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Abstract

A team of robots (also called actors) in Wireless Sensor and Actor Networks (WSANs)
may not be able to optimally cover an area. Hence, after an event is reported by a sensor,
all robots may not be quickly reachable for possible action in time. Furthermore, sensors
may not be able to immediately deliver a report to a nearby robot. In this research work, we
focus on a dynamic location service to deal with a sequence of multiple events in WSANs.
We propose a novel dynamic mesh-based protocol (DMesh) to boost real-time performance
of the location service. We investigate new strategies for efficient event coverage, so that
the robot team may appropriately partition, visit sensors periodically, and minimize the
reporting delay while preserving the ability to respond, possibly with increasing number
of robots as an event (such as a fire) progresses and more robots arrive near the scene.
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Chapter 1

Introduction

1.1 Introduction

1.1.1 What are WSANs?

Recent decades have witnessed a dramatic boost in the field of Wireless Sensor Networks

(WSNs) due to the advancement in the area of integrated circuits which makes it possible

to manufacture tiny, low-cost sensors. WSNs gather wireless sensors to perform collab-

orative measuring and transmitting processes in an assigned area, called the Region of

Interest (ROI). Typically, thousands of sensors, called nodes, are distributed in that area

to monitor physical variables such as temperature, humidity, pressure and radiation. There

are numerous applications like process management, environment monitoring, and smart

grids. For example, in the general application of a smart city, WSNs are used to monitor

environmental pollution, realize traffic congestion control, localize cell phones, and manage

waste. Once an event is detected in a certain area, sensors will report it to sinks which

are treated as gateways connected to an outer network like the Internet. In this way, data

can be routed to informational aggregation and central control systems which gather and

store them for responses and decisions. In [2], the authors provide a comprehensive survey

on WSNs. A more recent survey on WSNs can be found in [46].
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Wireless Sensor and Actor Networks (WSANs) have evolved from WSNs by integrating

a group of multi-function actors (usually a few orders of magnitude less than the number

of sensors) which are capable of moving upon task requests. Similar to traditional sensor

networks, WSANs are not limited to simply monitoring the environment and gathering data

to sinks. Furthermore, the emergence of WSANs makes the network system much more

flexible and resourceful. These actors, usually static or mobile robots, have tremendously

broadened the applications of WSNs because they have the capability to process data

and even react to emergencies in the physical world. For example, a fire in the forest

could trigger a group of mobile robots to automatically extinguish the disaster. In another

situation, where a danger happens in a hazardous environment (e.g., a chemical or nuclear

explosion), a few robots could form a pioneering rescue team to provide necessary life

supplies and valuable information at the event spot. On the other hand, robots equipped

with battery chargers could refill the power cells of sensors so that the lifetime of the whole

system could be extended. In this research project, we consider all the actors in WSANs

to be vehicular robots carrying specific equipment for different tasks. For convenience, we

treat actor, robot and service provider as interchangeable; sensor and service consumer are

the same.

In WSANs, a few principal issues have been considered by many researchers. Loca-

tion service is an essential component which is concerned with how robots can efficiently

respond to events detected in the assigned environment. According to its way of imple-

menting update and search process, the location service can be categorized into different

classifications. A survey of this problem can be found in [28]. In [21], Li et al. provide a

mesh-based service discovery scheme which has been proven to have a very high probabil-

ity of finding the closest service provider. In [22], Stojmenovic et al. consider a location

service for a mobile sink with either controllable mobility or uncontrollable mobility using

localized information to predict the breakage of links based on the speed and direction of

the mobile sink.
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Coordination of nodes in WSANs is another field that evokes great interest. The re-

search challenges and a survey of coordination can be found in [1]. Mobile robots coordinate

with each other for different tasks. The consensus issue in mobile ad-hoc networks has been

studied as multi-agent systems for many years [30, 35, 19]. For node placement, several

strategies and techniques have been proposed through the years and they can be found

in [47]. With the relative maturity of protocols for stationary topology, much research fo-

cuses on methods to relocate sensors by moving robots [31, 10, 9]. More advanced, dynamic

strategies for mobile sensors in the optimal coverage problem are also proposed [23, 13].

Even though robots in WSANs are more sophisticated than sensors, their electrical power

is still bounded. Therefore, coordination for efficient energy consumption is yet another

objective. In [24, 12], energy-efficient protocols in service discovery have been proposed in

order to prolong the lifetimes of robots with limited-power. In WSANs, the robot cover-

age problem represents the quality of surveillance and response to the event. Designing

coordination strategies for robots will decrease response delay and enhance the efficiency

of the network.

1.1.2 Characteristics of WSANs

Before formally stating our problem, we will look at a handful of characteristics which

distinguish WSANs.

• Network Constitution: WSANs consist of massive sensors and far fewer robots. Usu-

ally, sensors are not designed to be equipped with mobile devices in order to keep

them less expensive and to increase their lifetimes; however, their locations and

topologies could probably be changed if necessary [11, 41]. Robots in WSANs play

the role of managers. If they can measure environmental parameters whether by

carrying regular sensors or integrating compressed sensors, they may interact with

sensors to monitor the ROI. If they do not have the capacity of sensing, they can be
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viewed as acting above the sensor networks which manage the requests from sensors

in their dominant areas. We ignore the sensing capacity of our robots in this thesis.

All robots move only on the request in order to lower their energy cost. Sensors and

robots in WSANs can be treated as being on different layers, as illustrated in Fig-

ure 1.1. In the figure, five robots charge an array of sensors to monitor a specific area

collaboratively. Each robot may have its own pre-determined zone of responsibility,

as shown in the figure; alternatively, it may supervise all the sensors and coordinate

with other robots to dispose of possible events in ROI together.

Figure 1.1: Network Layers of WSANs

• Self-management: WSANs are independent systems which means once they have

been deployed to the ROI, they are away from external decision systems like control

centers or technicians. Therefore, they should manage all the issues such as the net-

work topology, energy cost, event response and coordination by themselves. Besides,

we always wish to prolong the lifetime of our system once it has been deployed. Hence,

both sensors and robots are expected to implement some energy-efficient schemes to

finish different tasks.

• Communication of robots: usually robots in WSANs are not directly connected,
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unlike mobile sensor networks. Instead, they are linked through sensor networks, as

shown in Figure 1.2 (a), where the dashed line stands for an undirected link. With this

connection feature, much transmitting energy of robots is saved because it requires

a smaller communication range. It is valuable to WSANs because of their inherent

energy-bounded attribute and it makes the network more scalable if necessary. It also

balances the load of nodes and thus extends the work time of the system. However,

communication coordination, either sensor-to-sensor or sensor-to-robot becomes more

challenging because it involves more intermediate nodes. Three types of coordination

are in the WSANs: sensor-sensor, sensor-robot and robot-robot coordination. The

sensor-sensor coordination decides which sensor should report the event. Because

of the overlapping of the sensing regions, a few sensors near one event may detect

it together but usually, by negotiating, only one sensor will report the event. This

works the same as in classic WSNs in order to eliminate redundant energy costs. The

second type of coordination highlights how a sensor reports the event through the

sensor networks, which is the service search process in service discovery. Robot-robot

coordination decides the strategy about how to collaboratively deal with requests and

give feedback.

Figure 1.2: Communication Range Comparison in Different Networks

• Real-time requirement: Incorporating robots, WSANs need to automatically make
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decisions and give reactions to events because the applications of WSANs are usually

delay-sensitive. In the example of fire extinguishment, robots should move to the

fire site with the least cost of time in order to minimize the loss. In some extreme

environments, the real-time property endows WSANs with a high application poten-

tial. Even though we have the requirement of achieving good real-time performance,

we need to make a trade-off between real-time performance and energy cost since it

sacrifices the bounded power of robots.

1.2 Existing Solutions on Location Service

Location service is one of the top crucial and challenging components in any distributed

mobile network because of network scalability and node mobility. As the prerequisite of

position-based routing, it provides the source node with the location of the destination

so that geographic routing can be applied. Generally, location services can be classified

into two categories: flooding-based and rendezvous-based. Flooding-based location service

implements location update through a specific method to a predefined area (if applica-

ble). The message overhead in the flooding-based method is usually high and the process

may even include all the nodes in the network. Furthermore, a relatively long delivery

path increases the delay for the corresponding service. Alternatively, the rendezvous-based

method involves two phases: location update and service search. Service Providers (SPs)

delicately propagate their location information in the network. When Service Customers

(SCs) require services, they query the network to search the pre-stored locations of SPs.

Once these query messages “meet” the location information in SPs, SCs will get the po-

sition of SPs and ask for corresponding services directly from SPs using the geometric

routing protocol. This mechanism decreases the communication overhead and eliminates

the possibility of flooding in the whole network.

However, a few of these protocols guarantee an event being routed to the closest robot.
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For real-time performance and energy saving, we should have distance-sensitive location

service. The Voronoi division is the intuitive way to enable sensors to have access to their

nearest robots. This division enables every sensor to be informed of its closest robot. If

all the sensors know the location of every robot, they will be aware of the closest robot

and the whole network will form several Voronoi diagrams generated by the robots (like

DDMA in [25]). However, location update in these schemes leads to a high message cost

for sensors because they require global computation. In [21], the authors formally define

a closest service selection algorithm and propose a localized distance-sensitive location

service protocol called iMesh which intentionally updates the locations or robots vertically

and horizontally. However, these algorithms only guarantee one event finding its nearest

robot. In the scenario where multiple events happen during a time period, the constant

mesh structure is no longer a suitable way for a sensor to find the closest service provider.

Once an event happens and a robot moves to the location of it, the location information of

that robot in the mesh becomes inaccurate. This negative influence will spread to all the

sensors that regard this robot as the closest robot. As more events continuously happen,

the whole mesh will completely lose its value.

1.3 Motivation and Problem Statement

Consider the procedure of location service and how a robot responds to it in WSANs. Nat-

urally, after we place sensors and robots in the assigned area by implementing deployment

schemes [17, 36], they start to monitor designated variables in the physical environment

of the ROI. Meanwhile, robots may update their location information due to the possible

locomotion. When an event happens, sensors selectively report it and robots coordinate

and collaboratively decide how to respond to it. Distance-sensitive location service is ap-

pealing because sensors report the event to the nearest robot. Hence, the event will be

disposed of by the nearest robot to save time and energy.
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However, when dealing with a sequence of multiple service requests in the network, a

new problem arises. Specifically, after an event detected by sensors, a certain number of

robots will move to the event and begin to deal with it. Therefore, the initial optimized

topology of robots is changed and the new topology is no longer efficient to cover the

whole area. As for later events reported by sensors, robots in the new deployment may

need to travel a long distance to reach the new event. Even though sensors try to approach

the closest robot, this undesired deployment may lead to an increasing delay for handling

the event. A possible situation is shown in Figure 1.3. At some moments, after dealing

with several events, robots may become clustered at the corner of the grid sensor network.

Then a danger may be detected by sensors at another corner of the network. Although

the closest robot will be selected, it still has to travel diagonally through the whole area to

arrive at the danger spot. In some delay-sensitive applications, it can cause a catastrophic

result.

Figure 1.3: One Possible Situation of the Deployment of Robots in the Network

We take fire extinguishing as an example again where each robot works as an extin-

guisher. Suppose self-managed mobile extinguishers are randomly distributed in a city.

Fire detectors are scattered in different zones of the city, e.g., every building and public
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facility. Once a fire is discovered, actions are required as soon as possible. Otherwise, it

will lead to tremendous damage to our properties. Only if the extinguishers are located

evenly in the city can losses from fire be reduced to a minimum.

For small-size and less-dynamic networks, it may be realistically assumed that each sen-

sor is aware of the existence of all the robots. However, when robots move and the network

topology changes frequently, maintaining and refreshing this information requires signifi-

cant communication overhead to spread the topological changes throughout the network.

Thus, a network containing more than a dozen or so robots requires different assumptions

and solution paradigms. Topology changes may be frequent and unpredictable. Broadly

speaking, communication overhead is reduced and longevity is promoted by the use of lo-

calized protocols. Basic characteristics of sensor and robot networks, including distributed

operations and a dynamic topology, make it imperative to design protocols that are lo-

calized rather than centralized. The local information must suffice for a sensor or robot

to make protocol decisions; otherwise, the increased communication overhead could offset

the energy savings and increase latency. Therefore, it is necessary to propose a localized

efficient event coverage protocol for multiple events responses during a time period. Even

though there are a few distance-sensitive protocols for location service, it is non-trivial to

make such static structures dynamic and respond to a sequence of events with real-time

properties. Our goal is to achieve the desired outcome with a minimal communication

cost, minimal energy for moving, minimal time delay, and high benefits of the action such

as guaranteeing coverage, and timely reaction to events in the area. Now, we begin to

confront the following two sub-problems:

1. How does each sensor find the nearest robot to handle the reported event?

2. How do robots coordinate to cover the ROI after the optimal deployment has been

damaged by events which have occurred?

These two sub-problems seem to be separate but they are connected. The former one
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is the classic location service problem. Because we want to improve real-time performance,

our protocol should be inherently distance-sensitive to make sure that if the robots are

”nicely” distributed, sensors should always route event requests to their nearest robot.

The latter one is the problem that once the deployment of robots changes due to the

movement for event handling, we need a way to recover from this undesired malformation,

refresh a new version of the static structure and still remain distance-sensitive for upcoming

events. In order to guarantee reporting requests from sensors to their closest robot, to route

data to the robot when the topology of the robot changes during movement and to avoid

collision of the new and old locations of the robot, there are some questions we need to

solve:

• how to propagate location information of robots with less message overhead, so that

sensors always have access to their the closest robots for services

• how to nicely distribute robots, so that they can respond to random events in the

whole network with minimal delay

• how to route events to robots during the interval of static structure updates when

robots are moving

• how to update our structure once the locations of robots change, so that sensors

are guaranteed to find their geometrically nearest robot even when the locations of

robots change

• how to synchronize our robots and sensors in the network, so that they cooperate to

properly handle the sequence events

These specifications provide us with deep understandings and explicit perspectives of

our challenges. We will first outline some assumptions of this thesis and then claim our

contributions.
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1.4 Assumptions

Here are the assumptions needed to present our idea in this thesis:

• Sensors and robots do not fail during the experiments. Sensors are inferior and static

in the network; robots remain static in the network and only move with constant

speed based on requests.

• The position of sensors and robots in the network can be acquired by GPS devices

or any other positioning services.

• Sensors are uniformly deployed in the Euclidian plane and form a quasi-grid structure.

We also assume that they are connected with each other. Before the construction of

the mesh, robots are randomly scattered and distributed in the network.

• Sensors and robots use omni-directional antennas so that they are connected to all

their neighbours. Their communication models are Unit Disk Graph (UDG) and all

the signals are without interference.

• The speed of movement of robots is much slower than the speed of transmission so

that the messages can be delivered to moving targets.

• We also assume that any event in the network will be handled by single robot so that

sensors only need find the closest robot to the event. In the situation where one event

requires more robots, we would need to find nearby robots which is the problem of

K-Nearest Neighbour (KNN). We will discuss this in our future work.

1.5 Contributions

In this thesis, we focus on how to find the closest robot in a dynamic wireless sensor

network and investigate a new strategy for reacting to a sequence of events. We propose a
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novel dynamic mesh-based location service protocol called DMesh. Our idea is to make a

team of robots dynamically position themselves in the network to minimize response time

in case of a sequence of events. Meanwhile, it preserves the ability to respond, possibly

with an increasing number of robots as potential event progresses. Our protocol consists

of two parts: DMesh Construction and Update (DMCU) and Distance-sensitive Routing

for Multiple Mobile Robots (DRMMR). Following the analysis in the Section 1.3, the

contributions of our protocol are as follows:

1. We modify the static location service protocol - iMesh, to help sensors find its closest

robot. We change the registration message of the robot in a mesh construction

process in order to make it suitable for a dynamic robot distribution and location

update. Also, we add more procedures to collision sensors so that the robot can be

aware of its nearby robots and calculate the centroid of its Voronoi Diagram.

2. After the mesh structure is finished, we dedicate a robot coordination scheme based

on the Voronoi Diagram so that the nearest robot moves to the event while oth-

ers move to their Voronoi centroids. Therefore, the event gets the fastest possible

response while the event coverage in the network remains. During the interval of

the mesh update, we propose a flooding-based location update protocol for multiple

robots to guarantee that sensors can still track moving robots during the interval

between the new and old version of the mesh.

We analyse our protocol performance on a special uniform distributed sensor network,

quasi-grid, where the sensor is located randomly within a tiny round area, as opposed to

a specific fixed point in a strict grid sensor network. We present five metrics to evaluate

the simulation results. By comparison with DDMA [25] and the static mesh-based loca-

tion service protocol-iMesh [21], our protocol remarkably decreases the distance that the

nearest robot has to move to the incident position for continuous events. It indicates an
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improvement in real-time performance of the location service, which is the principal goal

of this thesis.

1.6 Thesis Organization

The rest of the thesis is organized as follows. In Chapter 2, we provide a review of related

works. In Chapter 3, we propose our general idea as to how the robots coordinate to solve

the problem and we give a detailed description of the algorithm. In Chapter 4, we present

the experiments and analysis of our ideas. Finally, in Chapter 5, we give our conclusion

and discuss the future work.
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Chapter 2

Related Work

2.1 Location Service

Location service, or service discovery, in WSANs is a problem dealing with the trade-off

between refreshing frequencies of the locations of mobile service providers and routing for

stationary service customers to the latest position. The objective is to design a scalable

distributed service so that sensors can track the locations of mobile nodes. In order to min-

imize the cost of location updating and searching, numerous protocols have been presented.

Usually, location service algorithms are required to be low-cost in bandwidth, scalable to

large systems, locality-aware of service providers and robust with different topologies and

networks. According to whether it involves a looking-up process or not, we can divide

location service into flooding-based location service or rendezvous-based location service

(Figure 2.1). The former depends on the flooding of the location of service providers to

all nodes or to nodes in a certain area. This location refresh may happen during the pe-

riod when the locations of service providers have changed or when neighbours of service

providers have changed. In order to improve its performance, many constraints have been

applied. The latter category contains two phases: location update and service search.

In the update phase, a set of sensors are selected to store the latest locations of service
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providers; in the search phase, the requested sensor finds the location information from

sensors and routes it to service providers. In the rest of this section, we will review some

of the classic algorithms.

Figure 2.1: Classifications of Location Service

2.1.1 Flooding-based Algorithms

The main idea of flooding-based algorithms is to make all nodes in a specific area informed

about actors and their latest locations. The highly accurate location of a robot requires

a large update area (e.g., the whole network) and message overhead. Usually, location

refreshes cause severe network overhead or even congestion. The flooding can be triggered

by an actor; it also can be initialized by a sensor. If the process is started by actor, it is

called proactive flooding such as DSDV [32]. The actor location updates periodically or

when some metrics changes such as the distance or the connection. On the other hand,

reactive flooding, like DSR [14] and AODV [33], means that sensors search the location of

an actor when it needs to report data or other requests. The flooding mechanism usually

requires high bandwidth and energy.
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2.1.1.1 Doubling Circle

In [3], an actor divides the whole network into a sequence of circular zones centered round

itself with radii 2iR for i = 1, 2, 3, .... For each of the circle, a refreshment timer is set.

When the timer expires or the actor goes across the border of circle C(t) for some t, the

actor propagates its new location to a circle with radii 2t+1R. For sensors, once they need

to find actors, they follow these circle zones. Every sensor routes packets to its latest

updated location of an actor. As packets are forwarded closer to the actor, they will be

diverted toward the center of the circle with half the radius of the previous one. Eventually,

packets will be delivered into the smallest circle that the actor is in and reach the actor.

For example, sensor S needs to report an event to the actor in Figure 2.2. In this example,

actor moves from D” to D through D’. Sensors in different sizes of circles contain different

locations of the actor. According to the latest update of the actor location in S, it will

send the search message to the previous actor’s location D”. As the message is delivered

closer to D”, it will find a newer actor location when it gets into the next circle with

half the radius of the previous circle. Thus, the message will be redirected to D’. These

steps are repeated. Finally, the search message will arrive at the current precise actor’s

location D. Although the Doubling Circle can be applied to a scalable network, inherently

its propagation process may involve the whole network if the actor keeps moving for a long

time.

2.1.1.2 Integrated Location Service and Routing

In [22], the authors present two localized guaranteed-delivery location service algorithms

for nodes to route to a low-speed mobile sink (e.g., the vehicular robot). Considering

the pattern of movement, those two schemes are dedicated to unpredictable moves and

controllable moves, respectively. The main idea is to update the location of the sink with

a slow-varying position instead of the precise location when there is a linkage breakage or
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Figure 2.2: Double Circle Location Service. The Mobile Destination D Changes Its Position
From D” to D’ and Stays at D.

creation.

In random move, the mobile robot periodically exchanges a HELLO message with its

neighbouring sensors and monitors the condition of linkages. After any current linkage

break or new linkage creation, the robot updates its location information by broadcasting

flooding-type location update messages. This message contains the latest location of the

actor and a list of relay neighbours which is the smallest subset of the relay neighbours by

the MPR [34] method. The retransmission will happen if a node is in the relay list or if

the next hops of a node to the new and last-reported positions of the robot are different. If

the robot loses neighbours, which means that such nodes are not the neighbours of any of

the robot’s current one-hop neighbours, the robot will send a routing-type to such nodes

by GFG protocol.

While in controllable move, because the destination of the robot is known, it can predict

link breakage of its neighbouring sensors and estimate the minimum broken time according

to its direction of movement and speed. When a sensor is about to lose contact with a

robot or a new sensor is detected, it updates its current location and the endpoint location
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which it forwards to. Sensors receive location information and retransmit only if the new

endpoint is different from the old one. In case the robot changes its destination during

movement, the actor sends a recovery message to the old endpoint. Because this point does

not actually exist, according to the facing property in the GFG protocol, it is natural for the

closest node to the endpoint to receive this message twice. Once that happens, the traverse

will be stopped and this node will perform as an anchor point. Later, packets routed to this

old endpoint will be received by this node and forwarded to the new endpoint. Comparing

ILSR with the Doubling Circle algorithm, both of them are localized structure-free location

service protocols and the ILSR considerably reduces the message cost.

Figure 2.3 shows how these two protocols work. The blue circle is the communication

range of the robot in both figures. Figure (a) is the ILSR for unpredictable movement. The

robot moves from position R1 to R2 and loses contact of node L1. During this process, a

new flooding type message is created. Node a, Node b, Node c and Node d will retransmit

the packet because the next hop of a, c and d to the robot changes and b is the relay

neighbour. Node e will not retransmit since its next hop to the robot remains the same

(Node d). The robot at R2 will also start a routing-type message to update the location

in the lost Node L1. The transmission path using GFG is marked by the red dashed line.

(b) illustrates ILSR for controllable movement. The robot almost lost its neighbour L2 at

R2 along the way to its endpoint E1. It will flood its current location as a location update

message. A node will retransmit the message if its endpoint is different from the one in

the message. At position R3, the robot changes its endpoint to E2 because something with

higher priority happens at E2. The robot will send a location recovery message including

the new endpoint E2 to its old endpoint E1. Because node A is the node that is closest to

the virtual point E1, it will receive this message twice due to the nature of GFG. Node A

will be treated as an Anchor Node and will redirect any request that is attempted to be

routed to the old endpoint to the new endpoint.
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Figure 2.3: Location Update in ILSR

2.1.1.3 Distance Sensitive Flooding

In [25], Mei et al. present a distributed sensor management algorithm (DDMA) to monitor

node failures by dynamically constructing the Voronoi diagram. Robots broadcast their

location update message to the whole network; sensors receive such messages from all the

robots, compare their location information to decide which one is the closest and retransmit

it. When any event happens, the closest robot takes the event and informs all the sensors so

that the sensors will re-choose the closest robot. Once the event is finished, the robot will

broadcast its new location and the sensor selects the new closest robot again. This scheme

enables the event to be handled by its closest robot. However, the global computation

creates a high message cost and consumes the limited energy of the sensor.

2.1.2 Rendezvous-based algorithms

The rendezvous-based algorithms use optimal structure to update the actor’s location

information and the sensor searches this location by purposely sending a request message

to make the joint point. When the request message hits the part of the structure that

stores actor’s location information, the reply message will include the actor’s location.
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2.1.2.1 Information Mesh Quorum

In [21], Xu et al. propose a novel localized planar quorum-based scheme to discover

“nearby” actors. Nearby is defined as twice the distance from the event to the closest

actor. This scheme significantly improves the message complexity of the well-known strip

quorum method [38]. It creates an information mesh (iMesh) structure to update the lo-

cation information of the service providers (SPs). Specifically, each SP delivers its location

message to service customers (SCs) in four geographic directions, i.e., East, West, South

and North using the GFG routing protocol. When these messages of different service

providers collide with each other, a blocking rule is applied. That is to say, in the collision

points, SCs receive multiple versions of the location of SPs and will only propagate the

message of the closest one to the following SCs. However, a farther SP message may arrive

at the collision point earlier and this wrong location will incorrectly be sent to others.

In this asynchrony situation, the node in the collision point sends a revocation message

following the former path of nodes which store wrong location updates and erase undesired

information. In order to make iMesh effective in a few uncommon situations where the

residing grid row or column of the closest robot is not a part of the perimeter of the mesh

cell of the sensor, an extension rule is also proposed to help find nearby SPs. Nodes in

collision points which block others’ messages orthogonally, continually deliver the closest

SPs location message along the backward transmission path of the location messages from

nodes being blocked. Examples with one SP and seven SPs in arbitrary sensor networks

are shown in Figure 2.4. To find the nearby SPs, the sensor, which detected the event, con-

ducts a cross lookup process in four directions. When any of these search messages reaches

the border of the sensor mesh cell, it replies with the closest SP’s location information

recorded in it.

Through analytical study, the authors show that iMesh has significantly lower message

complexity than the strip quorum method [38] and that it generates a constant per node
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storage load, which is a unique property that no other quorum-like algorithm possesses.

Extensive simulation shows that iMesh guarantees nearby (closest) service selection with

probability > 99% (resp. 95%). Moreover, iMesh eliminates global computation and has a

constant node storage load. In [27], the authors point out some flawed situations of iMesh,

especially in the sparse network, where it cannot find the nearest robot and add localized

auction aggregation protocol to improve the efficiency of finding the closest actor. Even

though the probability of finding the closest actor is guaranteed for every single event, as

we mentioned in Chapter 1, iMesh has drawbacks when dealing with a sequence of multiple

events.

Figure 2.4: Figure from [21]. Information Mesh in Arbitrary Sensor Networks. (a) One
SP (b) Seven SPs

2.1.2.2 Home-based Location Service

Home-based location service can be regarded as a special kind of quorum where the update

and search regions are the same. In [37], the idea is derived from the home agent in the

cellular network. When the moving sink M finds any lost node of its neighbouring list,

it will broadcast its initial location within a circle with radius R where R is related to

the transmitting radius. All nodes in this area will make up home agents of M . When
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the counter of connecting changes between the sink and its neighbouring node exceed the

threshold value, M will send a location update message to its home agents using some

greedy routing protocols until there is no closer neighbour to the home agent than itself.

The intermediate nodes on the path and their neighbours will also update the new position

of M . For the intermediate node belonging to the home agent, the message will be resent

only if it finds another node closer to the center of the home agent. As for the destination

search, source node S will send one message targeted at the current location of destination

D, and another one for the center of home agents of D. The former message will be

redirected according to a more precise location of D through the way closer to D. The

latter message will find the first node C in the home agents. C will get a newer updated

location of D in the message (if applicable) and a request for the location of the destination

within a circle with radius R. Using the most recent information of D, C will route the

message from S to destination D. Even though this scheme reduces the communication

overhead by abandoning unnecessary flooding, its message cost is still high if the moving

sink is far away from its home agents. This limits the applications to a small scale with a

low speed of motion.

Figure 2.5 is an example of a home-based location service. The mobile sink starts at

D1, going through D2 and finally arriving at D3. At D2, the sink sends a location update

message to its initial position marked by the white arrows. Because the node v is the

closest node to D1, it will receive the location update message and broadcast this message

within the circular area centered at itself. When the source S is looking for a robot, it

will dedicate a message for position D1 according to the information stored in itself. This

message will change its destination when it is received by p, because p is informed that the

robot has gone to D2 (illustrated as the black arrows in the figure). Then node q will route

the message with the latest position of robot D3. After the robot receives the request from

S, it will notify S with its feedback.

Another kind of protocols that use the home base concept was applied in the grid hier-
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Figure 2.5: Home Based Location Service

archical network. GLS [20] is a famous, fault-tolerated and scalable region-based location

service protocol. It divides the whole network into squares of different orders. Adjacent

four order-k squares make up a bigger order-(k+1) square and any order-k square is only

allowed to be part of one certain order-(k+1) square to avoid overlapping. This partition

is known by all the nodes. A node D selects a node from each of the other three regions of

each level of grid hierarchy as a location server. This selection rule is to choose the node

with the least ID greater than itself and the ID space is circular. Specifically, D sends a

location update message to its order-k square and the first node that receives that message

in the square will forward it to the node with the least ID greater than D. This location

update process will end when it reaches the square-wide least ID greater than D and set

it as the location server. When a node S wants to find the location of node D, it will send

a request to the node with the least ID greater than D. The node which receives such a

request will forward it in the same way until it reaches the location server of D. Then this

request will be directly routed to D using geographic forwarding since the location of D is

known. Figure 2.6 is an example of GLS. The whole network is partitioned into 64 order-1

squares and some of the nodes are ignored. Suppose Node 17 is the source node. Black
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nodes are the location server in their squares. When Node 50 makes a request to find D, it

finds the closest node in term of ID to the D in each order square until the request message

gets Node 37 which has the location information of D.

Figure 2.6: Grid Location Service (GLS)

GLS is a hierarchical scheme so that it can be applied to a scalable ad-hoc network.

However, sometimes the routing path is unnecessarily long and may lead to a zigzag line

which will increase the message delay. Moreover, when the nodes frequently move, the

overhead of the location update message is very large and the latency for the location

search is high. HLS [15] amends the partition of the network in GLS and a personalized

tree by using the same hash function to improve the performance in situations with high

node mobility. However, both GLS and HLS require frequent global computation and have

inconstant storage load.
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2.2 Robot Coordination in WSANs

Coordination in WSANs includes sensor-actor coordination and actor-actor coordination.

The former class concerns how to collaboratively build a path between the sensor and the

actor. Its objective is to help the sensor to deliver the data. The latter class regards how

a group of actors make a decision and perform cooperatively for a certain purpose. These

objectives include sensor placement, boundary coverage, robot dispersion and dynamic

task location. Simply put, sensor-actor coordination deals with the way to report an

event; actor-actor coordination deals with the way to handle an event.

A lot of research has been done in the area of robot coordination in recent decades.

In [26], a scheme for sensor-actor and actor-actor communication is presented. The actors

are stationary and sensor networks in an event area are partitioned in different groups, each

reporting to a different actor. Within each group, a tree routed at the corresponding actor

is built for data gathering with low energy cost and high reliability. The reliability is defined

as the percentage of the packets generated by sensor networks in the event area and received

from an actor not later than a predefined latency bound. The authors provide centralized

as well as distributed solutions for the tree construction and, more precisely, they present

a distributed protocol where the trees are constructed on-the-fly and adjusted according to

the current reliability level. Also, the actor-actor coordination problem is formulated as a

mixed integer non-linear program and a localized auction protocol is proposed for deciding

which actor will handle the current event.

In [45], after an actor receives the most urgent event according to the predefined event

priority, the actors coordinate with each other in the event area about their acting capabil-

ities. This value is related to the distance to the event and the residual energy: the farther

the distance to the event is and the less residual energy an actor has, the less acting ca-

pacity the actor possesses. The actor with the highest value will handle the event. In [29],

Ngai et al. increase the reliability in a cell network where actors run a relocation algorithm
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to move to the area with high event frequency in order to provide fast event response.

However, actors should periodically communicate with each other by direct one-hop com-

munication for their relocations which raise energy consumption. Additionally, different

strategies may be applied for diverse applications due to different requirements. In [40],

the authors focused on the surveillance of a sensor network for tracking and capturing

tasks. Another application like fire fighting was discussed in [16]. However, in this thesis,

we will mainly review the actor coordination based on the Voronoi Diagram [4]. As a fun-

damental concept in the geometry, we will present the Voronoi Diagram as the prerequisite

knowledge. In the reminder of this section, we will discuss a few typical solutions in actor

coordination.

2.2.1 Voronoi Diagram

Voronoi Diagram or Voronoi Tessellation (Figure 2.7) is a famous optimal partition of

n-dimensional space for a set of fixed points in computational geometry. A survey of

the theory and application of the Voronoi Diagram is given in [4]. The set of points P =

(p1,...,pn) is called sites or generators. Let Q denote a convex polytope in <N . The division

makes space into a collection of discrete Voronoi polygons V = (v1,...,vn) which satisfies

the condition:

vi = {q ∈ Q| ‖ q − pi ‖6‖ q − pj ‖,∀i 6= j} (2.1)

In the Voronoi Diagram, any two generators of adjacent polygons are called neighbours.

The vertex of a Voronoi polygon is the point that is equidistant to three or more of its

corresponding generators.

2.2.2 Centroidal Voronoi Diagram

A Centroidal Voronoi Diagram (Figure 2.8) is a special case of Voronoi Diagram where

generators are located at the centroid of every Voronoi polygon. The centroid of a polygon
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Figure 2.7: Voronoi Diagram with Randomly Distributed 8 Generators

is the average position of all the points in it; the centroid has the average x and y coordinates

of all the points on the polygon. Given the density function ρ(q) of point q, by definition,

the centroid Cv can be expressed by:

Cv =
1

Mv

∫
v

qρ(q)dq (2.2)

where Mv is the mass of the polygon defined by:

Mv =

∫
v

ρ(q)dq (2.3)

For uniform density, where the ρ(q) equals to 1, there is another way to calculate the

centroid on a plane based on the coordinates of its polygon vertices. Consider a two-

dimensional n polygon diagram with vertices ((x0, y0),...,(xn−1, yn−1)) in Figure 2.9. For

convenience, we assume (x0, y0) is the same as (xn, yn), then the mass and centroid can

27



Figure 2.8: Simple Centroidal Voronoi Diagram with 5 Generators

be expressed as:

Mv =
1

2

n−1∑
i=0

(xiyi+1 − xi+1yi) (2.4)

Cv,x =
1

6Mv

n−1∑
i=0

(xi + xi+1)(xiyi+1 − xi+1yi) (2.5)

Cv,y =
1

6Mv

n−1∑
i=0

(yi + yi+1)(xiyi+1 − xi+1yi) (2.6)

Figure 2.9: Closed-form Expression to Calculate the Voronoi Centroid
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2.2.3 Voronoi Diagram in Robots Coordination

The structure of the Voronoi Diagram has been widely applied in many disciplines like

geography, biology, vision science and engineering. In the distributed sensor network, re-

searchers use this structure in node coordination to achieve optimized topology for specific

topics such as sensing coverage, task assignment, path planning and energy management.

Nodes, sensors, or robots in these networks act as generating points to construct their

Voronoi Diagrams. According to the property of the Voronoi Diagram in equation 2.1,

points in each Voronoi polygon are closer to their own generating point than other gener-

ating points. This gives a way to improve the performance of nodes when it takes distance

into consideration. In the coverage problem, sensors target at collaboratively reducing or

eliminating the sensor hole. With the unit disk sensing model, one sensor has to make

sure that more area in its Voronoi diagram will be covered within the sensing range. In

task assignment, robots are responsible for reacting to events in the network. In the path

planning and energy management, nodes should minimize their moving distance because

the energy cost for moving is much higher than transmission. Finding the shortest path to

arrive at targets extends the lifetime of the network. To avoid global computation, some

technology about proximately localized Voronoi Diagrams [39] should be used. We will

review several applications of the Voronoi Diagram below.

2.2.3.1 VEC, VOR and Minimax

In [42], Wang et al. provide three strategies for sensors to change their deployment ac-

cording to the assessment of sensors’ vicinities location. A sensor generates its Voronoi

polygon and moves to the uncovered area of the polygon. This is based on the simple fact

that any point within its Voronoi polygon is closer to its sensor than other sensors; that

is to say, each sensor should cover as much of the area of its Voronoi polygon as it can.

Specifically, these methods are Vector-based (VEC), Voronoi-based (VOR) and Minimax.
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VEC is inspired by electromagnetic fields and simply pushes sensors away from each

other. Consequently, they are evenly distributed within the whole network. It uses the

virtual force between sensor and sensor to adjust the distance among sensors to a desired

value. Meanwhile, the boundary of the network tries to push sensors away. Compared to

VEC, in VOR, once a coverage hole is detected, the sensor moves to its farthest Voronoi

vertex. To prevent the required moving distance from exceeding the sensing range, the

moving distance is limited, at most, to half of the difference between the communication

range and the sensing range. Once the sensor leaves its current location to a new destination

in one round, new sensing holes may be generated so that the sensor may move back and

forth in the following several rounds. To avoid this situation, oscillation control is added.

It checks the moving direction before it moves. If the direction of the destination is the

same as the last round, it moves; otherwise, it stops in this round. Minimax is, in some

ways, similar to VOR. But instead of choosing the farthest vertex of the Voronoi polygon, it

moves to the point inside its Voronoi cell whose distance to the farthest vertex is minimized.

This modification will lead the sensor to the centre of the smallest enclosing circle of the

Voronoi vertices and thus keep most of the vertices of the Voronoi polygon within the

sensing range.

A comparison of VOR and Minimax is provided in Figure 2.10. In this simple example,

the communication range is three times larger than the sensing range. The red triangle is

the targeted sensor that calculates its next round destination which is marked as a yellow

square. In VOR, the sensor tries to move to the farthest vertex of its Voronoi polygon

within its moving distance limit (marked as the blue circle) shown as the point circle. The

dashed line is circle formed by the farthest two points of the Voronoi cell and the next

destination is the center of that circle. Clearly, Minimax reduces the travel distance per

round for sensors and eliminates the possibility or need for moving back and forth.
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(a) VOR

(b) Minimax

Figure 2.10: Comparison of VOR and Minimax

2.2.3.2 Coverage Control using Centroidal Voronoi Diagram

In [8], Cortes et al. systematically provide and analyse the model of Centroid Voronoi

Tessellation (CVT) applying it to wireless mobile sensor networks. It is based on the

famous Floyd algorithm to propose distributed, gradient descent algorithms to optimally

deploy sensors for both continuous and discrete time. The authors first explain the optimal

coverage program as maximizing the detection probability in a desired area. It consider
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the locational optimization function:

H(P,W ) =
n∑

i=1

∫
Wi

f(‖ q − pi ‖)φ(q)dq (2.7)

where P = (p1, ..., pn) is the location of nodes, W = (W1, ...,Wn) is the partition of convex

polytope in <N , φ(q) is the distribution density function, f(‖ q − pi ‖) is the sensing

performance within the distance ‖ q − pi ‖. Equation 2.7 is related to the position of

sensors and the partition of the space. For a Voronoi Diagram, it gets minimized if the

sensor is located in the centroid of its Voronoi Diagram.

In [18], the authors also suggest taking advantage of a Centroidal Voronoi Diagram to

boost the coverage area of a group of mobile sensors. They claimed that both VOR and

Minimax only utilize part of the information of a Voronoi Diagram and thus it slightly

degrades in performance in its result. Based on the observation of distance between nodes

eventually becoming equal, the authors propose a Dual-Centroid Scheme when the Voronoi

polygon is completely covered by Voronoi neighbour polygons. It sets the destination

of sensors in each step to a linear combination of Voronoi Centroid and the center of

the sensor’s Voronoi neighbours. As shown in its simulation, this scheme accelerates the

coverage process compared to VOR and Minimax.

Even though moving to the centers of Voronoi diagrams optimizes the deployment of

mobile nodes in the network, global information and computation make these protocols

unsuitable for robot coordination in the WSANs because the connection of a robot in

WSANs is undirected and dependent on sensors. Therefore we prefer to use localized

information and make decision in WSANs to drive our robots to their Voronoi centres to

save energy.
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2.2.3.3 Max-Min

In [6] Caicedo and Zefran propose a stable and scalable way called Max-Min to best monitor

a convex area and localize an event which balances the localization and coverage task for

mobile agents in the network. Before assigning tasks, the number of agents is given by a

distributed counting algorithm. The count variable in agents are initialized to 0 except

the “leader” to 1. By using some consensus algorithms, they will be averaged and go to

1

n
. According to this number n, the number of agents needed for tasks can be given by

P (n). After an event happens, agents are assigned to take either an event-response task or

a cover task according to its urgency and the local urgency associated to the event. The

urgency represents the level of satisfaction of a certain event; the local urgency means the

importance of an agent for a particular event. If an event happens, the agent selects the

larger one between its own urgency and local urgency, and compares it with that of others

by sending invitations to its neighbours. The first given number of agents will respond to

the event, while others with less urgency move to the centroid of Voronoi polygons to keep

the network fully covered. The final configuration of the network guarantees that no more

invitations can be accepted and all the agents that do not go to events are evenly distributed

in the network if there are enough agents at all. This protocol deals with multiple events

in the network happening at the same time, but does not aim at monitoring events for a

period of time which it may suffer from collisions about the urgency among robots.
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Chapter 3

Dynamic Mesh Structure For

Location Service

This chapter presents our dynamic mesh algorithm to efficiently handle a sequence of

multiple events in the network. First of all, the network model will be presented. Then

our general idea will be described briefly. More details and essential steps of our protocol

will be discussed in two different parts:

1. DMesh Construction and Update

2. Distance-sensitive Routing for Multiple Mobile Robots

For convenience, we explain our proposal in strict grid sensor networks where every sensor

is located right at the corner of the square. But in the simulation, we will implement our

protocol in uniformly distributed quasi-grid sensor networks.
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3.1 Network Model

Before discussing our idea, we should consider our network model first. The WSANs

consist of N robots which are randomly deployed in a two dimensional ROI, denoted by

A = X × Y , and n sensors, each of which are connected with at least one of the others,

guaranteeing that there is no isolated sensor. Sensors form quasi-grid networks where the

sensors are located randomly within a circle of radius, called the uncertain range, centered

at grid points, as in Figure 3.1 (b). In this Chapter, we will illustrate our protocol in grid

networks for simplicity, but we will implement quasi-grid networks in our simulation. Also,

we assume sensors are trouble-free and have adequate power in the experiments. Hence,

the sensors in the network are always connected and all possible events can be detected

by some sensors. The communication model for both sensor and robot is the unit disc

model. The sensor and robot have the communication range Rs and Rr respectively. In

real applications, the transmitting power for a robot is usually stronger than that of the

sensor. But in WSANs, since there is no requirement of a direct path between any two

robots, it is less practical to set the communication range of a robot to a higher value.

This adaptation also reduces the energy cost of the robot. Although we consider energy

consumption, we suppose that both robot and sensor have enough energy in our simulation

so that they work properly. Also any malfunction or breakage of a node is excluded.

Figure 3.1: Sensor Model

35



Figure 3.2: Quasi-Grid Networks Model

3.2 The General Idea of DMesh

Initially, we suppose robots are randomly placed in the network. Each robot sends mesh

construction packets in four directions to construct the mesh structure so that sensors

which detect any event are able to find the nearest robot through the cross lookup to

request for services. At a collision point where multiple messages from different robots

arrive, the sensor applies a blocking rule to choose the closer robots as its Service Providers

(SPs). Instead of dropping the location information of other robots, the sensor collects all

robot locations into a neighbourhood potential SPs set. This set will be sent to all of

the potential SPs in the set (usually it will contain two robots information from either a

collinear or vertical collision, as shown in the examples in the rest of this chapter, but for

some situations, one sensor may compare three or four robots location theoretically). In this

way, a robot will obtain the location information of its neighbouring robots. Then every

robot uses its neighbouring robots’ locations to construct a localized Voronoi Diagram

(VD), showing the area that it will be responsible for. When there is no event, every

robot moves toward the centroid of its Voronoi region for even deployment. This network

deployment will make the robot better prepared for possible events that follow.

When one event happens, due to the overlapping of the sensing area of multiple sensors,

it will be detected by nearby sensors. They will coordinate with each other and the closest

one to the event will query the robot location and find its geometrically closest SP by
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doing the cross lookup in its mesh cell. It will then inform that robot about the event.

After accepting the request, the robot will stop moving toward its Voronoi centroid and

will move ahead to the event to handle it. Meanwhile, other robots will keep moving

toward the centroid of their Voronoi regions. The selected robot will be blocked from any

other events in the future until it finishes its current task. We assume that any event

could be disposed of by a single robot and define the cost of time to deal with events as

Tevent. Apparently, as more robots get involved for one event, the time spend on that event

will decrease, but in this thesis, we only consider one robot as the event dealer. Tevent is

triggered at the beginning of handling the event and the robot will be inactive until its

goes to zero. If the robot cannot finish its task before the next round of mesh update

(usually the event requires more than one mesh update cycle), it will be eliminated in the

new mesh construction. Once the event has been accomplished, the robot will wait at its

location until the next round of mesh update. During moving, the mesh structure is not

updated. Sensors have to report the event to mobile robots because the recorded locations

in the mesh are out of date and cannot be used for finding SPs, thus a routing scheme for

mobile sinks is introduced for service requests during this time interval. After all robots

arriving at their endpoints, either an event or the centroid of a Voronoi polygon, a new

mesh will be constructed with the current location of available robots.

3.3 DMesh Construction and Update

In order to propose our dynamic location service, we should first construct a static version of

the mesh structure for the closest robot. We follow the general steps in [21] to construct the

mesh structure in our scheme. However, we will extend and modify its construction process

in order to acquire more necessary information to make such a structure dynamically.
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3.3.1 DMesh Construction

We assume that sensors and robots are synchronized before the starting moment. At the

time Tbegin, each robot generates four registration messages in different directions: East,

West, North and South respectively. These messages consist of the location of the robot,

direction of the message and a timer called Tmesh update which is used for synchronizing the

updating of the mesh structure. To be specific, when the timer ends, sensors will delete

the old version of the robot location information and leave space for the new one. This

value is related to several parameters of the network, like the scale of the network, number

of robots, the moving speed of the robot, the delay of transmitting a message, etc. If the

value is too small, it will cause a collision between the previous and new mesh structure;

otherwise, it will make the location information out-of-date. Both of these two situations

will deteriorate the performance of our mesh. However, optimization of this variable is out

of the scope of this thesis. We will give the value in our simulation configuration.

After the furthest sensor in one direction of a robot neighbourhood receives a mes-

sage, it will store the location and timer to its local storage. Then, the sensor will re-

transmit the message to its foremost neighbour according to the direction information

by using the Greedy-Face-Greedy (GFG [5]) protocol. In some situations where two

registration messages from the same robot reach the same sensor, the sensor will for-

ward these messages in different directions. Consequently, these messages will hit the

border of the network in corresponding directions. The sensor at the border will de-

liver the registration message, switching from greedy to facing because there is no local

node further than itself in the direction of message. Due to the nature of GFG, these

registration messages will be forwarded in a clockwise (or counter-clockwise) direction and

will eventually cover the whole boundary of the network. Figure 3.3 shows how it works

when there is only one robot in the network.

When two or more registration messages from different robots arrive at the same sensor,
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Figure 3.3: A Robot Sending Its Register Message to the Grid Network

this sensor will be called as collision sensor and the block rule will be applied which is

officially formalized in [21] as:

“ A common node u of the residing rows/columns of two SPs a and b(a 6= b) stops the

further propagation of the information of a, iff|ua| > |ub|∨|ua| = |ub|∧colline(a, b)∨|ua| =

|ub| ∧ ¬colline(a, b) ∧ horizon(b), where colline(a,b) and horizon(b) denote the case that a

and b are (vertically or horizontally) collinear and the case that the involvement of b is

along the horizontal direction, respectively. When this blocking happens, we say ’b blocks

a at u’ and denote it by a
u←− b or b

u−→ a.”

Simply, the collision sensor will compare the location of every robot and choose the clos-

est one as its SP. Moreover, it will put all robot locations into a set as Neighbouring Robots.

It will send the set to all the robots in this set. The transmitting process will be greedy

to these robots using GFG. Hence, the robot is capable of capturing the location of its

neighbouring robots. If a sensor receives a new registration message but finds the pre-

vious message of the further robot has arrived earlier, this collision sensor will send a

revocation message to erase the previous robot location. This message will track the path

of the earlier-arrived registration message until it reaches the endpoint of its propagation.

In Figure 3.4, three robots try to construct the mesh structure.

In the construction process, there are three collision sensors in the figure which are
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marked out as black nodes. Collision sensor 2 will compare the distance from itself to robot

A and robot B. Since the sensor is closer to robot A than to robot B, it will orthogonally

block the westbound message from robot B. That is because for sensors farther west than

collision sensor 2, robot A is geometrically closer than robot B. Therefore these sensors

have no need to store the location information of robot B. In the asynchronous scenario

where the registration message from robot A arrives earlier, collision sensor 1 will retrieve

its message along the delivery path of the registration message from robot A shown as

sensors with a red perimeter. Collision sensor 1 will forward the message from robot B

in advance. Collision sensor 3 applies the block rule in a collinear situation. It is located

almost equally from robot A and robot C. Thus, sensors farther south than collision sensor

3 store the location of robot C while sensors farther north of there conserve the location

of robot A.

Figure 3.4: Collision Sensors During the Construction of the DMesh

According to the location of neighbouring robots, a robot will start to calculate the

Voronoi Diagram and its center. This division of a network can more clearly show which

sensor is closest to which robot. The benefit of moving a robot to its Voronoi centroid

is that it minimizes the expected distance for a robot to any point within its Voronoi

polygon. We assume that the robot knows the size of the ROI and the relative location
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of itself in the ROI. If our ROI is defined by 0 to LENGTH in the X coordinate and 0 to

WIDTH in the Y coordinate, robots create an array of virtual pixels pij for every integer

location in the ROI, where i and j are integers indicating the X and Y coordinates of point

p, 0 < i < LENGTH and 0 < j < WIDTH. A robot compares the distance of all pij

to itself with the distance of all pij to its neighbouring robot. Then the centroid of the

Voronoi polygon of robot r can be calculated by using distributed versions of the equations

2.2 in Chapter 2:

Centroidx =

∑pij is close to r
i x of pij

number of these pij
(3.1)

Centroidy =

∑pij is close to r
i y of pij

number of these pij
(3.2)

Each robot will regard the centroid as its endpoint and move to it for better performance

of event coverage until there is an event reported to a robot. In order to make the movement

of all robots synchronized, we predefine a time called Twait. A robot will stay at its

location until the Twait. The value of Twait should be neither too large nor too small. The

minimum value should allow robots to accomplish the mesh structure which is related to the

scalability and transmitting delay of the network. On the other hand, since Tperiod update −

Twait is the time for robots to move, Twait should be adequately small so that robots

have enough time to reach their endpoint. For convenience, we define the time ratio of

construction as:

kt =
Twait

Tperiod update

(3.3)

This ratio is constrained to be from 0 to 1, which exactly describes how much time

robots will stay at their locations in the current mesh structure. During movement, the

robot will change its endpoint to the event location whenever it receives an event report.
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Figure 3.5: Voronoi Diagram above a Mesh Structure with Four Robots in a Grid Network

Figure 3.5 shows how a mesh structure is constructed with four robots in grid sensor

networks. At a certain time, the robots deployed themselves separately as shown in the

figure. The yellow sensors received the registration messages from the robots and became

parts of the mesh structure at the current update cycle. The black lines in the network

shows the Voronoi Diagram of the network above the mesh structure. This division will

help the robot find its own centroid within its Voronoi polygon.
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3.3.2 Pseudo Code of DMesh Construction and Update for a

Robot

Here we present the pseudo code in Algorithm 1 for robot R.

Algorithm 1 DMesh Construction and Update, robot R

1: while true do
2: if Timer = Tmesh update and R is not busy then
3: R sends registration messages to four directions
4: end if
5: if Timer = Tmesh update + Twait then
6: R calculates its Voronoi diagram, sets its endpoint
7: as the Voronoi centroid and starts to move
8: end if
9: if R receives event report then
10: endpoint← event location
11: R moves to endpoint and becomes busy
12: end if
13: if R is on move then
14: runs Distance-sensitive Routing for Multiple
15: Mobile Robots (Algorithm 3)
16: end if
17: if event is accomplished then
18: R becomes available for next events
19: end if
20: if R gets neighbouring robots position then
21: adds these positions in Neighbouring Robots set
22: end if
23: end while
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3.3.3 Cross Lookup in DMesh

After the mesh structure is completed, the target for a sensor is to find the closest

Service Provider through the mesh structure if there is an event detected. Suppose a sensor

S detects an event and after coordinating among its neighbouring sensors, it will request for

service if and only if it is the one closest to the event. It will send a Service Request Message

which simply contains the event request, to its neighbours in four directions (See Fig-

ure 3.6). These search messages will be delivered using GFG until they reach the border

of the mesh cell. Then the sensor where the search message stops will send the recorded

location of service robot back to the sensor S. If it does not find any mesh sensor, it will

reply to S with a failure notice. The sensor S will locally compare the locations of robots

in these reply messages and choose the robot closest to the event. S will also send an

Event Report Message to the robot, using GFG. The robot that receives such a message

will set its status to busy and block itself from future request until it finishes the current

event. If S has the location information of a robot, which means that the robot has already

moved away from its mesh constructing point, S will directly sent an event report to the

robot. This message may get redirected on its path to the robot.

Figure 3.6: The Lookup Process in a Mesh Structure with Four Robots in a Grid Network
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3.3.4 Pseudo Code of DMesh Construction and Update for a

Sensor

Here we present the pseudo code in Algorithm 2 for sensor S.

3.3.5 DMesh Update

3.3.5.1 Stable Deployment

Once the mesh structure is accomplished, the robot will prepare to move to its endpoint,

either the event or its Voronoi centroid. Supposing that one event happens at a specific time

in the completed mesh structure, the closest robot to the event will move to the event.

Meanwhile, it will become unavailable for upcoming events until it finishes its current

one. Therefore, possible subsequent events in its Voronoi region will keep requesting in

the current mesh update period but cannot get a response. In this situation, the event

response delay will be at most Tmesh update because other robots will construct a new version

of the mesh structure. The busy robot will not send a registration message, so it will be

eliminated from the structure until the first update cycle after it finishes the current event.

Consequently, other robots cannot capture its location information through the collision

sensor in the mesh structure. Thus, the new division of the Voronoi Diagram will lose this

robot and lead to the location adjustment of all other robots.

Definition 1. The stable deployment of n-robots in the network is the one where every

event-available robot is located in its Voronoi centroid and requires no further movement.

The number of robot n is called the rank of stable deployment.

With the stable deployment, a robot reaches an optimal point where it does not have

to move until an event happens in the network which breaks this balanced structure.

Figure 3.7 a) shows the stable deployment of 4 robots. In the stable deployment, robots
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Algorithm 2 DMesh Construction and Update, sensor S

1: while true do
2: if Timer = Tmesh update then
3: reset S
4: else
5: if S gets registration message then
6: if not receive before then
7: stores robot location and updates timer
8: retransmits the message
9: else
10: S applies blocking rule and checks whether
11: to send revocation message
12: end if
13: end if
14: if S detects event then
15: if movingSP is not null then
16: S informs its movingSP with event location
17: else
18: does cross look-up
19: end if
20: end if
21: if S gets cross look-up message then
22: if S is part of mesh then
23: reports SP location in S to request source
24: else
25: retransmits the message
26: end if
27: end if
28: if S gets SPs information then
29: collects SPs location, chooses the closest one
30: and sends event report to the SP
31: end if
32: retransmits the message
33: end if
34: end while
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are sparsely distributed and every robot is responsible for the event happening in its own

Voronoi region in which all sensors are closer to this robot than to other robots. Moreover,

being located at the centroid of the Voronoi region minimizes the expected distance of

movement of the robot to any event in the whole Voronoi cell. The proof is provided in [8].

In Chapter 4, our result shows that the number of nodes in such a division is almost the

same when we consider a uniform probability distribution of events. For message cost,

maintaining the mesh structure is the same as the static mesh: for each robot, it will send

four registration messages; for sensors in the residue row and column of robots, they will

only deliver these messages. On the other hand, these messages have to be sent because

this is how the robot gets information about other robots. However, periodic location

updates of robots will waste the energy of robots and may deplete the energy of a certain

group of sensors.

When no event happens in the network, the robot will stay at its position which

means the location information of the robot stored in the sensor is accurate for the next

Tmesh update. In this situation, the robot will double its Tmesh update in the registration message

for the next update period to lower the frequency for location updates. Therefore, the mes-

sage cost for both robot and sensor will be reduced while the whole system still keeps the

latest accurate locations of robots. This process will continue if no event happens until the

2 × Tmesh update exceeds the maximum tolerated delay of event for our system Delaymax.

When any robot receives the event report, it will move to the event. In a small system

with few robots, eliminating one robot from the mesh will lead to locomotion of all the

other robots. But in considerable large systems, some robots may not be able to detect

the movement of the robot which goes toward an event because their Voronoi cells do not

change during the next period. As a result, robots geometrically adjacent to the robot

which goes to an event will double their Tmesh update, while other robots will still keep their

Tmesh update the same. This will lead to synchronized chaos throughout the whole mesh

structure. To avoid such a mess, the robot receiving the event report will send a notice
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message containing the moving status and its Neighbouring Robots to robots in this set.

Robots receiving such a notice will stop the doubling process and set the Tmesh update as

the initial value. To avoid duplication of this notice, each robot will eliminate robots in

Neighbouring Robots in this notice message from its own set. Then robots will forward this

notice message to the robots left in its own Neighbouring Robots set. In this way, all robots

will realize that an event happens and set Tmesh update back to the initial value.

3.3.5.2 DMesh Degradation

Definition 2. k-th mesh degradation happens when stable deployment of n-robots degrades

to robot deployment of (n− k)-robots.

The stable deployment will be broken only if there is an event happening. If an event

happens, the closest robot will move to it. This robot will become unavailable and will lose

contact with other robots during the event process. If at the next update cycle, the robot is

not able to finish the event, the n-robots deployment will eventually regress to n−1-robots

stable deployment as illustrated in Figure 3.7. Robot B will take the event since it is the

nearest one to the event. It is not able to deliver its registration messages because of event

handling in the next several update cycles. Thus, our 4-robots stable deployment on the

left will become the 3-robots stable deployment in a few rounds of updates on the right.

3.4 Distance-sensitive Routing for Multiple Mobile

Robots

Although the mesh structure allows a sensor to have a high probability of finding the closest

robot, during the update of the mesh, the sensor is not able to track robots because the

location of the robot changes during its movement to the event or the centroid. During

the move, we keep our existing mesh structure and make no update. Therefore, a sensor in
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Figure 3.7: 4 Robots Degrade to 3 Robots

the mesh structure only stores the location of its closest robot before robots move. Since

the event is totally random for any time, we need to guarantee that any event request in

this interval of mesh update will be received by its closest robot. Thus, we should adapt

our protocol so that it allows event monitoring during the movement of a robot.

After the robot decides its endpoint, it starts to move in the current mesh updat-

ing cycle. While moving, the robot monitors its neighbouring sensors and calculates the

minimal broken time according to its direction of motion and speed. The minimal broken time

will decrease as the real time increases. If it goes to zero, a sensor will lose contact with

the robot; if the robot meets a new sensor, it will add this sensor to its neighbours list, sets

the old minimal broken time to zero and re-calculates the new one. Then, in both situa-

tions, the robot will broadcast the location update message which contains its robot ID, its

current position, its endpoint and the Tmesh update. The sensor receiving the location update

message will store the robot location as the moving service provider (movingSP), the end-

point and the Tmesh update. The new neighbouring sensor or the broken one will refresh

its neighbours list. The location update message will be retransmitted by the sensor if the

location of the robot or endpoint is different from the location recorded by the sensor.

Our protocol for moving routing is based on flooding. Even though we decrease the fre-

quency by predicting the connection of the robot, the robot may still potentially broadcast
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the message to the whole network which will cause severe congestion or even a network

crash. In fact, there is usually more than one robot in the network in order to reduce

the burden per robot and to elevate the real-time performance of event response. Each

sensor may receive multiple location update messages from different robots which may lead

to unnecessary overhead. Therefore, the location update message of robot should be con-

strained within its Voronoi cell which eliminates collision among the different versions of

location update messages and dramatically reduces the overhead of the message.

Before the robot moves, it will broadcast its neighbouring set and its own location

with the corresponding ID. The sensor that receives them will choose its movingSP by

calculating its distance to its neighbouring robots in the neighbouring set. It will record

the robot ID and its location. Retransmission of the message will happen only if the chosen

movingSP is the same as the source of the message based on the robot ID. In this way,

a sensor is aware of which Voronoi polygon it belongs to and this Voronoi division will

not be changed until the robot arrives at its current endpoint. Later, the sensor receives

the location update message will compare the robot ID in the location update message and

its movingSP ID. Only when the robot ID in new message is the same as the one of its

movingSP will the sensor update the location of its MovingSP and re-transmit the new

message.

If there is an event reported to the robot during its move to the centroid, the robot will

abandon its endpoints and switch to the event location because of the higher priority. The

robot also stops current minimal broken time and sends a recovery location update message

which contains its current position and new endpoint to its previous endpoint using GFG.

Because the endpoint is a virtual point, the message will be delivered to sensors around

the endpoint. According to the property of GFG, the sensor that is the closest to the

old endpoint will receive the same recovery location update message twice. This sensor

will treat itself as the Anchor Sensor. The queries from sensors which lose contact with

the robot after the robot changed its endpoint and try to report event to the previous
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endpoint, will be re-routed to new endpoint of the robot by the Anchor Sensor. Once the

robot accepts the event report, it will be blocked from any other requests from the sensor.

Therefore, during this period of mesh update, any sensor that tries to access the robot will

be denied and any other event report will be suspended. Since the complete execution of

the event usually requires more than one mesh update cycle, the sensor will do the cross

look-up in next cycle through the new mesh structure. In the meanwhile, other robots

targeting coverage of the ROI in their own Voronoi polygon will still monitor the event

during the interval of mesh updating.

Figure 3.8 illustrates the process of location update. The robot R will notice all the

sensors in its Voronoi cell as the green area before it moves. During the move to the

Voronoi centroid, it changes direction at point P1 because an event happens. Therefore,

at P1, it will send a recovery location update message to the centroid. This message will

be delivered around the centroid marked by the blue arrow. The closest sensor (the black

node) will be selected as the Anchor Sensor.

Figure 3.8: A Robot Updates Its Location within Its Voronoi Polygon

Before the sensor which is closest to the event does the cross lookup as illustrated in
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Figure 3.6, it should check whether the movingSP is null or not. If it is null, it will do the

cross lookup; if it contains a certain robot, it will use GFG to report its request. During

the process of cross lookup, if any sensor contains the movingSP, it means the location of

the robot has already been changed. As a consequence, the cross lookup will stop and this

sensor will send the location stored as movingSP to the source. Then the source will route

the event report to the closest robot directly. If the robot is not at that location, sensors

will send this report to the endpoint of the robot.

3.4.1 Pseudo Code of Distance-sensitive Routing for Multiple

Mobile Robots

Here we present our pseudo code in Algorithm 3 for robot R and Algorithm 4 for sensor S:
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Algorithm 3 Distance-sensitive Routing for Multiple Mobile Robots, robot R

1: while R is moving do
2: calculate the minimal broken time
3: if minimal broken time = 0 then
4: R broadcasts location update message
5: else if new neighbour added then
6: R stops current minimal broken timeout
7: else if new event received then
8: R sends recovery location message to old endpoint
9: and stops current minimal broken timeout
10: end if
11: end while

Algorithm 4 Distance-sensitive Routing for Multiple Mobile Robots, sensor S

1: while true do
2: if S gets location update message then
3: if S is a new node OR S is a broken node then
4: if movingSP in message is from its Voronoi polygon then
5: keeps location in message as movingSP
6: end if
7: else if endpoint in the message is changed then
8: retransmits the message
9: end if
10: else if S gets recovery location message then
11: if S receives the same message twice then
12: sets itself as anchor node and stops retransmitting
13: else
14: S forwards the message using GFG
15: end if
16: end if
17: end while
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Chapter 4

Performance Analysis

In this chapter we will evaluate the protocol by implementing our protocol in JBotSim [7]

which is a Java-based library, to realize and visualize the simulation. Because our protocol

is derived from iMesh, we will compare our DMesh with iMesh. We will also compare

DMesh with the Voronoi-based protocol-DDMA [25]. First of all, we will introduce some

metrics for the estimation of performance. Then we will configure our network setting and

give simulation steps. Finally, we will use these metrics for the analysis of properties of

our protocol.

• Response Distance (ResD) assesses the needed distance for a robot to arrive at the

event position once the event is reported by the sensor. Since the robot’s moving

speed is constant in our simulation, the distance can be considered as a measure of

time required by a robot to respond to an event. Less Response Distance means less

time required for robots to arrive at the event. As we suggested in Chapter 1, in

some applications dealing with emergencies which are delay sensitive, a robot should

arrive as soon as possible. Aside from that, the real-time property is the motivation

for us to develop the DMesh protocol.

• Recovery Distance (RecD) estimates the distance for event-available robots to cover
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the whole ROI with stable deployment after some of the robots react to events. Also,

this distance represents the time for a robot to add itself to the currently existing

mesh structure after it finishes dealing with an event. This distance value embodies

the time consumption for deployment adaptation.

• Load of Robot (LR) indicates the number of sensors that a robot will be responsible

for in the stable deployment. Because of the uniform distribution of our sensors,

this also represents the size of the area that a robot is responsible for handling in an

event. If the Load of Robot for every robot is the same, the energy cost for possible

events among the robots will be balanced and the system lifetime will be prolonged.

• Robot Message Cost (RMC) and Sensor Message Cost (SMC) are the number of

messages that one robot and one sensor uses per round in DMCU and DRMMR.

Because we update our structure periodically and require robots to inform sensors

of their new locations during a move, both RMC and SMC will increase as a result

and they are regarded as the price to achieve our protocol.

4.1 Network Configuration

We implement our protocol in an ROI with size A using quasi-grid sensor networks where

the location of sensors is random within a circle with a radius of 2 meters centered at a

grid point. This is more realistic than the strict grid networks. We are always willing

to generate grid networks in application because of its benefits, but when the sensors are

about to be placed in some extreme scenario where it is hard to approach people, like a

remote mountain area, under the sea or in another unmanned region, the carriers can only

install sensors within a geometric error location. Moreover, it is easy for us to transfer this

network to a random and uniform sensor network by adding another group of sensors and

slightly adjusting the GFG protocol so that the mesh registration message can cover the
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whole border of the network. This kind of network can be generated by adding a random

variable with a positive value into both the X and Y coordinates of the robot’s location.

The next thing that should be mentioned is that the probability distribution of events

is uniform within the ROI. In some applications, we may treat the possibility of events

happening as uneven based on technology or empirical analysis. This will be discussed in

our future work. Events may happen any time.

Our experience will be conducted with the number of robot N being selected from 1

to 8 for number of sensors n. In this sensor network configuration, the communication

range Rc of the robot and the sensor will be 35 m. This makes sure that each sensor can

just connect with its orthogonal neighbours but not the diagonal ones, which simplifies

our GFG protocol in implementation while embodying the attributes of our protocol. The

simulation was repeated 20 times with different initial positions of robots and events, and

the results were averaged. Below, all of the network parameters are shown in the table:

Table 4.1: Static Network Configuration

Parameters Definition Values

A Network Size 470m * 470m, 620m * 620m,
770m * 770m, 920m * 920m

N Number of Robot 1 to 8
n Number of Sensor 225, 400, 625, 900
Ds Distance of Sensor Gap 30m ± 2m
Rc Communication Range 35m
dc Communication Relay 10ms
vr Speed of Robot 10m/s
kt Constructing Time Ratio 0.5

Here, we show different stable deployments of robots with N varying from 3 to 8 with

a sensor network n = 20 ∗ 20 in Figure 4.1.
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Figure 4.1: Stable Deployment of 3 to 8 Robots
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4.2 Result and Analysis

4.2.1 Response Distance

In order to evaluate response distance, we randomly add an event to our network. For

DMesh, we suppose the event happens after all the robots have moved to their Voronoi

centroid which means that robots are in the stable deployment. For iMesh and DDMA,

since they do not make any change to the robot locations if no event happens, we simply

randomly deploy all the robots and the response distance for both protocols are the same.

As shown in Figure 4.2, the averaged response distance for a robot to reach the event

drops proportionally to the increasing number of robots. That is because the more robots

that are involved in the network, the smaller area that an individual robot is going to be

responsible for. If there is only one robot in the network, it has to respond to all the possible

events in the whole network. If there are two robots, each of them only have to cover one

of two areas separated by the perpendicular bisector of their connecting line. As more

robots get involved, more divisions will exist in the network and there is less area for each

robot to cover. Comparing the Response Distance between a random distribution of robots

and our stable deployment, we prove that our stable deployment considerably decreases

the distance a robot is about to move once the event happens. By leading a robot to the

centroid of its Voronoi cell, there is about fifty meters less than in the random topology

on an average of 20 experimental iterations for different numbers of robots. For example,

if there is only one robot, by just driving it to the centre of network, the response distance

drops from about 350 m to 280 m. When 8 robots are deployed, even though the response

distance decreases substantially compared with a few robots, our stable deployment still

decreases by about 50 m. In terms of percentage, it reduces the response distance from

17.8% (single robot) to 33.1% (eight robots). It is proven that our stable deployment in

case of DMesh largely decreases the distance a robot has to travel once an event occurs.
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Figure 4.2: Moving Distance When the Number of Sensors is 400

For the ResD metric, we will also change our network area and total number of sensors

with a constant interval distance between sensors. Figure 4.3 depicts the advantage of

DMesh in response distance reduction for different sizes of sensor network with 5 robots.

In the 225-sensor network, the random deployment causes 140 m movements; while in

stable deployment of our protocol, such a value declines to around 80 which is less than

the 60 percent of random deployment. Although this ratio rises a little to above 70 percent

when the scale of sensors is enlarged to 900, it is reasonable for us to add more robots in

large-size scenarios for the shorter responding time.

4.2.2 Recovery Distance

As we mentioned in Chapter 3, our mesh structure degrades if any robot receives an event

request. In our simulation, with 1 to 8 robots, we observe that robots take about 5 mesh

update cycles to recover and form a sub-class deployment. For a small number of robots

(e.g., less than 5), the “unstable” status only lasts for 2 to 3 cycles. We suppose that

servicing the event demands 5 mesh update cycles so that these robots which receive the

event will not be able to go back to impact robot deployment. Hence the moving distance

per robot to reach the stable deployment can be accumulated. Our experiments were
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Figure 4.3: Moving Distance When the Number of Robots is 5

conducted in stable deployment with one or two events happening randomly. Because we

need at least one robot left available in the network to represent the recovery property,

our recovery distance analysis starts from 2 robots for one event and 3 robots for two

events. The two gradually descending lines in the Figure 4.4, indicate that a robot moves

a shorter distance to recover from mesh degradation because the interval distance between

any two robots shrinks as the number of robots increases. If one event happens and the

closest robot moves to the event, it leaves a coverage hole for event coverage in the mesh

because in the robot’s own Voronoi polygon there is no possible event handler and other

robots need to cover this area. Now, with one less robot available for event coverage, other

robots coordinate to repair the coverage hole by forming a sub-class stable deployment.

With more robots in the network, required moving distance for other robots is reduced as

depicted in the blue line in Figure 4.4. When two events happen, the two robots closest to

the events get occupied by the two events during the same time, and the remaining robots

travel longer distances to reach the sub-class stable deployment as shown in the red line in

Figure 4.4. It is because that the other event-available robots need to recover more areas

than the one with single event.
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Figure 4.4: Recovery Distance per Robot

4.2.3 Load of Robot

A balanced load of robot is another valuable characteristic of DMesh. Figure 4.5 demon-

strates how many sensors will potentially report the event to a certain robot. Because our

sensors are uniformly distributed in the ROI, this also implies the size of area a robot will

be responsible for. Actually, this is a side effect of setting the endpoint of event-available

robots to the centroids of Voronoi cells and uniformly distributed sensors. The Voronoi

division causes sensors to be informed about the area in which a robot is closer to them

than other robots, but the size of these separated areas are not equal at the beginning.

Nonetheless, after the mesh has evolved through a few updates, it will divide the ROI into

approximately equal areas. In a one-robot scenario, the robot has to take the requests

from all the sensors; for two robots, both of them take care of half of the sensors; for more

robots, their sensor loads are almost the same. We point out that even through this value

rises and falls in a small range except for 1 to 3 robots, in robots numbering 4 to 8 with a

deviation of less than 5 sensors from the theoretical average value, the balancing effect for

the sensor load of robot is acceptable. Notice that the event is totally uniform and random

in the ROI and this property averages the chance for robots to take care of events which

extends the lifetime of our system as a whole.
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Figure 4.5: Load of Robot

4.2.4 Message Cost

In this section, we will look at the message cost for the robot and the sensor. In Figure 4.6,

the green line, blue line and red line are the message cost of DDMA, iMesh and DMesh

respectively. For the iMesh, we make robots update their mesh periodically by relocating

robots’ positions at the beginning of every mesh update cycle. Besides, we make robots in

DDMA move to the centroid of Voronoi cells as the covering task, so robots will update

their positions once their locations change. We calculate the message cost in 5 cycles before

the robot in DMesh reaches the stable deployment and average them into the message cost

per update cycle. Also, the message cost is accumulated without an event. Clearly, the

red line is higher than the blue and green lines. For iMesh, the message cost is constant at

4 because every robot propagates its location information in four directions. In DDMA,

a robot will broadcast its location to the whole network after it moves to a new location.

Comparing DMesh with iMesh, except for the mesh construction, the message cost in

DMesh for a robot is used for routing during moving (DRMMR). The message cost in

DMesh demonstrates a slow decline: when the number of robots is 1, the message cost

is about 10; when the ROI has 3 robots, the message cost is about 9; when the robots
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were increased to 8, the cost goes to about 7 and tends to settle down. As the number

of robots in the network increases, the distance for a robot to reach its position in stable

deployment decreases. Since our sensors in the network have a uniform distribution, the

chance for a robot to meet new sensors or lose sensors is proportional to the distance that

a robot moves. Although our protocol seems to almost double the message cost of iMesh,

it is important to mention that this process only lasts for the first few update cycles before

stable deployment. If there is no event happening, the message cost of a robot will drop

to 4 to maintain the mesh structure. More sophisticated design, like doubling the mesh

update cycle discussed in Chapter 3, will decrease the message cost further.

Figure 4.6: Message Cost per Robot
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Figure 4.7: Message Cost per Sensor

Figure 4.7 depicts the sensor message cost for DDMA, iMesh and DMesh. Because

DDMA requires a sensor to know information about all the robots, every robot will be

flooding its location to the whole network. Thus the SMC in DDMA is proportional to the

number of robots. In iMesh, the message cost for a sensor is just made up by the group

of sensors in residual rows and columns of robots and the edges of network, which deliver

the registration messages. Hence, for the whole network of numerous sensors, the cost is

relatively low with a tiny rise. For DMesh, the message cost is in between the DDMA and

iMesh. The augmentation of the message cost for a sensor stems from several perspectives.

For the mesh construction, introducing more robots requires more registration message

deliveries which is the same as iMesh and is shown in the growing tendency of the blue

line. On the other side, message transmission as a Moving Service Provider is the major

part which will be increased as the number of robots goes up. Similar to RSC, this extra

cost will be cancelled as the robot’s deployment becomes stable and kept in a relatively

small value (below 0.5 as iMesh).
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Compare to RMC and SMC, even though the robot message cost for DMesh is higher

than DDMA, the message cost for sensors in DMesh is reduced which has more value in

practice. Since the robot is superior to the sensor in WSANs, the energy cost of a few

messages for the robot does not matter too much especially with such a short communi-

cation range. In contrast, the energy in a sensor is strictly limited and lower message cost

has significance in extending the lifetime of the network.
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Chapter 5

Conclusion

5.1 Conclusion and Future Work

In this thesis, dynamic location service for multiple events in a continuous period in WSANs

was addressed. Motivated by the lack of a real-time property of existing protocols and the

demands of practical applications, we developed a mesh-based dynamic location service

protocol- DMesh. This protocol periodically refreshes the mesh structure which makes

sure that requests from a sensor can approach its nearest robot. Depending on this static

structure, robots collect vital knowledge about the network to calculate their Voronoi

Diagrams. Moving to the centroid of this geometric division enables idle robots to obtain

the efficient event coverage benefit. Simulation results prove that the distance to reach

an event using our systematic updating is considerably diminished at a relatively small

sacrifice. Additionally, the degradation and recovery attribute of our protocol make it

possible for us to maintain the performance under changing location of robots. Even

through our protocol increases the real-time property to handle events, intentionally moving

robots to their Voronoi centroids for event preparation and the relatively high message cost

for robots consume a considerable amount of energy. Therefore, its applications should be

constrained to ones with a high delay-sensitive requirement and adequate energy robots.
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Moreover, the choice of update cycle is related to the application. An improper value for

the update cycle will have a negative impact on the performance of the whole network.

To extend our current research, there are several aspects of improvement we can think

of. One thing to consider is the multiple-robot cooperation to deal with one detected

event. By this means, the event dealing process will be accelerated proportionally to the

number of robots. Consequently, real-time performance will be enhanced. This type of

challenge is called K Nearest Neighbours (KNN) which can be found in [44] and [43]. We

strongly believe it can be solved in iteratively reporting events in our mesh structure until

the desired K robots is obtained in uniform event distribution. The other aspect is to

study the uneven probability of events which is more realistic in real life. The deployment

of robots should adjust to guarantee that the expected distance to the event is minimized.
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