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Approximating (mpg, mp)-Monotone BP Maximization and Extensions

Ruigi Yang, Suixiang Gao, Lu Han, Gaidi Li*, and Zhongrui Zhao

Abstract: The paper proposes the optimization problem of maximizing the sum of suBmodular and suPermodular

(BP) functions with partial monotonicity under a streaming fashion. In this model, elements are randomly released

from the stream and the utility is encoded by the sum of partial monotone suBmodular and suPermodular functions.

The goal is to determine whether a subset from the stream of size bounded by parameter k subject to the summarized

utility is as large as possible. In this work, a threshold-based streaming algorithm is presented for the BP maximization

that attains a (1 —«)/(2— k) — O(g))-approximation with O(1/&* log>(1/¢) log((2 — k)k /(1 — k)?)) memory complexity,

where « denotes the parameter of supermodularity ratio. We further consider a more general model with fair

constraints and present a greedy-based algorithm that obtains the same approximation. We finally investigate this

fair model under the streaming fashion and provide a ((1 — x)*/(2 — 2« + k%)% — O(s))-approximation algorithm.

Key words: submodular maximization; streaming model; threshold technique; approximation algorithm

1 Introduction

Numerous optimization tasks in theoretical computer
science, machine learning, and combinatorial optimization
can be designated to find a subset satisfying some
constraint with a submodular utility function. A set
function B: 2V — R™ on a finite ground set N is
submodular if it holds B(S) + B(T) > B(SUT) +
B(S NT). An equivalent form of submodular is defined
from the diminishing marginal returns perspective, that
is, B: 2V — R is submodular if for any pair § C
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T C Nande ¢ T, itholds that B(S U {e}) — B(S) >
B(T U {e}) — B(T).

Additionally, a set function is monotone if B(S) <
B(T). The monotonicity property of set functions plays
an important role in submodular optimization. Indeed
almost every problem encoded with a submodular
function has been queried in both monotone and
non-monotone settings. Naturally, the submodular
optimization with monotone objectives usually enjoys
enhanced performance guarantees compared with the
case of general objectives. That means that there exist
gaps in approximation ratios between the monotonic and
non-monotonic submodular optimization problems. For
non-negative set functions!?!, there is also a parameter
of monotonicity ratio that measures how much of the
function is monotonic.

In the current work, we investigate a general
constrained maximization problem encoded by the
sum of suBmodular and suPermodular functions,
which is defined as ‘“suBmodular-suPmodular (BP)
maximization”!, We restate it as follows:

argsgnl\ll?;‘(el B(S)+ P(S) (D

where submodular term B: 2V — R™ and supermodular
term P:2Y — R are non-negative and monotone,
respectively, and I: = {S C N, |S| < k} denotes a k-
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cardinality constraint. Indeed, the BP maximization is
fairly difficult, and it has been shown that no constant
approximation algorithm exists in polynomial time. By
introducing a supermodular curvature, Bai and Bilmes'*!
investigated a greedy-based parameterized algorithm for
the discussed BP maximization problem.

Recently, applications with huge problem instances
have led to studies on submodular optimization under
streaming scenarios. In this streaming fashion, elements
are not stored in advance, and it is assumed that
the elements are read one by one. Threshold-based
algorithms are rapidly developed to handle with the
problems under streaming!*®), intuitively selecting
elements with marginal gain by at least a proper
lower bound. In addition, extended local search-based
streaming algorithms have also been proposed!!® ',

In the current work, we consider the BP maximization
under the above streaming model and provide a
threshold-based streaming algorithm with theoretical
performance guarantees. Then, we introduce the BP
maximization with fairness constraints and present a
greedy-based algorithm. The results can be found in our
conference version!!!. Compared with our conference
version, we study a general (mp,mp)-monotone BP
maximization under streaming in this journal version
and provide an extended threshold-based streaming
algorithm with theoretical performance guarantees.
Moreover, we investigate the fair (m g, m p)-monotone
BP maximization under the streaming model and
propose a local-search based streaming algorithm for
the new model. The results are concluded as follows:

e We develop a semi-streaming algorithm that yields

B(S)+ P(S) 1—«
mp - B(O) +mp-P(O)~ 2—«
with O(k) memory complexity (formally summarized
as Theorem 1) and then implement it to a full
streaming algorithm, which obtains a subset S satisfying
BS) + PES) > 178 0@ with
mp - B(O) +mp - P(O) 2—kK
@) (i4 log® (l) log w) memory complexity
I3 3 (1—x)2
for the (m p, mp)-monotone BP maximization under the
one-pass streaming scenario (formally summarized as
Theorem 2).
e Then, we provide a greedy-based algorithm that
B(S) + P(S)
mp - B(O) +mp - P(0) ~

— O(e) for the more general fair (mp,mp)-

a subset S obeying

obtains a set S obeying

11—«

72—
monotone BP maximization problem (formally

summarized as Theorem 3).

e We provide a streaming algorithm that obtains a set
B(S)+P(S) (1—k)*
mp-B(O)+mp-P(0)~ (2—2k+Kk2)?
() for the fair (mp, mp)-monotone BP maximization
problem under streaming (formally summarized as

Theorem 4).

Paper organization.
existing related works on BP maximization and
streaming algorithms for submodular maximization
problems. Section 3 presents some basic concepts
of the curvature and monotonicity ratios for the
set functions and formally describes the (mp,mp)-
monotone BP maximization problem. Section 4
discusses the (mp,mp)-monotone BP maximization
problem under the streaming model and analyzes
algorithms that work for semi (see Section 4.1)
and full (see Section 4.2) streaming settings in
respectively. Section 5 studies a more general (mp, mp)-
monotone BP maximization problem with fairness
constraints. In particular, Section 5.1 presents a greedy-
based algorithm, while Section 5.2 provides a streaming
algorithm for the discussed problem. Finally, Section 6
finally gives a conclusion for our work.

S obeying

Section 2 reviews some

2 Related Work

Numerous studies on BP maximization have been
conducted. In this section, we present a quick
overview of the literature. The offline problem
maxsen,ser B(S) + P(S) for k-cardinality and p-
matroid constraints has been well-studied, starting
with greedy algorithms based on curvatures!*!. Recent
studies have obtained new bounds on the approximation
ratios via distorted greedy methods!'> 131, Submodular
maximizations with various constraints are popular
phenomenon with algorithms developed for submodular
functions defined on integer lattices!!*-1%!, In addition,
an extended BP maximization of the sum of a DR
submodular plugging a supermodular function on a
lattice has been proposed in a previous work!!7],
Streaming algorithms for submodular optimization
problems with efficient and low-memory requirements
have been extensively studied. In the streaming scenario,
the inputs of elements are sorted in an arbitrary sequence,
and the algorithm is only allowed to visit the stream one
by one with respect to this sorted order. The aim of the
streaming setting is to find a solution with a fairly high
quality while using a limited memory that is usually
independent of the input size. Often, the algorithm
makes one (single) pass if it is allowed to visit the stream
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once. Indeed, single-streaming algorithms have been
proposed for the submodular problem with a variety of

d20-211 apd a

constraints, such as knapsack!'® 1°1, matroi
more general independence system?>24) In other cases,
the algorithms are allowed to visit the input multiple
times, which are summarized as multi-pass streaming
algorithms. Boosting multi-pass streaming algorithms
are widely popular approaches, with algorithms
developed for submodular maximization!>> 26!, and
beyond. Online model is related to our streaming
model in which elements are read online and the
algorithm is required to maintain a feasible solution
without considering the space requirement. Some studies
have investigated online submodular maximization!>’-%",
Recently, BP maximization under the online model has
also been studied!*"!.

3 Preliminary

We begin with this section by investigating the notations
to be used throughout this paper. Let N be an element
ground whose size may not be accessed in advance. For
any G: 2V — R™T, we denote by G(e|S) = G(S U
{e}) — G(S) the marginal contribution of adding e to S
according to G. We are motivated by the monotonicity
ratio that measures the loss of adding elements to a set
and restate it as below.

Definition 1”?! Given any non-negative set function
G: 2V — Rt the monotonicity ratio of this function is

defined as the scalar mg € [0, 1], such that,
mg = min @ )
SCTcN G(S)

We assume G(T)/G(S) = 1 whenever G(S) = 0.
Additionally, the value of m¢ is exactly equal to 1 if the
set function G is monotone. A non-negative set function
is defined as m-monotone if its monotonicity ratio is at
least m. We introduce an extended total curvature of
the m p-monotone submodular function by combining
the total curvature of the non-decreasing submodular
function®!! and the abovementioned monotonicity ratio.

Definition 2  Given any non-negative m -monotone
submodular function B: 2V — R, the total curvature

of this function is defined as
kg = 1 — min M 3)
eeN B(e)

Similarly, function P:2Y — R™ is defined as
supermodular if for any pair § € T C N and element
e ¢ T, it holds the inequality P(e|S) < P(e|T). A
supermodular function P is called as m p-monotone if
it is captured by the monotonicity ratio m. We similarly
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obtain an mp-monotone supermodular curvature as
follows.
Definition 3 Given any non-negative m p-monotone

supermodular function P:2Y¥ — R*, the total
curvature of this function is defined as
P
kP =1—min __Ple) “)

eeN P(e|N \ {e})

(mp, mp)-Monotone BP maximization problem. In
this model, given an m g-monotone submodular function
and an m p-monotone supermodular function, the goal
is to select a subset of size at most k, such that the
summarized utility B(S) + P(S) is maximized. We
formally state the problem as follows:

arg sé?/?é‘ez{B(S) + P(S)} 5)

where function B is non-negative mpg-monotone and
submodular, and function P is non-negative mp-
monotone and supermodular.

4 (mp,mp)-Monotone BP Maximization

under Streaming

In this section, we present a threshold-based algorithm
for the (mp, mp)-Monotone BP maximization problem
under the streaming setting. Recall that in this model,
the element ground set N cannot be initially saved,
and the elements are released one by one in a stream.
Additionally, we are given two non-negative mp-
monotone submodular and m p-monotone supermodular
functions. The goal is to find a high-quality solution
S of size at most k that maximizes B(S) + P(S),
while consuming less memory than what is necessary
for storing the entire stream. Let k = « ¥ for clarity in
the following sections. The properties of the algorithm
we provide are listed as the following theorem.
Theorem 1 Assume we have access to the optimum

11—
threshold value t = T Z—K(mB B(O) +mp P(0))
—K
where O denotes an optimal solution to the (mp,mp)-

monotone BP maximization problem, then Algorithm 1
gets a solution set S obeying
B(S) + P(S) S 1—«
mp - B(O) +mp-P(0)~ 22—«
4.1 Threshold-based algorithm

The formal algorithm we utilize to show Theorem 1 is
listed as Algorithm 1. This algorithm starts with an
empty set S = &. For any arriving element e = ¢; from

the stream, we instantiate a common threshold value as
1 1—«
T=—" (mp - B(O) +mp - P(0)).
k 2—«
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Algorithm 1 Threshold-based algorithm
Input: Stream N = {ejy,e2,...,e,}, integer k, m p-monotone
submodular function B, and m p-monotone supermodular

function P
L Setr = - 2:Z(m3 .B(O) +mp -P(0))and S < &
2: while every element arriving e from stream N do
3. if |S| < k and B(u|S) + P(u) > t then
4 S« S+e
5: endif
6: end while
7: return S

If the size of the current solution is less than k and
the extended marginal contribution B(e|S) + P(e) of
element e with respect to S is larger than 7, then we add
the element e to S. The algorithm returns the solution
S after the stream is entirely visited, or the cardinality
constraint is encountered.

We start the analysis of the threshold-based algorithm
with the two cases of |S| = k and | S| < k, respectively.
Our first step toward proving Theorem 1 starts with the
lemma below, which gives a lower bound of B(S) +
P (S) by the optimum threshold.

Lemma 1 If|S| = k, then we have

B(S) + P(S) = k.

Proof In this case, without loss of generality,
assume S = {ey,es,...,er} were ordered by to their
visited order and set §¢ = {e1,ea,...,¢e;} as the first
i added elements of S. Additionally, we set S0 = o,
Thus we have the following inequality:

k
B(S) + P(S) =) {B(eilS"™") + P(ei|S"™")} >
i=1
k .
D {B(ei|S"™Y) + Pei)} = kr,
i=1
where the first inequality directly follows by the
supermodularity of P. |
Then, we study the second case of |S| < k and also
obtain a lower bound on the value of B(S) + P(S) by
the optimum.
Lemma 2 If |S| < k, then we have

B(S) + P(S) > mg - BO) + mp - P(0) — -~

1 —«
Proof Consider any e = ¢, € O \ S. We have
B(e:|S;) + P(e;) < T because of | S| < k, and e is only
visited, where S; denotes the state of S at the time of
visiting e;. Then, summing up the above inequalities for

alle € O\ S, we yield
mp - B(O) — B(S) + mp - P(0) <
B(O|S) + mp - P(0) <
P(S)+ Y. {B(e|S) + P(e|(S U 0){e})§ <

ecO\S

P(e
P+ Y. {B(e|S) it )} <
11—«
ecO\S
kt
P(S)+ ——.
11—«
Rearranging the above inequality implies that

B(S) + P(S) > mp - B(O) +mp - P(0) -

Thus, the proof is finished. [ |
Combining the two cases discussed above, we
derive the lower bound of B(S) + P(S), as stated in
Theorem 1.
Proof of Theorem 1 Based on the previous lemmas
we drive the following inequality as follows:

B(S) + P(S) >

kt

kt
1—«

min { kt,mp - B(O) + mp - P(O) —

To obtain the best lower of the above inequality we set

k
ke =mp - B(O) +mp - P(0) - L
— K
and obtain
= LK s B(O) + mp - P(O))
r—k 2_KmB mp . m

4.2 Full threshold-based algorithm

The previous threshold-based algorithm requires
knowledge of the curvature «, as well as monotonicity
ratios mp and mp. However, it is very rare that the
precise values of the above parameters are known in
practice. Unless B and P are non-decreasing monotones,
then mp = mp = 1. If g is modular then x = O,
and if P is fully curved, then k = 1. Often, the
parameters mp, mp, and « are data dependent and only
a crude common lower bound L < min{k,mpg,mp} is
known. Thus, we develop a meta algorithm that guesses
the values of mp,mp, and «, as well as (k,mp,mp)-
sweep, listed as Algorithm 2. We now discuss the
process of handling the last challenge of estimating
the value of r. Indeed, we provide a full threshold-
based algorithm, listed as Algorithm 3, and then obtain

our main result by combining with the (k,mp,mp)-
11—«

sweep. Denote H (k) = 7 for clarity. We conclude
—K

that
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Algorithm 2 (k, mg, mp)-sweep
Input: Utilities B and P, Algorithm A, lower bound L, ¢ €
0,1

1: Set S; j < @foranyi, j,r, T < [é ln(m)]

2: fori =0:7 do

3 k<« (1=08)f
4 for j =0:T do
5 mp < (1—38)7
6: forr =0:T do
.
8
9

mp < (1-246)"
Sijor < Alk,mp,mp)
end for
10:  end for
11: end for
12: return S < argmax; ; {B(S; j.-)+ P(S;i j.r)}

Algorithm 3  Full threshold-based algorithm
Input: Stream N = {ej,ea,...,
submodular function B, and m p-monotone supermodular
function P
1: Set Mg < 0
2: while every element arriving e from stream N do
3 My < max{M; 1, H(k) - (mp - B(e) +mp - P(e))}
5 Op < {(1 Lo |(1+e) e

en}, integer k, m g-monotone

My My
+eK’ O—r)HK)
5 Delete the threshold values and set S; with T < ufisz);c
6: fort e O do
7: if 7 is a new instantiated threshold then
8 S; <« @

9 end if

10: if |Sz| < k and B(e|Sz) + P(e) >
11: S: <~ S; +e

12: end if

13:  end for

14: end while

15: return S = argmax,{B(S;) + P(S¢)}

7 then

maxue (40 Ona - B0+ mp - Pe| <
H(k) - (mp - B(O) +mp - P(0)) <
K
sy | (R0 - Be) + mp-Plen].
where the first inequality held by e is a candidate to be
O for any e € N, and the second inequality is held by
the submodularity of B and the supermodular curvature
of P. Consequently, given any pair mp and mp, if one
has acquired to this maximum singleton value M =
maxyey H(k) - (mpB(e) + mp P(e)), then we could
guess the threshold value t by a geometric series with

the form of (1 4 &)’ among the range of

M
—K
satisfying

a+ok’

:|. It follows that there must exist a threshold 7

T < H(k) - (mp - B(O) +mp - P(O))
and the amount of guesses is bounded by
(I+¢)-k-maxeen{H(k)-(mp-B(e) +mp-P(e))}

(I—«)-maxeey H(x)-(mp-B(e)+mp-P(e))

Indeed, the

< (1 + o)k,

log 1+¢

L 1
which is bounded by O | —log T
8 [—

value max.ey H(x) - (mp B(e) + mp P(e)) also cannot
be accessed to us in advance. Let M; = maxeepn H(k)-
(mp B(e) + mp P(e)) be the maximum singleton value
at the current moment, where N’ denotes the element
set until current time f. We can denote the value of

—————maXeen’ H(k) - (mp - B(e) + mp - P(e)) as
(14 o)k

the lower bound for threshold r. Moreover, utilizing the
single element value seen so far, a proposition is stated

below for the guessing process.
Proposition 1 Assume we have access to a

threshold t > L - maxeen’ H(k) - (mp - B(e) +
H(x)

mp - P(e)), then the elements of A/" must not be added
to S with respect to 7.

We conclude that it is sufficient to explicitly maintain
a copy of Algorithm 1 for values of t that fall within

M, M,
(1+e)-k" (1—Kk)H(k)
complexity is stated as

m ‘maxeen/{H (k) (mp-B(e)+mp-P(e))}

the range [ :| The memory

10g1+8 1 ’
m'maxeeN/{H(K)‘(mB B(e)+mp-P(e))}

L 1
which is at most O log We now

conclude the main results using the theorem below.
Theorem 2 Assume that some ¢ € (0,1),

1 1
(k, mp, mp)-sweep requires at most O (—3 log? (—))
€ €
calls to Algorithm 3 and returns a set S obeying
B(S)+ P(S 1-—
IR B
mp - B(O) +mp - P(O)
Moreover, the memory complex1ty can be bounded by
1 1 (2 —K)k
Of—=1lo log
(s : ( ) (1—x?
Proof As the approximation guarantee mainly
follows the proof of Theorem 1, we omit it here. Recall
that the total amount of guesses in Algorithm 2 is at most

1 1
@) (—3 log® —). Additionally, we need a maximum of
e €

1 k
O-log—— t the desired
(8 Og (1 — K)H(IC)) memory (0] guess € desire

threshold value for any given k, mp, and mp. Thus,
the total memory complexity can be upper bounded by

1 1 2 — Kk
(e () o= "
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5 (mp, mp)-Monotone BP Maximization in
Fairness

In this section, we introduce a fair (m p, m p)-monotone
BP maximization problem and provide an extended
distorted fair greedy for this problem. Recall that in
our model, we assume there is a finite element partition
of N,ie., N = W!_ P;. Forany parti € {1,2,...,q},
there exist upper and lower bounds denoted by u; and ¢;,
respectively. Let I = {S C V: |S| < k and for any i,
|S NP;| € [€;,u;]}. The goal is to find a subset S C V
with S € I, such that B(S) + P(S) is maximized.

5.1 Fair (mp, mp)-monotone BP maximization

We conclude that there may be certain violations of
the fairness constraints when the global k-cardinality
is reached. This is because the elegant greedy justly
selects elements during the iterations with maximum
marginal values by enumerating over the ground set. A
novelty concept of an extendable set has been introduced
in a previous work®?!, which we restated it as below.
A set S is extendable if it is a subset S € S’ of some
feasible solution set S’ € Z. We now restate the useful
property as follows.

Proposition 2 A set S is extendable if and only if
for any P;, it holds that

e |SNP;i| <u;and

o > max{|SNP;. L} <k.

The formal algorithm, listed as Algorithm 4, starts
with § = @ and then selects at each iteration element
with the maximum distorted marginal value from an
extendable set U. We denote by U = {e € N:
S U {e} is extendable} the extendable set and denote
by B(e|S) + « - P(e) the distorted marginal value of
addingeto S.

A mapping constructed from the returned solution set
to the optimum is presented as follows.

Lemma 3 There exists a mapping between S =

Algorithm 4 Distorted-fair-greedy

Input: Ground set N = {ej,ea,...,e,}, integer k, mp-
monotone submodular function B, and m p-monotone
supermodular function P
Set S < @
while | S| < k do
U <« {e € N:SUf{e}is extendible}
S <« S + argmaxeep{B(e|S) + - P(e)}
end while
return S

AN

{e1,ea,...,exyand O = {01, 02, ..., 0y} satisfying the
following conditions:

e for any i, both ¢; and o, are partitioned into the
same group;

e or Ple;] # Plo;], where Ple] denotes the part of
e belonging to, then |S N Ple;]| > |O N Ple;]| and
IS N Ploi]ll <10 NPlei]l.

Proof One can recursively construct the mapping
as follows, matching e¢; and o; together as long as they
belong to the same part. Once the remaining elements
belong to different parts, they are then matched randomly.

|

Following the mapping process described above, it
can be concluded that S \ {e;} U {0;} is feasible for any
i. Next, we obtain the main results, as shown below.

Theorem 3 Given some ¢ € (0,1) and let @ =

2
——. Then, (k, mp, mp)-sweep requires a maximum
K

(1 (1
of O (— log (—)) calls to Algorithm 4 and returns a
€ €

set S obeying
B(S) + P(S) > l—K_O(g).
mp - B(O)+mp-P(O)~ 2—«k
Proof Assume we obtain the true supermodularity
curvature « in advance. Then, we have the following
inequalities:
B(S)+oa-P(S) >

k
D (B;|Si—1) + o P(up)} >
i=1

k
D AB(ilSi-1) +a - P(0i)} >

i=1

k
> {B(0iSkU0; 1) +a(1—k) P(0;|SKU0; 1)} >

i=1
{mp-B(0)—B(S)+a(l—k)(mp-P(O)—P(S))}.
The first inequality follows by the supermodularity, the
second follows the extensibility of S;_; U {0; }, the third
combines the definitions of submodularity and «, and
the last one obtains by the monotonicity ratios. Setting

2
o= , We obtain
2—k
B(S) + P(S) 1—«
mp - B(O)+mp-P(0)~ 2—«’
Moreover, we only guess a nearly approximate value of

« in at most O(L log (1)) calls. Thus, the theorem is
considered a desirable tool for this process. |
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5.2 Fair (mp, mp)-monotone BP maximization
under streaming

In this section we present our algorithm for the fair
(mp, mp)-monotone BP maximization in the streaming
setting and then prove its approximation guarantee below.
Our algorithm mainly follows a previously reported
framework!*?! and is formally described as Algorithm 5.

We also are motivated by the extendable subsets of
the stream constructing a matroid system. Note that
the remaining constraints would give rise to a partition
matroid by removing the lower-bound constraints. We
assume that there are efficient streaming algorithms
for the (mp,mp)-monotone BP maximization under
a matroid constraint, which we could use in a black-
box style. We denote by A the streaming algorithm
for the above (mp,mp)-monotone BP maximization
problem. We conclude that the solution produced by
Algorithm A should violate the lower-bound constraints.
Otherwise, we simply return the solution as the output,
after which we augment the solution to a feasible one
by using “backup” elements obtained during the stream
processing. We similarly obtain a claim for the fair
(mp, mp)-monotone BP maximization.

Lemma4 We denote by A the streaming algorithm
for the (mp, mp)-monotone BP maximization under a
matroid constraint. Then we find a streaming algorithm
for fair (mp, mp)-monotone BP maximization with the
same approximation ratio and memory usage as A.

Applying the above lemma to Algorithm 6, we obtain
the following result.

Theorem 4 Given some ¢ € (0,1) and let ¢ =
1+ ﬁ Then, (k, mp, mp)-Sweep requires at most
O(L1og (1)) calls to Algorithm 5 and returns a set S
obeying

Algorithm 5 Distorted-fair-stream

Input: Stream N = {ej,e2,...,e,}, integer k, m p-monotone
submodular function B, and m p-monotone supermodular
function P

:SetS4 <« Pand B; =@ foralli € {1,2,...,q9}

: S 4 < solution of Algorithm .4
. S <« S 4 augmented with elements in sets B;
. return S

1

2: for every element arriving e belonging to part P; do
3. Fed e to Algorithm A

4. if|B;| < {; then

5: B; < Bj +e

6. endif

7. end for

8

9

(=]

Algorithm 6 Local search under stream
Input: Stream N = {e1,e2,...,en},
submodular function B, mp-monotone supermodular
function P, independence oracle for matroid system (N, I),
ando =1+ ﬁ
cSetSog«— 2,1« 1
. for every element arriving e = e; from the stream N do
if S;—1 + e; € I then
Sy« Si—1 +e;
else
Set C; as the single cycle in S;—; + e
Sete; € argming cc,—¢, H(ey: Si—1)
end if
if H(e;|S;—1) > aH(e, : S;—1) then
Set S; < Si—1 +er—¢}
11:  else
12: Set Sy < S;—1
13:  end if
14: end for
15: return S

m p-monotone

Y PR Ry

3

B(S)+ P(S) (1 —x)*
mp-B(O)+mp-P(0)~ (2—2k +k2)2
We begin with a local search based streaming
algorithm for (mp,mp)-monotone BP maximization
under a matroid constraint, which appears as
Algorithm 6. Next, we present some necessary
terminologies as follows. Let H(S) = B(S)+ P(S) for
any S € N. Notably, N is ordered in an arbitrary order
in our streaming setting. We also introduce v(H, S, e) =
H(e|S’) as the incremental value of encountering e
with respect to S where ' = {s € S: s < e}
denotes the state of S before e. It follows that H(S) =
Y ses V(H,S.e)and (1 —k)v(H,T,e) < v(H, S, e)
for any pair § € T C N. Additionally, it holds
(1—«)v(Hr,S,e) <v(H,SUT,e)forany S,T C N.
We denote by A the set of all elements that have ever
appeared in the solution of Algorithm 6, i.e., A =
UY_,S:. Forany e = ¢; € N, we denote by S,
and S;' the states of S before and after e, is processed,
respectively. Obviously, §; = S;r if the element e;
is not accepted by the algorithm. We further denote
8 = H(S;")— H(S,) as the contribution of processing
element e; and then §; = 0 for any ¢, € N \ A and
H(S) =}, en 8- Then, we obtain a lower bound for
the above contribution by the following lemma.
Lemma 5 For any e; € A, we have

8§ = (1 —x)(H, S, e)).
Proof Given that e = ¢; € A is replaced by e}
via Algorithm 6 and & = 1 + (1 — «)?, then it holds

—0(e).
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that H(e;|S;7) = av(H, S; . e}). Let Z = S — ¢, =
S;r + e;. Thus,
5; = H(Z +€Z)—H(Z +e;) 2
(1—x)H(e/|S;) — H(ef|Z) >
H,S; e,
(I —k)H(es|S;) — —V( 1 R =
—K
(I —k)v(H, S, e}).
Then the lemma follows. |
Forany d = d; € A\ S, we denote by ¢; = e(d;) the
element that d has been swapped for aid d; € S;r \ S
Moreover, let y(d;) = v(H, Stf ,d;). Then, the summed
marginal values of y(-) in A \ S can be bounded below.

Lemma 6 g
H
> oy < T8

di€A\S
Proof We have the following inequality:

Yo xd) =" v(H, S;.d) <

d;€A\S uelU
87 H(S
Y v(H.S;.d) < —— = HES)
1—« 1—«
uelU
Then, the lemma follows. [ |

Lemma 7 We now bound the value of H(A) based
on the above lemma. We have the following inequality:
1
HA) <14+ ———= ] H(S).
) ( +(1—1«)2) (%)
Proof Note that
H(A) - H(S)= Y v(Hs.A.d) <
deA\S
x(d) _ H(S)
l—k  (1—k)%

d;eA\S
where the last inequality is obtained by Lemma 6. W

For any feasible T € I, there exists an exchange
lemma between T and A \ S. We summarize this as the
following lemma.

Lemma 8 There is an injection 7 : T — S U Q@
that satisfies the following conditions:

e Each s € § appears in 7(¢) at most a single time
choice of t € T;

e Foranyt € T, it holds

v(H, S, e;) <v(H, S, m(er)),
where 7(e;) € S.

Then by setting T = O, where O denotes an optimal
solution for this (mp, m p)-monotone BP maximization
under a matroid constraint. We now bound B(S)+
P(S).

Proof of Theorem 4 Consider any ¢, € O \ A4,
and assume 7: O — A is the mapping produced by

Lemma 8. Then we get

Y. V(H. S e <

e;€0\A

Y v(H, S, 7w(er)) <

8[60\14

> v(H.S.m(er)) < H(S).
seS
In addition, we have

mgB(0) +mpP(0) < H(O U A) <
HA + - Y Hield) <

GZEO\A
1 -
H(A)+(1_—K)2 Z H(e:[S;) <
e,EO\A
1+ (1 _K)2 - 7
H(A)—i_(l——/()“ Z V(H, S . e)) <
E[GO\A
(2 — 2k + k?)?
————FH(S).
(1—x)* )
Thus the proof is completed. |

6 Conclusion

In this work we first provided a threshold-based
streaming algorithm with a performance guarantee
for the (mp,mp)-monotone BP maximization under
streaming. Then, we studied a general (mp,mp)-
monotone BP maximization with fairness constraints
and presented a fair greedy-based algorithm. Finally,
we considered the fair (mp,mp)-monotone BP
maximization under streaming and provided a local
search based streaming algorithm with computable
guarantees. In our future work, we will pay attention to
the settings of (mp, mp)-monotone BP maximization
with more complex constraints in practice.
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