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Abstract—1In this paper, we propose a value of information
(Vol)-based packet scheduling scheme (VBPS) in autonomous
underwater vehicle (AUV)-assisted underwater acoustic sensor
networks (UASNs), where AUVs act as mobile sensor nodes
to collect data from areas not accessible to static nodes and
then relay data via static nodes. Vol is a performance metric
to measure the importance of data packets with different levels
of urgency. The proposed scheme aims to avoid collision with
the ongoing packet transmission of static nodes without their
accurate global information. In specific, the static node localiza-
tion stage and the topology construction stage are carried out
to obtain the local information. Furthermore, the transmission
scheduling stage is implemented to avoid packet collision and
formulates a combinatorial optimization problem maximizing
Vol under the constraint of packet collision avoidance. To solve
this complicated problem, a low-complexity distributed search
algorithm is proposed, which exploits the spatial-temporal reuse
to establish data packet collision constraints and then determines
the next-hop node and data transmission time for AUVs. In addi-
tion, a collaborative search algorithm is proposed to avoid packet
collision among different AUVs by enabling collaboration among
AUVs. Extensive simulation results under various scenarios
demonstrate the superior performance of the proposed scheme.

Index Terms— Underwater acoustic sensor networks,
packet scheduling, autonomous underwater vehicle, value of
information.

I. INTRODUCTION

NDERWATER wireless communications are attracting
great attention due to a number of important underwater
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applications for military and commercial purposes, such
as environmental monitoring, marine ranching, and marine
resource development [2], [3]. In long-distance underwater
wireless communications, sound wave plays a prominent role
due to less propagation attenuation than radio wave and less
scattering than optical wave [4], [5], [6]. Underwater acoustic
sensor networks (UASNs) are expected to be a de-facto tech-
nology in underwater wireless communications. Traditional
UASNSs are mainly static networks, in which data is delivered
from static sensor nodes to sink nodes in a multi-hop manner.
However, such static networks can only be deployed at fixed
areas with limited coverage. As a remedy to these limitations,
the autonomous underwater vehicle (AUV) with high maneu-
verability is considered as promising complement to enhance
static UASNSs. For the AUV, a plethora of commercial-off-the-
shelf products are developed by academia and industry, such as
Woods Hole Oceanographic Institution (WHOI) [7], Teledyne
Technologies [8], Boston Engineering [9], etc. Equipped with
advanced sensing functionalities, AUVs enable a number of
applications, such as equipment maintenance, environment
monitoring, and disaster prevention [10], [11], [12], [13].
Since AUVs and static UASNs can complement each other,
their integration, namely AUV-assisted UASNSs, is deemed as
a potential underwater communication paradigm, which can
expand the coverage as well as enhance the performance of
the existing static UASNs.

Generally, in AUV-assisted UASNs, AUVs mainly play two
kinds of roles, i.e., data collection nodes and mobile sensor
nodes. As data collection nodes, AUVs work as data collection
centers and move to sensor nodes as close as possible to reduce
transmission energy consumption of sensor nodes [14], [15],
[16], [17], [18], [19]. As mobile sensor nodes, static nodes and
AUVs collaboratively sense data in the environment, because
AUVs can efficiently expand the network coverage and explore
areas that are not accessible by static nodes.

In this paper, we focus on the latter, i.e., AUVs play as
mobile sensor nodes to detect abnormal data and forward data
to the data center via static nodes. In this scenario, static nodes
are pre-deployed to sense the environment for a long time, and
then the sensing data is sent to the data center. Once the data
center identifies some abnormal data, AUVs are dispatched
to the area of interest along the predefined trajectory. Then
AUVs sense and deliver abnormal data back to the data center.
However, due to the low velocity of AUVs (e.g., 2-10 m/s),
delivering data after traveling the whole trajectory cannot sat-
isfy the stringent delay requirement of disseminating abnormal
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data. Therefore, to disseminate data timely and efficiently,
AUVs need to schedule data transmission via predeployed
static nodes in a collision-free manner.

Designing an effective packet scheduling scheme is chal-
lenging due to the following two reasons. Firstly, the global
information of all static nodes is difficult to be known in
advance. Since static nodes have been deployed for a long
time, their locations may change due to the fluctuating ocean
environment, and the network topology may change because
some static nodes may be destroyed or suffer from battery
depletion [20], [21]. Secondly, the packet scheduling scheme
needs to satisfy packet collision avoidance constraints, i.e.,
data packets from AUVs should not collide with any data
packets from static nodes within the communication range of
the AUV. Since the propagation delay and communication link
between static nodes and AUVs change with the movement of
AUVs in AUV-assisted UASNS, the packet collision avoidance
constraints vary spatially and temporally.

In this paper, we propose a novel packet scheduling scheme.
To transmit data packets via static nodes, AUVs first need to
get information about static nodes, such as the node position,
network topology, and packet transmission time. Based on
such information, AUVs select the optimal next-hop node and
schedule the time slot for collision-free packet transmission.
To be specific, we propose a value of information (Vol)-based
packet scheduling (VBPS) scheme. This scheme first intro-
duces a novel performance metric, Vol, to measure the data
packet importance with different levels of urgency. Then, three
stages are proposed to avoid collision with the ongoing packet
transmission of static nodes without their accurate global
information. The static node localization stage adopts a passive
time difference of arrival (TDOA)-based localization method
to obtain the positions of static nodes and the topology con-
struction stage establishes the topology map and interference
map based on the information of data packets listened from
static nodes. The transmission scheduling stage formulates a
combinatorial optimization problem maximizing the Vol to
determine the appropriate next-hop nodes and time slots to
transmit data packets under the constraints of packet collision
avoidance. Identifying the optimal solution is difficult due to
the absence of static nodes’ global information which spends
additional network resources. Therefore, two low-complexity
search algorithms are developed to solve this problem, i.e., the
Vol-based distributed packet scheduling algorithm (VBPS-I)
and the Vol-based collaborative packet scheduling algorithm
(VBPS-C). They exploit the spatial-temporal reuse to con-
struct the data packet collision constraints and determine the
next-hop nodes and transmission time for data packets from
AUVs. Simulations under various scenarios are carried out to
evaluate the performance of the proposed scheme.

The main contributions in this paper are summarized as
follows:

o We design a packet scheduling scheme to transmit data
packets from AUVs via static nodes without requiring
global information while avoiding collision with regular
data transmission among static nodes;

o We formulate a combinatorial optimization problem to
maximize Vol under the constraint of collision avoidance;
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e We develop two low-complexity search algorithms by
exploiting spatial-temporal reuse based on the local infor-
mation, which can achieve close performance to the
optimal algorithm as demonstrated by simulation results.

The remainder of this paper is organized as follows.

In Section II, the related works on AUV-assisted UASNs
are provided. The system model is presented in Section III,
and the detailed packet scheduling scheme is proposed in
Section IV. Following this, the transmission scheduling prob-
lem is formulated in Section V, and the Vol-based packet
scheduling algorithms are proposed to solve the problem
in Section VI. In Section VII, simulation results are given.
Finally, Section VIII concludes this paper.

II. RELATED WORK
In recent years, packet scheduling schemes in AUV-assisted
UASNSs have attracted much interest and been extensively
studied. They can mainly be divided into two categories,
i.e., reservation-based packet scheduling schemes and random
access-based packet scheduling schemes.

A. Reservation Based Packet Scheduling Schemes

In the reservation-based packet scheduling schemes, reser-
vation packets are transmitted to reserve the channel for AUVs
before sending data packets. Some protocols need several
rounds of handshaking to reserve data packet transmission
time for AUVs. The propagation delay-aware opportunistic
MAC protocol named DOTS jointly considered the data
packet transmission for both static nodes and AUVs [22].
To avoid packet collision, nodes schedule their packet trans-
mission time and conduct concurrent transmission based on
the detected propagation delay among nodes, which requires
accurate clock synchronization. Moreover, the AUV-based data
delivery protocol named ADDP focused on the data packet
transmission among multiple AUVs [23]. In the ADDP, time
clock synchronization was required, but the positions of other
AUVs were not required. Before data transmission, the control
packets were sent to find the next-hop nodes and reserve
the time period for each data packet transmission. In some
papers, the Vol metric is used to schedule the data transmission
considering the event significance and promptness of data
to improve the network efficiency [17], [18], [19]. Another
solution exploits the flexible time slot to accommodate the
dynamic movement of AUVs [24], [25]. Some works leverage
the information of propagation delay to improve the efficiency
of reservation [26], [27]. The propagation delay between the
AUVs and sink node is first estimated by several rounds of
handshaking, and then data packet transmission of AUVs is
determined and scheduled by the sink node. While feasible,
the movement of AUVs in one transmission round is not
considered. Different from the above works that require time
synchronization and global information of static nodes, our
work considers the absence of global information.

B. Random Access Based Packet Scheduling Schemes

Unlike reservation-based packet transmission schemes, most
random access-based packet transmission schemes do not
require the global information of the static nodes. However,
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TABLE I
SUMMATION OF USED NOTATIONS

Notations Description Notations Description
Ny Set of AUVs mg, j Indicator of relay nodes relayed by c;
Ngy Number of AUVs i Number of relay nodes relayed by c;
A Indicator of AUVs M; Set of relay nodes relayed by c;
C Set of sink nodes 84k Indicator of sensor nodes relayed by m; ;
ci Indicator of sink nodes S; Number of sensor nodes relayed by m; ;
Ly Locations of AUVs S; Set of sensor nodes relayed by m;_;
L Locations of static nodes r? Distance between node a and node b
Hr Topology matrix H; Interference matrix
N’ Set of next-hop nodes N’ Indicator of next-hop nodes
T Set of interference nodes 1 Indicator of interference nodes
02 Collision time interval ta Packet transmission time for AUV
Wi, Communication time rounds for m;_; tf;f Packet transmission time for m; ; at p; 5 round

due to the long and dynamic propagation delay, they need to
address the issue of high packet collision probability. In the
position-aware routing and medium access protocol named
P-AUYV, before transmitting data packets, nodes need to wait
for a random backoff duration adaptively based on the distance
between nodes to reduce the collision probability [28]. The
traffic-adaptive receiver synchronized named TARS MAC pro-
tocol proposed a receiver-synchronized transmission method to
handle the spatial uncertainty and align packet receptions [29].
In another line of research, a reinforcement learning-based
MAC protocol named UW-ALOHA-QM took advantage of
reinforcement learning methods, which allowed nodes to adapt
to the dynamic movement of AUVs [30]. In this way, the
channel utilization was highly improved while the collision
still existed. In addition, some works send a notification
packet before data packet transmission to reduce the collision
probability caused by random access. In the location-based
TDMA MAC protocol (LTM-MAC), since the AUV has
holistic information of static nodes’ positions, it can select the
appropriate time to send the notifying packet under the specific
conditions of collision avoidance [31]. Meanwhile, to avoid
packet collision with the AUV, static nodes also set a carrier
sensing time to hear the transmission of AUVs. Furthermore,
in the load-adaptive carrier sense multiple access control
(LACCM) protocol, a specific broadcast (BCT) packet was
introduced to indicate the joining or leaving of the AUV [32].
When a BCT packet is received, static nodes will transmit
data to the AUV. Different from prior random access-based
packet transmission schemes interfering with ongoing com-
munications among static nodes, our work considers collision
avoidance with regular data transmission among static nodes.
Preliminary results of this work have been presented [1],
in which collision avoidance between the AUV and the static
node is considered. However, the packet transmission collision
between AUVs also exists. Therefore, to further improve the
network efficiency, this paper proposes a collaborative search
algorithm addressing collision avoidance between AUVs.

III. SYSTEM MODEL
In this section, we introduce the network model and the
underwater acoustic channel model. Then, we present a
two-hop static network with the time division multiple access
(TDMA) protocol, which is widely used in UASNs. Table I
summarizes the main notations used in this paper.
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Fig. 1. Considered scenario.

A. Considered Scenario

In this paper, we consider an underwater acoustic network

comprising multiple static nodes and AUVs.

o Static nodes: In this network, N number of static nodes
are randomly distributed in the area, as illustrated in
Fig. 1. In the considered network, static nodes are
pre-deployed and organized as a two-hop network. They
know the current network topology and transmit their
packets with a predefined MAC protocol. Besides, the
strategy of the MAC protocol of static network is
known to AUVs, but the scheduling time of each node
is unknown beforehand. The locations of static nodes
and the network topology are also unknown by AUVs.
Furthermore, the packet frame structure and method to
decode packets are globally known to AUVs so that com-
munication between static nodes and AUVs is possible.

e AUVs: A set of Ny number of AUVs is denoted by
N ={A1, As,..., AN, }, which can travel to detect the
areas that are not accessible to static nodes. Then AUVs
send detected data to the data center via static nodes.
The trajectories of AUVs are predefined before released
according to their task area rather than the accurate
locations of static nodes. The coarse locations of static
nodes can assist in allocating the task area of AUVs so
that the AUVs can cruise in the communication range
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of static nodes. Therefore, it is unnecessary for AUVs to
know the accurate locations of static nodes in advance.

B. Underwater Acoustic Channel Model

In underwater acoustic communications, we assume that the
signal-to-noise ratio (SNR) v of the channel is constant during
the transmission time of a data packet. Given transmission
power P at the sender a and channel bandwidth B, the SNR

at the receiver b with frequency f and distance r? can be
expressed as [33]
Px|H @, 5
v (e, ) = Px|lre [ (1

N(HB

where N(f) is the power spectral density of the ambient noise
at frequency f. Here, H (7%, f) is the channel response which
is given by H(rb, f) = 1/y/A(rl, f). Here, A (1%, f) is the
path loss of the underwater acoustic signal propagation, which
suffers from both spreading loss and frequency-dependent
absorption loss «(f). The path loss in dB related to transmis-
sion distance in meter and frequency in kHz is expressed as

10log A(r}, f) = k x 10logrl + 72 x 10~ %a(f), (2

where the first term represents the spreading loss, and the
second term represents the absorption loss. k is the spreading
factor and set to be 1.5 referred to the practical spreading
[34]. The absorption loss «(f) is expressed empirically
by Thorp’s formula, i.e., a(f) 0.11f%/ (14 f%) +
44f2/(4100 4 f?) +2.75 x 10~4 f2 + 0.003.

The channel can be regarded as the additive white Gaussian
noise (AWGN) channel after adopting channel equalization
and inter-symbol interference elimination techniques, which
has been demonstrated in existing works [35], [36], [37]. The
average BER with binary phase shift keying (BPSK) modu-
lation is represented by p. ('y (rg, f)) =
Let L denotes the length of a data packet, the packet error

rate (PER) with SNR v (v}, f) and BER p. (v (v}, f)) is
expressed as
Py (b)) =1-(1-p. (050N G

C. Packet Transmission Procedure for Static Nodes
As shown in Fig. 2, for the two-hop static network, static
nodes are divided into three layers: (1) the set of C' sink nodes

o
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is denoted by C = {c1, ca,...,cc} in the upper layer; (2) the
set of M relay nodes is denoted by M = {mq,ma,...,my}
in the middle layer; and (3) the set of S sensor nodes is
denoted by S = {s1,52,...,85} in the lower layer. Here,
the total number of static nodes is N C+ M+ S.
As mentioned above, static nodes are all synchronized. Time is
divided into multiple time slots whose duration is determined
by the communication range dg, packet length Lg,,, and data
rate R, i.e., Ts = [(tdaa + do/Vs)/tdata | tdaa, Where vy is
the sound speed. Here, 4y, denotes the packet transmission
time by tgaa = Ldan/R. Thus, each time slot consists of
N = [(tdaa + do/Vs)/tdaa] packet transmission time.

In the following, we present the data packet transmission
procedure for static nodes in detail. The data transmission
among static nodes is two-hop, i.e., from sensor nodes to relay
nodes and from relay nodes to sink nodes.

1) Transmission From Sensor Nodes to Relay Nodes:
Sensor nodes transmit data packets to relay nodes sequentially
at the beginning of each time slot. We assume that a relay
node m; ; relays data packets for S; numbers of sensor nodes
sjk € Sj. Here, k is the ID of the sensor node determined
by the sending sequence denoted by k € {1,2,...,5;}. S; is
the number of sensor nodes transmitting packets to the relay
node m; ; and satisfies S = Zjle S;. Then, the time that a
sensor node s; 5, € S; transmits packets to the relay node m; ;
is calculated as follows

((je = 1)S; + k= 1) Ts.

" 4)
Here, p; 1 is the number of communication time rounds for
s;,k» which means the sensor node s; ;, has transmitted f1; 1 —1
data packets. Each communication time round for sensor node
;1 consists of S; numbers of time slots. £ —1 represents the
sending sequence for the sensor node related to nodes’ ID
which has been allocated before sensor nodes are deployed.
2) Transmission From Relay Nodes to Sink Nodes: If relay
nodes have received data packets from sensor nodes, they
would send data packets to sink nodes. We assume that a
sink node c; receives data packets from M; numbers of relay
nodes m;; € M;. Here, j is the ID of the relay node
and determined by the sending sequence, which is denoted
by j € {1,2,...,M;}. M; is the number of relay nodes
that transmit data packets to the sink node c; and satisfies
M = Zf’;l M;. Then, the time that the relay node m; ; € M,
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transmits data packets to the sink node c¢; is expressed as
£ = ((pig — )M+ j — 1) T (5)

Here, pi; ; is the number of communication time rounds for
m, j, which means the relay node m; ; has transmitted f1; ; —1
data packets. Each communication time round for relay node
m; ; consists of M; numbers of time slots. j—1 is the sending
sequence for the relay node related to nodes’ ID which has
been allocated before relay nodes are deployed.

Finally, when sink nodes receive data packets, they will
forward them to the data center via electromagnetic waves
as soon as possible. The propagation delay is ignored due to
the characteristics of electromagnetic waves.

IV. VOI-BASED PACKET SCHEDULING SCHEME
In this section, we first introduce the Vol metric and then
present the packet scheduling scheme in detail.

A. Value of Information (Vol) Metric

In this network, AUVs travel around to detect the environ-
ment. Different detected data require different transmission
urgency. Therefore, to distinguish the different urgency of
detected data, two kinds of data, i.e., the abnormal data
and the normal data, are considered. The abnormal data is
detected with a low packet arrival rate and should be scheduled
with high urgency, whereas the normal data is in contrast
[38]. In addition, the abnormal data and the normal data
are generated by the Poisson Process with rates A\, and \,,,
respectively. Note that A\, < A, due to the scarcity of the
abnormal data.

Since the transmission urgency of data highly depends on
the data importance and delivery timeliness, we introduce the
Vol metric to measure the event significance and promptness.
To be specific, in the proposed scenario, the Vol is influenced
by the importance of the detected data as well as the delivery
time of detected data. The Vol is defined as [17], [18], and [19]

0 0
Vi) = {BV +Q=BVOf(t), t<T, ©
0, t>T.

Here, V(t) is the Vol, VY is the initial value, (3 is the
weighting parameter that measures the trade-off between
the data importance and delivery timeliness, and f(t) is
the decreasing function of ¢ when ¢t < T. We define
f(t) = e [t=T)/ol \where « is the scaling factor and T
is the lifetime of the data. For the Vol, the parameters for
the abnormal data and the normal data are different due to
the different characteristics of two kinds of data, which are
indexed by u and m, respectively. In specific, V,,(t), V.2, Bu,
fu(t), Ty, and «,, are for the abnormal data, while V,,(t),
VO, Bms fm(t), Trn, and oy, are for the normal data.

In the network, the AUV may transmit abnormal data
packets or normal data packets via the static network at time
ta. Let o,, denote the transmitting decision for AUV A at
time ¢4, i.e., 0o¢, = 1 indicates transmitting the abnormal data
while o;, = 0 indicates transmitting the normal data. Then
the VoI of the data packet transmitted from AUV A to static
node N’ at time t 4 is calculated as follows:

VZOtAVU-i-(l—OtA)VM. @)
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Here, Vy and V), are the Vol of abnormal data
and normal data that are successfully received consid-
ering the packet error rate, respectively, ie., Vy =

Vi (ta—t) (1—Pe (7 (rg’,f))) and Vi = Vi(ta —
(-2 (4.0)

B. Packet Scheduling Scheme

In this scenario, AUVs are in charge of collecting data
from specific interested areas. Before AUVs are dispatched,
their trajectories are pre-defined according to the location of
tasks. Trajectories of AUVs can be designed via multiple
methodologies [39], [40], [41], which is beyond the scope
of this paper. When AUVs move along their pre-defined
trajectories, they need to determine the next-hop static node
to relay data packets as well as the time slot to transmit data
packets. Specifically, AUVs need to complete three stages to
transmit data efficiently and successfully.

1) Static Node Localization: The positions of static nodes
are critical to the calculation of the propagation delay between
two nodes, thereby affecting packet collision probability. Since
the accurate locations of static nodes are unknown in advance
and the communication links between the AUV and the static
node will change with the movement of AUVs, AUVs need
to obtain the local information of static nodes’ positions to
calculate the propagation delay between them. The localization
stage needs to meet three demands. Firstly, since locations of
static nodes are used for calculating the propagation delay with
several milliseconds error tolerance, the localization method
should be low-complexity instead of very high precision but
complex methods to save communication and energy resources
for the AUV. Secondly, AUVs do not broadcast any packets
to sensor nodes and they just passively listen to the network,
through which a passive localization approach is required to
estimate locations of sensor nodes. Finally, static nodes are
not time synchronized with AUVs due to clock shifts.

There are some existing technologies for underwater local-
ization, including the time of arrival (TOA)-based methods,
the time difference of arrival (TDOA)-based methods, and
the direction of arrival (DOA)-based methods [42], [43], [44],
[45], [46]. However, the TOA-based methods require time syn-
chronization among static nodes and AUV, and the DOA-based
methods depend upon precise angular information, which is
not suitable for the proposed scenario. Different from the
above technologies, the TDOA-based method is a mature
multilateration that exploits the time difference of arrival
to perform node localization, which can be applied in the
proposed network.

Restricted by the time synchronization, a passive
TDOA-based method is introduced for this scenario.
Firstly, to get the time difference of arrival, AUVs need to
listen to the packet transmission among static nodes while
moving to different positions, which is different from the
widely used TDOA-based methods. The time difference of
arrival is given by

(i) =t (pio1) = t(ps) — t(pio1) + (r%, — 714, )/ vs-
3
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Here, 7 indicates that the AUV has received ¢ numbers of data
packets from a specific static node. A; indicates an AUV A
received the ith data packet from the static node a; t"(u;)
and " (p;—1) are the receiving time of data packets which are
transmitted at the p; round or p; ;1 round. t(p;) is the sending
time of data packets from the static node a. 7 is the time
shifting between AUV and static nodes. r%_ is the distance
between one AUV A receiving ith data packet and the static
node a, which is calculated as follows:

%, = lla = Lagl2- ©)

Let lg = [Ta, Yas 2a)T and La, = [T4,,Y4,,24,]T denote the
position of static node a and AUV A, respectively. Therefore,
in the 3D area, to get the position of a static node, we need
a minimum of three difference equations, which means the
AUV has to receive four packets from the static node at four
different locations at least, i.e.,

TZQ - raAl = Us (tT(/'I’Q

Tilg - 7”212 = Us (tT(NB

5~y =
(" (

a a r
TA, —Ta, =7Us t (pa

— — — —
~+
=
~ I~~~
=
no
— — — —
—~ o~ o~
~

(10)

Accordingly, the coordination of the static node can be
obtained by solving the nonlinear function. In the field of
localization, lots of mature localization methods have been
proposed to solve this function, in which the root mean square
error (RMSE) is reduced to less than 5 m with SNR >5 dB
[46], [47], [48]. The passive TDOA-based algorithm in this
paper can be extended from the underwater acoustical local-
ization of the black box utilizing a single AUV in [46]. Then,
each AUV stores the obtained position into a row vector
L =l,ls,...,lN].

This localization stage also introduces time overhead to this
system. Since the localization procedure contains four rounds
of data transmission of static nodes, the AUV may not receive
four rounds of packets from some static nodes within the
communication range. Therefore, the AUV can only obtain
local positions of static nodes.

2) Topology Construction: The topology of the network can
help AUVs search the possible next-hop nodes and identify the
packet scheduling of static nodes. Since AUVs listen to the
packet from static nodes, they are able to obtain the source
node and the destination node from the packet frame header,
which reveals the existence of the communication link. Then
AUVs construct a network topology map H 7. The elements in
H 1 represent the communication links in the static network,
where Hrp(a,b) = 1 indicates that a communication link
between node a and node b exists, and Hr(a,b) = 0,
otherwise. Furthermore, based on the sending time of three
or more rounds of received packets, the AUV can get the
transmission period of static nodes, TJQ i for the sensor node
sjk and T} ; for the relay node m; ;. Then the number of relay
nodes or sensor nodes sending data packets to a sink node or
relay node is calculated, i.e., M; = Ti’}j/TS and S; = T;yk/TS.
Note that since AUV may not receive all packets from the
static node, it can only construct the local topology.
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In addition, the interference between static nodes should
be considered in the packet scheduling scheme. When the
distance between nodes ¢ is larger than dy and Hr(a,b) = 0,
node a and node b will interference with each other, i.e.,
H(a,b) =1, and H(a,b) = 0, otherwise.

3) Transmission Scheduling: AUVs need to determine the
next-hop node and the appropriate time to send data packets
without collision. With the information of nodes’ positions,
network topology map, and interference map, AUVs can
calculate the data transmission time of static nodes. Then con-
sidering the data transmission time of static nodes, AUVs can
identify available time slots to transmit data packets without
packet collision. Finally, AUVs can determine the next-hop
node and the appropriate time to send data packets. Next,
we will give more details about the transmission scheduling
stage.

V. PROBLEM FORMULATION

In the transmission scheduling stage, AUVs need to deter-
mine the next-hop node and the sending time for each
abnormal data and normal data in accordance with the Vol.
To schedule data packets, the Vol maximization problem is
formulated.

To schedule data packets successfully, the following con-
straints should be considered.

1) The data packet should be transmitted before the lifetime

reaches, i.e., t4 —t/, <T.

2) The next-hop node is expected to be selected from static
nodes within the communication range of the AUV,
which is denoted by N’ € N’ under the constraint of
rN" < dy. Here, 7" is the distance between the AUV
A and the next-hop node N’.

3) The sending time ¢4 should meet the requirement of
collision avoidance with the other ongoing transmitted
data packets considering the long propagation delay %,
and transmission delay tgua in UASNS, ie., t4 + 1, +
taaa ¢ {2, where ¢, is expressed as t, = rg//vs.
In addition, (2 is the packet collision time set, at which
time data packets from an AUV would collide with
data packets from static nodes or other AUVs. The
packet collision constraint will be discussed in detail
in Section VI-A.

Accordingly, the proposed transmission scheduling problem
can be formulated as follows:

max V, (11a)
ta€T A, N'eN’
stotg—ty ST, ta €Ty, t'y €Tp, (11b)
N < do,N' e N, A € A, (11c)
ta+ty, 4 taaa ¢ 2. (11d)

In the above problem, the objective function (1la) maxi-
mizes the Vol of data packets that are successfully received,
where 74 is the possible transmission time without collision
along the AUV’s trajectory. Constraint (11b) limits the waiting
time of abnormal data packets and normal data packets, where
Tp is the generation time of data packets along the AUV’s
trajectory. Constraint (11c) limits the communication distance
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at the next-hop node which is a sink node.

between AUVs and static nodes. Constraint (11d) limits the
collision avoidance constraints.

The formulated problem is a combinatorial optimization
problem, which can be solved by search algorithms. The
search space of this problem depends on the problem con-
straints and is regarded as spatial and temporal scales. The
global information-based search space is the number of static
nodes N. To reduce the search space, we proposed the
low-complexity algorithm based on the local information.
Therefore, the VBPS-I algorithm is proposed to determine
the appropriate next-hop nodes and sending time to schedule
the normal packets and abnormal data packets based on
maximizing the Vol of data packets. Furthermore, to deal
with the packet collision among AUVs, we also propose the
VBPS-C algorithm.

VI. PROPOSED ALGORITHMS

In this section, we first present the packet collision con-
straint of AUVs’ data transmission and then propose two
algorithms to solve the problem.

A. Packet Collision Constraint

Due to the inherent characteristic of long propagation
delay in UASNS, the spatial-temporal reuse is exploited by
allowing multiple nodes to transmit data packets concur-
rently without packet collisions. Specifically, to schedule data
transmission for AUVs without affecting the data transmis-
sion of static nodes, data packets from AUVs should not
collide with any data packets from static nodes within the
communication range of the AUV. The data packet collision
constraints are constructed based on the transmission time
of data packets and the propagation delay between nodes.
Nodes within the communication range are divided into two
categories, the next-hop node N’ € N’, where N/ = {N' |
Hp(N',A) 1} and interference node I € Z, where
IT={I|H;(I,A)=1,Hy(I,A)=0}. In UASNs, due to
the half-duplex communications, collision will happen when
a node either receives or receives and sends two or more
data packets simultaneously. As such, the packet collision
scenario is divided into the following four cases. The detailed
procedures of the packet collision constraint are shown in
Algorithm 1.

1) Case 1: Receiving-Sending Collision at the Next-Hop
Node: Due to the half-duplex underwater acoustic commu-
nications, the receiving time of the data packet from AUV

Algorithm 1 Collision Condition Calculation Subroutine
Il’lpllt: L, ta, TS, S, M, C, LA, tdatas HT, 7"]"?/, H[, N/, N/;
Output: ?4;

1. 2= (Z);
2: Put N\ N’ into Z; //The interference node set;
3. if N’ € C then
4:  Calculate {2 < (24 based on (15);
5: else if N’ € M then
6
7
8
9

. Calculate 2 < (21 U {23 based on (12) and (14);
. else if N’ € S then
. Calculate {2 <+ (25 based on (13);
: end if
10: for N’ € 7 do
11:  Calculate {2 «+ {25 U 26 based on (16) and (17);
12: end for
13: if t4 + 7‘]’3,/1}5 + tgaa ¢ (2 then
14: ta =1a;
15:  The AUV transmits data packets to node N’ at time ¢ 4;
16: else
17:  while t4 + 7%, /s + taaa € 2 do
18: ta=ta+1;
19:  end while
20:  The AUV transmits data packets to node N’ at time ¢ 4;
21: end if
22: return t4.

should not collide with the sending time of the static node.
So when an AUV wants to send a data packet to the next-hop
node, it needs to justify when the next-hop node sends the data
packet, at which time data packets from the AUV cannot be
received simultaneously. As shown in Fig. 3(a), if the next-
hop node N’ of the AUV is a relay node m; j € {m;; |
Hp(m; jr,c;) = 1}, the condition is that when the node m; ;/
is sending a data packet to the sink node c;, it cannot receive
the data packet from the AUV, which is expressed as

ta+ r;?li,j//vs + tdata ¢ le

where t4 is the sending time of the data packet from the

AUV, (2 is the collision time interval, denoted by (2

Hi 57 Hi g1
gl ~lgr b

communication time rounds for m; ;» when the AUV wants to
send the data packet, which is calculated as follows u; ;» =

LtT—AJ /M; + 1. ty is the guard time. Similarly, as shown

12)

+ 2tdara + tg]. Here, p; ;- is the number of

in Fig. 3(b), if the sensor node s;;/ is the next-hop node
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Fig. 4. Packet collision in Case 3 and Case 4: (a) Receiving-sending collision at the interference nodes; (b) Receiving-receiving collision at the interference

nodes.

of the AUY, it cannot send the data packet to node m; €
{m; | Hr(s;r,m;) =1} while receiving the data packet
from the AUV. So the collision avoidance condition is given
by

ta+rl Vs + tawa & 22, (13)

where (25 is the collision time interval for the sensor node
and is denoted by 22 =[5 — by, (/31 + 2tawa + 1,
Here, (1 is the number of communication round for s /
when the AUV wants to send data packet, which is given by
Wk = %‘J /Sj + 1.

Since sink nodes do not need to send data via the
acoustic communication link, they will not suffer from
receiving-sending collision when they serve as the next-hop
node.

2) Case 2: Receiving-Receiving Collision at the Next-Hop
Node: The collision occurs when multiple data packets are
received simultaneously at the next-hop node. That is to say,
when an AUV wants to send a data packet to the next-hop
node, it should consider the receiving data packet collision
with other nodes. As shown in Fig. 3(c), if the next-hop
node of AUV is a relay node m; -, it cannot receive the
data packets from other nodes simultaneously. So the AUV
firstly needs to find the sensor node s; ) € Sj', where
S = {sjin | Hr(mi i, sp1) = 1}, who is sending data
packet to the relay node m; ;.. At time ¢4, the sequence k is
(jr ) — 1) S + 1. So the
collision avoidance time is given by

: j,/vs + tdata ¢ 037
where (23 is the collision time interval for the relay node

;t/ S/ 12
G s = tg, 0 +

calculated as follows k& = L—J

ta+12 (14)

and is denoted by (23 =

Trsr%:/ /Us + 2l gaa + tg
next-hop node of AUV is a sink node c;, it cannot receive the
data packets from the AUV and the relay node m; ; € M

}. Similarly, as shown in Fig. 3(d), if the

simultaneously, where M? = {my ; | Hr(ci,my j) = 1}.
The sequence number j is calculated as follows j = % —
(ir; — 1)My + 1. So the collision avoidance condition is

expressed as

ta+ 70 [vs + tawa & 4, (15)
where (2,4 is the collision time interval for the sink node and is
denoted by §24 = {tf,;’ —&—rz.?f" Jvs —t thia oy Te, o 7 Jus +

97,5
2t data + tg].

Since the sensor nodes do not receive any data packets from
others, they will not cause the receiving-receiving collision
when they serve as the next-hop node.

3) Case 3: Receiving-Sending Collision at the Interference
Node: Interference nodes are in the communication range of
the AUV and will receive data packets transmitted from the
AUV. Since the underwater acoustic communication modem
is in half-duplex mode, the interference nodes can not send
data packets when it is receiving the data packets. As shown
in Fig. 4(a), when an AUV wants to transmit a data packet,
it needs to consider the collision not only at the next-hop node
but also at the other interference node I’ € Z. That is, the
arriving time of data packets from the AUV and the sending
time of data packets at the interference node cannot overlap,
which is denoted by

tA+ 77 Vs + taaa & 25, (16)
where (25 is the collision time interval for the interference
node and is denoted by !25 = {[ 5 W —tg, tgilk’“ —|—2tdata—|—t q) |
I'e 8P Ut —ty, 1" +2tdma+tg] | I''e M7},

4) Case 4: Receiving-Receiving Collision at the Interfer-
ence Node: The collision occurs when multiple data packets
are received overlapping at interference nodes. As shown in
Fig. 4(b), when a data packet is transmitted from the AUV,
it may cause a non-neglected receiving-receiving collision
at the interference node I’ € Z. That is, the interference
node I’ cannot receive data packets from the AUV, and the
corresponding interference node I"” € {I"” | H,;(I',1") = 1},
simultaneously. So the arriving time of the data packet from
the AUV A cannot overlap with that of the packet from the
corresponding interference node ", which is expressed as

tA + 77 Vs + taaa ¢ 6, (17)
where (2 is the collision time interval for the interference
node and is denoted by 25 = {{ el Jog —tg 57 +

rf,”/vs + 2tgaa + tg} | 1" € &7 } {[ thitd 4 Ty //vs —
tgty' )+ 11 Jvs + 2taua + tg] | " e M }

According to (12)-(17), the collision avoidance conditions
is summarized as follows
ta+ 100 /U + taaa & 02, (18)

where 2 = {{21U2| N eM} U {|N S} U
{Q4|N/€C}U{Q5U06|N/EZ}}.
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B. VBPS-I Algorithm

To transmit the abnormal data and the normal data,
we should select a next-hop node from static nodes and
determine the transmission time with the least collision and
minimum delay. Based on the network topology and positions
of static nodes, AUVs first find out all possible next-hop
nodes within the AUVs’ communication range and calculate
the transmission time based on packet collision constraints.
Then AUVs can determine the optimal next-hop nodes and
transmission time for the abnormal data and the normal data.
Finally, data packets are transmitted to the selected nodes at
the scheduled time. The details are shown as follows and the
detailed procedures of the VBPS-I algorithm are presented in
Algorithm 2.

1) Search possible next-hop nodes. As AUVs move,
they can obtain the locations of static nodes based on
Section IV-B.1. When data packets arrive, AUVs take
the static nodes within AUVs’ communication range
as candidate next-hop nodes. Note that an AUV can
only select the static nodes whose locations are obtained
by it. Actually, since AUVs do not obtain the global
information of static nodes, they will be not aware of
some static nodes within their communication range.
Note that the probability of no possible next-hop nodes
is determined by the distance between the static node
and the AUV at the AUV’s data packet arrival time
and the static node’s data packet departure time. If the
trajectory of AUV is carefully designed, the probability
can be greatly reduced. In addition, if there are no
possible next-hop nodes when a data packet arrives, the
AUV will delay the data packet sending time to find the
next-hop node until the next packet is generated.

2) Search possible transmission time. As illustrated in
Section VI-A, AUVs calculate the possible transmission
time based on the packet collision constraints. As the
data packets arrive, AUVs search all the possible earliest
sending time for each candidate next-hop node N" € N”.
When the data packets arrive at AUVs, AUVs check the
collision constraint based on (18). If the transmission
time does not satisfy the collision constraint, it will be
delayed until the earliest collision-free time. Specifically,
in the VBPS-I, AUVs do not cooperate with each other,
and packet collision among AUVs cannot be avoided.

3) Avoid collision between abnormal data and normal
data. Although the abnormal data and normal data arrive
following different packet arrival rates, they may arrive
at the same time slot. Therefore, we need to select
different next-hop nodes and transmission times to avoid
collision among them. For these two kinds of data,
the abnormal data requires less waiting delay, so the
abnormal data should be transmitted before the normal
data when their arrivals meet at the AUV.

4) Determine optimal next-hop node and transmission
time. Based on the above possible transmission time
and collision avoidance constraint, AUVs can calculate
the Vol of data packets. Then AUVs select the optimal
next-hop node and transmission time from all the pos-
sible search spaces for abnormal data and normal data.
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Algorithm 2 VBPS-I
Input: L, Ts, S, M, C, La, taaw, Hr, Hy, t4. t'sns
Output: N/, tay, N}, tam;

1: // Search possible next-hop nodes;

2 N = @;
3: while N = () do
for NeCUMUS do
r = [llv = La(®)]]2:
if 74 < do then
HT(A,N) =1, H[(A,N) =1;
Put N into N’;
end if
10:  end for
1: La(t) =la(t+t;);
12: end while
13: // Search possible transmission time
14: // For the abnormal data packet
15: V=0,V =0;
16: for N’ € N’ do
170 ta=1t,;
18:  Execute Collision Condition Calculation Subroutine;
19:  Calculate Vy;
20:  if Viy >V}, then

R AN

21: N, =N, tay =ta;
22:  end if
23: end for

24: // For the normal data packet
25: for N’ € N do

26 ta =1tY,.;

27 if N’ # N,/ then

28: Execute Collision Condition Calculation Subroutine;

29:  else

30: repeat

31: Execute Collision Condition Calculation Subrou-
tine;

32: until [t4 — tay| > tgaw + ty;

33:  end if

34:  Calculate Vj;
35:  if Viy >V}, then

36: N, =N, tam = ta;
37:  end if
38: end for

39: Send the abnormal data packet to N,/ at time t4,;
40: Send the normal data packet to N, at time £ 4mm;

Computational Complexity Analysis: Let the number of
nodes in N is denoted by ||, which is much smaller than N.
The subroutine executes the loop |t 4| times. In Algorithm 2,
the process is divided into three phases. Firstly, for the
calculation of distance in Lines 1-8, the loop is executed [N
times. Secondly, for each abnormal data packet in Lines 9-18,
the loop is executed |N”| times, and the subroutine is executed
once. Finally, for each normal data packet in Lines 19-28, the
loop is executed |[N’| times. As a result, the computational
complexity of the VBPS-I algorithm is quadratic O(|N”||t ).

Authorized licensed use limited to: University of Waterloo. Downloaded on August 08,2024 at 19:25:53 UTC from IEEE Xplore. Restrictions apply.



ZHUO et al.: VALUE OF INFORMATION-BASED PACKET SCHEDULING SCHEME FOR AUV-ASSISTED UASNs

C. VBPS-C Algorithm

The VBPS-I algorithm only considers packet collisions
between static nodes and AUVs but it does not consider packet
collisions between AUVs. Therefore, we propose another
algorithm named VBPS-C to address the problem of packet
collisions between AUVs.

When AUVs move within each others’ communication
range, they can share information, such as known locations
of nodes and the topology of the static network. Then to
avoid packet collision among AUVs, AUVs send a short frame
before transmitting packets to inform the other AUVs. If other
AUVs receive this frame, they will take these packets into
consideration when scheduling their packet transmission. The
packet collision probability of short frames is considered to be
negligible due to the following two reasons. Firstly, the length
of the short frame is short, such that the collision probability
is low. Secondly, the packet error rate of the short frame is
lower than that of long data packets with the same BER.

When two or more AUVs want to send data packets, they
need to consider the collision they cause at the same node.
Therefore, for node N’ € N’, where N = {N’' | 3A’ €
Na,A € NayA # A H(AN') = 1,H;(A,N') =
1}, which is located in the communication range of two or
more AUVs, the collision avoidance condition is calculated as
follows:

ta+ 10 /05 + tawa & 27, (19)
where 27 = {tA/ P Jvs = tgytar + T8 JUs + Qg + tg}.
Since the computation of the cooperation among AUVs is
linear, the computation complexity of the VBPS-C algorithm
is the same as the VBPS-I algorithm, i.e., O(|N||ta]).

VII. PERFORMANCE EVALUATION

Extensive simulations are carried out to demonstrate the per-
formance of the proposed VBPS-I and VBPS-C algorithms.!

A. Simulation Setup

In this simulation, we use the commercial underwater acous-
tic communication modem specifications of S2CR18/34 from
Evologics [49]. For this modem, the frequency f is set to
be 18 kHz to 34 kHz, the data rate R is 13.9 kbps, and the
transmission power P is 65 W. The static network is a two-
hop network, where N nodes are randomly deployed in a
3D area of 10,000 m x 6,000 m x 5,000 m. The velocity of
AUVs is set to be 10 m/s. The packet generation follows a
Poisson arrival with packet arrival rate )\, for the abnormal
data and A, for the normal data. Regarding the Vol, the initial
value V0 is the same as the data packet size; the weighting
parameters 3, and [(3,, are set to be 0.3 and 0.5, respectively;
the scaling factor « is 3; and T, and 7', are five and ten times
of the time slot 7%.

To evaluate the performance of the proposed algorithms,
three benchmarks are compared:

IThe codes to reproduce the simulation results are available on
https://github.com/zhuoxx/code-for-VBPS-UASNs
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o Random access strategy (RA): When the data packet
arrives at the AUV, the data packet will be sent after
a random back-off time.

e Load adaptive CSMA/CA MAC protocol (LACCM):
AUVs send a beacon packet before sending data, which
stops all the ongoing transmission to avoid packet
collision [32].

o Optimal strategy: In the optimal strategy, AUV possesses
the global information of static nodes. So the data trans-
mission is scheduled based on the global information.

B. Performance Metrics

In this simulation, some performance metrics are evaluated.

1) Collision Probability: We define the collision probability
to measure the deterioration of transmission efficiency, which
contains two parts, i.e., the collision probability between AUV
and static nodes and the collision probability among AUVs.
The first part indicates the effectiveness of packet collision
avoidance in the proposed VBPS-I algorithm and the second
part verifies the packet collision avoidance strategy among
AUVs in the VBPS-C algorithm.

2) Congestion Ratio: If the packet has not been released
promptly before the next packet is generated, it will congested
in the queue. The congestion ratio is used to measure the
congestion of the packet queue and indicates the promptness
of the transmission, which is defined as

Na Na
p=y s el 20)

Here, W,(n) = 1 indicates that the data packet n from an
AUV A needs to wait in the queue and W, (n) = 0, otherwise.
Note that if the next-hop node can not be found, the data
packet will be congested. Therefore, the network congestion
ratio can also be defined as the probability of no possible
next-hop nodes.

3) Network Throughput: The network throughput is defined
as the average number of bits per second that static nodes
receive from AUVs successfully during the time of AUV’s
trajectories.

4) Average End-to-End Delay: The average end-to-end
delay is the average time delay of all data packets from
the time generated at the AUV to the time received by the
sink node. In other words, the end-to-end delay consists
of the waiting time at the AUV, the transmission time, the
propagation delay transmitted from the AUV to the next-hop
node, and the time delay from the next-hop node to the sink
node. Therefore, the average end-to-end delay can reflect the
promptness of the data packet transmission.

5) Cumulative Vol: The cumulative Vol is the sum of Vol
for all AUVs during their trajectory 7, and is calculated as
follows

21

Na
=YYy
a=1 T,

C. Simulation Results

To verify the performance of the proposed VBPS-I and
VBPS-C algorithms, we conduct simulations in different
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Fig. 5. Network performance with different packet arrival rates.

scenarios, i.e., different packet arrival rates A varying from
0.01 to 0.1 packets/s for the abnormal data and from 0.1 to
1 packets/s for the normal data, different numbers of AUVs
varying from 1 to 5, and different packet sizes varying from
500 to 5,000 bits.

1) Performance With Different Packet Arrival Rates: In the
simulation, all data packets arrive at AUVs following the
Poisson process with different packet arrival rates A varying
from 0.01 to 0.1 packets/s for the abnormal data and from
0.1 to 1 packets/s for the normal data. In the scenario, the
number of AUVs is set to be 2, the number of static nodes
is 42, and the packet size is 1,000 bits. In addition, once data
packets arrive, AUVs add them into the waiting queue and
send them at scheduled time.

Figure 5 displays the performance of proposed algorithms
with different packet arrival rates. The collision probabil-
ity is shown in Fig. 5(a). It shows that with the increase
of packet arrival rate, the collision probability of all algo-
rithms increases. To be specific, the collision probability of
the VBPS-I is larger than that of the VBPS-C while it is
greatly smaller than that of the RA. This is because, the
proposed VBPS-C and VBPS-I both calculate the packet
collision constraints to avoid collision, while the RA does
not. In addition, in the VBPS-C, AUVs cooperate with each
other and share the information of static nodes, which is not
applied in the VBPS-I. Furthermore, due to the absence of
global information of static nodes, the collision probability of
VBPS-C is slightly larger than that of the optimal strategy.
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The collision probability of the LACCM strategy is negligible
due to stopping all the ongoing packet transmission before
transmitting packets.

Figure 5(b) shows how the packet arrival rate affects the net-
work throughput. The results show that the network throughput
increases linearly as the packet arrival rate increases. The
network throughput of these algorithms is influenced by the
collision probability and end-to-end delay. The higher collision
probability leads to lower network throughput.

Figure 5(c) displays the average end-to-end delay. The
average end-to-end delay of these protocols increases slightly
with the increase of packet arrival rate. The reason is that with
the increase of packet arrival rate, the waiting queue increases,
which results in the increase of the average end-to-end delay.
In addition, the average end-to-end delay of the VBPS-I, the
VBPS-C, and the optimal strategy is greatly shorter than that
of the RA and the LACCM. This is because the VBPS-I and
the VBPS-C calculate the end-to-end delay of all possible
receivers and select the best candidate of the next-hop node
based on Vol. Thus, the end-to-end delay is shorter compared
with that of the RA and the LACCM which select the next-hop
nodes randomly.

Regarding cumulative Vol, the VBPS-I, the VBPS-C, and
the optimal strategy perform closely and better than the RA
and the LACCM as shown in Fig. 5(d). The reason is that the
next-hop nodes are selected to maximize Vol in the VBPS-I
and the VBPS-C, while they are selected randomly in the RA
and the LACCM. Results demonstrate that the strategy of data
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Fig. 6. Collision probability among AUVs and cumulative Vol performance with different numbers of AUVs.

packet transmission based on Vol is effective. In addition, the
cumulative Vol of all the algorithms decreases slightly as the
packet arrival rate increases. This is because, the relative end-
to-end delay increases with the increase of the packet arrival
rate, which results in the decrease of Vol.

2) Performance With Different Numbers of AUVs: Network
performance is closely related to the number of AUVs, so the
collision ratio among AUVs and cumulative Vol are evaluated
with different numbers of AUVs varying from 1 to 5. The
packet arrival rates of abnormal and normal data are set to
0.05 packets/s and 0.5 packets/s, respectively.

Figure 6(a) demonstrates that with the increase of AUVs’
number, the collision probability among AUVs increases.
In addition, the collision probability among AUVs of VBPS-I
is close to that of RA while larger than that of VBPS-C and
the LACCM. This is because the VBPS-I has not considered
collision avoidance among AUVs. Furthermore, the collision
probability among AUVs of the VBPS-C is larger than that of
the LACCM. This is because the collaboration among AUVs
in the VBPS-C can reduce the packet collision among AUVs
but the hidden terminal problem leads to packet collision when
the number of AUVs is large. As shown in Fig. 6(b), the
cumulative Vol of the VBPS-I and the VBPS-C is larger than
that of the RA and the LACCM as illustrated above. When
the number of AUVs increases, the cumulative Vol increases
linearly while the cumulative Vol for each node is slightly
decreased. In addition, the cumulative Vol for each AUV in
each algorithm is roughly close.

3) Performance With Different Types of Data: Since the
abnormal data and normal data arrive with different packet
arrival rates and with different Vol, they would be scheduled
with different levels of urgency. Therefore, to show the per-
formance of abnormal data and normal data accurately and
clearly, the congestion ratio defined in (20) is verified to show
the different network performances of different kinds of data.

The congestion ratio is displayed in Fig. 7. Note that the
packet arrival rate in the horizontal coordinate is for both
abnormal data from 0.01 to 0.1 packets/s with the interval of
0.01 packets/s and normal data from 0.1 to 1 packets/s with the
interval of 0.1 packets/s. In general, it shows that the conges-
tion ratio of the VBPS-I, the VBPS-C, and the optimal strategy
increases greatly with the increase of packet arrival rate while
that of the RA and the LACCM decreases for abnormal
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data and increases for normal data. More specifically, the
congestion ratio of the proposed VBPS-I, the VBPS-C, and
the optimal strategy is lower than that of the RA and the
LACCM with packet arrival rate for abnormal data while it is
larger with packet arrival rate for normal data. This is because,
in the VBPS-I, the VBPS-C, and the optimal strategy, when
the packet arrival rate is low, AUVs can easily identify a
proper static node as the next-hop node under packet collision
constraints. However, as the packet arrival rate increases,
a number of packets are not sent promptly, so the length of
the queue increases. In the RA and the LACCM, AUVs select
a random node as the next-hop node, regardless of collision
constraints, such that the congestion ratio is lower than that
of the VBPS-I, the VBPS-C, and the optimal strategy.

4) Performance With Different Packet Sizes: The packet
sizes affect the collision probability among static nodes. In this
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simulation, we evaluate the performance with different packet
sizes varying from 500 to 5000 bits. In this case, the number
of static nodes and AUVs is 63 and 2, respectively. In addition,
the packet arrival rate is 0.05 packets/s for the abnormal data
and 0.5 packets/s for the normal data. As shown in Fig. 8, the
collision probability among static nodes of the VBPS-I, the
VBPS-C, and the LACCM increases slightly with the increase
of packet size while that of the RA increases linearly. This
verifies that the performance of the VBPS-I and the VBPS-C
is robust with the change of packet length, benefiting from the
consideration of packet collision constraints.

VIII. CONCLUSION

In this paper, we have proposed a Vol-based packet schedul-
ing scheme for AUVs via static networks to address challenges
of the absence of static nodes’ global information and collision
avoidance with the ongoing transmission of static nodes. The
proposed scheme can enable AUVs to promptly deliver abnor-
mal data packets while avoiding packet collision. Extensive
simulation results show that the proposed scheme can perform
closely to the optimal one. For future work, we will study the
joint design of AUV trajectory and packet scheduling.

REFERENCES

[1] X. Zhuo, W. Wu, L. Tang, F. Qu, and X. Shen, “Value of information-
based packet scheduling for AUV-assisted UASNSs,” in Proc. IEEE Int.
Conf. Commun. (ICC), Rome, Italy, May 2023, pp. 3926-3931.

[2] G.Han,J. Du, C. Lin, H. Wu, and M. Guizani, “An energy-balanced trust
cloud migration scheme for underwater acoustic sensor networks,” IEEE
Trans. Wireless Commun., vol. 19, no. 3, pp. 16361649, Mar. 2020.

[3] S. Jiang, “State-of-the-art medium access control (MAC) protocols for
underwater acoustic networks: A survey based on a MAC reference
model,” IEEE Commun. Surveys Tuts., vol. 20, no. 1, pp. 96-131,
1st Quart., 2018.

[4] J. Huang and R. Diamant, “Adaptive modulation for long-range under-
water acoustic communication,” IEEE Trans. Wireless Commun., vol. 19,
no. 10, pp. 6844-6857, Oct. 2020.

[5] R. Diamant et al., “On the relationship between the underwater acoustic
and optical channels,” IEEE Trans. Wireless Commun., vol. 16, no. 12,
pp. 8037-8051, Dec. 2017.

[6] X. Shen, J. Gao, W. Wu, M. Li, C. Zhou, and W. Zhuang, “Holistic
network virtualization and pervasive network intelligence for 6G,” IEEE
Commun. Surveys Tuts., vol. 24, no. 1, pp. 1-30, Ist Quart., 2022.

[7]1 Website of Woods Hole Oceanographic Institution. Accessed: Jan. 2022.
[Online]. Available: http://www.whoi.edu/

[8] Website of Teledyne Technologies. Accessed: Jan. 2022. [Online]. Avail-
able: http://www.teledynemarine.com/

[9]1 Website of Boston Engineering. Accessed: Jan. 2022. [Online]. Avail-
able: https://www.boston-engineering.com/

[10] Y. Yang, Y. Xiao, and T. Li, “A survey of autonomous underwater
vehicle formation: Performance, formation control, and communication
capability,” IEEE Commun. Surveys Tuts., vol. 23, no. 2, pp. 815-841,
2nd Quart., 2021.

[11] X.Zhuo, M. Liu, Y. Wei, G. Yu, F. Qu, and R. Sun, “AUV-aided energy-
efficient data collection in underwater acoustic sensor networks,” IEEE
Internet Things J., vol. 7, no. 10, pp. 10010-10022, Oct. 2020.

[12] I. Jawhar, N. Mohamed, J. Al-Jaroodi, and S. Zhang, “An architecture
for using autonomous underwater vehicles in wireless sensor networks
for underwater pipeline monitoring,” IEEE Trans. Ind. Informat., vol. 15,
no. 3, pp. 1329-1340, Mar. 2019.

[13] R. Diamant, P. Casari, F. Campagnaro, and M. Zorzi, “Leveraging
the near—far effect for improved spatial-reuse scheduling in underwater
acoustic networks,” IEEE Trans. Wireless Commun., vol. 16, no. 3,
pp. 1480-1493, Mar. 2017.

[14] M. T. R. Khan, S. H. Ahmed, and D. Kim, “AUV-aided energy-efficient
clustering in the Internet of Underwater Things,” IEEE Trans. Green
Commun. Netw., vol. 3, no. 4, pp. 1132-1141, Dec. 2019.

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 23, NO. 7, JULY 2024

[15] G. A. Hollinger et al., “Underwater data collection using robotic sensor
networks,” IEEE J. Sel. Areas Commun., vol. 30, no. 5, pp. 899-911,
Jun. 2012.

[16] G. Han, S. Shen, H. Song, T. Yang, and W. Zhang, “A stratification-
based data collection scheme in underwater acoustic sensor networks,”
IEEE Trans. Veh. Technol., vol. 67, no. 11, pp. 10671-10682, Nov. 2018.

[17] P. Gjanci, C. Petrioli, S. Basagni, C. A. Phillips, L. Bo6loni, and
D. Turgut, “Path finding for maximum value of information in multi-
modal underwater wireless sensor networks,” IEEE Trans. Mobile
Comput., vol. 17, no. 2, pp. 404-418, Feb. 2018.

[18] J. Yan, X. Yang, X. Luo, and C. Chen, “Energy-efficient data collection
over AUV-assisted underwater acoustic sensor network,” IEEE Syst. J.,
vol. 12, no. 4, pp. 3519-3530, Dec. 2018.

[19] R. Duan, J. Du, C. Jiang, and Y. Ren, “Value-based hierarchical
information collection for AUV-enabled Internet of Underwater Things,”
IEEE Internet Things J., vol. 7, no. 10, pp. 9870-9883, Oct. 2020.

[20] M. Cheng, Q. Guan, F. Ji, J. Cheng, and Y. Chen, “Dynamic-detection-
based trajectory planning for autonomous underwater vehicle to collect
data from underwater sensors,” IEEE Internet Things J., vol. 9, no. 15,
pp- 13168-13178, Aug. 2022.

[21] J.-H. Cui, J. Kong, M. Gerla, and S. Zhou, “The challenges of building
scalable mobile underwater wireless sensor networks for aquatic appli-
cations,” IEEE Netw., vol. 20, no. 3, pp. 12-18, May 2006.

[22] Y. Noh et al., “DOTS: A propagation delay-aware opportunistic MAC
protocol for mobile underwater networks,” IEEE Trans. Mobile Comput.,
vol. 13, no. 4, pp. 766782, Apr. 2014.

[23] G. Karmakar, J. Kamruzzaman, and N. Nowsheen, “An efficient data
delivery mechanism for AUV-based ad hoc UASNS,” Future Gener.
Comput. Syst., vol. 86, pp. 1193-1208, Sep. 2018.

[24] J. Zhou, X. Wang, and B. Zhang, “Dynamic timeslot MAC protocol for
AUV underwater communication,” in Proc. 39th Chin. Control Conf.
(CCC), Shenyang, China, Jul. 2020, pp. 5236-5240.

[25] G. E. Burrowes, J. Brown, and J. Y. Khan, “Adaptive space time-
time division multiple access (AST-TDMA) protocol for an underwater
swarm of AUV’s,” in Proc. IEEE/MTS Oceans Conf. Exhib., Bergen,
Norway, 2013, pp. 1-10.

[26] A.-R. Cho, C. Yun, Y.-K. Lim, and Y. Choi, “Asymmetric propagation
delay-aware TDMA MAC protocol for mobile underwater acoustic
sensor networks,” Appl. Sci., vol. 8, no. 6, pp. 962-977, Jun. 2018.

[27] J. Huang, C. Chi, W. Wang, and H. Huang, “A sequence-scheduled
and query-based MAC protocol for underwater acoustic networks with
a mobile node,” J. Commun. Inf. Netw., vol. 5, no. 2, pp. 150-159,
Jun. 2020.

[28] A. Bereketli, M. Tiimgakir, and B. Yeni, “P-AUV: Position aware routing
and medium access for ad hoc AUV networks,” J. Netw. Comput. Appl.,
vol. 125, pp. 146-154, Jan. 2019.

[29] Y. Han and Y. Fei, “TARS: A traffic-adaptive receiver-synchronized
MAC protocol for underwater sensor networks,” ACM Trans. Sensor
Netw., vol. 13, no. 4, pp. 1-25, Sep. 2017.

[30] S. H. Park, P. D. Mitchell, and D. Grace, “Reinforcement learning based
MAC protocol (UW-ALOHA-QM) for mobile underwater acoustic sen-
sor networks,” IEEE Access, vol. 9, pp. 5906-5919, 2021.

[31] J. Mao, S. Chen, J. Yu, Y. Gu, R. Yu, and Y. Xu, “LTM-
MAC: A location-based TDMA MAC protocol for mobile underwater
networks,” in Proc. IEEE/MTS Oceans Conf. Exhib., Shanghai, China,
Jun. 2016, pp. 1-5.

[32] Y. Zhang, H. Chen, and W. Xu, “A load-adaptive CSMA/CA MAC
protocol for mobile underwater acoustic sensor networks,” in Proc. 10th
Int. Conf. Wireless Commun. Signal Process. (WCSP), Hangzhou, China,
Oct. 2018, pp. 1-7.

[33] W. Wu, N. Cheng, N. Zhang, P. Yang, W. Zhuang, and X. Shen, “Fast
mmwave beam alignment via correlated bandit learning,” IEEE Trans.
Wireless Commun., vol. 18, no. 12, pp. 5894-5908, Dec. 2019.

[34] R. J. Urick, Principles of Underwater Sound-2. New York, NY, USA:
McGraw-Hill, 1975.

[35] M. Tuchler, A. C. Singer, and R. Koetter, “Minimum mean squared error
equalization using a priori information,” IEEE Trans. Signal Process.,
vol. 50, no. 3, pp. 673—683, Mar. 2002.

[36] H. Lou and C. Xiao, “Soft-decision feedback turbo equalization for
multilevel modulations,” IEEE Trans. Signal Process., vol. 59, no. 1,
pp. 186-195, Jan. 2011.

[37] F. Qu, X. Nie, and W. Xu, “A two-stage approach for the estimation of
doubly spread acoustic channels,” IEEE J. Ocean. Eng., vol. 40, no. 1,
pp. 131-143, Jan. 2015.

Authorized licensed use limited to: University of Waterloo. Downloaded on August 08,2024 at 19:25:53 UTC from IEEE Xplore. Restrictions apply.



ZHUO et al.: VALUE OF INFORMATION-BASED PACKET SCHEDULING SCHEME FOR AUV-ASSISTED UASNs

[38] W. Wu et al., “Dynamic RAN slicing for service-oriented vehicular
networks via constrained learning,” IEEE J. Sel. Areas Commun., vol. 39,
no. 7, pp. 2076-2089, Jul. 2021.

M. Ma, Y. Yang, and M. Zhao, “Tour planning for mobile data-gathering
mechanisms in wireless sensor networks,” IEEE Trans. Veh. Technol.,
vol. 62, no. 4, pp. 1472-1483, May 2013.

J. Faigl and G. A. Hollinger, “Autonomous data collection using a self-
organizing map,” IEEE Trans. Neural Netw. Learn. Syst., vol. 29, no. 5,
pp. 1703-1715, May 2018.

M. Dorigo and L. M. Gambardella, “Ant colony system: A cooperative
learning approach to the traveling salesman problem,” IEEE Trans. Evol.
Comput., vol. 1, no. 1, pp. 53-66, Apr. 1997.

L. Paull, S. Saeedi, M. Seto, and H. Li, “AUV navigation and local-
ization: A review,” IEEE J. Ocean. Eng., vol. 39, no. 1, pp. 131-149,
Jan. 2014.

Z.Gong, C. Li, F. Jiang, and J. Zheng, “AUV-aided localization of under-
water acoustic devices based on Doppler shift measurements,” IEEE
Trans. Wireless Commun., vol. 19, no. 4, pp. 2226-2239, Apr. 2020.
R. Su, Z. Gong, C. Li, and X. Shen, “Algorithm design and performance
analysis of target localization using mobile underwater acoustic array
networks,” IEEE Trans. Veh. Technol., vol. 72, no. 2, pp. 2395-2406,
Feb. 2023.

J. Yan, D. Guo, X. Luo, and X. Guan, “AUV-aided localization for
underwater acoustic sensor networks with current field estimation,” IEEE
Trans. Veh. Technol., vol. 69, no. 8, pp. 8855-8870, Aug. 2020.

S. Sun, X. Zhang, C. Zheng, J. Fu, and C. Zhao, “Underwater acoustical
localization of the black box utilizing single autonomous underwater
vehicle based on the second-order time difference of arrival,” IEEE J.
Ocean. Eng., vol. 45, no. 4, pp. 1268-1279, Oct. 2020.

K. C. Ho and W. Xu, “An accurate algebraic solution for moving source
location using TDOA and FDOA measurements,” I[EEE Trans. Signal
Process., vol. 52, no. 9, pp. 2453-2463, Sep. 2004.

F. Jiang, Z. Zhang, and H. E. Najafabadi, “Deep sea TDOA localization
method based on improved OMP algorithm,” IEEE Access, vol. 7,
pp- 168151-168161, 2019.

Website of Evologics. Accessed: Jan. 2022.
https://evologics.de/acoustic-modems

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49] [Online]. Available:

Xiaoxiao Zhuo (Member, IEEE) received the B.E.
degree in information science and electronic engi-
neering and the Ph.D. degree in ocean technology

= and engineering from Zhejiang University, Zhejiang,
g8 China, in 2017 and 2022, respectively. Since 2022,
- she has been a Post-Doctoral Fellow with the

Shanghai Institute of Microsystem and Informa-

tion Technology, Chinese Academy of Sciences,

Shanghai, China. From 2021 to 2022, she was

a Visiting Ph.D. Student with the Department of

Electrical and Computer Engineering, University of
Waterloo, Waterloo, ON, Canada. Her current research interests include media
access control protocols and resource management for underwater acoustic
communication networks.

Wen Wu (Senior Member, IEEE) received the
B.E. degree in information engineering from the
South China University of Technology, Guangzhou,
China, in 2012, the M.E. degree in electrical
engineering from the University of Science and
Technology of China, Hefei, China, in 2015, and the
Ph.D. degree in electrical and computer engineering
from the University of Waterloo, Waterloo, ON,
Canada, in 2019. He was a Post-doctoral Fellow
with the Department of Electrical and Computer
Engineering, University of Waterloo. He is currently
an Associate Researcher with the Frontier Research Center, Peng Cheng
Laboratory, Shenzhen, China. His research interests include 6G networks,
network intelligence, and network virtualization.

7185

Liang Tang received the B.E. degree in computer
science and technology and the M.E. degree in
communications and information engineering from
the Nanjing University of Posts and Telecom-
munications, Nanjing, China, in 2005 and 2008,
respectively, and the Ph.D. degree in control science
and engineering from the University of Science and
Technology of China, Hefei, China, in 2011. Since
2011, he has been with the Institute of Microsystem
and Information Technology, Chinese Academy of
Sciences, Shanghai, where he is currently a Profes-
sor. His research interests include 6G communications, integrated sensing and
communication, and wireless ad-hoc networks.

Fengzhong Qu (Senior Member, IEEE) received
the B.E. and M.E. degrees in electrical engineering
from Zhejiang University (ZJU), Hangzhou, China,
in 2002 and 2005, respectively, and the Ph.D. degree
from the Department of Electrical and Computer
Engineering, University of Florida, Gainesville, FL,
USA, in 2009. From 2009 to 2010, he was an
Adjunct Research Scholar with the Department of
Electrical and Computer Engineering, University of
’\ Florida. Since 2011, he has been with the Ocean

College, ZJU, Zhoushan, China. Currently, he is a
full-time Professor and serves as the Vice Dean of the Ocean College, ZJU.
His current research interests include underwater acoustic communications
and networking, and seafloor observatories. He has been actively serving
the technical community by organizing many IEEE international conferences
and serving on the editorial boards of a number of journals, includ-
ing IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS,
IEEE TRANSACTIONS ON INTELLIGENT VEHICLES, IET Communications,
and China Communications.

Xuemin (Sherman) Shen (Fellow, IEEE) received
the Ph.D. degree in electrical engineering from
Rutgers University, New Brunswick, NJ, USA,
in 1990.

He is currently a University Professor with the
Department of Electrical and Computer Engineering,
University of Waterloo, Canada. His research inter-
ests include network resource management, wireless
network security, the Internet of Things, AI for
networks, and vehicular networks. He is a reg-
istered Professional Engineer of Ontario, Canada,
an Engineering Institute of Canada Fellow, a Canadian Academy of Engi-
neering Fellow, a Royal Society of Canada Fellow, a Chinese Academy of
Engineering Foreign Member, and a Distinguished Lecturer of the IEEE
Vehicular Technology Society and Communications Society. He received
the “West Lake Friendship Award” from Zhejiang Province in 2023, the
President’s Excellence in Research from the University of Waterloo in 2022,
the Canadian Award for Telecommunications Research from the Canadian
Society of Information Theory (CSIT) in 2021, the R. A. Fessenden Award
in 2019 from IEEE, Canada, the Award of Merit from the Federation of
Chinese Canadian Professionals (Ontario) in 2019, the James Evans Avant
Garde Award in 2018 from the IEEE Vehicular Technology Society, the Joseph
LoCicero Award in 2015 and the Education Award in 2017 from the IEEE
Communications Society (ComSoc), and the Technical Recognition Award
from Wireless Communications Technical Committee in 2019 and AHSN
Technical Committee in 2013. He has also received the Excellent Graduate
Supervision Award from the University of Waterloo in 2006 and the Premier’s
Research Excellence Award (PREA) from the Province of Ontario, Canada,
in 2003. He is the President of the IEEE Communications Society. He was
the Vice President for Technical & Educational Activities, the Vice President
for Publications, the Member-at-Large on the Board of Governors, the Chair
of the Distinguished Lecturer Selection Committee, and a member of IEEE
Fellow Selection Committee of the ComSoc. He served as the Editor-in-
Chief for IEEE INTERNET OF THINGS JOURNAL, IEEE Network, and IET
Communications.

Authorized licensed use limited to: University of Waterloo. Downloaded on August 08,2024 at 19:25:53 UTC from IEEE Xplore. Restrictions apply.



