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Abstract— This study is motivated by the maximum connected
coverage problem (MCCP), which is to deploy a connected
UAV network with given K UAVs in the top of a disaster
area such that the number of users served by the UAVs is
maximized. The deployed UAV network must be connected, since
the received data by a UAV from its served users need to be
sent to the Internet through relays of other UAVs. Motivated
by this application, in this paper we study a more generalized
problem – the h-hop independently submodular maximization
problem, where the MCCP problem is one of its special cases with
h = 4. We propose a 1−1/e

2h+3
-approximation algorithm for the

h-hop independently submodular maximization problem, where
e is the base of the natural logarithm. Then, one direct result
is a 1−1/e

11
-approximate solution to the MCCP problem with

h = 4, which significantly improves its currently best 1−1/e
32

-
approximate solution. We finally evaluate the performance of the
proposed algorithm for the MCCP problem in the application of
deploying UAV networks, and experimental results show that
the number of users served by deployed UAVs delivered by the
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proposed algorithm is up to 12.5% larger than those by existing
algorithms.

Index Terms— UAV communication networks, maximum con-
nected coverage problem, connected sensor coverage problem,
submodular function maximization, approximation algorithms.

I. INTRODUCTION

IN THIS paper, we study an h-hop independently submod-
ular maximization problem, which is defined later. We start

by introducing two potential applications of the problem: one
is to deploy a UAV communication network to serve people
trapped in a disaster area, the other is to place a sensor network
to monitor Points of Interest (PoIs) in an IoT network.

The first important application arises in the context of
Unmanned Aerial Vehicles (UAV) networks. Wireless com-
munication by leveraging the use of UAVs has attracted
lots of attentions recently [13], [23], [43]. Unlike terrestrial
communication systems, low-altitude UAV systems are more
cost-effective by enabling on-demand operations, more swift
and flexible for deployment and configuration [9], [14], [33],
[36], [37], [41], [42]. Due to its maneuverability and flexibility,
a UAV can act as an aerial base station (BS) by equipping with
a lightweight base station device [8], [25]. It is expected that
UAV networks consists of multiple UAVs are perfectly suit-
able for unexpected and temporary communication demands,
such as natural disasters, traffic congestion, and concerts [3].
In addition, because of their high flying height, UAVs usu-
ally have higher Line-of-Sight (LoS) link opportunities with
ground users, compared to terrestrial BSs [1]. Fig. 1 shows
a UAV network in which four UAVs serve as aerial base
stations to provide communication services to the trapped
people in a disaster zone. With the help of the UAV network,
the trapped people can send and receive critical voices, videos,
and data to/from the rescue team, thereby saving their lives and
reducing injuries. Our study is motivated by a fundamental
Maximum Connected Coverage Problem (MCCP) [43] in a
UAV network, which is to deploy K UAVs in the air to
serve people in a disaster zone, such that the number of
users served is maximized, subject to the constraint that
the communication subnetwork induced by the K UAVs is
connected. The rationale behind the connectivity constraint is
that, the received data by a UAV from its served users need
to be sent to a gateway UAV in the UAV network, where the
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Fig. 1. A UAV network that provides communication services for ground
users in a disaster area, where the network is connected to the Internet via an
emergency communication vehicle.

Fig. 2. An example of the connected sensor placement problem, where
K = 4 sensors are deployed and five PoIs are monitored by the four sensors.

gateway UAV is connected to the Internet, with the help of an
emergency communication vehicle or satellites, see Fig. 1.

We then focus on another application of the h-hop indepen-
dently submodular maximization problem, which is to place
K sensors at some strategic locations to monitor PoIs (Points
of Interest) in an IoT network such that the number of PoIs
monitored by the placed K sensors is maximized, subject to
the constraint that the communication subnetwork induced by
the K sensors is connected [15]. The rationale behind this
connectivity constraint is that each sensor needs to send its
sensing data to a base station directly or via the relays of other
sensors. Fig. 2 shows an example of placing K = 4 sensors
to monitor PoIs.

In addition to the aforementioned two applications, there are
many other potential applications of the h-hop independently
submodular maximization problem, including deploying wire-
less power chargers in wireless sensor networks [39], [40],
placing wireless routers in wireless networks [20], choosing
influential connected users in social networks [2], [17], [18],
[24], [30], [32], [34], and so on.

Motivated by the aforementioned many applications, in this
paper, we study a more generalized problem – the h-hop
independently submodular maximization problem, which is
briefly defined as follows. Given an undirected, connected
graph G = (V, E), let f : 2V �→ Z

≥0 be a monotone function
on the subsets of V , i.e., f(A) ≤ f(B) for any subsets A
and B of V with A ⊆ B. In addition, given a positive integer
h ≥ 1, we say that f is h-hop independently submodular based
on G if it meets the following two properties:

(i) Submodularity: f(A∪{v})−f(A) ≥ f(B∪{v})+f(B)
for any two subsets A and B of V with A ⊆ B, and any

node v ∈ V \B. The submodularity captures the property of
diminishing returns in economics and many fields [6].

(ii) h-hop independence: f(A) + f(B) = f(A ∪ B) for
any two non-empty subsets A and B of V with the minimum
number of hops in G between any node in A and any node in
B being at least h.

In this paper, we consider an h-hop independently submodu-
lar maximization problem in G(V, E), which is to find a subset
S of K nodes in V such that the value of f(S) is maximized,
subject to the constraint that the induced subgraph G[S] of G
by the nodes in S is connected, where K is a given positive
integer with 1 ≤ K ≤ |V | and f is h-hop independently
submodular. Notice that the MCCP problem for deploying a
UAV network is a special case of the problem with h = 4,
which will be shown in Section V.

There are several studies on special cases of the h-hop
independently submodular maximization problem. For exam-
ple, Garg [12] proposed a 1

3+ε -approximation algorithm for
the problem when h = 1, where � is a given constant with
0 < � ≤ 1. Notice that the submodular function f meets
the additive property when h = 1, i.e., for any subset S
of V , f(S) =

∑
v∈S f({v}). Khuller et al. [18] proposed a

1−1/e
12 -approximation algorithm for the problem when h = 3,

where e is the base of the natural logarithm. Yu et al. [39],
[40] proposed a 1−1/e

8(� 4√
3

α�+1)2
-approximation algorithm for the

connected sensor placement problem (e.g., see Fig. 2), where
α = r

R with 0 < r ≤ R, r and R are the sensing range
and communication range of a sensor, respectively. It can be
seen that the approximation ratio is a value between 1−1/e

128

and 1−1/e
32 , as 0 < α ≤ 1.

Notice that we recently devised a 1−1/e√
K

-approximation
algorithm [35] for finding a set S with K nodes in a graph G
such that a submodular function f(S) is maximized, subject
to that G[S] is connected, where e is the base of the natural
logarithm. This implies that the algorithm also delivers a
1−1/e√

K
-approximate solution to the problem considered in

this paper. However, the approximation ratio 1−1/e√
K

is small
when K is large. In this paper, we consider the case that√

K ≥ 2h + 3, and propose an improved algorithm with an
approximation ratio 1−1/e

2h+3 for the problem, which is no less

than 1−1/e√
K

.

A. Main Contributions

The main contributions of this paper are as follows.
(i) To the best of our knowledge, we are the first to

introduce the h-hop independently submodular maximiza-
tion problem, which generalizes many optimization problems
arisen in different domains, such as the MCCP problem
of deploying a UAV network to serve as many users as
possible.

(ii) We propose a novel tree decomposition technique. With
the help of the proposed technique, we devise a 1−1/e

2h+3 -
approximation algorithm for the problem when h ≥ 2. Con-
sequently, the proposed algorithm delivers 1−1/e

9 and 1−1/e
11

approximate solutions to the problem, when h = 3 and h = 4,
respectively, while the best approximation ratios so far for
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these two special cases with h = 3 and h = 4 are 1−1/e
12 [18]

and 1−1/e
32 [39], [40], respectively.

(iii) We evaluate the performance of the proposed algorithm
for the MCCP problem in the application of deploying UAV
networks, and experimental results show that the number of
users served by deployed UAVs in the solution delivered by
the proposed algorithm is up to 12.5% larger than those by
existing algorithms.

The rest of the paper is organized as follows. Section II
introduces preliminaries and defines the problem. Section III
proposes a 1−1/e

2h+3 -approximation algorithm for the h-hop
independently submodular maximization problem, while
Section IV shows the approximation ratio. Section V studies
an application of the h-hop independently submodular maxi-
mization problem in UAV networks. Section VI evaluates the
performance of the proposed algorithms. Section VII reviews
related work, and Section VIII concludes the paper.

II. PRELIMINARIES

A. Network Model

We consider an undirected, connected graph G = (V, E),
where V is the set of nodes and E is the set of edges. For
any two nodes u and v in V , denote by l(u, v) the minimum
number of hops (i.e., edges) in G between nodes u and v.
Also, for any two non-empty subsets A and B of V , denote
by l(A, B) the minimum number of hops between nodes in A
and B, i.e., l(A, B) = minu∈A,v∈B{l(u, v)}.

We consider a nondecreasing submodular function f :
2V �→ Z

≥0, which meets the following three properties:
(i) f(∅) = 0;

(ii) Monotonicity: f(A) ≤ f(B) for any two subsets A and
B of V with A ⊆ B; and

(iii) Submodularity: f(A∪{v})−f(A) ≥ f(B∪{v})+f(B)
for any two subsets A and B of V with A ⊆ B, and any
node v ∈ V \B.

B. Problem Definition

A function f : 2V �→ Z
≥0 is an h-hop independently

submodular function in a graph G = (V, E) if and only if
(i) f is nondecreasing and submodular; and (ii) for any two
non-empty subsets A and B of V , if the minimum number of
hops between the nodes in A and the nodes in B is no less
than h (i.e., l(A, B) ≥ h), then f(A) + f(B) = f(A ∪ B),
where h ≥ 1 is a given positive integer.

In this paper, we consider an h-hop independently sub-
modular maximization problem, which is defined as follows.
Given an undirected, connected graph G = (V, E), an h-hop
independently submodular function f : 2V �→ Z

≥0, and a
positive integer K , the problem is to find a set S of K nodes
in V such that the value of f(S) is maximized, subject to the
constraint that the induced subgraph G[S] by the nodes in S
is connected.

We assume that the values of h and K satisfy the follow-
ing relationship: 2h + 3 ≤

√
K. The rationale behind the

assumption is as follows. Xu et al. [35] devised a 1−1/e√
K

-
approximation algorithm for finding a set S with K nodes
in G such that a submodular function f(S) is maximized,

subject to that G[S] is connected, where e is the base of the
natural logarithm. This implies that the algorithm also delivers
a 1−1/e√

K
-approximate solution to the problem considered in

this paper. However, the approximation ratio 1−1/e√
K

is small

when K is large. Under the assumption that 2h + 3 ≤
√

K,
we will propose an improved algorithm with an approximation
ratio 1−1/e

2h+3 for the problem in this paper, which is no less

than 1−1/e√
K

.

C. Quota Steiner Tree (QST) Problem

We define a Quota Steiner Tree (QST) problem [16]. Given
an undirected graph G = (V, E), a profit function p : V �→
Z
≥0, a cost function c : E �→ Z

≥0, and a positive integer
(quota) q, the problem is to find a subtree T in G such that the
cost of the T , i.e.,

∑
e∈E(T ) c(e), is minimized, subject to the

constraint that the profit sum of nodes in T is no less than q,
i.e.,

∑
v∈V (T ) p(v) ≥ q. Notice that there is a 2-approximation

algorithm for the QST problem [12], [16], and the algorithm
will be part of the solution to the problem in this paper.

D. Special Cases of the h-Hop Independently Submodular
Maximization Problem

We here show that the problems studied in various applica-
tions [2], [12], [15], [16], [18], [20], [24], [39], [40], [43] in
fact are special cases of the h-hop independently submodular
maximization problem with different values of h, which are
summarized in Table I and the value of h(α) is defined in
Eq. (1).

h(α) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

2, if 0 < α ≤ 1
2
,

3, if
1
2

< α ≤
√

2
2

,

4, if

√
2

2
< α ≤ 1.

(1)

To verify our claim, we here prove that both the bud-
geted prize collecting Steiner tree problem [12], [16] and
the budgeted connected dominating set problem [2], [18],
[24] are special cases of the h-hop independently submodular
maximization problem when h = 1 and h = 3, respectively.
The proofs of the other problems listed in Table I are similar
to the one in Section V, omitted.

We first consider the budgeted prize collecting Steiner tree
problem [12], [16]. Given a graph G = (V, E), a node profit
function f : V �→ Z

≥0, and a budget K , the problem is to
find a subset S of V with no more than K nodes, such that
the induced subgraph G[S] by S is connected and the profit
sum of the nodes in S, i.e.,

∑
v∈S f(v), is maximized. For

any two non-empty subsets A and B of V with the minimum
number of hops in G between any node in A and any node
in B being at least h = 1, i.e., A ∩ B = ∅, we have that
f(A ∪ B) =

∑
v∈A∪B f(v) =

∑
v∈A f(v) +

∑
v∈B f(v) =

f(A) + f(B). Therefore, the problem is a special case of the
h-hop independently submodular maximization problem when
h = 1.
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TABLE I

SPECIAL CASES OF THE h-HOP INDEPENDENTLY
SUBMODULAR MAXIMIZATION PROBLEM

We then consider the budgeted connected dominating set
problem [2], [18], [24]. Given a graph G = (V, E) and a
subset S of V , a node v is dominated by S if v is contained in
S or is a neighbor of a node in S. Denote by f(S) the number
of nodes dominated by S. Given a budget K , the problem is
to find a subset S of V with no more than K nodes, such
that the induced subgraph G[S] by S is connected, and the
number f(S) of nodes dominated by S is maximized. For
any two non-empty subsets A and B of V with the minimum
number of hops in G between any node in A and any node in
B being at least h = 3, i.e., l(A, B) ≥ 3, it can be seen that
no nodes in V are dominated by both A and B at the same
time. Otherwise, suppose that there is a node v in V such that
v is dominated by both A and B. Then, the minimum hop
between A and v is no more than one, and the minimum hop
between v and B is also no more than one, i.e., l(A, v) ≤ 1 and
l(v, B) ≤ 1. This indicates that the minimum hop between
any node in A and any node in B is l(A, B) ≤ l(A, v) +
l(v, B) ≤ 2, which however contradicts the assumption that
l(A, B) ≥ 3. We conclude that no nodes are dominated by
both A and B simultaneously. We thus know that the number
of nodes dominated by the nodes in A ∪ B is the sum of
the numbers of nodes dominated by the nodes in A and B,
respectively, i.e., f(A ∪ B) = f(A) + f(B). Therefore, the
budgeted connected dominating set problem is a special case
of the h-hop independently submodular maximization problem
when h = 3.

III. APPROXIMATION ALGORITHM

In this section, we propose a 1−1/e
2h+3 -approximation algo-

rithm for the h-hop independently submodular maximization
problem.

A. Basic Idea
The basic idea behind the proposed algorithm is that we

assign profits to nodes in graph G in n different ways with

n = |V |. We find a tree Ti in G with no more than K nodes
so that the profit sum of nodes in Ti is maximized in each
of the n profit assignments, by invoking the 2-approximation
algorithm for the QST problem, where the QST problem here
is to find a tree in G such that the number of nodes in the
tree is minimized, subject to the constraint that the profit sum
of nodes in the tree is at least a given quota q. The solution
to the problem then is the set of nodes in one of the n found
trees T1, T2, . . . , Tn such that the profit sum of nodes in the
tree is maximized.

B. Approximation Algorithm

Given an undirected, connected graph G = (V, E), an
h-hop independently submodular function f : 2V �→ Z

≥0,
and a positive integer K , let V = {v1, v2, . . . , vn}, where
n = |V |. We assign profits to nodes in G with n different
ways.

Denote by pi(v) the profit assigned to node v ∈ V in G in
the ith way with 1 ≤ i ≤ n. This profit assignment proceeds
as follows.

We start by assigning a profit f({vi}) to node vi, i.e.,
pi(vi) = f({vi}). We then choose a node v in V \ {vi} with
the maximum marginal profit f({v, vi})− f({vi}) and assign
node v the profit pi(v) = f({v, vi})− f({vi}), where ties are
broken arbitrarily. The profit assignment procedure continues
until each node in G is assigned a profit. The detailed profit
assignment procedure is given in Algorithm 1.

Algorithm 1 Profit Assignment Procedure

Require: An undirected, connected graph G = (V, E), an h-
hop independently submodular function f : 2V �→ Z

≥0,
and a starting node vi

Ensure: the assigned profit pi(v) of each node v ∈ V in the
ith way

1: Assign profit f({vi}) to the starting node vi, i.e., pi(vi) =
f({vi});

2: Let D ← {vi}; /* the set of nodes assigned profits
already*/

3: Let U ← V \D;
4: while U 
= ∅ do
5: Choose a node v in U with the maximum marginal profit

f({v}∪D)−f(D), i.e., v = arg maxvj∈U{f({vj}∪D)−
f(D)};

6: Let pi(v) = f({v} ∪D)− f(D);
7: Let D ← D ∪ {v};
8: Let U ← U \ {v};
9: end while

10: return the assigned profit pi(v) of each node v in V .

Having assigned a profit pi(v) to each node v ∈ V in the
ith way, we find a tree Ti with no more than K nodes such
that the profit sum of the nodes in Ti is maximized, based on
the profit assignment. This problem however is NP-hard [16].
Denote by qopt the optimal profit sum.

In the following, we find a quota Qi by binary search with
Qi ≤ qopt, such that there are no more than K nodes in the
tree delivered by the 2-approximation algorithm for the QST
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problem [12], [16] with quota Qi, while there are more than
K nodes in the found tree with quota Qi + 1. We later show
that the value of Qi is no less than 1−1/e

2h+3 · OPT for some
staring node vi (e.g., see Eq. (2) in Section IV), where OPT
is the optimal solution to the h-hop independently submodular
maximization problem.

It can be seen that the value of Qi must be in the interval
of [f({vi}), f(V )]. Specially, let lb and ub be the lower and
upper bounds on Qi, respectively. Initially, let lb = f({vi})
and ub = f(V ). Let q = � lb+ub

2 �. We can find a tree Tq in
G based on the profit assignment of the ith way so that the
number of nodes in Tq is minimized, subject to the constraint
that the profit sum of nodes in Tq is no less than q, by invoking
the 2-approximation algorithm for the QST problem. Consider
the number of nodes |V (Tq)| in tree Tq. If |V (Tq)| ≤ K ,
this implies that q(= � lb+ub

2 �) is no more than the value Qi.
In this case, let q become the updated lower bound on Qi,
i.e., lb = q. Otherwise (|V (Tq)| > K), this indicates that the
value q is larger than Qi, i.e., q > Qi. Let q become the
updated upper bound on Qi, i.e., ub = q. The binary search
will terminate when ub = lb + 1. Finally, the tree Ti can be
found, by invoking the 2-approximation algorithm for the QST
problem with a quota of lb(= ub− 1).

The algorithm for the h-hop independently submodular
maximization problem is presented in Algorithm 2.

IV. ANALYSIS OF THE APPROXIMATION ALGORITHM

Denote by L0 the set of nodes in an optimal solution to
the problem. Then, OPT = f(L0). Also, denote by Lh−1

the set of nodes such that the minimum number of hops in
G between any node v in Lh−1 and any node in L0 is no
more than h − 1, but node v is not contained in L0, i.e.,
Lh−1 = {v | v ∈ V \ L0, l(v, L0) ≤ h − 1}, where h ≥ 1,
and l(v, L0) is the minimum number of hops between node
v and nodes in L0 in G. Let Lh = V \ (L0 ∪ Lh−1). It can
be seen that the minimum number of hops between nodes in
L0 and nodes in Lh is no less than h, i.e., l(L0, Lh) ≥ h.

Consider a node vi with the maximum profit in the optimal
solution L0, i.e., vi = argmaxv∈L0{f(v)}. Due to the
submodularity of function f , we have f(L0) ≤

∑
v∈L0

f(v) ≤
|L0| · f(vi) = K · f(vi), where K = |L0|. Then,

f(vi) ≥
f(L0)

K
=

OPT

K
. (2)

Recall that in the ith ‘for’ loop of Algorithm 2, we first
assign a profit pi(vi) = f(vi) to node vi, then assign profits
to the other nodes in G greedily. Denote by D′ the first K
nodes in set L0 ∪Lh−1 that have been assigned profits by the
profit assignment procedure. Let D′ = {vi, v1, v2, . . . , vK−1}
with i 
∈ {1, 2, . . . , K − 1}. Denote by pi(D′) the profit sum
of nodes in D′, i.e., pi(D′) =

∑
v∈D′ pi(v).

Proof roadmap: In the rest, we first show that the profit
sum of nodes in D′ is no less than (1 − 1/e) · OPT , i.e.,
pi(D′) ≥ (1−1/e)OPT . We then prove that there is a tree T
in G spanning the nodes in D′, such that the number of nodes
in T is no more than (K−1)h+1. The profit sum of nodes in
T thus is no less than (1−1/e)OPT . We also show that tree T
can be decomposed into no more than 2h+3 subtrees such that

Algorithm 2 Approximation Algorithm for the h-Hop Inde-
pendently Submodular Maximization Problem

Require: An undirected, connected graph G = (V, E), an h-
hop independently submodular function f : 2V �→ Z

≥0,
and a positive integer K .

Ensure: A set S of K nodes in G such that the value of f(S)
is maximized, subject to the constraint that the induced
subgraph G[S] is connected.

1: Let S ← ∅;
2: for 1 ≤ i ≤ n do
3: Assign profits to nodes in V starting from node vi by

invoking Algorithm 1;
4: Let lb ← f({vi}) and ub← f(V ); /* lb and ub are the

lower and upper bounds on the value of Qi, respectively
*/

5: while lb + 1 < ub do
6: Let q ← � lb+ub

2 �; /* q is the quota in the QST problem
*/

7: Find a tree Tq in G with the minimum number of nodes,
subject to the constraint that the profit sum of nodes
in Tq, i.e.,

∑
v∈V (Tq) pi(v), is no less than quota q,

by invoking the 2-approximation algorithm for the QST
problem;

8: if the number of nodes in Tq is no greater than K then
9: Let lb← q; /* the quota q is no more than Qi */

10: else
11: Let ub← q; /* the quota q is larger than Qi */
12: end if
13: end while
14: Let q ← lb, where lb = ub− 1;
15: Find a tree Ti in G with the minimum number of nodes,

subject to the constraint that the profit sum of nodes in Ti

is no less than quota q, by invoking the 2-approximation
algorithm for the QST problem. Notice that the number
of nodes in Ti must be no greater than K .

16: if f(V (Ti)) > f(S) then
17: Let S ← V (Ti); /* find a better set of nodes */
18: end if
19: end for
20: return set S.

the number of nodes in each subtree is no more than K
2 . Then,

there must have a subtree T ′ among the 2h + 3 subtrees such
that the profit sum of nodes in T ′ is no less than 1

2h+3 of the

profit sum of nodes in T , i.e.,
∑

v∈T ′ pi(v) ≥
�

v∈T pi(v)

2h+3 ≥
1−1/e
2h+3 OPT . Finally, a tree in G with no more than 2K

2 = K
nodes can be found such that the profit sum of nodes in the tree
is no less than 1−1/e

2h+3 ·OPT , by invoking the 2-approximation
algorithm for the QST problem in [12] and [16].

We start by showing that the profit sum of nodes in D′ is
no less than (1 − 1/e) ·OPT .

Lemma 1: Consider node vi in the optimal solution L0 with
the maximum profit and the profit assignment procedure start-
ing with node vi. Let D′ be the first K nodes in set L0∪Lh−1

with the assigned profits. Then, pi(D′) ≥ (1 − 1/e) ·OPT .
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Fig. 3. The constructed tree T spanning the nodes in D′, where K = 17 and
h = 3. Notice that node vi is contained by both T ∗ and D′.

Proof: The proof is contained in Section 1 of the supple-
mentary file. �

A. The Existence of a Tree T With (K − 1)h + 1 Nodes That
Spans All Nodes in D′

We then show that there is a tree T in G spanning the
nodes in D′ such that the number of nodes in T is no more
than (K − 1)h + 1, which is less than Kh in [18].

Lemma 2: Given node vi ∈ L0 with the maximum profit
and the profit function pi : V �→ Z

≥0, there is a tree T
in G with no more than (K − 1)h + 1 nodes such that the
profit sum of nodes in T , i.e.,

∑
v∈V (T ) pi(v), is no less than

(1−1/e) ·OPT , where e is the base of the natural logarithm.

Proof: Recall that D′ = {vi, v1, v2, . . . , vK−1} and
pi(D′) ≥ (1 − 1/e) · OPT by Lemma 1. We construct a
tree T in G spanning all nodes in D′ such that T contains no
more than (K−1)h+1 nodes, based on profit function pi(·).

Since L0 is the optimal solution, the induced subgraph
G[L0] by the nodes in L0 is connected. Denote by T ∗ a
spanning tree in G[L0], assuming that the cost of each edge is
one. Notice that vi is in L0 and each node in D′ is contained
in L0 ∪ Lh−1, where Lh−1 is the set of nodes such that the
minimum number of hops in G between any node v in Lh−1

and any node in L0 is no greater than h−1, but node v is not
contained in L0. Then, it can be seen that there is a path Pk

in G between any node vk in D′ \ {vi} and a node uk in L0

such that the number of edges in Pk is no more than h− 1.
A tree T can be constructed, which is the union of T ∗

and the K − 1 found paths, i.e., T = T ∗ ⋃
(
⋃K−1

k=1 Pk).
Fig. 3 illustrates such a tree, where K = 17, h = 3, L0 =
V (T ∗) = {vi, u1, u2, . . . , u16}, D′ = {vi, v1, v2, . . . , v16},
and the number of edges in each path Pk is no more than
h− 1 = 2.

The number of edges in T is no more than |E(T )| =
|E(T ∗)| +

∑K−1
k=1 |E(Pk)| ≤ K − 1 + (K − 1) · (h − 1) =

(K − 1)h. The number of nodes in T thus is no greater than
(K − 1)h + 1. The lemma then follows. �

B. A Novel Tree Decomposition

We now show that there is a subtree T ′ in G with no more
than �K

2 � nodes such that the profit sum of nodes in T ′ is no
less than 1−1/e

2h+3 · OPT . Following Lemma 2, there is a tree
T in G with no more than (K − 1)h + 1 nodes such that the
profit sum

∑
v∈V (T ) pi(v) of the nodes in T is no less than

(1−1/e) ·OPT . We here propose a novel tree decomposition
technique that decomposes T into no more than 2h+3 subtrees
such that the number of nodes in each subtree is no greater than
�K

2 �, where 2h+ 3 < 4h for any integer h with h ≥ 2. Then,
there must be a subtree T ′ among the 2h + 3 subtrees such
that the profit sum of nodes in T ′ is no less than 1

2h+3 of the

profit sum of nodes in T , i.e.,
∑

v∈T ′ pi(v) ≥
�

v∈T pi(v)

2h+3 ≥
1−1/e
2h+3 OPT .

1) Tree Decomposition Procedure: We show the tree
decomposition procedure when K is odd. Then, �K

2 � = K−1
2 .

On the other hand, �K
2 � = K

2 when K is even. The procedure
with the case that K is even is omitted, due to its similarity
with the case that K is odd.

Recall that tree T is the union of a spanning tree T ∗ in
G[L0] and K − 1 paths P1, P2, . . . , PK−1, where the number
of edges in Pk is no more than h − 1 with 1 ≤ k ≤ K − 1,
see Fig. 3. Without loss of generality, we further assume
that P1, P2, . . . , PK−1 are edge-disjoint. Otherwise, the paths
with edge-sharing can be converted to edge-disjoint paths,
by duplicating the shared edges.

Let node vi ∈ L0 be the root of tree T . Denote by Tv

the subtree of T rooted at node v for any node v ∈ T , and
denote by w(Tv) the number of edges in Tv. We decompose
tree T by a Depth-First Search (DFS) starting from node vi,
until the number of edges in the residual tree is no more than
K−1

2 − 1 = K−3
2 . The detailed tree decomposition procedure

is given as follows.
Assume that v is the node being visited by the DFS. If the

number of edges in tree Tv is no more than K−3
2 − 1, i.e.,

w(Tv) ≤ K−3
2 −1, nothing is done and the tree decomposition

procedure continues; otherwise (w(Tv) ≥ K−3
2 as w(Tv) is an

integer), a tree will be decomposed from T as follows. We later
show that node v must be contained in tree T ∗ by Lemma 3
in Section IV-B.2, where T ∗ is a spanning tree in G[L0] by
the optimal solution L0.

Assume that node Tv has nv children v′1, v
′
2, . . . , v

′
nv

.
Denote by tree T ′

l the union of edge (v, v′l) and subtree Tv′
l

rooted at a child v′l, i.e., T ′
l = (v, v′l)∪Tv′

l
, where 1 ≤ l ≤ nv.

Following the work in [31], the nv subtrees T ′
1, T

′
2, . . . , T

′
nv

can be partitioned into, say n′(≥ 2), groups g1, g2, . . . , gn′

such that the number of edges of subtrees in each group is no
more than K−3

2 (i.e.,
∑

T ′
l ∈gj

w(T ′
l ) ≤ K−3

2 for each j with
1 ≤ j ≤ n′), while the number of edges in the subtrees of any
two groups is larger than K−3

2 (i.e.,
∑

T ′
l ∈gj∪gj′

w(T ′
l ) > K−3

2

for each pair of j and j′ with 1 ≤ j, j′ ≤ n′ and j 
= j′). For
example, Fig. 4(a) shows that tree Tu3 rooted at u3 consists
of four subtrees, and these four subtrees are partitioned into
n′ = 2 groups, where K = 17 and K−3

2 = 7. Also, it can be
seen that the numbers of edges in the subtrees of groups g1 and
g2 are 6 and 3, respectively. Then, w(g1) = 6 ≤ K−3

2 = 7
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and w(g2) = 3 ≤ K−3
2 = 7, while w(g1) + w(g2) = 6 + 3 =

9 > K−3
2 = 7.

For each group gj with 1 ≤ j ≤ n′, denote by n∗
j the

number of edges in gj ∩ T ∗, where T ∗ is a spanning tree in
graph G[L0]. For example, consider two groups g1 and g2 in
Fig. 4(a). It can be seen that n∗

1 = 3 and n∗
2 = 0.

A tree T ′′
j is decomposed from T by distinguishing into

two cases. Case (i): the number of edges in the subtrees of a
group gj is no less than K−3

2 − n∗
j − (h− 2), i.e.,

w(gj) =
∑

T ′
l ∈gj

w(T ′
l ) ≥

K − 3
2
− n∗

j − (h− 2). (3)

A tree T ′′
j in Case (i) is constructed, which is the union of

the subtrees in group gj , as each subtree in gj contains the
root v of Tv. Finally, the edges in T ′′

j are removed from T .
For example, Fig. 4(a) shows that the number of edges in the
subtrees of group g1 is w(g1) = 3 + 3 = 6 > K−3

2 − n∗
1 −

(h− 2) = 17−3
2 − 3− (3− 2) = 3. Tree T ′′

j thus is the union
of the subtrees in group g1, see Fig. 4(a).

Case (ii): the number of edges in all subtrees of each group
gj is no more than K−3

2 −n∗
j − (h− 2), i.e., w(gj) < K−3

2 −
n∗

j−(h−2) for each j with 1 ≤ j ≤ n′. For example, consider
node u5 in Fig. 4(b), where the number of edges in the subtrees
of group g1 (or g2) is 4, while the value of K−3

2 −n∗
j−(h−2) is

17−3
2 −1−(3−2) = 5. The n′ groups g1, g2, . . . , gn′ are sorted

in non-increasing order of the numbers of their edges in T ∗.
Without loss of generality, assume that n∗

1 ≥ n∗
2 ≥ · · · ≥ n∗

n′ ,
where n∗

j = |E(gj ∩ T ∗)| with 1 ≤ j ≤ n′. Notice that node
v is contained in each subtree gj ∩ T ∗ with 1 ≤ j ≤ n′, as v
is contained in each subtree of gj and v is in T ∗.

A tree T ′′
j in Case (ii) is constructed from T as follows.

First, let T ′′
j be the union of the subtrees in group g1. Then,

we duplicate the edges in g2 ∩ T ∗ and add the edges to T ′′
j .

Notice that T ′′
j is connected after adding the edges in g2∩T ∗,

since node v is contained in both g1∩T ∗ and g2∩T ∗. Finally,
recall that for each node vk in D′ \ {vi}, there is a path Pk

between vk and a node uk in T ∗ such that the number of edges
in Pk is no more than h − 1. We continue adding a path Pk

of a node vk in (D′ \ {vi})∩ g2 to T ′′
j as long as the number

of edges in T ′′
j is no more than K−3

2 . For example, Fig. 4(b)
illustrates such a tree, where the edge in g2 ∩ T ∗ is (u5, u6),
and path P5 consisting of only edge (v5, u6) is added to T ′′

j .
Having constructed tree T ′′

j , the edges in T ′′
j except the

edges in g2 ∩ T ∗ are removed from T , see Fig. 4(c) for the
residual tree of T after the tree decomposition in Case (ii).

Denote by T the set of the decomposed subtrees from T
by the tree decomposition procedure. For example, Fig. 4(d)
shows that seven subtrees are obtained through the tree decom-
position of tree T . It can be seen that the number of edges
of each tree in T is no more than K−3

2 . Then, the number of
nodes of each tree is no greater than K−3

2 + 1 = K−1
2 ≤ K

2 .
2) Property of a Node v With w(Tv) ≥ K−3

2 in Tree T :
Lemma 3: Consider a node v in the tree decomposition

of T . If the number of edges in the subtree Tv rooted at v
is no less than K−3

2 , i.e., w(Tv) ≥ K−3
2 , then v must be

contained in tree T ∗, where T ∗ is a spanning tree in G[L0].

Proof: The proof is contained in Section 2 of the supple-
mentary file. �

3) Bound the Number of Decomposed Subtrees in T :
Lemma 4: Assume that

√
K ≥ 2h+3. Then, the tree T in G

with no more than (K−1)h+1 nodes can be decomposed into
no more than 2h + 3 subtrees, such that the number of nodes
in each subtree is no more than K

2 . Then, there is a subtree T ′

among the 2h + 3 subtrees with no more than K
2 nodes such

that the profit sum of nodes in T ′ is no less than 1−1/e
2h+3 ·OPT ,

i.e., |V (T ′)| ≤ K
2 and

∑
v∈T ′ pi(v) ≥ 1−1/e

2h+3 ·OPT .

Proof: It can be seen that the number of nodes of each
subtree in T is no greater than K

2 . We show that the number
of subtrees in T is no more than 2h + 3. Recall that, before
splitting any subtree off from tree T , T consists of a spanning
tree T ∗ in G[L0] and K − 1 paths P1, P2, . . . , PK−1, see
Fig. 3(a). It can be seen that the numbers of edges in T ∗

and T are K − 1 and (K − 1)h, respectively, by Lemma 2.
Let T = {T ′′

1 , T ′′
2 , . . . , T ′′

x , T ′′
x+1} be the set of decomposed

subtrees of T by the tree decomposition procedure, where the
number of subtrees in T is x+1 and x is a nonnegative integer.

Following the tree composition procedure, some edges
of T ∗ will be removed when decomposing each subtree T ′′

j

from T , where 1 ≤ j ≤ x + 1. The set of the removed
edges can be represented as (E(T ′′

j ) ∩ E(T ∗)) \ E(T ∗). Let
n∗

j = |((E(T ′′
j ) ∩ E(T ∗)) \ E(T ∗)|. It can be seen that∑x+1

j=1 n∗
j ≤ K−1, as any edge in T ∗ will not be contained in

other subtrees once it has been removed from T . Especially,
we have

x∑
j=1

n∗
j ≤

x+1∑
j=1

n∗
j ≤ K − 1, (4)

where T ′′
x+1 is the last decomposed subtree.

We show that the number of removed edges from
T after decomposing each subtree T ′′

j is no less than
K−3

2 − n∗
j − (h− 2), i.e.,

w(T ′′
j \ T ) ≥ K − 3

2
− n∗

j − (h− 2). (5)

Assume that a node v in T is being visited by the DFS in the
tree decomposition procedure when T ′′

j is decomposed. Then,
T ′′

j is a subtree of Tv. Subtree T ′′
j may be obtained in either

Case (i) or Case (ii) of the tree decomposition procedure, see
Fig. 4. For Case (i) (see Fig. 4(a)), we have

w(T ′′
j \ T )=w(T ′′

j )≥K − 3
2
− n∗

j − (h− 2), by Ineq. (3).

(6)

On the other hand, assume that T ′′
j is obtained by Case (ii)

in the tree decomposition procedure. It can be seen that the
number of edges in T ′′

j is at least K−3
2 − (h− 2), i.e.,

w(T ′′
j ) ≥ K − 3

2
− (h− 2). (7)

Otherwise (w(T ′′
j ) < K−3

2 − (h − 2)), we have w(T ′′
j ) ≤

K−3
2 − (h−2)−1 = K−3

2 − (h−1). We then can add another
path Pk′ of a node vk′ in (D′\{vi})∩g2, such that the number
of edges in T ′′

j is at most K−3
2 − (h− 1) + |E(Pk′ )| ≤ K−3

2 ,
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Fig. 4. The execution illustrations of the tree decomposition procedure.

as the number of edges in Pk′ is no more than h − 1. This
however contradicts the construction of tree T ′′

j .
It can be seen that the set of edges removed from T after

decomposing subtree T ′′
j by Case (ii) is E(T ′′

j ) \E(g2 ∩ T ∗),
since the edges in E(g2 ∩ T ∗) are not removed from T in the
tree decomposition, see Fig. 4(b) and Fig. 4(c). We then have

w(T ′′
j \ T )= w(T ′′

j )− |E(g2 ∩ T ∗)|

≥ K − 3
2
− (h− 2)−|E(g2 ∩ T ∗)|, by Ineq. (7)

=
K − 3

2
− n∗

2 − (h− 2), as n∗
2 = |E(g2 ∩ T ∗)|

≥ K − 3
2
− n∗

1 − (h− 2), as n∗
1 ≥ n∗

2. (8)

Combining Ineq. (6) and Ineq. (8), Ineq. (5) holds.
Since there are (K − 1)h edges in tree T initially, the

number of edges removed from T after decomposing the first
x subtrees is no greater than (K − 1)h. We thus have

(K − 1)h≥
x∑

j=1

w(T ′′
j \ T )

=
x∑

j=1

(
K − 3

2
− n∗

j − (h− 2)), by Ineq. (5)

= (
K − 1

2
− (h− 1)) · x−

x∑
j=1

n∗
j

≥ (
K − 1

2
− (h− 1)) · x− (K − 1), by Ineq. (4).

(9)

Then,

2(h + 1) ≥ (1− 2(h− 1)
K − 1

) · x

≥ (1− 2(h− 1)
(2h + 3)2 − 1

) · x,

by the assumption that
√

K ≥ 2h + 3. (10)

By re-arranging Ineq. (10), we have

x ≤ 2h + 3− 5h + 7
2h2 + 5h + 5

. (11)
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Since x is an integer, we have

x ≤ 2h + 2. (12)

Then, the number of subtrees in T is x + 1 ≤ 2h + 3. For
example, Fig. 4(d) shows that seven subtrees are obtained after
the tree decomposition of tree T , |T | = 7 ≤ 2h + 3 = 9, and
the number of edges of each subtree is no more than K−3

2 = 7.
The lemma then follows. �

C. Analysis of the Approximation Ratio

Lemma 5: Given node vi ∈ L0 with the maximum profit,
assign profits to nodes in G with profit function pi : V �→ Z

≥0.
Then, the 2-approximation algorithm for the QST problem in
[12] and [16] can find a tree in G with no more than K nodes
such that the profit sum of nodes in the tree is no less than a
quota q if q ≤ � 1−1/e

2h+3 ·OPT �. Equivalently, if the algorithm
in [12] and [16] delivers a tree with more than K nodes, then
the quota q is larger than � 1−1/e

2h+3 ·OPT �.
Proof: Following Lemma 4, there is a tree T ′ in G with

no more than K
2 nodes such that the profit sum of nodes in

T ′ is no less than � 1−1/e
2h+3 · OPT �, as the profit sum is an

integer. Therefore, tree T ′ is a feasible solution to the QST
problem when the quota q ≤ � 1−1/e

2h+3 ·OPT �. Then, the optimal
solution to the QST problem with a quota q contains no more
than K

2 nodes. We thus conclude that the tree delivered by the
2-approximation algorithm for the QST problem [12], [16]
contains no more than 2 · K

2 = K nodes. The lemma then
follows. �

We finally analyze the approximation ratio of the proposed
approximation algorithm by the following theorem.

Theorem 1: Given an undirected, connected graph G =
(V, E), an h-hop independently submodular function f :
2V �→ Z

≥0, and a positive integer K with K ≤ |V |,
Then, there is an approximation algorithm, Algorithm 2, for
the h-hop independently submodular maximization problem,
which delivers a 1−1/e

2h+3 -approximate solution, where h is a
given positive integer with h ≥ 2, and e is the base of
the natural logarithm. In addition, the time complexity of
the algorithm is O(n3Tc(f(V )) + n4 log n log f(V )), where
n = |V |, Tc(f(V )) is the time for computing the value
of f(V ).

Proof: Consider node vi ∈ L0 in the optimal solution
with the maximum profit, and a profit function pi : V �→ Z

≥0.
It can be seen that ub = lb+1 when Algorithm 2 terminates,
where ub and lb are the upper and lower bounds on the value
of � 1−1/e

2h+3 · OPT �. Also, the algorithm in [12] and [16]for
the QST problem delivers a tree with no more than K nodes
when the quota q = lb, while it delivers a tree more than K
nodes when the quota q = ub. Then, ub > � 1−1/e

2h+3 ·OPT � by

Lemma 5. We thus have ub ≥ � 1−1/e
2h+3 ·OPT �+1, due to that

the value of ub is an integer. Therefore, lb ≥ � 1−1/e
2h+3 ·OPT � ≥

1−1/e
2h+3 · OPT . That is, the tree delivered by the algorithm

for the QST problem with quota q = lb(≥ 1−1/e
2h+3 · OPT ) in

[12] and [16] contains no more than K nodes. Therefore, the
approximation ratio of Algorithm 2 is 1−1/e

2h+3 .

The time complexity analysis of Algorithm 2 is contained
in Section 3 of the supplementary file. �

V. APPLICATION OF THE h-HOP INDEPENDENTLY

SUBMODULAR MAXIMIZATION PROBLEM

IN UAV NETWORKS

In this section, we show that the proposed algorithm for
the h-hop independently submodular maximization problem
is applicable to solve optimization problems by providing
improved solutions to these problems. Particularly, we study its
application for the MCCP problem, and show that the proposed
algorithm delivers an improved 1−1/e

11 -approximate solution to
the problem.

We first briefly describe the application scenario of the
MCCP problem [43]. Assume that there are m ground users
to be served in a disaster area. Denote by L and W the length
and width of the area, respectively. We need to deploy a given
number of K UAVs to serve the m users.

Assume that the K UAVs hover at the same altitude Huav ,
which is the optimal altitude for the maximum coverage from
the sky [1], [43], e.g., Huav = 300 m. Denote by R the
communication range between any two UAVs at altitude Huav .
Also, denote by r′ the communication range between a ground
user and a UAV at altitude Huav . Notice that r′ is no greater

than R [15]. Let r =
√

r′2 −H2
uav . Assume that a UAV hov-

ers at a location with its coordinate (xi, yi, Huav). Then, it can
be seen that the coverage of the UAV is a disk that centers
at location (xi, yi, 0) with radius r, i.e., the set of points with
coordinates (x, y, 0) such that (x − xi)2 + (y − yi)2 ≤ r2.
Thus, the users in the disk can communicate with the UAV
directly. Let α = r

R . Then, 0 < α ≤ 1, as r ≤ r′ ≤ R.
The set V of potential UAV hovering locations are con-

structed as follows. The plane at altitude Huav is divided
into equal size squares with a given side length δ, where
0 < δ ≤ R, and R is the communication range of UAVs,
assuming that R is divisible by δ, e.g., δ = R

2 . Also, assume
that both the length L and width W of the disaster area are
divisible by δ. Thus, the plane is divided into n = L

δ ×
W
δ

grids. Denote by v1, v2, . . . , vn the center locations of the n
grids. The set of the potential UAV placement locations is
V = {v1, v2, . . . , vn}.

Denote by d(vi, vj) the Euclidean distance between two
locations vi and vj in V . A graph G = (V, E) then is
constructed, where there is an edge (vi, vj) in E between
two locations vi and vj in V if their Euclidean distance
d(vi, vj) is no greater than the communication range R, i.e.,
E = {(vi, vj) | vi, vj ∈ V, i 
= j, d(vi, vj) ≤ R}. Given K
UAVs, recall that the maximum connected coverage problem
in G is to find a set S of K hovering locations in G for
placing the K UAVs such that the number of ground users
served by the K placed UAVs is maximized, subject to the
constraint that the induced subgraph G[S] by the nodes in S
is connected.

Yu et al. [39], [40] recently proposed a 1−1/e

8(� 4√
3
α�+1)2

-

approximation algorithm for the problem, where α = r
R . It can

be seen that the approximation ratio is between 1−1/e
128 and

1−1/e
32 , as 0 < α ≤ 1.
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We show that the proposed algorithm in Section III for the
h-hop independently submodular maximization problem can
deliver a 1−1/e

2h(α)+3 -approximate solution to the maximum con-
nected coverage problem, where the value h(α) is determined
by the value of α and α = r

R , see Eq. (1) in Section II-D.
For a subset S of V , denote by f(S) the number of users

served by the UAVs placed at locations in S. We show that
function f(S) is h(α)-hop independently submodular by the
following lemma.

Lemma 6: Function f is h(α)-hop independently submod-
ular, where the value of h(α) is defined in Eq. (1), and α is
a given constant with 0 < α ≤ 1.

Proof: The proof is contained in Section 4 of the
supplementary file. �

VI. PERFORMANCE EVALUATION

In this section, we evaluate the performance of the proposed
algorithm through experimental simulations. We also study the
impact of important parameters on the algorithm performance,
including the number m of to-be-served users, the number K
of UAVs, the communication range R between two UAVs, and
the communication range r of a ground user.

A. Experimental Environment Settings

We consider an application of the problem for deploying a
connected UAV network to serve ground users in a disaster
area. Consider a disaster area of 3 × 3 km2 square [43],
in which 500 to 3,000 users are located, where the human
density follows the fat-tailed distribution, i.e., many people
are located at a small portion of places while a few people
are located at other places [28]. The number of deployed
UAVs K varies from 10 to 50. Then, the approximation ratio
of the proposed algorithm is 1−1/e

11 , where e is the base of
the natural logarithm. We assume that each UAV hovers at
altitude Huav = 300 m [1]. The communication range R
between any two UAVs is 600 m, while the communication
range r′ between a user and a UAV is 500 m [43]. Then, r =√

r′2 −H2
uav = 400 m, α = r

R = 400
600 = 2

3 <
√

2
2 . Following

Eq. (1) in Section II-D, h(α) = 3. Therefore, the maximum
connected coverage problem for deploying a UAV network is
an h(α)-hop independently submodular maximization problem
by Lemma 6 in Section V, and the proposed algorithm now
delivers a 1−1/e

2h(α)+3 (= 1−1/e
9 ) approximate solution.

To evaluate the performance of the proposed algorithm
ApproAlg for the maximum connected coverage problem,
we adopt the following three benchmarks. (i) Algorithm
MotionCtrl [43] finds a distributed motion control solution
for deploying K UAVs to cover as many as users while main-
taining the connectivity of the UAVs. (ii) Algorithm MCS [35]
delivers a 1−1/e√

K
-approximate solution to the problem of

deploying K UAVs in a disaster area, such that a submodular
function of the deployed UAVs is maximized, subject to the
connectivity constraint that the subnetwork induced by the
K UAVs is connected. (iii) Algorithm GreedyLabel [18]
first assigns profits for deploying a UAV at different hovering
locations in a greedy way, followed by identifying a connected

Fig. 5. The performance of different algorithms by varying the number m
of to-be-served users from 500 to 3,000, when there are K = 30 UAVs.

subgraph with no more than K nodes such that the profit sum
of nodes in the subgraph is maximized. All experiments were
performed on a server with an Intel(R) Core(TM) i9-9900K
CPU (3.6 GHz) and 32 GB RAM.

B. Algorithm Performance

We first study the algorithm performance by varying the
number m of users from 500 to 3,000, when there are
K(= 30) UAVs. Fig. 5(a) shows that the number of users
served by algorithm ApproAlg is about from 8.5% to 12.5%
higher than those by algorithms MotionCtrl, MCS, and
GreedyLabel. For example, the numbers of users served
by the four algorithms ApproAlg, MotionCtrl, MCS, and
GreedyLabel are 2,600, 1,670, 2,395, and 1,800, respec-
tively when there are 3,000 users in the disaster area. Fig. 5
demonstrates that more users are served by each of the four
algorithms, with the increase on the number m of users.
On the other hand, Fig. 5(b) plots the running times of the
mentioned four algorithms, from which it can be seen that the
running time of algorithm ApproAlg is about five seconds,
much longer than those of other three algorithms. It must be
mentioned such a short delay about a few seconds by algorithm
ApproAlg is acceptable in a real UAV network, as up to
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Fig. 6. The performance of different algorithms by increasing the number
K of UAVs from 10 to 50, when there are m = 3, 000 to-be-served users.

12.5% more users are served in the solution delivered by the
algorithm. In the following, we do not compare the running
times of the four mentioned algorithms, since their algorithm
performance curves are similar to the one in Fig. 5(b) and
the running time of algorithm ApproAlg is no greater than
15 seconds in the following groups of experiments.

We conduct an extra group of ablation experiment. Notice
that there are two major differences between the proposed
algorithm ApproAlg and algorithm GreedyLabel in [18].
The first one is that, unlike the algorithm in [18] that assigns
profits to nodes in one way only, we assign profits to nodes
in multiple ways. We use GreedyLabel+multiAssign
to represent the algorithm that combines the algorithm in [18]
and the multiple ways of node profit assignments in this paper.
The second difference is that we propose a new tree decompo-
sition technique. We use GreedyLabel+newTreeDecomp
to represent the algorithm that combines the algorithm in [18]
and the new tree decomposition technique in this paper.
Fig. 5(a) shows that the number of users served by algorithm
GreedyLabel+newTreeDecomp is much larger than that
by algorithm GreedyLabel+multiAssign, which indi-
cates that the performance improvement of the proposed
algorithm ApproAlg is mainly contributed by the proposed
new tree decomposition technique. On the other hand, the
running time of the proposed algorithm ApproAlg is mainly
prolonged by the multiple ways of node profit assignments,
see Fig. 5(b).

We then investigate the performance of different algorithms
by increasing the number K of UAVs from 10 to 50, when
there are m = 3, 000 users. Fig. 6 plots that the number of
users served by each algorithm increases with more UAVs.
In addition, the deployed UAVs by algorithm ApproAlg
serve 97% (≈ 2,915

3,000 ) of users when there are K = 40 UAVs,
while the deployed UAVs by the other three algorithms serve
no more than 88% (≈ 2,633

3,000 ) of users.
We also study the performance of different algorithms

by varying the communication range R between two UAVs
from 500 m to 1, 000 m while fixing the communication
range r′ of a user at 500 m, when m = 3, 000, K = 30.

Recall that r =
√

r′2 −H2
uav and α = r

R , where Huav =
300 m. It can be seen that the value of α decreases from

Fig. 7. The performance of different algorithms by varying the commu-
nication range R between two UAVs from 500 m to 1,000 m while fixing
r′ = 500 m, when m = 3, 000 users and K = 30 UAVs.

0.8 to 0.4 when R grows from 500 m to 1,000 m. Then,
following Eq. (1), the value of h(α) decreases from 4 to 2.
Fig. 7 illustrates that the number of users served by each
of the four algorithms ApproAlg, MotionCtrl, MCS, and
GreedyLabel increases with the growth of the communi-
cation range R between two UAVs. The rationale behind the
phenomenon is that less numbers of relaying UAVs are needed
when the communication range R is larger, and more UAVs
thus can be used to serve the users. Fig. 7 also plots the
difference between the numbers of users served by algorithms
ApproAlg, MotionCtrl, MCS, and GreedyLabel. For
example, the number of users served by algorithm ApproAlg
is about 20% larger than the one by algorithm MCS when the
communication range R between two UAVs is 500 m, while
the number by algorithm ApproAlg is only about 2.2% larger
than the one by algorithm MCS when R = 1, 000 m.

We finally evaluate the performance of different algorithms
by varying the communication range r′ between a user and a
UAV from 400 m to 600 m while fixing the communication
range R between two UAVs at 600 m, when m = 3, 000 users

and K = 30 UAVs. Recall that r =
√

r′2 −H2
uav and α = r

R ,
where Huav = 300 m. It can be seen that the value of α
increases from 0.44 to 0.87 when r′ grows from 400 m to
600 m. Then, following Eq. (1) in Section II-D, the value of
h(α) increases from 2 to 4. Fig. 8 shows that the number
of users served by each of the four algorithms ApproAlg,
MotionCtrl, MCS, and GreedyLabel increases with the
growth of the communication range r′ between a UAV and
a user, since more users will be served by deployed UAVs.
In addition, Fig. 8 indicates that the number of users served
by algorithm ApproAlg is about 8% larger than those by the
other three algorithms.

VII. RELATED WORK

The use of UAVs as aerial base stations (BS) recently
has gained lots of attentions in public communications. For
example, Zhao et al. [43] presented a motion control algorithm
for deploying a given number K of UAVs to cover as many
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Fig. 8. The performance of different algorithms by varying the communi-
cation range r′ of a user from 400 m to 600 m while fixing R = 600 m,
when m = 3, 000 users and K = 30 UAVs.

as users while maintaining the connectivity among UAVs.
Liu et al. [23] considered the similar problem and pro-
posed a deep reinforcement learning (DRL) based algorithm.
Yang et al. [38] investigated the problem of scheduling the
movement of multiple UAVs to fairly provide communication
services to mobile ground users for a given period, by using
the DRL method, too. Shi et al. [27] studied the problem of
planning the flying trajectories of multiple UAVs for a period
such that the average UAV-to-user pathloss in the network is
minimized, assuming that a user can be served by only a single
UAV during the period. They decoupled the problem into
multiple subproblems, and solved the subproblems separately.

There are several studies on the special cases of the h-hop
independently submodular maximization problem, subject to
the connectivity constraint that the induced subgraph of G
by a subset of nodes in V is connected. For example,
Khuller et al. [17], [18] devised a 1−1/e

12 -approximation algo-
rithm for the budgeted connected dominating set (BCDS)
problem, which is to find a set S of K nodes in a graph
G such that the number of nodes dominated by the nodes
in S is maximized, subject to the constraint that the induced
subgraph G[S] is connected. Notice that the objective function
of the BCDS problem is 3-hop independently submodular with
h = 3. Lamprou et al. [21] recently proposed an improved
algorithm. They adopted the similar profit assignment proce-
dure and tree decomposition technique as those in [17] and
[18], and obtained an improved solution by decomposing a
tree with a different size. They improved the approximation

ratio from 1−1/e
12 (≈ 0.05267) to 1−e− 7

8

11 (≈ 0.05301), which
is still much smaller than the approximation ratio 1−1/e

2h+3

(= 1−1/e
9 ≈ 0.0702) of the proposed algorithm in this paper

when h = 3. Huang et al. [15] proposed a 1−1/e

8(�2√2α�+1)2
-

approximation algorithm for the maximum connected coverage
problem with h = 4. where α = r

R , r and R are the sensing
range and communication range of a sensor respectively, and
0 < r ≤ R. It can be seen that 1−1/e

128 ≤ 1−1/e

8(�2√2α�+1)2
≤

1−1/e
32 , as 0 < α ≤ 1. Yu et al. [39], [40] recently improved

the approximation ratio to 1−1/e

8(� 4√
3
α�+1)2

, where 1−1/e
128 ≤

1−1/e

8(� 4√
3
α�+1)2

≤ 1−1/e
32 . It can be seen that both approximation

ratios in [15], [39], and [40] are no greater than 1−1/e
32 .

There are other investigations on maximizing the values of
other submodular functions, not h-hop independently submod-
ular functions, subject to connectivity constraints. For exam-
ple, Kuo et al. [20] considered the problem of deploying K
wireless routers in a wireless network such that a submodular
function of the deployed K routers is maximized, subject to
the constraint that the subnetwork induced by the K routers is
connected, for which they proposed a 1−1/e

5(
√

K+1)
-approximation

algorithm, where e is the base of the natural logarithm.
There are flourishing studies on maximizing the value

of a submodular function without connectivity constraints.
For monotone submodular functions, Nemhauser et al. [26]
considered a problem of choosing K elements from a set
such that a submodular function of the chosen K elements is
maximized. They devised a (1−1/e)-approximation algorithm
for the problem and showed that the result is tight. They also
extended their result to the submodular function maximiza-
tion problem under the constraint of the intersection of M
matroids, and proposed a 1

M+1 -approximation algorithm [11],
and this approximation ratio later is further improved to 1

M+ε
by Lee et al. [22] when M ≥ 2, where � is a given constant
with 0 < � ≤ 1. Calinescu et al. [7] and Filmus et al. [10]
proposed a randomized (1 − 1/e)-approximation algorithm
for maximizing a submodular problem under a matroid con-
straint, respectively, while Buchbinder devised a deterministic
(1/2 + �)-approximation algorithm [4], [5]. Sviridenko [29]
proposed a (1−1/e)-approximation algorithm for maximizing
a submodular function subject to a linear constraint, while
Kulik et al. [19] extended to the solution to multiple linear
constraints by giving a (1−1/e−�)-approximation algorithm.

A. Technical Novelties

We are motivated by the study in [18]. There are two
essentially technical differences between our work and the
work in [18]. The first one is that, unlike the algorithm in [18]
that assigns profits to nodes in one way only, we assign profits
to nodes in multiple ways. We show that there is a tree T
in G with the profit sum of nodes in T being no less than
(1− 1/e)OPT among one of the multiple profit assignments,
and the number of edges in T is no greater than (K − 1)h,
which is less than the number (Kh− 1) in [18] when h ≥ 2.

The second one is that the traditional tree decomposition
technique adopted in [18] decomposes a tree T with (K−1)h
edges into 4h subtrees so that the number of nodes in each
subtree is no more than K

2 . We here propose a novel tree
decomposition technique that decomposes a tree T with (K−
1)h edges into 2h+3 subtrees, such that the number of nodes
in each subtree is no more than K

2 , by exploring important
structure properties of the tree T . Note that 2h+3 < 4h for any
integer h if h ≥ 2. By utilizing the proposed tree decomposi-
tion technique, we devise a novel approximation algorithm for
the h-hop independently submodular maximization problem,
and its approximation ratio is 1−1/e

2h+3 when h ≥ 2.
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VIII. CONCLUSION

In this paper, we studied the novel h-hop independently
submodular maximization problem, which generalizes many
optimization problems arisen in different domains, such as the
MCCP problem of deploying a connected UAV network to
serve as many users as possible. We then devised a 1−1/e

2h+3 -
approximation algorithm for the problem, where e is the base
of the natural logarithm. The proposed algorithm has many
potential applications, and one direct corollary from this result
is a 1−1/e

11 -approximate solution to the MCCP problem when
h = 4, which significantly improves its currently best 1−1/e

32 -
approximate solution [40].

REFERENCES

[1] A. Al-Hourani, S. Kandeepan, and S. Lardner, “Optimal LAP altitude
for maximum coverage,” IEEE Wireless Commun. Lett., vol. 3, no. 6,
pp. 569–572, Dec. 2014.

[2] K. Avrachenkov, P. Basu, G. Neglia, B. Ribeiro, and D. Towsley, “Online
myopic network covering,” 2012, arXiv:1212.5035.

[3] I. Bor-Yaliniz and H. Yanikomeroglu, “The new frontier in RAN
heterogeneity: Multi-tier drone-cells,” IEEE Commun. Mag., vol. 54,
no. 11, pp. 48–55, Nov. 2016.

[4] N. Buchbinder and M. Feldman, “Deterministic algorithms for submod-
ular maximization problems,” ACM Trans. Algorithms, vol. 14, no. 3,
p. 32, 2018.

[5] N. Buchbinder, M. Feldman, and M. Garg, “Deterministic (1/2 + ε)-
approximation for submodular maximization over a matroid,” in Proc.
30th Annu. ACM-SIAM Symp. Discrete Algorithms (SODA), 2019,
pp. 241–254.

[6] N. Buchbinder, M. Feldman, J. Seffi, and R. Schwartz, “A tight linear
time (1/2)-approximation for unconstrained submodular maximization,”
SIAM J. Comput., vol. 44, no. 5, pp. 1384–1402, Jan. 2015.

[7] G. Calinescu, C. Chekuri, M. Pál, and J. Vondrák, “Maximizing a sub-
modular set function subject to a matroid constraint (extended abstract),”
in Proc. Int. Conf. Integer Program. Combinat. Optim. (IPCO), 2007,
pp. 182–196.

[8] S. Chandrasekharan et al., “Designing and implementing future aer-
ial communication networks,” IEEE Commun. Mag., vol. 54, no. 5,
pp. 26–34, May 2016.

[9] L. Deng et al., “Approximation algorithms for min-max cycle cover
problems with neighborhoods,” IEEE/ACM Trans. Netw., vol. 28, no. 4,
pp. 1845–1858, Aug. 2020.

[10] Y. Filmus and J. Ward, “A tight combinatorial algorithm for submodular
maximization subject to a matroid constraint,” in Proc. IEEE 53rd Annu.
Symp. Found. Comput. Sci., Oct. 2012, pp. 659–668.

[11] M. L. Fisher, G. L. Nemhausert, and L. A. Wolsey, “An analysis of the
approximations for maximizing submodular set functions—II,” Math.
Program. Study, vol. 8, pp. 73–87, Jan. 1978.

[12] N. Garg, “Saving an epsilon: A 2-approximation for the k-MST problem
in graphs,” in Proc. 37th Anuu. ACM Symp. Theory Comput. (STOC),
2005, pp. 396–402.

[13] J. Gong, T.-H. Chang, C. Shen, and X. Chen, “Flight time minimization
of UAV for data collection over wireless sensor networks,” IEEE J. Sel.
Areas Commun., vol. 36, no. 9, pp. 1942–1954, Sep. 2018.

[14] Q. Guo et al., “Minimizing the longest tour time among a fleet of UAVs
for disaster area surveillance,” IEEE Trans. Mobile Comput., vol. 21,
no. 7, pp. 2451–2465, Jul. 2022.

[15] L. Huang, J. Li, and Q. Shi, “Approximation algorithms for the
connected sensor cover problem,” in Proc. 21st Int. Conf. Comput.
Combinatorics (COCOON), 2015, pp. 183–196.

[16] D. S. Johnson, M. Minkoff, and S. Phillips, “The prize collecting Steiner
tree problem: Theory and practice,” in Proc. 11th Annu. ACM-SIAM
Symp. Discrete Algorithms (SODA), 2000, pp. 760–769.

[17] S. Khuller, M. Purohit, and K. K. Sarpatwar, “Analyzing the optimal
neighborhood: Algorithms for budgeted and partial connected domi-
nating set problems,” in Proc. 25th Annu. ACM-SIAM Symp. Discrete
Algorithms, Jan. 2014, pp. 1702–1713.

[18] S. Khuller, M. Purohit, and K. K. Sarpatwar, “Analyzing the optimal
neighborhood: Algorithms for partial and budgeted connected dominat-
ing set problems,” SIAM J. Discrete Math., vol. 34, no. 1, pp. 251–270,
Jan. 2020.

[19] A. Kulik, H. Shachnai, and T. Tamir, “Maximizing submodular set
functions subject to multiple linear constraints,” in Proc. 20th Annu.
ACM-SIAM Symp. Discrete Algorithms, Jan. 2009, pp. 545–554.

[20] T.-W. Kuo, K. C.-J. Lin, and M.-J. Tsai, “Maximizing submodular set
function with connectivity constraint: Theory and application to net-
works,” IEEE/ACM Trans. Netw., vol. 23, no. 2, pp. 533–546, Apr. 2015.

[21] I. Lamprou, I. Sigalas, and V. Zissimopoulos, “Improved budgeted
connected domination and budgeted edge-vertex domination,” Theor.
Comput. Sci., vol. 858, pp. 1–12, Feb. 2021.

[22] J. Lee, M. Sviridenko, and J. Vondrák, “Submodular maximization over
multiple matroids via generalized exchange properties,” in Proc. 12th
Int. Workshop Approximation Algorithms Combinat. Optim., 13th Int.
Workshop Randomization Approximation Tech. Comput. Sci. (APPROX-
RANDOM), 2009, pp. 244–257.

[23] C. H. Liu, Z. Chen, J. Tang, J. Xu, and C. Piao, “Energy-efficient
UAV control for effective and fair communication coverage: A deep
reinforcement learning approach,” IEEE J. Sel. Areas Commun., vol. 36,
no. 9, pp. 2059–2070, Sep. 2018.

[24] Y. Liu and W. Liang, “Approximate coverage in wireless sensor net-
works,” in Proc. 30th Annu. IEEE Conf. Local Comput. Netw. (LCN),
Nov. 2005, pp. 68–75.

[25] M. Moradi, K. Sundaresan, E. Chai, S. Rangarajan, and Z. M. Mao,
“SkyCore: Moving core to the edge for untethered and reliable UAV-
based LTE networks,” in Proc. 24th Annu. Int. Conf. Mobile Comput.
Netw., Oct. 2018, pp. 35–49.

[26] G. Nemhauser and L. A. Wolsey, “An analysis of the approximations
for maximizing submodular set functions—I,” Math. Program., vol. 14,
no. 1, pp. 265–294, 1978.

[27] W. Shi et al., “Multi-drone 3-D trajectory planning and scheduling
in drone-assisted radio access networks,” IEEE Trans. Veh. Technol.,
vol. 68, no. 8, pp. 8145–8158, Aug. 2019.

[28] C. Song, T. Koren, P. Wang, and A.-L. Barabási, “Modelling the scaling
properties of human mobility,” Nature Phys., vol. 6, no. 10, pp. 818–823,
Sep. 2010.

[29] M. Sviridenko, “A note on maximizing a submodular set function subject
to a knapsack constraint,” Oper. Res. Lett., vol. 32, no. 1, pp. 41–43,
2004.

[30] W. Xu, T. Li, W. Liang, J. X. Yu, N. Yang, and S. Gao, “Identifying
structural hole spanners to maximally block information propagation,”
Inf. Sci., vol. 505, pp. 100–126, Dec. 2019.

[31] W. Xu, W. Liang, and X. Lin, “Approximation algorithms for min-
max cycle cover problems,” IEEE Trans. Comput., vol. 64, no. 3,
pp. 600–613, Mar. 2015.

[32] W. Xu, W. Liang, X. Lin, and J. X. Yu, “Finding top-k influential
users in social networks under the structural diversity model,” Inf. Sci.,
vols. 355–356, pp. 110–126, Aug. 2016.

[33] W. Xu et al., “Approximation algorithms for the generalized team
orienteering problem and its applications,” IEEE/ACM Trans. Netw.,
vol. 29, no. 1, pp. 176–189, Feb. 2021.

[34] W. Xu, M. Rezvani, W. Liang, J. X. Yu, and C. Liu, “Efficient
algorithms for the identification of top-k structural hole spanners in
large social networks,” IEEE Trans. Knowl. Data Eng., vol. 29, no. 5,
pp. 1017–1030, May 2017.

[35] W. Xu et al., “Throughput maximization of UAV networks,” IEEE/ACM
Trans. Netw., vol. 30, no. 2, pp. 881–895, Apr. 2022.

[36] W. Xu et al., “Minimizing the deployment cost of UAVs for delay-
sensitive data collection in IoT networks,” IEEE/ACM Trans. Netw.,
vol. 30, no. 2, pp. 812–825, Apr. 2022.

[37] W. Xu et al., “Approximation algorithms for the team orienteering
problem,” in Proc. IEEE Conf. Comput. Commun. (IEEE INFOCOM),
Jul. 2020, pp. 1389–1398.

[38] P. Yang, X. Cao, X. Xi, W. Du, Z. Xiao, and D. Wu, “Three-
dimensional continuous movement control of drone cells for energy-
efficient communication coverage,” IEEE Trans. Veh. Technol., vol. 68,
no. 7, pp. 6535–6546, Jul. 2019.

[39] N. Yu, H. Dai, A. X. Liu, and B. Tian, “Placement of connected wireless
chargers,” in Proc. IEEE Conf. Comput. Commun. (IEEE INFOCOM),
Apr. 2018, pp. 387–395.

[40] N. Yu, H. Dai, G. Chen, A. X. Liu, B. Tian, and T. He, “Connectivity-
constrained placement of wireless chargers,” IEEE Trans. Mobile Com-
put., vol. 20, no. 3, pp. 909–927, Mar. 2021.

[41] Y. Zeng and R. Zhang, “Energy-efficient UAV communication with
trajectory optimization,” IEEE Trans. Wireless Commun., vol. 16, no. 6,
pp. 3747–3760, Jun. 2017.

Authorized licensed use limited to: CITY UNIV OF HONG KONG. Downloaded on June 16,2023 at 10:49:53 UTC from IEEE Xplore.  Restrictions apply. 



XU et al.: APPROXIMATION ALGORITHM FOR THE h-HOP INDEPENDENTLY SUBMODULAR MAXIMIZATION PROBLEM 1229

[42] J. Zhang et al., “Minimizing the number of deployed UAVs for delay-
bounded data collection of IoT devices,” in Proc. 40th IEEE Int. Conf.
Comput. Commun. (INFOCOM), May 2021, pp. 1–10.

[43] H. Zhao, H. Wang, W. Wu, and J. Wei, “Deployment algorithms for
UAV airborne networks toward on-demand coverage,” IEEE J. Sel. Areas
Commun., vol. 36, no. 9, pp. 2015–2031, Sep. 2018.

Wenzheng Xu (Member, IEEE) received the B.Sc.,
M.E., and Ph.D. degrees in computer science from
Sun Yat-sen University, Guangzhou, China, in 2008,
2010, and 2015, respectively. He is currently an
Associate Professor at Sichuan University. Also,
he was a Visitor at The Australian National Uni-
versity and The Chinese University of Hong Kong.
His research interests include wireless ad-hoc and
sensor networks, UAV networks, mobile computing,
approximation algorithms, combinatorial optimiza-
tion, online social networks, and graph theory.

Hongbin Xie received the B.Sc. degree in com-
putational finance from Sichuan University, China,
in 2020, where she is currently pursuing the master’s
degree with the College of Computer Science. Her
current research interests include UAV scheduling
and networking.

Chenxi Wang received the B.E. degree in the Inter-
net of Things from Sichuan Agricultural University,
China, in 2021,where he is currently pursuing the
master’s degree with the College of Computer Sci-
ence. His current research interests include UAV
scheduling and networking.

Weifa Liang (Senior Member, IEEE) received the
B.Sc. degree in computer science from Wuhan Uni-
versity, China, in 1984, the M.E. degree in computer
science from the University of Science and Tech-
nology of China in 1989, and the Ph.D. degree in
computer science from the Australian National Uni-
versity in 1998. He is currently a Professor with the
Department of Computer Science, City University
of Hong Kong. Prior to the current position, he was
a Professor at The Australian National University.
His research interests include design and analysis of

energy efficient routing protocols for wireless ad-hoc and sensor networks, the
Internet of Things, edge and cloud computing, network function virtualization,
and software-defined networking, design and analysis of parallel and distrib-
uted algorithms, approximation algorithms, combinatorial optimization, and
graph theory. He serves as an Associate Editor for the IEEE TRANSACTIONS
ON COMMUNICATIONS.

Xiaohua Jia (Fellow, IEEE) received the B.Sc. and
M.Eng. degrees from the University of Science and
Technology of China in 1984 and 1987, respectively,
and the D.Sc. degree in information science from
The University of Tokyo in 1991. He is currently
a Chair Professor with the Department of Computer
Science, City University of Hong Kong. His research
interests include cloud computing and distributed
systems, computer networks, wireless sensor net-
works, and mobile wireless networks. He is an Edi-
tor of IEEE TRANSACTIONS ON PARALLEL AND

DISTRIBUTED SYSTEMS (2006–2009), Journal of World Wide Web, Wireless
Networks, and Journal of Combinatorial Optimization. He is the General
Chair of ACM MobiHoc 2008, the TPC Co-Chair of IEEE MASS 2009, the
Area-Chair of IEEE INFOCOM 2010, the TPC Co-Chair of IEEE GlobeCom
2010, and the Panel Co-Chair of IEEE INFOCOM 2011.

Zichuan Xu (Member, IEEE) received the B.Sc.
and M.E. degrees in computer science from the
Dalian University of Technology, China, in 2008 and
2011, respectively, and the Ph.D. degree in computer
science from The Australian National University in
2016. From 2016 to 2017, he was a Research Asso-
ciate at the Department of Electronic and Electrical
Engineering, University College London, U.K. He
is currently a Full Professor and a Ph.D. Advisor
with the School of Software, Dalian University of
Technology. He is also a ‘Xinghai Scholar’ with the

Dalian University of Technology. His research interests include mobile edge
computing, serverless computing, network function virtualization, software-
defined networking, algorithmic game theory, and optimization problems.

Pan Zhou (Senior Member, IEEE) received the B.S.
degree in the advanced class from the Huazhong
University of Science and Technology (HUST),
Wuhan, China, in 2006, and the Ph.D. degree from
the School of Electrical and Computer Engineering,
Georgia Institute of Technology, Atlanta, GA, USA,
in 2011. He is currently an Associate Professor with
the School of Electronic Information and Commu-
nications, HUST. From 2011 to 2013, he was a
Senior Technical Member with Oracle America Inc.,
Boston, MA, USA. His current research interests

include security and privacy, machine learning and big data analytics, and
information networks.

Weigang Wu (Member, IEEE) received the B.Sc.
and M.Sc. degrees from Xi’an Jiaotong University,
China, in 1998 and 2003, respectively, and the
Ph.D. degree in computer science from Hong Kong
Polytechnic University in 2007. He is currently a
Full Professor at the School of Data and Computer
Science, Sun Yat-sen University, China. His research
interests include distributed systems and wireless
networks, especially cloud computing platforms,
and ad-hoc networks. He has published more than
60 papers in major conferences and journals. He has

served as a member of Editorial Board of two international journals, Frontiers
of Computer Science and Ad Hoc & Sensor Wireless Networks. He is also
an organizing committee member/a program committee member for many
international conferences. He is a member of the ACM.

Xiang Chen (Member, IEEE) received the B.E. and
Ph.D. degrees from the Department of Electronic
Engineering, Tsinghua University, Beijing, China,
in 2002 and 2008, respectively. From July 2008 to
July 2012, he was with the Wireless and Mobile
Communication Technology Research and Develop-
ment Center, Research Institute of Information Tech-
nology, Tsinghua University. From August 2012 to
December 2014, he was with the Tsinghua Space
Center, School of Aerospace, Tsinghua University.
Since January 2015, he has been serving as an Asso-

ciate Professor with the School of Electronics and Information Technology,
Sun Yat-sen University, Guangzhou, China. He is also with the Research
Institute, Tsinghua University, Shenzhen, as a Chief Researcher (part-time).
His research interests mainly focus on 5G wireless communications, wireless
big data, the Internet of Things, and software radio.

Authorized licensed use limited to: CITY UNIV OF HONG KONG. Downloaded on June 16,2023 at 10:49:53 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


