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Abstract

Maximizing a monotone k-submodular function
subject to cardinality constraints is a general
model for several applications ranging from in-
fluence maximization with multiple products to
sensor placement with multiple sensor types and
online ad allocation. Due to the large problem
scale in many applications and the online nature
of ad allocation, a need arises for algorithms that
process elements in a streaming fashion and pos-
sibly make online decisions. In this work, we
develop a new streaming algorithm for maximiz-
ing a monotone k-submodular function subject to
a per-coordinate cardinality constraint attaining
an approximation guarantee close to the state of
the art guarantee in the offline setting. Though not
typical for streaming algorithms, our streaming
algorithm also readily applies to the online setting
with free disposal. Our algorithm is combinatorial
and enjoys fast running time and small number of
function evaluations. Furthermore, its guarantee
improves as the cardinality constraints get larger,
which is especially suited for the large scale ap-
plications. For the special case of maximizing
a submodular function with large budgets, our
combinatorial algorithm matches the guarantee of
the state-of-the-art continuous algorithm, which
requires significantly more time and function eval-
uations.

1. Introduction

In this paper, we study the problem of maximizing a k-
submodular function subject to size constraints. In this
problem, we have a finite set I of elements. The goal is to
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select a k-tuple (S1,. .., Sk) of disjoint subsets of V' that
maximizes an objective function f subject to the constraints
that each set S; has size at most a given budget B;. In many
applications, the objective function f is monotone and k-
submodular: the function value can only increase as the sets
S; increase, and the function exhibits a natural analogue of
the diminishing returns property of submodular functions.
When k = 1, the problem coincides with the well-studied
problem of maximizing a monotone submodular function
subject to a cardinality constraint.

The problem is a general model for several applications
(Feldman et al., 2009; Ohsaka & Yoshida, 2015). One mo-
tivating application is the influence maximization problem
with multiple products or topics (Ohsaka & Yoshida, 2015).
In this setting, the goal is to select a seed set .5; for each
product ¢ € [k] in order to maximize the total influence of
the seed sets (1, . . ., Sk) subject to constraints on the sizes
of each of the seed sets. In the well-studied models of influ-
ence propagation — the independent cascades and the linear
threshold models — the influence function is monotone and
k-submodular (Ohsaka & Yoshida, 2015).

A second motivating application arises in sensor placement
with different types of sensors (Ohsaka & Yoshida, 2015).
Here we have k types of sensors, each of which provides
different measurements, and we have B; sensors of type ¢ for
each ¢ € [k]. The ground set V' is a set of possible locations
for the sensors. The goal is to equip each location with at
most one sensor in order to maximize the total information
gained from the sensors.

A third motivating application arises in online advertising.
In the online ad allocation problem (Feldman et al., 2009),
we have k advertisers that are known in advance and n ad
impressions that arrive online one at a time. Each adver-
tiser ¢ € [k] has a contract of B; impressions. For each
impression j and each advertiser ¢, there is a non-negative
weight w;; that captures how much value advertiser 7 ac-
crues from being allocated impression 5. When impression
Jj arrives, the values {w;;: i € [k]} are revealed, and the
algorithm needs to allocate impression j to at most one
advertiser. In the online ad allocation with free disposal,
the algorithm may allocate more than B; impressions to
advertiser 4, and advertiser ¢ is charged for only the B;
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most valuable impressions allocated to it. Letting X; denote
the set of impressions allocated to advertiser ¢, the total

revenue is Zle max {Zjes,; wjit S € X5, 8] < Bi}.
This problem is a special case of k-submodular maximiza-

tion and submodular maximization with a partition matroid
constraint.

In applications such as those discussed above, the size of
the data available as well as the nature of the problem make
it necessary to design algorithms that process each element
as it arrives, and are very efficient both in terms of time
and space. In this work, we design a novel algorithm for
monotone k-submodular maximization subject to size con-
straints that simultaneously meets all of these desiderata.
Our algorithm makes a single pass over the data, and it is
both a streaming algorithm as well as an online algorithm in
the free disposal setting. The running time and space usage
of the algorithm are optimal. The approximation guarantee
of the algorithm is at least % and it improves as the mini-
mum budget B = min;cy B; increases, and it approaches
m ~ 0.2953 as B tends to infinity. In large scale
applications, like ads allocation, the budget (number of im-
pressions) tends to be large, which is precisely the setting
where our algorithm performs well. The state of the art algo-
rithms for the problem are offline algorithms that are based
on Greedy (Ohsaka & Yoshida, 2015). These algorithms
achieve a slightly higher approximation guarantee of % at
the cost of a significantly higher space usage and higher
running time. Table 1 presents a detailed comparison.

Our algorithm also readily applies to the related problem
of maximizing a monotone submodular function subject to
a partition matroid constraint. The submodular problem is
more restrictive than the k-submodular one and thus its mod-
eling power is more limited. However, several applications,
such as the ad allocation problem discussed above, can also
be modeled as submodular maximization. We show that
our algorithm achieves an improved approximation guaran-
tee for the submodular problem when the minimum budget
B = min;¢y B; is sufficiently large. The approximation
guarantee approaches 0.3178 as B tends to infinity, match-
ing the recent result of (Feldman et al., 2021). The work
(Feldman et al., 2021) gives a streaming algorithm for a gen-
eral matroid constraint with an approximation guarantee of
0.3178 that holds regardless of the minimum budget. This
algorithm is a continuous one that is based on the multilinear
extension, which is more expensive to evaluate, leading to a
high polynomial running time. Additionally, the algorithm
stores multiple solutions in memory and it is not suitable
for the online setting with free disposal. In contrast, our
algorithm is combinatorial and more efficient both in terms
of time and space. Table 2 presents a detailed comparison
of our algorithms with the state of the art algorithms for sub-
modular maximization with a partition matroid constraint.

Other related work: The works (Ohsaka & Yoshida, 2015;
Nguyen & Thai, 2020) study the problem of maximizing
a monotone k-submodular function subject to a common
budget constraint B, i.e., the goal is to construct a solution
(S1,...,Sk) satisfying |S;U---U S| < B. The work
(Ohsaka & Yoshida, 2015) gives an offline algorithm based
on Greedy that achieves a % approximation, and (Nguyen
& Thai, 2020) gives a streaming algorithm based on single-
threshold Greedy that achieves a % — € approximation. The
latter algorithm makes multiple guesses for the threshold
and stores multiple solutions in memory, and therefore it is
not suitable for the online setting with free disposal. The
recent work (Pham et al., 2021) extends the algorithm of
(Nguyen & Thai, 2020) to the setting where we have a com-
mon knapsack constraint. Several works give offline algo-
rithms for the unconstrained non-monotone k-submodular
maximization problem (Ward & Zivnjz, 2016; Iwata et al.,
2016; Oshima, 2017; Soma, 2019). The work (Santiago
& Shepherd, 2019) introduces a different generalization of
submodularity to the multivariate setting where the goal is
to select k sets that are not necessarily disjoint, and provides
offline and distributed greedy algorithms for general classes
of constraints.

2. Preliminaries
2.1. Notation and Definitions

We follow the notation used in prior work (Ward
& Zivny, 2016; Ohsaka & Yoshida, 2015). Let
k] = {1,2,...,k}. Let V be a finite ground set of
elements. We consider k-tuples X = (Xq,...,Xk)
of disjoint subsets of V: X, C V for all ¢ € [k],
and X; N X; = O foralli # j. Welet (k+1)" =
{(Xl,X27,Xk) : Xz QVV%XZQXJ :@V’L#j}
be the set of all such k-tuples. For two k-tuples
X = (X1,...,X;)and Y = (Y1,...,Y%), we write
X <X Y if and only if X; C Y; for all i € [k]. We let
supp(X) = X3 U--- U Xp.

Let f: (k+ 1)V — R, be a non-negative function. The
function f is k-submodular if

FX)+£(Y) > f(XNY)+f(XUY) VX, Y € (k+ 1)

where X MY is the k-tuple whose i-th set is X; N'Y;
and X U'Y is the k-tuple whose i-th set is (X; UY;) \
(s (X5 UYG)).

The function f is monotone if
fFX) < f(Y)

We let A, ,; f(X) denote the marginal gain of adding e to
the i-th set of X:

Ae,if(X) = f(Xl, ..

VXY

LX U{ed LX)
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Table 1. Comparison of algorithms for monotone k-submodular maximization with size constraints. We let B = min;¢x) B; denote the
minimum budget, r = Z,’le B; denote the total budget, and n = |V|.

Reference Setting Approximation Time Space
(Ohsaka & Yoshida, 2015) offline z O(nkr) O(n)
(Ohsaka & Yoshida, 2015) offline % with prob. > 1 —§ o (nk,2 log (%) log (%)) O(n)

Theorem 3.1 —_—t > 1
online, streaming 2(1+B<21/B*1)) -1 O(nk) Oo(r)
(This paper) — m ~ 0.2953 as B — oo

Table 2. Comparison of algorithms for monotone submodular maximization with a partition matroid constraint. We let B = min;c[x) B;

denote the minimum budget, r = Zf:l B; denote the total budget, and n = |V|.

(Chekuri et al., 2015) discrete

Reference Setting Approximation Time Space
offline
(Fisher et al., 1978) 3 O(nr) O(n)
discrete
(Chakrabarti & Kale, 2015) online, streamin,
& : O(nlogr) o (1‘ log® ™ n)

Theorem 4.1 online, streamin max, Lo (1-(1+=2)"B))>1
g >0 (.7:+1 ( ( Z) )) Z 1 O(n) o(r)
(This paper) discrete —~ 0.3178 as B — o0
offline B
(Badanidiyuru & Vondrak, 2014) _ 1_. o (% log (%)) O(n)
continuous €
streaming oe?2
(Feldman et al., 2021) e ~ 0.3178 — ¢ o (%) o (r log® ™) n)
continuous €
b 1O, ST, . ¢3) argmax { f(S): |S;| < B; Vi € [k]} denote an optimal so-

Note that f being monotone is equivalent to A, ; f(X) > 0
forall X € (k+ 1)V, i € [k], and e ¢ supp(X).

The function f is pairwise monotone if
Aeif(X)+Ac; f(X) 20

forall X € (k+1)", e ¢ supp(X), and i,j € [k] such
that i # j.

The function f is orthant submodular if
AE,if(X) 2 Ae,if(Y)

forall X, Y € (k+1)" such that X < Y, e ¢ supp(Y),
and i € [k].

As shown in (Ward & Zivny, 2016), a function f is k-
submodular if and only if f is orthant submodular and
pairwise monotone.

2.2. Problem Definition

In the k-submodular maximization problem, we are given
an objective function f: (k+1)" — R, that is mono-
tone, k-submodular, and non-negative, and positive in-
tegers Bi,...,By. The goal is to find a solution
S € (k+1)" that maximizes f subject to the con-
straint that |S;| < B; for all ¢ € [k]. We let S* €

lution to the problem. We assume without loss of generality

that f(0,...,0) = 0.

We also consider the problem of maximizing a submodu-
lar set function subject to a partition matroid constraint:
max {f(S): |SNP| < B;Vic€ [k]}, where f: 2V —
R, is a monotone submodular function,' and Py, ..., P,
is a partition of the ground set V. We let S* ¢
argmax {f(S): |SNP;| < B; Vi € [k]} denote an opti-
mal solution to the problem. We assume without loss of
generality that f(()) = 0.

We study the above problems in the streaming setting where
the elements of the ground set V' arrive one at a time, in
an arbitrary (adversarial) order. We order the elements
according to the stream arrival order, and we write e < ¢’ if
and only if e arrives before ¢’.

The algorithms we propose in this work are also suitable for
the online setting with free disposal (Feldman et al., 2009).
In this setting, elements arrive online in an arbitrary order.
The algorithm maintains a single feasible solution. When
an element arrives, the algorithm either discards the element
or it adds it to the solution, after possibly discarding another
element in the current solution to make room for the new

'A set function f is submodular if it is 1-submodular, i.e., we
have f(X)+ f(Y) > f(XNY) + f(X UY) for any two sets
X, Y CV.
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element.

2.3. Linear Programming Formulation

In this section, we introduce a linear programing formula-
tion for the k-submodular maximization that will form the
basis of our algorithm and its analysis. To this end, it is
convenient to view each k-tuple A € (k +1)" as a partial
labeling of V using labels 1,2, ..., k as follows: element e
receives label 7 if and only if e € A;.

We start by writing down an integer program for the problem.
For each element e € V and each i € [k], we introduce a
variable z.; € {0,1} that indicates whether element e is
assigned label ¢ (i.e., z.; = 1 if e is assigned label ¢ and
Ze,; = 0 otherwise). For each k-tuple A € (k + 1)V, we
introduce a variable ya € {0, 1} that indicates whether A
is the selected k-tuple. The first set of constraints enforce
that e receives label i if and only if e € A; for the selected
labeling. The second set of constraints enforce that we select
exactly one k-tuple. The third set of constraints enforce that
each element receives at most one label. The fourth set
of constraints enforce the size constraints for the labels.
By relaxing the integrality constraints z.,,ya € {0,1}
to e, ya € [0,1], we obtain the LP relaxation for the
problem and its dual shown in Figure 1.

Note that the primal LP is a valid relaxation? to the problem.
More precisely, given any solution S = (5y,...,5k) €
(k+1)Y satisfying |S;| < B; forall i € [k], we can con-
struct a feasible solution to the primal LP with the same
objective value by setting ya = 1if and only if A = S and
z.; = 1if and only if e € S;. Thus the optimum value
of the primal LP is an upper bound on the value f(S*) of
an optimal solution S* to the k-submodular maximization
problem.

3. Monotone £-Submodular Maximization
3.1. Algorithm

In this section, we give our algorithm for maximizing a
monotone k-submodular function subject to size constraints.
The algorithm is shown in Algorithm 1. The algorithm
follows a primal-dual approach based on the LPs shown
in Figure 1, and it constructs a feasible integral solution
S € (k+1)" to the primal LP and a feasible dual solution
to the dual LP (the values v, and ¢; defined in the algorithm
can be extended to a dual solution as shown in Lemma 3.3).
In the analysis of the approximation guarantee, we will use
the dual solution to upper bound the optimal value f(S*)

2One can show that the relaxation is exact, i.e., given a frac-
tional solution z, y to the primal LP, one can round it to an integral
solution S € (k + 1)V of the same value. However, we will not
use this fact in this paper.

Primal LP
max Z yaf(A)
Ac(k+1)V
Ve € Vi € [k]: Z YA = Tei

Ac(k+1)V: e€A;

Z ya =1

Ac(k+1)V
k
VeeV: ZJUH <1
i=1

Vi € [K]: er,i < B
ecV
veaiaA: Te,ir YA Z 0

Dual LP
k
min 5 + Z%—&-ZB,»QSZ-
ecV i=1

k
VAE(k—i—l)V: ZZ%,H—ﬁZf(A)

i=1ecA;
Ve e Vyi € [k]: ve+ ¢i > ey
Ve e Vi € [k]: Ye,0; >0

Figure 1. Primal and dual LPs for k-submodular maximization.

Algorithm 1 Algorithm for monotone k-submodular maxi-
mization.
Parameters: C, D

S = (S51,52,...,5k) < (0,0,...,0) // store each S; in a
deque
¢ 0 Vielk]

fort=1,2,...,|V|
let e be t-th element to arrive
14— arg mane[k] {A67Jf(S) — ¢J}
if AP,/,f(S) — (;5, 2 0:
Ye < Ae,i f(S) — ¢, // defined for analysis purposes,
does not need to be stored
bi (1 + B%) $i + 5 = ¢i + 50 f(S) +
c-D
=B, e
S; «+ S; U {e} // S;.push_back(e)
else:
let ¢’ be the earliest element of S; // ¢/ = .S;.front()
S; o« (Si\{¢'}) u {e} 1/ S;.pop-front();
S;.push_back(e)
return S
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via weak duality. The dual values ¢; can be interpreted
as threshold values for the marginal gains. Each threshold
¢; is dynamically adjusted by the algorithm based on the
marginal gains and the budgets, and ¢; is increasing ex-
ponentially (the update rule ensures that ¢; increases by at
least a factor of 1+ B% with each update). The growth rate is
chosen so that, intuitively, the threshold grows by a constant
factor every time the old solution is completely replaced.
Furthermore, for larger budgets, the growing thresholds
are able to mimic some aspect of a continuous algorithm
without the computational cost.

The algorithm maintains the feasibility of the solution by
removing the earliest element from the solution when the
budget is exceeded. Intuitively, since the threshold increases
over time, the elements meeting the earlier thresholds are
also ones with smaller gains. However, this intuition does
not always hold and thus an alternative practical choice is
to remove the element with the lowest gain. Removing
the earlier element leads to a simpler analysis, and it is the
version we consider in this paper.

The following theorem states the theoretical guarantees for
our algorithm. We give an outline of the analysis in this
section; the omitted proofs can be found in Section A. We
note that the space usage is dominated by the space needed
to store the solution, and therefore the space is optimal.
Additionally, the running time of the algorithm is optimal
as well. To see this, consider the ad allocation problem
discussed in the introduction. In this setting, the elements
V are the ad impressions, and the labels [k] correspond to k
advertisers. Consider an instance of this problem where we
have k impressions €4(1), - - - , €5(k), Where o is an arbitrary
permutation, and impression e ;) provides a large value v;
to the i-th advertiser and it provides value O to all of the
other advertisers. Any algorithm that achieves a non-trivial
approximation guarantee requires O (k |V'|) time to identify
the mapping o matching the impressions to the advertisers.

Theorem 3.1. Consider Algorithm 1. Suppose we set
B = mineyy B, D = B(2Y% —1), and C = 2D.

The algorithm uses O (Zle BZ-> space, O (k|V|) func-

tion evaluations, and O (|V|) additional time. Moreover,
the algorithm returns a solution S satisfying

18 L
f(S*) —2(1+ B2/ - 1))

where f(S*) is the value of an optimal solution. The ap-
proximation guarantee is an increasing function of B; it is
i when B = 1 and it approaches ~ 0.2953 as
B — oo.

1
2(1+In 2)

The algorithm is inspired by the algorithm proposed in
(Levin & Wajc, 2021) for the submodular matching problem.
In the submodular matching problem, the edges of a bipar-

tite graph arrive in a stream one edge at a time. The goal
is to select a matching M of maximum value f (M), where
f:2F — R, is a submodular function defined on the set
of edges of the graph. Our algorithm can be viewed as con-
structing a matching in the bipartite graph with the elements
V on the left and the labels [k] on the right, in the setting
where the vertices on the left arrive one at a time. However,
the algorithm and analysis of (Levin & Wajc, 2021) do not
apply to our setting due to the inherent differences between
k-submodular and submodular functions. The main simi-
larities between our algorithm and theirs are the use of the
primal-dual approach and the general form of the update rule
for ¢;. The algorithm of (Levin & Wajc, 2021) constructs
a set of elements that is not a feasible matching, and this
set is used to construct a feasible solution at the end of the
stream. The dual values are updated based on the marginal
gains of this larger (infeasible) set. This set is larger than a
feasible solution by a factor of O (log A), where A is the
ratio of the largest and smallest marginal gains. In contrast,
our algorithm maintains a feasible solution at all times, and
our time and space usage do not have additional logarithmic
factors.

3.2. Space and Time Analysis

The algorithm stores the O (Zle Bi) elements in the so-
lution S and the k dual variables {¢;: ¢ € [k]}. Thus the
total space usage is O (Zle BZ-). In each iteration ¢, the

algorithm evaluates the function O (k) times in order to com-
pute the marginal gains A, ;f(S) for each ¢ € [k], and it
performs O(1) additional operations. We maintain each set
S; in a deque, and thus removing the earliest element of S;
and adding an element to the back of .S; can be performed in
O(1) time. Thus the algorithm performs O (k |V|) function
evaluations and O (|V]) additional time.

3.3. Analysis of the Approximation Guarantee

For analysis purposes, we annotate the main quantities in
the algorithm using the superscript (¢): qSEt), S® denote the
respective quantities at the end of iteration ¢; e(*) denotes
the element that arrives in iteration ¢; i(®) denotes the label
selected in iteration ¢. We also let Xi(t) = SZ.(I) U---u Si(t)
denote the set of elements that were added to .S; in the first

t iterations, and X(V) = (Xl(t), o ’X](Ct))_

Our main analysis approach is to relate the marginal
8ains > () coupp(x(m) Ay 40 f(SEY), the final so-
lution value f(S(™), and the optimum solution value
f(S*) to suitable linear combinations of the dual values
{fye: e € supp(X(”))} defined in the algorithm. We then
derive our approximation guarantee by analyzing the coeffi-
cients of each . in the respective linear combinations.
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We start by deriving the linear combinations for
Ze(t)esupp(x(")) Ae(t)ﬂ(t)f(s(til)) and f(S(n))'
Lemma 3.2. We have

Z Ae<t>,i<t>f(s(t_1)) = Z

e(®) esupp(X (1)) e(®) esupp(X (1))

CtVe(t)

and
8™ = 3 Gy
e(t) esupp(X(m))
where
St = He € Xl(g)) e e(t)}’
C D \* C
=—11 - —+1
“=D < Bim) D
St —B. (1)
< D _ D i
_ b (1 * B,,<t>) <1 (1 * B1,<t>) )
‘= if s > By
Ct otherwise

Next, we upper bound f(S*) using a linear combina-
tion of the v, values. To this end, we define a feasi-

ble dual solution based on the values {¢§") NS [k]} and
{~e: e € supp(X (™)} defined in the algorithm.

Lemma 3.3. For each e € supp(X(”)), we let 7. be the
dual value set by the algorithm, and we let v, = 0 for all
e ¢ supp(X™). For each i € [k, we let ¢; be equal to
the final value ¢§n) We set the remaining dual variables as
follows:

B=rx™)

Qe =Ye + 6" Ve € V,i € [k]

The above setting is a feasible solution to the dual LP shown
in Figure 1.

Proof. (Sketch) We have ., > 0 and ¢§n) >0foralle e V
and 7 € [k]. The definition of «. ; ensures that the dual
constraint 7y, + ¢§”> >« is satisfied with equality. There-
fore it only remains to verify that the first set of constraints
are satisfied, i.e., for any A € (k + 1)V, we need to ver-
ify that f(A) — f(X(™) < Zle > eca, Ce,i- Consider
akset A € (k+1)", andlet X = X, We start by
augmenting A so that it contains every element in the sup-
port of X, and let A denote the resulting k-set (elements
are added to the same part as in X). Since f is monotone,
it follows that f(A) < f(A) and it suffices to show that
fA) - f(X) < Zle > cea, Qe,i- Our definition of A

ensures that supp(X) C supp(A). However, elements may
be assigned to different parts by X and A, which prevents

us from directly comparing f (A) to f(X). Our approach is
to modify A so that it agrees with X on the placement of
all the elements in X. By exploiting the way in which the
algorithm selects the part 7 to which to assign an element,
we can upper bound the loss in function value due to these
swaps to the dual values a. ;. Additionally, we relate the
contribution to f(A) of the elements in supp(A) \ supp(X)
to the dual values . ;. We now sketch the formal argument.

Starting with AO = A we iteratively define a sequence
of k-sets A(®) such that X and A® agree on the first ¢
elements. Consider the element e(t) that arrives in iteration

t. Since supp(X) C supp(A), we have the following
cases:

Suppose e(t) is in_the support of X. Since all elements
in X are also in A, e® is also in the support of A, but
possibly in a different part. Suppose e*) € Aj, and recall
that e() € X,). To make A(®) and X agree on e®), we
obtain A(®) by taking A~V and moving e(®) from part j
to part i), Using the monotonicity and orthant submod-
ularity of f, we can show that the decrease in function
value f(A®=D) — f(A®) is at most the marginal gain
Ae(t)Jf(S(t’l)). Using the choice of i(*) and the defini-
tion of the dual values, we can show that the marginal
gain Ae(t)7jf(s(t71)) is at most ) ;. Thus we have
FAG=D) — f(AM) < Qe(r) j» as needed.

Suppose e(®) is in the support of K;but not X. To make
A® and X agree on (), we obtain A(*) by taking A=)
and removing e(*) from it. Suppose e(Y) € A;; since
e® ¢ X, we have eV ¢ A;. Using the orthant sub-
modularity 0f~f , we can show that the decrease in func-
tion value f(A®=D) — f(A®) is at most the marginal
gain A o ; f(SUV). Since eV ¢ supp(X), e*) did
not meet the condition required by the algorithm. There-
fore we have A o) ;f(SU~1) < ¢§t_1) and v,y = 0,
and hence Ae(t)Jf(S(t’l)) < Qo

FAC=D) — f(AM) < ) ;- as needed.

Thus we have

Suppose e(*) is not in the support of 11.~Thus eit) is not in
the suppot of X either, and we can set A = A=) We
have f(A(=1) — f(A®) = 0, as needed. O

By combining the above lemmas with weak duality, we
obtain the following upper bound on f(S*).

Lemma 3.4. We have

CHESEEDY

e(t) esupp(X (1))

CtYel(t)

where
g¢=(D+1)c+C—-D+1

and c; is the coefficient from Lemma 3.2.
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Proof. (Sketch) Lemma 3.3 and weak duality gives us
the following upper bound on the optimum function

value: f(S*) < f(X(n)) + Ze(t)ESupp(X(n))’Ye(t) +
Zle Bmgn). Using that S®) < X® and the or-
thant submodularity of f, we can show that f (X(”)) <
Zemesupp(xm))Ae(t>7i<t>f(S(t_1)). Using the update
rule for ¢;, we can show that ZleBiqu") =

> e csupp(xy (PAcw 10 f(SU™1) +(C = D) 7w ) -
Putting everything together and using Lemma 3.2 gives the
result. [

We now set the parameters C' and D and derive the approxi-
mation guarantee.

Lemma 3.5. Let B = min;c[y) B; be the smallest budget
among the k labels. Let C = 2D. We have:

f(8S) G
> —
F(S) = b5 elhexom &

> L ind S 1 1+ D\

——— minq -,1— —

~D+1 2’ B

where ¢; and ¢; are the coefficients from Lemmas 3.2 and
3.4.

Setting D = B (21/3 — 1) gives

fS) o 1
f(8*) ~2(1+B(2V/5 -1))

4. Monotone Submodular Maximization with
a Partition Matroid Constraint

In this section, we adapt Algorithm 1 and its analysis to the
problem of maximizing a monotone submodular function
subject to a partition matroid constraint. The algorithm is
shown in Algorithm 2. We will show that the approximation
of the algorithm improves in this more restricted setting.

The following theorem states the theoretical guarantees for
the algorithm. We prove the theorem in Section B. The
analysis is similar to that of Algorithm 1, with the main
difference being that we show a stronger upper bound on
the optimal solution value f(S*) (Lemma B.2).

Theorem 4.1. Consider Algorithm 2. Suppose we set
C = D. The algorithm uses O (Zle Bi) space, O (|V])

function evaluations, and O (|V'|) additional time. More-
over, the algorithm returns a solution S satisfying

-B
f(S*) " D+1 B
where f(S*) is the value of an optimal solution, and B =
min;ex) B; is the minimum budget.

Algorithm 2 Algorithm for monotone submodular max-
imization with a partition matroid constraint. We let
A f(S) := f(SU{e}) — f(S) denote the marginal gain of
e on top of S.
Parameters: C, D
S; 0 Vielk]/lS;=5n P, store S; in a deque
¢ 0 Vie k]
fort=1,2,...,|V|
let e be t-th element to arrive
let ¢ be the index of the part containing e, i.e., e € P;
letS=5U---USk
lfAef(S) - Qsi > 0:
Ye < A f(S) — ¢; // defined for analysis purposes,
does not need to be stored
b (L+ ) o+ Sre = 6 + BASS) +

GE
if ‘Sz| < B;:
S; < S; U{e} /I S;.push_back(e)
else:

let ¢’ be the earliest element of S; // ¢’ = S;.front()
S;  «—  (Si\{¢'}) U {e} 1/ S;.pop_front();
S;.push_back(e)
return S = S; U---U S,

Setting D = 1 gives

-B

/S () (1,1

f(s*) =2 B

Remark 4.2. The above approximation for C = D = 11is
least 1 for every B > 1 and it approaches 1 (1—1) ~
0.316 as B — oo. For sufficiently large B, we have 1 —
(1+ %)73 ~ 1 — exp (—D). In this case, we can set D
to the value satisfying the equation e® = x + 2, which is
x ~ 1.146, and obtain an approximation of ~ 0.3178.

S. Experimental Evaluation

In this section, we experimentally evaluate our algorithm
for k-submodular maximization (Algorithm 1). Following
previous work (Ohsaka & Yoshida, 2015; Nguyen & Thai,
2020), we evaluate the algorithms on instances of influence
maximization with & topics and sensor placement with k
measurements. We follow the experimental setup of these
prior works.

Influence maximization with % topics: We consider the
k-topic independent cascade model introduced in (Ohsaka
& Yoshida, 2015). In this model, we have a social net-
work represented as a directed graph G = (V, E) on a set

V of users. Each edge (u,v) € E is associated with k
probabilities {pSJL i€ [k]} , where p’(u.l)u represents the

strength of the influence of user u on user v for topic i € [k].
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Figure 2. We report the mean and standard deviation over 5 runs.
Greedy is the offline Greedy algorithm of (Ohsaka & Yoshida,
2015) implemented using lazy evaluations. PrimalDual is our
Algorithm 1.

Given seed sets (S1, 52, ..., Sk), where S; is the seed set
for topic ¢, nodes are activated independently for each topic
according to the independent cascade model. More pre-
cisely, the activation process for topic i is the following.
Each edge (u, v) of the graph is realized with probability
pq(f_,)v, independently of other edges. The set of activated
nodes for topic ¢ are the nodes reachable from the seed
set .S; in this realized graph. Nodes are activated indepen-
dently for each topic. The objective function is the expected
number of nodes activated in at least one topic. More pre-
cisely, if we let A;(S;) be the random variable equal to
the set of nodes activated for topic 7 starting with seed set

Si, we have f(S1,...,S;) = E HUz‘E[k] Al(SZ)H It was

shown in (Ohsaka & Yoshida, 2015) that f is monotone
k-submodular.

We used the Facebook dataset from the SNAP database
(Leskovec & Krevl, 2014). The graph has 4,039 nodes
and 88,234 undirected edges. We replaced each undi-
rected edge uv by two directed edges, (u,v) and (v, u).
For each directed edge (u,v), we set the k probabili-

ties {pS}L i€ [k]} by randomly permuting the values

{ 2cie (k] }, where d,, is the in-degree of v. We approx-
imated f using the random sampling procedure of (Borgs
et al., 2014). We set k = 3. We obtained similar experimen-
tal results for larger values of &k, and we report the results
for £ = 10 in Section C. We set the same budget constraint

B for each topic i, i.e., we set B; = B for all i € [k].

Sensor placement with £ measurements: We consider the
sensor placement problem introduced in (Ohsaka & Yoshida,
2015). There are k types of sensors and a set V' of n sensor
locations. We want to place at most one sensor in each
possible location and at most B; sensors of type i across
all locations. We can represent the information collected
by a sensor of type ¢ when placed at location e € V' using

a random variable Xéi). Let Q = {Xéi): ecV,ic [k]}
The entropy of a subset X C ( is defined as H(X) =
— > sedom(x) Pr[z]log Pr(z]. The goal is to select sensor
locations (S, . . ., Sk), where S; C V is the set of locations
of the sensors of type ¢, in order to maximize the entropy
H (U {Xe(l): i€lkl,ee Si}> of the corresponding ran-
dom variables. It was shown in (Ohsaka & Yoshida, 2015)
that f is monotone k-submodular.

We used the Intel Lab dataset (Bodik et al., 2004) which
contains approximately 2.3 million readings from 58 sen-
sors deployed in the Intel Berkeley research lab. As in
(Ohsaka & Yoshida, 2015; Nguyen & Thai, 2020), we ex-
tracted temperature, humidity, and light values from each
reading and discretized them into bins of 2 degrees Celsius
each, 5 points each and 100 luxes each, respectively. A
type of measurement such as temperature at a particular
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location has a certain amount of uncertainty, measured by
the entropy of its empirical distribution in the dataset. We
treat the temperature measurements at different locations as
independent and H (X') is the sum of the entropy of all sen-
sors in X'. The different measurement types are also treated
as independent. We have k = 3 types of measurements, and
we set a budget constraint B; for each measurement ¢ € [k].
We set the same budget constraint B for each measurement,
i.e., weset B; = Bforall i € [k].

Algorithms: We compare our algorithm with the state of
the art Greedy algorithm proposed in (Ohsaka & Yoshida,
2015), which is an offline algorithm that makes multiple
passes over the data. We implemented the Greedy algorithm
using lazy evaluations. The work (Ohsaka & Yoshida, 2015)
also proposed a stochastic variant of the Greedy algorithm.
In our experiments, the stochastic Greedy with lazy evalua-
tions performed worse than the deterministic Greedy with
lazy evaluation both in terms of function value and number
of evaluations. This is due to the fact that the Greedy al-
gorithm allows for a more efficient implementation using
lazy evaluations. For this reason, we omitted the stochastic
Greedy algorithm from the plots shown in Figure 2. In all
experiments, we set the parameters C' and D of Algorithm
1 as follows: D = B (2!/8 — 1), where B = min;c[) B
is the minimum budget, and C = 0.5D.

Results: The results are shown in Figure 2. We report the
average and standard deviation over 5 runs of the algorithms.
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A. Analysis of Algorithm 1
A.1. Proof of Lemma 3.2

Proof. (Lemma 3.2) For each e € supp(X(")), by rearranging the definition of v, we obtain

Acco o f(SU™) = 70 + 61" (1)
By unrolling the update rule for ¢;, we obtain
(), gy (1)
, C D Hequ, s e=e }|
o — 5 > <1 + B) Ye(r) 2)
L emex® '

We first consider Ze(,,>esupp(x(n)) Ao i f(St=1)), We have

> Ao g0 f(SETY)

e(®) esupp(X (1))
)] (t—1)
= Z (P)/e(t) + ¢,L'(t) )
() Esupp(X (™)
(t—1) . ()
@ 3 L 3 — [{eex (5 eme™}]
= () (™)
Ve By By Ve
e(t)esupp(x(")) e(T)EX_(;t_)l)

k C D ’{eEXft’_l): e>e(7)})
:Z > Yew + 5 > : <1+Bi> Ver)

k e X,L-(t_l):e o™
:Z Z %<t>+g Z Vel Z (H—D)He ] }|

; [ B’L
=1 \ emex™ eMex™ eMeX™: et me(r)
where in the last equality we performed an exchange of summation.

Fix e(™) € Xi(n). Let e(t1) e(t2)  e(tm) be the elements of XZ-(") that arrived after e("), in the order in which they arrived.
More precisely, we have {e(t) € XZ-(n) Dt > 7'} ={elt) elt2) . eltm)landt; <ty <+ <tp. Lettyo = . We have

1+

B;

> D>t{eexz~>=e»w}t
eMex{™: e el

D ) ’{eGX;tj_l): e}e(T)H

B;

I
=

<
Il
—

D > ’{eEXi(tjfl): e>e(‘r)}|

I Il
s 11z

<.
I
—

SIS

( D HeGX;"): e}e(ﬂ}|

145) 1

<
<
(2
|
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In the second equality, we used the fact that no elements were added to .S; in iteration ¢ € (tj,l, tj), and thus X i(tj -
(tj—1)
X,

Putting everything together, we obtain

Yo A f(sUTY)

e(t) esupp(X (1))

k o/ x|
=2 X D<1+Bi> o e

=l omex™

|{e€Xi(7;) : e>e(")}|
= Z g(1+ D) Y —9+1 Ye(t)

B,L‘(t) D
e(t) esupp(X (™)

Next, we consider f(S(™). Let
S .— (SYL) N {e(l), ey e(t)} R Sl(cn) N {e(l), . ,e(t)})
Note that we have S® < S® for all #. We have

F(8™) = f(8™) — f(8)
= > AwwwfEEY)

e(t) esupp(S(n))
(8- <s(t-D)
N t—1
> > Ac i F(SUD)
e(®) esupp(S(™)

k
=D > Awwaf(8tY)

i=1 ) eg™
where the inequality follows from orthant submodularity.

Using the update rules for the dual variables, we obtain

k
FEM) =30 Y A f(SUTY)

=1 o) ESi(")

k
O Z Z Yet) + qf)gt 1)>
=1 e(t)esgﬂ)
. XD ool
C D ‘{CE i ere }‘
(:) Z Z Yet) + E Z (1 + Bi) Vel
i=1 e es™ emex(h
. XD, gy o)
C D ‘{EE i exe }‘
“L | 2 ety 2w D (l " Bz-)
i=1 e(”)ESEn) (™) EXi(n) e(t) eSl.(") s e(t)-e(m)

where in the last equality we performed an exchange of summation.

Fix e(™) € Xi(n). Let e(t1) e(t2) . e(tm) be the elements of XZ-(") that arrived after (™), in the order in which they arrived.
More precisely, we have {e(t) c Xi("): t> T} = {e(tl),e(tZ), . .,e(tm)} andt; < ty < -+ < t,,. Lettg = 7. We
consider each of the following cases in turn: m < B; and m > B;.
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n)

Suppose that m < B;. Note that Si(n) is comprised of the last (at most) B; elements of X L( . Thus we have

{e(t) € Si:el®) e(T)} = {e(tj): 1<5< m}
Using the same calculation as above, we obtain

D ){eethfl): e>—e(7)}‘
Y (i+5)
e®esi™: e se(m)
B, D |{e€X£"): e>e(7)}|
@*&) -
Suppose that m > B;. We have
{ t)ES t)>—e(7)} {e(tj):m—Bi—FlSjSm}

and thus

D HeEXi(tfl): e>—e<7)}’
> <1 + B_)

e(‘>€S£") s e(t) —e(T)

HCEX - :e>e<*>}’
“5)

Jj=m—Bi+
m D eeX -1 :e>e(7)}’

- 3 B>

j=m—B;+1
5

B

j=m—B;+1
B DY (11 2 o
- D B; B;

Bi D |{e€X§ n, e>—e<7’)}| D —B;
D@+a) 1@*&)

In the second equality, we used the fact that no elements were added to .S; in iteration ¢ € (¢;_1,¢;), and thus X; (t5=1)

Xy,

Since Si(n) is comprised of the last (at most) B; elements of X i("), we have

Y Yew = > Yew

e(Mes; e(t)EXi("> : |{e€Xi(") : e>e(")}|<Bi

Putting everything together, we obtain

k C D |{e€Xi<"): e>e(")}| C
Z > Vet D<1+B) ~ < +1

D
e(T)GX(") HeGX("). e>—e(7)}|<B

k C D |{e€X§"): e>—e<7)}| D —B;
+Z Z 'Ye(r)D<1+Bi) 1<1+BL>

i=1 e(")EXi("): ){eEXf"): e>—e(7)}‘ZBi
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B C . D |{e€X£("T)) : e>e(")}| C X
- 2 o\ D ( * BM) DT
e esupp(X(M);s [{eeX )i eme }<B ()

o b Heexme) b\
+ > Y0 5 (1 + Bﬁ)) 1- <1 + Bim)

e(™) esupp(X (™)) ‘{eGXZ_(g:}): e>e(7)}‘231(ﬂ

as needed. ]

A.2. Proof of Lemma 3.3

Proof. (Lemma 3.3) We have v, > 0 and ¢§"> > 0foralle € V andi € [k]. The definition of c. ; ensures that the dual
constraint v, + ¢§n) > a.; 1s satisfied with equality. Therefore it only remains to verify that the first set of constraints are
satisfied, i.e., forany A € (k + l)v, we need to verify that

k

fA) — f(X™M) < Z e
€A;

Fixak-set A € (k+1)". Let X = X(™). We define a k-set A by augmenting A with the elements in supp(X) \ supp(A).
More precisely, we consider A = (21'1, ce A}) where A; = A;U(X; \ supp(A)) forall i € [k]. Note that A € (k + 1)
and A < A. Since f is monotone, it follows that f(A) < f(A). Thus it suffices to show that

k
FA) = FX) <D aes

i=1e€A;

Note that we have supp(X) C supp(A). However, an element e € supp(X) may be assigned to different parts by X and
A, which prevents us from directly comparing f(A ) to f(X). In the following, we modify A so that it agrees with X on
the placement of the elements in supp(X). By exploiting the way in which the algorithm selects the part ¢ to which to
assign an element, we will upper bound the loss in function value due to these swaps to the dual values «. ;. Additionally,

we will relate the contribution to f(A) of the elements in supp(A) \ supp(X) to the dual values Qe,i. We now give the
formal argument.

We say that two k-sets Y = (Y1,...,Y;) and Z = (Z4, ..., Z) agree on an element e if either e € (V' \ supp(Y)) N
(V' \supp(Z)) or e € Y; N Z; for some i € [k]. We will iteratively define a sequence of k-sets A0 —
A A(l) e A(”*l), A™M = X that satisfies the following two properties for every ¢: (i) A® and X agree on ev-
ery element in {e(), ..., e®}, and (i1) A®and A agree on every element in {eD e} We set A0 = A,
Consider ¢ > 1, and suppose we have already defined A=D_ Consider the element e(*) that arrives in iteration t. We have
the following cases (recall that supp(X) C supp(A)):

e® ¢ supp(X): Recall that e(Y) € X,). Let j be such that e(*) € ij.
If j =i, welet A() = A=) and we have

SALD) — f(AD) =0

Therefore we may assume that j # (). Since e() € A; \ X;, we have e(¥) € A;. We obtain A®) from A(~1) by
moving e® from part j to part i*), i.e., we set

- Ay p#i,j
AW = /gég?u{e(t)} p=it
A\ L0} =
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For analysis purposes, we define the following intermediate k-set B = (B, ..., B):
A pPF#J
=< 1 _
P A§t )\{e(t)} p=j

Note that B and A(*~1) only differ on ¢, and () ¢ supp(B) and () € gg_tq)‘ Additionally, B and A(® only
differ on e®, and e®®) ¢ supp(B) and e®) € AV’EQ) Since St~ < X (=1 < A1 and () ¢ supp(SE—1), we
have S(¢—1 < B. Thus we have

FAUTD) — F(AD)

~ (FATD) - £(B)) - (FAD) - f(B))

= Ao ;j f(B) — Ao f(B)

<Acw ; f(B) (monotonicity)

< Aem’jf(S(t_l)) (orthant submodularity)
In the first inequality, we used that A, ; f(B) > 0 since f is monotone. In the second inequality, we used the fact that

f is orthant submodular: since S¢~1) < B, we have A, ; f(S¢~V) > A o ; f(B).
Using the choice of i(*) and the definitions of the dual values, we obtain:

Ao g F(SU7) < 670+ A oo (SO = 0l(5" (definition of i)
= qslg.t_l) F Vet (definition of y,«))
< 65" + 700
= Qe(t) 5

Therefore N N
AT — fAD) <o

« el e supp(A) \ supp(X): Let j be such that e € A;. Note that we have e(*) & g;tfl). We obtain A®) from
A1 by discarding e*, i.e.,

() _ Ay pFJ
- FT(t—1 .
P AU\ L) p =

Since S = St < X(®) — X(t=1) < A(t=1) apd ¢(®) ¢ supp(S¢—1), we have S¢—1) < A® . Thus

FAUTD) - FAD) = Ao ; f(AD)
< Aem)jf(S(t*l)) (orthant submodularity)

Since e ¢ supp(X), we have
Agw ;FSE D) <o <0l 4y ) = apn

Therefore N N
FACD) — FAD) < oo

Since e®) € /Tj \ X, we have e Aj.
« ¢ ¢ supp(A): We have () ¢ supp(X) as well, and we can set A() = A¢~1)_ We have

FAUD) — FAY) =0
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Thus we obtain

as needed. O

A.3. Proof of Lemma 3.4

Proof. (Lemma 3.4) Consider the dual solution from Lemma 3.3. By weak duality, the objective value of the dual solution
is an upper bound on the objective value of any primal solution, and in particular f(S*). Thus we obtain

k
FE) < XM+ N e+ Biol™
=1

e(® esupp(X (™) =
Using that S®) < X®) for all ¢ and that f is orthant submodular, we can upper bound f(X (™)) as follows:
FXM) = f(XM) = f(XO)
= > A i f(XED)

e(t) esupp(X(m))
(-1 <x (D)
< Yo A f(8UTY)

e(®) esupp(X (1))

Additionally, we have

k
S Bio™
=1
:i&i(@@ oY)
=1 t=1
_ n iBi (¢§t) (bgtfl))
t=1 i=1
= Y B (dd-6L") (67 = 6" it i or e® ¢ supp(X(™))

e(t) esupp(X(m))

Z (DAe(t),i(t)f(S(t_l)) + (C - D) 'yew) (update rule for ¢;)
e(t) esupp(X(n))

Plugging into the first inequality and using Lemma 3.2, we obtain

f(8*) <(D+1) > Ao 0 f(SE) +(C - D +1) > Yelt)

e(®) esupp(X(n)) e(®) esupp(X(n))

> (D+1)ci+C —D+1) 5.0
e(®) esupp(X(m))

as needed. O
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A.4. Proof of Lemma 3.5

Proof. (Lemma 3.5) We will use the following standard inequality:

n

i=1 @i . Qg
Zifl L > min —
Zi:l b; i€[n] b;

By applying the above inequality, we obtain

18 g

min -
f(S*) Tt e esupp(X(M) Gy
We now lower bound the ratio of the coefficients. We will set C' = 2D and we will find the best choice for D.

Consider e(*) € supp(X(™), and let j = He € XZ(ZZ)) e - e(t)}‘. If j > B,, we have

el D J . D 7Bi(t)
Ct D (1 + Bi(t)) (1 (1 + Bi(t)) )

t c D J c
w+U<DO+%m)—D+Q+C—D+1

If j < B;«), we have

72_(14_3?0)
N 2(D+1)
S 1

= 2(D+1)

Therefore
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a1 wd il (1 D\ &
min — > min < —, min - —
t:e(MeX () ¢ D+1 27 ic[k] B;

Letting B = min;e ) B; and noting that 1 — (1 + %)m is increasing with =, we obtain

i G > 1 il 1 1+ ZAN
min b — 1nin - — -
treexm ¢ D41 2’ B

Putting everything together, we obtain

f(S) 11 D\ ”
f(S*)ZD—l—lmm{Q’l_(l_'—B) }

We choose D to make the two terms equal:

and thus

and obtain

(57 7 2 (1+ B (21/8 —1))

as needed. O

B. Analysis of Algorithm 2
B.1. Space and Time Analysis

Analogously to Algorithm 1, Algorithm 2 stores the O (Zle Bi) elements in the solution S = S; U --- U S), and the

k dual variables {¢;: ¢ € [k]}. Thus the total space usage is O (Zle Bi). In each iteration ¢, the algorithm evaluates

the function O(1) times in order to compute the marginal gain A, f(.5), and it performs O(1) additional operations. We
maintain each set .S; in a deque, and thus removing the earliest element of \S; and adding an element to the back of S; can be
performed in O(1) time. Thus the algorithm performs O (|V'|) function evaluations and O (|V]) additional time.

B.2. Analysis of the Approximation Guarantee

For analysis purposes, we annotate the main quantities in the algorithm using the superscript (¢): qbl(t), S® denote the
respective quantities at the end of iteration ¢; e(*) denotes the element that arrives in iteration ¢; i*)denotes the index of the

part containing e® (.e., el e P;+)). We also let Xi(t) = Si(l) U---u Si(t) denote the set of elements that were added to S;
in the first ¢ iterations, and X(©) = XV’ U...U X](Ct).

We proceed similarly to the analysis from Section 3.3, with the main difference being that we show a stronger upper bound
on the optimal solution value f(5*) in Lemma B.2. As before, we relate 3¢ y(n)) Ao f(SED), £(S™M), and £(S*)

to suitable linear combinations of the dual values 7, constructed by the algorithm. We then derive our approximation
guarantee by analyzing the coefficients of each 7. in the respective linear combinations.

We start by deriving the linear combinations for > ¢ xm)) A f(S® 1) and f(S(™). The proof of the following
lemma is analogous to Lemma 3.2.
Lemma B.1. We have

Z Ay f(SUTY) = Z Ct Vet

e ex () e(Mex ()

and

F8") = Y Gy

e e X (n)
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where

- =41

Lo/ p @) ¢
Q—D<+ ) D

Ct otherwise

Proof. For each e ¢ X ("), by rearranging the definition of (), we obtain

Ae(‘).f(S(til)) = Yev) + ¢(f;1)

(3

By unrolling the update rule for ¢;, we obtain

’YE(T)

(t) . (™)
@ _ g 2 HeEXi sere H

! e(T>€X7.(t)

We first consider ) ¢ ) Aeo f(SED). We have

> A f(S8UY)

e(t)ex(n)

23 (o +e")
e(t) e X (n)

2 Z Ve + < Z (1 + v )Heexfzt_)”: e>e(ﬂ}| Velr)
e®ex(n) ’ Bi(t) e(,.)eXi((t;)l) Bi(ﬂ €

N

Z Yet) + Bg Z (1 + g

Vel
=1 e(t)eXEn) 2 e(T)EXi(t_l) 7
k
C D
= Z Z Ve + o Z Vel Z 1+ —
; B; B;
=L \ewex(™ emMex™ eMex ™ e® el

where in the last equality we performed an exchange of summation.

Fix e(™) € Xi("). Let e(t) e(t2)  e(tm) be the elements of X,i(") that arrived after e(”). We have

D ‘{eEXft_l): e>—e(‘r)}‘
1+ =

> (1+3

e(t)€X§7l): e(t) —e(7)

( p eex ™ v
)

B;

Il
&MS

1

J

(1 + D> [{eex"7 s eme™ Y|

()"

<
I
o
3]
<

NERINGE

Sl

<.
Il

eEX‘("’) ceme® —B, 1) n
o B0 I () ) e xies ) 2

3)

“4)
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((+5) )

< D HeEXi("):e>-e(7)}‘
)

B;

STESISTEY

In the second equality, we used the fact that no elements were added to .S; in iteration ¢t € (¢;_1,¢;), and thus X i(tj -
(t5-1)
X,

Putting everything together, we obtain

Do A f(8UTY)

e ex(n)

k C D |{66X1'(”>: e>—e(t)}| C
:Z Z D<1+B) —— 41|70

; D
=1 cmex(™

c D \Heex@ie=e} o
- Z D<1+ ) -5 +t1] 7%

B, D
e ex(n)

K2

Next, we consider f(S(™)). Let

50 = (50 0 Lo, O s {0, e

Note that we have S®) C S®) for all £. We have

F(S™) = F(S™) - £(S©)
Yo Ao f(SEY)

e esm)
CERETICE

> > A f(SUTY)

e(h g

:Z Z Ay F(SED)

=1 (t) Esi(n)

where the inequality follows from submodularity.

Using the update rules for the dual variables, we obtain

k
MY =37 3" A f(SUY)

i=1 e(ﬂeSf”)
k
23 % (ra+el™)
=1 e“’)ESEn)
& (t=1), o (™)
C D |{€€X1 texe }|
= Z Z Ye) + 5 Z (1 + B) Vel
= i

=1 cwes™ emexth

|
KM”

3

HeEXi(t_l): e>e(‘r)}|
Z Ver + % Z Vel Z (1 + D)

7 B’L
1 e(t)GSE") E(T)GX;’L) e<t>eS§”) s e(t) —e(T)
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where in the last equality we performed an exchange of summation.

Fix e(™) € Xi(”). Let e(t1) e(t2)  e(tm) be the elements of XZ-(") that arrived after e("), in the order in which they arrived.
More precisely, we have {e(t) c Xi("): t> T} = {e(tl),e(tZ), .. .,e(tm)} and 1 < to < -+ < t,. Lettg = 7. We
consider each of the following cases in turn: m < B; and m > B;.

Suppose that m < B;. Note that Si(n) is comprised of the last (at most) B; elements of X i("). Thus we have
{e(t) €S;: el = e(T)} = {e(tj): 1<5< m}
Using the same calculation as above, we obtain
¥ (v
B;
e(”ES?Sn): e(t) —e(T)

B, <1 + D ) | {cexi™: ere™}]

) ’{eEXi(t_l): e>—e(7)}‘

B;

Suppose that m > B;. We have
{e(t) € Si(n): e® - e(T)} = {e(tj): m—B;+1<j< m}
and thus

D |{e€Xi<t71>: e>e(T)}|
" )

(1+2 foex™. o)
+1

D |{e€X7§”): e>e(T>}| D -B;
(1) - (1)

In the second equality, we used the fact that no elements were added to \S; in iteration ¢ € (¢;_1,t;), and thus X
x),

(t-1) _

g

), we have

Yo Yew = > Yew

eWes; e(t)EXi(n) : |{€€Xi(n) : e>e(t)}|<Bi

Since 5™ is comprised of the last (at most) B; elements of X"

Putting everything together, we obtain

" c(  pylfrexie o
f(S())ZZ Z Ve D(1+Bi> *BJFI

=lemex(™: |{eex(: emem}|<B;
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k (n), () _B.
C D ){e€X1 e>e }‘ D B;

i=1 e(T)GX;"): HeGX;"): e>-e(7)}|2Bi

|{e€X;nT> : e>e(")}|
- Z Ve C<1+ D) v —€+1

D B D

emex: [{eex(): eme }<B, )

C D |{e€X§E:_)) : e}e(ﬂ}| D 731(7)
* Z T (1 * Bm) b <1 * BN))

e(Mex (™ Heexf(’f) S eselm) }‘ZB.(T)

as needed. O

Next, we upper bound f(S*) using a linear combination of the . values. Compared to the k-submodular setting, we are
able to obtain a stronger upper bound on f(S*).

Lemma B.2. We have
f5 < Y @vew

e ex(n)
where
/C\t:(D+1)Ct+C—D

and c; is the coefficient from Lemma B.1.

Proof. By monotonicity, we have
F(87) < (s ux™)

Therefore it suffices to upper bound f(S* U X (™). Our first step is to apply submodularity and upper bound f(S* U X (%))
in terms of the marginal gains Aemf(S(t*l)). Let (™) ... e(ta) be the elements of X (), where t; < --- < t,. Let
eltar1) . e(t) be the elements of S* \ X (™). We have

FXMUYS) = (XM US) - f(0)
a-+b

_ i f (fet) et
8 aeat ({60}

a+b

<Y A F(SUY)
=1
= D Al + Y A (st

e ex(n) e eS*\ X ()

The inequality follows by submodularity: we have S(*i-1) C X (*i-1) C {e(tl), oy eltizn) }

For each element e ¢ X (™) we have A, f(S¢~Y) < qbgf; Y. Moreover, the dual values qbgt) are non-negative.
Therefore

_ —1 —1
Yoo AwfSE < Y gl < Y gl
e eS*\ X () e eS*\ X (n) e(t) e S*

Using that ¢>Z(.t) is non-decreasing with ¢, the feasibility of S*, and the update rule for ¢;, we obtain

k

PORCARED DD DI

et es* 1=1 e eS*NP;
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k
<y o |s"n P
P \H,_/

<B;

Szk:¢§n)3i

i=1

k
_ "B, (6 — ¢

>0, CRET
Y X ()

i=1 e x (™

k
= Z Z (DAe(t)f(S(t_l)) + (C - D) 'Ye(t))

i=1 e x (™

> (DAawf(S(t*l)) +(C - D)%(w)
e®ex ™)

Putting everything together and using Lemma 3.2, we obtain
FXMUSs) < Y DFDAWST)H(C=D) Y e
e®ex (™)

= > ((D+1)ei+C=D)yw
et e X (n)

e ex(n)

as needed.

We now derive the approximation guarantee. The proof of the following lemma is analogous to Lemma 3.5.

Lemma B.3. Let B = min;cy) B; be the minimum budget among all parts. If we set C' = D, we obtain

f(9) . Ct D\~ " 1

> >|1—-(14+—= —_—
F(S) = 1 ek m 3 iz Dt1
where ¢; and ¢, are the coefficients from Lemmas B.1 and B.2.

Proof. We will use the following standard inequality:

n

b ay L oa;
Lici % o %
Yo bi T icn] b;

By applying the above inequality, we obtain

f(9) G
> -
F(S*) = ¢ clvexm &

‘We now lower bound the ratio of the coefficients. Recall that C = D.

Consider e € X andlet j = He € XZ(Z:)) e > e(t)}’. If j > B,), we have

S+ 2 )j 1= (14 52 )_Bi(”
¢ D B B

J
(D+1)(S(1+Bi’t)) —g+1)+C—D
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c D J =B,
5(“_31«0) <1_(1+ )

J
(D+D%0+é%)—%+l

D \ @\ 1 C
(1(”31-“)) >D+1 <Dl)

D
B

If 5 < B;, we have

c D c
o J
“ DG (1) -G+
1 c_,
- D+1 D
Therefore
f8) oy (1.DY 7Y
f(S*) — B D+1
where B = min;¢[;) B; is the minimum budget. O

C. Additional Experimental Results

We performed the influence maximization experiment described in Section 5 with varying values of k and obtained similar
results. Figure 3 reports the experimental results for influence maximization with £ = 10 topics.

Influence Maximization (k=10)

2500 { — Greedy
PrimalDual

2000 -

—
o
o
=3
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=
1)
S
5

500

0 5 10 15 20 25 30
Minimum Budget B = rgmB,

Influence Maximization (k=10)
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160000
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Figure 3. Experimental results for influence maximization with k = 10 topics. We report the mean and standard deviation over 5 runs.
Greedy is the offline Greedy algorithm of (Ohsaka & Yoshida, 2015) implemented using lazy evaluations. PrimalDual is our Algorithm 1.



