Journal of the Operations Research Society of China (2019) 7:183-193
https://doi.org/10.1007/s40305-018-0233-3

@ CrossMark

Set Function Optimization

Wei-Li Wu' - Zhao Zhang? - Ding-Zhu Du’

Received: 16 October 2018 / Revised: 5 November 2018 / Accepted: 13 November 2018 /
Published online: 17 December 2018
© The Author(s) 2018

Abstract

This article is an introduction to recent development of optimization theory on set
functions, the nonsubmodular optimization, which contains two interesting results, DS
(difference of submodular) functions decomposition and sandwich theorem, together
with iterated sandwich method and data-dependent approximation. Some potential
research problems will be mentioned.
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1 Introduction

In recent development of computer technology, such as wireless networks [1,2],
cloud computing [3.,4], sentiment analysis [5—8], and machine learning [9], many
nonlinear optimization problems come out with discrete structure. They form a large
group of new problems, which belong to a research area, nonlinear combinatorial
optimization. The nonlinear combinatorial optimization has been studied for a long
time, but recently becomes very active. One of the important fields in this area is the
set function optimization. Its development can be roughly divided into three periods.

This research is supported by the National Natural Science Foundation of China (Nos.11771013,115310
11) and National Science Foundation (No.1747818).

B Ding-Zhu Du
dzdu@utdallas.edu

Wei-Li Wu
weiliwu@utdallas.edu

Zhao Zhang
hxhzz@sina.com

Department of Computer Science, University of Texas at Dallas, Richardson, TX 75080, USA

Department of Computer Science, Zhejiang Normal University, Jinhua 321004, Zhejiang, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40305-018-0233-3&domain=pdf

184 W.-L. Wu et al.

The first period is before 2000. The research works came mainly from researchers
in operations research. Those works are mainly on submodular function optimization,
often with monotone nondecreasing property. For any set function f : 2F — R, fis
submodular if

fA)+ f(B) =2 f(AUB) + f(AN B).
f is monotone nondecreasing if
A C B implies f(A) < f(B).

In this period, major results include following:

e Unconstrained submodular minimization can be solved in polynomial time [10-
12].

e For constrained monotone nondecreasing submodular maximization, it has (1 —
1/e)-approximation with size-constraint [13] or a knapsack constraints [14,15].

e For nonlinear-constrained linear optimization, the linear maximization with k
matroid constraints has (1/(k + 1))-approximation [16,17], and the linear mini-
mization with submodular cover constraint, called the submodular cover problem,
has (1 + In y)-approximation where y is a number determined by the submodular
function defining the constraint [18].

The second period is from 2007 to 2012, the research activity occurs mainly in
the theoretical computer science. The major results are about nonmonotone submod-
ular optimization, including submodular maximization with knapsack constraints and
matroid constraints [19-21] and submodular minimization with size-constraint [22].
Most of them were published in theoretical computer science conferences, such as
ACM Symposium on Theory of Computing, IEEE Symposium on Foundations of
Computer Science, ACM-SIAM Symposium on Discrete Algorithms, and journals,
such as SIAM Journal on Computing.

The third period is starting from 2014. The research is in application-driving. The
main focus is on nonsubmodular optimization. In the study of nonsubmodular opti-
mization, we may find four clusters of research efforts.

supermodular degree [23,24].

Difference of Submodular (DS) functions [25-27].
Discrete Difference of Convex (DC) functions [28,29].
Nonlinear integer programming.

In this article, we discuss research works on DS functions, especially introduce two
surprising results, the DS decomposition and the sandwich theorem together with the
iterated sandwich method.

2 DS Decomposition

The first one is as follows.
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Theorem 2.1 [26] Every set function f : 2X — R can be expressed as the difference
of two monotone nondecreasing submodular functions g and h, i.e., f = g —h, where
X is a finite set.

To prove this theorem, we first show two lemmas.

Lemma 2.1 [25] Every set function f : 2X — R can be expressed as the difference
of two submodular functions g and h, i.e., f = g — h.

Proof Define
alf) = (A f(A) — A f(B)),

where Ay f(A) = f(AU {x}) — f(A). Itis well-known that f is submodular if and
only if «(f) > 0 (see [26]). If f is submodular, then set g = f and & = 0, which
meets lemma’s requirement. Thus, we may assume «(f) < 0. Choose a submodular
function / such that a(h) > 0. For example, set 7(A) = /[A[. Then, we have

a(h) = min (\/|A|+ — V1A =B+ 1+ |B|)

ACBCX\x
= min, (w/|A|+ — V1A - \/|A|+2+\/|A|+1>

=2vn+1—-n—vVn+2>0,

wheren = | X|. Setg(A) = f(A)+ “;E}:;‘h(A) Then, a(g) > 0,1i.e., g is submodular
and moreover, f = g — h.

Lemma 2.2 [30] Every submodular function g can be expressed as g = p + m where
p is a polymatroid function (i.e., a monotone nondecreasing submodular function with
p () = 0)and m is a modular function (i.e., for any two sets A and B, m(A)+m(B) =
m(AU B) +m(AN B)).

Proof Define m(A) = f(@) — erA Ay f(X\x) and p = f — m. It is easy to
verify that m is a modular function. Thus, p is a submodular function. Moreover,
p(@) = f(@) —m(2) = 0 and for any set A and x € X\A, Ayp(A) = A f(A) —
Ay f(X\x) = 0, i.e., p is monotone nondecreasing. Therefore, p is a polymatroid
function.

Now, we are ready to prove Theorem 2.1.

Proof of Theorem 2.1 By Lemma 2.1, f can be expressed as f = g — h where g and &
are submodular functions. By Lemma 2.2, g and & can be expressed as g = p, +m;
and h = pj + my where p, and p; are polymatroid functions, and mg and my,
are modular functions. Therefore, f = (pg + mg(D)) — (pp + mp(D)) + m where
m = mg — mg() — my + mp(J) which is a modular function with m(z) = 0.
Define m™ (x) = max(0, m(x)) forx € X andm™*(A) = Y ., m™(x) for any set A.
Define m™(x) = —min(0, m(x)) for x € X and m~(A) = )", ., m~ (x) for any set
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A.Then,m = mt —m™ and both m* and m ™~ are monotone nondecreasing modular
functions. Set g’ = py + mg (@) +m™ and h’ = pj, + my(2) + m~. Then, g’ and '
are monotone nondecreasing submodular functions such that f = g’ — 1’.

The following is an example of DS functions.

Example 2.1 (Profit Maximization [31]) The profit maximization is a problem in social
computing. Consider a social network which is a directed graph G = (V, E) with
an information diffusion model m. Usually, an information diffusion process consists
of discrete steps. Consider every node has two states, active and inactive. Initially,
every node is inactive. The process starts to activate a subset of nodes, called seeds.
After seeds become active, they can activate their neighbors based on certain rules
of model m. The process ends when no node newly becomes active. Let S be the set
of seeds and 7(S) the set of active nodes at the end of process. Then, maximization
of |1(S)| (or E(]1(S)|) when m is a probabilistic model), called the influence spread,
is an important problem, called the influence maximization, in many applications of
social networks. However, in viral marketing, seeds are often free samples or coupons
for a certain product, i.e., distribution of seeds needs cost. Therefore, the objective
function of maximization should be the difference of the influence spread and the seed
cost, called the profit. When the seed cost is a submodular function with respect to
seed set S, the profit becomes a DS function.

3 Sandwich Theorem

The second surprising result is the following sandwich theorem.

Theorem 3.1 (Sandwich Theorem) For any set function f : 2%X — R and any set
Y C X, there are two modular functions my, : 2X 5 Rand m; : 2X — R such that
my > f = mandm,(Y) = f(¥) = my(Y).

Why is this result surprising? To explain this, let us look at a property of modular
functions.

Lemma 3.1 For any modular function m : 2X — R,

m(A) =m(@) + Y _(m(x) —m(2))

x€eA
for any set A C X.

Proof This lemma can be proved by induction on |A|. For |A| = 1, it is trivial. For
|A| = 2, suppose y € A. Then,

m(y) +m(A\y) = m(A) + m(9).
Therefore,

@ Springer



Set Function Optimization 187

m(A) = m(A\y) + (m(y) —m(D))
=m(2) + Z (m(x) —m(@)) + (m(y) —m(2))

xeA\y

=m(@)+ Y _(m(x) — m(2)).

X€eA

This lemma indicates that the modular function is a linear set function. Theorem 3.1
contains two different modular functions passing through the same set and one is
always smaller than or equal to the other. This phenomenon cannot occur for contin-
uous linear functions. A continuous linear function with n variables can be expressed
as an n-dimensional plane in the (n 4+ 1)-dimensional space. A pair of different n-
dimensional planes with a point in common cannot have a coordinate along which one
is always smaller than or equal to the other. Therefore, this theorem states a special
property of the set function.
To prove the sandwich theorem, we show two lemmas.

Lemma 3.2 [26] For any submodular function f : 2% — R and any set Y C X, there
exists a modular function my, : 2X — R such that m, > f and m,(Y) = f(Y).

Proof Define

ma(A) = f)+ D Aif@) = D Ajf\).

JjeA\Y JEY\A

Clearly, m; is modular and m, (Y) = f(Y). Next, we show that m; > f.
Assume A\Y = {ji,---, jk}. Then,

fAA) = fFAANY)=A; f(ANY)+ A, f((ANY)U {1}
+oF A AN U1, -, Ji—1))
< Z Ajf(ANY).

jeA\Y
Assume Y\ A = {iy, .., ix}. Then,
SX)=fANY)=A; f(ANY) + A f((ANY)U {ir})
+o+ A fANY)U iy, -+ k1))
> > A\,

JEA\Y
Therefore,
FASFO+ D A fANY) = Y Ajf(Y\))
jeA\Y JeANY
SfW+ Y Af@) = D AjF\))
JjeAY JjeAY

= my(A).
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Lemma 3.3 [26] For any submodular function f : 2X — R and any set Y C X, there
exists a modular function m; : 2X — R such that f=2mpand f(Y) =m(Y).

Proof Put all elements of X into an ordering X = {x1, xp,---,x,} such that Y =
{x1,x2,---,x)y|}. Denote S; = {x1,x2, -+, x;}. Define m;(&) = f(2) and for
& # A C X, define

mi(A) = f(2) + Z(f(Si) — f(Si-1)-

X;€A

Clearly m; is modular and

mi(Y) = f(@)+ Y (f(S)— f(Si—1) = f(¥).

x;€Y

Moreover, for any set A € X with A # &, suppose A = {x;,, Xj,, - - - , x;, } and then
we have

mi(A) = f(2) + (f(Si)) — f(Si;—1)) + (f(Siy) — f(Si—1))
+o A (f(Si) — f(Si—1))
< @)+ (fUxi ) = f@) + (f({xiy, xi, ) — f({x1})
+o+ (fA) = fxi, X D)
= f(A).

Now, we are ready to prove Theorem 3.1.

Proof of Theorem 3.1 By Theorem 2.1, there exist submodular functions g and &
such that f = g — h. By Lemmas 3.2 and 3.3, there exist modular functions
Mgy, Mgl, Mpy, Mp] such that Mgy = & 2 Mg, mgu(Y) =gY) = I’f’lg](Y), Mpy 2
g=zmpandmp, (Y) =h(Y) =mp(Y).Setm, = mg, —mp and m; = mg; — mpy,.
Then, my = f =2 mjand m, (Y) =g(Y) —h(Y) = f(¥Y) = g(Y) — h(Y) = m(Y).

4 Iterated Sandwich Method

Based on the sandwich theorem, we can design following algorithm for min 4 ,x

f(A):
Iterated Sandwich Method:

e Input a set function f : 2X — R.

e Initially, compute a DS decomposition f = g — h and choose an arbitrary set
ACX.

e At each iteration, carry out following

— Compute a modular upper bound m,, and a modular lower bound m; for g
such that g(A) = mg, (A) = mg (A).
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— Compute a modular upper bound mp, and a modular lower bound my,; for
such that A(A) = mp, (A) = mp;(A).

— Compute m,, = mgy, — my;, m; = mg — mp, and my, = mg — my,.

— Compute an optimal solution A, for m,,, an optimal solution A; for m; and an
optimal solution A, for m,,.

— Set At = argmin(f(A,), (A1), f(Ao)).

— If f(AT) = f(A), then stop iteration and go to output; else set A < A™ and
start a new iteration.

e Output A.

A similar one can be designed for min,,x f(A). What can we say about the
solution obtained by this algorithm? Is it a local optimal solution? Oh, let us first
explain what is a local optimal solution for the set function optimization.

For a submodular set function f : 2X — R, the subgradient at set A consists
of all linear functions ¢ : X — R satisfying f(Y) > f(A) + c(Y) — c(A) where
c(Y) = Zer c(y). Each linear function ¢ can also be seen as a vector in R, i.e., a
vector ¢ with components labeled by elements in X. The characteristic vector of each
subset ¥ of X is a vector in {0, 1}X such that the component with label x € X is equal
to 1 if and only if x € Y. For simplicity of notation, we may use the same notation Y
to represent the set Y and its characteristic vector. Then, the subgradient of f at set A
can be described as

If(A)={ceRY | f(¥) = f(A)+ <c, ¥ — A >}

Ifc,d € 0f(A), thenforany 0 < A < 1, Ac + (1 — X)d € 9f(A), thatis, 9 f(A)
is a convex set in RX. The extreme point of this convex set can be characterized as
follows.

Theorem 4.1 [32] A point ¢ € RX is an extreme point of 3 f (A) if and only if there
is a permutation o for elements in X, i.e., X = {o(1),0(2),---,0(X]|)}, such that
A={o),02), - ,0(AD}and c{o (D} = f(Si) — f(Si—1) for 1 <i < |X]|,
where Sy = D and S; = {o(1),012),---,0(i)}.

Consider a DS function f = g — h where g and & are submodular functions. A set
A is a local minimum (the first type) for f if

dh(A) C 0g(A). 4.1

Actually, (4.1) is a necessary condition for set A to be a minimum solution.

Theorem 4.2 Let f = g — h be a set function and g and h submodular functions on
subsets of X. If set A is a minimum solution (the first type) for minycx f(Y), then
oh(A) C dg(A).

Proof Since A is a minimum solution, we have f(A) < f(Y) and hence g(Y) —
g(A) =2 h(Y) — h(A) for any Y C X. Therefore, for any ¢ € dh(A),

8(Y) —g(A) = h(Y) — h(A) = c(Y) — c(A).

This means that (4.1) holds.
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Condition (4.1) is also sufficient for certain minimality.

Theorem 4.3 Suppose A satisfies condition (4.1). Then, foranyY € U, f(A) < f(Y),
where

U=1{Y|dh(Y)Nadg(A) # o}.
Proof Choose ¢ € dh(Y) N dg(A). Then,
h(A) =2 h(Y) + (c(A) — c(Y)) and g(Y) > g(A) + (c(Y) — c(A)).

Hence h(Y) — h(A) < c(Y) — c(A) < g(Y) — g(A). Therefore, f(Y) > f(A).

Now, we come back to the iterated sandwich method. Could the method produce a
solution satisfying condition (4.1) surely? It is a problem for further research. However,
if we look at a local minimum (the second type) as a set for which adding or removing
an element would not decrease the objective function value. A positive answer would
be reached with an approach given by [25,26] with a little modification as follows.

Theorem 4.4 Inthe iterated sandwich method, compute mg; and my; by using the same
permutation of elements of X. At each iteration, try at most n permutations o1, - - - , Ok
suchthat A = {o1(JA|—1), -+ ,or(JA]|—1)}and X\ A = {o1(JA|+1), -+, ox(JA|+
1)}. Then, the iterated sandwich method would stop at a local minimum (the second

type).

What can we say about the approximation performance for the iterated sandwich
method? At least, it may produce a solution comparable with the data-dependent
approximation described in the next section.

5 Data-Dependent Approximation

The sandwich method has been used quite often for solving several nonsubmodular
optimization problems in the literature [33-36]. It runs as follows.
Sandwich Method:

e Input a set function f : 2X — R.
e Initially, find two submodular functions u and / such that u(A) > f(A) > I(A)
for A € Q where 2 is a collection of subsets of X. Then carry out following

— Compute an «-approximation solution S, for mingeomega #(A) and a B-
approximation solution S; for minaeq /(A).
— Compute a solution S, for f.

— Set § = argmin(f (Su), f(So), f(S1).
e Output S.
This method is called a data-dependent approximation algorithm with following

guaranteed performance.
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Theorem 5.1 [33] The solution S produced by the sandwich method satisfies the fol-
lowing:

Jf(S) , op, o
I(S) " opty

f(S) < min - opty,

where opt, (opt,) is the objective function value of the minimum solution for
mingeq f(A) (mingeq u(A)).

Proof Since Sj is a S-approximation solution for mingcq [(A), we have

f(S) (S
(S < .
s O S sy

JFS)
1(Sy)

f@S)

fS) = )

B -opy < B - 1(OPTy) <

B -opty,

where OPT f is an optimal solution for minaeq f(A). Since S, is an a-approximation
solution for mingeq u(A), we have

t
FS0) <u(S) <a-opt, =a- 2t op,
opt

Therefore, the theorem holds.

From theoretical point of view, the sandwich method is always applicable since we
have following.

Theorem 5.2 For any set function f on 2%, there exist two monotone nondecreasing
submodular functions u and | such that u(A) = f(A) > I(A) for every A € 2X,

Proof By the DS decomposition theorem, there exist two monotone nondecreasing
submodular functions g and 4 such that f = g — h. Note that for every A € 2%,
h(2) < h(A) < h(X). Setu(A) = g(A) — h(@) and I[(A) = g(A) — h(X) for any
A € 2% Then, u and [ meet our requirement.

However, in practice, it is often quite hard to find such an upper bound u and a
lower bound / which are easily computable. Therefore, more efforts are required to
construct them for specific real-world problems.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 Interna-
tional License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if changes were made.
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