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1 Introduction
Wireless sensor networks (WSN) represent one of the hottest current research topics, both
because of the ever-widening range of related attractive applications, and the numerous
challenging open issues that still have to be solved for these applications to operate reliably
and e�ciently. These special wireless networks consist of tiny, low-cost sensor devices with
limited resources (memory, processing power, energy); their usual task is to monitor some
physical phenomenon and to send information about it to one, or several dedicated sink
nodes. The sink can gather data from the network in three ways. In case of time-driven
operation each sensor sends data periodically, while in case of event-driven operation only
those sensors report to the sink which have sensed an event. The third approach is the
query-driven operation, where the sensors send data to the sink only upon receiving a
query.

There is a broad variety of sensor applications. The initial driving force for develop-
ing WSNs were the military applications (e.g., intelligent mine�eld [1], sniper localization
[2]). However, civil applications (e.g., habitat monitoring[3], environmental monitoring[4])
have also got nowadays in the focus of ongoing research. In these scenarios the WSNs are
usually deployed randomly in a wide area, and the network elements form a self-organizing
ad-hoc multi-hop network. This makes it necessary to use ad-hoc communication algo-
rithms; however, the existing solutions are not applicable directly because of some major
di�erences between WSNs and traditional ad-hoc networks. Thus, new communication al-
gorithms have to be proposed, tailored to the special features and requirements of wireless
sensor networks.

One of the most important issues to be aware of when handling wireless sensors is their
energy consumption. Sensors are deployed in huge number to hardly accessible terrains;
thus their batteries are often impossible or impractical to replace or recharge. Therefore,
energy should be spared, so as to be able to perform, for the longest possible period, the
role they were deployed for. Energy is consumed by several tasks, but the most important
energy consumer is the communication module. In small networks, sensors can send data
directly to the sink node; in larger setups multi-hop communication is needed, i.e., sensors
forward each other's data toward the sink. In both cases the energy consumption depends
on the communication distance.

There were many proposals recently targeting energy e�ciency. Some approaches
focused on energy conserving routing techniques, i.e., �nding optimal routes in terms
of consumed power, and balancing the energy consumption among all nodes [5, 6, 7, 8].
Others were based on topology control schemes, i.e., deploying sensor and sink nodes in an
e�cient way or reshaping the topology through dynamic power control of the participating
sensors [9, 10, 11, 12, 13]. Clustering techniques are also widely employed; the network is
divided into small clusters, a cluster head being responsible for aggregating and relaying
towards the sink the information gathered from the sensors of its cluster [14, 15].

Since the energy demand of the communication depends on the communication dis-
tance, it is straightforward to enhance energy e�ciency of network operation by reducing
these distances. This can be done in many ways. One possibility is to deploy multiple
sinks; this decreases the average number of hops a message has to pass through before
being received and processed by a sink, as data will always be sent to the closest sink.



3

There are many solutions that build on this idea; however, they usually need global net-
work information for the deployment, that is hard or impossible to assume in wide-area
networks. Thus, in Thesis 1 I propose a novel local information-based multiple sink de-
ployment algorithm.

Another solution is to have a mobile sink that during sensor data collection moves
inside the monitored region, so as to reduce the communication distances. This solution
has also the bene�t of distributing the high tra�c load in the neighborhood of the sink,
caused by the multi-hop communication, among all the sensors in the network. In Thesis
2 I propose a novel adaptive sink mobility algorithm that assumes event-driven network
operation, as opposed to existing solutions that address only the time-driven scenario.

2 Research objectives
The nodes in a wireless sensor network have scarce energy supplies that are very expensive
or impossible to reload or replace. Thus, energy e�cient operation has crucial importance.
Consequently, the goal of Thesis 1 was to deploy multiple sinks in time-driven wireless
sensor networks in an energy e�cient manner, prolonging the lifetime of the network. The
existing solutions in the area proposed integer linear programming [16, 17, 18, 19, 20, 21],
�ow-based [22] or iterative clustering methods [23] to solve the deployment problem. Nev-
ertheless, they have serious shortcomings, such as the lack of scalability or the requirement
of having a priori global network information. As opposed to these, in Thesis 1 I propose
a scalable local information-based solution that yields to a signi�cant reduction of the
energy consumption.

Energy e�cient operation and network lifetime elongation through the use of mobile
sink nodes is also an approach that was addressed in numerous papers. The proposed so-
lutions can be categorized in three groups: random [24, 25, 26, 27], predictable [28, 29], or
controlled [30, 31, 32] mobility. Nevertheless, they always assumed that the network oper-
ates in a time-driven manner, without considering event-driven wireless sensor networks.
There are however important applications (e.g., intrusion detection, seismic activity mon-
itoring) that need event-driven operation. The e�cient utilization of the energy reserves
is very important in the case of these networks too. Thus, the objective of Thesis 2 was
to propose adaptive sink mobility strategies for event-driven wireless sensor networks.

3 Methodology
In the following theses I �rst formulate the sink deployment and the sink mobility issues
as a mathematical problem, and present some numerical results about the optimal sink
locations in time-driven networks, as well as total energy consumption and maximum
tra�c load in event-driven networks. Based on these results, I propose a novel sink
deployment algorithm and two sink mobility strategies. I also investigate the e�ciency
and the applicability of the novel solutions through extensive simulations.
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4 New Results
4.1 Deployment of Sink Nodes in Wireless Sensor Networks
In wireless sensor networks the e�cient utilization of the energy reserves has crucial
importance. The sensors spend most of their energy for the communication with the sink;
therefore, it is important to reduce the energy needs of the communication. This can
be achieved by shortening the distances the packets have to travel, since the energy cost
of transmitting a packet is proportional to the distance of the transmission. Deploying
multiple sinks, and making each sensor communicate with the closest sink can reduce the
communication distances very e�ciently.
THESES 1: [C1, C2, NC1] I proposed di�erent strategies to deploy sink nodes in an
energy e�cient way in time-driven multi-hop wireless sensor networks.

In my investigations I assumed a time-driven multi-hop wireless sensor network where
the nodes do not use radio power adjustment and have a uniform communication range,
rc. In my analytical model I considered a network with N sensor nodes and K sinks,
each sensor communicating only with the closest sink. Since there is no radio power
adjustment, sending a packet to one hop distance costs each sensor the same amount of
energy, Ehop . Forwarding a packet to distance d has a cost of d

rc
· Ehop; thus, the energy

used for the communication in the network is minimized if the overall distance the packets
have to travel is minimized. In order to achieve this, the sinks have to be deployed so as
to minimize the average distance between the sensors and the closest sink.

First, by means of analytical investigations I determined the optimal locations of
the sinks so as to minimize the communication energy cost in the network. Based on
these results, I proposed then two sink deployment algorithms. The �rst one uses global
information about the network. However, in wide area sensor networks global network in-
formation is usually not available. Therefore, I also proposed a sink deployment algorithm
that is based solely on local information.

I will use the following notations in the theses: let sk =
(
xk, yk

)
denote the location of

the kth sink and (xi, yi) denote the location of the ith sensor. The distance vector from
the kth sink to the ith sensor is d

(k)
i = (xk − xi, y

k − yi) and the distance between them
is dk

i . The unit vector pointing from the kth sink towards the ith sensor is e
(k)
i = d

(k)
i /dk

i

and routeik is the set of the indices of the intermediate sensors on the route from the ith
sensor to the kth sink. Ik is a boolean indicator function that has a value of 1 only if
d

(k)
i = minl d

(l)
i .

THESIS 1.1: [C2, NC1] By means of analytical investigations, I determined the optimal
locations where sink nodes have to be deployed in a time-driven multi-hop wireless sensor
network so as to minimize the energy spent for communication. In my network model
this is equivalent with minimizing the average distance between the sensors and the closest
sink that is obtained at the sink locations s1, . . . , sK where

N∑
i=1

Ike
(k)
i = 0, k = 1, . . . , K. (4.1)

Thus, the optimal sink locations are determined not by the distance between the sinks
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and the sensors, but by the orientation of the unit vectors pointing from the sink nodes
towards the sensors that report to them. The solution can be applied for any convex-shaped
area covered by arbitrarily distributed sensors.
THESIS 1.2: [C2, NC1] I proposed an iterative strategy called Global to deploy sink
nodes in a time-driven multi-hop wireless sensor network to positions that approximate the
optimal locations determined in Thesis 1.1. The algorithm uses global information about
the locations of the sensors and the sinks. The �owchart of the algorithm's operation is
shown by Figure 1.

First, the network is clustered based on the initial sink locations, each sensor belonging
to the cluster of the closest sink. Next, the DETERMINE_CENTROIDS procedure is
called iteratively, until each sink moves to the place inside its cluster where the resultant
vector Rk is 0. The input parameter max_step de�nes the maximal possible step for a
sink in one round. When all the sinks have reached the desired locations, the network
is clustered again, based on the new sink locations. If the clusters do not change, then
the algorithm �nishes the sink deployment. Otherwise, the DETERMINE_CENTROIDS
procedure is called again. The simulations have shown that the algorithm converges in a
few iteration rounds.

The Global algorithm uses global information about the network. However, in wide-
area wireless sensor networks usually it is impractical to assume such global knowledge,
since it may either be impossible to gather those information, or it would introduce a too
high overhead. Therefore, I proposed a local information based solution to eliminate the
need for global knowledge.
THESIS 1.3: [C2, NC1] I proposed an iterative deployment strategy called 1_hop that
approximates the optimal sink locations determined in Thesis 1.1 based only on "one-
hop knowledge". The sink nodes have information only about the sensors inside their
communication range - they know their orientation, and the number of remote sensors
that use them as a last-hop node when talking to the sink. The orientations of the remote
sensors are approximated using these information. The algorithm can work with any least
cost routing solution. The �owchart of the algorithm's operation is shown by Figure 2.

This algorithm uses only local information for the sink deployment, since the sinks
know only the orientation vectors of the sensors within one hop distance, and the number
of remote sensors that use those sensors as last-hop node during transmission. First, the
sinks determine the orientation vectors of the sensors within one hop distance. Then, they
wait for a time period t, long enough to ensure that each sensor transmits during that
period at least one packet to the sink. Using the source �eld of the received packets, the
sinks determine how many distant sensors forward data through each of the neighboring
nodes. The sinks do not know the orientation vectors corresponding to distant nodes;
these are thus approximated by the orientation vector of the neighboring sensor that is
used as the last-hop node in the communication. After calculating the resultant vector
of these orientation vectors, each sink moves in the direction of the resultant vector;
the maximal possible step for a sink is given by the max_step input parameter. The
iteration ends if the size of each sink's resultant vector is below a given threshold, set by
the threshold input parameter. The simulations have shown that the algorithm converges
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Algorithm Global(number of sinks,max step)

Start

w=0, z=0, K=number of sinks;
Initializing sink locations: sw

1 , . . . , sw
K ;

Determining the initial clusters:

Cz
k = {i : d

(k)
i = minl d

(l)
i

∣

∣

∣

sw

1 ,...,sw

K

, i ∈ N}, k = 1 . . . K;

procedure determine centroids
for k=1 to K

Rk =

∑

i∈Cz

k

e
(k)
i

#Cz

k

∣

∣

∣

∣

∣

sw

1 ,...,sw

k

if |Rk| == 0
then sw+1

k = sw
k

else sw+1
k = sw

k + Rk · max step

endfor

w=w+1
end

∃k ∈ {1, . . . ,K} : |Rk| 6= 0
Yes

Recalculating clusters using the new sink locations:

Cz+1
k = {i : d

(k)
i = minl d

(l)
i |sw

1 ,...,sw

K
, i ∈ N}, k = 1 . . . K.

z = z + 1

No

∃k ∈ {1, . . . ,K} : Cz
k 6= Cz−1

k

Yes

No

End

Figure 1: The �owchart of the operation of the Global algorithm.
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Algorithm 1 hop(number of sinks,max step, threshold)

Start

w = 0, K = number of sinks, r c = communication range of a sensor;
Initializing sink locations: sw

1 , . . . , sw
K ;

procedure sink relocation
for k = 1 to K

Hk = {i : d
(k)
i < rc|sw

1 ,...,sw

K
, i ∈ N};

Determining ei, ∀i ∈ Hk;
endfor

Collecting the messages for a time period t;
for k = 1 to K

foreach i ∈ Hk

nri = #{i ∈ routejk,∀j : d
(k)
j = minl d

(l)
j |sw

1 ,...,sw

k
};

end

Rk =

∑
i∈Hk

e
(k)
i

·nri

∑
i∈Hk

nri

;

if |Rk| < threshold

then sw+1
k = sw

k ;
else sw+1

k = sw
k + Rk · max step;

endfor

w = w + 1;
end

∀k ∈ K : |Rk| < threshold?
No

Yes

End

Figure 2: The �owchart of the operation of the 1_hop algorithm.
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Figure 3: Computing the resultant vectors in case of the Global (a) and the 1_hop (b)
algorithm.

in a few iteration rounds.
The di�erence in the calculation of the resultant vectors in case of the two algorithms

is presented in Figure 3.
THESIS 1.4: [C2, NC1] By means of extensive simulations, I have shown that deploying
the sinks in dense, homogeneous networks using the 1_hop strategy (Thesis 1.3) results
in most of the simulation runs in less than 5% longer average route length than in case of
the global information based iterative strategy (Thesis 1.2), that at its turn approximates
the theoretically optimal solution (Thesis 1.1).

In the simulations I deployed uniformly but randomly 1000 sensors in a 800m× 800m
sized area. The communication range of the sensors was set to 80m. The max_step
parameter was set to 400m, while the threshold parameter was set to 0.15. I ran the
algorithms for 50 di�erent topologies, with 2, 3 and 4 sink nodes. The sinks were initially
deployed in the same random places for the two methods. At the end of a run the average
distance between the sensors and the closest sink nodes was calculated for both algorithms.

The x axis of Figure 4 shows the relative di�erence of the achieved average distance by
the 1_hop and the Global algorithms, while the y axis indicates the number of simulation
runs corresponding to that result. It can be seen that in most of the cases the operation
of the 1_hop algorithm results in less than 5% longer average route length than the
operation of the Global approach. Thus, 1_hop can be used e�ciently for energy e�cient
sink deployment in network setups where global information is not available about the
network topology.
THESIS 1.5: [C1] Assuming optimal shortest path routing in the network, I have shown
that the 1_hop algorithm might result in signi�cantly shorter average communication dis-
tances than the Global algorithm in network scenarios where, due to environmental e�ects,
the communication paths are signi�cantly di�erent from the line-of-sight line between the
sinks and the sensors. In certain scenarios the average communication paths can be of up
to 50% shorter.
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Figure 4: Histogram of the relative di�erences in the achieved average route length be-
tween the 1_hop and the Global algorithms.

In Thesis 1.1 and 1.2 I determined the optimal locations of the sinks in a network model
where the communication paths follow closely the line-of-sight line between the sinks and
the sensors. However, this assumption may fail because of several reasons: obstacles can
obstruct direct communication, sparse network areas, depleted regions or regions of an
irregular, concave shape can result in routing paths diverging from the line-of-sight. In
such cases the Global algorithm is not guaranteed anymore to �nd the optimal locations.
However, although the 1_hop algorithm only approximates the orientation of most of the
sensor nodes, it results in shorter communication distances than Global. This is due to
the fact that 1_hop takes into account the real orientation of the routes in the network,
while Global does not.
THESIS 1.6: [C2, NC1] I showed that the sink deployment strategy presented in Thesis
1.3 can be used for adaptively moving multiple sinks in time-driven multi-hop wireless
sensor networks not only during the deployment, but also during the operation phase.
The decreasing energy level of some sensors, and the complete depletion of others, trigger
load balancing routing algorithms to change the routes in the network. Thus, I proposed
to adaptively move the sink nodes, based on the 1_hop algorithm, so as to minimize the
average length of the newly established routes between the sensors and the closest sink. I
called this strategy 1_hop relocation. By means of extensive simulations I have shown
that this solution results in more than 100% longer network lifetime compared to the case
of deploying the sink nodes statically.

For the simulations, I deployed 1000 sensors uniformly but randomly in a square-
shaped, 800m × 800m sized network. The communication range of the sensors was
80m, they used multi-hop communication, and the messages were sent using the GOAFR
(Greedy Other Adaptive Face Routing) [33] routing algorithm. Every sensor had initially
10000 units of energy, and sending or receiving a packet consumed 1 unit of energy. The
threshold parameter of 1_hop relocation was set to 0.15, the max_step parameter was
400m. The network was time-driven, i.e. in every round every sensor sent a packet to
the closest sink. In the network I considered an ideal MAC protocol that results in very
low packet drop rates; thus, I neglected packet retransmissions during the simulations.
The lifetime of the network was de�ned as the time until an operating sensor could not
send its message anymore to the closest sink. Since the robust geographic routing used in
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Figure 5: Network lifetime for the di�erent strategies.

the simulation is able to get around holes in the network, the impossibility of delivering a
message would necessarily mean that the sink became isolated from the operating sensors.
I ran the simulations for 50 di�erent topologies with 2, 3 and 4 sinks.

Figure 5 shows the achieved network lifetime for the di�erent strategies. In case of the
random strategy the sinks were moving randomly, in case of global �x the sink nodes were
deployed statically using the Global algorithm, while in case of the global relocation and
1_hop relocation strategies the sinks were continuously moving based on the Global and
the 1_hop algorithms. It can be seen that 1_hop relocation severely outperforms even
the global relocation strategy. This is due to the fact that Global calculates the resultant
vectors based solely on the locations of the sensors, while 1_hop can also take into account
the orientations of the actual communication routes, through the approximation of the
distant sensors' orientation. The homogenous spatial distribution of sensor depletion that
can be usually observed around the sink nodes in a time-driven multi-hop wireless sensor
network does not change the resultant vectors signi�cantly in case of the Global algorithm.
As opposed to this, in case of 1_hop the altering of the communication routes, caused by
the depletions, will change the resultant vectors signi�cantly enough to make the sinks
move to better locations.

4.2 Mobile Sink in Event-driven Multi-hop Wireless Sensor Net-
works

THESES 2: [J1, J2, C3, C5, C3, C7, NC2] I proposed two sink mobility strategies for
event-driven multi-hop wireless sensor networks that enhance energy e�ciency, and thus
signi�cantly prolong network lifetime.

In an event-driven multi-hop network the sensor nodes close to the sink su�er from
a high tra�c load, since they have to forward the packets of all the nodes that sense an
event. This uneven load leads to the early depletion of those sensors, isolating the sink
and ruining network operation. The depletion of only a small part of the sensors can thus
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render the WSN unoperational, even if other parts of the network still possess signi�cant
energy reserves. This negative e�ect can be avoided by the dynamic relocation of the sink;
by doing so, the high tra�c load is distributed among all the sensors, and the network
lifetime is prolonged. Moreover, since the energy demand of a packet transmission is
proportional to the distance the packet has to travel, moving the sink closer to the sources
of the packets results in energy savings that can also prolong network lifetime.

In order to propose e�cient sink mobility strategies I �rst investigated the tra�c
load in the network. I determined the location of the most heavily loaded sensor and
based on that I recommended two sink mobility strategies for the elongation of network
operation time in case of event-driven WSNs. One of these startegies minimizes the overall
energy consumption of the network, while the other one minimizes the maximum energy
consumption of the most heavily loaded sensor.
THESIS 2.1: [J1, C3, C5] By means of analytical investigations, I have shown that the
sensors su�ering from the highest tra�c load in a densely deployed, event-driven, multi-
hop wireless sensor network with one sink are located near the sink, in the direction of the
farthest current event.

During the investigations I assumed a densely deployed and strongly connected multi-
hop WSN. The network was built of N sensor nodes deployed uniformly in an area A,
the sink S being located at coordinates (xS, yS). During the operation of the network
an evolving event (z) inside the sensing range (r0) of a sensor activates that sensor, and
the node starts sending data packets to the sink. Due to the multi-hop nature of the
communication, one sensor can be requested to forward much tra�c even if it is far from
any events to be sensed.

The energy requirement of the most loaded sensor node (Emax) can be approximated as
follows. Sensors that are only one hop (h) away from the sink towards the event location
(i.e., within area A0 on Fig.6) have to forward packets generated within the sensing range
of the event (i.e., in A1). Thus, the load on the last hop nodes is proportional to the ratio
of A1/A0, i.e.,

Emax =
A1

A0

Ehop =
2dr0

h2
Ehop, (4.2)

where
A0 =

∆ϕ

2π

[
(h + h/2)2 − (h− h/2)2

]
π = ∆ϕh2, (4.3)

A1 ≈ ∆ϕ

2π

[
(d + r0)

2 − (d− r0)
2
]
π = 2∆ϕdr0. (4.4)
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Thus, Emax is a linear function of the distance d between the sink and the event location.
Let us assume now that there are more than one event at a time. In this case, using

(4.2) we can identify for each event zi (i = 1, . . . , I) the most heavily loaded sensor with
energy requirement Ei

max. By comparing these highly loaded sensors on the sensor �eld,
we get the highest energy requirement by

ESN
max = max

1≤i≤I
Ei

max. (4.5)

This energy load is on the sensor that is close to the sink and in the direction towards
the most distant event zj, that is given by

j = arg max
1≤i≤I

d(zi, S). (4.6)

Note, that here I neglected the fact that one sensor could take part in relaying messages
of more than one event at a time. However, since the most loaded sensors are on the line
between the event and the sink, I basically neglect only the case when there are two or
more events directly �behind� each other.

After determining, through analytical investigations, the distribution of the tra�c
load in an event-driven WSN, I proposed two sink mobility strategies. The goal of these
strategies was to enhance the e�ciency of the network energy utilization, thus prolonging
network lifetime. In order to simplify notation, let di denote the distance between the
sink node and event zi, i.e, di = d(zi, S)

THESIS 2.2: [J1, J2, C3, C5, C7, NC2] I proposed two sink moving strategies that take
into account the location of the current events, in order to optimize the energy utilization
of the sensors based on di�erent aspects.

The �rst strategy (called minmax), based on the results of Thesis 2.1, minimizes the
highest tra�c load in the network, which is equivalent with minimizing the maximum event
distance from the sink, i.e.,

max
1≤i≤I

di → min . (4.7)

The second one (called mintotal) minimizes the overall energy utilization of the net-
work, which is equivalent with minimizing the sum of the event distances from the sink,
i.e.,

I∑
i=1

max(h/2, di) → min, (4.8)

The evolution of events can lead to network setups where the tra�c load of the sensors
is rather uneven, leading to the early depletion of the heavily loaded sensors. In order
to avoid this problem, the transmission energy for the most heavily loaded sensor in the
network is minimized in case of the minmax strategy. Hence, energy consumption will
be more balanced. As the maximal tra�c load depends on the biggest event distance
from the sink node (see (4.2) and (4.5)), this strategy is equivalent with minimizing the
maximum event distance from the sink, i.e.,

max
1≤i≤I

di → min . (4.9)
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This minimization task is equivalent to the Minimal Enclosing Circle Problem, where
the task is to �nd the minimum radius circle that encloses all points of a point set on
the plane. There are several algorithms to solve this problem. For example, it has been
shown that it can be solved in O(n) time using the prune-and-search techniques for linear
programming [34].

As opposed to this, the idea of the mintotal strategy is to place the sink node so as
to minimize the overall energy consumption of the network.

Let Ehop be the energy needed to pass a packet at one hop distance (h), Ni be the
number of sensors activated by an event zi, and ki be the average hop number necessary
to send an alert about the event to the sink. The total energy needed to report event zi

is
Ei

total = Niki Ehop. (4.10)
Since the average hop number can be well approximated by ki = ddi/he, the energy
requirement of reporting an event is proportional to the event distance di. Raking now
into account all the I events inside the sensor �eld, the energy requirement of the whole
network is given by

ESN
total =

I∑
i=1

Ei
total. (4.11)

Since the energy requirement of reporting an event is proportional to the event distance
di (see (4.10)), this is equivalent to minimize the sum of event distances, i.e.,

I∑
i=1

max(h/2, di) → min, (4.12)

where the maximum means that there is no gain when moving closer to a particular event
than the half of the hop length. Practically, this is the location that gives the minimal
average distance from the events. There is no closed formula to �nd this location, but the
problem can be solved numerically.

As opposed to event-driven networks, in a time-driven WSN sensors do not report to
the sink only when sensing an event, but they do so periodically. Luo and Hubaux have
shown that in case of time-driven multi-hop wireless sensor networks the optimal strategy
is to move the sink on the periphery of the network [29].

THESIS 2.3: [J1, C5, NC2] By means of extensive simulations, I have shown that
in case of an event-driven wireless sensor network, with events moving according to a
correlated random walk, the strategies proposed in Thesis 2.2 (mintotal, minmax) achieve
20% longer network lifetime compared to Luo's solution (circular). They also prolong the
operation of the network compared to the case of a static (�x), or a randomly moving sink
(rwp).

In the simulations I assumed that the covered region is a circular area of radius R =
1000m, in which I randomly distributed 10.000 sensors, using a uniform distribution
model. The maximum communication range of each sensor was �xed to 80m. At the
beginning of a simulation run each sensor was loaded with 1000 �units� of energy. The
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cost of receiving a packet was 1 unit. In the network I considered again an ideal MAC
protocol that results in very low packet drop rates; thus, I neglected packet retransmissions
during the simulations.

On the other hand, contrary to the assumptions made in Thesis 1, I assumed here that
the sensor nodes can do power adjustment. This only enhances the possible energy gains
obtained by reducing communication distances, even for direct communication between
two neighboring nodes. I considered thus that the cost of sending one packet depends
on the transmission distance d (ETx ∼ dα, α = 3); the transmission consumed 1 unit of
energy for d = h = 80m. The multi-hop communication used the GOAFR [33] routing
algorithm.

The network lifetime achieved by the di�erent strategies can be seen in Figure 7.
The results show the average of 10 simulation runs. One can see that the two proposed
strategies utilize the energy supplies more e�ciently, which results in longer network
operation when compared to other solutions.

All the algorithms proposed in my dissertation and described in this thesis booklet
are iterative in nature; thus, it would be useful to prove that they do converge. For
this disseration no such investigations were conducted. However, even if this cannot
be accepted as a proof, I must note that during the simulations the algorithms always
converged in a relatively low number of steps. The analytical proof of convergence remains
a topic of future work.
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5 Application of New Results

The energy e�cient operation has a crucial importance in case of wireless sensor net-
works. Sensors have strongly limited energy supplies, but are supposed to operate in an
unattended manner for months or even years. Replacing or recharging their batteries is
usually impossible or impractical; thus, energy e�cient strategies have to be developed in
order to ensure long network operational times. In my theses I have proposed two novel
solutions to that issue, both of them being applicable and very useful in a large number
of possible use cases.

The �rst solution is based on the use of multiple sink nodes; I proposed di�erent strate-
gies to �nd the optimal sink positions in a time-driven scenario. There are several possible
applications that can build on these results. Using multiple sink nodes is especially use-
ful in cases where the monitored area is large. We can thus mention here applications
such as environmental monitoring (monitoring the spread of an oil slick on the sea, a
radioactive cloud or a forest �re) or wildlife habitat monitoring. It is usually not realistic
to assume a densely deployed sensor network over such large areas; moreover relaying
reports over hundreds of highly error-prone wireless links in order to reach a remote sink
several kilometers away from some of the sensors is not the best of ideas either. Also,
some applications might require fast alert and reaction times, which cannot be ensured
by using a single sink for the monitoring of large areas. Thus, employing multiple sink
nodes is often a necessity. Nevertheless, it is very important where to deploy those sinks,
so as to ensure the longest possible network operation. The deployment strategies that I
proposed here might provide a valuable help in that matter.

On the other hand, in Thesis 4.2 I presented strategies to adaptively move the sink
node in an event-driven scenario. There are also many applications that can make use of
these solutions. The event-driven operation is speci�c to applications where a continuous
data �ow from sensors to the sink is not necessary; the sink is only interested in measure-
ment results that provide information about something "unusual". Intrusion detection is
a typical application that falls into this category. In the dissertation I explicitly addressed
this case, and I even gave a method for a (multiple step) forecast on the intruder's tra-
jectory, using a correlated random walk model. If the sink node has an e�cient tool to
predict the future evolution of the events, it can proactively move to locations that will
be optimal when those future events occur.

Building mobile sinks introduces of course extra costs and complexity in the deploy-
ment of WSNs. However, an easy and cheap way to produce a mobile sink is to create a
network where the sink determines its new location e.g., on a daily basis, and a contracted
worker puts the sink to the computed location. Some WSNs operate in areas that are
not accessible for humans, but in which machines can move arbitrarily (e.g., chemically
polluted areas). In these cases the sink has to be mounted on an unmanned vehicle (e.g.,
robot car, robot airplane). Building such sinks is of course a lot more expensive and com-
plex; however, it is not unfeasible, since this kind of robots do exist, they only have to be
integrated into WSNs. The constant improvement in the �eld of robotics will also make
the usage of robots a lot cheaper. There are also network scenarios where the monitored
area is hardly accessible for robots too, making it impossible for them to move arbitrarily.
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In this case a robot airplane �ying over the area may be the alternative solution. In spe-
cial applications like military ones, special conditions can be given on the movement of
the sink (e.g., do not move closer to the target than 10 meters, because of safety reasons);
these will have to be taken into account during the control of the sink.

To demonstrate the viability of the sink mobility strategies, we decided to even build
up such a mobile sink at the Department of Telecommunications and Media Informatics.
A small tracked-vehicle was equipped with a MicaZ mote and acted as a sink. The
mote was connected to a magnetic �eld sensor that served as a compass, and helped the
positioning of the sink.

The data was collected from the network by the mobile sink and it was forwarded
to a computer. The wireless sensor network was built from several MicaZ motes with
temperature, light and acoustic sensors. It operated in event-driven mode, i.e. only those
sensors that detected an event have sent data to the sink. As an example, a simple event
can be the temperature going over a given threshold. The sink determined the ID of the
sensor that detected the event, and it moved close to that sensor.

The operation of the mobile sink was presented in several successful demos (Mobil-
Show 2006, MobilShow 2007, IST Mobile Summit). There were also two television shows
presenting the application (RTL Klub Infomania, M2 Infogeneráció). Nevertheless, up
until now the mobility of the sink node was quite limited, as there was no complex algo-
rithm running on the sink to determine the optimal position; the sink just moved next
to the alerting sensor over a hard-coded path. The future goal is to implement the sink
mobility algorithms proposed in my theses. Right now a second version of the mobile sink
is being developed that is equipped with a Lippert Motemaster. This mote has strong
computational and storage capabilities, being thus able to run complex algorithms.
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