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Abstract

Recent advances in wireless communication technologies have led to an in-
creasing interest in ad hoc networks constructed of only wireless terminals that
play the role of a router. Especially, as an application of ad hoc networks, there
has been a great deal of interest in wireless sensor networks. In a wireless sensor
network, wireless nodes that equip several sensor devices (sensor nodes) construct
an ad hoc network. The data acquired by each sensor node are transferred to
the sink node that gathers and manages the sensor data using multi-hop wireless
communications. Furthermore, with the development of robotics technologies in
recent years, there have been many studies on sensors with a moving facility
(mobile sensors). By introducing mobile sensors to a wireless sensor network, a
large region can be monitored with a small number of sensor nodes. Until now,
there have been several studies on data transfer in wireless sensor networks which
fully or partially include mobile sensors (mobile sensor networks). These studies
exploit the moving facility of mobile sensors for transferring sensor data to the
sink node. However, in these studies, each mobile sensor has to move to the
sink node every time it performs a sensing operation. Thus, the performances of
sensing and data transfer become low due to the increase in the moving distance,

especially in a large region.

In this thesis, we propose mobile sensor control methods in order to improve
the performances of sensing and data transfer in sparse networks. Our methods
uses two types of sensor nodes, fized node and mobile node. First, to achieve
efficient sensing, data acquired by nodes are accumulated on a nearby fixed node
before being transferred to the sink node. By doing so, unlike conventional stud-
ies, mobile nodes do not need to move to the sink node every time they perform
sensing operations. This decreases the moving distance of each mobile node for
performing sensing operations, and enables each node to perform sensing opera-
tions more frequently than conventional methods. In addition, after accumulating
data, each fixed node requests mobile nodes to construct a multi-hop communi-
cation route and transfers the accumulated data to the sink node. By doing so,

efficient data transfer can be achieved even in a sparse environment.
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This thesis consists of five chapters. First, we describe the research back-
ground of mobile sensor networks and discuss the problems of related work in
Chapter 1. We also present the fundamental design of our methods for achieving
efficient sensing and data transfer in a sparse environment in this chapter.

In Chapter 2, we propose a mobile sensor control method to transfer data
efficiently in sparse networks. As described earlier, this method uses two types of
sensor nodes. Moreover, in order to make it easy for fixed nodes to collect mobile
nodes for transferring data, this method defines the moving strategy of mobile
nodes. Specifically, each mobile node in this method travels around the nearby
fixed nodes before moving to its seﬁsing point. By doing so, fixed nodes can have
many opportunities to connect with mobile nodes, and thus, can easily collect
mobile nodes for transferring data. We also conduct simulation experiments to
verify that our method can achieve efficient sensing and data transfer compared
with conventional methods.

In Chapter 3, we extend the method proposed in Chapter 2 to further improve
the performance focusing on the locations of fixed nodes. First, we analyze the
effects of locations of fixed nodes on the performance of the method proposed in
Chapter 2. Based on the result of the analysis, this extended method strategically
determines the location of each fixed node. We also conduct simulation exper-
iments to verify that this method further improves the performances of sensing
and data transfer.

In Chapter 4, we propose another method which is an extension of the method
proposed in Chapter 2 focusing on operations of mobile nodes. This method
divides the target region into multiple areas, and statically deploys mobile nodes
to each divided area. In addition, this method adjusts the number of mobile
nodes deployed in each area based on the analysis of the performance. We also
conduct simulation experiments to verify that this method further improves the
performances of sensing and data transfer. Moreover, we discuss the integration
of methods proposed in Chapters 3 and 4 to further improve the performance.
Furthermore, we discuss the cost for deploying nodes based on the performance
evaluation of the integrated method.

Finally, Chapter 5 summarizes this thesis and discusses our future work.
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Chapter 1

Introduction

1.1 Background

Recent advances in wireless communication technologies have led to an increasing
interest in ad hoc networks constructed of only wireless terminals that play the
role of a router. In an ad hoc network, an arbitrary pair of wireless terminals com-
municate with each other without any infrastructure (e.g. access point in wireless
LAN). Even when a pair of terminals cannot communicate directly, the commu-
nication can be conducted using a multi-hop communication route constructed
of intermediate terminals. Since an ad hoc network allows devices with wireless
interfaces to communicate with each other without any pre-installed infrastruc-
ture, many applications including disaster recovery and wide area surveillance are
expected to be realized [19,32,44,47]. Until now, there have been many studies
on ad hoc networks such as media access controlling [10,37], routing [9,72,73,96],
and data management [62, 68].

As an application of ad hoc networks, wireless sensor networks attract a lot
of attention in recent years. In wireless sensor networks, a large-scale sensing
system is constructed by cooperative behaviors of multiple sensor nodes. Thus,
sensor networks are expected to be applied to many applications such as envi-
ronmental monitoring [13, 22, 29, 46], investigation of ecological system [25, 27],
object tracking [40,93,94], and building management [24,28]. In wireless sensor
networks, each sensor node senses physical phenomena in its sensing range. The

sensor data are transferred to the sink node that gathers and manages data via
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multi-hop communication route. Generally, sensor nodes are equipped with poor
resources such as battery, memory space, and communication range. Considering
these limitations, there have been many studies on wireless sensor networks such

as power saving [33,34], data compression [48,60], and routing [52,53].

Here, there are some environments where it is difficult to deploy a large num-
ber of sensor nodes such as disaster sites [45], planetary exploration [2,3,8,11,
20,39], pollute areas [50, 86], and underwater [1,16, 51,55,57,61]. For example,
in a planetary or underwater exploration, it is necessary to deploy sensor nodes
with high durability in order to operate the system in hazardous environments
with several effects such as radiation and water pressure. This may lead the
significant increase of the cost for developing and deploying sensor nodes. Thus,
a large number of nodes cannot be deployed. Moreover, in a polluted plant, the
target region for monitoring is too large to deploy an enough number of nodes
to form a stable and fully connected multi-hop network. Although some studies
assume applications where a large number of nodes are deployed from the air
(e.g. from airplanes or helicopters) [14,15], such a deployment becomes impossi-
ble in a building or under the heap of ruins. Furthermore, long range radio waves
cannot improve the connectivity in these environments, since it is affected by the
ambient surrounding such as obstacles and landscape. In such environments, due
to the limited communication range of each sensor node, it becomes difficult to
transfer data to the sink node. Moreover, since the sensing range of each sensor

node is limited, it becomes difficult to monitor the whole region.

To solve this problem, there have been many studies on sensor nodes with
a moving facility (mobile sensors) [4,17,18,21,23, 36,38, 64,87]. By introducing
mobile sensors to a wireless sensor network, it is expected that a large region
can be monitored with a small number of sensor nodes. For example in Figure
1.1, each mobile sensor can monitor an arbitrary area by moving to the area
of interest. In addition, data transfer to the sink node can be achieved by the
movement of mobile sensors. When multiple mobile sensors cooperate with each
other, a multi-hop communication route to the sink node can be constructed. Due
to these characteristics, mobile sensors are well suited for a ‘sparse’ environment,
where the number of mobile sensors is small compared with the size of the region.

In this thesis, we call sensor networks which fully or partially include mobile
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Figure 1.1: Mobile sensor networks.

sensors as mobile sensor networks.

1.2 Research Issues on Mobile Sensor Networks

As described in Section 1.1, mobile sensor networks are expected to be applied
to a wide variety of applications. Among them, one of the typical applications is
monitoring a target region. In this kind of application, the system has to acquire
data from the whole region. For example, in an investigation of ocean floor, in
order to obtain the map of landscape or temperature, or to detect a sunken ship
or mineral vein, the whole region has to be monitored.

In a sparse environment, the number of nodes becomes too small to acquire
data in the whole region at once. In order to acquire a sufficient amount of data
from the whole region, it is important to design the cooperative behavior (i.e., to
control the movement) of multiple mobile sensors. For example, it is redundant
that multiple mobile sensors simultaneously acquire data at the same location
(sensing point). To avoid such a redundant monitoring, it is necessary to share
information of sensing points among mobile sensors. In addition, in order for a
mobile sensor to acquire more data in a short time, reducing the moving distance

between sensing points is expected to be effective.
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Moreover, in a sparse environment, the connectivity between mobile sensors
becomes extremely low due to the limitation of the communication range of nodes.
Thus, it is also necessary to control the movement of mobile sensors to transfer
the acquired data to the sink node. As a naive approach, we can assume that
each mobile sensor directly moves to the sink node every time it acquires data.
In this approach, the moving distances of mobile sensors become very large. This
results in the deterioration in the efficiency of sensing. We can assume another
naive approach which constructs a multi-hop communication route to the sink
node. By constructing a communication route, the moving distances of mobile
sensors can be suppressed. However, since mobile sensors have less opportunities
to connect with other mobile sensors, it is quite difficult to collect an enough
number of multiple mobile sensors for constructing a communication route.

Furthermore, in the case where mobile sensors monitor in an unexplored re-
gion, it is impossible to determine the movement of mobile sensors in advance.
Thus, the movement of each mobile sensor has to be determined by its au-
tonomous behaviors.

In this thesis, we focus on achieving efficient sensing and data transfer in

sparse sensor networks by control the mobility of mobile sensors.

1.3 Assumptions

Before presenting the details of our study, we make clear the assumed environment
in this thesis.

First, as described earlier, we assume an application which monitors a vast
and hazardous square region with a small number of nodes. To acquire data from
the whole region with a small number of nodes, mobile sensors are introduced into
the network. Following the conventional works [42,54,56,88], we assume that each
mobile sensor can move freely and autonomously. Each mobile sensor acquires
data whose sizes are relatively large such as pictures or movies. Moreover, we
assume that the cost of preparing storage media is very large. This is because,
it is well known that high-density storage media tend to be easily broken due
to several effects such as radiation in hazardous environments [7]. Thus, it is

difficult to prepare large storage media for all mobile sensors.
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Each mobile sensor knows its present location by using GPS or other location
detection methods [6,31]. The sensor data acquired by mobile sensors are trans-
fered to the sink node located at a corner of the area similar to the assumption
in many conventional works such as target detecting, tracking and environment
monitoring {40,57,90]. Each mobile sensor has a unique identifier in the network.
In addition, we assume that all mobile sensors have the same sensor and radio de-
vices. Thus, the sensing and wireless communication ranges are same among all
mobile sensors. Following the conventional works [12,35,49,67,70,71,76,90,91],

for simplicity, we assume that there are no obstacles in the region.

1.4 Related Work

Until now, many studies on mobile sensor networks have been conducted.

In [30, 56, 65, 89], assuming relatively dense environments, the authors pro-
posed algorithms to control mobile sensors in order to acquire data in the whole
target region. These studies adjust the locations of mobile sensors in order to
improve the coverage of the entire region while keeping the connectivity of the
network. These studies cannot be applied to sparse environments.

Some studies [58,69] introduce mobile sensors to help operations of tiny sensor
nodes without mobility. In these studies, mobile sensors transport energy between
sensor nodes. Specifically, each mobile sensor receives (collects) energy from
sensor nodes with high residual energies. Then, a mobile sensor moves to an area
where there are many sensor nodes with low residual energies, and sends (gives)
energy to these nodes. In there studies, the mobility of mobile sensors is used for
transporting energy, not for sensing and data transfer.

There also have been many studies on controlling the mobility of mobile sen-
sors for sensing and data transfer. These studies can be categorized into the

following three types.

1.4.1 Data Transfer Using Nearby Nodes

In [41,92], Wang et al. proposed a simple and efficient data transfer method
named DFT-MSN(Delay/Fault Tolerant Mobile Sensor Network). In DFT-MSN,
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mobile sensors are classified into two types of nodes, mobile sensor nodes and
high-end sink nodes. The high-end sink nodes are deployed at strategic locations
where mobile sensor nodes visit with high probability. In addition, they can
directly connect to the sink node all the time by changing their transmission
power if necessary. Each mobile sensor node acquires data and sends it to a
nearby high-end sink node by flooding with a probability in order to prevent
duplication of transmitted data. After that, the high-end sink node transmits
the received data to the sink node. This method assumes that each high-end sink
node has to connect to the sink node all the time. As described in Section 1.1,
this assumption cannot be applied to the environment assumed in this thesis.
In [71], Son et al. proposed a data transfer method assuming random and
uncontrolled mobility of mobile sensors. In this method, each mobile sensor
periodically sends information on its location to nearby sensors. Using this infor-
mation, each mobile sensor predicts the locations of other sensors in the future
and determines a mobile sensor to send the data. In [43], Liu and Wu proposed a
data transfer method assuming predetermined mobility of mobile sensors. In this
method, each mobile sensor determines a mobile sensor to which it forwards its
holding data based on the moving paths of nearby mobile sensors. In [95], Yuan
et al. proposed an area-based data transfer method. In this method, mobile sen-
sors exchange their past moving paths with each other. Using this information,
each mobile sensor predicts the area to which each nearby sensor will move in
the future. When a mobile sensor wants to send data to an area, it forwards the
data to a nearby sensor that is expected to move to the area. However, these
methods do not work in a sparse network due to the low connectivity between

mobile sensors.

1.4.2 Data Transfer Using Communication Routes

In [66,67], Shinjo et al. proposed a data gathering method considering a sparse
network. This method utilizes a broadcasting system to control the movement of
mobile sensors. Specifically, the information on the locations of mobile sensors
connected with the sink node by single or multi-hop communication routes is

broadcasted to all mobile sensors. By using this broadcasted information, each
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mobile sensor can adjust the moving destination in order to decrease the moving
distance to connect with the sink node or a mobile sensor which has already
connected with the sink node. However, since this method needs a broadcasting
system, it is difficult to be applied to the environments assumed in this thesis. For
example, in a building or underwater, it is generally difficult for mobile sensors

to surely receive broadcasted information.

In [59], Rao and Kesidis proposed an algorithm which governs the behaviors of
mobile sensors in order to minimize the total energy consumption for moving and
communication. In this algorithm, all mobile sensors have an associated clock
cycling and each mobile sensor determines with a probability whether it acquires
data or transmits data acquired by another mobile sensor in every cycle. In the
latter case, the mobile sensor moves to construct a communication route between
the sink node and a mobile sensor that determines to transmit data. By doing
so, this algorithm can construct a communication route to the sink node and
transfer the acquired data by autonomous behaviors of mobile sensors. However,
this algorithm does not work well in a sparse network because it becomes difficult
to construct a communication route due to the low connectivity between mobile

sSensors.

In [5], Arboleda and Nasser proposed a clustering algorithm which divides
the region into several zones and clusters mobile sensors based on the divided
zones. In this method, each mobile sensor periodically sends information on the
frequency that it traverses the borders between zones. The mobile sensor with
the smallest frequency among all sensors in a zone is elected as the cluster head.
The cluster head in each cluster acts as a router in the network and transmits the
data acquired in the corresponding cluster to the cluster head in an adjacent zone
to which the multi-hop communication route is most stable. This algorithm has
to periodically exchange information in order to elect cluster heads. In addition,
data are transferred to the sink node via multi-hop communication routes between

cluster heads. Thus, this algorithm does not work well in a sparse environment.
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1.4.3 Data Transfer by Moving to the Sink Node

In [12,26,74,75,76,77,87,90], other data transfer methods in mobile sensor net-
works were proposed. In these methods, data transfer is conducted basically by
the movement of mobile sensors to the sink node. Unlike the above two types of
data transfer methods, these methods can be applied to the environment assumed

in this thesis.

RAMOS

In [74,77], Suzuki et al. proposed RAMOS (Routing Assisted by Moving Objects).
In RAMOS, data are categorized into two levels according to the emergency:
high emergency level and low emergency level. Moreover, RAMOS defines the
following six modes for each mobile sensor. Each mobile sensor autonomously
controls its behavior by changing its mode according to the existence of data and

the emergency level of the data.

e Absolutely Static (AS) mode

A mobile sensor in AS mode performs a sensing operation without mov-
ing. After that, it transmits the data to the connected mobile sensor which
is the nearest to the sink node. Otherwise, it waits for another mobile

sensor to connect.

e Semi Static (SS) mode

A mobile sensor in $S mode performs a sensing operation without mov-
ing. When a mobile sensor holds data and connects to mobile sensors except
that in AS, it transmits the data to one of them. Otherwise, it moves di-
rectly to the sink node when the emergency level of its acquired data is high.
Moreover, it transfers data to the connected mobile sensor while moving to
the sink node. After transfered the data, a mobile sensor returns to its
original position. On the other hand, if the emergency of its acquired data
is low, the mobile sensor waits for another mobile sensor to connect. Then
if no mobile sensor connects for a certain period, the mobile sensor changes

its mode into LS mode.
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Table 1.1: Conditions for changing mode in RAMOS

Changing of mode | Condition
AS (no change)

S5—LS No neighboring mobile sensor exists and

emergency level of the data is low.

L5—S5S Cannot connect to any mobile sensor for a certain period.
DN (no change)

SM—RP Receives data from a node in AS or SS mode.
RP (no change)

e Limited Search (LS) mode

A mobile sensor in LS mode moves in a limited area in order to find
another mobile sensor to which it can transfer its holding data. If it cannot
connect to any other mobile sensor for a certain period, it returns to its

original position and changes its mode into S5 mode.

e Dynamic Node (DN) mode

A mobile sensor in DN mode moves around the area and transfers the
data. When a sensor holds data and it connects to mobile sensors in SM
or RP mode, it transmits the data to one of them. Otherwise, it directly
moves to the sink node to transfer data when the emergency level of the
data is high. On the other hand, if the emergency level of the data is low,
it moves to the sink node after waiting for other mobile sensors in SM or
RP mode to connect. When the mobile sensor connects to a mobile sensor
in SM or RP mode while moving to the sink node, it transmits the data to

the connected mobile sensor and returns to its original position.

e Spontaneously Moving (SM) mode

A mobile sensor in SM mode moves around the area to find other mobile
sensors that hold data. When a mobile sensor holds data and connects to

mobile sensors in SM mode, it transmits the data to one of them. When
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it connects to a mobile sensor in RP mode, it transmits only data with
the high emergency level. On the other hand, when it connects to mobile
sensors in AS or SS mode, it receives data from them and changes its mode
into RP mode.

¢ Round Patrol (RP) mode

A mobile sensor in RP mode moves around mobile sensors in AS and SS
modes. When it receives data from them, it moves to the sink node. When
the mobile sensor connects to a mobile sensor in SM mode while moving
to the sink node, it transmits the data to the connected mobile sensor and

returns to its original route.

Here, mobile sensors in SS, SM and RP modes move directly to the sink node
until they connect to another mobile sensor. Table 1.1 shows the conditions for
changing mode in RAMOS.

In RAMOS, each mobile sensor transfers data to the sink node by changing
its mode autonomously. However, since each mobile sensor has to move to the
sink node to transfer data until it connects to another mobile sensor, the moving
cost much increases. Moreover, in a sparse environment, since each mobile sensor
has few opportunities to connect to other sensors, the performances of sensing

and data transfer become low.

UM

In [90], Wang and Ramanathan proposed a sensing method using uncoordinated
mobile sensors (UM nodes). In this method, each UM node acquires data until the
amount of the acquired data reaches the memory capacity. Moreover, each UM
node exchanges information on the acquired data with a connected UM node and
deletes the data which were acquired by the connected node at the same location
and time. By doing so, duplicated sensing (sensing a location by multiple mobile
sensors) can be suppressed and more data can be accumulated in the memory
space of a UM node.

In addition, this method proposes two mobility models of UM nodes, the

multi-homed random way point model and the controlled mobile nodes model.
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Figure 1.2: Controlled mobile nodes model.

In the multi-homed random way point model, each UM node randomly chooses
the destination and moves there. After reached the destination, it stochastically
determines whether it returns to the sink node or it moves to a new destination.
In the latter case, since each UM node selects the destination randomly from the
whole region, the moving distance to the destination tends to increase. Thus, the

efficiency of sensing decreases especially in a wide region.

On the other hand, in the controlled mobile nodes model, the moving path of
each UM node is determined in advance and each node does the sensing operation
while moving its path as shown in Figure 1.2. Furthermore, by setting moving
paths of UM nodes to reduce unnecessary movement, the efficiency of sensing
can be further improved. However, it is necessary to calculate the moving paths
of all UM nodes in advance. Thus, the computational cost becomes very large.
Moreover, this model cannot handle dynamic changes of conditions such as the
existence of obstacles. Thus, moving paths cannot be determined in an unknown

or highly dynamic region (e.g. planetary or underwater).



12 CHAPTER 1. INTRODUCTION

1.5 Organization of Thesis

In this thesis, we propose mobile sensor control methods to achieve efficient sens-

ing and data transfer in sparse environments.

1.5.1 Fundamental Design

Before we move to the details of the mobile sensor control methods, here we
introduce the fundamental design of our proposed methods.

First, as described in Section 1.2, reducing moving distances of mobile sensors
is effective to achieve efficient sensing. In sparse environment, each mobile sensor
does not know the locations of other sensor nodes, since the connectivity of each
mobile nodes is very low. Therefore, each mobile node has to move to the sink
nodes to transfer data. To reduce the moving distance, we focus on the approach
in [41,92]. As described in Section 1.4.1, mobile sensors in this approach transfer
their acquired data to a nearby high-end sink node that does not move. By
doing so, mobile sensors can finish the data transfer faster than the approaches
in [74,77,90] where mobile sensors directly move to the sink node, and can quickly
return to the sensing operations. However, the approach in [41,92] cannot be
applied to the environment assumed in this thesis because the direct connections
between high-end sink nodes and the sink node are needed.

To solve this problem, we focus on the approach in [59]. As described in Sec-
tion 1.4.2, this approach constructs a multi-hop communication route to transfer
data acquired by a mobile sensor far from the sink node. Thus, when a (multi-
hop) communication route from a high-end sink node to the sink node can be
constructed, it is expected that efficient data transfer can be achieved.

Based on this idea, our proposed methods introduce fized nodes which do not
move like high-end sink nodes in [41,92]. As shown in Figure 1.3, a fixed node
has two roles in addition to sensing, 1) temporarily accumulating data acquired
by nodes, and 2) constructing a communication route between fixed nodes for
transferring the accumulated data toward the sink node. In order to achieve the
above roles, a fixed node has to be equipped with high-performing resources (e.g.
larger memory capacity). This causes the increase of the cost of preparing fixed

nodes. Thus, we assume that a small number of fixed nodes are introduced. Note
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Figure 1.3: System model of our proposed methods.

that the cost of preparing and deploying fixed nodes is discussed in Chapter 4.
Here, to distinguish from fixed nodes, we call other mobile sensors mobile nodes.
As in the methods proposed in [41,92], locations of all fixed nodes are known
by all nodes. By using fixed nodes, each mobile node can transfer its acquired
data to a nearby fixed node, and thus, can quickly return to the next sensing
operation. This is expected to result in efficient sensing.

In addition, to achieve efficient data transfer to the sink node even in a sparse
environment, our proposed methods construct communication routes between
fixed nodes using mobile nodes. To reduce the difficulty to collect mobile nodes
for transferring data, our proposed methods allow fixed nodes to construct a
communication route not only to the sink node but also to another nearby fixed
node. By doing so, the required number of mobile nodes for constructing a
communication route becomes smaller.

Here, nodes in AS mode in RAMOS (described in Section 1.4.3) are simi-
lar to fixed nodes in our proposed methods. These do not move, and control
other mobile sensors to transfer data toward the sink node. Unlike these nodes,
however, fixed nodes in our methods have additional roles described above, that
is, 1) temporarily accumulating data acquired by nodes, and 2) constructing a

communication route between fixed nodes for transferring the accumulated data
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toward the sink node. By these characteristics, our methods achieve more efficient

sensing and data transfer compared with RAMOS.

1.5.2 Mobile Sensor Control Method

Based on the discussion in Section 1.5.1, we propose a fundamental mobile sensor
control method, named DATFM (Data Acquisition and Transmission with Fixed
and Mobile node) in Chapter 2. As described in Section 1.5.1, DATFM intro-
duces fixed nodes. The data acquired by nodes are accumulated on a fixed node
before being transferred to the sink node. In addition, the accumulated data are
transferred to the sink node by constructing communication routes between fixed
nodes.

Moreover, in order to make it easier for fixed nodes to construct communica-
tion routes, DATFM defines the moving strategy of mobile nodes. This strategy
enables fixed nodes to connect with mobile nodes frequently, and to collect mobile
nodes that are required to construct communication routes.

Furthermore, DATFM defines another data transfer strategy using the coop-
erative movement and communication of mobile nodes in order to transfer data
even when a communication route cannot be constructed.

We also conduct simulation experiments to verify that our method can achieve
efficient sensing and data transfer compared with the conventional methods de-
scribed in Section 1.4.3.

Chapter 2 is based on our works published in [78, 80, 82].

1.5.3 Extended Methods of DATFM

In DATFM, fixed nodes can be deployed to arbitrary locations. Here, when
there are some points which should be carefully monitored (e.g. coral reefs in
underwater explorations or sources of toxic gas in the observation of a disaster
site), it is effective to deploy fixed nodes to such important points. By doing so,
these important points can be continuously monitored by the fixed nodes. On
the other hand, when there are no important points (e.g. monitoring a dessert

or detection of a mineral vein), fixed nodes can be freely deployed in the region.
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In such environments, further improvement of efficiencies of sensing and data
transfer is expected by strategically determining locations of fixed nodes.

Therefore, in Chapter 3, which is based on our works published in [81,83,85],
we propose an extended method, named DATFM/DF (DATFM with deliberate
Deployment of Fixed nodes), to further improve the performance of DATFM
focusing on the locations of fixed nodes. First, we analyze the effects of locations
of fixed nodes on the performance of DATFM. Based on the result of the analysis,
DATFM/DF strategically determines the location of each fixed node. We also
conduct simulation experiments to verify that DATFM/DF further improves the
performances of sensing and data transfer.

On the other hand, in DATFM, mobile nodes move around the whole region
in order to acquire data in the whole region. By doing so, the whole region can be
monitored even when some mobile nodes become unavailable due to the battery
exhaustion or physical damages. However, in some environments where mobile
nodes with much higher durability are deployed, mobile nodes do not need to
move around the whole region, i.e., the movement of mobile nodes in DATFM
becomes redundant. Therefore, it is expected that we can further improve effi-
ciency of sensing by decreasing moving distances of mobile nodes.

Therefore, in Chapter 4, which is based on our works published in [79,84], we
propose another extended method, named DATFM /DA (DATFEFM with Deploy-
ment Adjusting), focusing on sensing operations of mobile nodes. First, we divide
the target region into multiple areas and statically deploys mobile nodes to each
divided area. Each mobile node basically moves within the divided area where
it is deployed. Next, we analyze the effects of number of mobile nodes in each
divided area on the performance. Based on the analysis result, DATFM /DA ad-
justs the number of mobile nodes deployed in each divided area. We also conduct
simulation experiments to verify that this method further improves the perfor-
mances of sensing and data transfer. Moreover, we also discuss the integration
of DATFM/DF and DATFM/DA.






Chapter 2

Mobile Sensor Control Method

for Sparse Sensor Networks

2.1 Introduction

As described in Chapter 1, conventional data transfer methods in mobile sensor
networks [12,74,75,76,77,87,90] cannot achieve efficient sensing and data transfer
in a sparse environment because data transfer in these methods are performed
mainly by the movement of mobile sensors.

In this chapter, in order to solve this problem, we propose DATFM (Data
Acquisition and Transmission with Fixed and Mobile node), which is the funda-
mental method proposed in this thesis. DATFM uses two types of sensor nodes,
fixed node and mobile node. The data acquired by nodes are once accumulated
on a fixed node, and then, transferred to the sink node by using a communication
route constructed by cooperative behaviors of multiple mobile nodes. Moreover,
in order to make it easier for fixed nodes to construct communication routes,
DATFM defines the moving strategy of mobile nodes. This strategy enables
fixed nodes to connect with mobile nodes frequently, and to collect an enough
number of mobile nodes to construct a communication route.

The remainder of this chapter is organized as follows. In Section 2.2, we
present the definitions of nodes, fixed nodes and mobile nodes, introduced in our
proposed method. In Section 2.3, we explain the details of DATFM. The results

of simulation experiments are presented in Section 2.4. Finally, we conclude this
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chapter in Section 2.5.

2.2 Definitions of Nodes

Before we move to the details of DATFM, here we present the detailed functions

of fixed and mobile nodes.

2.2.1 Fixed node

In order to reduce the moving distance of mobile sensors, we introduce fixed
nodes which do not move in DATFM. a fixed has larger memory space compared
with a mobile node and accumulates data acquired by itself and other nodes. In
addition, it controls nearby mobile nodes to construct a communication route
when transmitting the accumulated data toward the sink node. Here, the sink
node is classified as a fixed node in DATFM. The locations of all fixed nodes are
known by all nodes.

DATFM divides the region into several areas based on a Voronoi diagram
in which fixed nodes are the site points. Here, the Voronoi diagram of a set
of points partitions the region into convex polygons that consist of the vertical
bisectors of the points. Every point in a polygon is closer to the site point in
the corresponding polygon than to any other site points. In DATFM, each fixed
node has charge of the corresponding area. In other words, each fixed node
has a role for collecting data acquired in the area it exists. We call the area
for each fixed node as its territory. Figure 2.1 shows an example of Voronoi
diagram and divided territories. In each territory, mobile nodes connect to the
corresponding fixed node before performing sensing operations (The details are
described in Section 2.3.1). Every time a fixed node connects with a mobile node,
it determines the sensing point of the mobile node, and sends the information of
the sensing point. In this thesis, we assume that a fixed node controls the sensing
point of each mobile node in order for the entire of its territory to be monitored
uniformly.

Each fixed node holds information on nearby mobile nodes that directly con-

nected to it (entered wireless communication range) for a certain period; the
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Figure 2.1: Dividing the region.

Table 2.1: Information of mobile nodes held by a fixed node.
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information for each mobile node includes the identifier of the node, the time

when the node connected to it, the fixed node that the node goes to next, and

the next destination (sensing point or location of the next fixed node to go) of

the node. Table 2.1 shows an example of the information held by a fixed node.

Each fixed node sets the validity period for each record in the information (each

row in Table 2.1), and removes it when the validity period expires. Here, the
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validity period for mobile node i is calculated by the following formula:

VP = ———szig“ (2.1)
In the above formula, Sregion and vm, respectively denote the size of the whole
region and the velocity of mobile nodes in the sensing mode (described later).
V P, represents the time elapsed since a mobile node departs from the sink node
(i.e. a corner of the region) until it reaches the farthest corner of the region.
By using this value, it is guaranteed that a mobile node which departs from a
fixed node connects to another fixed node within the validity period. By using
the information, each fixed node predicts where each mobile node exists. This is
because the moving path of a mobile node is determined by the moving strategy
in DATFM (The detail will be described in Section 2.3.1). Thus, each fixed node
can calculate the current location of a mobile node using its holding information

on the corresponding mobile node.

2.2.2 Mobile node

A mobile node moves around the region. In addition, it has the following three

modes:

Sensing mode (SM): A node selects a territory to perform sensing and moves
there. After performing the sensing operation in the territory, it determines

new territory to move.

Collecting mode (CM): When a node in SM receives a route request packet
(RReq) from a fixed node, it changes its mode into collecting mode (CM).
In CM, a node moves faster than that in SM in order to collect other mobile

nodes to construct a communication route.

Transmission mode (TM): When a node in SM receives a route construction
request packet (RCReq) from a fixed node or a mobile node in CM, it changes
its mode into transmission mode (TM). In TM, a node constructs a route

and transfers the data.

Figure 2.2 shows the mode transition of a mobile node.
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Figure 2.2: Mode transition of a mobile node.

2.3 DATFM

In this section, we explain the details of DATFM.

DATFM defines the moving strategy of mobile nodes in order to make it
easier for fixed nodes to construct communication routes to transfer data. Fur-
thermore, DATFM defines a data transfer strategy using the cooperative move-
ment and communication of mobile nodes in order to transfer data even when a

communication route cannot be constructed.

2.3.1 Moving Strategy of Mobile Nodes

A mobile node basically sets its mode as SM. It selects a territory to perform
sensing according to the probability which is proportional to the size of each
territory, which can be derived using the locations of fixed nodes. By doing so,
DATFM aims to monitor the whole region. After that, it moves to the territory
by the following steps:

1. The mobile node moves to connect to the nearest fixed node (i.e. the fixed

node in the current territory) and transmits its acquired data.

2. It calculates the distances between the fixed node in the selected territory
and all those in the territories adjacent to the territory that the mobile
nodes currently exists, and moves to the fixed node that is the nearest to the

fixed node in the selected territory. Figure 2.3 shows an example in which
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Figure 2.3: Moving path of a mobile node.

mobile node a chooses the next fixed node to move. After transmitting
its acquired data to fixed node B, mobile node a calculates the distances
between fixed node F that has charge of the selected territory and fixed
nodes A, C, and D, which are adjacent to the current territory. After
that, it chooses fixed node E that is the nearest to fixed node F' and moves
there. This procedures is repeated until the mobile node connects to the

fixed node in the selected territory.

3. It receives the information of the sensing point from the connected fixed

node. Then it moves there and performs the sensing operation.

This moving strategy enables each fixed node to have many opportunities to
connect with mobile nodes. Moreover, each fixed node can predict the locations
of the recently connected mobile nodes by using the information shown in Table
2.1. Therefore, this strategy makes it easy for fixed nodes to collect mobile nodes

in the data transmission process.
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Figure 2.4: Selection of the next fixed node.

2.3.2 Data Transmission

A fixed node starts to transmit the accumulated data when the amount of the
accumulated data in its memory exceeds the predetermined threshold, Th. In
what follows, we explain the procedures for transferring the accumulated data to

the sink node.

Selection of the next fixed node

The fixed node that starts data transmission process (the source node) selects a
next fixed node to transmit the data (the destination node) by using the Delaunay
triangulation. The Delaunay triangulation can be performed by connecting the
site points in the Voronoi diagram whose polygons share a common edge.

The source node creates Delaunay triangles which include itself, and selects
another fixed node that is a vertex of a Delaunay triangle and is the nearest to
the sink node. This node is set as the destination node. When the sink node
is a vertex of the created Delaunay triangles, the source node selects the sink
node as the destination. Figure 2.4 shows an example of selecting the destination
node. Fixed node A selects the destination node from fixed nodes B, C' and D.
In this figure, since fixed node C is the nearest to the sink node, it becomes the
destination node. On the other hand, when fixed node D starts data transmission
process, it selects the sink node as the destination node since the sink node is a

vertex of the created Delaunay triangles.
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Request for collecting mobile nodes

The source node firstly checks whether a communication route to the destination
node exists. If it does, the source node transmits the data to the destination
node via the communication route. Otherwise, the source node sends a RReq
to a mobile node that firstly connects to it. If multiple mobile nodes already
connect to the source node, the source node randomly selects one of them and
sends a RReq to it. The mobile node that receives the RRegq changes its mode into
CM. Here, a RReq includes the identifiers of the source and destination nodes,
the required number of mobile nodes, Nyeq, and the time limit, Tjip, for collecting
mobile nodes. Ny is the number of mobile nodes which is required to construct
the communication route, and is calculated by the following formula:

|Lisre — Ligst|

TJ (2.2)

L. and Ly are the locations of the source and destination nodes. R.on is the

Neeq = |

wireless communication range. T}, is the time that terminates collecting mobile
nodes. The detail of the time limit is described later in this section. Figure 2.5(a)
shows an example of RReq sent from the source node A.

The mobile node in CM travels around the nearby fixed nodes to collect the
other mobile nodes. First, the mobile node in CM moves to the destination node.
When the mobile node connects with a fixed node, it performs the following

procedures:

1. The mobile node calculates the number of mobile nodes which are perform-
ing a sensing operation in the territory of the connected fixed node. This
can be done by checking the ‘next destination’ record in the information
held by the fixed node. Specifically, when the ‘next destination’ is in the
territory of the fixed node, the corresponding mobile node is performing

the sensing operation in the territory.

2. It decreases Nyeq in the RReg by that calculated number of nodes. This is
because the mobile nodes performing a sensing operation in a territory will
connect to the fixed node in the territory after the sensing operation. As
described later, those mobile nodes will receive RCReq from the fixed node,

and move to the source node to help the data transmission.
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3. It sends the updated RReq to the fixed node.

4. Tt chooses the next fixed node to go. Specifically, it checks the ‘next fixed
node’ record in the information held by the fixed node, and chooses one of
the fixed nodes whose territory is adjacent to that of the source node, to
which the largest number of mobile nodes have gone, and which it has not

visited yet.

The mobile node in CM goes back to the source node when at least one of the

following conditions is satisfied:
e The next fixed node to go cannot be found.
® Nieq in the RReq becomes zero.
e The time limit has come.

Figure 2.5(b) shows an example of behaviors of a mobile node in CM connected
to fixed node C. It calculates the number of mobile nodes which are performing
a sensing operation in the territory of fixed node C. In this figure, the mobile
node in CM knows that mobile nodes ¢ and k are performing a sensing operation
since their next fixed node is C. Thus, the mobile node in CM decreases Nyeq
in the RReq by two and sends the updated RReq to fixed node C. After that, it
checks the ‘next fixed node’ record in the information held by fixed node C, and
chooses fixed node D as the next destination to go since the largest number of
nearby mobile nodes (i.e., e and [) have gone.

After returning to the source node, the mobile node in CM changes its mode.
If the required number of mobile nodes have not been collected, the node in CM
changes its mode into TM. Otherwise, if Neq mobile nodes have been collected
and the communication route have been constructed, it changes back to SM and
returns to a sensing operation.

When the mobile node in CM connects to other mobile nodes while moving,
it sends a RCReq to the connected nodes. Here, a RCReq includes the identifiers
of the source and destination nodes. When the mobile node that receives the
RCReq is in SM, it moves to the source node and changes its mode into TM.
After that, the mobile node in CM decreases the Nyq in the RRegq by one. For
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example in Figure 2.5(c), when a mobile node in CM connects with mobile node
f, it sends a RCReq to f and decreases /Vyoq. Here, if the Nq in the mobile node
in CM becomes zero, the mobile node in CM returns to the source node.

On the other hand, when a mobile node in SM connects to the source node
or a fixed node which received the RReq from a mobile node in CM, the source
node or the fixed node sends a RCReq to the connected mobile node. The mobile
node that receives the RCReq moves to the source node and changes its mode
into TM. Here, a fixed node which received the RReq from the mobile node in

CM continues to send RCRegs until the time limit comes.

Data transmission using the collected node

The source node starts data transmission by using train transmission, when it
firstly connects to a mobile node in TM. In train transmission, data are transfered
by cooperative movement and communication among the collected mobile nodes.
Specifically, the collected mobile nodes firstly form a line segment (train). To
do so, the source node calculates the location, (zk, yx), of each collected mobile

node my, by the following formulae:

T = Tsct+ Tl—+ 1 . (wdst - xsrc); (23)
k

= e (st — Yore)- 2.4

Yr Ysre + =7 (Ydst — Yorc) (2.4)

Here, n is the number of collected mobile nodes and each of the collected mobile
nodes is assigned an identifier (my, ma, ..., My). (Tsrc, Ysre) a0d (ZTast, Ydst)
are the locations of the source and destination nodes. Then, the source node
sends information on the calculated locations to the collected mobile nodes. The
collected mobile nodes move to their locations. Figure 2.6 shows an example of
calculating the locations of mobile nodes when two mobile nodes are collected.

After that, the collected nodes repeats the following procedures:

1. The source node transmits a part of the accumulated data so that the
amount of the transmitted data equals to the sum of memory spaces of the

collected nodes.

2. The collected nodes move toward the destination node while keeping same
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Figure 2.6: Construction of a train.

distances between adjacent nodes, and stop when the node at the other end

of the line segment connects to the destination node.

3. The collected nodes transmit all the data to the destination node through
the line segment (communication route), and then, move back toward the

source node.

Figure 2.7 shows an example of train transmission with two mobile nodes.

Moreover, when another mobile node in 7'M connects to the source node after
started the train transmission, the source node adds the connected mobile node to
the train. Specifically, the source node increments the identifiers of mobile nodes
(i.e., mp — my4q) in the current train and assigns identifier m; to the newly
connected node. Then, the source node recalculates the location of each mobile
node and sends information on the recalculated locations to all the collected
mobile nodes. The mobile nodes which received the information move to their
new locations and restart the train transmission. Figure 2.8 shows an example
when another mobile node connects to the source node. In this figure, the newly
connected node is assigned identifier m; and added to the train.

Here, when the number of the collected nodes reaches Nyq, the complete



2.3. DATFM 29

Sending buffer
P3Hlsle 3lalsle] [ Bdstel [ Sl [ 1]

Sowrconedel_ N\ 31 Ao oo

Train l_ O ‘
‘ X Tl W
954 [ gl o 0 o R
Destination node -A' s g A oy el 5 Tt ot el ot
2 ¥ [TTT1T] R []] iR [ [ ] 1234 | |
Recieving buffer > time
Figure 2.7: Train transmission.
(x,y.) = (500,1000)

Source node @(500,1000)

@ (480,900)

3
@ (460,800) X —500+m-(400—500)_44o
=1000+——-(500— £
@ (440.700) Vs e (500-1000) =700

(XgYq) = (400,500) Z& (400,500)

Destination node

Figure 2.8: Reconstruction of a train.

communication route is constructed. In that case, the source node stops the

train transmission and start transmitting the data via the constructed route.
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Moreover, the source node sends a route release packet (RRel) to nodes in TM
which newly connects after constructed the complete communication route. The
mobile nodes that received the RRel change their mode into SM and restart
moving to their next sensing points.

After transmitting all the accumulated data, the source node sends a RRel to
each mobile node in 7M. A RRel includes the information on the next fixed node
to go. Each mobile node that receives the RRel changes its mode into SM and
moves to the destination specified in the RRel. Here, the source node sets the
next fixed node for the half of mobile nodes in TM which are far from itself as
the destination node of the data transmission. This helps the destination node
to collect mobile nodes for the next data transmission process since the amount
of data in its memory space may exceed the threshold. On the other hand, for
each of the other mobile nodes, the source node sets the next fixed node as itself.
Figure 2.9 shows an example when the source node A has transmitted all the
accumulated data to the destination node C. The source node A sends RRels
including C' as the next fixed node to mobile nodes mj3 and my4. It also sends
RRels including itself as the next fixed node to mobile nodes m; and m,. After

that, mobile nodes m; and m; restart to move to the destination after connected
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Table 2.2: Parameters in calculating the time limit.

Parameter Description
i IDs of fixed nodes.
L; location of fixed node i.
T; territory of fixed node :.
d; location of the sensing point in T; (i.e. d; € T;).
S set of fixed nodes in the whole region.
Sregion size of the whole region (i.e. Sregion = »_; | Til)-
Vm velocity of mobile nodes in SM.
Tacq time for a sensing operation.
Nmov total number of mobile nodes in the whole region.
Th threshold for starting data transmission.

to fixed node A.

Decision of the time limit

In DATFM, the source node sets the time limit and notifies it to the mobile node
in CM and other nearby fixed nodes. This value is used for terminating collecting
mobile nodes for the corresponding data transmission. Here, when the time limit
is set small, it becomes difficult for the source node to collect the sufficient number
of mobile nodes. In contrast, when the time limit is set large, the mobile node
in CM and fixed nodes that received RReq continue to collect mobile nodes for
the data transmission for a long time. In this case, excessive numbers of mobile
nodes are collected even after the complete communication route is constructed.
Therefore, it is necessary to set the appropriate time limit.

In order to set the appropriate time limit, we use the estimated time elapsed
to collect the required number of mobile nodes. We assume that the parameters
in Table 2.2 are given.

Let us denote Ty, as the estimated time in which the required number of

mobile nodes connect to fixed node 3. Then, the time limit of fixed node %, Tiim,,
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is calculated by the following formula:
Tlimi = Lcurrent + Tes i (25)

Here, Teurrent 18 the current time. In what follows, we describe how to calculate
Test

i

First, let us denote Ty, as the average interval for fixed node 7 that mobile

nodes connect to i. By using this value, we can derive the following formula:
Testi = Nreqi : Tavei- (26)

In order to calculate Ty, we define sensing cycle of a mobile node engaged in a
sensing operation in T;. The sensing cycle is defined as the sequence of a sensing
operation in which the mobile node departs from the fixed node in the region
including the previous sensing point, moves to the sensing point, performs the
sensing operation, and moves to fixed node i. We also define the average sensing
cycle time, Tyense, a5 the average time elapsed for a sensing cycle of a mobile node
that performs a sensing operation. Here, since the moving path of a mobile node
to the selected territory can be roughly approximated as the straight line, we
assume that mobile nodes go straight to the fixed node of the selected territory
(do not go through fixed nodes in the neighboring territories) in order to simplify
the calculation. Actually, the effect of the difference of moving to the analysis is

small.

As an example, we assume a mobile node in Figure 2.10 which departs form
fixed node F and performs a sensing operation in Tpg. First, since the distance
between fixed nodes F' and B is |[Lg — Lp|, the time elapsed for moving to fixed
node B, Ty, becomes |Lp — Lip|/vm. Next, the time elapsed for moving from
fixed node B to the sensing point is |Lg — dg|/Vm. Finally, after the sensing
operation at a destination (elapsed time is Tpeq), the time elapsed for moving
back to fixed node B becomes |dg — Lp|/vm. Thus, the total time elapsed of the
sensing cycle becomes:

2.7)

Lr-L Lz —-d dg - L Lr—-L dg —-L
|Lr B|_+_| B B|+Tacq+l B—Lgp| _|Lr B|+Tacq+2-| B B|.

Vm VUm Vm Vm Vm

Here, when the fixed node controls the sensing point in order for the entire

of its territory to be monitored uniformly, the average elapsed time for moving
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Figure 2.10: The operations in a sensing cycle.

between Lp and dp becomes the average of the moving time form Ly to any
location in Tgz. Moreover, since the probability that a mobile node selects a
territory to perform sensing depends on the size of the territory, the average time
which a mobile node departs from any fixed node (other than B) and moves to
fixed node B becomes Zjesij#B(|Tj|/Sregion) - (|Lj — Lg|/vm)-

Therefore, the average sensing cycle time in T, Tiense;, is derived by the

following formula:

1Bl i L

Vm

7—'sensei = Z )

jeS i Sregion

dii E
i g ide Tl (2.8)

Um

Here, the average sensing cycle time in the whole region, Ty.pse, is derived by

the average of the Tiepse, for all i-s. Thus,

Tiense = Z lTl ’

i€Sp Sregion

v G (2.9)

Since the mobile node connects to the fixed node after the sensing opera-
tion, all mobile nodes connect to a fixed node in the period of Tie,s. Further-

more, since the number of mobile nodes which choose the destination in T; is
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Nmov * |Ti|/ Sregion, We can estimate that Npmoy « |Ti|/Sregion mobile nodes connect
to fixed node i in the period of Tyense- Thus, the average time in which a mobile
node connects to fixed node %, Ty, , is calculated by the following formula:

Tsense
N, mov* |Ti l
Sregion

Tavei

,I,sense ' Sregion
= — 2.10
Nmov . |Tzl ( )
Based on the above discussion, the time limit, Tj;,, can be calculated by the

following formula:

ﬂimi = Tcurrent + Testi

= Teurrens + IV, req; ° Tavei

Tsense . Sregion (2 1 1)

= Tcurrent + Nreqi : N, ) |T| .
mov i

2.4 Performance Evaluation

In this section, we show results of simulation experiments regarding performance
evaluation of DATFM. In the simulation experiments, we compare the perfor-
mances of DATFM, UM with random way point model (UM-random), UM with
controlled mobile node model (UM-controlled) [90], and RAMOS [74,77].

2.4.1 Simulation Environment

We assume an application of planetary exploration in which each sensor acquires
the picture, information of minerals or the temperature in the region. Sensor
nodes are deployed in a 2,100[m]x2,100[m] flatland. Each sensor node performs
a sensing operation with the rate of 100[bit/sec-m?] and T,eq is 30[sec]. The
wireless communication range of all nodes and the channel bandwidth are 100[m]
and 11[Mbps]|, respectively.

In DATFM, there are Ngy fixed nodes and Ny, mobile nodes randomly de-
ployed in the region. Each mobile node moves with velocity of v, [m/s] in SM and
2v,,[m/s] in TM and CM. Each fixed and mobile node has a memory space whose
size is respectively 2,000[Mbit] and 10[Mbit]. Each fixed node starts data trans-

mission process when the amount of the accumulated data exceeds Th[Mbit].
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Each mobile node performs a sensing operation every time it arrives the sensing
point. Each fixed node performs a sensing operation every 1,500(sec]. The rate
and the duration of a sensing operation by a fixed node are also 100[bit/sec-m?|
and 30[sec].

In RAMOS, there are Ng, nodes in AS mode, (Nyov — Nax) nodes in RP mode,
and Ngx nodes in DN mode. This parameter setting is to make the total number
of nodes in RP mode and DN mode in RAMOS equal to Ny, and to guarantee
all nodes in AS mode can transfer data to the sink node by using nodes in DN
mode. Nodes in AS mode are deployed to the same locations of fixed nodes in
DATFM, and have a memory space of 1,000[Mbit]. Nodes in RP mode and DN
mode have a memory space of 10[Mbit]. Nodes in RP mode and DN mode move
with the velocity of v,[m/s] when sensing and gathering data, and 2v,,[m/s|
when transferring data to the sink node. Nodes in AS mode perform a sensing
operation every 1,500[sec] in the same way as fixed nodes in DATFM.

In UM-random and UM-controlled, there are (Npoy + Nax) UM nodes. Each
UM node has a memory space of 10[Mbit]. Each node moves with velocity of
Vm[m/s| when sensing, and 2v,,[m/s|] when transferring data. Each UM node
starts transferring data to the sink node when the amount of the accumulated
data exceeds 10[Mbit] (i.e. each node transfers data after a sensing operation). In
UM-controlled, moving paths of UM nodes are predetermined as shown in Figure
2.11. In this figure, all UM nodes form a line segment (like a train in DATFM)
and move on a fixed path. More specifically, after performing a sensing operation,
UM nodes move so that the node at the end of the line segment which is closer to
the sink node, while keeping the shape of the segment. Then, the accumulated
data are transferred to the sink node via the multi-hop communication route.
Finally, UM nodes move to the next sensing point.

We set parameters Nix, Nmov, Vm, and Th as shown in Table 2.3. In the
experiments, we change one of the parameters and set others as default values
in order to verify the effect of each parameter. In this environment, we run
100 simulations each of which consists of 1[week] changing the locations of fixed

nodes, and evaluate the averages of the following four criteria:

e Throughput

The average amount of data that arrive at the sink node per 1[sec].
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Figure 2.11: Moving path in UM-controlled (Npov + Npx = 5).

Table 2.3: Parameters in the experiments.

Parameter | Value (Default)

Nix 5~10 (10)
Nmov | 15~50 (40)

Vrn 1.0~5.0 (5.0)
Th 0~2,000 (1,000)

e Average moving distance

The average of moving distances of all nodes during the simulation period.

e Average delay
The average of the elapsed time after data are acquired (sensed) until the

data arrive at the sink node.

e Average control traffic
The average number of packets exchanged for controlling mobile sensors
during the simulation period. Specifically, the control traffic in DATFM
is the total number of RRegs, RCRegs, and RRels exchanged during the
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Figure 2.12: Ngjx and throughput.

simulation period. On the other hand, the control traffic in RAMOS is the
total number of packets sent from nodes in RP mode to those in DN mode.

Note that there are no packets for controlling mobile sensors in UM. Thus,
we only evaluate control traffics in DATFM and RAMOS.

2.4.2 Effects of the Number of Fixed Nodes

Figures 2.12, 2.13, 2.14, and 2.16 show the simulation results when changing
parameter Nj.. The horizontal axis on all graphs indicates the number of fixed
nodes Ng.. The vertical axis indicates throughput in Figure 2.12, average moving
distance in Figure 2.13, average delay in Figure 2.14, and average control traffic

in Figure 2.16.

Throughput

Figure 2.12 shows that the throughput in DATFM is always larger than that
in RAMOS. This shows that DATFM can acquire and transfer data more effi-
ciently than RAMOS. As the number of fixed nodes gets larger, the difference in
throughput between DATFM and RAMOS slightly increases because it becomes
easier for mobile nodes to transfer data to the nearby fixed nodes in DATFM. On
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the other hand, in RAMOS, since the mobile node in AS mode does not move to
transfer data, throughput in RAMOS does not change even when the number of
fixed nodes gets larger.

The throughput in DATFM is almost same as (sometimes smaller than) that
in UM-random. This is due to the following two reasons: a) the number of
mobile nodes in DATFM (40) is smaller than in UM-random (Ng + 40), and
b) the mobile nodes in DATFM can perform sensing operations frequently than
those in UM-random since they do not move to the sink node to transfer data
every time. These are the advantages of UM-random and DATFM, respectively.
Thus, in the parameter setting in this experiment, these advantages are balanced
out.

The throughput in UM-controlled is always larger than those in other meth-
ods. This is because the number of UM nodes (Ngy, + 40) is larger than that
of mobile nodes in DATFM. Moreover, compared with UM-random, mobile sen-
sors in UM-controlled can perform sensing operations more frequently since the
moving distance for transferring data can be reduced by using a multi-hop com-

munication route.

Average moving distance

Figure 2.13 shows that the moving distances in RAMOS, UM-random, and UM-
controlled are larger than that in DATFM. This is because sensor nodes in those
methods move to the sink node every time they acquire data. On the other hand,
since DATFM accumulates the acquired data on a fixed node before transmitting
them to the sink node, each mobile node that acquires the data does not need to
move to the sink node.

The moving distance in RAMOS increases as the number of fixed nodes gets
larger. This is because, the nodes in DN mode have to transfer data received

from nodes in AS mode more frequently.

Average delay

Figure 2.14 shows that the delay in DATFM is always larger than those in
RAMOS, UM-random, and UM-controlled. This is because DATFM needs much
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time for accumulating data on fixed nodes.

On the other hand, the average delays in other methods do not change even
when the number of mobile nodes increases. This is because the mobile nodes in
these methods transfer data without accumulation.

Figure 2.15 shows the detail of the delay in DATFM. In this figure, the delivery
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Figure 2.15: Ng, and details of delay in DATFM.

time is the time period after a mobile node acquires data until it connects to a
fixed node. The accumulation time is the time period during which the data are
stored at a fixed node. The transmission time is the time elapsed for transmitting
the accumulated data to the destination node. From this result, the delay consists
mostly of accumulation time. Here, the accumulation time can be suppressed by
controlling the threshold at each fixed node. However, since the small threshold
causes frequent data transmissions, the efficiency of sensing becomes lower. Thus,
the threshold should be appropriately set according to the system parameters and
requirements.

The accumulation time in DATFM increases as the number of fixed nodes
gets larger. This is because the number of mobile nodes that perform sensing
operations in its territory decreases due to the decrease of the territory size. In
this case, it takes much time until the amount of accumulated data reaches the

threshold.

Average control traffic

Figure 2.16 shows that the average control traffic in DATFM is smaller than that
in RAMOS. In RAMOS, each node in RP mode sends control packets every time
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Figure 2.16: Ng, and average control traffic.

it connects to nodes in DN mode which hold data. On the other hand, in DATFM,
the frequency of data transmission processes becomes small by accumulating data
at a fixed node. Thus, the number of RReqs, RCRegs, and RRels, that are sent

only in data transmission processes, becomes small.

2.4.3 Effects of the Number of Mobile Nodes

Figures 2.17, 2.18, 2.19, and 2.21 show the simulation results when changing pa-
rameter Npo,. The horizontal axis on all graphs indicates the number of mobile
nodes Npo.. The vertical axis indicates throughput in Figure 2.17, average mov-
ing distance in Figure 2.18, average delay in Figure 2.19, and average control

traffic in Figure 2.21.

Throughput

Figure 2.17 shows that the throughput in DATFM is always larger than that in

RAMOS. Moreover, the throughput in DATFM is always smaller than that in

UM-controlled. These are due to the same reason as that in Figure 2.12.
Compared with UM-random, the throughput in DATFM is smaller when the

number of mobile nodes is small. This is because it becomes impossibly difficult
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Figure 2.17: Npo and throughput.

for some fixed nodes to construct a communication route. When a fixed node
cannot collect the sufficient number of mobile nodes, it transmits the data by
the train transmission with a small number of mobile nodes. Thus, these mobile
nodes are kept for transferring data and cannot return to perform sensing oper-
ations for a long time. On the other hand, mobile sensors in UM-random can
perform sensing operations more frequently than DATFM since such an inefficient
situation does not occur.

On the other hand, when the number of mobile node is large, the throughput
in DATFM is larger than that in UM-random. This is because the number of
train transmissions with a small number of nodes decreases since it becomes easier
for each fixed node to collect the sufficient number of mobile nodes to construct
a communication route.

Note that, even when the number of mobile nodes equals to 50, the network

is still sparse in which the connectivity between nodes is very low.

Average moving distance

Figure 2.18 shows that the moving distances in RAMOS, UM-random, and UM-
controlled are larger than that in DATFM. This is due to the same reason as that
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Figure 2.18: Npoy and average moving distance.

in Figure 2.13.

The moving distance in DATFM increases as the number of mobile nodes
gets larger. This is because it becomes easier for each fixed node to construct
a communication route according to the increase of mobile nodes. In such an
environment, the opportunities to transfer data increase.

On the other hand, the moving distance in RAMOS increases as the number
of sensor nodes gets larger. This is because the frequency that nodes in DN mode
connect to nodes in RP mode increases. This makes moving distances of nodes

in DN mode large because they have to transfer the data received from nodes in

RP mode.

Average delay

Figure 2.19 shows that the delay in DATFM is always larger than those in
RAMOS, UM-random, and UM-controlled. This is due to the same reason as
that in Figure 2.14.

Figure 2.20 shows the detail of the delay in DATFM. From this result, the
accumulation time decreases as the number of mobile nodes gets larger. This

is because the fixed nodes have many opportunities to receive data from mo-
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bile nodes. In this case, the amount of accumulated data quickly reaches the

threshold.
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Figure 2.21: Ny, and average control traffic.

Average control traffic

Figure 2.21 shows that the average control traffic in DATFM is smaller than that
in RAMOS. This is due to the same reason as that in Figure 2.16.

The average control traffic in DATFM increases as the number of mobile nodes
increases. When the number of mobile nodes is large, each fixed node has many
opportunities to receive data from mobile nodes. This increases the frequency of

data transmission processes, and thus, many RRegs, RCRegs, and RRels are sent.

2.4.4 Effects of the Velocity of Node

Figures 2.22, 2.23, 2.24, and 2.26. show the simulation results when changing
parameter v,,. The horizontal axis on all graphs indicates the velocity (movement
speed) of sensor nodes v,,. The vertical axis indicates throughput in Figure 2.22,
average moving distance in Figure 2.23, average delay in Figure 2.24, and average

control traffic in Figure 2.26.
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Throughput

Figure 2.22 shows that the throughput in DATFM is always larger than those
in RAMOS and UM-random. This shows that DATFM can acquire and transfer
data more efficiently than RAMOS and UM-random. On the other hand, the
throughput in DATFM is always smaller than that in UM-controlled. However,
as v,, increases, the difference of throughput in DATFM and UM-controlled gets
smaller. Mobile nodes in DATFM transfer the acquired data to a nearby fixed
node while UM nodes in UM-controlled transfer data to the sink node every
time they acquired data. Therefore, the frequency that mobile nodes in DATFM
perfor