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Abstract—With the rapid proliferations of maritime applica-
tions, the data demands of unmanned surface vehicles (USVs)
keep ever-increasing. However, due to limitations of resources (e.g.,
energy, storage, bandwidth, etc.) and high costs on data sharing,
USVs do not provide data proactively, which hinders the efficiency
of data sharing. To tackle these problems, in this article, we propose
a game based USV fleet-assisted data sharing scheme to facilitate
data exchange among USVs. Specially, we firstly propose a data
publish/subscribe framework, where USVs are categorized into
publishers and subscribers, and a USV fleet is motivated as a
broker to relay data from publishers to subscribers. Then, the op-
timal waypoints for data publishing are recommended to the USV
fleet to improve its probability of acquiring data. Furthermore, a
Vickrey-Clarke-Groves (VCG) reverse auction game is utilized for
data publishing, which ensures that the data publishers bid for
USV fleets with own truthful costs, so as to avoid false bidding of
data publishers. A double auction game is then employed for data
subscription, which balances the benefits between the USV fleet and
the data subscriber. An incentive-based data sharing algorithm is
finally designed to obtain the optimal bidding strategies for all game
parties including data publishers, USV fleets and data subscribers.
Extensive simulation results demonstrate that the proposed scheme
efficiently increases the utilities of all participants, as compared to
conventional schemes.

Index Terms—Maritime communication networks, data publish/
subscribe, USV fleet, auction game.

I. INTRODUCTION

THE ocean covers 70% of the earth’s surface, which contains
rich mineral and biological resources, while only 5% ocean

resources have been explored and developed [1]. Unmanned sur-
face vehicles (USVs), as intelligent ships for autonomous navi-
gation routes planning, have the features of high flexibility, low
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maintenance cost, and fast speed, which benefits for exploring
and developing the marine environment [2]. When performing
missions (such as hydrological surveys and sea cruises), USVs
need to require relevant data (e.g., wind and wave levels, reef
distribution, seabed mapping, etc.) around the route to ensure
the safety of navigation [3], [4]. However, in the deep-sea areas,
due to the lack of support from shore base stations, the way
for USVs to obtain data is greatly limited. On one hand, USVs
can request data from the maritime cloud servers via satellite
links, but the cost of data acquisition is relatively expensive for
USVs due to low spectrum resources of the satellite links [5].
On the other hand, the interactions among USVs utilize the
short-range communication mode, such as Wi-Fi, Bluetooth,
device-to-device, etc., whereby when two USVs encounter, they
can exchange desired data directly. Yet, due to the small number
of USVs deployed, USVs cannot obtain the required data from
the surrounding USVs in time [6], [7]. Thus, the low efficiency
of data sharing among USVs has become an open issue to be
discussed.

Fortunately, the USV fleet can act as a store-and-forward
carrier to significantly improve the efficiency of data sharing [8],
[9]. Inspired by the swarms behavior of animals in nature,
researchers have exploited the characteristics and essence of
swarms to integrate multiple USVs into a cooperative USV
fleet [10]. The advantages of exploiting USV fleets to provide
data sharing services are as follows. First, the USV fleet is
composed of multiple USVs, which has larger storage space and
more extensive communication range than a single USV [11],
[12]. Thus, the USV fleet can store more data to satisfy the
diverse demands of requesting USVs. Second, considering the
urgency of missions and the sailing cost, the route of the USV
fleet is generally fixed. It not only facilitates the maritime cloud
servers to assign other missions to the USV fleet, but also saves
the sailing cost since changing the route arbitrarily needs to
reacquire the environmental information of the new route [13],
[14]. Third, compared to the high communication cost through
satellite links [15], the cost of obtaining data from the USV fleet
is quite lower for USVs.

Although the USV fleet has shown great potential in providing
data sharing services for USVs, it still faces the following
challenges [16], [17], [18]. First, due to the considerable op-
erational cost, USVs and USV fleets cannot be deployed in
high density, which leads to the low probability of the USV
fleet owning the required data to appear exactly around USVs
to provide the data. Thus, it is inefficient for USVs to request
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the required data directly from surrounding USV fleets through
broadcasting. Second, as the route of the USV fleet is usually
predetermined, the USV fleet cannot actively sail close to the
USVs that own data, which hinders to deliver data from the
sources to the requesters. Third, as intelligent agents, both USVs
and USV fleets may be selfish. From the perspective of resource
consumption, USVs that own source data will not actively share
data, while USV fleets will not proactively deliver data. As such,
how to encourage USVs and USV fleets to willingly participate
in data sharing should be investigated.

Existing works [19], [20], [21] have studied how to improve
the efficiency of data sharing with a series of approaches, such as
multicast and edge caching. For example, in [19], data providers
deliver data to user equipments with multicast in order to guar-
antee the user experience without additional resources. The fixed
relay nodes are utilized to cache the data by cooperation with
other relay nodes, whereby the surrounding users can obtain
the data in time [20]. Nevertheless, few works take maritime
communication networks into account, whereas the data sharing
methods exploited in the terrestrial scenarios cannot be directly
applied to the marine scenarios. Specifically, it is not effective
to use multicast to push the same data to all requesting USVs
in an area, as USVs may have different demands on data due to
different missions. Additionally, the dynamics of relay nodes are
not considered in the existing works, and the fixed relay nodes
are hard to deployed to timely forward data in marine scenarios.
Besides, in order to improve the efficiency of data sharing,
the incentive mechanism needs to consider the maximization
of the utilities of USVs and USV fleets. Thus, considering the
selfishness of both USVs and USV fleets, it is urgent to design
a novel data sharing scheme in the maritime communication
networks.

To resolve the aforementioned challenges, in this article, we
propose a novel USV fleet-assisted data sharing scheme, which
incentivizes USV fleets to participate in data sharing. Specif-
ically, we first propose a data publish/subscribe framework,
which divides data sharing into the data publishing and the
data subscription. In this framework, USVs are divided into data
publishers and data subscribers according to data requirements,
and USV fleets act as the brokers, which play the roles of storing
and forwarding for data sharing. Additionally, considering the
updating of the data stored in the USV fleet, an optimal way-
points recommendation mechanism for USV fleets is designed
to improve the freshness and diversity of stored data. Besides,
a Vickrey-Clarke-Groves (VCG) reverse auction is utilized for
the data publishing, which motivates the publishers to actively
provide data to the brokers. The VCG reverse auction ensures
that the publishers bid truthfully for the brokers based on their
own costs, thereby effectively preventing the publishers from
false bidding. Finally, during the data subscription, a double
auction is utilized to balance the benefits of the USV fleet and the
subscriber, which encourages both parties to actively participate
in the data subscription. By solving the optimal transaction price
of the double auction, both the subscriber and the broker can
obtain their maximum utilities, resepctively. Extensive simu-
lation results verify that the proposed scheme is superior to

the conventional schemes in improving the efficiency of data
sharing. The main contributions of this article are as follows.

1) Publish/Subscribe Framework. We propose a data pub-
lish/subscribe framework, in which the brokers obtain
data from the publishers and send data to the subscribers
through the store-carry-and-forward mode. This frame-
work improves the efficiency of data sharing between
data providers and data requesters by recommending the
optimal brokers to the publishers and the subscribers.

2) Data Publishing Approach. The optimal waypoints for
data publishing are recommended to the USV fleet to
improve the probability of the USV fleet acquiring data. In
the data publishing process, a publishing approach based
on the VCG reverse auction is presented for publishers
and brokers, where the publishers bid against each other
to obtain the right to deliver data to the brokers. The VCG
reverse auction ensures that the publishers bid truthfully
according to their costs, which can effectively prevent
publishers from making false bidding in pursuit of profits.

3) Data Subscription Approach. We propose a subscription
approach based on the double auction in the data subscrip-
tion process, i.e., brokers and subscribers carry out a one-
to-one biddding strategy about the data. Both the broker
and the subscriber bid based on their own data valuations,
and the optimal transaction price is a compromise of their
respective optimal bidding, which gains the benefits of
both parties.

The remainder of this article is organized in the following. Re-
lated works about maritime communication networks, data shar-
ing, and auction-based incentive are reviewed in Section II. The
system model under consideration is presented in Section III.
Data publishing based on VCG reverse auction is proposed in
Section IV. Section V presents the data subscription based on
double auction. We evaluate the performance in Section VI.
Section VII concludes this article.

II. RELATED WORK

In this section, we review related works including maritime
communication networks, data sharing in wireless networks, and
auction-based incentive.

A. Maritime Communication Networks

Maritime communication networks have attracted wide atten-
tion from academic and industrial fields. Aiming at the issue of
low task allocation efficiency of USVs in the smart ocean, Zhang
et al. [22] proposed a novel task allocation scheme to improve
the efficiency of task allocation. Based on marine search and
rescue scenarios, Yang et al. [23] combined unmanned aerial
vehicles (UAVs) and USVs into a search and rescue cognitive
mobile computing network to plan search paths and improve
information throughput. Oliva et al. [24] proposed a maritime
anti-piracy framework to express the strategy implemented in
maritime scenarios and the interaction between participants (i.e.,
patrolmen and attackers). Huo et al. [25] studied the influence
of sea waves on radio propagation and communication link
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quality, and used sea wave simulation methods to study the
conditions of line-of-sight communication. For the surveillance
system driven by the Internet of Things in the smart ocean, Duan
et al. [26] proposed a marine target detection algorithm based on
electroencephalogram (EEG). Su et al. [27] provided a method
of intelligent ocean network by analyzing and investigating
ocean communication scenarios, ship probability density, and
ocean network connectivity. Li et al. [28] deployed UAVs to
enhance the coverage of the satellite-ground hybrid maritime
communication network, and jointly optimized the UAVs’ flight
trajectory and transmission power with constraints such as their
backhaul and communication energy.

Few of them focus on the data sharing among USVs without
the support of shore base stations. In this article, the USV fleet
is employed as an important relay for data sharing in maritime
communication networks to fully satisfy the data requirements
of USVs.

B. Data Sharing in Wireless Networks

There has been a lot of works on data sharing in the field of
wireless networks. Luo et al. [29] proposed a software-defined
data sharing framework for vehicle ad hoc networks, which uti-
lized cellular network communication and short-range commu-
nication to enhance collaborative data sharing among vehicles.
Ko et al. [30] designed a hybrid centralized and decentralized
data sharing scheme, where an adaptive algorithm was proposed
to improve the efficiency of collaborative data transmission of
roadside units and service vehicles. In order to improve the
efficiency of data dissemination of vehicles and facilities, Zhang
et al. [31] presented a novel UAV-assisted scheduling protocol,
which included a file-based caching and sharing strategy. Jiang
et al. [32] presented a peer-to-peer data sharing architecture for
mobile group sensing, where game theory was used to encourage
users to share sensing data in a peer-to-peer manner to reduce
the cost of centralized servers. Xiao et al. [33] proposed a
cooperative data sharing scheme for edge mobile devices in
a dynamic network, in which data transmission schedule was
designed as a utility maximization problem comprehensively
considering quality of experience and communication channel
state.

The above works have studied data sharing among massive
mobile devices in terrestrial scenarios via cellular networks or
peer-to-peer mode. Compared with mobile devices on land, data
sharing among USVs is intermittent, sparse, and unstable. In
deep-sea areas, data sharing among mobile devices (e.g., USVs)
with low deployment density is unexplored. In this article, con-
sidering the scarcity of spectrum resources for satellite links in
marine scenarios, we utilize a data publish/subscribe framework
to improve the efficiency of data sharing among USVs. With
the information recommended by the maritime cloud servers,
USVs actively approach USV fleets to share data according to
the specific data requirements.

C. Auction-Based Incentive

The auction theory has been widely used for incentive in
wireless networks. Gao et al. [34] designed a novel reverse

auction-based mechanism to improve the success rate of multiple
vehicles performing tasks collaboratively, where an approxi-
mation algorithm and a payment algorithm were investigated
to select the winning price and determine the payments of the
participants. Wei et al. [35] presented a truthful online bidding
framework which exploited a double auction bidding mecha-
nism based on price ranking to incentivize active participation
of users and service providers in different mobile crowdsourcing
scenarios. To improve the computing offloading efficiency, Dai
et al. [36] proposed a vehicle-assisted computing offloading
scheme to derive the optimal offloading strategy via game theory.
Liwang et al. [37] proposed a novel vehicle-oriented computa-
tional offloading scheme, in which the problem of motivating
vehicles to provide idle computing resources was formulated as
an integer linear programming problem based on VCG reverse
auction. Considering the joint optimization of network economy
and resource allocation, Sun et al. [38] proposed a double auction
scheme based on dynamic pricing to determine the matching
between mobile devices and edge servers.

Although the above works have discussed data sharing
schemes based on auction incentives, most of them focus on
incentivizing one or both parties to actively participate in data
sharing by maximizing utility, without considering balancing
the benefits of multiple parties. Considering that the utilities
of the three parties (i.e., publishers, subscribers, and brokers)
in marine scenarios are mutually constrained and correlated,
we design a publish/subscribe framework that combines VCG
reverse auction and double auction to balance the benefits of the
three parties, which incentivizes multiple parties to proactively
participate in data sharing activities by enhancing the utilities of
the three parties.

III. SYSTEM MODEL

In this section, we introduce the system model including
network model, mobility model, communication model, USV
fleet model, and publish/subscribe framework.

A. Network Model

As shown in Fig. 1, the network model is proposed for data
sharing among USVs, which includes publishers, subscribers,
brokers and maritime cloud servers. Each part is described in
detail below.

Publishers: The USVs owning the data (e.g. weather condi-
tion, reef distribution, seabed structure, etc.) serve as the pub-
lishers, which can share the data to other USVs to gain revenue.
The set of publishers is denoted by I = {1, 2, . . . , i, . . . , I}.

Subscribers: The subscribers are the USVs that need to ac-
quire data to ensure the safety of sailing. The set of subscribers
is denoted by J = {1, 2, . . . , j, . . . , J}.

Brokers: The USV fleets consisting of multiple USVs
can be employed as the brokers to provide an intermedi-
ary role between the publishers and the subscribers. Let
K = {1, 2, . . . , k, . . . ,K} denote the set of brokers, where the
brokers not only receive and store data from the publishers, but
also forward data to the subscribers.
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Fig. 1. USV fleets-assisted data sharing in maritime communication networks.

Maritime cloud servers: The maritime cloud servers are de-
ployed on land and communicate with publishers, subscribers
and brokers via satellite links. The maritime cloud servers can
collect state information of USVs (e.g., the locations of USVs),
and then recommend data sharing information (e.g., the route
of the optimal USV fleet, the optimal waypoints, etc.) to USVs
and USV fleets. Compared with the data requested by USVs,
the information collected and recommended by the maritime
cloud servers is small data-sized, which does not consume a
lot of spectrum resources of satellite links during transmission
process. In addition, USVs and USV fleets can participate in
data sharing activities only if they are authorized by the maritime
cloud servers.

The data is delivered among publishers, brokers, and sub-
scribers through the USV-to-USV (U2U) communication links.
The communication ranges of publisher i, subscriber j and
broker k are circles with radius Rpub

i , Rsub
j , and Rbro

k , respec-
tively. Wherein, the brokers can communicate with publishers
or subscribers only when they locate in the communication
coverage of each other.

B. Mobility Model

For the sake of easy exposition, a finite time horizon T is
considered to analyze the process of data sharing. The time
horizon T is divided into N time slots with equal length, and
the n-th time slot is denoted as tn.

Considering the sailing characteristics of USVs, the two
dimensional velocity of USV i is considered in a Cartesian
coordinate system [39], which is given by

Vi(tn) = {Vi(tn)cosθi(tn),Vi(tn)sinθi(tn)}, (1)

where Vi(tn) is the absolute velocity of USV i in time slot tn.
θi(tn) is the heading angle of USV i in time slot tn, i.e., the
counterclockwise rotation angle between the navigation route
and the due east direction, where θi(tn) ∈ [0, 2π].
[(xi(tn), (yi(tn)] is the location of USV i in time slot tn.

Based on (1), the location updating formula of USV i is ex-
pressed as{

xi(tn+1) = xi(tn) + Vi(tn)cosθi(tn)Δt,

yi(tn+1) = yi(tn) + Vi(tn)sinθi(tn)Δt,
(2)

where tn+1 = tn +Δt, and Δt is the length of a time slot.

C. Communication Model

USVs that deliver data to a USV fleet only need to connect the
internal member of the USV fleet. Generally, the communication
links among USVs are dominated by the line-of-sight (LoS)
communication mode [40], [41]. When USV i transmits the data
to USV i′, the power received by USV i′ is given by

Pi→i′(tn) = PiG(di,i′(tn))
−ϕi,i′ , (3)

where Pi is the transmission power of USV i, G is the fixed
power gain coefficient determined by the antenna, di,i′(tn) is
the distance between USV i and USV i′ in time slot tn, and ϕi,i′

is the path loss exponent.
Let βi,i′ represent the establishment status of the link between

USV i and USV i′, which is a binary variable, i.e., βi,i′ = 1
denotes the link has been established, and otherwise βi,i′ = 0.

Then, the interference received by USV i′ from other USV is
expressed as

Ii,i′(tn) =

NUSV∑
m=1,m �=i

βm,i′Pm→i′(tn), (4)

where NUSV is the number of all USVs.
Based on the Shannon’s theorem [42], the transmission rate

from USV i to USV i′ is calculated by

ri,i′(tn) = Blog2

(
1 +

PiG(di,i′(tn))
−ϕi,i′

Ii,i′(tn) + σ2

)
, (5)

where B is the communication bandwidth between USV i and
USV i′, and σ2 is the power of Gaussian white noise.

D. USV Fleet Model

The USV fleet is a leader-follower model, i.e., the entire fleet
consists of one leader and multiple followers [43]. In order to en-
sure the sailing safety of a USV fleet, adjacent internal members
must not only maintain communication, but also avoid collisions
with each other. Thus, it is necessary to have constraints on the
distance and heading angle for each member in the fleet.

As internal members in the USV fleet, the distance between
adjacent USV η and USV ς in time slot tn is defined as

dη,ς(tn) =
√

(xη(tn)− xς(tn))
2 + (yη(tn)− yς(tn))

2. (6)

In time slot tn, θη,ς(tn) is the angle between the vector con-
structed by USV η and USV ς and the due east direction, which
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is given by

θη,ς(tn) = tan−1{[yη(tn)− yς(tn)]/[xη(tn)− xς(tn)]}, (7)

where θη,ς(tn) ∈ (−π
2 ,

π
2 ).

The influence factors of weather (e.g., sunny, rainy and strong
wind) on USV collision and communication are denoted as λA

and λW , respectively, where λA ∈ [0, 1], and λW ∈ [0, 1]. If the
weather gets worse, λA and λW are closer to 1, and otherwise
λA and λW are closer to 0.

The obstacle avoidance radius between the adjacent USV η
and USV ς is denoted by

RAvoid
η,ς = (1 + λA)max

{
RAvoid

η , RAvoid
ς

}
, (8)

where RAvoid
η and RAvoid

ς are the obstacle avoidance radii of
USV η and USV ς , respectively. With the weather harsh, factor
λA becomes larger, which extends the obstacle avoidance radius
RAvoid

η,ς .
The communication distance between the adjacent USV η and

USV ς is calculated as

RCom
η,ς = (1− λW )min

{
RCom

η , RCom
ς

}
, (9)

where RCom
η and RCom

ς are the communication area radii of
USV η and USV ς , respectively. On the favorable weather
conditions, smaller factor λW leads to an increase in the com-
munication distance RCom

η,ς .
Within cruise time T cru, the safe navigation conditions be-

tween USV η and USV ς are expressed as

RAvoid
η,ς < dη,ς(tn) ≤ RCom

η,ς , (10)

and

θthrmin ≤ θη,ς(tn) ≤ θthrmax, (11)

where θthrmin and θthrmax are the minimum and maximum angle,
respectively, which are determined by the route of the USV fleet.
Constraint (10) ensures that any adjacent internal members are
at a safe distance that can maintain communication and avoid
collisions. Constraint (11) ensures that the angle between adja-
cent members cannot be too large, otherwise internal members
will sail away from its fleet. Additionally, to ensure the safety
of the USV fleet navigation, new members can join only at the
rear of the USV fleet.

E. Publish/Subscribe Framework

The proposed publish/subscribe framework is an efficient data
sharing framework. On one hand, to improve the situation that
nodes in the store-carry-and-forward paradigm can only forward
a few data at a time due to the storage space limitation, we
exploit USV fleets as data sharing relays. The USV fleet, as a
cluster of USVs, has a huge storage space and can store a large
amount of data, thus satisfying the diverse data preferences of
USVs with time-varying dynamics. On the other hand, unlike
unicast transmission of store-carry-and-forward paradigm in
opportunistic/delay-tolerant networks [44], [45], the proposed
publish/subscribe framework employs multicast method to re-
duce the redundant transmissions from data sources, where
publishers upload data to the USV fleet (i.e., the broker) and
multiple subscribers can download the same data from the USV

Fig. 2. Publish/subscribe framework.

fleet. The proposed publish/subscribe framework contains four
components: the maritime cloud servers, subscribers, publishers,
and brokers. The maritime cloud servers provide recommenda-
tion services for publishers, subscribers, and brokers to facilitate
the completion of data publishing and data subscription. For
instance, the maritime cloud servers not only recommend the
waypoint with the most nearby publishers to the broker, but also
send the route information of the broker to the subscribers. As
relays in data publish/subscribe framework, the brokers play the
role of storing and forwarding data. The brokers obtain the data
from the publishers and transmit the data to the subscribers. The
publish/subscribe framework shown in Fig. 2 is summarized as
follows.

1) First, the subscribers submit the data requests to the mar-
itime cloud servers. The USV fleets that pass through the
area close to the subscribers are regarded as the brokers.
And the maritime cloud servers collect the route informa-
tion and the stored data information of both the publishers
and the brokers (step 1©∼ 2©).

2) Then, for all waypoints in the broker’s route, the maritime
cloud servers use the waypoint with the most publishers
nearby as the optimal waypoint, which is recommended
to the broker (step 3©).

3) Next, the publishers sail to the vicinity of the recom-
mended waypoint and bid against each other according
to the VCG reverse auction game. The winner of the
publishers can provide data to the broker (step 4©∼ 5©).

4) Afterward, the maritime cloud servers select the broker
whose route is closest to the subscriber, and sends its route
information to the subscriber (step 6©).

5) Finally, based on the recommended broker’s route infor-
mation, the subscriber sails to the vicinity of the broker
for obtaining the data. The data subscription between the
subscriber and the broker is modeled as a double auction
game, which balances the benefits of both parties (step
7©∼ 8©).

IV. DATA PUBLISHING BASED ON VCG REVERSE AUCTION

During the data publishing process, the USV fleet, as a broker,
holds auctions for data publishing at certain waypoints. To
improve the freshness of stored data and reduce the cost of data
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acquisition for the broker, the maritime cloud servers first collect
the locations of all publishers, find out the optimal waypoint
with the most publishers nearby, and recommend the optimal
waypoint for data publishing to the broker. Additionally, the
VCG reverse auction not only ensures that participants can bid
according to their own valuations, but also minimizes the overall
social cost [46]. Thus, the data publishing between the publishers
and the broker is designed as the VCG reverse auction game,
where the publishers are bidders and the broker is an auctioneer.
Publishers bid against each other for profits, and the winner can
trade the data with the broker. Finally, according to the VCG
reverse auction strategy, the optimal bidding strategy for the
publishers is obtained.

A. Optimal Waypoint Selection for Data Publishing

Considering the urgency and importance of the mission, the
route of the USV fleet is fixed. Thus, the maritime cloud servers
recommend the optimal waypoint on the route to the broker
based on the publishers’ locations.

LetQ = {1, 2, . . . q, . . . , Q} represent the set of the data in the
networks, where the size of data q is defined as sq . We define the
set of waypoints of broker k as Wk = {1, 2, . . . ,wk, . . . ,Wk}.
The maritime cloud servers calculate the number of publishers
that own the data near each waypoint based on publishers’
registration information, and use the waypoint with the largest
number of publishers nearby as the location where broker k
holds an auction of data q. The optimal waypoint w∗ selection
decision is denoted as

w∗ = argmax
wk∈Wk

∑
i∈N (q)

f(i, w) (12a)

s.t. dth = 2 ·Rk,i − V bro
k,i ·

(
sq/r

pub
i,min

)
, (12b)

f(i, w) =

{
1, d(i, w) < dth,
0, d(i, w) ≥ dth,

(12c)

where N (q) is the set of all publishers that own data q.
Rk,i = min{Rbro

k , Rpub
i } is the communication distance be-

tween broker k and publisher i. rpubi,min is the minimum rate of
publisher i uploading data to broker k. V bro

k,i is the maximum
relative speed of broker k to publisher i. d(i, w) is the distance
between publisher i and waypoint w.

From (12b), dth is a distance within which publisher i can
upload the entire data q to broker k. f(i, w) is a binary function
that judges whether publisher i and broker k meet the distance
threshold dth in (12c). Based on (12a), the maritime cloud
servers find the optimal waypoint w∗ for broker k to hold the
auction of data q. And broker k starts the auction of data q when
passing through the optimal waypoint.

B. Cost Analysis for Publishers

The data publishing process is formulated as the VCG reverse
auction game, in which the broker is the auctioneer, and the
publishers are the bidders. Publishers bid against each other,
and the winner uploads the data to the broker for profits. The

bidding of each publisher is determined by its cost valuation,
which is affected by transmission time and data storage.

The overall cost valuation of publisher i for data q is defined
as

Cpub
i,q =

2∑
m=1

Cm
i,q, (13)

where Cm
i,q(m = 1, 2) are transmission cost and storage cost.

1) Transmission Cost: The transmission time of publisher i
has a negative relationship to the transmission, i.e., the shorter
the transmission time is, the greater the transmission cost of
publisher i becomes. The corresponding transmission cost is
indicated as

C1
i,q = ξ1log2

(
1 +

smax/r
pub
i,min

sq/r
pub
i,q

)
, (14)

where ξ1 is the weighted parameter. smax is the largest size
of the data in the network. rpubi,q is the transmission rate of
publisher i.

2) Storage Cost: The storage cost of publisher i is related
to the size of the data. If the size of the data is larger, the
corresponding data storage cost becomes greater. Thus, the data
storage cost of publisher i for data q is given by

C2
i,q = ξ2log2

(
1 +

sq
simax

)
, (15)

where ξ2 is the corresponding weighted value. simax is the
maximum storage space that publisher i can provide.

C. Optimal Bidding Strategies for Publishers

In the data publishing process, the publisher bids for the data
uploading according to the VCG reverse auction game, and the
publisher with the lowest bidding wins in the competition. The
winner uploads the data to the broker and gets corresponding
reward, which is the social welfare loss caused by the appearance
of the winner to other publishers.

Let Iq = {1, 2, . . . Nk
pub,q} denote the set of publishers par-

ticipating in the VCG reverse auction of data q held by broker k,
where Nk

pub,q is the number of publishers. The bidding strategy
of VCG reverse auction in which all publishers participate is
expressed as

b′ = {b′1,q, b′2,q, . . . , b′Nk
pub,q,q

} = argmin
bi,q

Nk
pub,q∑
i=1

bi,q, (16)

where bi,q is the bidding of publisher i in the case of all publishers
participating. b′ is the bidding vector proposed by all publishers
according to the VCG reverse auction, which minimizes the sum
of the overall bids.

Publisher i with the lowest bidding for data q will win, and
its reward is calculated as

Rewk
i,q = b′i,q −

⎛
⎝Nk

pub,q∑
i=1

b′i,q −min
bl,q

Nk
pub,q∑

l=1,l �=i

bl,q

⎞
⎠ , (17)
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where bl,q is the bidding of publisher l in the case of all publishers
except publisher i participating. The left side of (17) represents
the reward that broker k needs to pay. The first term of the right
side of (17) represents the bidding of publisher i. The second
term of the right side of (17) indicates the loss that publisher i
needs to pay, i.e., the loss caused by the bidding of publisher i
to other publishers.

The VCG reverse auction can guarantee the truthfulness of
each publisher’s bidding, which effectively prevents false bid-
ding in order to obtain greater profits.

Theorem 1: In the VCG reverse auction, each publisher takes
its private cost as a bidding, which is a Bayesian equilibrium.

Proof: Firstly, according to the publishers’ individual ratio-
nality, it is concluded that each publisher’s bidding cannot be
lower than its private cost, i.e., b′i,q ≥ Cpub

i,q , where Cpub
i,q is the

cost of publisher i for data q. Let b′−i,q denote the lowest bidding
other than publisher i in the case of all publishers participating
in the VCG reverse auction. The specific situation is divided into
the following categories.

Case 1: When the bidding strategy satisfies Cpub
i,q ≤ b′i,q <

b′−i,q , the bidding b′i,q proposed by publisher i is the lowest
bidding among all publishers. It can be concluded that publisher
i wins the auction and gets the reward Rewk

i,q . Therefore, the
utility of publisher i is

Ui,q(bi,q) = Rewk
i,q − Cpub

i,q

= b′l,q −
⎛
⎝Nk

pub,q∑
l=1

b′l,q −min
bl,q

Nk
pub,q∑

l=1,l �=i

bl,q

⎞
⎠− Cpub

i,q

= b′−i,q − Cpub
i,q ≥ 0. (18)

Considering the information asymmetry of all publishers, we
can derive that no matter what the value of b′i,q is, as long as

Cpub
i,q ≤ b′i,q < b′−i,q is satisfied, publisher i can obtain a fixed

utility Ui,q(bi,q). In order to win the auction with a greater
probability, publisher i will choose the lowest bidding, i.e., the
private cost Cpub

i,q will be used as its bidding.

Case 2: When the bidding strategy satisfies Cpub
i,q ≤ b′−i,q <

b′i,q , the bidding b′i,q proposed by publisher i is not the lowest,
and the lowest bidding is b′−i,q , so the reward of publisher i is

zero. But if the bidding of publisher i is Cpub
i,q , publisher i will

win the auction, and its utility is Ui,q(bi,q).
As a result, publisher i will not bear the risk of bidding failure

in pursuit of greater profits, so the optimal bidding strategy for
publisher i is still b′i,q = Cpub

i,q .

Case 3: When the bidding strategy satisfies b′−i,q < Cpub
i,q ≤

b′i,q , publisher i cannot win the auction. But, according to the
asymmetry of bidding information, publisher i will choose the
lowest bidding in order to obtain positive utility, i.e., the private
cost Cpub

i,q is taken as its bidding.
Based on the above discussion, the optimal bidding strategy

of publisher i is expressed as

b∗i,q = Cpub
i,q . (19)

This shows that each publisher will use its cost as bidding,
which is a Bayesian equilibrium. This completes the proof of
Theorem 1. �

Let the binary variable ai,q indicate whether publisher i wins.
Specifically, ai,q = 1 indicates publisher i wins, and ai,q = 0,
otherwise. Therefore, the utility of publisher i bidding data q is
obtained as

Ui,q(bi,q) =

{
Rewk

i,q − Cpub
i,q , ai,q = 1,

0, ai,q = 0.
(20)

The distribution of cost valuations of all publishers is regarded as
common knowledge, i.e., each publisher not only knows its cost
valuation, but also knows the probability distribution of other
publishers’ cost valuations. According to historical statistics,
the cost valuations of all publishers for data q follow a uniform
distribution U(Cpub

min,q, C
pub
max,q), where Cpub

min,q and Cpub
max,q are

the lowest and highest cost valuation parameters of data q,
respectively.

Let Y−i represent the lowest cost valuation of other publishers
except publisher i. Therefore, the revenue of publisher i for data
q is expressed as

m̄i,q(C
pub
i,q ) = E[Y−i|Y−i > Cpub

i,q ]

=
Cpub

max,q + (Nk
pub,q − 1)Cpub

i,q

Nk
pub,q

, (21)

where Cpub
i,q is the cost valuation of publisher i for data q. E[·]

is the mathematical expectation.
The expected utility of publisher i participating in data q

auction can be calculate by

Ūi,q(C
pub
i,q ) = P (Y−i > Cpub

i,q ) ·
[
m̄i,q(C

pub
i,q )− Cpub

i,q

]

=

⎡
⎣ (Cpub

max,q−Cpub
i,q )

Nk
pub,q−1

(Cpub
max,q−Cpub

min,q)
Nk

pub,q−1

⎤
⎦· (Cpub

max,q − Cpub
i,q )

Nk
pub,q

.

(22)

V. DATA SUBSCRIPTION BASED ON DOUBLE AUCTION

In the data subscription process, the maritime cloud servers
select different brokers according to the data requirements of
the subscribers, and send the brokers’ route information to the
subscribers. Each subscriber travels to the vicinity of the rec-
ommended broker’s navigation route to obtain the data from the
broker. Additionally, the double auction game is a bidding model
that can balance the benefits of buyers and sellers [47]. Thus,
the data subscription between the broker and the subscriber is
modeled as the double auction game, which is a one-to-one
bidding model, i.e., the broker and the subscriber bid separately
in order to maximize their own utilities. Finally, the optimal
bidding solutions of the subscriber and the broker are solved.

A. Game Description

On the route of the USV fleet, as subscribers, USVs with
data demands can download data from the USV fleet. For the
convenience of subsequent discussion, we use broker k and
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subscriber j as research objects. The double auction bidding
strategy of data q between broker k and subscriber j will be
discussed later.

In the data subscription process, broker k is the seller of data
q, and subscriber j is the buyer of data q. For data q, the selling
price of broker k and the buying price of subscriber j are bbrok,q

and bsubj,q , respectively. If the condition bbrok,q ≤ bsubj,q holds, the
two parties agree to the transaction price, which is

b̃qk,j = γbbrok,q + (1− γ)bsubj,q , (23)

where γ is the transaction allocation coefficient negotiated by
the buyer and the seller, and γ ∈ [0, 1]. If the condition is
bbrok,q > bsubj,q , the transaction between the buyer and the seller
fails.

According to (23), the utility of broker k is obtained as

U q
k,bro =

{
b̃qk,j(b

bro
k,q )− Cbro

k,q , bbrok,q ≤ bsubj,q ,

0, bbrok,q > bsubj,q ,
(24)

where bbrok,q is a variable of function U q
k,bro. Cbro

k,q is the cost
valuation of broker k for data q.

According to (23), the utility of subscriber j is given by

U q
j,sub =

{
Ssub
j,q − b̃qk,j(b

sub
j,q ), bbrok,q ≤ bsubj,q ,

0, bbrok,q > bsubj,q ,
(25)

where bsubj,q is a variable of function U q
j,sub. Ssub

j,q is the valuation
of subscriber j for data q.

Considering that the bidding bbrok,q of broker k is related to its
cost valuationCbro

k,q , broker k needs to estimate the cost valuation
before maximizing its utility. Similarly, before maximizing the
utility of subscriber j, subscriber j also needs to estimate its data
valuation Ssub

j,q . In the following, we will discuss the evaluation
of data q by broker k and subscriber j in detail.

B. Cost Analysis for Brokers

For broker k, the entire cost valuation of data q includes two
parts: one is the reward paid by broker k to publisher i, and
the other is the cost valuation of broker k delivering data q to
subscriber j. Thus, the overall cost valuation of broker k for data
q is calculated as

Cbro
k,q = C1

k,q + C2
k,q, (26)

where C1
k,q is the reward paid by broker k for obtaining the

published data q. From (21), we get C1
k,q = m̄i,q(C

pub
i,q ). C2

k,q

is the cost valuation of broker k delivering data q to subscriber
j, we have

C2
k,q =

2∑
m=1

Lm
k,q, (27)

where Lm
k,q(m = 1, 2) are the different components of delivery

cost, which are discussed as follow.
1) Transmission Rate: The transmission rate affects the bro-

ker’s valuation of the data delivery cost. The higher the trans-
mission rate is, the more communication resources are occupied
by the link. Thus, the transmission rate valuation of broker k for

data q is expressed as

L1
k,q = ϑ1log2

(
1 +

rbrok,q

rbrok,max

)
, (28)

where ϑ1 is the corresponding weighted parameter. rbrok,q is the
rate at which broker k transmits data q. rbrok,max is the maximum
transmission rate that broker k can provide.

2) Storage Cost: After receiving the data provided by the
publishers, broker k will store the data. If the size of the data
is lager, the storage cost of broker k becomes higher. Thus, the
storage cost valuation of broker k for data q is expressed as

L2
k,q = ϑ2log2

⎛
⎝1 + sq

/Nk
bro∑

η=1

sηmax

⎞
⎠ , (29)

where ϑ2 is the weighted parameter. sηmax is the maximum
storage space of USV η in broker k. Nk

bro is the number of
USVs in broker k, i.e., the size of the USV fleet k.

C. Valuation Analysis for Subscribers

For subscriber j, the entire valuation of data q is defined as

Ssub
j,q = S1

j,q + S2
j,q, (30)

where S1
j,q and S2

j,q are subscriber j’s data size valuation and
transmission time valuation, respectively. The two components
of data valuation of subscriber j are discussed in the following.

1) Data Size: The huge size of data q indicates that the
valuation of subscriber j is great. Thus, the data size valuation
component of subscriber j based on data q is denoted by

S1
j,q = φ1log2

(
1 +

sq

sjmax

)
, (31)

where φ1 is the weighted coefficient. sjmax is the maximum size
of all data reserved by subscriber j.

2) Transmission Time: The transmission time of data q is
also related to subscriber j’s data valuation. If the transmission
time of data q is shorter, the valuation of data q for subscriber
j is higher. Thus, the transmission time valuation component of
subscriber j based on data q is as follows

S2
j,q = φ2log2

(
1 +

smax/r
bro
k,min

sq/rbrok,q

)
, (32)

where φ2 is the weighted coefficient. rbrok,min is the minimum
transmission rate that broker k can provide.

D. Optimal Bidding Strategies for the Broker and the
Subscriber

After completing the data valuation, the formulation of the
optimal bidding strategies for broker k and subscriber j are
discussed. Broker k and subscriber j maximize their respective
utilities by changing their bidding strategies.

From (26), considering the correlation between the selling
price of broker k and the cost valuation Cbro

k,q , as well as the
correlation between the buying price of subscriber j and the
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valuation Ssub
j,q , the transaction price negotiated by both parties

is rewritten as:

b̃qk,j = γbbrok,q (C
bro
k,q ) + (1− γ)bsubj,q (S

sub
j,q ), (33)

where Cbro
k,q is a variable of bbrok,q (C

bro
k,q ). S

sub
j,q is a variable of

bsubj,q (S
sub
j,q ).

From (24) and (33), the utility maximization problem of
broker k is expressed as

P1 : max
bbrok,q (C

bro
k,q )

U q
k,bro (34a)

s.t. b̃qk,j ≥ Cbro
k,q . (34b)

Similarly, from (25) and (33), the utility maximization prob-
lem of subscriber j is expressed as

P2 : max
bsub
j,q (Ssub

j,q )
U q
j,sub (35a)

s.t. b̃qk,j ≤ Ssub
j,q . (35b)

Here, constraint (34b) means that the income of broker k
cannot be less than its cost. Constraint (35b) indicates that the
subscriber j’s expenditure cannot be greater than its data valua-
tion. The above two constraints illustrate the personal rationality
of broker k and subscriber j.

Next, in order to maximize their respective utility, broker k
and subscriber j determine the optimal bidding strategies based
on their own data valuations. Since the occurrence of condition
bbrok,q ≤ bsubj,q in (24) and (25) is a probability, we use the method
of mathematical expectation to discuss the utility maximization
of broker k and subscriber j, respectively.

In the double auction game, broker k maximizes its utility by
changing the bidding bbrok,q (C

bro
k,q ). From (24), (33) and (34), the

utility maximization problem of broker k is rewritten as

P1′ : max
bbrok,q (C

bro
k,q )

E(U q
k,bro)

= max
bbrok,q (C

bro
k,q )

{[(1− γ)E(bsubj,q (S
sub
j,q )
∣∣ bsubj,q (S

sub
j,q ) ≥ bbrok,q )

+ γbbrok,q − Cbro
k,q ]× Prob[bsubj,q (S

sub
j,q ) ≥ bbrok,q ]

+ 0× Prob[bsubj,q (S
sub
j,q ) < bbrok,q ]}. (36)

E(bsubj,q (S
sub
j,q )
∣∣ bsubj,q (S

sub
j,q ) ≥ bbrok,q ) is the mathematical expec-

tation of estimating the buying price of the subscriber j under
the condition that the selling price of broker k is not greater than
the buying price of subscriber j. Prob[bsubj,q (S

sub
j,q ) ≥ bbrok,q ] is the

probability that broker k’s selling price is not greater than the
subscriber j’s buying price, in which Ssub

j,q is the variable.
Similarly, from (25), (33) and (35), the utility maximization

problem of subscriber j is rewritten as

P2′ : max
bsub
j,q (Ssub

j,q )
E{U q

j,sub}

= max
bsub
j,q (Ssub

j,q )

{[−γE(bbrok,q (C
bro
k,q )
∣∣ bsubj,q ≥ bbrok,q (C

bro
k,q ))

−(1− γ)bsubj,q + Ssub
j,q

]× Prob
[
bsubj,q ≥ bbrok,q (C

bro
k,q )
]

+0× Prob
[
bsubj,q < bbrok,q (C

bro
k,q )
]}

, (37)

where E(bbrok,q (C
bro
k,q )
∣∣∣ bsubj,q ≥ bbrok,q (C

bro
k,q )) is the mathematical

expectation of estimating the selling price of broker k under
the condition that the selling price of broker k is not greater
than the buying price of subscriber j. Prob[bsubj,q ≥ bbrok,q (C

bro
k,q )]

is the probability that broker k’s selling price is not greater than
subscriber j’s buying price, in which Cbro

k,q is the variable.
In order to facilitate subsequent analysis, the bidding strate-

gies of broker k and subscriber j are defined as a linear function
of data valuation. Thus, the selling price strategy of the broker
k for data q is defined as

bbrok,q (C
bro
k,q ) = αB + βBC

bro
k,q , (38)

where αB and βB are fixed weighted parameters, and βB > 0.
Similarly, the buying price strategy of the subscriber j for data

q is defined as

bsubj,q (Ssub
j,q ) = αS + βSS

sub
j,q , (39)

where αS and βS are fixed weighted parameters, and βS > 0.
Due to the asymmetry of information, broker k and subscriber

j do not know the precise data valuation of the other party, but
they can obtain the distribution of data valuation of the other
party, i.e., the probability distribution of the data valuation is
regarded as common knowledge. For data q, let the valuation
Cbro

k,q of broker k and the valuation Ssub
j,q of subscriber j both

follow the uniform distribution U(Eq
min, E

q
max), where Eq

min

is the lowest valuation parameters of data q for all brokers,
and Eq

max is the highest valuation parameters of data q for all
subscribers. We have

bbrok,q (C
bro
k,q ) ∼ U(αB + βBE

q
min, αB + βBE

q
max), (40)

and

bsubj,q (S
sub
j,q ) ∼ U(αS + βSE

q
min, αS + βSE

q
max). (41)

With reference to the feature of uniform distribution, the follow-
ing formula can be derived

Prob(bsubj,q (S
sub
j,q ) ≥ bbrok,q ) = Prob(αS + βSS

sub
j,q ≥ bbrok,q )

=
βSE

q
max + αS − bbrok,q

(Eq
max − Eq

min)βS
, (42)

and

E(bsubj,q (S
sub
j,q )
∣∣ bsubj,q (S

sub
j,q ) ≥ bbrok,q )

=

1
βS

∫ αS+βSEq
max

bbrok,q

x
(Eq

max−Eq
min)βS

dx

Prob(bsubj,q (S
sub
j,q ) ≥ bbrok,q )

=
1

2
(αS + βSE

q
max + bbrok,q ). (43)

Substituting (42) and (43) into (36), we get

P1′′ : max
bbrok,q (C

bro
k,q )

E(U q
k,bro)

= max
bbrok,q (C

bro
k,q )

{[
1− γ

2
(αS + βSE

q
max)− Cbro

k,q
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+
1 + γ

2
bbrok,q

]
× αS + βSE

q
max − bbrok,q

(Eq
max − Eq

min)βS

}
. (44)

Let the first derivative of (44) with respect to bbrok,q be zero, the
optimal selling price of broker k is calculated as

bbro∗k,q =
γ(αS + βSE

q
max) + Cbro

k,q

1 + γ
. (45)

Similarly, the following formula can be derived as

Prob(bsubj,q ≥ bbrok,q (C
bro
k,q )) =

bsubj,q − αB − βBE
q
min

(Eq
max − Eq

min)βB
, (46)

and

E(bbrok,q (C
bro
k,q )
∣∣ bsubj,q ≥ bbrok,q (C

bro
k,q )) =

1

2
(bsubj,q +αB+βBE

q
min).

(47)

Substituting (46) and (47) into (37), we have

P2′′ : max
bsub
j,q (Ssub

j,q )
E{U q

j,sub}

= max
bsub
j,q (Ssub

j,q )

{[
γ − 2

2
bsubj,q − γ

2
(αB + βBE

q
min)

+ Ssub
j,q

]
× bsubj,q − αB − βBE

q
min

(Eq
max − Eq

min)βB

}
. (48)

Let the first derivative of (48) with respect to bsubj,q be zero, the
optimal buying price of subscriber j is denoted as

bsub∗j,q =
Ssub
j,q + (1− γ)(αB + βBE

q
min)

2− γ
. (49)

Analyzing (38), (39), (45),and (49), we have⎧⎪⎪⎪⎨
⎪⎪⎪⎩
αB = γ(1−γ)Eq

min

2(1+γ) + γEq
max

2 ,

βB = 1
1+γ ,

αS = (1−γ)Eq
min

2 + γ(1−γ)Eq
max

2(2−γ) ,

βS = 1
2−γ .

(50)

Substituting (50) into (45), the optimal selling price bbro∗k,q of
broker k is updated to

bbro∗k,q (Cbro
k,q ) =

γ(1− γ)Eq
min

2(1 + γ)
+

γEq
max

2
+

Cbro
k,q

1 + γ
. (51)

Substituting (50) into (49), the optimal buying price bsub∗j,q of
subscriber j is updated to

bsub∗j,q (Ssub
j,q ) =

(1− γ)Eq
min

2
+

γ(1− γ)Eq
max

2(2− γ)
+

Ssub
j,q

2− γ
. (52)

Substituting (51) and (52) into (33), the optimal transaction price
between broker k and subscriber j is expressed as

b̃q∗k,j =
(1− γ)Eq

min

2(1 + γ)
+

γEq
max

2(2− γ)
+

γCbro
k,q

1 + γ
+

(1− γ)Ssub
j,q

2− γ
.

(53)

As shown in Algorithm 1, the incentive-based data sharing
algorithm includes three phases. Firstly, the optimal waypoints

Algorithm 1: Incentive-Based Data Sharing Algorithm.

1: Input: wk ∈ Wk, sq ∈ [smin, smax], simax, sηmax,
sjmax, rbrok,q ∈ [rbrok,min, r

bro
k,max], r

pub
i,q ∈ [rpubi,min, r

pub
i,max],

Nk
pub,q , Nk

bro, γ;

2: Output: b∗i,q , bbro∗k,q (Cbro
k,q ), b

sub∗
j,q (Ssub

j,q ), b̃q∗k,j ;
3: Phase 1: The optimal waypoints selection decision

in data publishing
4: for (w ∈ Wk) do
5: Threshold dth is calculated via (12b);
6: Function f(i, w) is calculated via (12c);
7: end for
8: The optimal waypoint w∗ is calculated via (12a);
9: Phase 2: Data publishing approach based on VCG

reverse auction
10: Cost value Cpub

i,q of publisher i is calculated via (13);
11: With reference to theorem 1, the optimal bidding b∗i,q

for publisher i is calculated via (19);
12: The lowest bidder wins via (17);
13: Publisher i obtains the revenue m̄i,q via (21);
14: Publisher i obtains the expected utility Ūi,q via (22);
15: Phase 3: Data subscription approach based on

double auction
16: Cost valuation Cbro

k,q of broker k is calculated via (26);
17: Data valuation Ssub

j,q of subscriber j is calculated via
(30);

18: The optimal selling price bbro∗k,q (Cbro
k,q ) of broker k is

calculated via (51);
19: The optimal buying price bsub∗j,q (Ssub

j,q ) of subscriber j
is calculated via (52);

20: The optimal transaction price b̃q∗k,j between broker k
and subscriber j is calculated via (53);

21: Return: b∗i,q , bbro∗k,q (Cbro
k,q ), b

sub∗
j,q (Ssub

j,q ), b̃q∗k,j ;

selection decision is introduced in data publishing. Secondly,
the data publishing approach is formulated according to the
VCG reverse auction. Finally, the data subscription approach
is formulated based on the double auction.

VI. PERFORMANCE EVALUATION

In this section, we evaluate the proposed scheme in this article
through simulation experiments. Firstly, the simulation setup
is introduced, and then we analyze and discuss the simulation
results.

A. Simulation Setup

We consider a simulation scenario similar to the actual mar-
itime environment. Specifically, Monte Carlo-based random
deployment scheme [48] is utilized to randomly deploy 10 USV
fleets and 100 USVs in a 30 km× 30 km sea area, where 60
USVs are employed as publishers and 40 USVs are employed
as subscribers. In addition, the routes of the 10 USV fleets are
randomly set and the length of each route obeys a uniform distri-
bution from 10 km to 25 km. All parameters in the simulation
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TABLE I
SIMULATION PARAMETERS

are cited in the relevant references [49], [50]. The minimum
and maximum sailing speeds of USVs and USV fleets are both
set to 5 m/s and 10 m/s, respectively. The obstacle avoidance
radius RAvoid

η and the communication radius RCom
η within all

internal members of the USV fleet are set to 200 m and 1000 m,
respectively. The collision factor λA and communication factor
λW are set to 0.1 and 0.15, respectively. Other parameters
required for simulation are shown in Table I.

We compare the proposed scheme in this article with the
following conventional bidding schemes.
� Linear bidding scheme (LBS) [17]: In this scheme, players

propose price according to the inherent linear bidding
scheme, and the bidding scheme will not be affected by
other factors.

� Random bidding scheme (RBS) [18]: In this scheme, play-
ers bid based on a random strategy within a reasonable
price range.

� Greedy bidding scheme (GBS) [41]: In this scheme, players
appropriately consider other factors, but are willing to take
greater risks in order to obtain greater profits.

B. Simulation Results

We compare and analyze the proposed data publishing ap-
proach based on VCG reverse auction and other conventional
bidding schemes. Fig. 3 shows the optimal bidding of the pub-
lisher versus cost valuation of the publisher, where the cost
valuation of the publisher changes from 1 to 2.5. It can be
seen from the figure that the bidding of the proposed scheme
is consistent with the cost valuations of the publishers, because
the proposed scheme requires the publishers to bid according
to their cost valuations. GBS and LBS can only increase their
bidding to obtain profits, so the bidding of these two schemes
are higher than the proposed scheme. Since RBS is a random
scheme, the bidding of RBS fluctuates high and low, but to ensure
the non-negativity of its profits, the bidding should be higher
than the proposed scheme. It should be noted that the proposed
scheme not only ensures that publishers can bid according to
their cost valuations, but also reduces the reward of the broker
paying for the data.

Fig. 3. Optimal bidding of the publisher versus cost valuation of the publisher.

Fig. 4. Revenue of the publisher versus number of publishers.

Fig. 4 depicts the revenue of the publisher versus numbers
of publishers, where the number of publishers changes from 2
to 30. The distance between the publisher’s coordinates and the
optimal waypoint is simplified as location of the publisher. Here,
three different locations of the publisher are selected to show
the result, which are 300, 400, and 500, respectively. When the
publisher’s location is closer, the publisher can provide a higher
transmission rate, so the publisher’s valuation is higher, resulting
in higher revenue for the publisher. As shown in the figure, the
revenue of the publisher decreases with the increase in the num-
ber of publishers. The reason is that as the number of publishers
increases, the competition of bidding among publishers becomes
more intense. The publisher can only win through lower bidding,
which results in lower revenue. In addition, from the curve in the
figure, it can be seen that the revenue of the publisher is closer to
its cost valuation as the number of publishers increases, that is,
the cost valuation becomes the asymptotic line corresponding
to the expected revenue of the publisher. Since the proposed
data publishing approach is based on VCG reverse auction, the
revenue of the publisher will not be lower than the corresponding
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Fig. 5. Expected utility of each publisher versus number of publishers.

cost valuation, otherwise it will violate the restriction of personal
rationality.

Then, we study the expected utility of each publisher under
different bidding schemes. Fig. 5 shows the expected utility of
each publisher versus number of publishers, where the number
of publishers changes from4 to10. The data publishing approach
based on VCG reverse auction proposed in this article has the
highest expected utility for each publisher. Owing to the fixed
linear bidding scheme adopted by LBS, it lacks the applicability
of the bidding environment, so the expected utility of each
publisher is the lowest. As RBS adopts a random scheme and
does not think over factors such as environment, the expected
utility of each publisher obtained by this bidding scheme is also
relatively low. Because GBS considers the influence of factors
such as the number of publishers, the expected utility of each
publisher obtained by this bidding scheme is relatively higher
than that of LBS and RBS. In addition, the expected utility of
each publisher obtained by the above four bidding schemes is
a decreasing function with respect to the number of publishers.
The reason is that the increasing in the number of participants
reduces the probability of each participant winning. Finally,
when the number of publishers is in the range of 7 to 10, as the
probability of each publisher winning is too low, the expected
utility is significantly reduced, so the difference in the expected
utility of each publisher is not obvious.

Next, we compare and analyze the proposed data subscrip-
tion approach based on double auction and other conventional
bidding schemes. Fig. 6 illustrates the bidding strategy of data
subscription with different number of subscribers, where num-
ber of subscribers changes from 10 to 24. In Fig. 6, as the
number of subscribers increases, the optimal selling price of the
broker gradually increases, while the optimal buying price of
the subscriber gradually decreases. The reason is that when the
number of subscribers increases, the cost valuation of the broker
for the data also increases. Considering that the optimal selling
price of the broker is a monotone increasing function of its cost
valuation, so the broker’s optimal selling price increases as the
cost valuation increases. On the contrary, when the number of

Fig. 6. Bidding strategy of data subscription with different number of sub-
scribers.

Fig. 7. Changes of the broker’s utility with different number of subscribers.

subscribers increases, it will affect the quality of communication
between the broker and all subscribers, resulting in a decrease in
data valuations of subscribers. Furthermore, the optimal buying
price of the subscriber is an increasing function of their cost
valuations, which decreases as the number of subscribers in-
creases. It should be noted that the optimal selling price of the
broker and the optimal buying price of the subscriber are all
restricted by the allocation ratio parameter γ, which also affects
the optimal transaction price for both parties. In addition, as
the number of subscribers increases, the optimal buying price
of the subscriber gradually decreases, and the selling price of
the broker gradually increases. However, the data subscription
approach based on double auction requires that the buying price
of the subscriber cannot be lower than the broker’s selling price,
otherwise the transaction will fail.

In the case of different subscriber numbers, we compare the
utility of the broker in the four bidding schemes. Fig. 7 shows
the changes of the broker’s utility with different number of
subscribers, which changes from 10 to 18. Due to the random
strategy adopted by RBS, the obtained utility has a certain

Authorized licensed use limited to: University of Calgary. Downloaded on September 22,2024 at 22:40:39 UTC from IEEE Xplore.  Restrictions apply. 



1410 IEEE TRANSACTIONS ON NETWORK SCIENCE AND ENGINEERING, VOL. 11, NO. 2, MARCH/APRIL 2024

Fig. 8. Changes in degree of participation for the subscriber with different
number of subscribers.

fluctuation, which belows the utility obtained by GBS. LBS also
does not consider the factors such as the number of subscribers
due to the linear bidding scheme adopted, so its utility is not high.
Although GBS takes the influence of the number of subscribers
into account, it does not make subsequent optimizations, so its
utility is lower than the data subscription approach based on
double auction proposed in this article. Obviously, as the number
of subscribers increases, the utility of the broker also increases.
The reason is that although the profits generated by the broker
serving a single subscriber is not obvious, but considering the
number of subscribers is gradually increasing, the overall utility
of the broker has increased significantly.

Finally, we analyze the degree of participation for the sub-
scriber. Fig. 8 shows the changes in the degree of participation
for the subscriber with different number of subscribers, where
the number of subscribers changes from 10 to 18. The degree
of participation for the subscribers is determined by the ratio of
the utility of the subscriber under different bidding schemes,
i.e., if the greater the utility of the subscriber is, the degree
of participation will be higher. The data subscription approach
based on double auction proposed in this article has the highest
degree of participation for the subscriber. Since LBS adopts a
constant linear bidding scheme without considering the factors
such as the number of subscribers and the selling price of the
broker, the degree of participation corresponding to this scheme
is relatively low. RBS conducts bidding at a reasonable price
range, but also does not consider the selling price of the broker,
so the probability of reaching a transaction is low, and the degree
of participation is also relatively low. GBS takes the influencing
factors of the number of subscribers into account, so this scheme
has a higher probability of reaching a successful transaction, and
the corresponding degree of participation is relatively higher. As
GBS does not optimize the utility of the subscriber, its degree of
participation is still lower than the effect of the proposed scheme.
On the whole, as the number of subscribers increases, the degree
of participation corresponding to the proposed scheme becomes
higher, which motivates subscribers to actively participate more
effectively.

VII. CONCLUSION

In this article, we have proposed a game based USV fleet-
assisted data sharing scheme in maritime communication net-
works. A data publish/subscribe framework has been presented,
where the USV fleets are encouraged to store and forward data,
and USVs are classed into publishers and subscribers. This
framework recommends the optimal brokers for both subscribers
and publishers, thereby improving the efficiency of data sharing.
The optimal waypoints have been recommended for the USV
fleet to facilitate the updating of stored data. We have then
proposed a data publishing approach based on the VCG reverse
auction for the broker and the publishers, which ensures the
publishers can bid for the broker according to their own truthful
costs. Furthermore, the data subscription has been designed as
the double auction game, in which the broker and the subscriber
conduct one-to-one bidding in order to maximize their own util-
ities. Extensive simulation results have shown that the proposed
scheme can significantly improve the utilities of all participants
compared with other conventional schemes. In future work, we
will further investigate the security of data sharing among USVs
with external interferences and attacks.

REFERENCES

[1] V. F. Arguedas, G. Pallotta, and M. Vespe, “Maritime traffic networks:
From historical positioning data to unsupervised maritime traffic mon-
itoring,” IEEE Trans. Intell. Transp. Syst., vol. 19, no. 3, pp. 722–732,
Mar. 2018.

[2] Z. Jiang, T. Yang, L. Zhou, Y. Yuan, and H. Feng, “Maritime search
and rescue networking based on multi-agent cooperative communication,”
J. Commun. Inf. Netw., vol. 4, no. 1, pp. 42–53, Mar. 2019.

[3] J. Nie, J. Luo, Z. Xiong, D. Niyato, P. Wang, and M. Guizani, “An
incentive mechanism design for socially aware crowdsensing services with
incomplete information,” IEEE Commun. Mag., vol. 57, no. 4, pp. 74–80,
Apr. 2019.

[4] L. Arienzo, “Green RF/FSO communications in cognitive relay-based
space information networks for maritime surveillance,” IEEE Trans. Cogn.
Commun. Netw., vol. 5, no. 4, pp. 1182–1193, Dec. 2019.

[5] T. Wei, W. Feng, Y. Chen, C.-X. Wang, N. Ge, and J. Lu, “Hy-
brid satellite-terrestrial communication networks for the maritime In-
ternet of Things: Key technologies, opportunities, and challenges,”
IEEE Internet Things J., vol. 8, no. 11, pp. 8910–8934, Jun. 2021,
doi: 10.1109/JIOT.2021.3056091.

[6] T. Qiu, Z. Zhao, T. Zhang, C. Chen, and C. L. P. Chen, “Underwater
Internet of Things in smart ocean: System architecture and open issues,”
IEEE Trans. Ind. Inform., vol. 16, no. 7, pp. 4297–4307, Jul. 2020.

[7] J. Nie, J. Luo, Z. Xiong, D. Niyato, and P. Wang, “A Stackelberg game
approach toward socially-aware incentive mechanisms for mobile crowd-
sensing,” IEEE Trans. Wireless Commun., vol. 18, no. 1, pp. 724–738,
Jan. 2019.

[8] L. Bai, R. Han, J. Liu, J. Choi, and W. Zhang, “Random access and de-
tection performance of Internet of Things for smart ocean,” IEEE Internet
Things J., vol. 7, no. 10, pp. 9858–9869, Oct. 2020.

[9] L. Xie, H. T. Luan, Z. Su, Q. Xu, and N. Chen, “A game theoretical ap-
proach for secure crowdsourcing-based indoor navigation system with rep-
utation mechanism,” IEEE Internet Things J., vol. 9, no. 7, pp. 5524–5536,
Apr. 2022, doi: 10.1109/JIOT.2021.3111999.

[10] D. Kwon, J. Jeon, S. Park, J. Kim, and S. Cho, “Multiagent DDPG-Based
deep learning for smart ocean federated learning IoT networks,” IEEE
Internet Things J., vol. 7, no. 10, pp. 9895–9903, Oct. 2020.

[11] M. Huang, K. Zhang, Z. Zeng, T. Wang, and Y. Liu, “An AUV-Assisted
data gathering scheme based on clustering and matrix completion for smart
ocean,” IEEE Internet Things J., vol. 7, no. 10, pp. 9904–9918, Oct. 2020.

[12] C. Lin, G. Han, J. Du, Y. Bi, L. Shu, and K. Fan, “A path planning scheme
for AUV flock-based Internet-of-Underwater-Things systems to enable
transparent and smart ocean,” IEEE Internet Things J., vol. 7, no. 10,
pp. 9760–9772, Oct. 2020.

Authorized licensed use limited to: University of Calgary. Downloaded on September 22,2024 at 22:40:39 UTC from IEEE Xplore.  Restrictions apply. 

https://dx.doi.org/10.1109/JIOT.2021.3056091
https://dx.doi.org/10.1109/JIOT.2021.3111999


ZENG et al.: GAME THEORETICAL INCENTIVE FOR USV FLEET-ASSISTED DATA SHARING IN MARITIME COMMUNICATION NETWORKS 1411

[13] Y. Wang, Y. Pan, M. Yan, Z. Su, and T. H. Luan, “A Survey on ChatGPT:
AI-generated contents, challenges, and solutions,” IEEE Open J. Comput.
Soc., 2023, doi: 10.1109/OJCS.2023.3300321.

[14] Q. Xu, Z. Su, K. Zhang, P. Ren, and X. S. Shen, “Epidemic information
dissemination in mobile social networks with opportunistic links,” IEEE
Trans. Emerg. Topics Comput., vol. 3, no. 3, pp. 399–409, Sep. 2015.

[15] R. Duan, J. Wang, H. Zhang, Y. Ren, and L. Hanzo, “Joint multi-
cast beamforming and relay design for maritime communication sys-
tems,” IEEE Trans. Green Commun. Netw., vol. 4, no. 1, pp. 139–151,
Mar. 2020.

[16] Y. Huang, Y. Zeng, F. Ye, and Y. Yang, “Profit sharing for data producer
and intermediate parties in data trading over pervasive edge computing
environments,” IEEE Trans. Mobile Comput., vol. 22, no. 1, pp. 429–442,
Jan. 2023, doi: 10.1109/TMC.2021.3073669.

[17] M. Dai, Y. Wu, L. Qian, Z. Su, B. Lin, and N. Chen, “UAV-Assisted
multi-access computation offloading via hybrid NOMA and FDMA in
marine networks,” IEEE Trans. Netw. Sci. Eng., vol. 10, no. 1, pp. 113–127,
Jan./Feb. 2023.

[18] Z. Zheng, Y. Peng, F. Wu, S. Tang, and G. Chen, “ARETE: On designing
joint online pricing and reward sharing mechanisms for mobile data
markets,” IEEE Trans. Mobile Comput., vol. 19, no. 4, pp. 769–787,
Apr. 2020.

[19] Z. Chen, X. Tao, C. Jiang, and V. C. M. Leung, “Joint minimization of
wired and wireless traffic for content delivery by multicast pushing,” IEEE
Trans. Wireless Commun., vol. 18, no. 5, pp. 2828–2841, May 2019.

[20] S. Malektaji, A. Ebrahimzadeh, H. Elbiaze, R. H. Glitho, and S. Kian-
pisheh, “Deep reinforcement learning-based content migration for edge
content delivery networks with vehicular nodes,” IEEE Trans. Netw. Ser-
vice Manag., vol. 18, no. 3, pp. 3415–3431, Sep. 2021.

[21] S. Kumar and S. Misra, “Enabling multi-source device-to-device content
delivery in cellular networks,” IEEE Trans. Veh. Technol., vol. 70, no. 10,
pp. 10853–10863, Oct. 2021.

[22] J. Zhang, M. Dai, and Z. Su, “Task allocation with unmanned surface
vehicles in smart ocean IoT,” IEEE Internet Things J., vol. 7, no. 10,
pp. 9702–9713, Oct. 2020.

[23] T. Yang, Z. Jiang, R. Sun, N. Cheng, and H. Feng, “Maritime search and
rescue based on group mobile computing for unmanned aerial vehicles
and unmanned surface vehicles,” IEEE Trans. Ind. Inform., vol. 16, no. 12,
pp. 7700–7708, Dec. 2020.

[24] G. Oliva, R. Setola, and M. Tesei, “A Stackelberg game-theoretical
approach to maritime counter-piracy,” IEEE Syst. J., vol. 13, no. 1,
pp. 982–993, Mar. 2019.

[25] Y. Huo, X. Dong, and S. Beatty, “Cellular communications in ocean waves
for maritime Internet of Things,” IEEE Internet Things J., vol. 7, no. 10,
pp. 9965–9979, Oct. 2020.

[26] Y. Duan, Z. Li, X. Tao, Q. Li, S. Hu, and J. Lu, “EEG-Based maritime
object detection for IoT-Driven surveillance systems in smart ocean,” IEEE
Internet Things J., vol. 7, no. 10, pp. 9678–9687, Oct. 2020.

[27] X. Su, L. Meng, and J. Huang, “Intelligent maritime networking with edge
services and computing capability,” IEEE Trans. Veh. Technol., vol. 69,
no. 11, pp. 13606–13620, Nov. 2020.

[28] X. Li, W. Feng, Y. Chen, C. Wang, and N. Ge, “Maritime coverage enhance-
ment using UAVs coordinated with hybrid satellite-terrestrial networks,”
IEEE Trans. Commun., vol. 68, no. 4, pp. 2355–2369, Apr. 2020.

[29] G. Luo et al., “Software-defined cooperative data sharing in edge com-
puting assisted 5G-VANET,” IEEE Trans. Mobile Comput., vol. 20, no. 3,
pp. 1212–1229, Mar. 2021.

[30] B. Ko, K. Liu, S. H. Son, and K. -J. Park, “RSU-Assisted adaptive
scheduling for vehicle-to-vehicle data sharing in bidirectional road sce-
narios,” IEEE Trans. Intell. Transp. Syst., vol. 22, no. 2, pp. 977–989,
Feb. 2021.

[31] R. Zhang, R. Lu, X. Cheng, N. Wang, and L. Yang, “A UAV-Enabled
data dissemination protocol with proactive caching and file sharing in
V2X networks,” IEEE Trans. Commun., vol. 69, no. 6, pp. 3930–3942,
Jun. 2021.

[32] C. Jiang, L. Gao, L. Duan, and J. Huang, “Scalable mobile crowdsensing
via peer-to-peer data sharing,” IEEE Trans. Mobile Comput., vol. 17, no. 4,
pp. 898–912, Apr. 2018.

[33] W. Xiao, X. Zhu, W. Bao, L. Liu, and J. Yao, “Cooperative data sharing for
mobile cloudlets under heterogeneous environments,” IEEE Trans. Netw.
Service Manag., vol. 16, no. 2, pp. 430–444, Jun. 2019.

[34] G. Gao, M. Xiao, J. Wu, L. Huang, and C. Hu, “Truthful incentive mech-
anism for nondeterministic crowdsensing with vehicles,” IEEE Trans.
Mobile Comput., vol. 17, no. 12, pp. 2982–2997, Dec. 2018.

[35] Y. Wei, Y. Zhu, H. Zhu, Q. Zhang, and G. Xue, “Truthful online double auc-
tions for dynamic mobile crowdsourcing,” in Proc. IEEE Conf. Comput.
Commun., 2015, pp. 2074–2082.

[36] M. Dai, Z. Su, Q. Xu, and N. Zhang, “Vehicle assisted computing offload-
ing for unmanned aerial vehicles in smart city,” IEEE Trans. Intell. Transp.
Syst., vol. 22, no. 3, pp. 1932–1944, Mar. 2021.

[37] M. Liwang, S. Dai, Z. Gao, Y. Tang, and H. Dai, “A truthful reverse-
auction mechanism for computation offloading in cloud-enabled vehic-
ular network,” IEEE Internet Things J., vol. 6, no. 3, pp. 4214–4227,
Jun. 2019.

[38] W. Sun, J. Liu, Y. Yue, and H. Zhang, “Double auction-based resource
allocation for mobile edge computing in industrial Internet of Things,”
IEEE Trans. Ind. Inform., vol. 14, no. 10, pp. 4692–4701, Oct. 2018.

[39] S. He, M. Wang, S. Dai, and F. Luo, “Leader-follower formation control of
USVs with prescribed performance and collision avoidance,” IEEE Trans.
Ind. Inform., vol. 15, no. 1, pp. 572–581, Jan. 2019.

[40] S. Dai, S. He, H. Lin, and C. Wang, “Platoon formation control with
prescribed performance guarantees for USVs,” IEEE Trans. Ind. Electron.,
vol. 65, no. 5, pp. 4237–4246, May 2018.

[41] S. Zhang, H. Zhang, B. Di, and L. Song, “Cellular UAV-to-X communi-
cations: Design and optimization for Multi-UAV networks,” IEEE Trans.
Wireless Commun., vol. 18, no. 2, pp. 1346–1359, Feb. 2019.

[42] Z. Su, Y. Wang, Q. Xu, and N. Zhang, “LVBS: Lightweight vehicu-
lar blockchain for secure data sharing in disaster rescue,” IEEE Trans.
Dependable Secure Comput., vol. 19, no. 1, pp. 19–32, Jan./Feb. 2022,
doi: 10.1109/TDSC.2020.2980255.

[43] Y. Zhao, Y. Ma, and S. Hu, “USV formation and path-following con-
trol via deep reinforcement learning with random braking,” IEEE Trans.
Neural Netw. Learn. Syst., vol. 32, no. 12, pp. 5468–5478, Dec. 2021,
doi: 10.1109/TNNLS.2021.3068762.

[44] H. Zhou, X. Chen, S. He, C. Zhu, and V. C. M. Leung, “Freshness-aware
seed selection for offloading cellular traffic through opportunistic mobile
networks,” IEEE Trans. Wireless Commun., vol. 19, no. 4, pp. 2658–2669,
Apr. 2020.

[45] S. H. Ahmed, D. Mu, and D. Kim, “Improving bivious relay selection
in vehicular delay tolerant networks,” IEEE Trans. Intell. Transp. Syst.,
vol. 19, no. 3, pp. 987–995, Mar. 2018.

[46] Q. Wu, M. Zhou, Q. Zhu, and Y. Xia, “VCG auction-based dynamic pricing
for multigranularity service composition,” IEEE Trans. Automat. Sci. Eng.,
vol. 15, no. 2, pp. 796–805, Apr. 2018.

[47] L. Lu, J. Yu, Y. Zhu, and M. Li, “A double auction mechanism to bridge
users’ task requirements and providers’ resources in two-sided cloud
markets,” IEEE Trans. Parallel Distrib. Syst., vol. 29, no. 4, pp. 720–733,
Apr. 2018.

[48] N. T. Boardman and K. M. Sullivan, “Time-based node deployment
policies for reliable wireless sensor networks,” IEEE Trans. Rel., vol. 70,
no. 3, pp. 1204–1217, Sep. 2021.

[49] Q. Ai, X. Qiao, Y. Liao, and Q. Yu, “Joint optimization of USVs com-
munication and computation resource in IRS-Aided wireless inland ship
MEC networks,” IEEE Trans. Green Commun. Netw., vol. 6, no. 2,
pp. 1023–1036, Jun. 2022.

[50] C. Zeng, J. -B. Wang, C. Ding, H. Zhang, M. Lin, and J. Cheng, “Joint
optimization of trajectory and communication resource allocation for
unmanned surface vehicle enabled maritime wireless networks,” IEEE
Trans. Commun., vol. 69, no. 12, pp. 8100–8115, Dec. 2021.

Hui Zeng is currently working toward the Ph.D. de-
gree with the School of Mechatronic Engineering and
Automation, Shanghai University, Shanghai, China.
His research interests include wireless network archi-
tecture and vehicular networks.

Authorized licensed use limited to: University of Calgary. Downloaded on September 22,2024 at 22:40:39 UTC from IEEE Xplore.  Restrictions apply. 

https://dx.doi.org/10.1109/OJCS.2023.3300321
https://dx.doi.org/10.1109/TMC.2021.3073669
https://dx.doi.org/10.1109/TDSC.2020.2980255
https://dx.doi.org/10.1109/TNNLS.2021.3068762


1412 IEEE TRANSACTIONS ON NETWORK SCIENCE AND ENGINEERING, VOL. 11, NO. 2, MARCH/APRIL 2024

Zhou Su (Senior Member, IEEE) has authored or
coauthored technical papers, including top journals
and top conferences, such as IEEE JOURNAL ON SE-
LECTED AREAS IN COMMUNICATIONS, IEEE TRANS-
ACTIONS ON INFORMATION FORENSICS AND SECU-
RITY, IEEE TRANSACTIONS ON DEPENDABLE AND

SECURE COMPUTING, IEEE TRANSACTIONS ON MO-
BILE COMPUTING, IEEE/ACM TRANSACTIONS ON

NETWORKING, AND INFOCOM. His research in-
terests include multimedia communication, wireless
communication, and network traffic. Dr. Su was the

recipient of the Best Paper Award of International Conference IEEE ICC2020,
IEEE BigdataSE2019, and IEEE CyberSciTech 2017. He is an Associate Editor
for IEEE INTERNET OF THINGS JOURNAL, IEEE OPEN JOURNAL OF COMPUTER

SOCIETY, and IET Communications.

Qichao Xu received Ph.D. degree from the School of
Mechatronic Engineering and Automation, Shanghai
University, Shanghai, China, in 2019. He is currently
an Associate Professor with Shanghai university. His
research interests include trust and security, the gen-
eral area of wireless network architecture, Internet of
Things, vehicular networks, and resource allocation.

Kuan Zhang (Member, IEEE) received the B.Sc.
degree in communication engineering and the M.Sc.
degree in computer applied technology from North-
eastern University, Shenyang, China, in 2009 and
2011, respectively, and the Ph.D. degree in electri-
cal and computer engineering from the University
of Waterloo, Waterloo, ON, Canada, in 2016. Since
September 2017, he has been an Assistant Professor
with the Department of Electrical and Computer En-
gineering, University of Nebraska-Lincoln, Lincoln,
NE, USA. He was also a Postdoctoral Fellow with

the Broadband Communications Research Group, Department of Electrical and
Computer Engineering, University of Waterloo, from 2016 to 2017. His research
interests include security and privacy for mobile social networks, e-healthcare
systems, cloud/edge computing, and cyber physical systems.

Qiang Ye (Senior Member, IEEE) received the Ph.D.
degree in electrical and computer engineering from
the University of Waterloo, Waterloo, ON, Canada, in
2016. Since September 2023, he has been an Assistant
Professor with the Department of Electrical and Soft-
ware Engineering, University of Calgary, Calgary,
AB, Canada. Before joining UCalgary, he was an
Assistant Professor with the Department of Computer
Science, Memorial University of Newfoundland, St.
John’s, NL, Canada from September 2021 to August
2023 and with the Department of Electrical and Com-

puter Engineering and Technology, Minnesota State University, Mankato, MN,
USA, from September 2019 to August 2021. He was with the Department of
Electrical and Computer Engineering, University of Waterloo as a Postdoctoral
Fellow and then a Research Associate from December 2016 to September 2019.
He has authored or coauhtored more than 60 research articles on top-ranked IEEE
Journals and Conference Proceedings. He is/was the General and TPC co-chairs
for different international conferences and workshops, e.g., IEEE VTC’22, IEEE
INFOCOM’22, and IEEE IPCCC’21. He is/was an Associate Editors for IEEE
TRANSACTIONS ON COGNITIVE COMMUNICATIONS AND NETWORKING, IEEE
OPEN JOURNAL OF THE COMMUNICATIONS SOCIETY, Peer-to-Peer Networking
and Applications, ACM/Wireless Networks, and International Journal of Dis-
tributed Sensor Networks. He is the IEEE Vehicular Technology Society (VTS)
Regions 1–7 Chapters Coordinator (2022–2023).

Authorized licensed use limited to: University of Calgary. Downloaded on September 22,2024 at 22:40:39 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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 /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


