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In this paper, we study approximation algorithms for several classes of DR-submodular opti-
mization problems, where DR is short for diminishing return. Following a newly introduced
algorithm framework for zeroth-order stochastic approximation methods, we first propose
algorithms CG-ZOSA and RG-ZOSA for smooth DR-submodular optimization based on
the coordinate-wise gradient estimator and the randomized gradient estimator, respectively.
Our theoretical analysis proves that CG-ZOSA can reach a solution whose expected ob-
jective value exceeds (1 —e~! —€2)OPT —e¢ after O(e~2) iterations and O(N?/3de~2) oracle
calls, where d represents the problem dimension. On the other hand, RG-ZOSA improves
the approximation ratio to (1 —e~! —¢?/d) while maintaining the same overall oracle com-
plexity. For non-smooth up-concave maximization problems, we propose a novel auxiliary
function based on a smoothed objective function and introduce the NZOSA algorithm.
This algorithm achieves an approximation ratio of (1 — e ! — elne ! — 2Ilne™!) with
O(de~?) iterations and O(N?/3d3/2¢3) oracle calls. We also extend NZOSA to handle a
class of robust DR-submodular maximization problems. To validate the effectiveness of our
proposed algorithms, we conduct experiments on both synthetic and real-world problems.
The results demonstrate the superior performance and efficiency of our methods in solving
DR-submodular optimization problems.
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estimation, robust optimization, approximation algorithm

x. Corresponding author

(©2024 Yuefang Lian, Xiao Wang, Dachuan Xu and Zhongrui Zhao.

License: CC-BY 4.0, see https://creativecommons.org/licenses/by/4.0/. Attribution requirements are provided

at http://jmlr.org/papers/v25/23-1523.html.


https://creativecommons.org/licenses/by/4.0/
http://jmlr.org/papers/v25/23-1523.html

LiaN, WANG, XU AND ZHAO

1. Introduction

Submodular optimization has become increasingly popular in machine-learning due to its
inherent property of diminishing returns. This powerful characteristic of submodular set-
functions has led to applications in various domains, including sensor placement (Guestrin
et al., 2005), dictionary learning (Das and Kempe, 2011), influence maximization (Kempe
et al., 2003), data summarization (Lin and Bilmes, 2010, 2011), data subset selection (Mirza-
soleiman et al., 2016; Wei et al., 2015), image summarization (Mirzasoleiman et al., 2018;
Feldman et al., 2018; Tschiatschek et al., 2014) and optimal budget allocation (Soma et al.,
2014). The continuous extension (e.g. multi-linear extension) of submodular set-functions
has gained considerable attention due to its ability to enhance the effectiveness of continu-
ous optimization methods in solving set submodular optimization problems (Lovéasz, 1983;
Chekuri et al., 2014; Calinescu et al., 2011; Feldman et al., 2011). Moreover, many scenarios
require maximizing continuous submodular functions, an extension of the concept of sub-
modularity to continuous domains. These examples range from non-convex/non-concave
quadratic programming (Bian et al., 2017a) to robust budget allocation (Staib and Jegelka,
2017), network security games (Wilder, 2018), and so on. More applications on continuous
submodular optimizaiton are referred to (Bian et al., 2017b; Bach, 2019).

The recent surge in attention given to numerical algorithms for DR-submodular opti-
mization is notable, especially for large-scale optimization problems. Several efficient algo-
rithms have been proposed for stochastic DR-submodular maximization, for which stochas-
tic oracles can be available through sampling from a distribution (Hassani et al., 2017;
Mokhtari et al., 2020; Hassani et al., 2020; Zhang et al., 2020, 2022; Lian et al., 2024; Chen
et al., 2020b; Pedramfar et al., 2023). In practical scenarios, however, it may be difficult to
obtain information about the distribution function the random variable follows, with only
historical data being accessible. Taking this limitation into account, we aim to address the
finite-sum DR-submodular maximization problem:

1
max f(x) := + ; f(x,&). (1)
Here, f(-,&) : R* = R,t € {1,...,N} =: [N], are continuous, f : R? — R is monotoni-
cally non-decreasing, non-negative and DR-submodular function (refer to Definition 1), and
X C Ri represents a compact and convex set. In order to characterize the worst-case per-
formance of the objective function, our focus extends to a class of robust DR-submodular
maximization problems:

N
max % Z {f(x, &) = llgl[}\l}] fi(x, fi,t)} ) (2)
t=1

xeX

where & = {&,i € [M]}, t € [N], fi(-,&4) : R? = R, i € [M],t € [N] are monotoni-
cally non-decreasing, non-negative and DR-submodular functions, and X C R‘i represents
a compact and convex set. The max-min problem is particularly advantageous for concave
functions, as their concavity is preserved under point-wise minimization operations. How-
ever, it should be noted that the minimum of a set of DR-submodular functions is up-concave
(refer to Definition 2), i.e., concave along any non-negative/non-positive direction, but not
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necessarily DR-submodular. Additionally, when dealing with a group of smooth functions
fi(x, &), the minimum function f(x, §;) may become non-differentiable, thus losing smooth-
ness. Therefore, up-concave maximization problem without smoothness has attracted our
interest. In this work, our goal is to develop specialized approximation algorithms that uti-
lize only stochastic function values provided by stochastic zeroth-order oracles to maximize
smooth DR-submodular functions and non-smooth up-concave functions. When applying
an approximation algorithm to solve the problem maxyxcx f(x), the performance of the al-
gorithm is evaluated based on the approximation ratio v and complexity. We quantify the
algorithm’s performance by the following inequality:

E [f (Xoutput)] = 7f(x*) — ¢,

where v € (0, 1] is the approximation ratio, x* represents the optimal point, Xoutput is the
output returned by the algorithm, and € denotes the accuracy of the algorithm. The accu-
racy € is used to derive the iteration complexity and the oracle complexity of the algorithm.
For simplicity, the oracle complexity of our approximation algorithm is in terms of total
number of calls to stochastic zeroth-order oracles. Our objective is to design approximation
algorithms that achieve a higher approximation ratio while maintaining lower complexity.

Derivative-free optimization algorithms have gained widespread attention due to their
independence from the derivative information of the objective function (Larson et al., 2019;
Conn et al., 2009), including trust-region methods (Menhorn et al., 2017; Chen et al., 2018b;
Shashaani et al., 2018; Larson and Billups, 2016) and direct-search methods (Dzahini, 2022;
Dzahini et al., 2023). These methods are particularly useful in scenarios where only func-
tion values are available due to their sound theoretical properties, but they can only find
approximate stationary points. A specific category of algorithms, known as zeroth-order op-
timization algorithms, which typically rely on estimating gradients using available stochas-
tic function values and sampling techniques, are tailored to optimize functions using only
observed stochastic function values. Zeroth-order optimization algorithms, which are par-
ticularly valuable when gradient computations are prohibitively costly, have consequently
garnered significant attention in the field of machine learning (Nesterov and Spokoiny, 2017;
Ghadimi and Lan, 2013; Xu et al., 2023). Recently, zeroth-order approximation algorithms
have found applications in various domains for DR-submodular optimization. For instance,
they have been used to black-box adversarial attack models, where only black-box informa-
tion is accessible when attacking submodular recommendation systems (Chen et al., 2020b).
In addition, for the problem of D-optimal experience design, the gradient of the objective
function requires inverting a potentially large matrix (Chen et al., 2018a), and the objective
function of robust DR-submodular maximization (Wilder, 2018) is non-differentiable. How-
ever, designing stochastic zeroth-order approximation algorithms for the aforementioned
DR-submodular optimization problems presents several challenges and issues that need to
be addressed.

The zeroth-order version of continuous greedy algorithm and Frank-Wolfe algorithm
have been designed for black-box DR-submodular maximization problem (Chen et al.,
2020b; Pedramfar et al., 2023). However, the oracle complexity of the algorithm in (Chen
et al., 2020b) is relatively high and strongly depends on the problem dimension d, and the
performance of stochastic zeroth-order algorithms in (Pedramfar et al., 2023) seems not
quite satisfying when applying to (1), as shown in Table 1. The large variance arising from
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the errors of the approximate gradient may lead to divergence in the approximation analysis.
Therefore, designing an efficient zeroth-order approximation algorithm for DR-submodular
maximization with higher approximation ratio and lower oracle complexity is a challeng-
ing task. Moreover, the existing literature primarily focuses on smooth DR-submodular
maximization problems, while the research on non-smooth up-concave maximization is still
limited. Specifically, Lee et al. (2022) has introduced a sub-gradient method to deal with
the non-differentiable up-concave function, but the approximation ratio still needs to be
improved and there is no theoretical guarantee of zeroth-order algorithm for non-smooth
DR-submodular maximization problem. Furthermore, note that the minimum of a set
of smooth DR-submodular functions may be non-smooth, thus the challenge of solving a
non-smooth up-concave maximization problem highlights the non-trivial nature of robust
DR-submodular maximization. In fact, the specific structure of robust DR-submodular
maximization poses additional challenges and opportunities for developments of zeroth-
order approximation algorithms.

To address the aforementioned challenges, we have identified two main techniques to
ensure desirable approximation ratio and oracle complexity in our analysis. The first one,
inspired by the stochastic variance reduction technique in (Johnson and Zhang, 2013),
is the double-loop zeroth-order stochastic approximation algorithm framework. Initially
introduced for stochastic convex optimization (Johnson and Zhang, 2013), this technique
has been extensively studied for general non-convex minimization problems and successfully
improved the convergence rate in works such as (Reddi et al., 2016a,b; Allen-Zhu and Hazan,
2016). We will demonstrate that it can also reduce the variance in approximation analysis,
allowing the zeroth-order algorithm to achieve the desired approximation guarantee more
efficiently. The second technique we employ is leveraging an auxiliary function to enhance
performance. Ranther than designing an approximate gradient for the original objective
function, applying the stochastic gradient algorithm to a related auxiliary function has
been shown to effectively improve the approximation ratio, as demonstrated in (Zhang
et al., 2022). This technique was first introduced in (Alimonti, 1994; Khanna et al., 1998)
as an alternative to classical local search methods like the greedy algorithm, and it has been
employed to improve approximation algorithms for set function maximization problems
by carefully selecting the auxiliary function (Filmus and Ward, 2014). More recently, the
similar techniques in various forms have been used for continuous submodular maximization
to boost the approximation ratio (Mitra et al., 2021; Zhang et al., 2022). However, the
integral auxiliary function utilized in (Zhang et al., 2022) may cause divergence in the non-
smooth case due to the introduced error. To tackle this issue, we introduce a finite-sum
auxiliary function based on a smoothed function, which effectively mitigates the variance
caused by the biased integral auxiliary function.

1.1 Contributions

Our main contributions are summarized as follows.

e For the smooth DR-submodular maximization problem, by incorporating the integral
auxiliary function we propose two zeroth-order stochastic approximation algorithms,
which fall into a generic framework for zeroth-order stochastic approximation methods
(Algorithm 1). The first is the CG-ZOSA algorithm, which employs coordinate-wise
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gradient estimation of an integral auxiliary function to design approximate gradients
in Algorithm 1. It can find an approximate solution whose expected objective value
exceeds (1 — e~ ! — €2)OPT—e after O(e2) iterations and O(N?/3de2) oracle calls.
The second is the RG-ZOSA algorithm, which uses randomized gradient estimation
of an integral auxiliary function to design approximate gradients in Algorithm 1,
improving the approximation ratio to (1 —e~! — ¢2/d). Detailed comparison between
our algorithms and existing works is presented in Table 1.

e For the non-smooth up-concave maximization problem, we propose a zeroth-order
stochastic approximation algorithm by designing a finite-sum auxiliary function. This
auxiliary function with finite-sum form allows for a trade-off between the approxima-
tion ratio and oracle complexity. Additionally, we propose the NZOSA algorithm,
an enhanced version of RG-ZOSA, which achieves a (1 —e ! —elne ! — 2Ine})-
approximation guarantee with O(de~2) iterations and O(N?/3d3/2¢=3) oracle calls
under mild conditions. To the best of our knowledge, the study on zeroth-order algo-
rithms for non-smooth up-concave maximization problems is novel in the literature.
Detailed comparison between our algorithm and existing works is presented in Table
2.

o We extend NZOSA to handle a class of robust DR-submodular maximization prob-
lems and evaluate our proposed algorithms on synthetic and real-world tasks, including
quadratic programming, multi-resolution data summarization and robust budget al-
location problems. The numerical results demonstrate the effectiveness and efficiency
of our algorithms.

1.2 Related Work

We next list research works that are closely related to our paper.

Stochastic submodular maximization. Submodular set-function maximization orig-
inates from combinatorial optimization (Nemhauser et al., 1978; Fisher et al., 1978). The
application of continuous optimization techniques (Lovasz, 1983; Chekuri et al., 2014) to
solve submodular set-function optimization problems has attracted much attention. The
appeal of such techniques lies in their ability to address a wider range of constraints as-
sociated with submodular set-function maximization. Consequently, the development of
continuous greedy algorithms emerges as a solution for problems with multi-linear exten-
sions, representing a special case of DR-submodular functions (Vondriak, 2008; Calinescu
et al., 2011; Feldman et al., 2011). Subsequently, these algorithms are further analyzed
in the context of general smooth and continuous DR-submodular functions (Bian et al.,
2017a,b; Du, 2022).

To address scenarios where only the stochastic gradient information is available, re-
searchers have developed stochastic first-order approximation algorithms (Mokhtari et al.,
2020; Hassani et al., 2020; Zhang et al., 2020; Hassani et al., 2017; Zhang et al., 2022;
Lian et al., 2024) for both monotone and non-monotone cases. One notable method is the
stochastic continuous greedy algorithm (SCG), first proposed for monotone DR-submodular
maximization by Mokhtari et al. (2020), with at least (1—1/e)OPT—e approximation guar-
antee after O(e~3) stochastic gradient oracle calls. By incorporating variance reduction
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Algorithm Setting Oracle Utility Iter. Comp. Ora. Comp.
(Hassanif‘;Aal 2017) stochastic  sto. grad. (1/2)0OPT—¢ O(c72) O(e?)
(Mokhtar??etGal 2020) stochastic  sto. grad. (1-1/e)OPT—e¢ O(e3) O(e3)

BGA , - >
(Zhang et al. 2022 stochastic  sto. grad. (1-1/e)OPT—e¢ O(e™?) O(e?)
BCG i -3 3.—5
(Chen et al. 2020D) stochastic  sto. func. (1-1/e)OPT—e¢ O(de™?) O(d3¢?)
(Pedramfalj\z al. 2023) stochastic  sto. func. (1/2)OPT—e¢ @(defiﬁ) @(de*‘r’)
(Tchf(;i)OmS?Q; finite-sum  sto. func. (1-1/e— 62)OPT—€ 0(5—2) O(N2/3de—2)
(ﬁfg)i?ms?ﬂ finite-sum  sto. func. (1 —1/e — €2/d)OPT—e O(de™?) O(N2/3de*2)

Table 1: Comparison of stochastic approximation algorithms for smooth monotone DR-
submodular optimization. The terms “Iter. Comp.” and “Ora. Comp.” abbrevi-
ate iteration complexity and oracle complexity, respectively, indicating the total
number of iterations and calls to zeroth-order oracles. “Sto. grad.” and “Sto.
func.” are short for stochastic gradient and stochastic function value. The nota-
tion O is used to hide the logarithmic factor in the approximation error bound,
and OPT represents the optimal objective value. It is worth noting that the works
of stochastic algorithms presented here operate under the standard L-smoothness
assumption and general convex set constraints, and the algorithm RG-ZOSA
requires extra Lg-Lipschitz continuous assumption. Compared to existing zeroth-
order approximation algorithms, our proposed algorithms significantly improve
the complexities while achieving utility that approaches (1 — 1/e)OPT, when e
is sufficiently small. Additional relevant work that depends on supplementary
assumptions (e.g. high-order smoothness) will be explored in Subsection 1.2.

Algorithm Setting Ora. Utility Iter. Comp. Ora. Comp.
MP stochastic _9 9
(Lee et al. 2022) DR sto. grad. (1/2)OPT—e O(e?) O(e™?)
NZOSA finite-sum = 1 2y -1 B _9 23 13/2.—3
(Theorem 24) 1p-concave sto. func. (1—e elne elne ) OPT—e  O(de ?) O(N=/°d*4e=)

Table 2: Comparison of stochastic approximation algorithms for non-smooth DR-
submodular (up-concave) optimization. Note that the algorithm NZOSA can be
applied to general non-smooth up-concave optimization, and can achieve a utility
close to (1 —1/e) when e becomes sufficiently small, though this comes at the cost
of increased complexity.

techniques, the improved version SCG++ in (Hassani et al., 2020) achieves (1 — 1/e) ap-
proximation ratio with O(e~2) stochastic gradient evaluations under high-order smoothness
assumption. Recently Lian et al. (2024) further weakens the assumption conditions and
obtain the same approximation guarantee by adopting stochastic variance reduction tech-
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nique on SCG. Another efficient method for monotone DR-submodular maximization is
the stochastic gradient method (Hassani et al., 2017; Zhang et al., 2022). In particular,
the stochastic projected gradient ascent (GA) algorithm in (Hassani et al., 2017) reaches
a 1/2-approximation to the global maximum after O(s~2) iterations by identifying a sta-
ble point, and the boosting gradient ascent (BGA) algorithm proposed in (Zhang et al.,
2022) yields a solution whose objective function achieves at least (1 — 1/e)OPT—e after
O(e~2) iterations, which effectively improves the approximation ratio from 1/2 by design-
ing an auxiliary function. For non-monotone DR-submodular maximization problems un-
der down-closed convex set constraints, the SMCG++ algorithm introduced in (Hassani
et al., 2020) achieves a 1/e-approximation ratio after O(e~2) stochastic gradient evalua-
tions. Furthermore, the SPIDER-CG algorithm presented in (Lian et al., 2024) provides a
1(1—mingec ||7]|oo)OPT—€ guarantee with O(e~2) stochastic gradient oracles under general
convex constraint sets.

Zeroth-order stochastic optimization. Zeroth-order optimization algorithms have
become increasingly popular in scenarios where only function value information is available.
A variety of algorithms have been proposed, such as those introduced by Ghadimi and
Lan (2013); Duchi et al. (2015); Nesterov and Spokoiny (2017), which employ Gaussian
smoothing techniques applicable to both convex and non-convex optimization problems.
Accelerated zeroth-order algorithms based on variance reduction techniques have also been
studied (Liu et al., 2018a; Ji et al., 2019). Additionally, research has also focused on zeroth-
order algorithms for constrained optimization (Balasubramanian and Ghadimi, 2018; Huang
et al., 2019; Chen et al., 2020a; Liu et al., 2018b) and non-smooth optimization (Huang et al.,
2020; Ghadimi et al., 2016; Lin et al., 2022).

The study of zeroth-order stochastic approximation algorithms for DR-submodular max-
imization is yet limited. The black-box continuous greedy (BCG) algorithm (Chen et al.,
2020b) achieves the tight (1 — e~!)OPT—¢ approximation guarantee after O(d%¢~°) func-
tion evaluations in a stochastic setting. In (Pedramfar et al., 2023), a unified algorithm
framework is presented for maximizing continuous DR-submodular functions, encompass-
ing various settings and oracle access types. Among them, the stochastic Frank-Wolfe al-
gorithm achieves a (1/2)OPT—e approximation guarantee under general convex constraint
set C after O(de~®) calls to stochastic zeroth-order oracles, and the stochastic continuous
greedy algorithm achieves (1 — 1/e)-approximation for the case that the vector 0 belongs
to the set C. However, for more general non-smooth up-concave maximization, the study of
zeroth-order approximation algorithms is still scarce.

Robust submodular maximization. Krause et al. (2008) studies the robust set
submodular maximization problem maxgecov min;epy, fi(S), where fi(S) : 2V 5 R foric
[n]. Various extensions of robustness have been explored in works such as Chen et al. (2016);
Staib et al. (2019); Adibi et al. (2022). For continuous robust submodular maximization,
Wilder (2018) introduces a randomized smoothing technique to handle zero-sum games
with submodular structure in network security games. Staib et al. (2019) proves that
the objective becomes smooth under a high sample variance condition for distributionally
robust submodular maximization defined by X2-divergence. Lee et al. (2022) systematically
studies Holder-smooth and non-smooth submodular problems, proposing a variant of the
mirror-prox algorithm that achieves a (1/2)OPT—e guarantee for the non-smooth case.
Additionally, the mirror-prox method is applied to robust submodular maximization to
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obtain a solution whose function value is at least (1/2)OPT—e. In our paper, we present
the first zeroth-order approximation algorithm for robust DR-submodular maximization
problem.

1.3 Application Examples

We next give several examples for DR-submodular optimization in real-world applications.

Quadratic programming. Non-convex quadratic programming has many applica-
tions in machine learning. Generally, it cannot be solved for a global optimal solution in
polynomial time. However, the DR-submodular function introduces a non-convex structure

that can be solved approximately. We consider to maximize a DR-submodular function f
defined as

1
f(x) = ixTHx +hlx +c,

subject to linear constraints. This type of problems arise in scheduling (Skutella, 2001;
Bian et al., 2017b). The DR-submodular quadratic programming problem requires that all
off-diagonal entries of H are non-positive, i.e., H; ; < 0,V7, j, and it is obviously smooth.

Multi-resolution data summarization. The multi-resolution summary problem
(Bian et al., 2017b; Lee et al., 2022) with a non-differentiable utility function is regarded as
a non-smooth up-concave maximization problem. Specifically, given a set E = {e1,..., e},
we assign each data e; a non-negative weight x; to measure its importance by which to
determine whether the data is recommended. In general, the user will set a threshold 7
to decide the set S; = {e; : x; > 7} which represents the level of details or resolution of
summary. The weight of each point e; is determined by a DR-submodular maximization
problem where the utility function is given by

k k k k
DD bxg)sig = ) D xixgsij.
i=1 j—1 i=1 j—1

Here, s;; > 0 is the similarity index between two items e; and e;, and ¢(-) is monotone and
concave. It is obviously that utility function above is up-concave.

Optimal budget allocation. Optimal budget allocation is a classical submodular
maximization problem (Bian et al., 2017b). We describe it as a bipartite graph (S,7; W),
where S and T are sets of advertising channels (e.g., TV and websites) and customers
respectively, and W C S x T is an edge set. Each edge has a weight {ps:}(s)ew which
denotes the influence probability of channel s to customer ¢. The goal is to maximize the
expected influence on customers by distributing the budgets, which concludes the time or
space of advertisements (Soma et al., 2014; Hatano et al., 2015). More precisely, the total
influence of customer ¢ from all channels can be modeled as

Li(x)=1- H (1= pst)™,

(s,t)eW

where x € ]Ri denotes the budget assignment from S channels. The objective is to maximize
> ier It(x), where x is constrained within some set X. It is easy to prove that I;(x)
is monotone and DR-submodular according to the second-order equivalent condition of
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DR-submodularity (Bian et al., 2017b), i.e., 682){:)(:;) < 0,Vi,j. If there are N advertisers
1 N]

providing N schemes, let x = [x!,..., x"], where x' € }Ri. We aim to maximize the impact
on the least affected customers with the influence of N advertisers, modeled as

N
mEXZai Itréir}llt(xi), (3)
i=1

where «; > 0 denotes the weights. Obviously, (3) is a robust DR~-submodular maximization
problem.

1.4 Organization

The rest of our paper is organized as follows. Preliminaries, including relevant notations,
definitions, zeroth-order gradient estimations and a generic zeroth-order stochastic approx-
imation algorithm framework, are given in Section 2. In Section 3, we propose two specific
zeroth-order stochastic approximation methods, CG-ZOSA and RG-ZOSA, and present
their approximation analysis for smooth DR-submodular maximization problem. Section
4 introduces a novel finite-sum auxiliary function for smoothed functions, and then de-
signs the NZOSA algorithm for non-smooth up-concave maximization. We further extend
NZOSA to apply for a class of robust submodular optimization problems in Section 5.
The efficiency of the proposed algorithms is validated by extensive experiments in Section
6. Finally, we present our conclusions in Section 7.

2. Preliminaries

2.1 Notations and Definitions

We denote basis vectors by e; := (0,...,1,0,...,0)" ¢ R?, where the i-th component is
1, and the radius and diameter of the constraint set X by R := maxyxex|x|| and D :=
maxy yex||X — y|| respectively, where ||-|| is fo-norm by default. For x,y € R% we denote
(xVy)i = max{x;,y;} and (xA\y); = min{x;,y;}, and x <y means x; < y;,Vi € [d]. Given
x € R? and u > 0, denote by By(x,u) = {y € RY|||x —y|| < u} the fo-norm ball of radius u
centered at x, and denote S = {x € R?: ||x|| = 1} as the unit sphere. Given D C R%, we say
that f: D — R is Lg-Lipschitz continuous w.r.t. the norm |[|-|| if | f(x) — f(y)| < Lo||lx —y||
for any x,y € D, and that f is L-smooth if its gradient is L-Lipschitz continuous. A
continuous function f : D — R is said to be submodular, if

fR) +fy) =z fxVy)+ f(xAy)

holds for all x,y € D. If furthermore f is twice differentiable, the submodularity is equiva-

lent to that all off-diagonal entries of its Hessian are non-positive, i.e., 682 (x’;) <0,vxeD
and 7 #£ j.

Definition 1. (DR-submodular function) Given a convex set D C R? a continuous
function f : R? — R is said to be DR-submodular over D, if for any x <y € D and a € R
such that (ae; +x) € D,(ae; +y) € D, Vi € {1,2,...,d}, the following diminishing return
(DR) property holds:

f(ae;+x) — f(x) > f(ae;i +y) — f(¥)
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Submodular

Figure 1: The relationship between concavity, up-concavity, DR-submodularity, and sub-
modularity.

Note that Definition 1 is equivalent to V f(x) < Vf(y), V x > y when f is differentiable,
and %ﬁ? < 0,¥x € D and Vi, j, when f(x) is twice differentiable. If f is continuously
differentiable, it holds that

(VIx),y —x) > f(xVy)+ f(xAy) - 2f(x), Vx,y€D. (4)

For more properties of DR-submodular functions, we refer interested readers to (Hassani
et al., 2017; Bian et al., 2017a,b).

Definition 2. (Up-concave function) A function f : R? — R is said to be up-concave,
if for any x € R? and any non-negative direction v > 0, f(x + 3v) is concave w.r.t. 3 € R.

By Definition 2, if f : R — R is an up-concave function at any given point x € R%,
there exists gx such that

f@) < fx) +gi(y—x), Vy<xory>x. (5)

Denote 07 f(x) as the set of g, that satisfies above inequality. If f is differentiable, 9 f(x) =
{V f(x)}, which also shows that f is concave along any non-negative/non-positive direction.
Furthermore, if f is twice differentiable, it holds that

(y—x)"Vf(x)(y —x) <0, Vy<xory>x.

Moreover, it is obvious that a continuous concave function is up-concave. A DR-submodular
function f must be up-concave according to the definition or the equivalent conditions of
DR-submodular, but the converse is not true.

We present a description of the relationship among submodularity, DR-submodularity,
concavity and up-concavity in Figure 1.

2.2 Zeroth-order Gradient Estimation

The focus of this paper is to design stochastic approximation algorithms based on zeroth-
order gradient estimations and investigate their properties accordingly. There are two types

10
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of zeroth-order gradient estimation that are widely used in the literature: the coordinate-
wise gradient estimation and the randomized gradient estimation. Specifically, for f(x,&;),
define

d
1
(CoordGradEst) gcoord X gt Z 27 X + uey, gt) - f(X — uer, gt)) €,
= Y
d
(RandGradEst) g%, v, &) = 5 (F(x -+ u, &) — F(x— un, &) v
U
where u € Ry and v € R? is sampled following the uniform distribution on the unit sphere
S. Note that the randomized gradient estimator gyang(X, v, &) relies on the random variable
v, thus providing a stochastic approximation to Vf(x,&;). The coordinate-wise gradient
estimator generates a deterministic approximation with the upper bound of the estimation
error addressed in the lemma below. Proofs of lemmas in this subsection are presented in

Appendix A.
Lemma 3. Assume that f(x,&;) is L-smooth, then ||gcoord(X, &) — VE(x, &) ||? < L2du?.

To investigate the properties of the randomized gradient estimator grang(x,v,&), we
introduce a smoothing function for f(x,&;). Let u be the uniform density w.r.t. Lebesgue
measure on the B;(0,u), the smoothed function f, : R? x 2 — R is defined as

£,(x,&) = /R B+ v, E)uly)dy = Eo [F(x + uv, &), (6)

where v is a random variable chosen uniformly from the d-dimensional unit ball B4(0, 1).
Meanwhile, we define f, : R? - R as

Ful) 1= D Bl ) = Eu[fx+ o). @

The following lemma summarizes the key properties of f,(x).

Lemma 4. Let f : R® — R be monotonically non-decreasing, non-negative and DR-
submodular (resp. up-concave). Then the following statements hold true.

(i) fu(x) is monotonically non-decreasing, non-negative and DR-submodular (resp. up-
concave).

(it) If f(x) is L-smooth, f,.(x) is also L-smooth.

(i) If £(x,&) is Lo-Lipschitz continuous for any t € [N], f.(x) is differentiable and LOTﬂ-
smooth, and moreover, |f,(x) — f(x)| < Lou.

It is noteworthy that the smoothing parameter of f,, depends on v when f is merely Lo-
Lipschitz continuous. This dependency is crucial for the algorithm design and theoretical
analysis in the non-smooth case.

We now present the properties of the randomized gradient estimator as follows.

11
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Lemma 5. Suppose that f(x,&) is Lo-Lipschitz continuous for any t € [N], then we have

E[grand(xa v, {t)|X] = vf,u(xa §t), ngand(xa v, gt) - grand(ya v, {t)HQ S MgHX - YHQa (8)

where M, = %. Furthermore, it holds that

E[|V fu(x, &) — 8rana (X, v, &) ||x] < 16v27mdL§, ¥t € [N]. (9)

Remark 6. For the case that f(x,&) is defined on D = Hle[ojai], the function may
not be defined at the point x + uv or x + uey if they fall outside of D. To address this
issue, we can either shrink the domain D to [[,[u, a; — u] with small w > 0 (Chen et al.,
2020b), or construct a set Dy, as described in (Pedramfar et al., 2023), ensuring that the
above gradient estimators are well-defined. The purpose of these strategies is to ensure the
meaningful gradient estimation computations within the feasible region. In our setting, for
simplicity we define f(x,&) in R? for t € [N], meaning that the oracle can be queried for
any point in RY.

2.3 Zeroth-Order Stochastic Approximation Algorithm Framework

There are several stochastic gradient approximation methods in the literature for the DR-
submodular maximization problem. The stochastic gradient ascent (GA) algorithm (Has-
sani et al., 2017) for the DR-submodular maximization problem in the expected form has
been shown to achieve 1/2 approximation ratio by randomly selecting an approximate gra-
dient. To further improve the approximation ratio, Zhang et al. (2022) designed an approx-
imate gradient of an auxiliary function F. Consequently, the approximation performance
of the gradient ascent (GA) algorithm was improved from 1/2 to 1 — 1/e with access to
stochastic gradient information. It is important to note that both aforementioned meth-
ods follow a single-loop algorithm framework based on stochastic first-order information.
These zeroth-order variants, which rely on a similar algorithm structure, may not enhance
the approximation performance. For example, the zeroth-order gradient ascent algorithm
(ZO-GA, presented in Algorithm 3), which directly replaces the stochastic gradient with
a zeroth-order stochastic gradient estimation, can be shown to maintain an approximation
ratio of 1/2 after O(%) oracle calls (see the approximation analysis in Appendix B). To
achieve better approximation performance, the design of more efficient algorithm structures
and a deeper analysis of these algorithms are desired.

The stochastic variance reduced gradient (SVRG) algorithm (Johnson and Zhang, 2013)
is designed for minimizing a finite-sum of smooth functions, ie., f(x) = + SV fi(x).
Within a double-loop framework, SVRG computes an approximate gradient at each inner
iteration inside an epoch as

dy = Vfi(xx) = Vfi(x) + Vf(x),

where ¢ is chosen uniformly and randomly from [N], and the full gradient V f is computed
at a snapshot point X at the beginning of each inner loop. It is worthy to note that SVRG
relies on gradient computations of component functions, whereas our problem setting only
assumes access to zeroth-order oracles.

Here, we present a generic framework of zeroth-order stochastic approximation methods
for DR-submodular optimization in Algorithm 1.

12
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Algorithm 1 Zeroth-order Stochastic Approximation (ZOSA) Algorithm Framework
+1}.

Input: Initial point x, = x¢ € X, positive integers m and S, step-sizes {77JS
Output: x,
1: for s=0,...5—-1do
2: Set xj™! =x3,
3 Compute zeroth-order approximate gradient dS"H at XSH
4 for j=0,...,m—1do
5: Compute zeroth-order approximate gradient d;f“ at x5!
6
7
8
9

J
s+1 _ s+l s+1 3s+1
Compute yj+% =x; 41 dj
Compute XS-L = argmingecx||x —y

Tl
J

j+1
end for
: end for

S and x°

s+1
m Vi )

10: Return x, according to a certain type of probability distribution from x
j=0,....m—1;s=0,...,5—1.

We briefly describe the algorithm framework as follows. The input initializes the starting
point, the number of iterations for the inner and outer loops and the step size at each
iteration. Lines 2 and 3 set the starting point of each loop and compute the approximate
gradient. Line 5 computes the zeroth-order approximate gradient at each inner iteration.
Through Lines 6 and 7 we compute the next iterate, assuming availability of FKuclidean
projection onto the convex set X'. Line 10 returns a random vector according to a certain
distribution.

To achieve desirable approximation guarantees, we attempt to leverage an auxiliary
function and compute approximate gradients based on the proposed zeroth-order stochas-
tic approximation (ZOSA) algorithm framework. In subsequent sections, we will propose
zeroth-order stochastic approximation methods utilizing different gradient estimators and
auxiliary function forms for both smooth and non-smooth cases, and provide the respective
approximation analysis.

3. Zeroth-order Stochastic Approximation Methods for Smooth
DR-Submodular Maximization

In this section we focus on smooth DR-submodular maximization in finite-sum form as
described in (1), i.e.,
N

ma £(x) = - (%, €0), (10)

xeX
t=1

where f(-,&),t € [N] are further required L-smooth.

Our purpose in this section is to design efficient zeroth-order gradient approximations
that can be incorporated into Algorithm 1 for solving (10), and to present the corresponding
approximation analysis. Specifically, we will adopt coordinate-wise gradient estimation
and compute approximate gradients based on an integral auxiliary function in Subsection
3.1. Furthermore, to further improve the approximation performance, we will propose a

13



LiaN, WANG, XU AND ZHAO

novel approach to approximate gradients based on randomized gradient estimation and the
integral auxiliary function of a smoothed function in Subsection 3.2.

3.1 CG-ZOSA based on Coordinate-wise Gradient Estimation

Motivated by (Zhang et al., 2022), we assume that Vf(0x,&;) is Lebesgue integrable with
respect to 6 € (0,1]. Define the auxiliary function F : R? — R by

N _
1691

> F(x,&), where F(x,&) ::/0 —5f0x.&)do, Vte[N]. (1)

t=1

F(x):= %

It is straightforward to obtain

1 60—1
Fx) = /0 © - (6x)d0

which was first proposed in (Zhang et al., 2022) for weakly DR-submodular maximization as
a representation of non-oblivious function. It is obvious that F' is non-negative according to
the non-negativeness of f, and the lemma below summarizes more properties of F'. Before
presenting the properties of F', we define the stationary point for a constrained maximization
problem.

Definition 7. (Stationary point) A vector x € X is called a stationary point of function
f: R4 = R over the compact set X C R, if

max  (Vf(x),y —x) <0.

It is worthy to note that properties indicated by Lemma 8 (ii) and (iii) relies on the
DR-submodularity of f. The proof is given in Appendix C.

Lemma 8. Let x* be the optimal solution of (10) and F(x) be defined by (11). The
following statements hold true.

(i) The gradient of F(x) is given by VF(x fl =1V f(0x)d0, and F(x) is £-smooth.

(ii) For any x,y € X, it holds that (y —x, VF(x)) > (1 - eil) f(y)— f(x). Furthermore,
f(x) > (1—et) f(x*), where x is a stationary point of maxxex F(x).

(i1i) (Zhang et al., 2022, Theorem 2) For any x € X, it holds that F(x) < (14+1In7) (f(x) +9),
where T = LTRQ and § € (0, LR?].

Based on the integral auxiliary function defined above and the zeroth-order stochastic
approximation algorithm framework described in Algorithm 1, we adopt coordinate-wise
gradient estimation to compute an approximate gradient dj“ for solving (10) as follows.
Let random variable © follow the probability function

foe e“*II[Oﬂ (u)du

<) =
PO <0) fol et=ldy

(12)
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where Ijo1)(u) is the indicator function on [0,1]. Let 6 € (0,1] be an ii.d. sample from
random variable © and B be a batch randomly selected from N := {&}N | with |B| = b.
Set

1
Geoord (%, 0, B) == (1= €7") - 5 > Beoora (0%, &1), (13)
&eB

where geoord (0%, &) is defined as (RandGradEst). Obviously, we have
EB[Gcoord(Xa 07 B)] = Gcoord(xa H7N) = (1 - e_l) gcoord(ex)> (14)

where

1
gcoord(ex) = ﬁ Z gCOOTd(nyft)'
&eN

It is worthy to note that geoord(x) is an estimate of V f(x). Moreover, by Lemma 3 and
(14), we respectively have

||gcoord(x) - Vf(X)||2 < LQdu27 (15)
and
E[Gcoord(xv 9, B)’X] = EGN@ [Gcoord(xa HaN)|X] = (1 - e_l) EBN@ [gcoord(ex)b(]

1

— (] —e! <

- (1 )/9:0 gcoord(g )dP(G) < 9)
1

ey [ 6x)d6
—( —€ ) o Wgcoord( X)

= / 1 ' L geoora(0x)dd =: VF(x).  (16)
0

Although, according to Lemma 8(i), Geoord (X, 0, B) is not an unbiased estimate of the exact
gradient VF(x), it still provides a reliable approximation. We thus define the zeroth-order

approximate gradient dj“ at point xj“, j=0,....m—1;s=0,...,5—1, as
dst! = Gcoord(X8+1a GS—H’N)a J=0
J Gcoord(xj+1a 08+17 Bj‘—’—l) - Gcoord(x8+17 98+17 B;'—H) + Gcoord(xg+17 08+17N)7 ] >0
(17)

where BJ‘?H C N contains i.i.d. samples with ]B;+1| =b,and 6°T! € (0,1] is an i.i.d. sample
from the random variable ©. For simplicity, we use CG-ZOSA to name the resulting
algorithm that incorporates (17) to compute d;“ in Algorithm 1.

The lemma below provides properties of the approximate gradient d?“.

Lemma 9. Let d‘;-“,j =0,....m—1,s=0,...5 =1 be computed through (17). Then it
holds that

s+1 1,85+l _ s+1
E[dj x¢ }_VF(xj ),

—e ') (1—2e71) L2
b

3(1
E[IVFGSH) - 5P < ( x5 = x5+ @,
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where Q =6 (1 — 6_1)2 L?du?/b+2 (1 — 6_1)2 L2du? + 2L2R? and VF(x) is defined as in
(16).

Proof Firstly, from Ep [Geoord (X, 0, B)] = Geoord (X, 0, V') and (16), it is easy to obtain
s+1|,5+1
E [dj xS ]
_E [Gcoord(xs~+1795+1738-+1) _ Gcoord(xo+1 gs+1 Bs—i—l) + Geoord (X3 s+l s+l N-)|X;j+1]
—F |:Gcoord( s+1 95—1—1 Berl)‘ s+1:| VF( S+1)

Secondly, from the L-smoothness of the function f(x, ;) and Lemma 3, we obtain that for
any t € [N],

E [choord(‘gxa gt) - gcoord(e}’a 6t)||2]
< 3 (E [choord(exa gt) - Vf(9X7 gt)HQ + HVf(@X, gt) - Vf(gya ft)”z]

+”gcoord(HY7 ft) - vf(GY7 gt) ”2])
< 3(L*Egne [0%x —y|?] +2L%du?)

2 o [P ! 2 2,2
=3[ L?x -yl —————0%df + 2L%du
fol et ldu

(1—2e1)L? 5
=3 /7 L2du? 1
gy Ix I + 6L (18)

Furthermore, it follows from the definition of Geoora(X,60,N) in (13) and the inequality
[geoord(x) = Vf(x)[|* < L2du? in (15) that

E [||Gcoord<x7 0,N) — VF(X)||2|X]
< 2E [||Geoord (%, 0,N) — (1 — e ) VF(Ox)|? + || (1 — e ) VF(6x) — VF(x)|*|x]

=2E [(1—e" ) | geoora (0%) — V £(0x)||* + ||/ YV F(x) — Vf(tx))dt\|2|x]
2
X
<2(1- 6_1)2 L2du? + 2Egpe [/1 et /1 e — t)2L2R2dt|x}
0 0

1 1
—2(1—e ') L2du® 42 < / / e@H=2) (9 — t)thd0> L*R?
0 JO

<2(1—e)? L2du?® + 2L°R?, (19)

<2(1—e 2 L2du? + 2By

‘/ =110 — 1| L|x | dt
0

where the second inequality is due to the L-smoothness of f, the third one follows from the
Cauchy—Schwarz inequality and the boundedness of x as well as

2
(/a-bdt> g/adt-/abzdt, Va,b >0,
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the second equality is implied by fol e~ldt =1 - % and (12), i.e.,

1 1
Ego [/ et_ldt/ e~ — t)2L2R2dt|x]
0 0
101 1 1
:/ (/ et_ldt/ et—l(e—t)%zt> df - L>R?
o—01— 1 \Jizo =0

1 1
:/ ! (/ etl(a—t)%zt) df - L*R*
0=0 t=0
1 1
= / / 29 — t)2dtd6 - L*R?,
0=0 Jt=0

and the last inequality is derived from the fact that felzo f;tl:o e0F1=2) (9 — t)2dtdo < 1.
Therefore, combining (18) and (19) we obtain

[HVF( s+1) d“’?+1|| |Xs+1}
—E[HVF( s+1) <Gmord( s+1_ gt Bs+1) Gcoord(xg+1,95+lylgj+l)
FGeoona (x5, 07N ) P
= Egert [Egrns [IVFOG) = Geoona (5,071 ) + Gooora (5,0, )

Gcoord( s+l s+l BS+1)+Gcoord( s+l s+l Bs+1) Gcoord(X8+1 0=+, )| ‘Xs+1:| |Xs+1]
= Epotn [EBS+1 [HGcoord( s+ g+l Bs-i—l) Gcoord(XSH gs+1 BS+1)+Gcoord( s+1 GSH,N)
~Geoord (X 1 gs+1 Af))| |x§+1} ]xj“} +E[HVF(XS-+1)—GCOOM( 1 gs+1 Af)| |Xs+1]
= E [1Geoora(3 71,071, By = Geoona (057,071 B ) + Geoora (37, 67, )

~Geoora (X3, 0T N 21|+ BIIVE () = Geoora (57,057, ) 25
< E [ Geoora (5,07, B ) = Goona(xg 074, By ) P x|

+E[IVF (xS = Geoora (x5, 051, A2+

1—e1)?
< (b)E [lgcoora (6551, 64) = Beoora (0151, €0) 121

+E [[VFGSH) = Geoora (51, 057, ) 215
- 3L%(1—e” b) (1—2e1)
+2(1—e )’ L2du® + 2L°R?,

6 (1 — 6_1)2 L2du?
b

HXS+1 s+1H2

where the third equality is due to

Bt | Geoora (3707, B — Geoora (0657, 07 BI™) 4 Geoona (5,071,
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Gcoord( s+l 98+1 -N')} =0,

the first inequality arises from the facts that Ep|[Geoora(X, 0, B)] = Geoora(%,0,N) and
E[|[¢ — E[¢]]|?] < E[||¢]|?] for the random variable ¢, and the second inequality follows from
the definition of Geoord (X, 6, B) as given in (13). The proof is completed. [ ]

The next lemma characterizes the relation between the auxiliary function values at two
consecutive iteration points.

Lemma 10. Let X Li=o,. —1,5=0,...5—1 be generated by CG-ZOSA. Then
it holds that for any y e &,

1
F( s+l) >F( s-i-l)_'_ (| s+1 yH2 H s+1 yH )—{—<d§+1,y—xs~+1>

Xjt+1 277J§+1 Xjt+1 J
L
VRS —art)? — (26 178*1) x5t — x5 (20)

Proof It follows from the %—smoothness of F(x) that for any y € X,
L

1 1 1 1 1 1
F(x17) 2 O 4 (VEGG), x5 = x5 = i — x5
F( s+1) <ds+1 ;i% X§+1> <VF( s+1) ds+1 ji% X§+1>
L 1 12
— ol =
= PO (@5t = ) 4 (dg Ly - )
L
(VF( s+1) ds+1 jjrri X;+1> _ 7” ;i% _ §+1||2
- F( S+1) 775+1 <y;i% - X;Jrlvxj‘i% - Y> + <d;+1ay S+1>
J
L
(VF( s+1) ds+1 ji% X;+1> _ 7”in% _ XS»+1H2
1 1 1
> F(x;t) + sﬂmjL—@“W—nﬁlyW+mﬁfww)
4 (djﬂ,y _ X§+1> <VF( 5+1) ds+1 jii §+1> 7” ji} _ §+1||2

(21)

s+1 s+1 _s+1

The second inequality of (21) uses the property of the projection operator: (y? TR X

y) >0 and 2(a,b) = ||al|* + ||b]|* — ||a — b||?, through which we obtain

1 +1 +1 +1 1 1 1 +1 1
(i — %77 x50 —y) = (i — x5 x5 —y) + (X - XX )
> 6Gh )T - y)
1 1 1 1 1
= 5 (e =512 = lly =712 + s = 12) -
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Hence, by plugging the inequality

1
1 1 1 1 1 1 12 1 1)2
(VE(x;™) —dit x5y —x3) 2 = VP — a5 )* - 4775-+1Hx211 —x;
J
into (21) we derive the conclusion. [ |

For simplicity, we denote Ly = 2 (1 — eil) L. Thus, it is obvious that

LFZmaX{ A/3(1—e 1—26_1)L}

For a better presentation of the main theorem in this subsection, we introduce an important
inequality presented in the following lemma.

s+1L

Lemma 11. Given the parameters a,, =0, aj = aj4+1 (1 + %) + n]% and
b=m?<N, ptl= 1 7
J §+1LF
where chrl is non-decreasing and cj“ >4v2,j=0,...,m—1,5=0,...,5 — 1, we have
Y a1+ m) < s (22)
Proof By a; =aj;1(1+ 1)+ 77]5+1L2 /b, we obtain
2

1
B 1, Ll 1,7
aj = <a3+2(1 + H) T (1+ E) + 717

2
= a; 2(1+i)2+L—F 5+1(1+1)+n5+1
J+ m b Mj+1 m

b
s+1712
T Leam .
Snij((l_i_l)mJ_1>

1 N 1 ; 1
:am<1+a)m—]+7F (77;1+11(1+m)m_]_1+ +ns+1(1+ )+778+1>

m

mLF 1 m=J

mLF
e—1
bcjJrl ( )

IN

< 2mLF
= bt
J

where the first inequality comes from a,, = 0 and n8+1 <...< rf“ <n 5+1 , the fourth

equality is because of ns+1 = W the second inequality is due to (141 / m)m J < eand
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the last one is from e — 1 < 2. Combining c“”’1 > CS+1 > 44/2 and b = m?2, we have

LF LF 2mLF

— tand+m) < -4 ar (1 +m)
Cj+1
LF 2mLF
< 7‘*’ ch-—H (1+m)
J
2
bcj
1
47];-4-1 ’
. o I 4m?2L 2 541 1
where the last inequality is because of =f < 5 \@ T T and then ;nj = 4L 77; < 877; -
Hence, the inequality (22) holds true. |

The auxiliary function and the DR-submodularity provides non-convex optimization
with an approximation guarantee, ensuring that the objective value at any stationary point
of the auxiliary function F' exceeds at least (1 — 1/e)OPT, as shown in Lemma 8. We
will demonstrate the approximation performance, including the approximation ratio and

complexity of the CG-ZOSA algorithm by introducing a class of Lyapunov functions.
s+1
d;

Theorem 12. Let the parameters for the computation of and the step-size T]SH m

CG-ZOSA satisfy

1 1
b:m2<N, u = y S+1:7’
Smd & cj'HLF
wherec —4\[\/5 —1)4+j+1, forj=0,..., —1s:0 S—landn?n_lz
nt 1. And return X, according to that P(x, = ijrl) m for j=0,. —1;s=
0,...,8 =1, and P(x, =x3)) = ﬁ Then we obtain

Bl > (1-e -0 () ) 1) -0 (=), (23)

where x* is the optimal solution of (10).

Proof To prove the theorem, we introduce the following Lyapunov function

st _E[F( ) |t - S+1||} j=0,...om—15=0,...,5—1,

a+1L
where a,, = 0 and a; = a;j41 (1 + %) + 5 ~F We bound LS+1 as follows
+1
Lit

_E[F( xS —agp st — x4 xSt - g2 }
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= B[ Fe) = agn (I =2 + ™ = x5t P + 205 = x5t — x|

1
> B PO - agn(+ m)lst = = agn (14 ) g™ = s

> E |FG™) + o SH (bt =y = I = I?) + (@ y = x5

L 1
L\ F 1 12 F 1 12
_77;+ I (ijr ) - d§+ "= (2 N 4ns+1> |X3¢1 —x§+ |
J

1
—aj1(L+m)|xit =57 = aje (1 + m) 5 = 8“H2}

1
2 B P0G+ 5o (I =17 = g™ =y I?) + ™y =)
J
LY =
— gt =P -t - <4ns,+1>|x§i%x§“|2
J

1
_aj—l-l(l + m)”xji% — X§+1H2 — 41 (1 + m) ”XS+1 8+1H2:|

=E |F(x3t) +

J

1 1 1 1 1
> SH (Bt = w2 = It = wl12) + (@™ y = x5 = 05 +Q

Lgp 1
- (2 +ajp1(l+m)— 4778+1> x5t — <P
J

1 ns-‘rlLQ
_ <aj+1 (1 + ) + ]7 Hxs—i—l s+1”2
m b

1
— +1 +1 2 +1 +1 +1 +1
- I +2n;+1E[IIX§-+1—yI — I =yl B [y - x| -0t

Lp 1
- (2 +ajr1(14+m) — 4775+1> E {ijﬁ - xj*lHQ}

J

1

1 1 2 1 1 1 1

> 15 B T =yl - g -y P B[y =T st e
J

where QQ = 6 (1 — 8_1)2 L2du?/b + 2 (1 — 6_1)2 L%du? + 2L?R?. The first inequality comes
from the Cauchy-Schwarz and Young’s inequality, i.e.,

2<Xs+1 o XS+1,XS+1 o XS+1> S 2”Xs+1 _ S'+1H||Xj'+1 o X8+1H

J+l J J J+1
1
<m||xj %— y 1H2—|——mHX§ 1_ s 1||2

the second inequality follows from (20) in Lemma 10 and Ly > %, the third inequality is

due to Lemma 9 and Lp > /3 (1 —e~1) (1 — 2e~1)L, the last equality is derived from the
definition of Lyapunov function Lj“ and aj, and the final inequality is indicated by (22)
in Lemma 11.
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Now, we set y = x* and telescope (24) over all the iterations in epoch s + 1, obtaining

m—1

1

ﬁ“>ﬁ“+§:EL¢H@@ﬂ—fW—w?*«W§
7=0 J

s+1 * s+1\ |, 5+1 s+1
TE [(@57 % - x g - 05t

m—1
1 1
1 * *
:L8+ +E Z ( — - 2n8+1> ||Xs+1 < ”2_|_ 2775+1 HXS—H —x ||2

j=1 j 1 i m—1
1 m—1
+1 12 4 1 o +1 +1 +1
= gl x5 (E (5T g T - )
0 7=0
1 1 1 1
> Li +E - Do o Il =P = o I -
m—1
1 % 1 1 1
+>(E [<d;+,x —x;* >\x;f+}—n;+ Q)| (25)
j=0

where the last inequality holds because njsﬂ > 77;?’+ and HXSJrl x*|| < D. We now focus
on the last term on the right-hand side of (25). By Lemma 9 and according to Lemma 8(ii)

with x = xj+1 and y = x*, we obtain

B(d5H, %" — x5 s

<VF( s+1) <" —Xj+1>
= (VF(x s+1) x* —xs+1> + (VF(x s+1) VF(x s+1) X*—xj+1>
> (1= e7) FO) = 165 — IVFGS™) = VEGS Il = x5
2 (1= ) S0 = 0 = (1= et) LD, (26)

where the last inequality holds because the diameter of constraint set X’ is D and || geoora (X) —
Vf(x)||? < L%du?, as shown in (15), i.e

1 1
IVF(x) - VF()|| < /0 1 (geoora (0%) — V £(8%)) [[d6 < /0 (e L/du) do
= (1 — efl) LV du,

and ||x* — xjHH < D. Furthermore, we have L3I = E[F(x3H)] because of a, = 0

and Li™ = E[F(x™)] = E[F(x3,)], which is due to the setting xi™" = x%,. Combining
178+1 =1, _1, we obtain the following inequality from (25) and (26):

1 1
E[F s+1 > REIF(xS D2
1
s+1 *12] _ E 5 L*|12
+ znfnJrl [HX -X H } 27721_1 [me X ” ]
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m—1

£ E[(1- ) f) - £ — (1 — ) LVduD —37Q] . (21)

J
j=0

Adding the inequality (27) across all the epochs (for s € {0,...,S — 1}), we have

1 1 1 .
E[F(x;)] > E [F(x),)] + <2n%_1 - 2%1) D*+ 75 E (xS, — x*||2]
1 S—1m-—1
~ g Bl )+ 3 3B |1 ) £ — £
m— 5=0 j=
S—1m-—1
=S (=€) LduD 4 0;71Q)
s=0 j=0
0331_1LF ) S—1m-—1 ) X
> - DT Y S E[(1— ) £ - )
s=0 5=0
S—1m-—1 ’
-2 ((1 — e ) LVduD + nj»“Q) ,
s=0 j=0

where 70, | = nm 1, and the second inequality follows from the non-negativeness of F'(x),

x5 —x*||2, ||x%, — x*||2 < D? and 05 | = =t 11LF' Rearranging the above inequality, we
derive
S
E|F(x5)+ > x5t
S=
S LF S—1m—1
> Sm(1—et) f(x*) — 22 p2 S>> (a-eh) VauD +57'Q) . (28)
s=0 j=0

According to Lemma 8(iii), we have

S—1m—1
ZZf Y 4 (1+1In7) (F(x3) +9)
s=0 j=0
L S—1m—1
> Sm(1—et) f(x*) - 1FD2 ZZ(l—e L\/guD—HT;HQ)
s=0 5=0

where 7 = LTR2, § € (0, LR?). Dividing both sides by (Sm-+1+In7) and noting u = 1/v/dSm
as well as the generation of x,., we obtain

S—1m-—1
1+In7
E = s+1 oo S
ZZSm—I—l—i—lan(X] )+Sm+1—|—ln7'f(xm)
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Sm 1 "
> —
Sm—i—l—i—lnr(l ¢ )f(x)

S
D2 4 (14 )+ 3055 Yt (1= e7!) LvduD +75+1Q)
Sm+1—|—ln7'

-1
B o (1 —e ) InT .
_<1 ¢ Sm—|—1+1n7>f(x)
S 1 S Z <\/gu + CS}H (du® + 1))
Sm  Sm Sm ’

-0

Sm+1+InTt Sm

B 1 (1 —eil)lnT . c;gnfl Z Z 5“
_<1—e —)f(X)—O S’m+ )

where @ =6 (1 — 6_1)2 L?du®/b+2 (1 — 6_1)2 L%du® + 2L?R? from Lemma 9 and nj“ =

ﬁ. Since c‘;+1 4v2/s(m — 1) + j + 1, where j = 0,. — 1, it follows that
ci_lz4ﬂ\/5m— —1) < 44/2v/Sm, and
S—1m—1 S—1m—1
PIDIE= DI
s(]]O}g 30]04f\/8_1m+]+1
S—1m—1

ZZMW

IN

s@

Therefore, (23) is proved. |

Corollary 13. Under the same setting as Theorem 12 with additional condition b = N%/3
and given € > 0, the output x, of CG-ZOSA satisfies

E[f(x;)] 2 (1—e™' =€) f(x) — ¢,
after O(e~2) total iterations and O(dN?/3e=2) zeroth-order oracle evaluations.

Proof Note that the number of function value evaluations in the inner iterations and outer
iterations are Sm x 4b x d and S x 2N x d, respectively. Thus, by setting Sm = O(e~?),
b= NP with 8 > 0, and b = m?, the total number of function value evaluations is in order

of
ANB  dN1-(8/2)
5 T 2 :
€ €

It is straightforward to verify that when 5 = 2/3, the total complexity is optimal, i.e.,
O(dN?/3e2). m
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3.2 RG-ZOSA based on Randomized Gradient Estimation

In this section, besides the L-smoothness required in (10) we also assume Lg-Lipschitz conti-
nuity of function f(x, &), where ¢ € [N]. Under this additional condition, we aim to further
improve the approximation ratio of the algorithm. It is obvious that the f is also L-smooth
and Lg-Lipschitz continuous. We employ randomized gradient estimation to approximate
the exact gradient of the objective function. It is worth noting that both the sampling pro-
cess and the design of the step-size need to be adjusted to accommodate the randomization
in gradient estimation. As a result, the theoretical analysis and approximation performance
of the algorithm are expected to differ.

To utilize the randomized gradient estimation, we first propose a mini-batch zeroth-
order gradient estimator which plays an important role in the subsequent algorithm design.
We randomly select an index set B C [N] and generate i.i.d. samples {v;};cp from a
uniform distribution on the unit sphere S. Let B = {(v,&)}iep and define the mini-batch
zeroth-order randomized gradient estimator at x as follows:

~ 1
grand(xa B) = "ﬂ Z grand(xa v, fl) (29)
leB

Combining Lemma 5 with the Lo-Lipschitz continuity of f(x), we can easily derive the
relevant properties of gyanq(x, B), i.e.,

16v/2mdL3

ElganaCc D)X = VAux), B [IVFu(0) ~ Bramalx, B)IPlx] < =470

(30)

Similarly with the design of coordinate-wise gradient estimation based on integral auxiliary
function, we define the integral auxiliary function of the smoothed function f,(x) as

1 69—1
Fl(x) = /0 ——Fu(0x)de, (31)

which is non-negative due to the non-negativeness of f,, as shown in Lemma 4(i). Easily, we
have VF,(x) = fol =1V f,(6x)df. We then pick an i.i.d. sample § from random variable
© in (12) and B = {1, & }iep with B C [N], and set

Grand(X7 97 B) = (1 - 671) grand(ex7 B), (32)

where gana(0x, B) is defined as (29). Tt follows from the expression of VF,(x) as indicated
by (31) that

E [Grand(x,G, B)yx] — Eyo [(1 — ) Elgrana (0, B)x, 0]]
= (1 — 6_1) Egpo [Vfu(ﬂx)]

, . 1 01 Y (6x)dd

_( —e ) ; W fu(x)

— / 169—1Vfu(0x)d9:VFu(X), (33)
0
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where the third equality is due to the distribution as given in P(© < 6) in (12). Thus,
Giand (X, 0, B) is an unbiased estimate to VF},(x).
We now come to determine dj“. We first randomly select an index set Bj‘H C [N]

with the size |B;+1| = b and generate i.i.d. samples v, € R? for [ € B]S-Jrl from a uniform
distribution on the unit sphere S. Denote B]S-H = {(,&)},cps+r and N = {1, &) he
J

when B;H = [N]. Then compute the zeroth-order approximate gradient dj“ through

gotl — Grana (x5, 05T N, j=0
| Grana (5T 05 BT — Grana (5T, 0571, BST) + Grana (x5 0L ), 5> 07
(34)

where 057! € (0,1] is an i.i.d. sample from the random variable ©. For convenience, we
name Algorithm 1 with the design of (34) as RG-ZOSA.
The next lemma demonstrates that the approximate gradient dS'H in (34) is an unbiased

estimate of VF),(x), and it provides an upper bound on the variance of d;“.

Lemma 14. For any j = 0,...,m—1 and s = 0,...5 — 1 in RG-ZOSA, it holds that
E[d§+1|x§+l] VF,(x s+1) and

2(1—e1) (; —2¢71) M2 ”Xjﬂ WTE

16v27 (1 - e ) L2d
* N

|:HVF( 5+1) dj-}—lH |Xs+1] <

+ L?R?, (35)

where M, = %.

Proof According to the unbiasedness of E[G ana(X, 8, B)|x] as (33), it is obvious to obtain
that forany j =0,...,m—1land s=0,...5 -1,

E [ds-&-l‘xsﬁ-l}
J J
—F |:Grand( s+1 95+1 Bs+1) Grand(xg—l-l 95+1 Bs—l—l) +Grand( s+1 98+1,N)|X§+1]

= E |Grana (1,0, By )] = V().

To bound the variance E[||VF,(x S+1) - d§+1\|2|x§+1], we first notice from expression of
VF,(x) that

E {HVFH(X) — Granda(x, 9,./\7)”2‘)(}
= E | Grana (%, 6,4) = (1= ™) VA, (0x)|2 + || (1 = ¢7) V£,(6%) = VE, ()| x|

. [(1 . ) |Brana (05, A7) — ¥ £ (0%)|12 + |/ L(Vf.(0x) — Vfu(tx))dﬂ?lx]
< MOV ([ v gpar) e
0

N
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. 16v27 (1 - e)?dL3

- LR, (36)

in which the first equality is derived by Eg.o [(1 —e” ) V fu(0x } as shown in
(33), the second equality is from the definitions of Gana(x,6,N) in ( ) and VF,(x) =
fol e =1V f,(tx)dt, the first inequality is due to (30) with |B| =

smoothness of f,, from Lemma 4(ii). Then we obtain

as well as the L-

|:||VF( s+1) d5-+1|| |Xs+1}
=K |:||VF ( s+1) (Grand( st 05+1 BS—H) Ci'rand(xg—"_1 HS—H?BJS'—H)
+Grana (x5, 0L ) ) [P
-F |:|| _ rand( s+1 95—&-1 Bs+1)+Grand( s+1 98+1,B;+1)+VFM(X§+1) —VFM( s+1)|| |Xs+1]
+E HGrand( s+1 954—1 _/\7‘) _Grand(X8+1 95-&-17]\7’) —I—VF( s+1) VFM( s+1 H ‘XS+1:|
+E ||VF( s+1) _Grand( s+1 93—&-1 )H |Xs+1}

< 9E HGmd( OB — Grana(x§ T, 05 BT |12 \Xs“}

A2
2(1—e1)°
(b)E [ngand(es—i_l j+1 Vz,&) grand(08+1xg+1 Vlvfl)” ‘Xs+1j|

—HE [HVF ( s+1) _ Grand( s+1 65+1 )H ’Xs—&-l}

4K _HVFM( ;-‘rl) o Grand( s+1 93+1

IN

2 (1 —e 1" M2 et -1
§ ( eb ) uH s+1 s+1H2/ . 95+1)2d05+1
f e~ ldu

+E |:||VF ( s+l) . Grand( s+1 93—&-1 )H |Xs+1}

In above relations, the second equality comes from E[Gand(x, 0, B)|x] = VE,(x) in (33),
the first inequality is due to the fact that E[||¢ — E[¢]]|?] < E[||¢]|?] for a random variable
¢ and |l’;’j+1| < [N/, the second inequality comes from the definitions of Gyana(x, 6, B) in
(32) and Erana(x, B) in (29), the third one is from Lemma 5 with the assumption that
f(x,&),t € [N] are Lo-Lipschitz continuous, and the fact that ™! is sampled from ©
following the probability function in (12).

Therefore, due to fol e ldy =1—e ! and fol e?=162d9 = 1 — 2e~! in the inequality
(36), we obtain inequality (35). [ |

According to Lemma 4(ii) and Lemma 8(i), the auxiliary function F},(x), as defined in
(31), is ;-Smooth due to the L-smoothness of f(x,¢;). Before proceeding, we present the
following lemma, similar to Lemma 10, with the proof omitted.
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Lemma 15. Forany j=0,....m—1and s=0,...5—1 in RG-ZOSA, it holds that for
anyy € X,

Fu(xi11) = Fu(xth) +

gt (SE =7 = ™ =) gy =)
J

L
=0 THIVEL () — a5 )P - (26 s+1> ety — x5 (37)

Similarly with Lemma 11, we show a critical lemma as follows. For simplicity, we next

denote L
ﬁ:max{ A2(1—e 1—26_1)Mu}, where M, = —2.
u

Lemma 16. Given the parameters a,, =0, aj = a;j4+1 (1 + %) + # and

1
b:m2<N, n=—=,
cL

where ¢ = 4v/2, we have

+ a; +m .
2 7+1 =

Combined with Lemma 14, Lemma 15 and Lemma 16, we show the approximation
performance for the RG-ZOSA algorithm as follows.

Theorem 17. Let parameters for the computation of
ZOSA satisfy

dj“ and step-sizes njH in RG-

d
b=m’ <N, u=\lg—. 0" =n (38)

where 1 = 1/ci} with ¢ = 4v/2 for j =0,...,m —1 and s = 0,...S — 1. Return x, such
thatP(xT:Xj-H):mforj:0,...,m—1;s:0,...,5—1, and P(x, = x3) =
LHnt . Then it holds that

SmA1+InT
E[f(x,)] > (1 e (Sﬁn» fx) -0 (&) , (39)

where x* is the optimal solution of (10).

Proof We define the following Lyapunov function

L =B B - aglxg™ =57 7]

where the parameters am =0 and a; = a;j41 (1 + ) + "L . Under the condition ¢ = 4v/2

and b = m?, similar to (24), we bound Ljﬂ as follows

1
Lt > 1574 B (I =yl = I = I +E [y -]
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(16@(1 —e N’ 12d
N

+ L2R2> n, (40)

where we used Lemmas 14-16. Now, we set y = x*, and telescope (40) over all the iteration
in epoch s. Then from the unbiasedness of d;f“, it follows that

m—1

1
Lt 2 4 g B[ =P = g™ =<1+ 30 B [(VEGGT),x —x)]
=0
m—1 272
1642 1 —e )" Lgd
Jj=0

Furthermore, we have L3F! = E[F,(x3F!)] from a,, = 0 and the definition of x™!, and
Lyt = E[F, (xf}“)] E[F,(x$,)], which is due to the setting xjt" = x%,. Thus, following
inequality holds from (41) and n = 1/cL:

cL " "
E [Fu(x3 )] = E[Fu(x},)] + 5 E [l —x*|1 =[xt — x*1?]
-1

+ ‘ E {(VF (x5, x* —X5-+1>]

3

J

<
I
o

3

1 (16\/%(1—6—1)%3(1

cL N

+ L2R2>
0

<.
I

cL
E [Fu ()] + 5 B [l =71 = x5 — 7]
-1

+ Y E[(1 =) Fx) = £ = (2 e Eoul
§=0

5 1L <16\/ﬂ (1 ]_\761)2 Lyd + L2R2> , (42)
j=0 €

where the last inequality is due to Lemma 8(ii) with F' replaced by F},, y = x* and x = xstL
and Lemma 4(iii). Summing up above inequality over all the epochs (for s € {0,...,S5—1}),
we have

‘i/ * *
E[Fu(x3)] 2 E [Fu ()] + SE [[x5, = x"I” — [l — x"|[”

S—1m-—1

SR £6) - £ — 2Lou]
s=0 j=0

55 (16\/% o) L2d+L2R2>
5=0 j= cL N
Cﬁ S—1m—1

> -0y N E[(1- ) fix) - S — 2Lou]
s=0 j=0
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= (16\/%(1—e—1)2L3d
N

+ L2R2> ,

s=0 5=0 C
where the second inequality is from the non-negativeness of F},(x) and E[||x5, —x*||?], and by
considering the diameter of the constraint set X'. Furthermore, we rearrange the inequality,
obtaining

LD2 S—im-l 16727 (1 — e 1) L2d
_¢ (- )7 L5 +L2R% +2Lou | .

s=0 j=0 C N
(43)
According to Lemma 8(iii) and Lemma 4(iii), we have
Fu(x) < (14+I07)(£u(x) +9) < (1 4+ In7) (F(x) + Lou + ).
Thus, it indicates from (43) that
S—1m—1
E DY T+ (L+1In7) (F(x5,) + Lou + 6)
s=0 5=0
e ek 1 (16vem (1-e ) L2,
> 8m (1—e") f(x") - —; —;]Z;Ci ~ + L*R* +2Lou | .
Dividing both sides by (Sm + 1 + In7) and using the setting u = \/% yields
S—1m—1
1+1In7
_ s+1 S
N ;JZOSm—l—l—i—lan(J )+Sm—|—1+anf(Xm)
Sm 1
A — R *
= Sm—l—1+hl7'( ‘ )f(x )
7 r(l—e 1 2
LD 4 (28m + 1+ InT)Lou + 52 (16“27% 124+ L2R2>
— 44
Sm+1+Int (44)
1 D2 (dLo 4 1) 4 (1+1In7)L
> 176_17(9 - f(X*)*2<U+ )+(+HT) ou
Sm Sm+14+In7
16v/27(1—e~1)2 L?R?
Sm [<2+ c\/2(161)(12el)N> Lou+ ey/2(1—e=1)(1—2e~ 1)dL0]

_ <1 —e o0 <1>> fi:J“lC:(ln\T/g)
Sm Jom )
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where ¢ = 41/2 and the last inequality is from

dLy dLo

+L>L>/20—e1)(1—2e1)—
u

Therefore, (39) can be derived. |

Corollary 18. Under the same conditions as Theorem 17 with additional setting b = N%/3
and € > 0, RG-ZOSA outputs x, satisfying that

62

Bl 2 (1-¢7 - ) fe) -

after O(de=?) iterations and O(N?/3de=2) function evaluations.

Proof The proof is similar to Corollary 13, so we omit it here. |

Remark 19. We note that the L-smoothness of function f plays a crucial role in the
approzimation analysis of RG-ZOSA. In the analysis of (36), the L-smoothness of f,
helps provide the upper bound of variance for d?“ as shown in Lemma 14, which further
establishes the complexity of RG-ZOSA as given in Lemma 17. We would like to emphasize
that without the L-smoothness property of f, if only assuming the Lg-Lipschitz continuity,
we will not be able to obtain desirable approximation properties of RG-ZOSA.. This can
be explained by intuitive illustrations. Specifically, under mere Lg-Lipschitz continuity
assumption of f and according to Lemma 4 (iii), f, is LOT‘/E—smooth, then in the conclusion

and proof of Lemma 14 and Lemma 15, L should be replaced by LOT\/a. Besides, I:, defined

L()d

after Lemma 15, can be set as due to

Lovd Lod
O\fandMu:L.
U

ﬁ:>max{ 21— e 1—26—1)Mu},whereL:

Consequently, in the proof of Theorem 17, the right hand side of (44) will contain the term

Sm (16\/277 (1—e1)’L2d . L2R2>

Sm+1+1Inrt N -clL cL
_ Sm 16v27 (1 —e1)? Ly L R’Lo
- Sm+1+InT N ¢ YT )

which cannot be controlled in a desired level no matter how to adjust the settings of S
and m. Therefore, the smoothness of f is a key to analyse the properties of RG-ZOSA,
which naturally poses an issue about how to tackle DR-submodular optimization problems
without smoothness. We will address this issue in next section.
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4. NZOSA: Zeroth-order Stochastic Approximation Method for
Nonsmooth Up-Concave Maximization

In this section, we consider a class of nonsmooth up-concave maximization problems:

N

ma £(x) = - (%, €0), (45)

€xX
x =1

where f(-,&) : R? — R, t € [N] are Lo-Lipschitz continuous, f is non-negative, mono-
tonically non-decreasing and up-concave, and X C Ri represents a compact and convex
set.

We observe that the integral-form auxiliary functions introduced in the previous section
require the parameter sampling in each outer loop, which produces additional errors of
ds*L. As discussed in Remark 19, the absence of smoothness makes the previous analysis
unsuitable. To design an efficient algorithm with desired properties for non-smooth up-
concave submodular maximization problems, we give a finite-sum auxiliary function for the
smoothed function that can be computed with certainty. A similar form of auxiliary function
was proposed by (Mitra et al., 2021) for maximizing a combination of a continuous DR-
submodular function and a concave function, but our finite-sum auxiliary function differs
in that it does not depend on the accuracy parameter €. Specifically, for (45), we introduce
the auxiliary function FM ‘R4 — R, as

N Z z
1 . 1 ez z
— u(x,&), where F,(x,&):=— —f, (5x,&),t € [N]  (46)
NZ:: g Z; z »(F%4)

with Z > 3 being an integer and f, following the definition in (6). Obviously, by (7) we
have

FN(X) = %Z (éfu (%X) ) (47)

which is non-negative due to the non-negativeness of f,, as shown in Lemma 4(i). The lemma
below characterizes more properties of F . that are essential for subsequent approximation
analysis. Note that Lemma 20(iii) and (iv) relies on the up-concavity of f, and the proof is
presented in Appendix D.

Lemma 20. Let Fu be defined by (46). Then the following statements hold true.

(i) The gradient of FM(X) is given by

and then F#(X) is L,-smooth, where L, = VLo

(ii) For anyx € X, it holds that F,(x) < (1 +1nZ) f,(x).
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(i1i) For any x,y € X, it holds that

3InZ
Z

(y —x,VF,(x)) > (1—e) fly) - <1 + ) f(x) — 3Lou. (48)

(iv) Let x* be an optimal solution of (45) and x be a stationary point of maxgex F),(x),

then
3InZz

A

fx)>1—et - ) f(x*) — 3Lou.

_ Similar to the sampling scheme of the mini-batch gana(x, B) in (29), we randomly pick
B = {v,&}iep where B C [N] and z uniformly from {1,...,Z}. Then set

z 1

G(x,2,B) = ¢7 ' Guna(;x. B) = e%”@ > grana (%, 11, &) (49)
leB

We can prove that G(x, z,B) is an unbiased estimate of VFM(X). In fact, it follows from
Lemma 20(i) that

E [G(X, z, B)]X] =E [eé_lgrand(%x, B)]X] (50)

where the second equality comes from E[ganq( X, B)x] =V fu(£x) as described in (30).

~ We randomly select an i.i.d. sample 25t from {1,2,..., Z} at the s-th epoch, and select
Bj“ = {(u, fl)}lij.“ at the j-th inner iteration where Bj“ C [N] with the size |B;+1| =b.
Then we generate i.i.d. samples 1, € R%, [ € B;'H following a uniform distribution on the
unit sphere S and denote N' = {(1, &1) hiepv) when B;'H = [N]. We now compute the zeroth-

order approximate gradient d?“ based on the finite-sum auxiliary function FM through

ds‘—&-l _ CA;(XSJ'_lvN)a _ . ~ R R ] = 0, (51)
J G(Xj-l-l’ zs+17 B;+1) o G(XS+1, Zs+1, B]S'+1) + G(X8+17N), j>0.
Here,
Z
GG M) = 7 3¢ a5t M) = 5 33 | Y manalie )
0 - 7 Srand ZX() ’ - 7 € N Srand\X; V[, Sl
z=1 z=1 le[N]

For simplicity, we call Algorithm 1 incorporating (51) as NZOSA.
In the lemma below, we demonstrate the unbiasedness and upper-bounded variance of
the approximate gradient dj“ defined in (51).
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Lemma 21. For any j = 0,...,m —1 and s = 0,...5 — 1 in NZOSA, it holds that
E [d;“\xsﬂ] = VFM(X?—H) and

2M 2 16v/2r Lid
[HVF (x s+1) d§+1||2|xj+1] < bu||xs+1 (S)+1||2+T0’ (52)

where M, is introduced in Lemma 5.

Proof Firstly, for any j =0,...,m —1and s =0,...,5 — 1, we have that

B [a 1] = B G B = Gl LB + G A

] 7

_E[G( s+1 s+1 Bs-i—l)‘ s+1
= VE(x5T),

where it uses the fact that E_.,, B§+1[G(xg+1, 8“,5’;“)] = E[G(x st1 N)] and the final
Rl J ~

equality stems from the unbiasedness of G( ST gstl BS+1) as described in (50). Secondly,

erl) d§+1” ’Xs+l]

we provide an upper bound of the variance E[HVF (x as follows:

[||VF (x s+1) d3-+1||2|x;+1}
—E[HVF( s+1) (G(xj“,zsﬂ,l’g’s»ﬂ)—G(XSH s+1 BSH)—i—G( s+1’ ~)> 2 ’Xs+1}
—E[H ( s+l s+l BSH)+G( s+l s+l BS+1)+VF( s+1) VE, (x| |Xs+1}
(G0N = GO AN = VEL G + V(e ) 2+
B [[VEu(x5) = G A 2+

<E [HG(Xj—i-l’Zs—i—l’B]s—l—l) B G(XSH,zSH,l’;’jH)HQ\XjH} 1E [||G(X§+17/\7) G(x A |Xs+1]

FE [IVE() = G A 2

|: s+1 s+1

< %E ngand(zz Xj‘+1al/l7£l)_grand(%xg—i_layla )H ‘XS+1:|
+E [HVF s+1) G(Xj-—H ~>H ’Xs—&-l}
2 z° ! s s s A s \ / s
< SMEE G =P+ E I VE G = Gl AN P
My 1 X2 SHY G A2
< =5 IIx; 1P+ E [ VEL(xT = G AP [x5 (53)

where the second equality arises from (50), the first inequality is due to E[[|§ — E[{ 1117 <
E[||€ H | for a random Varlable ¢, the second one is due to the definitions of G(x, z, B) in (49)
and G(x,N) in (51), ez~! <1 and |BS+1] < |N, the third inequality can be derived by

Lemma 5, and the last one is due to zs+1 < Z. For the second term on the right-hand side
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of (53), note that by the unbiasedness and upper boundedness of variance for gyand (X, [;’) in
(30),

E IV E(x5) = GO A0 121
1 z Zz—1 s+l 1 Z-1z s—l—l s+1
=B |5 D 5 VAT - 2 e B (XL AP
z=1 z=1
1 Z
= 23 2 (7 TE |[VA X = Erana (535 LA
=1
2
_ 16v2rL3d (54
- ZN
Therefore, the proof is completed by plugging (54) into (53). [ |
Lemma 22. Forany j=0,....m—1and s=0,...5 —1 in NZOSA, it holds that
. . 1
Fbt) 2 Bl ™)+ o (= w7 = g™ = y1?) (a5 y =)
j
+1 s+1 s+12 LM 1 s+1 s+12
IV B (x5t — 52 = PTG x5 — x5l (55)
J

\fLo

u

for anyy € X, where L, =
Proof According to the L,-smoothness of I3 . as shown in Lemma 20 (i), we can follow a

similar analysis of Lemma 10 to obtain the conclusion. The details are omitted here. |

Similarly with Lemma 11 and Lemma 16, we show an auxiliary lemma as follows. We

denote M, = % > @ = L,.

Lemma 23. Given the parameters a,, =0, aj = aj41 (1 + %) + % and

b=m?><N, n=—ro,
" g cM,,

where ¢ = 4\@, we have ~
M 1
TU + Gj+1(1 +m) < %

Combined with Lemmas 21-23, we show the approximation performance for the algo-
rithm NZOSA as follows.

Theorem 24. Let the parameters for the computation of d;“ and the step-size 77;+1 m
NZOSA satisfy

[ d
b=m?<N, u= S 77‘;“—77, j=0,....m—1;s=0,...5 -1,

35



LiaN, WANG, XU AND ZHAO

where n = 1/cM, with ¢ = 4v/2 and M, = %. Return x, according to that P(x, =
xj-“) = m forj=0,....m—1;5=0,...,8 — 1, and P(x, = x3) = %
Then it holds that

Bl > (1-et - 202 - >f(X*)—0<ﬂ>,

Sm+1InZ Vv Sm

*

where x* is the optimal solution of (45).

Proof To prove the conclusion we introduce the following Lyapunov function

L3t =B Bt — gl — x5
where the parameter a,, = 0 and a; = aj11 (1 + %) + %f‘%. In analogy to (24), with the
settings ¢ = 4v/2 and b = m?, we derive that

J+1 = 7+1 j

16v/2m L3d
>] - zn 7T
(56)
where we use Lemmas 21-23. Furthermore, by summing (56) with y = x* and n = 1/cM,
over all the iterations in s-th epoch, we obtain from E[dj+1|xj+1] VE,(x S+1) that

Lt I 4 5B [l -yl = gt - yIP] + B (a5 y - g

M,
L > L R g - x7)? — xg — X
m—1 m—1
~ 16/ 271'
+1 +1
" 7=0 ]E |:<VFM(X§ ),X o XS ] 7=0 CZN{W (57)

Furthermore, we have Lj7! = E[F,(x5H")] from a,, = 0 and the definition of x§*!, and
Lt = E[F,(x3™)] = E[F,(x5,)], which follows from the setting x5! = x3,. Thus, (57)

1ndlcates from Lemma 20(111) with y = x* and x = ijrl that

E |:F s+1 } E [ (x ] [Hxs-i-l X*HQ HXS+1 X*H2]
m—1 m—1
) 3InZ. . i 16v2r
Jr]Z:E[ (1—e™) f(x*) — (14 7 ) (x5 )3Lgu] ;)CZNMuLod'
(58)

Adding the inequality (58) across all the epochs (for s € {0,...,5 —1}), we obtain

n cM, * *
> | Fy () | + = [[lx, — %71 =[x — x7[17]
S—1m—1 S—1m—1
3InZ 161/27
E|(1—e)f(x)—(1 Sty — 3Lou| — VIR 12q
D) (1= ) 76 - (0 2765 = 3o DIl
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- S—1m—1
cM, <

> - S [l - x P + X Y| (1= ) ) - (1 22107 - 32

S—1m—1 16\/%
;:)ZocZNM od

_cld, D?+Szmzl B (1= = 257) s0) - g™ - 3L

s=0 5=0

S—1m—1
—ZZL@ 134, 59)

where the second inequality arises from the non-negativity of F L(x) and [|x5, — x*||2. Fur-
thermore, we rearrange the inequality, utilizing with f(x*) > f ( S+1) yielding

S—1m-—1
E FM(Xi)JrZ Zf(X§-“)
s=0 j=0
3InZ eM,p? =imd 1627
—1 * u
25m<1—e -= )f(x)— 5 —Z:;; 3Lou + ZNTL. — L 12d).  (60)

Recalling Lemma 20(ii) and Lemma 4(iii), we have

Fu(x) < (1410 2)fu(x) < (14 In Z)(F(x) + Low).

Combining this inequality with (60) leads to

S—1m—1
E DY T 4 (1 +In Z2)(f(x5,) + Lou)
s=0 5=0
. 3lnZ cM,D? 16v2r1
> 1—e ' = () [ Lou+ ———L2d | .
_Sm< e 7 >f(x) 5 sz:;jz; 30u+CZNMu0

Then through dividing both sides of the above inequality by (Sm + 1+ In Z), we obtain

S—1m—1

1+InZ
s+1 S
;)jZOSm+1+anf( )t Smrismz! Xm)

Sm 1 3InZ .
>_ =" _ _
_Sm+1+an<1 ‘ Z >f(x)

MuD® 4 (3Sm + 1+ 1In Z)Lou + 227 124
Sm+1+1InZ

_; 3InZ 1+InZ .
= <(1_e 7 )(1_Sm+1+an>>f(X)
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eD’Lod 4 (1 4 1y Z)Lou + Sm (3 ¥ wﬁ) Lou

V2u cZN
Sm+1+InZ
3mz (1—-e')(1+InZ2)
> [1-e 12 _ * —O< IS —1/2d1/2>
_< ¢ Z Sm+1+InZ () (Sm) ’
where M, = %, U= % and ¢ = 4v/2. Therefore, we derive the conclusion. |
It is worth noting that the approximation ratio (1 —e™! — 3122 Sni’jrlzn ~) in Theorem

24 depends on the parameter Z. Clearly, the value of Z offers a trade-off between the
approximation ratio and complexity order.

Corollary 25. Under the same conditions as Theorem 24 with additional setting that b =
N?/3, Z = [\/Sm] and € > 0, the NZOSA algorithm achieves

E(f(x;)] > (1—e ' —elne ! —lne ) f(x*) —e, (61)
after O(de—?) iterations and O(N?/3d%/2¢=3) function evaluations.
Proof To achieve e-accuracy as shown in (61), we let v/d/v/Sm = O(e) in Theorem 24. It
is clear that Sm = O(d/€?), and thus Z = O(v/d/e). With b = N?/3, we have

d/e? d

_ _ arl/3 _ _

m=+vb=NY3 &= — =052

Thus, the total number of zeroth-order oracle calls in inner iterations and outer iterations

1S
2/3 3/2 2/3
4bx5m:o<dN ) ZxQSN:o(M>,

€2 €3

respectively. Therefore, we obtain the final oracle complexity. The proof is completed. W

5. Application to Robust DR-Submodular Maximization

In this section, we focus on the robust DR-submodular maximization problem (2). We
further assume that fi(-, &) : R? — R, i € [M] are Lo-Lipschitz continuous and L-smooth
DR-submodular functions. By Lemma 28 in Appendix E, we demonstrate that the ob-
jective function of (2), i.e., £(-,&) = mincpy i+, & ¢), is non-negative, monotonically
non-decreasing, up-concave and Lo-Lipschitz continuous. Then the problem (2) belongs to
the class of non-smooth up-concave maximization problems, allowing for the application of
NZOSA to solve it. However, to better adapt to the structure of (2), we propose a specific
approach for computing the mini-batch zeroth-order gradient estimator in Algorithm 2. In
Algorithm 2, to compute the randomized gradient estimator grang(X,vt, &), two optimal
indices for the stochastic function at vectors (x +uv) and (x — uv) are chosen respectively.
With zeroth-order oracles queried, the approximate gradient is defined as

Crand (X, 11, &) = % (féﬂ\?} f(x 4wy, &) — ZIEH[}\% f(x —uy, &,z)) 7
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Algorithm 2 Mini-batch Zeroth-order Gradient Estimator for Problem (2)
Input: Point x € R”, sample radius v € R, mini-batch B = {1}, & }iep, where B C [N],
and fi(X,fiﬂg),i € [M],t S [N]
1: for | € B do
2:  Compute

d
—E (x+uy, &) — fi (x —u, & 0))u,

grand(xa v, gl) = 2u

where i} € argminey fi(x +uvy, §1) and i € argminge(py £i(x — vy, &)
3: end for .

4: Return gpana(x, B) = I—}BI > e B Grand (X, 11, &)

% (£ + uwn, &) — £(x = uvy, €)) vy

Algorithm 2 returns an averaged stochastic approximation gand(x,B). It indicates from
the Lo-Lipschitz continuity of f(x, ;) and Lemma 5 that

Ej[8rand (%, B)] NZVf x,&1),

where f,(x, &) is the smoothed function of f(x,&).

For solving (2), we apply the NZOSA algorithm, which incorporates Algorithm 2 to
compute zeroth-order gradient estimates. The main theoretical results are presented in the
following theorem.

Theorem 26. Given the computation of dj-“ in (b1), let the parameters in Algorithm 2
and the step-size nS'H in NZOSA satisfy

[ d 1
— . b= N2/3, _ N1/3, — VSm s+1 .
b Sm m = [VSm],  42M,

where M, = Lod/u. Return x, according to that P(x, = xj“) = m for j =
0,...,m—1,5=0,...,8 — 1, and P(x, = x3) = % Then for a given € > 0, it

achieves that
1 N
N g f(x,,&)] > (1—e ! —elne ! —lne ') OPT — e (62)

after O(MN2/3d3/26_3) function value evaluations and O(de=?) iterations, where OPT de-
notes the optimal value of problem (2).

Proof Note that each gradient computation requires 2M zeroth-order oracles, as shown
in Algorithm 2. Similar to Corollary 25, to achieve (62) the total number of calls to the
zeroth-order oracle in inner iterations and in outer iterations is

N2?3Md

2/3
Smx4Mb:O< - v NdM>7
€

> and Z X 2SNM = (’)( 5
€ €
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respectively. Therefore, the total oracle complexity is in order O(M N 2/3q3/ 2e73). |

Remark 27. Compared to the mirror-prox (MP) algorithm proposed in (Lee et al., 2022)
which is a first-order method that uses approximations to sub-gradients, our proposed
zeroth-order approximation algorithm improves the approximation ratio from (1/2 — €) to
(1—e !t —elne ! —lne!) for robust DR-submodular maximization with only zeroth-
order information available. But on the other hand, as shown in Table 2, the iteration
and oracle complexity of NZOSA is higher than MP. We note that the reason for the
high complexity is not due to zeroth-order estimation errors because replacing the zeroth-
order gradient estimation with a stochastic gradient does not affect the final complexity.
Specifically, assume E[||V f,(%) — grana||?|z] < C, where grana is the gradient estimation and
C' is a constant. Similar to (54), the error bound in Lemma 21 can still be described as

2

E (1A — P ] < 2t gz O
Thus, the total complexity will keep the same in this case. We further emphasize that the
nature of the relatively higher complexity for NZOSA is caused by the smoothing tech-
nique and the algorithmic framework. The smoothing parameter of the smoothed function
makes an impact on the iteration complexity through the first term above, while the finite-
sum structure of the auxiliary function and the requirement to compute a full gradient
with Z components in each outer iteration contributes to the oracle complexity. Notably,
although the complexity is relatively higher, NZOSA owns a better approximation ratio.
To compare approximation performances of the related zeroth-order algorithms, we replace
the sub-gradient in MP with randomized gradient estimation leading to ZO-MP. There
is an inherent trade-off in a fair comparison of these algorithms, and we will demonstrate
their performances in next section through multi-resolution data summarization and robust
budget allocation problem.

6. Numerical Experiments

In this section, we report numerical results evaluating the performance of our algorithms
under various settings. We implement all the codes of competitor algorithms and our
proposed algorithms in this. All experiments were implemented in PyCharm 2024.1 x64
using Python 3.10.9. We compare our proposed algorithms (CG-ZOSA and RG-ZOSA)
with the baseline algorithms for the smooth case as follows:

e BCG: Black-box continuous greedy algorithm, a zeroth-order algorithm proposed in
(Chen et al., 2020b) for solving monotone DR-submodualr maximization where only
the function value is available.

e ZO-GA: Zeroth-order gradient ascent algorithm (Algorithm 3 in Appendix B), ob-
tained by replacing the stochastic gradient in algorithm GA (Hassani et al., 2017)
with the randomized gradient estimator as described in (29). We choose the iterate

step-size n, = \/ﬁ in the experiments.
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e FW: Generalized DR-submodular Frank-Wolfe algorithm, which uses the black box
gradient estimate (BBGE) proposed in (Pedramfar et al., 2023). We choose the pa-
rameter p, = 2/(n + 3)%/% and the step-size € = log(N)/N, where n is the iteration
index and N is the total number of iterations.

e ZO-SPGD: Zeroth-order stochastic projected gradient descent, proposed in (Liu
et al., 2018b) for constrained non-convex optimization where only objective function
values are available. We choose the parameter n = 0.1.

e Free-FW: Stochastic gradient free Frank-Wolfe algorithm, proposed in (Sahu et al.,

2019) for general non-convex optimization. We choose the parameter p; = Ww

and the step-size 1 = 1/ T3/% where t is the iteration index, T is the total number of
iterations and d denotes the problem dimension.

Although the theoretical guarantee requires a constant step-size of RG-ZOSA in our
analysis, in order to achieve better algorithm performance we choose varying step-sizes in the
implementation of Algorithm RG-ZOSA. It is noteworthy that the first three algorithms
are tailored for non-convex optimization with DR-submodular structure and have quantified
approximation guarantees of the optimal value. In contrast, the last two general stochastic
algorithms are proposed to pursue the stationary point for general non-convex optimization.
It is expected that the specific approximation methods for DR-submodular functions will
perform better compared to the general non-convex algorithms. Furthermore, we compare
NZOSA with the following algorithm for solving a non-smooth up-concave optimization
problem and a robust submodular maximization problem.

e ZO-MP: Zeroth-order mirror-prox algorithm, obtained by replacing the stochastic
sub-gradient oracle with stochastic zeroth-order oracle in the algorithm proposed in
(Lee et al., 2022), with step-size n = ﬁ

To report the numerical performances of algorithms, we present two types of figures:
(objective) function value vs. iterations and (objective) function value vs. (oracle) queries.
Fach experiment is repeated 10 times, and the average value of the data is calculated for
comparison.

Quadratic programming. In this setting, we apply the baselines and our algorithms
to maximize the quadratic objective

N

f(x) = %Z {f(x,ft) = %XTHtX-i- hth} ,

t=1

where the symmetric matrix H; € R9? is randomly generated with entries (H;);; uniformly
distributed in [~1,0], and the constraint set X = {x € RYAx < b0 < x < b,A €
RTXd, b € R}, with entries A;; uniformly distributed in [0, 1]. In our experiments, we set
N =500,d=3,m=2,b=u=1and hy = —H/ u, which guarantees the monotonicity and
non-negativity of f(x,&;).

Figure 2 presents a comparison of the numerical performances of the algorithms of inter-
est. It is evident that our proposed algorithms, CG-ZOSA and RG-ZOSA, outperform
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Figure 2: Comparison of different zeroth-order algorithms for quadratic programming

all other algorithms in terms of reachable function value, projection-free algorithms (FW,
Free-FW and BCGQ). Firstly, the maximum achievable function values of ZO-GA and
Z0O-SPGD are lower than those of our proposed algorithms, even though they require only
a few additional oracle queries. In addition, the maximum function value achieved by ZO-
GA is consistent with the theoretic guarantee described in Subsection 2.3. Secondly, our
algorithms achieve higher function values within the same number of iterations and oracle
queries compared to BCG. Notably, while BCG gradually approaches a similar function
value as ours with increasing iteration numbers, it is significantly slower than our algorithms,
as shown on Figure 2 (b). This observation validates, to a considerable extent, the theo-
retical analysis presented in Table 1, where BCG possess same (or similar) approximation
ratios as ours but much higher complexities for small €. Lastly, the algorithms for general
non-convex optimization show poorer performance than the approximation algorithms with
the same type for DR-submodular optimization, such as Free-FW vs. FW.

Multi-resolution data summarization. We consider the multi-resolution data sum-
marization model which maximizes the utility function

| X d d d d
f(x) = ~ ; f(x,&) = z;z:l¢(xj)3§j - szixjsfj
- =1 =

i=1 j=1

over the set X = {x € R? : 0 < x; < 1/2,i € [1,[d/5]];0 < x; < 1,i € [[d/5] +
1,d]; Zf-l:l x; < %l}, where ¢(x;) is given as the following piece-wise linear function defined
as

3% +4 if x; € [0,
Iy 44— (Ly2 if x; €|
Pipd— (B2 — (DT if x €

0 N[

It is obvious that the function ¢(x;) is concave. Therefore, the function f(x) is up-concave.
In our experiment, we sample N groups of similarity indices, sﬁj,t € [N], from a uniform
distribution on the interval [0, 1], and we set N = 1000 and d = 20 in our experiments.

As shown in Figure 3, in the early stages of the algorithm, when the number of oracle

queries is relatively small, ZO-MP achieves a higher function value. However, as the
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Figure 3: Performance of our proposed algorithm for multi-resolution data summarization
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Figure 4: Performance of our proposed algorithm for the robust budget allocation problem

algorithm progresses and the number of oracle queries becomes large, NZOSA reaches
higher function values.

Robust budget allocation. In this experiment, we consider the robust optimal budget
allocation problem (3) with a; = 1/N, and we set the constraint set as X = {x € R4|0 <
x; < ci,Zle x; < (E?:l ¢i)/3}. In our experiment, we set ¢; is randomly chosen from
[2,10], N = 200, |S| = 20, |T'| = 24 (kon, 2017) and randomly sample {ps } (s,¢)ew following a
uniform distribution on [0, 1]. Moreover, we present algorithms’ performances with different
settings of the parameter Z € {5,100} in Figure 4.

Observing Figure 4, we note that our proposed algorithm outperforms ZO-MP. Fur-
thermore, as Z increases, the algorithm’s approximation performance also improves, with
a greater number of function values to be accessed.
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7. Conclusion

In this paper, we studied stochastic approximation methods for DR-submodular optimiza-
tion based on zeroth-order gradient estimations. Falling into a generic algorithm framework,
specific algorithms tailored for three types of DR-submodular optimization problems were
proposed. For the smooth DR-submodular maximization problem, we proposed two algo-
rithms, which compute stochastic approximate gradients of an integral auxiliary function
based on coordinate-wise gradient estimator and randomized gradient estimator, respec-
tively. We established the approximation guarantees of both algorithms with iteration and
oracle complexities being analyzed. We then presented a zeroth-order stochastic approxi-
mation method for non-smooth up-concave maximization based on a finite-sum auxiliary
function. We then extended the algorithm to solve a class of robust DR-submodular max-
imization problems. Finally, numerical experiments were conducted to validate the effec-
tiveness and efficiency of proposed algorithms.
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Appendix A. Proofs of lemmas in Section 2

In this section, we present the technical proofs for the main lemmas stated in Section 2.

A.1 Proof of Lemma 3

Proof According to the definition of goorq(X,&;) and mean value theorem, for any given
u > 0, and there exists a; € (0,1),1 € {1,...,d}, we have

d
1
Igeoora(x, &) — VE(x, &)I|* = 2% Z 2UelelTVf ((x — uey) + 2aquey, &) — VE(x, &)

2

d
= Z elel Vf X + (20[[ - 1)uela£t) Vf(X,ft)))
=1

d
<) IIVEx + (200 — Duey, &) — VE(x, &)
1=1
d
< I? Z 1(2a; — 1)uey||* < L3du?,
=1
where the first inequality follows from the definition of basis vector e;, and the second in-
equality is due to L-smoothness of function Vf(x,¢). [ |
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A.2 Proof of Lemma 4

Proof (i) It is straightforward to obtain from the monotonicity and the nonnegativity of
f(x) that f,(x) is monotone and non-negative. We now prove that f,(x) is up-concave.
Since f(x) is up-concave, for any x € R% and a non-negative direction v > 0, f(x + tv) is
concave with respect with to t, i.e.,

fx+ A+ (1 =Nta)v) > Af(x+t1v) + (1 = N) f(x + tav).
Then it holds that

fu(x 4+ (At 4+ (1 = Nt2)v) = Ey [f (x 4+ uv + (M1 + (1 — N)t2) v)]
> EAf(x+uv+tv) + (1 = N) f(x +uv + tav)]
= AMux+tv)+ (1= N)fu(x+tav),

which shows that f,(x + tv) is concave with respect to ¢, and thus f,(x) is up-concave
by Definition 2. Similarly, the function f,(x) is DR-submodular if the function f(x) is
DR-submodular.

(ii) If the function is L-smooth then we obtain that f,(x) is L,-smooth with L, < L.
Thus, the function f,(x) is L-smooth.

(iii) The function f(x) is almost everywhere differentiable because its Lo-Lipschitz con-
tinuity, and then the differentiability of f,(x) can be derived following (Bertsekas, 1973).
Furthermore, we have Vf,(x) = VE,[f(x + wv)] = E,[g(x + uv)], where g(x + uv) €
OTf(x +uv),v € By(0,1) and u € R,. We can notice that

IVIu(x) = Viu@)ll2 < [[Eofg(x 4+ wv)] = Eufg(y + wv)]ll

2

< = Lo(2u)% Yx —

= 2wy 0(2u)" T lx —ylh

Lovd
u

<

% = yll2,

where the second inequality is from (Duchi et al., 2012, Lemmas 11 and 12). Moreover, by
the definition of f,(x) and Lo-Lipschitz continuous property of f(x), we have

[fu(x) = F(X)| = [Ey[f (x + wv)] = f(%)| < LouEy[[[v]l2] < Lou,

where v € B4(0,1) and ||v]2 < 1. The proof is completed. [ |

A.3 Proof of Lemma 5
Proof According to the definition of ganq(x, v, &) with fixed &, we observe that

E [gand (6,1, 6] = B | o (x4 v, ) — £(x — uns ) vl
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1_.[d d
— B [ Lot un &w + Lt u(—), ) ()l
2 |u U
= Vfﬂ (X7 gt)
We use the Young’s inequality and the Lo-Lipschitz continuity of f(x,&;), obtaining

ngand (Xa v, gt) - grand(Y7 v, gt) ||2
2

d
< o (e + u, ) — £y + wn &)1 + [[£(x — un, &) — £y — wr, &))

< —-yl%
<)k y)
It remains to show that E||V f,,(x, &) —8rand (X, v, &) [|?|x] < 16v/27dL3. Using the inequality

E [|lgrana (x, v, &)II*x] < 16v/2mdL,

which has been proved in (Lin et al., 2022, Lemma D.1), we have

E |:vau(x7€t) - grand(xv v, &t)”z‘x] < E [“grand(x7 v, é.t)HQIX]
< 16v2mdL3,

where the first inequality resulted from that E[||E[¢] — £]|?] < E[||€|?]. The proof is com-
pleted. [ |

Appendix B. Approximation analysis of ZO-GA algorithm

The first-order stochastic gradient ascent (GA) algorithm is studied for stochastic DR-
maximization problem under convex constraint sets in (Hassani et al., 2017). This algo-
rithm has been proved to reach 1/2 approximate ratio with O(1/¢2?) stochastic gradient
evaluations. In this section, we provide a zeroth-order variant of GA, named as ZO-GA, for
smooth DR-submodular optimization (1). We adopt the randomized gradient estimation
as described in Section 2.2 and present the algorithm framework as follows.

Algorithm 3 Zeroth-order Gradient Ascent (ZO-GA) Algorithm
Input: Initial point x; € X', K € N and step-sizes {n;}, k € [K], radius u and batch size
B.
Output: x,
1: for k=1,... K do
2 Yk+1 = Xk + Nkgr, where gi is computed by the mini-batch randomized gradient
estimation grand(xk,[;’) in (29)
3 X1 = argmingey [|X — yri1ll2
4: end for

We now discuss the approximation behavior of ZO-GA for solving (10), where f(x,&),t €
[N] are L-smooth and Lo-Lipschitz continuous, and f is monotone and DR-submodular. We
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set parameters in ZO-GA satisfying

1 1
n=——F7——, U=——, B=1
L+ il /g VK

We analyze the approximation performance through two key points combining with existing
results in (Hassani et al., 2017). Firstly, in ZO-GA the zeroth-order approximate gradient
g is an unbiased estimation of the smoothed function f,, with variance bounded by %=
16v/27dL2 by Lemma 5. Then, following Theorem 4.3 in Hassani et al. (2017), we have
that

E[fu(xr)] =

OPT R?’L + OPT N Ro
2 2K VE )’

where OPT denotes the optimal value of problem (1). Furthermore, by lemma 4 (iii) the
error between the smoothed function f,, and the function f is bounded by Lou, which is in
order O(1/vK). As a result, we obtain

OPT Vd
E[f(x)] > 5 T O (\/f) .

Hence, ZO-GA achieves a 1/2 approximate ratio after O(d/e?) zeroth-order oracle calls.

Appendix C. Proof of lemma 8

Proof Firstly, it follows from the definition of function F'(x) as given in (11) that

VF(x) = / -1 ()0

0

which indicates
1
[VE(x) - VE(y)| S/O Y| VE(0x) — V f(8y)| do
1 L
<Llx—y| [ e1od0 =[x - y].
0 e

Therefore, F'(x) is %—smooth. Secondly, for any x,y € X C R% . we have

v-x 96 = (v-x [ 1 VS )

/Ole (y, Vf(0x))do — / x, Vf(0x))do

Y

1
/e (y V (6x) — 6x, V f(0x))df — / 9=1af (6x)
0

v

1 1
/ e? — f(0x))df — 7L F(0x) (528 +/ /71 (6x)do
0

0
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-(/ 1 1) 1(3) 70,

> (1—e™) fly) - f(x),

where the first inequality is because of x+y >y V (6x) for 6 € (0, 1] and x,y > 0, and the
monotonically non-decreasing property of f, the second inequality is due to (4) indicated by
the DR~submodularity of f and the monotonically non-decreasing property of f, as follows,

{y v (0x) — 0,V f(0x)) = fy vV (0x)) = f(0x) = f(y) — (%),

and the last inequality is due to f(0) > 0. Furthermore, if x is a stationary point for
maximizing F'(x) over the set X', we have

0 > max(y — x, VF(x)) > (1 — e_l) fly) — f(x),Vy € X.

xeX

Therefore, f(x) > (1 —e!) f(x*), which completes the proof. |

Appendix D. Proof of lemma 20

Proof (i) It is straightforward to obtain the gradient form of F, p from (47). Then it follows
from the @—smoothness of f,, (see Lemma 4(iii)) that

IVE,(x) = VEu(y)| =

Ni
M N
N\N

(VIR = V) |
1 \/>LO z \/ZZLO

[y

2
ez

Mw

IN

ZlIx=vyl=

5 I =yl
1

where it utilizes Jensen’s inequality and the fact that z < Z.
(ii) By the definition of F}, along with the non-negativeness and monotonicity properties
of f,, as stated in Lemma 4 (i), we obtain

Z

~ 1 z eZ 1 1 1 1
FM(X):EZ SEZ %f,u (X)Z;Sfu(x)(lﬁ-an),

Z
z=1 Z z=1 z=1

where the last inequality comes from 37 ;1 <1+ fil l1=1+m2z.
(iii) From the expression of VE, 1(x), we obtain

Z
(y —x,VE,(x)) = <y - X, % > e§1VfM(;x)>
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L 1 & -
EZ;M 1(fﬂ(>’) fu(EX))—Z;ez 1<x,Vfu(%x)>
—1 1 Z zZ_1 z 1 z z_q 2
> (1= ) fu) = 7 Rl = 5 Do (% V()
z=1 =1
InZ

> (1= ™) fuly) = (1437 2)fu(0)

where the first inequality stems from y + Zx > y V Zx for 2 < Z and x,y > 0, and
Vfu(x) > 0, the second one comes from (5) and the monotonicity of f,(x) (see Lemma
4(i)), namely,

(¥ V(5%) = 2x VIl ) > fuly V 23) = () = fuly) = ful %),

the third inequality is due to % Z_ZZ:1 ez=' > 1— ¢!, and the fourth one is from (Mitra
et al., 2021, Lemma 3.16) with VG(x) = VF(x)/e, G(x) = fu(x)/e, and e 7! = Z(Z > 3)

that
VA Z

1 z _ InZ 1 z
7 ;ez 1 <x7 Vfu(%x)> < (1 + 3Z> fu(x) — 7 Zz::lez lfu(%x)'
Furthermore, it follows from |f,(x) — f(x)| < Lou (see Lemma 4 (iii)) that
. InZ
v =%, VE() 2 (1= 7)) fuly) = (14372 fu(x)
> (1) fy) ~ (143500700 — @~ e+ 20 Lgu
InZ

> (1) £ly) — (0 + 352 F(x) — 3Lou,
where we use that % — e~ <1 for the last inequality.
(iv) With x being a stationary point for maxyxey FM(X) and y = x* in (48), we have

0 > max(x" —x, VFM(X» > (1- 6_1> f(x*)—(1+ 31n7Z)f(x) — 3Lou.

This, combined with f(x*) > f(x), leads to the conclusion. [ |

Appendix E. The Lemma in Section 5

Lemma 28. Assume that £;(-,&) : R® — R, i € [M], are non-negative, monotonically non-
decreasing, DR-submodular and Lg-Lipschitz continuous. Then f(-,€) := min;e ) £i(-,&) is
non-negative, monotonically non-decreasing, up-concave and Lg-Lipschitz continuous.

Proof 1t is straightforward to show that f(x,¢) is non-negative and monotonic, given the
non-negativity and monotonicity of f;(x,&;), ¢ € [M] and the definition of f(x, ). Moreover,
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each function f;(x,&;) satisfying DR-submodularity is up-concave by the definition of up-
concave function, which demonstrates that f;(x + v, &;) is concave w.r.t 8 € R for v > 0,
ie.,

fi(x+ (af1 + (1 — a)B2) v, &) > afi(x+p1v, &) +H(1—a)fi(x+52v, &), Va €[0,1];V61, B2 € R.

Then it indicates
f(x+(ap+(1—a)B2)v,§) = fgﬁ% fi(x + (af1 + (1 —a)B2) v, &)

> min (afj(x + f1v, &) + (1 — a)fi(x + f2v, &)
1€[M]

> af(x+ /1v,§) + (1 — a)f(x + Bav,§),

where the first inequality is from the concavity of f;(x+ v, &;) w.r.t. 8> 0, and the second
one comes from min;(a;(x) + b;(y)) > min; a;(x) + min; b;(y). We next prove that f(x, &) is
Lg-Lipschitz continuous. Since for all 4,

it provides that f(x,&) < Lo||x — y|| + £(y,&). Similarly, we obtain for all i,
minf;(y, &) < Lollx — vl + fi(x, &).

Hence, [f(x,&) — f(y,&)| < Lo||x — y||, which completes the proof. [ |
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