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Abstract

The study of combinatorial problems with submodular objective functions has attracted
much attention recently, and is motivated by the principle of economy of scale, prevalent
in real world applications. Moreover, submodular functions are commonly used as utility
functions in economics and algorithmic game theory. From a theoretical perspective,
submodular functions and submodular optimization play a major role in combinatorics,
graph theory and combinatorial optimization.

In this thesis, we consider a few constrained and unconstrained submodular maximiza-
tion problems. These problems obey the following general structure. Given a submodular
function f and (possibly) a set of constraints, find a feasible set S maximizing f(S). The
problems we consider in this thesis cannot be solved exactly in polynomial time due to
hardness results which are based on information-theoretic arguments. Instead, we describe
approximation algorithms for these problems, achieving the best possible approximation
ratios for some of the problems.

Our approximation algorithms can be roughly partitioned based on the technique they
use. The first approach is combinatorial in nature, and is mostly based on local search
techniques and greedy rules. The second approach resembles a common paradigm for
designing approximation algorithms and is composed of two steps. In the first step, a
fractional solution is found for a relaxation of the problem. In the second step, the frac-
tional solution is rounded to obtain an integral one while incurring only a small loss in
the objective.



Notation and Abbreviations

N — Ground set
n — Number of elements in the ground set
A, B, S — Subsets of the ground set
u — An element of the ground set
S +u — Synonym for the union S'U {u}
S — u — Synonym for the expression S\ {u}
f — Objective set function
f~ — The convex closure of f
fT — The concave closure of f
f — The Lovész extension of f
F — The multilinear extension of f
z,3y — Vectors in the cube [0, 1]V
x Vy — The coordinate-wise maximum of x and y (formally, (x V y), = max{z,, y.})
x Ay — The coordinate-wise minimum of x and y (formally, (z A y),, = min{z,, y,})
Tx\(z) — The set of all elements u € N having x, > A
OuF(x) — The derivative of F, with respect to u, at
1g — The characteristic vector of a set S
M — Matroid
I — Collection of independent sets of a sets system (subset of oN )
P(M) — The matroid polytope corresponding to M
B(M) — The bases polytope corresponding to M



Chapter 1

Introduction

The study of combinatorial problems with submodular objective functions has attracted
much attention recently, and is motivated by the principle of economy of scale, prevalent
in real world applications. Moreover, submodular functions are commonly used as utility
functions in economics and algorithmic game theory. From a theoretical perspective,
submodular functions and submodular optimization play a major role in combinatorics,
graph theory and combinatorial optimization.

A set function is a function that gives a numerical value to every subset of a given
ground set. A submodular function is a set function with the following property: the
marginal value of adding an element to a set is non-increasing as more elements are added
to it. Several well known examples for submodular functions include cuts in directed and
undirected graphs, rank functions in matroids, covering functions and cuts in hypergraphs
[74]. In a submodular optimization problem the objective is to find a set that either
maximizes or minimizes a submodular function subject to problem specific constraints on
the allowed sets. Many optimization problems can be represented as constrained variants
of submodular optimization. A partial list of classical well-studied problems captured by
submodular optimization includes: Max Cut, Max k-Cover, Generalized Assignment, several
variants of Max SAT and some welfare and scheduling problems. Hence, finding algorithms
with good approximation ratios for submodular optimization problems will induce similar
algorithms for the above problems and many others. Moreover, since many of the problems
considered here are motivated by real life applications, it is important to find algorithms
that guarantee both good approximations and are as simple and efficient as possible.

In this thesis, we consider a few constrained and unconstrained submodular maximiza-
tion problems. These problems obey the following general structure. Given a submodular
function f and (possibly) a set of constraints, find a feasible set S maximizing f(S). The
problems we consider in this thesis cannot be solved exactly in polynomial time due to
hardness results which are based on information-theoretic arguments. Instead, we describe
approximation algorithms for these problems, achieving the best possible approximation
ratios for some of the problems.

The techniques used to compute approximate solutions to various submodular max-
imization problems can be partitioned into two main approaches. The first approach is
combinatorial in nature, and is mostly based on local search techniques and greedy rules.
This approach has been used as early as the late 70’s for maximizing monotone submod-
ular functions under the constraint that the solution should be an independent set of one
of several specific matroids [22, 36, 46, 47, 50, 56, 71, 72]. Lately, this approach has been
extended to include both non-monotone submodular objective functions [30, 37, 34, 81]
and additional constraints sets [62] (e.g., independent sets of matroids intersection). Sec-



tions 4 and 5 describe algorithms that can be classified under this approach. Section 4
addresses the basic problem of maximizing a submodular function under no constraints, as
well as a few related problems. Section 5 considers the problem of maximizing an objective
function subject to a k-exchange set system constraint.

The second approach for approximating submodular maximization problems resembles
a common paradigm for designing approximation algorithms and is composed of two steps.
In the first step, a fractional solution is found for a relaxation of the problem. In the
second step, the fractional solution is rounded to obtain an integral one while incurring
only a small loss in the objective. Despite the combinatorial association of submodular
functions, this approach has been used to obtain many state-of-the-art tight approximation
results [16, 18, 19, 20, 58, 61]. Most notable of these results is an asymptotically tight
approximation for maximizing a monotone submodular function given a single matroid
constraint [16, 71, 72]. Two issues arise when using this approach. First, since the objective
function is not linear, it is not clear how to solve or even efficiently approximate a relaxation
of the problem. Second, given a fractional solution, one needs a rounding procedure which
outputs an integral solution without losing too much in the objective function. Sections 3
and 6 address these two issues, respectively.

Section 3 describes a solver for the multilinear relaxation, which is the standard re-
laxation for submodular maximization problems. For many problems this solver improves
over the best approximation ratio achieved by any other known solver. Section 6 describes
several extensions for the Contentions Resolution Scheme of [20]. This scheme describes
a standard way for rounding fractional solutions of submodular maximization problems.
Our extensions allow the scheme to address additional types of submodular maximization
problems, and improve the approximation ratio achieved by the scheme for many other
problems.



Chapter 2

Preliminaries

2.1 Submodular Functions and Matroids

For every set S and an element u, we denote the union SU{u} by S+u, and the expression
S\ {u} by S — u. Throughout this work, we assume the existence of some ground set N
whose size is denoted by n. A function f : 2NV s R assigning a number for every subset of
N is called a set function. Following is a list of properties that a set function might obey.

e f is non-negative if f(S) > 0 for every set S C N.

e f is normalized if f(&) = 0.

e [ is monotone if f(A) < f(B) for every two sets A C B C N.
e fis submodular if f(A)+ f(B) > f(AUB) + f(AN B).

The first three properties are self explanatory, but submodularity is more involved.
Submodular functions are discrete analogs of convex functions. For a submodular function,
the marginal contribution of an element to a set decreases as the set gets larger. In fact, it
can be easily proved that a function is submodular if and only if for every element v € N/
and two sets AC BC N — u:

f(A+u) - f(A) = f(B+u) - f(B) .

A set system is a pair (NV,Z), where N is, as usual, a ground set, and Z C 2V is a
collection of subsets of N'. The collection Z must obey the following two properties:

e Non-empty: Z # ().
e Monotone: If AC B €7, then A € Z.

If S € Z, we say that S is independent. A maximal (inclusion-wise) independent set is
called base. There are many classes of set systems, the most important of which is the
matroids class. Other classes of set systems are described in Section 5. A set system is a
matroid (or belongs to the matroids class) if it obeys the following extra property:

e Matroid Exchange: If A, B € Z and |A| < |B|, then there exists an element u € B
for which A +u € 7.

Matroids capture many natural collections of subsets such as: forests in graphs, inde-
pendent sets in vector spaces and the sets of nodes that appear together in legal matchings
of a given graph. [74, 59]



2.2 Problems Considered

All the problems considered in this thesis fall into the following pattern: given a non-
negative (monotone) submodular function f and a collection C C 2N of subsets, find a set
S € C maximizing f(C). One example for such a problem is maximizing a non-negative
monotone submodular function subject to a matroid constraint. The objective
in this problem is to find a set S maximizing a non-negative, monotone and submodular
function f among the independent sets of a given matroid M = (N,Z). More formally, in
this problem the collection C of allowed sets coincides with the collection Z.

We look for algorithms that are polynomial in n, the size of N'. However, the explicit
representation of both submodular functions and matroids might be exponential in the
size of their ground set. The standard way to bypass this difficulty is to assume access
to these objects via oracles. For a submodular function f : 2V — R, given a set S C N,
the oracle returns the value of f(S).! For a matroid M = (N, T), given a set S C N, the
oracle answers whether S € Z. All the algorithms we describe access submodular functions
and matroids via such oracles.

2.3 Extensions to the [0, 1Y Cube

The collection of sets 2V has a natural extension to the [0, 1]V cube, where each set S
corresponds to its characteristic vector 1g. For linear functions, the extension from oN
to the cube [0, l]N is easily defined. However, finding the right extension for submodular
functions is more difficult. Two natural extensions are the convex closure and the concave
closure. The convex (concave) closure of a function f : 2N 5 R is the point-wise largest
convex (smallest concave) function from [0,1" to R that lower bounds (upper bounds)
f. The convex (concave) closure of f is denoted by f~ (f71).

Observation 2.3.1. The convex and concave closures exist for every function f : 2N S R.

Proof. We prove the observation for the convex closure. The proof for the concave closure
is analogous. Fix a function f : 2¥ — R. Let F be the set of functions from [0, 1]V to
R that are convex and lower bound f. Consider the function f’(z) = max{g(x)|g € F}.
Clearly f’ is convex and lower bounds f since it is the maximum of a set of functions
which are all convex and lower bound f. Moreover, f’ is point-wise larger than every
other function in F. Thus, f’ is the convex closure of f. O

The convex and concave closures were presented as extensions of f. However, this is
not obvious from their definitions. To see that they are indeed extensions of f, we need
the following lemma.

Lemma 2.3.2. Fiz a set function f : 2V — R. For every x € [0,1]V, let Dy (z) (D}r(x))
denote a distribution over 2N with marginals x minimizing ESND;(x) [f(S)] (mazimizing

ESND}L(:E) [f(9)]), breaking ties arbitrary. Then:
o [T = ESNDJ;(I) [f(S)].

4 f+ = ESND}L(@ [f(S)]

'Such an oracle is called value oracle. Other, stronger, oracle types for submodular functions are also
considered in the literature, but value oracles are probably the most widely used.



Proof. We prove the lemma for the convex closure. The proof for the concave closure
is analogue. Consider the function g = Eg D; (2) [f(S)]. Let us prove that g is convex.

Consider any three points z,y,z so that z = A-x + (1 — \) -y (for some 0 < A < 1).
Clearly,

9(2) < Eg .} @)+1-3).0; [/ (5)]
= A ESNDJ—.(QC) [F(S)]+ (1 =A) 'ESND;(y)] ()] =g(z) +9(y) -

The convexity of g, plus the fact that g agrees with f on every point x € {0, 1}N ,
proves that ¢ < f~. On the other hand, since f~ is convex, for every z € |0, I]N :

F7 @) SEg prlf” (1s)] < Egpt[f(S)] = g(2) - O

The last lemma implies that both f~ and f* agree with f on every point = € {0, 1}N ,
and therefore, they are indeed extensions of f. The following two sections consider uses of
the convex and concave closures, as well as of two other extensions known as the Lovész
extension and the multilinear extension.

2.3.1 The Convex Closure and the Lovasz Extension

Convex extensions such as the convex closure are useful for minimization problems when
they can be efficiently evaluated. However, both the definition and the characterization
by Lemma 2.3.2 do not provide an efficient evaluation method for the convex closure. For
this reason, we need to introduce the Lovasz extension.

Given a vector = € [0,1]" and a scalar X € [0,1], let Ty(z) be the set of elements in
N whose coordinate in z is at least . The Lovész extension of a set function f : 2V — R
is defined as:

1
f(x) = /0 F(Tx(x))dA |

This definition can also be interpreted in probabilistic terms as the expected value of f over
the set T)\(z), where X is uniformly selected from the range [0,1]. The Lovész extension
has the following very useful property proved in [64].

Theorem 2.3.3. A set function f : 2N 5 R is submodular if and only if its Lovdsz
extension is conver.

Notice that the last theorem is especially interesting since we usually see submodular
functions as a discrete variant of concave functions.

Corollary 2.3.4. For a submodular function f: 2V - R, f~ = f

Proof. By definition f~ > f since f is convex. To see why f~ < f , observe that f (z) =
Esp[f(S)] for some distribution D, and by Lemma 2.3.2 f~ < Eg.p[f(S)] for any
distribution D. O

The last corollary gives us a method for calculating the convex closure of submodular
functions. This method is also one of the key ingredients in the first polynomial algorithm
for unconstrained submodular minimization? given by Grotschel et al. [65]. This algorithm
uses the ellipsoid method to minimize the Lovasz extension of a submodular function f,
and then rounds the resulting vector without loosing in the objective.

2The problem of finding a set minimizing a given submodular function f : 2N 5 R over the entire
collection 2.



2.3.2 The Concave closure and the Multilinear Extension

For maximization problems, we need concave extensions that can be efficiently evaluated.
An obvious candidate for such an extension is the concave closure. Unfortunately, however,
it is NP-hard to evaluate the concave closure (even for graph cut functions) [80]. Instead,
we use the multilinear extension which is not concave, but has some concave-like properties.

Given a vector z € [0, 1]N , the random set R(z) C N contains every element u € N/
with probability z,. Given a set function f : 2V — R, its multilinear extension of f
is denoted by F. For any vector z € [0, 1]N , the value of F(x) is the expected value
of f over the random subset R(x). Formally, for every z € [0,1]V, F(z) £ E[R(z)] =
>sen f(9) [ues @ullugs(l — ). The following theorem relates the multilinear and
Lovéasz extensions.

Theorem 2.3.5 (Lemma A.4 in [81]). Let F(z) and f(x) be the multilinear and Lovdsz
extensions, respectively, of a submodular function f : 2V — R. Then, F(z) > f(x) for
every x € [0, 1]V,

In fact, in this thesis, our sole use of the Lovéasz extension is for constructing lower
bounds on the multilinear extension via this theorem. At this point, we need some ad-
ditional notation dealing with vectors of the cube [0, 1]N and the multilinear extension.
For two vectors z,y € |0, 1]N, we use x V y and x A y to denote the coordinate-wise
maximum and minimum, respectively, of x and y (formally, (z V y), = max{z,,y,} and
(x Ay)y = min{x,, y, }). We also make use of the notation 0, F'(z) = F(zV1,)—F(zAlg),
where 1, and 1z are the characteristic vectors of the sets {u} and N — u, respectively.
The multilinear nature of F' yields the following useful observation, relating the terms just
defined to each other.

Observation 2.3.6. Let F(x) be the multilinear extension of a submodular function f :
2N s R. Then, for every u € N,

O, F(z) F(zV1,)—F(z) _ F(z)— F(zAla) .

1—x, Ty

Since its introduction by [15], the multilinear extension has played a central part
in the theory of submodular maximization (see [16, 61, 58, 81] for several examples).
The usefulness of the multilinear extension stems from the many useful properties it has,
among them constant first derivatives, non-increasing second derivatives and, for monotone
functions, positive derivatives in any positive direction. The following lemma formalizes an
additional basic property of the multilinear extension: within a small range, the multilinear
extension can be treated as linear. The proof of this lemma is long and technical, and is,
therefore, deferred to Appendix 2.A.

Lemma 2.3.7. Consider two vectors z,2’ € 0,11V such that |z, — z!,| < & for every
u € N, and let F be the multilinear extension of a mon-negative submodular function f.
Then, F(2') — F(z) > Y yen(a, — 2) - 0,F () — O(n36?) - mascyen f({u}).

For many submodular functions we can evaluate F efficiently. However, we do not
know how to do that for a general submodular function f, given only oracle access to
f. Still, the following Chernoff like theorem allows us to approximate the value of F
arbitrarily well using sampling.

Theorem 2.3.8 (Theorem A.1.16 in [4]). Let X; (1 < i < k) be mutually independent
with all B[X;] = 0 and all |X;| < 1. Set S = % | X;, then Pr[|S| > a] < 2e~"(@R) "



To simplify the exposition of our algorithms, we assume they have an oracle access to
F. If this is not the case, every oracle access must be replaced with an approximation via
sampling. This makes the approximation ratio deteriorate by a low order term only (see,
e.g., [16] for details).

The use of the multilinear extension in approximation algorithms follows the approach
known from linear problems: find a good fractional point and round it. For linear problems
the two steps are often separated:

e A good fractional point is found via a general solver such as an LP solver.
e The rounding is largely done via a tailored problem specific method.

The situation for submdoular problems is similar. A good fractional point can often be
found via the Continuous Greedy algorithm discussed in Section 3. Rounding is performed
either via one of a few general methods, or via a tailored problem specific method. Section 6
discusses contention resolution schemes, which is a very general rounding method. Another
example for a rounding method is pipage rounding [2, 16], used for problems with a single
matroid constraint. To understand the capabilities of pipage rounding, we need a few
additional terms.

Matroid Polytopes are an extension of matroids to the cube [0, 1]V, Given a matroid
M, its matroid polytope is the convex-hall of all the independent sets of M, and is denoted
by P(M). Similarly, the convex-hall of all the bases of the matroid is called the Bases
Polytope of M, and is denoted by B(M). Both polytopes have separation oracles, so it
is possible to optimize linear functions over them [59]. Given a matroid M and a point
x € P(M) within its matroid polytope, pipage rounding returns a random set S with the
following properties:

e The set S is always independent in M.

e If z is in the bases polytope B(M ), then S is also a base of M.

e Every element v € A appears in S with probability z,,.

e For every submodular function f, the expected value of f(5) is at least F(x).

Consider, e.g., the problem of maximizing a non-negative monotone submodular
function subject to a matroid constraint defined above. An optimal algorithm for
this problem works as following [16].

1. The input is a matroid M and a non-negative, monotone and submodular function

7.

2. Use the continuous greedy algorithm to find a fractional solution x € P(M) which
is a (1 — e~ — o(1))-approximation for this problem.

3. Use pipage rounding to round z into a set S with E[f(S)] = F(x).
4. Output the set S.

The above algorithm is a randomized (1 —e~! —o(1))-approximation algorithm for the
above problem, and it can be made deterministic via an appropriate derandomization.



2.A Proof of Lemma 2.3.7

Let us denote the term maxy,en f({u}) by w, and the term maxgcy by W. From the
submodularity of f, we get the following observation.

Observation 2.A.1. For every set S C N, f(S) <n-w. Hence, W < n-w.

Let A be the set of elements u with 2, > x,, and let B be the set of elements
with #/, < x,. Recall that R(x) is a random set containing every element u € N with
probability z,. For the sake of the proof, we assume R(z’) is formed from R(z) using
the following process. Every element of A \ R(x) is added to a set D with probability
of 1 — (1 —al)/(1 —x,), and every element of B NR(z) is added to D with probability
1 — ) /xy,. Then, R(z') is chosen as R(z) @ D. Observe that every element u € N
gets into D with probability |z, — z},| < §, independently. We now bound the value of
F(2') — F(z) = E[f(R(2')) — f(R(x))], given various constraints on D.

Lemma 2.A.2. Y\ Pr[D = {u}|-E[F(2") = F(x)|D = {u}] > >, c (), —20u)-0uF (x) —
O(n36?) - w

Proof. Let Nt be the set of elements from A which have (2}, —x,) - 9, F(x) > 0. Observe
that for every u € N'T:

(@, — ) - 0uF (2) = |2, — x| - E[F(2) — F(2)| D = {u}]
Pr[D = {u}] - E[F(2) — F(2)|D = {u}]
[Twen—u (1 — |, — xu")
Pr[D = {u}] - E[F(2/) — F(x)|D = {u}]
Hu’E/\/’fu (1 - 5)
= (1-06)" W Pr[D = {u}] - E[F(2') — F(2)|D = {u}]

< (1-8)™"-Pr[D = {u}]-E[F(a') — F(2)|D = {u}] .

And the term, (1 — §)™ can be lower bounded as following.

(1=6)"=1=0)" > 1-0)]">e 2 >1-2n6 .
Also, for every u € N\ NT:
(2}, — zu) - OuF () = |2}, — zu| - E[F(2") — F(z)|D = {u}]
Pr[D = {u}] - E[F(2) — F(2)|D = {u}]
Hu’e./\/'fu (1 - ‘x;’ - :L'ur’)
< Pr[D = {u}] -E[F(2) — F(2)|D = {u}] .

Combining everything, and recalling that f(S) < W < n-w for every S C N, we get:

S (@~ 2) - 8uF(2) — 20°8%w < Y (2, — ) - OuF (x) — n(2n8)W

ueN ueN
< Y (@ — ) - 0 F () = 2n8 - |(2), — ) - uF ()]
ueN
< Y Pr[D = {u}] -E[F(z') - F(2)|D = {u}] . O
ueN

Lemma 2.A.3. E[F(2/)— F(z) | D=2]=0

10



Proof. D = @ implies R(z') = R(z). O
Lemma 2.A.4. Pr[|D| > 2] -E[F(z') — F(z) | |D| > 2] > —0(n36?) - w.

Proof. Let us bound the probability that |D| > 2. Since every element gets into D with
probability at most d:

Pr[[D|>2]<1—-(1-8)"=nd-(1-0)""1<1—(1+nd)-(1-20)"
<1—(1+4nd)-e™.(1-nd?) <1—(1+nd)(1—nd)(1—nd?) <2n%? .

Therefore,
Pr[|D| > 2]-E[F(z) — F(z) | |D| > 2] > Pr[|D| > 2] - (-W) > —2n36* .w . O

Lemma 2.3.7 now follows immediately from the above lemmata and the law of total
probability.
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Chapter 3

Continuous Greedy Algorithms

Consider the basic problem of maximizing a non-negative submodular function f : 2V —
R* over a ground set A under the constraint that the solution must belong to a set system
(N, Z).! This basic (constrained) submodular maximization problem generalizes, e.g., the
two well studied problems Max-Cut and Max-k-Cover [38, 45, 48, 51, 53, 55, 70, 69, 78].

The techniques used to compute approximate solutions to various (constrained) sub-
modular maximization problems can be partitioned into two main approaches. The first
approach is combinatorial in nature, and is mostly based on local search techniques and
greedy rules. This approach has been used as early as the late 70’s for maximizing mono-
tone submodular functions under the constraint that the solution should be an independent
set of one of several specific matroids [22, 36, 46, 47, 50, 56, 71, 72]. Lately, this ap-
proach has been extended to include both non-monotone submodular objective functions
[30, 37, 34, 81] and additional constraint sets Z [62] (e.g., independent sets of matroids
intersection). Though for some problems this approach yields the current state of the art
solutions [62], or even tight results [77], these solutions are usually tailored for the specific
structure of the problem at hand, making extensions quite difficult.

The second approach for approximating (constrained) submodular maximization prob-
lems overcomes the above obstacle. This approach resembles a common paradigm for
designing approximation algorithms and is composed of two steps. In the first step, a
fractional solution is found for a relaxation of the problem. In the second step, the frac-
tional solution is rounded to obtain an integral one while incurring only a small loss in
the objective. This approach has been used to obtain improved approximations to various
problems [16, 18, 19, 20, 58, 61]. Most notable of these results is an asymptotically tight
approximation for maximizing a monotone submodular function given a single matroid
constraint [16, 71, 72]. Two issues arise when using this approach. First, since the ob-
jective function is not linear, it is not clear how to formulate a relaxation which can be
solved or even approximated efficiently. Second, given a fractional solution, one needs a
rounding procedure which outputs an integral solution without losing too much in the
objective function.

Let us elaborate on the first issue, namely how to find good fractional solutions to
(constrained) submodular maximization problems. The standard relaxation for such a
problem has a variable for every element of the ground set A taking values from the range
[0,1]. As with linear programming relaxations, the collection Z is replaced by a set of linear
inequality constraints on the variables which define a down-monotone polytope? P. Unlike

'Note that many natural collections of subsets form set systems, e.g., collections induced by matroid
and knapsack contraints.
2A polytope P C [0, I}N is down-monotone if x € P and 0 < y < x imply y € P.

12



the linear case, the formulation of an objective function for the relaxation is not obvious.
A good objective function is a continuous extension of the given integral objective f which
allows for efficient computation of a good fractional solution. The extension commonly
used to overcome this difficulty, in the context of (constrained) submodular maximization
problems, is the multilinear extension F'. Such relaxations are very common, since first
introduced by [15] (see [16, 61, 58, 81] for several additional examples).

Even though the objective function defined by the multilinear extension is neither
convex nor concave, it is still possible to efficiently compute an approximate feasible frac-
tional solution for the relaxation, assuming its feasibility polytope P is down monotone
and solvable?. The first method proposed for computing such a solution is the continuous
greedy algorithm [16]. It is simple and quick, and its analysis is rather short and intuitive.
However, it is only known to work for the multilinear extensions of monotone submod-
ular functions f. For non-monotone functions f and specific polytopes, other methods
are known for solving the multilinear extension, e.g., for a constant number of knapsack
constraints [61] and for a single matroid [37, 81]. These methods use extensions of the
local search approach, as opposed to the simple continuous greedy method, making the
analysis quite involved. Recently, three algorithms for the non-monotone case and general
down-monotone solvable polytopes were suggested by [20]. Similarly to [61, 37], these
three algorithms are also based on extensions of the local search approach. The best of
the three (with respect to its approximation guarantee) uses a simulated annealing tech-
nique [37]. Therefore, these algorithms, and especially the best of the three, have quite a
complex analysis.

In this section we present the measured continuous greedy algorithm which finds ap-
proximate fractional solutions for both the non-monotone and monotone cases, and im-
proves on the approximation ratio for many applications. For general non-monotone sub-
modular objective functions, our algorithm achieves an approximation ratio of about 1/e.
For monotone submodular objective functions, our algorithm achieves an approximation
ratio that depends on the density of the polytope defined by the problem at hand, which is
always at least as good as the 1—1/e approximation guaranteed by the “traditional” contin-
uous greedy. Some notable immediate applications are an improved 1/e-approximation for
maximizing a non-monotone submodular function subject to a matroid or O(1)-knapsack
constraints, and information-theoretic tight approximations for Submodular Max-SAT and
Submodular Welfare with k players, for any number of players k.

3.1 Continuous Greedy

Let us present the continuous greedy algorithm of [16], and analyze it. The measured
continuous greedy is presented in Section 3.2. The continuous greedy algorithm has a
parameter T' called stopping time. The stopping time controls a tradeoff between two
important properties of the fractional solution found by the algorithm. The first property
is the value of the solution: a larger stopping time implies a better fractional solution. The
second property is how much slack does the fractional solution has: a smaller stopping
time implies more slack (refer to Section 6.1 for uses of the second property).*

Remark: The way 6 is defined in Algorithm 1 implies that 6~! has two properties: it

3A polytope P is solvable if linear functions can be maximized over it in polynomial time. Using the
ellipsoid algorithm, one can prove P is solvable by describing a polynomial-time algorithm that given x
determines whether z € P.

4The concept of stopping time did not exist in the original presentation of [16]. It was only introduced
with the measured continuous greedy in [34].
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Algorithm 1: Continuous Greedy(f, P, T
// Initialization
Set: 0 < T([n°T7)~ .
Initialize: ¢ < 0, y(0) < 1g.
// Main loop
while t < T do
4 foreach u € N do
5 | walt) < F(y(t) v 1) — Fly(t))-
Let I(t) € P be a vector maximizing I(t) - w(t).
foreach v € N do
| yu(t+6) = yu(t) + 0L (t).
9 | t+t+0.
10 Return y(7).

N =

w

is at least n®, and it is dividable by T~!. The last property guarantees that after 76"
iterations, ¢ will be exactly 7'

Theorem 3.1.1. For any monotone submodular function f : 2N 5 R*, down-monotone
solvable polytope P C |0, 1]N and stopping time T € [0, 1], the continuous greedy algorithm
finds a point z € [0,1)N such that F(x) > [1 —e T —o(1)]- f(OPT) and z/T € P.

Notice that for T' = 1 the algorithm outputs a point z such that z € P and F(z) >
[1—e !t —o0(1)]- f(OPT). In the rest of this section we prove Theorem 3.1.1.

Lemma 3.1.2. For every T' > 0, the continuous greedy algorithm produces a solution x
such that x/T € P.

Proof. Notice that z = 5-23;/3_1 I(i-6). /0 is the sum of T'/§ points in P, and therefore,

/T = (2/8)/(T/5) € P. 0

The following lemma together with Lemma 2.3.7 gives a lower bound on the improve-
ment achieved by the algorithm in each iteration. This lower bound is stated explicitly in
Corollary 3.1.4.

Lemma 3.1.3. For every time 0 <t <T', " -\ Lu(t) - OuF(y(t)) > f(OPT) — F(y(t)).

Proof. Recall that R(x) is a random set containing every element v € N with probability
xy, and that F(z) = E[R(x)]. Let us calculate the weight of OPT according to weight
function w(t).

w(t)-lopr= Y wu(t)= Y [F(y(t)V L)~ F(y(t)]

ueOPT ueOPT
=E| Y fREW®)+u) - fREE))
uweOPT

> E[f(R(y()) UOPT) — f(R(y(1))] = F(y(t) V 1opr) — F(y(t)) ,

where the inequality follows from submodularity. Since 1lopr € P, we get:

w(t) - I(t) = F(y(t) vV lopr) — F(y(t)) -

14



Hence,

S L) - 0uF(y(t) = Y Lu(t) - [Fy(t) v 1u) — Fy(t) A 1g)]

ueN eeN
> > L) [F(y(t) V1) — Fly®)] = I(t) - w(?)
ecN
> F(y(t) V lopr) — F(y(t) > f(OPT) - F(y(t)) . O

Corollary 3.1.4. For every time 0 <t < T, F(y(T +9)) — F(y(T)) > ¢ - [f(OPT) —
F(y(t)] — O(n*3%) - f(OPT).

At this point we have a lower bound on the improvement achieved in each iteration in
terms of f(OPT) and F(y(t)). In order to complete the analysis of the algorithm, we need
to derive from it a bound on the value of F(y(t)) for every time ¢. Let g(¢) be defined as
following. ¢(0) = 0 and g(t + d) = g(t) + S[f(OPT) — g(t)]. The next lemma shows that
a lower bound on g(t) also gives a lower bound on F'(y(t))

Lemma 3.1.5. For every 0 <t < T, g(t) < F(y(t)) + O(n35) - tf(OPT).

Proof. Let ¢ be the constant hiding behind the big O notation in Corollary 3.1.4. We
prove by induction on t that g(t) < F(y(t)) + cn36tf(OPT). For t = 0, g(0) = 0 <
F(y(0)). Assume now that the claim holds for some ¢, and let us prove it for ¢t 4+ 4. Using
Corollary 3.1.4, we get:

g(t+9) =

t) +0[f(OPT) —g(t)] = (1 = 6)g(t) + 0 f(OPT)
<(1-90

— O [F(y(t)) + en®stf(OPT)] + 6 f(OPT)

=~

F(y(t)) + 0[f(OPT) — F(y(1)] + (1 — 6)n’at f(OPT)
F(y(t+6)) + en®62f(OPT) + ¢(1 — 8§)n6t f(OPT)
F

<
< F(y(t+06)) + en5(t + 6)f(OPT) . O

The function g is given by a recursive formula, thus, evaluating it is not immediate.
Instead, we show that the function h(t) = (1 —e™') - f(OPT) lower bounds g for every
value of t.

Lemma 3.1.6. For every time 0 <t <T, g(t) > h(t).
Proof. The proof is by induction on t. For t = 0, g(0) =0 = (1 — e~ %) - f(OPT) = h(0).
Assume now that the lemma holds for some t, and let us prove it holds for ¢ + 4.
t+5 t+6
h(t+8) = h(t) —l—/ h'(1)dr = h(t) + f(OPT) - / e "dr < h(t) + f(OPT) - e "
t t
=1 —=0)ht)+6- fF(OPT)<(1—=0)g(t)+d- f(OPT)=g(t+9) . O
We can now use the last result to lower bound the quality of the algorithm’s output.
Corollary 3.1.7. F(y(T)) > [1 —e T —0(1)] - f(OPT).

Proof. By Lemmata 3.1.5 and 3.1.6, F(y(T)) > ¢(T) — O(n3§) - T - f(OPT) > h(T)
O(n30)-f(OPT) = [1—e~T—0(n35)]- f(OPT). Recall that § < n~°, hence, O(n3§) = o(1

and the proof is complete.

~— |

)

O

Theorem 3.1.1 now follows immediately from Lemma 3.1.2 and Corollary 3.1.7.
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3.2 Measured Continuous Greedy

The measured continues greedy is based on a simple but crucially useful insight on which
we now elaborate. The continuous greedy algorithm of [16] (presented above) starts with
an empty solution and at each step moves by a small § in the direction of a feasible point
x € P. Let y be the current position of the algorithm. Then z is chosen greedily (hence
the name ” continuous greedy” ) by solving z = argmax {w(y) - « | € P} where the weight
vector w(y) € RV is defined by w(y)y £ F(y V 1,) — F(y), for every u € N. Thus, =
is chosen according to the residual increase of each element u, i.e., F(y V 1,) — F(y).
However, one would intuitively expect that the step should be chosen according to the
gradient of F(y). Observe that the residual increase is equal to 9, F(y) - (1 — yy). The
measured continues greedy compensates for the difference between the residual increase of
elements at point y, and 9, F(y), by distorting the direction x. Each coordinate of x, is
decreased by a multiplicative factor of 1 —y,. Hence, both the weight w, and the step are
multiplied by the same factor. The name of the algorithm is derived from this decrease.
The following two theorems quantify the guaranteed performance of the measured
continuous greedy algorithm for non-monotone and monotone submodular functions. We
denote by OPT the optimal integral solution. Note that the first bullet of Theorem 3.2.2,
x/T € P, repeats, in fact, the guarantee of the continuous greedy algorithm. However,
the second bullet of this theorem enables us to obtain improved approximation guarantees
for several well studied problems. This property states that in some settings one can use
stopping times larger than 1. The maximal stopping time that can be used depends on
the density of the underlying polytope. Consider a down-monotone polytope P C [0, 1]N
defined by positivity constraints (z > 0) and additional m inequality constraints. Let
Y wen Giuty < b; denote the ith inequality constraint. The density of P is defined by:

d(P) = minj<i<pm %.5 Since P is a down monotone polytope within the hypercube

[0, 1]N , one can assume all coefficients a;,, and b; are non-negative, and 0 < d(P) < 1. See
Appendix 3.A for details.

Theorem 3.2.1. For any given non-negative submodular function f : oN R*, down-
monotone solvable polytope P C [0, 1]N and stopping time T > 0, the measured continuous
greedy algorithm finds a point x € [0,11V such that F(x) > [Te~T — o(1)] - f(OPT) and
z/T € P.

Theorem 3.2.2. For any normalized monotone submodular function f : 2N 5 RY, down-
monotone solvable polytope P C [0, 1]N and stopping time T > 0, the measured continuous
greedy algorithm finds a point = € [0,1N such that F(z) > [1 —e T — o(1)] - f(OPT).
Additionally,

o x/T €P.
o Let Tp = —In(1 — d(P) +nd)/d(P).Then, T < Tp implies x € P.

For monotone submodular objectives, the dependance of the approximation ratio on
the stopping time 7' is identical for both the measured continues greedy and the contin-
uous greedy algorithm of [16]. This is somewhat counter intuitive, since the measured
continuous greedy makes a “smaller” step in each iteration (recall that the movement in
direction w is reduced by a multiplicative factor of (1—y,)). This seems to suggest that the
traditional continuous greedy algorithm is a bit wasteful. The smaller steps of the mea-
sured algorithm prevent this waste, keep its fractional solution within the polytope for a
longer period of time, and thus, allow the use of larger stopping times in some settings.

5Notice that the density resembles the width parameter used by [6].
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Theorem 3.2.2 gives an approximation ratio of 1 — e~ 7 ~ 1 — (1 — d(P))"/¥P), In

some cases one can get a cleaner approximation ratio of exactly 1 — (1 — d(P))Y/4P) by
guessing the most valuable single element of OPT (the technique of guessing the most
valuable single element of OPT is not new, and can be found, e.g., in [16]). The following
theorem examplifies that. A binary polytope P is a polytope defined by constraints with
only {0, 1} coefficients.

Theorem 3.2.3. Given a binary down-monotone solvable polytope P with a bounded Tp
and a normalized monotone submodular function f : N 5 R, there is a polynomial time
algorithm outputting a point x € P with F(z) >[I — (1 — d(P))Y4P)]. f(OPT).

The measured continuous greedy algorithm is depicted as Algorithm 2. Notice its
similarity to the traditional continuous greedy (Algorithm 1). The sole change in Algo-
rithm 2 is the distortion of the direction y, which appears in line 8 of the algorithm as the
multiplication of I.(t) with 1 — y.(¢).

Algorithm 2: Measured Continuous Greedy(f,P,T)
// Initialization
1 Set: n + [N, 6 < T([n®T])~ .
2 Initialize: ¢ < 0, y(0) < 1.
// Main loop
3 while t < T do
foreach ¢ € N do
5 | we(t) < F(y(t) V 1) — F(y(t)).
Let I(t) € P be a vector maximizing I(t) - w(t).
foreach e € NV do
| we(t +0) = ye(t) + 61e(t) - (1 — ye(t)).
9 | t«t+o.
10 Return y(7).

3.2.1 Analysis for Non-Monotone f

In this section we analyze the measured continuous greedy algorithm for general non-
negative submodular functions, and prove Theorem 3.2.1. We first prove that the algo-
rithm always remains within the cube [0, l]N , regardless of the stopping time. Without
this observation, the algorithm is not well-defined for 7" > 1.

Observation 3.2.4. For every value of t, y(t) € [0,11V.

Proof. We prove the observation by induction on t. Clearly the observation holds for
y(0) = 1z. Assume the observation holds for some ¢, then, for every u € N, y,(t + §) <
yu(t) +1(t) - (1 —yu(t)) < 1. O

Next, we prove a counterpart of Lemma 3.1.2.

Lemma 3.2.5. For every T > 0, the measured continuous greedy algorithm produces a
solution x such that z/T € P.

Proof. Notice that x is coordinate-wise upper bounded by =’ = § - ZZT:/ gil I(i-0). Since
P is a down-monotone polytope, it is enough to show that 2'/T € P. 2’/§ is the sum of
T/é points in P, and therefore, 2//T = (2//0)/(T/d) € P. O
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The following lemma gives together with Lemma 2.3.7 a lower bound on the improve-
ment achieved by the algorithm in each iteration. This lower bound is stated explicitly in
Corollary 3.2.7.

Lemma 3.2.6. For every time 0 <t <T, > \r(1 —yu(t)) - Lu(t) - OuF(y(t)) > F(y(t) Vv
lopr) — F(y(t)).

Proof. Recall that R(x) is a random set containing every element v € N with probability
xy, and that F(z) = E[R(x)]. Let us calculate the weight of OPT according to weight
function w(t).

w(t)-lopr= Y wu(t)= Y  [F(y(t)V L)~ F(y(t)]

w€OPT u€OPT
—E| Y FR@®) +w) - FREY)
uweOPT

> E[fR(y(t)) WOPT) = f(R(y(1))] = F(y(t) V lopr) — F(y(t)) .

Where the inequality follows from submodularity. Since 1ppr € P, we get:
w(t) - I(t) = F(y@t) Vlopr) — F(y(t)) -

Hence,

D= gu(®) - Lu(t) - 0uF(y() = > (1= gul®)) - Lu(t) - [F(y(t) V 1) — Fy(t) A la)]

ueN ueN
= ) L) [F(yt) v 1) — F(y(t)] = I(t) - w(?)
ueN
> F(y(t) vV 1lopr) — F(y(t)) . O

Corollary 3.2.7. For every time 0 <t < T, F(y(T+9))—F(y(T)) > - [F(y(t)Viopr)—
F(y(t)] = O(n*0%) - f(OPT).

The lower bound given by the last corollary is in terms of F(y(t) V 1opr). To make
this lower bound useful, we need to lower bound the term F(y(¢) V 1opr). This is done
by the following two lemmata and corollary.

]N. Assuming x, < a for every u € N, then

1
(5)-

Proof. Notice that if A > a, then T)\(xz) = @. By Theorem 2.3.5, we have:

Lemma 3.2.8. Consider a vector x € |0,
for every set SC N, F(zV1g) > (1—a)

X 1 1
F(x\/lg)zf(a:\/lg):/ f(TA(x\/lg))d/\:/ F(Tn(z) U S)dA
1 ’ 1 ’
> [ 1@ usin= [ 1Saa= - £(s) =

Lemma 3.2.9. For every time 0 <t < T and element u € N, y,(t) <1 — (1 = §)t/? <
1—et4+0(6).
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Proof. We prove the first inequality by induction on ¢t. For ¢ = 0, the inequality holds
because y,(0) = 0 =1 — (1 — §)°/%. Assume the inequality holds for some ¢, and let us
prove it for t + 4.

yu(t + 5) = yu(t) + 6Iu(t)(1 - yu(t)) = yu(t)(l - 5Iu(t)) + 6Iu(t)
< (1= (1= 8)72)(1 = 61,(1)) + 6Lu(t) = 1 — (1 = 8)"° + 51, (£)(1 — 6)/°
<1-(1=84+6(1-08)=1—1 =0t/

We complete the proof by deriving the second inequality: 1—(1—6)"/°% <1—[e~1(1-6)] =
l—e'(1-06)!<1—e(1-T6 =1—e"'+40O(), where the last inequality holds since
t e [0,T]. O

Corollary 3.2.10. For every time 0 <t < T, F(y(T+0)) — F(y(T)) > 6 -[(e” " — O(9)) -
F(OPT) = F(y(t))] = O(nd?) - f(OPT) = §-[e~"- f(OPT) = F(y(t))] - O(n 352) f(OPT).

Proof. By Lemma 3.2.9, every coordinate in y(t) is at most 1 —e~* + O(§). Therefore, by
Lemma 3.2.8, F(y(t) Vv 10PT)] > [e7t—0(8)]- f(OPT). Plugging this into Corollary 3.2.7
completes the proof. O

At this point we have a lower bound on the improvement achieved in each iteration
in terms of ¢, f(OPT) and F(y(t)). In order to complete the analysis of the algorithm,
we need to derive from it a bound on the value of F(y(t)) for every time t. Let g(t) be
defined as following. g(0) = 0 and g(t+9d) = g(t) +6[e L f(OPT) — g(t)]. The next lemma
shows that a lower bound on ¢(t) also gives a lower bound on F(y(t))

Lemma 3.2.11. For every 0 <t < T, g(t) < F(y(t)) + O(n33) - tf(OPT).

Proof. Let ¢ be the constant hiding behind the big O notation in Corollary 3.2.10. We
prove by induction on t that g(t) < F(y(t)) + en36tf(OPT). For t = 0, g(0) = 0 <
F(y(0)). Assume now that the claim holds for some ¢, and let us prove it for ¢t 4+ 6. Using
Corollary 3.2.10, we get:

g(t+0) = g(t) + 8[e”" fF(OPT) — g(t)] = (1 = 8)g(t) + de~" f(OPT)
< (1 =8)[F(y(t) + en3stf(OPT)] 4 6e ' f(OPT)
= F(y(t)) + 8le"f(OPT) — F(y())] + ¢(1 - 8)n’6t f(OPT)
< F(y(t+6)) + en82f(OPT) + c¢(1 — §)n®st f(OPT)

< F(y(t+06)) + en®s(t + 0) f(OPT) . O

The function g is given by a recursive formula, thus, evaluating it is not immediate.
Instead, we show that the function h(t) = te™* - f(OPT) lower bounds g within the range
[0,1].

Lemma 3.2.12. For every 0 <t <T, g(t) > h(t).
Proof. The proof is by induction on ¢t. Fort =0, g(0) =0 =0-¢%- f(OPT) = h(0).
Assume now that the lemma holds for some ¢, and let us prove it holds for ¢ 4 4.
t+6 t+6
h(t+9) = h(t) +/ h'(r)dr = h(t) + f(OPT) - / e (1 —r)dr
t t

h(t) + f(OPT) -6 (1 —t) = (1 - ) (t) +de™" - f(OPT)

(1—0)g(t) +de™" - f(OPT) = g(t) + - [e™" - f(OPT) — g(t)] = g(t + ) .0

<
<
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We can now use the last result to lower bound the quality of the algorithm’s output.
Corollary 3.2.13. F(y(T)) > [Te~T —o(1)] - f(OPT).

Proof. By Lemmata 3.2.11 and 3.2.12, F(y(T)) > g(T) — O(n3§) - Tf(OPT) > h(T)
O(n36)- f(OPT) = [Te~T —O(n36)]- f(OPT). Recall that 6 < n~>, hence, O(n34) = o(1
and the proof is complete.

)

D\_/

Theorem 3.2.1 now follows immediately from Lemma 3.2.5 and Corollary 3.2.13.

3.2.2 Analysis for Monotone f

In this section we analyze the measured continuous greedy algorithm for normalized mono-
tone submodular functions, and prove Theorems 3.2.2. Observe that all claims of Sec-
tion 3.2.1 apply here too because a normalized monotone submodular function is a special
case of a non-negative submodular function.

Theorem 3.2.2 has three parts. The first part we prove is F(y(T)) > [(1 —el) —o(1)] -
f(OPT). By combining Lemma 3.2.6 with monotonicity, we get the following corollary.

Corollary 3.2.14. For every time 0 <t < T, F(y(T +0)) — F(y(T)) = ¢ - [f(OPT) —
F(y(1)] — O(ns?) - f(OPT).

Corollary 3.2.14 is identical to Corollary 3.1.4 from the proof of Theorem 3.1.1. Notice
that Theorem 3.1.1 also guarantees F(y(T)) > [(1—eT)—o(1)]- f(OPT), and this guarantee
follows solely from Corollary 3.1.4. Hence, we can follow the proof of Theorem 3.1.1, and
prove that F(y(T)) > [(1 —eT) —o(1)] - f(OPT) holds also for Algorithm 2. The proof of
the first part of the theorem is now complete.

The second part of the theorem states that /T € P, which was already proved by
Lemma 3.2.5. Hence, we are left to prove the third part of the theorem, which states that
if P is a packing constraint and T' < Tp, then y(T') € P. Consider some general constraint
Zue N\ GuTy < b of P. We assume a, > 0 for some u € N, otherwise, the constraint holds
always and can be ignored. Let I = § - Zf/jo_l I,(5 - i), d.e., Il is the scaled sum of I,
over all times up to time t. The following two lemmata prove some properties of I?.

Lemma 3.2.15. >\ ay - IT < Tb.

Proof. For every time ¢t € [0,7'), I(t) is a feasible solution, and therefore, ) - a;- I, (t) <
b. Summing over all times in this range, we get:

T/6—1 T/6—1
Y>> a6 < > b
i=0 ueN i=0

Since there are T'/0 different times in the above range, the right hand side of the last
expression is Th/d. The lemma now follows by switching the order of summation in the
left hand side, and plugging in the definition of I. O

Lemma 3.2.16. For every 0 <t < T, y,(t) <1—eTu 4 O(6) - t.

Proof. We prove by induction on ¢ that y.(t) < 1 —e~ ¢ 4+ 0.50t. For t = 0 the lemma
holds since y.(t) =0 =1—e""+0-§. Assume that the lemma holds for some time ¢, and
let us prove it for time ¢ + 4.

Yult +6) = gu(t) + 01,() - (1 — yu(t)) < (1 — e T 4 0.5t8) (1 — 01, (t)) + 8L, (¢)
<1—e . (1=0L,(t)+05t6 <1—etu.[e=® —05(51,(t))% + 0.5t
<1— e mh® £ 0582 4056 =1 — eI £ 0.5(t +8)0 . O
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The following lemma is a mathematical observation needed to combine the last two
lemmata.

Lemma 3.2.17. Let ¢1,ca > 0, and let 21,29 be two variables whose values obey c1z1 +
cozo = 8 for some constant s. Then, the expression c1(1—e *1)+co(1—e™*2) is maximized
when z1 = 2.

Proof. The value of z3 is given, in terms of 21, by 2o = (s —c¢121)/c2. Hence, we can derive
the expression c¢1(1 — e *!) 4+ co(1 — e7*2) by z; as following.
d[Cl(l — e*zl) T 02(1 _ ezz)] B d[cl(l _ 6721) 4 62(1 _ e(clzlfs)/@)]
dz N dz;
— cle—z1 [1 _ €Z1+(CIZ1_5)/C2] .

Observe that the first part of the derivative is always positive. The second part is a
decreasing function of z;, and therefore, the original function has a global maximum when
the right hand side equals 0, which happens when:

eatlazn—s)/ez _ 1 o 214 (c1z1—8)/ca =021 =2 . O

The following lemma upper bounds, at time T, the left hand side of our general con-
straint D, car @y - Ty <.

Lemma 3.2.18. Let /\/’ C N be the set of elements with a strictly positive a,. Then,
e 4ulT) € g - (1= e TP 1 0() - T).
Proof. By Lemma 3.2.16:

Zau-yu Zau (1—e" “+O Zau (1—et )+O(5)-Tb/d(P).

ueN’ ueN’ ueN’

The second term of the right hand side is independent of the values taken by the Ig s,
therefore, we can upper bound the entire right hand side by assigning to the I’’s values
maximizing the first term. Let us determine these values.

e We can assume the summand is an increasing function of I, the sum Y e Gu Ir
has its maximal value, which is T'b by Lemma 3.2.15.

e By Lemma 3.2.17, the maximum is attained when I is identical for all elements

ueN'.

It can be easily seen that the sole solution satisfying these conditions is I7 = T/ Y e Gu-
Plugging this solution to into the previous bound on ), au - yu(T'), we get:

D awy(T) < Y au- (1= e uew ) 1 0(3) - Th/d(P)
ueN’ ueN’
=(1- e~ Tb/ 2 uent au) Z ay + O(6) - Th/d(P) .
ueN’

Let us denote by ¥ the sum ) . ay. The first term of the last expression can now be

e~ T/%)

rewritten as (1 , and its derivative by X is:

d[S(1 — e T/%)]
dx.

T
=(1—e T 3. Sse—Tb/E =1—(1+Tb/%) e T0/=
>1— oIb/E . o=TH/S _
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Hence, increasing the value of ¥ only worsens the bound we have on -\~ ay - yu(T).
Therefore, we can plug ¥ = b/d(P), which is an upper bound on ¥, and get:

b

> auyalT) < (1= TP b/d(P)+0(3) To/d(P) = 55

ueN’

(1= T{P)LO(8)-T) .
O

As long as the upper bound proved in the last lemma is at most b, the constraint
Y e GuZy < b is not violated. The next corollary shows that if T < T'p, then this is the
case.

Corollary 3.2.19. For T < Tp, the solution y(T') respects the constraint ), . \r @yTy < b.
Moreover, since ), cnr auTy < b is an arbitrary constraint of P, y(T) € P.

Proof. By Lemma 3.2.18,
b

Doy = 3wyl < Y awepullr) < g (L= e P +0(0) - )
ueN ueN”’ ueN”’
b n(l— T
=T (1 — n(=dP)+nd) o O(6) - Tp)
b

This completes the proof of the third (and last) part of Theorem 3.2.2.

3.2.3 Analysis for Monotone f and Binary P

In this section we prove Theorem 3.2.3. Notice that all claims of Section 3.2.2 still
hold because the setting considered here is a special case of the setting considered in
Section 3.2.2. Theorem 3.2.3 guarantees that given a binary down-monotone solvable
polytope P with a bounded Tp and a normalized monotone submodular function f :
2N 5 R*, there exists a polynomial time algorithm outputting a point x € P with
F(z) > [1 = (1= d(P)4P)] . {(OPT).

A naive attempt to prove Theorem 3.2.3 is to use the measured continuous greedy
with stopping time T' = Tp. Corollary 3.2.19 guarantee that the output x of the measured
continuous greedy is a feasible solution. The next lemma lower bounds F'(x).

Lemma 3.2.20. Let x be the output of the measured continues greedy, assuming T = Tp.
Then, F(x) > [1 = (1= d(P))/*P) —O(n=?)] - f(OPT) = [1 = (1 = d(P))"/4P) —o(1)] -
f(OPT).

Proof. First, observe that d(P) must be at least 1/n in a binary down-monotone polytope.
Using this observation, let us derive 1 — (1 — d(P) 4 ¢)//4P) by ¢, for ¢ < n~ 1.

A= (1= d(P) + VP _ (L —d(P)+ P 1
dc - d(P) =Tamy ="

Hence, for ¢ < 1/n, 1 — (1 — d(P) + ¢)"/¥P) > 1 — (1 — d(P))/4P) — ¢n. The discussion
in Section 3.2.2 proves that Corollary 3.1.7 (including its proof) applies to the measured
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continuous greedy. By the proof of Corollary 3.1.7:

F(y(z)) > [L =™ —O(n’s) - Tp] - f(OPT)
=1-(1- d(P)+n6)1/d P) — 0(n®3) - Tp] - f(OPT)
> [1 = (1= d(P)/*P) —n?§ — O(n*6) - Tp] - f(OPT)
= [1— (1= d(P))/*®) —O(n®6) - Tp] - f(OPT)
= [1— (1= d(P)/*P) —O(n~?)]- f(OPT) ,
where the last equality follows since § < n=>. O

Unfortunately, Lemma 3.2.20 is not enough for proving Theorem 3.2.3 because of the
o(1) term in its guarantee. To solve that problem, consider Algorithm 3, which guesses
one element of the optimal solution before applying the measured continuous greedy.

Algorithm 3: Measured Continuous Greedy with Enumeration(f, P)

// Guess

1 If n is small enough, guess the optimal solution and terminate.

2 Otherwise, guess an element u* € OPT such that f(u*) > f(OPT)/n.
// Definitions

3 Let P’ be the polytope formed from P by setting x,+ to be identically 1.

4 Let Ny be the set of elements of N” whose corresponding variables are identically 0
in P’

5 Set NV« N — Ny — {e*}.

6 Define f(A) = f(A+u") — f({u"}).
// Solve

7 Use the measured continuous greedy algorithm with ground set N/, submodular
function f’, polytope P’ and stopping time T'p.

8 Let y(T’p) be the output of the measured continuous greedy algorithm.

9 Output y(Tp) V 1,».

If n is small enough, then clearly the Algorithm 3 is optimal. Hence, we can assume
from now on that n is large. Let us make sure that there is an element u* for the algorithm
to guess.

Lemma 3.2.21. There is an element u* € OPT satisfying the requirement of the algo-
rithm, i.e., f(u*) > f(OPT)/n.

Proof. Assume for the sake of contradiction that every element u € OPT has f(u) <
f(OPT)/n. Then, we get:

pPT PT|- PT
ueOPT u€OPT "
which is, of course, a contradiction. ]

Algorithm 3 applies the measured continuous greedy algorithm with the objective func-
tion f’. The following lemma shows that f’ has the properties required by Theorem 3.2.2.

Lemma 3.2.22. f’ is a normalized monotone submodular function over the ground set

N
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Proof. f is submodular because for every two subsets A, B € N':

(A + f(B) = f(A+u") — f({u"}) + f(B +u") — f({u"})
> f(AUB+u’) + f((A+u’) N (B +u")) —2f({u"})
= f(AUB+u") = f({u"}) + f((AN B) +u*) — f({u"})
= f'(AUB) + f'(ANB) .

f is monotone because for every A C B C N”:

f'(A) = f(A+u") = f({u"}) < f(B+u") — f({u"}) = f/(B) .

And finally, f’ is normalized because:
flle)=fl@+u) - f{u})=0. 0

In order for us to use the full power of Theorem 3.2.2, we need to demonstrate that
P’ is a packing polytope and bound its density.

Lemma 3.2.23. The polytope P’ can be represented as a packing polytope over N with
d(P’) > d(P).

Proof. Consider a general constraint ), \-ay2y < b of P. The corresponding constraint
in P is Y ,epn Guy < b— ays. If all the coefficients a,, on the left side of this constraint
are 0, the constraint always holds, and therefore, can be removed. Hence, we can assume
this is not the case, and there exists v’ € N’ such that a,, = 1.

Clearly a,+ < b because otherwise u* could not be a member of a feasible solution,
contradicting our assumption that u* € OPT. Therefore, the free coefficient of the con-
straint is either 0 or 1. If b — ae+ = 0, then this constraint implies z,, = 0, contradicting
the fact v € N’. Hence, b — a,+ = 1, which implies a,+ = 0. Thus,

b — ayx S b
2w Gu Dyen Gu
The last inequality holds for a general constraint of P’, and therefore, d(P') > d(P). O
Corollary 3.2.24. Let x be the output of Algorithm 3. Then, x € P.

Proof. Lemma 3.2.23 imply Tpr > Tp, and therefore, y(Tp) € P’ by Theorem 3.2.2.
Hence, by the definition of P', x = y(Tp) V 1l € P. O

To complete the proof of Theorem 3.2.3, we are only left to lower bound F'(z).
Lemma 3.2.25. F(z) > [1 — (1 — d(P))Y/4P)]. f(OPT).

Proof. Recall that one of the conditions of Theorem 3.2.3 is that T’ should be bounded.
The only case in which Tp is unbounded is when d(P) approaches 1. Hence, we know that
d(P) is bounded away from 1.

Let F” be the multilinear extension of f’, and observe that OPT — {e*} is the optimal
point in P’. The above lemmata prove that f’ and P’ obey all the requirements of
Theorem 3.2.2, and therefore, we can apply Lemma 3.2.20 to them, yielding F’(y(Tp)) >
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[1—(1—d(P)Y/4P) —cn=2]. f(OPT — {e*}) for some constant ¢ (assuming large enough
n). Hence,

F(z) = E[f({e"} UR(y(Tp)))] = E[f({e*}) + F' Ry(Tp)] = f({e'}) + F'(y(Tp))
> f({e}) + 1= (1= d(P)V/*P) —en™?] . f(OPT — {e})
(1= dP)YP) 4 en=?) - f({e*}) + (1 — (1 = d(P)/¥P) —en™?) - f(OPT)
(1= d(P)*P)  en=2) - f(OPT)/n+ (1 = (1= d(P))/*P) —en=2) . f(OPT)
> [1= (1= d(P)) ") 4 n=1(1 = d(P))V/¥P) — en™")] - f(OPT)
> [1—(1—d(P))/“P)]. f(OPT) ,

where the last inequality holds for large enough n since c is a constant and d(P) is bounded
away from 1. O

3.3 Applications of the Measured Continuous Greedy

Theorems 3.2.1, 3.2.2 and 3.2.3 immediately provide improved approximations for various
problems. We elaborate now on a few of these, starting with the non-monotone case. The-
orem 3.2.1, gives an improved (1/e — o(1))-approximation for finding a fractional solution
for any down-monotone and solvable polytope P. Examples of some well-studied problems
for which this provides improved approximation are maximization of a non-monotone sub-
modular function f over a single matroid [20, 37, 81] and over O(1) knapsack constraints
[20, 61, 57]. For both we provide an improved approximation of about 1/e. Note that both
problems are known to have an approximation of roughly ~ 0.325 [20] via the simulated
annealing technique of [37].

For the monotone case, Theorems 3.2.2 and 3.2.3 can be immediately used to ob-
tain improved approximations for various problems. Most notable is the well studied
Submodular Welfare (SW) problem (refer to [16, 17, 25, 26, 29, 31, 32, 54, 63, 73, 68, 81]
for previous results on SW and additional closely related variants of the problem). The
above theorems provide tight approximations for any number of players k, which exactly
matches the (1 — (1 — 1/k)")-hardness result [68]. This improvement is most significant
for small values of k. Another problem we consider is Submodular Max-SAT (SSAT). SSAT
is a generalization of both Max-SAT and SW with two players, in which a monotone sub-
modular function f is defined over the clauses of a CNF formula, and the goal is to find
an assignment maximizing the value of f over the set of satisfied clauses. For SSAT we
get a 3/4 approximation. The above main applications are summarized in Table 3.1. For
other applications involving our algorithm and the framework of [20], see Section 6.

Table 3.1: Main applications.

Constraint This Thesis Previous Result Hardness™
Matroid
(non-monotone)
O(1)-Knapsacks
(non-monotone)
SW (k players) | 1— (1—1/k)" max{l ~ 1 ﬁ} 26,16] | 1—(1—1/k)" [68]
SSAT 3/4 2/3 [5] 3/4 [81]
* All hardness results are for the value oracle model, and are information theory based.
™ Can be derived from the method of [81].

1/e — o(1) 0.325 [20] 0.478 37)

Kk

1/e—e¢ 0.325 [20] 1/2

25



3.3.1 Maximizing a Submodular Function Subject to Matroid Constraint

In this section we consider the problem of maximizing a submodular function subject to
a matroid constraint. Formally, given a matroid M = (N,Z) and a submodular function
f 2V = Rt the objective is to find an independent set S € 7 maximizing f(9).
Calinescu et al. [16] considered the case that the submodular function is monotone. They
used the continuous greedy algorithm to prove the following theorem.

Theorem 3.3.1. There is a polynomial time (1 — 1/e)-approximation algorithm for maz-
1mazing a normalized monotone submodular function subject to a matroid constraint.

The above theorem is tight even for uniform matroids® [71]. Using the measured con-
tinuous greedy algorithm instead of the traditional continuous greedy, we get the following
result for general non-monotone functions.

Theorem 3.3.2. There is a polynomial time (1/e — o(1))-approzimation algorithm for
mazximizing a general non-negative submodular function subject to a matroid constraint.

Proof. Let P(M) be the matroid polytope corresponding to M. Since P(M) is a solvable
down monotone polytope, by Theorem 3.2.1, applying the measured continuous greedy to
it, with stopping time 7" = 1, produces a point = € P(M) such that F(z) > [1/e — o(1)] -
f(OPT).

The point x can then be rounded using pipage rounding. This rounding procedure
returns a random set S which is an independent set of M and obeys E[f(S)] > F(z) >
[e=! —o(1)] - f(OPT). O

This improves over the previous 0.325-approximation of [20].

3.3.2 Maximizing a Submodular Function Subject to Knapsack Con-
straints

In this section we consider the problem of maximizing a submodular function subject to a
constant number of knaspack constraints. Formally, we are given a ground set N, a set of
d knapsack constraints over this ground set (where d is considered to be a constant) and
a non-negative submodular function f : 2V — RT. The objective is to find a set S C N
satisfying all knapsack constraints and maximizing f(S).

Let P be the polytope defined by the d knapsack constraints and the cube [0, 1]N .
Observe that P is a down monotone solvable polytope. The following theorem shows that
it is possible to round fractional points in P.

Theorem 3.3.3 (Theorem 2.6 in [57]). Suppose there is an a-approximation polynomial
time algorithm for finding a point x € P maximizing F(x). Then, for every constant e > 0,
there is a polynomial time randomized (o — €)-approximation algorithm for maximizing a
non-monotone submodular function subject to d knapsack constraints.

Theorem 3.3.3 assumes the existence of a fractional approximation algorithm. We
observe that the measured continuous greedy algorithm can be used as such an algorithm.
For monotone submodular functions, this gives (1 — 1/e — €)-approximation, which is the
result obtained by [57]. For general non-monotone functions, we get the following result.

5Tn a uniform matroid, a set is independent if it contains at most k elements of the ground set, for some
fixed k.
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Corollary 3.3.4. For any constant € > 0 and constant integer d, there is a polynomial
time (1/e—e)-approximation algorithm for mazimizing a general non-negative submodular
function subject to d knapsack constraints.

Proof. By Theorem 3.2.1, applying the measured continuous greed to P, with T = 1,
produces a point = € P such that F'(x) > [1/e—o(1)]- f(OPT). The corollary now follows
from Theorem 3.3.3. O

This improves over the previous 0.325-approximation of [57].

3.3.3 The (d,r)-Submodular Partition Problem

A (d,r)-partition matroid is a matroid defined over a groundset N’ = N7 UN2U...UN,,,
where |N;| = r for every 1 < i < m. A set S C 7 is independent if it contains up to d
elements of each subset AV;. In the (d,r)-Submodular Partition problem (considered by
[5]), given a (d, r)-partition matroid M and a normalized monotone submodular function
f, the objective is to find an independent set S maximizing f(S5).

Observation 3.3.5. Let M be a (d,r)-partition matroid, then P(M) is a matroid with
density d(P(M)) =d/r. For d =1, it is also a binary packing matroid.

Proof. P(M) is a polytope defined by m constraints, one for each subset N;. The con-
straint of A\ is ZueM Ty < d. The number of terms in the sum is r, and therefore, the
density imposed by this constraint is: d/ ), 1. d = d/r.

For d = 1, observe that all coefficients in the above constraint belong to {0,1}, and
therefore, the matroid is a binary packing matroid. O

Theorem 3.3.6. There is a polynomial time (1 — (1 — d/r)"/¢ — o(1))-approzimation
algorithm for (d,r)-Submodular Partition. For d = 1, the approzimation ratio improves
to(1—(1—1/r)".

Proof. Observation 3.3.5 together with Theorem 3.2.2 gives a polynomial time approxima-
tion algorithm that finds a point z € P(M) with F(z) > [1 — (1 —d/r)"/¢—o(1)]- f(OPT).
The point x can then be rounded using pipage rounding. This rounding returns an inde-
pendent random set S of M, such that: E[f(S)] > F(x) > [1—(1—d/r)"/¢—0o(1)]- f(OPT).
This completes the proof of the first part of the theorem.

For d = 1, we know that the (d,r)-partition matroid is a binary packing matroid, and
therefore, we can replace Theorem 3.2.2 with Theorem 3.2.3 in the proof of the first part
of the theorem, yielding the second part of the theorem. O

The last result matches the hardness result given by [5] for every pair of d and 7, up
to low order terms.

3.3.4 The Submodular Max-SAT Problem

In Submodular Max-SAT (SSAT) we are given a CNF formula ¥ with a set C of clauses
over a set N of variables, and a normalized monotone submodular function f :2¢ — Rt
over the set of clauses. Given an assignment ¢ : N' — {0,1}, let C(¢) C C be the set of
clauses satisfied by ¢. The goal is to find an assignment ¢ that maximizes f(C(¢)).
Usually, an assignment ¢ can give each variable exactly a single truth value. However,
for the sake of the algorithm we extend the notion of assignments, and think of an extended
assignment ¢’ which is a relation ¢’ C N x {0,1}. That is, the assignment ¢’ can assign
up to 2 truth values to each variable. A clause C' is satisfied by an (extended) assignment
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¢, if there exists a positive literal in the clause which is assigned the truth value 1, or
there exists a negative literal in the clause which is assigned the truth value 0. Note again
that it might happen that some variable is assigned both 0 and 1. Note also, that an
assignment is a feasible solution to the original problem if and only if it assigns exactly
one truth value to every variable of N'. Let C(¢’) be the set of clauses satisfied by ¢’. We
define g : N x {0,1} — R* using g(¢') = f(C(¢#')). Using this notation, we can restate
SSAT as the problem of maximizing the function g over the set of feasible assignments.

Lemma 3.3.7. The function g is a normalized monotone submodular function.

Proof. 1t is easy to see that g is normalized and monotone, however, proving it is also
submodular requires some work. Consider two sets A, B C N x {0,1}. Using the sub-
modularity and monotonicity of f, we get:

9(A) +9(B) = [ (C(A)) + [ (C(B)) = F(C(A)LC(B)) + f(C(A) N C(B))
> f(C(AUB))+ f(C(ANB)) = g(AUB) + g(ANB) . O

Notice that we have just restated SSAT as an instance of (1, 2)-Submodular Partition.
Hence, we get the following corollary.

Corollary 3.3.8. There is an a-approzimation for SSAT if (1,2)-Submodular Partition
has such an approximation. Hence, by Theorem 8.3.6, there is a 3/4-approrimation algo-
rithm for SSAT.

Since we identified SSAT with (1, 2)-Submodular Partition, the hardness of [5] applies
also to SSAT, and shows that the last corollary is tight.

3.3.5 The Submodular Welfare Problems

The input for the Submodular Welfare problem consists of a ground set N of n elements
and k players, each player is equipped with a normalized monotone submodular utility
function f; : 2N 5 R*T. The goal is to partition the elements among the players while
maximizing the social welfare. Formally, the objective is to partition N into N7, Na, ..., N}

maximizing Zle fiNV).

Lemma 3.3.9. An a-approxzimation algorithm for (1, k)-Submodular Partition implies
an a-approximation for SW with k players.

Proof. Given an instance I of SW with k players, let us transform it into an equivalent
instance I’ of (1,k)-Submodular Partition. Let uq,...,u, denote the elements of N .
The ground set of I' is NV = U | N/, where N] = {u;} x {1,2,...,k}. The objective
function of I’ is ¢g(S) = Zle fil{u|(u,i) € S}). It is easy to see that g is normalized
and monotone, however, proving it is submodular requires some work. Consider two sets
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A, B C N'. Using the submodularity of f, we get:

k

k
9(4) +9(B) = Y fil{ul(u,i) € A}) + ) fil{ul(u,i) € BY)

i=1 i=1

k
> Zfl({u\(u,z) € A} U{u|(u,i) € B})

=1

k
+ Z fil{ul(u,i) € A} N {u|(u,) € BY)
k k
= Zfi({u‘(uai) € AUB}) + Zfi({u\(u, i) € AN BY)
=g(AUB)+g(ANDB) .

Next, show how to transform any solution of I to a feasible set of I’, and vice
versa. Consider a solution N7,..., N} of I, and let us construct from it the set: S =
UF_ {(u,i)|u € N;}. Observe that:

k k

9(8) = fil{ul(u,i) € 8}) = Y filN7) -

i=1 =1

Thus, S has exactly the same value as NV1,..., ;. On the other hand, given a set S which
is a feasible solution for I’, let us create a solution N7,..., N}, for I.

N; = {u|(u,i) € S} .

By the definition of g, g(.S) is equal to the value of the solution N7, ..., . The fact that
any feasible solution of I can be translated into a feasible set S of I’ with the same value,
and vice versa implies that both instances have the same optimal value.

We are now ready to use the above transformation of I into I’ to translate any a-
approximation algorithm for (1, %k)-Submodular Partition into an a-approximation al-
gorithm for SW with k players. Given an instance of SW with k players, transform it into
an instance of (1, k)-Submodular Partition, find an approximate solution for the result-
ing instance, and then use the procedure described above to convert it into an approximate
solution for the original SW instance. O

Corollary 3.3.10. There is a polynomial time 1 — (1 — 1/k)*-approzimation algorithm
for SW.

Proof. Follows immediately from Theorem 3.3.6 and Lemma 3.3.9. O

The last corollary is tight by the result of [68].

3.A Down Monotone Polytopes in the Hypercube [0, 1]V

Let P C [0, l]N be a down monotone polytope defined by positivity constraints and m
additional inequality constraints. Let ) s aiuTy < b; be the it" constraint defining P.
In this section we prove that one can assume the coefficients of the inequality constraints
are all non-negative and that 0 < d(P) < 1.
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Observation 3.A.1. We may assume P has a positive sign constraint x,, > 0, and an
inequality constraint of the form x, <1 for every u € N.

Proof. Since P C [0,1]V, adding these constraints will not effect P. O
Lemma 3.A.2. For every 1 < i <m, b; is non-negative.

Proof. Since P is down monotone, 15 € P. The point 14 induce the value of 0 on the left
hand side of all constraints, and therefore, the free coefficients must be non-negative. [

Lemma 3.A.3. For every 1 < i < m and u € N, ai . 15 non-negative without loss of
generality.

Proof. Assume this is not the case, then let a;,/ be a negative coefficient. Let P’ be the
polytope defined by the same set of constraints as P with the sole modification that a; .
is changed to 0. By Observation 3.A.1, the change we made only tightens the constraint,
and therefore, P’ C P. Let us show that the last containment is in fact an equality. Let
z be a point in P, and let 3 -\ a; ,xu < b be the ith constraint of P’.

For every constraint ¢ # j, P and P’ share the same coefficients, and therefore,

Z a;uxu = Z aj Ty < by = b; .
ueN ueN

Let 2" = 2 A 1yr_qy). Observe that 2’ € P due to the down monotonicity of P. Also, P
and P’ share all coefficients of the j* constraint except for a; ., and therefore,

/ !/ / / /
E Ay Ty = E Ay Tu = E Ay Ty = E Ty < by = bj .
ueN ueN —{u'} ueN —{u'} ueN

Where the inequality holds since 2/ € P. We proved that x € P implies x € P’, and
therefore, P = P’. Hence, replacing a negative coefficient a;,, by 0 does not change
the polytope. The lemma now follows by repeating the argument for every negative
coeflicient. O

Lemma 3.A.4. For every constraint i, b; > 0 without loss of generality.

Proof. By Lemma 3.A.2, b; > 0. Let N/ = {u € Nlay; > 0}. If b; = 0, the constraint
implies that for every u € N’, the coordinate x, must be zero everywhere in P, and
therefore, the elements of N’ can be removed from the ground set. After the removal of
N"’s elements, we are left with a constraint of the form:

ueN

and such constraints are meaningless, and can be removed without effecting P. O
Lemma 3.A.5. For every constraint i, ), Gui > 0 without loss of generality.

Proof. By Lemma 3.A.3, > _\rau; > 0. If 37 \r 6y = 0, the constraints is satisfied for
every assignment, and therefore, can be removed. O

Lemma 3.A.6. For every constraint i, ), Gu; > b; without loss of generality.
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Proof. For every point z € [0,1]V it holds that Y oweN Cuiu <D uep uyi- Hence, if
S wen Gui < by, then the i constraint is redundant for points in [0, 1. By Observa-
tion 3.A.1, the removal of this constraint will not introduce to P points outside of [0, l]N,
and therefore, will not modify P. O

Corollary 3.A.7. 0 < d(P) < 1 without loss of generality.

Proof. Fix an inequality constraint 7. Lemmata 3.A.4 and 3.A.5 guarantee b; > 0 and
Y uen Gug > 0, respectively. Hence, bj/ Y, car @u,i is positive. On the other hand, from
Lemma 3.A.6 we get ), o au,q > b;. Since this is true for every inequality constraint of
P, its density must be in the range (0, 1]. O
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Chapter 4

Unconstrained Submodular
Maximization

Unconstrained Submodular Maximization (USM) is perhaps the most basic submodular
maximization problem. Given a non-negative submodular fucntion f, the goal in this
problem is to find a subset S C A maximizing f(5). Note that there is no restriction on
the choice of S, as any subset of A is a feasible solution. USM captures many well studied
problems such as Max-Cut, Max-DiCut [38, 43, 45, 51, 53, 78|, and variants of Max-SAT and
maximum facility location [1, 23, 24]. Moreover, USM has various applications in other,
more practical, settings such as marketing in social networks [44], revenue maximization
with discrete choice [3], and algorithmic game theory [28, 75].

USM has been studied starting from the 60’s in the Operations Research community
(3, 21, 39, 40, 41, 52, 60, 67]. Not surprisingly, as USM captures NP-hard problems, all
these works provide algorithms that either solve specific cases of the problem, provide
exact algorithms whose time complexity cannot be efficiently bounded, or provide efficient
algorithms whose output has no provable guarantee.

The first rigorous study of the problem was conducted by Feige et al. [30], who provided
several constant approximation factor algorithms for USM. They proved that a subset S
chosen uniformly at random constitutes a (1/4)-approximation. Additionally, they also
described two local search algorithms. The first uses f as the objective function, and
provides an approximation of 1/3. The second uses a noisy version of f as the objective
function, and achieves an improved approximation guarantee of 2/5. Gharan and Vondrdk
[37] showed that an extension of the last method, known as simulated annealing, can
provide an improved approximation of roughly 0.41. Their algorithm, like that of Feige
et al. [30], uses local search with a noisy objective function. However, in [37] the noise
decreases as the algorithm advances, as opposed to being constant as in [30]. Feldman
et al. [33] observed that if the simulated annealing algorithm of [37] outputs a relatively
poor solution, then it must generate at some point a set S which is structurally similar
to some optimal solution. Moreover, they showed that this structural similarity can be
traded for value, providing an overall improved approximation of roughly 0.42.

It is important to note that for many special cases of USM better approximation factors
are known. For example, the seminal work of Goemans and Williamson [38] provides an
0.878-approximation for Max-Cut based on a semidefinite programming approach, and
Ageev and Sviridenko [1] provide an approximation of 0.828 for the maximum facility
location problem.

On the negative side, Feige et al. [30] studied the hardness of USM assuming the
function f is given via a value oracle. They proved that for any constant € > 0, any
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algorithm achieving an approximation of (1/2+ ) requires an exponential number of
oracle queries. This hardness result holds even if f is symmetric, in which case it is
known to be tight [30]. Recently, Dobzinski and Vondrék [27] proved that even if f
has a compact representation (which is part of the input), the above hardness still holds
assuming RP # NP.

In this section we resolve the approximability of USM. This section is based on [14]. We
design a tight linear time (1/2)-approximation for the problem. Let us begin by presenting
a simple greedy-based algorithm that provides a (1/3)-approximation for USM.

Theorem 4.0.8. There exists a deterministic linear time (1/3)-approzimation algorithm
for the Unconstrained Submodular Mazimization problem.

We show that our analysis of the last algorithm is tight by providing an instance for
which the algorithm achieves an approximation of 1/3 + ¢ for an arbitrary small ¢ > 0.
To improve the algorithm, we incorporate randomness into its choices. The result is an
optimal algorithm for USM with the same time complexity.

Theorem 4.0.9. There exists a randomized linear time (1/2)-approximation algorithm
for the Unconstrained Submodular Mazimization problem.

In both Theorems 4.0.8 and 4.0.9 we assume that a single query to the value oracle
takes O(1) time. Thus, a linear time algorithm is an algorithm which makes O(n) oracle
queries plus O(n) other operations, where n is the size of the ground set N.

Building on the above two theorems, we provide two additional approximation algo-
rithms for Submodular Max-SAT and Submodular Welfare with 2 players (for the exact
definition of these problems please refer to Section 3.3). A tight approximation was al-
ready given for both problems in Section 3.3. However, the algorithms given here run in
linear time, thus, significantly improving the time complexity, while achieving the same
performance guarantee.

Theorem 4.0.10. There exists a randomized linear time (3/4)-approzimation algorithm
for the Submodular Maz-SAT problem.

Theorem 4.0.11. There exists a randomized linear time (3/4)-approzimation algorithm
for the Submodular Welfare problem with 2 players .

4.1 A Deterministic Linear Time (1/3)-Approximation Al-
gorithm for Unconstrained Submodular Maximization

It is known that a straightforward greedy approach fails for USM. To understand the main
ideas behind our algorithm, consider some non-negative submodular function f. Let us
examine the complement of f, denoted by f, which is defined as: f(S) = f(N'\ S) for any
S C N. Note that since f is submodular, f is also submodular. Additionally, given an
optimum solution OPT C N for USM with input f, A'\ OPT is an optimal solution with
respect to f, and both solutions have the exact same value. Consider, for example, the
greedy algorithm. For f, it starts from an empty solution and iteratively adds elements
to it in a greedy fashion. However, if one applies the greedy algorithm to f, one gets an
algorithm for f that effectively starts with the solution A/ and iteratively removes elements
from it. Both algorithms are equally reasonable, but, unfortunately, both fail.

Despite the failure of the greedy algorithm when applied separately to either f or f,
we show that a correlated execution on both f and f provides a much better result. The
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algorithm proceeds in n iterations that correspond to some arbitrary order wq,...,u, of
the ground set A. The algorithm maintains two solutions X and Y. Initially, we set the
solutions to Xo = 0 and Yy = A. In the " iteration the algorithm either adds u; to
X;_1 or removes u; from Y;_1. This decision is done greedily based on the marginal gain
of each of the two options. Eventually, after n iterations both solutions coincide, and we
get X,, = Y,; this is the output of the algorithm. A formal description of the algorithm
appears as Algorithm 4.

Algorithm 4: DeterministicUSM(f, \V)

1 X« @, Yo N.

2 for i =1 ton do

a; < f(Xi—1 +u;) — f(Xiz1).

4 by — f(Yic1 —wi) — f(Yic).

5 if a; > b; then X; < X, 1 +u;, ;< Y, 4.
6 else Xz — Xl',l, YVZ — Y;;l — Uj.

w

7 return X, (or equivalently Y;,).

The rest of this section is devoted for proving Theorem 4.0.8, i.e., we prove that the
approximation guarantee of Algorithm 4 is 1/3. We start with the following useful lemma.

Lemma 4.1.1. For every 1 <i <n,

ai +bi £ f(Xic1+ui) — f(Xio1) + F(Yier —wi) — f(Yic1) >0 . (4.1)
Proof. Notice that (X;—1 +u;) U(Y; —u;) =Y;—1 and (X;—1 +w;) N (Y; — ;) = X;—1. By

combining both observations with submodularity, one gets:

ai + b & [f(Xic1 4 wi) — f(Xim)] 4+ [f(Yier — wi) — f(Yic1)]

= [f(Xi1 +wi) + f(Yie1 —wi)] — [f(Xiz1) + f(Yie1)] 20 . O
Define OPT; £ (OPT U X;) NY;. Note that OPTy = OPT and the output of the
algorithm is OPT,, = X,, = Y,,. Examine the sequence f(OPTy),...,f(OPT,), which
starts with f(OPT') and ends with the value of the output of the algorithm. The main idea
of the proof is to bound the total loss of value along this sequence. This goal is achieved by
the following lemma which upper bounds the loss in value between every two consecutive

elements in the sequence. Formally, the loss of value, i.e., f(OPT;_1) — f(OPT;), is no
more than the total increase in value of both solutions maintained by the algorithm, i.e.,

[F(Xe) = fF(Xi—)] + [F(Ya) — f(Yima)]-
Lemma 4.1.2. For every1 <i <mn, f(OPT;—1)— f(OPT;) < [f(X;)— f(Xi)]+[f(Yi)—
f(Yi—1)].

Before proving Lemma 4.1.2, let us show that Theorem 4.0.8 follows from it.

Proof of Theorem 4.0.8. Summing up Lemma 4.1.2 for every 1 < ¢ < n gives:

n

> _f(OPTiy) = FOPT)] < ) [£(X0) = f(Xien)] 4+ 3 _[F(Vi) = f(¥ira)] -

i=1
The above sum is telescopic. Collapsing it, we get:
f(OPTy) — f(OPT,) < [f(Xn) — f(Xo)] + [f(Yn) — f(Y0)] < f(Xn) + F(Ya) -

Recalling the definitions of OPTy and O PT,,, we obtain that f(X,) = f(Y,) > f(OPT)/3.
O
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Figure 4.1: Tight example for Algorithm 4. The weight of the dashed edges is 1 —e. All
other edges have weight of 1.

It is left to prove Lemma 4.1.2.

Proof of Lemma 4.1.2. Assume w.l.o.g that a; > b;, i.e., X; < X;_1+u; and Y; < Y,
(the other case is analogous). Notice that in this case OPT; = (OPT U X;)NY; =
OPT;_1 4 u; and Y; = Y;_1. Using both, the inequality that we need to prove becomes:

f(OPTi—1) — f(OPTi—1 +wi) < f(Xi) — f(Xiz1) = a; -

We now consider two cases. If u; € OPT, then the left hand side of the last inequality
is 0, and all we need to show is that a; is non-negative. This is true since Lemma 4.1.1
gives that a; + b; > 0, and we assumed that a; > b;.

If u; € OPT, then also u; € OPT;_1, and thus:

F(OPT;_1) — f(OPTi—1 + ;) < f(Yier —wi) — f(Yic1) =b; < a; .

The first inequality follows by submodularity: OPT;_1 = (OPTUX,_1)NY;—1) CY;_1 —
u; (recall that u; € Y;—1 and uw; € OPT;—1). The second inequality follows from our
assumption that a; > b;. O

4.1.1 Tight Example
In this section we show that the analysis of Algorithm 4 is tight.

Theorem 4.1.3. For an arbitrarily small constant € > 0, there exists a submodular func-
tion for which Algorithm 4 provides only (1/3 + €)-approximation.

Proof. The proof is done by analyzing Algorithm 4 on the cut function of the weighted
digraph given in Figure 4.1. The maximum weight cut in this digraph is {u, ug, us}. This
cut has weight of 6 —2¢. We claim that Algorithm 4 outputs the cut {ug, us, u4, us}, whose
value is only 2 (assuming the nodes of the graph are considered at a given order). Hence,
the approximation guarantee of Algorithm 4 on the above instance is:

2 1 <1+
= —4e€ .
6 — 2¢ 3—e 3

Let us track the execution of the algorithm. Let X;,Y; be the solutions maintained
by the algorithm. Initially Xg = 0, Yy = {u1, us2,us, us,us}. Note that in case of a tie
(a; = b;), Algorithm 4 takes the node u;.
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1. In the first iteration the algorithm considers u;. Adding this node to Xy increases
the value of this solution by 2 — 2. On the other hand, removing this node from Y{
increases the value of Yy by 2. Hence, X7 + Xgo,Y7 < Yy — u1.

2. Let us inspect the next two iterations in which the algorithm considers ug, us. One
can easily verify that these two iterations are independent, hence, we consider only
ug. Adding ug to X increases its value by 1. On the other hand, removing us from
Y1 = {ug, us, ug, us} also increases the value of Y7 by 1. Thus, the algorithm adds us
to Xi. Since us and ug are symmetric, the algorithm also adds ug to X;. Thus, at
the end of these two iterations X3 = X7 U {ug,us} = {ug,us},Ys = {ug, us, uq, us}.

3. Finally, the algorithm considers u4 and us. These two iterations are also independent
so we consider only us. Adding u4 to X3 does not increase the value of X3. Also
removing u4 from Y3 does not increase the value of Y3. Thus, the algorithm adds u4
to X3. Since u4 and us are symmetric, the algorithm also adds us to X3. Thus, we
get X5 =Y; = {UQ,Ug,U4,U5}. ]

4.2 A Randomized Linear Time (1/2)-Approximation Algo-
rithm for Unconstrained Submodular Maximization

In this section we present a randomized algorithm achieving a tight (1/2)-approximation
for USM, and by doing so prove Theorem 4.0.9. Algorithm 4 presented in Section 4.1
compared the marginal profits a; and b;. Based on this comparison the algorithm made
a greedy deterministic decision whether to include or exclude u; from its output. The
random algorithm we present next makes a “smoother” decision, based on the values a;
and b;. In each step, it randomly chooses whether to include or exclude w; from the
output with probability that is based on the values a; and b;. A formal description of the
algorithm appears as Algorithm 5.

Algorithm 5: RandomizedUSM(f, )

1 Xo+ 0, Yy« N.

2 fori =1 ton do

3 a; < f(Xic1 +u;) — f(Xiz1).

4 bi < f(Yie1 — ;) — f(Yie1).

5 a; < max{a;,0}, b < max{b;,0}.
6

7

with probability a}/(a} + V)" do: X; « X;_1 +u;, Vi < Yi_1.
else (with the compliment probability b;/(a} + b})) do: X; < X;_1,
Y < Yi1 —u,.

8 return X,, (or equivalently Y;,).

" If a) = b, = 0, we assume a//(a} +b}) = 1.

The rest of this section is devoted to proving that Algorithm 5 provides an approx-
imation guarantee of 1/2 to USM. Let us start the analysis of Algorithm 5 with the
introduction of some notation. Notice that for every 1 < ¢ < n, X; and Y; are ran-
dom variables denoting the sets of elements in the two solutions generated by the al-
gorithm at the end of the i-th iteration. As in Section 4.1, let us define the following
random variable: OPT; = (OPT U X;) N'Y;. Note that as before, Xg = ), Yo = A and
OPTy = OPT. Moreover, the following always happens: OPT,, = X,, = Y,,. The proof
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idea is similar to that of the deterministic algorithm in Section 4.1. We consider the se-
quence E[f(OPTy)l,...,E[f(OPT,)]. This sequence starts with f(OPT) and ends with
the expected value of the algorithm’s output. The following lemma upper bounds the loss
of two consecutive elements in the sequence. Formally, E[f(OPT;_1) — f(OPT;)] is upper
bounded by the average expected change in the value of the two solutions maintained by
the algorithm, i.c., 1/2 - E[(f(X:) — F(Xi 1)+ F(V3) — F(Yi ).

Lemma 4.2.1. For every 1 <1 <n,
1
E[f(OPT;—1) — f(OPT;)] < 5 E [(f(Xi) = f(Xiz1) + f(Y3) — f(Yi1)] (4.2)
where the expectations are taken over the random choices of the algorithm.
Before proving Lemma 4.2.1, let us show that Theorem 4.0.9 follows from it.

Proof of Theorem 4.0.9. Summing up Lemma 4.2.1 for every 1 < i < n gives:

S EIf(OPT, 1) ~ fOPT] < 5 - S EIF(X0) — F(Xi1) + (V) — F(¥i1)]
=1

i=1
The above sum is telescopic. Collapsing it, we get:

E[f(OPTy) - F(OPT,)] < & -E[f(X,) ~ £(Xo) + (Vi) - f(g)] < X+ T 00

Recalling the definitions of O PTy and O PT,,, we obtain E[f(X,,)] = E[f(Y,)] > f(OPT)/2.
O

It is left to prove Lemma 4.2.1.

Proof of Lemma 4.2.1. Notice that it suffices to prove Inequality (4.2) conditioned on any
event of the form X, 1 = S;_1, where S;_1 C {uq,...,u;—1} and the probability that
X;_1 = S;_1 is non-zero. Hence, fix such an event corresponding to a set S;_1. The rest
of the proof implicitly assumes everything is conditioned on this event. Notice that due
to the conditioning, the following quantities become constants:

1. Y, 4 :Si_1U{ui,...,un}.
2. OPT;_4 & (OPT U Xi—l) NnY,_1=5_U (OPT N {ui, e, un})
3. a; and bi.

Moreover, by Lemma 4.1.1, a; +b; > 0. Thus, it cannot be that both a;, b; are strictly less
than zero. Hence, we only need to consider the following 3 cases:

Case 1 (a; > 0 and b; <0): In this case a}/(a; +b}) = 1, and so the following always
happen: Y; =Y, = Si—1U{ui,...,u,} and X; < S;_1 +u;. Hence, f(Y;) — f(Y;—1) = 0.
Also, by our definition OPT; = (OPT U X;) NY; = OPT;—1 + u;. Thus, we are left to
prove that:

a;

f(XG) = f(Xi1)] = 2

If w; € OPT, then the left hand side of the last expression is 0, which is clearly no
larger than the non-negative a;/2. If u; ¢ OPT, then:

f(OPT;—1) — f(OPT;—1 + ;) < f(Yic1r —ug) — f(Yic1) =0, <0< a;/2 .

The first inequality follows from submodularity since OPT;_; £ (OPT U X; 1)NY; 1 C
Yi—1 — u; (note that u; € Y;_1 and u; € OPT;_1).

f(OPT;_1) — f(OPT;—1 + u;) <

N | —
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Case 2 (a; < 0 and b; > 0): This case is analogous to the previous one, and therefore,
we omit its proof.

Case 3 (a; > 0 and b; > 0): In this case a; = a;,b; = b;. Therefore, with probability
a;/(a; + b;) the following events happen: X; < X, 1 + u; and Y; « Y;_;, and with
probability b;/(a; + b;) the following events happen: X; < X;_; and Y; < Y1 — u,.
Thus,

Elf(Xi) = f(Xic1) + f(Vi) = F(Yiea)] =

g WX ) = f(Xim) o+ fYi) = f Vi)l
a; l_t bz : [f(X’Lfl) - f(lel) + f(Ygfl — ’LLZ) — f(Yzfl)]
' ' 24 2
S f(Xim ) = S (i — ) = S ()] = S
(4.3)

Next, we upper bound E[f(OPT;_1) — f(OPT;)]. As OPT; = (OPT U X;) NY;, we get,

a;

E[f(OPTi—1) — f(OPT;)] =

= [f(OPT;_1) — f(OPT;_1 + u;)]

a; + b
b;
+
a; +b;
aibi
“a;+0b

[f(OPTi—1) — f(OPTi—1 — )]

(4.4)

The final inequality follows by considering two cases. Note first that u; € Y;_1 and
u; € X;—1. If u; € OPT;_1 then the second term of the left hand side of the last inequality
equals zero. Moreover, OPT; 1 = (OPT U X;_1)NY;_1 C Y; 1 — u;, and therefore, by
submodularity,

f(OPT; 1) — f(OPTi 1 4 u;) < f(Yicr —ug) — f(Yi1) = b; .

If u; € OPT;_1 then the first term of the left hand side of Inequality (4.4) equals zero, and
we also have X;_1 C (OPTUX,;_1)NY;_1) —u; = OPT;_; —u;. Thus, by submodularity,

fOPT;—1) — f(OPT;—1 —wi) < f(Xim1 +wi) — f(Xim1) = a; -

Plugging (4.3) and (4.4) into Inequality (4.2), we get the following:

a;b; <1' <az2—|—b22>
ai+b; =2 \ai+b )’

which can be easily verified. O

4.3 A Tight (1/2)-Approximation for USM using Fractional
Values

In Section 4.2 we presented Algorithm 5 which is a randomized optimal algorithm for
USM. In this section we present Algorithm 6, which is the continuous counterpart of the
Algorithm 5. This algorithm achieves the same approximation ratio (up to low order
terms), but keeps a fractional inner state.
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We abuse notations both in the description of the algorithm and in its analysis, and
unify a set with its characteristic vector. As usual, we assume that we have an oracle
access to the multilinear extension F'. If this is not the case, then the value of F' can be
approximated arbitrarily well using sampling.

Algorithm 6: MultilinearUSM(f, )

1 29+ 0, yo < N.

2 fori =1 ton do

3 ai < F(zi—1 +{u;}) — F(zi—1).

4 b/ — F(yi-1 - {Uz} F(yi-1).

5 a} < max{a,, 0} ! < max{b;,0}.

(=]

Ti & X1+ ,+b, {uz}

7 Yi < Yi—1 — ’+b’ {Uz}

8 return a random set R(x,) (or equivalently R(yy)).

" If a) = b, = 0, we assume d//(a} + b)) = 1 and b}/(a} + b)) =

The main difference between Algorithms 5 and 6 is that Algorithm 5 chooses each
element with some probability, whereas Algorithm 6 assigns a fractional value to the
element. This requires the following modifications to the algorithm:

e The sets X;,Y; C 2N are replaced by the vectors z;,y; € [0, 1]N

e Algorithm 6 uses the multilinear extension F' instead of the original submodular
function f.

Theorem 4.3.1. If one has an oracle access to F', Algorithm 6 is a 1/2-approzimation
algorithm for USM.

The rest of this section is devoted to proving Theorem 4.3.1. Similarly to Section 4.2,
define OPT; £ (OPT V x;) A y;. Examine the sequence F(OPTy),..., F(OPT,). Notice
that OPTy = OPT, i.e., the sequence starts with the value of an optimal solution, and that
OPT, = x, = yn, i.e., the sequence ends at a fractional point whose value is the expected
value of the algorithm’s output. The following lemma upper bounds the loss of two
consecutive elements in the sequence. Formally, F(OPT;_1) — F(OPT;) is upper bounded
by the average change in the value of the two solutions maintained by the algorithm, i.e.,

1/2- [F(xi) — F(zi-1) + F(yi) — F(yi-1)]-
Lemma 4.3.2. For every 1 < i < n, F(OPT;_;) — F(OPT;) < % - [F(z;) — F(zi—1) +
F(yi) = F(yi-1)]-
Before proving Lemma 4.3.2, let us show that Theorem 4.3.1 follows from it.
Proof of Theorem 4.3.1. Summing up Lemma 4.3.2 for every 1 < i < n gives:

n n n
1

SUIF(OPT: 1)~ FOOPT)] < 5 - S [F(w) — Flai )] + 5 - S [F () — Flui)]
=1 =1 =1

The above sum is telescopic. Collapsing it, we get:

F(OPTy) ~ F(OPT,) < 5 - [F(ra) — F(ao)) + 1 - [Flyn) — F(yo)] < ol )
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Recalling the definitions of OPTy and OPT,,, we obtain that F'(z,) = F(y,) > f(OPT)/2.
O

It is left to prove Lemma 4.3.2.

Proof of Lemma 4.5.2. By Lemma 4.1.1, a; + b; > 0, therefore, it cannot be that both
a;, b; are strictly less than zero. Thus, we have 3 cases to consider.

Case 1 (a; > 0 and b; <0): In this case a/(a; + b;) = 1, and so y; = yi—1, x; <
xi—1V{u;}. Hence, F(y;) — F(y;—1) = 0. Also, by our definition OPT; = (OPTV x;) Ay; =
OPT;_1 V {u;}. Thus, we are left to prove that:

F(OPT,_1) — F(OPT,1 V {u;}) < % (F(a) — F(ai)] = ai/2 |

If u; € OPT, then the left hand side of the above equation is 0, which is clearly no
larger than the non-negative a;/2. If u; ¢ OPT, then:

F(OPTZ_1> — F(OPTZ‘_l V {’U,Z}) < F(yi_l — {uz}) — F(yi_l) =b; <0< ai/2 .

The first inequality follows from submodularity since OPT;—1 = ((OPT V x;—1) AN yi—1) <
yi—1 — {u;} (note that in this case (yi—1)y, = 1 and (OPT;_1),, = 0).

Case 2 (a; < 0 and b; > 0): This case is analogous to the previous one, and therefore,
we omit its proof.

Case 3 (aiZOandb > 0): In this case a] = a;,b, = b; and so, x; < z;_ 1+a+b {u;}

and y; < y;_1 — -{u;}. Therefore, we have,

a; +b
a; bi
F(l‘z) — F({Bi_l) = b - F(zi—1V {Uz}) + o+ b . F({Bi_l) — F(J}i_l) (4.5)
2
473 . a;
= [P () - Pl =

A similar argument shows that:

b2

. 4.6
a; + b; (46)

F(yi) — F(yi—1) =

Next, we upper bound F(OPT;_1) — F(OPT;). For simplicity, let us assume u; ¢ OPT
(the proof for the other case is similar). Recall, that OPT; = (OPT V ;) A y;.

- {w) (4.7)

F(OPT,_y) — F(OPT,) = F(OPT,_y) — F(OPT;_1 V

’L

— POPT, ) — [ai 5 FOPT v ()
* a; -ii b F(Opﬂ_l)]
- a‘i y [F(OPT;—1) — F(OPT;—1 V {u;})]
< U Pl — i)~ Flion)] = 22
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The inequality follows from the submodularity of f since,
OPT;—1 = ((OPT V xi—1) ANyi-1) < yi-1 — {ui}

(note again that in this case (y;—1)y, = 1 and (OPT;_1),, = 0). Plugging (4.5), (4.6) and
(4.7) into the inequality that we need to prove, we get the following:

a;b; < 1 ‘ a? + b?

ai+b; — 2 ai+b

)

which can be easily verified. O

4.4 Linear Time Approximations for Submodular Max-SAT and
Submodular Welfare with 2 Players

In this section we build upon ideas from the previous sections to obtain linear time
tight (3/4)-approximation algorithms for both the Submodular Max-SAT (SSAT) and the
Submodular Welfare (SW) with 2 players problems. Tight approximations for these prob-
lems were also given in Sections 3.3.4 and 3.3.5 above. However, the algorithms we present
here, in addition to having optimal approximation ratios, also run in linear time.

4.4.1 A Linear Time Tight (3/4)-Approximation for Submodular Max-SAT

Recall that in Submodular Max-SAT we are given a CNF formula ¥ with a set C of clauses
over a set N of variables, and a normalized monotone submodular function f : 2¢ — Rt
over the set of clauses. Given an assignment ¢ : N' — {0,1}, let C(¢) C C be the set of
clauses satisfied by ¢. The goal is to find an assignment ¢ that maximizes f(C(¢)).

Like in Section 3.3.4, we extend the notion of assignments, and think of an extended
assignment ¢’ which is a relation ¢/ C A x {0,1}. That is, the assignment ¢’ can assign
up to 2 truth values to each variable. A clause C' is satisfied by an (extended) assignment
¢, if there exists a positive literal in the clause which is assigned to truth value 1, or there
exists a negative literal in the clause which is assigned a truth value 0. Note again that it
might happen that some variable is assigned both 0 and 1, or no value at all. Note also,
that an assignment is a feasible solution to the original problem if and only if it assigns
exactly one truth value to every variable of . Let C(¢') be the set of clauses satisfied
by ¢'. We define g : N x {0,1} — RT using g(¢') 2 f(C(¢')). Using the above notation,
it is possible to restate SSAT as the problem of maximizing the function g over the set of
feasible assignments. Recall the following lemma from Section 3.3.4.

Lemma 3.3.7. The function g is a normalized monotone submodular function.

The algorithm we design for SSAT conducts n iterations. It maintains at each iteration
1 < i < n two assignments X; and Y; which always satisfy: X; C Y;. Initially, Xo = 0
assigns no truth values to the variables, and Yy = N x {0, 1} assigns both truth values to
all variables. The algorithm considers the variables in an arbitrary order ui,us, ..., u,.
For every variable u;, the algorithm evaluates the marginal profit from assigning it only
the truth value 0 in both assignments, and assigning it only the truth value 1 in both as-
signments. Based on these marginal values, the algorithm makes a random decision on the
truth value assigned to wu;. After the algorithm considers a variable u;, both assignments
X,; and Y; agree on a single truth value for u;. Thus, when the algorithm terminates both
assignments are identical and feasible. A formal statement of the algorithm appears as
Algorithm 7.
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Algorithm 7: RandomizedSSAT(f, ¥)

Xo 0, Yo+ N x {0,1}.

fori =1 ton do

aio < 9(Xi—1 + (ui,0)) — g(Xi-1),ai1 < g(Xi—1 + (us, 1)) — g(Xi-1).

bio < g(Yic1 — (u3,0)) —g(Yi—1),bi1 < g(Yie1 — (us, 1)) — g(Yio1).

Si0 < max{ai,() + bi,l, 0}, Si1 < max{am + bi,Oa 0}.

with probability 81‘70/(81‘70 + 8i71)* do: X; « X;_1+ (ui, 0), Y, <Y, 1— (ui, 1).
else (with the compliment probability s;1/(sio + si,1)) do:

Xi+— Xio1+ (uiy 1), Y; < Yio1 — (u;,0).

9 return X, (or equivalently Y;,).

® N OO ok W N =

*
If s;0 = si1 =0, we assume s;0/(s;0 + si1) = 1.

The proof of the Theorem 4.0.10 uses similar ideas to previous proofs in this paper,
however, unlike for the previous algorithms, here, the fact that the algorithm runs in linear
time requires a proof. The source of the difficulty is that we have an oracle access to f, but
use the function g in the algorithm. Therefore, we need to prove that we may implement
all the oracle queries to g that are conducted during the execution of the algorithm in
linear time. As a first step we state the following useful lemma.

Lemma 4.4.1. For every 1 <1 <n,

E[g(OPT;—1) — g(OPT})] < 5 -E[(9(X;) — 9(Xi—1) + g(Yi) — 9(Yi1)] (4.8)

N |

where expectations are taken over the random choices of the algorithm.
Before proving Lemma 4.4.1, let us show that Theorem 4.0.10 follows from it.

Proof of Theorem 4.0.10. The proof has two parts: bounding the approximation ratio of
the algorithm, and analyzing its running time.

Proof of the approximation ratio of the algorithm: Summing up Lemma 4.4.1 for
every 1 <1 <n we get,

S EG(OPT: 1)~ g(OPT)] < 5 - S Elo(X0) — 9(Xi 1) + 6(¥i) — g(%i )] -
i=1 i=1

The above sum is telescopic. Collapsing it, we get:

E[g(OPTy) — g(OPT,)] < 5 - E[g(Xn) — 9(Xo) + g9(Yn) — 9(Yo)]

< Elg(Xn) + 9(Yn) — 9(¥0)]
< 5 .
Recalling the definitions of OPTy and OPT,,, we obtain that:

1
2
E

E[g(Xn)] = E[g(Yn)] > g(OPT)/2 + g(Yo) /4

The approximation ratio now follows from the observation that Yj satisfies all clauses of
U, and therefore, g(Yy) > g(OPT).
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Proof of the linear running time of the algorithm: We explain here how to answer
all oracle queries of the algorithm of the forms ¢(X;_1) and ¢g(X;—1+ (u;,v)) in linear time.
Using an analogous idea, one can also answer all oracle queries of the of the forms g(Y;_1)
and ¢(Y;—1 — (uj,v)) in linear time.

The algorithm first pre-process the clauses, and creates for every variable a list of the
clauses that are satisfied if the truth value of the variable is set to 0, and another list with
the clauses that are satisfied if the truth value of the variable is set to 1. Notice that this
can be done in time linear in the length of the formula W.

Additionally, the algorithm maintains a set C' C C of clauses satisfied by X;_1. Initially
this set is empty. To evaluate the queries of the forms ¢g(X;_1) and g(X;—1 + (u;,v)), the
algorithm has to respond to three types of events.

e A query of the form g(X;_1) is answered by making an oracle query f(C).
e A query of the form g(X;_1 + (u;,v)) is answered using a three steps process.
1. Adding all the clauses from the list of clauses satisfied by {u;,v} to C. The
clauses that are new to C are kept in a side list L.
2. Making an oracle query f(C).
3. Removing the clauses of L from C.

e When the assignment X;_; is replaced with a new assignment X, 1 + (u;,v), the
algorithm adds to C' all clauses satisfied by {u;,v}.

Notice that each list is used for responding to at most 2 events. Hence, the time required
to respond to all events is O(n) plus time proportional to the total length of the lists
(which is linear in the length of ).

Remark: In order for the above implementation to work efficiently, we must maintain
the set C' using a data structure which supports performing the following operations in
constant time: “adding an element”, “removing an element” and “checking the existence
of an element”. One possible such data structure is, e.g., an array. O

It is left to prove Lemma 4.4.1.

Proof. Notice that it suffices to prove Inequality (4.8) conditioned on any event of the
form X; 1 = S;_1, where S;_1 C {(uq,*), (u2,%),..., (u;—1,%)} and the probability that
X,—1 = S;j_1 is non-zero (note that according to the algorithm’s definition X;_; contains
exactly a single element of the form (u;,*) for every 1 < j < i —1). Hence, fix such
an event corresponding to a S;—1. The rest of the proof implicitly assumes everything is
conditioned on this event. Notice that due to the conditioning, the following quantities
become constants:

4 }/Z'—l = Si—l U {(’U,Z, 0)7 (Ui, 1)) SRR (un7 0)7 (urm 1)}
e OPT, 1 = (OPTUXZ‘_l)ﬂY%_l.
® a;o, ai1, bio, and b; 1.

Moreover, by Lemma 4.1.1, a; 0+ b; o > 0 and a;1 +b;1 > 0. Thus, s;0+s;1 > 0, and
it cannot be that both s; o, s; 1 are strictly less than zero. Hence, we only need to prove
the lemma for the following 3 cases:

43



Case 1 (si0 >0 and s;; <0): In this case %0 __ — 1, and the following always

S4,0+Si,1

happen: Y; =Y;_1 — (u;,1) and X; < X;_1 + (u;,0). Hence,

9(Xi) — g9(Xi—1) + g(V3) — g(Yie1) = sipo = aio + bi1 .

By our definition OPT; = (OPT U X;)NY; = OPT;—1 + (u;,0) — (u;, 1). Thus, we are left
to prove that:

—_

g(OPT;_1)—g(OPT;—1+ (i, 0) — (u, 1)) < 5‘[Q(Xi)_g(Xi—l)""g(Yi)_Q(Yi—l)] =50/2 .

There are two case. If (u;,0) € OPT,(u;,1) ¢ OPT, then the left hand side of the
last expression is 0, which is clearly no larger than the non-negative s;0/2. If (u;,0) ¢
OPT, (u;,1) € OPT, then,
g(OPT;—1) — g(OPTi—1 + (u;,0) — (ui, 1)) = (9(OPTi—1) — g(OPT;—1 + (u;, 0))
+ (9(OPTi—1 + (us, 0) = g(OPTi1 + (ui,0) — (ui, 1))
< g(Xi-1+ (i, 1)) — g(Xi—1) + g(Yie1 — (u3,0)) — g(Yi—1) = 511 <0 <si0/2 .

The first inequality follows from submodularity since X;_; € OPT;_1 + (u;,0) — (u4, 1),
OPT;—1 C Y1 — (u;,0).

Case 2 (sj0 < 0 and s;; > 0): This case is analogous to the previous one, and therefore,
we omit its proof.

Case 3 (sip > 0 and s;; > 0): In this case s;0 = a;0 + b1, i1 = a;1 + bip and so,

Elg(Xi) — 9(Xi—1) +9(Y3) — g(Yi1)]

s
= —— [g(Xi1 + (i, 0)) = g(Xi1) + 9(Yioa — (ui, 1)) — g(Yi1)]
83,0 + 84,1
S
— L (X + (uiy 1) — g(Xim1) + 9(Yie1 — (u3,0)) — g(Yi_1)]
83,0 + 84,1
52+ 82
— %0 Tl (4.9)
83,0 T Si 1

Next, we upper bound E[g(OPT;_;) — g(OPT;)]. As OPT; = (OPT U X;)NY; and given
the random choices of the algorithm that modify X;_; and Y;_1, we get:

Si’
Elg(OPT;-1) = g(OPT)] = =2 - [g(OPT;-1) = g(OPTo1 + (uiy 0)} = (i, 1)]
Si
ooy [9OPT1) = g(OPT- + (uis1) = (w3, 0)]
< % . (4.10)
53,0 T Si,1

The final inequality follows by considering two cases. Note first that {(u;,0), (u;, 1)} C
Y,_1 and {(ui,O),(ui,l)} NX,_1 =o. If (’LLZ',O) ¢ OPT;_1 and (ui,l) € OPT;_q then
the second term of the left hand side of the last inequality is zero. Moreover, OPT; | =
(OPTUX;—1)NY;—1) CY;—1 — (u;,0). Thus, by submodularity,

9(OPT;_1) — g(OPT;_1 + (u;,0) — (u;, 1))
< g(Xio1+ (ui, 1)) — g(Xiz1) + g(Yier — (u3,0)) — g(Yio1) = si1 -

)
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The other case is analogous. Plugging (4.9) and (4.10) into Inequality (4.8), we get the

following;:
Si08i1 1 (5?,0 + 5%,1)
sio+tsi1 — 2 \ S0+ Si
which can be easily verified. O

A Note on Max-SAT: The well known Max-SAT problem is in fact a special case of SSAT
where f is a linear function. We note that Algorithm 7 can be applied to Max-SAT in order
to achieve a (3/4)-approximation in linear time, however, this is not immediate. This
result is summarized in the following theorem.

Theorem 4.4.2. Algorithm 7 has a linear time implementation for instances of Maz—SAT.

Proof. Consider the way oracle queries of g are answered in the proof of Theorem 4.0.10.
The only use of queries to f made by this proof is in order to evaluate f(C) - the total
weight of the clauses in the set C. In order to avoid these queries, one can use a counter
w(C) which holds the total weight of the clauses in C. Such a counter can be updated in
constant time whenever a clause is either added or removed from C. Using this counter,
one has an immediate access to the value of f(C) at all times, in O(1) time. O

4.4.2 A Linear Time Tight (3/4)-Approximation for Submodular Welfare
with 2 Players

Recall that the input for the Submodular Welfare problem consists of a ground set N of
n elements and k players, each equipped with a normalized monotone submodular utility
function f; : 2N 5 R*T. The goal is to partition the elements among the players while
maximizing the social welfare. Formally, the objective is to partition N into N1, Na, ..., N}
while maximizing Zi?:l fiNV).

We give below two different short proofs of Theorem 4.0.11 via reductions to SSAT
and USM, respectively. The second proof is due to Vondrék [79].

Proof of Theorem 4.0.11. We provide here two proofs.

Proof (1): Given an instance of SW with 2 players, construct an instance of SSAT as
follows:

1. The set of variables is A.
2. The CNF formula ¥ consists of 2|\/| singleton clauses; one for every possible literal.

3. The objective function f : 2¢ — R™ is defined as following. Let P C C be the set of
clauses of ¥ consisting of positive literals. Then, f(C) = fi1(CNP)+ fo(CN(C\ P)).

Every assignment ¢ to this instance of SSAT corresponds to a solution of SW using
the following rule: N7 = {u € N|¢(u) = 0} and Ny = {u € N|¢(u) = 1}. One can easily
observe that this correspondence is reversible, and that each assignment has the same value
as the solution it corresponds to. Hence, the above reduction preserves approximation
ratios.

Moreover, queries of f can be answered in constant time using the following technique.
We track for every subset C' C C in the algorithm the subsets C N P and C N (C\ P). For
Algorithm 7 this can be done without effecting its running time. Then, whenever the value
of f(C) is queried, answering it simply requires making two oracle queries: f1(C'N P) and

fL(CN(C\P)).
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Proof (2): In any feasible solution to SW with two players, the set A7 uniquely deter-
mines the set N5 = N — Nj. Hence, the value of the solution as a function of N is given
by g(N1) = fiN1) + fo(N — N7). Thus, SW with two players can be restated as the
problem of maximizing the function g over the subsets of N.

Observe that the function g is a submodular function, but unlike f; and fs, it is possibly
non-monotone. Moreover, we can answer queries to the function g using only two oracle
queries to f; and fo.! Thus, we obtain an instance of USM. We apply Algorithm 5 to this
instance. Using the analysis of Algorithm 5, as is, provides only a (1/2)-approximation
for our problem. However, by noticing that g(&) + g(N) > fi(N) + f2(N) > g(OPT),
and plugging this into the analysis, the claimed (3/4)-approximation is obtained. O

!For every algorithm, assuming a representation of sets allowing addition and removal of a single element
at a time, one can maintain the complement sets of all sets maintained by the algorithm without changing
the running time. Hence, we need not worry about the calculation of N' — N.
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Chapter 5

k-Exchange Systems

Recall that a set system is a pair (N, Z), where N is, as usual, a ground set, and Z C oN
is a collection of subsets of N'. The collection Z must obey the following two properties:

e Non-empty: Z # (.
e Monotone: If AC B €7, then A € Z.

If S € Z, we say that S is independent. A minimally dependent set is called circuit. A
matroid is a set system with the following extra property:

e Matroid Exchange: If A, B € Z and |A| < |B|, then there exists an element u € B
for which A +wu € 7.

In this section we consider other classes of set systems. The most common classes of set
systems form a hierarchy:

k-intersection C k-circuit bound C k-extendible C k-system .

A set system belongs to the k-intersection class if it is the intersection of & matroids
defined over a common ground set. The other classes extend this definition. The class of
k-circuit bound contains all set systems in which adding a single element to an indepen-
dent set creates at most k circuits. It is known that in a matroid, adding an element to an
independent set creates at most a single circuit [74]. Therefore, adding an element to an
independent set in a k-intersection system closes at most k circuits, one per matroid. This
shows why the k-circuit bound class generalizes k-intersection. The class of k-extendible,
intuitively, captures all set systems in which adding an element to an independent set
requires throwing away at most k other elements from the set (in order to keep it indepen-
dent). This generalizes k-circuit bound because in k-circuit bound we need to throw at
most one element per circuit closed (i.e., up to k elements). Finally, the class of k-system
contains all set systems in which for every set, not necessarily independent, the ratio of
the sizes of the largest base of the set (a base is a maximal independent subset) to the
smallest base of the set is at most k.

It is no surprise that for any given k, the best approximation factors known for find-
ing an independent set maximizing a submodular function are known for k-intersection.
Moreover, this is the case also for linear and monotone objective functions. An inter-
esting question is whether it is possible to obtain improved approximations (e.g., those
known for k-intersection) to combinatorial optimization problems defined by set systems
not belonging to the k-intersection class.
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Algorithms maximizing submodular and linear objective functions for set systems
within the hierarchy usually use one of two techniques. The first technique is to use
a greedy rule. This approach was used by [16, 36] on the k-system class, resulting in ap-
proximation ratios of (k+ 1)~! (for monotone submodular objectives) and k~! (for linear
objectives). Of course, these approximation ratios extend to all classes in the hierarchy.

The second approach involves a more delicate local search argument. This technique
has been used, e.g., by Lee et al. [62] to improve upon the two previously mentioned
results. However, it is known to work only for the k-intersection class, and the proof does
not seem to be extendible to other classes in the hierarchy since it relays heavily on the
structure of matroids intersection.

In this section we define the new k-exchange class. This class contains many interesting
set systems which do not fall into the k-intersection class. Yet, we are able to show that
the algorithm of Lee et al. [62] works for this class also, and provides for this class exactly
the same approximation which it is proved to provide for the k-intersection class.

5.1 k-exchange: definition and relations with other set sys-
tems

Here is the promised definition of k-exchange.

Definition 5.1.1 (k-exchange system). An set system (N,Z) is a k-exchange system if,
for all S and T in I, there exists a multiset Y ={Y, C S\T | u e T\ S} such that:

(K1) |Yy| <k for eachue T\ S.
(K2) Everyu € T\ S appears in at most k sets of Y.
(K3) For all ' C T\ S, (S\ (Uyep Yu)) UT' €T

Mestre shows that 1-extendible systems are matroids, and vice versa [66]. We can
provide a similar motivation for k-exchange systems in terms of strongly base orderable
matroids (which is derived from a work by Brualdi and Scrimger on exchange systems
[13, 11, 12]).

Definition 5.1.2 (strongly base orderable matroid [12]). A matroid M is strongly base
orderable if for all bases S and T of M there exists a bijection w: S — T such that for all
S'C S, (T\7w(S"))uUS is a base.

If we restrict S’ to be a singleton set in this definition, i.e., a replacement of a single pair
of elements between the bases, then the above definition always holds due to a well-known
result of Brualdi [10]. In a strongly base orderable matroid, the above definition holds for
arbitrary S’, i.e., multiple replacements can be performed simultaneously, while keeping
the independence of the bases. This simultaneous replacement property is exactly what
we want for local search, as it allows us to extend the local analysis of single replacements
to the larger sets of replacements required by our algorithms.

The following theorem is easily obtained by equating Y,, in Definition 5.1.1 with the
singleton set {m(u)}, where 7 is as in Definition 5.1.2.

Theorem 5.1.1. An independence system (N, T) is a strongly base orderable matroid if
and only if it is a 1-exchange system.

One can easily check that the graphic matroid of the cycle Cy is not strongly base
orderable, and so provides a proof for the following corollary.
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Corollary 5.1.2. There exists a matroid which is not a 1-exchange system.

In other words, the above corollary implies that k-intersection is not a subset of k-
exchange. This naturally raises the question whether the opposite is true, i.e., whether
k-exchange is a subset of k-intersection. Before answering this question, let us recall that
k-intersection is a subset of k-circuit bound, formally defined next.

Definition 5.1.3. A set system (N, Z) belongs to the class of k-circuit bound if for every
S €T and everyu € N'\ S, S+ u contains at most k circuits (minimally dependent set).

Theorem 5.1.3. There exists a 2-exchange set system which is not 2-circuit bound.

Proof. Consider the ground set N' = {a, b, ¢,d}, and the following collection of maximal
independent sets: Z' = { {a, b}, {a, c},{a,d}, {b,c,d} }. Let the collection Z of independent
sets be all the subsets of sets in Z’. Note that {b,¢,d} is independent, yet {a} U {b, c,d}
contains three circuits: {a,b,c}, {a,b,d} and {a,c,d}. Therefore, (N,Z) is not 2-circuit
bound.

We are left to prove that (NV,Z) is 2-exchange. Clearly, this is a set system since it
is non-empty and monotone. Hence, we are left to prove the properties introduced by
Definition 5.1.1. Notice that it is enough to check pairs of sets from Z’ because if two sets
S and T satisfy the above properties, then so does any two subsets of them. Moreover,
since elements b, ¢ and d are symmetric, we have to consider only the following cases. For
S ={a,b} and T = {b, ¢, d}, choosing Y, = Yy = {a} completes the case. For S = {b,c,d}
and T = {a,b}, choosing Y, = {¢,d} completes the case. And lastly, for S = {a,b} and
T = {a,c}, choosing Y. = {b} completes this case also. We conclude that (N,Z) is a
2-exchange set system. O

The above theorem proves that k-exchange is not a subset of k-circuit bound, and
therefore, also not a subset of the smaller k-intersection. Conversely, the next theorem
proves that the next class of set systems in the hierarchy, k-extendible, is general enough
to capture all k-exchange systems.

Definition 5.1.4. A set system (N,Z) belongs to the class of k-extendible if for every
S CT eI and everyu € N such that S+ u € Z, there exists a set Y C T\ S of size
Y| <k such that T\'Y +u € Z.

Theorem 5.1.4. Fvery k-exchange system is a k-extendible system.

Proof. By definition, (A,Z) is non empty and monotone. Let S,T € Z and v € N
such that T+ u € Z. Assume u ¢ S, otherwise the proof is finished. By property 3 of
Definition 5.1.1 for S and T + u, there exists Y,, C S\ (T'+ u) = S\ T such that |Y,| <k
and S\ Y, +u € Z (choose T" = {u}). O

Figure 5.1 depicts the relations between the different set system classes.

Figure 5.1: Exact characterization of the k-exchange class within the standard set system hierar-
chy. A - Corollary 5.1.2, B - Theorem 5.1.3, C - bipartite matching.
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5.2 Maximizing a Monotone Submodular Function

The problem of optimizing a normalized monotone submodular function over the inter-
section of k matroids was considered by Fisher et al. [36] who gave a greedy algorithm
with an approximation factor of 1/(k + 1). Fisher et al. [36] also state that their proof
extends to the more general class of k-system using the outline of [50] (the extended proof
is explicitly given by [16]). Lee et al. [62], showed that, for intersection of k matroids,
a natural local search algorithm improves over the above result, and achieves 1/(k + §)-
approximation, for any constant § > 0. Their analysis make heavy use of the exchange
properties of the underlaying combinatorial structure, and therefore, cannot be extended
to the more general classes of k-circuit bound and k-extendible. For these classes, the
current best known approximation is still the 1/(k 4+ 1) of [36].

In this section we show that the local search algorithms of [62] provides the same
approximation ratio of 1/(k + 0) also for maximizing a normalized monotone submodular
function over a k-exchange system. However, unlike the analysis of [62] which uses matroid
intersection techniques, our analysis goes through a counting argument applied to an
auxiliary graph. Finding a unified analysis that works for both types of set systems is an
interesting open question. It should be noted that the time complexity of the algorithm
we analyze is exponential in k, thus, k is assumed to be a constant. Indeed, k is a small
constant in our applications (refer to Table 5.1 for the exact values of k).

Let us present the algorithm we analyze. The following directed graph is used by the
algorithm:

Definition 5.2.1. Given a k-intersection/k-exchange set system (N,Z), S, T € I, >0
and p € N, T is (e,p)-reachable from S if the following conditions are satisfied:

1. |T\ S| <p.
2. 1S\T| < (k—1)p + 1.
3. f(T) = (1 +¢/INT) £(5).

Definition 5.2.2. Given a k-exchange system (N, Z), € > 0 and p € N, the (e, p)-graph of
(N, Z) is a directed graph G = (Z,E) where (S — T) € € if and only if T is (e, p)-reachable
from S.

Algorithm 8 starts from a vertex in G and tours the graph arbitrarily until finding a sink
vertex S. The algorithm than outputs S.

Algorithm 8: Local-Search-k-Exchange((N,Z), ¢, p)

// Starting Point
1 u <« argmax {f ({u}) | ueN}.
2 S+ {u}.
// Touring G
Let G = (Z,€) be the (e,p)-graph of (N,T).
while 3(S — T) € £ do
| S« T.

6 Output S.

[SL TN

It is important to note that the starting point of S is an independent set. Otherwise u € A/
chosen in step 1 does not belong to any independent set (recall that (N, Z) is monotone),
and therefore, can be removed from (N, 7).
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The size of of G might be exponential since |Z| might be exponential. However, one
can show that the algorithm terminates in polynomial time.

Lemma 5.2.1. For any constants k, 0 < ¢ < |N| and p € N, Algorithm 8 terminates in
polynomaial time.

Proof. First, consider the time needed to perform a single step while touring G. In such a
single step, the goal is to determine whether there is an edge (S — T') € £. For any given
S € Z, there are at most |N|9*P) possible T € Z for which T might be (g, p)-reachable
from S. Since k and p are constants, the time needed to perform a single step is polynomial
in n.

Second, we bound the number of steps while touring G. Denote by S; the vertex in
G reached after conducting i steps and by Sy the initial vertex. Let M be the number of
steps the algorithm makes. Since the value of the current vertex improves in each step
(condition 3 in Definition 5.2.1), we get that: f(S;) > (1 +¢/|N|)?f(So). On the other
hand, by the choice of Sy and the submodularity of f, for any S € Z: f(S) < |N|f(So)-
Combining both bounds we can conclude that:

3

In |V| (!N\logW\)

1 NDMF(So) < IN|f(So) = M< =0 .
Therefore, since ¢ is a constant, the number of steps the algorithm makes while touring G
is polynomial in |A]. O

The following is the main result of [62].

Theorem 5.2.2 (From [62]). Algorithm 8 provides (k + ke + 1/p)~‘-approzimation for
mazximizing a monotone submodular function over k-intersection.

Using the right choice of ¢ and p, this approximation guarantee can be made (k+§)~*
for an arbitrary small §. The analyze we present next shows that the same approximation
holds also for k-exchange set systems. The following theorem is a key ingredient of the
analysis. Its use is restricted to the analysis only. No actual construction of P(G,k, h) is
needed.

Theorem 5.2.3. Let G be an undirected graph whose maximum degree is at most k > 2.
Then, for every h € N there exists a multiset P(G, k, h) of simple paths in G and a labeling
0:V xP(G,k,h) — {0,1,2,...,h} such that:

1. For every P € P(G,k,h), the labeling £ of the nodes of P is consecutive and increas-
ing with labels from {1,2,...,h}. Vertices not in P receive label ().

2. For every P € P(G,k,h) and v in P, if degc(v) = k and ¢(v, P) ¢ {1,h}, then at
least two of the neighbors of v are in P.

3. For every v € V and label i € {1,2,...,h}, there are n(k,h) = k - (k — 1)"=2 paths
P € P(G,k,h) for which £(v, P) = i.

Note for condition 2, v might be an end vertex of a path P, but still have a label different
from 1 and A. This might happen since paths might contain less than h vertices and start
with a label different from 1 or end with a label different from h.

Let us provide some intuition as to why the construction of P(G,k,h) is possible.
Assume that the degree of every vertex in G is exactly k and that G’s girth is at least h.
Construct the multiset P(G, k, h) in the following way. From every vertex u € V', choose
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all possible paths starting at v and containing exactly h vertices. Number the vertices of
these paths consecutively, starting from 1 up to h. First, note that all these paths are
simple since the girth of G is at least h and all paths contain exactly h vertices. Second,
the number of paths starting from w is: n(k,h) = k- (k — 1)"=2, since all vertices have
degree of exactly k. Third, the number of times each label is given in the graph is exactly
n - n(k,h). Since the number of vertices at distance i, 1 < i < h, from each vertex u is
identical, the labels are distributed equally among the vertices. Thus, the number of paths
in which a given vertex u appears with a given label, is exactly n(k, h). This concludes
the proof of the theorem in case G has the above properties. For a proof that works for
general graphs, see Section 5.2.1.

Let S,T € T be two arbitrary independent sets. Construct the following bipartite
graph Ggr = (S\T,T\ S, E), where E = {(u,v/) |ue T\ S,u' €Y,}. The following
observation implies that Theorem 5.2.3 can be applied to G 7.

Observation 5.2.4. For any k-exchange system (N,Z) and S,T € I, the mazimum
degree in Gs is at most k.

Proof. Follows from the first two properties of Definition 5.1.1. O

Choosing h = 2p gives a multiset P(Gg 1, k, 2p) of simple paths in G and a labeling
C: (SAT) x P(Gsr,k,2p) — {0,1,2,...,2p} with all the properties guaranteed by The-
orem 5.2.3. We use P(Gg,r,k,2p) to construct a new multiset P’ of subsets of vertices of
G . Intuitively, P’ is the collection of all paths in P(Gg 1, k, 2p) with an extra “padding”
of vertices from S that surround P, excluding “paths” composed of a single vertex from
S.

Formally, let P € P(Ggsr,k,2p). If P contains at least one vertex from T, then add
to P’ the set P U dg\r(P), where dg\p(P) € S\ T is the set of vertices in S\ T" which
neighbor at least one vertex of P. If P does not contain any vertex of 7', do not add
anything to P'.

The following Lemma is an application of the properties Theorem 5.2.3 give to P.

Lemma 5.2.5. Every vertex u € T'\ S appears in 2p-n(k,2p) sets of P', and every vertex
u € S\T appears in at most 2 ((k —1)p+ 1) - n(k,2p) sets of P'.

Proof. By property 3 of Theorem 5.2.3, every vertex u € T\ S appears in n(k,2p) paths
of P(Gs1,k,2p) for every possible label. Since there are 2p possible labels, the number
of appearances is exactly 2p-n(k,2p). In the creation of P’ from P(Ggr,k,2p), no vertex
from T\ S is added or removed from any path P € P(Gsr,k,2p), thus, this is also the
number of appearances of every vertex w € T'\ S in P’. This completes the proof of the
first part of the lemma.

Let v’ € S\ T. By the construction of P’, a set in P’ that contains v must contain a
vertex u € T\ S where (u,u') € E (u is a neighbor of v’ in Ggr). Every such neighboring
vertex u, by the first part of the lemma, appears in exactly 2p-n(k, 2p) sets in P’. Therefore,
the number of appearances of v in sets of P’ is at most: deggy . (v') - 2p - n(k,2p) <
2pk - n(k,2p) (here we use the fact that deggg . (u') < k by Observation 5.2.4). We can
improve this bound by observing that some of the sets in P’ are counted more than
once. Consider P € P(Ggr,k,2p) where v’ € P. If {(u/, P) # {1,2p}, by property 2 of
Theorem 5.2.3, u’ has at least two neighbors in T\ S which belong to P itself. Hence,
PUds\r(P) € P’ should be counted only once while in the above counting it was counted
at least twice. The number of such P € P(Gsr,k,2p) is exactly 2(p — 1) - n(k,2p) (by

INote that this implies that this vertex is from 7"\ S since Gg,r does not contain vertices from SN 7T.
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property 3 of Theorem 5.2.3). Removing the double counting from the bound, we can
conclude that for every u/ € S\ T, the number of sets in P’ it appears in is at most:

2pk - n(k,2p) —2(p—1) -n(k,2p) =2((k — 1)p+1) - n(k,2p) . O

Note: In the proof of Theorem 5.2.9 we need each vertex u' € S\ T to appear in
exactly 2 ((k — 1)p + 1) -n(k, 2p) sets in P’. This can be achieved by adding “dummy” sets
to P’ containing u’ alone.

Given two independent sets S, T € Z, the following lemma shows that the symmetric
difference of SAP’ is also an independent set, for any P’ € P’.

Lemma 5.2.6. Let (N,Z) be a k-exchange system, S, T € Z and P' € P'. Then SAP' €
7.

Proof. Let u € P" where u € T'\ S. Note that P’ contains all neighbors of u in G 1 (since
P’ € P’). By the definition of Gg 1 these neighbors are exactly the set Y,. Therefore,

SAP C (S (Ueep¥o)) U (P 0T\ 9)

Since S,T € T and (N,Z) is a k-exchange system, by Definition 5.1.1, the right hand
side of the above expression is an independent set. By monotonicity, we conclude that
SAP' €1T. O

At this point we need the following two technical lemmata from [62]:

Lemma 5.2.7 (Lemma 1.1 in [62]). Let f be a non-negative submodular function of N.
Let 8" C S C N and let {T;},_; be a collection of subsets of S\ S’ such that every
elements of S\ " appears in evactly k of these subsets. Then, >_, [f(S) — f(S\ T¢)] <
k(f(S) = f(5).

Lemma 5.2.8 (Lemma 1.2 in [62]). Let f be a non-negative submodular function of N.
Let S C N, C CN and let {T;},_, be a collection of subsets of C'\ S such that every
elements of C'\ S appears in exactly k of these subsets. Then, Zzzl [f(SUTy) — f(S)] >
k(f(SUC) = f(9))-

We are now ready to state our main theorem. Denote by Sarg the output of Algo-
rithm 8.

Theorem 5.2.9. For every T' € T and every submodular f:
1 1
f(SarcUT) + <k—1+p> f(SaraNT) < <k+p+ks) - f(SaLa) -

Let us give some intuition as to how the above theorem is proved. Given Sarg and
an independent set T' € Z, Lemma 5.2.6 states that S4;cAP’ is independent for every
P" € P'. Additionally, note that the construction of P’ from G (Gs,,,.1,k,2p) implies
that all size conditions of Definition 5.2.1 are met. Thus, SargAP’ is (g, p)-reachable
from Sarq, i.e., (Sarg — SarcAP') € £ However, since Algorithm 8 terminated with
Sara, it must be the case that Sarg is approximately “locally optimal”, and therefore,
approximately f(Sarg) > f(SarcAP).

Every element of P’ represents a part of the difference between S and T. The above
discussion implies that none of these elements improves the value of Sarqg significantly,
and therefore, we expect that all of them together will not make a significant improvement
also; or in other words we expect T itself to provide only an insignificant improvement
over Sarc. Applying now the quantitative bounds of Lemma 5.2.5 to P’, along with some
additional observations, is what is needed to make this argument formal, and complete
the proof of Theorem 5.2.9.
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Proof of Theorem 5.2.9. Let P’ € P’ where P’ is the set generated from P(Gs,, .1, k, 2p).
Note that P’ contains only vertices from SargAT, by the construction of P’. Addition-
ally, (SargAP')\ Sarg = P\ Sarg, and by the construction of P': |P"\ Sarg| < p.
This implies that |(SarcAP’)\ Sarg] < p. Also, note that Sarg \ (SarcAP') =
Sarc N P, and by the construction of P": [Sarg N P/| < (k— 1)p + 1. This implies
that ‘SALG \ (SALgﬂP/)‘ < (k- l)p + 1.

By Lemma 5.2.6, Sarc AP € Z. If f(SancAP') > (1+¢/|N]) f(Sara), then by Defi-
nition 5.2.1, Sy /AP’ is (&, p)-reachable from Sy, contradicting the fact that Algorithm
8 stopped with Sarg. Thus, we can conclude:

f(SarcAP) < (1+¢/IN|) f(Sara) - (5.1)

By submodularity of f, the fact that Sare \ P’ C Sarg/A P’ and the fact that all vertices
in Syre N P’ do not belong to either Sapg \ P’ or Sapg/AP’, we get:

f(SarcUP") — f(SarcAP") < f(Sarc) — f(Sara \ P') . (5.2)
Adding Inequalities 5.1 and 5.2 gives:
f(SargUP')— (1 +¢e/|N|) f(Sarc) < f(Sara) — [(Sara \ P') . (5.3)
Inequality 5.3 holds for every P’ € P’. Summing over all such sets yields:
/ € |Pl,
Z [f(SargUP") — f(Sara)] — f(Sara)
P/G’])/ ’N|

< Z [f(Sara) = f(Sara \ P)] . (5.4)

prep!

Let us focus first on the right hand side of Inequality 5.4. Since any given P’ contains
only vertices from S AT, the right hand side can be rewritten as:

Z [f(Sara) = f(Sara \ (PN (Sarc \T)))]

PP

By Lemma 5.2.5 (and the note after it), each vertex of Sarg \ T belongs to exactly
n(k,2p)-2((k —1)p+ 1) sets in P’. Thus, applying Lemma 5.2.7 gives us that:

Z [f(Sara)—f(Sarc \ (PN (Sarc\T)))]

P'ep!
< 2((k = p+1)n(k,2p) (f(Sarc) = f(Sara NT)) . (5.5)
Let us focus now on the summation part of the left hand side of Inequality 5.4. Since any

given P’ contains only vertices from SapgAT the summation part of the left hand side
can be rewritten as:

Z [f(Sarc U (P'0(T\ Sarg))) — f(Sarc)] -

Plep

By Lemma 5.2.5, each vertex in T'\ Sar¢ appears in exactly 2p-n(k, 2p) sets in P’. Hence,
applying Lemma 5.2.8 gives us that:

> [f(SarcU (PN (T \ Sare))) — f(Saza)l
P'ep!

>2p-n(k,2p) (f(SarcUT) — f(Sara)) - (5.6)
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Plugging Inequalities 5.5 and 5.6 into 5.4 results in:

2p -0k, 20) (f(S 16 UT) = F(Sas)) ~ 5 j'\ﬁ 1 (S ) <

2((k = Dp+1)n(k,2p) (f(Sarg) — f(SaLe NT)) .

Rearranging terms, we get:

F(Sazc UT) + (k 1y ;) F(Sarc N T)

e| P’
2p - n(k,2p)|N|

< (k + ;) f(SaLc) + f(Sarc) - (5.7)
Observe that every set P’ € P’ contains at least a single vertex from Gg,, . r. Lemma
5.2.5 states that every vertex in Gg,, , v appears in exactly 2p-n(k,2p) or 2 ((k — 1)p+1)-
n(k,2p) sets of P’ (the exact number is determined by whether the vertex is in 7'\ Sara
or Sarg \ T). Therefore, in the worst case we can conclude that |P'| < |SarcAT| -
2n(k, 2p) max{p, (k — 1)p + 1} < 2|N|n(k,2p)kp. Plugging this bound into Inequality 5.7
completes the proof. O

The approximation ratio of Algorithm 8 for maximizing a normalized monotone sub-
modular function subject to k-exchange constraint now follows.

Theorem 5.2.10. Given a k-exchange set system (N,Z) and a normalized monotone
submodular function f : 2N — R*, for any constant § > 0 there is an approzimation of
1/(k+9).

Proof. Choose constants p € N and 0 < & < |V such that 1/p + ke < 4.

(1)
f(Sopr) % f(Sopr U Sara)

(2) 1
< f(Sopr U Sarg) + (k -1+ p> - f(SoprNSara)

(3) 1
< (k+ ) + ks) - f(SaLa) -

Inequality (1) is by the monotonicity of f. Inequality (2) is by the fact that f is non-
negative (since it is normalized and monotone). Inequality (3) is by Theorem 5.2.9 used
with T'= Sopr. ]

5.2.1 Proof of Theorem 5.2.3

We described above a simple construction proving Theorem 5.2.3 for graphs of high girth
and uniform degree. For general graphs, we have to “correct” this construction. Since
general graphs might have vertices with a degree lower than k or simple cycles shorter
than h, we add “dummy” vertices to the start and end of paths whenever a vertex has a
low degree or we encounter a short simple cycle. We present a procedure for constructing
the multiset P(G, k, h). This procedure uses the following subroutine we call EXPAND.
The procedure EXPAND gets a prefix, P, of a path and expands it recursively. The
boolean flag EXPAND gets is 1 if and only if the prefix P is composed of a single vertex and
its previous vertex in the path was a dummy vertex. Lines 2 — 3 of the procedure finish the
path if it is fully expanded. Line 4 deals with the case that the degree of v is smaller than
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Algorithm 9: EXPAND(P, flag)
1 Denote by v the last vertex in P and by (v, P) its label.
if {(v, P) = h then
L Add P to P(G, k,h) and terminate.
Add P to P(G, k, h) with multiplicity of (k — degg(v) — flag) - (k — 1)P—¢@P)=1,
5 if P contains only v then
6 L Let u be a dummy vertex.

w N

'y

7 else
8 L Let u be the predecessor of v in P.

9 for every w # u neighbor of v do
10 if w ¢ P then

11 l(w,P) + (v, P)+ 1.

12 L EXPAND(P — w, 0).

13 else
14 | Add P to P(G, k, h) with multiplicity of (k — 1)"=#@-F)=1,

k by adding P to P(G, k, h) the appropriate number of times. The term k —degg(v) — flag
in the number of calls counts the number of neighboring dummy vertices of v which are
unused yet. The term (k — l)hfg(”’P )=1 counts the number of appendices needed to fully
expand the prefix P. The loop starting at line 9 goes over all real (non-dummy) neighbors
of v which differ from w. If such a neighbor is not in P yet (line 10) it is added to the
prefix P with the next consecutive label and a recursive call to EXPAND is made. In case
such a neighbor is already in P, i.e., there is a simple cycle shorter than A, P is continued
with dummy vertices. The term (k — 1)"~¢®")=1 counts the number of appendices needed
to fully expand the prefix P.

The procedure CONSTRUCT construct the multiset P(G, k, h) using EXPAND. The
call to EXPAND in line 3 of CONSTRUCT is for creating all paths that start with a real
(non-dummy) vertex labeled 1. Lines 4 — 5 consider the case that the path started in a
dummy vertex and reached v. The term k — degg(v) in the number of calls is for the case
that the degree of v is smaller than k, and the term (k — 1)*=2 in the number of calls is
for the number of possible prefixes before reaching v. Lines 6 — 9 deal with paths that
start with dummy vertices and enter short simple cycles. The number of calls in line 9 is
(k — 1)*=! since this is the number of possible prefixes to P.

Lemma 5.2.11. Consider a call to EXPAND with a prefix P and denote P’s last vertex by
v. If {(v, P) = 1 then k- (k —1)"=2 paths are added to P(G, k,h), otherwise (k—1)—4v:P)
paths are added to P(G,k,h).

Proof. The proof is by reverse induction on ¢(v, P).

Base: The base case is that (v, P) = h. In this case EXPAND adds P only once to
P(G,k,h) (line 2 of EXPAND). This completes the base of the reverse induction.

Step: Consider the case where £(v, P) ¢ {1,h}. It must be the case that either flag =0
and P contains more than a single vertex, or flag = 1 and P contains a single vertex
(this is true since a call with flag = 1 and P containing more than a single vertex is never
made, and a call with flag = 0 and P containing a single vertex is made only in line 3 of
CONSTRUCT in which case ¢(v, P) = 1). Let us consider the above two possible cases:

1. flag =0 and P contains more than a single vertex: Line 4 of EXPAND adds
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Algorithm 10: CONSTRUCT (G = (V, E),k, h)
P(G,k,h) « 0.
for every v € V do
EXPAND(P which contains only v with label 1,0).
for : =2 to h do
Call EXPAND(P which contains only v with label i, 1),
L (k — dega(v)) - (k —1)"=2 times.

OU W N =

for every simple cycle C' of length at most h do

for every simple path P of |C| vertices obtained from C by removing a single
edge and choosing a start verter do

8 fori=1to h—|C|do

L Call EXPAND(P where its first node is assigned label i + 1,0), (k — 1)}

times.

N o

10 Return P(G, k, h).

(k — degg(v)) - (k — 1)P=4@P)=1 paths to P(G, k,h). The loop in lines 8 — 14 of
EXPAND executes degg(v) — 1 iterations, one for each neighbor w # u of v. In the
case w ¢ P, we apply the induction hypothesis with P —w and ¢(w, P) = ¢(v, P)+1
and get that (k — 1)"=¢WP)=1 paths are added to P(G, k, h) (line 12 of EXPAND).
Otherwise, w € P and (k — 1)"~“®P)=1 paths are added to P(G,k,h) (line 14 of
EXPAND). Hence, in every iteration of the loop in lines 9—14 exactly (k—1)"—¢@P)=1
paths are added to P(G, k, h). Therefore, we can conclude that the total number of
paths added to P(G, k, h) in this case is:

(k — dege(v)) - (k — 1) P14 (dege(v) — 1) - (k= )PP = () - 1)h—0P)

2. flag = 1 and P contains a single vertex: When comparing this case to the
previous one, line 3 of EXPAND adds (k — 1)"~4P)=1 Jess paths to P(G, k,h).
However, the loop in lines 9 — 14 has one more iteration, therefore adding (k —
1)"_6(”’13)_1 more paths to P(G, k, h). This completes the second case.

We are left with the case where ¢(v, P) = 1. In this case it must be that flag = 0 and
P contains only v, since EXPAND must have been called from line 3 of CONSTRUCT.
EXPAND adds (k — degg(v)) - (k — 1)"=2 paths to P(G, k,h) in line 4. The loop in lines
9 — 14 executes degg(v) iterations, since u is a dummy vertex. As in the proof of the
above two cases, in each iteration (k — 1)"~2 paths are added to P(G, k, h). Thus, we can
conclude that the total number of paths added to P(G, k, h) when £(v, P) =1 is:

(k — dega(v)) - (k — 1)" 2 + degg(v) - (k — 1)V 2 =k (k—1)h"2 . O

As a corollary of Lemma 5.2.11 we get that every vertex v is assigned to label 1 in
exactly n(k, h) = k-(k—1)"=2 paths in P(G, k, h). The reason this is true is that EXPAND
is called with label 1 only in line 3 of CONSTRUCT. Such a call is made only once for
each vertex.

Lemma 5.2.12. For every vertex v € V and label i € {2,3,...,h}, the number of paths
P in P(G,k,h) for which £(v, P) =i is equal to the number of paths P in P(G,k,h) for
which ¢(v, P) = 1.
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Proof. For a path P denote by prefiz;(P) the prefix of the first i nodes of P (this includes
also the labels assigned to the vertices). If P contains less than i vertices, set prefiz;(P) to
be P. Let P; be the sub multiset of P(G, k, h) of all paths P where {(v, P) = 1. Partition
Py according to prefix;, i.e., for every instance of a path P € P; assign it to the multiset
P prefiaz;(p) Of the partition.

For a path P denote by prefiz,(P) the prefix of P until vertex v (this includes also
the labels assigned to the vertices). Let P; be the sub multiset of P(G,k, h) of all paths
P where ¢(v, P) = i. Partition P; according to prefiz,, i.e. for every instance of a path
P € P; assign it to the multiset P; ¢ iz, (p) Of the partition.

Note that in both partitions, the second index defining the set in the partition is a path
@ containing at most i vertices with labels in {1,2,...,i}. We prove that for any such Q:
Pl = |Pirev;(@)|, where rev;(Q) is the path @ reversed with each label j replaced with
label i — j 4+ 1. Proving this completes the proof of the lemma.

First, consider the case where |Q| = i — 1, i.e., ) contains i vertices. All paths in
the multiset Py ¢ contain v as the first vertex with label 1. Therefore, all of these paths
must have originated from a single call to EXPAND in line 3 of CONSTRUCT. This call,
by Lemma 5.2.11, added (k — 1)"~¢ paths to P; . The exact same argument works for
Pi rev;(@) since the label of the first vertex in rev;(Q) is also 1 (recall that |Q| =i —1).
Thus, the proof is complete for the case where () contains ¢ vertices.

The other case to consider is where |Q| < ¢ — 1. Note that the same argument of the
case where |Q| = i—1 does not work here, since the label of the first vertex in rev;(Q) is not
1. All paths in the multiset P ¢ contain v as the first vertex with label 1. Therefore, all
these paths must have originated from a single call to EXPAND in line 3 of CONSTRUCT.
Moreover, since all these paths are in fact equal to @), they all must have been added either
in line 4 or 14 of a single EXPAND call. Denote by vg the last vertex in @) and by ug its
predecessor (if one exists). In line 4, (k — degg(vg)) - (k — 1)"~2719l paths are added to
P1.q. Every time line 14 is executed, (k — 1)/—2-1Q0 paths are added to P1 . The number
of times line 14 is executed is the number of neighbors of vg which are not ug and appear
in Q already, i.e., |(IN(vQ) —ug) NQ| times. Thus, we can conclude that the total number
of paths in Py g is:

(k — dega(vg) + [(N(vg) —ug) N Q) - (k — 1)t=271el

Let us count the number of instances in the multiset P; .., (). The label of the first
vertex in rev;(Q) is i — [Q| > 1, therefore, any path in P; .., () originated from a call
to EXPAND in which the first vertex was assigned a label greater than 1. There are two
types for such calls. The first is in line 5 of CONSTRUCT and the second is in line 9 of
CONSTRUCT. There are (k — degg(vg)) - (k — 1)"7191=2 calls of the first type. Each such
call, by Lemma 5.2.11, adds (k— l)h_i paths. Thus, we can conclude that there are exactly
(k — dega(vg)) - (k — 1)"~1Q1=2 paths added by calls of the first type. Calls of the second
type originate from a simple cycle C. There are exactly |(N(vg) — ug) N Q| such cycles
(one for every neighbor of vg which is not ug and is in (). Since the label of the first
vertex in a call of the second type is i — |Q|, there are (k — 1)"~9I=2 such calls. The label
of the last vertex in rev;(Q) is i, therefore, Lemma 5.2.11 states that (k — 1)"~% paths are
added for any such call. Thus, we can conclude that the total number of paths added to
,Pz',revi(Q) is:

(k = dega(vg) + (N (vg) — ug) N Q) - (k— 1) 2719 . O

This completes the proofs of properties 1 and 3 of Theorem 5.2.3. We focus now on
property 2. Let P € P(G,k,h), and let v € P be a vertex with degg(v) = k such that
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(v, P) ¢ {1,h}. If v is not an end vertex of P the proof is completed. Otherwise, there
are two cases. If v is an end vertex of P and minimizes ¢(v, P) among all vertices in P,
since ¢(v, P) > 1, it must be the case that P originated from a call to EXPAND in line
9 of CONSTRUCT (a call line line 5 of CONSTRUCT is not possible since degg(v) = k).
In this case v has two neighbors in P because P contains all the vertices of the cycle C
that originated this call to EXPAND. The other case is that v is an end vertex of P that
maximizes ¢(v, P) among all vertices in P. Since {(v, P) < h, it must be the case that
some neighbors of v other than wu, the previous node in P, is already in P (refer to the
loop in lines 9 — 14 in EXPAND), otherwise v would not be an end vertex of P.

5.3 Maximizing a Non-monotone Submodular Function

Gupta et al. [42] presented a technique for using monotone submodular optimization
for non-monotone submodular problems. Their technique can be used, for example, for
converting the greedy algorithm into an algorithm achieving an approximation ratio of
1/(3(k+2+1/k)) for maximizing non-monotone submodular functions subject to general
k-system. When optimizing over the intersection of k matroids, the current best result is
(k —1)/(k* + ), and is due to [62]. In this section we give an approximation algorithm
for maximizing a general non-negative submodular function over a k-exchange set system,
assuming k > 2. The following algorithm uses Algorithm 8 as a procedure. This algorithm
is based on Algorithm A of [61] and its analysis.

Algorithm 11: NON-MONOTONE-%-EXCHANGE((N, Z), ¢, p)

1 Nl < N

2 fori=1 to k do

3 | S; = LOCAL-SEARCH-k-EXCHANGE((N;, Z N 2Vi), e, p)
4 L Nig1 < N\ S;

5 Output the best set in {S;}5_,.

Recall that LOCAL-SEARCH-k-EXCHANGE is Algorithm 8. The set system on which
Algorithm 8 is applied is the original set system (N,Z) constrained to a subset N; of the
elements.

Observe that the only place where the proof of Theorem 5.2.9 uses the monotonicity
of f is for proving that it is non-negative. Hence, it holds also for general non-negative
submodular functions. Let Sopr; = SoprNN;. Observe that Sopr; is a feasible solution
of the k-system on which Algorithm 8 is applied at the i*” iteration. Using Theorem 5.2.9
with T' = Sopr, we get

(k+p~ '+ ke) - £(Si) > £(SiUSoprs) + (k—1+p ) f(Si N Sopr,) - (5.8)

Let Ssrc denote the output of Algorithm 11. Since f(Sarg) > f(S;) for every i, we can
add the k instances of Equation 5.8 (for the k values of i), and get:

2
k(k+p +ke) - f(Saca) = | D> £(SiUSopr,) (5.9)
i=1 .
+(k—1+p ) f(SiNSorry)

i=1

The following lemma simplifies the righthand side of the last inequality.
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Lemma 5.3.1. For every 1 </ <k,

k

k(k+p~t+ke)- f(Sarc) > (€ —1)- f(Sopr) + f(UL_1S: U Sopr) + Z f(SiUSopr)
=041
-1

+ Z(k —14+pt—L+14)- f(SiNSoprs)
=1
k
+(k—14+p ) > F(SinSoprs) -
=t

Proof. We prove the lemma by induction. For ¢ = 1, the claim that we need to prove
becomes identical to Equation 5.9 once we observe that Sopr = Sopr,1. Assume now
that the lemma holds for ¢ — 1, let us prove it for £. By the induction hypothesis we get:

k

k(k+p~' +ke) - f(Sara) = (0 —2) - f(Sopr) + F(UZ1Si USopr) + Y _ f(Si U Sopr,)
=0
-2

+D_(k+pt = L4i) - f(Si0 Sopry)
=1

k
+(k—1+p ) > f(S1NSopr) -
i=0—1

By the submodularity of f, we get the following inequality:

-1
FUZLSi U Sopr) + f(Si U Sopre) + Z f(Sin Sopr)
i—1
-1
> f(UjZ15: U Sopr) + f(Sopre) + Z f(SinSopr)
i—1

> f(Uf_1S; USopr) + f(SopT) -
The proof of the lemma for ¢ follows by combining the last two inequalities. O

Theorem 5.3.2. Given a k-exchange set system (N,Z) and a non-negative submodular
f:2N 5 RY, for any constant § > 0 there is an approzimation of (k—1)/(k*+6) for the
problem of finding an independent set S maximizing f(S).

Proof. Algorithm 11 has a polynomial time complexity because Algorithm 8 does. In
order to lower bound its performance, let us plug ¢ = k into Lemma 5.3.1. We get:

k(k+p~' +ke)- f(Sarc) = (k—1)- f(Sopr) + f(UE1S; U Sopr)
k

+ Z(i —1+p Y f(SinSopr) -

i=1
Since f is non-negative, this implies:
kE—1 k—1

Gtpl+tke) (Sopr) = 157 T - f(Sopr) - 0

f(Sare) = ¢
Choosing p and € such that kp~! + k%c < § completes the proof of the theorem.
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5.4 Maximizing a Linear Function

The previous sections analyzed Algorithm 8 for the case that the function f is submodular.
Better results can be guaranteed when f is linear.

Theorem 5.4.1. Given a k-exchange set system (N,Z) and a linear f : N R, for
any constant 6 > 0 there is an approzimation of 1/(k — 1+ 0) for the problem of finding
an independent set S mazimizing f(S).

Proof. Theorem 5.2.9 applies also to the case where f is linear. Choose constants p € N
and 0 < ¢ < [N such that 1/p + ke <.

@

f(Soprr) = f(SoprUSara) — f(Sara \ Sopr)
(2)
% (k + -+ k:s> - f(Sara) — (k —1+ ;) - f(Sarc N Sopr) — f(Sarc \ Sopr)
(3)
% <k + -4 k5> - f(Sara) — (f(Sarc N Sopr) + f(Sara \ Soprr))

— (k—1+;+k5> - f(Sara) -

Equality (1) is by the linearity of f. Inequality (2) is by Theorem 5.2.9 used with T' =
Sopr. Inequality (3) holds since k > 2. O

The cardinality function is an interesting special case of a linear function. A variant of
Algorithm 8 achieves a 2/(k + 0)-approximation for maximizing the cardinality function
over a k-exchange set system, assuming k > 3. In the analysis of this algorithm we use
the following theorem.

Theorem 5.4.2 (Theorem 1 of [49]). Let p,k be integers with k > 3. Let S1,S2,...,5m
be subsets of a set N of size n such that the following holds:

e FEach element of N is contained in at most k subsets among S1,So, ..., Sm.
e For every p’ < p, the union of every p' subsets among S1,Sa,..., Sy s of size at
least p'.
Then, we have:
. k(k—1)"—
() &< gl forp=2r -1,
. k(k—1)"—2
(ii) T < -T2 for p=2r

Before we can describe the algorithm, we need the following definition.

Definition 5.4.1. Given a k-exchange system (N,Z), S,T € T and p € N, T 1is p-
reachable from S if the following conditions are satisfied:

1. T\ S| < p.
2. [S\T| < (k—1)p+1.

31T > |5].

61



Remark: Notice that Definition 5.4.1 is different from Definition 5.2.1 only in property
3.

We can now define p-graphs in an analog way to the definition of (g, p)-graphs in
Definition 5.2.2. Replacing the (g, p)-graph in Algorithm 8 with a p-graph, we get an
algorithm for the cardinality objective function. Notice that the number of elements in S
strictly increases in every iteration of the algorithm, hence, it makes at most n iteration
and terminates in polynomial time.

Theorem 5.4.3. For any constant § > 0, there exists an efficient algorithm for the
cardinality objective function giving 2/(k + §)-approzimation.

Proof. Choose p such that M% < §. For every set T" C Sopr — Sarc of at most

p elements, consider the set Y = UgerYe. Assume for the sake of contradiction that
|Yr/| < |T’|. Then Sare — Y UT has the following properties:

e It is independent because (N, Z) is a k-exchange system.
e It is p-reachable from S (because |Sarc — Y UT| = |Sarc| — Y| +|T| > |Sarc|)-

This contradicts the fact that Syrg is the output of the algorithm. Hence, |Yp/| > |T7|.
Now, observe that the set Sarg — Sopr with the subsets {Yc|e € Sopr — Sara}, k
and p obeys all the conditions of Theorem 5.4.2. Therefore,

|Sopr| < |Sopr — SarLc| < k(k —1)letD/2 _ - L
ISarc| = |Sare — Sopr| = 2(k — 1)Le+D/2] — | ~ 2

Z .
T (k=) L+1)/2]

Since k/(k — 1)LP+1)/2] < 1.5 it is easy to see that the above inequality implies:

2k
[Sopr| _ k+ Gl
[Sarcl ~ 2
The theorem now follows from the choice of p. O

5.5 Applications

In this section we present a few examples of k-exchange systems. Table 5.1 summarizes the

applications, the k for which they are k-exchange systems and the resulting approximation

ratios. The table also summarizes the results proved above for general k-exchange systems.
Let us begin with our first application: strongly base orderable matroid k-parity.

Definition 5.5.1. In the matroid k-parity problem, we are given a collection N of disjoint
k-element subsets from a ground set G and a matroid (G, M) defined on the ground set.
The goal is to find a collection S of subsets in N' mazimizing a function f : N — RT,
subject to the constraint | J,cqu € M.

Strongly base orderable matroid k-parity (SBO matroid k-parity) is a special
case of matroid k-parity where the given matroid is strongly base orderable. Any
matroid k-parity problem can be expressed as the independence system (N,Z) where

IT={SCN | Upegu € M}

Theorem 5.5.1. SBO matroid k-parity is a k-exchange system.
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Table 5.1: k& > 2 is a constant and J > 0 is an arbitrary positve constant. f: NMS - normalized

monotone submodular, NS - general non-negative submodular, L - linear, C - cardinality.

Maximization Problem f k This Thesis Previous Result
k-exchange NMS 1/(k +9) 1/(k+1) [36]
NS 5 (k—1)/(K*+0) | 1/3(k+2+1/k)] [42]
L 1/(k—1+9) 1/k [50]
c» 2/(k+9) 1/k [50]
Main Applications
SBO matroid k-parity NMS 1/(k+9) 1/k [36]
NS E | (k=1)/K*+6) | 1/[3(k+2+1/k)] [42]
L 1/(k—1+0) 1/k [50]
b-Matching NMS 9 1/(2+9) 1/3 [36]
NS 1/(4+0) 2/27 [42]
k-Set Packing NMS k; 1/(k+9) 1/(k+1) (36]
NS (k—1)/(K*+0) | 1/[3(k+2+1/k)] [42]
Additional Applications
independent set in NMS 2 1/(k+149) 1/k [36]
(k+1)-claw free graphs | NS (k—1)/(k*>+06) | 1/[3(k+2+1/k)] [42]
job interval selection | NMS 2 1/(2+9) 1/3 [66]
with identical lengths NS 3 2/(9+9) 1/16 [42]
asymmetric traveling NMS 3 1/(3+9) 1/4 [66]
salesperson NS 2/(9+9) 1/16 [42]
frequency allocation NMS 1/(3+9) 1/4 [36]
on lines NS 3 2/(9+9) 1/16 [42]
L 1/(2+0) 1/3 [50]
C 2/(3+9) 1-1/e [76]

& The result applies for k > 3.

Proof. 1t is easy to see that the above set system is non empty and monotone. Thus, we
focus on the properties given by Definition 5.1.1. Consider two independent sets S, T € 7.
By definition, J,cqu € M and |J,cpu € M. Let m: U,cqu — U,er v be the bijection
guaranteed by Definition 5.1.2. For any set u € S define Y,, = {v/ € T | v/ N7w(u) # 0}.
Recall that the sets in A are disjoint and contain at most k elements. Since 7 is a
bijection, we must, therefore, have |Y,| < k for all u € S. Moreover, each v’ € T appears
in at most k sets Y,. Thus, Properties (K1) and (K2) of Definition 5.1.1 are satisfied.
Consider a set C C S, and let S" = (S'\ U,ce Yu) UC. From the definition of 7 we have
(Unes© \ m(Uyee ) U Uyec v € M. Observe that J,cq v is a subset of this set, and
thus, (J,cq v € M, implying S’ € Z. This complete the proof that property (K3) is also
satisfied. O

SBO matroid k-parity generalizes our other two main applications: b-Matching and
k-Set Packing. However, it is simpler to analyze them directly than to show the reduc-
tions. Consider first b-Matching.

Definition 5.5.2. Given a graph G = (V, E) and a function b : V' — N, a b-matching
is a set of edges M C E such that for every node |M N §(v)| < b(v) (where §(v) is the
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set of edges hitting v). The mazximum b-Matching problem is the problem of finding a
b-matching M mazimizing f(M) for a given f:2F — R*.

Lemma 5.5.2. For any instance of b-Matching, the set of all feasible b-matchings is a
2-exchange set system.

Proof. 1t is easy to see that the set system associated with b-Matching is non empty and
monotone. Thus, we focus on the properties given by Definition 5.1.1. Let S,T C E be
two b-matchings of G. For every v € V| number the edges of (S\ T) N §(v) (respectively,
(T'\ S)Né(v)) from 1 to |(S\T)Nd(v)| (respectively, |(T\ S) N d(v)|), denote the
number edge e € (S\ T) N d(v) (respectively, e € (T'\ S) N d(v)) receives by gg\r(v,e)
(respectively, gr\ (v, e)). For every e = (u,v) € T\ S define Y, = {¢’ € S\T | gp\s(u,e) =
gs\r(u, €') V grs(v,e) = gs\r(v, €)}.

Notice that the numbering is unique among the edges hitting a single vertex. Thus, by
definition |Y,| < 2, and every ¢’ € S\ T belongs to at most 2 such Y sets. Let 7/ C T'\ S,
and consider M = S\ (Ueer'Ye) UT'. For every vertex v € V, the numbers of the edges
from M hitting v are distinct. Note that the numbers are in the range of 1 to at most
b(v) — |S N T, therefore there are at most b(v) edges on total from M hitting v. We
conclude that M is a b-matching of G. O

The last main application we consider is k-Set Packing.

Definition 5.5.3. Given a hypergraph H = (V, E) having only hyperedges of size at most
k, A set packing is a subset of hyperedges M C E such that every two hyperedges in M
do not intersect. The maximum k-Set Packing problem is the problem of finding a set
packing M mazimizing f(M) for a given f:2F — RT.

Lemma 5.5.3. For any instance of k-Set Packing, the set of all set packings is a k-
exchange set system.

Proof. Set N' =V, and set Z to be all feasible set packings of H = (V,E). Clearly,
the set system (AN, Z) is non-empty and monotone. Hence, we focus on the properties of
Definition 5.1.1. Set S,T € Z and choose Y, for a given e € T\ S, to be all hyperedges
of S\ T that intersect hyperedge e. Since e contains at most k vertices and S\ T is a
feasible set packing (i.e., each vertex belongs to at most one hyperedge in S\ 7)), |Ye| < k.
Fix a hyperedge ¢ € S\ T. Since T is a feasible set packing and €’ contains at most k
vertices, €' belongs to at most k of the Y sets. Fix 7/ C T\ S. We have to prove that
S\ (Ueer Yo )UT' € T. Assume there is a vertex v € V' that belongs to two hyperedges from
S\ (UeerYe)UT" € Z. Since S, T € Z, it must be the case that there are two hyperedges,
€1 € S\ (Ueer'Ye) and ey € T', that contain v. However, this is a contradiction to the
construction of Y,,. We conclude that (NV,Z) is a k-exchange set system. O

In the rest of this section we consider the additional applications enlisted in Table 5.1.

Definition 5.5.4. Given an undirected graph G, a k-claw is a set of k + 1 nodes in G
which induces a star. If a graph contains no k-claw, we say it is a k-claw free graph.

Lemma 5.5.4. The independent sets of size at most k of a (k + 1)-claw free graph form
a k-exchange system.

Proof. Fix some (k+ 1)-claw free graph G, let A/ be the set of nodes of the graph, and let
T be the collection of independent sets of size k or less. Since the subset of an independent
set is also an independent set, the set system (A, Z) is non-empty and monotone. Hence,
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we focus on the properties of Definition 5.1.1. Consider two independent sets S,T € 7.
For every node u € T, let us define Y,, to be the set of all neighbors of u in S. Notice that
there are no edges between the nodes of Y,, because they all belong to the independent S.
Hence, |Y,| must be of size at most k, otherwise, u together with any set of k + 1 nodes
from Y, would have formed a claw. A symmetric argument also shows that the collection
{Y,|v € Y,,} is of size at most k for every u € T

Finally, for every subset T/ C T, consider the set A =S\ UyerY, UT’. Since both S
and T" are independent sets, any edge in A must connect nodes of S and T'. However, all
neighbors of the nodes of 7" belong to the set U,c7vYy, and therefore, are missing from
A. Thus, the set A is independent. O

The maximum job interval selection with identical lengths problem (JISIL)
is the next application we consider.

Definition 5.5.5. Given a set J = {J1,J2,...,Jn} of n jobs, where job J; is associated
with a release time r;, a deadline d;, and a common length L € N, a schedule S C J 1is
feasible if every J; € S is assigned an interval of length L inside [r;, d;] and for any two jobs
Ji, Jr € S the intervals assigned to them do not intersect. The maximum job interval
selection with identical lengths (JISIL) problem is the problem of finding a feasible
schedule S mazimizing f(S) for a given f:27 — R¥.

Lemma 5.5.5. For any instance of JISIL, the set of feasible schedules is a 3-exchange
set system. Moreover, if f is monotone and submodular, then this set is also 2-exchange.

Proof. For every J; € N, the ground set N contains all pairs: (J;,r;),...,(J;,d; — L).
If a pair (J;,t;) belongs to a schedule S, it indicates that job J; is scheduled at time t.
Like in Definition 5.5.5, two pairs (J;,¢;) and (J,,t,) intersect if |¢; — t,| < L. A feasible
schedule S C N is a set of pairs such that any two pairs in S do not intersect, and every
job appears in at most one pair. We say that job J; € J is scheduled in S if S contains
at least one pair of the form (J;, ;).

If f is monotone and submodular then we can drop the requirement that at most
one pair of every job is in S. Instead, we define a new objective function f such that
f(S) equals the value of f over the set of jobs scheduled in S. Since f is monotone and
submodular, so is f. Choosing more than a single pair associated with a job .J; € J does
not change the value of f, thus, we can always remove the extra pairs from the schedule.

We set Z to be the collection of all feasible schedules. Clearly, (N,Z) is non-empty
and monotone. Hence, we focus on the properties of Definition 5.1.1. Let S,T € Z. For a
pair (J;,t;) € T'\ S choose Y{, ;) to be all pairs in S\ T' that intersect (J;,#;). If f is not
monotone and submodular, we add to Y, +,) also the single pair containing J; in S\ T" if
there is such pair. Since all intervals have length of exactly L, there are at most 2 pairs that
can intersect a given pair (J;,t;) € T'\'S. This implies that |Y{j, ;)| < 3 (and [Y{j, ;| < 2if
f is monotone and submodular). Symmetry shows also that a given (J,,t,) € S\T belongs
to at most three Y sets (two Y sets if f is monotone and submodular). Let 77 C T\ S.
We need to prove that R = S\ (U(Jhti)eT/)Yv(Ji’ti)) UT' € Z. Fix (J;,t;) € R and consider
two cases. First, (J;,t;) € S\ T. (J;,t;) does not intersect any pair in S\ 7" (since S is a
feasible schedule), and does not intersect any pair in 7" (since if that was the case (J;, ;)
would have belonged to Uy, ;. e7Y(J, +,),Which cannot be true (J;,t;) € R). Moreover, for
the same reasons, if f is not monotone and submodular, there is no other pair of job J; in
S\T or T'. Second, (J;,t;) € T\ S. (J;,t;) does not intersect any pair of 7" (since T is a
feasible schedule) and does not intersect any pair in S\ (U, +,)emY(J;t,)) (since if that
was the case such a pair would have belonged to Y{ Ji’ti)). Again, for the same reasons, if
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f is not monotone and submodular, there is no other pair of job J; in S\ T or T'. We
conclude that R is a feasible schedule, i.e., R € 7. O

For the special case of L = 1, we can prove a stronger claim.

Lemma 5.5.6. Any instance of JISIL with L = 1 can be represented by a 1-exchange set
system.

Proof. Given a set J' C J of jobs, Algorithm 12 can find a feasible schedule containing
all the jobs of J’, if such a schedule exists.

Algorithm 12: SCHEDULE-ALL(J")

1 S < {Empty Schedule}
140
while there are unscheduled jobs in J' do
Let J; be the set of unscheduled jobs from J’ that can be scheduled to time 4.
if J; # @ then
Let J; be the job from J; with the earliest deadline.
L Add J; to S, and schedule it to time 4.

N O oA WoN

(0]

Output S.

Let us prove that Algorithm 12 finds a feasible schedules for all the jobs of J’, if such
a schedule exists. For every iteration ¢ of Algorithm 12, let S; be the schedule constructed
up to this iteration. We need to prove that if there exists a schedule S! such that S; U S!
is a feasible schedule for all jobs in J’, then there also exists a schedule S ; such that
Sit1US! 41 isa feasible schedule for all jobs in 7.

If J; is empty then S; = S;41, and we are done. Otherwise, let J; be the job scheduled
by the algorithm to time ¢. J; must be scheduled by S/ to some time, say j. Let J; be
the job scheduled by S} to time i. Clearly, J; can be scheduled to time i. Moreover, since
both J; and J; belong to J;, the deadline of J; is no earlier than that of J;. Hence, J;
can be scheduled to time j. Thus, we can switch the times of jobs J; and J; in S}, and
get a new schedule S/ such that S; U S/ is a feasible schedule for all jobs in J’, and J;
is scheduled to time i by S/. By removing job J; from S/ we get a schedule with all the
required properties to be S} ;.

At this point we can present our set system. N is the set of all jobs, and Z is the
collection of subset of jobs having a feasible schedule. By the above proof, it is possible to
determine in polynomial time if a set of jobs is in Z. Clearly this set system is non-empty
and monotone. Hence, we focus on the properties of Definition 5.1.1. Consider two sets
S,T €Z,and let J € T\ S. We construct the set Y using the following process. Initially
i is the time in which schedule T schedules job J. If S schedules no job at time ¢, then
Y; = @. Otherwise, If S schedules a job J' € S\ T, then Y; = {J'}. Finally, if S schedules
a job J' € SNT, then we update i to be the time in which schedule T schedules J’, and
start again.

Let us explain why the above process must terminate. Think of a digraph G containing
the jobs of T'U S as nodes. For every job J; € T and Jy € S, there is an arc (J; — Jo) if
J1 is scheduled in T in the same time that Js is schedules in S. Observe that the in-degree
and out-degree of each node in this graph is at most 1. Notice that the above process goes
along a path (or cycle) on this graph. The only case that the above process can continue
infinitely is when it goes along a cycle. However, the process starts with a node J € T'\ S
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whose in-degree is 0, and therefore, there is no way to get back to this node once the
process leaves it.

The size of each set Y} is, by definition, at most 1 for every J € T'\ S. Consider some
job J € T'\ S with non-empty Y; = J'. Notice that J' € S\ T, and therefore, J and
J' must be the end points of a path of the above graph, because all interval nodes of a
path belong to S NT. This clearly implies that every node J' € S\ T can appear in at
most one set of the form Y. Finally, consider a subset 7" of jobs from T. We need to
prove that there exists a schedule for the jobs of SUT’\ U e Y. Consider the following
schedule. For every job J € T'\ S, let Py be the set of nodes along the path of the above
graph whose end points are J and J' € Y;. Schedule all the jobs of S\ Ujer Py at the
time they are scheduled in S. Schedule all the jobs of U ey Py \ Y at the time they are
scheduled in T. Let us prove that this is indeed a feasible schedule. Assume for the sake
of contradiction that there exist two jobs in this schedule scheduled to the same time i.
Clearly, one job of these two must belong to S\ U e Py and the other to Py \ Y for some
J € T'". However, this implies that there is an edge in the above graph from a node of P;
to a node of S\ Uy Py, which is, of course, a contradiction. ]

Next, we consider the maximum asymmetric traveling salesperson problem (MATS).

Definition 5.5.6. Given a complete directed graph G = (V, E), MATS is the problem of
finding a directed hamiltonian cycle C C E mazimizing f(C) for a given f : 2F — R¥.

Lemma 5.5.7. For any instance of MATS, the set of hamiltonian cycles (with all their
subsets) is a 3-exchange set system.

Proof. The set of edges is E is the ground set. A set S C F is an independent set, i.e.,
S € 7, if the directed graph Gg = (V,S) is either a directed hamiltonian cycle or a set of
disjoint simple paths (the in and out degree of every vertex are at most 1, and Gg does not
contain any cycles shorter than |V|). Fix S,T € Z. For every e = (u — v) € T'\ S choose
Y. C S\ T to be the following three types of edges (if they exist): an edge e; € S\ T that
enters v, an edge es € S\ T that leaves u, and an edge ez € S\ T which is the first edge of
this set one encounters when leaving v and going along edges from S N7 only. We prove
that this set system is 3-exchange.

Clearly, the above set system is non empty and monotone. Hence, we focus on the
properties of Definition 5.1.1. First, |Ye| < 3 for every e € T'\ S. Second, fix ¢/ = (u —
v) € S\ T. The edge ¢ take at most once each type of the above three types of edges
defining the Y sets. Clearly, this is true for the first two types (since T € Z, and therefore,
the in and out degree of every vertex in Gp is at most 1). For €’ to be of the third type,
there must be an edge e* € T'\ S that can be found in the following way: start from u
and go backwards along edges of S N7 until hitting a the first vertex w that has an edge
e* € T\ S entering it (note that this implies that there is no edge from SNT entering w).
Since there could be at most a single such e* edge, €’ can be at most once an edge of the
third type. This proves the second property of Definition 5.1.1.

We focus now on the third property of Definition 5.1.1. Fix 7" C T'\ S, our goal it to
prove that S\ (UeerYe) UT' € Z. Note that for every e = (u — v) € T”, Y, contains the
edges from S\ T that leave u or enter v (if they exist). Hence, the out degree of u and the
in degree of v in S\ (Uger Ye) are 0. Therefore, these degrees in S\ (UeerYe) UT” are at
most 1. Assume now that S\ (UeerrYe) UT” contains a non-hamiltonian cycle C. C' must
contain edges from both S\ 7T and T\ S, since S,T € Z. Choose ¢/ € C'N (S\T) and
e € CN(T\S) such that the path using C' from e to ¢’ contains only edges from SN7T.
Such a pair of edges must exist in C. However, this is a contradiction since by definition
¢ € Y. This proves that S\ (Ueer Ye) UT’ does not contain non-hamiltonian cycles. [
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The last application we consider ismaximum frequency allocation on lines (MFAL).

Definition 5.5.7. Given a set of frequencies F, an interference radius r and a set P of
points on a line, where every point P € P is associated with a list of frequencies Lp C F
and a positive number Mp, a frequency assignment A C P x F assigns some of the
frequencies to every point. A frequency assignment is legal if it assigns to every point P
a set Fp of frequencies such that:

o Fp C Lp.
o |Fp| < Mp.
e For every two points Py, P, € P, dist(P, P») <r = Fp, N Fp, = 3.

The maximum frequency allocation on lines (MFAL) problem is the problem of finding
a legal frequency assignment A C P x F mazximizing f(A) for a given f:2F*7 — R*.

Lemma 5.5.8. For any instance of MFAL, the set of legal frequency assignments is a
3-exchange set system.

Proof. Fix the ground set N' =P x F. A set A C F is independent (i.e., S € 7), if it
is a legal frequency assignment. It is easy to see that this set system is non empty and
monotone. Thus, we focus on the properties of Definition 5.1.1. Fix S,T € Z. For every
point P € P, number the frequencies assigned to P by S\ T from 1 to |(S\T)N({P} x F)|
(notice that a frequency might get different numbers in the numbering associated with
different points). Denote the number of a frequency F' in the numbering associated with
point P by gg\7 (P, F'). Similarly, for every point P € P, number the frequencies assigned
to P by T'\ S, and denote by g7\ g(P, F') this numbering.

Let N,.(P) be the set of points whose distance from P is less than r. For every pair
u= (P,F) € T\ S, define Yy to be the set {(P',F") € S\ T|gp\s(P, F) = gs\r(P, F')}.
Also construct for v a set Y, =Y, U[(N,(P) x {F}) N (S\T)]. Informally, Y, contains
two types of pairs from S\ T at most one pair involving P itself and pairs that contain
the same frequency and a point too close to P.

The size of Y, is at most 1 because there can be at most one frequency F’ for which
gr\s(P, F) = go\r(P, F'). Since S is independent, there can be at most 2 points in N;.(P)
that are assigned the frequency F' by S. Hence, |Y,| < 2+ |Y)| < 3. Exactly the same
arguments also imply that every pair u = (P, F) € S\ T can appear in at most 3 sets of
{YylueT\ S}.

Let T C T\ S and consider A = S\ (UyerYs) UT’. Consider some point P. Under
A, every frequency assigned to P has a distinct number, and therefore, one of the sets
S or T assigns to P at least as many frequencies as A does. Moreover, for every pair
u = (P,F) that we added to A, Y, contained every pair (P',F) € S\ T such that
dist(P’, P) < r. Therefore, every two points P;, P, such that dist(P;, P») < r have disjoint
sets of frequencies under A. We can now conclude that A € 7. O

5.6 Other Results

The concept of k-exchange set systems was developed independently by Justin Ward and
by us. Justin Ward’s work and ours was published in a joint paper [35]. Wards proved
the following theorem:

Theorem 5.6.1. For every § > 0, there exits a polynomial 2/(k + 1+ 0) approzimation
algorithm for maximizing a linear function f : N 5 RT over a k-exchange set system.
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Notice that the last theorem is at least as good as the result presented above for linear
functions for any k > 3. For k = 2, this theorem gives only 2/(3+0) approximation, while
the result presented above provides a PTAS. In a later paper [82], Wards used a similar
method to get the following result for monotone submodular functions.

Theorem 5.6.2. For every e > 0, there exits a polynomial (k + 3)/2 + & approzimation
algorithm for maximizing a monotone submodular function f : 2N 5 RT overa k-exchange
set system.

Once again, the result given by [82] is at least as good as the result presented above
for monotone submodular functions for any k > 3. For k = 2, this theorem gives only
5/2 4 ¢ approximation, while the result presented above provides 2 + ¢ approximation. It
is an open question whether the method of Wards can be used also to derive a result for
general non-monotone submodular functions.
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Chapter 6

Contention Resolution Schemes

As previously mentioned, many algorithms for submodular maximization problems are
composed of two parts: a solver for a fractional relaxation of the problem, and a rounding
method. Building upon [6], [20] proposes a general contention resolution framework for
rounding fractional solutions. Intuitively, the scheme works as follows. First, an approxi-
mate fractional solution x is found for the multilinear extension relaxation of the problem.
Second, z is re-normalized (all its coordinates are multiplied by some value b < 1), and
a random subset of elements is sampled according to the probabilities determined by zx.
Third and last, some of the sampled elements are discarded to guarantee the feasibility of
the solution.

The first step can be performed by any algorithm for finding approximate fractional
solutions for the multilinear relaxation. Let « be the approximation guarantee of the
algorithm used. The re-normalization factor and the decision which elements to discard
are determined by a constraint specific contention resolution scheme. Formally, a (b, c)-
balanced contention resolution scheme for a constraint represented by a set system (N, Z)
is an algorithm that gets a vector z € bP(Z) (where P(Z) is the convex hull of 7), picks
a random subset R(x) according to probabilities determined by z, and then outputs a set
S € T obeying Pr[u € S|u € R(x)] > ¢ for every u € N. If the contention resolution
scheme is monotonic, i.e., Pr{u € S| only increases when other elements are removed from
R(z), then the framework guarantees an abc approximation for maximizing a submodular
function subject to the set system (N, Z). One advantage of this framework is the ease with
which it deals with intersections of constraints of different types (e.g., matroids, knapsack
constraints and matchoids). Chekuri et al. [20] show that given contention resolution
schemes for two types of constraints, there is a standard method to get a contention
resolution scheme for the intersection of these constraints.

We extend the framework of [20] by showing that finding a fractional solution for
the relaxation and the re-normalization step, can both be done simultaneously using the
measured continuous greedy algorithm. Equipped with this observation, we can replace
the expression abc for the approximation ratio with an improved one for both the non-
monotone and the monotone cases. The improvement achieved by the new expression is
most significant for small values of b.

The idea behind our method is to use b as the stopping time of Theorems 3.2.1 and
3.2.2, hence directly getting a re-normalized fractional solution (as is guaranteed by both
theorems). The following theorem presents the improved expressions for the approximation
ratio. Its proof appears in Section 6.1.

Theorem 6.0.3. If there is a monotone (b, c)-balanced contention resolution scheme for
I, then there is an approzimation of (e ’bc —o(1)) for maxgsez{f(S)} assuming f is
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non-negative and submodular, and an approximation of ((1 —e e - 0(1)) assuming [ is
monotone.

Note that the results of Theorem 6.0.3 are better than the (abc)-approximation of [20].
This is true, since for the non-monotone case e~? > 0.325 for every b € (0,1], and for the
monotone case 1 —e™? > (1 — 1/e)b for every b € (0, 1].

We also provide monotone balanced contention resolution schemes for various match-
ing, scheduling and packing problems. Using these schemes and Theorem 6.0.3, we are
able to improve the known approximation ratios for these problems. A comprehensive
list of our schemes and the problems for which they provide an improvement appears in
Section 6.2. Among the results of Section 6.2, there are two that are especially notable:

e For job interval scheduling with k identical machines, and a linear objective function,
we get an approximation ratio approaching 1 for large values of k. The previously
best approximation ratio for this problems approached 1 — e~! for large k’s [9].

e For broadcast scheduling with a monotone submodular objective function, we get
an approximation ratio of 1/4. This matches the best known approximation for the
linear variant [8].

6.1 Combining the Framework with the Measured Contin-
uous Greedy

Theorem 6.0.3 quantifies the approximation ratio that can be achieved by combining the
measured continuous greedy and the contention resolution framework. This approximation
ratio is better than what can be expected by a black-box combination of the two. We begin
this section by proving Theorem 6.0.3. After the proof we discuss some applications of
this theorem.

Proof of Theorem 6.0.3. Consider the case of a non-negative and submodular f. Apply
Theorem 3.2.1 with stopping time 7" = b (recall 0 < b < 1). Then we obtain a fractional
solution = € bP whose value satisfies: F(z) > (be™® — 0(1)) - f(OPT). The rest of the
proof is exactly as in Theorem 1.8 of [20], thus details are omitted.

For the case of a normalized, monotone and submodular f, apply Theorem 3.2.2 with
stopping time T = b (recall that, as before, 0 < b < 1). Then we obtain a fractional
solution € bP whose value satisfies: F(x) > (1 —e=® —0(1)) - f(OPT). Again, the rest
of the proof is exactly as in Theorem 1.8 of [20]. O

Theorem 6.0.3 implies improved approximation ratios for many problems considered in
[20]. For example, consider the problem of maximizing a submodular function subject to k
matroid constraints. Chekuri et al. [20] describe, for every b € (0, 1] a monotone (b, [(1 —
e?)/b]¥)-balanced contention resolution scheme for this problem, using this contention
resolution scheme they derive an approximation ratio of 0.19/k (for large enough k values).
The following corollary improves this approximation ratio using Theorem 6.0.3 and a better
choice of value for b.

Corollary 6.1.1. For large enough values of k, there is a 0.735/k —o(1) approzimation al-
gorithm for maximizing a general non-monotone submodular function subject to k matroid
constraints.
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Proof. By Theorem 6.0.3 and the above contention resolution scheme, there is a e °b[(1 —
e~ %) /b]* — o(1) approximation algorithm for the problem of maximizing a general non-
monotone submodular function subject to k£ matroid constraints. Choosing b = 2/(k+ 1),
we get:

e bb[(1 — e b)Y /b]F —0(1) > e bb[(b— b?/2)/b]* — o(1) = b1 — b/2]F — 0(1)

k
_ 2o 2 [1 ! ] (1)

k+1 | k+1
262/(k+1)'k:_2}_1'61_0(1)
2 e 0.735/k — o(1 O
= —0(1) =0.735/k — o(1) .

Remark: Notice that the problem considered in the last corollary also has an approxima-
tion algorithm with an approximation ratio close to 1/k for large values of k [62], however,
this result has polynomial time complexity only if k is fixed.

Table 6.1 summarizes a few other examples of the improvements achieved by Theo-
rem 6.0.3 to problems considered in [20].

Table 6.1: A few examples of improved approximation ratios due to Theorem 6.0.3. All
previous results in this table are due to [20]. The notation of € denotes an arbitrarily small
positive constant.

Problem This Thesis Previous
Result

k-Uniform Matchoid (linear) %% 0.6/k

k-Uniform Matchoid (monotone) 2 1 * 0.38/k

k-Uniform Matchoid (non-monotone) errr — o) 0.19/k

k Matroid Intersection and O(1) Knapsacks (linear) (2-¢) k%Ll 0.6/k

k Matroid Intersection and O(1) Knapsacks (monotone) (2 o(1)) 2 ° 0.38/k

k Matroid Intersection and O(1) Knapsacks (non-monotone) k1 0.19/k

" The o(1) term is with respect to min{n, k}, i.c., it vanishes when both n and k are large. The
exact function hiding behind the o(1) term depends on the type of the objective function.

6.2 Contention Resolution Schemes

In this section we provide improved contention resolution schemes for several matching,
schedule and packing problems. These schemes imply improved approximation ratios
for these problems using the framework of [20]. Moreover, Theorem 6.0.3 provides an
additional improvement to these approximation ratios. Table 6.2 summarizes the approx-
imation ratios proved in this section.

6.2.1 The Submodular Independent Set in Interval Graphs Problem

The first problem we consider is the Submodular Independent Set in Interval Graphs
problem since many (constrained) submodular maximization problems can be reduced to
it. In this problem we are given a set N of intervals, and a non-negative submodular
function f : 2V — R*. A solution S C N is feasible if no two intervals in S intersect,
i.e., the constraint family Z contains all independent sets of the interval graph defined
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Table 6.2: Results proved in Section 6.2. Objective functions: NMS - normalized monotone
and submodular, NS - non-negative submodular, and L - linear.

Problem Objective This Paper Previous Result
function

Submodular Independent Set NMS 1/4
in Interval Graphs NS 1/(2

: [l 0w
Submodular k-Colorable NMS 1—e ™t —0(1)
Subgraph in Interval Graphs NS el — 0(1)A
Submodular Job Interval
Selection(single machine) NMS 1/4 o
Submodular Job Interval
Selection(k unrelated machines) NMS 1/4 o
Submodular Job Interval NMS 1—e ! —o(1)2 —
Selection(k identical machines) L 1—o(1)” 1—e 1l —0(1)® [9]
Submodular Multiple NMS 1/4° o
Knapsacks
Submodular Multiple o1 AO o
Knapsacks(identical knapsack sizes) NMS L-e o(1)
Submodular Broadcast
Scheduling NMS 1/4 o
Submodular Matching NMS k o
Scheduling(edge degree < k) e(k+1)

* The exact constant was not calculated by [20], but it is inferior to our corresponding results.

2 The o(1) term is with respect to min{n, k}, i.e., it diminishes when both n and k are large.

Y Requires pseudo polynomial time. It is possible to get a polynomial time algorithm at the cost
of some loss in the approximation ratio. For details, see the theorems below.

by N. The goal is to find a feasible solution S which maximizes f(S). Unlike its linear
variant, Submodular Independent Set in Interval Graphs is NP-hard. This follows,
e.g., from the reduction proved by Lemma 6.2.5.

We note that Submodular Independent Set in Interval Graphs is a special case
of the unsplittable flow problem where the graph is a path and all demands and capac-
ities equal 1. For the unsplittable flow problem with general demands and capacities, [20]
presents a (b, 1 — pb)-balanced contention resolution scheme for some constant p > 1. This
gives a (1 — e~ ®)(1 — pb)-approximation for the monotone case and a (be™® — o(1)(1 — pb)-
approximation for the non-monotone case.! We show that Submodular Independent Set
in Interval Graphs admits an improved monotone (b, e~?)-balanced contention resolu-
tion scheme for every b € (0, 1], and thus, has better approximation ratios than the ones
known for unsplittable flow. We get (1 — e~?)e™® and (be ™" — o(1)) approximation for
the monotone and non-monotone cases, respectively.

Algorithm 13 is the algorithm induced by our contention resolution scheme for the
Submodular Independent Set in Interval Graphs problem. We give the complete al-
gorithm, instead of only the contention resolution scheme because we believe the algorithm
is more natural this way.

The first step of the algorithm is the relaxation solving and re-normalization steps

'In both cases, the approximation ratios presented are the ones achieved using our measured continuous
greedy algorithm, and Theorem 6.0.3. These ratios are somewhat better than the original ones given by
[20].
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Algorithm 13: Contention Resolution Scheme for Submodular Independent Set in
Interval Graphs(N, f,b)

// Computing Fractional Solution
1 Use the measured continuous greedy algorithm with stopping time 7" = b to obtain
x.
// Sampling
2 Sample R where each interval u € N is chosen independently with probability
1— e %u,
// Diluting
3 For every u € N, mark interval u for deletion if there is a different interval v’ € R
that intersects the starting point of u.
// Output
4 Remove all marked intervals from R, and let S be the set of remaining intervals.
5 Output S.

of the contention resolution framework. The relaxation we use is the natural relaxations
of the problem. The second step of the algorithm corresponds to the sampling step of
the framework. We note that the probability of choosing an element into R in Line 2
is not as in [20]. However, since 1 — e~ < z, one can think of it as the sampling step
of the framework, followed by a second sampling step at the beginning of the contention
resolution scheme. More formally, the sampling step of the framework outputs a set R’
containing every element v € A with probability z,. The contention resolution scheme
starts by constructing a set R containing every element u € R’ with probability [1 —
e "]/ xy.

Lemma 6.2.1. For every b € (0,1], Algorithm 13 represents a monotone (b, e~")-balanced
contention resolution scheme for Submodular Independent Set in Interval Graphs.

Proof. First, we prove that for every interval u € N:
PriueS] > (1-e ") et

Let £, be the set of intervals that intersect the starting point of u, excluding u itself.
Theorems 3.2.1 and 3.2.2 guarantee that « € bP. Hence, ) . £, Tw < b—xy. Therefore,

PriueS]=(1-e")- H et =(1—e ™) e 2eLy Tu!
u' €Ly
> (1 — e_x“) e (b)) — (1 - e_x”) cetemb
Since u € S implies u € R/, we get:

Prlu e SAu € R - Pr[u € S]

Prlue S|ueR]=

Pr{u € R'] ~ Prju e R
_ pTu Ty —b Ty —-b
2(1 e Tu)e :(e 1)e N
Ty, Ty,

The monotonicity of contention resolution scheme is clear from the description of Algo-
rithm 13. ]

Corollary 6.2.2. For normalized monotone submodular f Submodular Independent Set
in Interval Graphs has 1/4-approzimation, and for non-negative submodular f it has
(1/(2e) — o(1))-approzimation.
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Proof. For the former case apply Theorem 6.0.3 and Lemma 6.2.1 with b = In 2 to obtain
an approximation of 1/4. For the latter case apply Theorem 6.0.3 and Lemma 6.2.1 with
b =1/2 to obtain an approximation of 1/(2e) — o(1). O

We consider also a variation of Submodular Independent Set in Interval Graphs
in which a valid solution can contain up to k intervals covering each time point on the line
(as opposed to just a single one). We denote this problem as the Submodular k-Colorable
Subgraph in Interval Graphs problem. Algorithm 13, and the contention resolution
scheme implying it, can still be applied with a few minor changes.

Algorithm 14: Contention Resolution Scheme for Submodular k-Colorable
Subgraph in Interval Graphs (N, f,k,b)

// Computing Fractional Solution

1 Use the measured continuous greedy algorithm with stopping time 7' = b to obtain
x.

// Sampling

2 Sample R where each interval u € N is chosen independently with probability ..
// Diluting

3 For every u € N, mark interval u for deletion if there are at least k other intervals
u’ € R that intersect the starting point of w.
// Output

4 Remove all marked intervals from R, and let S be the set of remaining intervals.

5 Output S.

The first step of the algorithm is the relaxation solving and re-normalization steps of
the contention resolution framework. The relaxation we use is the natural relaxations of
the problem. The second step of the algorithm corresponds to the sampling step of the
framework. Note that here, as expected, and unlike the case in Algorithm 13, we sample
every element u € N with probability x,.

Lemma 6.2.3. Algorithm 1/ represents a monotone (b,1 — e_[l/b_”zbk/?’)—balanced con-
tention resolution scheme for Submodular k-Colorable Subgraph in Interval Graphs
for b e (0,1].

Proof. Let L, be the set of intervals that intersect the starting point of u, excluding u itself.
Theorems 3.2.1 and 3.2.2 guarantee that x € bP. Hence, D, Tw < b(k — z4) < k.
By using standard Chernoff bound on the upper tail, one can show that:

Pr[|L, N R| >k —1] = Pr[|[L, N R| > k] < e /0~ 1°0K/3
Observe that the above inequality is independent of the question whether v € R. Hence,
Prlue S|ueR>1- e [1/b=11%bk/3

The monotonicity of contention resolution scheme is clear from the description of Algo-
rithm 14. O

We can now prove the next corollary. The o(1) term in this corollary is with respect
to min{k, n}, hence, it diminishes when both k and n are large.
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Corollary 6.2.4. For normalized monotone submodular f the above algorithm with b =
1/[14+/log k/k] provides a (1 — 1/e — o(1))-approzimation for Submodular k-Colorable
Subgraph in Interval Graphs. For non-negative submodular f it provides (1/e — o(1))-
approximation.

Proof. Notice that b = 1—o0(1), where the o(1) term is, as usual, with respect to min{k, n}.
Let us now calculate:

b. (1 _ efu/bfl]%k/s) — b (1 _ ef[WPbk/s) — (1—o(1)- (1 _ kfufo(l))/z) —1-0(1) .

By the result of [20], the approximation ratio is equal to abe, where « is the approxima-
tion ratio of the relaxation solving algorithm. The last calculation shows that bc = 1—o0(1)
in our case, hence, the approximation ratio we get is a — o(1). ]

6.2.2 The Submodular Job Interval Selection Problem

The Submodular Job Interval Selection problem is defined as following. We are given
a set A of n jobs, where each job u € N is associated with a set 7, of possible intervals.
Additionally, a normalized monotone submodular function f : 2V — R* over the jobs
is given (note that f is not defined over the intervals, but over the jobs). A feasible
schedule is a subset S C UyenJy of intervals, such that no two intervals in S intersect.
A job w is scheduled in S if S contains an interval from J,. The goal is to find a feasible
schedule S that maximizes the value of f over the set of jobs scheduled in S. We show that
Submodular Job Interval Selection can be reduced via an approximation preserving
reduction to Submodular Independent Set in Interval Graphs. This reduction works
only for normalized monotone submodular objective functions, hence, we do not consider
general non-negative submodular objectives.

Lemma 6.2.5. For normalized monotone and submodular objective functions, there is an
efficient approximation preserving reduction from Submodular Job Interval Selection
to Submodular Independent Set in Interval Graphs.

Proof. Fix an instance of Submodular Job Interval Selection with a normalized mono-
tone and submodular objective f, and let us define the following instance of Submodular
Independent Set in Interval Graphs. Set the interval set N/’ of the instance to be all
intervals in N/ = Uyen J,, while keeping multiplicities. Formally, N' = {I%|I € J,,u € N'}
(we keep the multiplicities by adding a superindex of u for every interval according to the
job it belongs to). Define f as the objective function of the Submodular Independent
Set in Interval Graphs instance by setting f(S) to be the value of f over all jobs
u scheduled by S (i.e., S contains an interval of 7,). Given an oracle for f, one can
construct an oracle for calculating f in polynomial time. Clearly every feasible solu-
tion to Submodular Job Interval Selection can be translated to a feasible solution
to Submodular Independent Set in Interval Graphs while keeping the value of the
objective function, and vice versa. Hence, we are left to prove that f is a normalized
monotone submodular function.

First, we show that f is normalized. The empty schedule contains no intervals, and
therefore, f(2) = f(2) = 0.

Second, we show that f is monotone. Given two sets S; C So C A, let N7 and N3 be
the set of jobs that are scheduled by S7 and Ss, respectively. Clearly, every job that has an
interval in S; also has an interval in Ss, hence N7 C N5. Hence, due to the monotonicity

of f, F(51) = f(N1) < f(N2) = f(S2).
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Third, we show that f is submodular. Assume Si, So, N7 and N5 are defined as above,
and let I € N/ — S5 be an interval outside of So. It is enough to show that f(S; + I) —
f(S1) > f(S2+ 1) — f(S2). Let u denote the (only) job that is associated with I. Clearly,
the set of jobs that have at least one interval in Sy 4+ I (S2 + I) is N7 + J (respectively,
N5 + J). Using the properties of f, and the fact A7 C N3, we conclude:

fS1+1) = f(S1) = fWNL+J) — f(N1) = fFNa+ ) = f(N2) = f(S2+ 1) — f(S2) -

The last inequality requires some explanation. If J & N3, then it follows from submodu-
larity. If J € N7 then both sides of the inequality are 0, and it trivially holds. Finally,
if J € Ny but J € N, then the right side of the inequality is 0, and the left side is
non-negative due to the monotonicity of f. O

Note: For linear objective functions, the above two problems are mot equivalent.
Specifically, the job interval selection problem is hard while the maximum weight inde-
pendent set in interval graph problem can be solved in polynomial time.

Corollary 6.2.6. There is a 1/4-approximation algorithm for Submodular Job Interval
Selection with a normalized monotone and submodular objective function.

We consider three variants of Submodular Job Interval Selection. First, we con-
sider the case where there are k identical machines. Second, we consider the case where
there are k unrelated machines. Third and last, we consider the case where the objective
function is a linear function, and there are k identical machines.

k Identical Machines

An instance of the k identical machines variant of Submodular Job Interval Selection
is identical to a standard instance with the following modification. A schedule S is a k-
tuple (S1,S9,...,S;), where every S; is a set of intervals. S is a feasible schedule if no
two intervals of the same set .S; intersect. As before, the goal is to maximize the value of
f over the set of jobs scheduled in S.

Lemma 6.2.7. For normalized monotone and submodular objectives, there is an approzi-
mation preserving reduction from Submodular Job Interval Selection with k identical
machines to Submodular k-Colorable Subgraph in Interval Graphs.

Proof. Given an instance of Submodular Job Interval Selection with k identical ma-
chines which consists of 7, for every u € N, k and f, define an instance of Submodular
k-Colorable Subgraph in Interval Graphs exactly as in the proof of Lemma (6.2.5).
The proof that f is a normalized monotone submodular function, and that it can be cal-
culated efficiently is identical to the equivalent part in the proof of Lemma (6.2.5). Addi-
tionally, from the construction of the Submodular k-Colorable Subgraph in Interval
Graphs instance, it is clear that given any schedule of the Submodular Job Interval
Selection instance, one can translate it into a solution for the Submodular k-Colorable
Subgraph in Interval Graphs instance with the same objective value, and vice versa.

O

Corollary 6.2.8. There is a (1 —1/e —o(1)) approximation algorithm for Submodular
Job Interval Selection with k identical machines and a normalized monotone and sub-
modular objective, where the o(1) term is with respect to min{k,n}.
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k Unrelated Machines

An instance of the k unrelated machines variant of Submodular Job Interval Selection
is identical to a standard instance with the following modification. A job u € N is
associated with k sets of intervals: Jy 1, Ju,2, .-, Juk, Where set J,; is the collection of
allowed intervals of job u on the i** machine. A schedule S is a k-tuple (S, Sa,...,Sk),
where every S; is a subset of the intervals allowed for the i*" machine. Again, S is a
feasible schedule if no two intervals of the same set S; intersect.

Lemma 6.2.9. For normalized, monotone and submodular objectives, there is an approxi-
mation preserving reduction from Submodular Job Interval Selection with k unrelated
machines to Submodular Job Interval Selection.

Proof. Given an instance of Submodular Job Interval Selection with k unrelated ma-
chines and a normalized monotone and submodular objective f, define the following in-
stance of Submodular Job Interval Selection. Given an interval I, let I+t denote the
same interval shifted by ¢, i.e., I +t has the same length as I, but starts ¢ time units later.
We also denote by T the latest end time of any interval in the original instance. For every
job wu, its set of intervals in the new Submodular Job Interval Selection instance is:
J! = UF_{I+iT|I € J,;}. Informally, intervals of machine 7 are placed between times iT
and (i + 1)7T". This guarantees that intervals which are originally from different machines
never intersect. Define f as the objective function of the new Submodular Job Interval
Selection instance by setting f(S) to be the value of f over all jobs u scheduled by S
(i.e., S contains an interval of 7). Given an oracle for f, one can construct an oracle for
calculating f in polynomial time.

Recall that intervals that are originally from different machines never intersect in the
new instance. Using this observation, every feasible solution to the original instance of
Submodular Job Interval Selection with k unrelated machines can be translated to a
feasible solution of the new Submodular Job Interval Selection instance while keeping
the value of the objective function, and vice versa. Hence, we are left to prove that f is a
normalized monotone submodular function.

First, we show that f is normalized. The empty schedule contains no intervals, and
therefore, f(2) = f(@) = 0.

Second, we show that f is monotone. Let Z’ be the set of all intervals of the new
instance of Submodular Job Interval Selection. Given two sets S; C Sy C 77, let N}
and A5 be the set of jobs that are scheduled by S7 and So, respectively. Clearly, every job
that has an interval in S; also has an interval in S, thus, N7 C A,. Hence, due to the
monotonicity of f, f(S1) = f(N1) < f(Na) = £(S2).

Third, we show that f is submodular. Assume Si, So, N7 and N5 are defined as above,
and let I € 7'—S5 be an interval outside of Sy. It is enough to show that f(S1+1)—f(S1) >
f(Sa+ 1) — f(S2). Let u denote the (only) job that is associated with I. Clearly, the set
of jobs that have at least one interval in Sy + I (S2 + I) is N7 + J (respectively, Na + J).
Using the properties of f , and the fact N7 C N3, we get:

fS1+1) = f(S1) = fWNL+J) — f(N1) = fFNa+ ) = f(N2) = f(S2+ 1) — f(S2) -

The last inequality requires some explanations. If J & A5, then the inequality follows
from the submodularity of f. If J € N1, then both sides of the inequality are equal to 0,
and the inequality trivially holds. Finally, if J € Ao, but J ¢ Nj, then the right hand side
of the inequality is 0, while the left hand side is non-negative due to the monotinicity of
I O
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Corollary 6.2.10. Submodular Job Interwval Selection with k unrelated machines
has a 1/4-approzimation algorithm for normalized monotone and submodular objective
functions.

k Identical Machines with Linear Objective

An instance of this variant is an instance of the k identical machines variant, with a linear
objective function. Since the objective is linear, one can use for this variant the following
linear programming formulation instead of the multilinear extension formulation. For
every job u, we denote by w, its contribution to the objective. For every interval I, we
denote by L the set of other intervals intersecting it.

max 3 ,en Wu (Zleju fUI)

st Ypeq,rr <1 Vu e N
Tr+ Y pep, @ <k VI € Uyen Tu

The algorithm we use for this problem is Algorithm 15, which is a variant of Algorithm
14.

Algorithm 15: Algorithm for Weighted Job Interval Selection with k identical
machines (N, f, k)

// Computing Fractional Solution
1 Use an LP solver to find an z maximizing the linear relaxation of the problem.
// Sampling
2 For every job uw sample at most one interval I € J,, with probability b - x; for every
interval, where b = 1/[1 + /log k/k].
// Diluting
3 For every I € R, mark interval I for deletion if there are at least k other intervals
I’ € R that intersect the starting point of 1.
// Output
4 Remove all marked intervals from R, and let S be the set of remaining intervals.
5 Output S.

The o(1) term in the next lemma is with respect to min{k,n}, hence, it diminishes
when both k£ and n are large.

Lemma 6.2.11. Weighted Job Interval Selection with k identical machines has a
polynomial time (1 — o(1))-approximation algorithm.

The proof of this lemma is similar in spirit to that of Lemma 6.2.3. However here we
do not need to evoke the framework of Theorem 6.0.3 and [20].

Proof. Fix an interval I € J,. The constraints of the LP guarantee that ), ;T <
k — x; < k. By using standard Chernoff bound on the upper tail, one can show that:

Pr(|C; N R| > k—1] = Pr[|£; N R| > k] < e 1/0-1P0k/3

Observe that the above inequality is independent of the question whether I € R.
Hence,

Pr[l €S| =Pl €R]-PriIe€S|I€R]>bx-[l—e W/O-1WR/3]
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Notice that b = 1 — o(1), where the o(1) term is, as usual, with respect to min{k,n}.
Let us now calculate:

b. (1 _ e—[l/b—u?bk/s) — b (1 _ e—[\/mFbk/S) — (1—o(1)- (1 _ k—(l—o(l))/za) —1-0(1) .

Combing the two last equations, we get: Pr[I € S] = z1-[1 — o(1)]. Recall that the
events Iy € S and I, € S are disjoint for every two different intervals I1 and Is of the same
job. Thus, expected contribution of job u to the objective function is:

> wyrxr-[L—o)]=[1—oL)] -wy Y a5 .

1€Ju VSN

By the linearity of the expectation, the expected value of S is equal to the objective of
the linear program times [1 — o(1)], which completes the proof of the lemma. O

Observe that this is a linear problem for which we improve the best known approxima-
tion ratio. The previously best approximation ratio for this problem approached 1 — e~!
for large k values [7].

6.2.3 The Submodular Multiple Knapsacks Problem

The Submodular Multiple Knapsacks problem is defined as following. We are given a
collection N of n elements and k knapsacks, where the size of the i** knapsack is B; € N.
We note that the number of knapsacks (k) might not be a constant. Each element u € A/
has a given size s, € N. In addition, we are also given a normalized monotone submodular
function f : 2V — RT defined over the elements. A feasible packing S is a k-tuple
(S1,S52,...,Sk) such that the total size (i.e., the sum of the sizes) of the elements in
each set S; is at most B;. An element u is packed by S if there exists an S; such that
u € ;. The goal is to find a feasible packing .S that maximizes the value of f over the set
of elements packed by S. Note that Submodular Multiple Knapsacks differs from the
usual k-knapsack constraints, discussed earlier in this work, in the sense that here we are
asked to pack each element into up to one of several possible knapsack, while the problem
of k-knapsack constraints ask to pack each element either to no knapsack or to all of them
at the same time.

We first consider the variant of Submodular Multiple Knapsacks where all knap-
sacks have equal size B. We show that in this case Submodular Multiple Knapsacks
can be reduced via an approximation preserving reduction to Submodular k-Colorable
Subgraph in Interval Graphs (again, the reduction works only for normalized, mono-
tone and submodular objective functions). However, the time complexity of this reduction
depends on the sizes of the knapsacks.

Lemma 6.2.12. For normalized, monotone and submodular objectives, there exists an
approximation preserving reduction from Submodular Multiple Knapsacks with identical
knapsack sizes, to Submodular k-Colorable Subgraph in Interval Graphs. The time
complexity of this reduction is pseudo polynomial.

Proof. Given an instance of Submodular Multiple Knapsacks with identical knapsack
sizes, define an instance of Submodular k-Colorable Subgraph in Interval Graphs
as follows. The number of machines (k) in the new instance is equal to the number of
knapsacks in the original one. For each element u € N, create a collection of B — s, + 1
intervals by constructing for every possible (integral) starting point from 0 up to B — s;
an interval of length s; that starts at that point. Denote this collection of intervals by N,.
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Define: N7 = U, en'Ny. N’ is the set of intervals in the constructed instance. Define f as
the objective function of the Submodular k-Colorable Subgraph in Interval Graphs
instance by setting f(S) to be the value of f over all elements u € N for which SNA,, # @.
One can construct an oracle for calculating f in polynomial time, let us prove that f is a
normalized, monotone and submodular function.

First, we show that f is normalized. The empty solution contains no intervals, and
therefore, f(2) = f(2) = 0.

Second, we show that f is monotone. Given two sets S; C Sa C N7, let N7 and N3 be
the sets of elements that are covered by S7 and Sy, respectively. Clearly, every element
that has an interval in S7 also has an interval in Sy, hence N7 C N5. Therefore, due to
the monotonicity of f, f(S1) = f(N1) < f(N2) = f(S2).

Third, we show that f is submodular. Assume Si, So, N7 and N> are defined as before,
and let I € Sy be an interval outside of Sy. It is enough to show that f(S1+ 1) — f(S1) >
f(Sa+1)— f(S2). Let u denote the (only) element that is associated with I. Clearly, the
set of elements that have at least one interval in S; + I (Sy + I) is N1 + u (respectively,
N2 + u). Using the properties of f, we can conclude that:

fS1+1) = f(S1) = fNM +u) = fN1) = f(N2 +u) — f(N2) = f(S2+ 1) — f(S2)

The last inequality requires some explanations. If u & N5, then the inequality follows from
the submodularity of f. If u € N, then both sides of the inequality are equal to 0, and
the inequality trivially holds. Finally, if u € N3, but u ¢ N7, then the right hand side of
the inequality is 0, while the left hand side is non-negative due to the monotinicity of f.

Next, let us explain how to translate a feasible solution of the Submodular Multiple
Knapsacks with identical knapsack sizes instance into a feasible solution of Submodular
k-Colorable Subgraph in Interval Graphs without modifying the value of the objec-
tive. Let S = (S1,S9,...,Sk) be a feasible solution to the original instance of Submodular
Multiple Knapsacks with identical knapsack sizes. Fix .S;, and let w;,, us,, . .., u;,, be the
elements of S;. Let us construct a set S; as following. For every 1 < i < m, add the inter-
val of u starting at time Zi;ll Su;, O S;. Notice that this interval exists since the total
size of the elements in S; is at most B. Moreover, all the intervals in S; are disjoint. We
can now construct a solution S for Submodular k-Colorable Subgraph in Interval
Graphs which is simply the union Ulegi. Since the union is over k sets only, there are at
most k intervals in S that contain any point p. This completes the construction of S, and
the proof that S is a feasible solution. Clearly, f(S) = f(S5).

We now prove the other direction. Let S be a solution to Submodular k-Colorable
Subgraph in Interval Graphs. Since there are at most k intervals in S containing any
point p, we can color all intervals in S by & colors such that any two intervals with the same
color do not intersect. Recall that each interval is associated with an element u € N'. Thus,
we can define S = (S1,53,...,S;) by assigning all elements corresponding to intervals of
color ¢ to S;. Note that S is a feasible solution of Submodular Multiple Knapsacks with
identical knapsack sizes because all intervals of color i have total length of at most B (by
the fact that any two intervals of the same color do not intersect). Clearly f(S) = f(9),
which completes the translation of the lemma. O

Corollary 6.2.13. Submodular Multiple Knapsacks with identical knapsack sizes has
1 —e~ ' —o(1) approzimation algorithm with pseudo polynomial time complexity.

The o(1) term in Corollary 6.2.13 is with respect to min{n, k}, i.e., it diminishes when
both n and k are large. Interestingly, the guarantee of Corollary 6.2.13 for many identical
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knapsacks is identical to the one achieved by [77] for a single knapsack, which is known to
be tight (e.g., it can be easily proved using the symmetry gap technique of [81]).

In order to get an approximation that uses polynomial time regardless of the sizes
of the knapsacks, additional techniques has to be applied. As usual, the o(1) term in
Lemma 6.2.14 is with regard to min{n, k}.

Lemma 6.2.14. There is a polynomial time ((e —1)/(3e — 1) — o(1))-approzimation al-
gorithm for Submodular Multiple Knapsacks with identical knapsack sizes and a nor-
malized, monotone and submodular objective function.

In the following proof we abuse notation, and unify a schedule with the set of elements
within this schedule.

Proof. We suggest an algorithm that constructs three feasible solutions, and output the
single solution with the maximum value. We assume there are no elements larger than
B, otherwise, any such element can be safely removed. Let X be the set of all elements
smaller than B/n. Notice that all the elements of X can be packed into a single knapsack.
Hence, X is a feasible solution. Since f is monotone, the value of X is at least: f(X) >
f(X NOPT), where OPT is the optimal solution.

From now on we consider only the elements of N\ X. We set the size of the knapsacks
to B’ = n?, and scale the size of every element u € N\ X accordingly to s/, = | s, B'/B].
Notice that the set of feasible solutions can only increase by this scaling, i.e., OPT \ X is
still a feasible solution. We now apply the algorithm from Corollary 6.2.13 to the instance
(with the ground set N\ X). This algorithm runs in polynomial time on this instance
because all numbers in the representation of the instance are smaller or equal to n?. Let
S be the output of the algorithm. Since OPT \ X is still a feasible solution, we are
guaranteed that f(S) > [1 —e ! —o(1)] - f(OPT \ X).

Consider the set of elements S; packed by S to some knapsack. The total original
size of the elements in S; is B(1 + |S;|/n?) < B(1 + 1/n). Hence, by removing any single
element from S;, we get a set of elements of size at most B. In other words, the set of
elements in S; can be split into two disjoint sets Y; and Z;, each having a total size of
at most B. By repeating this argument for all knapsacks, we get two disjoint feasible
solutions Y and Z whose union is S. From submodularity and non-negativity, we get:
FO) + £(2) = f(8) = [1— et = o(1)] - F(OPT\ X).

Our algorithm picks the best set among X, Y and Z. The value of this solution is at
least:

max{f(OPT N X),[1 —e ' —0(1)]/2- f(OPT\ X)} .

By the submodularity and non-negativity of f, we know that f(OPTNX)+ f(OPT\X) >
f(OPT). Hence, f(OPTNX) > f(OPT)— f(OPT\ X). Plugging this into the previous
expression, and denoting f(OPT \ X) by z, we get that the algorithm outputs a solution
of value at least:

max{f(OPT) —z,[1—e ' —o(1)]/2 -z} . (6.1)

Clearly this expression is minimized when the two arguments of the max are equal, i.e.,
when:
3- f(OPT)

fOPT)—z = [1—e"'~o()]/22 = f(OPT) = [3—e"'~o(1)}/2e = v = 57—~ -
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Plugging this = into Equation 6.1 gives the following lower bound on the value of the
algorithm’s output:

wax{ F(OPT) — . [1 = e~ —o(0)}/2-} 2 jopr) - 2LOPIL
S l-et—o(l) _e-1
_3—6*1—0(1)236_1_0(1)- O

If the knapsacks have different sizes, the problem can still be reduced to Submodular
Independent Set in Interval Graphs. This leads to somewhat weaker results, as can
be seen from the following claims.

Lemma 6.2.15. For normalized, monotone and submodular objectives, There is an ap-
proximation preserving reduction from Submodular Multiple Knapsacks to Submodular
Job Interval Selection. The time complexity of this reduction is pseudo-polynomial.

The main reason why the proof of the Lemma 6.2.12 fails for the general problem
is that there is no way to convert a solution of Submodular k-Colorable Subgraph in
Interval Graphs back to a solution Submodular Multiple Knapsacks when there are
multiple knapsacks. The source of the failure is that intervals corresponding to different
knapsacks appear in the solution together. To by pass that, the following proof has a
disjoint range for intervals of each knapsack.

Proof. Given an instance of Submodular Multiple Knapsacks, we define an instance
of Submodular Job Interval Selection as following. Let B be the size of the largest
knapsack. Every element v of Submodular Multiple Knapsacks translates into a job u
which has the following intervals: J, = {[iB+j,iB+j+s,) |1 <i<k,0<j<B;—s,}.
The submodular function f : 2V — R* is common to both instances.

Let S = (S1,52,...,5k) be a feasible solution to the original instance of Submodular
Multiple Knapsacks. Fix S;, and let wu;,, u;,,...,u;, be all the elements of S;. Let us
construct a set S; as following. For every 1 <1 < m, add the interval of u starting at time
Zi;ll Su; ,, tO S;. This interval exists since the total size of the elements in S; is at most B;.
Moreover, all the intervals in \S; are disjoint, and are within the range [iB, (i + 1)B). We
can now construct a solution S for Submodular Job Interval Selection which is simply
the union U*_;S;. Since each one of the sets S; contains intervals included in a different
range [i3, (i + 1)B), clearly S contains no two intersecting intervals. This completes the
construction of S, and the proof that S is a feasible solution. Clearly, f(S) = f(S) because
the jobs corresponding to the intervals of S are exactly the elements of S.

Consider now the reverse direction. Let S be a feasible solution to the instance of
Submodular Job Interval Selection. For every 1 < i < k, we construct a set S;
containing all jobs for which S contains an interval in the range [iB3, (i + 1)B). By the
construction of the Submodular Job Interval Selection instance, and the fact that
no two intervals of S intersect, the total size of the elements of S; must be at most B;.
Hence, S = (S1,5,...,Sk) is a feasible solution for the original Submodular Multiple
Knapsacks instance. Clearly, f(S) = f(S) because the jobs corresponding to the intervals
of S are exactly the elements of S. O

Corollary 6.2.16. Submodular Multiple Knapsacks has 1/4 approximation algorithm
with pseudo polynomial time complexity.

Again, it is possible to get an approximation that uses only polynomial time regardless
of the sizes of the knapsacks, but at the cost of a somewhat inferior approximation ratio.
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Lemma 6.2.17. Submodular Multiple Knapsacks with a normalized, monotone and
submodular objective function has a polynomial time (1/9 — o(1))-approximation algo-
rithm.

Proof. The proof of Lemma 6.2.14 works for this lemma also, with a few modifications.

e The set of elements in X contains all elements smaller than Byax/n, where By is
the largest knapsack. Notice that all the elements of X can still be packed into a
single knapsack.

e We can assume all knapsacks are of size at least Bpax/n, otherwise, no remaining
element can be packed into them.

e The size of a knapsack of size B is scaled to [B-n?/Bpax |, and the size each element
u is scaled accordingly to s/ = |sy - n%/Bmax|. Notice that, as before, the set of
feasible solutions only increases in the process, and all numbers become polynomial
in n.

e We apply the algorithm of Corollary 6.2.16 instead of the algorithm given by Corol-
lary 6.2.13. However, this time the algorithm cannot be applied in a black box
fashion. The problem is that it is now possible that there is an element which could
not fit into a given knapsack before the scaling, but fits into it after the scaling. To
solve this problem, we require that the algorithm of Corollary 6.2.16 will not gener-
ate segments for a given combination of element and knapsack, unless the element
fits into the knapsack before the scaling.

e Consider some knapsack, and the set .S; of elements S pack into this knapsack. The
total original size of the elements of S; can be at most:

[B : nz/Bmax—| : Bmax/n3 +n- (Bmax/ng) =B+ Bmax/n3 + Bmax/n2
<B(1+1/n+1/n% .

If the total original size exceeds B, we need to describe how to split S; into Y; and
Z;, and guarantee that both Y; and Z; are feasible. There are two case. If there
is an element of size at least B(1/n + 1/n?) in the knapsack, then this element is
placed into Y;, and the remaining elements, are placed into Z;. Clearly both sets are
feasible. If no such element exists, we pick arbitrary two elements and place them in
Y;. The rest of the elements go to Z;. The elements in Z; are feasible because their
total size is less than B. The two elements in Y; also form a feasible set because
their total size is at most B(2/n + 2/n?) < B (assuming n > 3). O

6.2.4 The Submodular Broadcast Scheduling Problem

The Submodular Broadcast Scheduling problem is defined as follows. We are given a
set K of n pages, and a set N of requests. Each page P € K is associated with a set Jp of
intervals, and each request u € N is associated with a page P, and a subset J, C Jp, of
intervals of P,. Two intervals of two pages are always considered to be different from each
other, even if they cover exactly the same range (i.e., they can appear together in one set).
Additionally, we are given a normalized monotone submodular function f : oN S RT. A
feasible schedule is a set .S of intervals, such that no two intervals intersect. A request u
is fulfilled by schedule S if S contains an interval from J,. The goal is to find a feasible
schedule S maximizing the value of f over the set of requests fulfilled by S.
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One can assume without loss of generality that there is only one page P in any instance
of Submodular Broadcast Scheduling. The reduction goes as following. Replace all
pages with a new page P. The set of intervals of P is Jp = UpexcJp (notice that Jp can
contain multiple intervals that cover the same range if they originate from different pages.
Such intervals are considered different from each other). All requests u € N are now
associated with P, but keep the same intervals set J,, C J, p, € Jp. Neither the definition
of feasible schedules, nor the objective of the problem, are changed by the introduction of
P. The following lemma is proved using this reduction.

Lemma 6.2.18. There exists an approrimation preserving reduction from Submodular
Broadcast Scheduling to Submodular Independent Set in Interval Graphs for nor-
malized, monotone and submodular objectives.

Proof. Following the above reduction, we assume there is a single page P in the instance
of Submodular Broadcast Scheduling. Given an instance of Submodular Broadcast
Scheduling, we construct an instance of Submodular Independent Set in Interval
Graphs as following. The set of intervals in the new instance is Jp, and its objective
function f is defined as following:

f)=fEueN|SNT, #2}) .

Notice that a set S of intervals is feasible under both instances if and only if it contains
no intersecting intervals. Moreover, under both instances the objective value associated
with S is the value of f over the set of requests u which have some request of 7, in S.
Hence, we are only left to show that f is normalized, monotone and submodular.

Let us start with the normalization: f(@) = f(@) = 0. Next, we need to show the
monotonicity of f. Let S; C Sy be two sets of intervals. Let A} (N2) be the set of requests
u for which there is some interval of 7, in S (respectively, S3). Clearly, N7 C Ns. Hence,
f(S1) = f(M) < f(N2) = f(S2). Finally, we should prove that f is submodular. Let
S1, S92, N1 and N5 be defined as before, let I be an interval that does not appear in Sy and
let St be the set of requests u for which 7, NS; # &. Then:

F(S1+1)— f(S1) = fF(MUS) — f(M)
= [f(NlUSI)—f(Nl (SrON2)) + [f(NL U (ST N N2)) — f(N)]
FN1U S = fIMLU (ST NAN2)) > f(N2USp) — f(N2)
=f(S2+ 1)~ f(S2) ,

where the first inequality follows from the monotonicity of f, and the second one from its
submodularity. O

Corollary 6.2.19. Submodular Broadcast Scheduling has a 1/4 approximation algo-
rithm.

We would like to emphasis that the approximtion ratio given by Corollary 6.2.19 is
the best approximation ratio known also for the linear variant of Submodular Broadcast
Scheduling [8].

6.2.5 The Submodular Matching Scheduling Problem

The Submodular Matching Scheduling problem is defined as follows. We are given a
multigraph G = (V, E) of edge degree at most k and a set J. of intervals tuples for every
edge e € F, where the number of intervals in each tuple of J. is equal to the degree of
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e. Given an intervals tuple J € J., one interval of J is associated with each end point
of e. Let E(J) be the edge with which the tuple J is associated, and let J(u) denote the
interval in J associated with node u (assuming u € E(J)). A feasible matching schedule
S C UeepJe is a set of intervals tuples such that for every two intervals tuples Ji, Jo € S,
if E(J;) and E(J2) share a common vertex u, then Jj(u) and J2(u) do not intersect. An
edge e is covered by a matching schedule if J.NS # (). The objective is to find a matching
schedule S maximizing a normalized monotone submodular function f : 28 — Rt over
the set of edges that are covered by S.

Informally, a matching schedule is a matching in which every edge is also assigned a
tuple of intervals, one for each end point, and we allow multiple edges to hit the same node
as long as their associated intervals do not intersect. This problem has several interesting
special cases:

1. The multigraph is a graph, i.e., k = 2, and every intervals tuple contains two identical
intervals. In this case, we can think of each edge e has having a given list 7, of
allowed intervals. A feasible schedule chooses a subset E’ of edges, and assigns an
interval from J. to every edge e € E’ in such a way that the intervals assigned
to edges intersecting a common vertex are do not intersect. This problem models a
situation where nodes wish to transmit a set of messages among themselves, however,
a node can participate at every point in time in one transmission only. The goal
is to maximize a normalized monotone submodular function over the transmitted
messages.

2. The input is a graph in which every node v € V has a budget B(v) € N, and every
edge e € E has a weight w,. A feasible schedule is a subset of edges such that for
every vertex v, the total weight of the schedule’s edges hitting v does not exceed
B(v). The goal is to maximize a normalized monotone submodular function over
the schedule’s edges.

This problem has an approximation preserving pseudo polynomial time reduction to
Submodular Matching Scheduling. This reduction uses the same ideas presented
in the proofs of Section 6.2.3.

Lemma 6.2.20. One can assume without loss of generality that for every edge e € F,

|Te| = 1.

Proof. Replace every edge e with |7.| parallel edges: ej,ea, ... ;€7.|, and assign a unique
intervals tuple from J. to every edge e;. The new objective function f is defined as
following: f(S) = f({e € E | 3;J., € S}). Clearly f is also a normalized monotone
submodular function. Observe that any feasible matching schedule before the reduction
is also a feasible matching schedule after the reduction, and vice versa. Moreover, it is
easy to see that the reduction preserves the value of the objective function because f is
not effected by the size of J. N S as long as this quantity is positive. O

After the reduction presented by Lemma 6.2.20 is applied, an instance of Submodular
Matching Scheduling can be viewed as the intersection of n Submodular Independent
Set in Interval Graphs instances, one for each node. Thus, we can apply the contention
resolution scheme of Submodular Independent Set in Interval Graphs to each node
separately, and get a scheme for Submodular Matching Scheduling. By Lemma 1.5 of
[20], this yields a (b, e~?*)-monotone balanced contention resolution scheme for Submodular
Matching Scheduling.
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Corollary 6.2.21. Submodular Matching Scheduling has a ke '(k 4+ 1)~2 approzima-
tion algorithm.

Proof. Using the contention resolution scheme described above, Theorem 6.0.3 and b =
In(1+ 1/k), we get an algorithm for Submodular Matching Scheduling with an approx-
imation ratio of:

k E\F 1 1 \* k
—e )y et (o2 ) ) = = (1o — ) >— % O
(L—e™)-e <1 k:+1) (k:+1) k+1 <1 k+1> = e(k+1)2
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