorithm in
[58]). Arguably, a primal-dual algorithm gives more insight than an algorithm that uses
LP as a black box. For instance, the primal-dual algorithm for k-median problem inspired
the discovery of algorithms for many related problems, as well as algorithms in the online
and streaming models.

Since SDPs also satisfy a duality theorem, in principle one should be able to solve them
using primal-dual approaches. But several conceptual difficulties arise. First, the basic
object in SDPs is a positive semidefinite matrix, whereas it is a half-space (equivalently, a
vector) in LPs, and matrix operations are just harder to visualize than vector operations.
Second, the recent spate of rounding algorithms for SDPs use the global structure of
optimum or near-optimum solutions (e.g., the Arora, Rao, Vazirani (ARV)-style rounding
depends upon the geometry of £3 spaces), and it is unclear how to use those rounding
ideas in context of the grossly infeasible solutions one might encounter during a primal-
dual algorithm. Finally, even if one surmounts the previous two difficulties, there is the
issue of implementing matrix operations efficiently enough so that the running time is an
improvement over interior point methods.

We note that an ad hoc primal-dual approach did prove useful for the SPARSEST
CuT problem, resulting in an O(y/Iogn)-approximation in O(n?) time [12], improving
upon the O(n*5) time using SDPs [18]. A related paper gives an even more efficient
O(m+n'?) time algorithm for SPARSEST CUT, albeit with a worse approximation ratio of
O(log?n) [65]. But there is no obvious way to generalize these ad hoc approaches to other
SDPs, especially as both rely upon the connection between eigenvalues and expansion,
which does not extend to problems other than SPARSEST CUT.
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4.2 Results of this chapter

In this chapter, we overcome the difficulties mentioned in the previous section and present
general techniques that lead to fast primal-dual approximation algorithms for a number
of problems.

We give a general primal-dual approximation algorithm for any SDP that uses the
Matrix Multiplicative Weights algorithm introduced in Chapter 3. The matrix version
is useful in an SDP context because exp(A) is positive semidefinite for all symmetric A.
The algorithm is similar to the one described in Section 2.3.2, and requires an appropriate
ORACLE which computes loss matrices as feedback to the density matrices generated by
the Matrix Multiplicative Weights algorithm.

For general SDPs the implementation of the ORACLE amounts to solving a very simple
LP (see Section 4.4), but the convergence time of the algorithm depends upon the “width”
of the problem as in the corresponding LP algorithms (see Section 2.3.2). We give very
simple and combinatorial implementations of the ORACLE for several problems and prove
that the width is low, resulting in (very fast) polynomial running times for the algorithms.
Sometimes (as in our algorithm for MAXCUT) computing the feedback is as simple as
sorting; at other times it may involve multicommodity flows and shortest paths (as in our
algorithms for SPARSEST CuT, MIN UNCUT, and all related problems). Since the goal
is an approximation algorithm for an NP-hard problem, one can terminate the above
process far before the primal SDP solution is (1 + ¢)-approximate. Instead, one rounds
the current primal candidate and proves its goodness by comparing to the dual. This is
the basis for all approximation algorithms in this paper.

Not surprisingly, the computation of the feedback function is inspired by SDP rounding
algorithms from [18] and subsequent papers such as [2] (though we had to modify the
rounding algorithms in various places). This is the SDP analog of what Young [103]
called “Randomized Rounding without solving the LP.” We use the following observation
about ARV-style rounding techniques: if the rounding fails to yield a good integer solution
when applied to a candidate primal solution, then it actually uncovers gross deviations
from feasibility in the candidate solution, which can be used as “feedback” (the vector y
in the generic algorithm of Section 4.4) to improve the primal.

We observe that in our context it suffices to compute matrix exponentials only ap-
proximately, for which we give efficient algorithms that can make use of sparsity; see
Section 4.7. (By contrast, exact matrix exponentiation is tricky and inefficient because
of accuracy issues; see [81].) This relies upon a subtle use of the Johnson-Lindenstrauss
lemma on random projections. We show that for certain well-conditioned implementa-
tions of the ORACLE, it is possible to compute a good enough approximation to the matrix
exponential by computing instead its product with several randomly chosen vectors. This
primitive is commonly available in packages for solving linear differential equations, raising
hope that our approach may be practical.

Table 4.1 lists the running times of our algorithms for approximating various problems
on a weighted graph with n vertices and m edges, and compares the running time to those
of the previously known algorithms from [12, 2]. For problems other than undirected
SPARSEST CUT and BALANCED SEPARATOR, the previous best algorithms needed to solve
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Problem Previous: Current: Current:
O(Vlogn) apx | O(Vlogn) apx | O(logn) apx
Undir. SPARSEST CUT O(n?) [12] O(n?) O(m + n'9)
Undir. BALANCED SEPARATOR | O(n?) [12] O(n?) O(m +n'?)
Dir. SPARSEST CUT Om*) 2] | O(m'® +n?>tH) | O(m')
Dir. BALANCED SEPARATOR O(n*®) 2] | O(m!® +n2*1) | O(m')
MiN UNCuUT O(n*®) [2] O(n?) -
MiN 2CNF DELETION O(n*9) [2] O(nm!'® 4 n3) -

Table 4.1: Running times obtained for various approximation algorithms.

an SDP with m = O(n?) triangle inequality constraints. Thus, an interior point algorithm
needs O(y/m(n® +m)L) = O(n*5) time to solve them, which gives the reported running
time in the table. Throughout this chapter, the O() notation suppresses polylog(n) and
poly(2) factors. In the case of directed BALANCED SEPARATOR and directed SPARSEST
CuT, the running time depends on a parameter p which is any given constant. The O
notation hides poly(i) dependence on p in this case.

A recent paper [65] suggested that the gold standard for approximation algorithms in
this area should be Tqey, the time to compute single commodity max flows. Even though
methods based upon LP duality can not yet attain this gold standard, that paper gave
algorithms that attain it while computing O(log2 n)-approximation to SPARSEST CUT and
BALANCED SEPARATOR in undirected graphs. We can attain this gold standard for four
of the problems even with O(logn)-approximation (T is O(m!?) for directed graphs
and O(n“’) undirected graphs). For the last three problems, we do not know of any
published primal-dual algorithms (even in the LP world).

Related work. Our primal-dual algorithm should not be confused with earlier primal-
only methods for approximate solutions to SDPs, such as the ones in Arora, Hazan and
Kale [13] (described in Chapter 6), and an earlier paper by Klein and Lu [67].

They depend upon the Multiplicative Weights algorithm described in Section 2.3.2 and
have a significant drawback — they find primal solutions which satisfy every constraint up
to an additive error €, and the running time is proportional to 1/&2. Since the recent wave
of SDP-based approximation algorithms for minimization problems require € to be quite
small, it is difficult to get significant running time improvement (though the algorithms of
Chapter 6 get around this hurdle with “hybrid” approaches). This problem is exacerbated
if the graph is weighted, when € may depend upon the largest weight in the graph. By
contrast, our algorithm can round the current primal candidate at each step and stop as
soon as the gap with the dual is small enough. All our algorithms are strongly polynomial
so long as the algorithm for max flow is.

33



4.3 Preliminaries

4.3.1 Positive Semidefinite Matrices

We recall some matrix notation and facts which can be found in [55, 56]. We will deal
with symmetric matrices in R™*™ unless specified otherwise. As usual, Tr(A) is the
trace of matrix A, which is the sum of the diagonal entries (equivalently, the sum of the
eigenvalues) of A. Matrix A is positive semidefinite, or PSD, if there is a matrix V such
that A = VVT (equivalently, if every eigenvalue of A is nonnegative). Such a V is called
the Cholesky decomposition of A; note that A;; = v; - v; where v; is the ith row of V,
and A is known as the Gram matriz of the vectors v;. For matrices A and B, define
AeB:=Tr(AB) = }_,;A;;B;;. Notice, this is just the usual inner product if we think of
A, B as n?-dimensional vectors. It is easily checked that A is PSD if and only if AeB >0
for all PSD B. We say A > B if A — B is PSD. We use the notation A € [a,b], for real
numbers a,b, if aI < A < bI. We will use the ¢3 norm of matrices: ||A|l is the largest
eigenvalue of A in absolute value, i.e. min{A > 0: A € [-\,\]}. Note that since || - ||
is a norm, the triangle inequality ||A + B|| < ||A] + ||B|| holds. We will often use the
following inequality: for any two vectors v and w, we have 2||v||> + 2||w|? > ||v — w]2.

4.3.2 Laplacians

We often use the following special matrix. If G = (V, F) is a undirected graph with
weight c(; ;1 on edge {i,j} then its combinatorial Laplacian is a matrix C, with rows and
columns indexed by the nodes of G such that Cj; = Z#ic{i’j}, i.e. the weighted degree
of node 4, and Cj; is —cy; ;3. We will use two important properties of Laplacians. First,
for any positive semidefinite matrix X, if v; are the vectors obtained from its Cholesky
decomposition, then
CeX = >  cuplvi—vil
{i,j}eE

This final expression should be familiar to readers who have encountered SDP relaxations
of problems such as MAXCUT and SPARSEST CUT. Second, we have

CeX = > cuplvi—vil> < D 2cu(villP+IIv1%) < D 2d||vi])* = 2dTeX,
{i.j}eE {i,j}€E i

where d is the maximum weighted degree in the graph. Thus, we conclude that C =< 2dI.
Also, since C ¢ X > 0 for all PSD X, we conclude that C is PSD.

Some problems deal with directed graphs, and we need to use the directed Laplacian.
Let G = (V,E) be a directed graph with weights ¢;; on directed edge (7, ). Depending
on the application, we will actually have two different kinds of directed Laplacians. In
the first setting, we associate vectors v; and v,4; with every node i. Note that now the
dimension is 2n rather than n. The directed Laplacian of the first kind is the matrix
D € R?X27 guch that if X € R?™*?" is any PSD matrix with vectors v; obtained from
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its Cholesky decomposition, then

DeX = > cij([vi—vill®> = [Vati — vill> + [Vass — v51I%).
(i,3)€eE

More explicitly, we have for all i € V, D;; = QZ(j,i)GE cji and Dy yinyi = Z(j,i)eE Cji —
Z(i,j)GE Cij, and for all ¢ 75 j e Vv, if (Z,]) € FE then Dij = Dji = —Cij, Di,n-i—i =

ntii = 2(ig)eE Cij — E(j,i)eE cji, and all other entries are 0. Arguing as before, if d is
the maximum degree in the graph, then —2dI < D =< 4dI.

In the second setting, we associate vectors v; with every node i. We also have a special
vector vg. Note that now the dimension is n 4 1 rather than n. The directed Laplacian
of the second kind is the matrix B € RtDx(+1) guch that if X € ROHDx(+1) ig any
PSD matrix with vectors v; obtained from its Cholesky decomposition, then

BeX = Y cij(lvi—vjl? — [vo —vill* + [Ivo — vjlI?).
(i,J)eE

More explicitly, we have for all i € V, B;; = ZZ(M)eE cj; and Bpg = 0, and for all
7 75 j € Vv, if (Z,j) € FE then Dij = Dji = —Cij, Dy = Dy, = Z(i,j)eE Cij — Z(j,i)EEcj’U
and all other entries are 0. Again, if M = Z(i,j)EE cij is the total weight of edges in the
graph, then — M1 < Ky < 2M1T.

4.3.3 Matrix Exponentials

Finally, we discuss matrix exponentials. If A is a matrix, then the exponential is exp(A) =
Z;ﬁo%' Notice, since AB # BA in general, exp(A+B) # exp(A) exp(B). Furthermore,
exp(A) is PSD for all symmetric A since exp(A) = exp(2A) T exp(3A). In particular, this
allows us to assume without loss of generality that algorithms for matrix exponentiation
can also output the Cholesky decomposition of the output matrix.

Matrix exponentiation itself is tricky because of accuracy issues; see the classic ar-
ticle [81]. However, in context of solving SDPs we need the Cholesky decomposition of
exp(A), namely exp(%A). Furthermore, in all the SDPs of interest in this chapter, the con-
straints involve squared lengths of vectors ||v;||? or ||v; — v;||?, rather than inner products
v; - v;. Thus it actually suffices to compute the Cholesky decomposition approximately,
in a way that these lengths are preserved upon a multiplicative factor (1 4 ¢). By the
well-known Johnson-Lindenstrauss lemma, the lengths of n vectors in ¢o are essentially
determined by their projections on O(loggz”) random directions, so it suffices to compute
exp(%A) -u for a random unit vector u. This operation is extremely efficient (even for
arbitrary vector u) since it is at the heart of software packages to solve systems of linear
differential equations. The algorithms are also provably efficient and run in O(m) time if
A is “well-conditioned,” where m is the number of nonzero entries in A. All our matrices
are well-conditioned or can be easily made well-conditioned. Section 4.7 describes these
algorithms in greater detail, as well as a subtlety that needs addressing.
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4.4 Primal-Dual Approach for Approximately Solving SDPs

This section describes a general primal-dual algorithm to compute a near-optimal solution
to any SDP (and not just SDPs used in approximation algorithms). As an illustrative
example we also describe its use for the SDP relaxation for MAXCuUT.

A general SDP with n? variables (thought of as an n x n matrix variable X) and m
constraints, and its dual can be written as follows:

max CeX min b-y
Vjelm]: AjeX < b YAy = C
X =0 y >0

Here, y = (y1,¥2,...,%m) ' are the dual variables and b = (b1, b, ...,by,) . Also, [m]
is notation for the set {1,2,...,m}. Just as in the case of LPs, strong duality holds for
SDPs under very mild conditions (always satisfied by the SDPs considered here) and the
optima of the two programs coincide.

Note that a linear program is the special case whereby all the matrices involved are
diagonal. (Aside: The recipe for writing SDP duals is syntactically similar to the one for
LP dual, except instead of vector inequalities such as a > b, one uses matrix inequalities
A >B)

For notational ease assume that A; = I and by = R. This serves to bound the trace
of the solution: Tr(X) < R and is thus a simple scaling constraint. It is very naturally
present in SDP relaxations for combinatorial optimization problems.

We assume that our algorithm uses binary search to reduce optimization to feasibility.
Let a be the algorithm’s current guess for the optimum value of the SDP. It is trying to
either construct a PSD matrix that is primal feasible and has value > «, or a dual feasible
solution whose value is at most (1 + )« for some arbitrarily small 6 > 0.

As is usual in primal-dual algorithms, the algorithm starts with a trivial candidate
for a primal solution, in this case the trivial PSD matrix (possibly infeasible) of trace R,
viz. X = %I. Then it iteratively generates candidate primal solutions X2, X&) .
At every step it tries to improve X to obtain X**1  and in this it has help from an
auxiliary algorithm, called the ORACLE, that tries to certify the validity of the current X*)
as follows. ORACLE searches for a vector y from the polytope Dy, ={y: y >0, b-y < a}
such that

i(Aj o XW)y, — (CeX®) > 0. (4.1)
j=1

If ORACLE succeeds in finding such a y then we claim X® is either primal infeasible or
has value C o X < . The reason is that otherwise

D (A e XDy — (CeX) < B bjy; — (CoXY) < a—a =0,
j=1 j=1

which would contradict (4.1). Thus y implicitly contains some useful information to
improve the candidate primal X®, and we use y to update X® using a familiar-looking
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matriz exponential update rule (step 5 in the algorithm). Our observation about matrix
exponentials ensures that the new matrix X**1 is also PSD.

Lemma 3. If there is no vectory € D,, which satisfies (4.1), then a suitably scaled version
of X®) is a primal feasible solution of objective value at least c.

PRrOOF: Consider the following linear program, and its dual:

max Z(Aj oX(t))yj min ¢
j=1
by < Vi b > (A;eX®)
y >0 » >0

Now, since there is no vector y € D, which satisfies (4.1), we conclude that the optimum
of the primal is less than C e X!, Thus, the optimum is finite, and so the dual is
feasible and has the same optimum. Let ¢* be the optimum solution of the dual. Then
a¢* < C e X, Furthermore, since by = R and A; e X() =T e X®) = Tr(X®)) = R, we
conclude that ¢* > 1. Let X* = 437X<t>. Then for all j, A; e X* < b;, and C e X* > a.
So X* is a primal feasible solution of objective value at least . O

The important point here is that the desired y is not dual feasible: in fact the ORACLE
can ignore the PSD constraint and its task consists of solving an LP with just one non-
trivial constraint (the others are just non-negativity constraints)! Thus, one may hope to
implement ORACLE efficiently, and furthermore, even find y with nice properties, so that
the algorithm makes fast progress towards feasibility. Now we formalize one aspect of
nice-ness, the width. (Another aspect of niceness concerns a subtle condition that allows
quick matrix exponentiation; see the discussion in the Section 4.7.)

Definition 2. An (¢, p)-bounded ORACLE, for parameters 0 < ¢ < p, is an algorithm
that finds a vector'y € Dy that satisfies (4.1) such that either 3, Ajy; — C € [—L, p] or
Zj Ajy; — C € [—p, ] holds. The value p is called the width of the ORACLE.

The constraint on width may seem like a backdoor way to bring in the semidefiniteness
constraint into the oracle but it is more correctly viewed as a measure of the ORACLE’s
effectiveness in helping the algorithm make progress (high width equals slow progress).
This is analogous to the bounds on the responses of the ORACLE when solving linear
feasibility problems (Section 2.3.2). In all our applications the vector y will be computed
using combinatorial ideas, such as simple case analysis or multicommodity flow. Thus our
algorithms do adhere to the primal-dual philosophy. The algorithm is shown in Figure 4.1.

The following theorem bounds the number of iterations needed in the algorithm.

Theorem 13. In the Primal-Dual SDP algorithm, assume that the ORACLE never fails
for T iterations. Let y = %Zthl y® and define y* as Y1 = U1+ %a, and y; = y; for
j>2. Theny* is a feasible dual solution with objective value at most (1 + J)c.

PRrOOF: In the Matrix Multiplicative Weights algorithm, the expected loss in round ¢ is
p(0)

C+p

1 1
t t) _ m OB t et
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Primal-Dual Algorithm for Maximization SDPs
Given: Access to (¢, p)-bounded ORACLE, where ¢ > g—%.

8¢pR? In(n)
62a?

1. Run the Matrix Multiplicative Weights algorithm with ¢ = 2‘% up to 1l =
rounds.

2. In each round ¢, run the ORACLE with candidate solution X(©) = RP®) where P®)
is the density matrix generated by the Matrix Multiplicative Weights algorithm.

3. If the ORACLE fails, stop and output X,
4. Else, let y® be the vector generated by ORACLE.

5. Provide the loss matrix to the Matrix Multiplicative Weights algorithm:
1 m
MO = |—— S A" —Cc4 01 4.2
€+p ]z; ]y] + ) ( )

where

g _ [t i Ay —Cel—ty)
—0 it S A - Cel-p, (]

Figure 4.1: The Primal-Dual SDP algorithm.

because the ORACLE finds a vector y) such that Z;nzl(Ajy](.t) e X®) — (CeX®) >0,

and Te X(®) = Tr(X®) = R. Plugging this bound in the inequality (3.3), we get

T m
(1—e)e® (1+¢e)e® 1 ) ) Inn
E — 4+ E < An E E Ajyj —CH+LYT | +—.
t: £(6)>0 t+r t: (<0 t+r t+r t=1 j=1 ¢

Simplifying, and dividing by T, we get

T m
1 ®) (£ + p) In(n)
0< A\f= AtV —C (4P

Then using the specified values of € and T, and the fact that y = % Zle y®, we get
oo e 3
-5l = > A -C. (4.3)
j=1

Now, since A; = I, we get that Aq(y; + %a) + 2215 A;y; = C. Thus, the vector y* as
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defined in the statement of the theorem is dual feasible, and has dual objective value

T
oo 1
- v < — v < (1
7 by +b.-y < 6a+Tt§1b vy < (140)a,

since y® € D,, and so b-y®) <. O

As a warmup, we illustrate the use of Theorem 13 in the following simple application
to the MAXCuT SDP on a graph with n vertices and m edges. For comparison, the
previous best algorithm for approximating the MAXCuT SDP, by Klein and Lu [67], runs
in time O(mn) On graphs where the maximum degree is within a constant factor of the
average degree, our algorithm runs in O(m) time.

Theorem 14. Let G = (V, E) be a weighted graph with n nodes and m edges with mazi-

mum weighted degree A, and average weighted degree d. Then the MAXCUT SDP can be
~ 2

approximated in O(S—Qm) time.

PROOF: Let ¢;; be the weight of edge {i,j}. Then the MAXCuT SDP in vector and
matrix form is as follows (the standard SDP has a factor of § in the objective, but we
disregard it since the optimum solution is the same):

max Z cijllvi — vi|? max CeX

{i,7}€FE
Vie[n]: |vil? <1 Vieln]: Xy <1
X =0

The dual SDP is the following:

min > " %
diag(x)
Vien]: x

Here, C is the combinatorial Laplacian of the graph, and diag(x) is the diagonal matrix
with the vector x on the diagonal. Since the maximum degree in the graph is A, we have
0 < C =< 2AI

We use the Primal-Dual SDP algorithm to solve this within a factor of (1 —¢). Since
> {ijleE Cij = $nd, the MAXCUT lies in the range [3nd, 3nd], since a random cut has
expected size at least %nd. Let a* be the SDP optimum. The Goemans-Williamson
analysis indicates that a* € [4- ind, 545 - nd] C [nd, 3nd]. We perform a binary search
for * in this range. Let a be our current estimate of a*.

Now, if X is any primal feasible solution, then Tr(X) < n, so R = n. We now show
how to implement an (O(A),O(A))-bounded ORACLE, which ensures by Theorem 13
that the number of iterations is O(logn). Each invocation of ORACLE and the matrix
exponentiation step will take O(m) time (the latter uses Lemma 24 and the fact that the
number of non-zero matrix entries in C is O(m)). This yields the desired running time.
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It remains to describe ORACLE. For every node i, let d; denote the weighted degree,
ie. d; =) j Cij- Given a candidate solution X, it needs to find a vector x > 0 such that
Yoz < aand ) x;X; — CeX > 0. Intuitively, to make ) .z;X;; as large as possible,
we should make z; large for all ¢ where Xj; is large.

1. If CeX < a, then set all ; = ¢. Then since ) ;X = Tr(X) = n we have
> iziXi —CeX > 23" X;; —a = 0. Note that —2AI < diag(x) — C X O(d)1.

2. So assume C e X > «. Let C ¢ X = A« for some A > 1. Since C < 4Al, we have
Aa = CeX <4nA. Since o > nd, we have that A < %. Let S:={i: X;; > A},
and let Eg be the set of edges with at least one endpoint in S. Let vi,...,v, be
the vectors obtained from the Cholesky decomposition of X.

Let w:=3,c44d; Xii. If w > SAav, then let k = 22. Note that k < 1 = O(1). We
set x; = 4kd; for all i € S, and z; = 0 for all i ¢ S. Then

Sao= Y dkd; = =SS < g
2, S ies ddif[vilP

since ||v;]|> > A for all i € S. Then Yo xiXy—CeX = %2%34@)(}1' —da =0.
Furthermore, —2AI < diag(x) — C < O(A)L

3. In every other case we show that we can easily construct a feasible primal solution
from X with objective value at least (1 — d)c, which is therefore approximately
optimum.

Construct new vectors v/

i such that vi = v; for i ¢ S, and v; = vo for i € S, for
an arbitrary fixed unit vector vo. Let X be the resulting Gram matrix of the v/
vectors. Now we have Co(X —X) > =} ¢, 1cp cijllvi— v;||?. We can lower bound
the RHS by —d)\« as follows. Using the fact that for any i, we have ||v; — v;||? <

4max{||v;||%, ||vj]|*}, we get that

> clvi—vil? > ey - max{||vil)?, [|v; 17}

DO delvill?

ies 7

=) ddi|vi|?
ies

< dAa,

IA

IN

since we assumed that w < dAa. The second inequality above follows because for
every edge {i,j} € Eg such that i € S and j ¢ S, we have max{||v;|%,|v;||*} =

lvill?.
Thus, C e X > (1 — 6)Aa. Furthermore, for all i, X;; = [|[v}[|> < A. So the matrix
X* = +X is a feasible primal solution with objective value at least (1 — §)av.
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4.4.1 Extension to minimization problems

Since the rest of this chapter concerns minimization problems, we extend the above frame-
work to it. A general minimization SDP can be written as follows:

min C e X max b-y
Vjie[m]: AjeX > b, dmiAjy; 2 C
X =0 y >0
Here, we assume that A; = —I and by = —R, which translates to the trace bound

Tr(X) < R.

The Primal-Dual algorithm in this case is essentially the same as before, with a few
changes. First, given a candidate solution X, the ORACLE needs to find a vector y from
the polytope Do = {y : y >0, b-y > a} such that 377", (A; e X)y; — (C e X) < 0.
The algorithm now is the same as the one described before, except that the loss matrix
in (4.2) is negated, i.e.

i gt — €+ 001

Finally, and most important, we allow the ORACLE to find a matrix F®) such that for all
primal feasible X, we have F(!) ¢ X < C e X, and a vector y*) € D,, such that

ST (A e X)W — (FW e X) < 0. (4.4)
In this case, we use
€+p o J

In other words, we can replace C by F® . which is under our control. Note that if
F® < C, then because any primal feasible X is PSD, we have F(*) ¢ X < C o X. So it
suffices to find F(*) < C. (The reason for allowing F in the framework is to reduce width;
see Section 4.5.)

We now present a theorem analogous to Theorem 13.

Theorem 15. In the modified Primal-Dual algorithm for a minimization SDP as de-
scribed above, suppose the ORACLE never fails for T iterations. Let y = % Zthl y® and
define y* as yi = y1 + %a, and y; =y; for j > 2. Then y* is a dual solution that proves
that the primal optimum is at least (1 — 0)av.

PROOF: The proof is on the same lines as the proof of Theorem 13. Following the proof
till (4.3), we obtain the following inequality



where F = £ ZthliF(t). Now, since Aj = —I, we get that A, (7 + %) + > ita Ayyy =2 F,
ie. Z;nzl Ajy; = F, for the vector y* defined in the statement of the theorem. Now let
X* be the optimal solution to the primal, and let the primal optimum be o*. Then we

have
1 T ® 1 T
* E t * E * * *
X —TtZIF o X STtZIC.X = CeX* = a".

On the other hand, since X* > 0, we have

o« X* > Zyj AjeX*) > D ythy = — b+ — Zzyj b; > (1-10)a,

j=1 tljl

because y*) € D,,. This shows that a* > (1 — §)a*, as required. O

4.4.2 Approximate Oracles

Just as in the case of linear programs (Section 2.3.2), the Primal-Dual algorithms discussed
here also work with approximate ORACLEs. We will discuss this only in the context of
maximization SDPs, the extension to minimization SDPs is analogous.

If « is the current estimate of the optimum, define a d-approximate ORACLE to be an
algorithm that, given a candidate solution X, finds a vector y € D, such that Z;”Zl yi(A e
X) — (CeX) > —da. We now have the following theorem:

Theorem 16. Suppose that there exists an (¢, p)-bounded, %-appmm’mate ORACLE. As-
sume that the Primal-Dual algorithm is run with this ORACLE with the parameters £ =

Sa _ 18¢pR2%1n(n) . . . -
g ond T = —F5———, and that the ORACLE never fails for T iterations. Let'y =
% Ethl y®, and define y* as yi =1+ %O‘, and y; =y; for j = 2. Theny” is a feasible
dual solution with objective value at most (1 + §)a

PrOOF: The proof is identical to that of Theorem 13. The only difference is that the
expected loss in round ¢ is

1
(+p

M® o P —

)

_da 40
@ O1) o Lx® = —sr T
(ZJ Ayl —Ccte I).Rx > =

since the ORACLE finds a vector y®) such that Py y; (A e X)) — (CeX®) > 9
The rest of the proof is the same as before. O
4.5 Primal-dual approximation algorithms via SDPs

In this section, we apply our general framework of Section 4.4.1 to design faster approxi-
mation algorithms for a host of NP-hard problems for which thus far we needed to solve
SDPs. The important difference from Section 4.4 is that we do not try to solve the SDP
to near-optimality as that would take too long. Instead, we use the framework to produce
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a dual solution of a certain value together with an integer primal solution whose cost is
O(logn) or O(y/logn) factor higher than the value of the dual solution.

We now outline how to implement the ORACLE, which, as mentioned in the Section 4.2,
uses the known SDP rounding techniques (stemming from the Arora, Rao, Vazirani paper
and subsequent work) for the problem in question. At each step the ORACLE starts by
applying the rounding algorithm on the current primal solution. If the rounding succeeds,
then it yields a good integer solution. Otherwise, it actually uncovers gross deviations
from feasibility in the candidate primal solution, which can be used as “feedback” (the
vector y in the generic algorithm of Section 4.4.1) to improve the primal. To aid the
ORACLE in finding deviations from feasibility, we augment most SDPs for the problems
we consider with extra constraints, all of which are easily implied by linear combinations
of the original constraints. This gives us extra dual variables to play with, and the added
flexibility makes the description of the ORACLE cleaner.

The main point is that the rounding could potentially succeed even though the primal
is quite far from feasibility, which is why the algorithm may end only with a feasible
dual solution. (Of course, the general framework of Section 4.4 could be used to continue
the algorithm until it also finds a feasible primal, but the ORACLE’s width parameter
increases, raising the running time a lot.) Thus the running time of the ORACLE (and the
algorithm) depends upon how efficiently it can compute the “feedback” when the rounding
algorithm fails, and often this running time is much less for O(logn)-approximation as
compared to a O(y/logn)-approximation.

The key insights in the implementation of the ORACLE are that: (a) the feedback, in
the form of dual weights, can be viewed as Laplacians of certain weighted graphs, whose
spectral behavior is easy to understand, and this allows us to bound the width, and (b)
the spectral behavior (in other words, the width bound) is improved by careful choice of
these weights, and this was the main reason for allowing F instead of C in Theorem 15
in the first place.

4.5.1 Undirected BALANCED SEPARATOR

We are given a capacitated graph G = (V, E) with |V| = n, |E| = m, and capacity c.
on edge e € E. For a subset S C V,let S =V \S. A cut (5,9) is called c-balanced
if |S| > en, and |S| > cn. The minimum c-BALANCED SEPARATOR problem is to find
the c-balanced cut with minimum capacity. A ¢ pseudo-approximation to the minimum
c-BALANCED SEPARATOR is a ¢-balanced cut for some other constant ¢ whose expansion
is within a factor t of that of the minimum ¢-BALANCED SEPARATOR.

Before we run the algorithm, we pre-process the graph using the sparsification al-
gorithm of Benczir and Karger [22]. This algorithm randomly chooses edges using a
non-uniform sampling approach that leaves all cuts in that leaves very few (weighted)
edges while approximately preserving the value of any cut in the graph:

Theorem 17 ([22]). There is an algorithm which given a weighted graph with n nodes
and m edges with non-zero weight, produces in O(mlogn) time a new graph on the same
set of nodes which has only O(nlog(n)/e?) edges with non-zero weight, such that the value
of any cut in the original graph is preserved within a multiplicative factor of 1 + €.
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Since we want to approximate the minimum c-BALANCED SEPARATOR, we can run
this algorithm (with £ = 0.5, say) to reduce the number of non-zero edges to O(n). From
now on, we assume the graph has already been pre-processed in this manner.

Theorem 18.

1. An O(logn) pseudo-approzimation to the minimum c-BALANCED SEPARATOR can
be computed in O(m +n'®) time using O(log?(n)) single commodity flow computa-
tions.

2. An O(y/logn) pseudo-approzimation to the minimum c-BALANCED SEPARATOR can
be computed in O(n?) time using O(logn) multicommodity flow computations.

PRrROOF: First, we consider the well-known ¢-BALANCED SEPARATOR SDP (see [18]).
To increase the flexibility in handling the candidate solution X we throw in additional
constraints, which are not part of the standard SDP specification, but which are implied
by it. (The reason is that the candidate primal solutions at intermediate steps are not
feasible, so these constraints are actually helpful to ORACLE.) We assign vectors v; to
the nodes in G. Let X be the Gram matrix of these vectors. Below, we write the SDP in
vector and its corresponding matrix form. Let C be the combinatorial Laplacian of the
graph, and for any subset S of the nodes, let Kg be the Laplacian of the graph where all
nodes in S are connected by edges, and all other edges are absent. We will only consider
sets S of size at least (1 — &)n (for some ¢ to be fixed later), and we use the notation
“VS” to mean only such sets. Let p = (i1,42,...,i;) be a generic path of nodes in the
complete graph, and let T, be the difference of the Laplacian of p and that of a single
edge connecting its endpoints.

min Z cel|vi — v;? min C ¢ X
e={i,j}€E
Vi: |vi]* =1 Vi: Xy =1
Vp: Ve Vi P 2 v = v Wi T,eX >0
VS Zi,jeS"vi_VjHZ > an’® vS: KgeX > an?
X >0

The path inequalities, T), « X > 0, are usually omitted from the standard c-BALANCED
SEPARATOR SDP, which only involves triangle inequalities. However, they are implied
by the triangle inequalities, so we retain them. Similarly, the original SDP only has the
single spreading constraint Ky ¢ X > 4¢(1 — ¢)n?. If S C V of size at least (1 — ¢)n, then
(Ky —Kg) o X =3 icg ey Vi — vjl|? < den? since [[vi — v;* < 2[|vi]|* + 2||v;|1* = 4.
Thus, the constraints Kg ¢ X > an? where a = 4[c(1 — ¢) — €] are also implied, and we
retain them. We set € = 2¢(1 — ¢), so that a = 2¢(1 — ¢).

The optimum of this SDP divided by 4 is a lower bound on the minimum ¢-BALANCED
SEPARATOR. This can be seen as follows. For a cut (5, S), select an arbitrary unit vector
vo, and set v; = vq for all i € S, and v; = —vq for all j € S. Then ||v; — v,|*> = 4 if
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i€ S and je —S (or vice-versa), and 0 otherwise. Thus, the objective function is

> celvi—vil® = 4E(S,9).
e={i,j}€F

The dual SDP is the following. It has variables z; for every node i, f, for every path
p, and zg for every set S of nodes of size at least (1 — ¢)n. Let diag(x) be the diagonal
matrix with the vector x on the diagonal.

max lez + GTLQZSZS
diag(x) + prpr +> g25Ks =X C
Vpa S fp7 z8 > 0

Let the current guess for the optimum in the Primal-Dual algorithm be «. Let X be a
candidate solution generated by the Primal-Dual algorithm. Note that Tr(X) = n. The
ORACLE needs to find variables x;, f, > 0, zg > 0 and a matrix variable F < C (c.f.
Theorem 15) such that Y.z; + an®dgzs > « which satisfies

diag(x) ¢ X + 3 f,(T, ¢ X) + Y gz5(Ks e X) — (Fe X) < 0.

If it succeeds in doing this, then the matrix returned as feedback is diag(x) + Zp Ty +
Z SZSKS —F.

Our implementation of ORACLE works as follows. Given a candidate solution X, the
ORACLE checks first whether all the X;; are O(1). If a significant fraction of them aren’t,
then the ORACLE can punish the solution X by setting the x;’s appropriately, in a similar
way as done for MAXCUT. Next, it checks whether Kg ¢ X > Q(n?) for some set S of
nodes. If it isn’t, then by setting the corresponding zg appropriately, it can punish X.

The most complicated case is when almost all X;; are O(1), and Kg ¢ X > Q(n?). In
this case, we perform a flow computation, and interpret the f,, variables as a multicom-
modity flow in the graph.

Now, we describe in detail the implementation of a (O(%), O(%))—bounded ORACLE.
Given a candidate solution X, the ORACLE runs the following steps (all unspecified vari-
ables, including F, are set to 0):

1. Assume, without loss of generality, that X173 < Xoo <--- < X,,,,. Let h = (1—¢)n+

1. If X3, > 2, then set z; = —;in for i > k, and z; = (137?)” for ¢ < k. Then

2c

« 2 a
di o - X — X < ——9. -
iag(x)eX g Xu+-5>k = s)nX” . an—i-(l gy
i>

= en
Finally, since all z; = O(%), |diag(x)|| < O(%).

2. Now we assume that for all but en exceptional nodes 7, X; < 2. Let W be the set of
all the exceptional nodes, and let S := V' \ W. Note that |S| > (1 —¢)n, so we have
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the constraint Kg e X > an? in the SDP. If Kg e X < %, then choose zg = % all
x; = —o. Then

2
(_miKS).X <a-a=0
n an

Also, since 0 < Kg < nl, we have || — &1+ 2o Kg|| < o(%).

an?

. Now assume that Kg ¢ X > “QLZ Let vi,...,v, be vectors obtained from the
Cholesky decomposition of X. Note that for all nodes i € S, we have ||v;||? < 2.

Also, Kge X > % implies that >, ;cqllvi — vil|? > %

Now, the algorithm nudges X towards satisfying the path inequality constraints.
At first, it is even unclear how to check at any time that the path inequalities are
satisfied, since there are so many of them. For this we use multicommodity flow.
First, some notation. For a flow which assigns value f, to path p define f. to be the
flow on edge e, i.e. f. := Zpaefp‘ Define f; to be the total flow from node ¢, i.e.
fi= ZpePi fp where P; is the set of paths starting from 7. Finally, define f;; to be
the total flow between nodes i, j, i.e. f;; = ZpePL-j fp, where P;; is the set of paths
from ¢ to j. A walid d-reqular flow is one that satisfies the capacity constraints:
Ve: fe<ce and Vi: f; <d.

Our main tool is the following lemma, which shows that either we can find a nice
flow to make progress (i.e., give substantial “feedback”), or a cut with the desired
expansion (i.e., a near-optimal integer solution). This proof of this lemma appears
after the current proof.

Lemma 4. Let S CV be a set of nodes of size Q(n). Suppose we are given, for all
i € S, vectors v; of length O(1), such that [vi—v;|? > Q(n?), and a quantity
a. Then:

ijes|

(a) There is an algorithm, which, using a single maz-flow computation, either out-
puts a valid O(%)—r@gular flow £ = (fy)p such that 3, fijl|vi — vil? > «a,
or a c’-balanced cut of expansion O(log(n)%).

(b) There is an algorithm, which, using a single multicommodity flow computation,

either outputs a valid O(%)-regular flow £ = (fy)p such that 3=, fijl|vi—v; 12 >
a, or a c'-balanced cut of expansion O(+/log(n)%).

We apply the two algorithms of Lemma 4 to the set S, corresponding to the two
cases of Theorem 18. In case we find a cut with the desired expansion, then we stop.
Otherwise, we get a valid d-regular flow which satisfies } _,, fi; || vi — v;l|? > a, where

d= O(%) or O(%) depending on the two cases.

Now, we set F to be the Laplacian of the weighted graph with edge weights f.. The
capacity constraints f. < c. imply that F < C, because C — F is the Laplacian of
the graph with edge weights c. — f., and is hence PSD. Let D be the Laplacian of
the demand graph, i.e. the complete weighted graph where only edges {7, j} with

i €S and j € T have weight f;;, and the rest have 0 weight.
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Now, we have that D e X = .. fi;[|v; — vjll*> > o. Then we set all z; = 2, and
all zg = 0. It can be checked easily that zp fpTp =F —D. Thus, the “feedback”
matrix becomes

diag(x) + F — D —F = diag(x) — D.

Then (%I — D) e X < a—a = 0. Also, since the flow is d-regular, we have 0 < D =
2dI. Hence, —2dI = %I -D =< %I.

We now estimate the running time for each algorithm.

1. In this case, we have £ = O(%, p = O(%) and R = n. Thus, the number of
iterations, from Theorem 13 is O(log?(n)). Each iteration involves at most one max-
flow computation, which can be done in O(n!®) time since there are O(n) edges,
using the algorithm of Goldberg and Rao [47].

In each iteration, we compute an approximation to the Cholesky decomposition of
the matrix exponential by projecting on a random O(logn) dimensional subspace.
Furthermore, since there are only O(log?(n)) iterations and each iteration adds at
most O(n1‘5 ) demand pairs in the max-flow computation, the matrix to be exponen-
tiated has only O(n!%) non-zero entries, and thus the product of the matrix with a
given vector can be computed in O(n'?) time (we are disregarding the Kg matrices
here, but it is easy to compute the product Kgu for any vector u in O(n) time,
since Kgu =3, . o(u; — uj)? =[S uf — (3 e wi)?). Overall, Lemma 23 shows
that the matrix exponentiation step can be done in O(n'?) time.

Overall, the running time, accounting for the initial graph sparsification, becomes
O(m + n'?).

2. In this case, we have { = p = O(%) and R = n. Thus, the number of iterations,
from Theorem 13 is O(log(n)). Each iteration involves at most one maximum mul-
ticommodity flow computation, which can be done in O(n'®) time since there are
O(n) edges, using the algorithm of Fleischer [40].

In each iteration, Fleischer’s multicommodity flow algorithm adds at most O(n)
demand pairs. Since there are only O(logn) iterations, the matrix to be exponenti-

ated has only O(n) non-zero entries (again disregarding the Kg matrices). Overall,
Lemma 23 shows that the matrix exponentiation step can be done in O(n) time.

Overall, the running time becomes O(n?).

O

Finally, we turn to the proof of Lemma 4.
PROOF:[Lemma 4]
Part 1. We seck a valid d-regular flow f = (f,), for d := % where ( is a sufficiently
large constant to be chosen later. For this, we choose a direction represented by a unit
vector u at random from the uniform distribution over the unit sphere (i.e. according to
the Haar measure).
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Since K5 ® X > (n?), we have that >ijes lvi— v;|? > Q(n?). Then Lemma 14 in
Section 4.6 shows that we can find sets L and R of size cn each, for some constant ¢ > 0,
such that for all i € L and j € R, we have (v; —v;)-u > ﬁ for some constant o > 0.

Now, we use the Lemma 13 regarding the Gaussian nature of random projections for
t = O(y/logn), to conclude that with very high probability, for any pair of nodes i, j, we
have that |(v; —v;)-u| < O(y/log(n)) - w Since with constant probability, we have

|(vi—vj)-u| > % for all i € L, j € R, we conclude that the bound |v; — v;||* > log(n)

for some constant v holds with constant probability.

Assuming this is the case, we connect all nodes in L to a single source and connect all
nodes in R to a single sink with edges of capacity d each. Let f = (f,), be the max flow
in this network, where every edge e has its original capacity ce.

Suppose the total flow obtained is at least % log(n) - «. We may assume that all the
flow originates from some node ¢ € L and ends at some node j € R. Then we have

B
2

log(n) - a x T~

log(n)

ZieL,jeRfinVi - VjH2 >

2
cy’
Now suppose that the total flow obtained in the previous step is less than % log(n) -«
By the max-flow-min-cut theorem, the cut obtained also has capacity at most O(log(n)-«)
Note that this cut will be ¢/2-balanced, since at most ? log(n) - a/d = en/2 source (and
sink) edges can be cut. Thus, the expansion of the cut is O(log(n) - %)

n/:

if we choose @ =

Part 2: We seek a valid d-regular flow f = (f,), for d := *%a where 3 is a sufficiently
large constant to be chosen later. Now we consider a maximum multicommodity flow
problem, where the demand pairs are nodes i,j € S such that ||v; — v;||? > s for some
constant s to be specified later. Let D be the set of such pairs of nodes. We seek a valid
d-regular flow for d := %‘, which maximizes the total flow ), jeD fij- The d-regularity con-
dition can be equivalently obtained by adding an artificial edge {i,4'} of capacity ¢;;y = d
to every node i, where ¢’ is a new node, and considering the new set of demand pairs
D'={{i,j'}: {i,j} € D}. Let the new graph be G’. The multicommodity flow problem
can be expressed by the following LP, and its dual. Here, p refers to a generic path in G’
between some node pair {7, j'} € D’. Any such path consists of the edge {i,i}, followed

by a path connecting i to j in G, and then the edge {7, j'}.

max g Ip ming CeWe
e

p
Ve:prgce Vp:2w821
poe ecp
Vp: fp, > 0 Ve: we > 0

Using Fleischer’s algorithm [40], this problem can be solved up to any given constant
factor, say % Now we check if the flow obtained satisfies Zije plfij = 5. Ifit does, then

we have > ;. p fijl|vi — vill> > a.
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Assume now that the total flow obtained ), ;fij < 5. Since we chose an approximation
factor of % in Fleischer’s algorithm, this means that the optimum of the multicommodity
flow problem is less than 2?0‘ Let w, be the optimal set of edge weights to the dual of the
LP. For every node 4, set s; := w;y. Since the optimum value is less than %"‘, we get that
these edge weights satisfy the following conditions:

B 2a
Zecewe'{'zi?& < ?,

and for any demand pair i, j € D and a path p connecting them,
Si + Sj + ZeEpwe > 1.

Now we apply the algorithm from the following theorem (with the vectors v; scaled down
by 2 to ensure their length is at most 1). The proof, which appears in Section 4.6, can be
derived using the techniques of Arora, Rao and Vazirani [18] and Lee [73]. Note that the
number edges, m, is O(n) here since we sparsified the graph first.

Theorem 19. Let vi,vo, ..., vy, be vectors of length at most 1, such that Z”HV@ —v;||? >
an®. Let w, be weights on edges and nodes and let o = Y CeWe. Then there is an
algorithm which runs in O(m1'5) time and finds a cut of value C which is c-balanced for
some constant c, such that there exists a pair of nodes i, j with the property that the graph
distance between i and j is at most O(v/logn-&) and ||[v; —v;||* > s where s is a constant
which only depends on a. Furthermore, this is true even if any fized set of Tn nodes are

prohibited from being i or j, for some small constant T.

We have ) cowe < 270‘ = O(«). At most 7n nodes have s; > % Let these nodes
form the forbidden set in the theorem. We run the algorithm from the theorem to obtain a
cut of value C. Let 7, j be the pair of nodes whose existence is guaranteed by the theorem.
The value s is defined to be the lower bound on ||v; — v;||? from the theorem; thus, i, j is

a demand pair in D. Choose 3 = %. Then s;,5; < i, and we have

si+8j+0<\/logn%) >1 = C = 0Klogn-a).

Since the cut is €2(1)-balanced, its expansion is at most O(y/logn%). O

4.5.2 Undirected SPARSEST CUT

We have the same setup as for undirected BALANCED SEPARATOR. The SPARSEST CUT
in a graph G = (V, E) is the cut (5,5) with minimum expansion, % As before,
we assume that the graph has been pre-processed using the algorithm of Benczir and
Karger [22] to have only O(n) edges with non-zero weight, with all cuts having capacities

within a constant factor of their original capacities.
Theorem 20.
1. An O(logn) pseudo-approximation to the SPARSEST CUT can be computed in O(m—i—

n'®) time using O(log?(n)) single commodity flow computations.
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2. An O(y/logn) pseudo-approzimation to the SPARSEST CUT can be computed in
O(n?) time using O(logn) multicommodity flow computations.

ProOOF: The SPARSEST CUT SDP, in vector and matrix form, is the following:

min Z cellvi — vjl? min C ¢ X
e={i,j}€F
VP: Zf;llnvlg _Vij+1||2 > Hvil _Vik||2 VP: TP.X >0
ISwill2 = 0 JeX =0
Yillvil? = n Tr(X) = n
X >0

Here, J is the all ones matrix. We note that the last two constraints are not standard.
Typically, we only have the constraint },.[|v; — v;||? = n?. Note that the SDP optimum
doesn’t change if we throw in the constraint that Y ,v; = 0, or equivalently, ||>,v;[|* =
0. With this additional constraint, the constraint )_,.[|v; — v;|* = n? is equivalent to
>=llvil|? = n, precisely the kind of trace bound we need.

The optimum divided by 2n is a lower bound on the expansion of the SPARSEST CUT.
This can be seen as follows. Given a cut (5,.59), select an arbitrary unit vector vq, and SQGt

n

v; = _voforalli e S, and v; = ——2—vg foralli € —S. Then ||v,—v;|]? = -2~
N TR ' : 2/15[5] ° Ilvi =il = i

ifi € S and j € =S (or vice-versa), and 0 otherwise. Thus, the objective function is

S alvwi = S <o Bees
e={i,j}eE ’
The dual SDP is the following:
max nr
al+ 3 fpTp+2J 2 C
Vo fp 20

Given a candidate solution X, the ORACLE always sets z = 7. Since x1 ¢ X = q, it
now needs to find fj,, 2z and F < C such that

a+ fp(TpeX)+2(JeX)— (FeX)<0.
It runs the following steps (as before, all unspecified variables, including F, are set to 0):

1. If JeX > n?/5, then set z = —151—3‘, so that z(JeX) < —a. Furthermore, [|5I—2J| <
O(%), since 0 = J < nlL.

2. Assume now that J ¢ X < n?/5. Let vi,vs,...,Vv, be vectors obtained from the
Cholesky decomposition of X. Then since I ¢ X = Tr(X) = n, the condition
J ¢ X < n?/5 implies that n? > >ijllvi — v;j||> > 2n?, since the Laplacian of the
complete graph is exactly Ky = nl —J, and Ky ¢ X =} [|v; — v;||?. Now, we
can apply the algorithm of the following lemma (proved after the current proof):
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Lemma 5. Suppose we are given, for alli € V, vectors v;, such that n® > Zinvi—
Vj||2 > %nz, and a quantity . Then there is an algorithm, which, using a single
maz-flow computation, outputs either

(a) a valid O(3;)-regular flow £ = (fp)p, such that 3, fijl[vi — vil? > a, or,
(b) a cut of expansion O(%), or

(¢) a set of nodes S CV of size Q(n), such that there is a node ig € S such that
foralli € S, ||vi — v ||?> = O(1), and dijesllvi— vil|2 > Q(n?).

If we get a cut of expansion, O(%), we output it. If we get a flow f = (f;), such
that .. fijllvi — v;[|? > @, then just as in step 3 of the ORACLE for undirected
BALANCED SEPARATOR, we can set F and D to be the flow and demand graph
Laplacians respectively, and make progress, since

a+> f(TyeX)— (FeX) = a—DeX = a—Y, fijlvi—v,|> < 0.
p

Finally, if we get a set of nodes S C V of size Q(n), such that there is a node ig
such that for all i € S, ||v; — v4||? = O(1), and >ijesllvi — v;[? > Q(n?), then
we can apply Lemma 4 to S with the vector v; — v;, associated to node 7 € S,
with the current value of «. This will again yield either a cut of small expansion,
in which case we stop, or a O(%)—regular flow such that >, fij[|vi — vil? > a, in
which case we again make progress by setting F and D to be the flow and demand
graph Laplacians respectively of this new flow.

The running time is bounded in the same way as in the case of minimum c-BALANCED
SEPARATOR, noting that the most expensive additional step required here is a max-flow
computation, which can be done in O(n1'5) time using the algorithm of Goldberg and
Rao [47]. O

Now, we prove Lemma 5.
PROOF:[Lemma 5] Given vectors v; such that n? > doillvi— vil? > %nZ, we run the
following steps:

1. For a node i, and radius 7, let B(i,r) = {j : ||vi — v;|| < r}. If there is a node 4
such that |B(z, Z—jﬁﬂ > n/4, then any ig € B(3, Q%/E) satisfies | B(io, \/%T))’ > n/4.

So we can find such an ig by simple random sampling. Let L = B(io, J%)’ and
let R =V \ L. For j € R, define A(j,L) = min;ey, ||v; — v;||* (doesn’t need to be
computed). We have

51



\
3
IN

4
5 ? ZHVv:—Vsz
ij
> 20vi = vigl* + 2[lvig — v;1?
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N
7

< 20 Y 2AGL) + 130].
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Thus, >, d(i, L) > [ — {5]n = 5. Since for i € L, we have d(i, L) = 0, we conclude
. R

that ¢ zd(j, L) > 35. Let k := [l Note that k < 4.

Now, we connect all nodes in L to a single source with edges of capacity % and
all nodes in R to a single sink with edges of capacity 1070‘, and compute the max-flow
f in the graph. Though the flow is between a single source and sink, we ignore the
artificial edges added and associate the flow to paths between node pairs i € L,
J € R in the natural way. For such a node pair 4, j, let f;; be the total flow from 4

to j. If the flow saturates all source and sink nodes, then we have

10« .
o fillvi—vil? = ZT‘A(%L) > o

i€L,jeER JER

. If the flow doesn’t saturate all source and sink edges, then in the resulting cut, let
the number of nodes in L connected to the source be ng and the number of nodes in
R connected to the sink be n;. Then the capacity of the graph edges cut is at most
102 (| R|— kng—ny), and the smaller side of the cut has at least min{|L| —n, |R|— 7}

nodes. Thus, the expansion of the cut obtained is at most % =0(%).

. Now assume that for all nodes ¢ we have |B(i, ﬁﬂ < n/4. Then we claim that

there is a node i such that |B(7,2)| > n/2. Otherwise, for all nodes 7, there are more
than n/2 nodes j such that ||v; — v;||> > 22 = 4. This is a contradiction since this
would imply that

1 1
Z:Hvi—ij2 > n§n4§ = n?
ij

Again, by random sampling, we can find an ig such that |B(ip,4)] > n/2. Let
S = B(ig,4). Since for every i € S, |B(i, ﬁﬂ < n/4, we conclude that there are

at least n/2 — n/4 = n/4 nodes j € S such that ||v; — v;[|? > 4. Thus, we have

1 1 1 1
§ : 2 2
P S”Vi_VjH > —n--n-—-— = Q(n )

We return this set S.
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Connection to KRV’s SPARSEST CUT algorithm. Khandekar, Rao and Vazirani [65]
obtain an O(log® n) approximation to the BALANCED SEPARATOR and SPARSEST CUT in
undirected graphs in O(m 4 n'%) time. We obtain O(logn)-approximation in the same
time. Here we note that despite superficial differences, their algorithm is a close cousin of
ours. At each iteration, their algorithm maintains a (multi)graph that is a union of perfect
matchings. It uses spectral methods (specifically, a random walk) to identify sparse cuts in
this graph. Then it computes a single-commodity max flow across this sparse cut, finds a
new perfect matching via flow decomposition, and adds it to the current multigraph before
proceeding to the next iteration. The analysis of convergence uses an ad hoc potential
function, and the main theorem says that the union of matchings converges in O(log2 n)
iterations to an expander.

Our algorithm is somewhat similar except we use matrix exponentiation at each iter-
ation instead of random walks. However, the two are related. If L is a graph Laplacian,
and § < 1/(max degree) is any constant, then exp(—FL) is the transition matrix after 1
time unit for the following continuous random walk: in each time interval §¢, every node
sends out a (0t fraction of its probability mass to each of its neighbors. The algorithm of
[65] simulates such a random walk, where L is the Laplacian of the union of the perfect
matchings found so far. In our case, L is the Laplacian of the union of the flows found
so far. Both algorithms compute a projection of the rows of the transition matrix on a
random vector and then compute a max-flow based on the projections.

Of course, their ad hoc analysis does not apply to the other problems considered in
this paper.

4.5.3 Directed BALANCED SEPARATOR

We have a directed graph G = (V, E) with capacity c. on edge e € E. For a cut (S, S)
in the graph, define E(S,S) to be the total capacity of arcs going from S to S. The
minimum ¢-BALANCED SEPARATOR is the c-balanced cut (5, S) with minimum value of
E(S,S).

Theorem 21. 1. An O(logn) pseudo-approximation to the minimum c-BALANCED
SEPARATOR in directed graphs can be computed in O(m!'-) time using polylog(n)
single-commodity flow computations.

2. An O(y/logn) pseudo-approximation to the minimum c-BALANCED SEPARATOR in
directed graphs can be computed in O(m'> + n>*tH) time using polylog(n) single-

commodity flow computations, for any specified constant p > 0. The O notation
hides polynomial dependence on i

PrOOF: Consider the minimum ¢-BALANCED SEPARATOR SDP for a directed graph
(see [2]). As usual, we have a vector v; corresponding to every node. In addition, we
also have a vector w;. For notational convenience, we will also denote this vector by v,;.
Thus, we now have matrices in R?"*?", For a directed edge (i, ), we define its directed
length d(i, j) := ||vi — v;|* = [|lw; — vi||> + ||[w; — v;]|*>. With the same notation as in the
case of undirected BALANCED SEPARATOR, the SDP, in vector and matrix form, is given
below:
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min Z ced(i, j) minC ¢ X

e=(i,j)€E
Vie2n]: |vi)® =1 Vie[2n]: Xy =
Vi,jen]: |wi—w;l*> =0 Vi,j€ln]: EijeX =0
Vpi o S ve =il = (v = Vil Vp: TpeX >0
VS Zi,jesHvi—ijZ > an? VS: KgeX > an’
X =0

Note that C is the directed Laplacian of the first kind (c.f. Section 4.3.2) of the graph. In
the standard SDP for this problem [2], it is intended that all the w; vectors are the same,
and equal to some unit vector vo, and this is enforced by the constraint ||w; — w;||? = 0.
The matrix E;; corresponds to this constraint, and is the (undirected) Laplacian of a
single unit capacity edge joining n 4+ ¢ to n + j. We introduce these additional vectors for
the purpose of keeping the width bounded.

The optimum of this SDP divided by 8 is a lower bound on the capacity of the minimum
c-BALANCED SEPARATOR. This can be seen as follows. For a directed cut (S, S), select
an arbitrary unit vector vg, and set w; = v for all i € V, and set v; = vg for all i € S,
and v; = —vq for all i € —S. Then d(i,j) = 8 if i € S and j € —5, and 0 otherwise.
Thus, the objective function is

> ced(i,j) = 8E(S,S).

e=(i,j)€E
The dual to the SDP is as follows:

max >_,z; +an®y ¢zg
diag(x) + Zi,je[n}yijEij + 2T+ 2 g25Ks = C
vp, S fpzs 20

Now we turn to the implementation of the ORACLE. Most of the steps are the same
as in the undirected case. In the most complicated case, we need to compute a directed
flow. If we have a flow in the graph which satisfies the capacity constraints f. < ¢, then
if we set F' to be the directed Laplacian (of the first kind) of the flow, then for any primal
feasible X, with vectors v;, w; obtained from its Cholesky decomposition, we have that

FeX = Y fd(i,j) < Y cd(i,j) = CeX.
e=(i,j)€E e=(i,j)€E

because the triangle inequalities on the primal feasible matrix X imply the directed dis-
tance d(i,7) > 0. This matrix F can thus be used in the Primal-Dual framework for
minimization SDPs.

The ORACLE is implemented as follows:
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1. This step is identical to Step 1 in the undirected case. Let H := {z E 2n] : X; > 2}.
If |[H| > $n, then we set x; = —ﬁ for all i € H, and x; = for all i ¢ H.

IH \
Then

20

(0%
di X < —— 2|H 4+ ————
ing(x) ¢ X < 1+ 5o

S(2n—2[H|) < 0
|H|

Also, ||diag(x)[| < O(%).

2. Now, assume that |H| < §n. Now we try to find €(n) disjoint pairs 4, j € [n] such
that ||w; —w;|| > ¢ for some 6 > Q(loén) to be fixed later. We restrict attention to
vectors w; for i € W:={i € [n]: i,n+i¢ H}. Note that |[W[> (1 - 5)n.

For a node i € W, and radius r, let C(i,r) = {j € W : ||w; — w;|| < r}. Suppose
for all nodes i € W we have |C(i,d)] < (1 — e)n. Equivalently, for every node
i € W, there are at least §n nodes j such that ||w; — w;||? > 6%. Thus by randomly
sampling, in expected O(n) time, we can greedily remove k := < disjoint pairs 4, j
such that ||w; — w;||? > §2. This is because if we have found less than k pairs so
far, then for every node i, there are still £n nodes j such that ||w; — w;|? > 62, so a
randomly chosen pair i, j € W satisfies ||w; — w;||? > §2 with constant probability.

Let these pairs be (i1, j1), ..., (i, jr). For all these pairs, we set their y;; = —6%.

We set all z; = 5. Then

8ak

(07
t=1

16
Furthermore, — 5721 < -1 — 52€n2t Eij, < 2L

3. Now, assume that there is an ¢ € W such that for some constant |C(i,0)| > (1—¢)n.
Then any k € C(i,0) satisfies |C(k,20)| > (1 — e)n. So we can find such an k by
simple random sampling. Let S := C(k,26). Since |S| > (1 — ¢)n, and we have
constraint Kg ® X > an? corresponding to the set S in the SDP.

Now we check if Kge X < %, and if it is, then we set zg = f% all z; = —5-. Then

Also, since 0 < K5 < nlI, we have || — -1+ =5 K| < O(%).

an2

4. Finally, assume that Kg e X > ‘m cles Y iesllvi— v;||? > Q(n?). Furthermore,
for any 7,7 € S = C(k,20), we have |lw; — w;|| < 46. We can now apply Lemma 6
below to the set S with the vectors v;, w;.

Lemma 6. Let S C V be a set of nodes of size Q(n). Suppose we are given, for
all i € S, vectors vi, w; of length O(1), such that 3, ;cqllvi — vil? > Q(n?), and
Vij, ||w; — w;j|| < 49, where 6 = Q(@)
Define the directed distance d(i,j) = ||v; — v;||> — [[w; — vi||* + [|w; — v;||>. For any
given value a,

is a parameter that can be set as desired.
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(a) There is an algorithm, which, using a single maz-flow computation, either out-
puts a valid O(M)—regular directed flow £ = (fp)p such that 3, fi;d(i, j) >

n
a, or a c'-balanced cut of expansion O(log(n)%).

(b) There is an algorithm, which, using O(logn) maz-flow computations, plus an

additional time of O(%n%“) for any constant p > 0, outputs either:
o

i. a -balanced cut of expansion O(y/log(n)%), or

it. a valid O(5;)-regular directed flow £ = (fy)p such that 3, fi;d(i, j) > «,
or

110, Q(W) vertex-disjoint paths such that the path inequality along these
paths is violated by Q(1).

If we get a d-regular directed flow such that Zijfijd(ia j) > a, where d = O(%)
or O(%) depending on the two cases, then we set F to be the directed Laplacian (of
the first kind) of the flow, and D to be the directed Laplacian (of the first kind) of
the demand graph. Then D ¢ X = Zz‘eL,jeRfijd(i’j) > «. Again, just as in the
undirected case, we can set all x; = so that (51 —D)eX < a—a <0, and

—4dI < £1-D < &L

a
2n?

Finally, if we get k = Q(—2=) vertex-disjoint paths p1,...,pg, such that the path

Vlogn
inequality along these paths is violated by ©(1), T,eX < —s. Then, we set f,, =

and all z; = 5. So,

o
sk

a i [0
<2nl+;skTpk> eX < a—-a = 0.

We can bound the width as [|s=1+ > ;" ST, || < O(ivloin‘a).

The overall running time is bounded just as in the undirected case. Again, we have O(1)
iterations, and in each iteration the most expensive operations are the polylog(n) max-
flow computations, which take O(m1'5) time on a directed graph, using the algorithm of
Goldberg and Rao [47]. For the O(y/logn) approximation algorithm, we may incur an
additional cost of O(in”“) per iteration in order to find O(n) paths with violated path
inequalities. Thus, we get the stated running time. O

We now prove Lemma 6.
PROOF:[Lemma 6]
We may assume, by scaling down if necessary, that all vectors v;, w; have length at most
1. Let ||w; — w;|| <, where ¢ is a parameter that we can make as small as needed (but
always Q(loén)).

We choose a direction represented by a unit vector u at random. Lemma 14 shows
that he fact that 3, ¢ [|vi — v;|? > Q(n?) implies that with constant probability v, we
can find sets Lo, Ry C S each of size at least cn for some constant ¢, such that for any
i€ Loand j € Ry, (vj —v;)-u> %

Next, let 7 be the median distance from w;, to the vectors {v, : i € Lg}. Let
L§ :={i € Lo : ||Vl —wj| >r}and Ly := {i € Lo : ||[v] — w;,|| < r}. Define Ri and
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Ry analogously. If |[Ri| > |Ry|, then set L = Ly, and R = R], else set L = R, and
R= L0+. Note that both L and R have at least ' nodes each.
For any pair of nodes ¢ € L and j € R, we have

di,j) = |[vi—vill> = Wi = vil]> + [w; — vj|?
= [lIvi = vjlI> = Wiy = vill* + [[wio — vi[I”] = (Wi, — W3) - (2vi — Wiy — wi)
+ (Wip — W) - (2vj — Wi, — Wy)

> lvi—vjl* - 80

The last inequality follows because ||w;, — w;|| < 6, and [|2v; — w;, — w;|| < 4 since all
vectors are of length at most 1. Now we have two cases, depending on what approximation
we need:

Part 1. To get an O(logn) approximation, we can proceed exactly as in the case of
undirected graphs Namely, we may assume that all pairs i € L and j € R satisfy
for some constant v > 0. We choose § = so that d(i,7) > 572

= 2logn"
B log(n)a

2
||V1—Vj|| logn 1610gn’

Next, we connect all nodes in L to a single source with edges of capacity , and

all nodes in R to a single sink with edges of capacity ﬁlogni)a. We now compute the
(directed) max-flow in this network. Just as in the undirected case, if we choose (3 large
enough, either we get a flow such that > ../ ;cpfijllvi — vj|? > 2a or we get a cut of

expansion at most O(log(n) - &). In the former case, by our choice of J, we conclude that
>icr jerlid(i, j) = o

Part 2. To get an O(y/logn) approximation, we connect all nodes in L to a single source

B+/log(n) g

. We now compute the (directed) max-flow in this network. Now there are three

with edges of capacity , and all nodes in R to a single sink with edges of capacity

B4/ log(n)a
n

cases:

1. If the total flow obtained is less than % log(n) - a, then by the max-flow-min-cut
theorem, the cut obtained is also at most this size. Note that this cut will be ¢/4-
balanced, since at most %\/log(n) -a/d = en/4 source (and sink) edges can be cut.
Thus, the expansion of the cut is O(y/log(n) - %).

2. Now assume that the total flow obtained is at least <*1/log(n) - «. Then we check
if > ier jerfijd(i,j) > a. If it is, then we are done.

3. Otherwise, if the total flow is at least %\/log(n) ca, but Y ier epfipd(i,j) < a,
then we repeat this process for O(log(n)) different random directions. If we always
end up in this case, then we try to find many paths for which the path inequality is
violated to a large extent.

For each direction u, at least half the flow is between demand pairs (i,7) such
that d(i,j) < cﬁ\/?oﬂ' Now we choose § = m. Thus for all such pairs,
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a

Since at most

0 By/log(n)a
lvi = vill* < g —n

flow enters or leaves any node in L

and R, we can show that in fact there is a matching of size en, with ¢ = &7, of pairs
i € L and j € R such that [|v; — v;||* < Jlgﬂ where n = %. (This argument is

essentially the one given in Lemma 15. Scale down the flow by ﬁi”long(n)a so that
at most a unit flow enters or leaves any node in L and R, and the total amount of
flow between pairs i, j such that ||v; —v;|> < \/1:)7@ is at least gn. Then Lemma 15
shows that we obtain a matching of size n by a random selection process).

Note also that such pairs satisfy (v; —v;)-u > ﬁ We call 4,5 a “(n,o)-stretched
pair along u” (or often simply “stretched pair”). Let the fraction of directions u
such that there is a matching of stretched pairs along u of size at least g7n be .
If v/ < /2, then after a constant number of repetitions of this procedure, we will

end up in case 1, with high probability.

So assume that in each repetition we find large matchings of stretched pairs. In this
case, we conclude that 4/ > /2 with high probability. Now, we apply the algorithm
of the following lemma, proved in Section 4.6:

Lemma 7. Let vi,Vva,... be vectors of length at most 1 such for a ~v fraction of
directions u, there is a matching of (n,o)-stretched pairs along u of size en. Let
u > 0 be a given constant. There is a randomized algorithm which finds k vertex-
disjoint paths p of length at most %\/logn such that the triangle inequality along

p is violated by at least s, in time O(n2 =+ iknlﬂ‘). Here, s,C are constants that
n

depend only on v,¢e,0, and we assume that k < (%) s and that n < %.

By setting g = 405(5, we can ensure that n < %. Then the lemma above implies

that we can find ©( \/lgﬂ) paths p on which the path inequality is violated by at

least a constant, and return them.

4.5.4 Directed SPARSEST CUT

We have the same setup as for directed BALANCED SEPARATOR. The SPARSEST CUT in

a directed graph G = (V, E) is the cut (.9,.5) with minimum expansion,

E(S,5)
min{[S],|S[}’

Theorem 22. 1. An O(logn) pseudo-approzimation to the SPARSEST CUT in directed

1.5)

graphs can be computed in O(m time using polylog(n) single-commodity flow

computations.

. An O(/logn) pseudo-approzimation to the SPARSEST CUT in directed graphs can

be computed in O(m!® +n?*tH) time using zzolylog(n) single-commodity flow compu-
tations, for any specified constant p. The O notation hides polynomial dependence

on l
m
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PRrROOF: We consider the directed SPARSEST CUT SDP (see [2]). As in the minimum
¢-BALANCED SEPARATOR problem, we have vectors v;, w; = v,,4; corresponding to every
node. In addition, we also have a vector w;. Thus, the matrix X € R?"*?"_ For a directed
edge (i,7), we define its directed length d(i,5) = ||v; — v;||? — ||w; — vi|> + [|[w; — v;|>.
With the same notation as in the case of directed minimum ¢-BALANCED SEPARATOR,
the SDP, in vector and matrix form, is given below:

min Z ced(i, 7) minC ¢ X
e=(i,j)€E
Vi,j€[n]: |wi—w;|* =0 Vi,j€n]: E;eX =0
VP: Zf;lleZJ _Vij+1H2 > Hvil _VikH2 Vp: TP.X >0
Z Hvi—vj||2 = n? KyeX = n?
i,j€(n]
2n
S vl < n Tr(X) < n
i=1
X =0

Here, C is the directed Laplacian of the first kind (c.f. Section 4.3.2) of the graph. Also,
Ky has the Laplacian of the complete graph on the vertices in [n], in the top left n x n
block, and zero elsewhere.

The optimum of this SDP divided by 4n is a lower bound on the expansion of the
SPARSEST CUT. This can be seen as follows. Given a cut (9, 5), select an arbitrary unit

vector vo, and set w; = —~—=vy for all i € [n], and set v; = —~—=vq for all i € S,
2v/15118] , 2v/1511S]
L n . . Sy o 2n? e . .
and v; = NS for all i« € —S. Then d(3, j) i ifie Sand j € =5, and 0
otherwise. Thus, the objective function is
2n%E(S, S) E(S,S)
. — it < ) .
2 clvimvill® = g <A

e={i,j}€E
The dual to the SDP is as follows:

max m:—i—nzz
el + 30 semViiBi + 22, Tr + 2Ky = C

Vp: fp,x > 0
Given a candidate solution X, the ORACLE works as follows:
1. f Ky eX > gnz, then we set z = —757‘;‘, and z = %‘. Then we have
5a 6
r(TeX)+2(KyeX) < 60— — - -n® = 0.
n“ 5
Furthermore, —%O‘I <2l — zKy < %I.
Jite" 4o

Similarly, if Ky ¢ X < 2n?, then we set z = 23, and z =

% —= and get similar
bounds.
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2. This step is identical to step 2 in the implementation of the ORACLE for directed
BALANCED SEPARATOR. For a node i € [n], and radius r, let C(i,r) = {j € [n] :
|w; —w;|| < r}. Suppose for all i € [n] we have |C(,d)| < n/6 for some 6 = Q(loén)
to be fixed later. Equivalently, for every i € [n], there are at least n/6 nodes j such
that ||w; — w;||> > §2. Then as before, by randomly sampling, in expected O(n)

time, we can greedily remove k := g3 disjoint pairs 4, j such that ||w; — Wsz > 52,

Let these pairs be (i1, j1), ..., (ik, ji). For all these pairs, we set their y;; = —(2;21—2.
We set z = =. Then
« 24« F
—(LeX) - %Z(Eim eX) < a-a = 0.
t=1

Furthermore, — 3321 = %I_%ZfﬂEim < oL

3. Now assume that the vectors satisfy n? > >ijern IVi— vi|? > %nQ. Furthermore,

assume that there is a node i such that |C(,0)] > %n. By random sampling,
we can find a node k € C(i,6), and thus there are 2n nodes j € C(k,20). Let
W =V \ C(iz,26). Note that [W| < n/6. Note that for all 7,5 € C(k,26), we have
|w; — w;|| < 46. Furthermore, we claim that ||wy|| < 2. Otherwise, for any node
J € Cli2,20), we have ||w;|| > ||wg| — 26 > 3/2 if we choose § < 1/4. But then
Tr(X) > 3 icomas) Wil > §-§n > n, a contradiction. Thus, for all j € C(is, 20),
we have ||w;|| < [|w;]| +26 < 3.

Now, we can apply the algorithm of the Lemma 8 below to the set of vectors v;, w;:

Lemma 8. Suppose we are given, for all i € V, vectors v;, w;, such that gnz >
Dije Vi — vil? > #n?® and there is a set of nodes W of size n/6 such that
for any nodes i,j5 € V\ W, we have ||w;|| < O(1) and ||w; — w;|| < 46. Here,
0= Q(loén) is a parameter that can be set as desired. Define the directed distance
d(i,§) = ||vi = vj|* = [|lwi — vil|®> + |w; — v;]|?>. Let a be any given value. Then
there is an algorithm, which using a single max-flow computation, outputs either

(a) a valid O(5)-reqular directed flow £ = (fp)p such that >, fi;d(i,j) > a, or

(b) a cut of expansion O(%), or

(c) a set S of nodes of size Q(n) and a node ig € S such that ||v;, — vi||* < O(1).

Furthermore, 3. |lvi — vil? > Q(n?) and for any pair i,j € S, we have
|wil| <O(Q1) and ||w; — ij2 < 44.

If we get a cut of expansion O(), we output it.

If we get a directed flow £ = (fp), such that >, fijl[vi — v;||? > a, then just as in
step 4 of the ORACLE for directed BALANCED SEPARATOR, we can set F and D to
be the directed flow and demand graph Laplacians (of the first kind) respectively,
and make progress, since

a—i—pr(TpoX)—(FoX) = a—DeX = a—zijfinvi—ijQ < 0.
P
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Finally, in the last case, we get a set S of nodes of size 2(n) and a node iy € S such
that ||vi, — vi||? < O(1). Also, > ijes lvi— v;|? > Q(n?) and for any pair i,j € 9,
we have ||w;|| < O(1) and ||w; —w;||? < 46. Then we can apply Lemma 6 to S with
the vector v; — v;, and w; associated to node ¢ € S, with the current o.

This will again yield either a cut of small expansion, in which case we stop, or a
directed O(})-regular flow such that 3, fijl|vi — v; |2 > «, in which case we again
make progress by setting F and D to be the flow and demand graph Laplacians (of
the first kind) respectively of this new flow.

The running time is bounded in the same way as in the case of directed BALANCED
SEPARATOR, noting that the most expensive additional step required here is a max-flow
computation, which can be done in O(m!?) time using the algorithm of Goldberg and
Rao [47]. O

Now, we prove Lemma 8.
PROOF:[Lemma 8] We run the following steps:

1. For a node i, and radius 7, let B(i,r) = {j : |vi — v;|| < r}. If there is a node 4
such that |B(z, T}ﬁ)’ > n/4, then any iy € B(i 72\ﬁ> satisfies | B (i, J%)’ > n/4.
So we can find such an ig by simple random sampling. Let L = B(io, J%) and
R = V \ L. Now just as in step 1 of the proof of Lemma 5, if for any node j,

. . . R
kAg,f) = minie [|vi = v;[|%, then 3,c A(j,L) > f5. Let k = . Note that

Now consider the two quantities >, ; k||w; — v;||* and > jerllwj — v;||?. One of
the two is smaller. Assume that it is the former; the other case is analogous, we just
reverse the direction of the flow computation. We connect all nodes in L to a single
source with edges of capacity 10]““ and all nodes in R to a single sink with edges
of capacity 100‘ , and compute the max-flow f in the graph. Again, we associate the
flow to paths between node pairs ¢ € L, j € R in the natural way. For such a node
pair 7, j, let f;; be the total flow from 7 to j. If the flow saturates all source and
sink nodes, then we have

10« .
Z fijllvi = VJH2 Z n “A(j, L) = a.

i€L,jeER JER

Now, we have that for any i« € L, j € R, d(i,j) + d(j,i) = 2|v; — VjHQ' So
>ierjer Jijld(i, j) + d(4,4)] > 2a. Consider

Mo fyd(i) = Y fydGi) = Y flwi =il = Y fiylw = vil?

i€L,jER i€L,jER i€L,jER i€L,jJER
10 10ka
= Z THW] - VjH2 - Z e [wi — vil|”
JER i€l
> 0,
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by assumption. The third equality follows because each node i € L is a source for
exactly % flow, and each node j € R is a sink for exactly IOTO‘ flow. Thus, we
conclude that >, icp fi;d(i,j) > o

2. If the flow doesn’t saturate all source and sink edges, then in the resulting cut, let
the number of nodes in L connected to the source be ng and the number of nodes in
R connected to the sink be n;. Then the capacity of the graph edges cut is at most
102 (| R|— kng—ny), and the smaller side of the cut has at least min{|L| —ns, |R|—n}
nodes. Thus, the expansion of the cut obtained is at most % =0(%).

3. Now assume that for all nodes i we have |B(%, ﬁ)] < n/4. Then we claim that
there is a node i such that |B(7,3)| > n/2. Otherwise, for all nodes i, there are more
than n/2 nodes j such that ||v; — v;||> > 3% = 9. This is a contradiction since this
would imply that

1 1 6
2 2
> lvi—vil? > n-sn-9-5 > on’
- [vi = vjll negn 5 ik

Again, by random sampling, we can find an ip such that |B(i,6)] > n/2. Let
S = B(i,6) \ W. Note that |S| > n/3 since |W| < n/6. Since for every i € S,

]B(z',r}ﬁ)] < n/4, we conclude that there are at least n/3 — n/4 = n/12 nodes
j € S such that ||v; — v,||* > 4. Thus, we have
1 1 1 1
2
Z [vi = vjlI” = 3V 1" a0y T Q(n?).

i,j€S
Furthermore, for any i, j € S, we have ||w;| < O(1) and ||w; —w;|| < 45. We return
this set S.

|

4.5.5 MiN UnCutT

The MIN UNCUT problem has various equivalent forms (see [2]). The one we will use is
the following. We are given an edge capacitated graph G = (V, E) on the set of nodes
V={-mn,...,-2-1,1,2,...,n} such that {i,j} € E if and only if {—j,—i} € E. Also,
we assume that the capacities satisfy ¢;; = c—j_;. A cut (S,9) is called symmetric if
S = —S where —S = {—i : i € S}. The MiN UNCUT problem is to find the symmetric
cut (S, —S) on minimum capacity, denoted E(S, —5).

Theorem 23. An O(y/logn) approzimation to MIN UNCUT can be computed in O(n?)
time.

PRrROOF: As usual, we start by writing the SDP for the problem. The SDP has vectors
v; for all 4 € V, and the condition that v; = —v_;. We do not explicitly maintain the
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vectors for negatively indexed nodes; rather, wherever v_; appears in the SDP, we replace
it by —v;. Assuming we have made this transformation, the following SDP results:

min Z cellvi — vl min C ¢ X
e={i,j}€E
Vi: |vil* =1 Vi: Xy =1
Vp : 25;11”"1']'_‘/2']'4-1”2 > ||Vk—vik||2 Vp : TP.X 2
X >0

The optimum of this SDP divided by 4 is a lower bound on the value of the minimum
symmetric cut. This can be seen as follows. For a symmetric cut (S, —S5), select an
arbitrary unit vector vg, and set v; = vg for all i € S, and v; = —vg for all ¢ € —S. Then
|vi —vj|*>=4ifi €S and j € —S (or vice-versa), and 0 otherwise. Thus, the objective
function is

Y celvi— vyl = 4E(S,-5).
e={i,j}€F

The dual SDP is the following:

max %
diag(x) + >, /pTp = C
Vp: fp =20

A

Given a candidate solution X, the ORACLE works as follows:

1. If there is an ¢, say ¢« = 1, such that X;; > 2. Then we set x1 = —a, and z; = TLQ—O‘

for all 4 > 2. Since Zi22X’ii <n — 2, we have

2
Y -2 <o

di X < —a-2
iag(x) e < —« +n—1 <

. 2
Also, —al < diag(x) = =4I
Similarly, if there is an 4, say ¢ = 1, such that X;; < % Then we set 1 = 2a, and

. . 1
%7 for all 7 > 2. Since Zz‘22Xii >n— 3,

T, = — we have

n

1 « 1
i < C— = . — < 0.
diag(x) e X < 2« 5 1 (n 2) <0

Also, —-%5T = diag(x) =< 2al.
2. Assume for all i, % < X4 < 2. We can now apply Lemma 9 below.

Lemma 9. Assume we are given vectors v; for every node in G such that for all
i, |[vil|> = ©(1) and v; = —v_; and a value a. Then there is an algorithm, which,
using a single multicommodity flow computation, can obtain either:
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(a) a valid O(a)-regular flow £ = (fp)p, such that 3, fijl|vi — vil? > «a, or
(b) a symmetric cut (S,—S) of value O(y/logn - ).

If we get a O(«a)-regular flow such that >, . fij[lvi — v;||?> > a, then we set F to
be flow Laplacian, and D to be the demand Laplacian of the flow, and we set all
z;=71. Then DeX =37, . fijllvi — v;|? > a, and so

(diag(x) —D)eX < a—a = 0.
Note that —22] < 2] — D < 2.

Otherwise, we get a symmetric cut (9, —S) of value at most O(v/logn - ), and we
stop.

Now, we bound the running time. First, since we are working with an undirected graph,
we may assume that the graph has been sparsified using the algorithm of Benczir and
Karger [22], to leave only O(n) edges. Each iteration may involve one maximum multi-
commodity flow problem, which takes O(n2) using Fleischer’s algorithm. To bound the
number of iterations, we estimate the relevant parameters. The ORACLE we described is
(O(%,0())-bounded, and the parameter R = n. Thus, the number of iterations is O(n)
by Theorem 15. Finally, Lemma 24 indicates that we can compute an approximation to
the matrix exponential in O(n?) time. Overall, the algorithm takes O(n?) time. O
Now, we prove Lemma 9.

PRrROOF:[Lemma 9] We consider a maximum multicommodity flow problem where the set
of demand pairs D consists of all pairs 4,5 such that ||v; — v;[|> > s for some constant
s to be fixed in Lemma 10. We only impose the edge capacity constraints f. < c,
and no d-regularity constraints, and solve the maximum multicommodity flow problem
max Zl jeD fij, using Fleischer’s algorithm, say to a factor of % We have the following
cases:

1. If max ), jep fij =2 5, then assume that the flow is scaled down so that the total
flow is exactly ¢. So >, ;e p fijllvi — v;[|?> > a, and we return this flow.

2. If the total flow is less than ¢, then the actual max flow is less than 2?&, since we

have a % approximation. Fleischer’s algorithm then yields weights w, on the edges
with ) cewe < 270‘ so that for any demand pair 7, j and any path p connecting them,

D eepWe > 1.
Given a subset of nodes S C V', let E(S) be the set of edges in the subgraph induced
by S, and define Vol(S) := 3" g, ccwe. Then we have the following lemma:

Lemma 10. Let G be a graph with nodes V.= {-n,...,—1,1,...,n} and assume
we are given vectors v; for every node i such that ||v;||* = ©(1) and for all 1,
v; = —v_;. Also, assume that we are given some weights on edges w, such that

for any node pair i,j with ||v; — v;||* > s, and for any path p connecting them,
Zeepwe > 1. Then it is possible to partition the graph into sets (S, R, —S) such that
the capacity of edges cut is at most O(y/lognVol(V')), and Vol(R) < (1 — ¢) Vol(V)
for some constant ¢ < 1.
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Thus, we can recursively partition the graph to get a symmetric cut of value at most
O(v/1ogn - «) as follows. We first apply the procedure of Lemma 10 to Ry := V.
The procedure returns a partitioning of vertices (.S, R, —S) such that the capacity of
edges cut is at most O(1/lognVol(V)), and Vol(R) < (1 —¢)Vol(V). Then we apply
the procedure again to R; := R, and continue aggregating cuts recursively until we
end up with a symmetric cut (S, —S5). The capacity of this cut is bounded by

O(y/log n[Vol(Ry)+Vol(Ry)+Vol(Ry)+---]) = O(y/lognVol(Ry)) = O(y/logn-av),

because Vol(Rp), Vol(Ry), ... is a geometrically decreasing sequence. We return the
cut (S, -9).

g

Now we prove Lemma 10.
PROOF:[Lemma 10] We repeat each node i m; := L%j times. Let N be the total
number of nodes created this way. Then

An > L. Cowe An " L. Cewe
> et 28 > N> — et 28 1| > 2n.
DY Vol(V) = < Z[ Vol(V) =

Since each node i has a partner node —i with vector —v;, and all ||v;||> > 1, we have

Svi=vill? = D lvi = Vil H v = v P+ Ve = vl + Ve = v
ijeV )
= > 4vill® +4llv, )
i,j>0
> o2n?

= Q(N?).

We now apply Corollary 5 of Lemma 14 to conclude that for a constant fraction of
directions u, there exists a set S’ of nodes of size 2cN such that for all ¢ € S, we have
v, -u > % for some constants ¢, > 0. We assume that if any copy of a node ¢ is
included in S, then so are all the rest. We now apply the algorithm of Theorem 19 to
the set S’ and T'= —S5’. Now Theorem 19 implies that a max-flow-min-cut computation
gives us a cut a c-balanced cut of value C such that there is a pair of nodes 7,j and a
path p connecting them such that ||v; — v;||> > s, for some constant s > 0, such that

> ecpWe < O(y/log n%@) Now we symmetrize the cut as follows. If the edge {k, ¢} is
in the cut, then so we cut the edge {—/¢, —k} as well. The total capacity of cut edges is at
most 2C. Let S be the set of nodes connected to the source after cutting all these edges.
Then by symmetry, —S is the set of all nodes connected to the sink. Note that |S| > ¢N.

Let R=V \ (SU—-S). Now note that

2n " L. Cewe
2cn < ¢cN < Zml < Ze—sz
s s Volv)
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Thus, we have Y ;o> -, ccwe > cVol(V). So Vol(R) < (1 —¢)Vol(V).

Now since ||v; — v;||> > s, we conclude that i, is a demand pair. Then we get
that O(vlogn %) > 3, we > 1, which implies that C' < O(y/lognVol(G)). Thus,
(S, R,—YS) is the required partitioning of the graph. O

4.5.6 MIN 2CNF DELETION

The MIN 2CNF DELETION problem has various equivalent forms (see [2]). The one we
will use is the following. We are given an edge capacitated directed graph G = (V, E)
on the set of nodes V.= {—n,...,—2,—1,1,2,...,n} such that (i,j) € E if and only if
(—j,—i) € E. Also, we assume that the capacities satisfy ¢;; = c—; _;. A cut (5,S) is
called symmetric if S = —S where —S = {—i : i € S}. For such a cut, let E(S,—S)
denote the total capacity of all arcs from .S into —S. The MIN 2CNF DELETION problem
is to find the symmetric cut (S, —S) with minimum E(S, —5).

Theorem 24. An O(y/logn) approzimation to the MIN 2CNF DELETION problem can
be computed in O(nm!> +n3) time.

PRrOOF: Consider the MIN 2CNF DELETION SDP (see [2]). The SDP has vectors v;
for all ¢ € V, and the condition that v; = —v_;. So we do not explicitly maintain the
vectors for negatively indexed nodes; rather, wherever v_; appears in the SDP, we replace
it by —v;. We have an additional unit vector vy. For a directed edge (i, j), we define its

directed length d(i, ) := ||v; — v;||* — ||[vo — vil|? + |[vo — v;||>. The SDP, in vector and
matrix form, is given below:
min Z ced(i,7) minC ¢ X
e=(i,j)€E
Vie{0,...,n}: |vi|* =1 Vie{0,...,n}: X; =1
Vp : Z?:%HVZ, - Vij+1”2 > HVk - VikH2 Vp: Tp X >0
X >0

The optimum of this SDP divided by 8 is a lower bound on the value of the minimum
symmetric cut. This can be seen as follows. For a directed symmetric cut (S5, —95), set
vi=vg foralli e S, and v; = —vq for all i € —S. Then d(i,j) =8 if i € S and j € —8S,
and 0 otherwise. Thus, the objective function is

> cdli,j) = 8E(S,-S).
e=(i,j)€E
The dual SDP is the following;:

max ..
diag(x) +>_,/pTp = C
Vp: fp >0

Now we describe the ORACLE. Given a candidate solution X, the ORACLE works as
follows:
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1. Let A = @(ﬁ) be a parameter to be fixed later.

Now suppose there is an i € {0,...,n}, say i = k, such that Xz, > 1+ X\. Then we
set x = —§ + (A+1/Na and for all i +k, x; = (+1/N)a  Note that > @i = a, and

n+1 n+1
diag(x) = —$Eg + %I. Thus,
141
diag(x) e X = —i‘XkHW(I.X) < —%(1+>\)+(1+1/)\)a = 0.

Also, ~1 < ding(x0) < LT

2. Similarly, if there is an ¢ € {0,...,n}, say i = k, such that Xz < 1 — A, then we

(1-1/No (U=1/Ne  Note that

set we set xj = § + |

, and for all ¢ # k, we set z; =

n+1
> i Ti = a, and diag(x) = {Ej + %I. Thus,

. o 1—-1/Na «
diag(x) e X = Xka ( n+/1) (TeX) < X(l—)\)—k(l—l/x\)a = 0.
Also, %I = diag(x) = §L.

3. Now, assume that all X;; € [1 —\, 1+ A]. Now we apply the procedure of Lemma 11
below to the vectors v; obtained from the Cholesky decomposition of X, with the
current value of a.

Lemma 11. Let G be a graph with the vertex setV = {—n,—(n—1),...,—-1,1,2,... . n},
and for all i € V, let v; be a vector of squared length in [L — X\, 1 + A], for some
A= G(Jliﬂ)’ such that v_; = —v;. Let vy be a unit vector, and define d(i,j) =

Ivi — v;lI? = lIvo — vill* + |lvo — v;||>. Given a value «, there is an algorithm,
which, using O(log2 n) single-commodity flow computations, and an additional time
of O(n?), can obtain either:

(a) a capacity-respecting flow £ = (fp)p, such that the total flow, Zp fp, is at most
O(Vlogn - a), and }_,; fi;d(i,j) > 2c, or

(b) a path p such that the path inequality along p is violated by at least a constant,
or

(c) a symmetric cut (S,—S) of value at most O(y/logn - ).

If we obtain a symmetric cut (S, —S) of capacity O(y/log n-«), then we stop, because
we have the required approximation.

If we obtain a path p such that the path inequality along p is violated by at least a
constant, then we fall through to the next case.

So assume that we obtain a flow f = (fy), such that the total flow, F':= 3" fp, is
at most O(v/logn - a), and Zij fijd(i,7) > 2a, where for any node pair (4, j), fij is
the total flow from 7 to j.
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Now we set F' to be the directed Laplacian (of the second kind) of the flow f, and
D to be the directed Laplacian (of the second kind) of the demand graph. Then
D [ ] X = Zz’j f,Jd(z,]) Z 2.

Note that the matrix corresponding to the directed distance d(, j) is exactly T;jo.
Thus, D = Zij fijTijo, where T;; is the matrix. Using the inequality that for any
two vectors v and w, ||[v — w|? < 2|v||? + 2||w]|?, we conclude that the matrix
T;jo + 2E; + 2Eq = 0, since for any X = 0, if vq,..., v, are the vectors obtained
from its Cholesky decomposition, we have

(Tij+2Ei+2Eo) e X = [[v;—v;|*+[[vo—v;|* = [lvo —v;|[* +2[|vo[* +2[[vi[|* > o.

Thus,
0 < D+ Zfij@Ei +2E() =< 4FL
(]
Now, we set x; = —Zj 2fi; + %, for 1 <i<mn,and rg = —2F + 45_:'10‘. Note
that
==Y > 2fij-2F+4F+a = —2F —2F +4F +a = a.
i 1<i<n j
Also,
. 1F + «
diag(x) -D = ~TOT-[D+ izjfij@Ei T 28)),
and hence AF 4
«
—4FT < (di -D) = I.
= (diag(x) -D) 2 ———
Finally,
. 4F + «
(diag(x) D) e X = |- ——T-[D +zj:fij(2Ei +2Eq)] | e X
< AF +a—2a- ) 4fi;(1-N)
]
< 4FA —«
< 0,
if we choose A < % = @(\/léﬂ)‘
. If we find a path p connecting node k to node ¢, such that the path inequality
along p is violated by a constant s, i.e. T, ¢ X < —s, then we set f, = 2?0‘ As

in the previous case, we can infer that the matrix 4I = T, + 2E; + 2E, = 0.
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So we set x, = xp = 2f, + _i{’:a, and z; = %ﬂﬂ for all i # k,{. Then

Yoiwi =4f + [—4f, + o] = a. Also,

_ —4f, +
diag(x) + f,Tp = fo(T, + 2Ej +2E,) + MI,
S0 i
— + « i «
ﬁl = diag(x) + f,Tp = <4fp + n+1> I
Also,
—4
(diag(x) + f,Tp) ¢ X = (fp(Tp +2E;, +2E)) + ml) X
< 2a+4+4f,(1+ X)) —4f,+a
= 4fp) —«
< 0,

if we set A < & = 0(1).

Now we can estimate the running time. The implementation of ORACLE described above
is (O(v1ogn% ), O(v/logn-a))-bounded, and the parameter R = n+-1. Thus, Theorem 15
implies that the number of iterations is O(n). In each iteration, we may need to do
polylog(n) single commodity flow computations, plus O(n?) additional time. Each flow
computation can be done in O(m!?®) time using the algorithm for Goldberg and Rao [47].
The matrix exponential can be approximated in O(nQ) time using Lemma 24. Overall,
the running time becomes O(nm!® 4+ n?). O
Now, we prove Lemma 11.

PRrROOF:[Lemma 11] We consider a max-multicommodity flow problem, with the demand
pairs being all nodes i, j such that d(i,j) > A, where A = @(ﬁ) is a fixed quantity.
Let D be the set of demand pairs. The multicommodity flow problem can be formulated
as the following LP, where p refers to a generic (directed) path in the graph between some
demand pair in D:

max pr
P
Ve : pr < ce

poe
Vp: fp, > 0

This LP can be (approximately) solved using Fleischer’s algorithm in O(m?) time, but
here we describe a more efficient algorithm. We run the Multiplicative Weights algorithm
in the gain form (see Section 2.2.1), with the parameter ¢ = 1/4, on this LP. We treat the
LP as a packing program (see Section 2.3.2).

In each round ¢ of the Multiplicative Weights algorithm, we are given a probability
distribution on the constraints (alternatively, on the edges) p® = (p.(*)),, and our goal is
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to find a flow £ = (f,®), which minimizes the expected payoff 3 p.(*) > pse ! L (:>. Let

We = ape( ) , so that Y ccwe = . Thus, the expected payoff becomes

fp w€ Zpae fp(t) Z fp Zeép
2n) T =
Ce @ e
poe
Now, we use the procedure of Lemma 12 recursively as follows. If at any stage in
the recursion, this procedure returns a path p such that the triangle inequality along p
is violated by at least a constant, then we immediately return this path. So assume that
the procedure never finds such a path.
For a subset of nodes S, define Vol(S) = }_.c p(g) Cewe, where E(S) is the set of edges
in the induced subgraph on S. Thus, Vol(V') = «.
We start out with the set of vertices V(®) = V. At any stage r, for r > 0, let V(")
be the set of vertices remaining. We will ensure that V(") is always a symmetric set (i.e.
v = —V(T)). We run the procedure of Lemma 12 on the subgraph induced by V),
with the weight on node i, w; = %ZeEE(V(T)): e5i CeWe, SO that Vol(V(")) = Y iy (n Wi
The procedure gives us a subset of nodes S() such that Y iegn Wi > cVol(V(T)) for
_ ]2 1
some constant ¢ > 0, and for all i, j € ST, [|v; —v_;||? > Q(\/W) > \/@ for some

small constant 7.
Now define S, = {i € S : v;-vy >0}, and S_ (") = {i € ST : v;-vo < 0}. Then
for any 4,5 € S+(T), we have

d(i,—j) = |Ivi —vj|I* = [[vo = vil* + [[vo — v |?
[vi = vl 4+ 2vo - (vi = v_j) — [vill> + [v_;I”

>
> |lvi = v* = 2

Now, if we choose A\ < and if we set A = ﬁ, then we conclude that for all

4\/7
i,j € 84, d(i,—j) > A. Similarly, we get that for all i, € S_("), d(—j,i) > A. Now,
if D s, Wi = D ieq () wi, we set L0 = 8. ¢lse we set L") = —S_(). We have
Siernm = $Vol(V(), and for any 4,j € L"), we have d(i, —j) > A.

Now, we collapse all nodes in L(") into a single source, and all nodes in — L) into
a single sink, and find the min-cut between them by computing a max-flow (where each
edge has its original capacity c.). Let g(") be the flow, and let C") be the value of the
min-cut (which is also the value of the max-flow).

Now, we have

ng Zwe = Z weng < Z wece = Vol(V™). (4.5)

ecp ecE(V(M))  p3e e€E(V (M)

Also, by the max-flow-min-cut theorem, Zp gp(r) =),
Now, let W () be the set of nodes reachable from L) after the edges in the min-cut
have been removed. Then, we claim that W) and —W (") are disjoint. This is because
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the existence of such a node implies that there is a directed path from some node in L")
to some node in —L("), by the symmetry of the edges. This is impossible since we removed
all the edges in the min-cut between them. Thus, there can be no directed edge from a
node in W) to any node in —W ") either, because then the endpoint of the arc would
also be reachable from L") and thus be in W(). Thus, the min-cut disconnects W)
from —W ).

Now, let V') = v\ (W U —w®). Since L € W) we conclude that
Vol (V') < (1 — ¢)Vol(V(1),

Next, we apply the procedure of Lemma 12, to the set V' ("), with the weights on all
nodes set to 1. We get a set S’(") of size at least ¢[V'(")| such that for all 4,5 € (),
|vi —v_;|* > Q(\/l;@) As before, we construct sets S (" = {i € T(") : v; - vy > 0}
and S~ = {i € T : v; vy < 0}, and we get that for any 4,5 € S, d(i,j) > A,
and for any 4,j € "), d(—j,i) > A. If [S,.()| > |S_(")]|, then we set L' = S (") else
L' = -8 () Thus, [L'™| > £V, and for any i,5 € L', we have d(i, —j) > A.

Now, we collapse all nodes in L'(" into a single source, and all nodes in —L'(") into
a single sink, and find the min-cut between them by computing a max-flow (where each
edge has its original capacity c.). Let g'(") be the flow, and let C'") be the value of the
min-cut (which is also the value of the max-flow). Now, we have

Z - Zwe - Z weZg;(T) < Z WeCe = Vol(V’(’”)) < Vol(V(’”)),

ecp eeE VI(T poe eEE(V’(T'))

(4.6)
Also, by the max-flow-min-cut theorem, »_, gz’,(r) =",

Let W) be the set of nodes reachable from L'(") after the edges in the min-cut have
been removed. As before, W) and —W'(") are disjoint, and the min-cut disconnects
W) from —W'"). Now, let V+1) = y/(1)\ (W’(’") U —Ww’'"). Since L' € W', we
conclude that [VO+TD)| < (1 —¢)[V/?)] < (1 = ¢)[VT)|. Also, Vol(VI+D < Vol(V/(M)) <
(1 — ¢)Vol(V(")). We recur on the set of nodes V+1).

Eventually, we end up getting a symmetric cut (S,—S) in the graph. Let o/ =
S50 Vol(V(M). Note that since the volumes decrease geometrically by a factor of (1 —c)
in every round, we get that o/ < 1Vol(V) = 1a. Let C = >0 C )+ '), Cis an
upper bound on the total capacity of the cut (S -9).

IfC< f—g, then we can return the cut (S, —S) , because the cut has capacity at most

O(Vlogn - a).
So assume that C > . The total flow over all levels in the recursion is
8a
'(T) — (r) 1(rn — hidnd
Y > o +g, P e I
r>0 p r>0

be the current round in the Multiplicative Weights algorithm. Then we set £f(*) =
>0[g(T) + g'("], where 8 < 1 is the scaling factor needed so that the total flow
(t)

prp(t :4Koz ie. 8= CAC
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Then we have

S0 we = Yl + 4w,

p eep r>0 p eEp
pe (r)
< 7Z2\/ol(v )
r>0
< a.

The second inequality above follows from (4.5) and (4.6).
Thus, the expected payoff for using the flow £®) in round ¢ in the Multiplicative

Weights algorithm is
Zp fp(t) ZeEp We

o

< 1.

Furthermore, for any path p between the pair of nodes 4, j carrying non-zero flow in
£ we have that d(i,j) > A, so (i,7) € D. Let f;;{!) be the total flow from node i to
node j in the flow £®). Then we have

.. 4oy
Zfij(t)d(m) > va:j(t)'A = 5 A= da
1] )

Now, in each level of the recursion, we have |V 41| < (1 — ¢)|[V(")], so there at most
O(logn) levels in all. In each level we use edge capacities at most twice, in two max-flow
computations. Overall, any edge is overloaded by at most a factor of O(logn). Thus, the

(t)
width p in this case is max, Eﬁsiefp < O(logn).
Now, since we applied the gain form of the Multiplicative Weights algorithm, by
Theorem 3, we get the following inequality for any edge e:

T
£O plum
T > (1-— — .
= 5); Ce €
When T = [pls#] = O(log®n), we get that
T r®
(1+e)T > (1—5)Zfz .
t=1 ¢

Let f = (1 —2¢)4 ST £, We conclude that for all edges e, > pse fp < ce. Thus, fis a
capacity respecting flow. The total flow in f is at most (1 — 25)% = O(y/logn - ), since
in each round ¢, the total flow in £®) is at most %‘1.

Finally, since we set e = 1/4 in the Multiplicative Weights algorithm, we have

T
. 1 A 1
Zfijd(ld) = ﬁzz,fij()d(l,j) > ﬁ-T'Zla = 2a.
ij

t=1 ij

Thus, we have found the required flow, and we return it. O
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Lemma 12. Let G be a graph with the vertex set V. ={-n,—(n—1),...,—-1,1,2,...,n},
and for all i € V, let v; be a vector of length ©(1) such that v_; = —v;. For every node
i, let w; be an associated weight, such that w; = w_;. For S CV, let w(S) = >,cqw;.
Then there is an algorithm that in O(n?) time, finds either

1. a set of nodes S of such that w(S) > cw(V) for some constant ¢ > 0, and for all

i,j €S, ||vi— V—jH2 > Q(wi@)f or,

2. a path p such that the triangle inequality along p is violated by a constant.

PROOF: We now repeat each node i, m; := Li’z%J times. Let V’ be the new set of
vertices, and let N = |V’|. Note that

Anw; dnw;
dn > Zw(v) > N > Z[w(v)—1] > 2.

% eV

With each copy of a node i, we associate the same vector v;, so that we obtain a centrally
symmetric set of vectors.

Now, we apply Lemma 14, Corollary 5 to the set of vertices V/ (with the vectors
v; scaled down by a constant so that their length is at most 1), to conclude that for a
constant fraction v of directions u, there is a set Sy of size at least 4c/N such that for any
i1 €5, we have v; -u > #, for some constants c, o.

n
V1og N
for a suitably small constant n. We do this while preserving symmetry, i.e. if we remove

a pair 4, j, we also remove the pair —j, —i so that we are left with the sets 51, —57 at the
end. Now we have two cases:

1. |S1] > 2¢N: Let S be the subset of nodes in G which corresponds to the new nodes

in S7. Then we have
4dnw;
o < 5] = Yo < 3 b
i€S i€S

We start removing all pairs i, j such that i € Sy, and j € —Sp and ||v; — v;||? <

which implies that w(S) = > ,cqw; > cw(V). We return the set S. Note that for
all i,j € S, we have ||v; — v;|? > \/Lﬁ > Q(\/Lﬁ)

2. |S’] < 2¢N: This means that we removed a matching of size at least 2¢N of node

pairs i, j such that ||v; — v;||? < wcjw but (v; —v;)-u > ﬁ We call such pairs
“(n, o)-stretched pairs along u”. Let the fraction of directions u such that there is
a matching of stretched pairs along u of size at least 2¢N be /. If 7/ < /2, then
after a constant number of repetitions of this procedure, we will end up in case 1,
with high probability.
So assume that in each repetition we find large matchings of stretched pairs. In
this case, we conclude that ' > ~/2 with high probability. Now, we can apply the
algorithm of Lemma 7 to find a path p such that the triangle inequality along p is
violated by at least a constant, and we return this path. This procedure takes time
O(N?) = O(n?).
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4.6 Proofs of Theorem 19 and Lemma 7

The proofs of Theorem 19 and Lemma 7 are based on the analysis of Arora, Rao and
Vazirani [18] and Lee [73].

4.6.1 Proof of Theorem 19

We restate Theorem 19 here for convenience:

Theorem 19. Let vi,va,..., vy be vectors of length at most 1, such that _,;||vi —vj|* >

an®. Let w, be weights on edges and nodes and let o = Y oCeWe. Then there is an

algorithm which runs in O(m1'5) time and finds a cut of value C which is c-balanced for
some constant c, such that there exists a pair of nodes i, j with the property that the graph
distance between i and j is at most O(y/logn- &) and ||v; —v;||* > s where s is a constant
which only depends on a. Furthermore, this is true even if any fixed set of Tn nodes are
prohibited from being i or j, for some small constant T.

The Project/Max-Flow Algorithm

_ a — a
0. Let 0 = 45, and ¢ = 55.

1. Choose a random direction u, and project all v; on it. By a linear scan, find
sets S and T of size at least 2cn each such that for all ¢ € S and j € T,
(vj—vi)-u> ﬁ If no such sets exist, repeat this step with a new random
direction u.

2. Connect all nodes of S to (an artificial) source with edges of capacity 1, and
connect all nodes of T" to (an artificial) sink with edges of capacity 1. Scale the
capacity of the original graph edges by a factor k, and compute the max flow.
Let k be the value of k at which the max flow in the network is cn, and output
the min cut found.

Figure 4.2: The Project/Max-Flow algorithm.

The Project/Max-Flow algorithm is given in Figure 4.2. Note that this algorithm
may need to do at most O(logn) max-flow computations (since the source can send out
at most n flow), and each max-flow computation can be done in O(m!®) time using the
algorithm of Goldberg and Rao [47], thus giving the stated running time.

Let Cops be the capacity of the cut obtained, and let Ci,oq be the median value of
Cobs. We show that C\eq satisfies the conditions of Theorem 19.

We need the following lemma regarding the Gaussian nature of projections (see [18]):

Lemma 13. Let v € R™ be a vector. Let u € S™ be a randomly chosen unit vector. Then,
for any t < +/n/4, we have

Pry, [|V-u| > M] < exp(—t?/4).



Also, for any t < 1, we have

n

Pry |[[v-u] < M} < 3t.

To begin the analysis of the algorithm, we need the following lemma, which shows
that with constant probability, Step 1. of the algorithm succeeds:

Lemma 14. For at least an 8¢ fraction of directions u, there are efficiently computable
subsets of the nodes S and T, each of size at least 2¢cn, such that for anyi € S and j € T,

(Vj—Vi)-uZﬁ.

PROOF: Since >, [lvi — v;|? > an?, and the maximum value of ||v; — v;|| is 2, we get
that >, [[vi — ;|| > 2n?. For any node 1,

a

5712 < S vy =vill < D Iy = vill + llvi = vell < 0 v —vill,

jk jk J

s0 > ;[lvi = vj[| > gn. Since the maximum value of [|v; — v, is 2, we get that there

must be at least gn nodes j such that ||v; —v;|| > . For any such pair i, j, the Gaussian
a

behavior of projections (Lemma 13) implies that |v; -u—v;-u| > Sivn with probability

at least % Call such a pair of nodes a stretched pair. The expected number of stretched
pairs is at least % . % cgneon = %nQ. Since there are at most %nQ pairs in all, we get that
for at least 55 = 8¢ fraction of directions u, we get &Tﬂ stretched pairs.

Let u be such a direction. Let § = ﬁ = ﬁ. Let m be the median value of
v; - u. Define the sets L = {i : v,-u<m—46}, M~ ={i: v;-u € [m—0,m|},
Mt ={i: vi-ue [mm+5d}and R = {i : v;-u > m+ d}. Then any stretched
pair has at least one node in L U R. Now we claim that at least one of L and R has
size at least j5gm = 2cn, because otherwise, the number of stretched pairs is less than
2- 15=5n-n = &n, a contradiction. If, say, |L| > 155n, we canset S = L, and T = M T UR.
Note that |T| > %n, since T is the set of all points with projection higher than the median.
O

The following corollary to Lemma 14 is needed for the analysis of algorithms for MIN

UNCUT and MIN 2CNF DELETION.

Corollary 5. Let G be a graph with the vertez set V ={—n,—(n—1),...,—1,1,2,...,n},
and for all i € V, let v; be a vector with squared length in [a,1] such that v_; = —v;.
Then for a g fraction of directions u, there is a set S of size at least cn such that for all

i . o —_a o _ _a
1€S5,v; uzﬁ,f0r0—32,a—12\/§.

Proor: We have
S llvi=vil®> = D lvi=villP + v = vl v = vill? + lvei = v
ijev i,j>0
= > Afvil® +4]v;|
i,j>0
> dan?.

75



Thus, Lemma 14 implies that for a g fraction of directions u, there are sets S and T of
size cn such that for any i € S and j € T, we have (v; —v;)-u > ﬁ, forc= 35,0 = 12?/5'
Closer examination of the procedure of Lemma 14 reveals that the sets S and T have
projections on u which are less than and greater than the median projection respectively.
The median projection is 0, because we have a centrally symmetric set of vectors. Fur-

thermore, one of S and T is a set of vectors whose projection on u is at least % away on

g

%7 and

one side of the median projection. If S is this set, then for all¢ € 5, v; -u < —
thus —S = {—i: i € S} is the set we need. Otherwise, T is the set we need. O

Now we show that in a constant fraction of directions, we get a linear-sized matching
of “stretched pairs” of nodes:

Lemma 15. For at least 4c fraction of directions u, there is a matching My of node pairs
(4,7) such that:

1. |My| > 5,

2. V(i,j) € My we have £;; < %, and

3. V(i,j) € My, we have |(v; —v;)-u| > ﬁ

PrROOF: Lemma 14 shows that with probability at least 8c, both S and T have size at
least 2¢n. Conditioned on this happening, with a probability of %, the expansion of the
cut, Cops = Cmed. So overall, for ¢ fraction of directions, Cops = Ced-

Assume this is the case. Since the max flow is cn, the min cut must attach the source
to at least c¢n nodes to S; and the sink to at least c¢n nodes of T'. So, the min cut is
c-balanced.

For a path p in the graph from S to T', let f = (f,), denote the flow on it and ¢, its

length (under w.). We have:
prﬁp = prZwe = Zwerp < Zwece'm = Ko (4.7)
P p ecp e poe e

Let Sops be the set of nodes in G which lie on the same side as the source in the output
min cut. We assume, without loss of generality, that Sgps is the smaller side on the min
cut. By the max-flow min-cut theorem, we have

Cobs - £+ S — Sobs| + |T' N Sobs| = cn
This implies that

cn
Cobs

(4.8)

Inequalities (4.7) and (4.8) imply that

prgp < o
» C'obs
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Since Zp fp = cn, by Markov’s inequality we conclude the following:

2
At least 2 flow is on paths p with length ¢, < Bl (4.9)
2 C’med
Let Ny be the set of all pairs (i, ) ij < g We now

use the probabilistic method to show the existence of the desired matchmg Let M) be
the set of pairs (i,7) obtained as follows. For a pair (4, 7) in Ny, let fi; be the total flow
from ¢ to j. For every ¢ € S, note that d; := Zj:(i,j)GNu fij < 1 because the total flow
into 7 from the source is 1. Interpreting the f;;’s as a probability distribution over j’s
(here, we discard all j’s with probability 1 — d;), randomly choose a single pair (i,j) for
inclusion in M],. Next, let M, be the set obtained from M), by removing all pairs (4, j)
where j occurs again in a different pair.

We now analyze the expected size of My. For any node j € T', let X; be the number
of times j occurs as a pair (4, j) € My. Then E[|My]] = >°; Pr[X; = 1]. We have that
X; = Z(i’j)e N X;; where Xj;; is an indicator random variable which is set to 1 with
probability fi;. Thus, E[X;] = d; :=3_,; sen, fij- Note that d; <1 since the total flow
out of j into the sink is at most 1 Now, Pr[X; = 1] =1-Pr[X; > 2] - Pr[X; =0]. By

Markov’s inequality, we have that Pr[X; > 2] < 7. Also,

PriX;=0 = [J[ (—fy) < [ eo(~fy) = exp(—d;j) < 1—(1—1/e)d,

(4,7)ENu (4,7)ENu

Here, the last inequality uses the fact that for x € [0,1], e™® <1 — (1 — 1/e)z. Thus,

11 d;
Pr(X; =1 > (2—e>dj > gﬂ.

Vv

This implies:

1 cn
E[| Myl Zdzngijzﬁ-
(4,7)ENu

Here, the last inequality follows from (4.9). Thus, there must exist a matching M, of size
at least {5. Also, My satisfies conditions 2 and 3 by construction. O

Next, we show the existence of a large core, which is a set X of linear size such that
each node in X participates in a constant fraction of the matchings found in Lemma 15.
For this, consider a complete weighted graph on the same nodes, such that for every pair
of nodes i, j the weight is w;; = Pry[{i,j} € My].

Lemma 16. There is a subset of nodes, X, of size at least %n, such that for everyi € X,

. . . 2
the degree of i on the subgraph induced by X is at least % .

PrOOF: Lemma 15 implies that the total weight of all edges is at least de- {gn = 42 n.
Now, we recursively remove all nodes with (remaining) degree less than %, and the edges

incident on them. Altogether, we may remove at most % -n from the total weight. Thus,
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at least gn weight remains. Since the degree of any node is at most 1, this implies that
at least %n nodes remain, each with degree at least %. a

A node i is said to be (g,0) centrally covered by X if for a ¢ fraction of directions u,
there exists a node j € X such that (v; — v;) - u > e. Similarly, a set of nodes Y is said
to be (g,6) centrally covered by X if every node in Y is. Lemma 16 implies that X is

(¢,0) centrally covered by itself, where e = %= and ¢ = %. For a vertex i € X, define

I'G)=4{j e X: Just. (i,j) € My} U{i}. Extend the definition of I" to subsets S C V
as I'(S) = U,;es (7). Define I'(S) = I'(T'(---T'(S) ...)). Nodes in I'"(i) are said to be
——

r times

within » matching hops of i.
The following three lemmas discuss various useful properties of (g,0) covers.

Lemma 17 (Chaining Lemma). Let X be the subset of nodes from Lemma 16. Let S C X
be a set of nodes that is (e1,1 — g) centrally covered by X. Let p = |S|/|['(S)|. Then there

is a set S' of size at least %|S| which is (e1 + ¢, %p) centrally covered by X .

PROOF: Since S C X, every node i € S is (g,0) centrally covered by I'(i). Since for
a uniformly random direction u, the direction —u is also a uniformly random direction,
so we conclude that for a ¢ fraction of directions u, there is a node j € I'(i) such that
(vj = vi) - (—u) > <.

Also, since i is (e1,1 — g) centrally covered by X, for a 1 — g fraction of directions u,
there is a node k € I'(i) such that (v —v;)-u > e1. Thus, for a g fraction of directions u,
both these events happen simultaneously, and thus we find a pair of nodes 7, k such that
(Vi —Vvj)-u > e +e. We say that i contributes the vector v, — v; to j in the direction
u towards building a central cover with projection €1 +¢. We we may assume that j is
the matched node to 7 in M_y, thus ensuring that for any given direction, each node in
S contributes such a vector to at most one node in I'(.S).

Now, for every node j € I'(S), let

dj = Pry[3ke X : (vip—vj)-u>e+e¢l.

We have ;g dj = ZiGS% = g|5’\, since we assumed that for any given direction,

each node in S contributes a vector to at most one node in I'(.S). Since |I'(S)| = %|S|, the
average d; over nodes j € I'(S) is at least %. Since all d; < 1, by Markov’s inequality, at
most 1 — 574” fraction of the d;’s can be less than %p. Thus, at least %]F(S)\ = %|S| nodes

J have d; at least %p, i.e. these many nodes are (e1 + ¢, %p) centrally covered by X. O

Lemma 18 (Close-by Covering Lemma). Let X be the subset of nodes from Lemma 16.
Let i be a node which is (€,9) centrally covered by X. Let j be another node and let

s:=||vj —vj||. Then for anyt >0, j is (¢ — %7 0 — exp(—%)) centrally covered by X.

PROOF: Since ||v; —v;|| = s, by the Gaussian nature of projections (Lemma 13), we have
Pry[|(vj—v;)-u| > %] < exp(—%). Thus, for a § — exp(—%)) fraction of directions, we
have a node k € X such that (v —v;)-u>¢,and |[(v; —v;)-u| < % Thus, for such a

78



direction u we have (v —v;)-u>¢e—
covered by X. O

T’ and hence j is (e %, § —exp(—t )) centrally

Lemma 19 (Concentration of Measure Lemma). Let i be a node which is (¢,9) centrally
covered by a set of nodes S such that for any j € S, ||vj — v;|| < s. Then for any t > 0,

jis (e — t\/—i, 1- exp(—%)) centrally covered by S, where t' = y/2log(3) + ¢

PRrROOF: The proof use P. Levy’s isoperimetric inequality for measurable subsets of unit
sphere S"~! (see [18]), which says that of all measurable sets A C S"~! of a given measure
0, the one that minimizes the measure of the set A, of all points within a distance of v of
A is the spherical cap of measure §. Standard then calculations show that this minimum

\/210g

Now, consider the set A of unit Vectors u such that there is a node j € S such that
(vj —v;i)-u > e. This is a measurable set and has measure at least J, since S is an (¢, J)

measure is 1 — exp(—— ) if

central cover for i. Now, for any t > 0, set 7 = \;—%, where t/ = 210g(%) + ¢t. Then the

set A, has measure at least 1 — exp(—%). Let v € A,. Then there is a vector u € A such
that [[v —u|| <+, and a node j € S such that (v; — v;) - u > ¢, we have

(vi—=vi)-v > (vi—vy)-u—|[(v;—v;) - (v—u)| > e—s7,

since |(vj — v;) - (Vv — u)| |vj — villllv — u|| < sy by the Cauchy-Schwarz inequality.
Thus, S forms a (e — T’ 1-— exp(—j)) central cover for i. O

Now, we can prove the following lemma which forms the key inductive step in the
proof of Theorem 19:

Lemma 20. Let X be the subset of nodes from Lemma 16. For every r > 0, one of the
following two cases holds:

1. There is a non-empty set S, C X such that:
(a) 1S, = (§)IX],
(b) |S¢| = 6|1(S), and
(c) Sy is (5,1 — %) centrally covered by X .
2. There is a pair of points i,7 such that j € (i) and ||v; — v;| > B, where 3 =

o

16+/log(4/9)
PRrROOF: We prove this by induction on r. For r = 0, we can choose Sy = X. Every point
i in X is covered by itself, so X itself is a (0,1 — 0/2) cover for i. Further, I'(X) = X, so
all conditions required for case 1 hold.

For » > 0, assume that case 2 doesn’t hold, but case 1 holds for » — 1. Then by
the Chaining Lemma 17, and the observation that |S,_ 1|/|F( r—1)| > 0, to get a set S|
such that [S,| > (2)[S,—1] > (2)"|X], and S is ((T Ve | ¢, ) centrally covered by X.
Now we expand the set S using the I' operation as follows Let k be the first value for
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which [T¥(SL)| > 6|TF+1(S.)]. Let S, = I'*(S.). Since |S.]| > ($)"]|X], it follows that
k< logl/a(%)r < 2r. Let ¢ be any point in S,. Then there is a point i € S/ such that
i € T37(i"). Since we assumed that case 2 doesn’t hold, we must have that ||v; — vy < 3.
By the Close-by Covering Lemma 18, we conclude that the central cover X of point 4 is also

a (@ +e— f/ﬁ», e _ exp(—1 )) central cover for i. Choose t = 2, /log((sg) < 4,4 /log( ).

Thus, \t/’@l < 4f , and so X becomes a ((T e 3 SR ) central cover for i.

Next, if (4,7) is an edge in the central cover for i, then we claim that j is within 3r
matching hops of i. This is because there is a path from ¢ to j of matching hops which is
composed of alternate expansion steps and chaining steps. There are at most r chaining
steps, which may reduce the size of the current set by a factor of g, and expansion steps,
which increase the size of the current set by a factor of %. Thus, the total number of
expansion steps so far is at most log,; /5(%)” < 2r. In addition to the r chaining steps, we
get a total of at most 3r matching hops. Again, since we assumed that case 2 doesn’t
hold, we must have that ||v; — v;|| < 3. Now we can use the Concentration of Measure

Lemma 19 to conclude that X forms a ((T e 4 3 _ f’ 1 — exp(—"t )) central cover for
i, where t" = 210g( 8)+1t'. If we set ¢/ = 1/2log(2), we get that t” < 4,/log(3). Thus,
f/—@ < 4\‘} , and so X becomes a (5,1 — g) cover for 1.

To complete the induction, note that if case 2 holds for r — 1, then it trivially holds
for r also. O

Finally, we can prove Theorem 19.

PROOF:[Theorem 19] If a vector v; is (5,1 — %) covered by vectors vi,...,v,, and all
vectors are of length at most 1, then n > (1 — g) exp(~ 82"), since ||v; — v;|| < 2 and
thus by Lemma 13, we have Pry[|(v; — v;) - u| > 5] < exp(— 7’252").

Thus, since 6 < 1 and € = f’ case 1 of Lemma 20 cannot hold for r > \/@ =

©(yv/logn). So for some r < O(y/logn), case 2 must hold. Case 2 implies the existence of
a pair of points 4, j which are within a graph distance of 3r x C = O( lognoif:d) and
[vi —v;|* > 3% = Q(1). We set s = 32

The robustness property follows because we can set aside some 7n nodes from partic-
ipating in the matchings with a small degradation in the constants. For instance, we can
set 7 = 55, and then we can ensure that there is a matching of stretched pairs of size at
least 557 in at least 4c fraction of directions, which do not involve any of the 7n forbidden
nodes. The rest of the analysis follows just as before. O

4.6.2 Proof of Lemma 7

We now turn to the proof of Lemma 7. In this context, we call a pair of nodes ,j is a
(n, 0)-stretched pair along u if ||v; — v;||* < \/@ but (vj —v;)-u > % for constants
n,0 > 0. The first step is to show that there are many pairs of nodes with a path
connecting them with the desired parameters:
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Lemma 21. Let vi,va,... be vectors of length at most 1 such for at least a v fraction
of directions u, there is a matching of (n, o)-stretched pairs i,j of size en along u. Then
there is a pair i,j of nodes such that there is a path p of stretched pairs of length C'\/logn
such that each edge in the path is a stretched pair, and ||v;—v;||*> > s for some constant s,
where C' = C(v,e,0),s = s(v,&,0) are constants (independent of n and §). Furthermore,
there are §n pairs i,j of nodes such that there is a path p of stretched pairs connecting
them of length C'\/logn and ||v;—v;||*> > s', where C' = C(v,¢/2,0) and s’ = s(v,£/2,0).

PRrROOF: The proof uses Lemmas 16 and 20. Note that neither of these lemmas need any
upper bound on the distance between a pair of matched nodes 7, j, and so their proofs
work as long as for a constant fraction of directions u, we have (n) sized matchings of
node pairs i, j such that (v; —v;) - u > ﬁ Thus, for some r < O(y/logn), case 2 of
Lemma 20 must hold, at which point we get a pair of nodes ¢, j within 3r matching hops
such that ||v; — v;||*> > s for some constant s. Thus, i, are connected with a path of
stretched pairs of length at most 3r = O(y/logn).

We can show the existence of many such pairs using a greedy algorithm. We keep
finding disjoint pairs 4, j which satisfy the properties until the number of pairs found is
Q(n). When we find a pair ¢, j, we discard the nodes i,j from further consideration. If
we have found only o(n) pairs 4, so far, then we still have matchings of stretched pairs
of size Q(n) among the nodes still under consideration, and so more such pairs remain to
be found.

More precisely, suppose we have found less than {n pairs i, j so far. Then excluding
all such nodes from consideration in the matchings of stretched pairs, for a ~ fraction of
directions u, we have a matching of size §n of stretched pairs along u. Thus, there is a
pair of nodes 4, j such that ||v; —v;||? > ¢, for ' = s(,£/2,0), and a path p of stretched
pairs connecting them of length at most C’v/logn for C' = C(v,&/2,0). We can continue
finding pairs this way until we have at least $n of them. O

We can now prove Lemma 7, restated here for convenience.

Lemma 7. Let vi,vo,... be vectors of length at most 1 such for a ~ fraction of directions
u, there is a matching of (n, o)-stretched pairs of size en along u. Let a > 0 be a given
constant. There is a randomized algorithm which finds k vertex-disjoint paths p of length
at most %\/logn such that the triangle inequality along p is violated by at least s, in time
O(nQ—f— éknl“‘o‘). Here, s,C are constants that depend only on ~,€, 0, and we assume that

kg(%)-\ﬂgﬂ and that n < §&.

Proor: The idea is the same as before, i.e. to keep finding the required paths greedily
and discarding all nodes on them from future consideration. Since we need to find only
O( \/12@) paths, and each path has length at most O(y/logn), we end up discarding at
most O(n) nodes, where the constant in the O-notation can be made as small as we please.
This allows us to conclude that we still have large matchings in many directions, and thus
more paths remain to be found.

Now we describe this process in more detail. We construct a new graph, M with the

. . .. L . 2 n
same set of nodes, where there is an edge between nodes i and j if ||v; — v;||* < Tz

We now use the dynamic decremental spanners algorithm of Baswana [21], which, for
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any given constant «, maintain a spanner of size O(én”o‘), such that all distances are
stretched by at most a factor of %, which support edge deletion in polylog(n) time. The
algorithm requires O(m) preprocessing time, where m is the number of edges in M (which
is O(n?) in the worst case).

Suppose we have found less than k of the required paths. We discard the nodes on all
the paths we find. The number of nodes thus discarded is less than % logn x k < 5n.
Thus, for a y fraction of directions u, there are matchings of stretched pairs of size at least
5n along u. Thus, by Lemma 21, there are gn pairs of nodes i, j such that ||v; —v; |2 > 2s
and there is a path p of stretched pairs length at most C'v/logn connecting them, where
s = 2s(v,e/4,0) and C = C(y,¢/4,0).

Since the graph spanner has stretch at most %, the nodes ¢, j are connected by a path
of length at most %\/loﬁ in the spanner. By randomly sampling nodes i and doing a
breadth-first search i of depth at most 2</Iog n, we find a node j such that ||v;—v;|?> > 2s
with probability at least g. Thus, after constant number of random samples, we get the
required node pair ¢, j with high probability. Thus, the time taken for finding such a pair
is O(énHo‘) since the graph spanner has only so many edges.

Let p = (i = i1,49,...,i = j) be the path of length at most %\/logn connecting i, j.
Since for all edges (i, i;+1) along the path p, we have ||v;, —v;,,,[|* < \/lgﬂ’ we conclude
that

k—1
2nC

”Vit - Vit+1||2 - ||V1 - VjH2 < T —2s < S,

t—

i.e. the path inequality along p is violated by at least s.

We now remove all nodes in p from the spanner. This procedure amounts to removing
all edges incident on nodes in p in the graph M. So we remove at most O(\N/ logn-n) edges,
and that takes time O(n). Overall, the time taken to find k paths becomes O(n?+ 2 kn!'+<).
O

4.7 Computing the Matrix Exponential

In our general framework of Section 4.4 for maximization SDPs, the candidate solution
X at each step is exp(M) for some M. We show how to do this exponentiation faster
than the trivial O(n?) time for the SDPs considered here, based on the idea that approx-
imate computation suffices.

4.7.1 Johnson-Lindenstrauss Dimension reduction

Let a be our current estimate of the optimum and § > 0 be such that we desire a dual
solution of cost at most (14-d)a. The ORACLE’s task, when given a candidate solution X®),
is to find appropriate dual variables y1, . . . , ym such that S°7_, (A ;eX "))y, —(CeX®) > 0.
Let vy,...,v, be vectors obtained from the Cholesky decomposition of X® such that
Xi;® = v;-v; = |vil>+|vj]|? = [[vi = v;]|]. Thus ORACLE’s task is to find appropriate
variables s; and t;; for i, j € [n] such that >, s;||vi||> + > tijllvi — v,;||? > 0. (Note that

82



the s; and t;; variables cannot be set independently, since they are a linear transformation
of y1,.. ., Ym-)

The vectors v; obtained from the Cholesky decomposition of X = exp(M) are just
the row vectors of exp(%M). Since we are only interested in the square lengths of the
row vectors and their differences, we can try Johnson-Lindenstrauss dimension reduction.
If we project the vectors v; on a random d = O(IOEgQ") dimensional subspace, and scale
the projections up by \/m to get vectors v/, then by the Johnson-Lindenstrauss lemma,
with high probability, the squared lengths ||v||> and ||v/ —v;||2 are within (14¢) of ||v;[|?
and ||v; — v;]||? respectively, for all 4, j € [n]. Thus, we could run the ORACLE with the X'
which is the Gram matrix of the vectors v/, and hope that the ORACLE’s “feedback” for
X’ would be also valid for X*). (Note that the exponential is only used for the ORACLE’s
computation at this step, and never used again in the algorithm.)

Now we mention why Johnson-Lindenstrauss dimension reduction does not suffice
in general, and then state conditions under which it does. (All our ORACLEs satisfy
these conditions.) The problem is that the s; and t;; variables could take both positive
and negative values, so >_. s;|vi[* + > tigllvi — v;[* may no longer be non-negative,
even though the corresponding sum for the v,’s is. But the difference between the two
is at most £, [s;i||vi[|* + > i [tislllvi — v%:||2. So if the ORACLE can also ensure that

S lsil Vil + 24 [t vi = v [1* < Cay, whjere « is the current estimate of the optimum,
and C' = O(polylog(n)), then we can set ¢ = §/3C, so that Y-, s;l|vi[*+37,; tijllvi—v,||* >
—goz. Thus, we have a %—approximate ORACLE (see Section 4.4.2), and so Theorem 16
applies, and we conclude that the Primal-Dual SDP algorithm takes the same number of

iterations, up to constant factors. The following lemma formalizes this.

Lemma 22. In the above setting, if the ORACLE always finds values for the s;’s and t;;’s
such that 33 sil[vill® + 225 tijvi — v 112 = 0 and also 3, |sil [vill* + 32,5 [tis |l vi — v 1> <
O(a), then the algorithm works even if instead of v;, the ORACLE uses vectors v} obtained
by Johnson-Lindenstrauss dimension reduction as above.

The lemma also works for minimization SDPs analogously.

4.7.2 Matrix exponential-Vector Products

Our task is now reduced to finding the projection of the vectors v; on a given unit vector
u. Note that exp(A) = exp(3A) exp(1A), so it easy to compute the Cholesky decomposi-
tion of a matrix exponential. The Johnson-Lindenstrauss lemma requires computing the
projection of the vectors v; onto O(IOE#) random vectors u, which is simply exp(3A)u.
This has fast implementations in solvers for linear differential equations, and one can give
good complexity bounds.

It suffices to do this approximately: all we have to do is find a vector v such that
|exp(3A)u — v|| < ||exp(3A)||7 for some inverse polynomial 7 (we will obtain precise
bounds on 7 momentarily). We call such a vector v an “approximation within error
parameter 7”.
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One obvious way to do this is to use the Taylor series expansion for exp(%A), which
exploits the sparsity of A. A matrix vector product Au can be computed in time which
is proportional to the number of non-zero entries of A.

Lemma 23. Let ta be the time needed to compute the matriz-vector product Au. Then
the vector v = Zf A'u can be computed in O(ktp) time and if k > max{e’\, In(1)}

=07l

then || exp(A)u — v|| < || exp(A)]|r.

PROOF: It is easy to see that v can be computed in O(kta) time, since each successive
term %u can be computed from the previous one with one matrix-vector product. It
remains to bound || exp(A)u — v||. This can be bounded as follows. Let A = [|A||. We

have

)\i

A’ oo
< skt i

exp(A)u — Zfzo—u

il

p A

< |lexp(A) =320,

lexp(A)u—v| =

b
The last inequality follows because the eigenvalues of exp(A) — Z?:o% are Y 2, H‘;—;
where 1 is an eigenvalue of A. Now, using standard approximations for the factorial
function, it is easy to see that if k > max{e,In(2)}, then Zfikﬂ% < e = |lexp(A)|T.
O

Since the matrices exponentiated in the Primal-Dual SDP algorithm are —EZile(t),
for t =1,2,...,T, and since for all t, 0 < M) < I, we conclude that || — >t _ , M®)| <
el < O(%z(n)). So when this is small (such as O(log(n)) as in the case of MAXCUT,
BALANCED SEPARATOR and SPARSEST CUT (both directed and undirected), this simple
method is good enough.

However, in some situations, this quantity may be large (like in the case of MIN
UNCUT and MIN 2CNF DELETION where it is O(n)), it may be prohibitively expensive
to use this method. We now present a more sophisticated method, the Shift-and-Invert
Lanczos (SI-Lanczos) method of van den Eshof and Hochbruck [94], adapted by Iyengar,
Phillips, and Stein [57] for the very setting we have. We sketch out this method now.

Let S = ZtT:lM(T). In the Primal-Dual SDP algorithm, we need to compute
exp(—5S)u. Now, the idea is that this product is mostly determined by the smallest
eigenvalues of S. Thus, one can apply the Lanczos iteration to (I+~S)~! for some v > 0.
This emphasizes the eigenvalues of interest.

In each iteration ¢ of the Lanczos method, the most expensive operation is the comput-
ing the vector (I+yS)~1v; where v; is a unit vector. If we assume that S is well-conditioned

(for e.g. if S > 0 and the condition number of I 4+ ~S, k(S) := % is bounded by
a constant) then we can use the conjugate gradient method to compute this vector to
any relative accuracy 7 in O(log(%)) iterations. Each iteration of the conjugate gradient
method requires one matrix-vector product (I + «S)u for some vector u.

Now, the key idea is that eventually, we normalize by dividing by the trace. So for

any
op(—8)  _ exp(-(uI+S))

Tr(exp(—eS)) ~ Tr(exp(—e(uI+8)))’
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Thus, instead of using S in the SI-Lanczos algorithm, we can use I + S. We can now
choose p judiciously, so that S is well-conditioned. For example, since forall 7 =1,2,... ¢,
we have —I < M) =< I, we conclude that —tI < S < tI. So if we set u = 2¢, then we
have 2tI +S = tI = 0 and

1+ 2ty + yA1(S) < 14 3ty

142ty +9A(S) = 141ty

Lemma 24 ([94]). Let A = 0. The SI-Lanczos algorithm with v = 1/2 requires O(logz(%))
iterations to find a vector v such that

k(I+~(2t1+8)) =

lexp(=A)u—v| < [exp(=A),

for any given unit vector u. Each iteration of SI-Lanczos takes time O(ta), where ta is
the time needed to compute the matriz-vector product Au. If A has m non-zero entries,
then ta = O(m), and the product exp(A)u can be approrimated within error parameter T
in O(m log?’(%)) time.

We now turn to the question of how small 7 needs to be so that the Primal-Dual
algorithm can be made to work with the approximate matrix exponential.

. . . LpR%log(n)y - . .
Lemma 25. The Primal-Dual algorithm converges in O(~—5_>—) iterations if the den-

sity matriz is computed using matriz exponential-vector products approximated within the
da
48n5/2R(6+p) "

PROOF: Let A = ¢(2¢tI+8S). In the Primal-Dual SDP algorithm, we construct a candidate

% and scaling it by R, to get X = RP.

In response, the ORACLE finds a matrix —I < M < I such that M e P > %, where the

sign depends on the current iteration (i.e. the sign is that of ¢® in the description of the
algorithm).
The Cholesky factorization of exp(—A) is exp(—3A)exp(—2A). To compute the

projection of the rows of exp(—%A) onad= O(IOE%") dimensional subspace, scaled up

by /n/d we consider a matrix U € R™ ¢ whose d columns are of length \/n/d and
form an orthogonal basis for the subspace. Then the projected vectors are the rows

of W := exp(—%A)U. We showed in the previous section that the Primal-Dual SDP

algorithm can be made to work using the density matrix P’ = mwwi% instead of P.

Now, by Lemma 24 above, we can compute a matrix V € R™ ¢ such that each column
vector of V is within an a radius of \/n/d| exp(—3A)||7 of the corresponding column
vector in W.

error pammeter T =

solution by taking the density matrix P =

We use the density matrix P” = % as an approximation to P’. We now estimate
the error in this approximation. Let E = W—V. Then we have |[E||p < /n||exp(—1A)||7
by the bound from Lemma 24. Here, |- [|F is the Frobenius norm. Now, consider

IWWT —VVT| = || -EU" exp(—1A)" —exp(-1A)UE" + EE|
< 2|E[[[exp(—3A)[[|U] + | E|*
< 3nl| exp(—A)|T. (4.10)
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Here, we used the facts that || exp(—3A)||> = ||exp(—A)|| and ||U|| = y/n/d. Also, we
have

A)")+Tr(EE")]
D)+ |Tr(EET)]
|

ITr(WW ') - Tr(VV')| = | - 2Tr(EU " exp(—
2|Tr(EU " exp(—1A
2v/n||EUT exp(—3A) || + | Ell%

2\fHEHFHUHFHeXp( $A)F + |ElF

3n3/2|| exp(—A)||7. (4.11)

1
2
)

IN N IA

IN

By the Johnson-Lindenstrauss Lemma, with high probability the rows of W have lengths
within 1+ £ of the lengths of the corresponding rows in exp(—3A). Since Tr(WW ") is
the sum of the squared lengths of rows in W, and Tr(exp(—A)) is the sum of the squared
lengths of rows in exp(—3A), we have

ITe(WW)T — Tr(exp(—A))| < e2Tr(exp(—A)). (4.12)

Now, putting everything together, we have

C e ww' vV’
[P =P =
Tr(WWT) Tr(VVT)
wwi  ww’ ww'  vvT
= | Te(WWT)  Tr(VVT) Tr(VVT) Tr(VVT)
[WWT||[T((WWT) —Tr(VVT)|  |[WWT -VVT|
- Tr(WW 1 Tr (VVT) Tr(VVT)

(3n3/2 4 3n)|| exp(—A)| T
T Tr(WWT) —3n3/2| exp(—A)||7
(3032 + 3n) || exp(~A) |7
(1 — &2 — 3n3/27)Tr(exp(—A))
(3n3/2 4 3n)r
1—e2 —3n3/27
< 8n3/27',

from (4.10) and (4.11)

from (4.12)

if we set 7 < 1/12113/2 and ¢ < 1/2. Here, we also used the facts that for any symmetric
matrix B, we have ||B|| < Tr(B).
Thus, for any matrix —I < M <1 found by the ORACLE, we have

PPeM—-P'eM| = |(P'—P")e M|
< |8n%27T e M| =803 T < P — P" < 803271

< 8n2r I M <
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Finally, if we set 7 = 85/370[1%(6—&-)’ then we have M e P’ > M e P/ — 6R(Z+ .

—da
the ORACLE finds M such that M e P” > th , then we have M o P’/ > H_;tz
Now, we set the dimension of the subspace d appropriately so that the Johnson-

Lindenstrauss lemma implies that we have a M e P > M e P/ — 5 R?;jrp). Thus, we get

_Sa
that Me P > —3k Z, and so the Primal-Dual SDP algorithm converges in O(Mi:?l%(n))

rounds, just as in the proof of Theorem 16. O

Assuming
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Chapter 5

Derandomization and Quantum
Algorithms

In this chapter, we discuss a few additional applications of the Matrix Multiplicative
Weights algorithm of Chapter 3 in derandomization and quantum computing.

The basic idea in two of these applications is the same: there is a certain matrix
whose eigenvalues need to be bounded, and this is achieved by the Matrix Multiplicative
Weights algorithm. In the case of derandomizing the Alon-Roichman construction of
expander graphs (Section 5.1), the second largest eigenvalues of the normalized adjacency
matrix of the graph needs to be bounded away from 1. In the quantum hypergraph
covering problem (Section 5.2), a minimal multi-set of matrices needs to be picked from
a given collection such that the smallest eigenvalue of their sum is at least 1.

Finally, in the problem of learning quantum states (Section 5.3), the Matrix Multi-
plicative Weights algorithm implicitly gives an efficient algorithm to produce a quantum
state that is consistent with a given set of measurements, and thus gives an upper bound
on a complexity measure (related to the VC-dimension) of the hypothesis space of quan-
tum states.

5.1 Derandomization of the Alon-Roichman Theorem

Expander graphs are extremely useful tools in computer science, with applications ranging
from derandomization, to hardness of approximation results, to error-correcting codes (see
[54] for a comprehensive survey). Explicit constructions of expanders are important for
various deterministic constructions. The Alon-Roichman theorem [9] gives a generic way
to construct an expander graph from any algebraic group by random sampling. We
derandomize the proof of the Alon-Roichman theorem given by [72] (see also [79]) to give
a deterministic and efficient construction of the expanding generating set. A similar result
was also obtained by Wigderson and Xiao [101].

We start by describing expander graphs. Given a connected undirected d-regular graph
G = (V, E) on n vertices, let A be the normalized adjacency matrix, i.e. A;; = % where
wj; is the number of edges between vertices 7 and j, including self-loops and multiple edges.
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Note that A is a real, symmetric matrix. We have A;(A) = 1, and the corresponding
eigenvector is e, which is the all 1’s vector scaled down by y/n. The graph G is called an
expander if A2(A) < 3 for some constant § < 1.

Now, let H be an arbitrary algebraic group of order n. A multi-set of elements of H,
S is called symmetric if for all 4 € H, the multiplicities 4 and i~ in S are the same. The
Cayley graph Cay(H;S) is the |S|-regular graph whose vertex set is the elements of H,
and for i,j € H, we have w;; = [{k € S : iok = j}|, where o is the group operation.
Alon and Roichman [9] prove the following theorem:

Theorem 25 ([9]). Fiz 3 < 1. For an arbitrary group H of size n, by picking a random
multi-set of size O(% logn) and taking its symmetric closure S = T LT~ we have

Pr[A\2(Cay(H;S)) < 3] > 0.

Here, the symmetric closure of a multi-set T of elements of H, denoted by T LI T,
is the set S such that for each element i € T, we include ¢ and i~! in S. We have
the following derandomization of this theorem, using the Matrix Multiplicative Weights
algorithm:

Theorem 26. There is a deterministic algorithm which, given 8 and H, runs in O(n3/ﬂ2)
time and produces a set T of size O(é logn) so that if S =T LT, then we have

Xo(Cay(H;S)) < pB.

PROOF: For every element i € H, define N(i) = £(R(i) + R(i"!) — 2J), where R(i) is
the permutation matrix associated with ¢ (i.e. R(i)j5 = 1 if k = j o4, and 0 otherwise),
and J is the all ones matrix. Now, it is easy to check that for any multi-set T C H
and S = T U T, we have the normalized adjacency matrix of Cay(H;S) is given by
A = ‘Tlﬂ' ST $(R(i) + R(i71)). Since A1(A) = 1 and the corresponding eigenvector is
e, we conclude that

|~
N[ =

Ao(A) = M Liers(RG) + R(7) —ee”)
= M Cier S(RG) + R - 20)
= M (H e NG ) -

The algorithm consists of an online matrix game in the gain form (see Section 3.2.1).
In every round, we choose an element i € H and the corresponding gain matrix is M(7) =
3(N(i) + I). We now estimate | N()|. Note that N(i)e = 0, so the largest eigenvalue of
N() in absolute value corresponds to a unit vector v that is perpendicular to e. For such
a vector v, we have

=

D=

INGv] = [3RG@ +RE v < SIREON+IREHI) = 1,

since |[R(7)]| = ||R(™Y)| = 1. Thus, |[N(i)| < 1, and so the gain matrices satisfy
0 < M(i) < I. In every round i !, given a density matrix P, the gain matrix chosen is

'For convenience of notation, we index rounds by i rather than .
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M(i) for any ¢ which satisfies

%. (5.1)

We show later that such an 7 always exists and so it can be found by exhaustive search.

Suppose the game is played for T rounds. With some abuse of notation, we also let T’
be the multi-set of elements i played in the T rounds. Let S = T'LUT~!. By Corollary 4
to Theorem 11, we have

M(i) e PO

IN

Inn

(1 +0)y > (1) TierME) e PO > i (SiepM() — 12

Divide by T', and note that

A (ZierM(D) = 5 (M (3 ierN@) +1).

8lnn

Rearranging, and setting € = g and T' = 575 We get that

M (72 ierN(@) < B,

as required.
We only need to show the existence of the element i € H satisfying (5.1) as claimed.
For any density matrix P, we have

1 ) 1 1 ) 1 ) 1
EZM(Z)QP — ﬁzi(N(z)—i—I)oP = 5. N(i) P+ ;TeP.
ieH 1€eH i€H
Now, we have ),y N(i) = >,y R(i) —J = 0, since for any j, k € H, there is a unique
i such that R(¢);, = 1, viz. i = j~! o k. Thus,

1 1
fE M(i)eP = —TeP =
n - 2

i€H

N =

and so there is an element i € H such that M(i) e P < 1. O

5.2 Covering Quantum Hypergraphs

In the Set Cover problem, we are given a universe V of size n, and a collection of subsets
of V', E, whose union is V. The Set Cover problem is to find the smallest collection of
subsets of V' from E whose union is V' (alternatively, we can imagine a hypergraph with
V being the set of vertices and E being the set of hyperedges, and the goal is to find
the smallest set of hyperedges which cover all vertices). The Set Cover problem can be
cast in a matrix framework as follows. For every subset of nodes S € F, we associate a
diagonal matrix M(S) which has the indicator vector for S on the diagonal. Note that
such matrices satisfy 0 < M(S) < I. A collection of subsets E’ C E covers all elements in
V if and only if ) © gz M(S) = I. The greedy algorithm of repeatedly picking subsets that
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cover the maximum number of uncovered elements obtains an O(logn) approximation to
the Set Cover problem.

The Quantum Hypergraph Cover problem is a quantum generalization of the Set Cover
problem, defined by Ahlswede and Winter [4]. A quantum hypergraph is T' = (V, &)
where V is a n-dimensional Hilbert space and £ is a finite set of m hyperedges e which
are identified with a Hermitian operator M(e) such that 0 < M(e) < I.

A cover of the quantum hypergraph I' is a multi-set C of hyperedges e such that
> ecc M(e) = 1. The cover number ¢(I') is the size of the smallest cover of I'. The
problem is to approximate ¢(I'). This problem has important applications in quantum
information theory, see [4] for more details.

If ¢(T") > m, then we can approximate it to within a factor of 2, by solving an associated
covering SDP and rounding up the fractional solution, see Lemma 26. We therefore assume
that ¢(T) < m.

Ahlswede and Winter [4] showed that by solving the associated covering SDP and
running a randomized rounding algorithm on the fractional solution, we obtain a cover
of size O(logn) - ¢(I'). We derandomize their algorithm using the Matrix Multiplicative
Weights algorithm. A similar algorithm was independently discovered by Wigderson and
Xiao [101], by derandomizing the randomized rounding of the associated SDP using the
method of pessimistic estimators.

Theorem 27. There is a deterministic algorithm that obtains an O(logn) approximation
to the Quantum Hypergraph Cover problem in O(n® - ¢(T')) time. This is a polynomial
time algorithm if we assume that ¢(T') < m.

PrOOF: The algorithm consists of an online matrix game. For every hyperedge e € &,
we associate the loss matrix M(e). We run the Matrix Multiplicative Weights algorithm

with this setup, with the parameter ¢ = % At each step t, we choose the hyperedge
e = arg max, M(e) e P(), We claim that e satisfies
1
M) e PO > 2
€)eP? > (52)

This is because for the optimal cover C*, we have
S M(e)o PO > ToPO = 1,
ecC*

so some e € C* must satisfy (5.2). By Corollary 3 to Theorem 10, we get

< T ® :
2@ S M (M) + 21n(n)
By setting 7' = (41n(n) + 2) - ¢(I"), and rearranging the inequality we get
T
M (SLMED) =1 = Y M) =1L
t=1

So we have a cover C = {e1),e®) ... e} of size O(logn) - ¢(T) as desired. O
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Lemma 26. If ¢(I') > m, then there is a deterministic algorithm that obtains a quantum
hypergraph cover of size at most 2¢(T").

PRrROOF: Consider the following covering SDP:

min ) ye
Ve: ye > 0

If we restrict y. to non-negative integers, then the SDP becomes equivalent to the Quan-
tum Hypergraph Cover problem, so the optimum of the SDP is at most ¢(I"). We solve the
SDP to obtain a fractional solution y} for every hyperedge e, such that > y:Mf(e) = I
and )y} < ¢(I'). Then the integer solution which takes g. := [y}] copies of hyperedge
e also satisfies ) |, geM(e) = Tand > 7 < > . (ys +1) < ¢(T') + m < 2¢(I'), and so we
have our desired 2-approximation. O

5.3 Fat-shattering dimension of quantum states

Aaronson [1] considered the problem of learning a quantum state. Suppose we have a
physical process that produces a quantum state. By applying the process repeatedly, we
can prepare as many copies of the state as we want, and can then measure each copy
in a basis of our choice. The goal is to learn an approximate description of the state by
combining the various measurement outcomes.

An n-qubit quantum state can be represented by a density matrix P in the Hilbert
space of dimension 2". A measurement of P is two-outcome positive operator valued
measure (POVM), which is represented by a matrix F such that 0 < F < I. If we
measure P using F, the outcome is 1 with probability F e P, and 0 with probability
1 —F eP. Let S be the set of all two-outcome POVMs. The function fp : S — [0, 1]
defined as fp(F) = F e P is a probabilistic concept (p-concept) as defined by Kearns and
Schapire [61]. In general, a p-concept is a mapping from the set of learning examples to
[0, 1] which assigns to each example the probability that its label is 1.

We now discuss the learning problem in detail. There is an unknown quantum state,
P*, that we can prepare as many times as needed. We now sample measurements from
an unknown distribution D on S, and measure P* with the sampled distributions. For
the purpose of this section, we assume that the measurement actually yields the value of
fp+(F) = FeP* for any measurement F, though Aaronson [1] shows that this assumption
is not necessary 2. The goal is to learn a quantum state P using as few measurements as
possible that approximates P* in the following sense:

Prrep[|fp(F) — fe«(F)| <9] = 1—¢,

where v, > 0 are error parameters.

2Thus, strictly speaking, we no longer have a p-concept, rather a real valued function that we’re trying
to learn.
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This Probably Approximately Correct (PAC)-style learning framework also has an
analogous concept to the Vapnik-Chervonenkis (VC) dimension in standard PAC learning,
viz. the fat-shattering dimension. Just as the VC dimension enables us to bound sample
complexity in standard PAC learning (see Blumer et al [25]), the fat-shattering dimension
enables us to bound the sample complexity of learning p-concepts, by the results of Kearns
and Schapire [61], Anthony and Bartlett [11], and Bartlett and Long [20].

We define the concept of fat-shattering dimension only in the current context. Let
Cn = {fp}p be the set of the p-concepts induced by all density matrices.

Definition 3. Let 7 = {F1,Fy,...,F} C S be a set of measurements of size k. Then
T is said to be y-fat shattered by C, if there are real numbers oy, ;... ,af € [0,1] such
that for all k-bit vectors 'y = (y1,92,...,yk) € {0,1}¥, there is a density matriz P, such
that for all 1,

if yi=0 then fp, (F;)
if yi=1 then fp, (F;)

a; + 7y

>
< o —v

or equivalently, for all i,
(*1)yi(Fi — OéZI) [ ] Py Z Y-

The ~-fat shattering dimension of Cy, fat(vy), is defined to be the largest k such that there
is a set of k measurements which is y-fat shattered by C,,.

Aaronson shows that the results of Anthony and Bartlett [11] and Bartlett and Long [20]
imply the following:

Theorem 28. Let €,7,0 > 0 be given error parameters. Let X be a set of m sample
measurements drawn i.i.d. from D. Suppose that there is an algorithm that produces a
quantum state P such that for any measurement F € X, we have |fp(F) — fp«(F)| < 7—75
Then, for some constant c, with probability at least 1 — & over the choice of the training
set X, we have
Prrep||fp(F) — fe«(F)| < 7] > 1—¢,
provided
m > im (fat(%) -log? (%) + log (%)) :

The main technical part is therefore to bound the v-fat shattering dimension of C,.
Aaronson proves the following theorem using a lower bound due to Ambainis et al [10]
for quantum codes. We give an alternative proof using the Matrix Multiplicative Weights
algorithm.

The approach taken in this section is analogous to the O(p%) bound one obtains on
the fat-shattering dimension of hyperplane classifiers with margin p using the perceptron
algorithm: the idea is that the fat-shattering dimension gives a lower bound on the number
of mistakes an algorithm for the learning problem must make in the worst case; conversely,
an upper bound on the number of mistakes made by an algorithm gives an upper bound on
the fat-shattering dimension. In our setting, the Matrix Multiplicative Weights algorithm
is used implicitly as a learning algorithm. Tsuda, Rétsch and Warmuth [92] also consider
a similar learning algorithm.
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Theorem 29. The y-fat shattering dimension of Cy, is O(;%)

PROOF: Let 7 = {F1,Fa,..., F;} C S be a set of measurements of size k which is ~-fat
shattered by C,. Let ai,aq,...,ar € [0,1] be the corresponding threshold parameters.
Given a bit vector y = (y1,¥2,...,Yk), we will show, using the Matrix Multiplicative
Weights algorithm, a procedure to obtain a density matrix P such that for all 7,

(—1)%(F; — a;I) o P > % (5.3)

n

by inspecting only O(,Y—Z) of the measurements in 7. This implies that k = O('y%)’
because if k were bigger, then there is measurement, say F;, which is not inspected by the
algorithm. Thus, we could set its bit y; to be such that (—1)¥%(F; — o;I) e P < 0, which
contradicts (5.3).

We now describe the algorithm. We run the Matrix Multiplicative Weights algorithm
in the gain form (see Section 3.2.1) with the gain matrices M; := 3[(—1)¥ (F; — o I) + 1.
Note that 0 < M; < I, since —I < (=1)¥(F; — ouI) < L.

In each round, given the density matrix P generated by the Matrix Multiplicative
Weights algorithm, we choose the loss matrix M; which maximizes M; e P. If it is the
case that for all 4, M; e P > 1(1 + ), then we stop, because P now satisfies (5.3).
Otherwise, we continue. After T iterations, by Corollary 4 to Theorem 11, for any density

matrix P, we have

T T

(1+5)ZMit0Pt > ZM#.P—
t=1 t=1

In(27)
-

The left hand side is bounded from above by £ (1+¢)(1+%) by assumption. Now, since 7 is
y-fat shattered by C,, there is density matrix Py, such that for all 7, (—1)¥% (F; — ;1) e Py >
7. By substituting P = Py, we have M; e Py, > 1+ 3 for all i, so we can lower bound
the first term on the right hand side by %(1 + 7). Thus, we get

T T In(2)

—(1 1+ > —(1 —

LOH+]) 2 gy -
If we set € = /5, then assuming v < 1/2, we have (1 +¢)(1+3) <1+ %%, and so this
inequality implies that T < 4013#. Thus, within %n iterations, we will obtain the

desired density matrix. O

REMARK: Aaronson obtains a better constant factor than the 40 In(2) factor we obtain in
Theorem 29. It is possible to improve our constant somewhat by relaxing condition (5.3)
to require only non-negativity of the LHS.
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Chapter 6

Fast Algorithms for Approximate
Semidefinite Programming

In this chapter, we return to the Semidefinite Programming (SDP) problem of Chapter 4.
Many recent combinatorial optimization algorithms utilize SDP at their core, and as
discussed earlier, even though interior point methods solve such SDPs quite efficiently,
specialized algorithms which obtain faster running time using the primal-dual schema or
Lagrangian relaxation are still quite desirable, and quite rare in the SDP world. The
results of Chapter 4 gave primal-dual algorithms for SDP; in this chapter, we describe
how fast algorithms for SDP can be designed using Lagrangian relaxation techniques.
These algorithms make use of the basic Multiplicative Weights algorithm in the manner
of Section 2.3.2, and they directly work on the constraints of the primal SDP. In this
sense, they may be called primal-only methods, in contrast to the primal-dual algorithms
of Chapter 4. We apply this method to the problems of MAXQP, a quadratic programming
problem which has MAXCUT as a subcase, HAPLOFREQ, a probability estimation problem
in computational biology, and EMBEDDING, the problem of embedding a finite metric
space in fo with the least distortion, and obtain fast (approximation) algorithms for each
of them.

The results of this chapter originally appeared in a joint paper with Sanjeev Arora
and Elad Hazan [14].

6.1 Semidefinite Programming: a recapitulation

We recall the notation of Chapter 4, and we consider minimization SDPs of the following
form:

min C e X
Vjie[m]: AjeX > b,
Tr(X) <
X = 0 (6.1)
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Here, X € R™™ is a matrix of variables and Aj, Ag,..., A,, € R"". Also, [m] is
notation for the set {1,2,...,m}. Throughout this chapter, without loss of generality, we
assume that all matrices are real and symmetric. For matrices A, B, we use the notation
A eB =Tr(AB) =), A;;B;;. This SDP is quite general. The trace bound is the only
non-standard constraint.

As discussed in the introductory chapter, the first polynomial-time algorithm for
semidefinite programming (strictly speaking, an approximation algorithm that computes
the solution up to any desired accuracy €) used the ellipsoid method [50] but faster interior-
point methods were later given by Alizadeh [5], and Nesterov and Nemirovskii [83, 84].
The running time of these interior point algorithms is O(y/m(m + n®)L) where L is an
input size parameter. In this chapter, the O notation is used to suppress polylog(%)
factors.

In addition to well-known approximation algorithms based on SDP such as MaxCurT,
SPARSEST CuUT, COLORING, etc., SDP has also proved useful in a host of other settings.
In this chapter, we consider a few of these applications. For instance, Linial, London,
and Rabinovich [75] observe that given an n-point metric space, finding its minimum-
distortion embedding into 5 can be formulated as an SDP with m = O(n?) constraints,
which takes O(n*) time to solve. Recent approximation algorithms for the cut norm of a
matrix [8] and for certain subcases of correlation clustering [31] use a type of SDPs with
m = O(n), and hence require time O(n*?). (An intriguing aspect of this work is that the
proof that the integrality gap of the SDP used in [8] is O(1) uses the famous Grothendieck
inequality from analysis.) Halperin and Hazan [51] showed that a biological probability
estimation problem, which estimates the frequencies of haplotypes from a noisy sample,
can be solved using SDP with m = O(n?).

Given the growing popularity of SDP, it would be extremely useful to develop alter-
native approaches that avoid the use of general-purpose interior point methods. Even
problem-specific approaches would be very useful and seem hard to come by.

The results of this chapter give such algorithms for various specific SDPs. These
algorithms are of type (B) considered in Chapter 1. We use the technique of Lagrangian
relaxation with the basic Multiplicative Weights algorithm to approximately solve the
SDPs.

This generalizes the work of Klein and Lu [67] who use the algorithm of Section 2.3.2
based on the Multiplicative Weights algorithm to approximately solve SDPs that arose in
the algorithms of Goemans-Williamson for MAX CuT and Karger, Motwani, and Sudan
for COLORING. The Klein-Lu approach reduces SDP solving to a sequence of approximate
eigenvalue/eigenvector computations, which can be done efficiently using the well-known
power method.

6.2 Description of results

While the Klein-Lu work seemed promising, further progress then stalled. As we discuss in
some detail later on, the main reason has to do with the width parameter (see Definition 1),
which is p such that the linear functions appearing in the constraints take values in the
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range [—p, p]. Then the number of iterations in the Multiplicative Weights algorithm is
proportional to p?. Unfortunately, the width is large in most of the SDP relaxations
mentioned above: the SDPs considered by Klein-Lu happened to be among the few where
this problem is manageable.

In this chapter, we describe how to modify the Multiplicative Weights algorithm to
handle some of these high-width SDPs. Our technique is a hybrid of the Multiplicative
Weights technique and an “exterior point” (i.e., Ellipsoid-like method) of Vaidya; this
lowers the dependence on the width and is very efficient so long as the number of con-
straints with high width is “not too high.” (Actually the Vaidya algorithm is overkill in
most instances, where the number of high-width constraints is a small constant, and one
can use simpler ideas, based on binary search, that are reminiscent of fixed-dimension LP
algorithms.)

Formally, one needs a two-level implementation of the Multiplicative Weights update
idea, that combines old constraints into new, fewer constraints. Intuitively, this works
because the Multiplicative Weights algorithm excels at handling many low-width con-
straints and exterior point methods excel at handling a few, high-width constraints. The
idea is related to the observation in [85] that their packing-covering problems are solvable
in polynomial time using the dual ellipsoid method.

Next, we use a better technique for eigenvalue/eigenvector computations than the
power method, namely, the Lanczos algorithm. This is the method of choice among nu-
merical analysts, but has not been used in theory papers thus far because worst-case
analysis for it is hard to find in the literature. We adapt an analysis for semidefinite ma-
trices [71] to our needs (see Lemma 31). The Lanczos algorithm is quite efficient because
it can exploit the sparsity of the matrix. We also provide a sparsification procedure for
matrices (see Section 6.7) based on random sampling to further speed up the process.

Overview of our results.

Our algorithms assume a feasibility version of the SDP (6.1). Here, we implicitly perform
a binary search on the optimum and the objective is converted to a constraint in the
standard way.

Vie[m]: AjeX > b
Tr(X) <
X = 0 (6.2)

The upper bound on the trace, Tr(X) = ). Xj;, is usually absent in the textbooks, but
is natural for relaxation SDPs. For instance, in combinatorial optimization, usually we
have some unit vectors vi,va,...,Vv, associated with, say, the nodes in a graph, and
Xij = v; - vj. Then Tr(X) = n. In any case, Tr(X) for the optimum X can usually be
“guessed” by binary search.

We wish to solve the SDP approximately up to a given tolerance €, by which we mean
that either we find a solution X which satisfies all the constraints up to an additive error
of ,ie. AjeX > bj —¢ for j = 1,2,...,m, or conclude correctly that the SDP is
infeasible.
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We use the algorithm of Section 2.3.2; which approximately solves the feasibility prob-
lem

P XeP: Viclml: A;jeX > b, (6.3)

where P = {X € R"™" : X » 0,Tr(X) < R}. In each round ¢ of this algorithm, we
get a probability distribution p® = (pl(t),pg(t), el pm(t)) on the constraints, and then
ORACLE’s task is the following feasibility problem

?XeP: Y pPAjeX—b) >0 (6.4)
j=1

This is actually an eigenvalue problem in disguise, since, as we will momentarily show,
assuming the system is feasible, then there is a feasible solution X that has rank 1.

Table 6.1 summarizes the improvements we obtain for various problems using this
approach. The main point to stress is that in practice our algorithm may run even faster
than the worst-case estimates in Table 6.1. Throughout this chapter we carefully list times
in terms of number of eigenvalue/eigevector computations required, and these tend to run
much faster than our worst-case estimate (which are formally given in Lemma 31 below).
By contrast, each iteration of Alizadeh’s SDP solver requires Cholesky decomposition,
which is inherently a ©(n?) operation.

’ Problem \ Previous best \ Our algorithm \ Improvement ‘
MaxQP O(n?9) O (% - min {N, %}) For N = o(n?)
a* e[, 1] or o = w(%)
HAPLOFREQ O(n*) O (%) Q(n')
EMBEDDING O(n%) 0 (ﬁ;) For dpin = w(n=0%)

Table 6.1: Running time obtained for several applications. The running times shown are
for a multiplicative 1 — ¢ approximation to the MAXQP and EMBEDDING problems, and
an additive £ approximation to the HAPLOFREQ problem.

The worst-case running time is a function of the approximation guarantee €. In some
cases, there are also dependencies upon other problem parameters. For instance, our
algorithm for MAXQP provides speedups when either of the following two conditions
are true (a) the number of nonzero entries in the matrix A in the objective function is
N = o(n?) or (b) the optimum of the SDP, o*, is at least ﬁ >_ij|Aij| . This covers a
wide range of matrices, including the ones arising in the MaxCuT SDP.

Likewise, in the EMBEDDING problem, where one is seeking the minimum distortion
embedding into {9, the € is benign, say €(1). However, there is a dependence on the aspect
ratio; in other words, minimum squared internode distance dpin, where sum of squares of
all (g) internode distances is normalized to n?. Our algorithm provides a speedup when
dyin 1S at least n =94, (This is still an interesting set of metrics.)
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In the original paper on the topic of this chapter [14], we also considered applications
to the following SDPs: undirected SPARSEST CUT and BALANCED SEPARATOR, MIN
UNCuT, and MIN 2CNF DELETION. We omit these applications in this chapter because
the improvements obtained were for a narrow range of parameters, and the results of
Chapter 4 subsume these applications anyway.

6.3 Description of the method

In this section, we give more details of the method, illustrating its application to the
SDP (MaXxQP) given below. This SDP arises in many algorithms such as approximating
MaxCuT, maximizing the correlation in correlation clustering, approximating the CuUT-
NORM of a matrix, approximating the Grothendieck constant of a graph, etc. See [31] for
a discussion.

max A e X
X >0 (MaxQP)

We assume here that diag(A) > 0, i.e. all diagonal entries of A are nonnegative. Let
N > n be the number of non-zero entries of A. We wish to get a multiplicative 1 — O(e)
approximation to the optimum value of the SDP. Alizadeh’s interior point method solves
the SDP in O(n3?®) time.

Step I: Bounding the optimum and trace. We consider the general SDP (6.1). The
first step is to compute bounds on the optimum ax* of the SDP, i.e. we find L < U such
that o* € [L,U]. We implicitly assume that all our SDPs have positive optimum value.
We conduct a binary search for the optimum in the range [L,U]. We also compute a
bound on the trace of the optimum, Tr(X) < R, if it is not explicitly specified in the
SDP.

Example: SDP (MAXQP). We assume that >, |4;j| = 1, this amounts to scaling the
optimum by a fixed quantity, and the multiplicative approximation guarantees translate
to the unscaled problem directly.

Let X* be the optimum solution. Since X* is positive semidefinite, there are vectors
Vi,Va,..., Vv, € R" such that X;‘j = v; - vj. Thus, the Cauchy-Schwarz inequality implies
that for any 1, j, (ij)2 < X5 X7 < 1,s0 [X7[ < 1. Hence, o = AeX* =37 A;; X} <
Zij |A;j| = 1. Conversely, the matrix X specified by X;; = % and X;; = 1 1is
diagonally dominant and hence positive semidefinite, and achieves an objective value of
%. This gives a lower bound on or. We can bound the trace of the optimum as Tr(X) < n.

Step II: Reduction to feasibility problem. We “guess” the value of a* using binary
search in the range [L, U] computed in Step I. Let o be our current guess. Define a convex
set P={XeR"™": X =0, Tr(X) < R}. We rewrite the SDP as a feasibility problem
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for the binary search as follows:

—lCoX > —1
«
Viem]: AjeX > b,
X eP (6.5)

Note that an additive error of ¢ translates to a multiplicative error of 1 — O(¢) to the
objective, assuming the binary search guessed the value of the optimum to within a factor
of 1 +e.

Example: SDP (MaAXQP). We set P = {X € R™*" : X > 0, Tr(X) < n}, and
consider the following feasibility problem, for o € [%, 1]:
1
—AeX > 1
o
Vi € [n] —-X; > —1
X eP (6.6)

Step III: The Multiplicative Weights Update algorithm. Now, we turn to the
general SDP feasibility problem (6.3), since we have reduced the MAXQP problem to a
feasibility problem of this kind in Step II. Let Ty acle be the time needed to implement the
ORACLE. We can run the algorithm of Theorem 7, which we restate here in the context
of solving SDPs:

Theorem 30. Let € > 0 be a given error parameter. Suppose there exists an (£, p)-
bounded §5-approzimate ORACLE for the feasibility problem (6.4). Assume that { > %.
Then there is an algorithm which either solves the problem (6.3) up to an additive error
of €, or correctly concludes that the system is infeasible, in time

lplog(m
@) (p;() “Toracle + m) .
Example: SDP (MAXxQP). We estimate width bounds on the ORACLE. In (6.6), we
have LA eX — 1€ [-2 —1,2] for all X € P, since
|AeX| < |AenIl = n|Tr(A)| < n.

Similarly, 1 — X;; € [—n,1] for all X € P. Thus, any implementation of the ORACLE
which solves the feasibility problem (6.4) is (Z,Z + 1)-bounded. We have m = n + 1,
R = n. Thus, the running time from Theorem 30 is O(EQ%(Torade + n)) which is worse
than Alizadeh’s algorithm for a = o(n="2°) even without factoring in Tyracle. We will

how to improve the running time momentarily.

Step IV: ORACLE from eigenvector computations. Note that the ORACLE can be
implemented by maximizing > 7", pj(A; ¢ X —b;) over the set P = {X € R™" : X =
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0,Tr(X) < R}, where p = (p1,p2,...,Pm) IS a given probability distribution on the
constraints.

We show in Lemma 30 that this amounts to approximately computing the largest
eigenvector of the matrix C = 37" | p;(A;— %I) up to tolerance § = 55. Define T, (C, 6)
to be the time needed for this. Thus, Toracle = O(Tev(C, 9)).

Step V: Inner and Outer SDPs. Now we indicate our width reduction technique.
The observation is that the ORACLE yields a separation hyperplane for the dual problem,
and so we can apply Vaidya’s algorithm. Recall that m is the number of constraints. Let
M(m) = O(m?3%) be the time needed to multiply two m x m matrices. We prove the
following theorem in Section 6.4:

Theorem 31. With the setup as in Theorem 30, there is an algorithm which produces an
e approximate solution to the general SDP (6.3) or declares correctly its infeasibility in
time

O(m1og(p) - Toracie + mlog(p)M(mlog(p)))

Note that this algorithm has poor dependence on the number of constraints but handles
high width very well. On the other hand, the Multiplicative Weights algorithm has good
dependence on the number of constraints but poor dependence on the width. We therefore
seek to combine the two algorithms so as to be able to exploit the advantages of both.
For this, we define a more constraint specific notion of width:

Definition 4 (Constraint width). A constraint of the kind A ¢ X > b where X € P, is
said to be (£, p)-bounded over P for some parameters 0 < ¢ < p, if one of the following
two conditions holds for all X € P: either

AeX—b € [-4p], or
AeX—-b € [—p/]

Then value p is called the width of the constraint.

Observe that in the SDP (MAXQP), there is a single constraint, éA X —12>0,
which has high width: O(%). The other constraints have width bounded by n. This
phenomenon happens in all our applications: we find a constant sized set of constraints
of high width and the rest will have low width. We devise a hybrid algorithm, using the
multiplicative update method to handle the low width constraints and an exterior point
algorithm to handle the (few) high width constraints.

To describe this idea, let J C [m] be a subset of constraints, such that for all j € J, the
constraint A; > b; is ({x, pr)-bounded, and for all j € [m]\ J the constraint A; > b; is
(1, pr.)-bounded, for some parameters ¢y, pg, lr, pr,. Here, we assume that pg > pr, so
that J is the index set of the high-width constraints. Let mgy = |J|, and let m;, = m—my.

Now we push the high width constraints,into the convex domain for X, thus creating a
new convex set Q@ ={X € P, Vj € J: A;eX >b;}, and run the Multiplicative Weights
Update algorithm of Theorem 30 on the other constraints with X € Q. We call this the
outer SDP.
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The (outer) ORACLE now needs to solve the following feasibility problem, given a
probability distribution p the set of constraints [m] \ J:

?XeQ: > pi(AjeX—b) >0 (6.7)
Je[m\j

As usual, it suffices to find an X € Q which satisfies the feasibility problem (6.7) up to an
additive error of —5. This can be achieved by approximately solving the following SDP
with mpyg + 1 constraints:

> pi(AjeX—b;) >0
jelm]\j

Vied: AjOX Zb]

X eP

We call this the inner SDP. The (inner) ORACLE for this SDP needs to optimize a weighted
combination of all m constraints over P, which is just the one we needed in Step IV.

We solve the inner SDP using the algorithm of Theorem 31. The number of constraints
in the inner SDP is myg + 1. Thus, the algorithm of Theorem 31 implements the outer
ORACLE in

O(’I’)’LH 10g(PH) “Toracle + My IOg(pH)M(mH log(pH)))
time. Here, Tyracle is the time for implementing the inner ORACLE, which, as proved
in Lemma 30, is O(Tey(C, 53), where C is an arbitrary convex combination of all the
constraints.

Putting Theorem 30 and Theorem 31 together in this hybrid fashion, we obtain the
following theorem:

Theorem 32. With the given setup, the hybrid algorithm which composes an outer and
inner SDP produces an € approximate solution to the general SDP (6.3) or declares cor-
rectly its infeasibility in time

~ (L
O < LgfgL [mulog(pm) - Toracte + mu log(pm) M (mulog(pm))] + mL) '

The time bound given in Theorem 32 is horrendous; we can simplify it considerably
by making the following assumptions on my and pg, which are satisfied in all our appli-
cations:

Corollary 6. If my = O(1), and pg = poly(mn), then the running time of the algorithm

of Theorem 32 reduces to
~ (fLpL
@) <€§ ' Tomcle + m> .

Here, Toracte = O(Tew(C, 55), where C is an arbitrary convex combination of all the
constraints.
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Example: SDP (MaAxQP). We have only one high width constraint, éA X —-12>0,
and so the set J consists of only this single constraint. Thus, myg = 1, mp = n, pg =
O(2) = O(n?), £, =1, pp = n. Thus, by Corollary 6, the SDP can be solved in time

O(Z - Toracte +n). Factoring in the Tyracle = O(Tev(C, 35;), we get the following theorem,
which will be proved in section 6.6.1:

Theorem 33. A multiplicative 1—0O(e) approximation to SDP (MAXQP) can be obtained

n time s s
~ (n"~ . n-

O( 7 minqN, .
e= ea*

Here, N is the number of non-zero entries in the matrix A in the objective function.

This running time is always better than the O(n3°) running time of Alizadeh’s interior
point algorithm. It is asymptotically faster if the matrix A is not dense, i.e. N = o(n?),
or if o = w(%)

We note here the special case of the MAxXCuT SDP. For this problem, the matrix A is
the combinatorial Laplacian of the input graph, divided by 4m (to make the 3, |A;;| = 1),
where m is the total weight of all edges in the graph. Since a random cut in the graph
has expected value at least %, we get that o > ?—7/712 = %. Thus, our algorithm runs in
time O(n'® - min{N, n'}).

The best algorithm for solving the MAXCuT SDP is due to Klein and Lu [67], with
running time O(nN). Our algorithm is a /n factor worse when N = o(n?). However,
our algorithm solves the much more general problem (MAXQP) and the approach of [67]
does not extend to this general problem.

6.4 Proofs of the Main Theorems

In this section we prove Theorem 31. For convenience of notation, we define the linear
functions f;(X) = A; e X — b, for j € [m]. The problem is to check the feasibility of the
system of inequalities

F?XeP: Vjem]: f;(X) >0 (6.8)
We assume that there is an ORACLE which does the following task: given a distribution
on the constraints p = (p1,p2,...,Pm), solves the feasibility problem
m
PXeP: Y pifi(X) =0 (6.9)
j=1

approximately, i.e. it either finds an X € P which makes the weighted combination
> pifi(X) = —5 or declares correctly that (6.9) is infeasible.

In the algorithm we describe, we do not use any special properties of the convex domain
P. So this algorithm applies to any general linear feasibility problem with an arbitrary
convex domain P, in the same setting as in Section 2.3.2, as long as we have access to an
ORACLE of the kind described above. Let Tg,4cc be the time needed for the ORACLE. We
restate Theorem 31 in this setting:

103



Theorem 31. Let € > 0 be a given error parameter. Suppose there exists an (¢, p)-
bounded, %-approzimate ORACLE for the feasibility problem (6.9). Assume that £ > §.
Then there is an algorithm which either solves the feasibility problem (6.8) up to an ad-
ditive error of €, or correctly concludes that the system is infeasible, in time

O(mlog(p) - Toracte + mlog(p)M(mlog(p))).
Proor: To derive the algorithm, we will need the following version of Farkas’ lemma:

Lemma 27 (Farkas). Given a matrix A € R™™ and a vector ¢ € R™, one and only one
of the following systems has a solution:

1. Ap<0,p>0andc-p >0 for some p € R™;
2. ATq>c and q > 0 for some q € R".

Farkas’ Lemma implies the following lemma:
Lemma 28. Consider Xq,...,X,, € P. Then exactly one of the following holds:

1. There exists a distribution p = (p1,p2,...,pm) ! such that for all i € [n], we have
> pifi(Xi) < —e.

2. There exist a distribution q = (q1,qo, ..., qn) " such that for Y = > 46X we have
that for all j € [m], Y satisfies f;(Y) > —e¢.

PROOF: In Lemma 27, choose the matrix A to be A;; = f;(X;) + ¢, and the vector ¢ as
c; =1 for all j € [m]. Since ¢ > 0, we conclude that the vectors p and q in Lemma 27 are
non-zero. By scaling we may assume that p is a distribution as required in this lemma.
Then the first case exactly corresponds to the first case of Lemma 27. The second case
of Lemma 27 translates to the following: there is a vector § = (Gi,Go,...,Gn) such
that @ > 0 and Vj € [m], we have >, ¢;(f;(X;) +¢) > 1. Set ¢; = i/ Y, Gk so that
q = (q1,¢2,...,qn)" is a distribution. Then for all j € [m], we have Yo afi(Xy) >
Zi 7 —¢€ = —¢ which implies that f;(3_; ¢:Xi) > —¢, since f; is a linear function. Setting
Y = )", ¢;X; concludes the proof. O

Lemma 29. Let X4,...,X,; € P. Suppose the first case of Lemma 28 holds, i.e. there is
a distribution p* = (p%,ps,...,p5) " such that for alli € [n], we have Zj p;fj(Xi) < —e.
Then the polytope Q of vectors (p1,p2,...,0m)" € R™ defined by the linear inequalities

viels YLy < -

Yop < 14—
J
ij > 1- =
J

Viem]: pj > —— (6.10)

has volume at least (ﬁl—p)m Also, it is contained in an l box of volume 2™.
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PROOF: We show that the ¢, box around p* defined by B = {p € R™ : ||p—p*||cc < ﬁ}
is contained in Q. This box has volume (Q;Lp)m. This is true because for any p € B, we
have:

Vi € [n ij

€ 3e

;[fxxi)p;fﬂfj(xi)r-m“‘p < ctmp =

ij < Zp}”rm-ﬁp = 1+%

S

IN

4
; p
€ €
V7 D pi > ph— > —
j€lml: pj = pj Tmp = amp
Here, the first inequality uses the fact that | fj( ) <p
Next, note that for all j € [m], we have — =5 < p; <14 ;5. So Q is contained in the
{5 box
peR™: Vje[m]: —L<p-<1+i ,
dmp )= 4p

which has volume ((1 + f—p) + 47‘;'0)’” <2m. 0

At this point, we are ready to present the algorithm. We run Vaidya’s algorithm [93] for
deciding emptiness of a convex polytope equipped with a separation oracle. The algorithm
is analogous to the Ellipsoid Algorithm but is more efficient in terms of iterations needed.

The polytope in question is defined adaptively as follows: in each iteration of Vaidya’s
algorithm, a point X € P may be generated by running ORACLE on a distribution in
R™"  Let X1,Xs,...,X, be all the points generated in this way over all iterations.
Then the polytope is Q defined by the linear inequalities (6.10) in Lemma 29.

The separation oracle works as follows: given a point p = (p1, ..., pm)T, it first checks
whether p satisfies the last three constraints, and returns one of them as a separating
hyperplane if it is violated. So assume that the last three constraints are satisfied by
p. Now, it calls ORACLE on the distribution p which is obtained as follows. Let q =
(q1,---,qm)" be defined by g; = p; + 457/). Note that ¢; > 0 and

€ € € 3
1+ —4—m = 14— < =, 6.11
zj:q] Zp] 4mp =0 * dmp m + 2p 2 ( )
if we assume that € < p. Also,

Sy > Y p 21— >0
F 7 4o

Now, we define the distribution p = (p1,...,Pm) ' as p; = ¢;/Z where Z = Z;’}zl qy. If
ORACLE declares that there for all X € P, >, p; f;(X) < 0, then the algorithm immedi-
ately aborts and declares infeasibility of the system. Otherwise, ORACLE returns a point
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X € P such that }_, p; f;(X) > —5. Thus, we have

£ S e
Z<p+m>f3(x) 2 —g‘Z > o

J

since Z < 3 by (6.11). Also,
g g
Snsx+5 2 Y (n o) 50,
j j

since | f;(X)| < p. From the above two inequalities, we have 3, p; f;(X) > —32. Then the
constraint » Pl (X) < —3745 serves as a separating hyperplane for Vaidya’s algorithm
and X becomes one of the X;’s mentioned above.

Vaidya’s algorithm needs n = O <log <(?’”m>> = O(mlog(p)) iterations to decide

2mp
emptiness of the polytope Q. In this case, the first case of Lemma 28 doesn’t hold, so
the second must. Since the existence of the distribution q = (g1,¢2,...,¢,)' has been
established, it can be found by solving the linear program:

Vi € [m]: ij(Xi)Qi > —¢

ZQi =1
Vi€ [n]: g > 0 (6.12)

Note that n = O(mlog(p)) so the linear program has O(mlog(p)) variables and O(m log(p))
equations, and can be solved in O((m log(p))?) time using Ye’s algorithm [102]. The time

needed for Vaidya’s algorithm is O(mlog(p) - Toracte + mlog(p)M(mlog(p)))), so overall
the time complexity is also O(mlog(p) - Toracle + mlog(p)M(mlog(p)))). O

6.5 Implementing ORACLE using Approximate Eigenvector
Computations

In this section, we present lemmas which describe how to efficiently implement the ORA-
CLE. Recall that the ORACLE needs to solve the feasibility problem (6.4), which we restate
here: given a probability distribution p = (p1,p2,...,pm) on the constraints, consider the
following feasibility problem:

?PXeP: > pi(AjeX—b) >0
j=1

The ORACLE needs to find an X € P which satisfies this up to an additive error of £,
or declare correctly that no X can satisfy this feasibility problem. We now show how to
implement the ORACLE using an approximate eigenvector finding procedure:

106



Lemma 30. Suppose we have a procedure, that given a matriz C € R™™ ™ and a tolerance
§ > 0, computes a unit vector x which satisfies x' Cx > —6, in time Tey(C, ), or declares
correctly that C is negative definite. Then, given a distribution p = (p1,p2,...,pm) ', we
can implement ORACLE by applying this procedure once with C = 27:1 pi(Aj — %I) and
§ =33

PROOF: Suppose Z;”Zl —p; - b; > 0. In this case, the ORACLE can simply return X = 0.
So assume that Y 7", —p; - b; <0, or equivalently, > 7" p; - bj > 0.

Then the ORACLE constructs the matrix C = 77" p;(A; — %I) and applies the
procedure of the lemma on C with § = 53. Suppose the procedure yields a unit vector
x such that x"Cx > —§, then the ORACLE returns the matrix X = Rxx'. Note that
Tr(X) = R. For this matrix, we have

m ~ m _ b ~
> pi(AjeX —b)) = ij(Aj.X—EgI.X)
j=1 j=1

— CeX = CeRxx = Rx'Cx > R-—% = —%

as required.

Otherwise, the procedure declares correctly that C is negative definite. In this case,
the ORACLE declares that no X € P satisfies the feasibility problem (6.4). We show
now that this is correct. Suppose that in fact there were an X € P which satisfies
> o1 pj(AjeX —b;) > 0. Because X € P, Tr(X) < R and X = 0. Since C < 0, we have
C e X <0 (note that X # 0, since >, pj - b; > 0). Then we have

0> CeX = ;pj (AjoX—]%IoX) > ;pj(Aj.X—bj) > 0.

The second inequality follows because Ie X = Tr(X) < R. Thus, we have a contradiction.
O

By Lemma 30, the ORACLE needed for our algorithms can be implemented by comput-
ing the eigenvector belonging to the largest eigenvalue of the matrix which represents the
weighted combination of the constraints. The Lanczos algorithm with a random starting
vector is the most efficient algorithm for finding extreme eigenvectors. The running time
for the Lanczos algorithm used in our context is the following:

Lemma 31. Let C € R™™"™ be a matriz with N > n non-zero entries. Let A\ := A\1(C)
and Ay := A\ (C). Let § > 0 be a given error parameter, and let A be an upper bound
on |Ap|. Let v = ))\‘11—12. If \ > —g, then with high probability, the Lanczos algorithm
with a random start applied to the matriz C + Al yields a unit vector x which satisfies

x'Cx > —§ in time O(%) Thus, Tey(C,0) = O(%)

PRrROOF: We need Theorem 3.2(a) of Kuczynski and Woziiiakowski [71]:
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Theorem 34 (KW). Let M € R™" be a positive semidefinite matriz. Then with high

probability, the Lanczos algorithm produces in O(%) iterations a unit vector x such

x ' Mx
that 5585 > 11—,

Now let M = C + AL Notice that M is positive semidefinite, and A;(M) = A\; + A.

We set v = :\\;i/i Note that if Ay > §, then v > 0. We app(ly) Theorem 34 with the given
log(n

value of v to conclude that with high probability, in 0(7) iterations a unit vector x
such that:

x Mx x"(C+ Al)x x'Cx+ A

A(M) A+ A Y

Simplifying, we get x'Cx > (1 —y)A\; — yA = 6, so we return Xx.

The most expensive operation in each iteration of the Lanczos algorithm is a product
of some vector with the matrix M, and this can implemented in time O(N). Thus, the
overall running time becomes O(%) O
REMARK: The parameters v in Lemma 31 is not known a priori, but in applications we
will derive suitable bounds on them. One convenient lower bound on 7 can be obtained

as follows.
Lemma 32. Assume A\ > —%, and A > 9. Then ~v > %.

Proor: If A1 > 0, then
A +6 ﬁ
M+A T A
because § < A. If 0 > A\ > —%, then

1)
> Y
- 2A

MAS 2456 b
AM+HA T A 2A°

O

Lemma 31 shows that the running time of the ORACLE depends on the sparsity of
C, i.e. the number on non-zero entries in it. In Section 6.7 we provide a randomized
sparsification procedure:

Lemma 33. Let C € R™" be a symmetric matriz with N non-zero entries and let
S = Zij |Cij|. Let 6 > 0 be a given error parameter. Then there is a randomized procedure

which runs in O(N ) time and with high probability produces a symmetric matriz C' such
that C" has O(@) non-zero entries and ||[C — C'||2 < 4.

Suppose we obtain C’ by sparsifying C using Lemma 33 with error parameter g, and

then we use the Lanczos algorithm of Lemma 31 with error parameter g. Then for any

unit vector x, we have [x ' C'x—x' Cx| < ||C'—C]J| < 4. So if the Lanczos procedure yields
a unit vector x such that x' C’x > —%, then x ' Cx > —%5. Furthermore, if A\1(C’) < —g,
then A1(C) < 0, and hence C < 0. The upshot is that we can use C’ in place of C in
the Lanczos algorithm, if it turns out to be sparser: the decision for specific applications

depends on the smaller of the quantities /N and @.
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6.6 Applications

In this section, we describe several applications of the method outlined above. It should
be noted that the method does not automatically yield faster algorithms; additional fine-
tuning (mostly in terms of bounding large negative eigenvalues) is necessary for specific
applications.

6.6.1 SDP relaxations of Quadratic Programs

Our first application is the SDP (MAXQP) that we used to illustrate the method, and we
complete the proof of Theorem 33.

Theorem 33. A multiplicative 1—0O(e) approxzimation to SDP (MAXQP) can be obtained

n time s s
~ (n" . n

O( =7 minq{N, .
e ea*

Here, N is the number of non-zero entries in the matriz A in the objective function.

Proor: We apply Corollary 6. The range of the constraints of the outer SDP, viz.
1-X;;>0for1<i<n,is[l,—n] for X € Q. Thus ¢;, = 1, pr, = n. Now we bound the
running time of the eigenvector computation procedure for the ORACLE.

Given non-negative weights pg, p1, - .., pn which sum to 1, the matrix C from Lemma
30 in this case is po(2A — 1I) + 37| pi(LI — eje/), where e; is the i standard basis
vector, and 0 = &~ or 5., depending on whether we use the sparsification procedure or
not.

To apply Lemma 31, we need to bound the most negative eigenvalue, \,, of C. Observe
that Tr(C) = po(1Tr(A)—1) > —1. Since the trace equals the sum of the eigenvalues, we
conclude that (n —1)A; + A, > —1. If Ay > 0 then we conclude that |\,| < (n — 1)\ + 1,

which implies that

v = Al 46 > A +6 > 5

since § < 1. If A\; <0, then |),| <1, and hence
. A +0 > A+
Y P P V|
Thus, in either case v > 6 > Q(%), and by Lemma 31, the eigenvector procedure takes
O(N %) time.
If we apply the sparsification procedure of Lemma 33, then the relevant parameters

are S =3, |Cy| = O(% >ij | Ail) = O(2) (recall >_ij|Aij| = 1). Thus the sparsification

Q

procedure yields a matrix C’ with O(%) non-zero entries. Overall, the running time of
the Lanczos algorithm becomes O(min{N, %} -/Z) as stated.
Putting everything together, the final running time of the algorithm becomes

/15 1.5
O (7125 - min {N, n*}> .
g’ e
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In each step of the binary search when o < o, SDP (6.6) is feasible, we get a solution
X > 0 which satisfies the SDP up to an additive error of ¢, i.e. for all i € [n], X;; < 1+e¢,
and A e X > (1 —¢)a. Now consider the solution X = %HX Then for all i € [n],
X;i<1l, and AeX > i—jﬁia > (1 —2¢)a. So X is a feasible solution with objective value
at least (1 —2¢)a. When o > %%a*, then no feasible solution with objective value at
least (1 —2¢)a exists, so the ORACLE declares the system infeasible in some iteration, and
we stop the binary search. In the binary search, we increase « by a factor of 1 4 ¢ every
time. Thus, we get a 1 — 3¢ approximation to the a® when we stop. O

6.6.2 SDP relaxations of biological probability estimation problems

The following SDP arises in the context of the biologically-motivated problem of estimat-
ing haplotype frequencies. See [51] for a more detailed description of the problem.

max A e X
> Xy =1
ij

Vi, j € [n] : Xij
X

Y IV

0 (HAPLOFREQ)

where A is a non-negative matrix, i.e. all its entries are non-negative. This SDP is
a natural relaxation in certain problems where a probability distribution is required.
Intuitively, we want to find a probability distribution {pi,p2,...,p,} which maximizes
the objective Eij A;jpipj. In the SDP relaxation, the X;; variables represent p;p;.

We apply our method to this problem. Step I requires that we bound the optimum
and the trace. Let the optimum to this SDP be denoted o*. We claim that o* is in
the range max;;{A4;;} - [3,1]. The upper bound is trivial since the objective is a convex
combination (with the weights X;;) of the A;; values. Let Ay be the maximal A;;. Then
the lower bound is obtained by taking the vector u = %(eg + e), where e; is the ith
standard basis vector, and letting X be the positive semidefinite matrix uu'. We have
AeX = %[Akk + 2Ap¢ + Ay). Since all A;; are non-negative, this solution has value at
least %Akl.

The trace of X is trivially bounded by 1 from the first constraint. Note also that
without loss of generality we can relax the first constraint to be Zij Xi; < 1. This is
because in the optimum solution X the sum has to equal 1: all the quantities are non-
negative, and so scaling up the matrix X to make Zij Xij = 1 doesn’t decrease the
objective value.

Theorem 35. SDP (HAPLOFREQ) can be approzimated up to an additive error of O(g)
in O(%) time.

PROOF: According to step II, we “guess” « using binary search and reduce the SDP to
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the following problem. Here, P is the convex set {X € R"*": X > 0, Tr(X) < 1}.

leX—l >0
«

1= X >0
ij

Vi,jen]: Xij > 0
X eP
We now estimate the width of each constraint. We have maxxep(A o X) = ||[A| <

nmax;;{A;;}. Thus, the width of the first constraint is 2[|A|| +1 = n+ 1. Similarly, the
width of the second constraint is ||J|| + 1 = n + 1, where J is the all 1’s matrix. These
two constraints have high width and we will put into the inner SDP.

For any 14, j, the width of the constraint X;; > 0 is 1: this is because X = 0 implies
(by the Cauchy-Schwarz inequality) that | X;;| < \/X;;X;; <1 since Tr(X) < 1. We will
put these constraints in the outer SDP. Thus, {1, = pr = 1, and 0 = £ (sparsification is
not needed here). Let C represent the weighted combination of the constraints for the
ORACLE. According to Corollary 6, the SDP can be ¢ approximately in O(Ei2 [Tew(C, §) +
n?]) time.

It remains to estimate T, (C, §). The matrix C is of the form po( A — 1I) + py (21—
J) + >, pijEij, where J is the all 1’s matrix, and po,p1,p;; for 1 <4, j < n are non-
negative weights summing to 1.

To bound the most negative eigenvalue, \,, of C, we use the Gershgorin circle theorem.
This implies that [A,| < max;{>_;|C;;|}. For the matrix C, the dominant contributors

to this maximum are the matrices éA and J, the other matrices put together contribute
at most O(1) since pg + p1 + Zz‘jpij = 1. For any i, we have Zj é]A,-j] < 2n since
o > L max;; A;j. Also, for any 1, >_;|Jij| = n. Thus, the bound on [A,| is O(n).

Thus, by Lemma 32, v > (%), and hence by Lemma 33, Toy(C, 5) = O(%) because

C is a dense matrix. Since Y ;.|C;;| can be as large as Q(n?), sparsification does not help
here.

Overall, the running time from Corollary 6 is O(%) O

ij |

For comparison, the best known interior point algorithm solves this SDP in O(n4)
time.

6.6.3 Embedding of finite metric spaces into /;

Given a finite metric space on n points specified by the pairwise distances {D;;}, em-
bedding into £ with minimum distortion amounts to solving the following mathematical
program. For convenience of notation, let d;; = ij.

min o
Vi,je[n],i<j: dz‘j < Xii_2Xij+ij§ Oz-dij
X >0 (EMBEDDING)
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Here, since X > 0, there are vectors vi,va,...,v, € R" such that for all i,j € [n],
we have X;; = v; - v;, and thus X;; — 2X;; + Xj; = ||vi — v;||*>. Thus, if o* is the
optimum of this program, then the minimum distortion for embedding the metric into
5 is v/a*. By Bourgain’s theorem [26], this minimum distortion is O(logn). Thus,
the optimum value o of SDP EMBEDDING is O(log®n). We assume that the distances
are scaled so that Z dij = n?. We claim that this implies that there is an optimal
solution vi,va, ..., v, Wthh satisfies Y, [|vi||> < a*n: we may assume that the optimal
solution satisfies ZZ v; = 0, otherwise we can shift the origin to the sum of the vectors;
this does not change the pairwise distances ||v; — v;||>. Thus we have o* > di
> lvi— v;||? = n 3", ||vi||?, which implies the claim. Since a* = O(log®n), we may use
the trace bound Tr(X) < O(log?(n) - n) in the SDP. Let the minimum squared internode
distance, min;;{d;;}, be denoted dmin.

Theorem 36. SDP (EMBEDDING) can be approzimated up to a 1 + O(g) multiplicative
factor in O(%) time.

PROOF: We guess a using binary search in the range [1, O(log? n)], and reduce the problem
to the following feasibility SDP. Here, P is the convex set P = {X € R™" : X »
0, Tr(X) < an}.

1
7(X“ — 2Xij —I—ij) -1 >0

Vi,j e n],i<j: 7
(5]

Vi,jenli<j: 1——(Xiu—2X;+X5) >0
X eP (6.13)

We now estimate the width of each constraint. First, we note that since X > 0, let
Vi,...,Vy, € R" be vectors such that for all 4,5 € [n], we have X;; = v; - v;. Thus,
Xii —2X;j + Xjj = ||vi — v;]|%. So we have

0 < Xy —2Xy5+Xj5 = vi—vj* < 2lvil® +2llvyl* < 2Tx(X) < 2an.

Thus, the first set of constraints of SDP (6.13) is (1, %) bounded. The second set of

constraints (1, 7~2-) bounded.

Thus, by Theorem 30, an ¢ approximate solution to the SDP can be found in time
O(ﬁ - (Tyracte +n2)). Note that we do not apply the hybrid algorithm of Corollary 6
here. It remains to estimate Toracle = O(Tev(C, 9), where C is the matrix representing the

weighted combination of all the constraints, and 6 = == or depending on whether

6an 3om’
we use the sparsification procedure or not.
i qij
The matrix C is of the form }_,; dj( — 5T) + > i ad; (521 — Ty;), where for

all i,j € [n], p;; > 0 and ¢;; > 0 and Z p,] +¢i; = 1, and TJ is the matrix such that
Ti; e X = X;; — 2X;; + Xj;. Note that H T;j|| = 2, so we conclude that ||C|| < O(52-),

mln

1 17
I) and adij( I-Ty),

since C is a convex combination of the matrices ?(T” — 5o
i an 2an

all of which have norms bounded by O(ﬁ). Thus, the most negative eigenvalue of C,
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Procedure SPARSIFY(C,¢)
for each i < j € [n] do
if ]CZ/]| > v then

else
sgn(Cij) - % with probability p;; = @
Cl.=0 = "
ji — iy —
0 with probability 1 — p;;
return C’

Figure 6.1: The SPARSIFY procedure.

An, can be bounded in absolute value by O(ﬁ). Thus, by Lemma 31, Tey(C, d) can be

ni

bounded by O( N/ ), where N is the number of non-zero entries in C, since § > Q(-=-).

\/Edmin
Sparsification could potentially reduce the number of matrix entries. Note that we
have 3. [Cij| = O(4--), again since C is a convex combination of matrices such that

the sum of the absolute values of their entries is O(ﬁ). So by Lemma 32, we have

v > Q(%), and so by Lemma 33 the number of entries could be reduced to O(;Z’ll"5 ).
Thus, the overall running time comes to

O( ) { n3 n3.5 })
min .
2.5 -3.5° 1.5 ~2.5
dming dming

—0.5)

The first expression is better when dp,in = w(n . Interior point methods can solve
this SDP in time O(n*). Thus, the first expression is better than interior point methods
when dpi, = w(n*‘l), and the second expression is better when dpin = w(n*0'333). Thus,
in the range of parameters when this algorithm beats the running time of interior point
methods, the first expression is always better. O

6.7 Matrix sparsification

The results of this section originally appeared in a joint paper with Sanjeev Arora and
Elad Hazan [16]. In this section, we prove Lemma 33:

Lemma 33. Let C € R™" be a symmetric matriz with N non-zero entries and let
S = Zij |Cyj|. Let 6 > 0 be a given error parameter. Then there is a randomized procedure

which runs in O(N ) time and with high probability produces a symmetric matriz C' such
that C" has O(@) non-zero entries and ||C — C'||2 < 4.

PRrROOF: The required procedure, SPARSIFY, is given in Figure 6.1. We set the parameter
€= %. We now prove that it produces the desired result with high probability.

First, we prove that the number of non-zero entries in C is O(@) with high proba-
bility.
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Lemma 34. With probability at least 1 — exp(fﬂ(\/fs)), the matriz C' contains at most
O(¥22)
3

non-zero entries.

PROOF: Since }_,:[C;j| = S, the number of entries with magnitude larger than ﬁ is

at most @ So without loss of generality, we may assume that all the entries have
magnitude smaller than ﬁ

The Chernoff bound [82] asserts that if X, Xo,..., X, are indicator random variables
and X =) . X; with E[X] = p, then

ef H
Pr(X > (1+¢)u] < [W]

In our case, we set up indicator random variables X;; for ¢ < j which are 0 or 1 depending
on whether CZ(]» = 0 or not. Let X = Eigj X;j. Then 2X is an upper bound on the
number of non-zero entries of C’. We have

E[X] = sz.j _ Z\/ﬁ\g&j! - \/fs.

i<j i<j

The claim follows by using the Chernoff bound with e =e —1. O
Next, define E = C — C’. We will show that with high probability, for all unit vectors
x, we have |x ' Ex| < O(¢), which implies ||C — C'||]z < O(e).

Notice that for all coordinates i, j such that |Cj;| > %, we have E;; = 0 . For the
Vn|Cij
3
E[E;;] = 0. We will now consider a %—grid on the unit sphere (g¢ is set to some constant,

say 1),

£

rest of the coordinates, since E[C};] = sgn(Cj;) - T X

= C}j, we conclude that

T = {x: X € %Z”, x|z < 1}.
Feige and Ofek [39] give a bound on the size of T" and show that it suffices to consider
only vectors in T', which we reprove here for completeness.

Lemma 35. The size of |T| is at most exp(cn) for ¢ = (% +2). If for every x,y € T we

T - T
have |x "' Ey| < e, then for every unit vector x, we have |x' Ex| < ﬁ

PROOF: Map every point in x € T in a one-to-one correspondence with a n-dimensional
hypercube of side length % on the grid:

€0
x — Cx = {x+u: u>0, [[ulle < \/ﬁ}
The maximum length of any vector in Cx is bounded by ||x|| + 9 < 1 + &9, and thus
the union of these cubes is contained in the n-dimensional ball B of radius (1 + ¢g). We
conclude:
/2

IT] x (3%) = Y Vol(Cx) < Vol(B) = PR
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And so:

Tl < r<n77;/2+ 0 <(1+s€§w)n < e ((5+2)n)-

Next, given any unit vector, x, let y = (1 —g¢)x. By “rounding down” the coordinates
of y to the nearest multiple of %, we get a grid point z such that y € C,. Thus, the
maximum length of any vertex of C, is bounded by ||y|| + €0 = 1, so all vertices of C,
are grid points in 7. Express y as a convex combination of the vertices v; of C,; viz.
y =Y ,a;v; with a; > 0 and ), o; = 1. Then we have

ly 'Ey| = |(Zaivi)TE(Zaivi)| < Zaiaj]v;rEvﬂ gZaiaje = e.
( { 12 i,

The second inequality above follows because we assumed that for all x’,y’ € T, |x'TEy’| <
e. Finally, since y = (1 — g9)x, we have

ly"Ey]| < €

.
Ex| = .
b EBxl = AT S G

O
Let x,y € T. Since E[E;;] = 0, we conclude that E[x' Ey] = 0. We now a prove
strong concentration bound:

Lemma 36. With probability at least 1 — exp(—Q(n)), for every x,y € T it holds that
Ix"Ey| < ce.

PROOF: We use the following bound from Hoeffding’s original paper [53]: let X, ..., X,
be independent random variables, such that X; takes values in the range [a;, b;]. Let
X =5, X;, and E[X] = p. Then for any ¢ > 0

2t
Pr[| X —ul >t < 2exp(—>.
1 — 2 1 S a

Consider the random variables Z;; = Ej;jx;y;, then x' By = Zij Eijxiy; = Zij Zij.
Since C’Z{j is either sgn(Cj;) - % or 0, the squared range of Ej; is % Thus, the sum of
squared ranges for the variables {Z;;,i < j} at most >, %mfy? < % M a? 2 yj2 < %,
and similarly the sum of squared ranges for the variables {Z;;,7 > j} is bounded by e
Since E[Z;;] = 0, by the Hoeffding bound we have:

"

p N 2c2¢? _ 9
r ]ZZU] > ce| < 2exp| — = = 2exp(—2c¢n).

i<j n

A similar bound holds for Pr[ >, Zi;| > ce]. Since x"Ey| = | D i<i Zig + 2 s Zigls
by the union bound we have

Pr[jx"Ey| > 2ce] < 4exp(—2¢°n).
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Since there are exp(2cn) pairs of vectors x,y € T, the union bound implies that with
probability at least 1 — exp(—§(n)), for all vectors x,y € T, we have |[x' Ey| < ce. O

Now, we finish the proof of Lemma 33. We set ¢g = %, so that ¢ = 4. We set
€= 1% in the SPARSIFY procedure. Thus, Lemma 36 shows that for all x,y € T, we have
IxBy| < % with high probability. Then Lemma 35 shows that for all unit vectors x, we

have |x " Ex| < §, as required. O

6.8 Discussion

In this chapter we have described hybrid Lagrangian relaxation algorithms for solving
SDPs. The ideas are general though we customize them for some interesting SDPs. Each
iteration step is an approximate eigenvector computation, which is very efficient in prac-
tice, even though the theoretical worst case bounds listed here do not show this. (Even
so, in several cases the worst-case bounds provide speedups for specific SDPs over interior
point methods.) The main benefit comes from avoiding expensive Cholesky decomposi-
tions which interior point methods require. Also, since the final solution is obtained as
a convex combination of many rank 1 matrices, its Cholesky decomposition is automati-
cally obtained and there is no extra work to be done. Typically, approximation algorithms
require the Cholesky decomposition of the optimal solution.

The chief limitation of this method is chiefly from the polynomial dependence on %
Some applications require € to be very tiny and then this method is rendered useless. The

main goal of future work will be to reduce the dependence on %
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Chapter 7

Graph Partitioning using
Expander Flows

In this chapter, we focus on some graph partitioning problems considered in Chapter 4,
viz. the SPARSEST CUT and BALANCED SEPARATOR problems for undirected graphs.
These problems ask for a partition of the input graph into two large pieces while min-
imizing the size of the “interface” between them, as measured by the number of edges
crossing the partition. As mentioned previously, such graph partitions are of fundamental
importance, appearing in the theory of Markov chains, geometric embeddings, divide-and-
conquer algorithms, clustering algorithms etc. In Chapter 4, we showed how to obtain
an O(y/logn) factor approximation to the SPARSEST CUT and BALANCED SEPARATOR
problems in O(n2) time by approximately solving the SDP using a primal-dual approach.

In this chapter, we consider alternative approximation algorithms for these problems
using a notion (which appeared in the original Arora, Rao Vazirani (ARV) paper [18])
called expander flows. These are multicommodity flows in the graph whose demand graph
is an expander. The existence of an expander flow provides a lower bound on the expansion
of a graph, and ARV showed that an expander flow which bounds the expansion of the
graph to within a O(y/logn) factor can be found, though their algorithm made use of the
ellipsoid algorithm and hence is quite inefficient.

We cast the problem of routing an expander as a linear feasibility program, and use the
basic Multiplicative Weights to solve it in time O(n?). Thus, we compute an O(y/Iogn)
factor approximation to the SPARSEST CUT and BALANCED SEPARATOR problems in
O(nz) time. This matches the running time of the algorithms of Chapter 4, but the
technique is quite different, involving flow computations which also produce a certificate
of expansion.

The results of this chapter first appeared in a joint paper with Sanjeev Arora and Elad
Hazan [12].
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7.1 Graph partitioning: a recapitulation

We now recall some notation for the problems considered in this chapter. We are given
a graph G = (V, E)) with specified capacities c. for every edge e. Let n := |V|,m := |E|.
For any cut (S,S) where S = V' \ S and |S| < |V|/2, the edge expansion of the cut is
E(S,S)/ S|, where E(S,S) is the total capacity of the edges crossing the cut. In the
SPARSEST CUT problem we wish to determine the cut with the smallest edge expansion:

E(S,S)
= min
scvsi<ivisz ]S

(7.1)

A cut (S,9) is c-balanced, for some parameter ¢ < 1/2, if both S, S have at least c|V|
vertices. In the minimum ¢-BALANCED SEPARATOR problem we wish to determine a.(G),
the minimum expansion of c-balanced cuts. The conductance of a cut (S, S) is the quantity
E(S,S)/E(S), where E(S) denotes the sum of degrees (in terms of edge capacities) of
nodes in S, and here we assume that F(S) < E(V)/2. In the GRAPH CONDUCTANCE
problem we wish to determine the cut with the smallest conductance:

E(S,9)

(G = i . 7.2
(@) scv.a®)<pw)2 E(S) (7.2)

Efforts to design good approximation algorithms for these NP-hard problems have
spurred the development of many subfields of theoretical computer science. The earliest
algorithms relied on spectral methods introduced — in the context of Riemannian mani-
folds — by Cheeger [35] and improved by Alon and Milman [7] and Alon [6]. Though this
connection between eigenvalues and conductance only yields a weak approximation (the
worst-case approximation ratio is n), it has had enormous influence in a variety of areas,
including random walks, pseudorandomness, error-correcting codes, and routing.

Leighton and Rao [74] designed the first true approximation by giving O(logn)-
approximations for SPARSEST CuUT and GRAPH CONDUCTANCE and O(logn)-pseudo-
approximations for the minimum c-BALANCED SEPARATOR. They used a linear pro-
gramming relaxation of the problem based on multicommodity flows proposed in [88].
Leighton, Rao and others used similar ideas to design approximation algorithms for nu-
merous NP-hard problems, see the surveys [89, 95]. Furthermore, efforts to improve these
ideas led to progress in other areas, such as fast computations of multicommodity flows
and packing-covering linear programs [103, 85, 44|, and efficient geometric embeddings
of metric spaces [75]; see also [19)].

Arora, Rao and Vazirani (ARV) [18] designed an O(+/log n)-approximation algorithm.
They use semidefinite programming (SDP), a technique introduced in approximation al-
gorithms by Goemans and Williamson [45]. The running time of the ARV algorithm
is dominated by the solution of this SDP, which takes O(n*®) time using interior point
methods [5]. (Here and in the rest of this chapter, O(-) notation is used to suppress poly-
logarithmic factors.) New techniques in high-dimensional geometry introduced by their
analysis found immediate application in algorithms for other problems; e.g. the graph
partitioning algorithms considered in Chapter 4 (which are in turn inspired by the work
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of [2]), and embedding algorithms of negative type metric spaces into ¢ [32, 17]. In Chap-
ter 4, we showed how to obtain an O(y/logn) factor approximation to the SPARSEST CUT
and BALANCED SEPARATOR problems in O(n?) time by approximately solving the SDP
using a primal-dual approach.

In this chapter, we consider alternative approximation algorithms for these problems
using a notion called expander flows. These are multicommodity flows in the graph whose
demand graph (i.e., the weighted graph (d;;);; where d;; is the flow shipped between nodes
i,7) is an expander. Of course, Leighton and Rao had shown how to embed even the com-
plete graph (which in particular is an expander) in the host graph, so the important issue
here is the edge congestion (maximum amount of flow using an edge). The flows exhibited
by Arora, Rao, Vazirani are efficient enough to work with a v/logn factor lower congestion
than Leighton-Rao flows. Thus these flows can be used to certify that the expansion is
Q(a(G@)/+/logn). (Note that determining graph expansion is coNP-complete [24], so we
cannot expect to have succinct certificates that prove that the expansion is exactly a(G).)

In addition to being an interesting graph theoretic fact — analogous to, say, the ap-
proximate max-flow min-cut theorem that underlies Leighton-Rao’s result — the existence
of such expander flows seems to hint at a faster version of the ARV approximation al-
gorithm for SPARSEST CUT. After all, computation of multicommodity flows is a highly
developed area today. Thus an approximation algorithm for SPARSEST CUT could try to
route a multicommodity flow in the graph, and modify it using eigenvalue computations
that check if the current demands form an expander. If an expander flow exists (given a
certain upper bound on congestion) then the final multicommodity flow would converge to
it. If the expander flow doesn’t exist, the algorithm would presumably find a very sparse
cut that “proves” this fact. ARV [18] suggested this approach for designing faster algo-
rithms, though the best algorithm they could come up with used the Ellipsoid method,
and hence was less efficient even than the SDP-based one.

This chapter presents an O~(n2) time randomized algorithm that uses expander flows to
compute a O(y/log n)-approximation to SPARSEST CUT. This essentially matches the run-
ning time of the best implementations of Leighton-Rao’s O(log n)-approximation (Benczir
and Karger [22], the last paper in a long line of work), and also matches the running time
of the algorithms described in Chapter 4. The algorithm computes an expander flow
in a sparse weighted graph that is obtained by Benczir and Karger using a (nontrivial)
random sampling on the original graph. This expander flow suffices to certify the expan-
sion of the original graph. Furthermore, the algorithm produces, in addition to expander
flows, a distribution on O(logn) balanced cuts, which can be viewed as an ¢; metric, and
thus can be embedded in £3. Then we use the ideas of Arora-Rao-Vazirani to obtain the
O(v/log n)-approximate sparsest cut from this metric.

The algorithm can also yield expander flows in any weighted graph on m edges in
O(m?) time.

Overview of methodology

As mentioned, we first use the sparsification technique of Benczir-Karger (see Theo-
rem 17) to transform our graph to a sparse weighted graph in which the number of edges
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m = O(n) The value of the sparsest cut is essentially unchanged, so we find expander
flows in the sparse graph.

Many papers (such as [85, 103]) have described efficient algorithms for packing and
covering problems based on the Multiplicative Weights algorithm of Section 2.3.2. The
linear program for finding expander flows also has packing and covering constraints, and
so we can apply the algorithm of Section 2.3.2 to solve it (actually, the dual to the linear
program). The issue is that the linear program has exponentially many variables, corre-
sponding to every path in the graph, and so the dual has exponentially many constraints.
However, by only considering shortest paths, we can restrict the number of constraints
to O(n?), at the expense of getting concave constraints (which can be handled using the
algorithm of Section 2.3.2).

The weights generated in the algorithm can now be interpreted as demands for a
multi-commodity flow. The ORACLE in the Multiplicative Weights algorithm now needs
to check whether the demands do correspond to an actual expander flow. In the interest
of keeping the width low, the ORACLE only checks if the demands correspond to an
approximate expander flow, viz. a “pseudo-expander flow”. Another reason for the need
to consider pseudo-expander flows arises from a lack of precision because the ORACLE uses
approximate flow algorithms and eigenvalue computations. The final pseudo-expander
flow obtained is thus fairly coarse, but an expander flow is such a robust object that
anything even remotely resembling it can be easily turned into a true expander flow.

We design the ORACLE carefully so that it runs in O(n?) time and yet manages to
keep the width O(1), thus ensuring that the Multiplicative Weights algorithm converges
in O(logn) rounds. The ORACLE uses a combination of random sampling (above and
beyond the use of Benczir-Karger at the very start), approximate min-cost concurrent
multicommodity computations, and approximate eigenvalue computations to generate its
response.

The outline appears in Section 7.2 and subsequent sections fill in the details. We note
that when the algorithm fails to result in an expander flow, then one can produce an
approximately optimum sparsest cut; this part relies on the analysis in [18].

7.2 Expander flows and algorithm overview

We now define expander flows and outline the main ideas in our algorithm.

All weighted graphs in this paper are symmetric, that is d;; = dj; for all node pairs
i,7. Wecalld; =" y d;j the degree of node i. We emphasize that degrees can be fractions
(i.e., less than 1).

A multicommodity flow f in an capacitated graph G = (V, E) is an assignment of
demand d;; > 0 to each node pair {7, j} and a flow f, to every path p in the graph which
meets the demands; i.e. we can route d;; units of flow between 7 and j, and can do
this simultaneously for all pairs without violating any edge capacities. We refer to the
complete weighted graph with edge {7, j} having weight d;; as the demand graph of the
flow. Given a subset S C V the demand crossing the cut (S, S) is the capacity of the cut

(S,85) in the demand graph, i.e. d(S,S) = > ies.jes dij-
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Definition 5. The graph with edge weights (d;j)i; is a D-reqular (3-expander if it has
mazximum degree at most D and for any subset S C V' such that |S| < n/2 the total weight
crossing the cut (S, S), viz. d(S,S) = > iesjes dij, satisfies

d(s,S8) > BD|S|.

A multi-commodity flow £ is called a D-regular $-pseudo expander flow (or just expander
flow for short) if its demand graph is a D-regular (3-expander.

Note that we have relaxed D-regularity and only require maximum degree D; this is
without loss of generality since one could add self-loops to raise all degrees to D.

Lemma 37. If a graph G admits a multicommodity flow whose demand graph is a D-
reqular B-expander, then its expansion is at least BD.

PROOF: Let (d;;);; be the demands in the D-regular S-expander flow. Then for any S C V
with |S| < n/2, the capacity of the cut (5, S) must be at least the demand crossing it.
Thus,
E(S,S) > d(S,S) > BD|S|,
which implies that E(é,lS) > BD. Thus, the expansion of G is at least fD. O
Another notion we will need is that of a pseudo-expander flow:

Definition 6. The graph with edge weights (d;;)i; is a D-reqular (c,3)-pseudo expander
if it has maximum degree at most D and for any subset S C'V such that cn < |S| < n/2
the total weight crossing the cut (S,S), viz. d(S,S) = > ies jes dij, satisfies

a(,5) > D).

A multi-commodity flow f is called a D-regular (c, 3)-pseudo expander flow (or just pseudo-
expander flow for short) if its demand graph is a D-regular (c, 3)-pseudo expander.

Notice that a D-regular -expander flow is in particular a D-regular (v, 3)-pseudo
expander flow for each . Just like expander flows, pseudo-expander flows can be used to
obtain lower bounds on the expansion of balanced cuts:

Lemma 38. If a graph G admits a multicommodity flow whose demand graph is a D-
reqular (c, 3)-pseudo expander, then the expansion of all c-balanced cuts is at least 3D.

This lemma is proved just as before. The following theorem of Arora, Rao and Vazi-
rani [18] shows that the notions of expander flows and pseudo-expander flows allow us to
obtain O(y/logn) approximations to the expansions of the SPARSEST CUT and minimum
c-BALANCED SEPARATOR respectively:

Theorem 37 ([18]). There is a constant By > 0 such that every graph G = (V, E) admits
a D-regular By-expander flow, where D = Q(a(G)/+/logn). Further, every graph G admits
a D-regular (c, Bo)-pseudo expander flow, where D = Q(ay (G)/+/logn) for some ¢ < c.
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The essence of our work is to show how to efficiently compute such expander flows.
To understand this algorithm it helps to first look at an LP whose feasibility is implied
by the above Theorem. (This LP is mentioned in the introduction of [18] and motivated
the results of that paper.) Let D be the degree of interest; think of it as a “constant” in
the LP, not as a variable.

For all simple paths p in the graph, we have a non-negative variable f,. Let P;; be
the set of paths connecting node pair {i, 7}, P;s be the set of paths originating from node
i, and Pg g be the set of paths having end points on either side of the cut (S, S). In the
following LP, we use the notation “VS” to only refer to subsets of vertices of size at most
n/2. The PRIMAL LP is

Vi: > fp, <D

Ve : Z fr < ce
p: ecp

VS > f, = BoDIS| (7.3)
P€EPg 5

The LP for D-regular (c, §y)-pseudo expander flows is the same as the one above except
that the third set of constraints is only over subsets of vertices S such that cn < |S| < n/2.
We give a unified treatment of both LPs, and in the following sections, whenever a subset
of vertices S occurs, it is implicitly assumed that |S| < n/2, and, in the case of the c-
BALANCED SEPARATOR problem, |S| > cn. We will need to use the constant ¢ even in
the context of SPARSEST CUT, and in this case we set ¢ = %

As outlined in [18], the PRIMAL LP can be solved to near-optimality in polynomial
time by an Ellipsoid-like method, using an eigenvalue computation as a separation or-
acle. To design a better algorithm we consider the dual to the LP and solve it using
the Multiplicative Weights algorithm of Section 2.3.2. Since the algorithm in that frame-
work maintains a distribution on all pure row strategies, it is important to work with
games where the number of pure row strategies is polynomial. In particular, we need a
polynomial-size representation of the flow. The standard representation uses variables f;j.
for each demand pair (i,7) € V x V and edge e € E. We do not know how to formulate
our algorithm using this representation, and even if we did, the number of variables (i.e.,
number of pure strategies for the row player) would be Q(n?m), which would be a lower
bound on the running time!. The idea instead is to not use any representation of the
flows at all, and to maintain only the demands d;;. Now the number of variables is (g)
and so we at least have a prayer of achieving O(n?) running time.

We now consider the DUAL LP to (7.3). In this DuAL LP we have non-negative

!Note that it is possible to use random sampling to reduce the number of nonzero demands to O(nlogn);
in fact this is done during every iteration of our algorithm while computing the best response for the column
player. However, the Multiplicative Weights update rule seems to require updating the distribution on all
row strategies, and indeed we update all O(n2) demands at every iteration.
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variables s;, we, zg corresponding to vertex ¢, edge e, and subset S C V respectively.

min DZsi + Zcewe — ﬁODZ |S|zs
7 e S
Vij,Vp € Pij: sitsit Yy we— > 25>0 (7.4)
e€p S: i€S,jeS
Lemma 39. If the PRIMAL is feasible, then the optimum of the DUAL LP is non-negative.

Proor: This is a simple consequence of weak duality. Let f, be an assignment of flow to
paths p which satisfies (7.3). Then, if x = (s, w, z) is any feasible dual solution, then

OSZpr 3i+3j+zwe_ Z zs
ij pEP:; ecp S: i€S,j€S
= D2 FsiA D Y hwe=) . D fos
i peEPix e pde S pEPg 5

IN

ZDSi + Zcewe *ﬂoDZ‘S’ZS,
i e S

because the f,’s satisfy (7.3). Thus, the DUAL objective value is non-negative, as required.
O

As it stands, the DUAL LP has exponentially many constraints corresponding to all
possible paths p in the graph. The DUAL can be equivalently written with only O(n?)
constraints with the following observation. For any pair i, j, and for any dual solution
x = (s,w,z), let p be the shortest path between i and j under the edge lengths we,
lLe. p = argmingep,; > ., we. Then if the dual constraint in (7.4) corresponding to p
is satisfied, then so are the constraints to all the other paths in P;;. Let [;;(x) be the
length of the shortest path between ¢ and j under the edge lengths w.. Then we have the

following equivalent DUAL program which has only (g) constraints:

min DZsi + Zcewe — ﬁoDZ |S|zs
) e S
Vij: sitsj+tl(x)— > 2g>0 (7.5)
S: i€S,j€S

In this case, the primal variables corresponding to the constraints for a pair of nodes
{i,j} is interpreted as aggregate demand d;; between them.

Lemma 40. All constraints in the DUAL program (7.5) are concave functions of the dual
variables x.

PROOF: Since the only non-linear part of the constraints of the DUAL program (7.5) are
the functions [;;, it suffices to show that these functions are concave. For this purpose, let
x = (s,w,z) and X' = (s’, w/,Z) be two vectors of dual variables, and let A € [0,1]. We
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need to show that l;;(Ax + (1 —A\)x’) > Al;;(x) + (1 — N)l;;(x) to show that [;; is concave.
Now, let p be the shortest path from i to j under edge lengths Aw + (1 — \)w’. Then

LiAx+ (1= N)x) = > dwe + (1 - N,

ecp
= )\Zwe—l— (1 —)\)Zw’e
eEp €eEp

> Alij(x) + (1= Ml (x),

because the path p has length at least [;;(x) under w, and at least [;;(x’) under w’, by
the definition of /;;. O
We now consider the convex domain of dual variables

9 = {x: DZSiqLZcewegﬁnD; Z|S|zszn}.
% e S

where 0 < [y is a small positive constant to be chosen later. This set is chosen so that
all dual vectors x € Q" make the DUAL objective negative: for all x € Q’, we have

DY si+ Y cewe— oD |S]zg < —(B—Fo)nD < 0.
% e S

Now, consider the following feasibility problem:

?xeQ: Vij: sitsi+lx)— Y 25>0 (7.6)
S: i€S,jeS

The significance of this feasibility problem is given by the following lemma, proved in
Section 7.4:

Lemma 41. There is a constant 6 > 0 such that if x € Q' satisfies the feasibility problem

(7.6) up to additive error §, then there is an algorithm that uses x to find a ¢'-balanced
cut of expansion O(y/logn - D), for some ¢ < c.

We can now run the Multiplicative Weights algorithm of Section 2.3.2 to solve the
feasibility problem (7.6). If the algorithm manages to satisfy (7.6) over Q’, then it implies
that the current value of D is too high: there is no expander flow which meets the degree
bound D.

The Multiplicative Weights algorithm generates probability distributions p = (psj)i;
on the constraints in every round. By scaling up the distribution by %nD, we obtain a
set of demands (d;j);; such that ), _ ; dij = %nD. These d;;’s correspond to demands for
a multicommodity flow problem; we emphasize that the demands need not correspond
to an expander flow: there may not be a flow (f,), satisfying these demands which also
satisfies the PRIMAL constraints.

We can implement the required ORACLE for the Multiplicative Weights algorithm
using a combination of mincost concurrent flow, eigenvalue computations, and random
sampling in O(n?) time. The width of the implementation of the ORACLE turns out to be
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O(n), and thus by Theorem 6, the Multiplicative Weights algorithm converges in O(n?)
rounds. Thus the overall running time would be O(n? x n?) = O(n*). This is only slightly
better than solving SDPs or LPs.

Now we describe a related setting in which the losses are truncated and the convex
domain is restricted, so that the width is O(1). The implementation of the ORACLE
is considerably more complicated now, but it still runs in O(n?) time. Then Theorem 6
implies that convergence occurs in O(log n) rounds, and the overall running time is O(n?).

First, we restrict the convex domain for the problem as follows:

Q:={xecQ: Vi:s <1l/candVSst. [S|<cn: zg=0}. (7.7)
Here ¢ is a small constant defined in Section 7.3. Next, we truncate the [;;’s: define
lij(x) = min{l;;(x), 1/e}. (7.8)

Since /;; is defined as the minimum of two concave functions (/;; and the constant function
which takes the value 1/¢), it is also a concave function. Now, we consider the following

feasibility problem (here, we set ¢ = % for the SPARSEST CUT problem):

xeQ: Vij: sitsi+lijx)— Y. 2520 (7.9)
S: i€S,j€S

Since we truncated the [;;’s and restricted the domain Q’, if (7.9) is feasible, then so is
(7.6). Thus, it suffices to solve (7.9) up to the desired additive error 4.

Now we can see how these changes restrict the width of the ORACLE to O(1): since
zg > 0 only for |S| > ¢n, and ) ¢|S|zs = n, we have ) ¢zg < 1/c. Thus, for any i, j
and any x € Q, we have

M|

1
— < sty —i—&-j(x)— Z zg <
S: i€S,j€8

Thus, any implementation of an ORACLE for this problem is (O(1),O(1))-bounded, and
thus the width is O(1).

Now, we consider the ORACLE for this problem. Given a set of demands d = (d;;)j,
the ORACLE needs to solve following feasibility problem:

WxeQ D dy[si+ s+ ly(x) — T esyests| = 0 (7.10)

ij

Recall that d; = Z]- d;j and d(S, S) = EieS,jeS‘ d;j. For notational convenience, we
define the payoff function for the ORACLE to be the LHS in (7.10):

v(d,x) = Z dij [Si + 55 + Li(x) — D ieS,jES’ZS}

ij
= Y disit+ Y ditij(x) +Y_d(S,5)zs. (7.11)
i ij S
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The ORACLE’s objective now is to enforce non-negative payoff (as measured by v(d, x))
when given a set of demands d. The next theorem (proved in Section 7.3), describes an
implementation for the ORACLE which runs in O~(n2) time, with the property that if the
current set of demands d is such that the ORACLE cannot enforce non-negative payoff
(which must happen close to convergence), then d “almost” represents an expander flow;
in fact we obtain a pseudo-expander flow. A pseudo-expander flow can be used to find
either an expander flow, or a cut of expansion O(D). We prove the following lemma in
Section 7.3:

Lemma 42. There is a randomized procedure, ORACLE, which given a set of demands d,
runs in O(n?) time and

1. either produces an x € Q with v(d,x) > 0 in which exactly one set S C V with at
least cn vertices has a non-zero zg,

2. or else, ORACLE fails. In this case, a D-regular (c, B2)-pseudo-expander flow can be
constructed from d, for some constant B2 which depends only on (.

This lemma is sufficient for the BALANCED SEPARATOR problem. For the SPARSEST
CuT problem, whenever the ORACLE finds, and we obtains a D-regular (¢, 32)-pseudo
expander flow, it runs the algorithm given by the following lemma (the stipulation on
the number of non-zero demands will be met by random sampling), which shows that
we can pass from a pseudo-expander-flow to an expander flow (and when we fail to so,
we can obtain a reason for the failure in form of a sparse cut). This lemma is proved in
Section 7.6. Note that the number of edges, m, is O(n), since we sparsify the graph first
using the techniques of Benczur and Karger [22].

Lemma 43. Let f = (fp), be a D-reqular (c, 3)-pseudo-expander flow on a graph G.
Assume that the flow has non-zero demand on only O(nlogn) pairs of vertices. Then,
there is a procedure that in time O(m!?®), finds either

1. a D-regular % expander flow,
; 1
2. or, a cut of expansion at most . D.

Finally, if the ORACLE never fails, then the Multiplicative Weights algorithm finds an
feasible solution for the feasibility problem (7.9) up to any specified additive error §. In
this case, by Lemma 41, we can find a balanced cut of value O(y/logn - D) of the optimal.
Thus, putting Lemmas 41, 42 and 43 together (noting that we set ¢ = %), we immediately
have the following main theorem:

Theorem 38. For some universal constant [3, there is a procedure, that given a graph G
and a value D, finds in O(n?) time either

1. a D-regular B-expander flow, or

2. a cut of expansion at most O(y/logn - D).
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If f is a D-regular (3-expander flow, then it is easy to check that for any D’ < D, %f
is a D’-regular -expander flow. Thus, by starting with a low value of D and doubling
it every time, we can find a value D* such the algorithm finds a D*-regular (-expander
flow, and a cut of expansion at most O(y/logn - D*). Thus, by Lemma 37 we have
D* < a(G) < O(y/logn- D*), and so we have the desired O(y/logn) approximation to the
SPARSEST CUT.

For the minimum ¢-BALANCED SEPARATOR, by applying Lemmas 41 and 42 as before,
we immediately have the following theorem:

Theorem 39. For some universal constant (3, there is a procedure, that given a graph G
and a value D, finds in O(n?) time either

1. a D-regular (c, 3)-pseudo expander flow, or

2. a c balanced cut of expansion at most O(y/logn - D), for some ¢ < c.

7.2.1 A note on running time:

We make a few remarks on the O(n?) running time, which occurs many times in this
chapter and in particular in the implementation of ORACLE. First, one can reduce the
number of nonzero demands to O(n) by random sampling. This is a known technique
from existing SPARSEST CUT implementations (see eg [68], [22]) though we occasionally
need to add a few simple ideas.

In many places we need to find cuts (S, S) where the demand graph fails to expand
(i.e. d(S,S) = o(nD)) and the cut is large, namely |S| = Q(n). Using the well-known
results of Cheeger and Alon we can do this using approximate eigenvalue computations
on the Laplacian of this sparse graph, which takes O(n) time by repeated matrix-vector
products. (This idea has been repeatedly rediscovered, but one reference is [71]). Using
the eigenvector and Theorem 40 we can find cuts (if any exist) where the demand graph
does not expand. Repeating the eigenvector method O(n) times we try to aggregate these
small cuts to have size 2(n). If this aggregation fails to produce any large cuts that do
not expand, then we can throw away o(n) of the graph such that in the remaining graph
all cuts expand well. (In other words, we have a pseudo-expander flow already.) Thus the
total time is O(n?).

The ORACLE procedure performs a min-cost concurrent multicommodity flow compu-
tation using the algorithm of Fleischer [40], which also takes time O(n?) since the number
of demands has been reduced to O(n) by random sampling.

Finally, we repeat the algorithm of Theorem 39 for successively doubling values of D.
Thus overall, the algorithm for approximating SPARSEST CUT takes O(n? - log(¥)) time,
where [L, U] is a range of values for a(G).

We can bound % by O(n) as follows. Let the global min-cut value in the graph G be
C' (this value can be approximated to a constant factor in O(m + n) time using Matula’s
algorithm [80]). Then, for any cut (S,S) in the graph, % > %, so a(G) > % On
the other hand, the expansion of the min-cut is at most C, so a(G) < C. Thus, we can
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take the range of a(G) to be [%, C1], so that the O(y/logn) approximation algorithm for
SPARSEST CUT takes O(n?) time overall.

Similarly, for c-BALANCED SEPARATOR, by removing minimum cuts recursively as
long as the total size of the removed subgraph is at most ¢'n, we can obtain a factor
O(n) approximation to aw(G), as shown by Leighton and Rao [74]. Since we may have
to aggregate O(n) minimum cuts, the total amount of time needed to obtain the O(n)
approximation is O(mn) = O(n?). Thus, the O(y/log n) pseudo-approximation algorithm
for the c-BALANCED SEPARATOR takes O(n?) time as well.

7.3 Implementing ORACLE

In this section we prove Lemma 42, restated here for convenience:

Lemma 42. There is a randomized procedure, ORACLE, which given a set of demands d,
runs in O(n?) time and

1. either produces an x € Q with v(d,x) > 0 in which exactly one set S C V with at
least cn vertices has a non-zero zg,

2. or else, ORACLE fails. In this case, a D-regular (c, 32)-pseudo-expander flow can be
constructed from d, for some constant 8o which depends only on (.

In each of the following cases, ORACLE attempts to exploit certain characteristics of
the demands to find a suitable x, failing which, execution falls through to the next case.
To facilitate the search, ORACLE may temporarily neglect part of the demands, however,
the final x it finds gives non-negative payoff even with the original demands. Recall that
foralli eV, d;, = Z]- d;j and for all S C V, d(S, S) = EieS,jeS’ dij. Also, let €1,e2 be
constants to be chosen later, and set € = min{ey,e2} in (7.7) and (7.8).

Case 1: Many large degrees

Sort the vertices in decreasing order by d;.
Case la: If the largest €1 0n degrees account for more than e;nD demand, then we can
find an x € Q with non-negative payoff by setting s; = 1/¢; for all these vertices. Set
zg = 2 for any S with n/2 vertices. All other variables are 0. Since d(S,S) < 3nd, we
have

v(d,x) > enD-(1/e1) —d(S,S8)-2 > nD—nD > 0.

Case 1b: Otherwise, ORACLE modifies the demand graph. Vertices with the top ¢108n

degrees have their demands set to 0. The remaining degrees must be at most %: otherwise,

the removed demands summed up to at least 10n - % = g1nD, which we assumed is not

the case. The total demand discarded is at most eynD. Execution falls through to the
next case.
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Case 2: A large non-expanding cut

First, ORACLE applies the Benczur-Karger reduction to the (modified) demand graph
to reduce it to a set of O(nlogn) non-zero demands such that all cuts (in particular,
degrees too) are approximately preserved. Let G4 be the demand graph obtained this way.

2

ORACLE runs the procedure FINDLARGECUT(GY, %, s %) (see Lemma 48 in Section 7.5)
This runs in O(n?) time since there are only O(nlogn) non-zero demands in G.
C_

Case 2a: Suppose it gives 5-balanced cut S with expansion at most %2 . % = gD. The

demand discarded in Case 1 is at most e;nD < 2L[S|D = gD|S|, if we set £ = %. Even
including this discarded demand we have d(S, S) < D|S|. ORACLE constructs an x € Q
with non-negative payoff by setting zg = n/|S|, all s; = 3, all other variables are 0. The
payoff is

v(d,x) > nD-3-d(S,S)-(n/|S]) > pnD —pnD > 0.

Case 2b: Otherwise, FINDLARGECUT returns a graph on at least (1 — £)n nodes such

that the induced demand graph has expansion least 3—; . % = g—;D. The demand on the

nodes left out is discarded. On the entire graph, all c-balanced cuts still expand by at
3

least 61D for B = 5—4. Execution falls through to the next case.

Case 3: Unroutable demands

First, ORACLE performs random sampling on the demands so that the number of nonzero

demands is O(n). In Section 7.7, we prove the following lemma via simple applications of
the Chernoff-Hoeffding bounds:

Lemma 44. We can randomly sample the demands to produce new demands, d;j, of
which at most O(n log? n) are non-zero, so that for any 6 > 0, with probability at least
1 —n0ogn) e have:

Vi: d;i < d;+D
VS, n/2>1|S|>en: d(S,S) > (1-46)d(S,S)
Vx € Q: Z dij&'j (X) < nD — Z Czij&j (X) < ™D
ij ij
Now, ORACLE sets all s; = 0, and since ¢;;(x)’s are truncated, the optimum choice of
we’s corresponds to solving the following LP (here, we abuse notation a bit and use ¢;; to
refer to the variables with the value £;;(x)):
Maximize Z Jij&j subject to
ij
Vij,Vp S Pz‘j : fij < Zwe
ecp
V’L] . fij < 1/62

Zcewe < pnD (712)
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We show how to approximately solve the above LP by considering the dual. This can
be thought of as a min-cost max-concurrent flow problem, which can be solved in sparse
graphs in O(n?) time using the algorithm of Fleischer [40]. Consider the following instance
of a min-cost max-concurrent flow problem: for every pair {i,j} we associate demand CZM
We also associate a pseudo-edge between every pair {i,j} with infinite capacity and cost
b =1/(BeanD). Any real edge e has cost 0 and its original capacity c.. We impose the
budget constraint 1 on the total cost of the flow. We get the following LP and its dual:

max t min Z Cewl, + ¢
e
Vij: Y yp 4ty > dit Vij: I < bg!
pEP;;
Ve:d y, < ce Vij,Vp € Pij: 1y <Y u
poe eEep

by ;<1 dezgj >1 (7.13)
ij

ORACLE solves this LP using Fleischer’s algorithm to within a constant multlphcatlve
factor, say 2. The algorithm runs in O(n?) time since there are only O(nlog?n) non-zero
demands.

The algorithm also yields the weights w. such that 2¢ > 3" cow, + ¢'. We also get a
flow g = (gp)p With congestion C' by setting C' = 1/t and scaling all g, and t;; by C to
get g, and t;;. This routes all but Zij t;; of the demands with congestion C.

Next, we get a feasible solution w, and ¢;; for LP (7.12): let k = BnD/(}", cew,+¢') >
pnD - C/2, and scale up the wg,l;;, ¢’ by k to get we, lij, ¢. Since >, cewe + ¢ = ﬂnD
Yo Cewe < fnD and ¢ < BnD; so bg < 1/e9 as needed. Also, Z dz]&] Zw dw%
BnDC/2.

Case 3a: If C > 14/3 then }_,; dijlij > TnD, so >ij dijlij > nD. Then ORACLE
constructs an x € Q by using the glven settings for w, and {;; and assigning zg = 2 for
some S with n/2 vertices. Other variables are all 0. Then

v(d,x) > nD—d(S,5)-2 > nD—-nD > 0

Case 3b: Otherwise C' < 14/, then the ORACLE fails. We then get a pseudo-expander
flow as explained below.

7.3.1 Finding a Pseudo-Expander flow

The flow g obtained by ORACLE just before it failed routes all but Zij t;; of the total
demand with congestion at most 14/3. We discard the ¢;; demands, which amount to
at most ;. t;:/t < (1/b) - C < 14eonD. The remaining demands are % + D regular.

L in Lemma 44, then after random sampling, all c-balanced cuts have

2
expansion at least g 5 D. By setting ey = ’85166, the total demand discarded is at most

B EnD. Thus, all c-balanced cuts still have expansion at least B 7 D. We then scale the

If we choose § =
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flow by % so that the congestion becomes 1, all degrees are at most D, and all c-balanced
cuts have expansion at least JoD for By = %.
(¢, B2)-pseudo-expander flow.

Thus, we end up with a D-regular

7.4 Finding a cut of expansion within O(y/logn) of optimal

Since the width of the ORACLE is O(1), Theorem 6 shows that if the ORACLE does not fail
for T = 0(105%”) rounds, the Multiplicative Weights algorithm finds an x € @ C Q' which
satisfies (7.9) (and thus, (7.6)) up to an additive error of §, where ¢ is a small constant
to be chosen later. In this section, we prove Lemma 41, which shows that in this case we

can find a cut of expansion O(y/logn - D). We restate Lemma 41 here for convenience:

Lemma 41. There is a constant 6 > 0 such that if x € Q' satisfies the feasibility problem

(7.6) up to additive error §, then there is an algorithm that uses x to find a ¢'-balanced
cut of expansion O(y/logn - D), for some ¢ < c.

Let x* = (s*,w*,z*) € Q' satisfy the feasibility problem (7.6) up to additive error §.
Since the Multiplicative Weights algorithm needs only O(logn) rounds to find such an x*,
and only one zg is non-zero in any round, we conclude that x* has only O(logn) non-zero
z%’s. We now construct an £3 embedding of the vertices i € V using x*:

Lemma 45. We can construct a unit vectors vi,va,..., vy such that % > llvi— vil? =
_ 151

c(1 —c)n?, and for all pairs i, 7, %Hvi — vj||2 =) i€Sjes m %S
PrOOF: First we note that ) ¢ %zs = 1 for any x € Q. There are N = O(logn)
sets S with non-zero z5. We construct vectors in RY, with a coordinate for each such
]

set S. For any vertex i, construct vector v; by setting v;(S) = 44/ 25 depending on

whether i € S or i € S. Note that ||v;[|? = > g |nﬂz5 = 1. Also, for any pair i,j,

the vector v; — v; has non-zero coordinates only for S such that ¢ € 5,57 € S. Thus,
1 2 _ _ 5]
7llvi = vl =g, i€S,jeS oz So,

ZZHW—VJ-H - Z Z. s = 2725. ” Z 1) = 2725.|S||5|.
v 1) S:1eS,jE€S S ij: 1€S5,J€S S

Since 2§ # 0 only if the cut (S, S) is c-balanced, we have |S||S| > ¢(1 — ¢)n? for all such
S, and hence

1 S
1 E |vi —v,|* > E uzg ce(1—c)n? = ¢(1—c)n
n
ij S

O
Now, we appeal to Theorem 19, restated here for convenience:
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Theorem 19. Let vi,va,..., vy be vectors of length at most 1, such that _,;[|vi —vj|* >
an®. Let w, be weights on edges and nodes and let o = Y oCeWe. Then there is an
algorithm which runs in O(m1'5) time and finds a cut of value C which is c-balanced for
some constant ¢, such that there exists a pair of nodes i, j with the property that the graph
distance between i and j is at most O(y/logn- &) and ||v; —v;||* > s where s is a constant
which only depends on a. Furthermore, this is true even if any fixed set of Tn nodes are

prohibited from being i or j, for some small constant T.

Now we can complete the proof of Lemma 41.
PROOF:[Lemma 41]
Since x* € Q' satisfy the feasibility problem (7.6) up to additive error §, we have

sy s) + L(x") — Z I
S: i€S,j€8

S
ST s () > ) n’zg—a,
S: i€S,jES

since £;;(x*) < l;;(x*) = minyep;; {Zeep w:}
Construct the unit vectors vq,va, ..., v, of Lemma 45. Then for all pairs {7,j}, we

have 1
s; 485+ 1lij(x") > ZHVi - ij2 — 4.

Let ¢/,s,7 be the constants given by Theorem 19 for a = 4¢(1 — ¢). Note that o =
Yo cew) < BnD.

Since ) ; s7 < n, at most 7n nodes have s7 > 3/7. Let all such vertices form the set
A. We apply Theorem 19 to G with A being the set of 7n forbidden vertices. We thus
get a cut of value C such that there is a pair of vertices 4, j with the following properties:

1. s;‘,s;‘» < g/,
2. the graph distance of 4,7 in G is at most O(y/logn - a/C) = O(y/logn-nD/C), and
3. |lvi —vjl|? > s
Further, we choose 8 = 55 and J = 7 so that
lij(x*) =

Hence, we have O(y/logn -nD/C) > g. Thus % < O(y/logn - D). This implies that
the expansion of the cut found is at most O(y/logn - D), as required. Since we have only

O(nlogn) edges in the graph, this procedure runs in O(n!-%) time. O

132



7.5 Sparse cuts via eigenvalue computations

For a weighted graph G where the weight for pair {7, j} (j could possibly the same as i, to
allow for self-loops) is d;;, the Laplacian £ of G is the n x n symmetric matrix with rows
and columns indexed by nodes in G, such that £ = D~Y2(D — A)D~/2 where D is the
diagonal matrix of (weighted) node degrees, and A is the (weighted) adjacency matrix of
the graph G 2 Note that this definition of the Laplacian is different from the combinatorial
Laplacian defined in Chapter 4. However, the two are closely related in regular graphs.
The smallest eigenvalue of £ is 0 corresponding to the eigenvector (v/dy, v/da, ..., /dp)",
where d; is the (weighted) degree of node i. The following well-known theorem that arises
from the work of Alon and Cheeger (for a proof see [36]) shows that the second smallest
eigenvalue of £ gives us useful information about the conductance of G:

Theorem 40 (Alon-Cheeger). Let the conductance of a weighted graph G with n vertices
and m edges be ¢(G). Let the Laplacian of the graph be L, and denote its second smallest
etgenvalue by Ag. Then:
o(G)?

2

Furthermore, suppose we are given a vector x orthogonal to the <\/d1,\/d2,...,\/dn)T
eigenvector, i.e. Y, \/diz; = 0. Let A := XTTEX. Then there is a procedure SWEEPCUT(G, x),

X' X

that in time O(m +n) finds a cut with conductance at most v/2X.

QC(G) > Mg >

The procedure SWEEPCUT(G, x) operates as follows. Assume that the coordinates of x
are ordered in increasing value, z1 < z9 < ...z,. For 1 <k <n-—1,let Sy = {1,2,...,k}.
Then the theorem shows that one of the cuts (S, Sy) has conductance at most v/2), and
thus can be found in time O(m + n).

The optimal x for this procedure is an eigenvector belonging to the second smallest
eigenvalue of £. Computing this eigenvector may be computationally expensive if A, is
very close to 0. However, for our application, we only need to find a cut of conductance
less than some pre-specified constant § > 0. In this case, it suffices to find a vector x
such that its A\ value is at most %2 For this, we can use the power method, as explained
in the following lemma.

Lemma 46. Let A T> Az be a given parameter. Then we can find a vector x such that
S Vdizi = 0 and XEX <\ using O(/\lo_g/\Z) matriz vector products with the matriz L.

x ' x

PROOF: An eigenvector of £ belonging to the 0 eigenvalue is y = (v/di, Vda, ..., Vdp)".

Furthermore, the largest eigenvalue of £ is at most 2. Thus, the matrix 2/ — £ — y%yny
is positive semidefinite with largest eigenvalue 2 — Az. To get a vector x with Rayleigh
quotient at least 2— X, we can use the power method with a random start. The analysis of

[71] indicates that the method succeeds with constant probability in O( /\lo_g/\”L) iterations.

a

2We assume without loss of generality that no node has zero degree.
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Lemma 47. There is a randomized procedure, FINDCUT(G, ), which finds a cut of con-
ductance at most vV2X in G, or with constant probability, concludes correctly that G has
conductance at least %. The procedure requires O(loin) matriz vector products with the

Laplacian of G.

PRrROOF: Let Az be the second smallest eigenvalue of the Laplacian of G. If A\ < %)\,
then with constant probability, O(loin) iterations of the power method, as described in
Lemma 46, suffice to find the desired x. Once x is found, we can run SWEEPCUT(G, x)
to find a cut of conductance at most v/2X. Otherwise if \s > %)\, then by Theorem 40, G
has conductance at least %)\. O

One can iterate the FINDCUT procedure to find c-balanced separators:

Lemma 48. There is a procedure that, given a weighted graph G with degrees bounded
by D, a fraction ¢ > 0, and a expansion bound 3 > 0, uses FINDCUT O(n) times and
produces either a cut of size cn with edge expansion less than BD, or a graph on at least
(1 — ¢)n wvertices on which every cut has expansion at least %2D.

PROOF: For a graph G, let Gp be the graph G with each node augmented with (weighted)
self-loops to make the weighted degree exactly D. This ensures that a cut of conductance
¢ in Gp has expansion at least ¢D. We repeatedly use FINDCUT to get cuts of expansion
less than 8D and aggregate them. The resulting set also has expansion less than 5D.
When FINDCUT can no longer find cuts of expansion less than 5D, then with constant
probability, the second smallest eigenvalue of the Laplacian of the remaining (augmented)
graph is at least %2. Thus, by Theorem 40, every cut in the remaining graph has expansion

%D. This procedure, FINDLARGECUT, is given in Figure 7.1. The success probability
can be boosted up using standard repetition techniques. Here, G \ S is the subgraph
induced on the vertex set V'\ S.

Procedure FINDLARGECUT(G, D, ¢, [3)
// Returns a cut of expansion of expansion at most D or
// a subgraph of G of size at least (1 — ¢)n with expansion at least
Zp
Initialization: S < ¢
while FINDCUT((G\ S)p, %2) finds a cut (T,T) of conductance at
most 3
S—SuT
end while
if |S| > cn then return the set S
else return the graph (G \ S)

Figure 7.1: The FINDLARGECUT procedure.
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7.6 Pseudo-Expander Flows

In this section we show how, given a pseudo-expander flow, we can either convert it into
an expander flow or find a sparse cut. We recall the definition of pseudo-expander flows.

Definition 6. The graph with edge weights (di;)i; is a D-reqular (c, 3)-pseudo expander
if it has mazimum degree at most D and for any subset S C V' such that cn < [S| <n/2
the total weight crossing the cut (S, 5), viz. d(S,S) =), ic5 dij, satisfies

d(s,5) > BDI|S|.

A multi-commodity flow £ is called a D-regular (c, 3)-pseudo expander flow (or just pseudo-
expander flow for short) if its demand graph is a D-regular (c, 3)-pseudo expander.

We now turn to the proof of Lemma 43, which we restate here for convenience:

Lemma 43. Let £ = (fy), be a D-reqular (c, 3)-pseudo-expander flow on a graph G.
Assume that the flow has non-zero demand on only O(nlogn) pairs of vertices. Then,
there is a procedure that in time O(m!?), finds either

1. a D-regular % expander flow,
: 1
2. or, a cut of expansion at most . D.

PROOF: Let Gy be the demand graph for the given pseudo-expander flow. Let D be its
Laplacian, and let Ap be the second smallest eigenvalue of D.

First, we run FINDLARGECUT(G, D, c, g) Since Gy is the demand graph of a (c, 3)-
pseudo-expander flow, the procedure cannot return a cut (5, 5) in G that is ¢ balanced
with expansion less than gD. Thus, it returns a subset of vertices S of size at most cn
such that the induced subgraph G \ S has expansion at least g—;

Now, let L be the set S and c¢n —|S| arbitrarily removed nodes of S, and let R = V'\ L.
Note that |L| = en and R = (1 —¢)n. Let k = % < 1. We form a flow network by

connecting all nodes in L to a single (artificial) source with edges of capacity kD and all
nodes in R to a single (artificial) sink with edges of capacity D, and compute the max
flow in the network (with all original graph edges in G retaining their capacities). The
flow computation runs in O(m!'?®) time using the algorithm of Goldberg and Rao [47].

Suppose the flow does not saturate all source edges. Then its value is less than kD|L]|.
Let (T,T) be the min-cut found, with 7" being the side of the cut containing the source.
Let ny = |T'N L| and let n, = |T N R|. Then the capacity of the original graph edges cut
is at most kD|L| — kD(|L| — n¢) — D(|R| — n,) = D[kny + n, — |R|]. The smaller side of
the cut contains at least min{ny, n,} nodes, and since kn; < k|L| = |R| and n, < |R|, the
expansion of the cut found is at most kD < %D.

Otherwise, suppose that the flow does saturate all source edges. Let g be this flow.
Consider the flow h = 1f + J-g. Then h is a D-regular flow. We claim that it is an Q(c?)
expander flow.

Let (T,T) be a cut in the graph, with |T| < |T|. Let x = [T N L| and y = |T N R|.
Now we have two cases:
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1. 2> g—zy:
Since g pumps kD flow into every node in 7' N L, which eventually goes into the
sink, at least kDz flow must cross the cut (7, T). Thus, in the flow h, at least %Dw
flow crosses the cut (7',7). Thus, the expansion of the cut (7',7") is at least

%Dm - %Dz - ﬁ
r+y  x+ %x - 130
since 3 < 1.

2
2. x < ’gjy:

Since TN R C S, and since the subgraph of G ¢ induced by S has expansion at least
g—;D, at least %Dy flow in f must leave the set T'N R. Since f is D-regular, at
most Dz of this flow can terminate in nodes in 7'N L. Thus, since x < g—zy, at least

g—sz flow crosses the cut (T, T). So in h, at least %Dy flow crosses the cut (T, T).
Thus, the expansion of the cut (7),T) is at least

B2 B2

since 8 < 1.

a

7.7 Random sampling on the demands

We now describe how to randomly sample the demands to reduce the number of non-zero
demands to O(n log? n) while still preserving degrees, expansion of large cuts, and the
values of 4;;(x)’s.

Recall that we only perform the random sampling if the steps corresponding to choos-
ing the s;’s and the zg’s do not result in an x that has positive payoff. Therefore:

D
g

VS, n/2 > S| >ecn: d(S,S) > BiD|S| > pienD

For random sampling, we choose the probability distribution D over pairs of nodes,
where the probability of {i,} is p;j = d;;/Z where Z = 3", dye < $nD. Now we form
the multiset S by choosing m independent samples {i,j} from D. Thus, in each of the
m rounds, we choose only 1 pair, for a total of m pairs. Set indicator random variable
ij = 1 or 0 depending on whether we choose {i,j} on the st trial, 1 < s < m. Finally,
set the new sampled demands to be

- Zy X3

dij =
’ |5
We use the following version of the Chernoff-Hoeffding bounds from [82]:
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Lemma 49. Let X =) X, be the sum of m independent identically distributed random

variables in [0,1] such that E[Xs] = p. Let 6 > 0 be any small error parameter , and
b(0) =(1+9)In(1+0)—0. Then

Pr[X/m > (146)u] < e ™k,
If § > 2e — 1, the upper bound above can be replaced by 2~ H0)1  For § < 1, we have
Pr(X/m < (1—8)u] < e ™12

Now we show the sampled demands approximate the original ones well with high
probability, if the number of samples is Q(n log? n). We restate Lemma 44 here for con-
venience:

Lemma 44. We can randomly sample the demands to produce new demands, d;j, of
which at most O(nlog? n) are non-zero, so that for any 6 > 0, with probability at least
1 —n0ogn) e have:

VS, n/2>|S|>en: d(S,S) > (1—6)d(S,5)
Vx € Q: Zd”fu(x) < nD — ZCLJ&](X) < ™D
ij ij
PROOF: Let m = Q(nlog®n) be the number of samples.

1. Fix any 4. Define, for all 1 < s < m, X, = >, X5, All X; € {0,1} and have

expectation d;/Z. Define X = 3>  X,. Then X/m = d;/Z. Set § = dQZ_. Now we
have two cases:

(a) d <2e—1:
Then d; > % > D/6, and hence d;/Z > 1/3n. By Lemma 49, we conclude
that

Prld; > d; + D] = Pr[X/m > (1+6)(di/Z)] < e ™0di/Z < =mb(B)/3n

since 6 = g > (3, and so b(d) > b(3).
Then (1+9)d;/Z > D/Z > 2/n. By Lemma 49, we conclude that
Pr[d; > d; + D] = Pr[X/m > (140)(d;/2)] < 27mUH0d/Z o 9=2m/n,

If m = Q(nlog®n), then any such event happens with probability < n~¥1°en) By
the union bound over all n nodes,

Pr[ai: CZZ > di—i-D] < p~Qlogn),
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2. Fix any S. Define, for all 1 <s <m, Xy =3, 5.5 X;;. All X, € {0,1} and have
expectation d(S, S)/Z. Define X = >  X;. Then X/m = d(S,S)/Z > 2Bic. By
Lemma 49 above, we conclude that

Pr[d(S,S) > (1 — 6)d(S,5)] < e m0d(S5)/22 < o=0*frem.

If m=Qn log? n), then any such event happens with probability < e~ Qnlog?n)
By the union bound over at most e” choices of S,

Pr[3S, |S| >n/5: d(S,5) > (1-26)d(S,5)] < e nloe*n)

3. Fixan x € Q. Let w, be the weight function on edges specified by x. Note that since
we truncate all path lengths to be at most 1/e5, we may assume that all we < 1/es.
We discretize the space of all possible weight functions on edges as follows. Let the
number of edges be N = O(nlogn). We round the w, values downwards to the
closest multiple of 1/N, to obtain the point X € Q. The number of possible such
discretized weight functions is bounded by (N/ep)V = ¢Onlog’n),

With some abuse of notation, let £;; = ?;;(x) and Zij = (;j(x). The discretization
ensures that |¢;; —£;;| < 1. Since case 1. holds with high probability, we may assume
that all d; < d; + D. Thus, ’ZU dij&j — Zij dijgij‘ < Zij di; <nD.

Define, forall 1 <s <m, Xy =23, Xf]lzj All X, € [0,1] (as £;; < €5 ') and have
expectation pu = 9 Zij dijgij/Z. Define X =), X,. Then X/m = e Zij ciijlzj/Z.
Now, if Eij d;jl;; < nD, then ZZ-]- dijgij <nD, and so u < egnD/Z. Let 14§ =
Ge2nD/Z - Note that § > 2e — 1, and (14 0)pu > 12e5. By Lemma 49 above, we
conclude that,

PI’[Z Jij&j > 7nD] < PI‘[Z ciijfij > 67‘LD]
Pr(X/m > (1+0)y]
2—m(l+5)u

IN

A

2—126277’7,.

N

Applying the union bound to all the ¢O(nlog?n) possible discretized metrics, we
obtain that if m = Q(nlog?n) then

PI‘[HX € Q: Zdij&j <nD but ZCLJ&J > 7TLD] < 20(n10g2 n)e—Q(nlogz n)
— e—Q(n log? n) )

Finally, the union bound over all three cases implies that the stipulation of the lemma
holds with probability at least 1 — n—2(ogn) O
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

In this thesis, we explored the power of the Multiplicative Weights Update rule in various
forms: the basic one where real valued weights are updated by multiplying them by
appropriate factors, and a matrix version where the “weights” are encapsulated by a
density matrix and the update rule uses the matrix exponential.

Both of these algorithms have numerous applications. The basic version, especially,
has been known for many years, and consequently has applications in very diverse areas
(see the survey [15]). In this thesis, we showed how to apply this algorithm to solve various
special semidefinite programs efficiently by reducing the problem to computing approx-
imate eigenvectors. We also showed how to obtain an O(y/logn) approximation to the
SPARSEST CUT and BALANCED SEPARATOR problems in undirected weighted graphs by
embedding expander flows in the input graph using the Multiplicative Weights algorithm.

The bulk of the thesis concerned the matrix generalization, viz. the Matrix Multi-
plicative Weights algorithm. Using the Matrix Multiplicative Weights algorithm, we were
able to provide the first truly general method for designing fast, combinatorial, primal-
dual algorithms for semidefinite programming. Thus, we get the fastest known algorithms
for approximating the SPARSEST CUT and BALANCED SEPARATOR problems in directed
and undirected graphs to factors of O(logn) and O(y/logn). We also obtained the fastest
known algorithms for approximating the constraint satisfaction problems MIN UNCUT
and MIN 2CNF DELETION to a factor of O(y/logn).

We also showed how to apply the Matrix Multiplicative Weights algorithm to deran-
domize Alon and Roichman’s [9] construction of expander graphs, to derandomize the
O(log n) approximation algorithm of Ahlswede and Winter [4], and to obtain an alterna-
tive proof of Aaronson’s [1] result on the learnability of quantum states by bounding the
fat-shattering dimension of the probabilistic concept class of quantum states.

In summary, the Multiplicative Weights framework is a powerful design primitive, and
the algorithms it yields usually have particularly simple analyses. It is simple and useful
enough that it should be viewed as a basic tool in the hands of an algorithm designer
along with divide-and-conquer, dynamic programming, random sampling, and the like.
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8.2 Future Work

e Solving more SDPs efficiently.
One direction for future research is approximating other problems based on SDP
such as MIN LINEAR ARRANGEMENT, for which the currently known algorithms are
quite inefficient. We plan to apply the methods developed to SDPs which arise in
practice, such as for Air Traffic Flow scheduling and Sparse PCA.

e Linear time algorithm for approximating SPARSEST CUT.
While an O(nQ) time algorithm for the SPARSEST CUT problem presented in this
thesis might seem hard to beat, and is certainly optimal for dense graphs, it is still
conceivable that there might be a linear time algorithm, more so if we are willing to
settle for a polylogarithmic approximation. Our fastest algorithm takes O(m+n1‘5)
time algorithm (m is the number of edges) for an O(logn) approximation, and
it would be very interesting to obtain an O(m + n) time algorithm. This would
involve looking inside the various results such as Benczir-Karger and Fleischer (or

Garg-Konemann) that are used in black-box fashion in the current algorithms.

¢ Quantum Computing.
The Matrix Multiplicative Weights algorithm generates density matrices, a central
notion in quantum mechanics used to model a quantum state. In this thesis we
described some quantum computing applications of the algorithm, and certainly
there are more applications waiting to be found.

e Learning algorithms.
The Matrix Multiplicative Weights algorithm has been independently discovered by
Learning theorists, who applied to online variance minimization [98], online Principal
Component Analysis [99, 100], etc. It would be very interesting to obtain more
learning algorithms using the Matrix Multiplicative Weights algorithm.

o “Combinatorializing” Interior Point methods.

While the Multiplicative Weights method is certainly quite powerful, its major draw-
back is that the algorithms it yields have running time dependent on a problem
specific parameter, the width, and that its dependence on the error ¢ is inverse
polynomial. Interior point methods do not have this issue. A natural question is
whether it is possible to use fast combinatorial subroutines within an interior point
algorithm to get a faster algorithm overall. In other words, can interior point algo-
rithms make effective use of the combinatorial structure of a given problem? Such
an algorithm will likely be truly practical.
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Appendix A

Algorithms for Linear and
Semidefinite Programming

In this chapter, we give a high level overview of the well-known algorithms for LP and
SDP. These algorithms are quite general, and the ellipsoid and interior point methods in
particular solve LPs and SDPs (approximately) in polynomial time.

A.1 The Simplex Algorithm

The famous Simplex algorithm of Dantzig [38], while not polynomial time in the worst
case, gave the first practical way to solve LPs. The Simplex algorithm exploits the ge-
ometry of the LP: viz. the fact that the domain for the variables specified by the linear
constraints forms a convex polytope, and the linear objective function is optimized at
one of the vertices of the polytope. Thus, one can perform a walk on the vertices of the
polytope, each time moving to a neighboring vertex that improves the objective, until we
reach a vertex that is the local optimum among its neighboring vertices. This vertex is
then a global optimum since the objective function is linear.

Even now, the Simplex algorithm is one of the fastest ways to solve LPs in practice.
A theoretical justification of why the Simplex algorithm performs so well in practice
was given by Spielman and Teng [90] who proved that the smoothed complexity of the
shadow vertex Simplex algorithm is polynomial, i.e. if the input is perturbed slightly,
then with high probability the shadow vertex Simplex algorithm converges in polynomial
time. Kelner and Spielman [62] gave the first randomized Simplex type algorithm that
runs in polynomial time.

There is no simplex analogue for SDP, however, since the domain is not a convex
polytope because of the positive semidefiniteness constraint.

A.2 The Ellipsoid Algorithm

In 1979, Khachiyan [63] showed the breakthrough result that LPs can be solved in poly-
nomial time using the Ellipsoid method developed by Shor, Yudin and Nemirovskii in
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the 1970s. The Ellipsoid method can be viewed as performing binary search in high
dimensional space. A rigorous exposition can be found in [50].

Using a standard binary search on the value of the objective function, a convex opti-
mization problem can be reduced to the following feasibility problem: there is a convex
body K in R™, and the objective is to find a point in K, or declare correctly that it is
empty. We are also given a value R such that K is contained in the ball of radius R
centered at the origin, and a value r such that if K is non-empty, then it contains a ball
of radius r. We are also given a separation oracle for K, i.e. an algorithm that decides
whether a given input point is in K or not, and if not, then it returns a hyperplane which
separates the input point from K.

Then the Ellipsoid algorithm repeatedly produces ellipsoids of ever-shrinking volume
which contain K, starting with the ball of radius R centered at the origin. At each stage,
the separation oracle is invoked with the center of the ellipsoid as input; either the point
lies in K, in which case we stop, or else it isn’t, and we get a hyperplane separating the
center of the ellipsoid from K. In the latter case, the algorithm generates an ellipsoid that
contains the intersection of the current ellipsoid with the half-space of the hyperplane that
contains K, with the property that the new ellipsoid has volume that is a factor exp(#}z))
smaller than the volume of the current ellipsoid. Since the starting ellipsoid, viz. the ball
of radius R centered at the origin, has volume O(R"), and assuming K is non-empty, its
volume is at least Q(r™), within O(nlog(£r)) = O(n?log(R/r)) iterations we must obtain
a point in K; otherwise, we conclude that K is empty.

In the case of linear programs, we first reduce the problem to a feasibility instance
by doing binary search on the objective. Thus, we need to decide non-emptiness of a
convex polytope. A separation oracle for the convex polytope simply checks if any of the
linear constraints is violated by the input point; if so, the constraint gives the necessary
separating hyperplane.

It is possible to show that all vertices of the polytope have rational coordinates with the
numerator and denominator bounded by exp(L) where L is an input bit size parameter.
Assuming the polytope is non-degenerate, then it has n + 1 affinely independent vertices,
and hence the simplex formed by them can be shown to have volume at least exp(—O(nL))
(note: all the ellipsoid algorithm needs is a lower bound on the volume of K. The
radius r of a contained ball is not necessarily required). Also, K can be shown to be
contained in a ball of radius exp(O(L)). Thus, the Ellipsoid algorithm decides feasibility
in O(n2L) iterations. Each iteration involves one call to the separation oracle; since this
involves checking each of the constraints at the current point, the separation oracle can be
implemented in O(mn) time. This dominates the running time for the other operations
in each iteration (including computing the new ellipsoid), so the overall running time
becomes O(mn3L).

Thus, even though the Ellipsoid algorithm runs in polynomial time, it is vastly im-
practical. Even so, the power of the Ellipsoid method comes from its ability to use a very
weak specification of the convex body in question, viz. in terms of a separation oracle.
This fact was exploited by Grotschel, Lovéasz and Schrijver [50] who applied it to SDPs
and gave applications of SDPs to combinatorial optimization.

To apply the Ellipsoid method to SDP, all one needs to do is provide a separation
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oracle. Again, this is simply done by checking if any of the linear constraints is violated by
the input point. If all of them are, then one needs to check the positive semidefiniteness
constraint, i.e. one needs to check whether the input point X has only non-negative
eigenvalues. This is easily done by computing its smallest eigenvalue \. If it is negative,
then there is an associated eigenvector v € R™ such that the v Xv = A < 0. This is the
same as saying that Xevv ' < 0. On the other hand, any positive semidefinite X satisfies
X e vv' > 0; thus, this linear constraint gives a separating hyperplane.

The Ellipsoid method applied to SDP is even more impractical, needing O(n*L) it-
erations to converge by an analysis similar to the one for LP, since the dimension of the
space of variables is now ©(n?).

A more efficient algorithm with the same characteristics as the Ellipsoid algorithm
was developed by Vaidya [93]. This algorithm maintains convex polytopes, rather than
ellipsoids, which enclose K, such that their volume reduces by a constant factor in every
step. This algorithm needs O(nL) iterations to converge in the case of LPs, and O(n%L)
in the case of SDPs.

A.3 Interior Point Methods

The first truly practical polynomial time algorithm for LP was developed by Karmarkar
[60] using Interior Point methods. This method was further developed by Ye [102] who
gave an O(n3L) time algorithm for LP (here, L is a bit size complexity parameter).

Interior point methods rely on the theory of LP duality and complementary slackness.
These algorithms are much more involved than the Ellipsoid method, and we will not
consider them in any detail; we only describe a few key ideas.

Interior Point methods maintain a feasible primal and dual solution. The LP is op-
timized precisely when the duality gap, which is the difference between the values of
the primal and dual solution, is reduced to zero. We therefore make use of a carefully
constructed potential function of the current primal and dual solutions with two key prop-
erties: (a) at optimality, i.e. when the duality gap goes to zero, the potential function
goes to negative infinity, and (b) it consists of a logarithmic barrier function which tends
to keep the primal solution away from the boundary of the polytope. In fact, it suffices
to drive the potential down to —O(y/nL); at this point, the primal and dual solutions are
already close enough in value that they can be rounded to optimality straight away.

The algorithm starts with a feasible primal and dual solution with potential O(y/nL).
Then in each iteration, an affine scaling is applied to the primal and dual solution which
preserves the potential but takes the primal solution far away from the boundary of the
polytope. Then, since we want to decrease the potential function, a gradient descent step
is applied to either the primal or the dual variables (only). In either case, the gradient
needs to be projected into the feasible region so as to maintain the feasibility of the
new solutions. It is then shown that either the primal or dual gradient step reduces the
potential by at least a constant. Thus, only O(y/nL) steps are needed to reduce the
potential to —O(y/nL), at which point the algorithm stops. In each iteration, the most
expensive operation is the computation of the projected gradient. By using approximate
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solutions to linear equations, this can be accomplished in O(n?:%) time, thus yielding an
overall running time complexity of O(n3L).

This method was extended by Alizadeh [5] to the case of SDPs, and an interior point
algorithm for SDPs was presented with running time O(y/m(n® +m)L). A similar result
was obtained by Nesterov and Nemirovskii [83, 84].
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