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—— Abstract

The problem of maximizing a constrained monotone set function has many practical applications
and generalizes many combinatorial problems such as k-COVERAGE, MAX-SAT, SET PACKING,
MaAXxiMUM INDEPENDENT SET and WELFARE MAXIMIZATION. Unfortunately, it is generally
not possible to maximize a monotone set function up to an acceptable approximation ratio, even
subject to simple constraints. One highly studied approach to cope with this hardness is to restrict
the set function, for example, by requiring it to be submodular. An outstanding disadvantage
of imposing such a restriction on the set function is that no result is implied for set functions
deviating from the restriction, even slightly. A more flexible approach, studied by Feige and Izsak
[ITCS 2013], is to design an approximation algorithm whose approximation ratio depends on the
complexity of the instance, as measured by some complexity measure. Specifically, they introduced
a complexity measure called supermodular degree, measuring deviation from submodularity, and
designed an algorithm for the welfare maximization problem with an approximation ratio that
depends on this measure.

In this work, we give the first (to the best of our knowledge) algorithm for maximizing
an arbitrary monotone set function, subject to a k-extendible system. This class of constraints
captures, for example, the intersection of k-matroids (note that a single matroid constraint is
sufficient to capture the welfare maximization problem). Our approximation ratio deteriorates
gracefully with the complexity of the set function and k. Our work can be seen as generalizing
both the classic result of Fisher, Nemhauser and Wolsey [Mathematical Programming Study
1978], for maximizing a submodular set function subject to a k-extendible system, and the result
of Feige and Izsak for the welfare maximization problem. Moreover, when our algorithm is applied
to each one of these simpler cases, it obtains the same approximation ratio as of the respective
original work. That is, the generalization does not incur any penalty. Finally, we also consider
the less general problem of maximizing a monotone set function subject to a uniform matroid
constraint, and give a somewhat better approximation ratio for it.
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M. Feldman and R. lzsak

1 Introduction

A set function f is a function assigning a non-negative real value to every subset of a
given ground set . A set function is (non-decreasing) monotone if f(A) < f(B) whenever
A C B C N. Monotone set functions are often used to represent utility/cost functions in
economics and algorithmic game theory. From a theoretical perspective, many combinatorial
problems such as k-COVERAGE, MAX-SAT, SET PACKING and MAXIMUM INDEPENDENT
SET can be represented as constrained maximization of monotone set functions.

Unfortunately, it is generally not possible to maximize a general monotone set function
up to an acceptable approximation ratio, even subject to simple constraints. For example,
consider the case of a partition matroid constraint, where the ground set is partitioned into
subsets of size m, and we are allowed to pick only a single element from each subset. This
problem generalizes the well-known WELFARE MAXIMIZATION problem!, and thus, cannot
be generally approximated by a factor of O(logm/m), in time polynomial in n and m (see
Blumrosen and Nisan [2]).2

One highly studied approach to cope with this hardness is to restrict the set function.
A common restriction is submodularity. A set function is submodular if the marginal
contribution of an element to a set can only decrease as the set increases. More formally, for
every two sets A C B C N and element u € N'\ B, f(BU{u}) — f(B) < f(AU{u}) — f(A).
Submodular functions are motivated by many real world applications since they represent the
principle of economy of scale, and are also induced by many natural combinatorial structures
(e.g., the cut function of a graph is submodular). Fortunately, it has been shown that
submodular functions can be maximized, up to a constant approximation ratio, subject to
various constraints. For example, maximizing a monotone submodular function subject to
the partition matroid constraint, considered above, has a (1 — 1/e)-approximation algorithm
(see Calinescu, Chekuri, Pal and Vondrak [4]).

An outstanding disadvantage of imposing a restriction on the set function, such as
submodularity, is that no result is implied for functions deviating from the restriction, even
slightly. A more flexible approach, studied by [12], is to define a complexity measure for
set functions, and then design an approximation algorithm whose guarantee depends on
this measure. More specifically, [12] introduced a complexity measure called supermodular
degree. A submodular set function has a supermodular degree of 0. The supermodular degree
becomes larger as the function deviates from submodularity. Feige and Izsak [12] designed a
(1/(d + 2))-approximation algorithm for the welfare maximization problem, where d is the
maximum supermodular degree of the bidders’ utility functions.

In a classic work, Fisher, Nemhauser and Wolsey [16] introduced a (1/(k + 1))-approx-
imation algorithm for maximizing a submodular set function subject to a k-extendible system
(in fact, they proved this approximation ratio even for a more general class of constraints
called k-systems). In this work, we leverage their work, together with the supermodular
degree, and give the first (to the best of our knowledge) algorithm for maximizing an arbitrary
monotone set function subject to a k-extendible system. Note that k-extendible system
generalizes, for example, the intersection of k-matroids (see Section 2 for definitions), and
thus, also the welfare maximization problem, which can be captured by a single matroid

! The welfare maximization problem consists of a set B of m bidders and a set N of n items. Each bidder
b € B has a monotone utility function up : 2V 5 RT. The objective is to assign a disjoint set A} C N
of items to each bidder in a way maximizing Zbe/\f up(Np) (4. e., the “social welfare”).

2 This result applies to value oracles, which we use throughout this work.
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constraint. As in the works of Fisher, Nemhauser and Wolsey [16] and [12], our algorithm
is greedy. Like in [12], the approximation ratio of our algorithm deteriorates gracefully
with the complexity of the set function. Interestingly, when our algorithm is applied to
the simpler cases studied by [16] and [12], its approximation ratio is exactly the same as
that proved by the respective work. That is, we have no penalty for generality, either for
handling an arbitrary set function (as opposed to only submodular) or for handling an
arbitrary k-extendible system (as opposed to only welfare maximization). We also show an
hardness result, depending on k and the supermodular degree of the instance, suggesting the
approximation ratio of our algorithm is almost the best possible. Finally, we consider the
less general problem of maximizing a monotone set function subject to a uniform matroid
constraint (see Section 2), and give a somewhat better approximation ratio for it.

1.1 Related Work

Extensive work has been conducted in recent years in the area of maximizing monotone
submodular set functions subject to various constraints. We mention here the most relevant
results. Historically, one of the very first problems examined was maximizing a monotone
submodular set function subject to a matroid constraint. Several special cases of matroids
and submodular functions were studied in [6, 20, 21, 25, 26], using the greedy approach.
Recently, the general problem, with an arbitrary matroid and an arbitrary submodular set
function, was given a tight approximation of (1 — 1/e) by Calinescu et al. [4]. A matching
lower bound is due to [29, 30].

The problem of maximizing a monotone submodular set function over the intersection
of k matroids was considered by Fisher et al. [16], who gave a greedy algorithm with an
approximation ratio of 1/(k 4+ 1), and stated that their proof extends to the more general
class of k-systems using the outline of Jenkyns [25] (the extended proof is explicitly given
by Calinescu et al. [4]). For k-intersection systems and k-exchange systems, this result
was improved by Lee et al. [27] and Feldman et al. [15], respectively, to 1/(k + €), for
every constant € > 0. The improvement is based on a local search approach that exploits
exchange properties of the underlying combinatorial structure. Ward [34] further improved
the approximation ratio for k-exchange systems to 2/(k + 3 + ) using a non-oblivious local
search. However, for maximizing a monotone submodular set function over k-extendible
independence systems (and the more general class of k-systems), the current best known
approximation is still 1/(k + 1) [16].

Other related lines of work deal with maximization of non-monotone submodular set
functions (constrained or unconstrained) (see [3, 14, 33] for a few examples) and minimization
of submodular set functions [17, 18, 23, 24].

The welfare maximization problem (or combinatorial auction) is unique in the sense that
it was studied in the context of many classes of utility (set) functions, including classes
generalizing submodular set functions such as sub-additive [10] and fractionally sub-additive
valuations [9]. For many of these classes a constant approximation algorithm is known
[1, 8, 10, 13, 19] assuming access to a demand oracle, which given a vector of prices returns a
set of elements maximizing the welfare of a player given these prices. However, when only a
value oracle is available to the algorithm (i. e., the only access the algorithm has to the utility
functions is by evaluating them on a chosen set) one cannot get a better than a polynomial
approximation ratio, even for fractionally sub-additive valuations [9]. We are not aware of
any other maximization subject to a constraint problem that was studied with respect to a
non-submodular objective before our work.
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2 Preliminaries

In this work, we consider set functions f : 2V — R* that are (non-decreasing) monotone
(i.e., AC B C N implies f(A) < f(B)) and non-negative. We denote the cardinality of
N by n. For readability, given a set S C A and an element u € N' we use S + u to denote
SU{u} and S — u to denote S\ {u}.

2.1 Independence Systems

Given a ground set NV, a pair (N, Z) is called an independence system if Z C 2N is hereditary
(that is, for every set S € Z, every set S’ C S is also in Z). Independence systems are further
divided into a few known classes. The probably most highly researched class of independence
systems is the class of matroids.

» Definition 1 (Matroid). An independence system is a matroid if for every two sets S, T € T
such that |S| > |T'|, there exists an element u € S\ T', such that T+ u € Z. This property is
called the augmentation property of matroids.

Two important types of matroids are uniform and partition matroids. In a uniform
matroid a subset is independent if and only if its size is at most k, for some fixed k. In a
partition matroid, the ground set A is partitioned into multiple subsets N7, Na, ..., N, and
an independent set is allowed to contain at most a single element from each subset N;.

Some classes of independence systems are parametrized by a value k € N (k > 1). The
following is a simple example of such a class.

» Definition 2 (k-intersection). An independence system (N, Z) is a k-intersection if there

exist k matroids (N, Zy) ... (N, Zy) such that a set S C N isin Z if and only if S € ﬂle Z;.

The problem of k-dimensional matching can be represented as maximizing a linear function
over a k-intersection independence system. In this problem, one looks for a maximum weight
matching in a k-sided hypergraph, i. e., an hypergraph where the nodes can be partitioned
into k “sides” and each edge contains exactly one node of each side. The representation of
this problem as the intersection of & partition matroids consists of one matroid per “side” of
the hypergraph. The ground set of such a matroid is the set of edges, and a subset of edges is

independent if and only if no two edges in it share a common vertex of the side in question.

The following definition, introduced by Mestre [28], describes a more general class of
independence systems which is central to our work.

» Definition 3 (k-extendible). An independence system (N, Z) is a k-extendible system if for
every two subsets T C S € 7 and element u ¢ T for which T'U {u} € Z, there exists a subset
Y C S\ T of cardinality at most k for which S\Y +u € 7.

The problem of maximizing a linear function over a k-extendible system captures the
problem of k-set packing.? In this problem, one is given a weighted collection of subsets of
N, each of cardinality at most k, and seeks a maximum weight sub-collection of pairwise
disjoint sets. The corresponding k-extendible system is as follows. The ground set contains
the sets as elements. The independent subsets are all subsets of pairwise disjoint sets. Let us
explain why this is a k-extendible system. Adding a set S of size k to an independent set I,
while respecting disjointness, requires that every elements of S is not contained in any other

3 k-set packing is, in fact, already captured by a smaller class called k-exchange, defined by [15].
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set of I. On the other hand, since I is independent, each element is contained in at most one
set of I. Therefore, in order to add S, while preserving disjointness, we need to remove up
to k sets from I, as required by Definition 3.

The most general class of independence systems considered is given by Definition 5. The
following definition is used to define it.

» Definition 4 (Base). Given an independence system (A, Z) and a set S C A, we say that
aset BC Sisabaseof Sif BeZbut B+u¢Z for every element u € S\ B. Furthermore,
if S = N, then we say that B is a base of the set system itself, or simply, a base.

» Definition 5 (k-system). An independence system (N,Z) is a k-system if for every set
S C N, the ratio between the sizes of the smallest and largest bases of S is at most k.

An example of a natural problem which can be represented by a k-system, but not by a
k-extendible system is given by [4]. The following (strict) inclusions can be shown to hold [4]:

matroids C k-intersection C k-extendible systems C k-systems .

2.2 Degrees of Dependency

We use the following standard definition.

» Definition 6 (Marginal set function). Let f : 2V — R* be a set function and let v € N.
The marginal set function of f with respect to u, denoted by f(u | -) is defined as f(u | S) =
f(S+u)— f(u). When the underlying set function f is clear from the context, we sometimes
call f(u|S) the marginal contribution of u to the set S. For subsets S,T C A, we also use

def

the notation f(T|S) = f(SUT) — f(95).
We recall the definitions of the complexity measures used in this work (defined by [12]).

» Definition 7 (Dependency degree). The dependency degree of an element u € N by f is
defined as the cardinality of the set Dy(u) = {v € N | senaf(u | S+v) # f(u ] S)},
containing all elements whose existence in a set might affect the marginal contribution of
u. Dy(u) is called the dependency set of u by f. The dependency degree of a function f,
denoted by Dy, is simply the maximum dependency degree of any element u € A. Formally,
Dy = maxyen |Dy(u)]. When the underlying set function is clear from the context, we
sometimes omit it from the notations.

Note that 0 < Dy < n — 1 for any set function f. Dy = 0 when f is linear, and becomes
larger as f deviates from linearity.

» Definition 8 (Supermodular (dependency) degree). The supermodular degree of an element
u € N by f is defined as the cardinality of the set D;l'(u) ={veN|Jscnflu|S+v)> f(u]
S)}, containing all elements whose existence in a set might increase the marginal contribution
of u. D}r(u) is called the supermodular dependency set of u by f. The supermodular degree of
a function f, denoted by D}", is simply the maximum supermodular degree of any element
u € N. Formally, D}' = maxXy,en |D;{(u)\ Again, when the underlying set function is clear
from the context, we sometimes omit it from the notations.

Note that 0 < Dj[ <Dy <n—1 for any set function f. D;[ = 0 when f is submodular,
and becomes larger as f deviates from submodularity.
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2.3 Representing the Input

Generally speaking, a set function might assign 2" different values for the subsets of a ground
set of size n. Thus, one cannot assume that any set function has a succinct (¢. e., polynomial
in n) representation. Therefore, it is a common practice to assume access to a set function
via oracles. That is, an algorithm handling a set function often gets an access to an oracle
that answers queries about the function, instead of getting an explicit representation of the
function. Arguably, the most basic type of an oracle is the value oracle, which given any
subset of the ground set, returns the value assigned to it by the set function. Formally:

» Definition 9 (Value oracle). Value oracle of a set function f : 2V — R* is the following:
Input: A subset S C N.
Output: f(5).

Similarly, since in a given independence system the number of independence subsets might
be, generally, exponential in the size of the ground set, it is common to use the following
type of oracle.

» Definition 10 (Independence oracle). Independence oracle of an independence system (N, Z)
is the following;:

Input: A subset S C V.

Output: A Boolean value indicating whether S € 7.

Our algorithms use the above standard oracles. Additionally, in order to manipulate a
function with respect to the dependency/supermodular degree, we need a way to know what
are the (supermodular) dependencies of a given element in the ground set. Oracles doing
so were introduced by [12], and were used in their algorithms for the welfare maximization
problem. Formally:

» Definition 11 (Dependency and Supermodular oracles). Dependency oracle (Supermodular
oracle) of a set function f : 2V — R* is the following:

Input: An element u € N.

Output: The set D(u) (D (u)) of the (supermodular) dependencies of u with respect to f.

2.4 Our Results

Our main result is an algorithm for maximizing any monotone set function subject to a k-
extendible system, with an approximation ratio that degrades gracefully as the supermodular
degree increases. Note that our algorithm achieves the best known approximation ratios
also for the more specific problems of welfare maximization [12] and maximizing a monotone
submodular function subject to a k-extendible system [16].

» Theorem 12. There exists a (1/(/{(1)?+1)+1))-app7"oa:imation algorithm of Poly(|N], 2Df+)
time complexity for the problem of maximizing a non-negative monotone set function f subject
to a k-extendible system.

Note that an exponential dependence in DJT is unavoidable, since, otherwise, we would
get a polynomial time (n — 1)-approximation algorithm for maximizing any set function
subject to a k-extendible system.*

4 To see that this cannot be done, consider the problem of maximizing the following family of set functions
subject to a uniform k = n/2 matroid constraint. Each function in the family has a value of 1 for sets
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We show a similar result also for the dependency degree, providing a better approximation
ratio when Dy = ’D?.

» Theorem 13. There exists a (1/(k(Dy + 1)))-approzimation algorithm of Poly(|N],2P7)
time complezity for the problem of mazimizing a non-negative monotone set function f
subject to a k-extendible system.

On the other hand, we give tight examples for both algorithms guaranteed by Theorems 12
and 13, and show the following hardness result via a reduction from k-dimensional matching.

» Theorem 14. No polynomial time algorithm for mazimizing a non-negative monotone set

function f subject to a k-intersection independence system has an approrimation ratio within

1o} ( log k+log Dy

D, ), unless P = N'P. This is true even if k and Dy are considered constants.

Note that since D}“ < Dy for any set function f, the hardness claimed in Theorem 14
holds also in terms of Dy .

Finally, we also consider the special case of a uniform matroid constraint, . e., where one
is allowed to pick an arbitrary subset of A of size at most k. For this simpler constraint we
present an algorithm whose approximation ratio has a somewhat better dependence on D?.5
» Theorem 15. There exists a (1 — e_l/(DJJH'l))—appro:z:imation algorithm of Poly(|N], 2Df+)
time complexity for the problem of mazimizing a non-negative monotone set function f
subject to a uniform matroid constraint.

» Theorem 16. No polynomial time algorithm for maximizing a non-negative monotone
set function f subject to a uniform matroid constraint has a constant approximation ratio,
unless SSE (Small-Set Expansion Hypothesis)® is false.

3  k-Extendible System

In this section we prove Theorems 12 and 14. The proof of Theorem 13 uses similar ideas
and is omitted, due to space constraints.

3.1 Algorithm for k-extendible System (Proof of Theorem 12)

We consider in this section Algorithm 1, and prove it fulfills the guarantees of Theorem 12.

First, let us give some intuition. Let APX be an approximate solution and let OPT be
an arbitrary optimal solution. Originally, before the algorithm adds any elements to APX,
it still can be that it chooses to add all elements of OPT (together) to APX, and get an
optimal solution. At each iteration, when adding elements to APX, this possibility might
get ruined for some elements of OPT. If we want to keep the invariant that all elements of

strictly larger than k and for a single set A of size k. For all other sets the function assigns the value of 0
(observe that D (u) = N — u for every element u € N, hence, the supermodular oracle is useless in this
example). Given a random member of the above family, a deterministic algorithm using a polynomial
number of oracle queries can determine A only with an exponentially diminishing probability, and
thus, will also output a set of value 1 with such an exponentially diminishing probability. Using Yao’s
principle, this implies an hardness also for randomized algorithms.

The guarantee of Theorem 15 is indeed an improvement over the guarantee of Theorem 13 for 1-
extendible system, because for every z > 1,1 —e /* >1—(1—az ' 4+272/2) =2z ' (1 -2~ 1/2) >
z /A +z Y =1/(z+1).

See [31, 32] and Section 4 for definitions and more information about SSE.
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Algorithm 1: Extendible System Greedy(f,Z)

1 Initialize: Sp < &, i + 0.

2 while S; is not a base do

3 141+ 1.

a Let u; € N'\ S;—1 and Dy’ _,(u;) € DF(u;) be a pair of an element and a set
maximizing f(D,(u;) +u; | Si—1) among the pairs obeying
Si—1U Dlj_est(ui) +u; € 7.

5 Sz “— Si—l U D;‘est(ui) + u;.

6 Return S;.

OPT can be added to APX, then we might have to discard some elements of OPT. This
discard potentially decreases the value of OPT, and therefore, can be seen as the damage
incurred by the iteration. Note that by definition of a k-extendible system, we do not have
to discard more than k elements for every element we add. That is, at every iteration, only
up to k(D}' + 1) elements must be discarded. Therefore, if we manage to upper bound the
damage of discarding a single element by the benefit of the allocation at the same iteration,
we get the desired bound.” Recall that the supermodular dependencies of an element are
exactly the elements that may increase its marginal value. Therefore, when discarding an
element from OPT, the maximum damage is bounded by the marginal value of this element
with respect to its supermodular dependencies in OPT'. But, as any subset of OPT can be
added to APX, the greedy choice of Algorithm 1 explicitly takes into account the possibility
of adding this element and its supermodular dependencies to APX. If another option is
chosen, it must have at least the same immediate benefit, as wanted.

We now give a formal proof for Theorem 12. Let us begin with the following observation.

» Observation 17. Whenever S; is not a base, there exists an element u € N\ S; for which
S;UZ +u €T (note that @ C DT (u)). Hence, Algorithm 1 always outputs a base.

Throughout this section, we denote d = D;{. Our proof is by a hybrid argument. That is,
we have a sequence of hybrid solutions, one per iteration, where the first hybrid contains an
optimal solution (and hence, has an optimal value), and the last hybrid is our approximate
solution.® Roughly speaking, we show the following:

1. By adding each element to the approximate solution, we do not lose more than k& elements
of the iteration‘s hybrid (note that we add to our solution at most d + 1 elements at any
given iteration). This is formalized in Lemma 18, and the proof is based on Definition 3
(k-extendible system).

2. The damage from losing an element of an iteration’s hybrid is bounded by the profit the
algorithm gains at that iteration. This is formalized in Lemma 19, and the proof is based
on Definition 8 (supermodular degree).

In conclusion, we show that when moving from one hybrid to the next, we lose no more than

k(d + 1) times the profit at the respective iteration.

The other additive 1 in the denominator of the approximation ratio comes from the fact that by OPT’s
value we actually mean its marginal contribution to APX. In this sense, addition of elements to APX
also might reduce the value of OPT.

Actually, the last hybrid is defined as containing our approximate solution, but, as our approximate
solution is a base, the hybrid must be exactly equal to it.
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Let us formalize the above argument. Let ¢ be the number of iterations performed by
Algorithm 1, 4. e., £ is the final value of i. We recursively define a series of £ + 1 hybrid
solutions as follows.

Hy is a base containing OPT. By monotonicity, f(Hy) = f(OPT).

For every 1 < i < ¢, H; is a maximum size independent subset of H;_1 US; containing S;.
» Lemma 18. For cvery iteration 1 < i < ¢, |H;—1 \ H;| < k-|S; \ Hi—1| < k(d+1).

Proof. Let us denote the elements of S; \ H;—1 by v1,vs,...,v,. We prove by induction
that there exists a collection of sets Y7, Y>,...,Y;, each of size at most k, such that: Y; C
Hi 1\ (Si—1 U{op}i2)) and Hi1 \ (U)_,Y3) U {vn})_, € T for every 0 < j < r. For ease
of notation, let us denote Y{ = U} _, Y} and v] = {v,}]_,. Using this notation, the claim
we want to prove can be rephrased as follows: there exists a collection of sets Y1,Ys,... Y,
each of size at most k, such that: Y; C H;_1 \ (S;_y Uv] ") and (H,_; \ Y{)Uv] € T for
every 0 < j <.

For j = 0 the claim is trivial since H;_1 € Z. Thus, let us prove the claim for j assuming
it holds for j — 1. By the induction hypothesis, (H;_1 \ Ylj_l) U v{_l € Z. On the other hand,
S;_1Uv) ™" is a subset of this set which is independent even if we add vj to it. Since (N,Z)
is a k-extendible system, this implies the existence of a set Y; of size at most k such that:

Y C[(Hioa \Y? ) Uv] N\ [Sici Uv] ' C Hig \ (Sic U] Y)
and:
(Hioa \Y{ ) Ul '\ Y+ 0, €T= (Hiog \Y{)Uv] €T,

which completes the induction step. Thus, (H;—; \ Y{") Uv] € T is a subset of H;_; U S;
which contains S; and has a size of at least: |H;_1| — rk + r. On the other hand, H; is a
maximum size independent subset of H; 1 U S;, and thus: |H;| > |H;—1| — rk + r. Finally,
all the elements of H; belong also to H;_1 except, maybe, the elements of S; \ S;—1. Hence,

|Hi_1 \Hz| < |H7;_1| — |Hz| + |Sz \ Si_1| < |Hi_1| — (|Hi_1| — T‘k+’/’) +r=rk .
Lemma 18 now follows, since r < d + 1. <

The following lemma upper bounds the loss of moving from one hybrid to the next one.

» Lemma 19. For every iteration 1 < i < ¢, f(H;—1) — f(H;) < k(d+ 1) - f(D;", (u;) +
u; | Si—1), where u; and D;rest(ui) are the greedy choices made by Algorithm 1 at iteration i.

Proof. Order the elements of H,_; \ H; in an arbitrary order vy, vs,...v,, and let ﬁj =
H; 1\ {vn | 1 <h<j}. Forevery 1 <j<r,

F(D™(v;) VHj +v; | Si-1) Hj)USi—1) + f(D*(vj) N Hj | Si-1)

N
NH;)USi1) > flu; | HjUSi1) , (1)

Fw; | (D*(vy)
> f(vj | (D™ (v;)
where the first inequality follows by monotonicity and the second by Definition 8 (supermod-

ular degree). Specifically, the latter is correct, since the supermodular dependencies of an
element are the only ones that can increase its marginal contribution. Therefore, adding
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elements of H ;i \ D" (v;) to a set can only decrease the marginal contribution of v; with
respect to this set. Since H; U S;—1 = H;_1 US;_1 — v;, we get:

> FD () N H\ Sici+v; | Sica) =Y f(DT(v;) N Hj +v; | Sicy)

Jj=1 j=1
> Zf(vj | H; U Si—1) = f(HoUS;—1) — f(H,US;—1) > f(H;—1) — f(H)) |
j=1

where the two equalities follow by Definition 6 (marginal set function); the first inequality
follows by (1) and the last inequality holds since Hy=H;_12S,_1and H,US,;,_1 C Hj.
Lemma 19 now follows by recalling that » < k(d 4+ 1) (by Lemma 18), and noticing that the
pair (vj, DF(v;) N H; \ S;—1) is a candidate pair that Algorithm 1 can choose on Line 4 for
every element v; € H;,_; \ H;. <

» Corollary 20. Algorithm 1 is a 1/(k(d+ 1) + 1)-approzimation algorithm.

Proof. Adding up Lemma 19 over 1 < i </, we get:

L

B(d+ 1) [£(S0) — F(So)] = k(d+1) - 37 (D (i) +us | Sica)

=1

¢
> Z[f(Hzel) — f(H;)] = f(Ho) — f(H,) -

=1

Notice that H, = Sy because Sy is a base, and therefore, every independent set containing
S must be Sy itself. Recall also that f(Hy) = f(OPT) and f(Sp) > 0. Plugging these
observations into the previous inequality gives:
f(OPT)

k(d-+ 1) [(80) = JOPT) = 1(5) = /(50 > 7547 - )

3.1.1 A Tight Example for Algorithm 1

In this section we present an example showing that our analysis of Algorithm 1 is tight even
when the independence system (N, Z) belongs to k-intersection (recall that any independence
system that is k-intersection is also k-extendible, but not vice versa).

» Theorem 21. For every k > 1,d > 0 and e > 0, there exists a k-intersection independence
system (N, Z) and a function f : 2N 5 RY with D;{ = d for which Algorithm 1 produces a
(I1+¢e)/(k(d+ 1)+ 1) approxzimation.

The rest of this section is devoted for constructing the independence system guaranteed by
Theorem 21. Let T be the collection of all sets T C {1,2,..., k+1}x{0,1,...,(d+1)(k+1)—1}
obeying the following properties:

For every 1 <i < k + 1, there exists exactly one x such that T contains the pair (i, ).

At least one pair (¢,«) in T has « < d.

Let g1 be such that (k+ 1,2) € T. Then x5 =0 or xgy1 > d.

Intuitively, the first requirement means that we can view a set T' € T as a point in a
(k 4 1)-dimensional space. The other two requirements make some points illegal. For k = 1,
the space is a 2(d 4+ 1) x 2(d + 1) grid, and the legal points are the ones that are either in
row 0 or in one of the rows d + 1 to 2(d + 1) — 1 and one of the columns 0 to d.
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Let N be the ground set {ur | T € T}. We define k matroids on this ground set as
follows. For every 1 < i < k, M; = (N,ZI;), where a set S C N belongs to Z; if and only
if for every 0 <z < (d+1)(k+ 1), [{ur € S| (i,2) € T}| < 1. One can easily verify that
M, is a partition matroid. The independence system we construct is the intersection of
these matroids, 1. e., it is (N, Z), where Z = ﬂle ;. Next, we define the objective function
f:2NV = RT as follows.

(d+1) (k+1)—1

F&) =" > min{l,{ur €S| (k+1,z)eT}} .

=0

That is, for k = 1, f’ gains a value of 1 for every row that was “hit” by an element. For
every 0 < x <d, let T'(z) = {(k+1,0)} U{(i,z)}%_, (notice that T}, € T).

£(8) = {f’(S) +e i {up )t €5
1(9) otherwise .

One can check that f’ is a non-negative monotone submodular function, and thus, D]T =d.

» Lemma 22. Given the above constructed independence system (N, Z) and objective function
f, Algorithm 1 outputs a solution of value 1 + €.

Proof. Consider an arbitrary element ur € N. I T ¢ {T'(x)}o<z<a, then f(ur | S) = f(ur |
S) for every set S C N, and thus, D" (ur) = @ because f’ is a submodular function. Hence,
for every such ur we get: f(DF(ur) 4+ ur) = 1. Consider now the case T € {T'(%)}o<z<d-
In this case, clearly, D¥ (ur) = {tp, to<w<d — ur, and thus, f(D(ur) +ur) =1+e. In
conclusion, Algorithm 1 picks exactly the elements of {UT(I)}OSISd to its solution in the
first iteration.

To complete the proof we still need to show that Algorithm 1 cannot increase the value
of its solution in the next iterations. Consider an arbitrary element ur € N\ {up (2 to<a<a-
By definition, 7" must contain a pair (¢,2) such that 0 < < d. There are two cases:

If i # k+ 1, then up cannot coexist in an independent set of M; with U because both

correspond to sets containing the pair (i, x).

If i = k+ 1, then = 0 because ur € N.

From the above analysis, we get that all elements added to the solution after the first iteration
contain the pair (k4 1,0) (and thus, no other pair of the form (k + 1,)). Hence, they do

not increase the value of either f’ or f. |

To prove Theorem 21, we still need to show that (N, Z) contains an independent set of a
high value. Consider the set S = {uT(j)}?(:doH), where T'(j) = {(i,2) | 1 <i<k+1and x =
(i(d+1)—j)mod (d+ 1)(k+ 1)}.

» Observation 23. S C N.

Proof. We need to show that for every 0 < j < k(d + 1), Ugp(jy € N. For j = 0, the only
pair of the form (k + 1,z) in T(0) is (k + 1,0), which completes the proof. Thus, we may
assume from now on 1 < j < k(d+ 1), and let i = [j/(d + 1)]. For shortness, let us denote
h=d+ 1. Clearly 1 < i < k and T(j) contains the pair (i, ) for:

x = (ih — j) mod h(k + 1) = ([j/h] - h — j) mod h(k + 1) .

To prove the observation, we need to show that 0 < x < d. This follows since [j/h]-h—j >
(j/h)-h—j=0and [j/h]-h—j<[j/h+1]-h—j=h=d+1. <
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» Observation 24. For every two values 0 < j; < jo < k(d+ 1), T(j1) NT(jo) = @. Hence
S e and f(S)> f'(S)=|S|=k(d+1)+1.

Proof. Assume for the sake of contradiction that (i,2) € T(j1) N T(j2). Then, modulo
(d+1)(k + 1), the following equivalence must hold:

which is a contradiction since j; # jo and they are both in the range [0, k(d + 1)]. <

3.2 Hardness (Proof of Theorem 14)

Before proving Theorem 14 let us state the hardness result of [22] given by Theorem 25. In
the r-Dimensional Matching problem one is given an r-sided hypergraph G = (|J;_, V;, E),
where every edge e € E contains exactly one vertex of each set V;. The objective is to select
a maximum size matching M C E, i. e., a subset M C FE of edges which are pairwise disjoint.

» Theorem 25 (Hazan et al. [22]). It is NP-hard to approzimate r-Dimensional Matching to
within O(logr/r) in polynomial time, even if r is a constant.

Theorem 14 follows by combining Theorem 25 with the following lemma.

» Lemma 26. Any instance of r-Dimensional Matching can be represented as maximizing a
monotone function f with DF = Dy < d over a k-intersection set system for every d > 0
and k > 1 obeying r < k(d + 1).

Proof. For simplicity, assume r = k(d + 1). Let G = (|J,_, Vi, E) be the graph representing
the r-Dimensional Matching instance. We first construct a new graph G’ as follows. For every
edgeec Fand1 <j<d+1 lete(j)=en (Ugi(j_l)k_k1 Vi), i.e., e(j) is the part of e
hitting the vertex sets V(;_1)x41,..., Vjr. The edges of the new graph G’ = Uiz, Vi, E)
are then defined as all the edges that can be obtained this way. More formally:

E' ={e(j)|]ee EFand 1 <j<d+1} .

It is easy to see that the original instance of r-Dimensional Matching is equivalent to the
problem of finding a matching in G/ maximizing the objective function f : 22 — R* defined
as follows.

=3 {Sﬂ{e(jﬂléjﬁd—&-l}w |

= d+1
Moreover, Dy = D}“ = d. Thus, to complete the proof we only need to show that the set of
all legal matchings of G’ can be represented as a k-intersection independence system.
Consider the following partition of the vertices of G’. For every 1 < j < k, Vj’ =
U?:o Vj+ki- Observe that each edge of G’ contains exactly one vertex of Vj' . Hence, the
constraint that no two edges intersect on a node of V}-’ can be represented by the partition
matroid M; = (E’,Z;) defined as following. A set S C E’ is in Z; if and only if no two edges
of S intersect on a node of Vj’ . The set of legal matchings of G’ is, then, exactly ﬂf:l Z;. «

4  Uniform Matroid Constraint

In this section we prove Theorems 15 and 16.
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4.1 Algorithm for Uniform Matroid Constraint (Proof of Theorem 15)

Algorithm 1 given in Section 3 provides a 1/ (DJT +2) approximation for a general k-extendible
constraint. In this section, our objective is to improve over this approximation ratio for
uniform matroid constraints. Throughout this section we use d to denote D}' and OPT to
denote an arbitrary optimal solution.

A natural greedy approach (similar to Algorithm 1) is to repeatedly select the set
DT (u) + u with the maximal marginal contribution with respect to the current solution,
and add it to the solution. When d + 1 divides k, this works well, and can be shown to
have an approximation ratio of 1 — e!/(4t1) However, when d + 1 does not divide k, the
algorithm might not be able to perform [k/(d 4+ 1)] iterations, which results in an inferior
approximation ratio.

A possible workaround is to add a final iteration in which the algorithm can select any
subset of Dt (u) 4+ u (for any u € N'). This allows the algorithm to perform [k/(d + 1)]
iterations on all instances, and it is an open problem to analyse its approximation ratio.

An alternative workaround is to reduce into the case of k divisible by d 4+ 1. This is the
idea behind Algorithm 2. Observe that d’'+1 divides k —r (the size of the part of OPT we do
not guess). When we say that the algorithm “guesses” values, we simply mean “sequentially
tries all possible values”.

Algorithm 2: Guess Greedy(f, k)

1 Guess: d' = maxycopr |DT(u) NOPT|, an element u* for which |D*(u*)NOPT| = d’
and the set C' = DT (u*) N OPT itself.
2 Initialize: 7 = k mod (d' +1), £ = (k—7)/(d'+ 1) and Sy C C as an arbitrary subset of
size 1.
fori =1to ¢ do
Let u; € N and Dy _,(u;) € D¥(u;) be a pair of an element and a set of size at
most d’ maximizing f(Dj_, (u;) +u; | Si—1)-
5 S; «— S;_1 U D;rest(ui) + u;.

[

6 Return Sy.

» Observation 27. Algorithm 2 returns a feasible solution and has a polynomial time
complezity in n and 2°.

Due to space constraints, we only sketch the analysis of the approximation ratio of
Algorithm 2. To simplify notation, define k' = k — r. Observe that £ = k'/(d’ + 1).

» Lemma 28. For every 0 <i </, f(S;) > (1 —1/K)"- f(So) +[1 — (1 —1/K)]]- f(OPT).

Proof Sketch. We prove the lemma by induction. For i = 0 the claim is trivial since
f(So) = (1 —=1/K")°- f(So) +[1— (1 —1/k)°]- f(OPT). Next, assume the claim holds for
i — 1, and let us prove it for ¢ > 0. Observe that So C OPT, and therefore, |OPT \ So| = k'
Using the same methods used in the proof of Lemma 19, it can be shown that:

Z f(DT(u) NOPT +u| Si—y) > f(OPT) = f(Si-1) .

u€OPT\So

Notice that the pair (u, D*(u) N OPT) is a candidate pair to be selected as (u;, D; . (u;))
for every element u € OPT \ So. Hence, f(D;"_,(u;) +u; | Si—1) > [f(OPT) — f(S;—1)]/K'.
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Thus,

(S:) > [f(OPT) — f(Si—)/K + f(Si—1) = fF(OPT)/K' + (1 = 1/K') - f(Si—1)
> (1= 1/K)"- f(So) + [1 = (1 = 1/K)"] - f(OPT) ,

where the last inequality follows by induction hypothesis. |

» Corollary 29. The approzimation ratio of Algorithm 2 is 1 — e~ Y/(d+1) > 1 _ =1/(d+1),

4.2 Hardness (Proof of Theorem 16)

The GAP SMALL-SET EXPANSION PROBLEM (introduced by [31]) is the following promise
problem.

» Problem 1 (GAP SMALL-SET EXPANSION(7,4)).

Input: An undirected graph G = (V, E).

Output: Is ¢c(0) > 1 —n or ¢pc(8) < n? (pc(d) is the edge expansion of G with respect to
subsets of size exactly 6|V|.)

The Small-Set Expansion Hypothesis (SSE), introduced by Raghavendra and Steurer [31]
(see, also, [32]) is the following.

» Hypothesis 1. For every nn > 0, there exists 0 such that Problem 1 parametrized by n and
8 is N'P-hard.

A hypergraph representation F = (Vp, Ep,wy) of a set function f : 2N 5 Rt (defined
by [5, 7]) is the following. The set Vr contains exactly a single vertex for each element of
the ground set A. The set Ef is the set of the hyperedges of the hypergraph. The function
wg : Ep — R assigns a real value for each hyperedge e € Er, and these values obey the
following property: for every set S C N, the sum of the values of the hyperedges in the
hypergraph induced by the vertices representing S is exactly f(.5). It is well known that any
set function (normalized to have f(@) = 0) can be uniquely represented by a hypergraph
representation and vice versa.

Using the above definition, we show that maximizing a monotone set function subject to
a uniform matroid constraint captures Problem 1. Let G = (V, E) be an arbitrary instance
of Problem 1 with parameters  and . We construct from G an hypergraph representation
F = (Vp,Ep,wr). The sets Vi and Er are chosen as identical to V' and E, respectively
(i. e., all the hyperedges are of rank 2, hence, the hypergraph is in fact a graph). The value
function wg gives a value of 1 for every edge of Fr. We can now consider the problem
of finding a set of size at most 6|V| maximizing the set function f corresponding to the
hypergraph representation F. Theorem 16 follows immediately by the observation that a

constant approximation for the last problem implies a constant approximation for Problem 1.

5  Future Research

We view this work as a proof of concept showing that one can obtain interesting results
for the problem of maximizing an arbitrary monotone set function subject to non-trivial
constraints. We would like to point out two possible directions for future research. The
first direction is studying the approximation ratio that can be guaranteed for more general
problems as a function of the supermodular degree. Two possible such generalizations are
a general k-system constraint and a non-monotone objective. Notice that non-monotone
objectives are interesting even in the unconstrained case.
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The second direction is determining the guarantees that can be achieved for other
complexity measures (with respect to either monotone or non-monotone set functions).
Specifically, we would like to draw attention to two complexity measures introduced by
[11], namely MPH (for monotone set functions) and PLE (for not necessarily monotone
set functions). Both measures are based on fractionally sub-additive functions, a strict
super-class of submodular functions, and they generally give lower values to set functions in
comparison to the supermodular degree. Thus, it is intriguing to show positive results for
either of these measures.

Acknowledgments. We are grateful to Uri Feige and Irit Dinur for valuable discussions.

—— References

1 Sushil Bikhchandani and John W. Mamer. Competitive equilibrium in an exchange eco-
nomy with indivisibilities. Journal of Economic Theory, 74(2):385-413, 1997.

2 Liad Blumrosen and Noam Nisan. On the computational power of demand queries. STAM
Journal on Computing, 39:1372-1391, 2009.

3 Niv Buchbinder, Moran Feldman, Joseph (Seffi) Naor, and Roy Schwartz. A tight linear
time (1/2)-approximation for unconstrained submodular maximization. In FOCS, pages
649-658, 2012.

4  Gruia Calinescu, Chandra Chekuri, Martin Pal, and Jan Vondrak. Maximizing a mono-
tone submodular function subject to a matroid constraint. SIAM Journal on Computing,
40(6):1740-1766, 2011.

5 Y. Chevaleyre, U. Endriss, S. Estivie, and N. Maudet. Multiagent resource allocation
in k-additive domains: preference representation and complexity. Annals of Operations
Research, 163:49-62, 2008.

6 M. Conforti and G. Cornuejols. Submodular set functions, matroids and the greedy al-
gorithm: Tight worst-case bounds and some generalizations of the rado-edmonds theorem.
Disc. Appl. Math., 7(3):251-274, 1984.

7 V. Conitzer, T. Sandholm, and P. Santi. Combinatorial auctions with k-wise dependent
valuations. In AAAI pages 248-254, 2005.

8 Shahar Dobzinski, Noam Nisan, and Michael Schapira. Approximation algorithms for
combinatorial auctions with complement-free bidders. In STOC, pages 610-618, New York,
NY, USA, 2005. ACM.

9  Shahar Dobzinski and Michael Schapira. An improved approximation algorithm for com-
binatorial auctions with submodular bidders. In SODA, pages 1064-1073, 2006.

10  Uriel Feige. On maximizing welfare when utility functions are subadditive. SIAM Journal
on Computing, 39:122-142, 2009. Preliminary version in STOC’06.

11 Uriel Feige, Michal Feldman, Nicole Immorlica, Rani Izsak, Brendan Lucier, and Vasilis
Syrgkanis. A unifying hierarchy of valuations with complements and substitutes, 2014.
Working paper.

12 Uriel Feige and Rani Izsak. Welfare maximization and the supermodular degree. In ITCS,
pages 247-256, 2013.

13 Uriel Feige and Jan Vondrédk. The submodular welfare problem with demand queries.
Theory of Computing, 6(1):247-290, 2010.

14 Moran Feldman, Joseph (Seffi) Naor, and Roy Schwartz. A unified continuous greedy
algorithm for submodular maximization. In FOCS, 2011.

15 Moran Feldman, Joseph (Seffi) Naor, Roy Schwartz, and Justin Ward. Improved approx-
imations for k-exchange systems. In ESA, pages 784-798, 2011.



M

16

17

18

19

20

21

22

23

24

25

26

27

28
29

30

31

32

33

34

. Feldman and R. lzsak

M. L. Fisher, G. L. Nemhauser, and L. A. Wolsey. An analysis of approximations for maxim-
izing submodular set functions — II. In Polyhedral Combinatorics, volume 8 of Mathematical
Programming Study, pages 73-87. North-Holland Publishing Company, 1978.

Gagan Goel, Chinmay Karande, Pushkar Tripathi, and Lei Wang. Approximability of
combinatorial problems with multi-agent submodular cost functions. SIGecom Exchanges,
9(1):8, 2010.

M. Grotschel, L. Lovasz, and A. Schrijver. The ellipsoid method and its consequences in
combinatorial optimization. Combinatoria, 1(2):169-197, 1981.

Faruk Gul and Ennio Stacchetti. Walrasian equilibrium with gross substitutes. Journal of
Economic Theory, 87(1):95-124, 1999.

D. Hausmann and B. Korte. K-greedy algorithms for independence systems. Oper. Res.
Ser. A-B, 22(1):219-228, 1978.

D. Hausmann, B. Korte, and T. Jenkyns. Worst case analysis of greedy type algorithms
for independence systems. Math. Prog. Study, 12:120-131, 1980.

Elad Hazan, Shmuel Safra, and Oded Schwartz. On the complexity of approximating k-set
packing. Computational Complezity, 15(1):20-39, May 2006.

Satoru Iwata and Kiyohito Nagano. Submodular function minimization under covering
constraints. In FOCS, pages 671-680, 2009.

Satoru Iwata and James B. Orlin. A simple combinatorial algorithm for submodular func-
tion minimization. In SODA, pages 1230-1237, Philadelphia, PA, USA, 2009. Society for
Industrial and Applied Mathematics.

T. Jenkyns. The efficacy of the greedy algorithm. Cong. Num., 17:341-350, 1976.

B. Korte and D. Hausmann. An analysis of the greedy heuristic for independence systems.
Annals of Discrete Math., 2:65-74, 1978.

Jon Lee, Maxim Sviridenko, and Jan Vondrak. Submodular maximization over multiple
matroids via generalized exchange properties. Math. Oper. Res., 35(4):795-806, 2010.
Julian Mestre. Greedy in approximation algorithms. In ESA, pages 528-539, 2006.

G. Nemhauser and L. Wolsey. Best algorithms for approximating the maximum of a sub-
modular set function. Math. Oper. Res., 3(3):177-188, 1978.

G. L. Nemhauser, L. A. Wolsey, and M. L. Fisher. An analysis of approximations for
maximizing submodular set functions — I. Mathematical Programming, 14:265-294, 1978.
Prasad Raghavendra and David Steurer. Graph expansion and the unique games conjecture.
In STOC, pages 755-764, 2010.

Prasad Raghavendra, David Steurer, and Madhur Tulsiani. Reductions between expansion
problems. In IEEE Conference on Computational Complexity, pages 64-73, 2012.

Jan Vondrak. Symmetry and approximability of submodular maximization problems. SIAM
J. Comput., 42(1):265-304, 2013.

Justin Ward. A (k+3)/2-approximation algorithm for monotone submodular k-set packing
and general k-exchange systems. In STACS, pages 42-53, 2012.

175

APPROX/RANDOM’14



	Introduction
	Related Work

	Preliminaries
	Independence Systems
	Degrees of Dependency
	Representing the Input
	Our Results

	k-Extendible System
	Algorithm for k-extendible System (Proof of Theorem 12)
	A Tight Example for Algorithm 1

	Hardness (Proof of Theorem 14)

	Uniform Matroid Constraint
	Algorithm for Uniform Matroid Constraint (Proof of Theorem 15)
	Hardness (Proof of Theorem 16)

	Future Research

