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Abstract

provide useful guidelines for real network deployment.

The performance of underwater sensor networks (UWSNs) is greatly limited by the low bandwidth and high
propagation delay of acoustic communications. Deploying multiple surface-level radio-capable gateways can
enhance UWSN performance metrics, reducing end-to-end delays and distributing traffic loads for energy reduction.
In this paper, we study the problem of gateway placement for maximizing the cost-benefit of this UWSN architecture.
We develop a mixed integer programming (MIP) gateway deployment optimization framework. We analyze the
tradeoff between the number of surface gateways and the expected delay and energy consumption of the surface
gateway architecture in the optimal case. We used an MIP solver to solve the developed optimization problem and
integrated the optimal results to serve as an input for our simulations to evaluate the benefits of surface gateway
optimization framework. We investigated the effect of acoustic channel capacity and the underwater sensor node
deployment pattern on our solution. Our results show the significant advantages of surface gateway optimization and
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1 Introduction
An important component of oceanographic studies is the
collection of data from the aquatic environment. Remote
sensing has long been employed as a tool to collect aquatic
data in underwater monitoring and exploration activities.
Recently, in the last decade to be more specific, underwa-
ter acoustic sensor networks (UWSNs) have emerged as
a new alternative technology enabling underwater mon-
itoring and exploration applications, including scientific,
commercial, and military applications [1-5]. Compared
to their remote-sensing counterparts, UWSNs have many
advantages. UWSNSs can provide localized and more pre-
cise data acquisition. They can also employ a wider variety
of sensors including, but not limited to, chemical, temper-
ature, photo, and motion sensors.

UWSN technology is also replacing traditional under-
water instrumentation technology. Traditionally, bulky
sensor nodes equipped with data-storage capability are
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manually deployed in the underwater target space. Each
node operates independently for the duration of the mis-
sion to collect readings according to a preset program. At
the end of the mission, sensor nodes are picked up, and the
collected data are retrieved and processed. UWSN tech-
nology adds networking capabilities to underwater sensor
nodes so that sensor nodes can relay real-time data to an
off-shore or even an on-shore control station for imme-
diate analysis. The communication channel can also be
used to transmit control signals from the control station
to the underwater sensor nodes, which enables interactive
control of the underwater sensor network deployment.
UWSNs offer many advantages over traditional instru-
mentation techniques. First off, UWSNs add a real-time
reporting functionality that enables a host of new real-
time monitoring and warning systems. Another advantage
of UWSN is that the sensing mission can be dynamically
reconfigured without the need to physically access all the
underwater nodes in order to reprogram them. While this
particular feature makes the reuse of a UWSN deployment
much less costly, it also provides for fixing configuration
errors that compensates for unforeseen circumstances
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and unexpected node failures. This improves the UWSN
resilience compared to traditional instrumentation tech-
niques. Therefore, sensor node failures can be detected
soon after they occur, allowing early replacement or early
abortion of the mission instead of having to wait until the
end of the mission only to find that it has failed.

In addition to the usual design challenges faced by ter-
restrial wireless sensor networks, UWSN technology has
to deal with some unique challenges. It cannot use elec-
tromagnetic waves for long-range communication due to
their quick absorption in water. Acoustic waves are usually
considered the practical solution for UWSN communica-
tion. The dependency of UWSNs on underwater acoustic
communications is particularly challenging. Factors such
as the high levels of noise and the channel variability due
to temperature, pressure, salinity gradients, and current-
induced turbulence add more constraints to the already
small bandwidth available for acoustic communication.
Moreover, when the Doppler effect (due to mobility)
is added to those factors, channel encoding becomes a
crucial component to the success of underwater acous-
tic sensor networks. However, the most limiting factor
of underwater acoustic communications is the extremely
low propagation speed of sound, which is roughly 1.5
km/s, subject to slight changes due to pressure, temper-
ature, and salinity variations [6]. This is five orders of
magnitude slower than the propagation speed of electro-
magnetic waves. Such high propagation delay can cause
high end-to-end delay, which could be greatly limiting for
interactive applications and other monitoring applications
where response time is critical.

One way to mitigate the high propagation delay in
acoustic communications is to deploy multiple surface-
level gateways. In sensor networks, each sensor node
can monitor and detect environmental events locally and
then transfer these measurements through the network
to a surface gateway node (also referred to as a sink in
UWSNs), which then relays data to the control station.
Unlike single-sink networks that use long underwater
paths to reach the unique surface sink, in a multiple-
sink underwater sensor network, as illustrated in Figure 1,
underwater sensor nodes can send data packets toward
their nearest surface gateway. A surface gateway then
uses electromagnetic waves to forward the packets to the
control station. Considering that electromagnetic wave
propagation is in orders of magnitude faster than acoustic
wave propagation, it is safe to assume that surface gate-
ways can send packets to the control station in negligible
time and with relatively small energy consumption since
acoustic communications consume much more energy
than radio communications [5]. In this way, all the surface
gateways (or sinks) form a virtual sink. Although archi-
tectures employing multiple surface gateway nodes were
mentioned in [5,7], there is no formal study on surface
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gateway deployment. Neither an analysis on the effect of
using multiple surface gateways on the network energy
consumption or delay characteristics has been conducted
nor a guideline on the deployment of such a multi-sink
architecture has been provided.

In this paper, we study the problem of surface gate-
way deployment and present guidelines for deciding the
number and locations of surface gateway nodes given
an underwater sensor network deployment scenario. We
focus on optimizing the cost of surface gateway deploy-
ment, by finding the minimum number and the loca-
tions of surface gateway nodes required to achieve a
given design objective, which can be communication
delay, energy consumption, fault tolerance, or a combina-
tion of them. The surface gateway deployment problem
is formulated as an optimization problem modeling the
routing of data packets from underwater sensor nodes
to the virtual sink under link capacity and flow conser-
vation constraints. A variety of objective functions are
presented. Our framework provides an optimal gateway
selection from given gateway candidate locations which
are assumed to be a given. The rest of this paper is
organized as follows. In Section 2, we provide a review
of related work. In Section 3, the network model and
assumptions regarding the surface gateway deployment
problem are presented and justified, and the surface gate-
way deployment problem is formulated as an optimization
problem. In Section 4, we evaluate our work, choosing
sample problems to analyze the effect of various con-
straints on the deployment solution quality, problem com-
plexity, and feasibility. Finally, in Section 5, conclusions
are drawn, and a future work is presented.

2 Related work

The deployment problem for sensor nodes was studied
extensively for terrestrial sensor networks [8]. The closest
to our work from the placement strategies in terrestrial
networks are those for relay node and multi-tier sen-
sor network architecture [9-11]. However, most terrestrial
deployment problems assume a static two-dimensional
(2D) architecture, and not much attention was received
for multi-gateway deployment in UWSN. A triangular-
grid deployment pattern for 2D UWSN was proposed in
[12]. The objective is to minimize the number of sen-
sors needed to achieve the sensing and communication
coverage of a target area. An interesting attempt to formu-
late the 3D UWSN point-coverage deployment problem
as an integer linear program (ILP) is presented in [13].
The solution of the ILP decides relay node deployment,
routing, and link scheduling. Throughout this work, it is
assumed that there is a single sink for the entire UWSN
deployment and only the overall power consumption is
used as an optimization objective. Neither of these two
studies considers the multiple-sink network architecture.
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Figure 1 Using multiple surface gateways.
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The only research study in the frame of multiple sinks
we found is [7], in which Seah and Tan investigated the
use of multi-sink architecture to enhance the underwater
sensor network reliability. In this study, the same message
is directed to more than one of the multiple sinks, with
the assumption that if any of the sinks gets the message,
then it is considered delivered successfully. The simula-
tion results showed that high-reliability benefits can be
achieved at the cost of reasonable increase in energy con-
sumption. The surface gateway (i.e., sink) deployment
problem was not considered in this work. In a parallel
research effort, [14] studied the problem of placing mul-
tiple mobile data collectors in both delay-tolerant and
delay-constrained underwater acoustic sensor networks.
The authors defined candidate data collection stations as
the maximal overlapping regions (MORs) of surface cir-
cles corresponding to underwater node communication
ranges. They developed an O (112 log 1) algorithm for find-
ing MORSs. An earlier work in [15] was the first to address
the underwater surface gateway deployment problem and
formulate it as an optimization problem. The problem of
surface-level gateway placement has been addressed by
later research effort in[16]. The authors used surface gate-
ways deployment as a mean to guarantee connectivity and
survivability (tolerance to single node failure). They pro-
posed an approximation algorithm for choosing a minimal
subset of candidate locations where SGs may be deployed.
An effort by the authors in [17] addressed the deployment
for a mobile multiple-sink architecture in UWSN. They
used a prediction-based deployment strategy to cater for
the mobility of underwater nodes. However, our work dif-
fers from all above by formulating the problem to find
the best candidate locations that satisfies a set of flow
conservation constraints, interference constraints, num-
ber of gateway constraints, and performance constraints

in addition to a set of delay and energy-consumption
objectives.

3 Gateway deployment optimization generalized
formulation

There are two approaches to handle the surface gateway
deployment problem, (1) solving the underwater deploy-
ment and the surface-level deployment problems jointly
or (2) solving each of them separately. It is understood that
solving both underwater and surface deployment prob-
lems jointly will lead to optimal solutions that are better,
or at least as good as, the outcome of the two-phase
approach. However, since the objective of the research
presented here is to analyze the effect of surface gate-
way deployment on the overall underwater sensor net-
work performance, we fix the underwater deployment and
therefore opt for the latter option. Thus, we assume that
there is a pre-existing underwater deployment that has
been reached by a way or another.

The surface gateway deployment problem is formu-
lated as a combinatorial graph optimization problem. The
nodes of the graph represent underwater sensors and
candidate surface gateway positions, and the problem
is to find the subset of the candidate surface locations
that maximizes a certain performance metric, satisfying
a set of flow conservation constraints, interference con-
straints, and a deployment cost constraint (on the number
of surface gateways) or a performance constraint (such
as maximum end-to-end delay or minimum reliability
level).

The selection of the candidate positions is sophisticated
enough to be considered as a separate problem to on its
own and is discussed by our work in [18]. For the purpose
of producing a generalized formulation, the set of can-
didate surface points is considered a given and assumed
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to satisfy connectivity constraints as a precondition. This
means that each underwater node has to have at least one
connected path to one or more candidate surface loca-
tions, taking into account the communication ranges of
the involved intermediate nodes.

Associated with each underwater sensor node is a
packet generation rate. Surface gateway nodes have to
collect all generated data packets. The surface gateway
deployment problem is formulated as a combinatorial
optimization problem. The formulation consists of a basic
set of constraints that can be augmented with a variety of
objective functions.

3.1 Assumptions
The functionality of the UWSN considered is assumed to
be mainly collecting data from underwater sensor nodes
and transmitting the collected data samples at regular
time intervals to a central station through one of the
surface-level gateways. We assume that most of the traffic,
therefore, will be flowing from the underwater nodes to
the surface gateways. Inter-node communication (for pur-
poses such as synchronization, collaborative sensing, data
fusion, etc.) is assumed to be small enough to ignore.
Together, the set of surface-level gateways forms a vir-
tual sink for the underwater sensors because the propaga-
tion delay, the energy consumption, and the reliability of
transmitting the received packet by a gateway to the cen-
tral station over a direct or multi-hop radio path are far
superior to underwater communication links. It is reason-
able, therefore, to assume that a packet delivered to one
of the surface gateways is delivered to the central station
with high reliability and negligible delay and energy cost.
For simplicity, we assume that the data link protocol
uses only fixed-length packets and that all links have
the same bit rate. Consequently, the packet transmission
time is consistent throughout the network, and if the
transmission scheme is slotted, the packet transmission
time is conventionally called the timeslot. Our deploy-
ment formulation can be adjusted to include a variable
packet length and a variable bit rate at different links
without compromising the quality of the solution. This
will require a pre-existing knowledge of these parame-
ters which will increase number of inputs and will result
in a more complex formulation of the flow constraints.
However, we are interested in providing a more general-
ized formulation of the gateway optimization problem to
be adjusted and tuned for a more specified application
that may require varying some of the inputs we assume is
a fixed.

3.2 Definitions

The network is modeled as a graph, in which nodes rep-
resent the underwater sensors and surface gateways, and
edges represent pair-wise communication links.
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3.2.1 Nodes
Let U be the set of all underwater sensor nodes and 7 be
the set of candidate surface node positions.

Let V be the set of all nodes, i.e.,

V=UUT. (1)

Let C, be the set of nodes within the communication
range of an underwater node 4, i.e.,

Co={:veV,v£uduv)<RS}, Vuel, (2

where d(v, w) denotes the Euclidean distance between the
two nodes # and v, and R, denotes the maximum acoustic
communication range of the underwater node .

3.2.2 Edges
Let the set of edges £ be the set of all possible communi-
cation links, i.e.,

E={e(u,v):uecld,velC,}. (3)

Let £9 denote the set of outgoing links of an underwater
node i, i.e.,

5,?: {e(u,v) : v eCy}, Yu e U. (4)

Since surface gateways do not transmit data packets on
their underwater acoustic interface,

EQ=¢,VteT (5)
and &/ denote the set of ingoing links to a node v, i.e.,

El={e(u,v) : e(u,v) € £}, W e V. (6)

3.2.3 Data generation and link flow rates

Let 7 be the packet transmission time, called the times-
lot in slot. Let g, be the average packet generation rate at
node u € U, i.e., the expected number of generated pack-
ets during the packet transmission time 7, and let G be
the total data generation rate of the entire network, which
should be equal to the average packet arrival rate at the
virtual sink, i.e., the number of packets expected to arrive
at the virtual sink during the packet transmission time z,

G= Zgu. (7)
ueld

Let f, be the average flow per packet time in edge e
measured in packets per packet time.

Let f! be the average total flow into node v per packet
time, i.e.,

fl=) foWeV. ®)

ee&{

Let £© be the average total flow out of node u per packet
time

2= fovVuel. 9)

ecgd
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For gateways, there is no underwater outgoing flow, and
therefore,

fP=0,vteT. (10)

3.2.4 Gateway presence indicator
Let x; be a binary variable that indicates whether a surface
gateway is to be deployed at candidate location ¢, i.e.,

, VteT.

Xy — { 1 if a node deployed at ¢, (11)

0 otherwise

3.2.5 Link scheduling
Let T be the schedule length, i.e., the number of time slots
in a single period of the schedule.

Let /. be a binary variable that indicates whether link e
is scheduled for transmission during slot ¢ of the schedule.

he(u,v),t = {

YVueldec,0<t<T.

1 u transmits to v at timeslot ¢

0, otherwise (12)

3.2.6 Performance parameters
The most important performance aspects of any network
are the delay and energy-consumption characteristics.

Delay Let v be the average propagation velocity of sound
waves in water.

Let rf, , be the propagation delay from node # to node v.
Thus,

P d(u’v), Yuel,ve.
v

Ly (13)
Let 72 be the average transmission queuing time includ-
ing the expected channel access delay at node u.
Therefore, the total packet transmission delay, ,,,, over
link e (u, v) is

ru,‘,:r,?—i-r—{—riv, Vueu,eef,’uo. (14)
Energy consumption Let 72 be the transmission energy
required for transmitting one data packet over the under-
water acoustic link e (#,v), 7’ be the listening/sleeping
average energy consumption per packet time, and 7 be
the reception energy per packet. For surface gateways, the
reception power is taken to include the energy required to
forward a packet to the central station over radio.

Therefore, the total power consumption m, of node v per
packet time is

m, =t + 7Rl 4 anfe, Yve V.

ee&?

(15)

Note that when the underwater sensor nodes use
only one transmission power level 5, the total energy-
consumption formula reduces to

wy = 1l + 7Rl 4 75£0, v e V. (16)
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Due to the nature of the shared communication
medium, contention for channel access can occur, and
some transmission attempts may end up in failure. Trans-
mission failures can also be caused by uncorrectable
transmission errors. Let us assume that the transmission
success probability on link e is a constant p, that depends
on the channel utilization. This means that on the average,

a successful transmission will occur every — attempts.

e
The average number of retransmissions for link e is hence
1, such that

1—
ne:( pe),‘v’eeg.
Pe

We assume that, on the average, every failed transmis-
sion attempt will cost the sender 75 and will cost the
receiver 715/. Including the energy cost of retransmissions,
we get the following generalized formula for total power
consumption:

e Z [(nf + nenfl)fe]

eed

+ Z [(nf + nmf)fe] , Ywe V.

eeEVO

(17)

(18)

Using any of above Equations 15, 16, and 18, the average
energy consumed collectively by the network for a single
transmission over link e (u#, v) can be written as follows:

L

s ’ /

7+(n£+nf+ne(n§ +n§)).
e

3.3 Constraints

The constraints can be classified into deployment con-

straints, flow conservation constraints, and interference

constraints.

(19)

Tle(u,y) =

3.3.1 Deployment constraints
e Number of surface gateways

If the objective of the optimization is to minimize delay
or energy consumption using a limited number of surface
nodes, N, the following constraint can be used to limit the
number of gateways deployed to at most N :

th <N.

teT

(20)

e Gateway presence indicator constraints

No more than one gateway can be deployed at any candi-
date location:

x€{0,1}, VteT. (21)

3.3.2 Flow constraints
The scenario considered in this work will be a moni-
toring network, where instrumentation data flow from
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underwater sensor nodes and through the network to a
common sink station. Therefore, the analysis is limited to
the (possibly multi-path) route from each underwater sen-
sor to the virtual sink. Control traffic flowing from the
central station down to the underwater sensor nodes or
inter-node traffic for the purpose of synchronization or
localization or other functions than sensing data transfer
will be ignored.

® Gateway presence constraints

Data can only be received at locations where surface
gateways are deployed. This constraint can be written as
follows:

fl<xG, VteT. (22)

This means that the total flow f! into candidate gateway
location ¢ has to be zero if x; = 0; otherwise, f/ can grow
as large as the maximum potential flow in any link in the
network which is equal to the total data generation rate G
in the network, thus rendering the constraint void.

e DPer-node flow conservation constraints

Flow conservation implies that for underwater sensor
nodes, the sum of the average flows leaving a node equals
the sum of the flows entering that node plus the local data
generation rate.

fuo _fuI = 8w

o End-to-end flow conservation constraints

Yuel. (23)

Flow conservation also implies that the total data genera-
tion rate of all underwater nodes must equal the total data
absorption rate by the virtual sink composed of all surface
gateways since each packet, generated by any source, must
eventually be received by a surface node (before being
relayed to the sink).

Y fl=a

teT

(24)

e TFlow allocation constraints

The average flow in any edge e during a schedule period
cannot exceed the total number of time slots in which the
link is active

T

T-fo <Y (het), Ve€&.

t=1

(25)

Note that since we assume the schedule is periodic,
there is no need to add a constraint to enforce the recep-
tion of a packet before sending it out. If a packet is sent
before being received, this means that it was stored from
the previous period. It follows that the maximum per-hop
queuing delay will not exceed T' — 1 timeslots.
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3.3.3 Interference constraints

Because they use a shared medium to communicate, each
node will be able to utilize only a fraction of the under-
water channel bandwidth. The exact formulation of inter-
ference constraints will depend heavily on the medium
access control protocol being used by the UWSN. With-
out knowing the specifics of the medium access protocols,
we can assume a randomized protocol with either one of
two medium access schemes, namely slotted vs. unslot-
ted schemes. It has been shown in literature that due
to the relatively high propagation delay of acoustic sig-
nals, slotted protocols behave as inefficiently as unslotted
protocols do [19-22]. Therefore, we can assume that the
channel utilization cannot exceed the theoretical maxi-
mum of approximately 0.18. Let b be the channel bit rate.
We define the effective bandwidth B as the throughput at
the maximum utilization. Hence,

B < 0.18b. (26)

To avoid collision at the receiver, a node is able to receive
successfully only if (1) it is not transmitting and (2) all
nodes that are within its interference range are silent for
the duration of the reception. To formulate this constraint,
we first define the interfering node set Z, for receiver v
as the set of nodes whose transmissions can potentially

collide with data packets sent to receiver v. Thus,
I, ={u:uecld,dwv) <R}, weV. (27)

A pessimistic formulation of the effect of contention on
constraining the available bandwidth for each receiver v
can be written as follows:

P+ > 2 <B eV

uel,

(28)

This formulation is called pessimistic because that
assumes that transmissions that could interfere with the
reception at node v are going to happen in distinct time
intervals without any overlapping. This is the worst case
because it leaves the minimum possible bandwidth for
v to receive its own intended transmissions. In reality,
however, some of these transmissions from interfering
neighbors of node v can occur simultaneously and suc-
cessfully. Consider, for instance, two interfering neighbors
of v, called ujand uy, v cannot receive any signals as long
as it can hear either ujor u; is transmitting. Now, if u;
and uy are sending to wy and wy, respectively, it is possible
that both transmissions can succeed simultaneously if u;
is not within wy’s interference range and uy is not within
w1’s interference range.

Because surface nodes do not transmit data packets
underwater, the interference constraint formula for sur-
face gateways reduces to

> fP<B VteT.

uely

(29)
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For each underwater node in the interfering node set of
a certain receiver, we define the vulnerable slots of a link
e = (u,v) with respect to a transmitter w as follows:

Suvw Sy
P = {k:ke Z| =) <k < r'””}.
¢ 4 (30)

™ Vv e&wel,

P
6u,v,w =T v

w,v
This means that node # cannot send to node v during
slot ¢ if node w is transmitting during time slots ¢ =
(t — i) modulo T, Vi € P, Note that t —i could be neg-
ative, which means that there is potential interference with
packets w sends during earlier schedule periods. There-
fore, we write the interference avoidance constraint as
follows:

e < 1=hayz e, ¥ =(—i) modulo T, V (u,v) €E, w € Z,.
w,2) € £Q,i € Pypw, tell,...,T)
(31)

In addition, we have to prevent self-interference by
enforcing the following constraint:

Y het<1, Wweltell,... T}

ee&,o

(32)

This means that a node cannot transmit on more than
one link during the same time slot.

T is the number of time slots a packet spends waiting in
the transmission queuing at any node. Since the queuing
delay can vary from 0 up to 7' — 1 time slots, we estimate
L= % In order to for this estimate to be accurate and
in order to insure the best possible performance, a search
for the minimum feasible schedule length will be neces-
sary. We do so following the method pointed out in [13].
Namely, we formulate the problem starting from 7' = 2
and attempt to solve the MIP problem. As long as the
MIP is infeasible, we continue to increase the schedule
length T until we find the minimum T for which the ILP
formulation is feasible.

3.4 Objective functions

The objective function determines the goal of the deploy-
ment optimization. In general, the objective can be
(1) a collective measure, such as minimizing the aver-
age end-to-end delay and minimizing the total energy-
consumption rate or (2) an extreme measure, such as
minimizing the worst case end-to-end delay or maximiz-
ing the worst case node lifetime.

3.4.1 Minimizing expected end-to-end delay

The objective here is to minimize the expected end-to-
end delay for all packets. The end-to-end delay for a
packet is the sum of the per-hop delay over the entire path
from the source that generates the packet to virtual sink
(i.e., the gateway) that receives it. As expressed earlier in
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Equation 14, the per-hop delay consists of three compo-
nents: queuing and channel access delays, transmission
time, and propagation delay. Let K, ; be the set of all active
paths from source underwater node u to surface gateway
candidate location t. Let k; = (e, ez, -+ ,e,) be one of
the paths in K, ;, where ej, €2, - - - , e, are links that consti-
tute the path k;. The end-to-end delay rlg of path k; can be
written as

r,f, = Zre, YuelU,t €T,k € Ky.

eeki

(33)

Let fi, be the rate of data flow from u to ¢ through path
k;. It follows that the average end-to-end delay between u
and ¢ is
E [‘L’E ] _ ZkieKu,tﬁqT/g

22 I U
“ Zk,’EK,,,‘tfk,i,t

The flow in each link in terms of the path flows can be
written as follows:

=220 2 fu

uelU teT kieK, eck;

(34)

(35)

Let 8., be a set of decision variables that indicate
whether link e is part of path £, i.e.,

l,eek;
Se,k,' = { '

0, otherwise ’ (36)

Using Equation 36, Equation 35 can be rewritten as
follows:

fe = Z Z Z Se,kl‘f/'(i'

uel teT kieKy,

(37)

The average end-to-end delay between u and the virtual
sink (all surface gateway candidate location) is

E
E ZteT Zk,veKu,tfki Tki
E [Tu] = , Yu
8u
whereg, = 1 Zkiekwfkt.
Now, the overall expected end-to-end delay can then be
written as:

e, (38)

E
: T,
E [TE] Zueu Zte? Zk,e](u,tsz ki (39)

Zueu 8u

Using Equations 35, 36, 33, and 7, the overall expected
end-to-end delay can be rewritten as follows:

E [rE] _ Zueu ZteT de[(u_tfki Zeeki Te =é Z(fe-fe) )

ec&

(40)

Also, the corresponding objective function will be

Minimize {(1; > (fe.re)} ) (41)

ec&
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3.4.2 Minimizing expected energy consumption

The objective is to minimize the expected end-to-end
energy consumption, i.e., the energy consumed in the net-
work for a packet to travel from its source to a sink. The
average energy, 7., consumed collectively by the network
in order to transmit one packet on link e was formulated in
Eqaution 19. The expected end-to-end per packet energy
consumption for a path k; € K, ; between source node u
and sink £ can be written as

n,f; = Zne, Yuel,t e T,k € Ky

eck;

(42)

Following a derivation similar to that given in subsec-
tion 3.4.1, the overall expected end-to-end per packet
energy consumption can be shown to be

E[f] = é(Z_fe.ne>.

ecE

(43)

Also, the corresponding objective function will be

Minimize { é (Z fe.rre) } . (44)

ecE

3.4.3 Minimizing worst case per-source average delay
When the optimization objective is to minimize the over-
all average end-to-end delay, some sources maybe exces-
sively penalized with a much longer delay. In monitoring
applications where uniform response time is favored, the
optimization objective has to be minimizing the worst
case, per-source average delay. In other words, the objec-
tive is to minimize the average delay observed by packets
from each source taken separately, to guarantee the best
possible worst case scenario. In order to define this objec-
tive, we define a set of new flow variables, f, to denote
the portion of the flow in link e that is generated originally
by node u. If no path from u to the virtual sink uses link e,
this implies that £, = 0.

The flow conservation constraints can be rewritten to
be source specific as follows:

Zfe,u—Zfe,MZO, Yueld,veV,u#v

eEE,S) ee&f

Zfe,u:gu, Yueld
ec9
fou=0Yuecl,ec &l

ZZﬁW:gu, Yueld

teT eegt{

(45)

The end-to-end per-source average delay t£ can be
written as follows:

1
— Zfe,ure, Yuel.

8u ec&

o= (46)
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We define an upper bound U for the per-source average

delay,
it < U, 47)

Also, the optimization objective is to minimize this

upper bound,
Minimize {U;}. (48)

4 Performance evaluation
We conducted extensive simulation to evaluate our gate-
way deployment optimization framework. We assumed
that acoustic transceivers of all nodes, both underwa-
ter nodes and surface gateways, to be homogeneous and,
therefore, the communication range is assumed to be con-
stant for all nodes. We assume that sensor nodes are
either stationary or that their motion is correlated strongly
enough to assume that their relative locations are fixed.
We adopt the pessimistic interference model. To reduce
the problem complexity, we assume a lightly loaded, i.e.,
such that channel access delays and queuing delays can be
safely ignored. Since both channel access delay and queu-
ing delay are functions of network load (i.e., flow), keeping
the network very lightly loaded justifies the assumption
that the queuing delay is constant, hence allowing the lin-
earization of the formulation and the use of LP solvers.
When the load is increased, the non-linear formulation
can be solved similarly by piece-wise linearization algo-
rithms, such as the Frank-Wolfe algorithm. Although the
problem can be solved for a choice of optimization goals,
we limit our focus on the simplest optimization goals,
namely minimizing the average delay and minimizing
the average power consumption. The LP solver uses a
brute-force search algorithm to find the optimal gateway
deployment locations by numerating all possible candi-
date solutions and checking whether each satisfies the
problem’s statement.

4.1 Case study
In order to evaluate the benefits and the performance
of the gateway deployment optimization techniques, we
used the following simulation setting.

Throughout the experiments, we fixed the packet length
L =400 bits, the underwater acoustic propagation velocity
v = 1.5 km/s, and the transmission power is set to a con-
stant of 1 W/s per packet time. The communication range
for the underwater modems for all nodes is fixed at R® =
150. We also fixed the area of deployment to a square area
of 600 m x 600 m horizontal extent and fixed the candi-
date gateway deployment positions to a 5 x 5 square mesh
of points spaced 150 m apart .

The depth of all underwater sensors is arbitrarily set
to 100 m, such that each of the underwater sensors,
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Figure 2 Uniform deployment.

0.28

regardless of its horizontal location, is within the commu-
nication range of at least one surface gateway candidate
position, thus satisfying the connectivity requirement.
This guarantees that an optimal solution can be found
by setting a large-enough limit on the number of sur-
face gateway nodes, N. Finally, the data generation rate at
each underwater sensor is set to 1 packet per second. The
acoustic channel effective bit rate B is varied among 5, 10,
and 50 kbps. Accordingly, the packet transmission time
7 =80, 40, and 8 ms, respectively, and the data generation
rate g = 0.08, 0.04, and 0.008 packets per packet time, and
the energy consumption per packet transfer 75 = 80, 40,
and 8 W, respectively.

4.2 Results

To characterize the benefits and limitations of the deploy-
ment of surface gateways, we analyze the effect of the
following factors:

e Number of gateway nodes

When the number of allowed surface-level gateway nodes
increase, the performance characteristics, average delay or

800m
700: O Surface Candidate Positions
1 X Underwater Sensors at 100m dept
600 o O Xx O O (0)
, x X
500 X X x
o [¢) x O x & [e)
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Figure 3 Random deployment (uniformly random).
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Figure 4 Average delay, uniform underwater deployment.

average power consumption, is expected to improve. To
verify that, we vary the number of allowed surface nodes
from 1 to 25 nodes and solve the optimization problem to
get the optimal average delay or energy. Results show that
an increase in the number of surface gateways can dramat-
ically enhance performance, especially when the network
is lightly loaded.

e Network load

Intuitively, when the ratio of total data generation rate
to the per-node channel bandwidth increases, the min-
imum number of surface-level nodes required to make
the problem feasible increases. This is due to the fact
that surface gateways will saturate with incoming traf-
fic and, therefore, more nodes will be needed to handle
the additional traffic corresponding to the increased data
generation rate. On the other hand, increasing channel
capacity reduces the network load, and consequently, our
assumptions about ignoring queuing delays become more

1.4 | T
B=50kbps |
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= Ir ” b
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s 08 . Bl e
S X
gz 0.6 ‘i .
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Figure 5 Average energy, uniform underwater deployment.
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realistic. To demonstrate the effect of channel capacity on
the quality of the solution, we solve the deployment opti-
mization problem for different link capacities, namely 5,
10, and 50 kbps.

e Underwater deployment pattern

If the set of candidate surface gateway positions is pre-
set, the locations of underwater sensors and the distri-
bution of data generation load among them are expected
to affect the benefit of adding more surface gateways. If
underwater sensors are clustered in groups, less surface
gateways are expected to feasibly route all traffic to the
surface, compared to the case when underwater sensors
are spread evenly over the deployment area. On the other
hand, clustering increases the odds of collision and, in the
case of high traffic loads, can negatively affect delay and
energy consumption. To study the effect of the deploy-
ment scheme of the given set of underwater sensors on the
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12 + . B=10kbps X -
X B=5kbps #
= L« * I
= ey
2 08 x K S XX ¥
5 p
0.6 - - N
3 X
~ 04 L KX K o o KA A KK K
02 n N
B S U R |
0 \ ! ! 1
0 5 10 15 20 25
Number of Gateway Nodes
Figure 7 Average energy, random underwater deployment.
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Figure 8 Average delay, uniform vs. random underwater
deployment.

result of the surface gateway deployment optimization, we
use two underwater deployment patterns.

The uniform underwater deployment was chosen
because the uniformity of the solution simplifies the
process of verifying the results. The chosen underwater
deployment consists of a 7 x 7 planar mesh of sen-
sor nodes. The distance between two adjacent nodes is
100 m, and therefore, the nodes cover the entire 600 x
600-m area. This problem setting is illustrated in
Figure 2.

It was similar to the uniform underwater deployment,
except that the 49 underwater sensor nodes are dis-
tributed at random within the 600 x 600-m underwater
area. This problem setting is illustrated in Figure 3.

4.2.1 Effect of number of gateway nodes
Results show that an increase in the number of sur-
face gateways can dramatically enhance performance,

p Uniform | +
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2
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Ff
0.4 ' b SN
0 5 10 15 20 25

Number of Gateway Nodes

Figure 9 Average energy, uniform vs. random underwater

deployment.
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experiment 2.

especially when the network is lightly loaded. For example,
Figure 4 shows that the expected delay corresponding to
B =50 kbps can be reduced from 0.26 to 0.16 s using four
surface gateways instead of one. It is also worth noting
that the improvement gained by adding a surface gateway
diminishes as the number of surface gateways increase.
After a certain number of surface gateways, depending on
underwater deployment and other factors, any additional
surface nodes have negligible effect on the performance of
the network. This is due to the fact that at that point, all
underwater nodes communicate with the a surface gate-
way at the candidate position nearest to each of them,
and therefore, further addition of surface nodes becomes
redundant.

4.2.2 Effect of network load
Simulation results show that the performance improve-
ment resulting from the addition of more surface gateway
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Figure 11 Average energy, random underwater deployment
experiment 2.
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experiment 3.

nodes diminishes when the network load increases, con-
firming our expectations as explained before. For example,
Figure 5 shows that the heavily loaded network, corre-
sponding to the channel capacity of 5 kbps has a smaller
dynamic range of 0.2/0.08 = 2.5 than the lightly loaded
network corresponding to B = 50 kbps, whose dynamic
range is equal to 1.2/0.8 = 1.5. Figures 4 and 5 show
the effect of varying the channel capacity, in the case of
uniform underwater deployment, on the expected delay
and expected energy consumption, respectively. Figures 6
and 7 show the effect of varying the channel capac-
ity in the case of random underwater deployment, on
the expected delay and expected energy consumption,
respectively.

4.2.3 Effect of underwater deployment pattern
Figures 8 and 9 compare the results of the uniform
underwater deployment case and the random underwater
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experiment 3.
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deployment case at a fixed channel capacity of 10 kbps.
When the number of surface gateways is small, the ran-
domly distributed underwater deployment suffers more
congestion and therefore performs slightly poorer than
the uniformly distributed counterpart in both delay and
energy-consumption metrics. When the number of sur-
face gateways increases, the effect of congestion dimin-
ishes, and the effect of clustering grows stronger. After
a certain number of surface gateways, the energy con-
sumption of the randomly distributed underwater deploy-
ments converges to that of the uniformly distributed case
because, eventually, each underwater node becomes one
hop away from a surface gateway. Although Figure 8
shows that the delay of the randomly distributed case
eventually becomes lower than the uniformly distributed
case is not necessarily always true. The problem instance
shown in Figure 3 happened to have an average dis-
tance between underwater nodes and candidate surface
positions, lower than that in the uniformly distributed
case in Figure 2, and therefore, the randomly distributed
underwater deployment case exhibits less average prop-
agation delay. The experiments were repeated for sev-
eral random underwater deployments to confirm that
the results exhibit the same trends. Figures 10, 11, 12
and 13 illustrate two more samples for the random
deployment results.

5 Conclusions

In this paper, we provided a generalized optimization
framework for the surface gateway deployment prob-
lem. We demonstrated how to use the formulation to
find the optimal placement of surface gateways with
respect to a variety of optimization goals and a set of
flow conservation constraints, interference constraints,
and deployment constraints. We assisted our work by
incorporating the optimal gateway optimization frame-
work results in simulating the operation of the UWSN
with multiple surface gateways. Our simulation results
confirmed the potential for performance improvement
using multiple surface gateways, such as reducing both
average delay and energy consumption. It was also shown
that the effect of the added surface gateways depends
on the channel capacity or the network loading level, as
well as the given underwater sensor deployment pattern.
Our work presented here helps to pave the way for a
wide variety of future research. One possible improve-
ment is to optimize underwater and surface deployments
jointly. Another is to consider mobility of surface gateways
and a static UWSN with some level of location certainty
models and integrate it as a new design parameter in
our framework.
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