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Abstract

Optimization Everywhere: Convex, Combinatorial, and Economic
By
Chiu Wai Wong
Doctor of Philosophy in Computer Science
University of California, Berkeley

Professor Prasad Raghavendra, Chair

In this thesis we study fundamental problems that arise in optimization and its ap-
plications. We present provably efficient algorithms that achieve better running times or
approximation guarantees than previously known. Our method draws on the toolkit from
convex and combinatorial optimization as well as economics. By intertwining techniques
from these disciplines, we are able to make progress on multiple old and new problems, some
of which have stood open for many years. Main results of this thesis include the following:

e Convex Programming: We show how to solve convex programming with an expected
O(nlog(nR/e€)) evaluations of the separation oracle and additional time

O(n?log®Y(nR/e)). This matches the oracle complexity and improves upon the
O(n“*t!log(nR/€)) additional time of the previous fastest algorithm achieved over 25
years ago for the current value of the matrix multiplication constant w < 2.373 when

R/e = O(poly(n)).

Submodular Function Minimization: We provide new weakly and strongly poly-
nomial time algorithms with a running time of O(n?lognM - EO + n? logP™ nM) and
O(n*log?n - EO + n*1og®® n), improving upon the previous best of O((n* - EO +
n®)log M) and O(n® - EO + nS) respectively. We also provide the first subquadratic
time algorithm for computing an approximately optimal solution.

Matroid Intersection: We provide new algorithms with a running time of

O (1 Trank log nlog(n.M)4n? 1log®™M nM) and O (n?>Tiuq log(nM)+n? log®V nM), achiev-
ing the first quadratic bound on the query complexity for the independence and rank
oracles. In the unweighted case, this is the first improvement since 1986 for indepen-
dence oracle.

Submodular Flow: We obtain a faster weakly polynomial runtime of O(n? log(nCU)-
EO 4 1?2 1og®Y (nCU)), improving upon the previous best of O(mn®log(nU)-EO) and
O (n*hmin {log C,log U}) from 15 years ago by a factor of O(n?).



Semidefinite Programming: We obtain a running time of O(n(n® + m* + 9)),
improving upon the previous best of O(n(n* +m“ + 5)) for the regime S is small.

Market Equilibrium: We present the first polynomial time algorithm for computing
market equilibrium in an economy with indivisible goods and general buyer valuations
having only access to an aggregate demand oracle.

Vertex Cover with Hard Capacity: We give a f-approximation algorithm for
the minimum unweighted Vertex Cover problem with Hard Capacity constraints on f-
hypergraphs This improves over the previous 2 f-approximation and is the best possible
assuming the unique game conjecture.

Network Design for Effective Resistance: We initiate the study of network design
for s-t effective resistance. Among other results we present a constant factor approxi-
mation by applying classic techniques to a convex quadratic programming relaxation.
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1 Introduction

Over the century optimization has established itself as an important branch of mathematics
with relevance to engineering as well as natural and social sciences. As the invisible backbone
behind numerous applications from airline scheduling to internet commerce, optimization
has continued to evolve its role thanks to developments in both the basic theory and the
application to other domains. Our ever greater demand for efficiency of time, energy and
resources means that sustained research efforts on optimization are imperative to serve our
present and future needs. We envision a future with optimization being an omnipresent
technology.

In this thesis we study various fundamental problems in optimization, both combinato-
rial and continuous, and develop new provably efficient algorithms for them. An overarching
theme of our works is the interplay between convex optimization and problems from com-
binatorics and economics. New and improved algorithms are obtained by synthesizing ideas
and tools from these separate research areas in nontrivial manners. While this thesis is
hardly the first to explore their connections, (some of) our approaches substantially devi-
ate from the traditional thinking on the role of convex optimization in these areas. In the
broader context, our results add to the recent growing body of works that establish convex
optimization as a core tool in algorithm design.

In this Chapter, we present our new results and explain their significance in their respec-
tive research areas. To this end we describe how convex optimization is classically employed
in Section 1.1. In Section 1.2, we provide a high-level summary of our results, obtained
partly by applying convex optimization differently from before.

1.1 Overview

We assume general familiarity with optimization, the study of maximization or minimization
problems under certain given constraints.

1.1.1 Opening the black box of convex optimization

The first half of this thesis is on the application of convex optimization in other research
areas, primarily for designing fast algorithms.
Convex optimization is historically used in algorithm design via a black-boxr manner:

1. Formulate the given problem as a special case of convex minimization
2. Apply convex optimization algorithm to solve the problem

While black-box applications abstract the technical details and make those algorithms acces-
sible to more researchers, much of the intricacies of convex optimization are sacrificed in the
abstraction. As is common in mathematics, textbook theorems are sometimes too general to
address all scenarios adequately. Faster algorithms can be expected by tailor-making those
general results in view of the problem-specific structures, i.e. opening the black box. To
execute this agenda, familiarity with both convex optimization and the application domain
is needed in order to recognize and combine the necessary ingredients from both disciplines.



A prominent example is the recent nearly linear algorithms for solving approximate maxi-
mum flow [235, 148]. The algorithms, which massively outperform any black-box application
of iterative methods, intertwine tools from structural graph theory and iterative methods in
convex optimization. Indeed, since the celebrated result of Spielman and Teng on Laplacian
solvers, a great body of works have been devoted to adapt the power of convex optimization
for cut and flow problems in graphs.

We expand the reach of convex optimization to more fundamental problems such as
submodular function minimization and market equilibrium computation. We will see that
existing tools in convex optimization have to be extended and strengthened before they can
be applied to our problems. This is in fact a two-way process: not only did optimization
enable us to make progress in other fields, this effort has also contributed back positively by
driving advances in convex optimization (e.g. cutting plane methods).

As an example, we use the cutting plane methods to explain our philosophy. The class
of cutting plane methods include the famous ellipsoid method as a special case. For a given
problem, cutting plane methods are classically employed only to show the existence of poly-
nomial time algorithms due to the stigma that this class of methods have poor running times
both in theory and in practice. We challenge this conventional wisdom by exhibiting several
problems where cutting plane methods, coupled with appropriate modifications (i.e. open-
ing the black box) and problem-specific properties, produce the fastest known algorithms for
these problems. The interplay between cutting plane methods (along with other techniques
in continuous optimization) and the problem-specific properties are so intertwined that a
black box application of the original guarantee of the cutting plane method would not yield
the same result.

1.1.2 Rounding linear and convex programs

The second half of this thesis studies approximation algorithms for NP-hard problems based
on rounding of their linear or convex programming relaxation.

The use of linear or convex programming relaxation is one of the most popular paradigms
for designing approximation algorithms [259, 253]. Tt consists of two ingredients:

e a linear or convex relaxation of our problem whose optimal fractional solution can be
computed in polynomial time via general convex optimization algorithms

e a rounding algorithm which converts the fractional solution to an integral solution

A wide variety of techniques and results have been developed for approximation algorithms
in the literature. In this thesis we study two NP-hard combinatorial problems and present
companion approximation algorithms that add new twists to this diverse toolkit. Both of
them are graph optimization problems with a capacity constraint. More specifically:

Our algorithm for the minimum vertex cover with capacity problem employs iterative
rounding, which incrementally constructs an integral solution by repeatedly rounding certain
variables and solving the updated linear relaxation until all variables are integral. This is in
contrast to previous works which solve only the relaxations once or twice.

Our algorithm for the minimum effective resistance with capacity problem involves a
convex quadratic program relaxation and a corresponding rounding algorithm that heavily



leverages the optimality conditions of the relaxation. To the best of our knowledge this is
the first time the optimality conditions of a convex quadratic program play a major role in
designing approximation algorithms for graph problems.

1.2 New results and thesis organization
Chapter 2: Basic concepts and problems

In Chapter 2 we give a summary of the problems addressed in this thesis along with a crash
course on the technical background.

Part I-V: Fast Algorithms via Convex Optimization

Part I: Cutting plane methods

We improve upon the running time for finding a point in a convex set given a separation
oracle. In particular, given a separation oracle for a convex set K C R" that is contained
in a box of radius R we show how to either compute a point in K or prove that K does
not contain a ball of radius € using an expected O(nlog(nR/¢)) evaluations of the oracle
and additional time O(n?log® (nR/¢)). This matches the oracle complexity and improves
upon the O(n®*log(nR/¢)) additional time of the previous fastest algorithm achieved over
25 years ago by Vaidya [248] for the current value of the matrix multiplication constant
w < 2.373 [258, 97] when R/e = O(poly(n)).

Using a mix of standard reductions and new techniques we show how our algorithm
can be used to improve the running time for solving classic problems in continuous and
combinatorial optimization in the next three Parts.

This Part is based on joint works with Yin Tat Lee and Aaron Sidford.

Part II: Convex minimization and the intersection problem

We explain how the cutting plane method can be applied to solve convex minimization and
the intersection problem.

The intersection problem involves optimizing over the intersection of two convex bodies
provided that we can optimize over each of them. Our algorithm is faster than previous and
inspired by regularization, a classic optimization technique. In the special case of matroid
intersection, we achieve an oracle complexity of O(nr), an improvement over the previous
O(nr®) from 1986 [51]. Additional applications include submodular flow and semidefinite
programming.

This Part is based on joint works with Yin Tat Lee and Aaron Sidford.

Part ITI: Submodular function minimization (SFM)

Submodualr minimization is the problem of minimizing submodular functions, which are
the discrete analogue to convex functions. Suppose n is the size of the ground set, M is the
maximum absolute value of function values and EQO is the time for function evaluation.



Our weakly and strongly polynomial time algorithms have a running time of O(n?lognM -
EO+n?1og®Y nM) and O(n?log? n- EO +n*log®® n), improving upon the previous best of
O((n*-EO+n®)log M) and O(n®-EOQ+n") respectively. At the technical level our algorithms
rely on the interplay between a new duality guarantee of the cutting plane method as well
as classic combinatorial properties of submodular functions.

This Part is based on joint works with Yin Tat Lee and Aaron Sidford.

Part IV: Market equilibrium computation

We present the first polynomial time algorithm for computing Walrasian equilibrium in an
economy with indivisible goods and general buyer valuations having only access to an ag-
gregate demand oracle, i.e., an oracle that given prices on all goods, returns the aggregated
demand over the entire population of buyers. For the important special case of gross sub-
stitute valuations, our algorithm queries the aggregate demand oracle O(n) times and takes
5(n3) time, where n is the number of goods. At the heart of our solution is a method for
exactly minimizing certain convex functions which cannot be evaluated but for which the
subgradients can be computed.

We also give the fastest known algorithm for computing Walrasian equilibrium for gross
substitute valuations in the value oracle model. Our algorithm has running time O((mn +
n®)Ty) where Ty is the cost of querying the value oracle. A key technical ingredient is to
regularize a convex programming formulation of the problem in a way that subgradients are
cheap to compute. En route, we give necessary and sufficient conditions for the existence
of robust Walrasian prices, i.e., prices for which each agent has a unique demanded bundle
and the demanded bundles clear the market. When such prices exist, the market can be
perfectly coordinated by solely using prices.

This Part is based on joint works with Renato Paes Leme.

Part V: Subquadratic submodular function minimization (SFM)

Having explored the cutting plane method for SFM, in this Part we turn to the application
of first-order methods to SFM.

We present subquadratic time SFM algorithms. For integer-valued submodular functions,
we give an SFM algorithm which runs in O(nM3logn - EO) time giving the first nearly
linear time algorithm in any known regime. For real-valued submodular functions with
range in [—1,1], we give an algorithm which in O(n%? - EO/€?) time returns an e-additive
approximate solution. At the heart of it, our algorithms are projected stochastic subgradient
descent methods on the Lovasz extension of submodular functions where we crucially exploit
submodularity and data structures to obtain fast, i.e. sublinear time, subgradient updates.

This Part is based on joint works with Deeparnab Chakrabarty, Yin Tat Lee and Aaron
Sidford.

Part VI-VII: Approximation Algorithms via Linear and Convex Relaxations



Part VI: Vertex cover with hard capacity

We give a f-approximation algorithm for the minimum unweighted Vertex Cover problem with
Hard Capacity constraints (VCHC) on f-hypergraphs. This problem generalizes standard vertex
cover for which the best known approximation ratio is also f and cannot be improved assuming
the unique game conjecture. Our result is therefore essentially the best possible. This
improves over the previous 2.155 (for f = 2) and 2f approximation algorithms by Cheung,
Goemans and Wong [40].

At the heart of our approach is to apply iterative rounding to a natural LP relaxation that
is slightly different from prior works which used (non-iterative) rounding. Our algorithm is
significantly simpler and offers an intuitive explanation why f-approximation can be achieved
for VCHC.

No coauthor for this Part.

Part VII: Minimum effective resistance with capacity

We consider a new problem of designing a network with small s-t effective resistance. In this
problem, we are given an undirected graph G = (V, E') where each edge e has a cost ¢, and
a resistance r., two designated vertices s,t € V', and a cost budget k. Our goal is to choose
a subgraph to minimize the s-t effective resistance, subject to the constraint that the total
cost in the subgraph is at most k. This problem is an interpolation between the shortest
path problem and the minimum cost flow problem and has applications in electrical network
design.

We present several algorithmic and hardness results for this problem. On the hardness
side, we show that the problem is NP-hard, and is hard to approximate within a factor
smaller than two assuming the small-set expansion conjecture. On the algorithmic side, we
analyze a convex programming relaxation of the problem, and design a constant factor ap-
proximation algorithm when every edge has the same cost and the same resistance. The key
of the rounding algorithm is a randomized path-rounding procedure based on the optimality
conditions and a flow decomposition of the fractional solution.

This Part is based on joint works with Pak Hay Chan, Lap Chi Lau, Aaron Schild and
Hong Zhou. My contribution includes formulating the problem and being the main architect
behind an earlier O(log®n) approximation cycle-pushing algorithm which was later improved
to a constant factor approximation by my coauthors Lap Chi Lau and Hong Zhou.

2 Basic Concepts and Problems

We introduce the notions and problems studied throughout this thesis. This chapter is to
give readers a glimpse into the flavor of this thesis; more in-depth discussions are deferred
to later chapters.

2.1 General

Basics: We use nnz(Z) or nnz(A) to denote the number of nonzero entries in a vector or a
matrix respectively. Frequently, for # € R? we let X € R?*? denote diag(Z), the diagonal



matrix such that X;; = x;. For a symmetric matrix, M, we let diag(IM) denote the vector

corresponding to the diagonal entries of M, and for a vector, #, we let |||y = VZT MZ.

Running Times : We typically use XO to denote the running time for invoking the or-
acle, where X depends on the type of oracle, e.g., SO typically denotes the running time of
a separation oracle, EO denotes the running time of an evaluation oracle, etc. Furthermore,

we use O(f) = O(flog®W f).

Spectral Approximations: For symmetric matrices N, M € R™" we write N < M
to denote that ZTNZ < ZTMZ for all ¥ € R" and we define N = M, N < M and N =~ M
analogously.

Misc: We let w < 2.373 [258] denote the matrix multiplication constant.

2.2 Convex Optimization

Basic concepts and definitions

Convex sets: A set S € R” is convex if for any =,y € S, any point on the line between x
and y also belongs to S, i.e. tx + (1 —t)ye Sforall 0 <t < 1.

Balls: We let B,(r) = {& : Hpr < r} denote a ball of radius r in the ¢, norm. For
brevity we refer to By(r) as a a ball of radius r and By (r) as a boz of radius r.

Convex functions: Let S be convex. A function f : S — R is convex if for any z,y € .5,

fl@)+ fly) = f(55Y)-
Gradients: The gradient of a differentiable function f at x is denoted by V f(x).

Subgradients: A subgradient of a convex function f : S — R at x € S, denoted by
J0f(z) € R™, satisfies f(y) — f(x) > 0f(z) - (y — x) for any y € S.

Problems

Convex minimization: The problem of solving min,cs f(z) for a convex function f :
S — R

Algorithms for convex minimization generally proceed by generating a sequence of points
that approach a minimizer based on the (sub)gradient.

Intersection problem: Let S,T be convex sets and f be a convex function defined on
a set containing S and 7. Given oracles for solving min,cs f(z) and minger f(x), compute

mingesnr f(x)



2.3 Separation Oracles

We frequently make assumptions about the existence of separation oracles for sets and func-
tions. Here we formally define these objects as we use them throughout. Our definitions are
possibly non-standard and chosen to handle the different settings that occur in this thesis.

Definition 1 (Separation Oracle for a Set). Given a set K C R™ and § > 0, a d-separation
oracle for K is a function on R™ such that for any input @ € R", it either outputs “successful”
or a half space of the form H = {7: 72 <7+ b} O K with b < (5||8'H2 and @# 0. We let
SO;s(K) be the time complexity of this oracle.

The parameter ¢ indicates the accuracy of the oracle. For brevity we refer to a 0-
separation oracle for a set as just a separation oracle.

Note that in Definition 1 we do not assume that K is convex. However, we remark that
it is well known that there is a separation oracle for a set if and only if it is convex and that
there is a  separation oracle if and only if the set is close to convex in some sense.

Definition 2 (Separation Oracle for a Function). For any function f, 7 > 0 and § > 0, a
(n, 0)-separation oracle on a set I' for f is a function on R™ such that for any input Z € T,
it either asserts f(Z) < minger f() + 7 or outputs a half space H such that

(Zel: fO<f@D}CcHE{Z:&2< T +b} (2.1)

with b < (5H€H and @# 0. We let SO, 5(f) be the time complexity of this oracle.

2.4 Combinatorial Optimization

Basic concepts and definitions

Submodular functions: A function f : 2V — Z is submodular if f(T + i) — f(T) <
f(S+i)— f(S) forall SC T andie V\T.

Submodular functions can be viewed as the discrete analogue to convex functions, and gen-
eralize the graph cut function.

Matroids: Given a ground set £ and a family of subsets Z C 2 (called independent
sets), M = (E,Z) is a matroid if (1) any subset of an independent set is also independent;
(2) for I, Iy € T with |I;| > |I3|, there is some e € I; for which I, + e € T.

Matroids can be viewed as a generalization of linear independence.

Problems

Submodular function minimization: The problem of solving minacy f(A) for a sub-
modular function f : 2"V — Z.
This problem generalizes the well-known minimum s-¢ cut problem in graph theory.

Matroid Intersection: The problem of finding the maximum (weighted) set independent



in both of the two given matroids.

This problem generalizes the well-known maximum (weighted) bipartite matching problem
in graph theory.

2.5 Economics

Basic concepts and definitions

Valuation functions: Given a set of items S, v : 2° — R measures the valuation of an
agent for each subset of items of S.

Utility functions: Given an agent with valuation function v and prices p; on item i (Vi),
u(S,p) = v(S) = _,cq i measures the utility (“satisfaction”) of the agent if he/she purchases
S.

Market equilibrium: Given an economy consisting of a number of agents and items, a
market equilibrium is the state in which the prices on the items clear the market, i.e. there
exists an allocation of the items to agents that maximizes the utility of every agent.

Problem

Market equilibrium computation: The problem of finding a market equilibrium under
certain assumptions on what we know about the market.

2.6 Graph Theory

Basic concepts and definitions

Graphs: A graph G = (V, E) consists of a (finite) set of vertices V' and a set of edges E.
Each edge e € E connects two vertices (formally, an unordered pair of vertices).

f-hypergraphs: A f-hypergraph G = (V, E) consists of a (finite) set of vertices V' and
a set of edges E. Each edge e € E connects at most f vertices (formally, a subset of at most
k vertices).

Vertex cover: Given (hyper)graph G, S C V is a vertex cover if every edge has at least
one endpoint in S.

s-t effective resistance: Given a graph G = (V| F) with resistances on the edges, for
s,t € V the s-t effective resistance is the potential difference between s and ¢ when one unit
of electrical flow is sent from s to ¢.

Problems

Vertex cover with hard capacity: Given a f-hypergraph G = (V, E') and capacity k, € N,
find the minimum cardinality vertex cover S where each vertex v € S is only allowed to cover



at most k, edges, i.e. there is a mapping of E to S such that at most k, edges are mapped
to the same vertex v.

s-t effective resistance network design: Given a graph G = (V| F) with resistances
on the edges and capacity k € N, find the subgraph of most £ edges with the minimum s-¢
effective resistance.



Part 1
A Faster Cutting Plane Method

This Part is based on joint works with Yin Tat Lee and Aaron Sidford.

3 Introduction

Throughout Part [ we study the following feasibility problem:

Definition 3 (Feasibility Problem). Given a separation oracle for a set K C R™ contained
in a box of radius R, either find a point ¥ € K or prove that K does not contain a ball of
radius e.

This feasibility problem is one of the most fundamental and classic problems in optimiza-
tion. Since the celebrated result of Shor [238], Yudin and Nemirovski [262] and Khachiyan
[152] in 1970s essentially proving that it can be solved in time O(poly(n) - SO - log(R/€)),
this problem has served as one of the key primitives for solving numerous problems in both
combinatorial and convex optimization.

Despite the prevalence of this feasibility problem, the best known running time for solving
this problem has not been improved in over 25 years. In a seminal paper of Vaidya in 1989
[248], he showed how to solve the problem in O(n - SO - log(nR/e) + n“*'log(nR/€)) time.
While there had been interesting generalizations and practical improvements [8, 226, 106,
13, 107, 210, 261, 108, 31], the best theoretical guarantees for solving this problem have not
been improved since.

In Part [ we show how to improve upon Vaidya’s running time in certain regimes. We
provide a cutting plane algorithm which achieves an expected running time of O(n - SO -
log(nR/€)+n31log®M (nR/¢)), improving upon the previous best running time for the current
known value of w < 2.373 [258, 97] when R/e = O(poly(n)).

We achieve our results by the combination of multiple techniques. First we show how to
use techniques from the work of Vaidya and Atkinson to modify Vaidya’s scheme so that it is
able to tolerate random noise in the computation in each iteration. We then show how to use
existing numerical machinery [249, 240, 177] in combination with some new techniques (Sec-
tion 6.1 and Section 6.2) to implement each of these relaxed iterations efficiently. We hope
that both these numerical techniques as well as our scheme for approximating complicated
methods, such as Vaidya’s, may find further applications.

While our work focuses on theoretical aspects of cutting plane methods, we achieve our
results via the careful application of practical techniques such as dimension reduction and
sampling. As such we hope that ideas in this work may lead to improved practical algorithms
for non-smooth optimization.

I Although cutting plane methods are often criticized for their empirical performance, recently, Bubeck,
Lee and Singh [31] provided a variant of the ellipsoid method that achieves the same convergence rate as
Nesterov’s accelerated gradient descent. Moreover, they provided numerical evidence that this method can
be superior to Nesterov’s accelerated gradient descent, thereby suggesting that cutting plane methods can
be as aggressive as first order methods if designed properly [31, 30].
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3.1 Previous Work

Throughout, we restrict our attention to algorithms for the feasibility problem that have
a polynomial dependence on SO, n, and log(R/€). Such “efficient” algorithms typically
follow the following iterative framework. First, they compute some trivial region {2 that
contains K. Then, the separation oracle is queried at some point 7 € Q. If ¥ € K, the
algorithm successfully solved the problem. Otherwise the separation oracle must return a
half-space containing K. The algorithm then uses this half-space to shrink the region )
while maintaining the invariant that K C 2. This process is then repeated until it finds a
point & € K or the region 2 becomes too small to contain a ball with radius e.

Previous works on efficient algorithms for the feasibility problem all follow this iterative
framework. They vary in terms of what set {2 they maintain, how they compute the center
to query the separation oracle, and how they update the set. In Table 1, we list the previous
running times for solving the feasibility problem. As usual SO indicates the cost of the
separation oracle.

The first efficient algorithm for the feasibility problem is the ellipsoid method, due to Shor
[238], Nemirovksii and Yudin [262], and Khachiyan [152]. The ellipsoid method maintains
an ellipsoid as €2 and uses the center of the ellipsoid as the next query point. It takes
O(n?log(nR/e)) calls of oracle which is far from the lower bound Q(nlog(R/€)) [209].

To alleviate the problem, the algorithm could maintain all the information from the or-
acle, i.e., the polytope created from the intersection of all half-spaces obtained so far. The
center of gravity method [182] achieves the optimal oracle complexity using this polytope
and its center of gravity as the next point. However, computing center of gravity is com-
putationally expensive and hence we do not list its running time in Table 1. The Inscribed
Ellipsoid Method [153] also achieved the optimal oracle complexity using this polytope as
) but instead using the center of the maximal inscribed ellipsoid in the polytope to query
the separation oracle. We listed it as occurring in year 1988 in Table 1 because it was [212]
that yielded the first polynomial time algorithm to actually compute this maximal inscribed
ellipsoid for polytope.

Vaidya [248] obtained a faster algorithm by maintaining an approximation of this polytope
and using a different center, namely the volumetric center. Although the oracle complexity
of this volumetric center method is very good, the algorithm is not extremely efficient as
each iteration involves matrix inversion. Atkinson and Vaidya [13] showed how to avoid
this computation in certain settings. However, they were unable to achieve the desired
convergence rate from their method.

Bertsimas and Vempala [20] also gives an algorithm that avoids these expensive linear
algebra operations while maintaining the optimal convergence rate by using techniques in
sampling convex sets. Even better, this result works for a weaker oracle, namely the mem-
bership oracle. However, the additional cost of this algorithm is relatively high. We remark
that while there are considerable improvements on the sampling techniques [187, 145, 177],
the additional cost is still quite high compared to standard linear algebra.

11



’ Year ‘ Algorithm ‘ Complexity ‘

1979 | Ellipsoid Method [238, 262, 152 O(n*SOlog k + n*log k

1988 | Inscribed Ellipsoid [153, 212] O(nSOlog k + (nlog k)™’

1989 | Volumetric Center [248] O(nSOlog k + n'** log k)

1995 | Analytic Center [13] 0 < nSOlog” s +n°log” s )
Y + (nlog k)*T/?

2004 | Random Walk [20] — O(nSOlog k + n' log k)

2015 | This work O(nSOlog k + n?log®™W k)

Table 1: Algorithms for the Feasibility Problem. x indicates nR/e. The arrow — indicates
that it solves a more general problem where only a membership oracle is given.

3.2 Challenges in Improving Previous Work

Our algorithm builds upon the previous fastest algorithm of Vaidya [250]. Ignoring imple-
mentation details and analysis, Vaidya’s algorithm is quite simple. This algorithm simply
maintains a polytope P*) = {z € R* : A% —b> 6} as the current €2 and uses the volumetric
center, the minimizer of the following volumetric barrier function

1 of 1 L, P
argminfg logdet (ATS;?A)  where S; < diag(AZ — b) (3.1)

as the point to query the separation oracle. The polytope is then updated by adding shifts
of the half-spaces returned by the separation oracle and dropping unimportant constraints.
By choosing the appropriate shift, picking the right rule for dropping constraints, and using
Newton’s method to approximately compute the volumetric center, a running time of O(n -
SO -log k + n'™log k) can be achieved.

While Vaidya’s algorithm’s dependence on SO is essentially optimal, the additional per-
iteration costs of his algorithm could possibly be improved. The computational bottleneck
in each iteration of Vaidya’s algorithm is computing the gradient of logdet which in turn
involves computing the so-called leverage scores (%) = diag(S;'A (ATSz_zA)f1 ATS 1),
a commonly occurring quantity in numerical analysis and convex optimization [240, 47,
183, 177, 176]. As the best known algorithms for computing leverage scores exactly in this
setting take time O(n*), directly improving the running time of Vaidya’s algorithm seems
challenging.

However, since an intriguing result of Spielman and Srivastava in 2008 [240], it has
been well known that using Johnson-Lindenstrauss transform these leverage scores can be
computed up to a multiplicative (14¢) error by solving O(e~?logn) linear systems involving
ATS?A. While in general this still takes time O(e"?>n®), there are known techniques for
efficiently maintaining the inverse of a matrix so that solving linear systems takes amortized
O(n?) time [249, 176, 177]. Consequently if it could be shown that computing approzimate
leverage scores sufficed, this would potentially decrease the amortized cost per iteration of
Vaidya’s method.

Unfortunately, Vaidya’s method does not seem to tolerate this type of multiplicative
error. If we compute gradients of (3.1) using this approximation of leverage scores, it seems
that the point computed would be far from the true center. Moreover, without being fairly
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close to the true volumetric center, it is difficult to argue that such a cutting plane method
would make sufficient progress.

To overcome this issue, it is tempting to directly use the recent work on faster linear
programming [176]. In this work, the authors faced a similar issue where a volumetric,
i.e. logdet, potential function had the right analytic and geometric properties but was
computational expensive to minimize. To overcome this issue the authors instead computed
a weighted analytic center:

—

argming — Z w;log s;(7) where §() = AZ —b

1€[m]

For carefully chosen weights this center provides the same convergence guarantees as the
volumetric potential function, while each step can be computed by solving few linear systems
(rather than forming the matrix inverse).

Unfortunately, it is unclear how to directly extend the work in [176] on solving an explicit
linear program to the feasibility problem specified by a separation oracle. While it is possible
to approximate the volumetric barrier by a weighted analytic center in many respects, proving
that this approximation suffices for fast convergence remains open. In fact, the volumetric
barrier function as used in Vaidya’s algorithm is well approximated simply by the standard
analytic center

argming — Z log s;(Z) where @)L AT—-b
i1€[m]

as all the unimportant constraints are dropped during the algorithm. However, despite
decades of research, the best running times known for solving the feasibility problem using the
analytic center are Vaidya and Atkinson algorithm from 1995 [13]. While the running time
of this algorithm could possibly be improved using approximate leverage score computations
and amortized efficient linear system solvers, unfortunately without further insight this would
at best yield an algorithm which requires suboptimal O(n logo(l) K) queries to the separation
oracle.

As pointed out in [13], the primary difficulty in using any sort of analytic center is
quantifying the amount of progress made in each step. We still believe providing direct
near-optimal analysis of weighted analytic center is a tantalizing open question warranting
further investigation. However, rather than directly address the question of the performance
of weighted analytic centers for the feasibility problem, we take a slightly different approach
that side-steps this issue. We provide a partial answer that still sheds some light on the
performance of the weighted analytic center while still providing our desired running time
improvements.

3.3 Our Approach

To overcome the shortcoming of the volumetric and analytic centers we instead consider a
hybrid barrier function

argming — Z w;log s;(Z) + log det(ATS;'A)  where (@) £ AT —b

1€[m]
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for careful chosen weights. Our key observation is that for correct choice of weights, we can
compute the gradient of this potential function. In particular if we let @ = 7— ¢(Z) then the
gradient of this potential function is the same as the gradients of Zie[m} 7; log s;(Z), which
we can compute efficiently. Moreover, since we are using log det, we can use analysis similar
to Vaidya'’s algorithm [248] to analyze the convergence rate of this algorithm.

Unfortunately, this simple observation does not immediately change the problem sub-
stantially. It simply pushes the problem of computing gradients of logdet to computing .
Therefore, for this scheme to work, we would need to ensure that the weights do not change
too much and that when they change, they do not significantly hurt the progress of our al-
gorithm. In other words, for this scheme to work, we would still need very precise estimates
of leverage scores.

To salvage the idea, we observe that the leverage scores &(Z) do not change too much
between iterations. Moreover, we provide what we believe is an interesting technical result
that an unbiased estimate to the changes in leverage scores can be computed using linear
system solvers such that the total error of the estimate is bounded by the total change of
the leverage scores (See Section 6.1). Using this result our scheme simply follows Vaidya’s
basic scheme in [248], however instead of minimizing the hybrid barrier function directly we
alternate between taking Newton steps we can compute, changing the weights so that we
can still compute Newton steps, and computing accurate unbiased estimates of the changes
in the leverage scores so that the weights do not change adversarially by too much.

To make this scheme work, there are two additional details that need to be dealt with.
First, we cannot let the weights vary too much as this might ultimately hurt the rate of
progress of our algorithm. Therefore, in every iteration we compute a single leverage score
to high precision to control the value of w; and we show that by careful choice of the index
we can ensure that no weight gets too large (See Section 6.2).

Second, we need to show that changing weights does not affect our progress by much
more than the progress we make with respect to logdet. To do this, we need to show the
slacks are bounded above and below. We enforce this by adding regularization terms and
consider the potential function

pe(%) = — Z w; log s;(Z) + %log det (ATS;?A 4+ AI) + %”xH;
1€[m)

This allows us to ensure that the entries of §(Z) do not get too large or too small and therefore
changing the weighting of the analytic center cannot affect the function value too much.

Third, we need to make sure our potential function is convex. If we simply take W =
7 — &(Z) with 7 as an estimator of &(Z), @ can be negative and the potential function
could be non-convex. To circumvent this issue, we use W = ¢, + 7 — &(Z) and make sure
17— 3@ <.

Combining these insights, using efficient algorithms for solving a sequence of slowly
changing linear systems [249, 176, 177], and providing careful analysis ultimately allows
us to achieve a running time of O(nSO log k + n3 log®W k) for the feasibility problem. Fur-
thermore, in the case that K does not contain a ball of radius €, our algorithm provides
a proof/certificate that the polytope does not contain a ball of radius e. This proof ulti-
mately allows us to achieve running time improvements for strongly polynomial submodular
minimization in Part II1.
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3.4 Organization

The rest of Part [ is organized as follows. In Section 4 we provide some preliminary infor-
mation and notation used throughout Part I. In Section 5 we then present and analyze our
cutting plane method. In Section 6 we provide key technical tools for the analysis which
may be of independent interest.

4 Preliminaries

Here we introduce some notation and concepts used throughout Part I.

4.1 Leverage Scores

Our algorithms make extensive use of leverage scores, a common measure of the importance
of rows of a matrix. We denote the leverage scores of a matrix A € R"*? by 7 € R" and
the leverage score of row i € [n] by o; = [A (ATA)f1 AT);. For A € R4 d e RZ,,
and D = diag(cf) we use the shorthand EA(CZ) to denote the leverage scores of the matrix
D!/2A. We frequently use well known facts regarding leverage scores, such as o; € [0, 1]
and HEHl < d. (See [240, 189, 183, 47] for a more in-depth discussion of leverage scores,
their properties, and their many applications.) In addition, we make use of the fact that
given an efficient linear system solver of ATA we can efficiently compute multiplicative
approximations to leverage scores (See Definition 4 and Lemma 5 below).

Definition 4 (Linear System Solver). An algorithm S is a LO-time solver of a PD matrix
M e R™" if for all b € R™ and € € (0,1/2], the algorithm outputs a vector S(b,¢) € R™ in
time O(LO-log(e™")) such that with high probability in n, ||S(b, €) — 1\/I*Ib||12vI < EHM*IbeVI.

Lemma 5 (Computing Leverage Scores [240]). Let A € R™? [et & denote the leverage scores
of A, and let € > 0. If we have a LO-time solver for AT A then in time O((nnz(A)+LO)e?)
we can compute T € R™ such that with high probability in d, (1 —€)o; < 7, < (14 €)o; for all
i € [n].

4.2 Hybrid Barrier Function

As explained in Section 3.3 our cutting plane method maintains a polytope P = {Z# € R" :
Az > b} for A € R™" and b € R” that contains some target set K. We then maintain a
minimizer of the following hybrid barrier function:

def 1 —
pe(T) = — Z (ce +€;)log (s;(¥)/R) + 5 logdet (R* (ATS;?A + \I)) + ngHz
1€[m]

where € € R™ is a variable we maintain, ¢, > 0 and A > 0 are constants we fix later,
5(%) = AZ — b, S, = diag(5(Z)), and R is the radius of the box containing P. When the
meaning is clear from context we often use the shorthand A, = S-'A. The R terms are
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only used in the proof and can be ignored in the algorithm because it only adds a constant
term to the barrier function.

Rather than maintaining € explicitly, we instead maintain a vector 7 € R that approx-
imates the leverage score

B(7) & diag <Am (ATA, + A1) Af)
and pick & using the function &p(7, %) & 7 — (7). Note that /(&) is simply the leverage
scores of the top rows of the matrix

A,
VAL |-
and therefore the usual properties of leverage scores hold, i.e. ¢;(Z) € (0,1) and ||¢;(Z) Hl <

n. We write J (%) equivalently as Jx or J p when we want the matrix to be clear. Furthermore,
we let ¥, < diag(@/j(f)) and (%) < min, 1;(F). Again, we use the subscripts of 2 and P
interchangeably and often drop them when the meaning is clear from context.

We remark that the last term %”xH; ensures that our point is always within a certain
region (Lemma 23) and hence the term (c. + ¢;)log s;(Z); never gets too large. However,
this ¢? term changes the Hessian of the barrier function and hence we need to put a A\I term
inside both the log det and the leverage score to reflect this. This is the reason why we use

1/7 instead of the standard leverage score.

5 Our Cutting Plane Method

In this section we develop and prove the correctness of our cutting plane method. We use
the notation introduced in Sections 2 and 4 as well as the technical tools introduced later in
Section 6.

We break the presentation and proof of correctness of our cutting plane methods into
multiple parts. First in Section 5.1 we describe how we maintain an approximate cen-
ter/minimizer of the hybrid barrier function pz and analyze this procedure. Then, in Sec-
tion 5.2 we carefully analyze the effect of changing constraints on the hybrid barrier function
and in Section 5.3 we prove properties of an approximate center of hybrid barrier function,
which we call the hybrid center. In Section 5.4 we then provide our cutting plane method
and in Section 5.5 we prove that the cutting plane method solves the feasibility problem as
desired.

5.1 Centering

In this section we show how to compute approximate centers or minimizers of the hybrid
barrier function for the current polytope P = {# : AZ > g} We split this proof up
into multiple parts. First we simply bound the gradient and Hessian of the hybrid barrier
function, pz, as follows.

Lemma 6. For f(7) = Jlogdet (ATS;2A + A1), we have that
V(@) = —AT(@)  and ATE®(D)A, < 2f(7) < 3AT®(7)A,
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Proof. Our proof is similar to [7, Appendix] which proved the statement when A = 0. This
case does not change the derivation significantly, however for completeness we include the
proof below.

We take derivatives on  first and then apply chain rule. Let f(3) = §log det (ATS™2A + AI).

We use the notation D f(Z)[h] to denote the directional derivative of f along the direction &
at the point Z. Using the standard formula for the derivative of log det, i.e. % 4 log det By =
Tr((B;)~'(%3)), and the commutative property Tr(KJ) = Tr(JK), we have

Df()h] = %Tr((ATS‘QAJr/\I)‘l(AT(—Q)S‘3HA)) (5.1)

_ TTQ-1 TQ-2 Larg-17. _ _ Yihi
- Z ILS A(ATSTPA 4+ ) ATSTIL = ZS

Applying chain rules, we have V f(Z) = —AT¢. Now let P & S~1A (ATST2A + )\I)_1 ATS L,

Taking the derivative of (5.1) again and using the commutative property of trace, we have
D2 ()l ha] = Tr((ATS72A+ A1) (AT(-2)SHRA) (ATS72A + A1) (ATSH, A) )
~Tr ((ATS2A + ) (A(-3)S'H,H,A) )

= 3Tr (PST°H.H,) — 2Tr (PS‘lePS‘lHl)

= 3ZPMhl %LQ QZP’L]h2 z <)
_ 32@’“ ’; Z

Consequently, D2 f()[L;, I,] = [S~ (3% — 2P?®) S~1],; where P® is the Schur product of
P with itself.
Now note that

'L

STP2 = I;STA(ATS2A +AI) T ATS2A (ATS2A +AI) T ATS U,
< 1,;S7'A (ATS2A + A1) ' ATS, = P = Wy,

Hence, the Gershgorin circle theorem shows that the eigenvalues of ¥ — P are lies in union
of the interval [0,21,;] over all j. Hence, ¥ — P = 0. On the other hand, Schur product
theorem shows that P = 0 as P > 0. Hence, the result follows by chain rule. O

Lemma 6 immediately shows that under our choice of € = €p(Z,7) we can compute the
gradient of the hybrid barrier function, pgz(Z) efficiently. Formally, Lemma 6 immediately
implies the following:

Lemma 7 (Gradient). For € P = {j € R" : Aj> b} and & € R™ we have
V() = —AL(c. L+ &+ ¥p(T)) + AT
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and therefore for all 7 € R™, we have
VPg(;j) (.f) = —AZ; (Cei + 7?> + AT,
Remark 8. To be clear, the vector \/pgzz (%) is defined as the vector such that

1

[Vpetra (@)]i = lim — (Pe?(?,f) (7 + 1) = petra) (l’))

In other words, we treat the parameter €(7,Z) as fixed. This is the reason we denote it by
subscript to emphasize that pg() is a family of functions, pgz ) is one particular function,
and Vpeg(zz means taking gradient on that particular function.

Consequently, we can always compute /pe(zz) (7) efficiently. Now, we measure centrality
or how close we are to the hybrid center as follows.

Definition 9 (Centrality). For 7 € P = {ﬁe R™ : Ay > 5} and € € R™, we define the

centrality of ¥ by
0s(E) =

| VP@(@HH@)*

where H(Z) = AT (c.I+ ¥(Z)) A, + AL Often, we use weights @ € R, to approximate
this Hessian and consider Q(&, %) = AT (c.I + W) A, + AL
Next, we bound how much slacks can change in a region close to a nearly central point.

Lemma 10. Let ¥ € P = {376 R™ . Ay > 5} and iy € R™ such that H:E— ?jHH(f) <
ey/Ce + (%) fore <1. Thenye P and (1 —€)S, XS, 2 (1+¢)S, .

Proof. Direct calculation reveals the following:

1851 (57 — 5)|| . < | A7

c I+ (Z)

1
< — A — 7
LU)H2 - ce_i_M(f)H (y I)
1
< Ng=al.. <
— /Ce —i—,u(f) Hy xHH(:p) =€

Consequently, (1 —¢€)S, < S, = (1 +¢€)S,. Since y € P if and only if S, > 0 the result
follows. N

Combining the previous lemmas we obtain the following.

Lemma 11. Let 7 € P={y € R" : Ay > I;} and €,w € R™ such that H(?HOO < %ce <1 and
U(Z) = W < 20(2). Ifj € R" satisfies ||T — gHQ(f@) < s5v/ce + pu(T), then

Q) < i) <8QE D) and  JH(F) < H(G) < 2H(@)

Also, we have that H(Z) < Q(Z, @) < 3H(2).
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Proof. Lemma 6 shows that

AT (cI+E+ () A, + A2 v7pe() < Al (cI+E+3¥()A, + AL . (5.2)

e = 0.1. Consequently, by Lemma 10 we have (1 —¢)S, < S, < (1 + ¢€)S, and therefore

Since W = W, we have that Q(Z, @) = H(Z) and therefore ||z — ngH(f) < ev/ce + p(Z) with

(1—e? (142
A7 ep ¥ P3O =¥
and
%H(f) (=9 H(7) < H(y) =< 1+9 H(7) < 2H(7)

S (v

Furthermore, (5.2) shows that

(1—e)t

2pe(y) = AT(ceI+E+3\I’( J)) A, + M\
< (1+¢)?

(1—e)?

< 2AT (gcel + 3W) A, + I < 8Q(Z, W)

AL (cI+E+3¥(D) A, + A1

and
2pe(7 )>AT(ceI+E+\II( J)) A, + A\

1—e" 7 q
- e A (cI+E+9¥(2)A, + A

1 1
= —AT I
58 (20 +

3 1
ZW) A, + M= Q).

The last inequality follows from the definition of H(Z) and Q(Z,w) and the fact ¥ (%) <
W < 3¥(Z). O

To analyze our centering scheme we use standard facts about gradient descent we prove
in Lemma 12.

Lemma 12 (Gradient Descent). Let f : R — R be twice differentiable and Q € R™*"
be positive definite. Let Ty € R™ and &1 £ 7y — Q*1 <V f(Zo). Furthermore, let Z, =
To + a(Z1 — ) and suppose that pQ = V2 f(Z,) < LQ for all a € [0,1]. Then,

L v @ HQ v= (=5l Vf(fo>HQ71
Proof. Integrating we have that

Vi) = v + [ @ - s = [ (Q-1 v @) Q' v f@ia
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Consequently, by applying Jensen’s inequality we have

Qfl

17 sl = | [ (-1 v s@)) @' v st
do

1
<)
0 Q!

S HQ_1/2 V f(fO>H[Qﬂ/z(Q,%vzf(fa))Qﬂ/Qf

(@- 7 v*r@) @ v )

Now we know that by assumption that
—-1/2 L 5 —-1/2 K
0=<Q Q- v f(7.) | Q <(1-—=)1

and therefore combining these (1) holds.
Using the convexity of f, we have

f(Z) = f(&@) + (v f(Zo), &1 — To)
> f(i) - | Vf<_’\0>HQ—1 E# —foHQ

and since Hfl - fOHQ LH v f(& HQ 15 (2) holds as well. O
Next we bound the effect of changing € on the hybrid barrier function pz(¥).

Lemma 13. For 2 € P = {y € R" : Ay > l;}, g f € R™ and @ € R7, such that
W = ¥(7)

L < S 1 2
I fo*@)HQ(f,wrl <| vpé(x)HQ(f,zﬁ)*l + \/Tm”f —ell,
Proof. Direct calculation shows the following

I fo(f)HQ(f’ = || - AL( (ceT + f+Up(D)) + )\xHQ F5) (Formula for 7p 1))
< || v pe( HQ &1 T HAT (?)HQ( (Triangle inequality)

< AT -
= H Vpe(x)HQ(wi)fl + \/m‘

\AT 5)||<ATAx>—

(Bound on Q(&,w))

1 .
< (ol e
= H Vpe(x)HQ(z,w)*l + \/m“f 6”2

(Property of projection matrix)

where in the second to third line we used Q(Z, @) = H(Z) = (c. + u(Z))ATA,. O

We now have everything we need to analyze our centering algorithm.
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Algorithm 1: (7", 7)) = Centering(Z©®, 7, r,ca)

Input: Initial point #? € P = {j € R" : Ay > I;}, Estimator of leverage scores

—(0) n

7V eR

Input: Number of iterations r > 0, Accuracy of the estimator 0 < ca < 0.01c,.
Given: ||| < e <3 where 0 = g(7O), 7).

Givens 0 (#0) = | 7 0 (%) a0y < o HF)

Compute @ such that ¥ () < W < 2®(#) (See Lemma 5)
Let Q = Q(#), ).
for k=1 tor do
F) 1= ) 1Q1 7 pgen (#6).
Sample AP ¢ R g,
E[AM] = (7)) — §(7*) and

with high probability in n,

| A® — (p(@®) — P(@ED))||, < eal|Szhos Sz — Sz )|, (See Section 6.1)
k) . — 2k=1) L N(K),
&) 1= (70, 7H)).
end
Output: (7™, 71)

Lemma 14. Let 70 € P = {F € R" : Aj > b} and let 7 € R™ such that (7@, ) HOO <

< L Assume that r is a positive integer, 0 < ca < 0.01c, and 640 (2?) < %\/c + pu(2O).
Wzth hzgh probability in n, the algorithm Centering(Z®, 7 r caA) outputs (f(r) 7)Y such
that

~

0z (F) < 2(1 = &) 00 (FO).
2. Elpa (7)) > pao (#0) — 8 (0 (7))
3. Be™ = & and ||é™ — e||, < s5ea.
4. ||856, (53 — 5@, < &

where &) = &(F"), 7).

Proof. Let n = || < Pao) (T H .- First, we use induction to prove that Hf(r) HQ < 8n,
H Pt ( x( HQ*l < (1 64) i and H(?(’“) — é(O)HQ < 1_100A for all r.

Clearly the claims hold for » = 0. We now suppose they hold for all » < ¢ and show that
they hold for r =t + 1. Now, since |7 — z(® H < 8y, ZH) = 70 — 1Q7! 7 paw (71,

and H < Paw (T HQ < (1 — —) n <7, we have

€ = 20l < [ - 20 + ] @ po (#) g < 9
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We will improve this estimate later in the proof to finish the induction on ||x t+1) _ z(0) || Q’

but using this, n < 0.014/c. + pu(Z©), and H*”HOO < Hq(t) — & Hoo + ||_'(O Hoo < &, we can
invoke Lemma 11 and Lemma 12 and therefore

|9 a0 @ g1 < (1= 35 ) 17200 @ g -

By Lemma 13 we have

D — 0], (5.3)

[

H vpé’(t+1) HQ 1= (1 - _> vaé’(t) HQ | \/7_,(0)

To bound [[e+!) — &t Hz? we use the definition of A to shows that

Hé(tﬂ) _ 5(t)||2 _ H (7—_»(t+1 1/7( —»(t+1))> (7—_»(15) B @Zj( (t))) H2
[ (s o),

< e ||y (Saesn — Sff(”)H2

8y

with high probability in n. Now, we note that Lemma 10 and the induction hypothesis
Hf(t) - f(O)”H @) = Hl‘(t (O)HQ S 87] shows that (1 — 0'1)Sa:(0) ‘_< Sl.(t) ‘_< (1 + 0.1)Sx(0)
and therefore

0 0, = a5 50 =)
S 1—-0 1HSI(%))A (f(t) - f(tJrl)) H2
__ |lg (0
=1-01 HSQ ¥ Paw () Are A

z(0)

ATV aeacs RG] 8

where in the last line we used min; e, w; > (@), Since cp < 0.01c, < 0.01, by (5.3), we
have

(5.4)

0.01
|9 b @ g < (1 25 19 200 @llg s + sl 7 peo @)l

< (1- 5 1 9P @Elq

Furthermore, this implies that

e = 0] <
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Similarly, we have that

1" ;
Hé(tH _(0)”2 < Z 8(1—0.1) \/ce +,M(x(0)) <1 N 6_4) H V Peo) (m(O))HQ‘l

8can 8ca .

< < 5 0y « —

S L 00ve T h ) - (= one a0 ) = gt
where we used n = H Vpém(_’(o))HQ,l < H  Peo) (T HH . = 60 (#®) and this finishes the
induction on H < Pay (T H Hx — ar(o)”Q and H_(t) — & H2

Hence, for all r, Lemma 11 shows that
Gz (7)) = | 7 pa (& HH #y-1 S \/_H 7 Petn (T N (#©)—1
8 1\" .

< 1@l <3 (1- ) 1920 o

<

2 (1- 64> b0 (7).

Using that Eel't!) = &) we see that the expected change in function value is only due to
the change while taking centering steps and therefore Lemma 12 shows that

2

. y 1 o] 1 2k .
E[pz:) (7)) > paoy (f(o))—g <1 - 6_4) [7Pe0 (F) || -1 = Pecor (F9) =8 (30 (7))
k=0

Finally, for (4), we note that

s(2M) — s(#)
s(7(O)

- - :

70 7(r) _ 70 il
, HA TS (20)A = \/74_06 | x HQ—l < 10

5.2 Changing Constraints

Here we bound the effect that adding or a removing a constraint has on the hybrid barrier
function. Much of the analysis in this section follows from the following lemma which follows
easily from the Sherman Morrison Formula.

Lemma 15 (Sherman Morrison Formula Implications). Let B € R™™ be an invertible
symmetric matriz and let @ € R™ be arbitrary vector satisfying @' B~'@ < 1. The following

hold:

_’_’T -1 o 1 B-1ggTB-!
I (B+ada') =BT i
—1zzTR-1 1
2. Oj 1+aTB-1a j 1:|:6fTB IEB

3. logdet (B £ d@a’) = logdet B + log (1 + @ B~'a) .
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Proof. (1) follows immediately from Sherman Morrison [234]. (2) follows since @a’ is PSD,

|:B_1/265TB_1/2

B—1/2
1+aB-1d } !

and gyT < ng ||;I for any vector 3. (3) follows immediately from the Matrix Determinant
Lemma. O

We also make use of the following technical helper lemma.
Lemma 16. For A € R™™ and all @ € R" we have
1 T -1 4 4 T T -1 2
> (AATA+A) d) < (af (ATA ) a)
= palil i
i€[m]
Proof. We have by Cauchy Schwarz that

1, 1

(LTA (ATA+2I)" a>2 < iali]-a" (ATA+ ) @
and consequently

- —1.\4
<LTA (ATA—I—)\I) a> < <6T (ATA—i—)\I)ild') Z (JLA (ATA—I—/\I)l&’)Q

fared Yali] i€[m]
Since
— — 2 — —
> (TFA(ATA+A) @) =" (ATA+ 1) ATA (ATA 1)
1€[m)|
<@ (ATA +1)7'7,
we have the desired result. O]

We now bound the effect of adding a constraint.

Lemma 17. Let A € R™™ e R™ 7€ R™, and ¥ € P {376 R" - Agzg}. Let A €

RO™DX" he A with a row Gmyq added, let b € R™ be the vector b with an entry by added,
_al G (ATA AN a0

and let P= {§ € R™ : Aj>b}. Let sy = @b @ — bngs > 0, ¥, =

Now, let 7 € R™*L be defined so that Uyqq = ffﬁ and for all i € [m]

2
Sm+1

1 @ ]?
=7 — — A, (ATA, + \I mALy
v T l—Hba ( T ) 3m+1:|i

Then, the following hold

e [Leverage Score Estimation| ep(U, Z),+1 = 0 and ep(0, &); = ep(7, ©); for all i € [m].
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e [Function Value Increase] pz(s.2)(¥) = pepza) (L) — cc10g (s(Z)mi1/R) +log(1 + 1,).
e [Centrality Increase] 0z (5,2 (%) < V1 + Yadapza) (T) + (ce\/l + ), + 1/Ja) % + Yq.

Proof. By (1) in Lemma 15, we have that for all i € [m)]

1 1 A1 2
f—’i: —’i_ Ax ATAx Al m—+
pld) = or() = o [ A (ATA a0 ]
and that wQ s
wP( )erl wa - = =

T+, 1+,

Consequently [Leverage Score Estimation]| holds.
By (3) in Lemma 15 we have that [Function Value Change] holds.
To bound the change in centrality, we first note that

1 C_LT —16' E]:T —16 1

0, > ), — Z(ATA, +0I) T ] 2L (ATA, + AT mt

opld = wn(— o | (ATAL ) ][22 (AT, a7 B
_ bp(@)i
L+,

Therefore, we have that the approximate Hessian for P, denoted H(Z), is bounded by "' =<
(1+ o) H .

To bound the change in centrality note that by (2) in Lemma 15 we have that "' <H !
Therefore if let 7 € R™ be defined so that o = ¢; for all i € [m] then by triangle inequality
we have

+ 7) ||H,1 < \/1+1pa}|A (c.T + 0) ||H )
< ﬁ +—¢a (HA;{(CJMHHI +

am-i—l (

oo+ 1A

H-1

= 1 a O¢ 7,z e A - _
VIt p<,>(:c>+(c+1+% o || T A = Dl
Now, since H™! = F (ATA +)\I) ' we have that

a:m-i-l 1 6m+1 o ¢a

Sm+1 || -1 M(f) Sm+1 (A};Ax—&-)\l)*l M(f)

-1

Since '/2A, (ATWA,) - ATW!/?is a projection matrix, we have ¥ ~! = A, (ATWA,)
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A ,H'AT By Lemma 16, we have

T (= — — |2
AL (7 = <[|7 = 0lg

B 1 1 T -1 Um41 i
B Z (L) <1+% <1A (A A +)\I) Sm+1) )

<< 1 )2 m+1 (ATA +)\I) 1am—i—l 2_( ¢a )2
A\ 1+, Spt1 -\ 1+,

Combining, we have that

2
-

L4

55?(17,1?)(5) < V1t ( ep(7.3) (T) + (ce + L) Ya + Ya )

< VTF iy @)+ (e TH ot ) 225 4

We now bound the effect of removing a constraint.

Lemma 18 (Removing a Constraint). Let A € R™" b e R™ 7€ R™, and T € P < {jj e
R™ : Ay > b}. Let A € Rm=D*" pe A with row m removed, let b € R™ denote the first

def

— 1 coordinates of b, and let P {f € R™ : Aj > b}. Let g = 1hp(Z)m.
Now, let © € R™! be defined so that for all i € [m — 1]

1 _ LoN\2
Ui =T+ (A, (ATA, + 1) AT, )
1-— wd )
Assume g < 1.1u(7) < 1—0 and Hep T x)”oo <ec < %, we have the following:
e [Leverage Score Estimation| es(U, Z); = ep(T, Z); for all i € [m — 1].

—

e [Function Value Decrease] pe, (5.2 (L) = pepz2) (%) + [ce + ep(T, ¥)m] log (s(Z)m/R) +
log(1 — q)

e [Centrality Increase] 0z (5,7 (7) < ———=0z
Proof. By (1) in Lemma 15, we have that for all ¢ € [m — 1]

Vp(Z)i = ¥p(L); +

1 S T 1 e \2
- (L, A, (ATA, + A1) Axllm> .

Consequently, [Leverage Score Estimation] holds. Furthermore, by (3) in Lemma 15, this
then implies that [Function Value Change| holds.
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To bound the change in centrality, we first note that by (1) and (2) in Lemma 15 and
the fact Yp(Z); > ¥p(Z);, we have that the approximate Hessian for P, denoted H(Z), is
bounded by

-1

H(7) ' < (H(@) - AL (1 + ) 1,00 (e 1+ w,)'7 A, )

< (1+ 1 f‘O) H(7) ! = (1ia) H(7) !

where o & 17 (¢, I+ U,)"* A,H(Z) AL (¢, + ¥,)"/*1,,. Using ¢, + u(7) < s+ <1,
we have

-1

H(#) ™" = (AL (e + p(@) Ay + A1) 2 (o + (@) (ATA, + ) (5.5)
Using this, we have
Ce +Va \ 5p T -1, .77 Ce + 1y )
< | ——= ) LL,A: (A A, + ) AL, =(—= : .
a‘(ce+u( )) o (Arho L)AL L <ce+p(:i’) v (5.6)
Now let 7 € R™! be defined so that 7/ = 7; for all i € [m — 1]. We have by above that
Ozy(5,) (T) = ”Kf(c@ﬂ +5)HH*1 = \/—H (cel +0 HH—
and therefore, by triangle inequality
|8 el + 0| ggs < AT (el + Pl + AT+ ) lg 0 + [|ATF = 9|

= bep(2) (T) + (o + 7o) | AL L[| ggs + [ AZ(F = 9[- -

Now, (5.5) shows that

1 o L2:
mlg- < m”AfﬂmHmMﬁMV Ve +u@

Furthermore, since ¥~ = A, (AT®A,)” AT = A,H'A”, by Lemma 16 we have

|azT

14z (7 =0 lg < |7 —UHW

-3 zb(f) (1_1% (I7A, (ATA, + 1) AIT )2)2

1€[m]

<< 1 )2(1TTA (ATA, + ) ATT )22( Y )2
S \T—gy) Ui et e 1~

Combining, we have that




Using the assumption ¢y < 1.1u(Z) < 15, ||€p(7, f)HOO < ¢. and (5.6), we have o < 1.1¢)4 <
1.21p(%) and 7, < g + ¢, and
- 1
5" (0,%) (l’) S T |:5€p('r,x ( ) + (ce + Tm) + 1. 2¢d
= 15 |

—— 2u Senirz 113 <\/_ 2, + 1.1(V11+ 1.2),4;;))

5.3 Hybrid Center Properties

Here we prove properties of points near the hybrid center. First we bound the distance
between points in the H(Z) norm in terms of the ¢, norm of the points.

Lemma 19. For A € R™*" qnd b € R™ suppose that ¥ € P = {y: Ay > l;} and € € R™
such that ”5“00 < %ce < % and dz < 0.1\/ce + p(Z). Then for all ¥ € P we have

12me, 4 6n + 2)\ng||§
Ce + p()

Hf_ gHH(f) = (5.7)

and
|25 < 437 (mee +n) + 2|7,

Proof. For notational simplicity let £ % ¢,T+é+1,, T % diag(), and M = AT (¢ I+¥,)A,.
We have

o= gma, = 3 6 = 0 (122 B o

1€ [m] 1€ [m} '

1+s:' G -5, (5.9)

[gy]% . [gy]z max @
2 i <\ 2 R L S

182" (5 = 8) ||, = max L

JA (T - >\suf—gmmﬂ¢mmq$ﬂAH@nJAﬂtwﬁ

1€[m)]

< (e + @) )17~ dllye - (5.10)

Now, clearly >, ti[Syli/[5.]; is positive and since Hé’HOO < 1c. we know that tM <
ATTA,. Therefore, by combining, (5.8), (5.9), and (5.10) we have

" 5’] Hf_gHH(f)
ST —y < ¢ ti— =
sle e < I~ X el | Sl ) Vs
5,)i Hf_gHH(f)
< ||t t; 5.11
— H‘HI_{— ZEZ 5’ Ce+,u<£) ( )
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Now since 7pe(Z) = —ATS;'TI 4+ A we have

<$—yVPe Zt

1€[m]

AT — )

and therefore by Cauchy Schwarz and 774 < Hsz - iHﬂEv

= [l = Allll; + A"+ (@ ~ 7. 7pelD))

< el + 51 + 117 = Gl

Now, using (5.11), (5.13) and the definition of H(Z), we have

1, 1,., Av. L
7=l = 17—l + 57—,
5y )i ZjHHi’) Ao 2
< |t + t;—= +—
i (g% E ) g M-
t e 2 qu_?jHQf
- HﬂlﬁH |, + 3119 ||2H s + L) )

Ve + p(Z)

Using the fact that 6.(Z) < 0.1y/ce + p(Z), we have

L Ao ool o+ 31
1 = ey < 8, + 57—+ P

Furthermore, since ,(,, t:[5,i/[5:]: is positive, (5.12) shows that

N (@ — ) = N2, = A&Tg < |||, + (@ — 7. wpe@) < ||l + |7 -

and hence

Ao Mo o -
Sz =l < SlF - atl + Sl = 7@ - ) + S 1ol

A ;
< Jlly + S5z + 17 = g )

Putting (5.15) into (5.14) and using the fact that 0.(Z) < 0.14/c. + u(Z), we have

1
Ce + p(%)

Now, using ||ﬂ’1 < 2me. +n and /¢, + p(Z) < 1.05, we have

Hﬁ_ _’HH(:E)'

B} t,+ 3L - -
17 = ey < 200, + 4@%+(arﬁﬂﬁ—ﬁ!&)w—mmm-

_ 2mee+n+ 57,

1
ZHf— y_'”;(f) <220+ (0.1+a) |7 - ngH(f) for
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Since aw > 1/4/1.1, we have that

0.1 0.1)2+2.2
+a+/(a+0.1)2+ ¢ 6o

17 = Tl agz) <

yielding (5.7).
We also have by (5.12) and the fact that d.(%) < 0.14/c. + p(Z),

—

[Syli

Mal, = lelly + A5 + (& = 5. wpel@) = 3 ta

AL AL - 5 -
<l + SR + 207+ 17— g @

AL Ao e TR
<l + 21 + 217 + 013/ T A7 Tl

Hence, using ||ﬂ’1 < 2mc, +n and Ha‘:’— ngH(f) < 6a, we have

AL AL A
S5 < el + 07 + 0 (2mcc 40+ J11 )
< )xHj]HZ + 2(mce + n).
]

In the following lemma we show how we can write one hyperplane in terms of the others
provided that we are nearly centered and show there is a constraint that the central point is
close to.

Lemma 20. Let A € R™" and b € R™ such that HaiHQ =1 for all i. Suppose that ¥ € P =
{7 : Aj > b} and & € R™ such that ||é’HOo < 2c. < L. Furthermore, let € = minje|y,) s;(Z)
and suppose that i = argmin;c,, s;(Z) then

x)i\ [ ce+ e+ ;)
A<
az‘i‘Z( xj) (Ce+€z+¢Z(f) al =
J#i 2
Proof. We know that

2€
(ce + p(7)

[AH 7|, + 6.(Z) mciz—l—n_i_/\].

Upe(T) = —ATS (.1 + &+ ¥,) + AT
. (Ce €5+ s)
= )\17 - —
i%] (@)

Consequently, by Hé’HOO < Lc., and ¢;(Z) > p(Z), we have

si(7)

2); ce—l-e]%—w](f))' B N
az—i_;( .T]> <C€+€Z+¢Z(f) “ 2_Ce+€i+’¢)i(f) A Sm (Ce]l-%e—f-@/)m) )
2e
< 2 DI+ 9@l
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Using ||d@]| = 1, Y-, < n, and s;(Z) > €, we have
Tr(AL(c I+ ¥, )A,) = Tr(A, Al (cI+¥,))

= > (et t) H@!i g mett (5.16)

Hence, we have H(Z) = (% + M) I and || v pe(Z ||2 < Oe( \/ meetn 4 X yielding the
result. ]

5.4 The Algorithm

Here, we put all the results in the previous sections to get our ellipsoid algorithm. Below is
a sketch of the pseudocode; we use ¢, cq4, ce, ca to denote parameters we decide later.

Algorithm 2: Our Cutting Plane Method

Input: A® ¢ R™*", AUNS R™ € > 0, and radius R > 0.

Input: A separation oracle for a non- empty set K C Boo(R).

Check: Throughout the algorithm, if s;(2®)) < € output P®).
Check. Throughout the algorithm, if Z#) € K, output #*.

Set P(©) BOO(R).

Set 7 := 0 and compute T = Y po (), for all i € [m] exactly.
for k=0 to oo do

Let m® be the number of constraints in P*).

Compute wW* such that W pu) (F%) < WE < (1 + ca) W py (7).

Let i(k) e arg MaX;e(m k) |W ‘ (k) — T,(k) .

)

Se (k+3) _ (k)f 1 i (k)
t T (k) = ¢p(k>( ),(k) and 7' =17, forall j #1

it min;ep,m) w§ ) < ¢4 then

Remove constraint with minimum wgk) yielding polytope P*+1).

Update T according to Lemma 18 to get 7'( i ).

else

Use separation oracle at #*) to get a constraint {7 : @’7 > a’#®} with
lall, = 1.

Add constraint {7 : @77 > @T#® — ;' \/a‘T(ATS;i)A + A\I)-1a} yielding

(k+1)

polytope P

Update T according to Lemma 17 to get 7'( 5 ).

(241 F(k+D) = Centering(z®), b+ ),200,%)-
end

In the algorithm, there are two main invariants we maintain. First, we maintain that the
centrality 0p (%), which indicates how close Z is to the minimum point of pe, is small. Second,
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we maintain that ‘}5(7_", ) Hoo, which indicates how accurate the leverage score estimate 7 is,
is small. In the following lemma we show that we maintain both invariants throughout the
algorithm.

Lemma 21. Assume that c, < cg < #, Car/Ca < 15, ca < ca, and cp < Cce./log(nlog(R/e))
for some small enough universal constant C'. During our cutting plane method, for all k,
with high probability in n, we have

1 |[EFED, 70| < e,

= 7000 5(7?(“%)7 7)) ” < 7000 Ces

0o — 1000

gk )| < Lo,

& 5P<k>,5(?<k+%>,f<k>)(f(k)) < 155V Ce + min (u(Z®), ¢g).

3. 5P(k+1)’g(7?(k+1)’j‘(k+1))(f(k+1)> < ﬁ\/ce + min (,u(f(k"'l)), Cd)-

Proof. Some statements of the proof hold only with high probability in n; we omit mentioning
this for simplicity.
We prove by induction on k. Note that the claims are written in order consistent with the

algorithm and proving the statement for & involves bounding centrality at the point Z*+1.
2 1

Trivially we define, 79 = 7(-3) = #=3) = 7O D = #0 and note that the claims
then hold for k = —1 as we compute the initial leverage scores, 79, exactly and since the
polytope is symmetric we have 56(;<o>75(o>)(6) = (0. We now suppose they hold for all ¢ < k
and show that they hold for t = k.

We first bound . For notational simplicity, let n, = \/ Ce +min(u(Z®), ¢g). By the
induction hypothesis we know that 5P(t)7€(7—.’(t)7f(t))<f(t)) < Now, when we update

2007
7® to T(t+%), we set € to 0. Consequently, Lemma 13 and the induction hypothesis
|70, 2)|| . < fa5ce show that

— 400
5 (@) <6 (#9) + e (70, 70)
PO Z# ) 70 O COR-AQ) Co + (T G
1 \/C_e Up
_ < 5.17
= 200™ " 400 = 200 (5.17)

Next, we estimate the ¢ changes when we remove or add a constraint.

For the case of removal, we note that it happens only if ,u(f(t)) < min;w; < ¢g < 106
Also, the row we remove has leverage score at most 1.1(#®) because we pick the row with
minimum w. Hence, Lemma 18 show that

1
My <
@) = 1—2u(f(t>)5P“> AF+ ) 50)

< () + 3lec + () <

1—2-10-5 \200 100

where we used the fact p(7®) < ¢; and hence ¢, + u(2®) < \/2cqn, < 100077t
For the case of addition, we note that it happens only if 2u(£®) > min; w; > ¢q. Further-
more, in this case the hyperplane we add is chosen precisely so that v, = ¢,. Furthermore,

0 (#9) + 3(ce + p(@))

PO+ G738 z0))
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since ¢, < cg < ¢, < 100 by Lemma 17 we have that

—(t Ca
5P(t+1> (—'(H'g) t))( ( )) S V 1+ Caép(t) (—'(t+g) ( V 1+ Cq + Ca) ,u(f(t)) + Cq
Ui Ca
< — +4c,
— 190 Cq
Ca < 3085, w(F®) > ¢q/2, and cq < 1078 we know that 4c,y/cq/cq <
250nt and consequently in both cases we have 6P(t+l) *(?“ 2 *(t))(_’(t)> < ﬁnr
Now, note that Lemmas 17 and 18 show that € does not change durlng the addition
or removal of an constraint. Hence, we have || Ft5) it H < H F(t+3) , M) || . Fur-
thermore, we know the step ‘”(H = Ypa (2 ) " only decreases || H and hence we
have ||e(7(*3 3,70 H < ||le(# f(t))H < ;&. Thus, we have all the conditions needed for

Lemma 14 and consequently

1 200 1
(t+1) _ L )
O p+1) g gy (T077) <2 (1 64) O pein) gt+3) gy (&) < 000"
w ‘ < 5= and hence 1;(Z") < 2¢;(Z"*Y) for
2

all 2. Therefore, n; < 21,41 and thus

( S(t+1) ) \/Ce + min (Cd N( (tH)))'

5P(t+1) a7+ gt+1) (T 100

completing the induction case for 9.
Now, we bound Heﬂw Lemma 17 and 18 show that € does not change during the

1
addition or removal of an constraint. Hence, € is affected by only the update step “T((Izjz) =

P®) g ~(t+ ) -‘(t))(_‘(t)) <
we5m and Lemma 14 shows that Ee(7(+) z0+D) = g(F+3) 7)Y and H P+ gD —

€(F(t+§),x t) H2 < ECA' The goal for the update step is to decrease € by updatmg 7. In
Section 6.2, we give a self-contained analysis of the effect of this step as a game. In each
round, the vector €'is corrupted by some mean 0 and bounded variance noise and the problem
is how to update é such that ||5H00 is bounded. Theorem 34 shows that we can do this by
setting the €; = 0 for the almost maximum coordinate in each iteration. This is exactly
what the update step is doing. Since our algorithm would run only O(nlog(nR/¢)) many
iterations, Theorem 34 shows that this strategy guarantees that after the update step, we
have

UV pi) (3?( )im” and the centering step. Using the induction hypothesis &

é’(T(t-F%), Cg(t))H = O (calog (nlog(R/e))) .

Now, by our choice of ca, we have Hé’(F(”%),f(t))||oo < Tlooce Lemma 17 and 18 show
that € does not Change during the addition or removal of an constraint. Hence, we have

I (7(t+3) )|, < 1o55¢e- Now, we note that again Lemma 14 shows ||e(7(+D) #(0+1) —
&(Ft+3), 7 t) Hz < 35¢6a < g€, and we have [[e(7UHD, 70HD) H < 405+ This ﬁmshes the
induction case for Hf? HOO and proves this lemma. O
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Next, we show the number of constraints is always linear to n.
Lemma 22. Throughout our cutting plane method, there are at most 1 + i—: constraints.

Proof. We only add a constraint if min; w; > c4. Since 2¢; > w;, we have ¢; > % for all ¢.
Letting m denote the number of constraints after we add that row, we have n > > .1); >
(m —1)(cq/2). ]

Using K # @ and K C By (R), here we show that the points are bounded.

Lemma 23. During our Cutting Plane Method, for all k, we have ||f(k) H2 < 64/n/A+2v/nR.

Proof. By Lemma 21 and Lemma 19 we know that ||f(k)H; < 4N Yme.+n)+ 2”yﬂ§ for any
7 € P®_ Since our method never cuts out any point in K and since K is nonempty, there is
some iy € K C P®, Since K C By (R), we have Hgﬂ‘i < nR?. Furthermore, by Lemma 22
we have that mc, < c. + 2n < 3n yielding the result. O]

Lemma 24. s; (f(k)) < 12y/n/X + 4y/nR + \/C%A for all i and k in the our cutting plane
method.

Proof. Let #9) be the current point at the time that the constraint corresponding to s;,
denoted {7 : @& > al'79) — s;(#Y))}, was added. Clearly

si(f(k)) - é*ff(k) _ ain(j) + 8i(f(j)> < ||52H . ||f(k)H + |EiiT:r_;’(j) _ 51.@(3‘))‘

On the one hand, if the constraint for s; comes from the initial symmetric polytope P©) =
Bs(R), we know |a"7V) — 5;(#79)| < R . On the other hand, if the constraint was added
later then we know that

si(70) = 051/2\/6T(ATS§5>A +AD)71E < (ca\) 2

and |a’z? —si(f(j))| < HEL’,H N|ZD| + |s:(29)]. Since HEL}HQ = 1 by design and Hf(j)HQ
and Ha?(k) H2 are upper bounded by 61/n/X + 2¢/nR by Lemma 23, in either case the result
follows. o

Now, we have everything we need to prove that the potential function is increasing in
expectation.

Lemma 25. Under the assumptions of Lemma 21 if A = Ca#, Ce = M)g(‘é—an/e), and 24cq <
Cq < ﬁ then for all k we have

Epg(;(k+1)7f(k+1))(f(k+1)) > pg(;(k)j(k))(:f(k)) — cq + log(1 + B)
where B = ¢, for the case of adding a constraint and [ = —cq for the case of remowval.
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Proof. Note that there are three places which affect the function value, namely the update
step for 7(’”%), the addition/removal of constraints, and the centering step. We bound the
effect of each separately.

First, for the update step, we have

pé.(;w%),f(k))(f(k)) (¢ + €xw) 1og(s;0 (FM) / R) + parw zuy (V).

Lemma 24, the termination condition, A = and ¢, < ensure that

1
ca R?

e< s, (k) < 12/n/X + 4\/_R—|— \/ S 6\/ER (518)
and Lemma 21 shows that |e;x) | < c.. Hence, we have

Poztetd) f(k>)(f(k)) > Pazo 200y (FH)) + 2¢, log(e/ R).

For the addition step, Lemma 17 shows that

1000

pé’(F(k+%),5(k))(f(k)) - pé(%‘(k+%),f(k))(f(k)) — ¢ 10g ((Z)m+1/R) + log(1 + ¢a)
> pg(F<k+§)7f<k>)(f(k ) — celog(6v/n) +log(1 + ¢,)
and for the removal step, Lemma 18 and |e;| < ¢, shows that
sy ) 2 Bty ) E) + 6 €p(7, T 08 (5(0) /) +log(1 = )
= pé‘(?<k+%>7f(k))(ﬂ(k)> — 2cclog(R/¢) + log(1 — ca)

After the addition or removal of a constraint, Lemma 21 shows that

. 1 . =
5P<k),g(;(k+%)’f(k))($(k)) < m\/ce + min (/_L(;E(k))’ Cd)

and therefore Lemma 14 and c¢. < ¢z show that

2
. Ce + min (u(Z®), ¢
Epazeetn g (T FH) > Pyt k))(x(k)) -8 (\/ (pu(Z™) d))

100
> Py o) (@) - %.
Combining them with ¢, = m, we have
Epg(;(kﬂ) *(k+1))( (k+1)) > pg(?(k),g(k))(f(k)) —2¢, log(6nR/6) - @ + log(l + 5)
> Pee w0y (EH) — ca + log(1 4 )
where [ = ¢, for the case of addition and 8 = —c¢, for the case of removal. m
Theorem 26. For c, = 10%, Cq = 10%, Ce = m, cA = log(ngw and A\ = cﬁ% for
some small enough universal constant C, then we have
Epazte+1) gty ( k) > pg(;(k)j(k))(f(k)) — % + %ﬁ

where =1 for the case of addition and = 0 for the case of removal.

Proof. 1t is easy to see that these parameters satisfy the requirements of Lemma 25. O
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5.5 Guarantees of the Algorithm

In this section we put everything together to prove Theorem 31, the main result of this
section, providing the guarantees of our cutting plane method.

For the remainder of this section we assume that ¢, = 10110, Cq = 10112, Co = llhjg(((:i#/e)’
cA = MWCW and A = —. Consequently, throughout the algorithm we have

|Z|, < 6v/n/A+2vnR < 3v/nR. (5.19)

Lemma 27. If 5,(Z®) < € for some i and k during our Cutting Plane Method then

8ne

max a;, ) — min a;, 1) <

FeP*)NBo (R) (., 9) §eP(*)NBo (R) (d.,9) CaCe
Proof. Let 4 € P%®) N B (R) be arbitrary. Since § € By (R) clearly Hy“Hi < nR?. Further-
more, by Lemma 22 and the choice of parameters mc.+n < 3n. Consequently, by Lemma 19

and the fact that A = — and ¢, < 1 we have

12me, + 6n—|—2)\Hy||2 30n + 22 4n

7 — 1 <
H:c ?/HH(;E) = W W

and therefore

4n
cI+¥ — CaCe

1854 (s(Z) = s@))]], <

“ (s(@*) = s(i)

Consequently, we have (1 — Cize)si(f(k)) < s5i(y) < ( Cizp)si(f(k)) for all 7 € P® N
Boo(R). ‘ ‘ O

Now let us show how to compute a proof (or certificate) that the feasible region has small
width on the direction d;.

Lemma 28. Suppose that during some iteration k for i = argmin,s;(Z*)) we have s;(#*)) <
€. Let (Z.,7.) = Centering(¥® 7*) 641og(2R/e), ca) where 7 0l is the T at that point in
the algorithm and let

S(Ta)i ) (et €( T, To) + 95(T)
@ =2 1y where t; = (s@?) ) (ce+e]i<f*,ﬁ>+wi<f*)>'

J#i

Then, we have that Hcfi + LY*HQ < fa‘f; and t; > 0 for all j. Furthermore, we have
T
O(n) O(n)
4ne
Dt | F= ) tibs
j#i i Ce
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Ce + p(Zy).

Proof. By Lemma 14 and Lemma 21 we know that e(Z,, 7)) < %ce and dzz, ) < &
and (5.19), we

Since (7., T.) < %ce, we have t; > 0 for all j. Furthermore, by Lemma 20
then have that with high probability in n

2€ mce +n
a; + a* ——— ||| 7 Oe(T )| ——— + A
Ha +a ”2 = (o + (7)) [ Hx H2+ € 2 + ]
2€ 3n 1
< = 3v/nR) +
<2 | Tmevam+ 5 ]
L2 3\/ﬁ+2\/3n+ 2 | _ syme
T | R R Ve R T caceR
By Lemma 21 we know that é(Z,, 7.) < %ce and hence
T
O(n) O(n) (n) O(n) I -
S S D S )
i i ji gL N T e
o) Sce +;(Z) 3mec, + 2n
EADE ) < si(@)
vy B e+¢z(x*) Ce
J#i
n dne
< —s(7) <
Ce Ce
where the last line follows the fact that s;(Z,) < 1.1s;(Z®) < 1.1e (Lemma 14). O

Lemma 29. During our Cutting Plane Method, if ps(¥™®) > 2n log(”R) —I— , then we have
s:(#®)) < e for some i.

Proof. Recall that
pe(EM) = =3 (co + €:) log (si(7™));/R) + %log det (R* (ATS_} A+ AI)) + %Hf(’“) [
1€[m)|
Using ||Z®| < 3y/nR (5.19) and A = —pz» we have
on

Ca

pe(i®) < = 3 (e + e5) log(s(Z¥):/R) + ;log det (R (ATS 2 A + \T)) +

1€[m]

Next, we note that HeiHoo <c < m and s; (f(’“)) < 12\/n/)\+4\/ﬁR+,/Caﬁ < 6y/nR

(Lemma 24). Hence, we have

. 6 in; s;
pe(&¥) < logdet (R? (ATS 3 A+ AD)) + = — Slog<m12 “)
We prove s;(Z%)) < € by contradiction. Since pgz(#*)) > 2nlo ( ) o and si(@W) > ¢

for all i, we have that §logdet (R? (ATS 7 A+ AI)) > nlog(2* ) Usmg € < R, we have
that

2 2 2
Zlog)\ R2 (ATS (k>A+)\I)) > nlog (n i ) > nlog(nR2 +R2)\).

2.2 2
cae 2cie
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Therefore, we have 10og Amax (R (ATS’i)A +AI)) > log (2 e+ RQ)\). Hence, we have
some unit vector ¥ such that TATS;2AT + A\oT¥ > 4 5@z + A Thus,

—

s(Zk)2 = 2c2e2

i

Lemma 22 shows that the number of constraints is bounded by 1 + 2n/c; < n/(2¢2) and

2
hence there is some i such that % > eiz Since d@; and ¢ are unit vectors, we have
1> (@, )% > s(&®)2/e? and hence s(#*)); < e (contradiction). O

Lemma 30. With constant probability, the algorithm ends in 10**nlog(“E) iterations. *

Proof. Theorem 26 shows that for all k

1 98

TR (5.20)

Epgzutn gy (T FH) > pg(;w),f(m)(f(k)) _

where f = 1 for the case of adding a constraint and 5 = 0 for the case of removing a
constraint. Now, for all ¢ consider the random variable

4.5m® 3.5t
1011 _1011

Xy = pé‘(%’“),:?:'(t))(f(t)) -

where m® is the number of constraints in iteration ¢ of the algorithm. Then, since m{+? =
m® — 1428, (5.20) shows that

1 98  4.5mi+Y  35(t+1)

=(t
EXip > pg(?<t>,£<t>)($( )) BRI + 1011 101t 104
1 98  4.5(—1+28) 3.5
BT T T T

Hence, it is a sub-martingale. Let T be the iteration the algorithm outputs Z* or P®*)
Optional stopping theorem shows that

EX pin(rs) > EXo. (5.21)

Since the polytope is By (R), we have

=,

pg(0) = — Z ce log (sz( )/R) —logdet (R* (ATS;?A + A1) + HGHE
i€[m(0)]
1 (2 1
> §logdet (R <R2 R ))
> —15n

2We have made no effort on improving this constant and we believe it can be improved to less than 300
using techniques in [8, 9].
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where we used ¢, = 1/10'° on the last line. Hence, we have

4.5m0
> —20n.
Therefore, (5.21) shows that for all ¢ we have
—20n < EXmin(T,t)
- pE [Xmin(T,t)|T < ﬂ + (1 - p>E [Xmin(T,t)|T > t} (522)
where p = P(T < t).
Note that
. 4.5m® 3.5t
E [Xuminry|T >t] < E [pg(;u),f(t))(x(t)ﬂT >t] - 1011 101t
3.5t
< E [pao g0y (@)T > t] — Lot

Furthermore, by Lemma 29 we know that when pgzo g0 (Z®) > 2n log (2 B) 4+ 91 there is a
slack that is too small and the algorithm terminates. Hence, we have

nRk 6n 3.5t
E [ X, T >t <2nlog(— —_—— .
[ T 2 } =N Og(cae) + g, 10
The proof of Lemma 21 shows that the function value does not change by more than 1 in
one iteration by changing ¥ and can change by at most mc. log(?’"R) by changing 7. Since by
Lemma 22 we know that m < 1422 and ¢, = Tioatonmyg > We have that pe(Z) < 2n log(%)—l—z—:
throughout the execution of the algorlthm Therefore, we have

. nRik ™m
E [Xuinry|T < t] < ET<tp€(F(t>,a‘:’(t))<x(t)) <2nlog(—)+ —.

a€ Cq

Therefore, (5.22) shows that

20m < 2nlog (nR) ™ 3.5t

a

Hence, we have

3.5t nR
(1—p)m S 2nlog (a +—a+20n
< 2nlog <n_ + m + 20n
Cy€ o

Thus, we have
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Now, we gather all the result as follows:

Theorem 31 (Our Cutting Plane Method). Let K C R™ be a non-empty set contained in a

box of radius R, i.e. K C By(R). For anye € (0, R) in expected time O(nSOgq./ /m)(K) log(nR/e)+

n3log® Y (nR/€)) our cutting plane method either outputs T € K or finds a polytope P =
{Z . AZ > b} D K such that

1. P has O(n) many constraints (i.c. A € RO™W*n gnd b e RO™) ).

2. Fach constraint of P is either an initial constraint from By (R) or of the form (@, ) >
b — & where (@,Z) > b is a normalized hyperplane (i.e. HJHZ = 1) returned by the

separation oracle and 6 = ) (ﬁ)

3. The polytope P has small width with respect to some direction d, given by one of the
constraints, 1.e.

3,7 —  mi G, i) < O (nelog(nR
sepmax (@1, ) jepmin (@1, 9) < O (nelog(nR/e))

4. Furthermore, the algorithm produces a proof of the fact above involving convexr combi-
nation of the constraints, namely, non-negatives ts, ...,towm) and & € P such that

(a) ||7], = O (VaR).
a -f—zioz(g)t a
(c) @& — by <e,

(d) (z )t )T:E— S0 b, < O(nelog(nR/e))

= O (5y/nlog(nR/e)),

Proof. Our algorithm either finds # € K or we have s;(#*)) < ¢. When sl(q(k)) < €, we
apply Lemma 28 to construct the polytope P and the linear combination Z t;d;.

Notice that each iteration of our algorithm needs to solve constant number of linear
systems and implements the sampling step to find A®) € R™ st. E[A®] = (z®) —
(%), Theorem 33 shows how to do the sampling in O(1) many linear systems. Hence,
in total, each iterations needs to solve O(l) many linear systems plus nearly linear work. To
output the proof for (4), we use Lemma 28.

Note that the linear systems the whole algorithm need to solve is of the form

(ATS;PA + M) 'F =17

where the matrix ATS-2A + I can be written as A’ DA for the matrix A = [A I] and
diagonal matrix
o= % )

Note that Lemma 14 shows that || (S™) (E(k“) — 58|, < 35 for the & and (k 4 1)™

linear systems we solved in the algorithm. Hence, we have || (D(’“))_1 (d (k+1) Jik H
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1—10. In [177], they showed how to solve such sequence of systems in O(n?) amortized cost.

Moreover, since our algorithm always changes the constraints by ¢ amount where § = Q(\/—ﬁ)
an inexact separation oracle SOgq, ) suffices. (see Def 1). Consequently, the total work
O(nSOgqc/ ) (K)log(nR/e) 4+ n? log®M (nR/e)). Note that as the running time holds with
only constant probability, we can restart the algorithm whenever the running time is too
large.

To prove (2), we note that from the algorithm description, we know the constraints are
either from B, (R) or of the form @’z > @’ #*) — § where

i \/ GT(ATS2 A + )i

Cq

From the proof of Lemma 29, we know that if Ap.(ATS;2A + \I) > —-5, then there is

2.2
si < €. Hence, we have Apin((ATS;2A + \I)71) > %= Since @ is a unit vector, we have

\/ @(ATS A FAD T e,
Cq - n

6 Technical Tools

In this section we provide stand-alone technical tools we use in our cutting plane method in
Section 5. In Section 6.1 we show how to efficiently compute accurate estimates of changes
in leverage scores using access to a linear system solver. In Section 6.2 we study what we
call the “Stochastic Chasing 0 Game” and show how to maintain that a vector is small in £
norm by making small coordinate updates while the vector changes randomly in /5 norm.

6.1 Estimating Changes in Leverage Scores

In previous sections, we needed to compute leverage scores accurately and efficiently for use
in our cutting plane method. Note that the leverage score definition we used was

(@) = TTVWA (ATWA + 1) ATVWI,
for some A > 0 which is different from the standard definition
o(@); = ITTVWA (ATWA) ' ATVWI,.

However, note that the matrix ATWA + A can be written as A'DA for the matrix A’ =
[AT 1] and diagonal matrix
D { W 0 }

0 X

and therefore computing 1 is essentially same as computing typical leverage scores. Conse-
quently, we use the standard definition o to simplify notation.
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In [240], Spielman and Srivastava observed that leverage scores can be written as the
norm of certain vectors

@) = VWA (ATwa) !

and therefore leverage scores can be approximated efficiently using dimension reduction.
Unfortunately, the error incurred by this approximation is too large to use inside the cutting
point method. In this section, we show how to efficiently approximate the change of leverage
score more accurately.

In particular, we show how to approximate o (i) — o (%) for any given @, ¥ with || log(w) —
log(v/ H2 < 1. Our algorithm breaks o (w); — o(¥); into the sum of the norm of small vectors
and then uses the Johnson-Lindenstrauss dimension reduction to approximate the norm
of each vector separately. Our algorithm makes use of the following version of Johnson-
Lindenstrauss.

Lemma 32 ([1]). Let 0 < ¢ < % and let ,..., T, € R™ be arbitrary m points. For

k= O(e2log(m)) let Q be a k x n random matriz with each entry sampled from {_\/LE’ \/LE}
uniformly and independently. Then, E||QZ;|* = HszQ for all i € [m] and with high proba-
bility in m we have that for all i € [m]

(1- 9|7 < 1QEI* < (1 +o)||z||”

Algorithm 3: h= LeverageChange(A, ¥/, 0, €)
Input: A € R™" ¥, € ]R>O, e € (0,0.5).
Given: |V~ — )|, < 55; ATVA and ATWA are invertible.
Sample Q, € RO *log(m)xn ag in Lemma 32.
Let d; = || QavVWA (ATWA) ™ ATT[[] for all i € [n].
Let t = O (log(e™!)).
Sample Q; € RO *1og(m))xn a5 in Lemma 32.
Pick positive integer u randomly such that Prlu =i] = (3)".
for je€{1,2,--- ,t}U{t+u} do
if 7 is even then

Let 2 = [QVVA (ATVA) " (AT (VW) A (A7VA) ) ATT
else

Let AT = (V — W), ie. the matrix V — W with negative entries set to 0.
Let A* = (W — V)7, ie. the matrix W — V with negative entries set to 0.

Lot o) = @ VATA(ATVA) (AT (V - W) A (ATVA) )5 ATE |2
Let 39 = Qf\/_A(ATVA) HAT(V — W)A(ATVA))ZATT.
Let fz - i Bz(j
end
end

Let .]Ez _ zufl(t‘f‘u) + 2;21 fz(])
Output: h; = (w; — v;)d; + v, f;. for all i € [m]
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Theorem 33. Let A € R™" and ¥,% € R?, be such that a = IO zﬁ)HQ < 55
and both ATVA and ATWA are invertible. For any € € (0,0.5), Algorithm 3 generates a
random variable h such that Bh = o(w) — o (V) and with high probability in m, we have HfAz -
(o(w0) — o (D)) ||l < O (ae). Furthermore, the expected running time is O((nnz(A) +LO)/€?)
where LO is the amount of time needed to apply (ATVA)_1 and (ATWA)_1 to a vector.

49, 30

Proof. First we bound the running time. To compute cZi, fi(j ), 2B, we simply perform
matrix multiplications from the left and then consider the dot products with each of the rows
of A. Naively this would take time O((t+u)?log(mt)(nnz(A)+LO)). However, we can reuse
the computation in computing high powers of j to only take time O((t+u)log(mt)(nnz(A)+
LO)). Now since E[u] is constant we see that the total running time is as desired. It only
remains to prove the desired properties of h.

First we note that we can re-write leverage score differences using

o(@)i~0(7); = (w; — v;) |A (ATWA) " AT| 10y |A ((ATWA) T — (ATVA) ) A7

0

"

Consequently, for all i € [m], if we let

d; < ITA(ATWA) ' ATT,
fi 2 TTA[(ATWA) T - (ATVA) T AT,

then
o(W); — o(0); = (w; —vy)d; + (vy) fi - (6.1)

We show that d; approximates d and ﬁ approximate f well enough to satisfy the statements
in the Theorem.

First we bound the quality of d;. Note that d; = H\/WA (ATWA)f1 AT]L-H;. Con-

A~

sequently, Lemma 32 shows that E[d;] = d; and that with high probability in m we have
(1 —¢€)d; <d; < (14 ¢€)d; for all i € [m]. Therefore, with high probability in m, we have

|50 d— (@ =)l = 3 () (4= ) < 3 (g — v

ic[m) i€[m]
22( )2 o(w); 2<222 Wi — v; 2
=€ Wi — U5 - > €
e[m] w; ie[m] (%

—-1/2

Next we show how to estimate f. Let X % (ATVA) "/ AT (V — W) A (ATVA)
By the assumption on a we know —%V <V -W < %V and therefore —%I < X < %I.
Consequently we have that

(ATWA) ™' = (ATVA) P (1-x)" (ATvA)
_ i (ATVA) X7 (ATVA) 2.
§=0
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and therefore
fi=1TA (Z (ATVA) X7 (ATVA) T - (ATVA)_1> AT,

=39 where [P ITA(ATVA) TP (ATVA) TP AT

(2

Furthermore, using the definition of X we have that for even j

12 g |
2

fi(j) = X% (ATVA)

2

= ||(ATvA) " (AT (V- W) A (ATVA) )T AT,

2
2

= [[VVA (ATVA)*1 <AT (V-W)A (ATVA)1>% A",

2

For odd j, using our definition of A* and A~ we have that
9 = ITA(ATVA)2XI (ATVA)

7

-1/2 ATEZ
j—1

2

(ATVA) AT (V - W)

Jj—1

— 17A ((ATVA) AT (V- W)A)

XA (ATVA) T (AT (V- W) A (ATVA) ) T AT,
_ O‘z(j) . ﬂi(j)
where
i—1 2
o) = “\/A+A(ATVA)_1 (AT(W—V)A(ATVA)_1> CATT|
2
gy H\/A—A(ATVA)_l (AT(W-V)A(ATVA)") T ATT,
2

Consequently, by Lemma 32 and the construction, we see that
Ef; = Zfz‘(]) = fi
j=1

and therefore Eh = o() — o(¥) as desired. All that remains is to bound the variance of f;.
To bound the variance of f, let |X| = (ATVA) > AT |W — V| A (ATVA) "*. Note
that —1I < — |X| < X < |X]| < 1I and consequently for all j
1 4
-1/2 AT]Tl

—-1/2

g9 =TT A (ATVA) 2 X (ATVA)
1
451

< -——TTA(ATVA) ' 1X| (ATVA) P ATT,




Wi —v;
V4 :

where P, = vVVA (ATVA)_l/2 ATV and A is a diagonal matrix with A, =
Using that 0 < P, =< I, we have that for all j

m m . .2
43 1 22(%% ) = Z(]liTPUAPv]li) - Tr (P,AP,P,AP,)

=1 =1

< Tr(P,AAP,) = Tr (AP,P,A)

m 2
Tr (AQ) = Z (wzv_ Ui) < a?

=1

IA

and thus |[Vg H < 42, Furthermore, since AT < |[W — V| and A~ < [W — V| we have
that ‘ 2 J) and ‘ﬁ (j

||Vf(j)—Vf71>||§ _ Z 2<f(j)_fi(j))2
< 25 (a0 o) w2 Tt (1 - )
< 2622%2 ((%(j))2+<ﬁi(j)>z)

N\ 2 2.2
< 43 (ngl) < 20

. Consequently, by Lemma 32 again, we have

Putting this all together we have that
IVF =Vl < [[2v e+ ZVf =2 ViVl
j=1
< 2|V, + Z IVFD =V, + 3 IV,
j=1

j=t+1
. 4o ' 2ae = 20
S T D D=l Dl

j=1 j=t+1
=0 (ae + 4t) .
Consequently, since t = O(log(e™!)) we have the desired result. O

6.2 The Stochastic Chasing 0 Game

To avoid computing leverage scores exactly, in Section 6.1 we showed how to estimate the
difference of leverage scores and use these to update the leverage scores. However, if we
only applied this technique, the error of leverage scores would accumulate in the algorithm
and we need to fix it. Naturally, one may wish to use dimension reduction to compute a
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multiplicative approximation to the leverage scores and update our computed value if the
error is too large. However, this strategy would fail if there are too many rows with inaccurate
leverage scores in the same iteration. In this case, we would change the central point too
much that we are not able to recover. In this section, we present this update problem in a
general form that we call Stochastic Chasing 0 game and provide an effective strategy for
playing this game.

The Stochastic chasing 0 game is as follows. There is a player, a stochastic adversary,
and a point ¥ € R™. The goal of the player is to keep the point close to 0 € R™ in (o
norm and the goal of the stochastic adversary is to move & away from 0. The game proceeds
for an infinite number of iterations where in each iteration the stochastic adversary moves
the current point Z® € R™ to some new point #*) + A® € R™ and the player needs
to respond. The stochastic adversary cannot move the AP arbitrarily, instead he is only
allowed to choose a probability distribution D*) and sample A® from it. Furthermore, it
is required that ED(@& = 0 and H&”i < ¢ for some fixed ¢ and all A € D*®). The player

does not know #*) or the distribution D® or the move A® of the stochastic adversary. All
the player knows is some #*) € R™ that is close to ) in ¢,, norm. With this information,
the player is allowed to choose one coordinate ¢ and set xgkﬂ) to be zero and for other j, we
have xg-kﬂ) = xg-k) + AEk).

The question we would like to address is, what strategy the player should choose to keep
Z®) close to 0 in fo norm? We show that there is a trivial strategy that performs well:

simply pick the largest coordinate and set it to 0.

Algorithm 4: Stochastic chasing 0 game
Constant: ¢ > 0, R > 0.
Let 70 = 0 € R™.
for k=1 to oo do
Stochastic Adversary: Pick D® such that EpA = 0 and H&HQ < call
A e Dk,
Stochastic Adversary: Pick 5*) € R™ such that ||g® — #®|_ < R.

Player: Pick a coordinate i) using only ¢,
Sample A®) from D®).

Set xz(.fc,:)rl) =0 and xg.kﬂ) = ng:) + A;k) for all j # i(®).
end

(k)

Theorem 34. Using the strategy i®) = argmax; |y, |, with probability at least 1 — p, we

have
Hf(k)Hoo <2(c+ R)log (4mk2/p)

for all k in the Stochastic Chasing 0 Game.

Proof. Consider the potential function ®(Z) = >, e 4+ > . e " where «a is to be deter-
mined. Now for all x we know that e* < 14z + %em and therefore for all |§| < ¢, x and «,
we have

1
eax—l—atS < e 1 et + _a2626ax+\a|c
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Consequently,

. < ; ar® EN
EEGD(k>q)(I(k) +4A) <o@V) + aBzep Z Ai— Z

1€[m)] i€[m]

+ 7eaHAHm]EA - Z eazgk)A? I Z o

i1€[m] 1€][m]
Since ED(@& =0 and H&HQ < ¢, we have Ez_p (ZZ e” (k)A — > e ) =0 and

a:r( ) 2 fax( ) 2 2 aac(.k) 7011(.]“)
Ezcpe (Ze A7+ Ze A7l SEzepm ZAi max ™ 4 max e
%

(k)

i

«
< 2c®maxe
7

NO)

i

Letting n*) = max; e” , we then have

E&ED(k)(I)(f(k) + A) < CD(f(k)) + a26a002n(k)

Since i*) = arg max, ’% ‘ and Hy“(k — f(k)Hoo < R, the player setting xiﬁjl) = 0 decreases
® by at least e *E+I)pk) Hence, we have
E&ep(k)(p(f(k+l)) S (I)( =(k )) + &26(10027,’( ) (R-i-c)n(k).

Picking o = 5 L we have e?*“+f)(a(c+R))? < 1 and hence a?e®c? < e~F+9) Therefore,

2(c+R)?
we have that

Ezcpm@@F*E) <EQ(EW) < ... < &(#W) =2m.

2m

Consequently, by Markov’s inequality we have that Pr[®(z®) > )] < 32 for any Ay.
Furthermore, since Clearly (%) > el we have that Pr[||2® || > log(M)/a] < 2}\—? for all

k. Choosing A\ = 4k and taking a union bound over all £, we have that

|Z%]| . < 2(c+ R)log (4mk*/p)

for all k with probability at least
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7

Glossary

Here we summarize problem specific notations used throughout this Part. For many quan-
tities we included the typical order of magnitude as they appear in our algorithms.

Our algorithm maintains a polytope {Az > b} which contains the set of solution K.
Slacks 5(Z) = AT — b, S(Z) is the diagonal matrix corresponding to 5(Z). Rescaled
constraint matrix A, = S7!A.

Leverage Score: (%) = diag (Ax (ATA, + )\I)_lﬁé;f)7 p(T) = mingy(7), A =

_ 1
and Cq = 1010 -

In each iteration constraints with leverage score less than ¢g = gz are deleted. Oth-
erwise, we add a constraint and put the leverage score c,.

In each iteration, our algorithm computes the change of leverage scores with accuracy

Cee where ¢, = and R is the diameter of the box containing

CA = Tog(nlog(R/9)) Tloa(6n R/
K.

Hybrid barrier function

pe(T) = — Z (ce + €;)log (s:(%)/R) + %log det (R* (ATS?A + AI)) + %HxHi

1€[m)|

The algorithm starts with pz(Z) ~ —0(1)n and ends when pz(Z) ~ O(1)nlog(nR/e).
Centrality 0¢(7) = || v pe(7) | ¢ (@) where H(Z) = AT (c.I+ ¥ (Z)) A, + AL 6(%) =
O(y/ce + p(7)).

Approximate Hessian Q(Z, @) = AL (c.I+ W) A, + AL
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Part 11
Convex Minimization & Intersection

Problem via Cutting Plane Method

This Part is based on joint works with Yin Tat Lee and Aaron Sidford.

8 Introduction

Cutting plane methods have long been employed to obtain polynomial time algorithms for
solving optimization problems. However, for many problems cutting plane methods are often
regarded as inefficient both in theory and in practice. Here, in Part Il we provide several
techniques for applying cutting plane methods efficiently. Moreover, we illustrate the efficacy
and versatility of these techniques by applying them to achieve improved running times for
solving multiple problems including semidefinite programming, matroid intersection, and
submodular flow.

We hope these results revive interest in ellipsoid and cutting plane methods. We believe
these results demonstrate how cutting plan methods are often useful not just for showing
that a problem is solvable in polynomial time, but in many yield substantial running time im-
provements. We stress that while some results in Part I are problem-specific, the techniques
introduced here are quite general and are applicable to a wide range of problems.

In the remainder of this introduction we survey the key techniques we use to apply our
cutting plane method (Section 8.1) and the key results we obtain on improving the running
time for solving various optimization problems (Section 8.2). We conclude in Section 8.3 by
providing an overview of where to find additional technical result in Part II.

8.1 Techniques

Although cutting plane methods are typically introduced as algorithms for finding a point
in a convex set (as we did with the feasibility problem in Part I), this is often not the easiest
way to apply the methods. Moreover, improperly applying results on the feasibility problem
to solve convex optimization problems can lead to vastly sub-optimal running times. Our
central goal, here, in Part Il is to provide tools that allow cutting plane methods to be
efficiently applied to solve complex optimization problems. Some of these tools are new and
some are extensions of previously known techniques. Here we briefly survey the techniques
we cover in Section 10 and Section 11.

Technique 0: From Feasibility to Optimization

In Section 10.1, we explain how to use our cutting plane method to solve convex optimiza-
tion problems using an approximate subgradient oracle. Our result is based on a result of
Nemirovski [207] in which he showed how to use a cutting plane method to solve convex
optimization problems without smoothness assumptions on the function and with minimal
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assumptions on the size of the function’s domain. We generalize his proof to accommodate
for an approximate separation oracle, an extension which is essential for our applications.
We use this result as the starting point for two new techniques we discuss below.

Technique 1: Dimension Reduction through Duality

In Section 10.2, we discuss how cutting plane methods can be applied to obtain both primal
and dual solutions to convex optimization problems. Moreover, we show how this can be
achieved while only applying the cutting plane method in the space, primal or dual, which
has a fewer number of variables. Thus we show how to use duality to improve the convergence
of cutting plane methods while still solving the original problem.

To illustrate this idea consider the following very simple linear program (LP)

n
min E W; T4
;20,3 ;=1 i1

where © € R" and « € R". Although this LP has n variables, it should to be easy to solve
purely on the grounds that it only has one equality constraint and thus dual linear program
is simply

max
y<w; Vi Y

i.e. a LP with only one variable. Consequently, we can apply our cutting plane method to
solve it efficiently.

However, while this simple example demonstrates how we can use duality to decrease
dimensions, it is not always obvious how to recover the optimal primal solution z variable
given the optimal dual solution y. Indeed, for many problems their dual is significantly
simpler than itself (primal), so some work is required to show that working in the space
suffices to require a primal solution.

One such recent example of this approach proving successful is a recent linear program-
ming result [176]. In this result, the authors show how to take advantage of this observation
and get a faster LP solver and maximum flow algorithm. It is interesting to study how far
this technique can extend, that is, in what settings can one recover the solution to a more
difficult dual problem from the solution to its easier primal problem?

There is in fact another precedent for such an approach. Grijcetschel, Lovijcesz and
Schrijver[113] showed how to obtain the primal solution for linear program by using a cutting
plane method to solve the linear program exactly. This is based on the observation that
cutting plane methods are able to find the active constraints of the optimal solution and
hence one can take dual of the linear program to get the dual solution. This idea was further
extended in [165] which also observed that cutting plane methods are incrementally building
up a LP relaxation of the optimization problem. Hence, one can find a dual solution by
taking the dual of that relaxation.

In Section 10.2, we provide a fairly general technique to recover a dual optimal solution
from an approximately optimal primal solution. Unfortunately, the performance of this
technique seems quite problem-dependent. We therefore only analyze this technique for
semidefinite programming (SDP), a classic and popular convex optimization problem. As
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a result, we obtain a faster SDP solver in both the primal and dual formulations of the
problem.

Technique 2: Using Optimization Oracles Directly

In the seminal works of Grijcetschel, Lovijcesz, Schrijver and independently Karp and Pa-
padimitriou [111, 147], they showed the equivalence between optimization oracles and sepa-
ration oracles, and gave a general method to construct a separation oracle for a convex set
given an optimization oracle for that set, that is an oracle for minimizing linear functionals
over the set. This seminal result led to the first weakly polynomial time algorithm for many
algorithms such as submodular function minimization. Since then, this idea has been used
extensively in various settings [141, 33, 34, 54].

Unfortunately, while this equivalence of separation and optimization is a beautiful and
powerful tool for polynomial time solvability of problems,; in many case it may lead to ineffi-
cient algorithms. In order to use this reduction to get a separation oracle, the optimization
oracle may need to be called multiple times — essentially the number of times needed to
run a cutting plane method and hence may be detrimental to obtaining small asymptotic
running times. Therefore, it is an interesting question of whether there is a way of using an
optimization oracle more directly.

In Section 11 we provide a partial answer to this question for the case of a broad class
of problems, that we call the intersection problem. For these problems we demonstrate how
to achieve running time improvements by using optimization oracles directly. The problem
we consider is as follows. We wish to solve the problem for some cost vector ¢ € R™ and
convex set K. We assume that the convex set K can be decomposed as K = K; N K5 such
that maxzck, (€, %) and maxzeg, (G, ) can each be solved efficiently. Our goal is to obtain a
running time for this problem comparable to that of minimizing K given only a separation
oracle for it.

We show that by considering a carefully regularized variant, we obtain a problem such
that optimization oracles for K; and K, immediately yield a separation oracle for this reg-
ularized problem. By analyzing the regularizer and bounding the domains of the problem
we are able to show that this allows us to efficiently compute highly accurate solutions to
the intersection problem by applying our cutting plane method once. In other words, we do
not need to use a complicated iterative scheme or directly invoke the equivalence between
separation and optimization and thereby save O(poly(n)) factors in our running times.

We note that this intersection problem can be viewed as a generalization of the matroid
intersection problem and in Section 11.2, we show our reduction gives a faster algorithm in
certain parameter regimes. As another example, in Section 11.3 we show our reduction gives
a substantial polynomial improvement for the submodular flow problem. Furthermore, in
Section 11.4 we show how our techniques allow us to minimize a linear function over the
intersection of a convex set and an affine subspace in a number of iterations that depends
only on the co-dimension of the affine space.
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8.2 Applications

Our main goal in Part II is to provide general techniques for efficiently using cutting plane
methods for various problems. Hence, in Part Il we use minimally problem-specific tech-
niques to achieve the best possible running time. However, we also demonstrate the efficacy
of our approach by showing how techniques improve upon the previous best known running
times for solve several classic problems in combinatorial and continuous optimization. Here
we provide a brief overview of these applications, previous work on these problems, and our
results.

In order to avoid deviating from our main discussion, our coverage of previous methods
and techniques is brief. Given the large body of prior works on SDP, matroid intersection
and submodular flow, it would be impossible to have an in-depth discussion on all of them.
Therefore, this section focuses on running time comparisons and explanations of relevant
preivous techniques.

Semidefinite Programming

In Section 10.2 we consider the classic semidefinite programming (SDP) problem:

— ' in bl 7 A
r}rclg%(C e X st. A; e X =b; (primal) mylnb Yy s.t. ;yZAZ = C (dual)

where X, C, A; are m X m symmetric matrices, g, y€R" and AeB © Tr(ATB). For many
problems, n < m? and hence the dual problem has fewer variables than the primal. There
are many results and applications of SDP; see [252, 246, 195] for a survey on this topic.
Since our focus is on polynomial time algorithms, we do not discuss pseudo-polynomial
algorithms such as the spectral bundle method [121], multiplicative weight update methods
[11, 12, 140, 4], etc.

Currently, there are two competing approaches for solving SDP problems, namely interior
point methods (IPM) and cutting plane methods. Typically, IPMs require fewer iterations
than the cutting plane methods, however each iteration of these methods is more complicated
and possibly more computationally expensive. For SDP problems, interior point methods
require the computations of the Hessian of the function —logdet (C — Y7 | y;A;) whereas
cutting plane methods usually only need to compute minimum eigenvectors of the slack
matrix C — > A,

In [10], Anstreicher provided the current fastest IPM for solving the dual SDP problem
using a method based on the volumetric barrier function. This method takes O((mn)'/*)
iterations and each iteration is as cheap as usual IPMs. For general matrices C, X, A;, each
iteration takes O(n*m“~!'4n*+m®) time where w is the fast matrix multiplication exponent.
If the constraint matrices A; are rank one matrices, the iteration cost can be improved[167].
If the matrices are sparse, then [93, 206] show how to use matrix completion inside the IPM.
However, the running time depends on the extended sparsity patterns which can be much
larger than the total number of non-zeros.

In [166], Krishnan and Mitchell observed that the separation oracle for dual SDP takes
only O(m® + S) time, where S = > "  nnz(A;) be the total number of non-zeros in the
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’ Authors ‘ Years ‘ Running times ‘

Nesterov, Nemirovsky[213] | 1992 O(vm(n*m“~t + n¥ 4+ m*))
Anstreicher [10] 2000 O((mn)Y*(n?m*=! 4+ nv))
Krishnan, Mitchell [166] | 2003 | O(n(n* + m* 4+ S)) (dual SDP)
This work 2015 O(n(n* + m¥ + 9))

Table 2: Previous algorithms for solving a m x m SDP with n constraints and .S non-zeros
entries

constant matrix. Hence, the cutting plane method by [250] gives a faster algorithm for SDP
for many regimes. For w = 2.38, the cutting plane method is faster when A; is not rank 1
and the problem is not too dense. While there are previous methods for using cutting plane
methods to obtain primal solutions[165] , to the best of our knowledge, there are no worst
case running time analysis for these techniques.

In Section 10.2, show how to alleviate this issue. We provide an improved algorithm for
finding the dual solution and prove carefully how to obtain a comparable primal solution as
well. See Figure 9.1 for a summary of the algorithms for SDP and their running times.

Matroid Intersection

In Section 11.2 we show how our optimization oracle technique can be used to improve upon
the previous best known running times for matroid intersection. Matroid intersection is
one of the most fundamental problems in combinatorial optimization. The first algorithm
for matroid intersection is due to the seminal paper by Edmonds [66]. In Figures 9.2 and
9.3 we provide a summary of the previous algorithms for unweighted and weighted matroid
intersection as well as the new running times we obtain in this work. While there is no total
ordering on the running times of these algorithms due to the different dependence on various
parameters, we would like to point out that our algorithms outperform the previous ones
in regimes where r is close to n and/or the oracle query costs are relatively expensive. In
particular, in terms of oracle query complexity our algorithms are the first to achieve the
quadratic bounds of O(n?) and O(nr) for independence and rank oracles. We hope our work
will revive the interest in the problem of which progress has been mostly stagnated for the
past 20-30 years.

Minimum-Cost Submodular Flow

In Section 11.3 we show how our optimization oracle technique can be used to improve upon
the previous best known running times for (Minimum-cost) Submodular Flow. Submodular
flow is a very general problem in combinatorial optimization which generalizes many problems
such as minimum cost flow, the graph orientation, polymatroid intersection, directed cut
covering [89]. In Figure 9.4 we provide an overview of the previous algorithms for submodular
flow as well as the new running times we obtain in this work.

Many of the running times are in terms of a parameter h, which is the time required for
computing an “exchange capacity”. To the best of our knowledge, the most efficient way of
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’ Authors ‘ Years ‘ Running times

Edmonds [66] 1968 not stated
Aigner, Dowling [3] | 1971 O(nr?*Tina)
Tomizawa, Iri [247] | 1974 not stated
Lawler [173] 1975 O(n1*Tina)
Edmonds [69] 1979 not stated
Cunningham [51] | 1986 O(nr'°Tina)

. O(n?log nTima + n*log?™ n)

This work 2015 O(nr 108> nTrame + n* 1og®M 1)

Table 3: Previous algorithms for (unweighted) matroid intersection. Here n is the size of
the ground set, 7 = max{ry, 2} is the maximum rank of the two matroids, Ti,q is the time
needed to check if a set is independent (independence oracle), and Trany is the time needed
to compute the rank of a given set (rank oracle).

Authors \ Years \ Running times
Edmonds [66] 1968 not stated
Tomizawa, Iri [247] 1974 not stated
Lawler [173] 1975 O(nr?Tina + nr?)
Edmonds [69] 1979 not stated
Frank [80] 1981 O(n*r(Teiveuis + 1))
Orlin, Ahuja [218] 1983 not stated
Brezovec, Cornuijoejols, Glover[28] | 1986 O(nr(Teiveuis + 7 + logn))
Fujishige, Zhang [91] 1995 O(n?r%logrM - Tia)
Shigeno, Iwata [236] 1995 O((n + Teireuit)nr’? log r M)
. O((n2log nTiq + n? log®M n) log n.M)
This work 2015 O((nr 1og? nTrame + 1% 10g°® 1) log n M)

Table 4: Previous algorithms for weighted matroid intersection. In additions to the notations
used in the unweighted table, Tgicuit is the time needed to find a fundamental circuit and M
is the bit complexity of the weights.
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’ Authors ‘ Years ‘ Running times

Fujishige [83] 1978 not stated
Grijcetschel, Lovijoesz, Schrijver[111] | 1981 weakly polynomial
Zimmermann [263] 1982 not stated
Barahona, Cunningham [18§] 1984 not stated
Cunningham, Frank [52] 1985 — O(n*hlog C)
Fujishige [85] 1987 not stated
Frank, Tardos [81] 1987 strongly polynomial
Cui, Fujishige [255] 1988 not stated
Fujishige, Rijceck, Zimmermann[90] | 1989 — O(n®hlogn)
Chung, Tcha [44] 1991 not stated
Zimmermann [264] 1992 not stated
McCormick, Ervolina [193] 1993 O(n"h*lognCU)
Wallacher, Zimmermann [250] 1994 O(n®hlognCU)
Iwata [124] 1997 O(n"hlogU)
Iwata, McCormick, Shigeno [130] 1998 O (n*hmin {lognC,n*logn})
Iwata, McCormick, Shigeno [131] 1999 O (n®h min {lognU, n*logn})
Fleischer, Iwata, McCormick|78] 1999 O (n*hmin {log U, n* log n})
Iwata, McCormick, Shigeno [132] 1999 O (n*hmin {log C,n*logn})
Fleischer, Iwata [76] 2000 O(mn®lognU - EO)
This work 2015 | O(n2lognCU - EO + n3log®® nCU)

Figure 8.1: Previous algorithms for Submodular Flow with n vertices, maximum cost C' and
maximum capacity U. The factor h is the time for an exchange capacity oracle, h* is the
time for a “more complicated exchange capacity oracle” and EO is the time for evaluation
oracle of the submodular function. The arrow,—, indicates that it used currently best
maximum submodular flow algorithm as subroutine which was non-existent at the time of
the publication.

computing an exchange capacity is to solve an instance of submodular minimization which
previously took time O(n*EO + n°) (and now takes O(n?EO + n?) time using our result in
Part I11). Readers may wish to substitute h = O(n*EO + n?) when reading the table.

The previous fastest weakly polynomial algorithms for submodular flow are by [132, 76,
78], which take time O(n®EO + n7) and O(mn®lognU - EO), assuming h = O(n?EO + n?).
Our algorithm for submodular flow has a running time of O(n?EQ+n?), which is significantly
faster by roughly a factor of O(n*).

For strongly polynomial algorithms, our results do not yield a speedup but we remark that
our faster strongly polynomial algorithm for submodular minimization in Part IIT improves
the previous algorithms by a factor of O(n2) as a corollary (because h requires solving an
instance of submodular minimization).
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8.3 Overview

After providing covering some preliminaries on convex analysis in Section 9 we split the
remainder of Part II into Section 10 and Section 11. In Section 10 we cover our algorithm
for convex optimization using an approximate subgradient oracle (Section 10.1) as well as
our technique on using duality to decrease dimensions and improve the running time of
semidefinite programming (Section 10.2). In Section 11 we provide our technique for using
minimization oracles to minimize functions over the intersection of convex sets and provide
several applications including matroid intersection (Section 11.2), submodular flow (Sec-
tion 11.3), and minimizing a linear function over the intersection of an affine subspace and
a convex set (Section 11.4).

9 Preliminaries

In this section we review basic facts about convex functions that we use throughout Part II.
We also introduce two oracles that we use throughout Part 11, i.e. subgradient and optimiza-
tion oracles, and provide some basic reductions between them. Note that we have slightly
extended some definitions and facts to accommodate for the noisy separation oracles used
in this work.

First we recall the definition of strong convexity

Definition 35 (Strong Convexity ). A real valued function f on a convex set (2 is a-strongly
convex if for any Z, ¢ € 2 and ¢ € [0, 1], we have

" | L2 " .,
F(t7 + (1= 0)g) + 5at(1 = )| = 7| < (@) + (1 = 1) £(5).
Next we define an approximate subgradient.

Definition 36 (Subgradient). For any convex function f on a convex set €2, the §-subgradients
of f at x are defined to be

Osf(Z) = {G€Q: f(i) + 06 > f(&) + (3,7 — &) forall § € Q}.

Here we provide some basic facts regarding convexity and subgradients. These statements
are natural extensions of well known facts regarding convex functions and their proof can be
found in any standard textbook on convex optimization.

Fact 37. For any convex set ) and & be a point in the interior of ), we have the following:

1. If f is convex on §), then Oy f () # @ and 05 f(Z) C 0, f(Z) for all 0 < s < t.Otherwise,

we have ||§]'H2 > %\/%. For any f(y) < f(Z), we have § > (¢,y — &) and hence

2. If f is a differential convex function on §, then V f(Z) € 0o f(Z).

3. If f1 and fy are convex function on ), §i € 05, f1(Z) and go € 05, f1(Z), then agi+[gs €
Oasy+80, (G1 + G2) ().
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4. If f is a-strongly convex on Q with minimizer x*, then for any y with f(y) < f(Z*)+e,
we have %a”f* — ngQ <e.

Next we provide a reduction from subgradients to separation oracles. We will use this
reduction several times in Part II to simplify our construction of separation oracles.

Lemma 38. Let f be a convex function. Suppose we have & and § € 05 f(Z) with HfHQ <1<

D and 6 < 1. If |lgll, < 5/ 5. then f(7) < minggp,ep f@) + 20D and if |gl], < 31/
then
{l7ll, <D : f(§) < f(@} c {y: d"§j < d"F+2V5D}

with d = g/||§H2 Hence, this gives a (2v/0D,2v/3D)-separation oracle on the set {HfHQ <
D}.

Proof. Let i such that ng H2 < D. By the definition of §-subgradient, we have
F@) +6 = f(@) +(5,§ - 7).

If ||g]| < 24/3, then, we have [(§,5— &) < V6D because ||Z|| < D and ||§]|, < D.

Therefore,

min  f(7) + 2V0D > f(Z).

Iall, <o

Otherwise, we have H§'||2 > %\/%. For any f(y) < f(&), we have § > (g, ¥ — %) and hence

P 5D2< ,g—f>.

At several times in Part Il we will wish to construct subgradient oracles or separation
oracles given only the ability to approximately maximize a linear function over a convex set.
In the remainder of this section we formally define such a optimization oracle and prove this
equivalence.

[

Q

]

Definition 39 (Optimization Oracle). Given a convex set K and ¢ > 0 a J-optimization
oracle for K is a function on R" such that for any input ¢ € R”, it outputs 7 such that

max (¢, ¥) < (¢, 7) + 0.
ZeK

We denote by OO4(K) the time complexity of this oracle.

Lemma 40. Given a convex set K, any e-optimization oracle for K is a e-subgradient oracle
for £(&) = maxzeg (G, 7).
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Proof. Let Z. be the output of e-optimization oracle on the cost vector ¢. We have

max (¢, 7) < (G, Z.) + €.
reK

Hence, for all cf, we have and therefore

=

(Tod =) + 1@ < J(d) + e

Hence, %, € 05f(C). O

Combining these lemmas shows that having an e-optimization oracle for a convex set K
contained in a ball of radius D yields a O(v/ De, v/ De) separation oracle for max ek (¢, 7).
We use these ideas to construction separation oracles throughout Part II.

10 Convex Optimization

In this section we show how to apply our cutting plane method to efficiently solve problems
in convex optimization. First, in Section 10.1 we show how to use our result to minimize a
convex function given an approximate subgradient oracle. Then, in Section 10.2 we illustrate
how this result can be used to obtain both primal and dual solutions for a standard convex
optimization problems. In particular, we show how our result can be used to obtain improved
running times for semidefinite programming across a range of parameters.

10.1 From Feasibility to Optimization

In this section we consider the following standard optimization problem. We are given a
convex function f : R" — R U {+oo} and we want to find a point # that approximately
solves the minimization problem

min f(7)
given only a subgradient oracle for f.

Here we show how to apply the cutting plane method from Part I turning the small width
guarantee of the output of that algorithm into a tool to find an approximate minimizer of
f. Our result is applicable to any convex optimization problem armed with a separation or
subgradient oracle. This result will serve as the foundation for many of our applications in
Part II.

Our approach is an adaptation of Nemiroski’s method [207] which applies the cutting
plane method to solve convex optimiziation problems, with only minimal assumption on the
cutting plane method. The proof here is a generalization that accommodates for the noisy
separation oracle used in this work. In the remainder of this subsection we provide a key
definition we will use in our algorithm (Defintion 41), provide our main result (Theorem 42),
and conclude with a brief discussion of this result.

Definition 41. For any compact set K, we define the minimum width by MinWidth(K) =
Min|z|,—1 MaXg gex (@, 7 — ¥) .
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Theorem 42. Let f be a convex function on R™ and €2 be a convex set that contains a
minimizer of f. Suppose we have a (n,d)-separation oracle for f and € is contained inside
Bo(R). Using Boo(R) as the initial polytope for our Cutting Plane Method, for any 0 < o <
1, we can compute T € R" such that

7@~ iy £ < 0+ o (ma )~ min 7)) (10.1)

geN ge

with an expected running time of

0] (nSOW;(f) log (%) + n?log?M (ﬁ)) )

«
where § = © %W) and k = Wdth(m. Furthermore, we only need the oracle

defined on the set Boo(R).

Remark. The algorithm requires no information about €2 (other than that Q@ C B, (R)). The
function f can have 400 value outside 2.

Proof. Let &* € argmingeq f(Z). Since By (R) D ) contains a minimizer of f, by the
definition of (7, d)-separation oracles, our Cutting Plane Method (Theorem 31) either returns
a point Z that is almost optimal or returns a polytope P of small width. In the former case
we have a point & such that f(Z) < ming f(y) + 7. Hence, the error is clearly at most
N+ a (maxzeq f(2) — mingeq f(7)) as desired. Consequently, we assume the latter case.
Theorem 31 shows MinWidth(P) < Cnelog(R/¢) for some universal constant C'. Picking

aMinWidth(€2)
nlog (%)

for small enough constant C’, we have MinWidth(P) < aMinWidth(Q2). Let Q* = 7* +
a(Q — %), namely, Q* = {&* + (2 — 7*) : 27 € Q}. Then, we have

e=C'

(10.2)

MinWidth(2%) = aMinWidth(2) > MinWidth(P).

Therefore, Q% is not a subset of P and hence there is some point ¢ € Q*\P. Since Q* C
2 C By (R), we know that ¢ does not violate any of the constraints of B, (R) and therefore
must violate one of the constraints added by querying the separation oracle. Therefore, for
some j < 7, we have

(@D, 7) > (&7, 757V 4 e/ v/

By the definition of (7, c,¢/+/n)-separation oracle (Definition 2), we have f(i) > f(zU~Y).
Since § € 2%, we have § = (1 — a)@* + aZz for some z' € Q. Thus, the convexity of f implies
that

@) < (1= a)f(@") + af(2).

Therefore, we have

min f(Z®) — min f(Z) < f(7) — f(Z*) < a (maxf(,?) — minf(f)) :

1<k<i 2e Ze ze
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Hence, we can simply output the best # among all #) and in either case # satisfies (10.1).

Note that we need to call (n,d)-separation oracle with § = Q(e/y/n) to ensure we do
not cut out #*. Theorem 31 shows that the algorithm takes O(nSO, s(f)log(nR/e) +
n? logo(l)(nR/ €)) expected time, as promised. Furthermore, the oracle needs only be de-
fined on B (R) as an obvious separating hyperplane can be returned for a query point

outside B (R). O

Observe that this algorithm requires no information about Q (other than that Q C
B (R)) and does not guarantee that the output is in . Hence, even though € can be com-
plicated to describe, the algorithm still gives a guarantee related to the gap maxzeq f(Z) —
mingeq f(Z). For specific applications, it is therefore advantageous to pick a Q as large as
possible while the bound on function value is as small as possible.

Before indulging into specific applications, we remark on the dependence on k. Using
John’s ellipsoid, it can be shown that any convex set {2 can be transformed linearly such
that (1) By (1) contains 2 and, (2) MinWidth(Q) = Q(n~%2). In other words, s can be
effectively chosen as O(n®?). Therefore if we are able to find such a linear transformation,

the running time is simply O (nSO(f) log (n/a) 4 n? log®W (n/a)> Often this can be done

easily using the structure of the particular problem and the running time does not depend
on the size of domain at all.

10.2 Duality and Semidefinite Programming

In this section we illustrate how our result in Section 10.1 can be used to obtain both primal
and dual solutions for standard problems in convex optimization. In particular we show how
to obtain improved running times for semidefinite programming.

To explain our approach, consider the following minimax problem

min max (AZ, ) + (¢, T) + <CZ §> (10.3)

yeYy zeX
where © € R™ and § € R". When m > n, solving this problem by directly using Part I
could lead to an inefficient algorithm with running time at least m3. In many situations,
for any fixed ¥, the problem maxgzcx (AZ,¥) is very easy and hence one can use it as a
separation oracle and apply Part I and this would gives a running time almost independent
of m. However, this would only give us the i variable and it is not clear how to recover
variable from it.

In this section we show how to alleviate this issue and give semidefinite programming
(SDP) as a concrete example of how to apply this general technique. We do not write down
the general version as the running time of the technique seems to be problem specific and
faster SDP is already an interesting application.

For the remainder of this section we focus on the semidefinite programming (SDP) prob-
lem:

maxCeXs.t. A;eX =1 (10.4)
X>0
and its dual .
min b7 7 s.t. A = C 10.5
in by > yiAi = (10.5)

=1
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where X, C, A; are m X m symmetric matrices and Z;,Q’ € R". Our approach is partially

inspired by one of the key ideas of [121, 166]. These results write down the dual SDP in the

form .

min b7 — Kmin(/\min(z yiA; — C),0) (10.6)
Y i=1

for some large number K and use non-smooth optimization techniques to solve the dual SDP

problem. Here, we follow the same approach but instead write it as a max-min problem

ming fx () where

fx(y) = Joax (b 7+ <X C - 2yA>) . (10.7)

Thus the SDP problem in fact assumes the form (10.3) and many ideas in this section can
be generalized to the minimax problem (10.3).

To get a dual solution, we notice that the cutting plane method maintains a subset of
the primal feasible solution conv(X;) such that

e _ A
mgmb y+TYXI£I%,}§(§0<XC Zyl Z> mmb y+X€glr§z}€X <X’C ;yzAZ>'

Applying minimax theorem, this shows that there exists an approximation solution X in
conv(X;) for the primal problem. Hence, we can restrict the primal SDP on the polytope
conv(X;), this reduces the primal SDP into a linear program which can be solved very
efficiently. This idea of getting primal/dual solution from the cutting plane method is quite
general and is the main purpose of this example. As a by-product, we have a faster SDP
solver in both primal and duall We remark that this idea has been used as a heuristic to
obtain [165] for getting the primal SDP solution and our contribution here is mainly the
asymptotic time analysis.

We first show how to construct the separation oracle for SDP. For that we need to
compute smallest eigenvector of a matrix. Below, for completeness we provide a folklore
result showing we can do this using fast matrix multiplication.

Lemma 43. Given a n x n symmetric matric Y such that —RI <Y <X RI, for any ¢ > 0,
with high probability in n in time O(n“t°W 1og®M(R/€)) we can find a unit vector @ such
that @7 YU > Apax(Y) — €.

Proof. Let B £ 1 Y + 1. Note that B >~ 0. Now, we consider the repeated squaring Bo = B
SLet 0 < A < Ay < --- <\, be the eigenvalues of B and v; be the

2k
S

Let ¢ be a random unit vector and 7’ o Brd. Now ¢ = > a;u; for some «; such that
> a? =1. Letting

corresponding elgenvectors Then, it is easy to see the the eigenvalues of By are

7= Z/\>1 6)\"(1/%/\ Uz
S A
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we have

ZA<1 5)An O‘z)‘ Ui
A2

zlz

Z)\ <(1-0)An
—= k
2 Zz—l )\12

17— pll, = ‘ §(1—5)2kn.

Letting k = log, (M), we have || — pll, < d/4y/n. Since 0 < B < 2I, we have

B

=

> VITBp— /(7 —p)TB(F — )
> VpTBp—25/V/n.

Note that p’ involves only eigenvectors between (1 — §)A, to A,. Hence, we have

VITBF > /(1 = §)A\a| ]|, — 26/v/n.

With constant probability, we have a,, = Q(1/4/n). Hence, we have ||p]|, = Q(1/y/n). Using

B < 21 and ||]7H2 > ||F||2 — 0/+4/n we have that so long as ¢ is a small enough universal
constant

A O 8)Anl|P]], — 26/v/n
[ F— [21], + 8/ v/n

= (1= 0(8)v = 0(5)

= /A — O(VR).

Therefore, we have FT}F > Amax(Y) — O(R6). Hence, we can find vector 7 by computing k
matrix multiplications. [56] showed that fast matrix multiplication is stable under Frobenius
norm, i.e., for any n > 0, using O(log(n/b)) bits, we can find C such that HC — ABHF <

(n®*") where w is the matrix multiplicative constant. Hence, this

algorithm takes only O(n®t°M 1og®V(§-1)) time. The result follows from renormalizing
the vector 7, repeating the algorithm O(logn) times to boost the probability and taking

= Q(¢/R). O
The following lemma shows how to compute a separation for fx defined in (10.7).

Lemma 44. Suppose that HAZHF < M and HCHF < M. Forany 0 < e <1 andy
with ||37H2 = O(L), with high probability in m, we can compute a (€, €)-separation of fr on
{H:EH2 < L} at i in time O(S +m< W 1og® D (n K ML/€)) where where S is the sparsity of
the problem defined as nnz(C) + >  nnz(A;).

Proof. Note that —O(nML)I<C -3 " y;,A; = O(nML)I Using Lemma 43, we can find
a vector ¥ with ||7]|, = K in time O(m®®) log®M (nK ML/§)) such that

i <C Z n 1) TnglI%}§C>0 <X, C— Z yiAi> — 0. (10.8)
i—1
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In other words, we have a d-optimization oracle for the function fx. Lemma 40 shows this

yields a d-subgradient oracle and Lemma 38 then shows this yields a <O(\/ L), 0V 5L))—

separation oracle on the set {||f”2 < L}. By picking 6 = €*/L, we have the promised
oracle. u

With the separation oracle in hand, we are ready to give the algorithm for SDP:

Theorem 45. Given a primal-dual semidefinite programming problem in the form (10.])
and (10.5), suppose that for some M > 1 we have

1. HbH2 <M, HC”F < M and HAZHF < M for alli.
2. The primal feasible set lies inside the region TrX < M.

3. The dual feasible set lies inside the region ng”oo <M.

Let opt be the optimum solution of (10.]) and (10.5). Then, with high probability, we can
find X and i such that

1. X>0, TTX=0(M), >, |bi — (X, A;)| <€ foralli and C e X > opt —e.

2. sz”oo =O(M), > yiAi = C —el and Engg opt + €.

in expected time O ((nS +n3 + nmw+"(1)) log@™) (%)) where S is the sparsity of the prob-

lem defined as nnz(C) + > ¢ nnz(A;) and w is the fast matriz multiplication constant.

Proof. Let K > M be some parameter to be determined. Since the primal feasible set is lies
inside the region TrX < M < K, we have

min ~ b" y = max CeX
S yiA=C X0, TrX<K,A;eX=b;

= max minCoX—Zyi(AHX—bi)

X-0,TtX<K ¢

= min_ max (6ng’+ (C— Z%‘Ai) 3 X)

7 X=0,TrX<K

= min fx(v).
g

Lemma 44 shows that it takes SOss(fx) = O(S + m+t°W log(nK M L/§)) time to com-
pute a (d,d)-separation oracle of fr for any point ¥ with ||y]|.c = O(L) where L is some
parameter with L > M. Taking the radius R = L, Theorem 42 shows that it takes

@, (nSO(;,(;(fK) log () + n® log®® (g)) expected time with § = © (an™*/?L) to find 7 such
that

fk(y)— min  fr(y) <d+a | max [fx(¥)— min [fx(¥) | <o4+2a(nML+2nKML).

Ioll <2 Ioll <2 Il <z
oo oo oo
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Picking o = we have fx(y) < ming fx(y) + €. Therefore,

7nZ\/E[KL’
BTQ'—{—KmaX Amax ( Z 0) < opt + €.

Let f = max(Amax(C — > i, %:A;),0). Then, we have that > , y;A; = C — I and
o : o
>
b Vo= Z;"lzl yl;IAklintc_BIb Y
= max (C—p(I)eX

> opt — M

because TrX < M. Hence, we have
opt — M + K <b y+KrnaX max Zyl :),0) < opt+e
Putting K = M + 1, we have < e. Thus,

i=1

€

This gives the result for the dual with the running time O ((nS +nd + nmw+°(1)) logo(l) (M)) :
Our Cutting Plane Method accesses the sub-problem

oiex  (C=> yA)

only through the separation oracle. Let 2" be the output of our Cutting Plane Method and
{vo! O(?) be the matrices used to construct the separation for the O(n) hyperplanes the
algorithm maintains at the end. Let @ be the maximum eigenvector of C —>_"" | z;A;. Now,

we consider a realization of fx

N
fx(G) =0"5+ max <X,C—Zy¢Ai>-
i=1

Xeconv(Kuul,v;v;

Since applying our Cutting Plane Method to either fx or fK gives the same result, the
correctness of the our Cutting Plane Method shows that

fr(2) < ” rﬁnn fK( y) + €.

Note that the function fi is defined such that fx(Z) = fx(Z). Hence, we have

HTIm f(@) < fx(2) < fx(Z <Hmm fr(@) +e
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Also, note that fx (%) < fx(Z) for all Z. Hence, we have

min  fx(f) —e< min f(H) < min  fx(7).
I1] <z I1] <= I71] <=

Now, we consider the primal version of f, namely
g(X)= min bl + <X,C — Z%’Ai> .
il
Sion’s minimax theorem [239] shows that

opt > max ¢g(X)= min f(§) > opt —e.
Xeconv(Kai ;o7 H H <L

Therefore, to get the primal solution, we only need to find @ by Lemma 43 and solve the
maximization problem on g. Note that

9(X) = min Zyz (b — (X, Ay)) + (X, C)

loll <=

- —LZ|b (X,A)|+(X,C).

For notation simplicity, we write Kdu! = vt . Then, X = Z 0 04]1}]1)] for some ) a; =1
and a; > 0. Substituting this into the function g, we have

ST — T —
b; — g ;U A 75| + E Q;U; Cuj;.
J J

Hence, this can be easily written as a linear program with O(n) variables and O(n) constraints
in time O(nS). Now, we can apply interior point method to find & such that

g(a) > max 9(X) — € > opt — 2e.

Xeconv(Kaal ,5;57)

Let the corresponding approximate solution be X = > a]v] . Then, we have
< > LZ|b (X, A)| > opt — 2.

Now, we let b; = <)~(, Ai>. Then, we note that

<}2,C> < max CeX
X-0A,eX=b;

= min b i/

> yiA=C
T <5§7 Az>
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because ngHOO < M. Hence, we have

b — <}~(,Ai>

opt + (M —L)>

(2

> <5€C> LY
Now, we put L = M + 2, we have

)3

1

b — <5§A>‘ <e

This gives the result for the primal. Note that it only takes O(n%21og®™ (nM/€)) to solve
a linear program with O(n) variables and O(n) constraints because we have an explicit
interior point deep inside the feasible set, i.e. o = - for some parameter m [177].* Hence,
the running time is dominated by the cost of cutting plane method which is

M
@) ((nS + 1 4+ nme o) 1og%W) (n_))

€
by putting L = M + 2. O

We leave it as an open problem if it is possible to improve this result by reusing the compu-

tation in the separation oracle and achieve a runtime of O ((nS + n® 4+ nm?) log®V (%))

11 Intersection of Convex Sets

In this section we introduce a general technique to optimize a linear function over the inter-
section of two convex sets, whenever the linear optimization problem on each of them can
be done efficiently. At the very high level, this is accomplished by applying cutting plane
to a suitably regularized version of the problem. In Section 11.1 we present the technique
and in the remaining sections we provide several applications including, matroid intersection
(Section 11.2), submodular flow (Section 11.3), and minimizing over the intersection of an
affine subspace and a convex set (Section 11.4).

11.1 The Technique

Throughout this section we consider variants of the following general optimization problem

spax (€, ©) (11.1)

where 7, ¢ € R", K7 and Ky are convex subsets of R". We assume that

T T <
a7, < M, max |71, < M, |jel, < M (11.2)

3Without this, the running time of interior point method depends on the bit complexity of the linear
programs.
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for some constant M > 1 and we assume that
KiNK, # 2. (11.3)

Instead of a separation oracle, we assume that K, and K, each have optimization oracles
(see Section 9).

To solve this problem we first introduce a relaxation for the problem (11.1) that we
can optimize efficiently. Because we have only the optimization oracles for K; and K5, we
simply have variables # and g for each of them in the objective. Since the output should
(approximately) be in the intersection of K; and Ks, a regularization term —%Hf -y H; is
added to force ¥ ~ ¢ where X is a large number to be determined later. Furthermore, we
add terms to make the problem strong concave.

Lemma 46. Assume (11.2) and (11.3). For A > 1, let

—  —» def 1 - — 1 — >\ — (12 1 12 1 12
MED = L Ea 1 en - Al - Tl - A . av
There is an unique mazximizer (Zx,yx) for the problem maxzek, jek, x(Z,Y). The maximizer
Lo o . . T2
(Zx,Y)) is a good approximation of the solution of (11.1), i.e. H:E,\ — y,\H2 < % and

M2

c, Ty < Ty, U — 11.
zoax (€, %) < fu(@y, 9h) + \ (11.5)
Proof. Let #* be a maximizer of maxzex,nx, (¢, Z). By assumption (11.2), ||z , < M, and

therefore )

M2
2 — =
> max (c,r)— —
A - TeK1NKo < ’ > )\

(11.6)

This shows (11.5). Since f) is strongly concave in Z and g, there is a unique maximizer
(Zx,9r). Let opty, = fu(Zy,%)). Then, we have

opts < pllell, ], + 5lellll, - 17 - all;
< M*  M?* N, . 2
< gty lnoal

On the other hand, using A > 1, (11.6) shows that
M2
OptA 2 fA(I_'bk,f*> >  max <8, f) — T 2 —2M2

ZeEK1NKa
Hence, we have

2 (M? — opt,) < 6>
A - A

122 — 35 < (11.7)
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Now we write max f,(Z, 7) as a max-min problem. The reason for doing this is that the
dual approximate solution is much easier to obtain and there is a way to read off a primal
approximate solution from a dual approximate solution. This is analogous to the idea in
[174] which showed how to convert a cut solution to a flow solution by adding regularization
terms into the problem.

Lemma 47. Assume (11.2) and (11.3). Let X > 2. For any ¥ € K, and § € K, the
function fy can be represented as

f)\<f, g) = . I_,nl_p gz\(fv gu 5175275:’)) (118)
(01,02,03)€2

where Q0 = {(6,, 05, 05) : H51 < 2M,

SMa

< M} and

[P I B

Do o o g~ O ¢ 0s
(.75 ez,eg>:<§+Ael+;,x>+<§_wl+§ > 2 o e o N

(11.9)
Let h>\(91,62, 05) = maxzck, FEK § g,\(x 7,01,0,,05). For any (6, 9;,9’) such that

ha(0),05,6%) < min g, 7, 7.)cq ha(01, 05, 05) + €, we know Z = %(ﬁé 0,) satisfies

2

¢ 7)< (¢ 20\3e.
Lmax (6,8) < (6 2) + +20X\%
and Hz — :L’,\H2 + ||z y,\”2 < AV2 e + /B2 where (Zx, Un) 1s the unique maximizer for the

problem maxzek, ger, (T, 7).

Proof. Note that for any Hé“z < a, we have
SN 1,4
= i (5.6)+ 5191

Using this and (11.2), we have (11.8) for all ¥ € K; and y € K as desired. Since €2 is closed
and bounded set and the function g, is concave in (&,%) and convex in (6;,6s,05), Sion’s
minimax theorem [239] shows that

max  fi(Z,y) = _ min hx(51,§27@)) (11.10)

TEK1,JeK> (61,02,03)€

Since f is strongly concave, there is an unique maximizer (Zy, 7\) of fy. Since h) is strongly
convex, there is a unique minimizer (67, 65, 65). By the definition of fy and h,, we have

Y

-2
ot

h( ,gﬁzf) > g,\(fxa?]mgf,g;,g;) > (@, %)

Using (11.10), the equality above holds and hence (6%, 65,0%) is the minimizer of
9a(Zx, Y, 01, 02, 05) over (0y,05,03). Since the domain €2 is large enough that (67,65, 60%) is an
interior point in €2, the optimality condition of g, shows that we have 05 = ¥\ and 05 = 7).
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Since hy is % strongly convex, we have ||0’1 — 07

= B 1~ ) < 2Ac (P

37). Since 63 = 7, and 0_?); = 1\, we have

16, — 2|, + 1|65 — [ < 22 (11.11)

Therefore, we have Ha?,\ — @H2 > H‘% — §g||2 — 2v/2)e, ||:T:>\H2 > ||§§H2 —V/2Xe and HyKHQ >

I8~ Ve sing these, [, < 01 a5

H2 < M, we have

AR A AR Ly Lz
<C’92>+§<C’93>_5”92_93‘}2_5}}92”;_g”esnz

1
(G 25) + 5 (G 7h) — MV2)e

2

A 2
=2 (Ilx = 3]l +2v23e)

—MV2Xe — 2AV2Xe|| ) — i

(I, + v2Re) = 5 (1l + v2re)

1

oL o AL . 1, 1.
(@) + 5 (@) = Sl =3l = oy I3l — g5l

2
— 4)\%

I

1 1
VR e ]|,V

o 1
S 1
= 2
_ 1
2)
1
)
Using [ — ], < /2

f)x(@: 0:/3) Z

Since A > 2, we have

IV

—

(Lemma 46), ||Z,]|, < M and ||gi]|, < M, we have

fA(f/\agA>
—MV2Xe = 20V 2Xe||Z) — ][, — 4N%€

1 1
VR e ],V e

fA(f/\a gA)
—MV2Xe — 20V 12e M — 4)\%¢

oM 2§ — 2.

A0 > F(@hTh) — 20MAe — 1002

0% +0%
2

Let 2=

max
ZeK1NKa

(¢, 7)

. Lemma 46 shows that

2

< max Z,Y) + —
T ZeKi,jeK, H(#.9) A

Lo M?

2
+ 203

20M
< @8+
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because 20M \y/e < 10MT2 + 10\%¢. Furthermore, we have
=@l + 17 = ll, < 116 =&, + 115 - all, + 116 — &5,

WE
< 4V2X e + 6)\ )

O

We now apply our cutting plane method to solve the optimization problem (11.1). First
we show how to transform the optimization oracles for K; and K to get a separation oracle
for hy, with the appropriate parameters.

Lemma 48. Suppose we have a e-optimization oracle for Ki and Ky for some 0 < e < 1.

Then on the set {Hé“Z < D}, we have a (O(VeAD), O(VeAD))-separation oracle for hy with
time complezity OO (K1) + OO0 (K>).

Proof. Recall that the function h) is defined by
h)\(é»la 527 53)

g - 0y g - 05\ Ay~ 1~ 1~
~ o (5o Ba) o (5 ) 000+ 00+ 061

¢ = by ¢ oz 0 N\ Nze, Lz 1z
= max <§ + M + X,a:> + max <§ — Ny + = y> - 5“91\\2 - ﬁ}}GQHQ + 5“93”2-
Lemma 40 shows how to compute the subgradient of functions of the form f(¢) =
maxzex (C, Z) using the optimization oracle for K. The rest of the term are differentiable so
its subgradient is just the gradient. Hence, by addition rule for subgradients (Fact 37), we

have a O(e))-subgradient oracle for f) using a O(e€)-optimization oracle for K7 and K,. The
result then follows from Lemma 38. O

Theorem 49. Assume (11.2) and (11.3). Suppose that we have e-optimization oracle for
every € > 0. For 0 < < 1, we can find Z € R™ such that

— < —
Lhax (65) <0+(2)

and HZ— fHQ + ||Z— 3]”2 < 6 for some ¥ € Ky and iy € Ky in time

O <n (00, (K1) + 00, (K>)) log <%> + n?log®™ <%>>

where n = ) ((ﬁ)o(l)).

Proof. Setting \ = 405]‘24 ® and € = % in Lemma 47 we see that so long as we obtain any

approximate solution (6}, 6, 4}) such that

ha(6,05,0,) < min (61,6, 05) + e,
(51,52,53)69
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then we obtain the point we want. To apply Theorem 42, we use

W@ gy — {0000 i (01,68,05) € Q
h<91,02,03):{ )\( 1,Y2, 3) 1 (17 2, 3>e '
+00 else

Lemma 48 shows that for any v > 0 we can obtain a (v, y)-separation oracle of h,\(g) by
using sufficiently accurate optimization oracles. Since ) is just a product of (% balls, we
can produce a separating hyperplane easily when (01, 02, (93) ¢ . Hence, we can obtain a
(v, v)-separation oracle of h(@) For simplicity, we use 6 to represent (91, 0, 93) Note that
Beo(2M) 2 Q and therefore we can apply Theorem 42 with R = 2M to compute # such

h(6) ~ min(6) <7+ o (smax(8) — win ()
feq fe feq

in time O <nSO,y,y log () + n? log®™ (%)) where v = Q (aMinWidth(Q2) /n®W)

= Q (aM/n°W) andszﬂcﬁh(m:O(l). Using A > 1 and M > 1, we have

~ = —

max () — min ;3(9) <O(\M?*) <O <%4> .

eq de

Setting a« = © (ﬁ—%) with some small enough constant, we have that we can find ¢ such
that

ha(0") < minhy(0) + 7+a0< 2)
fep )
= minhy(0)+ 0 | —
p i) (MG)

= min ha(0) + €
fepP

in time O (nSO%7 log (%4) + n? log@® (%)) where v = ((RLM)O(D) Lemma 48 shows

that the cost of (v, v)-separation oracle is just O(OO, (K;)+00,,(K3)) where n = €2 ((ﬁ)o(l))
[l

Remark 50. Note that the algorithm does not promise that we obtain a point close to K1N K.
It only promises to give a point that is close to both some point in K; and some point in
K. It appears to the authors that a further assumption is needed to get a point close to
K1 N K,. For example, if K and K, are two almost parallel lines, it would be difficult to
get an algorithm that does not depend on the angle. However, as far as we know, most
algorithms tackling this problem are pseudo-polynomial and have polynomial dependence
on the angle. Our algorithm depends on the logarithmic of the angle which is useful for
combinatorial problems.
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This reduction is very useful for problems in many areas including linear programming,
semi-definite programming and algorithmic game theory. In the remainder of this section
we demonstrate its power by applying it to classical combinatorial problems.

There is however one issue with applying our cutting plane algorithm to these problems.
As with other convex optimization methods, only an approximately optimal solution is found.
On the other hand, typically an exact solution is insisted in combinatorial optimization. To
overcome this gap, we introduce the following lemma which (1) transforms the objective
function so that there is only one optimal solution and (2) shows that an approximate
solution is close to the optimal solution whenever it is unique. As we shall see in the next
two subsections, this allows us to round an approximate solution to an optimal one.

Lemma 51. Given a linear program min , . ;¢ & where Z,¢ € Z", beZm and A € Zmm,

Suppose {AT > 5} is an integral polytope (i.e. all extreme points are integral) contained
in the set {||fH < M}. Then we can find a random cost vector Z € Z™ with H“H
O(n*M QHEHOO ) such that with constant probability, min AzSE - Z1'% has an unique minimizer &*
and this minimizer is one of the mzmmzzer(s) of min, . >bc Z. Furthermore, if there is an
interior point § such that 27y < min, >bz T+ 0, then Hy — _'*H < 2nMo.

Proof. The first part of the lemma follows by randomly perturbing the cost vector ¢. We
consider a new cost vector Z = 100n>M?2¢+7 where each coordinate of 7 is sampled randomly
from {0,1,---,10nM}. [156, Lem 4] shows that the linear program min, . ;2”7 has a
unique minimizer with constant probability. Furthermore, it is clear that the minimizer of
min , ;7 721 T is a minimizer of min, . 7 -l T (as T < 10002 M?|G)|).

Now we show the second part of the lemma. Given an interior point i of the polytope
{AZ > b}, we can erte ¥ as a convex combination of the vertices of {Ax > b}, ie. =
> ;. Note that 27y = >"t,270;. If all ¥; are not the minimizer, then Z7%; > opt + 1 and
hence 7§ > opt + 1 Wthh is 1mp0881ble. Hence, we can assume that ¢ is the minimizer.
Hence, Z70; = opt if i = 1 and z7%; > opt + 1 otherwise. We then have z735 > opt + (1 — t;)
which gives 1 — ¢; < 0. Finally, the claim follows from Hg]— 271”00 < Ei# tiH'Ui — 171HOO <
2nMy.

11.2 Matroid Intersection

Let M; = (E,Z;) and My = (FE,Z,) be two matroids sharing the same ground set. In this
section we consider the weighted matroid intersection problem

min  @(5).
SeZT1NZs

where @ € R and w(S) = 3,4 w..
For any matroid M = (F,Z), it is well known that the polytope of all independent sets
has the following description [69]:

conv(Z,) = {F € R s.t. 0 < 2(S) < 7(S) for all S C E} (11.12)

where r is the rank function for M, i.e. r(S) is the size of the largest independent set that is
a subset of S. Furthermore, the polytope of the matroid intersection satisfies conv(Z; NZy) =
conv(Zy) N conv(Zy).
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It is well known that the optimization problem

min w(S) and min w(S)

Sely S€Zy
can be solved efficiently by the greedy method. Given a matroid (polytope), the greedy
method finds a maximum weight independent subset by maintaining a candidate independent
subset S and iteratively attempts to add new element to S in descending weight. A element
i is added to S if S U {i} is still independent. A proof of this algorithm is well-known and
can be found in any standard textbook on combinatorial optimization.

Clearly, the greedy method can be implemented by O(n) calls to the independence oracle
(also called membership oracle). For rank oracle, it requires O(rlogn) calls by finding the
next element to add via binary search. Therefore, we can apply Theorem 49 to get the
following result (note that this algorithm is the fastest if 7 is close to n for the independence
oracle).

Theorem 52. Suppose that the weights W are integer with ||w||oo < M. Then, we can find

S € argminggz, 7, w(S)

in time O <nGO log (nM) + n?1og®® (nM)) where GO is the cost of greedy method for I,
and .

Proof. Applying Lemma 51, we can find a new cost Z such that

—

min Z'x
Zeconv(Zy)Nconv(Zs)

has an unique solution. Note that for any Z € conv(Z;), we have ||f HOO < 1. Hence, applying
theorem 49, we can find ¢ such that ¢’z < opt + € and H(f— fHZ + Hcf— gﬂ}Q < € for some
Z € conv(Zy) and ¢ € conv(Z,). Using (11.12), we have the coordinate wise minimum of &, /,
i.e. min{7, #}, is in conv(Z;) Nconv(Zy). Since ||§—min{Z, 7}||, < ||7—Z||,+||[7— 7|, <«
we have
(min{Z, 7})" Z < opt + nMe.

Hence, we have a feasible point min{Z, ¥} which has value close to optimal and Lemma 51
shows that H min(Z, y) — §||OO < 2n*M?e where § is the optimal solution. Hence, we have
ch— §’HOO < 2n?M?e + €. Picking € = g4, we have !’J— §HOO < 3 and hence, we can get
the optimal solution by rounding to the nearest integer.

Since optimization over Z; and Z, involves applying greedy method on certain vectors, it

takes only O(GO) time. Theorem 49 shows it only takes O (nGO log (n.M) + n?1log®® (nM))
in finding such ¢.

This gives the following corollary.

Corollary 53. We have O(n*Tiglog(nM) + n?log®® nM) and O(nr T, log nlog(nM) +
n? logo(l) nM) time algorithms for weighted matroid intersection. Here Tp,q is the time needed
to check if a subset is independent, and T,qn; is the time needed to compute the rank of a
given subset.
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Proof. By Theorem 52, it suffices to show that the optimization oracle for the matroid
polytope can be implemented in O(n7i,q) and O (7 Trank log n) time. This is simply attained by
the well-known greedy algorithm which iterates through all the positively-weighted elements
in decreasing order, and adds an element to our candidate independent set whenever possible.

For the independence oracle, this involves one oracle call for each element. On the other
hand, for the rank oracle, we can find the next element to add by binary search which takes
time O(Trank logn). Since there are at most r elements to add, we have the desired running
time. O

11.3 Submodular Flow

Let G = (V, E) be a directed graphwith |E| = m, let f be a submodular function on RY
with |[V| = n, f(@) = 0 and f(V) = 0, and let A be the incidence matrix of G. In this
section we consider the submodular flow problem

Minimize (¢, ¢ (11.13)
l

subject to

where ¢ € ZF, 1 € ZF, u € ZF where C = HEHOO and U = max (HuHOO, ||lHoo,maXSCV 1F(9)]).
Here c is the cost on edges, ¢ is the flow on edges, [ and u are lower and upper bounds on
the amount of flow on the edges, and z(v) is the net flow out of vertex v. The submodular
function f upper bounds the total net flow out of any subset S of vertices by f(.5).

Theorem 54. Suppose that the cost vector € is integer weight with Hc*”OO < C and the capac-
ity vector and the submodular function satisfy U = max (||uHOO, HZHOO, maxgcy ]f(S)]) Then,

we can solve the submodular flow problem (11.13) in time O <n2EO log(mCU) + n? logo(l)(mCU))
where EO 1is the cost of function evaluation.

Proof. First, we can assume [(e) < u(e) for every edge e, otherwise, the problem is infeasible.
Now, we apply a similar transformation in [111] to modify the graph. We create a new vertex
vg. For every vertex v in V', we create a edge from vy to v with capacity lower bounded by
0, upper bounded by 4nU, and with cost 2mCU. Edmonds and Giles showed that the
submodular flow polytope is integral [70]. Hence, there is an integral optimal flow on this
new graph. If the optimal flow passes through the newly created edge, then it has cost at
least 2mCU — mCU because the cost of all other edges in total has at least —mCU. That
means the optimal flow has the cost larger than mCU which is impossible. So the optimal
flow does not use the newly created edges and vertex and hence the optimal flow in the new
problem gives the optimal solution of the original problem. Next, we note that for any ¢ on
the original graph such that I(e) < ¢(e) < u(e), we can send suitable amount of flow from
Vo to v to make ¢ feasible. Hence, this modification makes the feasibility problem trivial.

Lemma 51 shows that we can assume the new problem has an unique solution and it only
blows up C by a (mU)°M factors.
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Note that the optimal value is an integer and its absolute value at most mC'U. By
binary search, we can assume we know the optimal value opt. Now, we reduce the problem
to finding a feasible ¢ with {(d, ¢) < opt + €} with e determined later. Let P. be the set of
such ¢. Note that P, = K; N Ky, where

l(e) < ple) <ule) VeeE

K. = {x€R"suchthat z(v)=(Ap)(v) YveV for some ¢ p,
(d, ) < opt+e
Ky = {y € RY such that Y y(v) < f(S) VSCV,» y(v) = f(V)} :
veES veV

Note that the extra condition ), y(v) = f(V) is valid because > y(v) = > (Ap)(v) =0
and f(V) =0, and K, has radius bounded by O((mCU)°") and K, has radius bounded
by O(nU). Furthermore, for any vector ¢ € RV, we note that

max (c,r) = max (c,x)
€K e 1<@<u,({d,p)<opt+e,x=Ap

= max c, A
zg¢3u7<d,¢>§opt+e<’ °)

= max <ATC, <p> .
1<p<u,(d,p) <opt-+e

To solve this problem, again we can do a binary search on (d, ¢) and reduce the problem to

T
< p<uidg)—K (Ale )

for some value of K. Since A”c is fixed, this is a linear program with only the box constraints
and an extra equality constraint. Hence, it can be solved in nearly linear time [177, Thm
17, ArXiv v1]. As the optimization oracle for K. involves only computing A”c and solving
this simple linear program, it takes only O(n2log®?(mCU/e)) time. On the other hand,
since K is just a base polyhedron, the optimization oracle for K, can be done by greedy
method and only takes O(nEO) time.

Applying Theorem 49, we can find ¢ such that Hq—x||2 + ||q—y||2 < ¢ for some = € K,
y € Ky, and 0 to be chosen later. According to the definition of K ., there is ¢ such that
I(e) < p(e) < ule) and z(v) = (Ap)(v) for all v and (d, ¢) < opt + €. Since ||y — JUH2 < 26,
that means |y(v) — (Ap)(v)| < 26 for all v.

e Case 1) If y(v) > (Ap)(v), then we can replace y(v) by (Ap)(v), note that y is still in
K, . because of the submodular constraints.

o Case 2) If y(v) < (Ayp)(v), then we can send a suitable amount of flow from vy to v to
make ¢ feasible y(v) < (Ayp)(v).

Note that under this modification, we increased the objective value by (dn)(2mCU) because
the new edge cost 2mCU per unit of flow. Hence, we find a flow ¢ which is feasible in new
graph with objective value €+ (dn)(2mCU) far from optimum value. By picking § = m,
we have the value 2¢ far from opt. Now, we use Lemma 51 to shows that when € is small
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enough, i.e, m for some constant ¢, then we can guarantee that ||y — x*HOO < }l where
*

r* is the optimal demand. Now, we note that Hq — y”2 < § and we note that we only
modify y by a small amount, we in fact have Hq — x*HOO < % Hence, we can read off
the solution z* by rounding ¢ to the nearest integer. Note that we only need to solve the

problem K; N Ky, to m accuracy and the optimization oracle for K . and K, takes
time O(n?log®V (mCU)) and O(nEO) respectively. Hence, Theorem 49 shows that it takes
O <n2EO log(mCU) + n? logo(l)(mCU)> time to find z* exactly.

After getting z*, one can find ¢* by solving a min cost flow problem using interior point
method [175], which takes O(m/nlog® D (mCU)) time. O

11.4 Affine Subspace of Convex Set

In this section, we give another example about using optimization oracle directly via regu-
larization. We consider the following optimization problem

max (G 7) (11.14)
FeK and ATZ=b

where Z, ¢ € R", K is a convex subset of R", A € R™*" and b e R™. We suppose that r < n
and thus, the goal of this subsection is to show how to obtain an algorithm takes only O(r)
many iterations. To do this, we assume a slightly stronger optimization oracle for K:

Definition 55. Given a convex set K and § > 0. A )-2nd-order-optimization oracle for K
is a function on R™ such that for any input ¢ € R™ and A > 0, it outputs ¢ such that

max (&) = All7]|") <0+ @ - Al7ll"

FeK
We denote by OO((S?))\(K ) the time complexity of this oracle.

The strategy for solving this problem is very similar to the intersection problem and
hence some details are omitted.

Theorem 56. Assume that maxzer ||Z], < M, HEHQ < M, H5H2 < M, HAH2 < M and

Amin(A) > 1/M. Assume that K N {AZ = b} # @ and we have e-2nd-order-optimization
oracle for every e > 0. For 0 <6 < 1, we can find Z € K such that

max (67 <0+ (52)
reK and Ar=b

and HAZ— 5”2 < 6. This algorithm takes time

nM nM
O (rOO%(K) log (T) + 73 logo(l) (T))

)@(1) '

where r is the number of rows in A, n = (%)9(1) and A\ = (%
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Proof. The proof is based on the minimax problem

OPT, = min max (G, T) + <77, Az — g> - %Hfﬂz

I, @K
1], <

where A = (nLM)C for some large constant ¢. We note that

2

OPT, = max min (G 7)+ <77, AT — 5> - %Hsz

oo L7 L2
— max (0.7) — A7 - B, - 1 72
Since Apin(A) > 1/M and the set K is bounded by M, one can show that the saddle point
(2*,77) of the minimax problem gives a good enough solution Z for the original problem for
large enough constant c.

For any 17, we define

U7 = argmax (C, ) + <777 AT — (;> - leHz
TeK A

Since the problem is strongly concave in &, one can prove that

. . nM O(c) _ .
g -l (%5) -7

Hence, we can first find an approximate minimizer of the function f(7j) = maxgzck (G, T) +
<77, Ax — g> — %Hf“; and use the oracle to find 7.

To find an approximate minimizer of f, we note that the subgradient of f can be found
using the optimization oracle similar to Theorem 49. Hence, the result follows from our
cutting plane method and the fact that 77 € R". O]

Remark 57. In [175], they considered the special case K = {7 : 0 < z; < 1} and showed that
it can be solved in O(\/F) iterations using interior point methods. This gives the current
fastest algorithm for the maximum flow problem on directed weighted graphs. Our result
generalizes their result to any convex set K but with O(r) iterations. This suggests the
following open problem: under what condition on K can one optimize linear functions over
affine subspaces of K with r constraints in O(y/r) iterations?
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Part IT1
Submodular Function Minimization
via Cutting Plane Method

This Part is based on joint works with Yin Tat Lee and Aaron Sidford.

12 Introduction

Submodularity is a fundamental concept central in the field of combinatorial optimization.
Examples of submodular functions include graph cut functions, set coverage function, and
utility functions from economics. Since the seminal work by Edmonds in 1970 [67], sub-
modular functions and the problem of minimizing such functions (i.e. submodular function
minimization (SFM)) have served as a popular modeling and optimization tools in various
fields such as theoretical computer science, operations research, game theory, and most re-
cently, machine learning. Given its prevalence, fast algorithms for SFM are of immense
interest both in theory and in practice.

Throughout Part III our goal is to provide faster algorithms for SFM. We consider the
standard formulation of SFM: we are given a submodular function f defined on subsets of a
n-element ground set and we wish to find the set of minimum value. We assume f is integer
valued with absolute value at most M and we assume f can be evaluated on a set in time
EO. Our goal is to produce an algorithm that solves the SFM problem for f, i.e. finds a
minimizer of f, while minimizing both the number of oracle calls made and the total running
time.

Our main results of Part I1I are an O(n*lognM - EO + n? logPW nM) time algorithm
and an O(n?log?n - EO + n*1og®® n) time algorithm for SFM. These algorithms improve
upon the previous fastest weakly and strongly polynomial time algorithms for SFM which
had a running times of O((n*-EO + n®)log M) [126] and O(n® - EO + n®) [217] respectively.
Consequently, we improve the running time for SEFM in both regimes by roughly a factor of
O(n?).

Both of our algorithms bear resemblance to the classic approach of Grotschel, Lovasz
and Schrijver [111, 113] using the Lovasz extension. In fact, our weakly polynomial time
algorithm directly applies the results of Part II to the Lovasz Extension. Our strongly
polynomial time algorithm does the same as a first step, but then uses further structure
of our cutting plan method as well as more modern tools for submodular funciton analysis
to proceed. In particular, we apply our cutting plane method for enough iterations to
prove that the minimizer is contained in some narrow convex set and then apply techniques
originally developed by Iwata, Fleischer, and Fujishige (IFF) [128] to deduce useful structural
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information about the minimizers. To achieve our fastest algorithms we provide an extension
of these IFF techniques that may be of independent interest.

Over the past few decades, SEFM has drawn considerable attention from various research
communities, most recently in machine learning [16, 164]. Given this abundant interest in
SFM, we hope that our ideas will be of value in various practical applications. Indeed,
one of the critiques against existing theoretical algorithms is that their running time is too
slow to be practical. We hope that given the magnitude of our theoretical running time
improvements, our results may ultimately be used to inform the design of faster algorithms
in practice.

12.1 Previous Work

Here we provide a brief survey of the history of algorithms for SFM. For a more comprehensive
account of the rich history of SEFM, we refer the readers to recent surveys [191, 127].

The first weakly and strongly polynomial time algorithms for SFM were based on the
ellipsoid method [152] and were established in the foundational work of Grotschel, Lovasz
and Schrijver in 1980’s [111, 113]. Their work was complemented by a landmark paper by
Cunningham in 1985 which provided a pseudopolynomial algorithm that followed a flow-
style algorithmic framework [50]. His tools foreshadowed many SFM advances that would
take place 15 years later; many modern algorithms synthesize his framework with techniques
inspireed by maximum flow algorithms.

The first such “flow style” strongly polynomial algorithms for SFM were discovered in-
dependently in breakthrough papers by Schrijver [231] and Iwata, Fleischer, and Fujishige
(IFF) [128]. Schrijver’s algorithm has a running of O(n® - EO + n?) and borrows ideas from
the push-relabel algorithms [109, 57] for maximum flow. On the other hand, IFF’s algorithm
runs in time O(n”logn - EO) and O(n® - EOlog M), and applies a flow-scaling scheme with
the aid of certain proximity-type lemmas as in work of Tardos [245]. Their method has roots
in flow algorithms such as [124, 110].

Subsequent work on SFM provided algorithms with considerably faster running time by
extending the ideas in these two “genesis” papers [231, 128] in various novel directions [254,
77, 126, 217, 133]. Currently, the fastest weakly and strongly polynomial time algorithms
for SFM have running times of O((n? - EO + n®)log M) [126] and O(n® - EO + n®) [217]
respectively. Despite this impressive track record, the running time has not been improved
further in the last eight years.

We remark that all of the previous algorithms for SEFM proceed by maintaining a convex
combination of O(n) BFS’s of the base polyhedron, and incrementally improving it in a
relatively local manner. As we shall discuss in Section 12.2, our algorithms do not explicitly
maintain a convex combination in the same manner and instead operate a bit more globally.
This may be one of the fundamental reasons why our algorithms achieve a faster running
time.

Finally, beyond the distinction between weakly and strongly polynomial time algorithms
for SFM, there has been interest in another type of SFM algorithm, known as fully combi-
natorial algorithms in which only additions and subtractions are permitted. Previous such
algorithms include [133, 126, 125]. We do not consider such algorithms in the remainder of
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‘ Authors ‘ Years ‘ Running times ‘ Remarks ‘

Grotschel, Lovasz, ~ 7 first weakly
Schrijver [111, 113] 1981,1988 O(n” - EO +n")[191] and strongly
Cunningham [50] 1985 O(Mn®lognM - EO) first pseudopoly
Schrijver [231] 2000 O(n® - EO + n?) first combin. strongly
Iwata, Fleischer, O(n® -EOlog M) ‘ o
Fujishige[125] 2000 O(n"logn - EO) first combin. strongly
Iwata, Fleischer [77] 2000 O(n™ - EO + n?)
, O((n*-EO + n”)log M)
Iwata [126] 2003 O((n® - EO + n™) log n) current best weakly
Vygen [254] 2003 O(n"-EO + n?)
Orlin [217] 2007 O(n’ - EO + nf) current best strongly
. O((n*-EO + n®)lognM)
Iwata, Orlin [133] 2009 O((n® - EO + n°) log n)
. O(n?lognM - EO + n?log®® nM)
O 1 th 201
ur algorithims 015 O(n?log®n - EO + n*log®" n)

Table 5:  Algorithms for submodular function minimization. Note that some of these
algorithms were published in both conferences and journals, in which case the year provided
is the earlier one.

the thesis and leave it as an open question if it is possible to turn our algorithms into fully
combinatorial ones.

12.2 Owur Results and Techniques

In Part III we show how to improve upon the previous best known running times for SEM by
a factor of O(n?) in both the strongly and weakly polynomial regimes. Table 5 summarizes
both the previous known running times as well as those presented in this work.

Both our weakly and strongly polynomial algorithms for SEM utilize a convex relaxation
of the submodular function, called the Lovasz extension. Our algorithms apply our cutting
plane method from Part I using as a separation oracle the subgradient of the Lovasz extension.
This convex optimization framework for SFM is a well known classic approach that to the
best of the author’s knowledge originated in the seminal work of Grotschel, Lovasz and
Schrijver [111, 113].

Our weakly polynomial algorithms follow from two rather direct observations. First,
we show that cutting plane methods such as Vaidya’s [250] can be applied to SEM to yield
faster algorithms. Second, as our cutting plane method, Theorem 42, improves upon previous
cutting plane algorithms we show that it further improves the running time of SFM. This
yields a running time of O(n?log nM -EO+n? log®™® nM) improving upon the previous best
algorithm by Iwata [126] by a factor of almost O(n?).

Our strongly polynomial algorithms require substantially more innovation. We first
providea a simple geometric argument that SFM can be solved in O(nlogn - EO) ora-
cle calls (but in exponential time). This proof only uses Grunbaum’s Theorem from convex
geometry and is completely independent from the rest of the thesis. It was the starting point

80



of our method and suggests that a running time of 6(713 -EO +nPW) for SFM is achievable
in principle.

To turn this oracle call bound into an effecient algorithm, instead of appealing to Grubaum’s
Theorem we use our cutting plane method from Part I. We first run our cutting plane method,
i.e. Theorem 31, for enough iterations to either comput a minimizer or a set P containing
the minimizers that fits within a narrow strip. This narrow strip consists of the intersec-
tion of two approximately parallel hyperplanes. If our narrow strip separates P from one
of the faces x; = 0, z; = 1, we can eliminate the element 7 from consideration and reduce
the dimension of our problem by 1. Otherwise a pair of elements p, ¢ can be identified for
which ¢ is guaranteed to be in any minimizer containing p (but p may not be contained in a
minimizer). Our first algorithm deduces only one such pair at a time and thereby achieves
a O(n*-EO +n®) time algorithm for SFM (See Section 15.3). We then improve the running
time to O (n®-EO + n?) by showing how to deduce many such pairs simultaneously. Similar
to past algorithms, this structural information is deduced from a point in the so-called base
polyhedron (See Section 13).

Readers well-versed in SFM literature may recognize that our strongly polynomial al-
gorithms are reminiscent of the scaling-based approach first used by IFF [128] and later
in [126, 133]. While both approaches share the same skeleton, there are differences in how
structural information about minimizers is deduced. A comparison of these algorithms is
presented in Section 16.

There is one more crucial difference between these algorithms which we believe is respon-
sible for much of our speedup. One common feature of the previous algorithms is that they
maintain a convex combination of O(n) BFS’s of the base polyhedron, and incrementally
improve by introducing new BFS’s by making local changes to existing ones. Our algorithms,
on the other hand, choose new BFS’s by our cutting plane method. Because of this, our
algorithm considers the geometry of a larger set of BFS’s and threby essentially chooses the
next BFS is in a more “global” manner.

12.3 Organization

The rest of Part III is organized as follows. We begin with a gentle introduction to sub-
modular functions in Section 13. In Section 14, we apply our cutting plane method to SFM
to obtain a faster weakly polynomial algorithms. In Section 15 we then present our results
for achieving better strongly polynomial algorithms, where a warm-up O(n?* - EO +n®) algo-
rithm is given before the full-fledged O(n? - EO + n*) algorithm. We conclude Part 111 with
a discussion and comparison between our algorithms and previous ones in Section 16.

There are a few results in Part III that can be read fairly independently of the rest
of the thesis. In Theorem 67 we show how Vaidya’s algorithm can be applied to SFM to
obtain a faster weakly polynomial running time for SFM and in Theorem 71 we present a
simple geometric argument that SFM can be solved with O(n?®logn - EO) oracle calls (but
exponential time). These results can be read with only a working knowledge of the Lovasz
extension of submodular functions as presented in Section 13.
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13 Preliminaries

Here we introduce background on submodular function minimization (SFM) and notation
that we use throughout Part III. Our exposition is kept to a minimal amount sufficient for
our purposes. We refer interested readers to the extensive survey by McCormick [191] for
further intuition.

13.1 Submodular Function Minimization

Throughout the rest of this Part, let V' = {1,...,n} = [n] denote a ground set and let
f:2Y — Z denote a submodular function defined on subsets of this ground set. We use
V and [n] interchangeably and let [0] & @. We abuse notation and let S +i = S U {i}
and S —i = S\{i} for an element i € V and a set S C 2. Formally, we call a function
submodular if it obeys the following property of diminishing marginal returns:

Definition 58 (Submodularity). A function f : 2V — Z is submodular if f(T+14)— f(T) <
f(S+1i)— f(5) forall S CT and i€ V\T.

For convenience we assume without loss of generality that f(&) = 0 by replacing f(S5)
by f(S) — f(2) for all S. We also let M = maxgeov | £(.S)].

The central goal of Part III is to design algorithms for SFM, i.e. computing a minimizer
of f. We call such an algorithm strongly polynomial if its running time depends only poly-
nomially on n and EO, the time needed to compute f(S) for a set S, and we call such an
algorithm weakly polynomial if it also depends polylogarithmically on M.

13.2 Lovasz Extension

Our new algorithms for SFM all consider a convex relaxation of a submodular function,
known as the Lovasz extension, and then carefully apply our cutting plane methods to
it. Here we formally introduce the Lovasz extension and present basic facts that we use
throughout Part III.

The Lovasz extension of f : [0,1]" — R of our submodular function f is defined for all
Z by R

F@) = Enpnlf({i: @ 2 1)),

where ¢t ~ [0, 1] is drawn uniformly at random from [0, 1]. The Lovasz extension allows us
to reduce SFM to minimizing a convex function defined over the interior of the hypercube.
Below we state that the Lovasz extension is a convex relaxation of f and that it can be
evaluated efficiently.

Theorem 59. The Lovasz extension f satisfies the following properties:

N

1. f is convex;

. | ities
2. f(S) = f(Is), where Ig is the characteristic vector for S, i.e. Is(7) { yies.

0 ifi¢gs’

82



3. S is a minimazer of [ if and only if I s a minimizer of f;

4. Suppose xy > -+ > Ty > Tpy © 0, then
n n

F@) = FED (s = i) = Y (£ = f([i = 1))

i=1 i=1
Proof. See [113] or any standard textbook on combinatorial optimization, e.g. [233]. O

Next we provide the well known fact that we can efficiently compute a subgradient of the
Lovasz extension, which in turn is a separating hyperplane for the set of minimizers of our
submodular function f. First we remind the reader of the definition of a separation oracle,
and then we prove the result, Theorem 61.

Definition 60 (separation oracle, Defintion 1 restated for Lovasz extension). Given a point
7 and a convex function f over a convex set P, @' # < b is a separating hyperplane if a7z > b
and any minimizer z* of f over P satisfies a’a* < b.

Theorem 61. Given a point T € [0, 1]™ assume without loss of generality (by re-indexing the
coordinates) that T, > --- > Z,. The following inequality is a valid separating hyperplane

for ¥ and f:

n

D) = (i = 1)) < f(2)

i=1
i.e., it satisfies the following:

1. (separating) T lies on S0 (f([i]) — f([i — 1))z < f(Z).

2. (valid) For any &, we have 3.1 (f([i])— f([i=1]))a; < f(Z). In particular, 31 (f([i])—
f(li —1)))xf < f(a?) for any minimizer ¥*, i.e. the separating hyperplane does not cut
out any minimizer.

Moreover, such a hyperplane can be computed with n oracle calls to f and in time O(n- EO+
n?).

Proof. Note that by Theorem 59 we have that >, (f([i]) — f([i — 1]))z; = f(Z) and thus
the hyperplane satisfies the separating condition. Moreover, clearly computing it only takes
time O(n-EO+n?) as we simply need to sort the coordinates and evaluate f at n points, i.e.
each of the [i]. All that remains is to show that the hyperplane satisfies the valid condition.

Let L % {i 2, > t}. Recall that f(i) = Eijoy[f(L¢)]. Thus f(Z) can be written
as a convex combination f(Z) = > anf(LW), where oy > 0 and >, = 1. However, by
diminishing marginal differences we see that for all ¢

D)~ fE =) )y = Y (D) — f(li = 1))

i€[n] ie L)

Yo (FINLY) = f([i =110 L))

ieL®)

= f(LY) - f(o) = (L")

IN
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and therefore since ), ayI; ) = & we have

> (] = f(li— 1)) Zatz F(i = 1) (o), <Zatf LW) = f(z).

1€[n]

13.3 Polyhedral Aspects of SFM

Here we provide a natural primal dual view of SFM that we use throughout the analysis. We
provide a dual convex optimization program to minimizing the Lovasz extension and provide
several properties of these programs. We believe the material in this section helps crystallize
some of the intuition behind our algorithm and we make heavy use of the notation presented
in this section. However, we will not need to appeal to the strong duality of these programs
in our proofs.

Consider the following primal and dual programs, where we use the shorthands y(S) =
> ics ¥i and y; = min{0, y;}. Here the primal constraints are often called the base polyhedron
B(f) = {7 € R* : y(S) < f(SVS Z V,y(V) = f(V)} and the dual program directly

corresponds to minimizing the Lovasz extension and thus f.

’ Primal \ Dual ‘
masy (V) —
ys)< psys v | M
y(V) = J(V)

Theorem 62. h is a basic feasible solution (BFS) of the base polyhedron B(f) if and only if

= f{v1, ..., vi}) — f{v1, .y vim1})

forgom@ permutation vy, ..., v, of the ground set V. We call vy, ..., v, the defining permutation
of h. We call v; precedes v; fori < j.

This theorem gives a nice characterization of the BFS’s of B(f). It also gives the key
observation underpinning our approach: the coefficients of each separating hyperplane
in Theorem 61 precisely corresponds to a primal BFS (Theorem 62). Our analysis
relies heavily on this connection. We re-state Theorem 61 in the language of BFS.

Lemma 63. We have h'Z < f(&) for any T € [0,1]" and BFS h.
Proof. Any BFS is given by some permutation. Thus this is just Theorem 61 in disguise. [J

We also note that since the objective function of the primal program is non-linear, we
cannot say that the optimal solution to the primal program is a BFS. Instead we only know
that it is a convex combination of the BFS’s that satisfy the following property. A proof can
be found in any standard textbook on combinatorial optimization.
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Theorem 64. The above primal and dual programs have no duality gap. Moreover, there
always exists a primal optimal solution § = Y, AERE) pith S A =1 (a convex com-
bination of BFS ﬁ(k)) s.t. any 1 with y; < 0 precedes any j with y; > 0 in the defining
permutation for each BFS Rk,

Our algorithms will maintain collections of BFS and use properties of h e B(f), i.e.
convex combination of BFS. To simplify our analysis at several points we will want to assume
that such a vector h € B(f) is non-degenerate, meaning it has both positive and negative
entries. Below, we prove that such degenerate points in the base polytope immediately allow
us to trivially solve the SFM problem.

Lemma 65 (Degenerate Hyperplanes). If he B(f) is non-negative then & is a minimizer
of f and if h is non-positive then V' is a minimizer of f.

Proof. While this follows immediately from Theorem 64, for completeness we prove this
directly. Let S € 2V be arbitrary. If h € B(f) is non-negative then by the we have

F(S) > h(S)=> hi>0=f(2).

i€s
On the other hand if & is non-positive then by definition we have

FS)=h(S) = hi=> hi=h(V)=f(V).

i€S eV

14 Owur Weakly Polynomial Algorithm

In this section we show how our cutting plane method can be used to obtain a O(n*lognM -
EO +n31og®M nM ) time algorithm for SEM. Our main result in this section is the following
theorem, which shows how directly applying our results from earlier parts to minimize the
Lovasz extension yields the desired running time.

Theorem 66. We have an O(n?lognM - EO+n? logo(l) nM) time algorithm for submodular
function minimization.

Proof. We apply Theorem 42 to the Lovasz extension f : [0,1]" — R with the separation
oracle given by Theorem 61. f fulfills the requirement on the domain as its domain 2 = [0, 1]"
is symmetric about the point (1/2,...,1/2) and has exactly 2n constraints.

In the language of Theorem 42, our separation oracle is a (0, 0)-separation oracle with
n=0and d=0.

We first show that § = 0. Firstly, our separating hyperplane can be written as

n n

YD) = S = 1) < f@) =Y (F1ED) — f([i = 1))z,

i=1 i=1
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where the equality follows from Theorem 59. Secondly, for any Z with f (7) < f (z) we have
by Theorem 61 that

D WD = f(li = 1Y) < f(@) < f(2)
i=1
which implies that Z is not cut away by the hyperplane.

Next we show that n = 0. Our separating hyperplane induces a valid halfspace whenever
it is not nonzero, i.e. f([i]) # f([i — 1]) for some i. In the case that it is zero f([i]) =
f([i — 1])Vi, by the same argument above, we have f(z) = > ", (f([i]) — f([i = 1]))z; = 0
and

f(@) = Z(f([i]) — f(li = 1))a = 0 = f(@).

In other words, Z is an exact minimizer, i.e. n = 0.

Note that ] F(@) = |Erop[f({i s 2 > £1)]| < M as M = maxs | £(S)|. Now plugging in

a= ﬁ in the guarantee of Theorem 31, we can find a point x* such that

Fo) = min 1@ < o (s J@ - mn @)

Ze[0,1]™ Ze[0,1]™ Ze[0,1]™
1

< M)

< 1

We claim that minyepq f({7 : #; > t}) is minimum. To see this, recall from 59 that f has
an integer minimizer and hence mingejo1» f(Z) = ming f(S). Moreover, f(z*) is a convex
combination of f({i : 7 > t}) which gives

1> f(z*) — min f(%) = f(2*) — min f(S) > min f({i: 2] >t}) — min f(S).
Fel0,1]n S t€[0,1] 5

Since f is integer-valued, we must then have minscjoq1) f({i : 7 > t}) = ming f(5) as

desired. Since our separation oracle can be computed by n oracle calls and runs in time O(n-

EO +n?), by Theorem 42 the overall running time is then O(n?lognM -EO +n? logPW nM)

as claimed. O]

Needless to say the proof above completely depends on Theorem 42. We remark that one
can use the Vaidya’s cutting plane instead of ours to get a time complexity O(n?lognM -
EO + nt'10g®Y n - log M). There is actually an alternate argument that gives a time
complexity of O(n?log M - EO +n®W -log M). Thus it requires slightly fewer oracle calls at
the expense of slower running time. A proof is offered in this section, which can be skipped
without any risk of discontinuation. This proof relies the following cutting plane method.

Theorem 67 ([20] ). Given any convex set K C [0, 1]" with a separation oracle of cost SO,
in time O(kSO + kn°M) one can find either find a point ¥ € K or find a polytope P such
that K C P and the volume of K is at most (%)k
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The Theorem allows us to decrease the volume of the feasible region by a factor of

(%)k after k iterations. Similar to above, we apply cutting plane to minimize f over the

hypercube [0, 1] for O(nlog M) iterations, and outputs any integral point in the remaining
feasible region P.

Lemma 68. Let x* achieve the minimum function value f(w*) among the points used to
query the separation oracle. Then

1. 2 € P® | the current feasible region.
2. Any T with f(Z) < f(z*) belongs to P®.
>

3. suppose xi > ---
belongs to P*).

xi and let S; = {i1,...,i;}. Then S; € argming, f(S;) also

Proof. For any separating hyperplane Ry < f () given by z, we have by Lemma 63 that
hTa* < f(z*). Since f(z*) is the minimum among all f(z), hTz* < f(Z) and hence z* is not
removed by any new separating hyperplane. In other words, z* € P%*) . The argument for
(2) is analogous.

For (3), recall that by the definition of Lovasz extension f(z*) is a convex combination of
£(S;) and thus the indicator variable Ig, for S; satisfies f(I,) < f(z*). By Lemma 63 again,

this implies ETISZ < flg) < f(x*) < f(ic) for any separating hyperplane hZz < f'(:i) ]

Theorem 69. Suppose that we run Cutting Plane in Theorem 67 for O(nlog M) iterations.
Then S; from the last lemma also minimizes f.

Proof. We use the notations from the last lemma. After k& = Knlog,,; M iterations, the

volume of the feasible region P*) is at most 1/M%™. By the last lemma, I 5, € P&,
Suppose for the sake of contradiction that S minimizes f but f(S) < f(5;). Since f is

integer-valued, f(S)+1 < f(S;). Let = 1/6M. Consider the set B= {#:0 < z; < rVi ¢

S, 1—r<uz; <1Vie S}. We claim that for 7 € B,

~

f(@) < f(S)+ 1

To show this, note that f({i:z; > t}) = f(S) forr<t<1l—rasaz; <rfori¢sS and
x; > 1—r fori e S. Now using conditional probability and |f(7)| < M for any T,

f(@) = Eppylf({i: @ > t})]

(1=2nE[f({i:z; >t})|r<t<1-—7r]+

rBLf i x> )0 <t <r]+E[f({i:z > t})|[1—r <t <1])

A=r) f(S)+r(EB[f({i: 2 > t})[0<t <r+E[f{i:az >}l —r <t <1]))
(I—=2r)f(S)+2rM

f(S)+4rM

f(S)+1

VANVANRVAN
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But now B C P® as f(Z) < f(S)+1 < f(S,) and by (2) of the last lemma. This would
lead to a contradiction since

1 1

vol(B) = G > J[Rn

> vol(P®)

for sufficiently large K. O

Corollary 70. There is an O(n?log M - EO + n°Ylog M) time algorithm for submodular
function minimization.

Proof. This simply follows from the last lemma, Theorem 67, and the fact that our separation
oracle runs in time O(n - EO + n?). O

Curiously, we obtained O(log M) rather than O(lognM) as in our algorithm. We leave it
as an open problem whether one can slightly improve our running time to O(n?log M - EO +
n31og®M n-log M ). The rest of this Part is devoted to obtaining better strongly polynomial
running time.

15 Our Strongly Polynomial Algorithm

In this section we show how our cutting plane method can be used to obtain a 5(n3 -EO+n*)
time algorithm for SFM improving upon the previous best strongly polynomial running time
of O(n® - EO + n%) due to Orlin [217]. We provide this result in several steps. First in
Section 15.1 we show that f can be minimized with O(n?logn) oracle calls. The running
time for this algorithm is large but the proof is simple and motivates our approach. In
Section 15.2 we then introduce various technical tools which we will use to improve the
running time of our algorithms. In Section 15.3 we then present a O(n* - EO 4 n%) time
algorithm that uses many of these technical tools. Finally, in Section 15.4 we show how to
improve this algorithm to achieve our O(n? - EO + n') running time for SFM.

15.1 Improved Oracle Complexity

Here we present a simple geometric argument that f can be minimized with O(n3logn)
oracle calls. This improves upon the previous best known bound by a factor of O(n?) and
is the strongest bound we present in this thesis, but unfortunately the algorithm associated
with the proof runs in exponential time. Nevertheless, this analysis provides insight into how
our more efficient algorithms should proceed. In the rest of this Part, we combine this insight
with existing SFM tools developed over the last decade (as well as some improvements) to
get our fastest strongly polynomial time algorithms.

Theorem 71. Submodular functions can be minimized with O(n3logn - EO) oracle calls.

Proof. We use the cutting plane method in Theorem 67 with the separation oracle given by
Theorem 61. This method reduce the volume of the feasible region by a factor of (3)* after
k iterations if the optimal has not found yet.
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Now, we argue that after O(nlogn) iterations of this procedure we have either found a
minimizer of f or we have enough information to reduce the dimension of the problem by
1. To see this, first note that if the separation oracle ever returns a degenerate hyperplane,
then by Lemma 65 then either @ or V' is the minimizer, which we can determine in time
O(EO +n). Otherwise, after 100n log n iterations, our feasible region P must have a volume
of at most 1/n'%" . In this case, we claim that the remaining integer points in P all lie on a
hyperplane. This holds, as if this was not the case, then there is a simplex A\, with integral
vertices vg, vy, ..., U,, contained in P. But then

vol(P) > vol(A) = % |det (v; —vo U2 — vy ... vy — V)| > %
where the last inequality holds since the determinant of an integral matrix is integral, yielding
a contradiction.

In other words after O(nlogn) iterations, we have reduced the dimension of all viable
solutions by at least 1. Thus, we can recurse by applying the cutting plane method to the
lower dimensional feasible region, i.e. P is (replaced by) the convex combination of all the
remaining integer points. There is a minor technical issue we need to address as our space
is now lower dimensional and the starting region is not necessarily the hypercube anymore
and the starting volume is not necessarily equal to 1.

We argue that the starting volume is bounded by n®™. If this is indeed the case, then our
previous argument still works as the volume goes down by a factor of 1/ n°™ in O(nlog n)
iterations.

Let v € P be an integer point. Now the dim(P)-dimensional ball of radius y/n centered
at v must contain all the other integer points in P as any two points of {0,1}" are at most
v/n apart. Thus the volume of P is bounded by the volume of the ball which is n®™. Now
to get the volume down to 1/n'%"  the number of iterations is still O(nlogn).

In summary, we have reduced our dimension by 1 using O(nlogn) iterations which re-
quires O(n%logn - EO) oracle calls (as each separating hyperplane is computed with n - EO
oracle calls). This can happen at most n times. The overall query complexity is then
O(n?logn - EO).

Note that the minimizer ¥ obtained may not be integral. This is not a problem as the
definition of Lovasz extension implies that if f(Z) is minimal, then f({i : 2; > t}) is minimal
for any ¢ € [0, 1].

We remark that this algorithm does not have a polynomial runtime. Even though all the
integral vertices of P lie on a hyperplane, the best way we know of that identifies it takes
exponential time by checking for all the integer points {0, 1}". O]

Remark 72. Note that this algorithm works for minimizing any convex function over the
hypercube that obtains its optimal value at a vertex of the hypercube. Formally, our proof
of Theorem 71 holds whenever a function f : 2V —» R™ admits a convex relaxation f with
the following properties:

1. For every S C V, f(Is) = f(9).

2. Every f(Z) can be written as a convex combination Y ses @sf(S), where Y ag = 1,
|S| = O(n), and S can be computed without any oracle call.
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3. A subgradient df(Z) of f at any point & € [0,1]" can be computed with O(n - EO)
oracle calls.

In this case, the proof of Theorem 71, implies that f and f can be minimized with O(n3logn-
EO) oracle calls by using the separating hyperplane df(z) (% — z) < 0.

15.2 Technical Tools

To improve upon the running time of the algorithm in the previous section, we use more
structure of our submodular function f. Rather than merely showing that we can decrease
the dimension of our SFM problem by 1 we show how we can reduce the degrees of freedom of
our problem in a more principled way. In Section 15.2.1 we formally define the abstraction we
use for this and discuss how to change our separation oracle to accommodate this abstraction,
and in Section 15.2.2 we show how we can deduce these constraints. These tools serve as the
foundation for the faster strongly polynomial time SFM algorithms we present in Section 15.3
and Section 15.4.

15.2.1 SFM over Ring Family

For the remainder of this Part we consider a more general problem than SFM in which we
wish to compute a minimizer of our submodular function f over a ring family of the ground
set V' = [n]. A ring family F is a set of subsets of V' such that for any S;,S; € F, we
have S; U S5, 81 NSy € F. Thus SFM corresponds to the special case where F consists of
every subset of V. This generalization has been considered before in the literature and was
essential to the IFF algorithm.

It is well known that any ring family F over V can be represented by a directed graph
D = (V, A) where S € F if and only if S contains all of the descendants of any i € S. An
equivalent definition is that for any arc (i,j) € A, i € S implies j € S. It is customary to
assume that A is acyclic as any (directed) cycle of A can be contracted (see Section 15.3.1).

We let R(i) denote the set of descendants of i (including i itself) in D and let Q(7) denote
the set of ancestors of ¢ (including i itself). To perform SFM restricted to a ring family we
can encode an arc (i,j) € A by the constraint z; < x; as shown by the next lemma.

Lemma 73. Let F be a ring family over V and D = (V, A) be its directed acyclic graph
representation. Suppose f 1V — R is submodular with Lovasz extension f. Then the
characteristic vector Is of any minimizer S = arg minger f(S) over F is also the solution
to

min f (%)
r; <x;V(i,j) €A (15.1)
0<7r<1

Proof. Let 2* be a minimizer, and L®) = {i : a¥ > t}. It is easy to check that the indicator
variable I ) satisfies (15.1) since 2* does. Moreover, recall that f(z*) = Eyop11[f(L¢)]. Thus

f(z*) can be written as a convex combination f(z*) = 3, ap f(LW) = 32, e f (I), where
a; > 0 and >, = 1. Thus all such f(I;«) are minimal, i.e. (15.1) has no “integrality
gapw. O
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We also modify our separation oracle to accommodate for this generalization as follows.
Before doing so we need a definition which relates our BF'S to the ring family formalism.

Definition 74. A permutation (vy,...,v,) of V is said to be consistent with an arc (i, j) if
J precedes i in (vy,...,v,). Similarly, a BFS of the base polyhedron is consistent with (i, j)
if 7 precedes i in its defining permutation. (vy,...,v,) (or a BFS) is consistent with A if it
is consistent with every (i,j) € A.

Readers may find it helpful to keep in mind the following picture which depicts the
relative positions between R(i),7,Q(i) in the defining permutation of h that is consistent

with A:
...... RON{G} coeovioeeeoe QUN{EY - o e

In Theorem 61, given Z € [0, 1]™ our separating hyperplane is constructed by sorting the
entries of . This hyperplane is associated with some BFS h of the base polyhedron. As
we shall see towards the end of the section, we would like h to be consistent with every arc
(i,7) € A.

This task is casy initially as Z satisfies ; < z; for (i,j) € A for the starting polytope of
(15.1). If z; < x;, nothing special has to be done as j must precede ¢ in the ordering. On
the other hand, whenever x; = x;, we can always break ties by ranking j ahead of 1.

However, a technical issue arises due to the fact that our cutting plane algorithm may
drop constraints from the current feasible region P. In other words, ¥ may violate z; > 0,
xz; < 1orx; <z if it is ever dropped. Fortunately this can be fixed by reintroducing the
constraint. We summarize the modification needed in the pseudocode below and formally
show that it fulfills our requirement.

Algorithm 5: Modified Separation Oracle
Input: z € R" and the set of arcs A
if x; <0 for some ¢ then
| Output: z; >0
else if z; > 1 for some j then
| Output: z; <1
else if z; > z; for some (i,j) € A then
| Output: z; < z;
else
Let 1,...,%, be a permutation of V' such that z;, > ... > z; and for all
(i,7) € A, j precedes i in iy, ..., ip,.
Output: h7% < f(z), where h is the BFS defined by the permutation iy, . . ., i,.

Lemma 75. Our modified separation oracle returns either some BFS h =0 or a valid
separating hyperplane, 1.e.

1. T either lies on the separating hyperplane or is cut away by it.

2. Any minimizer of (15.1) is not cut away by the separating hyperplane.
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Such a hyperplane can be computed with n oracle calls to f and in time O(n - EO + n?).

Proof. If we get x; > 0, x; < 1 or z; < x; (if loop or the first two else loops), then clearly
Z is cut away by it and any minimizer must of course satisty x; > 0, z; < 1 and z; < x;
as they are the constraints in (15.1). This proves (1) and (2) for the case of getting x; > 0,
r; < 1loraz <z

Thus it remains to consider the case h7Z < f(z) (last else loop). First of all, Z lies on
it as f(z) = hTZ. This proves (1). For (2), we have from Lemma 63 that h77Z < f(&). If
2* is a minimizer of (15.1), we must then have h7z* < f(z*) < f(Z) as T is also feasible for
(15.1).

Finally we note that the running time is self-evident. O]

We stress again that the main purpose of modifying our separation oracle is to ensure
that any BFS h used to define a new separating hyperplane must be consistent with every
(i,5) € A.

15.2.2 Identifying New Valid Arcs

The reason for considering the ring family generalization of SFM is that our algorithms (and
some previous algorithms too) work by adding new arcs to our digraph D. This operation
yields a strongly polynomial algorithm since there are only 2 - (g) possible arcs to add. Of
course, a new arc (4, j) is valid only if ¢ € Sy, = J € Spin for some minimizer Sp,;,. Here
we show how to identify such valid arcs by extracting information from certain nice elements
of the base polyhedron.

This is guaranteed by the next four lemmas, which are stated in a way different from
previous works e.g. our version is extended to the ring family setting. This is necessary as
our algorithms require a more general formulation. We also give a new polyhedral proof,
which is mildly simpler than the previous combinatorial proof. On the other hand, Lemma
80 is new and unique to our work. It is an important ingredient of our O(n? - EO + n*) time
algorithm.

Recall that each BFS of the base polyhedron is defined by some permutation of the
ground set elements.

First, we prove the following two lemmas which show that should we ever encounter a
non-degenerate point in the base polytope with a coordinate of very large value, then we can
immediately conclude that that coordinate must be or must not be in solution to SFM over
the ring family.

Lemma 76. If y € B(f) is non-degenerate and satisfies y; > —(n — 1) min; y;, then i is not
in any minimizer of f (over the ring family A).

Proof. We proceed by contradiction and suppose that S is a minimizer of f that contains .
Now since ¥ is non-degenerate we know that min; y; < 0 and by the definition of % we have
the following contradiction

0<yit (n—1)miny; <y y; =§(S) < f(5) < f(2) =0.

JjeS

92



Lemma 77. If y € B(f) is non-degenerate and satisfies y; < —(n — 1) max; y;, then i is in
every minimizer of f (over the ring family A).

Proof. We proceed by contradiction and suppose that .S is a minimizer of f that does not
contain ¢. Now since ¥ is non-degenerate we know that max; y; > 0 and therefore

Dovi=utd it Y < —(n—Dmaxy+d (V-S| -1 maxy; <3 u

Jj€[n] JjeS JEV —(S+i) JES JjeSs

However by the definition of ¢/ we have

Yoy =) <A S FV) =Dy

jes JE€M]
Thus we have a contradiction and the result follows. O

Now we are ready to present conditions under which a new valid arc can be added. We
begin with a simple observation. Let upper(i) = f(R(i)) — f(R(i) — i) and lower(i) =
FVAQ(2) + 1) — f(V\Q(7)). As the names suggest, they bound the value of h; for any BFS

used.

Lemma 78. For any BFS h used to construct a separating hyperplane given by our modified
separation oracle, we have lower(i) < h; < upper(i).

Proof. Note that by Lemma 75, h is consistent with every (ji,j») € A and hence i must
precede (i) and be preceded by R(i). Let S be the set of elements preceding ¢ in the
defining permutation of i. Then h; = f(S + i) — f(S) < f(R()) — f(R() — i) because of
diminishing return and R(i) —i C S. The lower bound follows from the same argument as
Q(i) — i comes after i, and so Q(i) C V\S. O

In the following two lemmas, we show that if upper(7) is ever sufficiently positive or
lower(7) is sufficiently negative, then we find a new arc.

While these lemmas may appear somewhat technical but actually has an intuitive inter-
pretation. Suppose an element p is in a minimizer Sy, of f over the ring family D. Then
R(p) must also be part of Spi,. Now if f(R(p)) is very large relative to f(R(p) — p), there
should be some element ¢ € Sy, \R(p) compensating for the discrepancy. The lemma says
that such an element ¢ can in fact be found efficiently.

Lemma 79 (new arc). Let j = >, A®§%) be a non-degenerate convex combination of O(n)
base polyhedron BFS’s §®) which are consistent with every arc (1,7) € A. If some element
p satisfies upper(p) > n*maxy;, then we can find, using O(n - EO) oracle calls and O(n?)
time, some q ¢ R(p) such that the arc (p,q) is valid, i.e. if p is in a minimizer, then so is q.

Proof. 1f maxy; < 0 then We are immediately done by Lemma 65. We assume maxy; > 0
in the proof. For all k let ¢/*) be the BFS obtained by taking the defining permutation of
#®) and moving R(p) to the front while preserving the relative ordering of R(p) within each

permutation). Furthermore, let 7 2 S, A®7®) Then since yp* = f(R(p))— f(R(p)—p) =
upper(p) we have upper(p) =y, = f(R(p)) — f(L(p) — p). Moreover,

y; >y; Vi€ R(p)and y; <y; Vj¢ R(p) (15.2)
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by diminishing marginal return.

Now, suppose p is in a minimizer Spi,. Then R(p) C Syun by definition. We then define
f'(S) = f(SUR(p)) for S C VA\R(p). It can be checked readily that f’ is submodular and
Smin\R(p) is a minimizer of f’ (over the corresponding ring family). Note that now i, .,
(the restriction of ¢ to V\ R(p)) is a convex combination of the BFS’s of the base polyhedron
B(f') of f’. We shall show that gj’v\ R(p) Das the desired property in Lemma 77.

Note that ¥/ (V\R(p) + p) < y(V\R(p) + p) since

Y (VAR(p)+p) =y (V)=y'(R(p)—p) = y(V)=y'(R(p)—p) < y(V)=y(R(p)—p) = y(V\R(p)+p).

But now since ¥ is non-degenerate max; y; > 0 and therefore

Yy (VAR(p))

IN

y(VAR(p) +p) — ¥,
y(VAR(p) + p) — (f(R(p)) — f(R(p) — p)) (15.3)
nmaxy; — (f(R(p)) — f(R(p) — p))

(n — n*) maxy;

ANVAN

Therefore by the Pigeonhole Principle some ¢ ¢ R(p) must satisfy

y; < ((n—n4)maxyj) /(n—1)
= —(n®+n®+n) maxy;
< —n3—|—n2—|—n max Yy
s = )j¢R<p>y]
< —(m®>+n®>+n) max 1y, by (15.2
< —( )MR(p)yj y (15.2)

By Lemma 77, this ¢ must be in any minimizer of f’. In other words, whenever p is in a
minimizer of f, then so is q.

Note however that computing all i would take O(n?) oracle calls in the worst case as
there are O(n) i’*)’s. We use the following trick to identify some ¢ with Yy < —(n—1) maxy;
using just O(n) calls. The idea is that we actually only want to have sufficient decreases
n 3y (V\R(p)) which can be accomplished by having a large corresponding decrease in some

k

i
(k)

)
For each k, by the same argument above (see (15.3))

yPV\R(p) =y (V\R(p)) <y — (F(R(p)) — f(R(p) — p)) (15.4)
The “weighted decrease” A (yg(;k) — (f(R(p)) — f(R(p) — p))) for ¢7*) sum up to
S AB (Y — (F(R(p) = F(R(p) = D)) =y — (f(R(p)) — F(R(p) —p)) < (1 - n*)maxy,
Thus by the Pigeonhole Principle, some [ will have

AD (y — (F(R(p)) — f(R(p) — p))) < ((1 = n*)maxy,) /O(n) < —n® maxy;.
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For this #¥ we compute 7). We show that 3" = AOy® + Zk# AF)7 k) has the same
property as ¢/ above.

y'(V\R(p))

ADYOA\R(p)) + ) - AWy (V\R(p))
k£l

= y(V\R(p) + AV (y " (V\R(p)) — s (V\R(p)))

< y(V\R(p)) + A" (4 — (F(R(p)) — f(R(p) —p))) by (15.4)
< (n—1)maxy; — n* maxy;

< (n—n*) maxy,

Then some ¢ € V\R(p) must satisfy

2
1 maxy; = —nmaxy;

n
"
Yg < —

That is, the arc (p,q) is valid. This takes O(n) oracle calls as given 7 = >, AB) Gk |
computing 7 requires knowing only f(R(p)), f(R(p) — p), and ) which can be computed
from ) with n oracle calls. The runtime is O(n?) which is needed for computing 7. O

Lemma 80. Lety =), AE) 7R be ¢ non-degenerate convex combination of base polyhedron
BFS %) which is consistent with every arc (i,j) € A. If lower(p) < n*miny;, then we can
find, using O(n - EO) oracle calls and O(n?) time, some q & Q(p) such that the arc (q,p) is
valid, i.e. if p is not in a minimizer, then q is not either.

Proof. 1t is possible to follow the same recipe in the proof of Lemma 79 but using Lemma 76
instead of Lemma 77. Here we offer a proof which directly invokes Lemma 77 on a different
submodular function.

Let g be defined by g(S) = f(V\S) for any S, and A, be the set of arcs obtained by
reversing the directions of the arcs of A. Consider the problem of minimizing g over the
ring family A,. Using subscripts to avoid confusion with f and g, e.g. Ry(¢) is the set of
descendants of ¢ w.r.t. Ay, it is not hard to verify the following:

g is submodular

Ry(i) = Qi)

9(Re(p)) = 9(Ry(p) — ) = = (f(VAQs(p) + p) — F(VAQ(P)))
—*) is a BFS of B(g) if and only if #* is a BFS of B(f)

e max(—y;) = —miny,
By using the above correspondence and applying Lemma 79 to g and Ay, we can find, using

O(n) oracle calls and O(n?) time, some ¢ ¢ R,(p) = Q(p) such that the arc (p, q) is valid for
g and A,. In other words, the reverse (g, p) will be valid for f and A. ]
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These lemmas lay the foundation of our algorithm. They suggests that if the positive
entries of a point in the base polyhedron are small relative to some upper(p) = f(R(p)) —
f(R(p) — p), a new arc (p,q) can be added to A. This can be seen as a robust version of
Lemma 65.

Finally, we end the section with a technical lemma that will be used crucially for both
of our algorithms. The importance of it would become obvious when it is invoked in our
analyses.

Lemma 81. Let B denote a convex combination of two vectors h and ' in the base poly-
hedron, i.e. b = Ah+ (1 — A\ for some X\ € [0,1]. Further suppose that

"], < cvmin {XE]],, (1= 27, }

for some o < ﬁ Then for p = arg max;(max{A|h;|, (1 — A)|}|}) we have

1 1 i
204\/ﬁ 204\/ﬁ ) H H

Proof. Suppose without loss of generality that Alh,| > (1 — A)|h,[. Then by assumptions we
have

. Hi_i”HOO and upper(p) >

lower(p) < —

[e.9]

A < 11"

I

< amin {A[[il,, (1= V|7, } < av/mlAnl
However, since a < ﬁﬁ we see that
| Ahp + (1= Ny | < ||[B"]| < av/n|Ahy| < %WM

Consequently, Ah, and (1 — A)h;, have opposite signs and |(1 — )\)h;‘ > % !Ah;!. We then
have,

lower(p) < min {hy,, b} < min {Ah,, (1 — A} < —% |Ah,| < _2a1\/ﬁ“h”Hoo
and
upper(p) > max {h,, hl,} > max {\h,, (1 — AR} > % |Ahy| > 2a1\/ﬁHh//Hm‘

15.3 O(n*-EO + n?) Time Algorithm

Here we present a O(n* - EO + n®) time, i.e. strongly polynomial time algorithm, for SFM.
We build upon this algorithm to achieve a faster running time in Section 15.4.

Our new algorithm combines existing tools for SFM developed over the last decade with
our cutting plane method and some new extensions of the tools. While there are certain
similarities with previous algorithms (especially [126, 133, 128]), our approach significantly
departs from all the old approaches in one important aspect.
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All of the previous algorithms actively maintain a point in the base polyhedron and
represent it as a convexr combination of BFS’s. At each step, a new BFS may enter the
convex combination and an old BFS may exit. Our algorithm, on the other hand, maintains
only a collection of BFS’s (corresponding to our separating hyperplanes), rather than an
explicit convex combination. A “good” convex combination is computed from the collection
of BFS’s only after running Cutting Plane for enough iterations. We believe that this crucial
difference is the fundamental reason which offers the speedup. This is achieved by the Cutting
Plane method which considers the geometry of the collection of BFS’s. On the other hand,
considering only a convex combination of BFS’s effectively narrows our sight to only one
point in the base polyhedron.

Overview

Now we are ready to describe our strongly polynomial time algorithm. Similar to the weakly
polynomial algorithm, we first run our cutting plane for enough iterations on the initial
feasible region {# € [0,1]" : x; < x;V(i,j) € A}, after which a pair of approximately parallel
supporting hyperplanes Fy, Fy of width 1/n®®) can be found. Our strategy is to write F}
and Fy as a nonnegative combination of the facets of remaining feasible region P. This
combination is made up of newly added separating hyperplanes as well as the inequalities
x; >0, z; <1 and z; < x;. We then argue that one of the following updates can be done:

e Collapsing: z; =0, z; =1 or x; = z;
e Adding a new arc (7,7): z; < x; for some (i,j) ¢ A

The former case is easy to handle by elimination or contraction. If z; = 0, we simply
eliminate ¢ from the ground set V; and if x; = 1, we redefine f so that f(S) = f(S + 1) for
any S C V —1i. x; = z; can be handled in a similar fashion. In the latter case, we simply
add the arc (i, j) to A. We then repeat the same procedure on the new problem.

Roughly speaking, our strongly polynomial time guarantee follows as eliminations and
contractions can happen at most n times and at most 2 - (;) new arcs can be added. While
the whole picture is simple, numerous technical details come into play in the execution. We
advise readers to keep this overview in mind when reading the subsequent sections.

Algorithm

Our algorithm is summarized below. Again, we remark that our algorithm simply uses
Theorem 82 regarding our cutting plane and is agnostic as to how the cutting plane works,
thus it could be replaced with other methods, albeit at the expense of slower runtime.

1. Run cutting plane on (15.1) (Theorem 82 with 7 = ©(1)) using our modified separation
oracle (Section 15.2.1).

2. Identify a pair of “narrow” approximately parallel supporting hyperplanes or get some
BFS h = 0 (in which case both @ and V' are minimizers).

3. Deduce from the hyperplanes some new constraint of the forms z; = 0,2; = 1,2z, = x;
or x; < x; (Section 15.3.2).
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4. Consolidate A and f (Section 15.3.1).

5. Repeat by running our cutting plane method on (15.1) with updated A and f. (Note
that Any previously found separating hyperplanes are discarded.)

We call step (1) a phase of cutting plane. The minimizer can be constructed by unraveling
the recursion.

15.3.1 Consolidating A and f

Here we detail how the set of valid arcs A and submodular function f should be updated
once we deduce new information x; = 0,z; = 1, 2; = z; or x; < x;. Recall that R(i) and Q(7)
are the sets of descendants and ancestors of i respectively (including ¢ itself). The changes
below are somewhat self-evident, and are actually used in some of the previous algorithms
so we only sketch how they are done without a detailed justification.

Changes to the digraph representation D of our ring family include:

e z; = 0: remove Q(i) from the ground set and all the arcs incident to Q(7)
e 1; = 1: remove R(i) from the ground set and all the arcs incident to R(7)
e 1; = x;: contract ¢ and j in D and remove any duplicate arcs

o 1; < x;: insert the arc (4,7) to A

For the last two cases, we also contract the vertices on a directed cycle of A until there
is no more. Remove any duplicate arcs.

Here we can contract any cycle (iy,...,i) because the inequalities x;, < w4y, ..., 25, <
Tip, Ty, < x; Imply z;, = ... =z;,.
Changes to f:

e 1; = 0: replace f by f':2V\R0 R f(S) = f(S) for S C V\Q(i)

e 1; = 1: replace f by f':2V\EO — R f(S) = f(SUR(i)) for S C V\R(:)

e 1; = x;: see below

e z; < z;: no changes to f needed if it does not create a cycle in A; otherwise see below

Contraction of C' = {iy,...,d,}: replace f by f': 2V\¢H 5 R f/(S) = f(S) for
SCV\Cand f/(S)= f((S—=1uC) for S>1

Strictly speaking, these changes are in fact not needed as they will automatically be taken
care of by our cutting plane method. Nevertheless, performing them lends a more natural
formulation of the algorithm and simplifies its description.
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15.3.2 Deducing New Constraints z; =0, z; =1, 2; = x; or x; < x;

Here we show how to deduce new constraints through the result of our cutting plane method.
This is the most important ingredient of our algorithm. As mentioned before, similar argu-
ments were used first by IFF [128] and later in [126, 133]. There are however two important
differences for our method:

e We maintain a collection of BFS’s rather a convex combination; a convex combination
is computed and needed only after each phase of cutting plane.

e As aresult, our results are proved mostly geometrically whereas the previous ones were
proved mostly combinatorially.

Our ability to deduce such information hinges on the power of the cutting plane method
in Part I. We re-state our main result Theorem 31 in the language of SFM. Note that
Theorem 82 is formulated in a fairly general manner in order to accommodate for the next
section. Readers may wish to think 7 = ©(1) for now.

Theorem 82 (Theorem 31 restated for SEM). For any T > 100, applying our cutting plane
method, Theorem 82, to (15.1) with our modified separation oracle (or its variant in Section
15.4) with high probability in n either

1. Finds a degenerate BFS h>0 orh<0.

2. Finds a polytope P consisting of O(n) constraints which are our separating hyperplanes
or the constraints in (15.1). Moreover, P satisfies the following inequalities

dr<M and Tz< M,

both of which are nonnegative combinations of the constraints of P, where ||+ |2 <
min{][ellz, |72} /n®" and |M + M| < min{[|el2, [|€]]2}/n®.

Furthermore, the algorithm runs in expected time O(n*rlogn - EO 4 n37°M 1og®W n).

Proof. In applying Theorem 82 we let K be the set of minimizers of f over the ring family
and the box is the hypercube with R = 1. We run cutting plane with our modified separation
oracle (Lemma 75). The initial polytope P®) can be chosen to be, say, the hypercube. If
some separating hyperplane is degenerate, then we have the desired result (and know that
either @ or V' is optimal). Otherwise let P be the current feasible region. Note that P # &,
because our minimizers of f are all in P and P®) as they are never cut away by the
separating hyperplanes.

Let S be the collection of inequalities (15.1) as well as the separating hyperplanes Tz <
f () = KT %), used. By Theorem 31, all of our minimizers will be contained in P, consisting
of O(n) constraints Az > b. Each such constraint al'® > b; is a scaling and shifting of some
inequality p; & > ¢; in S, i.e. @; = pi/||pi]]2 and b; < q;/||pi|2-
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By taking € = 1/n®() with sufficiently large constant in @ our theorem certifies that P

has a narrow width by d;, some nonnegative combination Z )¢, ;a; and point 7, € P with
|1Zo] |00 < 3v/nR = 3y/n satisying the following:

O(n)
=2
2

0<al'z,—b <1/n®0

O(n) T

O(n)
0 S Z tiai fo - Z tzbz S 1/TL®(T)
=2 1=2

We convert these inequalities to 7 and q. Let ¢} = t; - ||71||2/||7i] |2 > 0.

O(n)
P+ > tpi| < B2/

1=2 9

0<pia,—q < ||I71H2/ne(7)

T O(n)
Z toi | Lo — Z tiq; < |17 l2/n®"
=2
We claim that* ¢ = —p), M = —q;, @ = —Zl 5 t;j, =—> . o) thq; satisfy our

requirement.
We first show that ||c+ & < min{||d]|2, ||¢||2}/n®). We have ||¢+ &||» < ||cl|o/n®™
from the first inequality. If ||¢]|2 < ||||2 we are done. Otherwise, by triangle inequality

17112 = llallz < [|E+ €l < [[el]2/n®" = 2H5H2 > 1]

and hence [|¢+ ||y < [|llo/n®" < [|¢]|2/2n%7 = ||¢||2/n®C
We also need to prove |M + M'| < min{||c|2, ||@||2}/n® ). Summing the second and

third inequalities,
—||a]y/n®" < (@+ &)V E, — (M+M)<0

Recall that we have ||Z||o < 3v/n. Then
|M + M| (C+3)'E,— (M+M)|+|(C+ 7)),
[181l2/n ™" +3\/_HC+C||2
[12]2/n® + 3v/nl|[o/n°C
= [|@l/n°"

as desired. Our result then follows as we proved 2||¢||2 > ||c]]2-
Finally, we have the desired runtime as our modified separation oracle runs in time

O(n - EO + n%log®M n). O

IA AN

4Minus signs is needed because we express our inequalities as e.g. hTZ < hTZ;, whereas in Theorem 31,
al'® > b; is used. We apologize for the inconvenience.

100



Informally, the theorem above simply states that after O(n7logn) iterations of cutting
plane, the remaining feasible region P can be sandwiched between two approximately parallel
supporting hyperplanes of width 1/ nP) . A good intuition to keep in mind is that every
O(n) iterations of cutting plane reduces the minimum width by a constant factor.

Remark 83. As shown in the proof of Theorem 82, one of the two approximately parallel
hyperplanes can actually be chosen to be a constraint of our feasible region P. However we
do not exploit this property as it does not seem to help us and would break the notational
symmetry in ¢ and ¢

Setup

In each phase, we run cutting plane using Theorem 82 with 7 = O(1). If some separating
hyperplane used is degenerate, we have found the minimizer by Lemma 65.

Now assume none of the separating hyperplanes are degenerate. By Theorem 82, P is
sandwiched by a pair of approximately parallel supporting hyperplanes F, F’ which are of
width 1/10n'° apart. The width here can actually be 1/n¢ for any constant ¢ by taking a
sufficiently large constant in Theta.

Here, we show how to deduce from F' and F’ some z; =0, z; = 1, z; = z;, or x; < x;
constraint on the minimizers of f over the ring family. Let

5Tf—Zcia:i <M and E’Tf:Zc;xi <M
be the inequality for F' and F” such that

M+ M|, [|6+ ][> < gap,  where gap = 5 min{[[cl]2, ||}

By the same theorem we can write ¢? ¥ < M as a nonnegative combination of the con-
straints for P. Recall that the constraints for P take on four different forms: (1) —z; < 0;
(2) 2; < 1; (3) —(x; — ;) < 0; (4) W& = S h; < f(Z). Here the first three types
are present initially whereas the last type is the separating hyperplane added. As alleged
previously, the coefficient vector h corresponds to a BFS of the base polyhedron for f. Our
analysis crucially exploits this property.

Thus suppose ¢’ & = >, c;z; < M is a nonnegative combination of our constraints with
weights a;, 8,7, A > 0. The number of (positive) a;, 85,75, An is at most O(n). Here we
denote separating hyperplanes by KTz < f(fh) Let H be the set of BFS’s used to construct
separating hyperplanes.

Tz Za $Z+Zﬂjl’j+ Z %j ZL“] +Z )\hh r and M= Zﬁj_}_z /\hf

(i,7)€A heH heH
(15.5)

Similarly, we write the inequality for F” as a nonnegative combination of the constraints
for P and the number of (positive) o}, 85, 7;, A, is O(n):

i = Za:}c%—Zﬁmﬂ—Z%J —x; —i—Z/\’hT* and M = Zﬁ;—i—Z)\%f(jh)

(3,7)EA heH heH

(15.6)
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We also scale &, &, a, ¢, 3,58",7,7, A\, X so that

D+ =
heH
as this does not change any of our preceding inequalities regarding F' and F"’.

Now that F, F’ have been written as combinations of our constraints, we have gathered
the necessary ingredients to derive our new arc. We first give a geometric intuition why we
would expect to be able to derive a new constraint. Consider the nonnegative combination
making up F'. We think of the coefficient 5, as the contribution of z; <1 to F'. Now if j;
is very large, F'is “very parallel” to z; < 1 and consequently F’ would miss z; = 0 as the
gap between F' and F’ is small. P would then miss z; = 0 too as it is sandwiched between
F and F’. Similarly, a large «; and a large 7;; would respectively imply that z; = 1 and
(z; = 0,2; = 1) would be missed. The same argument works for F’ as well.

But on the other hand, if the contributions from z; > 0,2; < 1,2; < x; to both F' and F’
are small, then the supporting hyperplanes ¢ 7 < ...and @77 < ... would be mostly made
up of separating hyperplanes Tz < f (). By summing up these separating hyperplanes
(whose coefficients form BFS’s), we would then get a point in the base polyhedron which is
very close to the origin 0. Moreover, by Lemma 81 and Lemma 79 we should then be able
to deduce some interesting information about the minimizer of f over D.

The rest of this section is devoted to realizing the vision sketched above. We stress that
while the algebraic manipulations may be long, they are simply the execution of this elegant
geometric picture.

Now, consider the following weighted sum of Rz < f (Zp):

(Z)\hhT+ZXhT> 7= Z)\hhT +ZXhT*< S af@) + ) NS
heH heH heH heH heH heH

Observe that Zhe H AT+ Y oherr M hT is in the base polyhedron since it is a convex
combination of BFS k. Furthermore, using (15.5) and (15.6) this can also be written as

(Z bt + ZA;ET> = | EF+) ami— Y Birj+ > vilw;— )

heH heH (i,5)€A
Tz + Za;xi — Zﬁ;% + Z %{j@j — ;)
(i,5)€A
and . .
S of@n) + > N f(@) = (M - Z@) T <M/ B ZB;‘)

heH heH
(M+M)=> 8-> 8

Furthermore, we can bound ¢’ # + @77 by 7+ 17 > —||c+ 7|1 > —v/nl|c+ ]2 >
—y/ngap as & < 1. Since M + M’ < gap, we obtain

LHSdefZalx,+Zaxl ZBJ:UJ Zﬁ:vj+ Z Vi (T — x;) + Z Vij (@5 — i)
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<2Vngap— > B — Y B

Geometrically, the next lemma states that if the contribution from, say z; > 0, to F is
too large, then F” would be forced to miss z; = 1 because they are close to one another.

Lemma 84. Suppose T satisfies (15.1) and LHS < 2v/ngap—3_ 8;—>_ B} with ai, B, vij, o, B, vij =
0.

1. If a; > 2+/ngap or o, > 2\/ngap, then x; < 1.
2. If B; > 2+/ngap or B > 2/ngap, then x; > 0.
8. If vij > 2v/ngap or 7;; > 2¢/ngap, then 0 < xj —z; < 1.

Proof. We only prove it for «;, §;,7i; as the other case follows by symmetry.

Using 0 <z <1 and z; < w; for (i,5) € A, we have LHS > ayx; — ) 8; — > 3j. Hence
a;r; < 2¢/ngap and we get z; < 1 if a; > 2¢/ngap.

Similarly, LHS > —Byxy — >, B; — > B; which gives —fz), < 2v/ngap — ;. Then
x> 01if B > 2/ngap.

Finally, LHS > v;;(z; — x;) — >_ B; — >_ B which gives v;;(z; — x;) < 2y/ngap. Then
x; —x; < 1if 7 > 2y/ngap. We have z; < z; since (i,7) € A. O

So if either condition of Lemma 84 holds, we can set ; = 0 or x; = 1 or o; = z, since
our problem (15.1) has an integral minimizer and any minimizer of f is never cut away by
Lemma 75. Consequently, in this case we can reduce the dimension by at least 1. From now
on we may assume that

max{aiaa;aﬁjaﬂéﬁfyija/yz{j} S 2\/ﬁgap (158)

Geometrically, (15.8) says that if the supporting hyperplanes are both mostly made up of
the separating hyperplanes, then their aggregate contributions to F' and F’ should be small
in absolute value.

The next lemma identifies some p € V for which f(R(p)) — f(R(p) — p) is “big”. This
prepares for the final step of our approach which invokes Lemma 79.

def

Lemma 85. Let § = 3,y b and 7 < Y oheH Mo hoand let p € arg max;{max{|yl, |yj|}}
then

upper(p) > n'||7+ 7|

assuming (15.8).
Proof. Recall that ||+ 5’H2 < gap where gap = 1510 min{||cl|s, [||]2},

i j i J (:9)

(4,9)

By (15.8) we know that ||¢—7]|, < 4n’gap < 15 |d][, and ||@ — 77|, < 4n’gap < 5|7,

10n® 10n8

Consequently, by the triangle inequality we have that

|7 +71l, < lle+ &, + le=dll, + & = 7], < In"gap
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and
L " 4 " . "
I, < lle=all, + 1all, < Fgzlell + 19, =l < 2/,
Similarly, we have that ||E’H2 < 2||yj’H2 Consequently since gap < 5o min{||d |2, ||7]|2},
we have that 5
|7+ 71, < -5 min {7l [[7]],}

and thus, invoking Lemma 81 yields the result. O]

We summarize the results in the lemma below.

Corollary 86. Let P be the feasible region after running cutting plane on (15.1). Then one
of the following holds:

1. We found a degenerate BFS and hence either & or V' is a minimizer.

2. The integral points of P all lie on some hyperplane v; =0, x; =1 or x; = x; which we
can find.

3. Let H be the collection of BFS’s h used to construct our separating hyperplanes for P.
Then there is a convex combination i of H such that n*|y;| < max, upper(p) for all i.

Proof. As mentioned before, (1) happens if some separating hyperplane is degenerate. We
have (2) if one of the conditions in Lemma 84 holds. Otherwise, y = >, .y Anh + >, cp AR
is a candidate for Case 3 by Lemma 85. n

Let us revisit the conditions of Lemma 79 and explain that they are satisfied by Case 3
of the last lemma.

e ¢ is a convex combination of at most O(n) BFS’s. This holds in Case 3 since our
current feasible region consists of only O(n) constraints thanks to the Cutting Plane
method.

e Those BFS’s must be consistent with every arc of A. This holds because Case 3 uses
the BFS’s for constructing our separating hyperplane. Our modified separation oracle
guarantees that they are consistent with A.

Thus in Case 3 of the last corollary, Lemma 79 allows us to deduce a new constraint z, < z,
for some ¢ ¢ R(p).

15.3.3 Running Time

Here we bound the total running time of our algorithm and prove the following.
Theorem 87. Our algorithm runs in expected time O(n*logn - EO + n® log®® n).

Proof. To avoid being repetitive, we appeal to Corollary 86. Each phase of cutting plane
takes time O(n%logn - EO +n?1og®Y n) (Theorem 82 with 7 being a big constant. Given F
and F’ represented as a nonnegative combination of facets, we can check for the conditions
in Lemma 84 in O(n) time as there are only this many facets of P. This settles Case 2 of
Corollary 86. Finally, Lemma 79 tells us that we can find a new arc in O(n - EO + n?) time
for Case 3 of Corollary 86. Our conclusion follows from the fact that we can get x; = 0,
r; =1, x; = x; at most n times and x; < x; at most O(n?) times. O
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15.4 O(n?-EO + n*) Time Algorithm

Here we show how to improve our running time for strongly polynomial SFM to 6(713 -EO +
nt). Our algorithm can be viewed as an extension of the algorithm we presented in the
previous Section 15.3. The main bottleneck of our previous algorithm was the time needed
to identify a new arc, which cost us O(n? - EO + n?®). Here we show how to reduce our
amortized cost for identifying a valid arc down to 6(71 - EO + n?) and thereby achieve our
result.

The key observation we make to improve this running time is that our choice of p for
adding an arc in the previous lemma can be relaxed. p actually need not be arg max; upper(i);
instead it is enough to have upper(p) > n* max{«;, o}, 3;, ., Yij» Vij - For each such p a new
constraint z, < x, can be identified via Lemma 79. So if there are many p’s satisfying this
we will be able to obtain many new constraints and hence new valid arcs (p, q).

On the other hand, the bound in Lemma 85 says that our point in the base polyhedron
is small in absolute value. This is actually stronger than what we need in Lemma 79 which
requires only its positive entries to be “small”. However as we saw in Lemma 80 we can
generate a constraint of the form z, < z, whenever lower(p) is sufficiently negative.

Using this idea, we divide V' into different buckets according to upper(p) and lower(p).
This will allow us to get a speedup for two reasons.

First, bucketing allows us to disregard unimportant elements of V' during certain exe-
cutions of our cutting plane method. If both upper(i) and lower(i) are small in absolute
value, then ¢ is essentially negligible because for a separating hyperplane Tz < f (z), any
h; € [lower(7),upper(i)] small in absolute value would not really make a difference. We can
then run our cutting plane algorithm only on those non-negligible ¢’s, thereby reducing our
time complexity. Of course, whether h; is small is something relative. This suggests that
partitioning the ground set by the relative size of upper(i) and lower(i) is a good idea.

Second, bucketing allows us to ensure that we can always add an arc for many edges
simultaneously. Recall that we remarked that all we want is nM|y;| < upper(p) for some 3
in the base polyhedron. This would be sufficient to identify a new valid arc (p, ¢). Now if the
marginal differences upper(p) and upper(p’) are close in value, knowing n°M|y;| < upper(p)
would effectively give us the same for p’ for free. This suggests that elements with similar
marginal differences should be grouped together.

The remainder of this section simply formalizes these ideas. In Section 15.4.1 we discuss
how we partition the ground set V. In Section 15.4.2, we present our cutting plane method
on a subset of the coordinates. Then in Section 15.4.3 we show how we find new arcs. Finally,
in Section 15.4.4 we put all of this together to achieve our desired running time.

15.4.1 Partitioning Ground Set into Buckets

We partition the ground set V' into different buckets according to the values of upper(i) and
lower(7). This is reminiscent to Iwata-Orlin’s algorithm [133] which considers elements with
big upper(i). However they did not need to do bucketing by size or to consider lower(i),
whereas these seem necessary for our algorithm.

Let N = max;{max{upper(i), —lower(i)}} be the largest marginal difference in absolute

105



value. By Lemma (78), N > 0. We partition our ground set V' as follows:
By = {i : upper(i) > N/n' or lower(i) < —N/n'"}

={i¢ BiU...UBy_: N/nwc < upper(i) < N/n'0*-D
— N/ =D < 1ower(i) < —N/n'%},  k>2

We call By, buckets. Our buckets group elements by the values of upper(:) and lower(i) at
1/n' “precision”. There are two cases.

e Case 1: the number of buckets is at most logn’, in which case upper(i) > N/n®Uosn)
or lower(i) < —N/nOWem for all i.

e Case 2: there is some k for which |By U...U Bg| > | Bgy1]-

This is because if there is no such k£ in Case 2, then by induction each bucket By, has at
least 2F| B;| > 2* elements and hence k < logn.
Case 1 is easier to handle, and is in fact a special case of Case 2. We first informally
sketch the treatment for Case 1 which should shed some light into how we deal with Case 2.
We run Cutting Plane for O(nlog?n) iterations (i.e. 7 = O(logn)). By Theorem 82,
our feasible region P would be sandwiched by a pair of approximately parallel supporting
hyperplanes of width at most 1/n°0°8™  Now proceeding as in the last section, we would
be able to find some 4 in the base polyhedron and some element p such that n®0°e™|y;| <
upper(p). This gives
O(logn) |y ‘ upper(p) N )
= pnO(ogn) — 56(logn)

Since upper(i) > N/n®") or lower(i) < —N/n®0e™ for all i in Case 1, we can then
conclude that some valid arc (i,q) or (g,7) can be added for every i. Thus we add n/2
arcs simultaneously in one phase of the algorithm at the expense of blowing up the runtime
by O(logn). This saves a factor of n/logn from our runtime in the last section, and the
amortized cost for an arc would then be 6(n - EO + n?).

On the other hand, in Case 2 we have a “trough” at By.;. Roughly speaking, this trough
is useful for acting as a soft boundary between By U ... U By, and (s, .o Bi- Recall that
we are able to “ignore” J,.,,, B; because their h; is relatively small in absolute value. In
particular, we know that for any p € By U...U By and ¢ € B;, where | > k + 2,

max{upper(p), —lower(p)} > n'’ max{upper(i), —lower(i)}.

This is possible because By 1, which is sandwiched in between, acts like a shield prevent-
ing B; to “mess with” By U...U By. This property comes at the expense of sacrificing By
which must confront B;.

Furthermore, we require that |By U ... U Bg| > |Bjgy1|, and run Cutting Plane on B =
(B1U...UBy) U Byyy. If |Brya| > |B1 U... U By, our effort would mostly be wasted on
By, which is sacrificed, and the amortized time complexity for B; U. ..U By would then be
large.

Before discussing the algorithm for Case 2, we need some preparatory work.

®More precisely, By, = @ for k > [logn].

106



15.4.2 Separating Hyperplane: Project and Lift

Our speedup is achieved by running our cutting plane method on the projection of our
feasible region onto B := (By U --- U By) U By41. More precisely, we start by running our
cutting plane on PP = {7 € R? : 37 € RP s.t. (T, 7) satisfies (15.1)}, which has a lower
dimension. However, to do this, we need to specify a separation oracle for P?. Here we
make one of the most natural choices.

We begin by making an apparently immaterial change to our set of arcs A. Let us take the
transitive closure of A by adding the arc (i, 7) whenever there is a path from ¢ to j. Clearly
this would not change our ring family as a path from ¢ to j implies ;7 € R(i). Roughly
speaking, we do this to handle pathological cases such as (i, k), (k,7) € A, (i,j) ¢ A and
i,7 € B,k ¢ B. Without introducing the arc (1, j), we risk confusing a solution containing i
but not j as feasible since we are restricting our attention to B and ignoring k ¢ B.

Definition 88. Given a digraph D = (V) A), the transitive closure of A is the set of arcs
(1,7) for which there is a directed path from i to j. We say that A is complete if it is equal
to its transitive closure.

Given T € [0,1]%, we define the completion of T with respect to A as follows.

Definition 89. Given 7 € [0,1]” and a set of arcs A, € € [0,1]" is a completion of Z if
¢

7% =7 and 2§ < xjc for every (i,j) € A. Here 24 denotes the restriction of 2¢ to B.
Lemma 90. Given T € [0,1]% and a complete set of arcs A, there is a completion of T if
z; < z; for every (i,j) € AN (B x B). Moreover, it can be computed in O(n?) time.

Proof. We set 25 = 7. For i ¢ B, we set
. {1 if #j € Bst. (i,5) € A

. C .
ming jyea jeB T; otherwise

One may verify that x¢ satisfies our requirement as A is complete. Computing each ¢
takes O(n) time. Since |V\B| = |B| < n, computing the whole z¢ takes O(n?) time. O

This notion of completion is needed since our original separation oracle requires a full
dimensional input Z. Now that Z € R”, we need a way of extending it to R™ while retaining
the crucial property that h is consistent with every arc in A.

Note that the runtime is still O(n - EO + n21og®Y n) as 2€ can be computed in O(n?)
time by the last lemma.

We reckon that the hyperplane 5 BT < Y .cp hi%; returned by the oracle is not a valid
separating hyperplane (i.e. it may cut out the minimizers). Nevertheless, we will show that
it is a decent “proxy” to the true separating hyperplane W'z < f (z€) = Yoiev hia$ and is
good enough to serve our purpose of sandwiching the remaining feasible region in a small
strip. To get a glimpse, note that the terms missing ngB < Zie g hi®; all involve h; for
i ¢ B, which is “negligible” compared to By U--- U B,

One may try to make h5Zp < Y icn hiTi vahd say, by hip < Y ien hiTi + ZZ¢B [Pl -
The problem is that such hyperplanes would not be separating for  anymore as hBZ‘ =
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Algorithm 6: Projected Separation Oracle

Input: z € R? and a complete set of arcs A
if z; <0 for some i € B then

| Output: z; >0

else if 7, > 1 for some j € B then

| Output: z; <1

else if z; > x; for some (i,7) € AN B? then
| Output: z; < x5

else
Let 2¢ € R™ be a completion of
Let iq,...,4, be a permutation of V' such that xfl > ... xfn and for all

(i,7) € A, j precedes i in iy, ..., ip,.
Output: hiip = Y ien hiti <D, cp hi®i, where h is the BFS defined by the
permutation iy, ..., .

Diep li®i <D cp hii + 30 |hil. Consequently, we lose the width (or volume) guarantee
of our cutting plane algorithm. Although this seems problematic, it is actually still possible
to show a guarantee sufficient for our purpose as ;. |hs| is relatively small. We leave it as
a nontrivial exercise to interested readers.

In conclusion, it seems that one cannot have the best of both worlds: the hyperplane
returned by the oracle cannot be simultaneously valid and separating.

Algorithm

We take k to be the first for which |By U...U By| > |Bgi1|, i.e. |[ByU...UBy| < |By1] for
| <k—1. Thus k <logn. Let b = |B|, and so |B; U---U By| > b/2. Case 1 is a special
case by taking B =V.

Our algorithm is summarized below. Here A is always complete as A is replaced its
transitive closure whenever a new valid arc is added.

1. Run Cutting Plane on PP = {z € RP : 32/ € RP s.t. (z,2') satisfies (15.1)} with the
new projected separation oracle.

2. Identify a pair of “narrow” approximately parallel supporting hyperplanes.

3. Deduce from the hyperplanes certain new constraints of the forms z; = 0,2; = 1, 2; =
x; or x; < x; by lifting separating hyperplanes back to R"

4. Consolidate A and f. If some x; < z; added, replace A by its transitive closure.

5. Repeat Step 1 with updated A and f. (Any previously found separating hyperplanes
are discarded.)

The minimizer can be constructed by unraveling the recursion.

First of all, to be able to run Cutting Plane on P? we must come up with a polyhedral
description of P? which consists of just the constraints involving B. This is shown in the
next lemma.
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Lemma 91. Let PP = {Z# € RP : 37 € RP s.t. (Z,7) satisfies (15.1)}. Then
PP={7eRP:0<#< 1,2, <a;¥(i,j) € AN (B x B)}

Proof. 1t is clear that PP C {Z €e RP : 0 < 7 < 1,2; < x;¥(i,5) € AN (B x B)} as the
constraints 0 <z < 1,z; < x;V(i,j) € AN (B x B) all appear in (15.1).

Conversely, for any 7 € R satisfying 0 < 7 < 1,2; < 2,;¥(4,7) € AN (B x B), we know
there is some completion z¢ of # by Lemma 90 as A is complete. Now € satisfies (15.1) by
definition, and hence ¥ € P5B. O

The only place where we have really changed the algorithm is Step (3).

15.4.3 Deducing New Constraints z; =0, z; = 1, 2; = x; or x; < x;
Our method will deduce one of the following;:
e 1, =0,2;=1orz;=u,
o for ecach p e By U---U By, z, < z, for some ¢ ¢ R(p) or x, > z, for some ¢ ¢ Q(p)

Our argument is very similar to the last section’s. Roughly speaking, it is the same argument
but with “noise” introduced by ¢ ¢ B. We use extensively the notations from the last section.

Our main tool is again Theorem 82. Note that n should be replaced by b in the Theorem
statement. We invoke it with 7 = klogyn = O(log®n) (using k < logn) to get a width
of 1/b9) = 1/n®®) This takes time at most O(bnlog?n - EO + bn2log®M n). Again,
this is intuitively clear as we run it for O(kblogn) iterations, each of which takes time
O(n - EO 4 n?1og®W n).

After each phase of (roughly O(kblogn) iterations) of Cutting Plane, PP is sandwiched
between a pair of approximately parallel supporting hyperplanes F' and F” which have width
1/n**. Let F and F’ be

g = E cix; < M, Tig = 5 chiSM/,
icB icB
such that

[M + M|, [|e+¢|l; < gap,  where gap = 5 min{{|l]z, [|@][2}-

The rest of this section presents an execution of the ideas discussed above. All of our work
is basically geared towards bringing the amortized cost for identifying a valid arc down to
O(n - EO + n?). Again, we can write these two constraints as a nonnegative combination.
Here 7§ is the completion of the point Z; used to construct h7p < hk (97:%) 5 (Recall that
() , is the restriction of Zf, to B.)

5TfB = — ZO&Z{L‘Z‘ + ZBJ‘ZL‘]‘ + Z ’YZ](ZEZ — IL‘j) + Z )\hﬁng and

ieB jeB (i,j)EANB? heH
M:ZBj+Z>\hE£ (fi)B
jeB heH
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Tip = Za:v,%—Zﬂ:q#— Z i (@ :vﬂ#—ZAﬁszfB and

i€B jeB (i,j)€ANB2 heH
_ 2 : / § : 1 7T (=C
jEB heH

As we have discussed, the problem is that the separating hyperplanes hE 5Tp < ﬁ% (:Z‘g) B
are not actually valid. We can, however, recover their valid counterpart by lifting them back
to hTz < HTE% The hope is that flng < f_zg (:Eﬁ) 5 and Tz < ETEfL are not too different
so that the arguments will still go through. We show that this is indeed the case.

Again, we scale ¢,d, o, o/, 3, 5',v,7", A, X so that

Z(/\h +A,) =

heH
By adding all the constituent separating hyperplane inequalities, we get

STNATE YT NRTE < NATES + Y NATES,

heH heH heH heH
Let

LHSS Y Jouwi+ ) ofwi— D Biwy = D Bjwy + 3 vy — i) + (= 1),

Here we know that

S OMhTE+ Y NETE=LHS + (6+8) 35+ Y Mhpip+ Y Mhhip

heH heH heH heH
STRTES + ST NATES = (M + MY+ 3T kG (35) 5+ D NS (7)) 5= Y8 =D B,
heH heH heH heH

Combining all yields

LHS+(c+&) @+ Y Mhpap+ > Nhj

heH heH
(M—i—Ml +Z>\hhT l’h +Z)\/hT Q3h Zﬁ] Zﬂ
heH heH

Here (¢+ &)T%p can be bounded as before: (¢+ &)TZp > —/n||¢+ ||s > —+/ngap.
Since M + M’ < gap, We then obtain

LHS+Y ~ Mhgap+Y  Nhhip < 2v/ngap+» Mg (75) g+ Mk (75) 5= Bi—> 5]

heH heH heH heH

We should expect the contribution from h 5 to be small as h; for i ¢ B is small compared
to By U...U Bg. We formalize our argument in the next two lemmas.
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Lemma 92. We have Y, M (25) 5 + Y pen My hT () , < N/ni0G+D-1,

Proof. We bound each component of >, )\hl_iT (Z5) 5+ >onen M hT (z§) 5- For i € B, we
have upper(i) < N/n'°*+1) By Lemma 78 h; < upper(i). Therefore

Z /\hhT xh + Z )\l hT 'Th < <Z Ah + Z )\/) N/nlo (k+1) _ N/nl()(k-‘rl)'
heH heH heH heH
Our result then follows since

> kg (35) 5+ > Nhg (35) 5 =Y (Z M (25),+ ) AT (;z-g)Z) .

heH heH icB \heH heH

Lemma 93. We have Y., Mh5T5 + ey Nphads > —N/ntok+rD-1

Proof. The proof is almost identical to the last lemma except that we use h; > lower(7)
instead of h; < upper(i), and lower(i) > —N/n!0k+1), .

The two lemmas above imply that

LHS < 2y/ngap — Z B — Z B; + ON/nlOE+D=1 — oot Z 8, Z 5,
where gap’ = 2/ngap + 2N /n0¢k+1)-1

Lemma 94. Suppose x satisfies (15.1) and LHS < gap' — > 3; — > 3 with
(7% B]a Yijo 047 Bgv ’Y'ZJ Z 0.

1. If a; > gap’ or af > gap’, then x; < 1.
2. If B; > gap' or B; > gap’, then z; > 0.
3. If vij > gap’ or vj; > gap’, then 0 < x; —x; < 1.
Proof. The proof is exactly the same as Lemma 84 with 2y/ngap replaced by gap’. O
From now on we may assume that

max{aiaagaﬁﬁﬁéafﬁj?fh{j} S gap/- (159)

— def def

Lemma 95. Let j = >, 4 A and 7 < Y oherr M h and let p € arg max, p{max{|y|, |y}
then
N > 0l g 1 |

assuming (15.9).
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Proof. Recall that ||c+ E’H2 < gap < gap’ where gap = —35 min{||c]|>,||7||.} and gap’ =
2y/ngap + 2N/n'°*+D=1 Now there are two cases.

Case 1: 2y/ngap > 2N/n'"*+)=1 Then gap’ < 4/ngap and we follow the same proof
of Lemma 85. We have

C=1p— Zazll%—z:ﬁj]l +Z%J ]Tj and ¢ = 5— Za]l—l—Zﬁ]leZ%J ]L

(4,9) (4,9)

By (15.9) we know that ||é—g5||, < 4n’gap’ < —=||d]|, and || 75|, < 4n’gap’ < =,
Consequently, by the triangle inequality we have that

|75 + 7|, < ||+ 2], + |6 = gbl, + | — 7], < 9n"gap’
and ]
€l < lle=amll, + 18]l, < —llell, + losll, =[], <275,

Similarly, we have that HE’H2 < 2||QJ'BHQ. Consequently since gap’ < —ig min{||d]|2, ||@]|2},
we have that

18
19 + s, < 57 min {[|3s],: 1751,

and thus, invoking Lemma 81 yields N > upper(p) > n16ngjB + gj’BH as desired.
Case 2: 2\/_gap < 2N/nt¢+D=1 " Then for any i € B, |c; + ¢}| < ||+ ]2 < gap <
2N /ntO¢*+D=1 " Gince

Jp+is = (E+3)+)  ailli— Zﬁj Z%*—iﬁxa;ii—zﬁ;ﬂ Z%] 1,-1
i i J

we have
H?jB + g"BHOO < QN/nlo(k‘-i-l)—l + 2n1.5gap/ < N/n10k+7_

]

Corollary 96. Let P be the feasible region after running Cutting Plane on (15.1) with the
projected separation oracle. Then one of the following holds:

1. We found a BFS h with hg = 0.
2. The integral points of P all lie on some hyperplane x; = 0,z; =1 or x; = x;.

3. Let H be the collection of BEFS'’s h used to construct our separating hyperplanes for P.
Then there is a convex combination y of H such that for p € By U ---U By, we have
ntly;| < upper(p) or lower(p) < —n*|y;| for all i.

Proof. As mentioned before, (1) happens if some separating hyperplane satisfies h B = 0 when
running cutting plane on the non-negligible coordinates. We have (2) if some condition in
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Lemma 94 holds. Otherwise, we claim y = ), Aph + >, A, b is a candidate for Case 3. y
is a convex combination of BFS and by Lemma 95, for the big elements ¢ € B we have

1
[l < N/n% < — max{upper (p), —Lower(p)}.

where the last inequality holds since for p € By U --- U By, max{upper(p), —lower(p)} >
N/nlok.
On the other hand, for the small elements i ¢ B,

1
ly;| < N/nt0¢FD < — max{upper(p), —lower(p)}

as desired. m

The gap is then smaller enough to add an arc for each p € By U --- U B by Lemmas
79 and 80. Therefore we can add a total of [B; U --- U Bg|/2 > b/4 arcs with roughly

O(kblogn) = O(b) iterations of Cutting Plane, each of which takes O(n - EO + n?). That is,

the amortized cost for each arc is O(n - EO + n?). We give a more formal time analysis in
below but it should be somewhat clear why we have the desired time complexity.

Lemma 97. Suppose there is a convexr combination y of H such that forp € By U---U By,
we have n*|y;| < upper(p) or lower(p) < —n®|y;| for alli. Then we can identify at least b/4
new valid arcs.

Proof. We have |H| = O(n) since H is the set of BFS’s used for the constraints of P which
has O(n) constraints. By Lemmas 79 and 80, for p € By U--- U By, we can add a new valid
arc (p,q) or (¢,p). However note that a new arc (py, p2) may added twice by both p; and ps.
Therefore the total number of new arcs is only at least |B; U--- U By|/2 > b/4. O

15.4.4 Running Time

Not much changes to the previous runtime analysis are needed. To avoid repetition, various
details already present in the corresponding part of the last section are omitted. Recall
k <logn, and of course, b < n.

For each (roughly) O(kblogn) iterations of Cutting Plane we either get z; = 0,z; =
l,x; = z; or b/4 x; < z;’s. The former can happen at most n times while in the latter case,
the amortized cost of each arc is O(klogn) iterations of Cutting Plane. In the worst case
the overall number of iterations required is 5(712) Thus our algorithm has a runtime of
O(n® - EO + n*) since each iteration is O(n - EO + n2) as shown below.

Theorem 98. Our algorithm runs in time O(n?log?n - EO 4 n*1log®M n).

Proof. We use Corollary 96. First we note that Case 1 can actually be integrated into Case
3 since max{upper(p), —lower(p)} > N/n'% = plON/n'0k+1) > h, for i ¢ B.

As we have argued in the beginning of the last section, Theorem 82 with 7 = klog,n
implies that the runtime for each phase is O(bnlog®n - EO + bn? log@® n). In each phase
we either get z; =0, x; =1, x; = z; (Case 2) or b/4 x; < z;’s (Case 3), the latter of which
follows from Corollary 96 and Lemma 97.
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Case 2 can only happen n times. Thus the total cost is at most O(n®log*n - EO +
ntlogP n). The overhead cost is also small. Similar to before, given F' and F’ represented
as a nonnegative combination of facets, we can check for the conditions in Lemma 94 in O(n)
time as there are only this many facets of P. This settles Case 2.

For case 3 the amortized cost for each arc is O(nlog?n - EO +n21log®Y n). Our desired
runtime follows since there are only O(n?) arcs to add. Unlike Case 2 some extra care is
needed to handle the overhead cost. The time needed to deduce a new arc (applying Lemmas
79 and 80 to ¢ and p € ByU---UBy) is still O(n-EO +n?). But as soon as we get a new arc,
we must update A to be its transitive closure so that it is still complete. Given A complete
and a new arc (p,q) ¢ A, we can simply add the arcs from the ancestors of p to ¢ and from
p to the descendants of gq. There are at most O(n) arcs to add so this takes time O(n?) per
arc, which is okay. O

16 Discussion and Comparison with Previous Algo-
rithms

We compare and contrast our algorithms with the previous ones. We focus primarily on
strongly polynomial time algorithms.

Convex combination of BFS’s

All of the previous algorithms maintain a convex combination of BFS’s and iteratively
improve over it to get a better primal solution. In particular, the new BFS’s used are typically
obtained by making local changes to existing ones. Our algorithms, on the other hand,
considers the geometry of the existing BFS’s. The weighted “influences”® then aggregately
govern the choice of the next BFS. We believe that this is the main driving force for the
speedup of our algorithms.

Scaling schemes

Many algorithms for combinatorial problems are explicitly or implicitly scaling a poten-
tial function or a parameter. In this Part, our algorithms in some sense aim to minimize
the volume of the feasible region. Scaling schemes for different potential functions and pa-
rameters were also designed in previous works [128, 126, 133, 125]. All of these functions
and parameters have an explict form. On the contrary, our potential function is somewhat
unusual in the sense that it has no closed form.

Deducing new constraints

As mentioned in the main text, our algorithms share the same skeleton and tools for
deducing new constraints with [128, 126, 133, 125]. Nevertheless, there are differences in
the way these tools are employed. Our algorithms proceed by invoking them in a geometric
manner, whereas previous algorithms were mostly combinatorial.

Big elements and bucketing
Our bucketing idea has roots in Iwata-Orlin’s algorithm [133] but is much more sophis-
ticated. For instance, it is sufficient for their algorithm to consider only big elements, i.e.

6Tn the terminology of Part I, these weighted influences are the leverage scores.
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upper(i) > N/n°®. Our algorithm, on the other hand, must carefully group elements
by the size of both upper(:) and lower(i). The speedup appears impossible without these
new ideas. We do however note that it is unfair to expect such a sophisticated scheme in
Iwata-Orlin’s algorithm as it would not lead to a speedup. In other words, their method is
fully sufficient for their purposes, and the simplicity in their case is a virtue rather than a
shortcoming.

16.1 Open Problems

One natural open problem is improving our weakly polynomial algorithm to O(n?log M -
EO +n? logO(l) n-log M) time. Our application of center of mass to SFM demonstrates that
it should be possible.

For strongly polynomial algorithms, the existential result of Theorem 71 shows that
SFM can be solved with O(n?logn - EO) oracle calls. Unfortunately, our algorithm incurs
an overhead of logn as there can be as many as logn buckets each time. One may try to
remove this log n overhead by designing a better bucketing scheme or arguing that more arcs
can be added.

The other logn overhead seem much trickier to remove. Our method currently makes
crucial use of the tools developed by [128], where the logn factors in the runtime seem
inevitable. We suspect that our algorithm may have an analogue similar to [231, 217], which
do not carry any logn overhead in the running time.

Perhaps an even more interesting open problem is whether our algorithm is optimal (up to
polylogarithmic factors). There are grounds for optimism. So far the best way of certifying
the optimality of a given solution S C V is to employ duality and express some optimal
solution to the base polyhedron as a convex combination of n + 1 BFS’s. This already takes
n? oracle calls as each BFS requires n. Thus one would expect the optimal number of oracle
calls needed for SFM to be at least n?. Our bound is not too far off from it, and anything
strictly between n? and n? seems instinctively unnatural.
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Part IV
Computing Walrasian Equilibria: Fast
Algorithms and Structural Properties

This Part is based on joint works with Renato Paes Leme.

17 Introduction

17.1 A macroscopic view of the market

As part of our everyday experience, prices reach equilibria in a wide range of economics
settings. Yet, markets are complicated and consist of heterogeneous goods and a huge
population of buyers can have very diverse preferences that are hard to model analytically.
With the sheer amount of information needed to describe the economy, how can the market
possibly reach an equilibrium? Well, perhaps not all this information is needed.

In this Part, we provide evidence supporting this belief through the lens of algorithms.
Specifically, we propose algorithms for computing market equilibrium using very limited
amount of information. Our result suggests that information theoretically, it is not necessary
to make too many measurements or observations of the market to compute an equilibrium.
This may also shed light into how markets operate.

As the first step, we must design a realistic model to represent the economy. The standard
approach in Theoretical Computer Science would require the entire input be specified but
for a market, it is simply too computationally expensive to model its individual agents in
full details. So what should we turn to? If equilibrium represents the collective behavior of
the agents, perhaps some kind of aggregate information would be enough. Such information
can be average salaries, interest rate, population, fashion trend and so on. An algorithm
would ideally process these macroscopic-scale information in an efficient manner to compute
equilibrium price that allows the market to clear.

We show that it is possible to compute market equilibrium by exploiting the very rudi-
mentary information of aggregate demand, i.e. the quantity demanded for each item at a
given price aggregated over the entire population of buyers. This result implies, among
other things, that a market can be viewed as an aggregate entity. For the sake of reaching
equilibrium, detailed knowledge about its individual buyers at the microscopic level may not
really be needed. Rather, it should be their collective behavior that dictates the outcome of
the market.

The use of aggregate demand by our algorithm also resonates with a common perception
of the role played by excess demand/supply. A highly sought-after good would usually see
its price soar whereas an unpopular good would be inexpensive. This is similar to our
algorithms which, in some sense, operate by increasing the price of overdemanded good and
vice versa in an iterative fashion. We note however that by no means are we suggesting
that our algorithms closely mirror how a market actually works. While the holy grail of this
research direction is to understand how a market reaches equilibrium in practice, perhaps a
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humble first step is to show that this can be done algorithmically with as little information
and assumption as possible.

Our starting point is the Gul and Stachetti’s model [115] of an economy of (multi-unit)
indivisible goods, but we make no further assumptions on the structure of the valuation
functions. The goal is to compute market equilibrium: a set of item prices and allocations
of items to buyers such that the market clears and each buyer gets his or her favorite bundle
of goods under the current prices.

The market can only be accessed via an aggregate demand oracle: given prices for each
item, what is the demand for each item aggregated over the entire population. Clearly in
this model, it is not possible to compute an allocation of items to buyers, since the oracle
access model allows no access to buyer-specific information. Curiously, equilibrium prices
are still computable and in a very efficient manner:

Theorem 99 (informal). In a consumer market with n goods and m buyers, we can find a
vector of equilibrium prices, whenever it exists, using 5(n2) calls to the aggregate demand
oracle and 5(715) time. If valuations are gross substitutes, 6(71) calls to the aggregate demand
oracle and O(n3) time suffice.

Notably, the number of buyers plays no role. Our algorithm has query and time com-
plexity essentially independent of the number of buyers. This feature is especially relevant in
practice as markets are usually characterized by a large population and relatively few num-
ber of goods. The city of Berkeley, for example, has about 350 restaurants but 120,000+
people!

17.2 From telescopes to augmenting lenses

Aggregate demand oracles are like looking at the economy from a telescope. Having a
telescope has its advantages: it is possible to get a very global view of the economy with a
few queries. On the other hand, extracting details is hard.

Our second question is how fast equilibrium can be computed with only a local view of the
economy? Our analogue for augmenting lenses will be the value oracle model, in which one
can query the value of each buyer for each bundle of items. This again has its advantages:
it provides very fine-grained information about the market, but has the shortcoming that
many queries are needed to extract any sort of global information.

Can equilibrium prices be computed with small amount of information even at the mi-
croscopic level? This quest is clearly hopeless for general valuation functions. But for one of
the most important classes of valuation functions in economics, gross substitute valuations,
there are enough structures to allow us to construct equilibrium prices using microscopic
information.

The history of gross substitutes is intertwined with the development of theory of Walrasian
equilibrium (also called market equilibrium in this Part). Indeed, Kelso and Crawford [149]
show that Walrasian equilibrium always exists for gross substitute valuations. Hatfield and
Milgrom [119] argue that most important examples of valuation functions arising in matching
markets belong to the class of gross substitutes. Gross substitutes were used to guarantee
the convergence of salary adjustment processes in the job market [149], to guarantee the
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existence of stable matchings in a variety of settings [227, 159], to show the stability of
trading networks [118, 123], to design combinatorial auctions [14, 204] and even to analyze
settings with complementarities [243, 117].

Since the oracle access is very local, we clearly need to query each agent at least once, so
the dependence on the number of buyers must be at least linear. We show that indeed it is
possible to solve this problem with a linear dependence on the number of buyers and cubic
dependence in the number of items:

Theorem 100 (informal). In a consumer market with n goods and m buyers whose valuation
functions satisfy the gross substitute condition, we can find an equilibrium (or Walrasian)

price and allocation using mn + O(n®) calls to the value oracle and O(n®) time’.

With buyer-specific information, we can also compute the optimal allocation in the same
runtime.

Proving this result requires novel insights about the structure of gross substitute valua-
tions. In particular, one of our main structural lemmas answers a question posed by Hsu et
al [122]: when do prices coordinate markets? In general, Walrasian prices mean that there is
a choice of favorite bundles for each buyer that clears the market. It is far from trivial how
to choose those bundles, since each agent can have various favorite bundles (for example,
consider the case where all items are identical and all agents have the same valuation for
the items). We say that a price vector form robust Walrasian prices if each agent demands
a unique bundle under those prices and the bundles clear the market. Such vectors would
allow prices alone to clear the market without any extra coordination. We show that:

Theorem 101 (informal). In a consumer market with n goods and m buyers whose valuation
functions satisfy the gross substitute condition, robust Walrasian prices exist if and only if
there is a unique Walrasian allocation (i.e. buyers get the same bundle in any Walrasian
equilibrium). Whenever they ezist, they can be computed in 5(mn + n3) time from the
Walrasian allocation.

17.3 Our algorithms and techniques

We study the Walrasian equilibrium problem in three different settings: (i) general valuations
in the aggregate demand oracle model; (ii) gross substitute valuations in the aggregate
demand oracle model and (iii) gross substitutes in the value oracle model. In all three
settings, the starting point is the linear programming formulation of Bikhchandani and
Mamer [21].

General valuations in the aggregate demand oracle model (Section 3). The main
difficulty in working with the LP in Bikhchandani and Mamer [21] is that the constraints
depend on the value of buyers for each bundle, to which we have no access to. In particular,
we are not able to test for any given setting of variables of the LP if it is feasible or not.
We are in a strange situation that if we knew that a point was infeasible, we could find an
appropriate separating hyperplane, and if we knew it was feasible, we could use the objective

"The notation ¢g = 6(]‘) means that g < af log” (f) for some constants o, 8 > 0
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function as a separating hyperplane, but since we can’t test feasibility, we can’t decide which
to use. Our solution is to move the constraints to the objective function and turn the problem
into an unconstrained convex minimization problem. The problem in hand has the feature
that we can’t evaluate the function but we can compute its subgradients.

Traditional cutting plane algorithms such as the Ellipsoid Method need access to both
a separation oracle and functional values. To overcome this issue we use the fact that the
cutting plane of Lee, Sidford and Wong [178] provides strong dual guarantees and that our
separation oracle is given by subgradients. Originally, [178] show how to adapt their cutting
plane method to convex optimization, however, their algorithm and proof still rely on being
able to evaluate the function. We show in our Theorem 114 that their algorithm can be
slightly modified to achieve the same guarantee using only subgradients, (i.e., without using
functional values).

A second obstacle we face is that algorithms to minimize convex functions only provide
approximate guarantees and to find a Walrasian equilibrium we need the exact minimum. In
general minimizing a convex function exactly is impossible, but in our case, this can be done
by exploiting the connection to the LP. Note that given the very restricted way that we can
access the problem (only via the aggregate demand oracle), we can’t apply the techniques
to perturb and round the linear programming in a black-box fashion. Khachiyan’s approach
[152] can be adapted to our setting, but can’t be applied directly since we don’t have a
proper LP. We show how to perturb and round the objective function to achieve the desired
running time.

Gross substitutes in the aggregate demand model (Section 4). If valuation func-
tions satisfy gross substitutes, then we can exploit the fact that the set of Walrasian prices
form an integral polytope with a lattice structure to simplify the algorithm and obtain an
improved running time and oracle call complexity. The improvement comes from using struc-
tural properties of gross substitutes to show that a simpler and milder perturbation to the
objective is enough and that rounding can be done in a simpler manner. This highlights the
importance of looking at perturbation and rounding in a non-black-box manner.

Gross substitutes in the value oracle model (Section 5). An aggregate demand
oracle call can be simulated from O(mn?) value oracles calls. This can be plugged into the
previous algorithm to obtain a running time of O(mn?’Tv) where Ty is the time required by
the value oracle. We use two ideas to improve the running time to O((mn+n?)Ty). The first
one is to regularize the objective function. As with the use of regularizers in other context
in optimization, this is to penalize the algorithm for being too aggressive. The bound of
O(mn?) value oracle calls per iteration of the cutting plane algorithm is so costly precisely
because we are trying to take an aggressively large step. A second idea is to re-use one
of the stages of the subgradient computation in multiple iterations, amortizing its cost per
iteration.

Robust Walrasian Prices and Market Coordination (Section 6). Still in the value
oracle model, we show how to obtain the efficient allocation from the subgradients observed
in the optimization procedure. An important by-product of our analysis is that we give
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necessary and sufficient conditions for the existence of robust Walrasian prices, i.e., Walrasian
prices under which each buyer has a unique bundle in their demand set. Whenever such prices
exist, we give an O(mn + n3) algorithm to compute them. This answers an open question
in Hsu et al [122], who ask when it is possible to completely coordinate markets by solely
using prices.

Combinatorial Algorithms for Walrasian equilibrium (Section 7). Murota and
Tamura [205] gave combinatorial algorithms for the problem of computing Walrasian equi-
libria via a reduction to the M-convex submodular flow problem. It is also possible to obtain
combinatorial algorithms for the welfare problem by reducing it to the valuated matroid in-
tersection problem and applying the algorithms in Murota [199, 200]. The running time is
not explicitly analyzed in [205, 199, 200]. Here we describe those algorithms for the reader
unfamiliar with M-convex submodular flows in terms of a sequence of elementary shortest
path computations and analyze its running time. We show that they have running time of
O(mn?) in the value oracle model. We use the same ideas used to speed up the computation
of Walrasian prices by regularizing the market potential to speed up those algorithms and
improve its running time to O(mn + n?).

17.4 Comparison to related work

Iterative auctions and subgradient algorithms. The first algorithm for computing
Walrasian equilibria in an economy of indivisible goods is due to Kelso and Crawford [149]
and it is inspired by Walras’ tatonnement procedure [257], which means “trial-and-error”.
Despite the name, it constitutes a very ingenious greedy algorithm: goods start with any
price, then we compute the aggregate demand of the agents, increase the price by one for all
goods that were over-demanded and decrease by one the price of all goods that are under-
demanded. This gives a very natural and simple algorithm in the aggregate demand oracle
model. This algorithm, however, is not polynomial time since it runs in time proportional
to the magnitude of the valuations.

The seminal work of [149] originated two lines of attack of the problem of computing
Walrasian equilibria: the first line is by applying subgradient descent methods [219, 220, 14].
Such methods typically either only guarantee convergence to an approximate solution or
converge in pseudo-polynomial time to an exact solution. This is unavoidable if subgradient
descent methods are used, since their convergence guarantee is polynomial in M /e where
M is the maximum valuation of a buyer for a bundle and € is the accuracy of the desired
solution. To be able to round to an exact optimal solution the running time must depend
on the magnitude of the valuations. Another family of methods is based on primal-dual
algorithms. We refer to de Vries, Schummer and Vohra [55] for a systematic treatment of
the topic. For primal-dual methods to converge exactly, they need to update the prices
slowly — in fact, in [55] prices change by one unit in each iteration — causing the running
time to be pseudo-polynomial time.

Polynomial time approaches via the Ellipsoid Method. The Welfare Problem for
gross substitutes was independently shown to be solvable in polynomial by Murota [200] and
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Nisan and Segal [215]. Remarkably, this was done using completely different methods.

Nisan and Segal’s approach is based on a linear programming formulation of Walrasian
equilibrium due to Bikhchandani and Mamer [21]. The authors show that the dual of this
formulation can be solved using both the value and demand oracles for gross substitutes as
a separation oracle for the LP. This can be combined with the fact that demand oracles
for gross substitutes can be constructed from value oracles in O(n?) time [65] to obtain a
polynomial-time algorithm in value oracle model.

This is the method that is closer to ours in spirit: since we both approach the problem
via a mathematical programming formulation and apply interior point methods. In terms
of oracle access, Nisan and Segal crucially rely on value oracles to implement the separation
oracle in their LP — so their solution wouldn’t generalize to the aggregate demand oracle
model, since neither per-agent demand oracles nor value oracles can be recovered from ag-
gregate demand oracle®. The running time in their paper is never formally analyzed, but
since their formulation has m + n variables, it would lead to a superlinear dependence in the
number of agents.

Nisan and Segal employ the LP to compute a set of Walrasian prices and the value of
the Walrasian allocation. In order to compute the allocation itself, they employ a clever
technique called self-reducibility, commonly used in complexity theory. While it allows for
an elegant argument, it is a very inefficient technique, since it requires solving nm linear
programs. In total, this would lead to a running time of O(mn?*(m + n)?®) using currently
fastest cutting plane algorithms as the LP solver.

Combinatorial approaches. A second technique was developed by Murota [199, 200]
and leads to very efficient combinatorial algorithms. Murota’s original paper never men-
tions the term “gross substitutes”. They were developed having a different object in mind,
called valuated matroids, introduced by Dress and Wenzel [63, 62] as a generalization of the
Grassmann-Pliicker relations in p-adic analysis. Murota developed a strongly-polynomial
time algorithm based on network flows for a problem called the wvaluated matroids assign-
ment problem. There is a tortuous path connecting gross substitutes to valuated matroids.
Valuated matroid turned out to be one aspect of a larger theory, Discrete Convex Analysis,
developed by Murota (see his book [197] for a comprehensive discussion). One central object
of this theory is the concept of M®-concave functions, introduced by Murota and Shioura
[203]. Tt came to many as a surprise when Fujishige and Yang [92] showed that M*-concave
functions and gross substitutes are the same thing. Their equivalence is highly non-trivial
and their definitions are very different to the point it took at least a decade for those concepts
to be connected. Murota and Tamura [205] later apply the ideas in discrete convex analysis
to give polynomial time algorithms to various equilibrium problems in economics. The run-
ning time is never explicitly analyzed in their paper. Here we show that their running time
is O(mn?) and improve it to O(mn + n?)

8Note that the construction of Blumrosen and Nisan [24] to construct value oracles from demand oracles
crucially requires per-buyer demand oracles. The same construction doesn’t carry over to aggregate demand
oracles.
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Market Coordination Related to Section 22 in our work is the line of research on Market
Coordination. This line of inquiry was initiated by Hsu, Morgenstern, Rogers, Roth and
Vohra [122] who pose the question of when prices are enough to coordinate markets. They
argue that the minimum vector of Walrasian prices always causes ties and bound how much
overdemand can be caused by any given vector of Walrasian prices for unit-demand valuations
and matroid based valuations. They ask such questions in both the traditional market
model of Gul and Stachetti and in a stochastic setting where valuations are drawn from
distributions. In the traditional market model, we answer the question in the title of their
paper for the general class of gross substitutes, by giving necessary and sufficient conditions
for markets to be coordinated by only using prices (Theorem 138). We also give a simple
algorithm for computing those prices whenever they exist. Such necessary and sufficient
conditions were given simultaneously and independently by Cohen-Addad, Eden, Feldman
and Fiat [48]

18 Preliminaries

Let Z be the set of integers, Z>, be the set of non-negative integers. For any k € Z>(, we
define [k] := {1,2,...,k} and [k] = {0,1,...,k}. Given s = (s1,...,s,) € Z%;, we define
[es] = TTj—[si]-

18.1 Market equilibrium: prices, allocations and welfare

Following the classic model of Gul and Stachetti [115], we define a market of indivisible goods
as a set [m] of buyers, a set [n] of items and a supply s; € Z>( of each item j. Each buyer
i has a valuation function v; : Z%, — Z over the multisets of items with v;(0) = 0. For the
first part of our work, we make no further assumptions about the valuation function or the
supply.

Given a price vector ép € R", we define the wtility of agent i for a bundle x € [¢s] under
price vector ¢p as: u;(x; ) = v;(x) — ép - x, where ép - x refers to the standard dot product
Z;Zl p;x;. Notice also that we make no assumptions about the signs of v; and ¢cp.

An allocation cx = (xM, 23 ... 2(™) is simply an assignment of items to each agent
where i receives (¥ € [¢s]. An allocation ¢z is wvalid if it forms a partition of the items,
ie. ny) = s; for every j. The social welfare of a valid allocation ¢z is defined as
SW(Cr) = 3 icim) v(z)). Finally, the optimal social welfare is simply the largest possible
social welfare among all valid allocations.

Given prices ¢p € R"™, we would expect a rational agent to buy z such that his utility
vi(x) — ép - x is maximized. We call x the demand of ¢ under ép, as defined formally below.
Note that there may be multiple utility-maximizing subsets.

Definition 102 (Demand set). Given prices ép € R" on each item, the demand set D(v, @)
for a valuation function v is the collection of vectors (bundles) for which the utility is maxi-
mized:

D(v, ép) := arg maxge[e v(x) — Cp - x.
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If v is the valuation function v; of agent i, we also use the shorthand D(7, ¢p) as the demand
set.

Definition 103 (Equilibrium). A Walrasian equilibrium (also called competitive equilib-
rium) consists of a price vector ¢p € R™ and a valid allocation ¢z = (z(), 2@ ... 2(™) s t.
2@ € D(i,cp)Vi. We call ép a Walrasian/equilibrium price and cr a Walrasian/equilibrium
allocation induced by cp.

In other words, a competitive equilibrium describes a state where items are sold in such a
way that the total demand ), ZL’g-l) for each item precisely meets its supply s;, i.e. the market
clears. The reason for the name competitive equilibrium is that it achieves the optimal social
welfare. This is known as the first and second welfare theorems in economics.

Lemma 104 (First & Second Welfare Theorems). Let c¢x be an equilibrium allocation induced
by an equilibrium prices ¢p. Then cx achieves the optimal social welfare. Moreover, if cp is
any Walrasian price and Cx is any optimal allocation, then the pair (p,cx) form a Walrasian
equilibrium.

This nicely reduces social welfare maximization to finding competitive equilibrium when-
ever it exists. Note that the definition of social welfare has nothing to do with prices. In a
way, this lemma shows that equilibrium prices act as a certificate for optimality of equilibrium
allocation.

18.2 Oracles

To study market equilibrium computationally, we must clarify how we can extract informa-
tion about the market. In this Part we consider three models that access the market in
different scales:

Microscopic Scale: Value Oracle Model Here the algorithm has access to the value
that each agent has for each bundle. This gives the algorithm very fine-grained information,
but may require many calls for the algorithm to access any sort of macroscopic information
about the market.

Definition 105 (Value oracle). The value oracle for agent i € [m] takes x € [¢s] as input
and outputs v;(x). We denote by Ty the time spent by the value oracle to answer a query.

Agent Scale: Demand Oracle Model Here the algorithm presents a price vector ¢p to
an agent and obtains how many units are demanded at ¢p. At any given price, the agent
could be indifferent between various bundles. The demand oracle can return an arbitrary

bundle.

Definition 106 (Demand oracle). The demand oracle for agent i takes as input a price
vector ¢p € R and outputs a demand vector d;(¢p) € D(i,cp). We denote by T the time
spent by the demand oracle to answer a query.
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Macroscopic (Market) Scale: Aggregate Demand Oracle Model The aggregate
demand oracle model presents a macroscopic view of the market where algorithms cannot
observe individual agents but only their aggregate response to any given price cp.

Definition 107 (Aggregate Demand oracle). The aggregate demand oracle takes as input a
price vector ¢p € R™ and outputs a demand vector d(cép) € Z>q such that there exist bundles
2 € D(i,ép) satisfying d(ép) = >, 2. We denote by Tap the time spent to answer a
query.

19 Walrasian equilibrium for General Valuations in
O(n2 -TAp + n5)

We show that in the aggregate demand oracle model, whenever a Walrasian equilibrium
exists, it can be computed using O(n?) aggregate demand oracles calls and O(n? - Typ 4 n°)
time. We emphasize that our result is in the aggregate demand oracle model — which is
the typical information available to markets: which goods are under- and over-demanded by
the population of buyers? Previous polynomial-time algorithms for computing Walrasian
equilibria [21, 215, 200, 205] require buyer-level demand oracles or value oracles. Previous
algorithms that use only aggregate demand oracles (such as [149, 115, 14, 220, 55] and related
methods based on ascending auctions) are pseudopolynomial since they depend linearly on
the magnitude of the valuation functions.

First we discuss a linear programming formulation for this problem and a corresponding
convex programming formulation. The formulation itself is fairly standard and appears
in various previous work. When we try to find an exact minimizer of this formulation in
polynomial time using only aggregate demand oracles, we encounter a series of obstacles.
The main ones are: (i) how to optimize a function we cannot evaluate; and (ii) how to find
an exact minimizer using convex optimization (which typically gives only an approximate
guarantee). In both cases, we must apply optimization algorithms in a non-black-box manner
and exploit special structures of the problem.

Linear Programming Formulation We start from the formulation of Bikhchandani and
Mamer [21] (also studied by Nisan and Segal [215]) of the Walrasian equilibrium problem as
a linear program. Consider the following primal-dual pair:

max Z v () - zig St
1€[m],z€[cs]
Zigw = 1, Vi o (u; mm u; + Cp - Cs s.t.
; ’ ( ) (¢p,cu) Z P
ij Zie =55 Vi (p)) u; > vz(x) —cp-x, Vi,x  (Zig)
1,x
Zig > 0, Vi, x

124



Lemma 108 ([21]). A market equilibrium (cp®%,cx) exists iff the primal program has an
integral solution. In such case, the set of equilibrium prices is the set of solutions to the dual
LP projected to the cp-coordinate.

We provide a proof of the previous lemma in Section 24 for completeness. This lemma
reduces the problem of finding a Walrasian equilibrium, whenever it exists, to the problem
of solving the dual program. The approach in Nisan and Segal [215] is to use a (per buyer)
demand oracle as a separation oracle for the dual program. Given that we care only about
the ¢p variables, we can reformulate the dual as:

min u + ¢p - ¢s s.t.
(cpyu)

u > Zvi(x(i)) —ep- 2@, vzl €[] (D)

It is simple to see that for every feasible vector (¢p, cu) of the original dual, we can find
a corresponding point (&p, Y, u;) of the transformed dual with the same value. Conversely,
given a feasible point (¢p,u) of the transformed dual, we can come up with a point (¢p, cu)
of the original dual with equal or better value by setting w; = max, v;(z) — cp - x.

Thus it suffices to find an optimal solution to the transformed dual program. The separa-
tion problem is now simpler: consider a point (épo, ug) that is infeasible. If some constraint
is violated, then it must be the constraint for 29 maximizing >, v;(z®) — &py - 29, so
uy < >, vi(x®) — &pg - 2. For all feasible (¢p,u) we know that u > >, v;(z®) — ép - 2@,
Therefore:

u — ug + (¢p — €po) - €d(épy) > 0

is a valid separating hyperplane, where éd(épy) = >, 2@ is the output of the aggregate
demand oracle. If on the other hand (&pg, u) is feasible, we can use the objective function to
find a separating hyperplane, since for any optimal solution (¢p, u) we know that u+cp-cs <
ug + Cpo - €s. So we can separate it using:

u—ug+ (p— po) - s <0

An Obstacle The main obstacle to this approach is that since the aggregate demand
oracle has no access to the value of >, v;((®), one cannot construct a separation oracle
from the aggregate demand oracle.

Convex Programming Formulation One way to get around this obstacle is to further
transform the dual program to get rid of utility variable u altogether. We do so by moving
the constraints to the objective function in the form of penalties. The LP then becomes the
problem of minimizing a convex function. The same function has been used as a potential
function to analyze price adjustment procedures [15] and combinatorial algorithms [204] and
is the basis for the family of algorithms known as subgradient algorithms (e.g. [219, 220, 14,
41)).

Given a market with supply €s and agents with valuations vy,...,v,,, we define the
market potential function f : R"™ — R as:
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m
f(@p) = Z (ma} vi(z) —cp - x> + cp - Cs. (C)
P z€e[ecs]

Since f is nothing more than the dual linear program with the constraints moved to
the objective function, the set of minimizers of f is exactly the set of optimal solutions of
the dual linear program (or more precisely, their projections to the ép-variable). Each term
max,e[es) Vi(®) — p- @ is a convex function in p since it is a maximum over linear functions.
Hence f is convex since it is a sum of convex functions.

One remarkable fact about f is that we can obtain a subgradient from the aggregate
demand oracle:

Lemma 109 (Subgradient oracle). Let ¢d(cp) be the aggregate demand, then ¢s — ¢d(cp) is
a subgradient of f in cp.

Proof. From the Envelope Theorem, a subgradient of max,ecjz) vi(x) — ép - x is given by the
subgradient of v;(x(®) — ép- @ for () € arg max, v;(z) — ép- z. Since v;(z®) —ép-z® is a
linear function in ép, its gradient is simply —z(®. So, for any #® in the arg max, the vector
¢s — >, 2@ is a subgradient o f f. In particular, s — ¢d(cp). ]

A useful fact in studying this function is that we have an initial bound on the set of
minimizers:

Lemma 110. If there exists a Walrasian equilibrium, then the set of minimizers P :=
argming, f(Cp) is contained in the box [—2M,2M]|" for M = max; max,c[q |vi()].

Proof. Let ¢p € P be a vector of equilibrium prices and ¢x an optimal allocation. Since the
pair (ép, ¢x) constitute a Walrasian equilibrium, then for any item j, there is some x?) >1
and therefore,
vi(xD) = &p - 2@ > vy (2D — E1y) —ep - (2 - ELy)
where ¢1; is the unit vector in the j-th coordinate. This gives us: p; < v;(z@)—v;(z® —¢1;) <
2M.
For the lower bound, if there is more than one buyer then p; must be larger than —2M,

otherwise all the supply of item j will be demanded by all buyers and therefore ¢p cannot
be Walrasian. 0

Lemma 111. The set of Walrasian prices is a polytope P whose vertices have coordinates
of the form p; = a;/b; with a;,b; € Z and |b;| < (Sn)™ for S = max; s,.

Proof. The vertices of P correspond to ¢p-coordinates of the basic feasible solutions of the
dual linear program. Given that the coefficients of the ¢p variables in the linear program are
integers from 0 to .S, solving the linear system using Cramer’s rule (see Section 5 in [23]) we
get that every solution must be a fraction with denominator at most n! - S™ < (Sn)". n
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Two More Obstacles The natural approach at this point is to try to apply convex opti-
mization algorithms as a black box to optimize f. There are two issues with this approach.
The first, which is easier to address, is that unlike algorithms for linear programming which
are exact, algorithms for general convex optimization give only e-approximation guarantees.
We will get around this issue by exploiting the connection between f and the linear program
from which it is derived.

A second more serious obstacle is that we don’t have access to the functional value of
f, only to its subgradient. This is a problem for the following reasons. Traditional cutting
plane methods work by keeping in each iteration ¢ a set GGy called a localizer. The localizer is
a subset of the domain which is guaranteed to contain the optimal solution. We start with a
large enough localizer set GGy that is guaranteed to contain the solution. In each iteration ¢,
a point ¢p; € Gy_1 is queried for the subgradient df(cp;). Now, if ép* is an optimal solution
we know that:

0> f(cp") — f(@p) = Of(cpy) - (P — Cpy)

where the first inequality comes from the fact ¢p* is an optimal solution and the second
inequality comes from the definition of the subgradient. This in particular means that any
optimal solution must be contained in H; = G;_1N{cp; df(cp;)- (ép—cp;) < 0}. The method
then updates G, to either H; or a superset thereof. The Ellipsoid Methods, for example,
updates G; to the smallest ellipsoid containing H;. So far, all the steps depend only on the
subgradient and not on the actual functional values of f(cp;). The guarantee of the method,
however, is that after a sufficient number of steps, one of the iterates is close to the optimal,
i.e., min; f(cp;) — f(cp*) < e. To find the approximate minimizer, however, we need to look
at the actual functional values, which we have not access to. See Section 2.2 in Nemirovski
[208] for a complete discussion on the guarantees provided by cutting plane methods.

A special case : Walrasian prices with non-empty interior The set of Walrasian
prices P forms a convex set, since it corresponds to the set of minimizers of the convex
function f. If P has non-zero volume, it is possible to find a Walrasian equilibrium using
the Ellipsoid Method without needing to know the functional value. If the set is large, the
Ellipsoid method cannot avoid querying a point in the interior of P for too long. And when
a point in the interior of P is queried, the only subgradient is zero, or in market terms, each
agent has a unique favorite bundle and those bundles clear the market. This means that the
aggregate demand oracle returns exactly the supply. Next we make this discussion formal:

Theorem 112. Assume that the set of Walrasian prices P has non-zero volume, then the Fl-
lipsoid method® is quaranteed to query a Walrasian price cp* for which the aggregate demand
oracle returns cd(cp*) = s in O(n?®) iterations.

Proof. By Lemma 110, P C [-2M,2M]", so we can take the initial set of localizers Gq in
the ellipsoid methods to be the ball of radius 2M+/n around 0, which has volume O(M™).
The Ellipsoid guarantee (see Section 3 of [208]) is that the volume of G, is at most e~/?" of
the initial volume. So if the method hasn’t queries any point in the interior of P, then we
must have G; containing P.

90ne may use cutting plane methods to derive a better running time but for simplicity we omit doing it
for this special case.
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To bound the volume of P we use the fact that if a polytope has vertices ¢pg, cp1, . . ., Cpn
then the volume of the polytope is lower bounded by the volume of the convex hull of those
vertices:

1 1 1 .01 1 1 " 2
where the last inequality follows from Lemma 111.

Therefore, if Gy contains P then: O(M™)e */?" > Q((Sn)™"") which implies that ¢ <
O(n®log(Sn) +n?log(M)) = O(n?). So after so many iterations we are guaranteed to query
a point in the interior of P. For a point ¢p in the interior of P, there is a small ball around
it for which f is flat, so zero must be the unique subgradient at that point. Therefore, the
aggregate demand oracle has no choice but to return ¢d(cp) = ¢s. m

The main drawback of this method is that it strongly relies on the fact that P has
non-empty interior. Some very simple and well-behaved markets have a set of Walrasian
prices of zero volume. Consider for example a market with two items with supply one of
each and three buyers, each having valuation v(0) = 0 and v(z) = 1 otherwise. The set of
Walrasian prices is P = {(1,1,1)}. Even for ép* = (1,1, 1), the subgradient is not unique
since the aggregate demand oracle can return any c¢d(cp*) = (dy,dy) for 0 < d; + dy < 3 and
dy,ds € [3]. In this case even trying to modify the objective function is hopeless, since there
is no point in the domain for which the aggregate demand oracle is guaranteed to return
the supply vector. Since there is no point for which the subgradient oracle is guaranteed to
return zero, there is no direct way to recognize a vector of Walrasian prices even if we see
one!

Approach for the general case Our approach for optimizing f is as follows: first
we show how to obtain an e-approximate minimizer of f in time O(nlog(nM/e)Tap +
n?log®Y(nM/e)). In order to round the e-approximate solution to the optimal solution,
we exploit the fact that f came from a linear program and customize the traditional ap-
proach of Khachiyan [152] for rounding approximate to exact solutions.

The idea is to use Lemma 111 to argue that if f has a unique minimizer, and we set
e small enough, then all e-approximate solutions are in a small neighborhood of the exact
optimal. Moreover, for small enough ¢, there should be only one point in the format indicated
by Lemma 111 in a small neighborhood of the approximate minimizer, so we can recognize
this as the exact solution by rounding.

For this approach to work, we need f to have a unique minimizer. To achieve that, we
perturb the objective function f to f in such a way that f has a unique minimizer and that
this minimizer is still a minimizer of f. There are several ways to implement this approach,
the simplest of which uses the isolation lemma (see Lemma 116). We note that the isolation
lemma was not available to Khachiyan at the time so he had to resort to something more
complicated.

A Cutting Plane Method without using functional values The first part of the
algorithm consists in obtaining an e-approximate minimizer of f without using its functional
value. In order to do so, we use our previous result on the cutting plane method. Recall
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that we show an efficient algorithm which either identifies a point inside the desired convex
set K or certifies that K contains no ball of radius e. We show that our previous main
theorem can be used to compute approximate minimizers of convex functions using only the
subgradient. Note that our previous application of the main theorem to minimizing convex
functions relies on using functional values as we did not assume a separation oracle given by
subgradients.

For readers’ convenience, our previous main theorem is restated below:

Theorem 113 (Lee, Sidford, Wong (Theorem 31 in [179])). Let K C [—M, M|" be a convex
set and consider a separation oracle that can be queried for every point in ép € [—M, M|"
and will either return that ép € K or return a half-space H = {ép € R™ca - cp <
b} containing K. Then there exists an algorithm with running time O(nT log(nM/d) +
n?1og®M (nM) log*(nM/6))'0 that either produces a point & € K or finds a polytope P =
{p e R";Ca;-cp < b;,i=1,...,k}, k=0(n) such that:

e The constraints ca; - cp < ¢b are either from the original box, p; < M or p; > —M or
are constraints returned by the separation oracle normalized such that ||E’aiH2 = 1.

e The width of P is small, i.e., there is a vector ca with H&LHQ = 1 such that

max ca - ép — min ca - ép < O(nd log(Mn/d))
cpeP cpeP

o The algorithm produces a certificate of the previous fact in the form of a conver com-
bination tq, ..., t, with t; >0, Zle t; =1 and k = O(1) such that:

Sl < 0 (Vs (4))
- [0 < 0 (notog (2)

Now, we show that this result can be used to obtain a convex minimization algorithm
that uses only subgradients:

Theorem 114. Let f: R" — R be an L-Lipschitz convex function equipped with a subgradi-
ent oracle with running time T'. If f has a minimizer in [—M, M|" we can find a point “p such
that f(“p) — ming, f(cp) < € in time O(nT log(nML/€) + n?log®M (nML)log*(nML/e)).

Proof. Let K = argming,f(cp) and use the subgradient as the separation oracle, since if
Of(cpy) is the subgradient at ép, we know that for all ép € K, it holds that 0 f(¢p;)-(cp—cp;) <
0. What we will do is to run the algorithm in Theorem 113 starting from a very large box
[—M', M"] for M" = n®DM instead of starting from [—M, M], which appears to be more
natural. The reason we do that is to avoid having the constraints defining the bounding box
added to P.

Either the algorithm will return a point ¢p € K, in which case we are done or will return
a set P like in statement of the theorem. If we are lucky and all constraints added to P are

10The running time stated beofre has logo(l)(nM /8) dependence which is, upon a closer examination,
actually log®® (nM)log?(nM/5)). (The difference was ignored because both runtimes give the same result
for previous applications)
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of the type df(cp;) - cp < Of(Cp:) - py, then we can use the certificate 1, ..., to produce
a point “p= Zle t;Cp;. Now:

fCp) = f(@*) < Ztif(gpi) = f(ep*) < Zaf(gpi) - (Cpi — cp”)
ISt e+ o

O R O o))
oo ()

Then setting 0 such that e = O (n(SL log (MTI)) gives us the desired result.

To be done, we just need to worry about the case where some of the box constraints are
present in P. In that case, we argue that the weight put by the coefficients ¢; on the box
constraints must be tiny, so it is possible to remove those and rescale t. Formally, observe

that
M’

Now, if 7 is an index corresponding to a box constraint such as p; < M’ or p; > —M’ then
b; — ca; - cp* > |M' — M| = Q(n°YM). This implies in particular that:

<L- +

M/
@ (n(5 log (7)) > Zti(bi — ¢a; - &p*) > ti(b; — ca; - @) > t;Q(n°W M)

sot; <O <”7§4(1)5 log (MT/)> By choosing a very small ¢, say 0 = O (m) we guar-

antee that is B is the set of indices corresponding to box constraints, then ) . pt; <

O (somsomy) < 3 and that Y, t;(b; — ca; - %) < O (suigrory)- This allows us to de-

fine for i ¢ B, t; =t;/ (1 —Y_,c5t:), so we have:

€ € I o
21 2 O (gromagom) 2 2200 ) = 310~ )
= (1 - ZE) (Z ti(b; — ca - 5]9*))
i€B i¢B
1 , o
> 5 (th(bz —ca; - cp ))
i¢B

Now we can repeat the argument in the beginning of the proof with “p= Zi¢ 5 tiCp;. O]
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Perturbation, Approximation and Rounding The next step is to use the algorithm
for finding an approximate solution to find an exact solution. This is impossible for generic
convex programs, but since the function we are trying to optimize comes from a linear
program, we can do that by exploiting this connection. As done for linear programs, we
will do this in three steps: first we perturb the function to be optimized, then we find an
approximate solution by Theorem 114 and finally we round it to an exact solution in the
format of the optimal solution given by Lemma 111.
We can perturb the objective of the dual linear program by changing it to:

minu + ép - (s + ér) s.t. u > Zvi(a:(i)) —p- 29 Vz® € [s] (PD)

1

We want to specify the real-valued vector ¢r in such a way that the optimal solution to this
linear program is still the optimal solution to the original program, but also in a way that
the optimal solution becomes unique. First we observe the following:

Lemma 115. If r; < (nS)~®"*Y then an optimal solution of the perturbed program is also
an optimal solution to the original program.

Proof. Let C be the set of vertices (basic feasible solutions) of the dual LP. By Lemma 111 we
know that the coordinates of those vertices must be of the form a;/b; for integers a;, b; such
that 0 < b; < (nS)". For any linear objective function, the optimal solution must be a point
in C. Since the original objective has integral coefficients, when evaluated on any vertex, the
objective is a fraction with denominator b; < (nS)"™. Therefore, the difference between the
objective evaluated at an optimal vertex and the objective evaluated at a suboptimal one is

v aibéi_b‘;;bi > (nsl)zn' Therefore, if r; < (n.S)~?"*1 then its effect in the

objective function is at most nS - (n.S)~?"*D < (nS)~?" so it cannot cause a suboptimal
solution to the original program to become an optimal solution of the perturbed program. [J

!
a; a;

at least

Our final ingredient is a lemma by Klivans and Spielman [156] which is in the spirit of
the Isolation Lemma of Mulmuley, Vazirani and Vazirani [196].

Lemma 116 (Klivans and Spielman (Lemma 4 in [156])). Let C be a set of points in R™ where
all coordinates assume at most K distinct values. Then if ¢r is a vector with coordinates
sampled at random from {0,1,..., Kn/e}, then with probability 1 —e, there is a unique ép € C
minimizing cr - cp.

We note that although Lemma 4 in [156] is stated for C having coordinates in {0, 1,..., K—

1}, the proof only uses the fact that the coordinates of C assume at most K distinct values.

Lemma 117. If r; = z;/ [Mn(nS)?" 1] where z; is drawn uniformly from
{0,...,nM(nS)*" — 1}, then with probability %, the dual program has a unique minimizer
and this minimaizer is a minimizer of the original program.

Proof. Let C be the set of vertices (basic feasible solutions) of the dual linear program in
[—M, M]™. All the minimizers of the original dual program are guaranteed to be in this set
because of Lemma 110. Lemmas 110 and 111 tell us that the coordinates of points in C are
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of the form a;/b; where a; and b; are integers such that 1 < b; < (nS)" and |a;| < Mb;. So
there are at most Z(ns b-2M < 2M(nS)*" coordinates.

Now, Lemma 115 guarantees that the magnitude of the perturbation will prevent subop-
timal vertices in the original program to become optimal vertices in the perturbed program.
Lemma 116 guarantees that with half probability the vertex minimizing the objective is
unique. ]

The perturbed dual program translates to the following perturbed objective function:

f@) =7 (Ig[faﬁvi(af)—Ep-x) + cp - (¢r + Cs). (PC)
i—1 T CSs
Since the subgradient of f can be computed from the aggregate demand oracle 9 f (¢p) =
Cs + ér — ¢d(cp) we can use Theorem 114 to find an e-minimizer.

Lemma 118. For e = (nMS)=O™) i Gp is an e-approzimation to the optimal value of f,
i.e., f(p)— f(cp*) < e then the optimal solution is the only point p* such that HEp—

W and has coordinates of the form described in Lemma 111.

Proof. Let C be the set of vertices of the dual linear program, which are points of the form
(u;, Cp;) and let ¢p be an e-approximation to f. Now, if u = >, (max, v;(x) — cp - x) then
(u, cp) is feasible in the dual linear program, and in particular, it can be written as a convex
combination of points in C, i.e., (u,ép) = >, ti(u;,cp;) for t; > 0 and ), t; = 1. There is
only one vector in C, call it (u* cp*) for which the obJectlve evaluates to f* For all other
vertices, the objective evaluates to at least f + due to

Mn(nS)Q"Jrl ’ nS)" f* Mn(nS)g’"Jrl
Lemmas 111 and 117. Therefore, by evaluating (u, c¢p) = >, t;(w;, cp;) on the linear objective
of the perturbed dual program, we get:

~

frte>f@) >tf +(1-t) (f+W)

where ¢, is the weight put on (u*, é*) by the convex combination, therefore, if ¢ = (nMS)~™

then t* > 1 — (nM S)~°™. In particular:

— || < (nMS)~O™

&b — @[, < || D ti(@n — )|, < (1—t.)-

Therefore, ép* is in a ball of radius (nMS)~°™ around ép. Also, any other point ép’ # ép*
with coordinates of the form a;/b; with b; < (nS)"™ can be in this ball, since two distinct
points of this type differ in at least one coordinate by at least (n.S)~™ so their distance is at
least that much. O

Putting it all together:

Theorem 119. There is an algorithm of running time O(n*Tap log(SMn)+n5log® (SMn))
to compute an exact vector of Walrasian prices whenever it exists using only access to an
aggregate demand oracle.
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Proof. From the potential function f of the market, use Lemma 117 to construct a perturbed
potential function f. Then use Theorem 114 to optimize f with € = (nMS)=°™_ Finally,
use the guarantee to argue that the exact optlrnal value is the only point in the format
of Lemma 111 in the ball of radius (nMS)~°™ around the e-approximate minimizer. At
this point, we can round the solution to the exact point by using the method of continuous
fractions in Kozlov et al [163] (see [230] for a complete exposition of this and related methods
of rounding). O

20 Walrasian Equilibrium for Gross Substitutes in
O(nTap + n?)

In the previous section we discussed how Walrasian equilibria can be computed without any
assumptions on the valuation function using only an aggregate demand oracle. The focus
was to address various difficulties in applying optimization tools for this problem.

Here we remain in the aggregate demand oracle model and focus on computing Walrasian
equilibria for markets typically studied in economics, which are those where buyers have
gross substitute valuations. The development of the theory of gross substitute valuations is
intertwined with the development of the theory of Walrasian equilibrium for markets with
discrete goods. In particular, it is the largest class of valuation functions that is closed under
perturbation by an additive function'! for which Walrasian equilibria always exist.

Gross substitutes play a central role in economics. Hatfield and Milgrom [119] argue
that most important examples of valuation functions arising in matching markets belong
to the class of gross substitutes. Gross substitutes have been used to guarantee the con-
vergence of salary adjustment processes in the job market [149], to guarantee the existence
of stable matchings in a variety of settings [227, 159], to show the stability of trading net-
works [118, 123], to design combinatorial auctions [14, 204] and even to analyze settings with
complementarities [243, 117].

The concept of gross substitutes has been re-discovered in different areas from different
perspectives: Dress and Wenzel [63] propose the concept of valuated matroids as a general-
ization to the Grassmann-Pliicker relations in p-adic analysis. Dress and Terhalle [64] define
the concept of matroidal maps which are the exact class of functions that can be optimized
by greedy algorithms. Murota [198] generalized the concept of convex functions to discrete
lattices, which gave birth to the theory known as Discrete Convex Analysis. One of the
central objects in the Discrete Convex Analysis are M-concave and M%-concave functions
(the latter class was introduced by Murota and Shioura [203]). We refer to a recent survey
by Murota [202] for comprehensive discussion on application of Discrete Convex Analysis in
€conomics.

Surprisingly, gross substitutes, valuated matroids, matroidal maps and M?*-concave func-
tions are all equivalent definitions — despite being originated from very different motivations.
We refer to [181] for a detailed historic description and a survey on their equivalence.

1A class C of valuation functions is closed under perturbations by additive functions if for every v € C
and every vector cw € R™, the function w(z) = v(z) 4+ cw - x is also in C.
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Before presenting our algorithms, we first give a quick summary of the standard facts
about gross substitutes that are needed. For a more comprehensive introduction, please see
[181].

20.1 A crash course on gross substitutes

First we define gross substitute valuations on the hypercube {0,1}/™ and then we extend
the defn to [¢s] for any supply vector ¢s. When talking about functions defined on the
hypercube, we will often identify vectors x € {0, 1} with the set S = {i € [n] : #; = 1}, so
we write v(S) where S C [n] meaning v(¢lg) where ¢lg is the indicator vector of S.

Next we define three classes of valuation functions. The reader who saw the spoilers in
the previous subsection will already suspect that they are equivalent.

Definition 120. (Gross substitutes, Kelso and Crawford [149]) A function v : 2"l — Z
is a gross substitute (GS) if for any price ¢p € R® and S € D(v,cp), any price ¢p’ > cp
(entry-wise) has some S” € D(v, cp’) satisfying SN {j:p; =pj} C 5"

In other words, price increases for some items can’t affect the purchasing decisions for
the items whose price stayed the same.

The second definition concerns when the demand oracle problem max v(S) —p(S) can be
solved efficiently:

Definition 121. [Matroidal Maps, Dress and Terhalle [65]]A function v : 2" — 7 is called
matroidal if for any price ¢p € R”, the set S obtained by the following greedy algorithm
solves maxgcn v(S) — p(S):

Greedy algorithm: Start with the empty set S = @. While |S| < n and there
exists i ¢ S such that v(S Ui7) —p; — v(S) > 0, then update S < S U * where i* =
arg maxX;ep,_g (S Ui) — pi — v(S) (break ties arbitrarily).

The third definition generalizes the concept of convexity and concavity to the hypercube.
We can define convexity for continuous functions f : R" — R as being function such that
for all vectors cv € R", if z* is a local minimum of f(z) — ¢v - x, then z* is also a global
minimum. This definition generalizes naturally to the hypercube as follows:

Definition 122. [Discrete Concavity, Murota [197], Gul and Stachetti [115]] A function
v: 2" — 7 is discrete concave function if local optimality implies global optimality for all
price vectors ¢p. Formally: if S C [n] is such that for alli € Sand j ¢ S, v(S) > v(SUj)—pj,
v(S) > v(S—i)+p; and v(S) > v(SUj—i)+p;—pj, then v(S)—cp(S) > v(T)—cp(T),VT C [n].

Discrete concave functions have two important properties: (i) the demand oracle has a
succinct certificate of optimality and (ii) the function can be optimized via local search for
any given prices.

Those definitions arose independently in different communities and, amazingly enough,
those definitions turned out to be equivalent. The equivalence of discrete concavity and gross
substitutes is due to Fujishige and Yang [92] and the equivalence of discrete concavity and
matroidal maps appears explicitly in Paes Leme [181].
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Theorem 123. A valuation function is in gross substitutes iff it is a matroidal map and iff
it is a discrete concave valuation.

The concept of gross substitutes generalizes naturally to multi-unit valuations: given any
function v : [és] — Z we can translate it to a single-unit valuation function o : 212 %) — 7
by treating each of the s; copies of item 7 as a single item. We say that a multi-unit valuation
function v is gross substitutes if its corresponding single item version o is in gross substitutes.
We refer to the excellent survey by Shioura and Tamura [237] on gross substitutability for
multi-unit valuations.

An important property of gross substitutes is:

Theorem 124 ([149, 53]). If all buyers have gross substitute valuations, then a Walrasian
equilibrium always exists.

The original theorem showing the existence of Walrasian equilibrium for gross substitutes
in the single-unit case (s; = 1 for all j) is due to Kelso and Crawford [149]. The extension
to multi-units is due to Danilov, Koshevoy and Murota [53].

20.2 Walrasian Prices form an integral polytope

By Theorem 124, the set of Walrasian prices is non-empty. We also know that it forms a
convex polyhedral set, since they are the set of minimizers of a convex function that comes
from a linear program. Perhaps a more direct way to see it is that given an optimal allocation
cr, the set of Walrasian prices can be characterized by the following set of inequalities:

P={é&cR"|v(zD) =29 >wv(z)— & xVic[m],zec[s]}

Lemma 111 provided a good characterization of the vertices of this polytope in the general
case. For gross substitutes, however, there is an even nicer characterization. The next lemma
is a special case of a result by Murota (Theorem 11.16 in [197]) that shows that the set of
Walrasian prices form an Lf-convex polytope and hence is an integral polyhedron with a
lattice structure. To keep the Part self-contained we give a proof from first principles.

Lemma 125. If buyer valuations are gross substitutes, then all the vertices of the feasible
region of the dual program D (defined in Section 19) have integral coordinates. In particular,
the set of Walrasian prices form an integral polytope.

Proof. Let (u,cp) be a non-integral feasible point of the dual program D. We will write
it as a convex combination of integral points. Let (9 € argmax vi(z) —cp -z and w =
u— > vi(z®) —ép- 2.

Now, we define a distribution over integral points in the following way: sample a random
threshold 6 € [0,1]. If 0 < p; — |pi], set p; = [p;], otherwise set p; = |p;]. Similarly, if
0 <w— |w), set i = [w] otherwise set @ = |w]. Set & = w + 3, v(x®) — “p- 2. Tt is
casy to see that (4, “p) are integral and that E[(@, “p)] = (u,é). We are only left to prove
that (4, “p) are feasible.

We know that @ > >, v;(x®)— “p2® since @ > 0. If we show that () € arg max, v;(z)—
cp - x, then we are done, since it automatically implies that all other constraints in the dual
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program D are satisfied. To see this notice that since 2V € arg maxv;(x) — é - , then for
all items 7 and k such that my) < s; and xg) > () we have that:

vi(a:(i)) > v,-(:v(i) +cl;) —pj, vi(x(i)) > vi(m(i) —Cly) + pr

vi(2D) > (2 — Elg 4 CLy) + pr — p;

Since the valuations are integer valued, it is simple to check that rounding using a threshold
won’t violate any of the above inequalities. Thus:

v,-(a:(i)) > v,-(:v(i) +cl;) — p;, vi(as(i)) > vi(m(i) — Cly) + pr
vi(x(i)) > vi(x(i) — 1y + ¢15) + pr — D;

Therefore under price vector _?p, a buyer can’t improve his utility from z® by adding, remov-
ing or swapping an item. Since gross substitutes are equivalent to discrete concavity (Defi-
nition 122), local optimality implies global optimality, i.e., ) € argmax, v;(z) — p-z. O

Another important property proved by Gul and Stachetti [115] is that the set of Walrasian
prices forms a lattice. This property is also a consequence of the L-convex structure in
Murota [197].

Theorem 126 (Gul and Stachetti [115], Murota [197]). If buyer valuations are gross sub-
stitutes, then the set of Walrasian prices form a lattice, i.e., if cp and cp" then "p and Cp are
also Walrasian prices for p; = max(p;, p;) and p, = min(p;, p}).

20.3 A simpler and faster algorithm for gross substitutes

Using the fact that the set of Walrasian prices is an integral polytope with a lattice structure
we simplify the algorithm described in the previous section and improve its running time.
First, since we have a lattice structure we no longer need to randomly perturb the objective
function to make the solution unique. A simple and deterministic perturbation suffices.
Integrality also allows us to round to an optimal solution from an approximate solution of
smaller accuracy (i.e. larger e).

Lemma 127. If valuations are gross substitutes, then by taking r; = ﬁ in the perturbed dual

program PD, its optimal solution is unique and also optimal for the original dual program

D.

Proof. Since all the vertices of the polytope are integral and the coefficients are at most 5,
a perturbation of r; = 25% can’t affect the objective by more than half. So it can’t cause a
suboptimal vertex to become optimal. Also, since the set of Walrasian prices form a lattice,
there is a Walrasian price “p such that “p> & for every Walrasian price ép. Therefore this

must be the unique optimal solution to the perturbed program. O]
The previous lemma allows us to prove a better version of Lemma 118:

Lemma 128. For e < 1/(4nMS), if ¢p is an e-approzimation to the optimal value of 1,

i.e., f(cp) — f(cp*) < € then the optimal solution is the only integral point cp* such that
pmA =k 1
lep — e[l < 5-
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Proof. The proof can be obtained following the proof of Lemma 118, replacing the generic
guarantees in Lemmas 111 and 117 by the better guarantees provided by Lemma 127 for
gross substitutes. O

Putting it all together we have:

Theorem 129. There is an algorithm of running time O(nTap log(SMn)+n?log® (SMn))
to compute an exact vector of Walrasian prices in a market where buyers have gross substitute
valuations.

Proof. Same proof as in Theorem 119 with ¢ = 1/(5nMS). Also, since the optimal price
vector is integral, instead of using the method of continuous fractions to round a solution,
it is enough to round each component to the nearest integer. O]

21 Walrasian Equilibrium for Gross Substitutes in
O((mn +n?) - Ty)

We now move from the macroscopic view of the market to a microscopic view. We assume
access to the market via a value oracle, i.e, given a certain buyer ¢ and a bundle S C [n]
of goods, we can query the value of v;(S). We also assume from this point on that the
supply of each good is one, or in other words, that the valuation functions are defined on
the hypercube.

The fact that the demand of each buyer for any given price can be computed by the
greedy algorithm (Definition 121) let us simulate the aggregate demand oracle by the value
oracle model.

Lemma 130. The outcome of the aggregate demand oracle can be computed in time O(mn*Ty),
where Ty, is the running time of the value oracle.

Proof. The number of queries required for the greedy algorithm described in Definition 121
to compute S; € argmaxg v;(S) — ép(S) is n - (|S;| + 1)Ty < O(n*Ty). Since there are m
buyers, the total time to compute the demand of all buyers is O(mn*Ty/). The aggregate
demand oracle simply outputs d(cp) where d;(cp) = #{i : j € S}}. O

~ Now we can plug Lemma 130 directly into Theorem 129 and obtain a running time of
O(mn3Ty). In the rest of this section, we show how to improve this to O((mn + n®)Ty).

21.1 Faster Algorithm via regularization

The idea to improve the running time from O(mn*Ty) to O((mn 4 n®)Ty) is to regularize
the objective function. As with the use of regularizers in other context in optimization, this
is to penalize the algorithm for being too aggressive. The bound of O(mn?) value oracle
calls per iteration of the cutting plane algorithm is so costly precisely because we are trying
to take an aggressively large step.

To provide some intuition, imagine that we have a price ¢p that is very close to optimal
and that S; are the set of items demanded by the buyers at price ¢ép. Intuitively, if ¢p is
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close to a Walrasian price then the sets Si, ..., .S, should be almost disjoint, which means
that the total cost of the greedy algorithm should be Y, n(|S;| + 1) & mn+n?. So when the
prices are good, oracle calls should be cheaper. This tells us that when prices are good, fewer
calls to the value oracle suffice to compute the aggregate demand oracle. When prices are
far from equilibrium, perhaps a more crude approximation to the aggregate demand oracle
is enough.

Based on this idea we define the following regularized objective function:

f(@p) = max [Z vi(S;) — (i) | + ép([n)). (RC)
L ]
The regularization consists of taking the maximum over all sets (Sy,...,Sy,) such that

> 1Si| = n. Without this restriction, we have the original market potential function f. The
new function f has three important properties: (i) it is still convex, since it is a maximum
over linear functions in ¢p and therefore we can minimize it easily; (ii) its set of minimizers
is the same as the set of minimizers of f and (iii) subgradients are cheaper to compute.
Intuitively, f is very close to f when ¢p is close to equilibrium prices but only a crude
estimate when ¢p is far from equilibrium. Next we show those statements formally and
present an algorithm for computing the subgradient of f :

We give an alternate form of f which is nicer to work with algorithmically. A consequence
of the next lemma, is that for every & there is a constant y such that f (cp) = f(Cp+ry-Cly)
and that such parameter v can be found algorithmically. In other words:

e = Y- (maseS) = () =+ 151) + (i) 471

for some v that depends on ¢p (and the tiebreaking rule used by the greedy algorithm).
Among other things, this formulation of f resembles common regularizers used in optimiza-
tion better. One can think of it as if ép is changed to ¢p + v - 1y,

Lemma 131. Suppose v;(j) are given and stored as n lists sorted in decreasing order L; =
{vi(5) Yic1.m. With a running time'? of n*- Ty +O(n?) , given price Cp, there is an algorithm,
which we call ALLGREEDY, that finds

1. 8%,..., 8y, mazimizing maxy |s,=n (D_i—; vi(Si) — p(Si)) -
2. 7 such that for all i, S; € D(i,cp + 7 - cly)). Moreover, for any ~ > v and S €
D(i,cp+ ' - Cly), we have Y, |S;| < n.

3. f(ép) = f(ép+y - Cly).

Proof. First, we define the algorithm ALLGREEDY. The algorithm starts with a very large
value of y such that D(i,cp+ - clp,) = {@} for all agents i. Then we gradually decrease v
keeping at each step a set S; () € D(i,cp+~-cly,) that monotonically grow as v decreases,

12 Assuming the cost of initializing S = @ is not needed. This is acceptable here because our algorithm
would only use S} to compute the subgradient which S} = @ has no effect on.
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in the sense that for v > 75, S (1) C S} (72). We stop the algorithm as ) . |Sf ()| reaches
n.

The algorithm is best visualized as a continuous process, although it admits a very
efficient discrete implementation as we will see in a moment. Before, we note that we can
use the Greedy algorithm to compute S; () € D(i,cp + v - Cly)) and if we fix the same tie
breaking, the order in which we add the elements is the same for every v, the only thing
that changes is the stopping criteria (the larger ~ is, the later we stop).

So this procedure can be implemented by running a greedy algorithm in parallel for each
agent 4. Initially 7 is very large and all Sf(v) = @. Then in any given moment, we can
compute what is the largest value of « for which it is possible to add one more item to the
demanded set of i. This is simply the largest marginal of an ¢ for the next item:

max max v;(5; U j) — vi(57) — p;
i jgs;
We can decrease v to this value and advance one of the agent’s greedy algorithm one step
further.

We need to argue that it satisfies the three properties in the lemma and that it can be
implemented in n?Ty, + O(n?) time. The algorithm achieves this running time by updating
lists L; such that in each iteration, it is a sorted list of v;(S; Uj) —v;(S]). Since all sets start
as the empty set, this is correct in the beginning of the algorithm. Now, in each iteration,
we can scan all the lists to find the next largest marginal, taking O(n) to inspect the top of
each list. This gives us the next value of v and the pair 7, 7 to update S; < S U j. Now,
after the update, we go through each list L updating the value of the marginal of agent i for
k, since S} was updated. This takes O(log(m)) for each list, so in total, this process takes
nTy + O(n). Since there are at most n iterations, the overall running time is n*Ty 4+ O(n?).

Now, for three properties in the lemma, property 2 is true by construction. For properties
1 and 3, consider the following chain of inequalities:

= x| (; vi(Si) — ep(Si) — v |Sz|> +cp([n]) +v-n

< max (Z(W(Sﬁ} —ap(Si) = - |Sil | +p([n]) +v-n=f(@+-Cly)

= [i(S) = ap(S)) = v 157+ apn]) + 7 - n =Y [vi(S}) — @p(S7)] + ép([n])
< follg‘x_n (Zl v (S;) — 527(51‘)) + cp([n]) = Jg(_ﬂp>

Hence, all inequalities hold with equality, which means in particular that f(ép) = f(ép+
v - €lpy) and St,.. ., Sy maximize maxys |s;j—=n (D1t v:i(S;) — &p(S;)). O
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Corollary 132. Suppose v;(j) are given and stored as n sorted lists {vi(j)}; each of which
has m elements. Then the greedy algorithm computes a subgradient of f in n*- Ty + O(n?)
time.

Proof. This follows directly from Lemma 131 as the gradient of > ", (v;(SF) — ép(S))) —
ép([n]) is a subgradient of f. O

Corollary 133. If ép* minimizes f, then p* + - cly, is an equilibrium price. Here 7y is
defined as in Lemma 131 with respect to cp*. Conversely, any Walrasian price cp®? is a
manimazer of f.

The proof of the previous corollary is given in Section 24.

Theorem 134. For gross substitutes, we can find an equilibrium price in time mn - Ty, +
O(mnlogm + n?log(mnM) - Ty + n®log®M (mnM)).

Proof. Corollary 133 says that it is enough to find a minimizer of f. The algorithmic
procedure in Theorem 129 can be used to solve f approximately and then round it to an
optimal solution.

To bound the overall running time, we note that: computing v;(j) and storing them as
n sorted lists takes mn - Ty, + O(mnlog m) time. By Corollary 132, the separation oracle for
f can be implemented in n? - Ty, + O(n?log(m)) time. O

22 Robust Walrasian Prices, Market Coordination and

Walrasian allocations

So far we focused on computing Walrasian prices. Now we turn to the other component of
Walrasian equilibrium, which is to compute the optimal allocation. If we have only access
to an aggregate demand oracle, then computing prices is all that we can hope for, since we
have no per-buyer information (in fact, we don’t even know the number of buyers). If we
have access to a value oracle, computing the optimal allocation is possible.

To convince the reader that this is a non-trivial problem, we show that computing an
optimal allocation from Walrasian prices is at least as hard as solving the Matroid Union
Problem. In the Matroid Union problem we are given m matroids defined over the same
ground set M; = ([n], B;) and a promise that there exist basis B; € B; such that [n] = U;B;.
The goal is to find those bases. Now, consider the following mapping to the problem of
computing an optimal allocation: consider m agents with valuations over a set [n] of items
such that v; = 7y, i.e. the rank of matroid M; (matroid rank functions are known to be
gross substitute valuations [181]). The price vector ¢l is clearly a vector of Walrasian prices.
Finding the optimal allocation, however, involves finding &S = (54,...,S,,) maximizing

The previous paragraph hopefully convinced the reader that finding an allocation is not
always a simple task even if we know the prices. One approach to solve this problem is based
on a modification of standard matroid union algorithms.

The second approach, which we discuss here in details, is based on convex programming
and reveals an important structural property of gross substitute valuations that might be of
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independent interest. Incidentally, this also answers an open question of Hsu et al. [122] who
asked what are the conditions for markets to be perfectly coordinated using prices. More
precisely, they showed that under some genericity condition the minimal Walrasian price for
a restricted class of gross substitutes induces an overdemand at most 1 for each item. On the
other hand, our argument in this section says that under the same condition almost every
Walrasian prices for any gross substitutes have no overdemand, i.e. the market is perfectly
coordinated. This follows from the fact that the polytope of Walrasian prices have nonempty
interior and that interior Walrasian price induces no overdemand (see section 6.2).

Next, we review two combinatorial lemmas that will be fundamental for the rest of this
section and the next one:

22.1 Two combinatorial lemmas

One of the most useful (and largely unknown) facts about gross substitutes is the following
analogue to the Unique Matching Theorem for matroids. The version of this theorem for
gross substitutes is due to Murota [199, 200] and it was originally proved in the context of
valuated matroids, which are known to be equivalent to gross substitutes under a certain
transformation. We refer the reader to Lemma 10.1 in [181] for a proof of this lemma
in the language of gross substitute valuations. We also refer to chapter 5 of [201] for a
comprehensive treatment of such exchange properties.

Lemma 135 (Unique Minimum Matching Lemma). Let v : 20"l 5 R be a valuation satisfying
gross substitutes, S C [n], A = {a1,...,a,} € S, B ={by,...,bx} C [n] —S. Consider
weighted bipartite graph G with left set A, right set B and edge weights wq,p, = v(S) —v(SU
bj —a;). If M = {(a1,b1), (az,b2), ..., (ak, by)} is the unique minimum matching in G, then:

v(S) = v(SUB—A)=> v(8) - v(SUb; — ay)

J=1

Lastly, we state a purely combinatorial lemma that is commonly used in conjunction with
the previous lemma. We present a sketch of the proof in Section 24 and refer to [201, 181]
for a complete proof.

Lemma 136. Let G = (V, E,w) be a weighted directed graph without negative weight cycles.
Let C' be the cycle of minimum number of edges among the cycles with minimum weight. Let
M = {(ug,v1),...,(u,ve)} be a set of non-consecutive edges in this cycle, U = {uy,...,us}
and V= {vy,...,v}. Construct a bipartite graph G' with left set U, right set V and for
each edge from u € U to v € V in the original graph, add an edge of the same weight to G'.
Under those conditions, M forms a unique minimum matching in G'. The same result holds
for a path P of minimum length among all the minimum weight paths between a pair of fixed
nodes.

22.2 Robust Walrasian Prices and Market Coordination

Hsu et al. [122] raise the following important question: when is it possible to find Walrasian
prices that coordinate the market? A vector of Walrasian prices ¢p is said to coordinate the
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market if each agent has a unique demanded bundle under ¢p and those bundles clear the
market. If this happens, we say that this vector is robust.

Definition 137 (Robust Walrasian Prices). A price vector ¢p is said to be a vector of robust
Walrasian prices for a certain market if D(i,ép) = {S;} and &S = (S5i,...,S,) form a
partition of the items.

Notice that by the Second Welfare Theorem (Lemma 104), if the optimal allocation is not
unique, then no vector of Walrasian prices is robust, since each vector of Walrasian prices
support all the allocations. If the optimal allocation is unique, on the other hand, then we
show that a vector of robust Walrasian prices always exists. Moreover, the set of Walrasian
prices forms a full-dimensional convex set in which all interior points are robust.

Theorem 138. If there is a unique partition ¢S = (Si, ..., Sy) mazimizing y . v;(S;), then
there exist a vector cp such for all cp’ € Hj [pj — %,pj + %] are Walrasian. In particular, the
set of Walrasian prices is a full-dimensional convex set and all price vectors in its interior

are robust Walrasian prices.

The proof involves the concept of the exchange graph, which was first introduced by
Murota in [200] and characterizes the set of all Walrasian prices as the dual variables of the
shortest path polytope for a certain graph. Given an optimal allocation &S = (Sy,...,Sn),
the Second Welfare Theorem (Lemma 104) combined with the characterization of gross
substitute functions from Discrete Convex Analysis (Definition 122) tells us that the set of
Walrasian prices can be characterized by:

v;(S;) > v(S; — 7) + pj, Vi e [m],j €S,
P = Ep c R" Uz(sz) > U(SZ U k’) — Dk, Vi € [m],k ¢ S;
v;i(S;) > v(S; Uk —j) —pe+pj, Yie[m],je S k¢S

Which is clearly a convex set defined by O(.,]Si|n) = O(n?) inequalities. A nice
combinatorial interpretation of this polytope is that it corresponds to the set of potentials
in a graph.

To make the construction nicer, augment the items with m dummy items, one for each
buyer. The set of items becomes [n] U [m], and the valuations are extended to the subsets
of [n]U[m] in a way that agents completely ignore the dummy items, i.e., for T C [n] U [m],
v;(T) = v;(T N [n]). Also, augment S; to contain the dummy item for buyer i. Under this
transformation we can simplify the definition of P to:

P={@peR" |v(S) >v(S;Uk —j) —pp +p;Vie[m],jeSi, k¢S }

since we can represent adding and removing an item as a swap with a dummy item. Under
this transformation, construct a directed graph with one node for each item in [n|. For each
i€m],j€S;and k ¢ S;, add an edge (7, k) with weight w; = v;(S;) — vi(S; Uk — 7).

Since the allocation ¢S = (Si,...,5,,) is optimal, there exists at least one vector of
Walrasian prices ¢p € P. This guarantees that the exchange graph has no negative cy-
cles, since for any cycle C' = {(j1,72),---,(Ji,J1)}, we can bound the sum of weights by
Yo Wi = 2 onPjr — Djoa = 0, where the inequality follows from the definition of P and
the definition of the weights. Now we argue that the exchange graph can’t contain any cycles
of zero weight:
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Lemma 139. If &S is the unique optimal allocation, then the exchange graph has no cycles
of zero weight.

Proof. 1f there were cycles of zero weight, let C' be the cycle of zero weight of minimum length.
Now, let C; = {(j1,t1),- .-, (Ja,ta)} be the edges (j,t) in C with j € S; and (consequently)
t ¢ S;. Now, define S, = S;U{t1,...,ta} —{Jj1,---,Ja}- Notice that we performed the swaps
prescribed by the cycle, so each moved item was removed from one set and added to another
and as a result, ¢S’ = (57,...,5),) is still a partition of the items. Using Lemmas 136 and
135 we get that:

vi(S) = vilS) = D _wi(Si Uty — ji) —vi(S:) = Y wipe,
r=1 r=1

therefore:
D wi(S) =D S = we=0
i i ecC
and so 5" = (51,...,5/ ) is an alternative optimal allocation, contradicting the uniqueness
of ¢S. O

Now we are ready to prove the Theorem 138:

Proof of Theorem 138. Since we know there are no zero weight cycles and all the edge weights
are integral, all cycles have weight at least 1. Now perform the following operation: for each
vertex j € [n] in the directed graph, split it into j; and j, with an edge between j; and j;
with weight —%. Make all incoming edges to j be incoming to j; and all outgoing edges from
7 to be outgoing from js. The resulting graph has again no cycles of negative weight, since
the new edges can decrease each cycle by at most 1.

Therefore, it is possible to find a potential in this graph. A potential of a weighted graph
with edge weights w;; is a function ¢ from the nodes to R such that ¢(t) < ¢(j) + wje. It
can be easily computed by running a shortest path algorithm from any fixed source node
and taking the distance from source node to j as ¢(j). For the particular case of the graph
constructed, it is useful to take the source as one of the dummy nodes.

After computing a potential from the distance from a dummy node to each node, define
the price of j as p; = ¢(j2). By the definition of the potential for each edge (j,%) in the
graph:

1 1 1
bt = Cb(tQ) < ¢(t1) - ﬁ < Cb(]Q) + Wit — ﬁ =Dy + Wit — E

This means in particular that all inequalities that define P are valid with a slack of %
Therefore, changing any price by at most ﬁ still results in a valid Walrasian equilibrium.
This completes the proof of the first part of the theorem.

Since P contains a cube, then it must be a full-dimensional convex body. Finally, let’s
show that every price vector in the interior of P is a vector of robust Walrasian prices. By
the second welfare theorem (Lemma 104), S; € D(i,cp) for all ép € P. Now, assume that
for some point in the interior, there is S € D(i,ép), S! # S;. Then either: (i) There is
j € S —S;. We decrease the price of j by € so that S! becomes strictly better than S;,
i.e. S; ¢ D(i,cp — ecl;), which contradicts the second welfare theorem since ¢p — ecl; € P.

143



(ii) There is j € S; — Si. We increase the price of j by € so that S} becomes strictly better
than S;, i.e. S; ¢ D;(i,cp + ecl;), which again contradicts the second welfare theorem since
5]3 + 651]‘ e P. ]

22.3 Computing Optimal Allocation

Theorem 138 guarantees that if the optimal allocation is unique, then the set of Walrasian
prices has large volume. Since the set of Walrasian prices corresponds to the set of minimizers
of the market potential f(cp), then there is a large region where zero is the unique subgradient
of f. In such situations, convex optimization algorithms are guaranteed to eventually query
a point that has zero subgradient. The point ¢p queried corresponds to a set of Walrasian
prices and the optimal allocation can be inferred from the subgradient (recall Theorem 112).

Our strategy is to perturb the valuation functions in such a way that the optimal solution
is unique and that it is still a solution of the original problem. It is important for the
reader to notice that this is a different type of perturbation than the one used in previous
sections. While previously we perturbed the objective of the dual program, here we are
effectively perturbing the objective of the primal program. One major difference is that if
we perturb the objective of the dual, we can still compute the subgradient of f in PC using
the aggregate demand oracle. If we perturb the objective of the primal, we no longer can
compute subgradients using the aggregate demand oracle. With value oracles, however, this
is still possible to be done.

To perturb the primal objective function, we use the isolation lemma, a standard tech-
nique to guarantee a unique optimum for combinatorial problems.

Lemma 140 (Isolation Lemma [196]). Let ¢w € [N]™ be a random vector where each co-
ordinate w; is chosen independently and uniformly over [N]. Then for any arbitrary fam-
ily F C 2 the problem maxger Y ics Wi has a unique optimum with probability at least
1—n/N.

For our application, we would like a unique optimum to the problem of maximizing
Yo, v;(S;) over the partition (Si,...,Sn). To achieve this, we first replace v; by 0;(S) =
Buv;(S) + w;(S) where B is some big number to be determined and w;(j) is set as in the
isolation lemma (with N to be determined as well).

Lemma 141. By setting B = 2nN, N = mn®®Y and sampling w;(j) uniformly from [N]
for each i € [m] and j € [n], then with probability 1 — 1/n°WY | there is a unique partition
(St -y Sm) mazimizing > 0;(S;), for v;(S) = B -v;(S) + w;(S).

Proof. Let (S4,...,5!)) be an optimal solution w.r.t the original problem. We first show
that any suboptimal partition (Si,...,S,,) cannot be optimal for the perturbed problem.
Since v; assume integer values, we have > " v;(S!) > > v;(S;) + 1. Now:

m m

S G(S) =B+ 6i(S) + Y wilS) - Zwi(s;) > B+ Zﬁi(Si) —nN > st,-).

i=1 i=1 i=1

which shows that a suboptimal solution to the original problem cannot be optimal for the
perturbed one.
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Now, consider all partitions (S7,...,S),) that are optimal for the original problem and

identify each optimal partition with a subsets of [mn] = {(7, j);i € [m|,j € [n]} in the natural
way: add (i, ) to the subset if j € S/. This family of subsets corresponds to F C 2™ in
the statement of the Isolation Lemma and w;(j) corresponds to ¢w. The result then follows
from applying that lemma. m

The strategy to find an optimal allocation is to perturb the valuation functions, then
search for an interior point in the set of minimizers of the market potential function f.
When we find such a point we can obtain a vector of Walrasian prices for the original market
by rounding and the optimal allocation by inspecting the subgradient. To get the desired
running time, we need to apply those ideas to the regularized potential function f (see RC
in Section 21) instead of the original one. To apply this to the regularized potential we need
an extra lemma:

Lemma 142. Let cp be an interior point of the set of minimizers of the reqularized poten-
tial function f, then the allocation (S5, ...,Sk) produced by the ALLGREEDY algorithm in
Lemma 151 is an equilibrium allocation.

Proof. 1f (S7,..., S} ) is a partition over the items, then it is an optimal allocation by part 2
of Lemma 131. To show that it is a partition, observe that since (S}, ...,S},) is a maximizer
of > . v;(S;) — &p(S;) subject to Y. [S;| = n, then we can use it to build a subgradient ¢g of
f such that g; = —1 + |{i;j € S¥}|. Since @ is an interior point of the set of minimizers,
the subgradient must be zero and therefore |{i;j € S}| =1 for all j. O

Theorem 143. For gross substitute valuation, we can find a Walrasian equilibrium, i.e.
allocation and prices, in time O((mn + n®)Ty log(nmM) + n?log®® (mnM)).

Proof. Use Lemma 141 to perturb the valuation functions and obtain ©; which are still gross
substitutes (since they are the sum of a gross substitute valuation and an additive valuation)
and there is a unique optimal allocation. By Lemma 138, the set of minimizer of the market
potential function f contains a box of width 1/n. Since the set of minimizers of the market
potential f is contained in the set of minimizers of the regularized potential f, then its set
of minimizers also contains a box of width 1/n. We also know that it is contained in the box
[~ Mmn®D Mmn°WO]™ since |9;(S)| < O(Mmn°W),

If we apply the algorithm in Theorem 113 with 6 = O(1/n°") to optimize the regularized
potential f then we are guaranteed to query a point in the interior of minimizers as otherwise
the algorithm would certify that there is ca with H5a||2 = 1 such that maxg.epca - cp —
ming,ep éa - ép < 1/n®Y | where P is the set of minimizers.

Finally, we can obtain the optimal allocation for the perturbed using Lemma 131, which
is an optimal allocation to the original market according to Lemma 141. O

23 Combinatorial approach to Walrasian Equilibrium
for Gross Substitutes

In a sequence of two foundational papers [199, 200], Murota shows that the assignment
problem for valuated matroids, a class of functions introduced by Dress and Wenzel [62] can
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be solved in strongly polynomial time. We show how this algorithm can be used to obtain
an O(nm + n?) strongly polynomial time algorithm for problem of computing a Walrasian
equilibrium for gross substitute valuations. Our contribution is two-fold: first we map the
Walrasian equilibrium problem on gross substitute valuations to the assignment problem on
valuated matroids and analyze its running time. The straightforward mapping allows us to
obtain a strongly polynomial time algorithm with running time O(mn?log(m+n)). We note
that a different way to reduce the Walrasian equilibrium problem to a standard problem in
discrete convex analysis is to map it to the M-convex submodular flow problem as done in
Murota and Tamura [205]. We choose to reduce it to the assignment problem on valuated
matroids since its running time is simpler to analyze.

Inspired by our O(mn + n?) algorithm, we revisit Murota’s algorithm and propose two
optimizations that bring the running time down to O((mn + n®)log(m + n)). Murota’s
algorithm works by computing augmenting paths in a structure known as the exchange
graph. First we show that for the Walrasian equilibrium problem, this graph admits a more
succinct representation. Then we propose a data structure to amortize the cost of some
operations across all iterations.

In section 23.1 we define valuated matroids and the assignment problem for valuated
matroids. Then we describe Murota’s algorithm for this problem. We also discuss the
relation between the assignment problem for valuated matroids and the welfare problem for
gross substitutes. The goal of subsection 23.1 is to provide the reader with the historical
context for this result.

The reader interested solely in the welfare problem is welcome to skip to Section 23.2
which can be read independently, without any mention to valuated matroids or the assign-
ment problem. A complete proof is given in that section.

23.1 The assignment problem for valuated matroids

A wvaluated matroid is an assignment of weights to basis of a matroid respecting some valuated
analogue of the exchange property.

Definition 144 (Valuated matroid). Let B be the set of basis of a matroid M = (V,B). A
valuated matroid is a function w : B — RU{4o00} such that for all B, B’ € Band u € B— B’
there exists v € B’ — B such that:

w(B)+w(B") <w(BUv—u)4+wB Uu—)

Valuated matroids are related to gross substitutes by the following one-to-one correspon-
dence. We refer the reader to Lemma 7.4 in [181] for a proof.

Proposition 145. A valuation function v : 21" — R is a gross substitutes valuation function
iff w: ([2:]) — R defined by w(S) = v(SN[n]) is a valuated matroid defined over the basis of
the n-uniform matroid on 2n elements.

Now, we are ready to define the assignment problem for valuated matroids:

Definition 146 (Valuated matroid assignment problem). Given two sets Vi, V5, matroids
Mi = (V1,By) and My = (V3,B,) of the same rank, valuated matroids w; : B; — R and
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wy : By — R and a weighted bipartite graph G = (V] U V;, E,w), find a matching M from
V1 to V5 maximizing:
U)(M) + wl(Ml) + WQ(MQ)

where M is a subset of edges of E forming a matching and M; and M, are the sets of
endpoints of M in V} and V5 respectively.

Murota gives two strongly-polynomial time algorithms based on network flows for the
problem above in [200] — the first based on cycle-cancellations and the second based on
flow-augmentations. Although the running time is not formally analyzed in his paper, it
is possible to see that his algorithm (more specifically the algorithm Augmenting algorithm
with potentials in Section 3 of [200]) has running time O(R - (|E| + R - (|Vi| + |Va]))) for
R = rank(M;) + rank(M,) .

First, we show a simple reduction from the welfare problem for gross substitutes to this
problem. Given m gross substitute valuation functions v; : 2" — R, define the following
instance of the valuated matroid assignment problem: define the first matroid as ([”:L"}) ie.
the n-uniform matroid on mn elements. Interpret the elements of [mn] as “the allocation of
item j to agent ¢ for each pair (i,j). Following this interpretation, each S C [mn] can be
seen as S = U",.S; where S; are the elements assigned to agent . This allows us to define
for each S € ([":L”]), wi(S) = >, vi(S;). For the second matroid, let My = ([n],2[") and
wy(S) = 0 for all S. Finally, define the edges of E such that for each j € [n], the j-th element
of [n] are connected to the element (7, j) in [mn| for each i.

One needs to prove that w; satisfies the properties defining a valuated matroid, but this
can be done using the transformations described in [181]. We omit this proof since we are
giving a self-contained description of the algorithm in the next section.

In the construction shown below, |Vi| = |E| = mn, |V3| = n and rank(M;) = rank(My) =
n. This leads to an O(m -n3) strongly polynomial time algorithm for the welfare problem.

23.2 Gross substitutes welfare problem in O(mn + n*) time

In this section we give a self-contained description of a specialized version of Murota’s algo-
rithm for the gross substitutes welfare problem and show that the running time of O(m - n?)
can be improved to O(mn+n?). Murota’s algorithm for the case of generic valuated matroids
can be quite complicated. Since the underlying matroids of our problem are simple (uniform
matroids) and the functions being optimized have additional structure, it is possible to come
up with a simpler algorithm. Our presentation also makes the algorithms accessible to the
reader not familiar with discrete convex analysis and the theory of valuated matroids.

We consider the setting in which a set [n] of items needs to be allocated to m agents
with monotone valuation functions v; : 2[") — R satisfying the gross substitutes condition.
Consider the intermediary problem of computing the optimal allocation for the first £ items
(in some arbitrary order):

maxv;(S;) st U S Clkl:={1,2,....k} and S;NS; = @ for i # j (Ir)

The central idea of the algorithm is to successively solve (11), (I5), . .., (I,) using the solution
of (Ir—1) to compute (I). We will show how a solution to (I}) can be computed from a
solution of (I_1) via a shortest path computation in a graph with O(m + n?) edges.
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A solution for problem (Ij_) consists of an allocation S = (54, ...,S,,) of items in [k —1]
to agents 1, ..., m and a price vector pq, ..., pr_1 that certifies that the allocation is optimal.
Since optimality for gross substitutes can be certified by checking that no agent wants to
add an item, remove an item or swap an item (Definition 122) then S, p need to satisfy the
following conditions for every agent i and every j ¢ S; and j' € S;:

vi(Si U J) — pj < vilSi) (ADD)
vi(Si = 5') +py < il Sh) (REMOVE)
vi(SiUj =) —pj+py < vi(S) (SwaP)

23.2.1 Exchange graph

The first step to solve (1) is to build a combinatorial object called the exchange graph using
the solution of (/;_1), expressed as a pair S,p. We define a weighted directed graph on
V =[k]U{¢1,...,dn} Intuitively, we can think of ¢; as an “empty spot” in the allocation
of agent i. We add edges as follows:

e (t,7) for all items ¢t and j not acquired by the same agent under S. If i is the agent
holding item ¢, then the edge represents the change in utility (under price p) for agent
7 to swap his item ¢ by j:

Wyj = Uz(Sl) — ’UZ(SZ Uj - t) +pj — Dt
o (¢;,7) for all items j ¢ S;. It represents the change in utility for i to add item j:

Notice that problem (/;_1) only defines prices for 1,...,k— 1. So for the construction above
to be well defined we need to define p,. We will set py in a moment, but before that, note
that for all the edges not involving k, w > 0 which follow by the fact that p is a certificate
of optimality for S and therefore conditions ADD and SWAP hold. Finally, notice that there
are only directed edges from k to other nodes, so p, always appear with positive sign in w.
So, we can set p, large enough such that all edges have non-negative weights, in particular,
set:
P = max { max [v;(S; Uk —t) — v;(S;)+pel, Irel[ay]:[vz(sZ Uk) — Ul(S,)]}

i€[m];tes;

23.2.2 Updating prices and allocations via shortest path

After the exchange graph is built, the algorithm is trivial: compute the minimal-length
shortest path from some ¢; (i.e. among all paths of minimum weight between ¢; and k, pick
the one with minimum length). Since the edges are non-negative, the shortest path can be
computed in the order of the number of edges using Dijkstra’s algorithm in O(|E| + |V -
log |V'|) where |E| is the number of edges in the graph and |V| is the number of vertices.
Dijkstra’s algorithm can be easily modified to compute the minimum weight path with
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shortest length using the following idea: if weights are integers, then substitute weights
w;; by w;; — €. In the end, round the solution up. Or more formally, run Dijkstra in the
ordered ring (Z?, +, <) with weights (w;;,1) where + is the componentwise sum and < is
the lexicographic order.

Let P be the path output by Dijkstra. Update the allocation by performing the swaps
prescribed by P. In other words, if edge (¢,7) € P and t € S;, then we swap ¢ by j in S;.
Also, if edge (¢;,7) € P we add j in S;. Formally, let (¢,, j,);=1.. be all the edges in P with
t. € S; or t, = ¢;. Then we update S; to S; U {j1,-.-,Ja} — {t1,---,ta}

The execution of Dijkstra also produces a certificate of optimality of the shortest path in
the form of the minimum distance from some ¢; to any given node. So, there is a distance
function d such that

d(¢i) =0, d(j) < d(¢i) + wg,;, d(j) < wy; + d(2)

Moreover, for all edges (t,j) and (¢;,j) in the shortest path P, this holds with equality,
ie.: d(j) = d(¢;) + wy,; and d(j) = wj + d(t). Update the price of each item j from p; to
p; — d(j).

23.2.3 Running time analysis

Before we show that each iteration produces an optimal pair of allocation S and prices p for
problem () we analyze the running time.

The exchange graph for problem (I;) as previously described has O(mk + k?) edges.
Running Dijkstra’s algorithm on this graph has running time O(mk + k2) for (I;), which
corresponds to O(mn2 + n?) time overall.

In order to get the overall running time down to O(mn + n3) we need one extra obser-
vation. Since we want to compute the shortest path from any of the ¢; nodes to k, we can
collapse all ¢; nodes to a single node ¢. Now, for any given node j:

Now, the graph is reduced to O(k?) edges for problem (). So, Dijkstra can be computed in
O(k?*). We are only left with the task to compute wy;. Our task is to compute min;[v;(S;) —
v;(S; U j)]. This can be divided in two parts:

1. active agents: the minimum among the agents i for which S; # @. There are at most
k of those, so we can iterate over all of them and compute the minimum explicitly;

2. inactive agents: the minimum over all agents with S; = @. In order to do so we
maintain the following data structure: in the first iteration, i.e. in (I;), we compute
v;({j}) for every 7,j (which takes O(mn) time) and keep for each item j a sorted list
L; in decreasing order of v;(j) for all 7.

In the end of each iteration, whenever an inactive agent i becomes active (i.e. we
allocate him an item), we remove them from L; for all j. This operation takes O(n)
time to go over all lists.
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Now, once we have this structure, we can compute the minimum among the inactive
buyers min;[v;(.S;) — v;(S; U j)] = —max; v;({j}) by looking at the minimum element
of the list L;. Therefore, even though we need to pay O(mn) time in (I;). In each
subsequent iteration we pay only O(n) to update lists L; and then we can make query
the value of wy; in constant time.

This leads to a running time of O(mn) in (/) and O(n + k?) in each subsequent iteration,
leading to an overall running time of O(mn + n3). We also note that for each edge of the
graph, we query the value oracle once. So the oracle complexity is O(nm + n3) value oracle
calls.

23.2.4 Correctness

We are left to argue that the solution (S, p) produced by the algorithm is indeed a valid
solution for problem (I;). This can be done by checking that the price vector p obtained
certifies the optimality of S. The main ingredients for the proof are Lemmas 135 and 136.
We encourage the reader to revisit the statement of those lemmas before reading the proof
of the following theorem.

Theorem 147. Let S, pl be the solution of problem (1), then for all agent i and all S" C [k],
vi(SF) = p(SF) = () = pM(S").

Proof. Let SF, ?’1 be the solution of problem (I;—;) and let SF,p¥ be the solution of
problem (Ij,). If d(-) is the distance function returned by Dijkstra in (I;), then p§ = pk 1
d(j) and we also know that w;; = wj; + d(t) — d(j) > 0 and Wy,; = we,; — d(j) 2 0 by the
observation in the end of the Section 23.2.2. This implies that for all 4, for all j ¢ S*~! and
t € SF71 it holds that:

Wy = vi(SFY) —wi(SFT U =)+ pf —pf >0

By = 0s(SIY) = wi(SFTTUJ) +pf >0
This means that properties ADD and SWAP are satisfied. To see that REMOVE is also
satisfied for j < k since v;(SF™') > v;(SF™! — ) —l—pf‘l for all j € SF™'. Since Py < pk !
this condition must continue to hold.

This means that under the price vector p* the bundles SF~! is still the demanded bundle
by agent ¢ (by Definition 122). This means in particular that for all S” C [k]:

v (SETY) = pM(SETY) > 0y(87) = pH ()

Now, let (t,jr)r—1.a be the set of edges in the path P output by Dijkstra where ¢, € SF™'.
Then SF = SF YU {j1,..., 0} — {t1,.. ., ta}.

Using Lemma 136, we note that (t1,71), ..., (ts,7s) is a unique minimum matching in the
sense of Lemma 135. Therefore:

vi(S'k — 1, = w(SE) =S UG — 1)

r=1
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Summing —p*(SF) 4 p*(SF) on both sides, we get:
[wi(SE71) = PM(SETO] = [a(S7) = PM(SETD] = D, =0
r=1

Therefore:
vi(SF) = (S = wi(SFY) — pH(SFTY) = wi(S) — pP(S)
as desired. ]

23.2.5 Descending Auction View

One can reinterpret the procedure above as a descending auction. Initially all items very
large price (say like the price set for py in the beginning of phase k). Each shortest path
computation produces a distance function d that dictates how each price should decrease.
Indeed, they monotonically decrease until we reach a Walrasian equilibrium.

We note that it is important in this algorithm that we compute in each step both a primal
and a dual solution. Without the dual solution (the price vector), it is still possible to carry
out the shortest path computation, but since the edges in the path can have mixed signs,
Dijkstra’s algorithm is no longer available and one needs to pay an extra factor of n to run
Bellman-Ford’s algorithm.

24 Missing Proofs

Proof of Lemma 104. Let ¢y = (y™,4®, ... y™) be a valid allocation that achieves the
optimal social welfare. Then since () € D(i, p), we have

vi(x®) — @ - 2@ > v (yD) —ép - y®.
Summing up, we get

Z (vi(x(i)) —ap- x(i)) > Z (vi(y(i)) —ap- y(i)) '

7 7

the crucial observation is that Y, ép-z® = 3. ép -y = 3" ;Djsj. herefore the inequality

above simplifies to
Y o) = iy,

(2

i.e. the social welfare of ¢z is at least that of ¢y. But since cy gives the optimal social welfare,
we must then have equality and ¢z also achieves the optimum.

For the second part, notice that since the last equation holds with equality, then the
previous equations should also hold, therefore: Y, v;(z) —é&p- 2 =3 v;(y?) — é&p - y@,
which says that x; is also a favorite bundle of i under price vector ép. Therefore, (cx,cp)
form a Walrasian equilibrium. O
Proof of Lemma 108. If (¢p°%, cx) is a Walrasian equilibrium it is straightforward to check
that setting cp = cp°, u; = max,,cfqvi(r) — p*t -2 and 2, = 1 when x = @ and zero
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otherwise, we have a primal dual pair of feasible solutions with the same value. Conversely,
if the primal program has an integral solution, the definition of Walrasian equilibrium can
be obtained from the complementarity conditions.

If the primal program has an optimal integral solution ¢z, then for every solution (¢p, cu)
to the dual program: >, v;(x@) = Y u; +ép-cs > > v (D) +&p -z, > > v(2?) and
therefore all inequalities must hold with equality, so in particular 2 € D(v;, cp), so cp is a
vector of Walrasian prices. Conversely, if ¢p is a vector of Walrasian prices then (cx, cp) is
Walrasian equilibrium by the Second Welfare Theorem (Lemma 104). Therefore by setting
u; = v;(z) —ép- () we obtain a dual feasible solution such that > u;+¢cp-cs = >, v;(z?)
and therefore (cp, cu) is an optimal dual solution. ]
Proof of Corollary 133. Let ¢p®? and &S = (51,5, ...,Sn) be an equilibrium price and
allocation. Consider the following chain of inequalities:

D o) < f@r) < f(@™) < f(@™) = uil(S)
Where the first inequality follows from the definition of f , the second from the fact that cp*
is a minimizer of f, the third follows from the fact that f < f for all prices &, since f is a
maximization over all S; C [n] and f is a maximization over all subsets whose cardinality is
exactly [n]. The last inequality follows from the fact that ¢p®? is an equilibrium. This implies
that all inequalities should hold with equality, in particular, since f(ép*) = > vi(S;), then
it must be that:
maxv;($) = p*(S) =7+ 5] = vilS) = &p™(Si) =7+ |Si]

In particular, S; € D(i, cp* + v - Clyy).

The other direction is similar. We have f(ép®?) = 3. v:(S;) = f(p®9) and for any price

b,

f(@p) = f(ep+ - Clw) = f(Ep™) = [(ep*)
which shows that any Walrasian price &°? minimizes f. O
Proof of Lemma 136 (sketch). Assume that the bipartite graph has a different matching
with total weight not larger than the one presented. Then it is possible to construct either
a cycle of weight less than C' or a cycle of the same weight with smaller number of edges.

Let M’ be an alternative matching between U and V' of weight at most the weight of M.
If M’ has smaller weight, replace M by M’ and C'U M’ — M 1is a collection of cycles with
total weight smaller than the weight of C'. Since all cycles have non-negative weight, one of
the cycles must have weight less than C', contradicting the fact that C' is a minimum weight
cycle.

Now, if M and M’ have the same weight, consider the following family of cycles: for each
edge e = (u/,v") € M’, construct a cycle C, composed of edge e and the path from v to
v’ in C' (in other words, we use e to shortcut C'). There is an integer k < ¢ such that the
collection of cycles C, uses in total: one of each edge from M’, k — 1 of each edge from M
and k of each edge from C' — M. So the average weight is at most the weight of C'. Since
the C, cycles have strictly less edges than C, there should be a cycle with fewer edges than
C and weight at most ', which again contradicts the choice of C.

The argument for paths is analogous. O
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Part V
Submodular Function Minimization

via First Order Method

This Part is based on joint works with Deeparnab Chakrabarty, Yin Tat Lee and Aaron
Sidford.

25 Introduction

Submodular functions are set functions that prescribe a value to every subset of a finite
universe U and have the following diminishing returns property: for every pair S C T C U,
and for every element i ¢ T', f(SU7)— f(S) > f(T'Ui)— f(T'). Such functions arise in many
applications. For instance, the utility functions of agents in economics are often assumed
to be submodular, the cut functions in directed graphs or hypergraphs are submodular, the
entropy of a given subset of random variables is submodular, etc. Submodular functions
have been extensively studied for more than five decades [42, 68, 186, 86, 192].

One of the most important problems in this area is submodular function minimization
(SEM, henceforth) which asks to find the set S minimizing f(S5). Note that submodular
functions need not be monotone and therefore SFM is non-trivial. In particular, SFM gener-
alizes the minimum cut problem in directed graphs and hypergraphs, and is a fundamental
problem in combinatorial optimization. More recently, SFM has found many applications
in areas such as image segmentation [27, 157, 158] and speech analysis [184, 185]. Owing to
these large scale problems, fast SFM algorithms are highly desirable.

We assume access to an evaluation oracle for the submodular function, and use EO to
denote the time taken per evaluation. An amazing property of submodular functions is
that SFM can be exactly solved with polynomial many queries and in polynomial time.
This was first established via the ellipsoid algorithm [112] in 1981, and the first polynomial
combinatorial algorithms were obtained [49, 129, 232, 134] much later.

The current fastest algorithms for SEM are from previous Part which give O(n?lognM -
EO 412 1og®W nM) time and O(n? log® n- EO +n*1log®™" n) time algorithms for SEFM. Here
M is the largest absolute value of the integer-valued function. The former running time is a
(weakly) polynomial running time, i.e. it depends polylogarithmically on M, while the latter
is a strongly polynomial running time, i.e. it does not depend on M at all. Although good in
theory, known implementations of the above algorithms are slow in practice [87, 88, 17, 35]. A
different algorithm, the so-called Fujishige-Wolfe algorithm [260, 84], seems to have the best
empirical performance [17, 144, 22] among general purpose SFM algorithms. Recently the
Fujishige-Wolfe algorithm and variants were shown [35, 168] to run in O((n? - EO + n3)M?)
time, proving them to be pseudopolynomial time algorithms, that is having running time
O(poly(n, EO, M)).

In this Part we also consider approximate SFM. More precisely, for submodular functions
whose values are in the range [—1, 4+1] (which is without loss of generality by scaling), we want
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to obtain additive approximations'®, that is, return a set S with f(S) < opt + €. Although
approximate SFM has not been explicitly studied before, previous works [180, 17, 35] imply
O(n*E0log® M (n/e))-time and O((n? - EO + n®)/e?)-time algorithms. Table 6 summarizes
the above discussion.

’ Regime H Previous Best Running Time ‘ Our Result ‘ Techniques ‘
Strongly Poly O(n?log?n - EO + n*1log®M n) [180] CP + Dimension Collapsing
Weakly Poly O(n%lognM - EO + n31og®™ nM)[180] Cutting Plane (CP)

Pseudopoly || O((n?-EO + n3)M?)[35, 168] | O(nM?3 - EO) See Section 25.2
e-Approx O(n?-EO/€?) [35, 168, 17] | O(n®/3 - EO/€?) See Section 25.2

Table 6: Running times for minimizing a submodular function defined on a universe of size n
that takes integer values between —M and M (except for e-approximate algorithms we assume the
submodular function is real-valued with range in [—1,1]). EO denotes the time to evaluate the
submodular function on a given set.

In particular, the best known dependence on n is quadratic even when the exact algo-
rithms are allowed to be pseudopolynomial, or when the e-approximation algorithms are
allowed to have a polynomial dependence on €. This quadratic dependence seems to be a
barrier. For exact SFM, the smallest known non-deterministic proof [68, 49] that certifies
optimality requires ©(n?) evaluation queries, and even for the approximate case, nothing
better is known (see Section 29.4). Furthermore, in this Part we prove that a large class
of algorithms which includes the Fujishige-Wolfe algorithm [260, 84] and the cutting plane
algorithms of Lee et al. [180], as stated need to make 2(n?) queries. More precisely, these
algorithms do not exploit the full power of submodularity and work even with the weaker
model of having access only to the “subgradients of the Lovasz Extension” (or equivalently,
vertices of the base polyhedron) where each subgradient takes ©(n) queries. We prove that
any algorithm must make Q(n) subgradient calls implying the quadratic lower bound for
this class of algorithms. Furthermore, our lower bound holds even for functions with range
{—1,0, 1}, and so trivially the lower bound also holds for approximate SFM as well. In other
words, our work shows that faster (approximate) algorithms are only possible when one goes
beyond the subgradient model.

25.1 Owur Results

In this Part, we describe exact and approximate algorithms for SFM which run in time sub-
quadratic in the dimension n. Our first result is a nearly linear time exact SFM algorithm
for bounded, integer-valued submodular function. More precisely, for any integer valued
submodular function with maximum absolute value M, our algorithm returns the optimum
solution in O(nM?3logn - EO) time. This algorithm may especially be of interest in vari-
ous settings such as market equilibrium computation in economics (e.g. [150]) where M s
typically a small constant and querying the oracle is expensive.

13We also show in Section 29.1 how to obtain a multiplicative approximation under a mild condition on f
that has been used widely for various submodular mazimization problems. Such a condition is necessary as
multiplicative approximation is equivalent to exact optimization for general SFM instances.
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Moreover, this has a few consequences to the complexity theory of SEFM. First, this gives
a better dependence on n for pseudopolynomial time algorithm. Second, this shows that
to get a super-linear lower bound on the query complexity of SFM, one need to consider a
function with super constant function values.'* Third, this completes the following picture
on the complexity of SFM: the best known strongly polynomial time algorithms have query
complexity é(n3), the best known (weakly) polynomial time algorithms have query com-
plexity O(nZ), and our result implies the best pseudopolynomial time algorithm has query
complexity O(n) These theoretical consequences were the primary driver of our work and
we hope it may open the door to further improvements in more structured setting; indeed,
our next two results, which build upon this framework, demonstrate that better running times
can be achieved by exploiting different solution concepts (approximation) or problem-specific
structures (sparsity).

Our second result is a subquadratic approximate SFM algorithm. More precisely, we give
an algorithm which in O(n%3EQ/e?) time, returns an e-additive approximate solution. To
break the quadratic barrier, that arise from the need to compute (n) subgradient each of
which individully we do not know how to compute faster than Q(n - EO), we wed continuous
optimization techniques with properties deduced from submodularity and simple data struc-
tures. These allow us to compute and use subgradient updates in a much more economical
fashion. We believe that that the ability to obtain subquadratic approximate algorithms
for approximate submodular minimization is an interesting structural result that could have
further implications.'®

Finally, we show how to improve upon these results further if we know that the optimal
solution is sparse. This may be a regime of interest for certain applications where the solution
space is large (e.g. structured predictions have exponentially large candidate sets [223]), and
as far as we are aware, no other algorithm gives sparsity-critical results.

25.2 Overview of Techniques

In a nutshell, all are our algorithms are projected, stochastic subgradient descent algorithms
on the Lovasz extension f of a submodular function with economical subgradient updates.
The latter crucially uses submodularity and serves as the point of departure from previous
black-box continuous optimization based methods. In this section, we give a brief overview
of our techniques.

The Lovasz extension f of a submodular function is a convex relaxation. It is a non-
smooth convex function whose (approximate) minimizers leads to (approximate) SFM. Sub-
gradient descent algorithms maintain a current iterate ® and take a step in the negative
direction of a subgradient g(z®) at 2 to get the next iterate (1. In general, the sub-
gradient of a Lovasz extension takes O(n - EO) to compute. As stated above, the Q(n)
lower bound on the number of iterations needed, implies that if we naively recompute the
subgradients at every iterations, we cannot beat the quadratic barrier. Our main technical

“4Conversely, [116, Thm 5.7] shows that we need at least n queries of evaluation oracle to minimize a
submodular function with range in {0, 1, 2}.

15Note that simple graph optimization problems, such as directed minimum s-¢ cut, is not one of these
(See Section 29.3).
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contribution is to exploit submodularity so that g(z**!)) can be computed in sublinear time
given 2 and g(=®).

The first implication of submodularity is the observation (also made by [143, 120]) that
¢1-norms of the subgradients are bounded by O(M ) if the submodular function is in [— M, M].
When the function is integer-valued, this implies that the subgradients are sparse and have
only O(M) non-zero entries. Therefore, information theoretically, we need only O(M) bits
to get g(z*Y) from g(x®). However, we need an algorithm to find the positions at which
they differ. To do so, we use submodularity again. We observe that given any point x and
non-negative, k-sparse vector e, the difference vector d := g(x + e€) — g(x) is non-positive at
points corresponding to support of e and non-negative everywhere else. Furthemore, on a
“contiguous set” of coordinates, the sum of these entries in d can be computed in O(EO)
time. Armed with this, we create a binary search tree (BST) type data structure to find the
O(M) non-zero coordinates of d in O(M -EO log n) time (as opposed to O(n-EO) time). This,
along with standard subgradient descent analysis yields our O(nM3EO log n)-algorithm.

When the submodular function is real-valued between [—1,1], although the ¢;-norm is
small the subgradient can have full support. Therefore, we cannot hope to evaluate the
gradient in sublinear time. We resort to stochastic subgradient descent where one moves
along a direction whose expected value is the negative subgradient and whose variance is
bounded. Ideally, we would have liked a fast one-shot random estimation of g(x®*)); un-
fortunately we do not know how to do it. What we can do is obtain fast estimates to the
difference vector d mentioned above. As discussed above, the vector d has O(k) “islands” of
non-negative entries peppered with O(k) non-positive entries. We maintain a data-structure
which with O(kKEO logn) preprocessing time can evaluate the sums of the entries in these
islands in O(EO logn) time. Given this, we can sample a coordinate j € [n] with probability
proportional to |d;| in a similar time. Thus we get a random estimate of the vector d whose
variance is bounded by a constant.

To get the stochastic subgradient, however, we need to add these difference vectors and
this accumulates the variance. To keep the variance in control, we run the final algorithm
in batches. In each batch, as we progress we take more samples of the d-vector to keep
the variance in check. This unfortunately increases the sparsity (the k parameter), and one
needs to balance the effects of the two. At the end of each batch, we spend O(nEO) time
computing the deterministic subgradient and start the process over. Balancing the number of
iterations and length of batches gives us the O(n5/ SEOQe?)-time algorithm for e-approximate

SEFM.

25.3 Related Work

Submodularity, and indeed SFM, has a rich body of work and we refer the reader to surveys of
Fujishige [86] and McCormick|[192] for a more detailed pre-2006 version. Here we mention a
few subsequent related works which were mostly inspired by applications in machine learning.

Motivated by applications in computer vision [27, 26] which require fast algorithms for
SEFM, researchers focused on minimization of decomposable submodular functions which are
expressible as sum of “simple” submodular functions. It is assumed that simple submodular
functions can be minimized fast (either in practice or in theory). Such a study was initiated
by Stobbe and Krause [242] and Kolmogorov [161] who gave faster (than general SFM)
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algorithms for such functions. More recently, motivated by work of Jegelka et al. [142],
algorithms with linear convergence rates [216, 72| have been obtained. That is, they get
e-approximate algorithms with dependence on € being log(1/e). .

We end our introductory discussion by mentioning the complexity of constrained SFM
where one wishes to minimize over sets satisfying some constraints. In general constrained
SFM is much harder than unconstrained SFM. For instance the minimum cut problem with
cardinality constraints becomes the balanced partitioning problem which is APX-hard. More
generally, Svitkina and Fleischer [244] show that a large class of constrained SFM problems
cannot be approximated to better than O(\/ﬁ) factors without making exponentially many
queries. In contrast, Goemans and Soto [104] prove that symmetric submodular functions
can be minimized over a large class of constraints. Inspired by machine learning applications,
Iyer et al. [136, 135] give algorithms for a large class of constrained SFM problems which
have good approximation guarantees if the curvature of the functions are small.

26 Preliminaries

Here we introduce notations and general concepts used throughout this Part.

26.1 General Notation

We let [n] = {1,...,n} and [0,1]* = {z € R" : x; € [0,1] Vi € [n]}. Given a permutation
P = (P,,...,P,) of [n], let P[j] < {P, Py, ..., P;} be the set containing the first j elements
of P. Any point x € R" defines the permutation P, consistent with v where xp, > xp, >
... > xp with ties broken lexicographically. We denote by 1; € R" the indicator vector for
coordinate 7, i.e. 1; has a 1 in coordinate 7 and a 0 in all other coordinates. We call a vector
s-sparse if it has at most s non-zero entries.

26.2 Submodular Functions

Throughout this Part f : 2¥ — R denotes a submodular function on a ground set U. For
notational convenience we assume without loss of generality that U = [n] for some positive
integer n and that f(2) = 0 (as this can be enforced by subtracting f(2) from for the value
of all sets while preserving submodularity). Recall that f is submodular if and only if it
obeys the property of diminishing marginal returns: for all S C T C [n] and i ¢ T we have

f(Sufi}) = f(S) = f(Tu{i}) — f(T).

We let opt & mingcp, f(S) be the minimum value of f. We denote by EO the time it takes
to evaluate f on a set S. More precisely, we assume given a linked list storing a permutation
P of [n], and a position k, we can evaluate f(P[k]) in EO time.
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26.3 The Lovasz Extension

Our results make extensive use of the Lovasz extension, a convex, continuous extension of a
submodular function to the interior of the n-dimensional hypercube, i.e. [0, 1]™.

Definition 148 (Lovasz Extension). Given a submodular function f, the Lovasz extension
of f, denoted as f : [0,1]" = R, is defined for all z € [0,1]" by f(z) = X2, (f([Pli]) —
f(P[j —1]))x;, where P = P, = (Py,..., P,) is the permutation consistent with x.

Note that since f(@) = 0 this definition is equivalent to

f(x) = f(P))ap, + Y fUPL) (e, —zp,.,). (26.1)

j€n—1]

We make use of the following well known facts regarding submodular functions (see e.g.
[186, 86]).

Theorem 149 (Lovasz Extension Properties). The following are true for all x € [0, 1]":

e Convexity: The Lovasz extension is convex.
Consistency: For z € {0,1}" we have f(z) = f(S(z)) where S(z) = {i € S : z; = 1}.

[
e Minimizers: min,jo 1 flz) = mingcp, f(5).
e Subgradients: The vector g(x) € R™ defined by g(x)p, = f(P[k]) — f(P[k —1]) is a

subgradient of f at x, where P = P, is the permutation consistent with x. Let us call
this the Lovasz subgradient.

We conclude with a few straightforward computational observations regarding the Lovasz
extension and its subgradients. First note that for 2 € [0, 1]" we can evaluate f(x) or compute
g(z) in time O(nEO + nlogn) simply by sorting the coordinates of f and evaluating f at
the n desired sets. Also, note that by (26.1) the Lovasz extension evaluated at x € [0, 1]" is
a non-negative combination of the value of f at n sets. Therefore computing the smallest of
these sets gives a set S C [n] such that f(S) < f(z) and we can clearly compute this, again
in O(nEO + nlogn) time. Therefore for any algorithm which approximately minimizes the
Lovasz extension with some (additive) error €, we can always find a set S achieving the same
error on f by just paying an additive O(nEO + nlogn) in the running time.

26.4 Subgradient Descent

Our algorithmic results make extensive use of subgradient descent (or mirror descent) and
their stochastic analogs. Recall that for a convex function h : Y — R, where y C R" is a
compact convex set, a vector g € R" is a subgradient of h at x € y if for all y € x we have

h(y) > h(z) +g" (y — ).

For such an h we let Oh(x) denote the set of subgradients of h at . An algorithm that on
input x outputs g(z) € Oh(x) is a subgradient oracle for h. Similarly, an algorithm that on
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input x outputs a random g(x) such that Eg(z) € 0h(x) is a stochastic subgradient oracle
for h.

One of our main algorithmic tools is the well known fact that given a (stochastic) sub-
gradient oracle we can minimize a convex function h. Such algorithms are called (stochastic)
subgradient descent algorithms and fall into a more general framework of algorithms known
as mirror descent. These algorithms are very well studied and there is a rich literature on
the topic. Below we provide one specific form of these algorithms adapted from [29] that
suffices for our purposes.

Theorem 150 (Projected (Stochastic) Subgradient Descent'®). Let x C R™ denote a com-
pact convex set, h : x — R be a convex function, § be a (stochastic) subgradient oracle for
which EHQ(&:)HE < B? forallx € x, and R* = SUP,ey %Hx”z . Now consider the iterative
algorithm starting with

M) = argminxeXH:p”;

and for all s we compute

2D = argminxele’ - (x(s) - 77?](3;(5)»”2

Then for n = %\/g we have

1 2
Eh tE x I;lé)I(lh(x) RB\/;.

i€t

We refer to this algorithm as projected stochastic subgradient descent when § is stochastic
and as projected subgradient descent when ¢ is deterministic, though we often omit the term
projected for brevity. Note that when g is deterministic the results are achieved exactly rather
than in expectation.

27 Faster Submodular Function Minimization

In this section we provide faster algorithms for SFM. In particular we provide the first
nearly linear time pseudopolynomial algorithm for SFM and the first subquadratic additive
approximation algorithm for SFM. Furthermore, we show how to obtain even faster running
times when the SFM instance is known to have a sparse solution.

All our algorithms follow the same broad algorithmic framework of using subgradient
descent with a specialized subgradient oracle. Where they differ is in how the structure
of the submodular functions is exploited in implementing these oracles. The remainder of
this section is structured as follows: in Section 27.1 we provide the algorithmic framework
we use for SFM, in Section 27.2, we prove structural properties of submodular functions
that we use to compute subgradients, in Section 27.3, we describe our nearly linear time

16T his is Theorem 6.1 from [29] restated where we used the “ball setup” with ®(x) = %Hx”i so that D = R"

and Dg(z,y) = %Hx — sz We also used that argminwEXnng + %Hx - xtHz = argmianHx — (z — ng)Hi
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pseodopolynomial algorithms, in Section 27.4, we describe our subquadratic additive ap-
proximation algorithm, and in Section 27.5, we show how to improve these results when
SFM has a sparse solution.

We make minimal effort to control logarithmic factors in through this section and note
that some of the factors come from sorting and therefore maybe can be removed depending
on the desired computational model.

27.1 Algorithmic Framework

All our algorithms for SFM follow the same broad algorithmic framework. We consider the
Lovasz extension f : [0,1]" — R, and perform projected (stochastic) subgradient descent
on f over the convex domain x = [0, 1]”. While the subgradient oracle construction differs
between algorithms (and additional care is needed to improve when the solution is sparse,
i.e. Section 27.5) the rest of algorithms for Section 27.3 and Section 27.4 are identical.

In the following, Lemma 151, we encapsulate this framework, bounding the performance
of projected (stochastic) subgradient descent for the Lovasz extension, i.e. applying Theo-
rem 150 to f over x = [0,1]". Formally, we abstract away the properties of a subgradient
oracle data structure needed to achieve a fast algorithm. With this lemma in place the
remainder of the work in Section 27.2, Section 27.3, and Section 27.4 is to show how to
efficiently implement the subgradient oracle in the particular setting.

Lemma 151. Suppose that there exists a procedure which maintains (), g% ) satisfymg the
invariants: (a) G is k-sparse; (b) E[g?V] = g(x@) is the Lovasz subgradient at z%; (c)

EHg ")”z < B?. Furthermore, suppose given any k-sparse e, the procedure can update to

(x(“rl) =z 4 0 g(”l)) in time Ty. Then, for any € > 0, we can compute a set S with
E[f(S)] < opt + € in time O(HB2€_2Tg + nEO + nlogn). If invariants (b) and (c) hold
without expectation, then so does our algorithm.

Proof. We invoke Theorem 150 on the convex function f : [0,1]" — R over the convex
domain y = [0, 1]™ to obtain the iterates where we use the given subgradient oracle. Clearly

M = argminxe[oﬂn%”xH; =0eR"”

and

R® = - 17 ==
s gllell = 5l = 5

Consequently, as long as we implement the projection step for T'= O(nB?¢?) steps (each
step requiring T, time), then Theorem 150 yields

le(i) —mlnf <RB\/ <4/ B2<
T o zEX <

Furthermore, as we argued in Section 26.3 we can compute S with f(S) < f (7 > el @)
in the time it takes to compute %Ziem 2@ plus additional O(nEO + nlogn) time. To
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prove the lemma all that remains is to reason about the complexity of computing the pro-
jection, i.e. z(*D, given that all the subgradients we compute are s-sparse. However,
since z(tt!) = argminxe[ovl]on — (2® — ng(x(t))Hz decouples coordinate-wise — note that
) = median{0, 2® —ng(z®), 1}, we subtract 7§(x®) from z¥ and if any coordinate is
less than 0 we set it to 0 and if any coordinate is larger than 1 we set it to 1. Thus the edit
vector e is of sparsity< k. Combining these facts yields the described running time. O

27.2 Subgradients of the Lovasz Extension

Here we provide structural results of submodular function that we leverage to compute
subgradients of submodular functions in o(n) time. First, in Lemma 152 we state a result
due to Jegelka and Bilmes [143] (also Hazan and Kale [120]) which puts an upper bound on
the /1 norm of subgradients of the Lovasz extension provided that we have an upper bound
on the maximum absolute value of the function. We provide a short proof for completeness.

Lemma 152 (Subgradient Upper Bound). If|f(S)| < M for all S C [n], then Hg(x)Hl <3M
for all x € [0,1]" and for all subgradients g of the Lovasz extension.

Proof. For notational simplicity suppose without loss of generality (by changing the name
of the coordinates) that P(z) = (1,2,...,n), i.e. x; > x9 > ... > x,. Therefore, for any
i € [n],we have g; = f([i]) — f([i = 1]). Let r < ry < ..., < rg denote all the coordinates
such that g,, > 0 and let s5; < sy < ... < sg denote all the coordinates such that g,, < 0.

We begin by bounding the contribution of the positive coordinate, the g,,, to the norm
def

of the gradient, ||g||,. For all k € [R] let R = {ry,...,7} with Ry = @. By assumption
we know that that f(Ry) = @. Furthermore, by submodularity, i.e. diminishing marginal

returns, we know that for all i € [R]
FR:) = f(Rimy) = f([ri]) = f(lri =1]) = gr, = lgr,

Consequently f(Rgr) — f(Ro) = > e f(Ri) — f(Ri-1) = 3 icg 19r,]- Since f(Ro) = 0 and
f(Rr) < M by assumption we have that ., [g,| < M.

Next, we bound the contribution of the negative coordinates, the gs,, similarly. For all
k€ [S] let Sy, = {s1,...,s,} with Sy = @. By assumption we know that that f(Sy) = @.
Define V' := [n] — S. Note that for all i € [S], the set V U S;_; is a superset of [s; — 1].
Therefore, submodularity gives us for all i € [5],

FVUS) = f(VUSia) < f(lsi]) = flsi = 1)) = g5, = — g5,

Summing over all i, we get f([n]) — f(V) < > i g —9s,]- Since f([n]) > —M and
f(V) < M we have that ), |gs;| < 2M . Combining these yields that Hng =D icn 195l =
Zie[R} |9r,| + Zie[S] |9s:| < 3M. u

Next, in Lemma 153 we provide a simple but crucial monotonicity property of the sub-
gradient of f . In particular we show that if we add (or remove) a positive vector from
x € [0,1]" to obtain y € [0,1]" then the untouched coordinates of the subgradients all
decrease (or increase).
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Lemma 153 (Subgradient Monotonicity). Let x € [0,1]" and let d € RL; be such that
=x+d (resp. y=x —d). Let S denote the non-zero coordinates of d. Then for all i ¢ S

we have g(x); > g(y); (resp. g(x)i < g(y)i):

Proof. We only prove the case of y = x+d as the proof of the y = x—d case is analogous. Let
P@and P® be the permutations consistent with z and y. Note that P® can be obtained
from P®) by moving a subset of elements in S to the left, and the relative ordering of
elements not in S remains the same. Therefore, for any i ¢ S, if r is its rank in P(®), that is,
P =i and r'is its rank in P® | then we must have P®) [r'] 2 P®[r]. By submodularity,

9(v)i = f(PW]) — F(PW[' = 1)) < fF(PO[r]) — fF(PW[r —1])) = g(2)s. O

Lastly, we provide Lemma 154 giving a simple formula for the sum of multiple coordinates
in the subgradient.

Lemma 154 (Subgradient Intervals). Let z € [0,1]" and let P be the permutation consistent
with . For any positive integers a < b, we have 3 o__ g(x)p, = f(P[b]) — f(Pla — 1]).

Proof. This follows immediately from the definition of g(z): S0_ g(z)p, = Yoo, (F(Pli]) —
F(Pli =1])) = f(PB]) + 302, f(Pl]) = 32is, f(Pli]) = f(Pla—1]). 0

27.3 Nearly Linear in n, Pseudopolynomial Time Algorithm

Here we provide the first nearly linear time pseudopolynomial algorithm for submodular
function minimization. Throughout this section we assume that our submodular function f
is integer-valued with |f(S)| < M for all S C [n]. Our goal is to deterministically produce
an exact minimizer of f. The primary result of this section is showing that we can achieve
this in O(nM?EO) time:

Theorem 155. Given an integer-valued submodular function f with |f(S)| < M for all
S C [n] in time O(nM3EQOlogn) we can compute a minimizer of f.

We prove the theorem by describing (z®, §(z®)) in Lemma 151. In fact, in this case §
will deterministically be the subgradient of the Lovasz extension. In Lemma 156, we prove
that the Lovasz subgradient is O(M)-sparse and so ||g||3 < O(M?). Thus, Conditions (a),
(b), and (c) are satisfied with B> = O(M?). The main contribution of this section is Lemma
157, where we show T, = O(M logn - EO), that is the subgradient can be updated in this
much time. A pseudocode of the full algorithm can be found in Section 29.5.

Lemma 156. For integer-valued f with |f(S)| < M for all S the subgradient g(x) has at
most 3M non-zero entries for all x € [0, 1]".

Proof. By Lemma 152 we know ||g(:17)H1 < 3M. However, since g(x)p, = f(P[i])— f(P[i—1])
and since f is integer-valued, we know that either g(x)p, = 0 or |g(z)p,| > 1. Consequently,
there are at most 3M values of ¢ for which g(x); # 0. O

Lemma 157. With O(n - EO) preprocessing time the following data structure can be main-
tained. Initially, one has input @ € [0,1]" and g(z). Henceforth, for all i, given g(x¥)
and a k-sparse vector e, in O(klogn + kEO + MEO]logn) time one can update g(z) to
the gradient g(x0*V) for 20+D = (@ 4 £0),
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Proof. The main idea is the following. Suppose e is non-negative (we later show how to
easily reduce to the case where all coordinates in e have the same sign and the non-positive
case is similar) Thus, by Lemma 153, for all coordinates not in support of e, the gradient
goes down. Due to Lemma 156, the total number of change is O(M), and since we can
evaluate the sum of gradients on intervals by Lemma 154, a binary search procedure allows
us to find all the gradient changes in O(M logn - EO) time. We now give full details of this
idea.

We store the coordinates of z() in a balanced binary search tree (BST) with a node for

each j € [n] keyed by the value of xy); ties are broken consistently, e.g. by using the actual
value of j. We take the order of the nodes j € [n| in the binary search tree to define the
permutation P which we also store explicitly in a link-list, so we can evaluate f(P®[k]) in
O(EO) time for any k. Note that each node of the BST corresponds to a subinterval of P
given by the children of that node in the tree. At each node of the BST, we store the sum
of g(x@); for all children j of that node, and call it the value of the node. Note by Lemma
154 each individual such sum can be computed with 2 calls to the evaluation oracle. Finally,
in a linked list, we keep all indices j such that g(z®) ;j is non-zero and we keep pointers to
them from their corresponding node in the binary search tree. Using the binary search tree
and the linked list, one can clearly output the subgradient. Also, given z(® | in O(n - EO)
time one can obtain the initialization. What remains is to describe the update procedure.

~ We may assume that all non-zero entries of e are the same sign; otherwise write () :=
egf) + e@, and perform two updates. WLOG, lets assume the sign is + (the other case is
analogous). Let S be the indices of e which are non-zero.

First, we change the key for each j € [n] such that xyﬂ) + Ig»i) and update the BST. Since
we chose a consistent tie breaking rule for keying, only these elements j € [n| will change
position in the permutation PU*+Y. Furthermore, performing this update while maintaining
the subtree labels can be done in O(klogn) time as it is easy to see how to implement binary
search trees that maintain the subtree values even under rebalancing. For the time being,
we retain the old values as is.

For brevity, let ¢ and g(*!) denote the gradients g(z®) and g(z*+Y), respectively.
Since we assume all non-zero changes in e are positive, by Lemma 153, we know that
gj(-Hl) < gj(.l) for all j ¢ S. First, since |S| < k, for all j € S, we go ahead and compute gty
in O(KEO) time. For each such j we update the value of the nodes from j to the root, by
adding the difference (gj(-”l) — J(Z)) to each of them. Next, we perform the following operation
top-down start at the root: at each node we compare the current subtree value stored at this
node with what the value actually should be with ¢g@+?) . Note that since we know PG+,
the latter can be computed with 2 evaluation queries. The simple but crucial observation
is that if at any node j these two values match, then we are guaranteed that g,(fH) = g,(:)
for all & in the tree rooted at j and we do not need to recurse on the children of this node.
The reason for equality is that for all the children, we must have g,EfH) < g,(:) by Lemma
153 , and so if the sum is equal then we must have equality everywhere. Since there are at
most O(M) coordinates change, this takes O(MEOlogn) for updating all the changes to
g1 for the binary search tree. During the whole process, whenever a node changes from

non-zero to zero or from zero to non-zero, we can update the linked-list accordingly. O

Proof of Theorem 155. We apply Lemma 151 giving the precise requirements of our sub-
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gradient oracle. We know that the subgradients we produce are always O(M) sparse by
Lemma 156 and satisfy B? = O(M?). Consequently, we can simply instantiate Lemma 157
with & = O(M) to obtain our algorithm. Furthermore, since f is integral we know that so
long as we have a set additive error less than 1, i.e. € < 1, the set is a minimizer. Conse-
quently, we can minimize in the time given by the cost of adding the cost of Lemma 2, with
the Lemma 156 initialization cost, plus the Lemma 156 cost for T = O(nM?) iterations,
yielding

O (n(EO +logn + M?) + n+ MEO + (Mlogn + MEOlogn) - nM?) = O(nM?EOlogn) .

]

27.4 Subquadratic Additive Approximation Algorithm

Here we provide the first subquadratic additive approximation algorithm for submodu-
lar function minimization. Throughout this section we assume that f is real-valued with
|f(S)] <1 forall S C [n]. Our goal is to provide a randomized algorithm that produces a
set S C [n] such Ef(S) < opt + €. Our primary result is showing that we can achieve this
in O(n®3e¢2log* n) time:

Theorem 158. Given a submodular function f : 2" — R with |f(S)]
and any € > 0, we we can compute a random set S such that Ef(S)
O(n*3¢2EO1log* n).

1 forall S CV,

<
< opt + € in time

The proof of this theorem has two parts. Note that the difficulty in the real-valued case
is that we can no longer assume the Lovasz gradients are sparse, and so we cannot do naive
updates. Instead, we use the fact that the gradient has small £, norm to get sparse estimates
of the gradient. This is the first part where we describe a sampling procedure which given
any point x and a k-sparse vector e, returns a good and sparse estimate of the difference
between the Lovasz gradient at x + e and x. The second issue we need to deal with is
that if we naively keep using this estimator, then the error (variance) starts to accumulate.
The second part then shows how to use the sampling procedure in a “batched manner” so
as to keep the total variance under control, restarting the whole procedure with a certain
frequency. A pseudocode of the full algorithm can be found in Section 29.5.

Lemma 159. Suppose a vector x € [0,1]" is stored in a BST sorted by value. Given a
k-sparse vector e which is either non-negative or non-positive, and an integer £ > 1, there
15 a randomized sampling procedure which returns a vector z with the following properties:
(a) E[z] = g(z +€) — g(z), (b) E[||z - E[z]”z] = O(1/¢), and (c) the number of non-zero
coordinates of z is O(£). The time taken by the procedure is O((k + £) - EOlog®n).

Proof. We assume that each non-zero value of e is positive as the other case is analogous.
Note that x is stored in a BST , and the permutation P, consistent with x is stored in a
doubly linked list. Let S be the set of positive coordinates of e with |S| = k and let y denote
the vector x + e. We compute P, in O(klogn) time.

Let I, ..., Iy, C [n] denote the subsets of the coordinates that correspond to the intervals
which are contiguous in both P, and P,. Note that these are < 2k such intervals, and some
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of them can be empty. We store the pointers to the endpoints of each interval in the BST.
This can be done in O(klogn) time as follows. First compute the coarse intervals which
are contiguous in P, in O(k) time. These intervals will be refined when we obtain P,. In
O(klogn) time, update the BST so that for every node we can figure out which coarse
interval it lies in O(logn) time. This is done by walking up the BST for every end point of
all the k intervals and storing which “side” of the interval they lie in. Given a query node,
we can figure out which interval it lies in by walking up the BST to the root. Finally, for all
nodes in S, when we update the BST in order to obtain P,, using the updated data structure
in O(logn) time figure out which coarse interval it lies in and refine that interval.

For each j € S, we compute d; < 9(y);—g(x); explicitly. This can be done in O(KEO)time
using Pyand P,.For r € [2k], we define D, := 3 ., (9(y); — g();). Since each I, is a
contiguous interval in both P, and P,, Lemma 154 implies that we can store all D, in
O(k - EO) time in look-up tables. Note that by monotonicity Lemma 153 each summand
in D, is of the same sign, and therefore summing the absolute values of D,’s and d;’s gives
|9(y) — g(a:)Hl We store this value of the ¢; norm.

Now we can state the randomized algorithm which returns the vector z. We start by
sampling either a coordinate j € S with probability proportional to |d;| , or an interval
I, with probability proportional to |D,|. If we sample an interval, then iteratively sample
sub-intervals I" C I proportional to > (g9(y); — g(x);) till we reach a single coordinate
J ¢ S. Note that any j € [n] is sampled with probability proportional to |g(y); — g(z);|.

We now show how to do this iterative sampling in O((EO + logn)logn) time. Given
I,., we start from the root of the BST and find a node closest to the root which lies in I,.
More precisely, since for every ancestor of the endpoints of I, if it doesn’t belong to the
interval we store which “side” of the tree I, lies in, one can start from the root and walk
down to get to a node inside I,.. This partitions I,into two subintervals and we randomly
select I'proportional to 3 (g(y); — g(2);) . Since sub-intervals are contiguous in P, and
P, this is done in O(EO) time. We then update the information at every ancestor node of
the endpoints of the sampled I’ in O(logn) time. Since each iteration decreases the height
of the least common ancestor of the endpoints of I, in O(logn) iterations (that is the height
of the tree), we will sample a singleton j ¢ S.

In summary, we can sample j € [n] with probability proportional to g(y); — g(z); in
O((EO + logn)logn) time. If we sample j, we return the (random) vector

z:=||g(y) — g(@)|, - sign(g(y); — g(2);) - 1,

where recall 1; is the vector with 1 in the jth coordinate and zero everywhere else. Note
that given j, computing z takes O(EO +logn) time since we have to evaluate g(y),and g(x);.
Recall, we already know the ¢;norm. Also note by construction, E[z] is precisely the vector
g(y) — g(x). To upper bound the variance, note that

B[z — Ez}] < Elll=[|;] = o) — 9(@)]|; < 9~ max|£(5)| < 9

by Lemma 152 and the fact that |f(S5)| < 1. Also observe that z is 1-sparse.
Given /¢, we sample independently ¢ such random 2z’s and return their average. The
expectation remains the same, but the variance scales down by ¢. The sparsity is at most
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0. The total running time is O(k(EO +logn) +¢(EO +logn) logn). This completes the proof
of the lemma.
[l

We now complete the proof of Theorem 158.

Proof. (Theorem 158) The algorithm runs in batches (as mentioned before, the pseudocode
is in Section 29.5.) At the beginning of each batch, we have our current vector z(¥) as usual
stored in a BST. We also compute the Lovasz gradient ¢® = g(z(®)) spending O(nlog nEO)
time. The batch runs for T = ©(n'/3) steps. At each step t € [T], we need to specify
an estimate §® to run the (stochastic) subgradient procedure as discussed in Lemma 151.
For t = 0, since we know ¢ explicitly, we get §(°) by returning Hg(o)Hlsign(g@)lj with

j
probability proportional to ‘ gj(p)‘. This is a 1-sparse, unbiased estimator of ¢(® with O(1)

variance. Define 29 := GO Henceforth, for every t > 0, the subgradient descent step
suggests a direction e in which to move whose sparsity is at most the sparsity of §*. We

partition e(*) = egf) + e into its positive and negative components. We then apply Lemma

159 twice: once with z = 2® e = egf)

, and ¢ = t, to obtain random vector sz)of sparsity
t, and then with z = z® + egf), e = e(_t), and ¢ = t, to obtain the random vector 20 of
sparsity t. The estimate of the gradient at time ¢ is the sum of these random vectors. That
is, for all ¢t > 1, define g := qu(zf) + Z@) By the property (b) of Lemma 159 , g is
a valid stochastic subgradient and can be fed into the framework of Lemma 151. Note that
for any t € [T, the sparsity of §®is O(#?) and so is the sparsity of e*) suggested by the
stochastic subgradient routine. Thus, the tth step of estimating zsrt)and P requires time
O(#?EOlog® n), implying we can run 7T steps of the above procedure in O(T*EO log® n) time.

Finally, to argue about the number of iterations required to get e-close, we need to upper

bound E[Hg(t)H;] for every t. Since E[§g")] = ¢®, the true subgradient at +® and since
Hg(t)”; = O(1) by Lemma 152 , it suffices to upper bound E[||g®") — E[g(t>]||§]. But this
follows since §®* is just a sum of independent z-vectors.

B9 -EGV[5] =Y B[] -EED)[+> " E[|:Y-ELY)|) =0 (Z 1/3) = O(log n)

s<t s<t s<t

The second-last inequality follows from (c) of Lemma 159. And so, E[||g"" H;] = E[||g" -
E[g(t)]H;] + Hg(t)H; = O(logn). Therefore, we can apply the framework in Lemma 151 with
B = O(log n) implying the total number of steps to get e-approximate is N = O(nlog?® ne~?2).
Furthermore, since each batch takes time O((n 4 T%)EOlog®n) and there are N/T batches,
we get that the total running time is at most

3 ~
O (nEO log* ne™? (n —;T )) = O(n°e?E0)

if 7= n'/3. This ends the proof of Theorem 158.
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27.5 Improvements when Minimizer is Sparse

Here we discuss how to improve our running times when the submodular function f is
known to have a sparse solution, that is, the set minimizing f(S) has at most s elements.
Throughout this section we suppose we know s.

Theorem 160. Let f be a submodular function with a s-sparse minimizer. Then if [ is
integer valued with |f(S)| < M for all S C [n| we can compute the minimizer deterministi-
cally in time O((n+ sM?)logn - EO). Furthermore if f is real-valued with |f(S)| < 1 for all
S C [n], then there is a randomized algorithm which in time O((n 4 sn®?)EOQe~2) returns a
set S such that E[f(S)] < opt + ¢, for any € > 0.

Therefore, if we know that the sparsity of the optimum solution is, say polylog(n), then
there is a near linear time approximate algorithm to get constant additive error.

To obtain this running time we leverage the same data structures for maintaining sub-
gradients presented in Section 27.3 and Section 27.4. Instead we show how to specialize the
framework presented in Section 27.1. In particular we simply leverage that rather than min-
imizing the Lovasz extension over [0, 1] we can minimize over S, = {z € [0,1]" | D ieln Ti <
s}. This preserves the value of the maximum and minimum, but now improves the conver-
gence of projected (stochastic) subgradient descent (because the quantity R becomes s from
n). To show this formally we simply need to show that the projection step does not hurt the
performance of our algorithm asymptotically.

We break the proof of this into three parts. First, in Lemma 161 we compute how to
project onto Ss. Then in Lemma 162 we show how to update our framework. Using these,
we prove Theorem 160.

Lemma 161. For k>0 andy € R" let S ={z € [0,1]"| >, x; < k} and

) 1 2
z = argmmxeSﬁHx — yH2

Then, we have that for all i € [n]
z; = median(0,y; — A, 1)
where \ is the smallest non-negative number such that Zl zi < k.
Proof. By the method of Lagrange multiplier, we know that there is some A > 0 such that
. 1 2
z = argmlnxe[oyl]nﬂ‘x — y”2 +A Z x; .
i€[n]

Since each variable in this problem is decoupled with each other, we can solve this problem
coordinate-wise and get that for all i € [n]

zi = med(0,y; — A\, 1).

Since Zie[n] z; decreases as A increases, we know that A is the smallest non-negative number
such that Zie[n] 2z < k. O
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In particular we provide Lemma 162, an improvement on Lemma 151 in the sparse regime.

Lemma 162. Suppose that for N > sB?*¢ 2 and any sequence of ™V, .., a™N) such that
2D — 20 s kD _sparse up to modifications that do not affect the additive distance between

non-zero coordinates with K = Ziem k@ = O(NE), we can implement a subgradient oracle

for f and 29 denoted §(xV), that is k-sparse and obeys E||§H2 < B%. Then in time
O(n(EO +logn) + Nklogn) we can compute a set S such that Ef(S) < opt + € (and if the
subgradient oracle is deterministic then the result holds without the expectation).

Proof. The proof is the same as before, just that the size of R improves to s and we need to
deal with this new projection step. However, in the projection step we set all the coordinates
that are less than 0 to 0 and then keep subtracting uniformly (stopping whenever a coordinate
reaches 0) until the maximum coordinate is < 1. We can do this efficiently by simply
maintaining an additive offset and the coordinate values in sorted order. Then we simply
need to know the number of coordinates above some threshold and the maximum and the
minimum non-zero coordinate to determine what to subtract up to the point we make the
minimum non-zero. We can do this in O(logn) time easily. Now we are not counting the
movements that do not set something to 0 so do not change the additive distances between
the non-zero coordinate. Consequently, an iteration may only move many coordinates if it
sets many things to 0, however that is paid for by the movement that created it, so we only
need Nklogn time in total to do all the updates. O

We now have everything we need to prove Theorem 160

Proof of Theorem 160. (Sketch) The proof is the same as in Section 27.3 and Section 27.4.
We just use Lemma 162 instead of the previous framework lemma. To invoke the first data
structure we just do the update in batches. The second data structure was already written
for this setting. O

28 Lower Bound

It is well known that Q(n) evaluation oracle calls are needed to minimize a submodular
function. On the other hand, the best way we know of for certifying minimality takes
©(n) subgradient oracle calls (or equivalently, vertices of the base polyhedron). A natural
question is whether ©(n) subgradient oracle calls are in fact needed to minimize a submodular
function. In this section we answer this in the affirmative. Since each gradient oracle needs
n evaluation oracle calls, this gives an (n?) lower bound on the number of evaluations
required for algorithms which only access the function via graident oracles. As mentioned
in the introduction, these include the Fujishige-Wolfe heuristic [260, 84|, various version of
conditional gradient or Franke Wolfe [82, 100] , and the new cutting plane methods [180].
Note that there are known lower bounds for subgradient descent that have a somewhat
submodular structure [211] and this suggests that such a lower bound should be possible,
however we are unaware of a previous information theoretic lower bound such as we provide.

To prove our lower bound, we describe a distribution over a collection of hard functions
and show that any algorithm must make Q(n) subgradient calls in expectation'” and by Yao’s

170One can also prove a high probability version of the same result but for simplicity we don’t do it.
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minimax principle this will give an Q(n) lower bound on the expected query complexity of
any randomized SFM algorithm. The distribution is the following. Choose R to be a random
set with each element of the universe selected independently with probability 1/2. Given R,
define the function

—1 ifS=R
fr(S)=1<0 iftSZRorRZ S
1 otherwise.

Clearly the minimizer of fg is the set R. Any SFM algorithm is equivalent to an algorithm
for recognizing the set R via subgradient queries to fr. A subgradient g of fr at any point x
corresponds to a permutation P of {1,2,...,n} (the sorted order of z). Recall the notation
Pli] :={Py, Ps,...,P}. The following claim describes the structure of subgradients.

Lemma 163. Let i be the smallest index such that Pli] is not a subset of R and j be the
smallest index such that P[j| is a superset of R. Then g(i) = 1, g(j) = —1, and g(k) =0
for allk € [n] —1,j.

Proof. To see g(i) = 1, note that A := P[i — 1] is a subset of R. Two cases arise: either
A = R in which case PJi] is a strict superset of R and so fr(A) = —1 and fr(P[i]) =0
implying ¢g(i) = 1; or A is a strict subset of R in which case P[i] is neither a subset or
a superset, implying fr(A) = 0 and fr(P[i]) = 1. Similarly, to see g[j] = —1, note that
B := P[j — 1] is not a superset of R. Two cases arise: either B is a strict subset of R in
which case P[j] = R and we have fgr(B) = 0 and fr(P[j]) = —1; or B is neither a subset
nor a superset in which case P[j] is a strict superset of R and we have fgr(B) = 1 and
fr(P[j]) = 0.

For any other k, we have either both P[k] and P[k — 1] are strict subsets of R (if k <
min(i, 7)), or both P[k| and P[k — 1] are strict supersets of R (if & > max(i, 7)) , or both are
neither superset nor subset. In all three cases, g(k) = 0. O

Intuitively, any gradient call gives the following information regarding R: we know ele-
ments in P[i — 1] lie in R, P, doesn’t lie in R, P; lies in R, and all P, for £ > j do not lie
in R. Thus we get ¢ +n — 7 + 1 “bits” of information. If R is random, then the expected
value of this can be shown to be O(1), and so €(n) queries are required. We make the above
intuitive argument formal below.

Suppose at some point of time, the algorithm knows a set A C R and a set BN R = @.
The following lemma shows that one may assume wlog that subsequent subgradient calls
are at points x whose corresponding permutation P contains the elements of A as a “prefix”
and elements of B as a “suffix”.

Lemma 164. Suppose we know A C R and BN R = &. Let g be a subgradient and g be
obtained from g by moving A and B to the beginning and end of the permutation respectively.
Then one can compute g from ¢ without making any more oracle calls.

Proof. Easy by case analysis and Lemma 163. Let P be the permutation corresponding to g.
We show that given g’ and P, we can evaluate g. Let us say we are interested in evaluating
gp, and say P, = a. Lemma 163 states that this is 1 iff P[k — 1] C R and P[] isn’t. Now,

k
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if P[k —1]N B # &, then we know gp, =0. Otherwise, gp, =1 iff P[k — 1] - BUA C R
and P[k] — BU A is not, since A C R. Therefore, gp, =1 iff ¢/, =1 and Pk — 1N B = @.
Whether gp, = —1or not can be done analogously. O]

For an algorithm, let h(k) be the expected number of subgradient calls required to min-
imize fr when the universe if of size k£ (note R is chosen randomly by picking each element
with probability 1/2). For convenience we also define h(k) = 0 for k < 0.

Lemma 165. For k > 1, h(k) > 1+ Exylh(k — X —Y)], where X,Y are independent
geometric random variables, i.e. Pr[X =i] =1/2" fori>1.

Proof. By our observation above, a subgradient of f reveals the identities of min{X + Y, k}
elements, where X —1=i—1and Y —1=n—j (i,j as defined in Lemma 163) are the
lengths of the streaks of 0’s at the beginning and end of the subgradient.

Note that X simply follow a geometric distribution because Pr[Pli — 1] C R, P, ¢ R] =
1/2%. Similarly, Y also follow the same geometric distribution. In the case of X +Y > k, we
have R as a prefix of the permutation.

Finally, as a subgradient call reveals no information about the intermediate elements in
the permutation, by Lemma 164 we are then effectively left with the same problem of size
k—X —Y. More formally, this is because the value of the subgradient queried is independent
of the identities of the elements P 4,..., Pj_. O

Theorem 166. h(n) > n/4, i.e. any algorithm for SEM requires at least Q(n) subgradient
calls.

Proof. We show by induction that h(k) > k/4. By Lemma 165 and the induction hypothesis,

hk) = 14+ Exy[h(k—X-Y)]
> 1+ Exy[(k—X—-Y)/4]
= 1+k/4—-E[X]/4-E[Y]/4
= k/4
as desired. 0

Readers may have noticed that the proofs of the preceding two lemmas essentially imply
that h(k) is roughly the expected number of geometric random variables needed to sum up
to k. One can use this property together with some concentration inequality for geometric
random variables to establish a high probability version of our lower bound.
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29 Miscellaneous

29.1 Reduction from Multiplicative to Additive Approximation

Here we show how to obtain a multiplicative approximation for SFM from our O(n%3-EQ/€?)
additive-approximate SFM algorithm. Because the minimizer of f is scale- and additive-
invariant, it is necessary to make certain regularity assumptions on f to get a nontrivial
result. This is akin to submodular function maximization where constant factor approxima-
tion is possible only if f is nonnegative everywhere [32, 75]. For SFM, by considering f —opt
we see that finding a multiplicative-approximate solution and an exact solution are equiv-
alent for general f. (Indeed most submodular optimization problems permit multiplicative
approximation only in terms of the range of values.)

Similar to submodular maximization, we assume f to be nonpositive. Then f" = f/opt
has range [—1, 0] and has minimum value -1 so our additive-approximate algorithm imme-
diately yields multiplicative approximation. This requires knowing opt (or some constant
factor approximation of). Alternately we can “binary search” to get factor-2 close to opt by
trying different powers of 2. This would lead to a blowup of O(logopt) in the running time.

29.2 Approximate SFM via Fujishige-Wolfe

Here we show how Frank-Wolfe and Wolfe can give e-additive approximations for SFM.
We know that both algorithms in O(1/6) iterations can return a point x € By, the base
polyhedron associated with f, such that "2 < p'p+§ for all p € By. Here we are using
the fact implied by Lemma 152 that the diameter of the base-polytope for functions with
bounded range is bounded (note that vertices of the base polytope correspond to gradients of
the Lovasz extension.) The robust Fujishige Theorem (Theorem 5, [35]) implies that we can
get a set S such that f(S) < opt+2v/nd. Setting § = €2/4n gives the additive approximation
in O(ne?) gradient calls.

29.3 Faster Algorithm for Directed Minimum Cut

Here we show how to easily obtain faster approximate submodular minimization algorithms
in the case where our function when the funciton is an explicitly given s-t cut function.
This provides a short illustration of the reasonable fact that when given more structure, our
sumbodular minimization algorithms can be improved.

For the rest of this section, let G = (V, E,w) be a graph with vertices V, directed edges
E CV xV, and edge weights w € RZ0. Let s, € V be two special vertices, A = V — {s,t},
and for all S C Alet f(S) be defined as the total weight of the edges in leaving the set SU{s},
i.e. where the tail of edge is in S U {s} and the head of the edges is in V' — (S U {s}). The
function f is a well known submodular function and minimizing it corresponds to computing
the minimum s-t cut, or correspondingly the maximum s-t flow.

Note that clearly, f(S) < W where W =} __p w.. Furthermore, if we pick S by including
each vertex in A randomly to be in S with probability independently % then we see that
Ef(S) = 3W. Consequently, sW < maxgca f(s) < W and if we want to scale f to make it
have values in [—1, 1] we need to devide by something that is W up to a factor of 2.
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Now, note that we can easily extend this problem to a continuous problem over the reals.
Let 2% denote x if x > 0 and 0 otherwise. Furthermore, for all z € R4 let y(z) € RY be
given by y(z); = z; if i € A, y(x)s =0, y(z); = 1, and let

9(x) = > waly(z) — y(za)) "

(a,b)eFE

Clearly, minimizing g(x) over [0,1]* is equivalent to minimizing f(S). Furthermore the
subgradient for g decomposes into subgradients for each edge (a,b) € E each of which is
a vector with 2 non-zero entries and norm at most O(wg). If we picking a random edge
with probability proportional to wg, and output its subgradient scaled by W/w,;, subgradient
this yields a stochastic subgradient oracle g(z) with EHg(l’)Hz = O (apyer T2 (W/wap) -
wap)?) = O(W?). Consequently, by Theorem 150 setting R* = O(|V|) we see that we can
compute z with g(z) — min, g(x) < We in O(|v|e ?). Thus, if we scaled g to make it [—1,1]
valued the time to compute an e-approximate solution would be O(|V|¢7?).

This shows that an explicit instance of minimum s-¢ cut does not highlight the efficacy of
the approach in this Part. Instantiating our algorithm naively would give an O(| E|-|V|?/3.¢2)
to achieve additive error €. Nevertheless, even for such an instance if instead we were simply
given access to the an EO time evaluation oracle for f, and the graph was desne, even in this
instance, without knowing the structure aprior we do not know how to improve upon the
O(EO - |V]*/3¢72) time bound achieved in this Part (though no serious attempt was made
to do this). In short there may be a gap between explicitly given structured instances of
submodular functions and algorithms that work with general evaluation oracles as focused
on in this Part.

29.4 Certificates for Approximate SFM

The only certificate we know to prove that the optimum value of SFM is > F' is to show a
certain vector x lies in the base polyhedron. For example, one proof via Edmond’s Theorem
[68] is by demonstrating x € B; whose negative entries sum to > F. The only way to do
this is via Carathedeory’s Theorem which requires n vertices of By, each of which requires
n function evaluations. For approximate SFM, one thought might to be to use approxi-
mate Caratheodory’s Theorems [19, 194] to describe a nearby point z’. Unfortunately, for
e-additive SEFM approximation, one needs z’and x to be close in ¢;-norm and approximate
Caratheodory works only for fo-norm and higher. If one uses the ¢;-norm approximation,
then unfortunately one doesn’t get anything better than quadratic. More precisely, approx-
imate Caratheodory states that one can obtain ||2’ — z||o < § with support of 2’ being only
O(1/6?)-sparse. But to get £; approximations, we need to set § = ey/n leading to linear
sized support for z’. The approximate Caratheodory Theorems are tight [194] for general
polytopes. Whether one can get better theorems for the base polyhedron is an open question.

29.5 Pseudocodes for Our Algorithms

We provide guiding pseudocodes for our two algorithms.
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Algorithm 1 Near Linear Time Exact SFM Algorithm.
Initialization.

o () L n

e Evaluate g\ is the Lovasz subgradient at x(. (Takes O(n - EO) time. Store as
(coordinate, value) pair in set SV, |SW| < 3M. )
e Store (M in a balanced Binary search tree. At each node store the value that is the

sum of the gradient coordinates corr. to children in the tree. (Takes O(n) time to
build.)

def

e Set T & 20nM2. Set n &

18M *

Fort=12,...,T:

e Define e which is non-zero in coordinates corresponding to S®: (Takes time |S®| <
3M )

— if gft) > 0, then €l = min(x(»t),ngz(t))

7

— if gfft) < 0, then egt) = max(xl(t) -1, ngz(t))

e Update(z®, e® S®) to get (ztHV), gt+D SU+D) where g+ is stored as coordi-

nate,value pairs in S®*V. as described in Lemma 157. (Update takes time O(M logn +
M-EO+ M -EOlogn))

Obtain the O(n) sets given the order of zrp, that is, if P is the permutation corresponding
to xr, then the sets are { P[1],..., P[n]}. Return the minimum valued set among them.
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Algorithm 2 Subquadratic Approximate SFM Algorithm.
Initialization

e Set N = 10nlog® ne 2, T = [n!/?]
e Initialize = as the all zeros vector and store it in a BST.

Fori=1,2,...N/T:

o (1) Zthe current .
e Compute gV, the gradient to the Lovasz extension given x(Y). //This takes O(nEO)
time).

gj(.l) ‘ and returning

Sample 2z by picking j € [n] with probability proportional to
)= ‘g(l)Hlsign(g](l)) -1;. //This takes O(nEO) time.
Set GV % 5,

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

— Define e® as in Algorithm 1 using §® instead of ¢®. //This takes time
O(supp(§™)) which will be O(t?)

— Obtain 2® using Sample(z®, e, ¢ = t) where Sample is the randomized pro-
cedure describe in Lemma 159. //This takes O(t*EOlogn) time.

— Update g1 = S° _ 2. //This takes O(t*logn) time to update the relevant
BSTs.

e Set current x to zr.

Obtain the O(n) sets given the order of the final z, that is, if P is the permutation corre-

sponding to x, then the sets are {P[1],..., P[n]}. Return the minimum valued set among
them.
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Part VI

Tight Algorithms for Vertex Cover
with Hard Capacities on Multigraphs
and Hypergraphs

No coauthor for this Part.

30 Introduction

The minimum vertex cover problem is one of the earliest NP-hard problems studied in
combinatorial optimization. In its most basic form, given a graph G = (V| E) we are asked
to find a subset U C V, called vertex cover, so that every edge e € E intersects U in at
least one of its two endpoints. The objective is to minimize the size of U. Curiously, despite
decades of efforts the best known algorithms for this problem are the 2-approximation which
can either be done by LP relaxation or a simple greedy procedure. The minimum vertex cover
problem lends itself to a natural generalization to f-hyergraphs where an edge e € E can
have as many as f endpoints. It is not a difficult matter to generalize the 2-approximation to
f-approximation for this version. The seminal result of Khot showed that these algorithms
are in fact optimal assuming the Unique Game Conjecture (UGC) [154].

Chuzhoy and Naor [46] initiated the study of vertex cover with hard capacity constraints
(VCHC) where we have a capacity of k, > 0 for each v € V' and (a copy of) v can cover
at most k, of its incident edges. The objective is still to minimize the size of the vertex
cover found. They gave a natural LP relaxation for VCHC from which a 3-approximation
is derived via randomized rounding for graphs with no multiple edges. Their analysis is
based on Chebyshev inequality. Subsequently Gandhi et al. [98] improved this to a tight 2-
approximation by using Chernoff in place of Chebyshev with a much more involved analysis.
Both of these algorithms fail to work for multigraphs (graphs possibly with multiple edges) or
hypergraphs essentially because in such cases the random variables in their analyses become
unbounded and standard concentration inequalities do not apply.

Progress had been stagnated until Saha and Khuller gave a min{6f,65} approximation
for VCHC on hypergraphs [228]. Their idea is to apply randomized rounding for random
variables at different scales to salvage Chernoff. Partly inspired by their result, Cheung, Goe-
mans and Wong (CGW) surprisingly gave simple deterministic rounding algorithms which
achieve significantly better approximation ratios of 2.155 (for graphs) and 2f [40]. Their
method is to formulate the coverage requirement of randomized rounding, used in all previ-
ous works, in terms of another LP and study the property of its extreme point solutions. In
other words, their approach is a 2-stage LP rounding procedure which solves the same LP
relaxation followed by the “coverage requirement LP”.
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30.1 Ouwur contribution

We propose a new simple approach to the problem based on iterative rounding without using
new LPs. Our algorithm achieves the best possible approximation ratio f and essentially
settles its approximability. Our approach is inspired by ideas used in previous works, most
notably CGW which considers an extreme point solution to certain covering LPs. In hind-
sight their method suggested the possibility of a better approximation obtained by iterative
rounding, which often exploits the structure of extreme point solutions. We also show that
when combined with iterative rounding, CGW approach can be extended to give another
f-approximation. Although more contrived, this alternate algorithm may be preferred as
it involves iteratively rounding the solution to so-called covering LPs, which can be solved
faster than general LPs using dedicated algorithms [222].

Authors (grasggrﬁ);b;?;;;phs) multigraphs and hypergraphs okay?
Chuzhoy, Naor [406] 3, * no
Gandhi et al. [98] 2, * no
Saha, Khuller [22§] 12, min{6f, 65} yes
Cheung, Goemans, Wong [40] 2.155, 2f yes
This work, [146] 2, f yes

30.2 Other related works

Prior to the work of Chuzhoy and Naor [46] which initiated the study of vertex cover with
hard capacity constraints, Guha et al. [114] resolved the problem with soft capacity con-
straints (where a vertex can be used an arbitrary number of times) using a clever primal-dual
algorithm. Notably, their result holds even for the weighted setting whereas the hard ca-
pacity version is as hard as set cover in the weighted case and an approximation ratio of
O(logn) is optimal [46]. Using dependent randomized rounding, another 2-approximation
for the soft capacity version was given by Gandhi et al. [99].

31 Preliminaries

Let G = (V, E) be a multigraph. We write u € e to indicate that u is an endpoint of edge
ec k.

The minimum Vertex Cover problem with Hard Capacity constraints (VCHC) is specified
by (V, E,k, m), where

e G = (V,E) is the input multigraph,
e For each v € V', m,, denotes the maximum number of copies of v one can select,
e For each v € V| k, is the number of incident edges (a copy of) v can cover.

A solution to VCHC consists of (z,y) = ({xy}vev, {y(e,v) }eepvee). Here z, is the number
of copies of vertex v selected, and the assignment variable y(e,v) € {0, 1} represents whether
edge e is covered by v, for each e € E and v € e. A solution (x,y) is feasible for VCHC if
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1. Forallv e V: z, € {0,1,--- ,m,},
2. Foralleec E: ) _ y(e,v) =1 (i.e. any edge must be covered by one of its endpoints),

3. For all v € V: |{e: y(e,v) = 1}| < kyx, (i.e. the total number of edges assigned to v
does not exceed its total capacity).

The objective of VCHC is to find a feasible solution (z,y) for VCHC that minimizes ) ., .,
the size of the vertex cover. As VCHC generalizes the classical minimum vertex cover problem
which is already NP-hard, we provide efficient algorithms for finding good approximate
solutions. Our approach is based on rounding a fractional solution to the following LP1
relaxation, which has been used extensively in the literature [46, 98, 228, 40].

veV
s.t. Zy(e,v) =1 Veec E (31.1a)
vee
yle,v) < x, Vee E,ve€e (31.1Db)
Z yle,v) < kyx, YveV (31.1c)
e€d(v)
T, < my YvoeV (31.1d)
z,y >0 (31.1e)

Here z,, denotes the number of copies of u selected and y(e, v) indicates whether e is covered
by v. The first constraint says that each e € E should be covered by one of its endpoints,
the second ensures that e can be covered by a vertex selected, and the third is the capacity
constraint.

The following lemma shows that, when constructing a feasible solution to VCHC, we
only need the integrality of x, and not of y. This follows easily by the integrality of flows in
networks with integer capacities. We refer readers to [46, 228] for a proof.

Lemma 167 (Chuzhoy and Naor [46], generalized to hypergraphs by Saha and Khuller
[228]). If (x,y) is feasible for LP1, and x is integral, there exists an integral y' such that
(x,y) is feasible for LP 31.1, andy' can be found efficiently by a mazimum flow computation.

In light of this lemma, it suffices to identify a feasible integral solution z with a good
approximation guarantee.
32 f-approximation for VCHC on f-hypergraphs

Let (z*,y*) be an optimal extreme point solution to LP1, and U = {u € V : 2} > 1/f}.
A natural idea used in all previous works is round up u € U which involves only a factor f
blowup, and select judiciously a subset of W ={w eV :0 <z <1/f}.
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Covering tight edges Our iterative rounding scheme'® is based on the observation that a
tight edge e € §(u) with y(e,u) = x, > 1/f can be rounded up while respecting the capacity
constraint. This follows from the capacity constraint used in the LP1 where R.H.S. is k,x,,.
Therefore we may effectively remove e from the LP by covering e with v and decreasing
k., by 1, and solve the new smaller LP relaxation. A similar argument was used in the
(non-iterative) rounding algorithms in [46, 98].

Nevertheless, one complication arises as any z > 1/f can in principle drop below 1/ f
in later iterations of the algorithm and end up not being selected, i.e. z, = 0 in the final
solution. In this case covering e by w is not justified. Here we introduce the constraint
1/f < x, to the rescue. It ensures that any v with 2 > 1/f will stay above 1/f ever after.

Fixing zf = 1/f  To further simplify the LP, we observe that any 2} = 1/f can be
readily rounded up and removed from the LP. In terms of cost this is a good idea as the
approximation ratio incurred is exactly f, meaning that we are not being lossy. Moreover,
it ensures that any edge would always have an endpoint in U (see Lemma 171) which is
important when we bound the approximation ratio by exploiting the structure of the extreme
point solution in the proof of Lemma 172. The idea of examining an extreme point solution
was inspired by [40].

Modified LP relaxation We incorporate these insights into LP2 below. LP2 resembles
the form of LP1 with a few important modifications. The first constraint involves g(e, v)
which is the coverage of v towards e in the final solution. This is a result of fixing z} = 1/f
as discussed above. The third constraint has k, —|T,,| in place of k,; here |T,| is the number
of tight edges covered by u so we simply subtract |T,| from the capacity k,. The fourth
constraint now sums over only non-tight edges as any tight edges have already benn covered
by its endpoint in U. Finally a new constraint z, > 1/f is introduced to ensure that
xf > 1/f cannot drop below 1/f. The last new constraint x,, < 1/f is, strictly speaking,
not needed but is included to simplify our exposition.

18See e.g. [171] for the background on iterative rounding which was introduced by Jain [138].
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Z yle,u) < (ky — |Tul)zy
ecd(u)\T

Z yle,w) < kyy,
ecd(w)\T
1/f <z <my
0<uz,<1/f
y=>0

Algorithm We adopt the following notations:
e U={ueV izl >1/f}, W={weV:0<zal <1/f}, Z={2€V :a: =0}

Ve € E\T (32.1a)
Ve € E\T,v € e\D (32.1Db)
Vu e Us (32.1¢)
Yw € W (32.1d)
Vu € U (32.1e)
Yue W (32.1f)

(32.1g)

e Further divide U into Us ={u e U :a} >1/f} and U_ ={ue Uz} =1/f}.

o T'= ey Tu is a disjoint union of edges e € T, covered by u € V. We call T' the set
of tight edges.

e D C V is the set of vertex v whose Z, has been determined.

Our algorithm is based on performing iterative rounding on LP2. It incrementally builds up
a feasible solution (z,y) to VCHC for which z is integral.

Algorithm 3 Iterative Rounding Algorithm for VCHC

Solve LP1 for an extreme point solution (z*,y*). Initially 7, = @ and D = &; initialize
U, Us,U-, W, Z based on (z*,y*). repeat

end

u

)

for u € U= do
| set T, =1, y(e,u) = y*(e,u) for e € 6(u)\T D «— D U {u}

*
U

for v € Z do
end
if y ( u)

| set g(e,
end

*’y*>

rsomeu € U and e € d(u )\Tthen
gj( v) =0 for v € e\{u} T, +— T, U{e}

Solve updated LP2 for a new extreme point solution (z*,y*).
based on (z

until U= = Z = @ and y*(e,u) < xiVu € U, e € 6(u)\T}
For v ¢ D, set z, = [z}] and g(e,v) = y*(e,v) for e € §(v)\T

v

| set 7, = x5 =0, gle,v) = y*(e,v) =0 for e € 6(v) D <+— DU{v}

Update U,U.,U-, W, Z
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Analysis The algorithm works mostly by design. First we demonstrate feasibility.

Lemma 168. Suppose a vertex u satisfies x& > 1/f at some time during the execution of
the algorithm. We must then have x¥ > 1/f after so long as u ¢ D. Moreover, in the final
solution z, > 1.

Proof. As soon as xf > 1/f, we either have u € U- or u € Us. In the former case, u

is immediately inserted into D (line 13) and Z, = 1. In the latter case the constraint
X, > 1/f ensures z} > 1/f ever after. Eventually we either have v € U= (so z, = 1) or
Ty =[] 2 [1/f] 2 1. 0

Lemma 169. The final solution (z,y) is feasible with T integral.

Proof. The fact that = is integral simply follows from the description of the algorithm.

We first argue that all edges are covered. For tight edges e € T, we must have set
g(e,u) =1 for some u € U at some point (line 8) so e is covered by u. For non-tight edges
e ¢ T, when the algorithm terminates we have

Z g(eav) = Z y*<e7v) =1- Z g(eav)

vee\D vee\D v€eND

so e is indeed covered.

It remains to argue that the capacity constraint is satisfied. Lines 3-6 and 11-14 are
clearly okay. For Lines 7-10, by Lemma 168 any u € U satisfies T, > 1 so we may simply
set g(e,u) = 1 and subtract 1 from the capacity k, in the LP. This is exactly why we have
(ky — |Ty|)x, in the third type of constraints. O

Now we bound the approximation ratio. Our argument consists of two ingredients. The
first is to observe that an edge e ¢ T always intersects U as only vertices with z, < 1/f is
put into D. The second, which is much more crucial, exploits the structure of an extreme
point solution to show that there cannot be too many fractional x; left at the end of the
while loop.

Lemma 170. In line 15 of the algorithm, the old (z*,y*) (from before this line but restricted
to only the variables appearing in updated LP2) is still feasible for updated LP2.

Proof. Clear by inspection. m

Lemma 171. When the algorithm terminates, for any e ¢ T we have

Yo=Y yie,v) > |e\D/f,

vee\D vee\D

Proof. Note that vertices are assigned to D in Lines 3-6 and 11-14, where we have z} €
{0,1/f} (note that this 7 is the one from that particular iteration of the algorithm and not
necessarily the final one). Therefore g(e,v) = y*(e,v) < xf < 1/f, which implies

doab= Y ylew)=1- Y ylev)=1—|enD|/f>[\D|/f,

vee\D vee\D veeND

where the last inequality follows from |e| < f. O
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Now we show that there cannot be too many elements in W by a simple counting argu-
ment based on examining the extreme point.

Lemma 172. When the algorithm terminates, |W| < |U=| where U= := {u € U : z} = m,}.

Proof. As an extreme point solution, (z*,y*) is obtained by setting some of the constraints
as equalities. We call these constraints, which form an invertible matrix, tight. The proof
is based on examining the structure and number of these tight constraints.

First note that 0 < z,, < 1/f and 1/f < x, cannot be tight since U~ = Z = @. Similarly,
y(e,u) < z, for u € U cannot be tight since no more edges can be added to T'. Furthermore,
we disregard any edge e C D since all of its y(e, v) has been determined.

Observe that by the last lemma each edge e ¢ T' (with e\D # @) must have an z} >
y*(e,v) > 1/f . In other words, 1 + [e N W| < |e\D|.

Below we count the number of tight constraints of different types. The first, second and
third in the table are self-explanatory.

For the fourth one in the table there is a total of > o |e N W[+ [W] such constraints
but we claim that only o |e N W[ can be tight. This follows from the fact that for
each w € W, setting all of the 1 + |§(w)\T'| corresponding constraints tight would give a
singular system. More precisely, this would give x,, = y(e,w) = 0 which renders setting
the constraint . S(w\T y(e,w) < ky,x, tight unnecessary. In other words, including all of
these constraints would give rise to a singular matrix. Thus the total number is at most

2w [0(WNT| =3 gp le N W],

For the fifth one, by Lemma 171 each edge e ¢ T (with e\D # &) must satisfy x} >
y*(e,v) > 1/f for some v € e. Therefore at least one of the |e N Us| constraints y(e,u) > 0
is not tight.

’ constraints \ #tight ones ‘

ZUEG D y(e7 U) = 1 - ZveeﬂD g(e7 U) = ‘E\T|
2 ccsunr Y& 4) < (ku — [Tu])zy < [Us|
Ty < My, = |U:|
y(€?w> < Ty, y(G,UJ) >0& Zeéé(w) Ty(67w) < kuwy (w < W) < ZegéT |€ n W|
yle,u) >0 (ueUs) <D eerlenUs| =1

Now the number of tight constraints is at most

[EAT| + US| + U]+ Xegr (le N W+ |enUs| = 1)
= [EAT|+ US|+ [UT[ 4+ 3 cgr (Je\D] = 1)
= D egr |\D| +|Us |+ U=

On the other hand, the number of variables is [Us| 4+ [W|+ _ 47 [e\D|. Since there is
an equal number of tight constraints and variables, we have |W| < |U=|. O

We are ready to derive our main theorem.
Theorem 173. Our algorithm is a f-approximation.

Proof. Feasibility follows from Lemmas 169 and 167. We bound the approximation ratio.
By Lemma 170 the old (x},,, vk, is still feasible for the updated LP so the objective value
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*
new’

COSt(‘Tnew? ynew) - Inew,’u S xold,v - COSt(xoldJ yold) - 'rold,'u

'UGV\Dnew UGV\Dnew UEUold,:UZ

of the new (z7_,,v".,) s no worse:

which says that the cost |Uyq—| incurred to round up vertex in Uyy— can be charged to
ZUGUO“}:UZ Thae = |Uaa,=]/f with a factor f blowup.
For the last (], Yj,s), the cost of rounding up the remaining z,, = [z, ] is

|W| + Z My + Z (‘r?(ast,u—l S |U:| + Z N + Z (I?ast,u—‘

ueU= ueU\U= ueU= ueU\U=
*
< f Z My + Z wlast,u
uelU= ueU\U=

= f ’ COSt(xEkast?y;(ast)?

where we used Lemma 172 and m,, > 1, f > 2,27, , > 1 /f. This proves the theorem. [

32.1 Implementation using only the original LP

It is possible to implement a similar algorithm without appealing to LP2, which essentially
introduces the new constraint z,, > 1/f. Without them previous u € U may fall into W and
u may not be selected in the final solution, in which case setting y(e,u) = 1 for y*(e,u) = x}
is not justified as u does not have the capacity to cover e.

The key idea is to continuously move from the old optimum to the new one. More
concretely, consider moving along the line from (z7,,, v%,) t0 (.., Urew)- We stop whenever
xf = 1/f at an intermediate point (z*,y*), where we perform lines 11-14 by fixing z, = 1
and y(e,u) = y*(e,u), and solve the updated LP again. If we arrive at (27, y5.,,) without
stopping, then we perform lines 7-10 by covering any tight edge y*(e,u) = x* > 1/f using
u, i.e. removing e from the LP and decreasing k, by 1; and solve the updated LP again (one
can also eliminate Z which, as with the previous approach, is only introduced to simplify
the exposition). If none of these operations are possible, then we are at an extreme point
where the same proof would show that rounding up the remaining vertices would give a
f-approximation.

Readers can easily make the previous proof work for this new implementation. We refrain
from giving a proof because in the next section, we would give a faster implementation using
this idea on another LP with a full proof.

33 Faster Implementation via Solving Covering LPs

The approach in the previous section essentially redistributes the coverage relation y(e, v)
and cost z, from one iteration to the next. Upon a closer examination, readers may have
noticed that the constraint y(e, w) < x,, for w € W plays a relatively smaller role. One may
wonder if there could a faster implementation without solving LP2 again. We answer this in
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the affirmative in this section. This alternate approach performs iterative rounding on LP3,
which is a packing LP and can be solved faster using various specialized algorithms. The
formulation of LP3 has been heavily inspired by a similar construction in [40].

33.1 LP relaxation and algorithm

In this section we use the same notations U, U, U_, W, Z as before. Our covering LP3 is as
follows:

min ZCEw+ qu

weWw ueUs
st Y Muw)zy + (ky — [Tu)ze > Y Muw)zl, + Y y*le,u) YueUs
weWw weW ecd(u)\T
(33.1a)
0<zx,<1/f Yw e W
(33.1D)
1/f <z, <m, Yu € Us
(33.1¢)

where

e€cE,Né(w) w

Redistributing coverage At the high level, LP3 is based on doing book-keeping of how
edges d(u) incident to u € U are covered. It attempts to redistribute the coverage by
maintaining the proportion of capacity used for different y(e,w)’s (for a given w). While an
edge e can have more than one endpoint in U, we simply arbitrarily assign e to one such u
so that F, is the collection of edges assigned to u.

For w € W we distribute its capacity in the same proportion as before (hence step 4(a)
and the definition of M (u,w); see also Lemma 176). The coverage y(e,u) for e € E, would
then be the remaining amount not yet covered. However this amount can become negative
if the other endpoints of e in W contribute more than before towards covering e. Similarly,
if they contribute much less now y(e, u) can become larger than x,,.

The key idea is to slowly move from an old solution (z*,y*) to the new
(X s Uron)s and stop whenever any of these desired conditions is about to fail
(step 5). At this point we may simplify the solution by appropriately modifying z, y.

The algorithm is as follows. Readers should recognize the resemblance to the previous
one, except with the notable difference that we need to ensure y(e,u) > 0 in addition to
x, > 1/f and y(e,u) < x, (pardon us for not using the algorithm environment here as it
would clutter the longer description).
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Iterative Rounding Algorithm using Covering LPs

1. Solve LP1 for an extreme point solution (z*,y*). Initially 7, = @ and D =
initialize U, Us, U=, W, Z based on (x*, y*).

2. Forve Z, set &, =x; =0, yle,v) = y*(e,v) =0 for e € §(v) and D «— D U {v}.

3. Partition edges into a disjoint union E\T = |J, ., E. by assigning e ¢ T to an

arbitrary F, where u € eNU.

uelU

4. Solve updated LP3 for an extreme point solution z,,, and set

(a) Yol w) = Lty for w e We € §(w)\T
(b> ynew( ) * 67 ) _'_ EwEeﬂW (y*(e w) - y:;ew(e’ 'IU)) fOI" U e U? € E EU
(©) Ynewle,u) =y

e,u)forueU,e¢ E,UT
5. Let 2' = (1 —t)z* +ta},, and y* = (1 —t)y* +ty:,,, where ¢ continuously increases
from 0 to 1. Stop whenever:

y(
y(

(a) y'(e,u) =z foru e Uande € §(u)\T. Set y(e,u) =1, y(e,v) = 0 for v € e\{u}
and T, «— T, U {e}.

(b) a, = 1/f for some v. Set Z, = 1, gle,u) = y*(e,u) for e € d(u)\T and

v

D <— D U {u}.
(c) y'(e,u) =0for u € U and e € 6(u)\T. Set y(e,u) =0 and e +— e\{u}.
6. Update U, U, U=, W, Z based on (x*,y*) +— (z*,y").

7. Repeat steps 2-7 until no more updates are possible (reaching =%, without stop-

ping).
8. For v ¢ D, set 7, = [x*] and g(e,v) = y*(e,v) for e € §(v)\T.

First we show that our algorithm is well-defined. Interestingly, this is analogous to
Lemma 171 which is used to establish approximation guarantee instead.

Lemma 174. We have Y  c.\pTy = D ,cap ¥ (e;v) = [e\D|/f. In particular, there is

some u € e NU so step 3 of the algorithm is well-defined.

Proof. Note that vertices are assigned to D in steps 2 and 5(b), where we have 2} < 1/f.
Therefore (e, v) = y*(e,v) < xF < 1/f, which implies

doar= Y ylev)=1- > gle,w) = 1—lenD|/f > [e\D|/f,

vee\D vee\D veenD
where the last inequality follows from |e| < f. O

Now we argue for feasibility. As before, any z* > 1/f would stay above 1/f which is
necessary to cover tight edges in step 5(a).
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Lemma 175. Suppose u satisfies 2 > 1/ f at some time during the execution of the algo-
rithm. We must then have zi, > 1/ f after so long as w ¢ D. Moreover, in the final solution
Ty > 1.

Proof. Any such z} cannot drop below 1/f thanks to step 5(b) of the algorithm, and would
be rounded up eventually. O

We justify the capacity constraint in the next lemma, which goes hand-in-hand with the
way LP3 is formulated.

t
)

)

Lemma 176. (z*,y*), (20 Ulow)s (
kwx, forw e W and Zeeé(u)\Ty(e,

x',y') satisfy the capacity constraint > eeswpr Y€ w) <
u) < (ky — |Tu])xy forueU.
Proof. We proceed by induction.

For w € W, we have 3 cs\7 Ynew(€; W) = X ocsunr %xzew’w < ke, since by
the induction hypothesis we have > s\ 7 Ynew(€ W) < kyzy,. Now (z',y") (and therefore
the new (z*,y*)) also satisfy the capacity constraint since it is a convex combination of
(@ 47)s (T Yrnew):

For uw € U, we have

+ Z y*(e,u)

e¢ E,UT

Yo Gewlew) = Y [y*(e,u)Jr Y. Wlew) = yrelew)

e€d(u)\T ecEy weenW

= Y ylew+ Y (y*<e,w)_@$;ew,w)

e€d(u)\T weeNW w
S (ku - |Tu|)$;‘;ew,u

*

where the last inequality follows from the first constraint of LP3. Hence (27, y.,,) satisfies
the capacity constraint for v € U, and so is (z',y") since it is a convex combination of
(@ 4", (Fews Ynew)-

Finally, for the new (z*,y*) note that T, may have changed in size but this is okay by
design since (k, — |T,|)z!, changes exactly by (#new elements in T,,) - 2. O

Lemma 177. The final solution (Z,%) is feasible with T integral.

Proof. The fact that 7 is integral simply follows from the description of the algorithm. The
capacity constraints are satisfied by Lemma 176 and the fact that any v € U would be
rounded up to Z, > 1 eventually (Lemma 175) and therefore can pay for covering the tight

edges T,,.
The other constraints 0 < x, < m,,y > 0 are guaranteed by step 5 of the algorithm
where we stop at (z*,y") before they can be violated. O

Finally we prove the approximation guarantee, which again mostly follows from examin-
ing the structure of an extreme point solution.

Lemma 178. When the algorithm terminates, |W| < |U=| where U= := {u € U : z} = m,}.
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Proof. This is very similar to the previous proof. Note that the number of variables is
|[W/|+ |U|. On the other hand, 0 < x,, < 1/f and x, > 1/f cannot be tight. The number
of tight constrains z, < m, is |U~| while there can be at most |U| tight first covering
constraints. So |[W| < |U=|. O

Theorem 179. Our algorithm is a f-approrimation.

Proof. This is very similar to Theorem 173. The cost of rounding up intermediate z! = 1/ f
incurs a factor of f. Since (z*,y*) is feasible by design and Lemma 176, it remains to show
that the last step incurs a factor of at most f. The same inequality in the proof of Theorem
173 works. O

34 Even Faster Implementation for Graphs (f = 2)

For the case of graphs f = 2 we may in fact drop the variables x, from LP3 altogether.
This is exactly the same covering LP used in CGW’s two-stage rounding algorithm. In this
section we show that by performing iterative rounding while moving from old to new optima,
their algorithm actually achieves a 2-approximation for graphs.

In our opinion, this approach nicely explains why the randomized rounding scheme in [98]
would work. The algorithm of [98] gives a 2-approximation for VCHC on simple graphs by
essentially rounding LP2 via a simple randomized rounding and performing some patching
work after. However, a drawback of their work is that the analysis involves many pages of
calculations and gives little insights into why the algorithm would give a 2-approximation.

In a way, their argument is a probabilistic proof that a 2-approximate solution exists for
LP4, and our one-page analysis can be viewed as a simple deterministic proof of that claim.

LP relaxation Instead of LP3, we use the following simpler LP4:

min E Ty

weW
s.t. Z M (u, w)x,, > Z M(u,w)z;, YueU (34.1a)
weW weW
0<a, <1 Yw e W (34.1b)

where

M (u,w) = Z y*(e,w)'

T*
e=uweFR\T w

We first give an overview of the algorithm. The algorithm is mostly a specialization of
the previous one to f = 2 but the constraint z, > 1/2 is now redundant as an edge cannot
have both endpoints in W for graphs. One crucial difference in the algorithm is that we are
rounding up y*(e, u) whenever y*(e,u) - ([x}]/xk) > 1 (rather than just when z¥ = y*(e, u)).
This is still okay as the final capacity is k,[z%| so we can blow up the coverage by a factor
of [xF]/xk.
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As for the analysis, to bound the cost of the extreme point solution it is not enough to
use only a cardinality inequality like |IW| < |U=|. Instead we need a finer matching structure
between U and W that was also used by CGW.

Our algorithm is as follows. Unlike before, we never redefine or update U and W'

Iterative Rounding Algorithm using Simpler Covering LPs for Graphs

1. Solve LP1 for z*,y*. Let T'= @.

2. For any v € U and e € 6(u)\T satisfying y*(e,u) - ([22]/2%) > 1, set T +— T U {e}.

*
new*

3. Solve updated LP4 for an extreme point optimum =z

4. Consider a2 = (1 — t)z* + ta

new?

where ¢t continuously increases from 0 to 1. Let

ot oytle,u) =1 —19y'(e,w) Ve=wuwe (UxWN\T

5. Stop whenever y(e,u) - ([z]/x%) = 1 for some u € U and e € (U x W)\T, set
T +— T U{e}.

6. Update M (u,w) with (z*,y*) +— (z*,y"). Repeat steps 3-6.

7. If t =1 (i.e. no pair (e,u) satisfies the condition in step 5 for any intermediate ),
output 7, = [x| with a corresponding y defined by

g(67u> = y*<67 u)v g(ea U) = y*(ev U) Ve ¢ T

yle,u) =1,y(e,v) =0 Ve=uwweT,uclUweW

One difference is that we are rounding up y*(e,u) whenever y*(e,u) - ([z}]/xf) > 1
(rather than just when z¥ = y*(e,u)). This is still okay as the final capacity is k, [z} ] so we
can blow up the coverage by a factor of [z} ]/x}. Curiously this modification is needed to
handle the case 1 < 2} < 2 when bounding the approximation ratio.

The feasibility of the algorithm is largely the same as before so we skip the proof (in fact,
it is more like an easier special case). To bound the cost of the extreme point solution, it is
not enough to use only a cardinality inequality like |W| < |U=| (one fact, now one does not
have this but |W| < |U]). Instead we need a finer matching structure between U and W as
given in Lemma 181.

Lemma 180. (z,y) is a feasible solution to VCHC.
Proof. Similar to Lemmas 176 and 177. m

Lemma 181 (Similar to Theorem 3.2 of [40]). For any extreme point solution x* to LP/,
let Wy ={w e W :0 <z} <1}. Then there exists a matching between Wy and U that fully
matches Wy.
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Proof. Fractional 3, can only arise from setting || covering constraints )y, M (u, w)x,, >
> wew M (u,w)x;, tight. Consider the system of equations Az = b obtained from setting
these |Wy| constraints tight. Note that A is |W| x |W| with the rows and columns indexed
by |U| and |Wy| respectively. A is invertible so

det A = Z (:i: H ai,ﬂ(i)) 7£ 0
permutation 7w i

which implies that there is a permutation with all a; »;y # 0. Such a permutation gives our
desired matching since nonzero entries of A corresponds to M (u,w) # 0 in which case uw is
an edge. O]

Theorem 182. (z,y) is a 2-approximation.

Proof. The cost of U and z, = 0 clearly incurs a factor 2 blowup only. We need to account
for the cost of selecting W;. Now that we don’t have |W;| < |U=|, we cannot naively charge
|W¢| to U=. However, we have a matching between W; and U and it suffices to show that
for any edge e = uw in the matching,

[, ]+ 1= Ty ] + [, ] < 2(z, + 27,

Note that we have 1 = y*(e,u) + y*(e,w) < z¥ + x¥ and y*(e,u) - ([x}]/x%) < 1 (otherwise
step 5 would have applied). We have three cases:

e [z7] = 1. Then we are done.
o [z] >3. Then [x}] +1 < 2z,
o ¥+ >15and xf <2 Then [23] +1<3 < 2(xF + k).

o i+ <15 and 1 < 2z <2 which cannot happen since 1 = y*(e,u) + y*(e,w) <
)24 xk =af + ok —xk/2 <1.5—1/2 =1. Contradiction.

]

In hindsight, CGW came close but failed to obtain a 2-approximation because one does
not have z7,, ., + @, > 1.

new,w —

Open Problem

In this Part we have settled the approximability of VCHC. While it is UGC-hard to do
better [154], the current best NP-hardness inapproximability stands at f — 1 [59] and 1.36
for graphs [60]. Is there any hope of proving that it is NP-hard to beat f? In principle it
should be easier than doing it for vertex cover since VCHC is more general.
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Part VII
Network Design for s-t Effective
Resistance

This Part is based on joint works with Pak Hay Chan, Lap Chi Lau, Aaron Schild and Hong
Zhou. My contribution includes formulating the problem and being the main architect behind
an earlier O(log®n) approzimation cycle-pushing algorithm which was later improved to a
constant factor approximation by my coauthors Lap Chi Lau and Hong Zhou.

35 Introduction

Network design problems are generally about finding a minimum cost subgraph that satis-
fies certain “connectivity” requirements. The most well studied problem is the survivable
network design problem [103, 2, 105, 139, 96|, where the requirement is to have a spec-
ified number r,, of edge-disjoint paths between every pair of vertices w,v. Other com-
binatorial requirements are also well studied in the literature, including vertex connectiv-
ity [162, 74, 36, 45, 169, 38] and shortest path distances [61, 58]. Some spectral requirements
are also studied, including spectral expansion [160, 5], total effective resistances [102, 214],
and mixing time [25], but in general much less is known about these problems. See Sec-
tion 35.1 for more discussions of previous work.

In this work, we study a basic problem in designing networks with a spectral requirement
— the effective resistance between two vertices.

Definition 183 (The s-t effective resistance network design problem). The input is an
undirected graph G = (V, E) where each edge e has a non-negative cost ¢, and a non-
negative resistance r., two specified vertices s,t € V, and a cost budget k. The goal is to
find a subgraph H of G that minimizes Reffy(s,t) subject to the constraint that the total
edge cost of H is at most k, where Reffy(s,t) denotes the effective resistance between s and
t in the subgraph H with resistances r. on the edges. See Section 36.2 for the definition of
effective resistance and Section 37.1 for a mathematical formulation of the problem.

The s-t effective resistance is an interpolation between s-t shortest path distance and s-t
edge connectivity. Let f € RI¥l be a unit s-t flow in an unweighted graph G' and define the
l-energy of f as E,(f) = (O, [felP)/P. Let &(s,t) := ming{E,(f) | f is a unit s-t flow}
be the minimum ¢,-energy of a unit s-t flow that the graph G can support. Thomson’s
principle (see Section 36.2) states that Reffg(s,t) = £3(s,t), so that a graph of small s-t
effective resistance can support a unit s-t flow with small /5-energy. Note that the shortest
path distance between s and ¢ is & (s,t) (as the {1-energy of a flow is just the average path
length and is minimized by a shortest s-t path), and so a graph with small & (s,t) has a
short path between s and t. Note also that the edge-connectivity between s and t is equal to
the reciprocal of £, (s,t) (because if there are k edge-disjoint s-t paths, we can set the flow
value on each path to be 1/k), and so a graph with small £ (s,t) has many edge-disjoint
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s-t paths. As (5 is between ¢; and /., the objective function Reff(s,t) = £2(s,t) takes both
the s-t shortest path distance and the s-t edge-connectivity into consideration.

A simple property suggests that fs-energy may be even more desirable than ¢, and £
as a connectivity measure. Conceptually, adding an edge e to G would make s and ¢ more
connected. For /; and /., however, adding e would not yield a better energy if e does
not improve the shortest path and the edge connectivity respectively. In contrast, the /5-
energy would typically improve after adding an edge, and so ¢5-energy provides a smoother
quantitative measure that better captures our intuition how well s and ¢ are connected in a
network.

Also, the effective resistance has a probabilistic interpretation as the expected commute
time between vertices in a random walk [37] (see Section 36.2), and is used as a distance
function in the study of social networks. Therefore, the effective resistance is a nice and
natural alternative connectivity measure in network design.

Thomson’s principle also states that the electrical flow between s and ¢ is the unique flow
that minimizes the f5-energy. So, designing a network with small s-t effective resistance has
natural applications in designing electrical networks [71, 102, 137]. One natural formulation
is to keep at most k wires in the input electrical network to minimize Reff(s, t), so that the
electrical flow between s and ¢ can still be sent with small energy while we switch off many
wires in the electrical network.

35.1 Our Results

Unlike the classical problems of shortest path and min-cost flow (corresponding to the ¢; and
(., versions of the problem), we prove that the s-t effective resistance network design problem
is NP-hard, and is APX-hard assuming the small-set expansion conjecture [224, 225].

Theorem 184. The s-t effective resistance network design problem is NP-hard, even when
every edge has the same cost and the same resistance (ce = 1. = 1 for every edge e).

Theorem 185. Assuming the small-set expansion conjecture, it is NP-hard to approximate
the s-t effective resistance network design problem within a factor of 2 — € for any € > 0,
even when every edge has the same cost.

We also obtain some approximation algorithms for the problem. We analyze a natural
convex programming relaxation for the problem (Section 37.1), and use it to design a constant
factor approximation algorithm when every edge has the same cost and the same resistance.

Theorem 186. There is a convexr programming based 8-approrimation randomized algorithm
for the s-t effective resistance network design problem when c. =1 and r. = 1 for every edge
e.

We note that the convex program has unbounded integrality gap when the costs could be
arbitrary or the resistances could be arbitrary (Section 37.1). When every edge has the same
cost and the same resistance, we derive a nice characterization of the optimal solutions to the
convex program (Lemma 193), and use it to design a randomized path-rounding algorithm
(Section 37.2) based on a flow decomposition of the fractional solution to prove Theorem 186.
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There is a simple example showing that the integrality gap is at least two when ¢, = r, = 1
for all e € E. When the budget k is much larger than the length of a shortest s-t path, we
show how to achieve an approximation ratio close to two with a slightly modified randomized
“short” path rounding algorithm (Section 37.5).

Theorem 187. There is a (2+ O(€))-approximation algorithm for the s-t effective resistance
network design problem, when c. =1 and r. = 1 for every edge e and k > 2ds/e'® where dg
is the length of a shortest s-t path.

As our problem is related to electrical network design, it is natural to consider the special
case when the input graph is a series-parallel graph. In this setting, we can use dynamic
programming to design a fully polynomial time approximation scheme for the problem when
the ratio between the maximum and minimum resistance is bounded, and an exact algorithm
when every edge has the same cost.

Theorem 188. There is a dynamic programming based (1 + €)-approximation algorithm for
the s-t effective resistance network design problem when the input graph is a series-parallel
graph. The running time of the algorithm is O(|E|"U?/e?) where U = max, r,/ min, 7, is the
ratio between the mazrimum and minimum resistance. If we assume further that c. = 1 for
all edges e, there is an exact algorithm for the problem with running time O(|E| - k?).

We note that the integrality gap examples in Section 37.1 are actually series-parallel
graphs, and so the dynamic programming algorithms go beyond the limitation of the natural
convex program. We leave it as an open problem whether the general case admits a good
approximation algorithm (possibly by combining these techniques).

We also consider a “dual” problem where the effective resistance is a hard constraint and
the objective is to minimize the cost. We present similar results in Section 37.6.

35.2 Related Work

In the survivable network design problem, we are given an undirected graph and a connec-
tivity requirement 7,, for every pair of vertices, and the goal is to find a minimum cost
subgraph such that there are at least r,, edge-disjoint paths for all w,v. This problem is
very well-studied and captures many interesting special cases [103, 2, 105, 96]. The best
approximation algorithm for this problem is due to Jain [139], who introduced the technique
of iterative rounding to design a 2-approximation algorithm. His result has been extended
in different directions, including element-connectivity [79, 39], directed graphs [95, 96], and
with degree constraints [170, 73, 94, 172].

Other combinatorial connectivity requirements were also considered. A natural variation
is to require that there are r, , internally vertex disjoint paths for every pair of vertices u,v.
This problem is much harder to approximate [162, 169], but there are good approximation
algorithms for global connectivity [74, 38] and when the maximum connectivity requirement
is small [36, 45]. Another natural problem is to require that there is a path of length [, ,
between every pair of vertices u,v. This problem is also hard to approximate in general but
there are better approximation algorithms when every edge has the same cost and the same
length [61].
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Spectral connectivity requirements were also studied, including spectral gap [101, 160]
(closely related to graph expansion), total effective resistances [102], and mixing time [25].
Some of the earlier works only proposed convex programming relaxations and heuristic al-
gorithms. Approximation guarantees are only obtained in two recent papers for the more
general experimental design problem. When every edge has the same cost, there is a (1+ ¢)-
approximation algorithm for minimizing the total effective resistance when the budget is
at least Q(|V]/e) [214], and there is a (1 + €)-approximation algorithm for maximizing the
spectral gap when the budget is at least Q(|V|/€?) [5]. For our problem, the interesting
regime is when £ is much smaller than |V|, where the techniques in [5, 214] do not apply.
We have developed a set of new techniques for analyzing and rounding the solutions to the
convex program that will hopefully find applications for solving related problems.

Traditionally, the effective resistance has many useful probabilistic interpretations, such
as the commute time [37], the cover time [190], and the probability of an edge in a random
spanning tree [155]. See Section 36 for more details. Recently, effective resistance has found
surprising applications in solving problems about graph connectivity, including construct-
ing spectral sparsifiers [241] (by using the effective resistance of an edge as the sampling
probability), computing maximum flow [43], finding thin trees [6], and generating random
spanning trees [188, 229].

35.3 Techniques

The main technical contribution is in designing rounding techniques for a convex program-
ming relaxation. There is a natural convex programming relaxation for our problem, by
using the conductance of the edges as variables, and writing the s-t effective resistance as
the objective function and noting that it is convex with respect to the variables (Section 37.1).

When every edge has the same cost and the same resistance, we show that the optimal
solution of this convex program has some nice properties'”. Given an optimal fractional
solution x* and the unit s-t electrical flow f* supported in x*, we derive from the KKT
optimality conditions that there is a flow-conductance ratio o > 0 such that f = ax} for
every fractional edge e with 0 < 2¥ < 1 and f > « for every integral edge e with =} = 1.
The flow-conductance ratio « is crucial in the rounding algorithm and the analysis.

The rounding techniques in the two recent papers on experimental design [5, 214] con-
sidered each edge/vector as a unit. In [5], a potential function as in spectral sparsification
is used to guide a local search algorithm to swap two edges/vectors at a time to improve
the current solution. In [214], a probability distribution on the edges/vectors is carefully
designed for an independent randomized rounding. These techniques are only known to
work in the case when the solutions form a spanning set so that the “contribution” of each
individual edge/vector is well-defined. This is basically the reason why the results in [5, 214]
only apply when the budget k is at least (n).

Our approach is based on a randomized rounding procedure on s-t paths. Given z*,
we compute the unit s-t electrical f* supported in x*, and then decompose f* as a convex
combination of s-¢ paths. The rounding algorithm has 7" = 1/« iterations, where we pick a

19We can also show that the fractional edges in the optimal solution form a forest, but this is not included
in the Part as we have not used this property in the rounding algorithm.
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random path P; from the convex combination in each iteration, and return H := UL P; as
our solution. One difference from the previous techniques is that each unit in the rounding
algorithm is an s-t path, so in particular s and ¢ are always connected in our solution.
Another difference is that our problem has some extra structure, so that we can compute
the electrical flow f* to guide our rounding procedure, where the variables f; are not in the
convex program. These allow us to obtain a constant factor approximation algorithm for all
budget k > dg (note that when k < dg there is no feasible integral solution).

In the analysis, we prove in Lemma 197 that the expected number of edges in H is at
most k, and in Lemma 198 that the expected effective resistance is Reffy (s, t) < 2Reff,« (s, ).
To bound the expected effective resistance, we use Thomson’s principle and construct a unit
s-t flow F' to show that Reffy(s,t) < Ey(F) < 2Reff,«(s,t). To construct the unit s-t flow F,
the idea is to keep the flow-conductance ratio and send « units of flow on each sampled path
P; (ie. fo = a and x, = 1). The flow-conductance ratio plays a crucial role in the proofs
of both lemmas. This is because the rounding algorithm is based on the flow variables f,
and thus the performance guarantees are in terms of fr, but the ratio o allows us to relate
them back to the variables 7 in the convex program. Combining the two lemmas give us a
constant factor bicriteria approximation algorithm for the problem. This can be turned into
a true approximation algorithm by scaling down the budget to k/2 and run the bicriteria
approximation algorithm with some additional claims (Section 37.4).

The improvement on the approximation ratio when budget k is large comes from two
observations. The first observation is that if k£ is much larger than the length of the short-
est s-t path, then the number of independent iterations in the rounding scheme is large
(Lemma 194). The second observation is that we can ignore some s-t paths in the flow
decomposition with many fractional edges without affecting the performance much. Com-
bining these, we can apply a Chernoff-Hoeffding bound to show that the number of edges
is at most (1 + €)k with high probability. Then, we do not need to scale down the budget
by a factor of 2 and we can prove a stronger bound that the effective resistance is at most
2 4+ O(e) times the optimal value.

35.4 Organization

In Section 36, we define the notations used in this Part and also present some background
knowledge about effective resistances. We present the convex programming relaxation and
our two rounding procedures in Section 37, and the dynamic programming algorithm in
Section 38. The NP-hardness and small set expansion-hardness results are provided in
Section 39.

36 Preliminaries

We introduce the notations and definitions for graphs and matrices in Section 36.1, and then
we define electrical flow and effective resistance and state some basic results in Section 36.2.
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36.1 Graphs and Matrices

Let G = (V, E) be an undirected graph with a non-negative edge weight w, on each edge
e € E. The number of vertices and the number of edges are denoted by n := |V| and
m = |E|. For a subset of edges F' C FE, the total weight of edges in F' is denoted by
w(F) := > cpwe. For a subset of vertices S C V, the set of edges with one endpoint in
S and one endpoint in V' — S is denoted by §(S). For a vertex v, the set of edges incident
on a vertex v is denoted by d(v) := §({v}), and the weighted degree of v is denoted by
deg(v) := w(6(v)). The volume of a set vol(S) := > _sdeg(v) is defined as the sum of
the weighted degrees of vertices in S. The conductance of a set ¢(S5) := w(d(S))/vol(S) is
defined as the ratio of the total weight on the boundary of S to the total weighted degrees
in S. For two subsets S1, 52 C V, the set of edges with one endpoint in S; and one endpoint
in Sy is denoted by E(S1, Ss).

In this Part, an undirected graph G = (V, E) with non-negative edge weights w € R¥
is interpreted as an electrical network, where each edge e is a resistor with conductance w,
(not to be confused with the conductance ¢(S) of a set S as defined above), or equivalently
with resistance r, := 1/w,. The adjacency matrix A € RV*V of the graph is defined as
Auw = Wy, for all u,v € V. The Laplacian matrix L € RV*Y of the graph is defined as
L =D — A where D € RV*V is the diagonal degree matrix with D,,,, = deg(u) for all u € V.
For each edge e = uv € FE, let b, := xu — X» Where x, € R" is the vector with one in the
u-th entry and zero otherwise. The Laplacian matrix can also be written as

L=> webeb.
ecl
Let Ay < Xy < ... < )\, be the eigenvalues of L with corresponding orthonormal eigenvectors
V1, V2,...,0, s0 that L =", A\vivl . Tt is well-known that the Laplacian matrix is positive
semidefinite and \; = 0 with v; = T/ V/n as the corresponding eigenvector, and Ay > 0 if and
only if G is connected. The pseudo-inverse of the Laplacian matrix L of a connected graph
is defined as

LT = Z %viviT,
i=2 "

which maps every vector x orthogonal to v; to a vector y such that Ly = z.

36.2 Electrical Flow and Effective Resistance

Before defining s-t electrical flow, we first define the standard unit s-t flow. For each edge
e = uv, we have two variables f(uv) and f(vu) with f(uv) = — f(vu), where f(uv) is positive
if the flow is going from u to v and negative otherwise. A unit s-t flow f satisfies the following
flow conservation constraints:

1 V=S8
Z flou)=¢ -1 v=t
ued(v) 0 otherwise.

Given a unit s-t flow f, we overload the notation and define its undirected flow vector
f: E — Rsg with f, :=|f(uv)]| for each edge e = uv. A unit s-t electrical flow is a unit s-¢
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flow f that also satisfies the Ohm’s law: There exists a potential vector ¢ € RY such that
for all u,v € V,

f(uv) = wy - (o(u) = p(v)).

The effective resistance between s and ¢ is defined as

Reff(s, t) := o(s) — (1),
which is the potential difference between s and t when one unit of electrical flow is sent from
s to t. The s-t effective resistance can be interpreted as the resistance of the whole graph G
as a big resistor when an electrical flow is sent from s to t.

One can write the effective resistance in terms of the Laplacian matrix. For u,v € V,
let by, = Xy — Xy, where X, € R" is the unit vector with 1 in the v-th entry and 0 in other
entries. Combining the flow conservation constraint and the Ohm’s law, it can be checked
that the potential vector ¢ € RY of a unit s-t electrical flow is a solution to the linear system

L'(,D:bst.

Note that ¢ = Lfb,, is a solution, and if G is connected then any solution is given by p+c- I
for ¢ € R. Therefore, we can write

Refi(s, t) = ¢(s) - p(t) = 8L b

The effective resistance can also be characterized by the energy of a flow. The energy of

an s-t flow f is defined as ,
J 2
E(f) = == = rof:.
(£) ZE o ZE J:
Thomson’s principle [151] states that the unit s-¢ electrical flow is the unique unit s-¢ flow
that minimizes the energy. This can be verified by writing down the optimality condition
of the minimization problem. Moreover, this energy is exactly the s-t effective resistance.

To see this, note that the flow value on edge uv in the unit s-t electrical flow satisfies
fuv) = wyy - (0(u) — (V) = Wy, - L LTby and thus

E(f) = wu(by,Liby)* = bLLf (Z wwbwav) Lby = b LT LL b, = Reff(s, t).
wekl wel
To summarize, we will use the following result from Thomson’s principle.
Fact 189 (Thomson’s principle [151]). Let f* be the unit electrical s-t flow in G. Then
Reffg(s,t) = mfin{é'(f) | fis a unit s-t flow in G} = E(f7).
A corollary of Thomson’s principle is the following intuitive result known as the Rayleigh’s
monotonicity principle.

Fact 190 (Rayleigh’s monotonicity principle). The s-t effective resistance cannot increase
if the resistance of an edge is decreased.

We will also use the following result to write a convex programming relaxation of our
problem.

Fact 191 ([102]). The s-t effective resistance is a convex function with respect to the con-
ductance of the edges.
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37 Convex Programming Algorithm for Unit-Cost Unit-
Resistance

In this section, we analyze a convex programming relaxation for our problem. We first
describe the convex program and prove a characterization of the optimal solutions in Sec-
tion 37.1. We then present a randomized rounding algorithm using flow decomposition in
Section 37.2, and show that it is a constant factor bicriteria approximation algorithm in
Section 37.3. Then, we show how to turn the bicriteria approximation algorithm into a
true approximation algorithm in Section 37.4, and how to modify the algorithm slightly to
achieve a better approximation guarantee when the budget £ is large in Section 37.5. Finally,
we discuss the dual problem of minimizing the cost while satisfying the effective resistance
constraint in Section 37.6.

37.1 Convex Programming Relaxation

In the convex programming formulation, we introduce a variable z. for each edge e to indicate
whether e is chosen in our subgraph. Let

L, := Z xewebebeT
eckF

be the Laplacian matrix of the fractional solution z, and Reff,(s,t) be the s-t effective
resistance of the graph with conductance x.w, on edge e € E. The following is a natural
convex programming relaxation for the problem.

min Reff,(s,t) = b, Lib,,

zeR™

subject to Zcexe <k, (CP)
eclk
0<uz <1, Ve € L.

This is an exact formulation if . € {0,1} for all e € E. The objective function is
convex in x by Fact 191. The convex program can be solved in polynomial time by the
ellipsoid method to inverse exponential accuracy or by the techniques described in [5] to
inverse polynomial accuracy, which are both sufficient for the rounding algorithm.

37.1.1 Integrality Gap Examples

We show some limitations of the convex program for general w, and c., which partly justifies
our assumption w, = ¢, = 1 for all e € E. The following figure shows a simple example
where the integrality gap is unbounded if the cost could be arbitrary.

In this graph, the top path has length n—2 where each edge has cost 1/(n—2). The
bottom path has two edges with cost 1. The resistance of each edge is 1, and the budget is
k = 1. The integrality gap of this example is £2(n). To see this, the integral solution can only
afford the top path, and the effective resistance is n—2. However, the fractional solution can
set z, = 1/2 for each of the two bottom edges, and the effective resistance of this fractional
solution is 4.

196



o . Y

Figure 37.1: Integrality gap example with arbitrary cost and unit resistance.

The following figure shows another simple example where the integrality gap is unbounded
if the edge costs are the same but the resistances could be arbitrary.

Figure 37.2: Integrality gap example with arbitrary resistance and unit cost.

In this example, the top path has length n—1 with each edge of resistance 1. The bottom
path has only one edge with resistance R. All edges have cost 1 and the budget k = n—2.
The integral solution can only afford the bottom path, with effective resistance R. The
fractional solution can set z. = (n—2)/(n—1) for each edge in the top path, with effective
resistance O(n). When R > n, the integrality gap could be arbitrarily large.

Even in the unit-cost unit-resistance case, the integrality gap is unbounded if k is smaller
than the s-t shortest path distance. Henceforth, we assume the following in the rest of this
section.

Assumption 192. We assume that ¢, = w. = r. = 1 for every edge e € E, and the budget
k is at least the shortest path distance dg between s and t in the input graph.

The integrality gap of the convex program is still at least two with Assumption 192. For
a simple example, consider a graph with two vertex-disjoint s-¢ paths, each of length k/2+1,
and the budget is k. Then the optimal integral value is k/2 + 1 while the optimal fractional
value is close to k/4, and so the integrality gap gets arbitrarily close to two.

We will show that the integrality gap of the convex program is at most 8 with these
assumptions. Note that just to connect s and ¢, then & must be at least the s-t shortest path
distance. It is interesting that this small additional assumption could reduce the integrality
gap from unbounded to a constant.

37.1.2 Characterization of Optimal Solutions

In the case when ¢, = w, = r. = 1 for all edges e € E, we will prove that the electrical
flow f* supported in the optimal solution z* to (CP) satisfies a useful property about the
flow-conductance ratio fr/x?.

Lemma 193 (Characterization of Optimal Solution). Let G = (V| E) be the input graph
with c. = we = 1 for all edgese € E. Let z* : E — Rx( be an optimal solution to the convex
program (CP). Let Er C E be the set of fractional edges with 0 < x < 1, and E; C E be
the set of integral edges with x; = 1. Let f* : £ — R be the undirected flow vector of the
unit s-t electrical flow supported in x*. There exists o > 0 such that

fi=ax, Vee€ Ep and f>a VeeckE].
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Proof. By removing edges with 27 = 0, we can assume z; > 0 for every e € E. By
removing isolated vertices, we can further assume that the nonzero edges form a connected
graph. So, we can write Reff,«(s,t) = bZ;Ll*bst, where L, has rank n — 1 and the null
space of L, is span(f). Since by L 1, we have Lx*Ll*bst = by and Ll*bst 1 T, which
implies that Ll*bst = (L + %J )~1bs where J is the all-ones matrix. Using the fact that
IA = —A"HOA)A™! (see e.g. [221]), we derive

1 -1
Ve Reffy(s,t) = Vbl (Lx*+;J) bat

-1

1\ 1
= —bg; (Lz* + E(]) (vzsz*) (LI* + EJ) bst

= oLt (vm; > aiwebeb! ) Ll.by

eckE
= 5L b LI by,
—(bhLL-be)?,

where we used the assumption that w, = 1 for all e € E. With this, we write down the KK'T
conditions for the convex program. Let p be the dual variable for the budget constraint
Y ecr Ceth < k, and A and A be the dual variables for the upper bound z} < 1 and the
nonnegative constraint x¥ > 0 respectively. The KKT conditions states if x* is an optimal
solution to (CP), then there exist A™, A~ and u such that

Zx: <k 0<2z.<1 Ve€kFE, (Primal feasibility)
ecekE
pw>0,2>0and \J >0 Vee E, (Dual feasibility)

iz <k - ZxZ) =0,\ - (z—1)=0,\, -2 =0 Vee E, (Complementary slackness)
eck
(DT LI by)? = N = AT o= A" = M\ + 4, (Lagrangian optimality)

where we used the assumption that ¢, = 1 for all e € E. For an integral edge with 2} =1,
we have \J = 0 by the complementary slackness condition. Since AT > 0, it follows from the
Lagrangian optimality condition that (bZLl*bst)Q > u. For a fractional edge with 0 < x¥ < 1,
we have AT = \J = 0 by the complementary slackness condition, and therefore (beTLl*bst)Q =
1 by the Lagrangian optimality condition. We can assume that g > 0. Otherwise, p = 0
implies that the flow on all fractional edges are zero, and so we can delete them from the
graph without affecting the s-t effective resistance, and we have an integral solution.

Let ¢ be a potential vector of the electrical low f* supported in x*. For an edge e =
uv € F|

ey o _ (1Tt )
(35) = (etw =)= (FLLba)

where the first equality is by Ohm’s law and the assumption that w,, = 1 for all uwv € F|,
and the second equality uses that L.« = by as explained in Section 36.2. The lemma then
follows from the above paragraph and writing u as o?. O
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The flow-conductance ratio a will be crucial in the rounding algorithm and its analysis.
The following lemma shows an upper bound on « using the budget £ and the shortest path
distance dy between s and t.

Lemma 194. Under the conditions in Assumption 192, it holds that o® < dy/k < 1.

Proof. Let x* be an optimal solution to (CP), and f* be the unit s-t electrical flow supported
in z*. As k > dg, a shortest path is a feasible solution to (CP), and thus Reff,«(s,t) < dg.
On the other hand, by Thomson’s principle and Lemma 193,

2

et (50) = SOk = 3 (e 30 Uk s Yoot Y et -t Yt -

e€R € ecEr ecEp € ecEr ecEp e€R

where the last equality holds since we can assume ) ;= k for the optimal solution z*
without loss of generality by Rayleigh’s principle (or otherwise we have an integral optimal
solution). The lemma follows by combining the upper bound and the lower bound. O]

37.2 Randomized Path-Rounding Algorithm

Our rounding algorithm uses the unit electrical flow f* supported in the optimal solution z*
to construct an integral solution. The algorithm will first decompose the flow f* as a convex
combination of flow paths, and then randomly choose the flow paths and return the union
of the chosen flow paths as our solution.

The following lemma about flow decomposition is by the standard argument to remove
one (fractional) flow path at a time, which holds for any unit directed acyclic s-t flow.

Lemma 195 (Flow Decomposition). Given a unit s-t electrical flow f, there is a polynomial
time algorithm to find a set P of s-t paths with |P| < |E| such that the undirected flow vector
[+ E = Rxq can be written as a convex combination of the characteristic vectors of the paths
mn P, ie.

f:va-Xp and vazl and v, > 0 for each p € P,

pEP pEP

where x, € RIPl is the characteristic vector of the path p with one on each edge e € p and
zero otherwise.

With the flow decomposition, we are ready to present the rounding algorithm.

Randomized Path Rounding Algorithm

1. Let z* be an optimal solution to the convex program (CP). Let f* be the unit
s-t electrical flow supported in z*. Let a be the flow-conductance ratio defined in
Lemma 193.

2. Compute a flow decomposition P of f* as defined in Lemma 195.
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3. Fori from 1 to T := |1/« do

e Let P; be a random path sampled from P where each path p € P is sampled
with probability v,.

4. Return the subgraph H formed by the edge set UL, P;.

The following lemma shows that the rounding algorithm will always return a non-empty
subgraph.

Lemma 196. Suppose the input instance satisfies the conditions in Assumption 192. Let
x* be an optimal solution to (CP) and o > 0 be the flow-conductance ratio as defined in

Lemma 1953. Then 1 I
—>T>—>0.
e} 2a

Proof. Since we assumed that the budget k is at least the length dg of a shortest s-t path,
it follows from Lemma 194 that o < 1. This implies that

1 1
zT:{—szax{l,——l} = 1>Ta>max{a,1 —a} >
« a

DO | —

1
o

37.3 Bicriteria Approximation

The analysis of the approximation guarantee goes as follows. First, we show that the expected
number of edge in the returned subgraph is at most the budget k. Then, we prove that the
expected effective resistance of the returned subgraph is at most two times that of the optimal
fractional solution. Both of these steps use the flow-conductance ratio « crucially. These
combine to show that the randomized path rounding algorithm is a constant factor bicriteria
approximation algorithm.

Let 2* be an optimal solution to (CP). Let Er and E; be the set of fractional edges and
integral edges in z*. We assume that each edge e € F; will be included in the subgraph H
returned by the rounding algorithm. We focus on bounding the number of edges in Er that
will be included in H.

Lemma 197 (Expected Budget). Let z* be an optimal solution to (CP) when c¢e = we = 1
for all edges e € E. Let X, be an indicator variable of whether e is included in the returned
subgraph H by the rounding algorithm, Then,

ZXe §Tosz:§ Zx:

ecEp ecErp e€eEr

E
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Proof. Note that an edge e is contained in P; with probability Zpepzpse vp. By the union
bound, an edge e is included in the returned subgraph H by the rounding algorithm with

probability
T
PI’[Xezl] SZ Z Up:T Z Up:Tf;a

i=1 pEP:p3e pEP:pde

where the last equality holds by the property of the flow decomposition P of the electrical
flow f* in Lemma 195.
By Lemma 193, fr = ax} for each fractional edge e € Er, and this implies that

Pr(X.=1|<Tf; =Tazx, Vec€ Ep.

Therefore,

E

er] zzpr[xe:ugmzxgzBJQZIZS Y at

6€EF 6€EF SGEF 6€EF GGEF

]

The key step is to show that E[Reff(s,t)] < 2Reff,«(s,t). To prove this, we construct a
unit s-t flow ' and show that E[€y(F)] < 2Reff,«(s,t), and hence by Thomson’s principle
E[Reffy(s,t)] < E[€y(F)] < 2Reff,«(s,t). To construct the flow F, the idea is to follow the
ratio « in the fractional solution z* and send « units of flow on each path P; selected.

Lemma 198 (Expected Effective Resistance). Suppose the input instance satisfies the con-
ditions in Assumption 192. Let x* be an optimal solution to (CP) and f* be the unit s-t
electrical flow supported in x*. The expected s-t effective resistance of the subgraph H re-
turned by the rounding algorithm is

E [Reffy(s,t)] < (1 1 + La) e (f7) = (1 - % + Tia) - Reff«(s,t) < 2Reff .« (s, 1).

Proof. Consider the undirected flow vector F': E — R defined by sending « units of flow
on each path P; chosen by the rounding algorithm, i.e. the random variable F' = ZiT=1 a-Xp,
with F, =a-|{P, | 1 <i <T,P; > e}| for each edge e € E. We would like to upper bound
the expected energy Ex(F) in order to upper bound Reffy (s, ).

Each P; is a random s-t path sampled from the flow decomposition P of the undirected
flow vector f*: E — R of the unit s-t electrical flow supported in z*, and xp, € R™ is its
characteristic vector with expected value

E[XPL'] = va'Xp = f"

peEP

Since each edge in H is of conductance one, the expected energy of F'in H is

E[Eu(F) =E[(F, F)] =E o E[(XPNXPJ-H-

T T T T
St £
i=1 j=1 =1

i=1 j
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As each path P; is sampled independently, for ¢ # j,
E((xr,. xp,)] = (Elxnl.Elxp]) = (f 1) =D (£
eck
For i = j,
E[(xp,, xp)] = va<Xp7Xp> = vaz L= Z Z Up = Zf:a
peP peEP eEp ecE peP:pde eceE

where the last equality follows from the property of the flow decomposition in Lemma 195.
Combining these two terms, it follows that

E[y(F)] =T fi+’T(T-1)> (1)

eeE ecl

Thomson’s principle states that the Reffy(s, ) is upper bounded by the energy of any one
unit s-t flow. Note that F'is an s-t flow of T'a units, and T'aw > 0 by Lemma 196. Scaling F
to a one unit s-t flow by dividing the flow on each edge by T« gives an upper bound on

E|[Ex(F 1 1
E[Reffy (s, 1)] < # = = ZEf: - (1 — :7) ZE(f:)2
1 (f)? 1 (fo)?
< T_a Tk * (1 - T) Z r}
ecE eceE
1 1 «
1 1
= (1 — f -+ m) . Reffm* (S,t),

where the second inequality follows from Lemma 193 that f*/2% > « for every edge e € E
and also 27 <1 for every edge e € E, and the last equality is from Thomson’s principle that
Reff,«(s,t) = &+ (f*). Finally, notice that 1 —1/T+1/(Ta) <2 as 1/a—1< |1l/a] =T

O

Combining Lemma 197 and Lemma 198, it follows from a simple application of Markov’s
inequality that there is an outcome of the randomized path-rounding algorithm which uses
at most 2k edges with s-t effective resistance at most 4Reff,«(s,t). In the following, we
apply Markov’s inequality more carefully to show that the success probability is at least
Q(c). In the next subsection, we will argue that a can be assumed to be €(1/m) and so the
path-rounding algorithm is a randomized polynomial time algorithm.

Theorem 199 (Bicriteria Approximation). Suppose the input instance satisfies the condi-
tions in Assumption 192. Let x* be an optimal solution to (CP). Given z*, the randomized
path rounding algorithm will return a subgraph H with at most 2k edges and Reffy(s,t) <
AReff .« (s,t) with probability at least Q).
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Proof. First, we bound the probability that the subgraph H has more than 2k edges. Let
X, be an indicator variable of whether the edge e is included in the returned subgraph H.
Recall that Er and E; denote the set of fractional edges and integral edges in x* respectively.
We assume pessimistically that all edges in £} will be included in the subgraph H returned
by the rounding algorithm. Then, by Markov’s inequality and Lemma 197,

E[> X.] Tay i Ta
P X, >2k) <P X, > 2k —|Ef| ) < c€fr 4 < cebpe < 22
(e <re(( 3 ) < S S e
ecFk e€cFEp
where the last inequality is by >, p 2; <k — |Eq|.
Next, we bound the probability that Reffy(s,t) > 4Reff,«(s,t). By Markov’s inequality
and Lemma 198,

1 1 1 Ta+1 1 Ta+1
P ft 4Reff,« (s, < (1l—-=4+—) = - < — Qa),
r<Re (3, 8) > 4Refly+(s t)> —4( T+Ta) Ta ~ 17 = aTa @

where the last inequality is because T'= [1/a| < 1/a.
To prove the lemma, it remains to show that

Ta Ta+1
70‘ + Z‘; <1 <= 2Ta)?-3(Ta)+1=2Ta—-1)(Ta-1)<0,
(67

which follows from Lemma 196. OJ

37.4 Constant Factor Approximation

We showed that the randomized path rounding algorithm is a bicriteria approximation al-
gorithm. To achieve a true approximation algorithm, a natural idea is to scale down the
budget from k to k/2 and apply the randomized path rounding algorithm. The following
lemma takes care of the case of k/2 < dg;, when the shortest path assumption does not hold
after scaling, by showing that simply returning a shortest s-t path is already a good enough
approximation.

Lemma 200. When the budget k is at least the length dg of a shortest s-t path, any s-t
shortest path is a (k/dg)-approzimate solution for the s-t effective resistance network design
problem.

Proof. When k > dg, an s-t shortest path is a feasible solution to the problem with s-¢
effective resistance at most dy;. To prove the lemma, we will show that Reff,(s,t) > d? /k for
any feasible solution x to (CP), and so an s-t shortest path is already a (k/d)-approximation.

Let G, be the graph G with fractional conductance x. on each edge e € E. To show a
lower bound on Reff, (s, t), we identify the vertices in G, to a form a path graph P, as follows:
For each i > 0, let U; be the set of vertices in G with shortest path distance ¢ to s, where
the shortest path distance is defined where each edge in G is of length one. First, for each
0 <i<dg—1, we identify the vertices in U; to a single vertex u;. Then, we identify all the
vertices in U;>q4,,U; to a single vertex ug,,. The path graph P, has vertex set {ug,...,uq, }
and edge set {ab € E | a € U;and b € U;yq for 0 < ¢ < dy — 1}. For each edge e in P,

203



its conductance z. in P, is the same as that in G,. As an electrical network, identifying
two vertices uv is equivalent to adding an edge of resistance zero between u and v. So, it
follows from Rayleigh’s monotonicity principle (Fact 190) that Reffq, (s,t) > Reffp, (ug, uq,,)
as s € Uy and t € Uy,,.

As P, is a series-parallel graph, we can compute Reffp, (s, t) directly. For each 1 < i < dg,
let E; be the set of parallel edges connecting u;_; and u; in P,, and ¢; = ZeeE,- . be the
effective conductance between u;_; and u; in P,. Then, by Fact 214,

dst dst

1 1
Reffp, (uj—1,u;) = — d Reft Jug,) = Y Reffp (u;_1,u;) = —.
effp, (w;—1,u;) an effp, (uo, Ua,, ) Z effp, (w1, u;) Zci

i i=1 i=1

Note that Z?jl c = Z?jl ZeeEi Te < Y . cp%e < k for any feasible solution x. Using
Cauchy-Schwarz inequality,

dst dst dst 1

1
dstzz\/c_lﬁg ZC," ZES\/E‘\/RGHPZ(U();UCI“)-
=1 =1 =1

Therefore, we conclude that Reffg, (s,t) > Reffp, (ug, ug,,) > d2/k. O

We are ready to prove our main approximation result.

Theorem 201. Suppose the input instance satisfies the conditions in Assumption 192. There
s a polynomial time 8-approzimation algorithm for the s-t effective resistance network design
problem.

Proof. 1f the budget k < 2dg;, then Lemma 200 shows that simply returning an s-¢ shortest
path would give a 2-approximation. Henceforth, we assume that k > 2d;.

Let opt(k) be the objective value of an optimal solution to the convex program (CP) with
budget k. Let 2* be an optimal solution to (CP) with budget &k and Reff,-(s,t) = opt(k).
As %x* is a feasible solution to (CP) with budget %k, by Thomson’s principle,

k xh T . T
opt (5) < Reff,. (s,1) = bﬁ(; “heb ) by = 2b§;<;xebebz ) by = 2Reff,- (s, 1) = 20pt (k).

Given the original budget k > 2dg, our algorithm is to find an optimal solution z* to
(CP) with budget k/2 > dg, and then use the path-rounding algorithm with input z* to
return a subgraph H. By Theorem 199, with probability Q(«), the subgraph H satisfies

k k
|[E(H)| < 2222 <2 <§) =k and Reffy(s,t) < 4dopt (§> < 8opt(k),

ecE

and so H is an 8-approximate solution to the s-t effective resistance network design problem.

Finally, we consider the time complexity of the algorithm. The number of iterations in the
path rounding algorithm is O(1/«), and we need to run the path rounding algorithm O(1/«)
times to boost the success probability to a constant. This is a randomized polynomial time
algorithm when o = Q(1/m).

204



In the following, we show that when a < 1/(4m), it is easy to obtain a 2-approximate
solution without running the path-rounding algorithm. Let z* be an optimal solution to
(CP) with budget k£, and f* be the unit s-t electrical flow supported in z*. Let P be the
flow decomposition of f* as in Lemma 195. We call a path p € P an integral path if every
edge e € p has = = 1; otherwise we call p a fractional path. When a < 1/(4m), we simply
return the union of all integral paths as our solution H. Clearly, H has at most k edges as it
only contains integral edges. Next, we bound Reffy (s, t) by the energy of the flow supported
in the integral paths. By Lemma 193, an edge e with 2} < 1 has f¥ = az} < a < 1/(4m).
This implies that each fractional path p has v, < 1/(4m). Since P has at most m paths
(Lemma 195), the total flow in the fractional paths is at most 1/4, and thus the total flow
in the integral paths is at least 3/4. By scaling the flow supported in the integral paths to
a one unit s-t flow, we see that

(3/4)?
To summarize, in all cases including k < 2ds and o < 1/(4m), there is a polynomial time

algorithm to return an 8-approximate solution to the s-t effective resistance network design
problem. O

ReﬁH(S, t) S S 28$* (f*) = 2Reffx* (S, t) .

We have two remarks about improvements of Theorem 201.

Remark 202 (Approximation Ratio). The analysis of the 8-approximation algorithm is not
tight. By a more careful analysis of the expected energy in Lemma 198 and the short path
idea used in the next subsection, we can show that the approximation guarantee of the same
algorithm in Theorem 201 is less than 5. However, the analysis is quite involved and not
very insightful, so we have decided to omit those details and only keep the current analysis.

Remark 203 (Deterministic Algorithm). Using the standard pessimistic estimator technique,
we can derandomize the path-rounding algorithm to obtain a deterministic 8-approximation
algorithm. The analysis is standard and we omit the details that would take a few pages.

37.5 The Large Budget Case

In this subsection, we show how to modify the algorithm in Theorem 201 to achieve a better
approximation ratio when the budget is much larger than the s-t shortest path distance.

The observation is that when k£ > dg, then « is small by Lemma 194, and so there are
many iterations in the path-rounding algorithm. Since each iteration is independent, we
can use Chernoff-Hoeffding’s bound to prove a stronger bound on the probability that the
number of edges in the returned solution is significantly more than k (outperforms the bound
proved in Lemma 197 using Markov’s inequality). Then, we can show that the expected s-t
effective resistance is close to two times the optimal value by argument similar to the proof
of Lemma 198.

Modified Rounding Algorithm

For our analysis, we slightly modify the path-rounding algorithm to ignore “long” paths in the
flow decomposition, so that we have a worst case bound to apply Chernoff-Hoeffding’s bound.
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Unlike the flow decomposition in Lemma 195, the short path flow decomposition definition
is specific to the electrical flow of an optimal solution to (CP). In the following definition, ¢
is a parameter which will be set to be 1/e > 1 to achieve a (2 + O(¢))-approximation.

Definition 204 (Short Path Decomposition of Electrical Flow of Optimal Solution). Let z*
be an optimal solution to the convex program (CP). Let f* be the unit s-¢ electrical flow
supported in x*. Let a be the flow-conductance ratio defined in Lemma 193.

Let P* be a flow decomposition of f* as defined in Lemma 195. Let a7} := >
the total fractional value on the fractional edges Fr in the optimal solution z*.

We call a path p € P* a long path if p has at least cax}, edges in Ep, i.e. [pNEg| > cax’.
Otherwise we call a path p € P* a short path.

Let P := {p € P* | pisashort path} be the collection of short paths in P*. Let
fr = Zpep vpXp be the s-t flow defined by the short paths, and vp := > _, v, be the total
flow value of fp.

*
ccip Lo be

peEP

The modified algorithm is very similar to the randomized path-rounding algorithm in
Section 37.3. The only difference is that we only use the paths in the short path flow
decomposition in Definition 204, and we adjust the sampling probability of a path p to
v,/vp so that the sum is one.

Randomized Short Path Rounding Algorithm

1. Let z* be an optimal solution to the convex program (CP). Let f* be the unit
s-t electrical flow supported in z*. Let a be the flow-conductance ratio defined in
Lemma 193.

2. Compute a short path flow decomposition P of f* as described in Definition 204.
3. Forifrom 1toT = |1/a] do

e Let P, be a random path sampled from P where each path p € P is sampled
with probability v, /vp.

4. Return the subgraph H formed by the edge set UL, P;.

The following simple lemma shows that the total flow on the long paths is negligible
when c is large, which will be useful in the analysis.

Lemma 205. In the short path flow decomposition in Definition 204, vp > 1 — %

Proof. Using ax} = fI for e € Ep from Lemma 193 and the properties of the flow decom-
position P* of f* in Lemma 195,

ary = Z fr= Z vy - lpN Ep| > Z vy - |pN Ep| > caxy Z vy, = caxp(l — vp),
ecEp peEP* pEP*—P pEP*—P

where the last inequality is by the definition of long paths and the last equality is because
f* is a unit s-t flow. O
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Analysis of Approximation Guarantee

First, we consider the expected s-t effective resistance of the returned subgraph H. For intu-
ition, we can think of the modified rounding algorithm as applying the rounding algorithm
in the scaled flow fp/vp, and so it should follow from Lemma 198 that

E[Reffy (s,1)] < 2&,- (f_"’

2
Up 2

2 2
)- () € () = SRef(5.0)
which will be at most (2 + O(e))Reff,«(s,t) when ¢ = 1/¢ from Lemma 205.
We cannot directly apply Lemma 198 as stated, as the flow fp does not satisfy the flow-
conductance ratio o in Lemma 193, but essentially the same proof will work to get the same

conclusion (but not exactly the same intermediate step).

Lemma 206. Suppose the input instance satisfies the conditions in Assumption 192. Let
x* be an optimal solution to (CP) and f* be the unit s-t electrical flow supported in z*.
The expected s-t effective resistance of the subgraph H returned by the randomized short path
rounding algorithm is

E [Reffy(s,t)] < =& (f) = U%Reﬁx*(s,t),
P

2
2
where P is the short path flow decomposition of f* as described in Definition 204.

The main difference of the analysis is to apply the following Hoeffding’s inequality (instead
of Markov’s inequality) to bound the probability that the returned subgraph has significantly
more than £k edges.

Fact 207 (Hoeffding’s Inequality). Let Xi,..., X, be independent random variables such
that X; € [0, M] with probability one. Let X =" | X;, and p = E[X], then for any § > 0,

2,2
Pr(X > (14 0)p) < exp (—237’[2) :

Lemma 208. Suppose the input instance satisfies the conditions in Assumption 192. Let x*
be an optimal solution to (CP) and f* be the unit s-t electrical flow supported in x*. Let H
be the subgraph returned by the randomized short path rounding algorithm given x* as input,
and |E(H)| be the number of edges in H. Then, for any 6 > 0,

Pr(|E(H)| > (11 )k) < exp (—ﬁ) |

a
where ¢ is the parameter in the short path flow decomposition in Definition 204 and « is the
flow-conductance ratio of f* and x* as defined in Lemma 195.

Proof. Asin Lemma 197, we assume pessimistically that all integral edges F; will be included
in H, and so we focus on the fractional edges Er. Let X;. be the indicator variable of
whether the edge e is sampled in the i-th iteration of the short path rounding algorithm, and
XiF =D e £y Xie De the total number of fractional edges sampled in the -th iteration. Let
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Xr be the total number of fractional edges in H. Note that Xp < Z?zl X r, since if some
fractional edge was sampled multiple times in different iterations, we only count it once in
Xp. By linearity of expectation, E[Xp| < ZiTzl E[X, Fr|.

Let P* be the flow path decomposition of f* in Lemma 195, and P be the short path
flow decomposition of f* as described in Definition 204. For an edge e, recall that (fp). :=
ZpG'P:pSe vp is the total flow value on e from the short paths in P. As we scaled the probability
of each path by 1/vp in the rounding algorithm, the probability that edge e is sampled in
the i-th iteration is (fp)e/vp. Let f, := f*— (fp)e be the total flow value on e from the long
paths in P* — P. The expected value of X, p is

E[XZ,F] - Z E[Xi,e] = Z (fP)e = Z f:U;Pfe — Z CKLL': — fe

v (%
ecFEp ecFEp P ecFEp ecFEp P

By the definition of the long paths,

Z?Q:Z Z vy = Z vy - [pN ER| > caxy Z vy, = caryp(l — vp),
P

ecFEp e€FEp peP*— peEP*—P peEP*—P

where we recall that 25 =, ;. Therefore,

ar* — f 1l—c+cv c—1
E[X,;,p]zzev—fegax}-v—P:ozx*F-(c— -
ccbr P P P

) < axg,

where the last inequality uses that vp < 1 and ¢ > 1. It follows that E[Xr] < Taz} < x7.

As each iteration is independent, the random variables X; p for 1 <14 < T are indepen-
dent. Since we only use short paths, the maximum value of each X, p is at most cax}. So,
we can apply Hoeffding’s inequality to show that

. 252 .17* 2 252
F

Let X; be the total number of integral edges in H. As X; < |E}|, we conclude that
Pr (!E(H)I > (1+ 5)k:> — Pr (X, + Xp > (1+0)(|Ef] + xp))

2
< Pr (XF > (1+ 5)3:}}) < exp <—?) )

cTx

]

As in Section 37.3, we can combine Lemma 208 and Lemma 206 to show that the ran-
domized short path rounding algorithm is a bicriteria approximation algorithm.

Theorem 209. Suppose the input instance satisfies the conditions in Assumption 192. Sup-
pose further that k > dy /€', where € > 0 is an error parameter satisfying € < n for a small
constant n. Let x* be an optimal solution to (CP). Given z*, the randomized short path
rounding algorithm with ¢ = 1/e will return a subgraph H with at most (1 + €)k edges and
Reffy(s,t) < (24 10€) - Reff,-(s,t) with probability at least €.

208



Proof. The additional assumption k > dg /€' implies that o < € by Lemma 194.
Setting ¢ = 1/e and 0 = ¢, it follows from Lemma 208 that

Pr(E(H)] > (1+ k) < exp (—%) <o (-2) <e

where the last inequality holds for € > 0.
Since ¢ = 1/¢, Lemma 205 implies that vp > 1 — € for the short path flow decomposition
in Definition 204. Using Markov’s inequality and Lemma 206, for sufficiently small € we have

< E [Reffy(s,t)]
= (24 10¢) - Reff,« (s, )
2
B2 +100 = (1—e2(2+100)

Pr (ReffH(s, £) > (2 + 10¢€) - Reff,. (s, t))

<1—2¢

Therefore, with probability at least e, the subgraph H returned by the randomized short
path rounding algorithm satisfies both properties. O

Using the same arguments as in Section 37.4, we can turn the above bicriteria approxi-
mation algorithm into a true approximation algorithm.

Theorem 210. Suppose the input instance satisfies the conditions in Assumption 192. Sup-
pose further that k > 2ds/e'®, where € > 0 is an error parameter satisfying ¢ < n for a
small constant n. There is a polynomial time (2 + O(¢))-approximation algorithm for the s-t
effective resistance network design problem.

Proof. As in the proof of Theorem 201, we apply the bicriteria approximation algorithm
in Theorem 209 with input z*, an optimal solution to (CP) with the scaled-down budget
k/(1+4¢), to return a subgraph H. As the new budget k/(1+¢) is still greater than d/e'%, by
Theorem 209, with probability at least e the subgraph H satisfies |F(H)| < (1+€)k/(1+¢€) =
k and

Reffy(s,t) < (24 O(e)) - opt (%) < (24 0(€e))(1 +e€) - opt(k) < (24 O(e)) - opt(k),

where we used the notations and arguments in Theorem 201.

For the time complexity, note that o < € by Lemma 194 and the large budget as-
sumption, and so we can assume that ¢ > « > 1/(4m), as otherwise there is a simple
2-approximation algorithm in the case a < 1/(4m) described in Theorem 201. Therefore,
the success probability can be boosted to a constant in polynomial number of executions of
the bicriteria algorithm in Theorem 209. ]

37.6 Cost Minimization with s-t Effective Resistance Constraint

In this subsection, we consider a “dual” problem of the s-t effective resistance minimization
problem. In the dual problem, we are given a graph G = (V, E) with a cost ¢, and a
resistance 7, on each edge and a target effective resistance R, and the objective is to find a
subgraph H of minimum cost such that Reffy(s,¢) < R. The same NP-hardness proof in
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Section 39.1 can be used to show that the dual problem is NP-complete even when the edges
of G have unit cost and unit resistance.

Using the same techniques for the s-t effective resistance minimization problem, we can
obtain a constant factor bicriteria approximation algorithm for this problem. As the proofs
are very similar, we will just state the results and highlight the differences. The main
difference is that the convex program has unbounded integrality gap even in the case when
ce =r.=1for all e € E, and as a consequence we cannot turn the bicriteria approximation
algorithm into a true approximation algorithm as in the s-t effective resistance network
design problem. Using the same technique as in Theorem 201, however, we can return an
8-approximation to the cost without violating the effective resistance constraint, if we are
allowed to buy up to four copies of the same edge (see Theorem 211).

Convex Programming Relaxation
We consider the following natural convex programming relaxation for the dual problem.

min g Co * Ty
zeR™

eclE
subject to Reff,(s,t) = bZ;LLbSt <R,
0<z. <1 Ve € L.

(DCP)

Integrality Gap Examples

As in the s-t effective resistance network design problem, there are simple examples showing
that the integrality gap of (DCP) is unbounded, when the costs are arbitrary or when the
resistances are arbitrary. So we will make the assumptions that ¢, = r. = 1 for all edges
ec k.

Unlike the s-t effective resistance network design problem, even in the special case when
ce =1 = 1 for all edges e € E, the convex program (DCP) still has unbounded integrality
gap. Consider the following example in Figure 37.3, where the top path has length n—1
with each edge of resistance 1, and the bottom path has only one edge with resistance 1.
All edges have cost 1. The target effective resistance is R = (n—1)%/((n—1)% + ¢) for some
constant € > 0. Since R < 1, to satisfy the effective resistance constraint, any integral
solution must contain both paths and thus has cost n. However, the fractional solution can
set z, = €/(n—1) for each edge in the top path and set z. = 1 for the bottom edge. It can
be checked that this fractional solution satisfies the constraint, and the total cost is 1+e.
Therefore, the integrality gap of this example is Q(n).

Figure 37.3: Integrality gap example with unit cost and unit resistance.
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Optimal Solutions

Although the convex program (DCP) has a large integrality gap, the same rounding tech-
nique can be used to obtain a constant factor bicriteria approximation algorithm under the
assumption that ¢, = r. = 1 for all edges e € E. FExactly the same characterization of
the optimality conditions as in the s-t effective resistance network design problem holds,
such that any optimal solution satisfies the flow-conductance ratio a > 0 as described in
Lemma 193.

Analogous to Lemma 194, we can prove an upper bound on « that

i
dst '

a? <

Analogous to Lemma 200, we can prove a lower bound on any optimal solution x that

d2
opt = Zme > Eit

eeE

We can assume that R < d, as otherwise a shortest s-t path is an optimal solution, and so
we can assume that 0 < o < 1.

Rounding Algorithm

The rounding algorithm is exactly the same as in Section 37.3. The same proofs as in
Lemma 197 and Lemma 198 will imply that, with probability Q(«), the subgraph H returned
by the randomized path rounding algorithm satisfies

|E(H)| <2) 2} and Reffy(s,t) < 4Reff,- (s, 1),

ecE

where x* is an optimal solution to (DCP) and so |E(H)| < 2opt. The same lower bound on
a = Q(1/m) as described in Theorem 201 applies, and so this is a randomized polynomial
time algorithm.

An Alternative Bicriteria Approximation Algorithm

In the s-t effective resistance network design problem, we turn a bicriteria approximation
algorithm into a true approximation algorithm, by scaling down the budget k£ by a factor of
two and run the bicriteria approximation algorithm. For the proof, we argue that opt(k/2) <
2-opt(k) by scaling down an optimal solution z* with budget k to a solution z* /2 with budget
k/2.

In the dual problem, we can also try a similar approach, by scaling down the target
effective resistance R by a factor 4 and run the bicriteria approximation algorithm. However,
we cannot argue that opt(R/4) < 4-opt(R), as an optimal solution 2* with effective resistance
R may not be able to scale up to 4z* with effective resistance R/4 because of the capacity
constraints 0 < z, < 1 for e € E. This approach would work if we are allowed to violate the
capacity constraint by a factor of 4.
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Theorem 211. Suppose the input graph G = (V| E) satisfies c. = r. = 1 for every edge
e € E. There is a polynomial time algorithm for the dual problem which returns a multi-
subgraph H with |E(H)| < 8opt and Reffy(s,t) < R where there are at most 4 parallel copies
of each edge.

38 Dynamic Programming Algorithms for
Series-Parallel Graphs

In this section, we will present the dynamic programming algorithms for solving the s-t
effective resistance network design problem on series-parallel graphs. We first review the
definitions of series-parallel graphs in Section 38.1. Then, we present the exact algorithm in
Theorem 188 when every edge has the same cost in Section 38.2, and the fully polynomial
time approximation scheme in Theorem 188 in Section 38.3.

38.1 Series-Parallel Graphs

Definition 212 (two-terminal series-parallel graph). A two-terminal series-parallel graph
(SP graph) is a graph with two distinguished vertices (the source vertex s and the target
vertex t) that can be constructed recursively as follows:

e Base case: A single edge (s,t)

e Compose step: If G; and G5 are two series parallel graphs with source s; and target ¢;
(1 =1,2), then we can combine them in two ways:

— Series-composition: We identify ¢; with s, as the same vertex, the source of the
new graph is s; and the target is ts.

— Parallel-composition: We identify s; with s, as the same vertex and ¢; with ¢5 as
the same vertex, the new source is s; = s9 and the new target is t; = 5.

Given the sequence of steps of constructing a series-parallel graph G, we can define a tree
T (SP-tree) as follows.

Definition 213 (SP-tree).

e Leaf node: If GG is a single edge, then 7" is a single node containing the edge.

e Recurse step: G is either a series-composition (S) or a parallel-composition (P) of G
and Go, then T is a S-node (P-node) containing G, and its children are roots of the

SP-trees of G; and Gs.

For a tree node v in a SP-tree T', let GG, be the subgraph that v represents, s,,t, be the
two terminals of GG, and v, v, to be its left and right child if v is an internal node. Note
that the SP-tree is a fully binary tree with 2m—1 nodes.

Given a two-terminal SP graph, the corresponding SP-tree can be computed in O(n+m)
time. The linear time SP-graph recognition algorithm in [251] will give us the construction
sequence of GG, and we can build the SP-tree bottom-up.
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Figure 38.1: An example of a SP-tree.

38.2 Exact Algorithm for Unit-Cost

The following fact shows that the s-t effective resistance can be computed easily from the
SP-tree.

Fact 214 (Resistance of series-parallel network). Let G be a two-terminal SP graph and each
edge e has a non-negative resistance r.. Let T' be the corresponding SP-tree. For every tree
node v, we can compute the source-target effective resistance as follows.

Leaf node: Reffg, (5y,t,) = e if v is a leaf node with a single edge e.
S-node: Reffg, (sv,tv) = Reffa, (su,ty) + Reflg, (So.,to,)-

ReﬁG (va vz) ReﬁG (S’Ura vr)
Reﬁle (51}17 Ul) + ReﬁGmﬂ (S’Ura th) '

We can design the dynamic programming algorithm by defining the subproblems using
the SP-tree T'. For every tree node v and b =0, 1...k, we define the subproblem

P-node: Reffq, (5,ty) =

R(v,b) := mln {ReffH Sy by) Zce < b}.

HC
ecH

Since we assume that every edge e has cost ¢, = 1, there are at most 2mk subproblems,
as the SP-tree has at most 2m nodes and there are at most k possibilities for the cost of a
subgraph.

It follows from the definition that R(v.e0, k) would be the optimal s-t effective resistance
for our problem. To compute R(v,b), with Fact 214, we can use the following recurrence
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which exhausts all possible distributions of the budget among the two children:

(

%) if v is a leaf node and b < ¢,
Te if v is a leaf node and b > ¢,
R(v,b) = min R(v;, V') + R(v,,b—V) if vis a S-node
" R(w,V)-R(w,b—0) .
(S R(o b) 1 R(u, by U8 aPmode

As there are O(mk) subproblems and each subproblem can be computed in O(k) time, the
time complexity of this dynamic programming algorithm is O(mk?).

38.3 Fully Polynomial Time Approximation Scheme

In this subsection, we use dynamic programming to design a fully polynomial time approxi-
mation scheme to prove Theorem 188. In the previous subsection, we assume that every edge
has the same cost to obtain an exact algorithm, by having a bounded number of subproblems
in dynamic programming. When the cost could be arbitrary, the number of subproblems
can no longer be bounded by a polynomial. Since the cost constraint must be satisfied, we
do not change the cost of the edges, but instead we discretize the resistance of the edges and
optimize over the cost, and show that it gives an arbitrarily good approximation when the
discretization is fine enough.

Rescaling: First, by rescaling, we assume that min.r, = 1 and max.r. = U in G.
Let m = |E| and L = ¢/m? where € > 0 is the parameter in the approximation guarantee.
We further rescale the resistance by setting r. <— r./L. This rescaling ensures that for any
subgraph of G in which s-t is connected, the s-t effective resistance is upper bounded by
Um/L (when all the edges are in series) and is lower bounded by 1/(mL) (when all the edges
are in parallel).

Subproblems and Recurrence: Let T be the SP-tree of G and let v,,t be the root
of T. We define two similar sets of subproblems. For every tree node v and a value R €
[1/(mL),Um/L], we define the subproblem

C(v,R) == I%igv{zce | Reffy(s,,t,) < R}

e€eH

Similar to the reasoning in the previous subsection, the subproblems satisfy the following
recurrence relation:

(ce if v is a leaf node with a single edge e and R > r,

oo if v is a leaf node with a single edge e and R < r,

C(v,R) = min {C(v;, Ry) + C(v, Ry) | R1 + R2 < R} if vis a S-node
Ry, Ra€[1/(mL),Um/L]
min {C(u, Ry) + C(vy, Ry) | fii R < R} if v is a P-node.

| R1,R2€[1/(mL),Um/L] Ri + Ry

Discretized subproblems: We cannot use dynamic programming to solve the above
recurrence relation efficiently as there are unbounded number of subproblems. Instead, we
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use dynamic programming to compute the solution of all the “discretized” subproblems using
the same recurrence relation. For every integer R from [1/(mL)] to [Um/L], we define

(¢ if v is a leaf node with a single edge e and R > [Te]

oo if v is a leaf node with a single edge e and R < [r,]

C(v,R) := éni]x%l {C(v;, R)) + C(v,, Ry) | Ry + Ry < R} if v is a S-node
1,412
_ — RR
\12?3?2{0(”“ Ry) + C(vy, Ry) | [ﬁ—‘ < R} if v is a P-node.

We can think of C(v, R) as the minimum cost required to select a subset of edges such
that the effective resistance between s, and t, is at most R, when the effective resistance is
rounded up to an integer during each step of the computation in the recurrence relation.

Algorithm and Complexity: After computing all C(v, R), the algorithm will return

mln{R | U(Uroota R) < k}

as the approximate minimum s-t¢ effective resistance. Given a tree node v, by trying all
possible integral values of R; and Ry, we can compute the values of C(v, R) for each possible
R in O((Um/L)?) time. Therefore, the total running time of computing all C'(v, R) is
O(m) - O((Um/L)*) = O(m™U?/e*). To output the optimal edge set, we can store the
optimal values of Ry, Ry for each pair of (v, R) to reconstruct the edge set.

Correctness and Approximation Guarantee: Since we have not changed the edge
cost, the solution returned by the algorithm will have total cost at most k. It remains to show
that the s-t effective resistance is at most (1 + €) times the optimal s-t effective resistance.
For every tree node v and every b € [0, k], we define

R(v,b) :=min{R | C(v,R) < b,R € [1/(mL),Um/L]}
R(v,b) :=min{R | C(v,R) < b, R € {[1/(mL)],...[Um/L]}}.

It follows from the definitions that the optimal s-t effective resistance is R(vro0t, k), and the
output of our algorithm will be R(vy001, k). The following lemma establishes the approxima-
tion guarantee.

Lemma 215. For every tree node v and for every b € [0, k], it holds that
— E
R(v,b) < <1 + W) R(v,b).

Proof. We prove the lemma by induction on the tree node of the SP-tree.
Base Case: Suppose v is a leaf node of T" and G, is a graph of a single edge e.

e For b < ¢, we have R(v,b) = R(v,b) = oo.

e For b > ¢, we have R(v,b) = r. and

Rv,b) = [r)] <red+1=r.+ (i)(i) <r.+ %re = (1 + M) R(v,b),

m’ mL m

where the second inequality uses that every resistance is at least 1/(mL), and the last
equality uses that |E(G,)| =1 and r. = R(v, b).
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S-node: Suppose v is a S-node. For every b € [0, k], we have

R(v,b) = min {R(v,b1)+ R(v,,bo)}

b1,b2|b1+ba=b

< min {(1 + E|E ) R(vy, by) + (1 + M) R(vr, bz)}

b1,b2|b1+b2=b
€|E

m
< .
- bl,bQﬁﬁlsz:b { ( + > (R(vy, b1) + R(vy, 62))}

_ <1+ e|E(Gv)|) min  {(R(u,b1) + R(vy, b))}

b1 bz‘b1+b2 b

= (1+ ) r),

m

—_

where the first inequality follows from the induction hypothesis, and the second inequality
follows from the fact that max(|E(G,,)|, |E(G,)|) < |E(Gy)| — 1.
P-node: Suppose v is a P-node. For every b € [0, B], we have

Rwb) =  min { [1/%, b1) i /R, bJ }

< omin 1+6(|E(GT;)|—1) _ 1 -
- [<1+<E{<L(> —1>) Rio, bﬂ ) |

§(1+ (G| - >
E(G,)| —1) 1
_<1+ m )R mmL

—1)
§<1+ E(Gy)l

-1 M)m,

where the first inequality follows from the induction hypothesis and the fact that
max(|E(Gy,)|, |E(Gy.)]) < |E(Gy)| — 1, and the last inequality holds as the minimum resis-
tance of any subgraph is at least 1/(mL).

Therefore, the lemma follows by an induction on the SP-tree. O

3

S

By substituting v = v,,0¢ and b = k, we have
_ me
R(Uroo‘w ki) S (1 + _> R(Urooty k) = (1 + E)R('Uroota k)a
m

and this completes the proof of Theorem 188.
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39 Hardness Results

In this subsection, we present two hardness results for the s-t effective resistance network
design problem. First, we prove that the problem is NP-hard even if every edge has the same
cost and the same resistance in Section 39.1. Then, we prove that the problem is APX-hard
assuming the small-set expansion conjecture in Section 39.2.

39.1 NP-Hardness for Unit-Cost Unit-Resistance

We will prove Theorem 184 in this subsection. The following is the decision version of the
problem.

Problem 216 (s-t effective resistance network design with unit-cost unit-resistance).

Input: An undirected graph G = (V, E) where each edge e € E has resistance one,
two vertices s,t € V', and two parameters k and R.

Question: Does there exist a subgraph H of G with at most k edges and Reffy(s,t) <
R?

We will show that this problem is NP-complete by a reduction from the 3-Dimensional
Matching (3DM) problem.

Problem 217 (3-Dimensional Matching).

Input: Three disjoint sets of elements X = {z1,...,2,},Y = {y1,...,y,} and Z =
{z1,..., 24}, a set of triples T C X XY X Z where each triple contains ezvactly one
element in X,Y and Z.

Question: Does there exist a subset of q pairwise disjoint triples in T ?

Reduction: Given an instance of 3DM with {(X,Y,Z), T}, we let 7 = |T| and denote
the triples by T ={T},...,T;}.
We construct a graph G = (V, E) as follows.

Vertex Set: The vertex set V of the graph G is the disjoint union of five sets
{s},{t},Va, Vg, and D. Each vertex in V4 corresponds to a triple in 7, that is
Va =A{T\,...,T;}. Each vertex in Vg corresponds to an element in X UY U Z, that
is Vg = {&1, ..., 2, Y1, -, Ygs 215 - - -, 24} Let [ = 37 4 3q. The set D consists of 7 -1
“dummy” vertices {d; ; | 1 <i < 7,1 < j <l}. So, there are totally 7+3¢+2+7(37+3¢)
vertices in (G, which is a polynomial in the input size of the 3DM instance.

Edge Set: The edge set E of the graph G is the disjoint union of three edge sets Fi,
F, and P. There are 37 edges in F, where there are three edges (T, z,), (T, y,) and
(T, z.) for each triple T' = (24, yp, 2c) € T. There are 3¢ edges in Fy, where there is an
edge from each vertex in Vz to t. There are 7(l 4 1) edges in P, where there is a path
P, = (s,d;1,d;2,...,d;;,T;) for each triple T; € T for 1 <1i < 7. So, there are totally
37 +3¢+7(374+3g+1) edges in E, which is a polynomial in the input size of the 3DM
instance.
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Figure 39.1: An illustration of the construction of the graph G from a 3DM instance.

The proof of the following claim completes the proof of Theorem 184.

Lemma 218. Let k = q(l + 1) + 37 +3q and R = (3(l + 1) + 2)/3q. The 3DM instance
has q disjoint triples if and only if the graph G has a subgraph H with at most k edges and
Reffy(s,t) < R.

Proof. One direction is easy. If there are ¢ disjoint triples in the 3DM instance, say {11, ..., T,},
then H will consist of the ¢ paths Py, ..., F,, the 3¢ edges in F} incident on T1,...,T,, and
all the 3¢ edges in Fy. There are (I + 1)g + 3¢ + 3q < k edges in H, and Reffy(s,t) =
(l+1)/qg+1/3¢g+1/3¢=(3(l+1)+2)/3¢ = R, as in the graph in Figure 39.2.

The other direction is more interesting. If there do not exist ¢ disjoint triples in the
3DM instance, then we need to argue that Reffy(s,t) > R for any H with at most k edges.
First, note that £ < (¢ 4+ 1)(I + 1), and so the budget is not enough for us to buy more
than ¢ paths. As it is useless to buy only a proper subset of a path, we can thus assume
that H consists of ¢ paths and all the edges in F} and all the edges in F5, a total of exactly
q(l+1) 4+ 37 + 3q = k edges. For any such H, we will argue that Reffy(s,t) > R. Without
loss of generality, we assume that H consists of Py,..., P, and all edges in F} and F,. As
Ti,...,T, are not disjoint, there are some vertices in Vp that are not neighbors of T7U. . .UT,,
call those vertices U.

We consider the following modifications of H to obtain H’, and use Reffy/(s,t) to lower
bound Reffy(s,t). For every pair of vertices in Vg, we add an edge of zero resistance. For
each edge incident on Ty4,...,7T;, we decrease its resistance to zero. By the monotonicity
principle, the modifications will not increase the s-t effective resistance, as we either add
edges with zero resistance or decreasing the resistance of existing edges. The modifications
are equivalent to contracting the vertices with zero resistance edges in between, and so H’
is equivalent to the graph in Figure 39.2. Therefore, we have Reffy(s,t) > Reffy/(s,t) > R.

We will prove that one of the inequalities in Reffy (s,t) > Reffy:(s,t) > R must be strict
when U # @ (Figure 39.3). To argue the strict inequality, we look at the unit s-¢ electrical
flow f in H and consider two cases.
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Figure 39.3: The subgraph H when U is non-empty.

o [f there exists some vertex u € U with no incoming electrical flow, then we can delete
such a vertex without changing Reffy(s,t). But then in the modified graph H’, the
number of parallel edges to ¢ is strictly smaller than 3¢, and therefore Reffy/(s,t) > R.

o If there exists some vertex u € U with some incoming electrical flow, then f(7Tju) > 0
for some j > g + 1. Since we have decrease the resistance of such an edge Tju to zero,
the energy of f in H’ is strictly smaller than the energy of f in H. By Thomson’s
principle, we have Reffy:(s,t) < Ex(f) < En(f) = Reffu(s,t).

Since the 3DM instance has no ¢ disjoint triples, it follows that U # @ and thus one of the
above two cases must apply. In either case, we have Reffy(s,t) > R and this completes the
proof of the other direction. O

39.2 Improved Hardness Assuming Small-Set Expansion Conjec-
ture

In this subsection, we will prove Theorem 185 that it is NP-hard to approximate the s-t
effective resistance network design problem within a factor smaller than 2. First, we will
state the small-set expansion conjecture and its variant on bipartite graphs, and present
an overview of the proof in Section 39.2.1. Then, we will reduce the bipartite small-set
expansion problem to the s-t effective resistance network design problem in Section 39.2.2,
and then reduce the small-set expansion problem to the bipartite small-set expansion problem
in Section 39.2.3 to complete the proof.
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39.2.1 The Small-Set Expansion Conjecture and Proof Overview

The gap small-set expansion problem is formulated by Raghavendra and Steurer [224]. We
use the version that is stated in [225].

Definition 219 (Gap Small-Set Expansion Problem [224, 225]). Given an undirected graph
G = (V, E), two parameters 0 < f < o < 1 and 0 > 0, the («, 5)-gap d-small-set expansion
problem, denoted by SSEs(«, 3), is to distinguish between the following two cases.

e YES: There exists a subset S C V with vol(S) = §|E| and ¢(5) < 5.
e NoO: Every subset S C V with vol(S) = 0|E| has ¢(5) > a.

It is conjectured in [224] that the gap small-set expansion problem becomes harder when
0 becomes smaller.
Conjecture 220 (Small-Set Expansion Conjecture [224, 225]). For any ¢ € (0,31), there
exists sufficiently small 6 > 0 such that SSEs(1 — €, €) is NP-hard even for reqular graphs.

It is known that the small-set expansion conjecture implies the Unique Game conjec-
ture [224] and is equivalent to some variant of the Unique Game Conjecture [225].

We will show the SSE-hardness of the s-t effective resistance network design problem
in two steps, and use the small-set expansion problem on regular bipartite graphs as an
intermediate problem.

Proposition 221. For any € > 0, there is a polynomial time reduction from SSEs(1 — €, ¢)
on d-regular graphs to SSEs(1 — 8¢, €) on d-reqular bipartite graphs.

Proposition 222. Given an instance of SSEs(«, B) on a d-regular bipartite graph B, there
s a polynomaial time algorithm to construct an instance of the s-t effective resistance network
design problem with graph G and cost budget k satisfying the following properties.

o [f B is a YES-instance, then there is a subgraph H of G with cost at most k and

2
R )< ——M—.
eﬁH(sa ) — (1 —5)d/{7
e if B is a NO-instance, then every subgraph H of G with cost at most k has
Reffy(s.1) >
Wl = 12 ayak

Theorem 185 will follow immediately from the two propositions.

Theorem 223. For any ¢ > 0, it is NP-hard to approximate the s-t effective resistance
network design problem to within a factor of 2 — €', assuming that SSEs(1 — €, €) is NP-hard
on reqular graphs for sufficiently small € > 0.
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Proof. First, given a d-regular instance of SSEs(1—¢, €), we apply Proposition 221 to obtain a
d-regular bipartite instance of SSEs(1—8¢, €). Then, we apply Proposition 222 with o = 1—8e
and 8 = € and see that the ratio between the s-t effective resistance of the NoO-case and the
YEs-case is at least
(1 —B)dk _1-e 2(1—¢) o
(1—9)dk %+4€ 1+ 8e ’

when e is sufficiently small. O

We will first prove Proposition 222 in Section 39.2.2, and then prove Proposition 221 in
Section 39.2.3.

39.2.2 From Bipartite Small-Set Expansion to s-t Effective Resistance Network
Design

We prove Proposition 222 in this subsection. In the YES-case of bipartite SSE, we use the
small dense subgraph (from the small low conductance set) to construct a small subgraph
with small s-t effective resistance. In the No-case of bipartite SSE, we argue that every
small subgraph has considerably larger s-t effective resistance.

/o)

»>

S t
‘ s R ’
Vx W

Figure 39.4: Reduction from bipartite small set expansion to s-t effective resistance network
design problem.

Construction: Given an SSEs(a, ) instance with a d-regular bipartite graph B =
(Vx, Vy; Eg), we construct an instance of the s-t effective resistance network design problem
with graph G = (V, E) as follows. See Figure 39.4 for an illustration.

Vertex Set: The vertex set V' of G is simply the disjoint union of {s}, Vx, Vi, {t}.

Edge Set: The edge set E of GG is the disjoint union of three edge sets Fs, Ep, E;.
The edge set Eg has |Vx| edges, where there is an edge from s to each vertex v € V.
The edge set E; has |Vy| edges, where there is an edge from each vertex v € Vi to t.
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Costs and Resistances: Every edge e in Ep has ¢, = 1 and r. = 0. Every edge
ec E,UE hase, =0 and r, = 1.

Budget: The cost budget k is equal to 6|Vx U Vy|.

B N
s N
s N
v s N N
s N
s N

| X| edges L S Y| edges
5 X ) : (v t
> 1(1— B)dk edges

Figure 39.5: In the YES-case, the solid edges are included in H and the dashed edges are
deleted.

YES-case: Suppose B is a YES-instance of SSEs(«, ). Since B is regular, there exist
subsets X C Vx and Y C Vi such that [ X UY|=4§|Vx UVy| =k and ¢pp(X UY) < 5. We
construct the subgraph H of GG as follows.

Subgraph H: The subgraph H includes all the edges from s to X, all the edges from
X to Y, and all the edges from Y to ¢. Since edges from X to Y are of cost zero, the
total cost in H is equal to | X |+ Y| = k.

The following claim will complete the proof of the first item of Proposition 222.
Lemma 224. Reffy(s,t) <2/((1 — p)dk).
Proof. Since B is a d-regular bipartite graph, we have

d(| X+ |Y|) =volg(XUY) = |6p(X UY)| + 2|E(X,Y)],

where Ep(X,Y) denotes the set of edges with one endpoint in X and one endpoint in Y.
Since pp(X UY) < S, we have |0p(X UY)| < B -volg(X UY) =dp(|X|+ |Y]). Hence, the
number of edges between X and Y is

d(X]+ [Y]) = [0s(X UY)]
2

1 1
Ep(X,Y)| = > (1= )X+ |Y]) = 5(1 - f)dk.
In terms of s-t effective resistance, H is equivalent to the graph in Figure 39.5, where
Z = (Vx\X) U (WW\Y) is the set of vertices not in X and Y. Since the edges from s to X
and from Y to ¢t have zero resistance and edges between X and Y have resistance one, we
have Reffy (s, t) < 2/((1 — p)dk). O

No-case: We will prove the second item of Proposition 222 by arguing that every sub-
graph of B with total cost at most k has considerably larger s-t effective resistance. Since all
the edges between Vx and Vy have zero cost and adding edges never increases s-t effective
resistance (by Rayleigh’s monotonicity principle), we can assume without loss of generality
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that any solution H to the s-t effective resistance network design problem takes all edges
between Vx and V3 and also takes exactly k edges from F, U E;. Consider an arbitrary
subgraph H with the above properties. Let X C Vx be the set of neighbors of s in H and
Y C Vi be the set of neighbors of ¢ in H, with | X| + |Y| = k. Let ¢ := ¢p(X UY). Note
that ¢ > « as we are in the NO-case where ¢p(X UY) > « for every | X UY| = k. Using
the same calculation as above, we have

Bo(X.Y)] = 5(1— 0n(X UY))dk = (1~ o)k,

The subgraph H is shown in Figure 39.6, where Z = (Vx\X) U (V4 \Y) is the set of vertices
not in X and Y, and the edges within Z are not shown. To lower bound Reffy(s,t), we
modify H to obtain H' and argue that Reffy (s,t) > Reffy (s, t) and then show a lower bound
on Reffy/(s,t).

(1 — a)dk edges

Figure 39.6: The subgraph H'’ is obtained by identifying the subsets X,Y, Z into single
vertices.

To obtain H' from H, we simply identify the three subsets of vertices X,Y, Z to three
vertices, which is equivalent to adding a clique of zero resistance edges to each of these three
subsets. By Rayleigh’s monotonicity principle, this could only decrease the s-t effective
resistance and so we have Reffy(s,t) > Reffy/ (s, 1).

In terms of s-t effective resistance, the subgraph H’ is equivalent to the graph with two
paths between X and Y (with parallel edges): one path P; of length one with |Eg(X,Y)|
parallel edges between X and Y, another path P, of length two with |Eg(X, Z)| parallel
edges between X and Z and |Ep(Z,Y)| parallel edges between Z and Y. To lower bound
Reffy (s, t), we lower bound the resistance of P, and Ps, denoted by r(P;) and r(P,). Note

that { 5
") = Xy T Aok

For r(P), let x = |0p(X, Z)| and y = |05(Y, Z)|, then

2
T(Pg):l—l—l: 1 ,<x+y> — 1 ,(£+y+2)2 4 :i7
xr Yy x4y xy r+y \y = r+y ¢dk

where the inequality holds since a + 1/a > 2 for any a > 0, and the last equality holds
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because z +y = |0p(X UY)| = ¢dk. Finally, by Fact 214,

1 1
Refty(s,t) > Refty/(s,t) = >
u(s1) (:1) 11— ¢)dk + Lodk

1/r(P) + 1/r(B)
2 N 2
(1—¢/2)dk = (1 — a/2)dk’

where the last inequality is because we are in the NO-case. This completes the proof of the
second item of Proposition 222.

Remark 225. In this subsection, we show the hardness of the s-t effective resistance network
design problem, when the edge cost and the edge resistance could be arbitrary. Using a
similar argument as in the proof of Theorem 184, the reduction can be modified to the unit-
cost case if we replace the edges from s to Vy and Vy to ¢ by sufficiently long paths (so that
the cost of connecting s to a vertex in V is much larger than the cost of connecting a vertex
in Vx to a vertex in Vy). Therefore, the same (2 — €)-SSE-hardness also holds in the case
when every edge has the same cost.

39.2.3 From Small Set Expansion to Bipartite Small Set Expansion

We prove Proposition 221 in this subsection.

Construction: Given an instance SSE;s(1 — €,¢) on a d-regular graph G = (V, E), we
construct a d-regular bipartite graph B = (Vx, Vy; E) as follows. For each vertex v in V,
we create a vertex vy € Vx and a vertex vy € Vi, so that |Vx| = |Vy| = |V|. For each edge
uv € F, we add two edges uxvy and uyvy to Ep. It is clear from the construction that B
is d-regular.

Correctness: To prove Proposition 221, we will establish the following two claims.

1. YEs-case: If there is a set S C V with |[S| = §|V| and ¢¢(S) < € in G, then there
exist X C Vx and Y C V4 with | X| + Y| =0(|Vx| + |Vy|) and ¢p(X UY) <ein B.

2. No-case: If every set S C V with |[S| = d|V| has ¢¢(S) > 1 — € in G, then every sets
X CVxand Y CVy with | X |+ Y| =d(|Vx|+ [Vy]) has ¢p(X UY) >1— 8¢ in B.

YEs-case: Let S C V be a subset with |S| = 0|V| and ¢¢(S) < € in G. Let Sx = {vx |
v e S}and Sy = {vy |v € S}, with |S| = |Sx| = |Sy|. By construction, an edge uv € d;(5)
if and only if both uxvy and vxuy are in dg(Sx U Sy), ans thus [05(Sx U Sy)| = 2[0¢(5)|.
Since |Sx U Sy| = |Sx| + |Sy| = 2|S| and B is d-regular, we have

_ |0B(Sx USY)|  [6(Sx USY)|  2[6a(S)]

p(Sx U SY) = S Sy~ d(Sx| 15~ 2djs] et s«

No-case: Consider arbitrary subsets X C Vy and Y C Vi with | X| 4+ |Y| = §(|Vx| +
|Vy|) = 26|V|. To lower bound ¢p(X UY"), we will upper bound |Eg(X,Y)|. We partition X
into groups Xj, ..., X, where every group except the last group is of size §|V'|/2 and the last
group is of size at most |V |/2. We partition Y into groups Yi,...,Y}, in a similar way. The
following claim uses the small-set expansion property in G' to show that there is no small
dense subset in B.
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Lemma 226. Suppose G is a NO-instance of SSEs(1 — €,€). Then, for any 1 <i < a and
1<j<b,
Es(X,,Y;)| < ebd V]|

Proof. We first argue that there is no small dense subset in (G, and then we will use it to
bound |Ep(X;,Y;)|. Suppose S C V with |S| = §|V|. As G is a No-instance, we know that
¢c(S) > 1 — € and thus [6¢(S)| > (1 — €)volg(S) = (1 — €)d|S|. Since d|S| = volg(S) =
106(9)| + 2|Eq(S,S)], it follows that |Eg(S,S)| < ed|S|/2 = €éd|V|/2. Note that this also
implies trivially that |Eq(Z, Z)| < €dd|V|/2 for any Z with |Z| < §|V|.

Given X; and Y}, let Z :== {v € G | vx € X, orvy € Y;}. In words, Z is the set of
vertices in G which have at least one copy in X; UY; in B. Since each X; and Y is of size
at most 6|V|/2, it follows that |Z| < 6|V|. Also, note that |Ep(X;,Y;)| < 2|Eq(Z, Z)|, as
each edge in F(X;,Y]) corresponds to one edge in E¢(Z, Z) while each edge in Eq(Z, Z) is
corresponded to at most two edges in Ep(X;,Y;). Therefore, we can apply the bound in the
previous paragraph to conclude that |E(X;,Y;)| < 2|Eq(Z, Z)| < edd|V]. O

We now use the lemma to bound |Ep(X,Y)|. Since |X| 4+ |Y]| = 20|V, it follows that
a <4 and b < 4, and therefore

a b
[Ep(X. V)| <> |Ep(X,,Y;)| < abedd|V| < 16ed|V|.

i=1 j=1
As B is bipartite,

|0p(X UY)| =volp(X UY) = 2|Ep(X,Y)| > 26d|V| — 16edd|V| = 2(1 — 8e¢)dd|V|.
Therefore, we have

_ (X UY)
ep(XUY) = volg(X UY) =

2(1 — 8e)3d|V|

1 — 8e.
25d|V| o

This completes the proof of Proposition 221. We remark that a more careful argument gives
|Ep(X,Y)| < 6edd|V| and thus ¢p(X UY) > 1 — 3¢, but this constant does not matter for
the proof of Theorem 223.

Concluding Remarks

We have formulated a natural problem and presented some hardness and algorithmic results.
It opens up a number of interesting problems.

1. For the s-t effective resistance network design problem when ¢, = r. = 1 for all
e € E, we conjecture that the integrality gap of the convex program is exactly two. As
mentioned in Remark 202, the analysis of the 8-approximation is not tight, and we can
show that the same algorithm achieves an approximation ratio strictly smaller than 5.
It would be very good to close the gap completely.
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2. The general case of arbitrary costs and arbitrary resistances is wide open. It will be
very interesting if there are stronger convex programming relaxations for the problem
(perhaps adding some knapsack constraint as suggested by the dynamic programming
algorithms for series-parallel graphs).

3. As in survivable network design, one could study the general problem when there are
multiple source-sink pairs and each pair has a different effective resistance requirement.
It will be very interesting if it is still possible to achieve a constant factor approximation
in this very general setting.

4. An interesting intermediate problem is to find a minimum cost network so that the
maximum effective resistance over pairs (the resistance diameter) is minimized. This
is an analog of the global connectivity problem in traditional network design.

A more open-ended question is to unify and extend the techniques for network design prob-
lems with spectral requirements.
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