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ABSTRACT

The performance of underwater sensor networks
(UWSNSs) 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 from
many aspects. In this paper, we mainly focus on the
surface gateway deployment, which is modelled as
an optimization problem. Integer Linear Programming
(ILP) is used for solving variations of the deployment
optimization problem. The tradeoff between the number
of surface gateways and the expected delay and energy
consumption is analyzed. We conduct simulations to
evaluate the benefits of surface gateway optimization
and investigate the effect of acoustic channel capacity
and the underwater sensor node deployment pattern.
Our results show the significant advantages of surface
gateway optimization. The results also provide useful
guidelines for real network deployment.

I. INTRODUCTION

In recent years underwater sensor networks (UWSNs)
have emerged as an enabling technology for underwater
monitoring and exploration applications, including scien-
tific, commercial and military applications [1], [2], [3],
[4], [5], [6]. Compared to their remote-sensing counter-
parts, UWSNs can provide localized and more precise
data acquisition. However, UWSN is facing many unique
challenges. Unlike terrestrial wireless sensor networks,
underwater sensor networks cannot use electromagnetic
waves due to the quick absorbtion in water. Acoustic
waves are usually considered a practical solution for
UWSNSs. The dependency of UWSNs on underwater
acoustic communications is particularly challenging. The
most limiting factor of underwater acoustic communica-
tions is the extremely low propagation speed of sound,
which is roughly 1500 m/s, subject to slight changes
due to pressure, temperature and salinity variations [7].
This is five orders of magnitude slower than the 3 x 10%
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Fig. 1. An illustration of UWSN with multiple surface gateways

m/s propagation speed of electromagnetic waves. Such
high propagation delay can cause high end-to-end delay,
which could be greatly limiting for interactive applica-
tions, 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. Fig. 1 illustrates an underwater sensor
network with multiple surface gateways. In the sensor
network, each sensor node can monitor and detect envi-
ronmental events locally and then transfer these measure-
ments, through the network, to a surface gateway node
(also referred to as a sink for the UWSN), which then
relay data to the control station. Different from single
sink networks, in a multiple-sink underwater sensor
network, as illustrated in Fig. 1, instead of having to use
long underwater paths to reach the unique surface sink,
underwater sensor nodes can send data packets towards
their nearest surface gateways. A surface gateway, then
uses electromagnetic waves to forward packets to the
control station. Considering that electromagnetic wave
propagation is orders of magnitude faster than acoustic
wave propagation, it is safe to assume that surface
gateways can send packets to the control station in negli-
gible time and with relatively small energy consumption
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(acoustic communications consume much more energy
than radio communications [5]). In this way, all the
surface gateways (or sinks) form a virtual sink.

Although architectures employing multiple surface
gateways nodes were mentioned in [5], [8], there is
no formal study on surface gateway deployment: nei-
ther analysis on the effect of using multiple surface
gateways on the network energy consumption or delay
characteristics has been conducted, nor guidelines on
deployment of such a multi-sink architecture have been
provided. In this paper, we study the problem of surface
gateway 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 locations
of surface gateway nodes required to achieve a given
design objective, which can be communication delay,
energy consumption, fault-tolerance, or a combination
of them. The surface gateway deployment problem is
formulated as an optimization problem, modelling the
routing of data packets from underwater sensor nodes
to the virtual sink, under link capacity and flow con-
servation constraints. A variety of objective functions
are presented. To provide insight into the relationship
between the different design parameters, we also conduct
simulation experiments. Results show the significant
advantages of surface gateway optimization.

The rest of this paper is organized as follows. In
Section II, the network model and assumptions regarding
the surface gateway deployment problem are presented
and justified. In Section III, the surface gateway deploy-
ment problem is formulated as an optimization problem.
In Section 1V, the sample problems chosen to analyze
the effect of various constraints on the deployment are
described and the results are presented. In Section V,
several closely related studies are briefly discussed. Fi-
nally, in Section VI, conclusions are drawn and some
future work is presented.

II. PROBLEM SETTING

Generally speaking, there are two approaches to han-
dle the surface gateway deployment problem, 1) solving
the underwater deployment and the surface-level de-
ployment problems jointly, or 2) solving each of them
separately. It is understood that solving both underwater
and surface deployment problems 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 gateways deployment on the overall
underwater sensor network performance, we prefer to

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.

1) Network Model: The surface gateway deployment
problem can be modelled a 3-D graph optimization
problem. The nodes of the graph represent underwater
sensors and candidate surface gateway positions. The
problem is to choose a subset of the candidate surface
gateway positions to satisfy a set of flow conservation
constraints, interference constraints, deployment cost
constraints (e.g., the number of surface gateways), and/or
the the network performance requirements. The selection
of the candidate positions is sophisticated enough to be
considered as a separate problem on its own, and we
defer it to future research. In this work, the candidate
surface gateway positions are given and they need to
satisfy the connectivity constraints, i.e. each underwater
node should have a path to at least one candidate surface
position. Further, each underwater sensor node is asso-
ciated with a packet generation rate, and all generated
packets are expected to deliver to one or more surface
gateways, i.e., reaching the virtual sink.

2) Assumptions: Here we detail some assumptions
we make in this work. First, we assume all acoustic
transceivers are homogeneous, thus, the communication
range is constant for all nodes. Further, we assume that
underwater sensor nodes are either stationary or their
motion is correlated strongly enough to assume that
their relative locations are fixed. In addition, the com-
munication links are symmetric. If we do not consider
queueing delays (e.g., caused at MAC or routing layer),
it is reasonable to assume that packets travelling in the
reverse direction will follow the reverse paths.

To reduce the problem complexity, we assume a sim-
plified interference model, in which a node can transmit
only when it is not receiving anything from its neighbors.
In fact, this is consistent with the the half-duplex status
of current acoustic modems. The assumption of ignoring
queueing delays can be well justified when the network
is very lightly loaded. In such case, the probability of
packet collision is too small to affect the performance.

III. PROBLEM FORMULATION

The surface gateway deployment problem can be for-
mulated as a graph optimization problem. In this section,
we detail the definitions, the constraints and possible
objective functions.

A. Definitions

The network is modelled as a graph, in which nodes
represent the underwater sensor nodes and candidate
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surface gateway positions, and edges represent pair-wise
communication links.

1) Nodes: Let V be the set of all underwater sensor
nodes, 71" be the set of candidate surface node positions,
and V" be the set of all nodes, i.e. V'=V UT.

Let (v) be the set of nodes within the communication
range of node v, ie. I(v) = {w : w € Vv #
w,d(v,w) < R}, where d(v,w) denotes the distance
between v and w, and R is the communication range of
sensor nodes.

2) Edges: Let E be the set of all edges e = (v, w),
such that v € Viw € I(v). Let Eyy(v) and Ej,(v)
demote the outgoing and incoming edge set of v respec-
tively. Then E,(v) = {e(v,u) : (v,u) € E}, Yv €
V, and E;,(v) = {e(u,v) : (u,v) € E}, Yo € V.
Note that for any surface gateway node, the outgoing
edge set is P, since the surface gateways only receive
data (no relaying function).

3) Data Generation and Flow: Let g(v;) be the
packet generation rate at node v; € V, and let G be
the total data generation rate, ie., G = ) .y g(v).
Further, we use f(e) to denote the total data flow (in
both directions) on edge e.

4) Gateway Presence Indicator: Let x(t;) be a binary
variable that defines the surface gateway deployment at
location t;:

if a node deployed at ¢;

1
t;) = , VteT. (1
z(t:) {O otherwise ‘ M

B. Constraints

We describe the various constraints as follows.
1) Deployment Constraints: Data can only be re-
ceived at locations where surface nodes are deployed:

2

In other words, no data will be received at locations
without gateways.

2) Interference Constraints: The simple interference
model adopted in this work assumes that a node cannot
send while it is receiving, which implies that the total
data transfer rate sent and received at any node can not
exceed the maximum capacity B of its communication
link. Thus, for underwater sensor nodes we have

Yo fle)+ Y fle)<B, YweV, ()

€o€Fout (V) e €E;, (v)

f(ez) < x(tj)G, th €T, e € Em(tj).

and for surface candidate gateways we have

> fle)<B, VteT.

e;€Fin(t)

4

3) Per-Node Flow Conservation: Flow conservation
implies that for underwater sensor nodes, the sum of the
flows leaving a node equals the sum of the flows entering
that node plus the local data generation rate, that is

Y fle)— D fle)=g(v), YweV. ()
€o€Eout(v) €i€E;n(v)

4) End-to-End Flow Conservation: Each surface
node can act as a sink, and all surface gateways together
form a virtual sink. Thus, a packet generated by any
source, must eventually be received by a surface node.
End-to-end flow conservation here means that the total
data generation rate must equal the total data absorption
rate by all surface node sensors, that is

> fe)=aG.

t; €T e;€E;n(t;)

(6)

5) Deployment Cost: For the multi-sink architecture,
the deployment cost of surface gateways is of critical
concern. To optimize the network performance, such as
minimizing delay or energy consumption, using a limited
number of surface nodes, N, we should include the
following constraint:

> z(ti) < N.

t; €T

(N

C. Objective Functions

With an objective function, by solving the set of equa-
tions (1) through (7), an optimal deployment is obtained
in the form of an assignment to the set of binary variables
x(t;). In the following, we present some representative
objective functions we have explored, namely minimiz-
ing the expected delay, minimizing the expected energy
consumption, and minimizing the maximum delay.

1) Minimizing Expected Delay: The objective 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 the sink that receives it. Since
queuing delays (caused at MAC or routing layer) are
not considered in this work, the per-hop delay consists
of transmission delay and propagation delay. The delay
t on an edge e can be written as
L 1)

B Up

where L is the packet length in bits, B is the channel
capacity in bits per second, [(e) is the distance between
the nodes at the two ends of e, and v, is the propagation
speed of sound in water. The expected delay for all
packets then can then be written as

Elt(e)] = é(z f (e)t(e>),

eeE

t(e) = ts(e) +tp(e) =
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and the corresponding objective function will be
Minimize (E[t(e)]).

2) Minimizing Expected Energy Consumption: The
objective is to minimize the expected end-to-end energy
consumption, i.e., the energy consumed in the network
for a packet to travel from its source to a sink. The
energy consumed ¢ to transmit a packet over edge e can
be written as

e(e) = ms(e)ts = ms(e)

where 75(e) is the transmission power used on edge e
for one unit of data.

Similar to the expected delay, the expected energy
consumption can be written as

Ble(0)] = 5(X F(0)(e)),

eeE

and the corresponding objective function will be
Minimize(E[e]).

3) Minimizing Maximum Delay: The objective func-
tions presented so far reflect the expected performance
of the overall network. A more precise optimization
of performance can consider data packets generated by
individual sources separately. For example, the objective
can be to minimize the worst-case expected delay seen
by data packets originating at any specific source node.
To do that, we define f, (e) as the portion of f(e)
originating at source node vs. It follows that f(e) =
> v.cv fu.(€),Ve € E. In this case, flow conservation
constraints have to be detailed such that every sub-flow
has its own conservation equation as follows.

Z fv.(€0) — Z fo.(€i)

€o€Eout(Uz‘) eiEEin(vi) 3
. ®)
= g(US) it Vi :.US ; vvsavi S V"
0 otherwise

and

Z Z fu.(€3)

tj erT e, €F;, (t]')

= g(vs), Yvs € V. 9)

The objective function can then be written as
Minimize [Maxvsev (Z fo. (e)t(e))} :
eckE
IV. SIMULATION STUDY

In this section, we use simulations to study the effect
of different parameters on the results of the deployment
optimization problem.

A. Simulation Settings

Throughout the experiments, we fix the packet length
L = 400bits, the propagation speed of sound in water
vp = 1500m/s, and the transmission power 7, = lwatt
(we ignore receiving and idle power, which are much
less than transmission power). We also fix the area of
network deployment to a square of 600m x 600m hori-
zontal extent, and fix the candidate gateway deployment
positions to a 5 x 5 mesh of points spaced 150m apart.
The communication range for both underwater sensors
nodes and acoustic interface of the surface gateways
nodes is R = 150m. The depth of all underwater
sensors is set to 100m such that each of the underwater
sensors, regardless of its horizontal location, is within
the communication range of at least one surface gateway
candidate position. This guarantees that the optimization
problem can be made feasible by choosing a large
enough number of surface gateway nodes, N. Finally,
the data generation rate at each underwater sensor is set
to a constant, g(v) = lpacket/second, Vv € V. We
use the following two underwater deployment patterns
in our experiments.

800m
700: O Surface Candidate Positions
1 X Underwater Sensors at 100m depth
600+ ® X O X ® X O X ®
5004 X X X X X X X
1 e} e} o ¢} o)
400+ X X x X X X X
3004 ® X O X ® X O X ®
2004 X X X X X X X
1 ¢} ¢} e} e} o)
100 X X X X X X X
04 ® X O X ® X O X ®
T

T T T T T T T T T T T T T
0 100 200 300 400 500 600 700m

Fig. 2. Sample uniform underwater deployment problem

1) Uniform Underwater Deployment: The uniform
underwater deployment was chosen because the unifor-
mity of the solution simplifies the process of verifying
the results. The chosen underwater deployment consists
of a 7 x 7 planar mesh of sensor nodes. The distance
between two adjacent nodes is 100m, and therefore the
nodes cover the entire 600m x 600m area. This problem
setting is illustrated in Fig. 2.

2) Random Underwater Deployment: This deploy-
ment is similar to the uniform underwater deployment,
except that the 49 underwater sensor nodes are dis-
tributed at random within the 600m x 600m underwater
area. The problem setting is illustrated in Fig. 3.
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Fig. 3. Sample random underwater deployment problem
Fig. 5. Average energy, uniform underwater deployment
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B. Results and Analysis
Fig. 6. Average delay, random underwater deployment
In this section, we show the results of the deployment
optimization problem with a couple of critical param-
eters. We demonstrate the benefits of the multi-sink
architecture (using average delay and average energy
consumption as sample network performance metrics). 14 - ‘
We also provide some useful guidelines (e.g., how ' ) B=50kbps ——+—
channel capacity and underwater deployment affect the 12 X Béigtggz fiff:i 7
network performance) for real network deployment. = 1r- %, -
1) Benefits of Multi-Sink Architecture:  When g 08 L ok L I IIIN }
the number of allowed surface-level gateway nodes E/ ><X
increases, the performance characteristics, such as § 06 - XXXX ]
average delay or average power consumption, is 0.4 - T
expected to improve. To verify this, we vary the number 0.2 ,M i
of allowed surface nodes from 1 to 25 nodes and solve 0 ‘ R S T
the optimization problem. Results show that an increase 0 5 10 15 20 o5
in the number of surface gateways can dramatically Number of Gateway Nodes
enhance the network performance, especially when the
network is lightly loaded. For example, Fig. 4 shows Fig. 7. Average energy, random underwater deployment

that the expected delay corresponding to B = 50kbps
can be reduced from 0.26s to 0.16s by using four
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surface gateways instead of one, as exactly shows
the benefits of the multi-sink architecture. It is also
worth noting that the improvement gained by adding a
surface gateway diminishes as the number of surface
gateways increases. After a certain number (a threshold)
of surface gateways, depending on the underwater
deployment (as well as other factors), additional surface
nodes have no positive effect on the performance of
the network. This is due to the fact that when the
threshold is reached, every underwater sensor node
could communicate with a surface gateway at the nearest
candidate position. Therefore, any further addition of
surface nodes becomes redundant.

2) Effect of Channel Capacity: Intuitively, when the
ratio of the total data generation rate to the per-node
channel bandwidth increases, the minimum number of
surface-level nodes required to make the problem feasi-
ble increases. This is due to the fact that surface gateways
will saturate with incoming traffic 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 becomes more 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
5kbps, 10kbps and 50kbps. Simulation results show that
the the performance improvement resulting from the
addition of more surface gateway nodes diminishes when
the network load increases, confirming our expectations
as explained before. For example, Fig. 5 shows that the
heavily-loaded network, corresponding to the channel
capacity of 5 kbps has a smaller dynamic range of
0.2/0.08 = 2.5 than the lightly-loaded network cor-
responding to B = 50kbps, whose dynamic range is
equal to 1.2/0.8 = 1.5. Fig. 4 and Fig. 5 show the
effect of varying the channel capacity, in the case of
uniform underwater deployment, on the expected delay
and energy consumption, respectively. Fig. 6 and Fig. 7
show the effect of varying the channel capacity, in the
case of random underwater deployment, on the expected
delay and energy consumption, respectively.

3) Effect of Underwater Deployment Pattern: When
the set of candidate surface-gateway positions is pre-set,
the locations of underwater sensors and the distribution
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

0.3
X Uniform

L
0.28 - } Random > 7
0.26 - \ N
. 0.24 -
2 02|
> .
'8 02 -
0.18 -
0.16 -
0.12 \ \ \ \
0 5 10 15 20 25
Number of Gateway Nodes
Fig. 8. Average delay, uniform vs. random underwater deployment
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X Uniform —+—
09 | Random - Koo |
%\ 0.8 T
2
g 07 [~ a
£ 06 .
05 - T
0.4 ks
0 5 10 15 20 25

Number of Gateway Nodes

Fig. 9. Average energy, uniform vs. random underwater deployment

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 underwater sensor deployment on the result of the
surface gateway deployment optimization, we use two
underwater deployment patterns, namely, a 2-D mesh
uniform deployment and a planar random deployment.
Fig. 8 and Fig. 9 compare the results of the uniform
underwater deployment case and the random underwater
deployment case, at a fixed channel capacity of 10
kbps. When the number of surface gateways is small,
the randomly-distributed underwater deployment suffers
more congestion and therefore performs slightly poorer
than the uniformly-distributed counterpart, both in delay
and energy consumption metrics. When the number
of surface gateways increases, the effect of congestion
diminishes and the effect of clustering grows stronger.
After a certain number of surface gateways, the energy
consumption of the randomly-distributed underwater de-
ployments converges to that of the uniformly-distributed
case, because eventually each underwater node becomes
one hop away from a surface gateway. Although Fig. 8
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shows that the delay of the randomly-distributed case
eventually becomes lower than the uniformly-distributed
case, this is not necessarily always true. The problem
instance shown in Fig. 3 happens to have an average dis-
tance between underwater nodes and candidate surface
positions lower than that in the uniformly-distributed
case in Fig. 2. Therefore the randomly-distributed case
exhibits less average propagation delay as in Fig. 8.

We have also run the experiments for several random
underwater deployments. The results exhibit the same
trends though the exact values of delay and energy
are slightly different. We use this set of experiments
to mainly show the underwater deployment does have
effect on the network performance. Thus, to get better
solutions, it is necessary to consider the underwater and
surface deployments jointly, which we would like to
investigate in our future work.

V. RELATED WORK

In this section, we briefly discuss several related re-
search studies on underwater sensor network deployment
and multi-sink architecture.

Triangular-grid deployment pattern for 2-D UWSN
was proposed in [9]. The objectives is to minimize the
number of sensors needed to achieve the sensing and
communication coverage of a target area. An interesting
attempt to formulate the 3-D UWSN point-coverage
deployment problem as an ILP was presented in [10].
The solution of the ILP decides relay node deployment,
routing and link-scheduling. Throughout the work, it
is assumed that a single sink for the entire UWSN
deployment, and the overall power consumption is used
as an optimization objective. Neither of these two studies
consider the multiple-sink network architecture.

The only research study in the frame of multiple sinks
we found is [8], in which Seah and Tan investigated the
use of multi-sink architecture to enhance the underwater
sensor network reliability. In this study, the same mes-
sage 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
simulation results showed that high reliability benefits
can be achieved at the cost of reasonable increase in
energy consumption. The surface gateway (i.e., sink)
deployment problem was not considered in this work.

VI. CONCLUSIONS AND FUTURE WORK

In this paper, the surface gateway deployment problem
has been formulated as an optimization problem, the
solution of which gives the minimum number and the
optimal locations of surface gateway nodes, with a
variety of optimization goals. Simulation results confirm

the potential for performance improvement using multi-
ple surface gateways: reducing both average delay and
energy consumption. It has been 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.

The work presented here helps to pave the way for
a wide variety of future research. One possible im-
provement is to optimize underwater and surface deploy-
ments jointly. Another improvement is to include a more
elaborate interference model and take MAC protocol
effect into the formulation, to get more accurate results.
Another related future research direction is to analyze
the effect of the choice of surface candidate locations on
the quality of the solution, and use the results to devise
methods to calculate the candidate positions that best suit
a given underwater deployment.
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