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Abstract

A set function can be extended to the unit cube in various ways; the correlation gap
measures the ratio between two natural extensions. This quantity has been identified
as the performance guarantee in a range of approximation algorithms and mechanism
design settings. It is known that the correlation gap of a monotone submodular function
is at least 1 — 1/e, and this is tight for simple matroid rank functions. We initiate a
fine-grained study of the correlation gap of matroid rank functions. In particular, we
present an improved lower bound on the correlation gap as parametrized by the rank
and girth of the matroid. We also show that for any matroid, the correlation gap
of its weighted rank function is minimized under uniform weights. Such improved
lower bounds have direct applications for submodular maximization under matroid
constraints, mechanism design, and contention resolution schemes.

1 Introduction

A continuous function £ : [0, 11¥ — R is an extension of a set function f: 2F — R,
if for every x € [0, 115, h(x) = Ex[f(S)] where A is a probability distribution over
2E with marginals x, i.e. Y ¢;cghs = x; forall i € E. Note that this in particular
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implies f(S) = h(xs) forevery S C E, where xs denotes the 0-1 indicator vector of
S.

Two natural extensions are the following. The first one corresponds to sampling
eachi € E independently with probability x;,i.e., As = [ [;cg Xi Hi¢S(1 —x;). Thus,

Foy =Y fO]]x]]a—x. e

SCE ieS i¢S

This is known as the multilinear extension in the context of submodular optimiza-
tion, see [8]. The second extension corresponds to the probability distribution with
maximum expectation:

f(x) = max Z)\Sf(S): Z Ag:xiVieE,stzl,AEO .

SCE SCE:ieS SCE

Equivalently, f (x) is the upper part of the convex hull of the graph of f; we call it the
concave extension following the terminology of discrete convex analysis [26].
Agrawal et al. [2] introduced the correlation gap as the worst case ratio

. F(x)
= f —,
Co() = int ==

3)
with the convention 0/0 = 1. It captures the maximum gain achievable by allowing
correlations as opposed to independently sampling the variables. This ratio plays a
fundamental role in stochastic optimization [2, 31], mechanism design [6, 22, 42],

prophet inequalities [11, 17, 35], and a variety of submodular optimization problems
[3, 12].

The focus of this paper is on weighted matroid rank functions. For a matroid M =
(E, T) and a weight vector w € RE, the corresponding weighted matroid rank function
is given by

rp(S) =max{w(T): T < S, T €7} 4

It is monotone nondecreasing and submodular. Recall that a function f: 2F — R, is
monotone if f(X) < f(Y)forall X C Y C E, and submodular if f(X)+ f(Y) >
fXNY)+ f(XUY)forall X,Y C E.

1.1 Therole of correlation gap

The correlation gap of a weighted matroid rank function has been identified as the
performance guarantee in a range of approximation algorithms and mechanism design
settings. In what follows, we give an overview of three main applications where the
correlation gap shows up as a critical parameter.
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On the correlation gap of matroids

1.1.1 Monotone submodular maximization

Let f: 2F R4 be a monotone submodular function, and let (E, J) be a matroid
with independent sets 7. We consider the problem of maximizing f subject to a
matroid constraint,
max f(S). 5
max F(S) 5

For uniform matroids (i.e., cardinality constraints), a classical result by Fisher et al.
[30] showed a (1 — 1 /e)-approximation guarantee for the greedy algorithm. Moreover,
this factor cannot be improved if we are only allowed polynomially many calls to the
value oracle of f (see Nemhauser and Wolsey [29]).

The factor (1 — 1/e) being the natural target for (5), Calinescu et al. [8] obtained
it for the special case when f is a sum of weighted matroid rank functions. The
journal version of the same paper [9] (see also [41]), shows a (1 — 1/e)-approximation
for arbitrary monotone submodular functions, achieving the best possible general
guarantee for (5).

These algorithms proceed in two steps. Let

P(r) = {x e RE | x(S) <r(S) VSC E} (6)

denote the independent set polytope, where r is the rank function of the matroid
(E, J). When clear from the context, we use the shorthand P.
In the first step, the goal is to find a (1 — 1/e)-approximation algorithm for the
relaxation
max F(x). @)
xeP

Let x* be the solution obtained in the first step. In the second step, they use pipage
rounding to find an integer solution X € 7 with f(X) > F(x™).

Thus, approximation loss only happens in the first step. To solve this non-concave
maximization problem, [8] introduced another relaxation f (x) such that F(x) <
f (x) < f (x) forall x € [0, 1]£, and showed that max,cp f (x) can be formulated as
an LP. The (1 — 1/e)-approximation to (7) is obtained by solving this LP optimally.
Subsequently, Shioura [37] showed that when f is a sum of monotone M’-concave
functions, the analogous convex program can also be solved optimally. M?-concave
functions form a special class of submodular functions, and are a central concept in
discrete convex analysis (see Murota’s monograph [25]). They are also known as gross
substitutes functions and play an important role in mathematical economics [21, 23,
24, 32]. We remark that every weighted matroid rank function is M’-concave.

The (1 — 1/e)-approximation for arbitrary monotone submodular f in [9, 41] uses
a different approach: instead of using another relaxation, they perform a continuous
greedy algorithm directly on F (x). Improved approximations were subsequently given
for submodular functions with bounded curvature; we discuss these results in Sect. 1.4.

Concave coverage problems  Letus focus on Shioura’s [37] specialization of problem

(5),i.e., f =Y 1", fi whereeach f; is monotone M"-concave. A basic example of this
model is the maximum coverage problem. Given m subsets E; C E, the corresponding
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coverage function is defined as f(S) = |{i € [m] : E; N S # @}|. Note that this is
a special case of a sum of weighted matroid rank functions: f(S) = Y /-, fi(S)
where f;(S) is the rank function of a rank-1 uniform matroid with support E;. Even
for maximization under a cardinality constraint, there is no better than (1 — 1/e)-
approximation for this problem unless P = N P (see Feige [18]).

Recently, tight approximations have been established for another special case when
the function values f;(S) are determined by the cardinality of the set S and the sup-
port of E;. Barman et al. [4] studied the maximum concave coverage problem: given
a monotone concave function ¢: Zy — R4 and weights w € R, the submodular
function is defined as f(S) = Zl'.”:l wie(|SNE; [).! The maximum coverage prob-
lem corresponds to ¢(x) = min{l, x}; on the other extreme, for ¢ (x) = x we get the
trivial problem f(S) = ZjES |{i € [m]: j € E;}|.In[4], they present a tight approx-
imation guarantee for maximizing such an objective subject to a matroid constraint,
parametrized by the Poisson curvature of the function ¢.

This extends previous work by Barman et al. [5S] which considered ¢ (x) = min{¢, x}
(for £ > 1), motivated by the list decoding problem in coding theory. It also generalizes
the work by Dudycz et al. [16] which considered geometrically dominated concave
functions ¢, motivated by approval voting rules such as Thiele rules, proportional
approval voting, and p-geometric rules. In both cases, the obtained approximation
guarantees improve over the 1 — 1/e factor.

In Sect. 3, we make the simple observation that the algorithm of Calinescu et al. [8]
and Shioura [37] actually has an approximation ratio of min; ¢, CG(f;). For techni-
cal reasons, we assume that all the f;’s are rational-valued; the relevant complexity
parameter /1 ( f) is defined in Sect. 2.

Proposition 1.1 Let fi1, fo,..., fu: 2E 5 R be monotone M°-concave functions,
andlet f =)', fi. Then, a minf_ | CG(f;)-approximation algorithm for (5) can be
obtained in time polynomial in |E|, m and u(f).

We also prove that the Poisson curvature of ¢ is essentially the correlation gap of
the functions ¢ (]S N E;|). Hence, the approximation guarantees in [4, 5, 16] are in
fact correlation gap bounds, and they can be derived from Proposition 1.1 via a single
unified algorithm, i.e., the one by Calinescu et al. [8] and Shioura [37]. In particular,
the result of Barman et al. [5] which concerned ¢(x) = min{¢, x} (for £ > 1) boils
down to the analysis of uniform matroid correlation gaps.

1.1.2 Sequential posted price mechanisms

Following Yan [42], consider a seller with a set of identical services (or goods), and
a set E of agents where each agent is only interested in one service (unit demand).
Agenti € E has a private valuation v; if they get a service and 0 otherwise, where each
v; is drawn independently from a known distribution F; over [0, L] for large L € Ry
with positive smooth density function. The seller can offer the service only to certain

1 We note that such functions are exactly the one-dimensional monotone M “_concave functions fitZy —
R.
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subsets of the agents simultaneously; this is captured by a matroid (E, Z) where the
independent sets represent feasible allocations of the services to the agents.

A mechanism uses an allocation rule x : [Rf — {0, 1} to choose the winning set
of agents based on the reported valuations v € [Rf of the agents, and uses a payment
rule p: [R_E|r — Rf to charge the agents.

Myerson’s mechanism [7, 28] guarantees the optimal revenue, but is highly intricate
and there has been significant interest in simpler mechanisms such as sequential posted
price mechanisms proposed by Chawla et al. [10].

For a given ordering of agents and a price p; for each agent i, a sequential posted-
price mechanism (SPM) initializes the allocated set A to be ¥, and for all agents i in
the order, does the following: if serving i is feasible, i.e., A U {i} € Z, then it offers to
serve agent i at the pre-determined price p;, and adds i to A if agent i accepts.

Thus, the seller makes take-it-or-leave-it price offers to agents one by one. This
type of mechanism is easy to run for the sellers, limits agents’ strategic behaviour, and
keeps the information elicited from agents at a minimum level. Simplicity comes at a
cost as it does not deliver optimal revenue, but as it turns out, this cost can be lower
bounded by the correlation gap of the underlying matroid (E, Z).

Theorem 1.2 ([42, Theorem 3.1]) If the correlation gap of the weighted rank function
is at least B for no matter what nonnegative weights, then the expected revenue of
greedy-SPM is a B-approximation to that of Myerson’s optimal mechanism.

Similarly, the same paper [42] shows that a greedy-SPM mechanism recovers a
constant factor of the VCG mechanism [13, 20, 40] that maximizes the optimal welfare
instead of revenue. The factor here is also the correlation gap of the (weighted) rank
function of the underlying matroid. The analysis of greedy-SPM in both revenue and
welfare maximization settings is tight. For details we refer to [42].

1.1.3 Contention resolution schemes

Chekauri et al. [12] introduced contention resolution (CR) schemes as a tool for max-
imizing a general submodular function f (not necessarily monotone) under various
types of constraints. For simplicity, let us illustrate it for a single matroid constraint,
i.e. (5) without the monotonicity assumption on f. It consists of first approximately
solving the continuous problem (7). After obtaining an approximately optimal solution
x € Pto(7),itis rounded to an integral and feasible solution —i.e. an independent set
in J — without losing too much in the objective value. At a high level, given a frac-
tional point x € P, a CR scheme first generates a random set R(x) by independently
including each element i with probability x;. Then, it removes some elements of R(x)
to obtain a feasible solution. We say that a CR scheme is c-balanced if, conditioned
oni € R(x), the element i is contained in the final independent set with probability
at least c; see [12] for a formal definition. A c-balanced scheme delivers an integer
solution with expected cost at least ¢ F (x). Thus, the goal is to design c-balanced CR
schemes with the highest possible value of c.

There is a tight relationship between CR schemes and the correlation gap. Namely,
the correlation gap of the weighted rank function of (E, J) is equal to the maximum
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¢ such that a c-balanced CR scheme exists [12, Theorem 4.6]. We would like to point
out that the correlation gap here concerns the matroid in the constraint, unlike in
Proposition 1.1 where the correlation gap concerns the objective function.

The benefit of CR schemes is that we can obtain good guarantees for submodular
function maximization under an intersection of different (downward-closed) con-
straints, including multiple matroid constrains, knapsack constraints, matching etc.
Moreover, in this case the CR scheme can be simply obtained by combining the CR
schemes for individual constraints.”

1.2 Ourresults

Motivated by the significance of correlation gap in algorithmic applications, we study
the correlation gap of weighted matroid rank functions. It is well-known that CG(f) >
1 — 1/e for every monotone submodular function f [8]. Moreover, the extreme case
1—1/e s already achieved by the rank function of a rank-1 uniform matroid as |E| —
00. More generally, the rank function of a rank-£ uniform matroid has correlation gap
1—e bt /2! > 1 —1/e [5, 42]. Other than for uniform matroids, we are not aware
of any previous work that gave better than 1 — 1/e bounds on the correlation gap of
specific matroids.

First, we show that among all weighted rank functions of a matroid, the smallest
correlation gap is realized by its (unweighted) rank function.

Theorem 1.3 For any matroid M = (E, T) with rank function r = rq,

infE CG(ry) =CG(r).

weRY

For the purpose of lower bounding CG(ry,), Theorem 1.3 allows us to ignore the
weights w and just focus on the matroid M. As an application, to bound the approx-
imation ratio of sequential posted-price mechanisms as in Theorem 1.2, it suffices to
focus on the underlying matroid.

We remark that M can be assumed to be connected, that is, it cannot be written as
a direct sum of at least two nonempty matroids. Otherwise, r = Zle r; for matroid
rank functions r; with disjoint supports. It follows that the concave and multilinear
extensions of r can be written as 7 = Zle fiand R = Zle R; respectively. Hence,
CG(r) = min;cpx) CG(r;) by the mediant inequality. As the reverse inequality holds
trivially, we have CG(r) = min;cx) CG(r;). For example, the correlation gap of a
partition matroid is equal to the smallest correlation gap of its parts (uniform matroids).

Proposition 1.4 Let M be a matroid with rank functionr. M = M @ --- & My
where each M; is a matroid with rank function r;, then CG(r) = min; ¢ CG(r;).

Our goal is to identify the parameters of a matroid which govern its correlation gap.
A natural candidate is the rank r (E). However, as pointed out by Yan [42], there exist

2 We note however that CR schemes are not optimal for rounding (7): for this particular case, pipage or
swap rounding finds a feasible integer solution of value F(x), without any loss.
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Fig.1 Our correlation gap bound as a function of the rank p, and as a function of the girth y separately

matroids with arbitrarily high rank whose correlation gap is still 1 —1/e, e.g., partition
matroids with rank-1 parts. The 1 — e~“£¢/¢! bound for uniform matroids [5, 42] is
suggestive of girth as another potential candidate. Recall that the girth of a matroid
is the smallest size of a dependent set. On its own, a large girth does not guarantee
improved correlation gap bounds: we show that for any y € N, there exist matroids
with girth y whose correlation gaps are arbitrarily close to 1 — 1/e (Proposition 6.2).

It turns out that the correlation gap heavily depends on the relative values of the
rank and girth of the matroid. Our second result is an improved lower bound on the
correlation gap as a function of these two parameters.

Theorem 1.5 Let M = (E, I) be aloopless matroid with rank functionr, rankr(E) =
p, and girth y. Then,

i! e

1 —p [r=2 . i |
Cg(r)zl—;JreT g(y—l—i)[(f)(e—l)’—?—} >1—-.

Furthermore, the last inequality is strict whenever y > 2.

Figure 1 illustrates the behaviour of the expression in Theorem 1.5. For any fixed
girth y, it is monotone decreasing in p (Lemma 5.12). On the other hand, for any
fixed rank p, it is monotone increasing in y (Lemma A.1). In Sect.6, we also give
complementing albeit non-tight upper bounds that behave similarly with respect to
these parameters. When p = y — 1, our lower bound simplifies to 1 —e™”p”/p!, i.e.,
the correlation gap of a rank-p uniform matroid (Proposition 3.5).

The rank and girth have meaningful interpretations in the aforementioned applica-
tions. For instance, consider the problem of maximizing a sum of weighted matroid
rank functions Z;"z | fi under a matroid constraint (E, J). Forevery i € [m], let M;
be the matroid of f;. In game-theoretic contexts, each f; usually represents the utility
function of agenti. Thus, our goal is to select abundle of items S € J which maximizes
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the total welfare. If M, has girth y and rank p, this means that agent 7 is interested
iny — 1 <k < p items with positive weights. The special case p = y — 1 (uniform
matroids) has already found applications in list decoding [5] and approval voting [16].
On the other hand, for sequential posted-price mechanisms, if the underlying matroid
M has girth y and rank p, this means that the seller can service y — 1 < k < p agents
simultaneously.

To the best of our knowledge, our results give the first improvement over the
(1 — 1/e) bound on the correlation gap of general matroids. We hope that our paper
will motivate further studies into more refined correlation gap bounds, exploring the
dependence on further matroid parameters, as well as obtaining tight bounds for special
matroid classes.

1.3 Our techniques

We now give a high-level overview of the proofs of Theorems 1.3 and 1.5.

Weighted rank functions The first step in proving both Theorems 1.3 and 1.5 is
to deduce structural properties of the points which realize the correlation gap. In
Theorem 4.3, we show that such a point x can be found in the independent set polytope
P. This implies that 7, (x) = w ' x for any weights w € [Rf. Moreover, we deduce
that x (E') must be integral.

To prove Theorem 1.3, we fix a matroid M and derive a contradiction for a non-
uniform weighting. More precisely, we consider a weighting w € [RE and a point
x* € [0, 11 which give a smaller ratio R, (x*)/f, (x*) < CG(r). By the above, we
can use the simpler form Ry, (x*) /7y, (x*) = Ry, (x*)/w " x*. We pick w such that it
has the smallest number of different values. If the number of distinct values is at least
2, then we derive a contradiction by showing that a better solution can be obtained
by increasing the weights in a carefully chosen value class until they coincide with
the next smallest value. The greedy maximization property of matroids is essential for
this argument.

Uniform matroids Before outlining our proof of Theorem 1.5, let us revisit the
correlation gap of uniform matroids. Let M = (E,Z) be a uniform matroid on n
elements with rank p = r(E). If p = 1, then it is easy to verify that the symmetric
point x = (1/n) -1 realizes the correlation gap 1 — 1/e. Since x lies in the independent
set polytope, we have 7(x) = 1" x = 1. If one samples each i € E with probability
1/n, the probability of selecting at least one element is R(x) = 1 — (1 — 1/n)". Thus,
CG(r) =1—(1—1/n)", which converges to 1 — 1 /e as n — co. More generally, for
p > 1, Yan [42] showed that the symmetric point x = (p/n) - 1 similarly realizes the
correlation gap 1 — e~?p? /p!.

Poisson clock analysis To obtain the (1 — 1/¢) lower bound on the correlation gap
of a monotone submodular function, Calinescu et al. [8] introduced an elegant prob-
abilistic analysis. Instead of sampling each i € E with probability x;, they consider
n independent Poisson clocks of rate x; that are active during the time interval [0, 1].
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Every clock may send at most one signal from a Poisson process. Let Q(#) be the set
of elements whose signal was sent between time 0 and #; the output is Q(1). It is easy
to see that E[ f(Q(1))] < F(x).

In [8], they show that the derivative of E[ f(Q(¢))] can be lower bounded as f*(x) —
E[f(Q(2))] for every t € [0, 1], where

fre) = Is%i% (f(S) + Z fs(i)xz) ®)

ieE

is an extension of f suchthat f* > f Here, fs(i) == f(SU{i})— f(S) is the marginal
gain of adding element i to set S. The bound E[ f(Q(1))] > (1—1/e) f*(x) is obtained
by solving a differential inequality. Thus, F(x) > E[ f(Q(1)] = (1 — 1/e) f*(x) >
(1 —1/e) f (x) follows.

A two stage approach If f is a matroid rank function, then we have f* = f (see
Theorem 2.2). Still, the factor (1 — 1/e) in the analysis cannot be improved: for an
integer x € P, we lose a factor (1 — 1/e) due to E[ f(Q(1))] = (1 — 1/e) F(x), even
though the extensions coincide: F'(x) = f (x).

Our analysis in Sect. 5 proceeds in two stages. Let M = (E, Z) be a matroid with
rank p and girth y. The basic idea is that up to sets of size y — 1, our matroid ‘looks like’
a uniform matroid. Since the correlation gap of uniform matroids is well-understood,
we first extract a uniform matroid of rank y — 1 from our matroid, and then analyze
the contribution from the remaining part separately. More precisely, we decompose
the rank function as r = g + h, where g(§) = min{|S|, £} is the rank function of
a uniform matroid of rank £ = y — 1. Note that the residual function & := f — g
is not submodular in general, as A(S) = 0 for all |S| < ¢. We will lower bound
the multilinear extensions G(x) and H (x) separately. As g is the rank function of a
uniform matroid, we can lower bound G (x) as above by showing that the minimum
is achieved at a symmetric point, i.e., x;, = x(E)/n foralli € E.

Bounding H (x) is based on a Poisson clock analysis as in [8], but is significantly
more involved. Due to the monotonicity of &, directly applying the result in [8] would
yield E[2(Q(1)] > (1 — 1/e)h*(x). However, h*(x) = 0 whenever M is loopless
€ > 1),as h(¥) = 0and h({i}) = 0 foralli € E. So, the argument of [8] directly
only leads to the trivial E[2(Q(1))] > 0. Nevertheless, one can still show that the
derivative of the conditional expectation E[2(Q(2))||Q(¢)| > £] is at least r*(x) —
£ —ER(Q)]|Q@)| = £]. Let T > 0 be the earliest time such that |Q(T)| > ¢,
which we call the activation time of Q. Then, solving a similar differential inequality
produces E[2(Q(I)|T =] > (1 — e~ U=D)(*(x) — £) forall < 1.

To lower bound E[A(Q(1))], it is left to take the expectation over all possible
activation times 7 € [0, 1]. Let 2(x) = (-*(x) — €) fyy fr(1)(1 — e~ =)d1 be the
resulting expression, where fr denotes the probability density function of 7. We prove
that /2(x) is concave in each direction e; — ej for i, j € E. This allows us to round
x to an integer x’ € [0, 1]1¥ such that x'(E) = x(E) and h(x’) < h(x); recall that
x(E) € Z by Theorem 4.3. After substantial simplification of 4 (x’), we arrive at the
formula in Theorem 1.5, except that p is replaced by x (E). So, the rounding procedure
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effectively shifts the dependency of the lower bound from the value of x to the value
of x(E). Since x(E) < p by Theorem 4.3, the final step is to prove that the formula
in Theorem 1.5 is monotone decreasing in p. This is shown in Lemma 5.12 using
the relationship between the Poisson distribution and the incomplete gamma function.
Additionally, in Lemma 5.11 we show that the obtained lower bound is always strictly
greater than 1 — 1/e when £ > 1.

1.4 Further related work

In the context of submodular maximization (5), Proposition 1.1 allows for improved
approximation bounds if f = )", f;, where the f;’s are M “-concave functions.

A different approach to give fine-grained approximation guarantees for (5) is via
curvature notions; this is applicable to any submodular function and does not require
the form f = Y., fi. A well-studied measure is the total curvature of the submod-
ular function, namely, c(f) = 1 —min;cg (f(E) — f(E\{i}))/f{i}). Monotonicity
and submodularity guarantee c(f) € [0, 1]; the best case c¢(f) = 0 corresponds to
additive (modular) functions. For cardinality constraints, such a bound was given by
Conforti and Cornuéjols [14], strengthened and extended to matroid constraints by
Sviridenko et al. [39].

However, there are important cases of submodular functions where the total curva-
ture bound is not tight. For a nondecreasing concave univariate functiong : Z4 — R4
with ¢(0) = 0, f(S) = ¢(|S]) is a submodular function. Exact maximization over
matroid constraints is straightforward for such a function, yet the total curvature can
be 1. This is a simple example of an M"-concave function; submodular function max-
imization can be done in polynomial time for all such functions (see Proposition 2.5).

Motivated by this, Soma and Yoshida [38] proposed the following generalization
of total curvature: assume our monotone submodular function can be decomposed as
f = g+h, where g is monotone submodular and / is M"-concave. They define the /-
curvature as Y, (f) = 1 —mingscg h(S)/ f(S), and provide approximation guarantees
in terms of y, (f). If this is close to 0, then the function can be well-approximated by
an M"-concave function. The usual notion of total curvature arises by restricting & to
additive (modular) functions.

A common thread in [38] and our approach is to exploit special properties of M°-
concave functions for submodular maximization. However, there does not appear to
be any direct implication between them.

Paper organization In Sect.2, we recall the definitions of matroids, M i_concave
functions, submodular functions, related paremeters, and some classical results that we
will use in our proofs. In Sect. 3.1, we recall Shioura’s algorithm for maximizing a sum
of M"“-concave functions under a matroid constraint, and observe that the performance
of this algorithm is bounded by the correlation gap of the input functions. Then, in
Sect. 3.2, we explain how the results on concave coverage problems [4, 5, 16] can be
derived using the aforementioned algorithm, and that the Poisson curvature bound is
essentially equal to the correlation gap of the same functions.
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The rest of the paper is devoted to showing our two main results. In Sect.4, we
prove Theorem 1.3 and show that the minimizer of the correlation gap can always be
found in the independent set polytope of the matroid. Then, we prove Theorem 1.5 in
Sect. 5. Finally, we give upper-bounds on the correlation gap of a matroid with rank p
and girth y in Sect. 6. Several lemmas and proofs are deferred to the appendix.

2 Preliminaries

We denote Z, and R as the set of nonnegative integers and nonnegative reals respec-
tively. For n, k € Z4, (Z) = #Lk)' if n > k, and O otherwise. For a set S and
i € S8,j ¢ S, we use the shorthand S — i = S\{i}, S+, = S U{j}, and
S—i+j=(S\{ihU{j}Forx € RE and S C E, we write x(S) = >, ;.
For a set function f, the marginal gain of adding an element i to a set S is denoted as
Fs@) = F(S+1) = f(S).

All set functions in the paper will be given by value oracles; our running time
bounds will be polynomial in the number of oracle calls and arithmetic operations.
We further assume that all set functions are rational valued, and for f : 2F 5 Q,
we let 1 (f) denote an upper bound on the encoding length of any value f(S). That
is, for any § C E, the oracle returns f(S) = p/q represented by p, g € Z such that

[log, |pIT + Mogy |11 = n(f).

Matroids For a detailed introduction to matroids, we refer the reader to Oxley’s book
[34] or Schrijver’s book [36]. A matroid M = (E, 7) is given by a downward closed
family of independent sets T < 2F over a ground set E. We require that Z # ¢, and
the following axiom:

VX, Y eTwith|X| <|Y|:3jeY\X: X+jeT. )

A basis is an inclusion-wise maximal independent set. Let B C 7 be the set of bases.
The above axiom implies that all bases are of the same size, called the rank of M.
The rank function r : 26 — 7 is defined as r(S) = max{|T| : T € S,T €
7}. This is a monotone submodular function. A circuit is an inclusion-wise minimal
dependent set. The size of a smallest circuit is called the girth of M.
Recall the independent set polytope defined in (6).

Theorem 2.1 (Edmonds, [36, Theorem 40.2]) For a matroid M = (E,T) with rank
Sfunction r, P(r) defined in (6) is the convex hull of the incidence vectors of the inde-
pendent sets in T.

We also recall another classical result by Edmonds on intersecting the independent
set polytope by a box.

Theorem 2.2 (Edmonds, [36, Theorem 40.3]) Let r : 28 — 7. be a matroid rank
function and x € R. Then,

max{y(E): y € P(r), y <x} =min{r(S) + x(E\S) : S C E}.
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MP"-concave functions A set function f : 2f — R U {—o0} is M“-concave if

VX, Y C with |X| < |Y]:
OO+ FO) < max (FXC+ )+ FOF = ))) (10

VX,Y C Ewith |[X|=|Y|andVi € X\ Y :

FOO+ O < max (FX =it o+ forti=py (0
We refer the reader to Murota’s monography [25] for a comprehensive treatment of
M"-concave functions. These functions can be defined more generally on the integer
lattice Z". In this paper, we restrict our attention to M “_concave set functions, also
known as valuated generalized matroids. These are closely related to valuated matroids
introduced by Dress and Wenzel [15]. The definitions above are from [19, 27] and are
equivalent to the standard definition in [25].

The definition can be seen as a generalization of the matroid independence axiom
(9). Given a matroid M = (E, Z), the indicator function f defined as f(S) = 0
if S € 7 and f(S) = —oo is M"-concave. More generally, given a weight vector
w e [R_’i, the weighted matroid rank function as defined in (4) is M f_concave. These
functions form a nontrivial subclass of submodular functions [21, 24].

Proposition 2.3 ([25, Theorem 6.19]) Every M®-concave function is submodular:

We recall that submodular functions can be minimized in polynomial time, but
submodular maximization is NP-complete. However, it is polynomial time solvable
for M"-concave functions; in fact, they can be maximized using the greedy algorithm.

Proposition 2.4 ([15]) If f : 28 — R U {—o0} is an M*-concave function, then for
every vector z € RE, maxscr f(S) — z(S) can be computed in strongly polynomial
time.

Recall the concave extension f (x) defined in (2). It is NP-complete to evaluate
this function for general submodular functions. However, for M i_concave functions,
it can be efficiently computed. To see this, we formulate the dual LP, and notice that
separation corresponds to maximizing f(S) — z(S).

min Z'x+a

(11)
st. zZ(I)+a>f(S) VSCE.

Proposition 2.5 If f : 2F — R U {—o0} is an M"-concave function, then for every
point x € [0, 11E, f(x) can be computed in time polynomial in |E| and pu(f).

We note that the existence of a concave extension satisfying desirable combinatorial
properties is equivalent to the function being M’-concave, see [25, Theorem 6.43].
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Probability distributions Let Bin(n, p) denote the binomial distribution with param-
eters n and p, and let Poi(A) denote the Poisson distribution with parameter 1. Recall
that Pr(Poi(1) = k) = e *AX/k! forany k € Z,,.

Definition 2.6 Given random variables X and Y, we say that X is at least Y in the
concave order if for every concave function ¢ : R — R, we have E[¢p(X)] > E[e(Y)]

whenever the expectations exist. It is denoted as X >, Y.

In particular, we will use the following relation between the binomial and Poisson
distributions:

Lemma 2.7 ([5, Lemma 2.1]) For any n € N and p € [0, 1], we have Bin(n, p) >,
Poi(np).

2.1 Properties of the multilinear extension

Let f : 2E — R, be an arbitrary set function, and F : [0, 1]¥ — R, be its
multilinear extension. We will use the following well known properties, see e.g. [9].

Proposition 2.8 For any x € [0, 11% and i € E, the function ¢(t) := F(x + te;) is
linear.

Proposition 2.9 If f is monotone, then F(x) > F(y) forall x > y.

Proposition 2.10 If f is submodular, then for any x € [0,11F and i, j € E, the
Sunction ¢ (t) := F(x +t(e; — e})) is convex.

Proposition 2.11 For any y € [0, 115, the gradient of F at v is given by

oF
VE@)i = o~ =EHfE + D] = ELf D],

where Y is the random set obtained by selecting each element j € E\{i} independently
with probability y ;. Consequently, VF(y) > 0 if f is nondecreasing.

Proposition 2.12 For any z € [0, 115, the Hessian of F at z is given by

92F
H(z)ij = Ixi0, (2)
_ I[E[f(Z+i+j)]—[E[f(Z+i)] —E[f(Z+ DI+EF(D] ifi # ],
0 ifi=j,

where Z is the random set obtained by selecting each element k € E\{i, j} indepen-
dently with probability zj. Consequently, H(z) < O if f is submodular.
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3 Correlation gap bounds for monotone submodular maximization

In this section, we focus on the special case of (5) considered by Shioura [37], in
which f = 2’7:1 fj where every f; : 2E — R is a monotone M®-concave function.
As mentioned in the introduction, a more specialized version of this problem was con-
sidered by Calinescu et al. [8], in which every f; is a weighted matroid rank function.
We first show that the pipage rounding algorithm of Shioura [37] and Calinescu et al.
[8] achieves an approximation ratio of min;e[,,) CG(f;) = 1 — 1/e (Proposition 1.1).
Then, we demonstrate how the approximation results for various concave coverage
problems [4, 5, 16] are implied by Proposition 1.1 by analyzing the correlation gap of
the constituent function f;’s.

3.1 Proof of Proposition 1.1

Let us define f [0, 11 — R4+ as the sum of the concave extensions.

fo) =Y fix). (12)

j=1

Note that f x) < f (x); however, this inequality may be strict. Shioura’s algorithm
[37] starts by solving 5
max f(x) (13)
xeP

Thisis a convex optimization problem, and is also a relaxation of (5), noting that for
any S € E, f(xs) = f(9).

The number of constraints in P is exponential, but can be efficiently separated
over. The objective function f(x) can be evaluated by solving m exponential-size
linear programs. Shioura showed that (13) can be solved using the ellipsoid method
by implementing a subgradient oracle. The algorithm returns an exact solution in time
polynomial in n, m, and the complexity parameter w(f), assuming the functions are
rational-valued.

Given an optimal solution x* to (13), the pipage rounding technique first introduced
by Ageev and Sviridenko [1] can be used to obtain a set S € Z with f(S) > F(x™).
Hence, we obtain an ¢-approximation for (5) as long as we can show F (x*) > « f (x*).
The proof of Proposition 1.1 is complete by the following lemma.

Lemma3.1 Leta = min;’?:l CG(f;). Then, for every x € [0, 1E, F(x) > af (x).

Proof. Let F; be the multilinear extension of f;. Note that F(x) = Z’J":] Fj(x). By
the definition of the correlation gap,

Fx)y=) Fix)za) fix) =afx). D
j=1

j=1
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3.2 Concave coverage problems

We now discuss the concave coverage model in Barman et al. [4], and show that the
Poisson curvature studied in this paper can be interpreted as a correlation gap bound.
Further, in Proposition 3.5, we show that the tight bounds in [5] for the maximum
multicoverage problems coincide with the correlation gap bound in Theorem 1.5 for
uniform matroids, i.e., y = p + 1.

Let M = (E,J) be a matroid, and let ¢ : Z — R, be a normalized non-
decreasing concave function, i.e., ¢(0) = 0, ¢(1) = 1, (i + 1) > @) and
i +1) —e@l) > @ +2) —@@ + 1) foralli € Z,. For every j € [m], we
are given a subset £; C E, a weight w; € R4, and a function f; : 2F — R, defined
by f;(S) := ¢(IS N Ej|). In the p-MaxCoverage problem, the goal is to maximize
f(S = ZT=1 w; f;(S) subject to S € J. Barman et al. [4] gave an approxima-
tion algorithm for this problem, whose approximation factor is the so-called Poisson
concavity ratio of ¢, defined as

. ElpPoi(x)] . . E[pPoi(1))]

ap = inf ————— = inf —————.

reRy @(E[Poi(V)])  reRy o)
Here, ¢ : R+ — R is the concave extension of ¢, i.e. (1) = @([1]) + (p(|1] +
D = oA — [A]).

In this subsection, we show that the correlation gap of each f; is at least the
Poisson concavity ratio of ¢. To this end, fix a j € [m]. The following lemma relates
the concave extensions of f; and ¢; the proof of this and the next lemma are given in
the Appendix.

Lemma 3.2 Forany x € [0, 11E, we have fj(x) =@(x(E)))

The nextlemma shows that the multilinear extension F; is minimized at ‘symmetric’
points.

Lemma 3.3 Forany x € [0, 11E, let X € [0, 11E be the vector given by

ifi S Ej
Xi, otherwise.
Then, Fj(x) > Fj(x).

We show that the Poisson concavity ratio is a lower bound on the correlation gap:

Proposition 3.4 We have CG(fj) > ay.

Proof. Let n; = |E||. For any point x € [0, 115, let . = x(E}). Define the vector
xe[0,11F asx; = A/njifi € Ej, and X; := x; otherwise. According to Lemmas
2.7 and 3.3,

nj n. A k A nj—k
Fj(x) > Fj(X) = ¢(k)< f) (—) (1 - —)
y y kzzjo k nj }’lj
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=L [¢ (Bin (nj, %))} > E[e(Poi(A))]. (14)
J

Moreover, we have fj(x) = ¢@(\) by Lemma 3.2. Hence, Fj(x)/fj(x) >
Elp(Poi(1))] /¢(A).

O

We remark that the inequality in Proposition 3.4 is asymptotically tight. For any
A > 0, if we choose x = (A/n;) - 1, then the first inequality in (14) is tight. On the
other hand, the second inequality in (14) is asymptotically tight as n; — oo.

When f; is the rank function of a rank-£ uniform matroid, [5] gave a tight
approximation ratio 1 — efz!ﬂ. We show that this coincides with the lower bound
in Theorem 1.5. The proof is given in the Appendix.

Proposition 3.5 For every £ € N, we have
1 et (S ¢ o e~tet
- -+ — C—i -D=—=|]=1- .
PR (g( 2 [(i>(e ) izD o

4 Locating the correlation gap

In this section, given a weighted matroid rank function r,,, we locate a point x* €
[0, 11¥ on which the correlation gap CG(ry) is realized, and derive some structural
properties. Using this, we prove Theorem 1.3, which states that the smallest correlation
gap over all possible weightings is attained by uniform weights.

We remark that the existence of x* is a priori not clear as the correlation gap
is defined using an infimum. In Appendix C, we prove that the correlation gap is
always attained for a nonnegative monotone submodular function (Theorem C.1).
Interestingly, neither the monotonicity nor submodularity assumption can be dropped.
We provide examples of such functions in Appendix C.

It will be helpful to work with a more convenient characterization of the concave
extension of ry,. Recall the definition of 7, in (2) and its dual form (11). We first show
that the equalities in (2) can be relaxed to inequalities for any monotone submodular
function.

Lemma 4.1 For any monotone submodular function f : 2¥ — Rand x € [0, 11, its
concave extension f(x) can be equivalently written as

max Zkgf(S): Z AgfxiVieE,Zkgzl,kzo . (5

SCE SCE:ieS SCE

Proof. Clearly, the optimal value of (15) is at least f (x). Take an optimal solution A
to (15) such that §(A) := ZieE (xl- — ngEzieS AS) is minimal. If § = 0, then A is
also feasible to (2), proving the claim. Assume that § > 0, and take any i € E for
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which x; > Y ¢cpicghrs. Sincex; < land ) ¢cpAs =1, thereexistsaset T C E
withAz > Oandi ¢ T. B

Let us modify this solution to A’ defined as X’T+i = Ar4i + & M = Ar — ¢, and
)JS = Mg otherwise. For small enough ¢ > 0, A/ is also a feasible solution to (15) with
8(2") < 8(1). Moreover, 1’ is also optimal, since Y g p A f(S) > Y gcp Asf(S)
by the monotonicity of f. This contradicts the choice of A; consequently, §(A) = 0
must hold and the claim follows. O

Lemma4.2 Let M = (E, 1) be a matroid with rank function r and weights w € [Rf.
For any x € [0, 11E,

Fw(x) = max{wTy cyePr), y<x}.

Proof. Consider an optimal solution A to the LP in (15) for f = ry, with } ¢y As|S|
minimal. We claim that every § C E with Ag > 0 must be independent. Indeed, recall
that r,, (S) = w(T) for some independent set T C S. If § ¢ Z, then we can simply
replace S in the combination by this set 7. The solution remains feasible with the
same objective value, but smaller ) ¢ As|S]|.

Consequently, we may assume that r,,(S) = w(S) for every S € supp(}). Letting
Vi = Y _scE:ies Mi» the objective of (15) can be written as

D asru($) =w'y.

SCE

Note that y < x and y € P(r), since y can be written as a convex combination
of incidence vectors of independent sets. Hence, (15) for f = ry, is equivalent to
maximizing w 'y over y € P(r), y < x, proving the statement. O

Next, we show that there exists a point x* in the independent set polytope P(r)
on which the correlation gap CG(ry,) is realized. Furthermore, such a point x* can be
chosen such that supp(x*) is a tight set with respect to x*, i.e., x*(E) = r(supp(x™)).

Theorem 4.3 Let M = (E,Z) be a matroid with rank function r. For any weights
w e [RE, there exists a point x* € P(r) such that x*(E) = r(supp(x*)) and

Ry (x™) _ Ry (x*)
Fo(x®) — wTx*

CG(ry) =

Proof. By Theorem C.1, a minimizer of R,, (x) /7, (x) in [0, 1]¥ exists. First, we prove
that it can be found in the independent set polytope P(r). Take a minimizer x ¢ P(r).
By Lemma 4.2, 7,(x) = w'y for some y € P(r), y < x. Clearly, 7,(y) = w'y.
By Proposition 2.9, we have Ry, (y) < Ry (x). This proves that Ry, (x)/Fy(x)
Ry (y)/Fuw(y), thus, equality must hold and y is also a minimizer of the ratio.

For the rest of the proof, consider a minimizer x € P(r). Note that Ry, (x) /7y (x) =
Ry, (x)/w"x. Among such minimizers, let us pick x such that supp(x) is minimal.
The proof is complete by showing that x(S) = r(S) for S := supp(x).

v
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For a contradiction, assume x(§) < r(S). We claim that there exists a j € S such
that x + ey € P(r) for some ¢ > 0. If no such j exists, then there exists a set 7; for
each j € S such that j € T}, and x(T;) = r(T}). For any j, k € S, we can uncross
T; and T

x(T;UT) +x(TiNT) = x(Tj) +x(Ti) = r(Tj) +r(T) = r(T;UT) +r(Tj N Ti)

to deduce that x(7; U Ty) = r(T; U Ty) and x(T; N Ty) = r(T; N Tj). Repeating
this operation yields x(T) = r(T) for T = U;¢sT;. Clearly, S € T'. But this implies
x(8) = r(S) since x(§) = x(T) and r(S) < r(T). Thus, there exists a j € S such
that x + e, € P(r) for some & > 0.

For y € [0, 1], let x¥ be the vector obtained from x by replacing x; with y. Let
I' = max{y : x¥ € P(r)}. By the choice of j, x; < T.

According to Proposition 2.8, h(y) = Ry (x") is a linear function in y; we can
write i(y) = a + by fora,b € Ry. For y € [0,T], x¥ € P(r), and therefore
7(x?) = w'x?; this is also a linear function and can be written as 7(x?) = ¢ + dy,
where ¢ = Zi#j w;x; and d = w;. Hence, for y € [0, I'], we can write

Ry(x¥) a+by
Fu(x?)  c+dy’

It is easy to see that if a/c < b/d, then the unique minimizer of this ratio is y = 0;
if a/c > b/d, then the unique minimizer is y = I'. Both these cases contradict the
optimal choice of x. Hence, we must have a/c = b/d, in which case the ratio is
constant on y € [0, I']. Therefore, xY is also a minimizer. This is a contradiction to
the minimal choice of supp(x). O

We are ready to prove Theorem 1.3.

Proof of Theorem 1.3 For a contradiction, assume there exists a weight vector w > 0
and a point x* € [0, 11¥ such that R, (x*)/7,(x*) < CG(r). According to Theo-
rem 4.3, we can assume x* € P(r) and thus 7, (x*) = w | x*.

Let w! > w? > ... > w* > 0 denote the distinct values of w. For each i € [k],
let E; C E denote the set of elements with weight w;. Clearly, k > 2 as otherwise
Ry (x*)/Pp(x®) = w!Rx*)/w!x*(E) = R(x*)/x*(E) > CG(r). Let us pick a
counterexample with k£ minimal.

First, we claim that x*(E;) > 0 for all i € [k]. Indeed, if x*(E;) =0, thenx} =0
for all e € E;. So, for every e € E;, we can modify w, <« w’ where j # i without
changing the value of R, (x*) /7, (x*). However, this contradicts the minimal choice
of k. By the same argument, we also have wk > 0.

Let X be a random set obtained by sampling every element e € E independently
with probability x}. Let Iy C X denote a maximum weight independent subset of
X. Recall the well-known property of matroids that a maximum weight independent
set can be selected greedily in decreasing order of the weights w,. We fix an arbitrary
tie-breaking rule inside each set E;.
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The correlation gap of ry, is given by

Ru(x*)  YscuPrX =9ru(S) Y, pwePrleely) Yijw' X,cp Prle € Ix)

P (%) wlx* Y ek Wex} Sk wixt(Ep)

Consider the set .
Cw' Y, cp Pr(e e Ix)
J :=argmin —
ielk] w'x*(E;)

We claim that J \ {1} # @. Suppose that J = {1} for a contradiction. Define the point
x' € P(r)asx, :=x}ife € Ey, and x, := 0 otherwise. Then, we get a contradiction
from

R(x) w! Y,ep, Prie € Ix) - i Decr, Prie € Ix) R, (x%)

co < R _ = Rul)
90 = 50 Wl (B Yl wixt (i) )

The first equality holds because for each element e € E, Pr(e € Ix) only depends on
xa = x’E1 . This is by the greedy choice of Ix: elements in E are selected regardless
of X \ Ej. The strict inequality is due to J = {1}, k > 2 and x*(E;), w! > 0 for all
i € [k].

Now, pick any index j € J \ {1}. Then,

w/ Y g Priee ) Y w' Y, 5 Prie € Ix)
- < -
w/x*(E ) - Zi#j wix*(E;)

So, we can increase w/ to w’ ! without increasing the correlation gap. That is, defining
w E [Rf_ asw, ;= w/lifee E; and w, := w, otherwise, we get

Ru(x*) w/ ™! Decr; Prie € IX) + 3 i w' Y e g, Prie € Ix)

Fu(X*) ~ wiTIH(Ej) + 30 wix*(Ey)
_ ZeeE w, Pr(e € Ix) N ZSQE Pr(X = S)ry(S) _ Ry (x*)
o YeepWex? W TSR

The second equality holds because for every S € E, Is remains a maximum-weight
independent set with the new weights w. This again contradicts the minimal choice
of k. O

5 The correlation gap bound for matroids
This section is dedicated to the proof of Theorem 1.5. For the matroid M = (E, I),

let  denote the rank function, p = r(E) the rank, and y the girth. We have y > 1
since the matroid is assumed to be loopless.
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According to Theorem 4.3, there exists a point x* € P(r) andaset S C E such that
x*(S) =r(S),x*(E\S) = 0,and CG(r) = R(x*)/r(x™). For notational convenience,
let us define

L=y —1, Ai=x*(E) =x*(S) =r(S).

Note that if A < £, then S is independent. As x*(S) = r(S) = |S] and x* < 1, we
have x} = 1foralli € S.In this case, it follows that x* is integral and R (x*) = 7(x*),
so the correlation gap is 1. Henceforth, we will assume that A > £.

In this section, we analyze the multilinear extension of r. Let g: 26 — Z, be
the rank function of a uniform matroid of rank £ over ground set E, and define the
function / := r — g. Clearly, r = g + h. By linearity of expectation, the multilinear
extension of r can be written as

R(x) = E[r(S)] = E[g(S) + ()] = E[g(H] + E[2(S)] = G(x) + H(x), (16)

where G and H are the multilinear extensions of g and & respectively. To lower bound
R(x*), we will lower bound G (x*) and H (x*) separately.

5.1 Lower bounding G(x*)

Observe that G is a symmetric polynomial because g is the rank function of a uniform
matroid. As g is submodular, Proposition 2.10 indicates that G is convex along e¢; —e;
for all i, j € E. The next lemma is an easy consequence of these two properties. We
have already proven it in a more general form in Lemma 3.3.

Lemma 5.1 Forany x € [0, 11%, we have G(x) > G((x(E)/n) - 1).

By Lemma 5.1, we have

. A 1 n\ (2\F Ak . A
GxH)=Gl—--1 =Zm1n{k,€} - 1—-— =E|min{Bin(n, —),£¢}].
n = k n n n
(17
In other words, we can lower bound G(x*) by the expected value of Bin(n, A/n)
truncated at £. We now use Lemma 2.7 on the concave order of the binomial and
Poisson distributions to obtain
Mg
k!

. A o — .
E [mm {Bm (n, —) ,E” > [ [min {Poi(}), £}] = me{k, £} (18)
n

k=0
Using Pr(Poi(A) > j) = Z,‘:‘;J M{Z;;A, this amounts to
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¢ ¢ J=1 s k=2
G™) = ) PrPoi) = )= | 1= =
j=1 j=1 k=0

-1 k,—
Me
=E—k20(£—k) X

19)

5.2 Lower bounding H(x*)

Next, we turn to the extension H. We first describe the general setup, which is to incre-
mentally build a set Q(1) as follows. For each element i € E, we put a Poisson clock
of rate x;" on it. We initialize with Q(0) = ¢, and start all the clocks simultaneously
attime t = 0. For ¢ € [0, 1], if the clock on an element rings at time ¢, we add that
element to our current set. This process is terminated at time ¢ = 1. This gives rise to
the time-dependent set-valued random variable Q such that, for ¢ € [0, 1], Q(¢) is the
random variable for the set at time 7. This process can also be viewed as a continuous-
time Markov chain, where the state space is the power set 2£. From a set/state S, the
possible transitions are to those sets " where S C S’ and |S’| = |S| + 1. Note that
the Markov property is satisfied because both the holding time and transitions only
depend on the current state Q(¢).
Due to the independence of the Poisson clocks, for every set S C E, we have

PrQ(1) = S1=[Prli e QI [Prli ¢ Q)1 = [0 =) [T

ieS i¢s ieS i¢s
Since 4 is monotone and x* > 1 — e foralli € E, Proposition 2.9 gives
H(x*) > H( —e™) = E[h(Q(1)]. (20)

So, it suffices to lower bound E[k(Q(1))].

Lett € [0, 1) and consider an infinitesimally small interval [¢, ¢ 4 dt]. For every
element i € E, the number of times its clock rings is a Poisson random variable with
rate x;dt. Hence, the probability that an element 7 is added to our set during this
interval is

Pr(Poi(x*dt) > 1) =1 —e 5% =1 — (1 — x¥dt + O(dt?)) = x}dt + O(d1?),

where the second equality follows from Taylor’s theorem. Observe that the probability
of adding two or more elements during this interval is also O (dt?). Since dt is very
small, we can effectively neglect all O (d £2) terms. Conditioning on the event Q(t) =
S, the expected increase of 2(Q(¢)) (up to O(dt?) terms) is

E[A(Q(t + d1) — h(Q1)| Q) = S1 =Y hs(i)x}dt.

ieE
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From the definition of 4, for each elementi € E, we have hg(i) = rs(i) if |S| > ¢,
and hg(i) = 0 otherwise. This motivates the following definition.

Definition 5.2 We say that Q is activated at time t' if |Q(t)| < £ for all t < ¢’ and
|Q(t)| > £ forallt > . We call ' the activation time of Q.
We denote the random variable for the activation time of Q by T.

For a fixed ¢ € R, if we further condition on the event T = ¢/, the expected
increase of 7(Q(t)) (up to 0(dr?) terms) is

ELR(Q(t +dt)) — h(Q)| Q) = SAT =t'1=Y _rs(i)x}dt 2

ieE

forallr > ' and S C E where |S| > £. For such a set S, we have

h(S)+ Y rs()x) =r(S) — L+ Y rs(i)x) = r*(x*) — ¢
ieE icE
=i —l=1"x*—L=x1—L
The inequality follows from the definition of r* in (8). The second equality is by
Theorem 2.2, while the third equality is by Lemma 4.2 because x* € P(r). Hence,
(21) becomes

E[r(Q(r +d1) —h(QNIQ() =S AT =11 = (A — £ — h(S))dt
Dividing by dt and taking expectation over S, we obtain for all 7 > ¢/,
1
E[E[h(Q(t +dt)) —h(Q)IT =11 =1 — £ —E[L(Q)IT =1]. (22)
Let ¢(t) := E[h(Q(t))|T = t’]. Then, (22) can be written as ¢ > A -0 — q‘)(t)
To solve this differential inequality, let ¥ (t) := e'¢(¢) and con51der gr =€ ( ar
@(1)) > e' (A —£). Since ¥ (') = ¢ (') =0, we get

(r)‘/ 259 >/ ¢ (= 0ds = (' =)0~ 0

forall7 > /. It follows that E[A(Q(0))|T = '] = ¢ (t) = e (t) > (1—e' ") (A—¢)
for all + > ¢'. In particular, at time ¢t = 1, we have E[A(Q(I)|T = '] > (1 —
e~ ="\ — ¢) forall /' < 1. Let fr denote the probability density function of 7.
By the law of total expectation,

E[R(Q()] = Er[E[A(QU)IT =1]] = /O JrOER(QW)IT = 1]dt
1
=/O JrOER(Q)IT = t]dt
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1
> (h—0) / fr)(d —e Tdr. (23)
0

Now, the cumulative distribution function of T is given by

Pr(T <t)=1-— Z l_[(l — Ny He—xl.*[

SCE: ieS i¢s
| S| <€
=1- Z Z(_l)\Tle—x*(TU(E\S))t
SCE: TCS
| S| <€
=1-3 Z (=D Tle=x" )1 (S < TU(E\YS))
SCE
|T|+\E\S|<e
|S|+€—n—1 15|
=1-> Z (- 1>k( ) O (T =e—(m—1S) - 1)
SCE
=1- Z(—l)'S'Jr@‘"‘l( S )e—x*“)’ (Claim B.1)
o=y IS|+€—n—1
a1 (1SI =1\ _es
ZI_Z(_1)|S|+@ n 1( )e x()t.
ScE n—~¢

Differentiating with respect to ¢ yields the probability density function of T

d S| —1 *
fr@) = EPI‘(T <t)= Z(_1)|S|+E—n—l(|n|_ , >x*(S)e_x (S)t'

SCE

Note that ("*'7') > 0if and only if |S| > n + 1 — €. Plugging this back into (23) gives
us

_ 1
[E[h(Q(l))] > ()L -0 Z(_])\SH—(—VL—] (lfll Z1>x*(s)/ e—x*(S)t _ e—l—(x*(S)—l)ldt
- 0

SCE

)N (A I Ll
=-0> (- <n_z 1—e ) e

SCE

where the equality is due to

o, . P G S et S b
x*(S)/ e _ 1= O-Digy 5 (s) | - n
A X (S) F®-1 |

. 1 . !
— | _p—x (S)t 1 —1—=(x*(S)—D)t
[ ¢ +<+x*<S>—1>e ]0
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1
— ) 4 1 ( —x*(S) _ —1)
e + +<+7x*(S)—l) e e

—1 _ g=x*(S)

e

=l—e!'-—°
x*(S) — 1

Observe that (24) is well-defined because whenever x*(S§) = 1, L’Hopital’s rule

gives us
e—l _ e—x*(S) ) e—l — et . et .
——— =lim——— =lim— =¢
x*(§5) —1 t—~1 t—1 —1 1
Since £ > 0 (as M has no loops), Claim B.2 allows us to extract the first part of (24)
as

_1)ISlH+e—n—1 |S|_1> N - _ k+l—n—l<n><k_1) 1
s;( D (n_e (Il—eh=(-e )k;( 1 0 ) =1-e

Pulling out a factor —1 from the remaining term, (24) becomes

_ B _ (IS =1\ 1— e~ @ (S-D
E(QM]= (=0 |[1—e'+e ') _pyisteen (| — .
[2(Q(1)] = ( )|: e te SCE( ) <n—f x*(S) — 1
(25)
5.2.1 Rounding x* to an integer point

Consider the function p: R; — Ry defined by

p(t) =
and the last part of (25)

= N (L pySHn (ISI= T\ L= e OO0 g (1511 _
Y =) (=D (nfl & =1 =Y (-1 L, )pa®=1. (26)

SCE SCE

as a function on [0, 1]". The next observation is well-known, and underpins the pipage
rounding technique by Ageev and Sviridenko [1]. For the sake of completeness, we
include a proof in the appendix.

Observation 5.3 Let f: [0, 1]" — R be a function such that for any x € [0, 1]" and
i,j€ln]

[0 = f(x+1(ei —e)))
is a concave function on the domain {t € [—1,1]: x + t(e; — e;) € [0, 1]"}. Then,

for any y € [0, 11" where 17y € Z, there exists an integral z € {0, 1} such that
f > f@and1Ty=1"z

@ Springer



On the correlation gap of matroids

We would like to round x* to a binary vector using Observation 5.3. Hence, we
need to prove concavity of ¥ along the directions e; — e;. Taking the second partial
derivatives of (26) yields

321/f _ |S|+L—n |S| -1 7
e, ) = SCZE-(_I) ( . )p (x($) = D). @7)
ijes

The following claim provides a closed-form expression for all the derivatives of p,
and highlights the alternating behaviour of their signs.

Claim 5.4 Forany k € Z, the kth derivative of p is given by

1—e ' 5 1 /i
pO(1) = (~Dk! ( e ) -

Consequently, if k is even, then p® (t) > 0 for all t > 0. Otherwise, p®(t) < 0 for
allt > 0.

For the proof of concavity, we need the following notion of finite difference.
Definition 5.5 Givena function¢: R — Randascalarx € Ry, the forward difference

of ¢ (1) is
Ax[@1(@) ==t +x) — @ (2).

More generally, for a vector (xi,...,x,) = (x1,X) € R, the nth-order forward
difference of ¢ (t) is

Ax[@](@) == Ay [Az[@]1(1) = Ay [Ax[- - - Ay, @] - 11(D).

Claim 5.6 For any function ¢: R — R and vector x € R, we have

Adpl) = Y (=1 Bl + x(5)). (28)

Scln]
Therefore, in the definition of A,, the order in which the forward difference oper-
ators {Ay, : i € [n]} are applied does not matter. The next claim relates the signs of

o™ and A [¢].

Claim5.7 Let ¢: R — R be an n-times differentiable function. For any x € R and
teR ifp™(s) > 0forallt <s <t+1"x, then Ay[p](t) > 0.

We are now ready to show concavity.

Lemma 5.8 The function  (x) is concave along the direction e, —ep foralla, b € E.
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Proof. Fix a,b € E and consider the function ¢ (¢) := ¥ (x + t(e, — ep)), obtained
by restricting ¥ along the direction e, — ep,. By substituting y := x 4 t(e, — ep) and
applying the chain rule, the second derivative of ¢ (¢) is given by

nyy = 4 W dyi
¢ (’)_dz (Zani dt)

i€

) B 92 dy; 92 a2 32
(igl) > v \du Py 2%, 0y
~dr\aye o oy 0YadYt Sy ) di  ay2 | ayE 0vadyp

By (27), this is equal to

@' (1) =Y (=B "(' - ) "(y($) — 1)

SCE:
acs

+ Y (st n<| | - ) "(y(S) — 1)

SCE:
beS

IVINES
_ _1\ISI+€—n " _
2 ) (-1 (n_e)p@m )

SCE:
a,beS

= Y (e n<| |- ) "(y(8) = 1)

SCE:
aeS,bgS

Y (e n<| | - ) "(y(S) — 1).

SCE:
a¢S,bes

We show that each of the two sums above is nonpositive. Let us consider the first
sum; the second sum follows by symmetry In the first sum, every set S € E\b where
a € § has an associated factor ('S - ) It can be interpreted as the number of subsets
in S\ a of size n — £. By charging the term associated with § to these subsets, we can
rewrite the first sum as

Z (- 1)\S|+€ n<| | ) //( (S)—l)

SCE:
aeS.,b¢sS
= > Y. P GcuDbUa) .
CCE\{a,b}): DCE\(CU{a,b})
|Cl=n—¢

Hence, for a fixed set C C E\{a, b} with |C| = n — £, it suffices to show that

> =D @+ y(D)) (29)

DCE\(CU{a,b})
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is nonpositive, where we denote « := y(C U a) — 1. Note that « > 0 because

y(CUa)=y(E) —y(E\(CU@) 22— [E\(CUa)|=A—-—(n—(n—E+ 1) =r—-L+1>1,

where the first inequality is due to y(E) = x(E) = A and y < 1. Since |E \ (C U
{a,b})| = n—(n—£€+2) = £—2, we can express (29) as the following (¢ —2)th-order
forward difference

=D Y =D (a4 y(D))
DCE\(CU{a,b})
(28)

(=D Ay o [0"1(@). (30)
Recall that p®(r) > 0 for all + > 0 if k is even, and p® () < 0 for all r >
0 if k is odd by Claim 54. As y € IR{Z[2 and « > 0, applying Claim 5.7 yields
Aypcoaoy P 1(@) > 0if £is even, and Ay, ., [0"1(@) < 0if £ is odd. In both
cases, (30) is nonpositive. O

Lemma 5.8 allows us to round x* according to Observation 5.3. In particular, there
exists an integral vector x” € {0, 1}" such that ¥ (x*) > ¥ (x’) and x*(E) = x'(E) =
. Note that x” has exactly A ones and n — A zeroes; recall that A € Z by Theorem 4.3.
Let T be the set of elements i € E where xl.’ = 1. Then,

@ D (=it S| =1\ 1 —e @D
f=rs n—~ x'(8) —1
= 3 (~ DS |S| ) Lty 3D
& —¢)snT—1

5.2.2 Simplifications for an integer point

In (31), every term in the sum only depends on the cardinality of S and SN T, instead
of the actual set S. This allows us to rearrange the sum based on |S N T'| ranging from
0to|T| = A, and |S\T| ranging fromOto [E\ T|=n — A:

A on—A

- ; L fiti—1\1—e (D
T 0 [0 R G

i=0 j=0

2 —(i—1) n—x S
(A) 1 —e (=D ’12:(_1)1'+j+€—n <” _)‘) <’ +J- 1)
o\ i—1 o, j n—~¢
A l—e(*’ 1) n-2 "

(L) 5= o

i

Il
.My

Il
o
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n—»a n—i—j—1 o
X (n_)\_])( 2t ) (Jletﬁ)hl,])

Recall that, by our convention, a binomial coefficient is zero if the upper part is
smaller than the lower part. So, by the last binomial coefficient above, we may restrict
ton—¢ <n—i—j—1<n—i—1,whichisequivalenttoi <{—1landj <{—1—i.
This yields

A — e am D L N n—i— =1
III(X)ZZ()ﬁ JZ(_I) j( J )(5—1'—]'_1)-

i=0 =0

Note that we introduced additional terms to the inner sumifn — A < £ — 1 — 1,
but they are all O due to the binomial coefficients (";)‘) Applying Claim B.4 with

A—i—l)
9

j<t—1—ik < r—1—in <« n—1—itotheinner sum gives (—1)*(;7;

leading to

-1 ) .
N i M/ —i—1 L(A—z—l)
#o) = 3 (i)<ﬂ_i_1) sl )

Observe that (25) evaluates to 0 if A = £. So, we may now assume that A > £. This
allows us to apply the simple reformulation ﬁ(?:j) = (ef(z'/\:ll)!_(lx)i o=

(—i—2)! L_L(k—i—Z
@—i—DIG——D12i—€ — 2—€\e—i—1

/ = —i (A (A2 —(—i—1)
VD=5 2 D (i)(ﬁ—i—l) (1-e ). Y

i=0

) to obtain

Applying Claim B.6 with j < £ — 1 and n < X to Zf;& (—l)i(;‘) (2‘::::%) gives
(=Dt 1y, resulting in

-1 :
N _r_ =i (NP2 —omio
W(x)_x—z( ¢ l;( D (i)(@—i—l)e >

(0 _Hf‘l_z_,-_1<x><x—i—z)i
_x—e<“e D> =D 1))

i=0

(34)

5.2.3 Further simplifications

To simplify the expression in (34), we consider the sum as a function of x for x = e.
More precisely, given integral parameters A, £ > 0, we define the function wy ¢ : R —

R as o
— (N (A =210\
)= ;H)E | (i><e - i)x '
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Note that w;,_; is a polynomial on R.

Claim 5.9 Forany integers A > £, we have w), ¢(1) = £ and wﬁw(x) = Awj—1,¢—1(x).
In particular, wy’)g(l) = ()\)\T!i)!(g —1).

By Taylor’s Theorem and Claim 5.9, we get
@ -
b ) —1 —1

w . Al : A i
wy ¢ (x) = Z - (x—l)’—z'(A i i)(x—l)'=Z<i)(e—i)(x—1)’.

i=0 i=0

Plugging this back into (34) gives us

-1
1 1 Py .
o = — (_e + e—”lwk,g(e)) == (—e el 2_0 (l_)(e —i)(e— 1)') .

(35

Therefore, the multilinear extension of 4 at x* is lower bounded by
H(x*) = E[h(Q(1))] (by (20))
==t -e ey (by (25))

>—=40) [1 —e 4! w(x’)] (by Observation 5.3 and Lemma 5.8)

B -1
— (=0 1—e—1+;_€< ‘“12:()(@—1)@—1))]

i (by (35))

== —e 1 —te +e_)‘2< )(z—l)(e—l)l

-1

—A—f—he! +e*2<’\)(5—z)(e— . (36)

i=0
5.3 Putting everything together

We are finally ready to lower bound the correlation gap of the matroid rank function
r. Recall that we assumed that A > £ in the previous subsection. Combining the lower
bounds in (19) and (36) gives us

R(x™) . G(x*™) + H(x*)
F(x%) - 1T x*

£—1
>[z-2(£—z) +A—€—re” +e_)‘2<)f>(£—i)(e—l)":|
l

i=

CG(r) =
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—1—e! +%Z(£—i) [(?.)(e—l)" —f—,] (37

On the other hand, if A = ¢, then & = 0. In this case, we obtain

* * * * - k,—t 0—1,—¢
R(x™) G(x™)+ H(x™®) G(x™*) (19) k\ (Fe VAR
Co(r) = o) 17 x* =7¢ ° 1_,{2_(:)<1 - Z) TR

which also agrees with (37) by Proposition 3.5.
To better understand the sum in (37), consider the function ¢§ : [A] = R defined
as

£ A i A
¢;) =§ ; (e—1 e (38)
with parameters £ € Ry and A € N. The next claim illustrates the behaviour of ¢§
when & > 1/(e — 1).

Claim 5.10 Given parameters & > el_l and . € N, the function d)i satisfies the
following properties:

(@) If1 <i < (S2)h+ 1, then ¢5 (i) > 0.
(b) If S (i) < 0, then ¢ (i + 1) < 0.

Applying Claim 5.10 with & = 1 allows us to show that the bound in Theorem 1.5
is strictly greater than 1 — 1/e.

Lemma 5.11 For every A, £ € N such that A > £, we have
-1 . A ) )\,i
Y- (T )e-1==|>o0.
= i i!

5.4 Monotonicity

To complete the proof of Theorem 1.5, recall that A < p. Hence, we need to show that
the expression in (37) is monotone decreasing in A. We derive a stronger statement,
noting that the bound is g(X, £)/A.

Lemma 5.12 For any fixed £ € N, the expression
-1

_ T/ ;oA
g, ) =e A;(z—z)[(i)(e—l) _F}’

is monotone decreasing in A.

We will use the following properties of the Poisson distribution. Their proofs are
given in the Appendix. For k € Z and x > 0, let us denote
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ki
B (x) = Pr(Poi(x) < k) = e Y | ’;—‘ (39)
i=0

Claim 5.13 For any fixed k € 7., 0r(x) is monotone decreasing with derivative
O (x) = —k Furthermore, 0y (x) is convex on the interval (k, 00).

Claim 5.14 For every . € N, we have 6511 (A + 1) < 6, ().
With these tools we are ready to prove monotonicity.
Proof of Lemma 5.12 We first prove the cases £ € {1, 2, 3} separately:
o
g0, D=0, gD =eTtre=2). g3 =5 et =222 = - 3%].

Their derivatives are given by

g2 =e =1+ 1D(e—-2),
-
g, 3) = ET [—e(e =222+ ((e = 3)* + 2e(e — 2))A — (e — 3)2] )

It is easy to check that g’(A, 2) < Ofor A > 2,and g’(A, 3) < O for A > 3. Henceforth,
we will assume that £ > 4.
The inequality g(A + 1, £) < g(X, £) can be reformulated as

—1 i
NyZES ; @+) B _,_ﬁ
§:a—n[<i )@—1) } z}e o[()@ 1) ] =

1
Al A+ 1) A . A1 .
Z(ez)[ S )} Z(sz(.)(efl)'fZ(efi)( * )(efl)’.
— 1 i=0 l

For the RHS, using (AJ{I) = ()‘) + (ifl), we get

1

(40)

-1 A _ —1 A _
gw - i)(l.)(e - DI ;‘(6 - i)(l. - 1)(e — 1
-1 A _ =2 A ‘
=y« —i)(.)(e — D =3 e—i— 1><.><e — it
i=0 ! i=0 !
-1
-2 (j)e- v
i=0 !

Using the definition of 6; (1) from (39), the LHS equals

-1

Y000 —0:0.+ 1)

i=0
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Foreveryi = 0,...,¢ — 1, we have A > i. Therefore, using the convexity and
derivative of 6; (x) from Claim 5.13 leads to

_Aki

6;(0) —0:(A+1) <6/ — A+ 1) = 1

Hence, (40) follows by showing

-1 i
A : 7%
0<) — it = 41
- (i ) (e—1) 1 (41)
For the sake of brevity, we denote

wuw:<ﬁ@—ww4—9i
l

i!

Then, our goal is to show that Zf;& (i) > 0.
Observing that ¢, (i) = e (%(i‘) (e—1) — i‘—:) we will apply Claim 5.10 with

&= % > C% Consider the following two cases:

Case 1: ¢, (£ — 1) > 0. In this case, ¢, (i) > O0forall 0 < i < £ by Claim 5.10 (b).
Since A > £ > 4,

—1 -1
D @) = 2(0) + (D) + 92(2) + Y ¢2.(0)
i=0 i=3

— 14 A(e—1)2—e) + ’% [A((e 1P —e)— (e — 1)3]
—1 —1
+Y @) > D @) = 0.
i=3 i=3

Case 2: ¢, (£ — 1) < 0. In this case, ¢, (i) < Oforall £ <i < A by Claim 5.10 (b).
Thus,

= . SN e Y
Zm(i)>Z«zw‘)=(e—1>2<i>(e—1)’—27=<e—1)e*—e27
i=0 i=0 i=0 ’ i=0

i=0

1 Clm. 5.14 1
— Al <1 - ex(x)> T (1 - 94(4)) > 0.
e e

The second inequality holds due to Claim 5.14 together with the assumption A >
£ > 4, whereas the last inequality follows from 1 — 1/e — Pr(Poi(4) < 4) > 0.
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6 Upper bounds on the correlation gap

Let r be the rank function of a matroid M with rank p and girth y. Recall that for
uniform matroids (y = p+1), the lower bound in Theorem 1.5 simplifies to 1 — eip,p i ,
and in this case it is tight. We now give simple upper bounds on CG(r) in terms of
p and y. We start with the simple observation that the correlation gap of a uniform

rank-(y — 1) matroid gives such an upper bound.

Observation 6.1 For every p, £ € N where p > ¢, there exists a matroid M = (E, T)

with rank p and girth £ 4+ 1 whose correlation gap is arbitrarily close to 1 — eige!@z.

Proof. Let M be arank-£ uniform matroid on n > £ elements with rank function ry.
Let M5 be a free matroid on p — £ elements with rank function r». Consider the matroid
M = M| & M, with rank function r. Note that M has rank p and girth £ + 1. By
Proposition 1.4, CG(r) = min{CG(r), CG(rp)}. It is known that CG(r1) — 1 — e_z!ll
asn — oo [5,Lemma2.2]. So, itis left to show that CG(r,) = 1.Forany x € [0, 11°-¢,
we have Ro(x) = 1" x. Moreover, /(x) = 17 x by Lemma 4.2. O

We now give an asymptotically better, albeit still non-tight upper bound.

Proposition 6.2 For every p, £ € N where p > £, there exists a matroid M = (E,T)
with rank p and girth £ 4+ 1 whose correlation gap is at most 1 — % + %.

Proof. Letk := p — £. Forsomen € N, n > ¢, let the ground setbe £ = Eq U Eq U
-+ +U Ey, where |Eg| = ¢n and |E;| = n for alli € [k]. Our matroid M is constructed
as the union of two matroids M" and M?. The first matroid M* = (E,Z") is the
uniform matroid of rank ¢ on ground set E. The second matroid M? = (E,Z?) is
the partition matroid on ground set E, where each E; is a part of rank 1 for all i > 1;
every element of Eg is a loop in this matroid.

Matroid union is a well known matroid operation where every independent set of
the union matroid is the union of two independent sets from each of the two matroids.
We can write the rank function of M as (see e.g., [36, Corollary 42.1a]):

k k
r(S) =Y min{l,|E; N S|} +min { £, [EgN S|+ Y max{0, |E; N S| — 1} .

i=1 i=1

Note that the rank of the matroidis r(E) = £+k = p, and the girthis y = £+ 1, since
every y element set is indepedent, but any y + 1 element subset of Ej is dependent.

Let us now fix F C Eg, |F| = ¢, and define x as x; = 1ifi € F, x; = 0if
i € Eo\F,and x; = 1/nifi € E \ Ey. It is easy to verify that x € P(r) as it can be
written as a convex combination of 7 bases. Thus, 7(x) = x(E) = £+ k = p.

Let us now compute the multilinear extension R(x). Let X C E be a random
set sampled independently according to the probabilities x;. We have F C X with
probability 1. From the above rank function expression, we get

k
r(X) =€+ ) min{l, |E;NX]|}.

i=1
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Therefore,

k

Rx)=LE[r(X)] = €+ZPr[|E,ﬂX| >1]1=4¢+k (1 - (1 — —) ) — p—
n

i=1

as n — oo. From here, we see that

7 Conclusion

In this paper, we derived new bounds on the correlation gap of (weighted) matroid
rank functions, and we gave an overview of several of its applications. We first showed
that for a given matroid, the correlation gap of its weighted rank function is minimized
under uniform weights. Then, we gave an improved lower bound on the correlation gap
of (unweighted) matroid rank functions over 1 — 1/e, parameterized by the rank and
girth of the matroid. Our work is motivated by the important role of correlation gap in
constrained monotone submodular maximization, sequential posted-price mechanism
and contention resolution schemes. We also observed that the algorithms of Barman
et al. [4, 5] for concave coverage problems fall under the pipage rounding framework
of Calinescu et al. [8] and Shioura [37]. In particular, their work can be interpreted
as bounding the correlation gap of specific weighted matroid rank functions and M®-
concave functions.

By Observation 6.1 and Proposition 6.2, the correlation gap of a matroid rank
function is upper bounded by

=D, — 1yr-1 1 -1
min l—e % ) ,l——+y ,
(y = D! e ep

where p is the rank and y is the girth of the matroid. The difference between this upper
bound and the lower bound given in Theorem 1.5 motivates a further analysis to reduce
this gap. Another direction for future work is to explore other matroid parameters for
quantifying the the correlation gap. This could be motivated by tighter bounds on the
correlation gap for special matroid classes. Finally, it remains to open to which extent
our analysis can be modified to give new insights also for other (classes of) submodular
functions.

A Omitted proofs

Lemma A.1 For any fixed p € N, the expression
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On the correlation gap of matroids

y—2 i
¢(p,y) = Z(V—l—i)K )(e—l)’ P } ;

il
i=0
is monotone increasing iny fory < p + 1.

Proof. The inequality ¢ (p, ¥) < (o, y + 1) can be reformulated as

Zo 1o [(hev=5]<Eo-o[C)err 1]
= g[(?)(e—l)"—?—;}>o.

1

If every term in the sum above is positive, then we are done. Otherwise, we apply
Claim 5.10 for & = 1. In particular, since there exists a nonpositive term, by

Claim 5.10 (b) we get
g _ P i
(0o 2]=£[0)e 2]
o o o P
=(e—1+1)"—l§3=eﬂ—zﬁ>o. O

o
i=0 i=0
=

Lemma 3.2 Forany x € [0, 115, we have f;(x) = $(x(E}))

Proof. Fix an x € [0, 1]15. Let A = x(Ej)and B = ¢([A] +1) — @(|1]). Based on
the LP formulation of fj, it suffices to show that (z, «) := (Bxg;, (A1) — B [A])
is an optimal solution to (11). Note that ZTx+a=@(r)+ B0 — 1) = ¢).
Feasibility is straightforward because for any T C E, we have

(M) +a= ﬁngXT +o(A) =B LAl =e(A) +BAT NEj| = 1) = (T NE;|) = f;(T),
where the inequality follows from the concavity of ¢, and the fact that 8 is a super-
gradient of ¢ at [ A]. Observe that the inequality is tightif [T N E;| € {|A], [A + 1]}.
To show optimality, we consider the dual LP (2). By complementary slackness, it is

left to prove that x be can be written as a convex combination of the indicator vectors
of these sets. Define the polytope

P:={yel0, 115 : [A] < y(E;) < |A] +1}.

It is easy to see that the vertices of P are precisely the aforementioned indicator
vectors. Since x € P, it lies in their convex hull. O
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Lemma 3.3 Forany x € [0, 11E, let X € [0, 11€ be the vector given by

XE}) g
_ L= ifi e E;
xi={ &l I
Xi, otherwise.

Then, Fj(x) > Fj(x).

Proof Fix an x € [0, 1]%, and let ¥ € [0, 1]€ be the vector as defined above. Let
y* e argminyco 112 {F;(y) : y(Ej) = x(Ej)} such that ly* — x||1 is minimized.
It suffices to prove that y* = X. Note that y/ = X; for all i ¢ E; because these
coordinates do not affect the value of F;.

For the purpose of contradiction, suppose that there exist a,b € E; such that
Vi < Xq and y; > Xp. Let ¢(t) := F;(y* + t(es — ep)) be the function obtained by
restricting F; along the direction e, — e, at y*. Since f; is submodular, ¢ is convex
by Proposition 2.10. Moreover, ¢(0) = ¢ (y;; — y;;) because F; becomes a symmetric
polynomial after fixing the coordinates in E \ E;. It follows that ¢ () < ¢(0) =
Fj(y*) forall 0 <t < y; — yx. Thus, if we pick ¢t = min{X, — y}, y; — X»}, then
ly* +t(eqa —ep) — X|l1 < lly* — X|I1, which is a contradiction. O

Proposition 3.5 For every £ € N, we have

1 et (S oo et
l—z+7(§(£—1)|:(>(e—l)——J):l— T

Proof. First, observe that

£—1

l_ Z _ l E' _ i
2@_1)()@_1) ZZ()“ v E( Die—m "
-1 — -1
B AV e—1\ e=1\ G\
_z(l;( i )(e 1)+§<i_1>(e ) ;(i_J(e 1))—€e .
Similarly, we have
o1, -1 -1 =2
¢ ¢ I
Senp= STt = (5h % h) <atw

Putting them together yields

el

1

—L 14 —Lpl
Y4 Y4
=1—67]+E— et~ — :l—e
Y4 -1 2!
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as desired. O

Observation 5.3 Let f: [0, 1]" — R be a function such that for any x € [0, 1]* and
i,J €ln]

50 = f+1(e — e))
is a concave function on the domain {t € [—1,1]: x + t(e; — e;) € [0, 1]"}. Then,

for any y € [0, 11" where 17y € Z, there exists an integral z € {0, 1}* such that
fO) = fR@and1Ty =17z

Proof. We proceed by strong induction on the number k of non-integral coordinates
in y. The base case k = 0 is trivial by picking z = y. Suppose that there exists an
£ € Z4 such that the statement is true for all k¥ € {0, 2, 3, ..., £}. Consider the case
k = £ 4+ 1. Note that k # 1 because 1"y € Z. Let i, j € [n] be distinct indices
such that y;, y; € (0, 1). Since fli is concave, for all + > 0 or for all + < 0, we have
fli @) < fl?(O). Let ¢/ = min{l — y;, y;} and ¢” = min{y;, 1 — y;}, along with their
corresponding points y' =y + ¢'(¢; —e;) and y” = y — ¢”(e; — ¢;). Then,

min{f (), f(y")} = min{f;;(e)), f;; (="} = f5(0) = fF().
Let &’ and k” be the number of non-integral coordinates in y" and y” respectively.
Note that k’, k” # 1 because 1"y’ = 17y” = 1Ty € Z. Since k’, k" < ¢, by the

inductive hypothesis there exist integral z’, z” € {0, 1}"* such that f(z') < f(y’) and
f (") < f("). Thus, our desired z € {0, 1}" can be chosen as

z = argmin f(x). O
xe{z/,7"}

Claim 5.4 Forany k € 7, the kth derivative of p is given by

_ k i
,O(k)(t)=(—1)kk!(1 ¢ tzf=°t/”>.

tk+1

Consequently, if k is even, then p® (t) > 0 for all t > 0. Otherwise, p®(t) < 0 for
allt > 0.

Proof. We prove the first part by induction on & > 0. The base case k = 0 is clear.

For the inductive step,

gy - hu (7t hogryit— et iy o it) 41 — (1= et ST aiit) G+ Dk
0 1 =(— 1.

(2k+2
et (1 —e Yk, z"/i!) k+1)
— (— 1.
= (=17 th+2
AR SV il 3 LY
= D e i
t +2
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1—e ! Yk d i

— (—1)k+D .
= (=)* D e+ 1)1 =

as required. For the second part, note that at # = 0, applying L’Hopital’s rule yields

-tk i e
p®(0) = lim (—1)"k’(e DD Ll tl/’!>
t—0

+ ik

—t .k _1\k
=lim(—1)kk!<e t/k!> _ e
) G+ Dk ) "kt

Hence, ,o(k) (0) > Oifkiseven, and ,o(k) (0) < 0ifkis odd. Now, let us rewrite ,o(k) (1)

as ‘
kle™! 1;
(k) (1)K r_ 2 :_ i

1=l

By the Maclaurin series of ¢’, for all > 0, we have p(") (t) > 0if k is even, and
p® (1) < 0if k is odd. O

Claim 5.6 For any function ¢ : R — R and vector x € R", we have

Addglt) = Y (=1 Blgr + x(5)). (28)

N

Proof. The claim follows by induction on n. For n = 1, the formula simplifies to
AlPl() = (=D 1ot + x) — (=1)!79(r) which holds by definition.

Soletn > 1and (x1,...,x,) = (X, x,) € K. Using the induction hypothesis and
linearity of the difference operator, we get

AUBIO) = AglA [l = D (=" BH@ +x,) — p(0))

SC€[n—1]

= > DT E© )+ Y D+ E).

SCn—1] SCn—1]

This is a partition of the sum in (28) into those sets containing n and those not containing
n. O

Claim5.7 Let ¢: R — R be an n-times differentiable function. For any x € R and
teR ifp™(s)>0forallt <s <t+1"x, then A [¢](t) > 0.

Proof. We proceed by induction on n > 1. The base case n = 1 is clear as

+x
0< ¢V (s)ds = ¢t +x) — (1) = A[P](2).

t

For the inductive step, let x € H?'j_, y € R4, and assume that ¢("+1)(s) >(0forallt <
s < t+1Tx+y. Applying the inductive hypothesis to ¢, we have A, [¢pV](s) > 0
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forallt < s < t+y. Using the linearity of the derivative applied to the representation
(28), we obtain

t+y t+y
0< f Av¢V1(s)ds 2 f ’ (diA [¢](s>) ds
t t N
= AN+ 9) — AIBIE) = A TALBTI) = Mgy [91(1)

as desired. O

Claim 5.9 Forany integers A > £, we have w), ¢(1) = £ and ij(x) = Awj—1,¢—1(x).
In particular, wy)e(l) = ()\ATZI.)!(K —1i).

Proof. The first property follows from Claim B.6. For the second property,

-1 1
p _ =1 M A=2-0) i
whe) = (=D e 1)!()\—1')!(15— 1 —i>x

i=1
-1 .
e (P =T\ [((A=D =2—G =D\ ,;_

= _1\¢—2—-(@-1 i
_)\;( 9] (i_l)((g_l)_l_(i_l)>x

> A=\ (=1 —2—i
= i (AT —D-2-i\,;
B )L;( Y ( i )((5 -H-1- i)x = Awi—1,0-1(%).

The formula for the derivatives follows by induction. O

Claim 5.10 Given parameters & > e% and , € N, the function ¢§ satisfies the
following properties:

(@) If1<i < (2)h+ 1, then ¢ (i) > 0.
(b) If $: (i) <0, then ¢ (i + 1) < 0.

Proof. Fix parameters & > ﬁ and A € N. Fori € [A], we can write

£ py AL B = L
¢A(z)=s<i)(e—1) - = |e[Te-n6-in-»
AN S

i—1
A .
= |Ee—D]]e—ne—p -2

!
j=1

To prove the first statement, note that

is(e_?>)»+1 & A<(e—DA—i+1).

e —
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Hence, A < (e — 1)(A — j) for all j € [i — 1]. As we also have £(e — 1) > 1, it
follows that ¢>i (i) > 0. Next, we prove the second statement. Since ¢>§ (i) <0, we
obtain A > (e — 1)(A — i + 1) by the first statement. Therefore,

£ . _ A B : . . i
9.6+ 1) = 5 | e 1)/1:[1<(e D= j) — A
S (e— D —1i) i
=T s<e—1)—/1"[l(( e—D(—j)—»r
22 £ .
< G+ D) 9, (i) <0

Lemma 5.11 For every A, £ € N such that A > £, we have

-1 2
Z(Z—i)[( >( — 1) ——} > 0.
i=0 '

Proof. We fix A and apply Claim 5.10 with & = 1. If ﬁ < e — 1, then all summands
are positive and we are done.
Otherwise, if there is a k < A such that q)i (k) <0, then we getfork < j < A

Z¢A(z>>2¢k(z>—z[( )(e—l)’——] (e—1+1)*— Z_'

i=0
)\' .
)\’l
Y
=e" — Z T >0
i=0
In particular, this entails
)‘.i -1 j
Z(e ) [( ) e—1)' — —] Z(z —DPli) =) () >0,
j=0i=0
which concludes the proof. O

Claim 5.13 For any fixed k € Z4, 0x(x) is monotone decreasing with derivative

Gk (x) = — =37~ Furthermore, 0y (x) is convex on the interval (k, o).

Proof. Using < pim (e‘x )?—) =—e ’f—, + e %, the derivative of 0y (x) is

i!

i—1 —x .k

k
—x X __e X
;(i—l)! a kK

i

k
x
Op(x) = —e~* Z mn +e
i=0
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which is negative for all x > 0. The second derivative of 6 (x) is 6, (x) = e if

k =0, and
7xxk71

noy— & (X
O = 1 (k 1)
if k > 1. In both cases, 6 (x) > 0 when x > k. |

Claim 5.14 For every . € N, we have 6511 (A + 1) < 6, ().

Proof. Let': Ryt x Ry — Ry be the upper incomplete gamma function (see [33,

§8]), i.e.
F(s,x):/ e ds.

We will use the property

L ren=— /Oots‘l"dt— —"SX:XI
G- T, ¢ a=e ,

-1
, (42)
i!
i=0

which holds for s € N and follows by iterated integration by parts.

To show the nonnegativity of 8) (L) — 8, +1(A + 1), recall the definition (39)

)\' .
e M
0.0) =G+ D =) =

i! Al
i=0

A .
A 1) —(A+1) A 1 A
_e—<x+1>z(+)_e @+ D7
—
Applying (42) to the two sums yields

1 1 e~ Do 4+ 1)*
X)) —Ohr1(A+1) = FF(A +1,%) — FF(A +1La+1)— —

1 o0 o0
= — (/ the7tdt — / tre7ldt — e DO + 1)*)
AU A1

1 A+l
= (/ tre7ldr — e D 4 1)k> :
: A

The integrand is monotone decreasing in the interval (A, A + 1] because % (t)‘e_’ ) =
(A1 — e < 0 for all t > A. Hence, we can lower bound the integral by the
value of the integrand att = A + 1

1
0,00 =01+ 1) = = (G4 DI 0D — a1 =0, o
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B Identities for alternating sums of binomial coefficients

ClaimB.1 Forany 0 < £ < n, we have

4
N __ln—l
S

Proof. We proceed by induction on £. The base case £ = 0 is trivial. For the inductive
step, let £ > 1. Then,

t -1
(MY _ e INTRL
;;—n (k)—( ) <6)+z< ) (k>
1
= (=D (£>+( ne 1(,3_1)
e (G2 () s (D)= ()

ClaimB.2 Forany 0 < j < n, we have

)
,;o( ) U

Proof. We proceed by induction on n — j > 1. For the base case n — j = 1, we have

ke (M (K- nl(nl)<n><n_1)_
N L A O B B

For the inductive step, assume thatn — j > 1. Then,
“ . k—1 " ((n—1 n—1 k—1
@) =z (G2 () ()
](2:(:)( ) k j Z( ) k—1 k j
n—1
=1\ [k -1\ (k-1
S (0 S ()
> =D j Z( ) L ;
-l 1)(’“)523 ()0 )
= i+ j P k j
n—1—j
n—1 . -1\ /k—1
- ()0 )
(j)E( )< ) Z( . AN

n—1
=3 (= (” - 1)

k=0

=
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The second last equality is due ton — 1 — j > 0, while the last equality is by the
inductive hypothesis. O

ClaimB.3 Forany 0 < j < n, we have

()32 -0

il

[~

: n\ (m—iy __ n! (n—i)! _n
Proof. Using (7)(}2) = oy G=honepy = 1t

g““i(?) (: _ i) = g(‘l)iC—) (f) = (?)(1 -1/ =0 0

ClaimB.4 Forany0 < j <k < n, we have

S ) -0

Proof. Let {A, B} be a partition of [n] such that |A| = k and |B| = n — k. In the sum,
every set S C [n] of size j is counted ZlmBl( l)i(ls?B‘) times. If |[SN B| = 0, then
S is counted once. Otherwise, it is counted O times. Thus, every set S € A of size j
is counted once. O

L = (D), we get

ClaimB.5 Forany0 < j <n — 1, we have

] i(n\(n—1—i .
B )=

Proof. We proceed by induction on j > 0. The base case j = 0 is clear as

G-

For the inductive step, assume that j > 0. Then,

s ()L ) =2 () ((2)-(210)
- g(—l)i <’l’) (;‘ - i - i) (Claim B.3)
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j—1 .
(n\(n—1—1i .
=— E (—D’(.)(. > = (=1’.
P iJ\j—1—i

(Inductive hypothesis)

O

ClaimB.6 Forany0 < j <n — 2, we have

J i(n\(n—2—i o
> (=1 (l)( Iy >=<—1>f<1+1>.

i=0

Proof. We proceed by induction on j > 0. The base case j = 0 is clear as

)

For the inductive step, assume that j > 0. Then,

S ()2 = ner () -(50)

i .
= (1) =3 (=1 (’l’) (’; } ? - i) (Claim B.5)

i=0

. j-! (n\(n—2—i
= _g(_” (i)(j —1 —i)

=D = =D = D A+ ).
(Inductive hypothesis)

O

C Attainment of the correlation gap

In this section, we address the issue of attainment of the correlation gap. The following
theorem shows that the correlation gap is always attained for a nonnegative monotone
submodular function.

Theorem C.1 For any monotone submodular function f : 2E — R, there exists a
point x* € [0, 11Z such that CG(f) = F(x*)/ f (x*).

Proof. Since [0, 11F is compact, by Weierstrass Theorem it suffices to prove that the
function ¢ : [0, 11¥ — R, defined by

F(x)/f(x) if f(x) #0,

1, otherwise.

¢(x) =
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is continuous. As F' and f are both continuous, we only need to check the zeroes of
f. Let x € [0, 11 such that f(x) = (. Then, F(x) = O because 0 < F < f Note
that f(supp(x)) = O because f is nonnegative. By the monotonicity of f, we also get
f(S) =0forall S C supp(x).

Recall the dual form (11) of f (x). We first show that the solution (z*, «™*) given by
zf = f({i}) foralli € E and a* := 0 is optimal. By submodularity, we have

S +at =) fih = f(S)
ieS
for all § € E, which proves feasibility. Its objective value is

@) Tx+a* = Y flihn=0=fx),

iesupp(x)

so it is optimal. Observe that the linear function (z*) Ty = (z*) " (y — x) is the first-
order Taylor approximation of F at x.Indeed, letting X denote the random set obtained
by picking each element j € E \ {i} independently with probability x;, by Proposi-
tion 2.11 the first-order Taylor approximation of F' at x is

Fx)+VF@) (v —x) =Y ELf(X +i) = FXO)1(yi — xi)

ieE

=Y ELf(X +D](yi — xi)
icE

=Y FUHGi—x) =@ (v —x).
ieE

The penultimate equality holds because f({i}) < f(S + i) for all § C supp(x) by
monotonicity, while the reverse inequality is given by submodularity and f(S) = 0
for all § € supp(x).

Claim C.2 For every optimal solution (z, &) to the dual form (11) of f(x) andy €
[0, 11%, we have
) y<zly+a

Proof. Let us partition E into the following 3 sets
Iy={ieE:x;=0} Ir={icE:0<x;<1} L:={iek:xi=1}.
Fix an optimal solution (z, &) to (11). Since f(x) =z'x4+a =0and f > 0, we

deduce that z; > Oforalli € Ip,z; = Oforalli € Iy,and z; < Oforalli € I;. It
suffices to show that z; > 7} forall i € Iy. This would imply that for any y € [0, 11E,

dyta=z" (-0 =) i+ ui—-D=Y zyi=) sy=E"y

iely iel iely iely
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For the purpose of contradiction, let j € Ip with z; < zj. Then,

f(Xsupp(x)-i—j) = ZT(Xsupp(x)fj) +o= ZT(Xsupp(x)—i-j —X)
=z <z; = f({j} = f(supp(x) + j).

The first inequality is due to the feasibility of (z, «), whereas the last inequality uses
the monotonicity of f. However, this contradicts the fact that f is an extension of

f. O

Since f is piecewise affine, the claim above shows that f (y) = (z") Ty when y is
sufficiently close to x. As F is 2-times continuously differentiable, Taylor’s Theorem
tells us that for every y, we have

1
F(y) =Ty + SO = X)TH(ey)(y —x),

where H (cy) is the Hessian of F evaluated at some ¢, € [x, y]. Combining these two
facts yields

F(y) i @) Ty + 30 —0)THy)(y —x)

P ) T T ey
f»)#0 ()T y#0
1 —x)TH -
14l gim W A (43)
2 yox @) Ty
@) Ty#0

It is left to prove that the second term on the RHS of (43) converges to 0. By Propo-
sition 2.12,

2

°F
H(cy)ij = W(Cy) =LE[f(Cy+i+ )= f(Cy+i) = f(Cy+ )+ f(CY)] =0,

where C, is the random set obtained by picking each element k € E\({i, j} inde-
pendently with probability (cy)x. Moreover, if f({i}) = O for some i € E, then
f(S+1i)— f(S) =0forall S € E by monotonicity and submodularity. It follows
that H(cy);j = H(cy)ji =O0forall j € Eifz} = 0. Since z7 = Oforalli € supp(x),
letting N := E\supp(x), we have

0 OO THEG =X _ yyH v nwn

- )Ty (Z3) Tyn
yi v H(cy)iiyi v H(cy)iiyi
> Z IZ]EN* yJjrj > Z ZJGN . yJij j. (44)
ieN:z7y; >0 i i ieN:zfy; >0 %

The first inequality is due to f(y) < (z*)Tyforall y € [0, 1]F, whereas the second
inequality is by H < 0 and y,z* > 0. As y — x, the RHS of (44) converges
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to 0 because xy = O and the Hessian is bounded, i.e., H(cy) < 2max f for all
¢y € [0, 11€. Thus, by the squeeze theorem, the RHS of (43) converges to 0 as
desired. O

The next two propositions show that neither the monotonicity nor submodularity
assumption can be dropped without affecting the attainment of the correlation gap.

Proposition C.3 There exists a monotone function whose correlation gap is not
attained.

Proof. Fix ¢ € (0, 1/2). Consider the function f : 221 — R, defined by f(#) = 0,
f{1}) = f({2}) = e,and f({1,2}) = 1. Clearly, f is monotone but not submodular.
The multilinear extension of f is

F(x) =e(x1(1 —x2) + x0(1 —x1)) +x1x2 = ex1 +exp + (1 —2e)x1x2.

By (11), the concave extension of f is

N ex1+ (1 —¢8)xy ifx; > xp,
fx) = .
(1 —¢e)x; +exy ifx; < xp.

Ontheline L :={al:0<a <1} C [0, 1]2, the ratio

F(al)  2ea+ (1 —2e)a?
f1) o

=2+ (1 -2

convergesto2e < 1 asa — 0. However, F((Dz/f((D) = 0/0 = 1. To show that CG(f)
is not attained, it suffices to prove that F(x)/ f(x) > 2¢ for all x € [0, 172 \ L. In fact,
it is enough to prove that for any o1 € L and 8 € R,

Flel) _ Flal+ B — x2)
flal) = flal+B(x1 — x2)
Fix a point ¢l € L, and define Ehe function ¢ (B) as the RHS of (45). Note that

¢ (B) = ¢(—pB) because F and f are symmetric. So, we may assume that § > 0
without loss of generality. We also have 8 < min(o, 1 — @) < 1/2. Then,

(45)

2ea + (1 —2¢) (2 — %)
a—(1—2¢)8

¢(B) =

It is left to show that ¢’(B) > 0. Differentiating yields

(@ — (1 =28)p)*¢'(B) = —2(1 — 2)Ber — (1 — 2&)B) + (1 — 2¢)(2ecx + (1 — 2¢) (e — B?))
= —2aB(1 — 2¢) + (1 —26)2(a? + B2 + 2ea(l — 2¢)
> —20B(1 —2¢) + (1 — 2&)%(a® + B2) + deaf(l — 2¢)
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=(1-2¢)*—p)>>0.

The first inequality is due to § < 1/2, while the last inequality follows from
p=<a. m

Proposition C.4 There exists a submodular function whose correlation gap is not
attained.

Proof. Fix ¢ € (0, 1/2). Consider the function g : 221 — R, defined by g(¥) =
e, g({1}) = 0, g{2}) = 1, and g({1,2}) = e. Clearly, g is submodular but not
monotone. Let ¥ : [0, 11E — [0, 11€ be the 90°-clockwise rotation map about the
point (1/2,1/2), i.e., ¥ (x) = (x2,1 — x1). We claim that G(x) = F(¥(x)) and
glx) = f (Y (x)) for all x € [0, 115, where f is the function defined in the proof of
Proposition C.3. Indeed,

F((x)) = e(rxr + (1 —x)(1 = x2)) +x2(1 — x1) = G(x).
By (11), the concave extension of g is

(e—Dxi+exoa+1—¢ ifx;+x>1,

g(x) = .
—ex1+ (1 —¢8)xp+¢ ifxi+x <1,

which also agrees with

v

exp+(1—8e)(1 —x1) ifxy+x2

f(lﬁ(x)) = (1 _ S)XZ +8(1 _x]) ifx1 + x2

IA
—

Since ¢ is onto, it follows that CG(f) = CG(g). Thus, CG(g) is not attained by
Proposition C.3. O
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