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Abstract— Deploying multiple  surface-level radio- & Gateway Node 0 SemsorNode e » DataPath
capable gateways enhances the performance of ©
underwater acoustic sensor network. The locations
of gateways have to be carefully selected to maximize the
benefit in a cost-effective way. In this paper, we show
how to efficiently solve the surface gateway deployment
optimization problem, using heuristic approaches. The
results of applying these proposed algorithms to a variety
of practical deployment scenarios suggest that these
heuristics are nearly optimal for practical cases.

Index Terms— Underwater sensor networks; multi-
sinks; surface gateways; deployment optimization.
Fig. 1. Anillustration of UWSN with multiple surface gatey@am

. INTRODUCTION

In the last decade, underwater sensor networks
(UWSNSs) have emerged as an enabling technology forOne way to mitigate the high propagation delay
underwater monitoring and exploration applicationsy acoustic communications is to deploy multiple
including scientific, commercial and militarysurface-level gateways. Fig. 1 illustrates an underwater
applications [3], [4], [5], [6], [7]. Compared tosensor network with multiple surface gateways. In the
their remote-sensing counterparts, UWSNSs can providensor network, each sensor node can monitor and
localized and more precise data acquisition. Howeveletect environmental events locally and then transfer
UWSN is facing many unigue challenges. Unlikeéhese measurements, through the network, to a surface
terrestrial wireless sensor networks, underwater sengateway node (which is also referred to as a sink for the
networks cannot use electromagnetic waves due WWVSN), which then relays data to the control station.
the quick absorbtion in water. Acoustic waves armstead of having to use long underwater paths to
usually considered a practical solution for UWSNseach a single surface sink, a multiple-sink underwater
The dependency of UWSNs on underwater acoussiensor differs from single sink networks in that nodes
communications is particularly challenging. The mostan send data packets towards their nearest surface
limiting factor of underwater acoustic communicationgateways, as illustrated in Fig. 1. A surface gateway
is the extremely low propagation speed of sound, whithen uses electromagnetic waves to forward packets to
is roughly 1500 m/s, subject to slight changes due tthe control station. Considering that electromagnetic
pressure, temperature and salinity variations [8]. Thigave propagation is orders of magnitude faster than
is five orders of magnitude slower than tBex 108 acoustic wave propagation, it is safe to assume that
m/s propagation speed of electromagnetic waves. Susthface gateways can send packets to the control station
high propagation delay can cause high end-to-eimd negligible time and with relatively small energy
delay, which could be greatly limiting for interactiveconsumption since acoustic communications consume
applications, and other monitoring applications wherauch more energy than radio communications [7]. In
response time is critical. this way, all the surface gateways (or sinks) form a
virtual sink



1) Network Model:The surface gateway deployment
In our previous work [1], we studied in detailproblem is modelled a graph optimization problem. The
the factors and benefits of such an architecture anddes of the graph represent underwater sensors and
forumulated the gateway optimal deployment as aandidate surface gateway positions, and the problem
integer linear programming (ILP) problem. is to choose a subset of the candidate surface gateway
satisfying a set of flow conservation constraints, interfer
In this paper, we study the performance of heurist@nce constraints and either constraints on the number of
solutions to the gateway optimal deployment problesurface gateways or the required network performance.
and show that high-performance solutions can Héde selection of the candidate positions is sophisticated
efficiently found in polynomial time, enabling theenough to be considered a separate problem on its own,
off-line solution of large-scale deployment problemand therefore it is deferred to future research. For the
and opening the door to investigating the dynamijaurpose of this work, the set of candidate surface points
re-deployment of gateway nodes. is considered a given and has to satisfy connectivity
constraints as a pre-condition, i.e. each underwater node
The rest of this paper is organized as follows. Ihas to have a path to at least one candidate surface
Section II, we briefly present the findings of relategosition, taking into account the communication ranges
research on the deployment of underwater sensor nef-the involved nodes.Associated with each underwater
work and multi-sink architecture. In Section lIl, thesensor node is a packet generation rate. Surface gateway
network model and assumptions regarding the surfagedes have to collect all generated data packets. Further
gateway deployment problem are presented and justifi@@sumptions are detailed in the next section.
In Section IV, the surface gateway deployment problem2) Assumptions:All acoustic transceivers are as-
is formulated as an optimization problem. In Section \sumed to be homogeneous and therefore the commu-
the proposed heuristic algorithms for solving the deplogpication range is assumed to be constant for all nodes.
ment optimization problem are layed out and analyzedle assume that sensor nodes are either stationary or that
In Section VI, we present the results of solving vairouseir motion is correlated strongly enough to assume that
sample problems. Finally in Section VII, we draw outheir relative locations are fixed. The scenario being con-
conclusions for this part of our research. sidered is that of a monitoring network, where most of
the traffic originates at sensor nodes and travels through
the network to the common sink station. Therefore, the
analysis is limited to the, possibly multi-path, route
In this section, we briefly present the findings ofom each underwater sensor to the virtual sink. Under
related research on the deployment of underwater sengr assumption of homogeneity and ignoring queuing
network and multi-sink architecture. In [10], Pompili Helays, it can also be assumed that packets traveling
al. investigated the use of triangular-grid pattern for 2-{ the reverse direction will follow the reverse paths,
UWSN deployments. The objectives was to minimizgng therefore its magnitude can be added to the traffic
the number of sensors needed to achieve the sensigerated by the respective sensor nodes. To reduce the
and communication coverage of a target area. In [1}oblem complexity, we assume a simplified interference
Badia et al. formulated the deployment of underwat@iggel, i.e. a node can transmit only when it is not
relay nodes in a 3-D UWSN as an ILP, assuming th@dcejving anything from its neighbors. Queuing delays,
MAC will be achieved static link scheduling. In [9], Seafych as those caused by the MAC protocol, are ignored.
and Tan investigated the use of multi-sink architecture §thjs assumption can be realistic if the network is very
enhance the reliability of underwater sensor network{%hﬂy loaded, and the probability of collision is too
The surface gateway deployment optmization, howevgmg|| to affect the performance. The effect of limited
is not addressed in their work. channel capacity was investigated in [1].

Il. RELATED WORK

I[I1l. PROBLEM SETTING IV. PROBLEM FORMULATION

We use the same problem setting described in [1], The surface gateway deployment problem is formu-
which 1) assumes that there is a pre-existing underwalksied as an optimization problem. The formulation con-
deployment and 2) seeks to find the optimal deploymesists of a basic set of constraints that can be augmented
locations for a given number of surface gateways. with a variety of objective functions. This section de-



tails the basic definitions, the constraints and possible3) Per-Node Flow ConservationElow conservation
objective functions. implies that for underwater sensor nodes, the sum of the

flows leaving a node equals the sum of the flows entering
A. Definitions that node plus the local data generation rate

The network is modelled as a graph, in which nodes »_  f(eo)— Y. f(e)) =g(v), YweV (5)
represent the underwater sensors and surface gatewayg.k...(v) e;€E;, (v)
and edges represent pair-wise communication links.  4) End-to-End Flow ConservationSurface nodes

1) Nodes:Let V' be the set of all underwater sensojyork as gateways, and therefore a packet generated by
nodes, I’ be the set of candidate surface node pOSitiOI’ﬁqy source, must eventually be received by a surface
andV” be the set of all nodes, i.¢”=V UT. node. Flow conservation implies that the total data

Let I(v) be the set of nodes within the communicatiogeneration rate must equal the total data absorption rate
range of nodev, i.e. I(v) = {w : w € Viv # py all surface node sensors
w,d(v,w) < R}, whered(v,w) denotes the distance
betvseen) the tvao nodes, (arﬂ )is the communication Z Z flei) =G

range for any sensor node. o
2) Edges:Let E be the set of all edges = (v, w), 5) Numper_ of_ Sur-face thgwgyslf the objective
such thatv € V,w € I(v). Let Eyyu(v) and Ey,(v) of the op_tlmlzafuon is tq minimize delay or energy
demote the outgoing and incoming edge set oéspec- consumptlon_usmg a Ilmlted number of surface nodes,

tively. Then E,u:(v) = {e(v,u) : (v,u) € E}, Yo € N, the following constraint can be used.

V,andE;,(v) = {e(u,v) : (u,v) € E}, YveV’ Z x(t;)) <N (7)
3) Data Generation and Flow:Let g(v;) be the teT

packet generation rate at node € V, and letG be o .

the total data generation rate, i.6/,= 3", g(v). Let C- Objective Functions

f(e) be the total flow in edge. The problem can be solved for a choice of
4) Gateway Presence Indicatotet x(¢;) be a set optimization goals. We arbitrarily choose the

of binary variables that defines the surface gatewayerage delay as an optimization goal to illustrate

deployment as follows: the performance of the heuristic algorithms proposed

_ here. The objective is to minimize the expected end-to-

2(t) = {1 if a node deployed at;,

(6)

tj eT eiGEin(tj)

, Vt;eT (1) end delay for all packets. The end-to-end delay for a

0 otherwise packet is the sum of the per-hop delay over the entire
path from the source that generates the packet to the
B. Constraints sink that receives it. Since queuing delays or delays

Constraints can be classified into the following setscaused by the medium access control protocol are not
1) Deployment ConstraintsData can only be re- considered in this work, the per-hop delay consists of
ceived at locations where surface nodes are deployedransmission delay and propagation delay. The delay

or an edge: can be written as
f(ﬁ) < w(tj)G, th eT,ec Ein(tj)- (2)

. : : L 1
2) Interference ConstraintsThe simple interference t(e) =ts(e) +tp(e) = = + @,

model adopted in this paper assumes that a node cannot _ _ B_ v_”
send while it is receiving, which implies that the totay'here L is the packet length in bits3 is the channel

data transfer rate sent and received at any node c&®Pacity in bits per seconde) is the distance between
exceed the maximum capacify of the communication the nodes at the two ends efandv, is the propagation
link. This implies for underwater sensor nodes that Velocity of sound waves in water.

> fle)+ D, fle)<B, WweV (3)  The expected delay can then be written as

GOEEout(U) eiEEm(U) E 1
And for surface candidate gateways [t(e)] = G <;f(e)'t(e))
Z fle)<B, WteT @) And the corresponding objective function will be

i €Ein (1) Minimize(E[t(e))) (8)



V. GREEDY HEURISTIC APPROACHES Our implementation of the greedy-interchange is

Heuristic approaches for solving similar optimizatioglightly different than the greedy-then-interchange stan
problems, such as the warehouse location problem, h&@d approach. Instead we start from a greedy partial
already been investigated before in reseach [2]. Theplution, and allow at most one of the already selected
findings directed our attention to the greedy and gree@andidate locations to be exchanged for a better unse-
interchange algorithms which proved to be effective fdected location at the same time a new location is added
solving large scale warehouse location problems [2]. |R the solution in a greedy manner. We achieve this by
the rest of this section both the greedy and greedi@pPlacing step (3) of the greedy algorithm above with
interchange algorithms for solving the deployment opfite following step: AugmenP with the constraint:
mization problems are presented along with a complexity Z

. . zp>j—1
analysis of both algorithms.

r,€X,x;/=1

A. Greedy Algorithm C. Complexity Analysis

In the greedy approach, the near-optimal deploymentthe |nteger Linear Programming formulation of the
of m gateways is developed by adding (to an alrea@jployment problem is an NP-hard problem. To find
existing near-optimal deployment of — 1 gateways) the optimal solution we have to evaluafg) possible
a ga'Feway at the location that minimizes the objecti\&pbyment' and in each deployment we have to solve
function. the optimal routing problem. Solving the optimal

routing problem for a fixed underwater deployment can

Let the original ILP problem instance b®, and pe gssumed to take approximately constant time for any

initially let P7="P. Forj =1,2,--- ,m do: gateway deployment being evaluated. Therefore, the
1) Modify the "Number of Gateways” constraint &/  runtime of the optimal gateway deployment algorithm is
such that the RHS of equation (7) js O((")k), wheren is the number of candidate gateway
2) SolvePrs, and letz/(.) be the solution (if one can |ocations,m is the number of gateways to be deployed,
be found) O(k) is the runtime upper bound for solving the optimal
3) For eacht; € T such thata/(t;) = 1 add a routing problem for the given underwater and gateway
constraintz(¢;) = 1 to P and loop. deployment.

The algorithm quits unsuccessfully whenever at The greedy approach, however, has to evaluate
step (2) is infeasible. This means that the greedy df) + (";')--- (""7"") deployments, which means
gorithm will need modification in order to handle thdhat the runtime of the algorithm will b@(nmk).
special case when one single surface gateway is un-
able to serve the entire underwater sensor network. IfThe greedy-interchange, as a compromise solution
the reason of infeasibility is bandwidth limitations, théetween the optimization and the greedy approach, has
data generation rates at all underwater nogés;) are to evaluate (5) + ("3') + ("3%) + ... + ("),
divided by m/j, to obtain a feasible solution. If againwhich means that the runtime of the algorithm will be
the problem in infeasible, then the underwater netwofR(n?mk).
has to be partitioned and each partition has to be solved
spearately, and then the greedy algorithm takes over from VI. SIMULATION STUDY

J = the number of partitions + 1. To study the quality of the solutions generated

using the greedy approach and the greedy-interchange

B. Greedy-Interchange Algorithm approach, we solve several problems using four
The interchange algorithm takes a solution and triesethods, namely exhaustive search, randomized, greedy

to improve it iteratively. At each iteration, the algorithmand greedy interchange and then report the percentage
searches for a pair of candidate deployment locatiord,quality loss (increased delay) for each approach. We
one active and one inactive, whose interchange is masto record the runtime for solving each problem using
beneficial, i.e., whose interchange leads to the maximwgach algorithm and compare the results with
decrease of the objective function.

To estimate the quality of a randomized approach



we randomly generate 100 solutions for each problem

and then calculate the average value of the objective 8%0M] S : =
. . .o 7001 Surface Candidate Positions
function as well as its standard deviation. Throughout ] X Underwater Sensors at 100m depth
our experiments the 0.001-confidence interval was °%°] ©°©  © Xx© . °© ©
found to be< +£6% of the value of the mean. 001 Y L6 L a o
4001 x xX X N
300 &FX o x ox  fx %o
A. Simulation Settings 200 X R
100— o 0 « o o o
. . 7 X
Throughout the experiments, we fixed the packet ol o X OX X xx g 8 X
length L=400 bits, the propagation velocity,=1500
m/s, and the transmission power is to a constanatl 0 100 200 300 400 500 600 700m

watt. We also fixed the area of deployment to a square
area of 600mx600m horizontal extent, and fixed the
candidate gateway deployment positions to a 5x5 mesh
of points spaced 150m apart. The communication range

Sample random underwater deployment problem

for both underwater sensors nodes and acoustic inter-  >> [ " Random +
face of the surface gateways nodes is fixedratl50. o © Greedy-lnte(r;éﬁggge e
The depth of all underwater sensors is set to 100m, € 250t |
such that each of the underwater sensors, regardlessy N

of its horizontal location, is within the communication é 200 * o )
range of at least one surface gateway candidate position.g 15 S N -
This guarantees that problems can be made feasible by w0l 7.0 ot i
choosing a large enough limit on the number of surface oy - "o o .

gateway nodes)N. Finally the data generation rate at 5 A, = DMA DDD+++ )
each underwater sensor is set to a constait) = 0= EAMATO 15 fomlsl@?s

0.01 packet per second Vv € V. The following two

Number of Gateway Nodes
underwater deployment patterns were used:

Fig. 4. Quality of solutions, uniform underwater deployren

800m

-00] O Surface Candidate Positions 2) Random Underwater Deploymen®imilar to the

so] & x lomnderwater Sensors at 100 depth Uniform Underwater Deployment, except that the 49

sl x x x  x  x x  x underwater sensor nodes are distributed at random within
wl 5 %% 9 <% 9 the 600x600m underwater area.

300: ® X O X ® X O x ®

2000 x  x  x  x  x  x  x B. Results and Analysis

100 N Simulations were conducted in order to evaluate the

0 ® xox ® xoO0Xx 8 performance of each of the four solutions. The results
for the uniform underwater deployment are shown in
Figure 4, and the results for the random underwater
deployments are shown in Figure 5, 6 and 7 .

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

In both cases, the greedy approaches produces results

1) Uniform Underwater DeploymentThe uniform Very close to the optimal solution, with the greedy-

underwater deployment was chosen because the uniffférchange doing superiorly good.
mity of the solution simplifies the process of verifying
the results. The chosen underwater deployment consists VII. CONCLUSIONS
of a 7x7 planar mesh of sensor nodes. The distancdn this paper, we have shown that the greedy approach
between two adjacent nodes is 100m, and therefore ttem produce near optimal solutions to the gateway de-
nodes cover the entire 600x600m area. ployment problem in underwater sensor networsk. We
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have also shown that the quality of the solution can be
further improved by employing the greedy-interchange
technigue at the cost of increasing algorithm complexity
from O(n?) to O(n?).
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