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Abstract

Structural health monitoring (SHM) has recently become a research topic which has gath-
ered a lot of attention. SHM is concerned with monitoring the structural state, such as
temperature and moisture, in structures ranging from buildings to bridges. Until now, the
technology used to monitor the state of structures has been based on sensors embedded
inside the structure which had to be wired together. This means that setting up the net-
work of sensors is a time-consuming task. Coupled with the cost of the sensors, SHM has
become a costly affair, and hence it has not seen much practical use.

In recent years though, wireless network technology has matured greatly. It has now
become possible to construct small wireless sensors, which can serve the same purpose
as their wired counterparts. These wireless sensor units are easier to deploy, which makes
them a more cost-effective solution to SHM.

Switching to wireless technology introduces a number of issues which must be con-
sidered. The most immediate concern arises from the fact that wireless sensor units em-
bedded in a structure, do not have access to any external power supply. This makes them
dependent on batteries, and hence the power consumption of the units must be carefully
considered, such that the lifetime of the SHM sensor network can be extended for as long
as possible. At the same time it is important to be able to scale the sensor network so
that it is possible to perform SHM on very large structures. This raises the issue of radio
ranges of the wireless sensor units, which may not be very large. Therefore, it becomes
necessary to consider routing protocols for the sensor units, which will forward the sensed
information to its destination while keeping power consumption as low as possible.

In this thesis we investigate these issues in the context of the SensoByg project which
is a research project focussing on SHM. We implement two routing protocols: The Au-
tonomous Multicast-tree Creation Algorithm (AMCA) and the Geographic Adaptive Fi-
delity (GAF). Using simulation, we evaluate the implementations in the context of the
SensoByg project, with special focus on the ability of each protocol to extend the life-
time of the wireless sensor network. Finally, we conclude upon each protocols general
applicability in SHM.



Introduction

Society today continues to build larger and more complex infrastructures as engineering
techniques and the quality of materials improve. But even the most advanced buildings
still decay over time, as they are subject to exterior forces, such as seismic events and
weather phenomena. It is therefore necessary to be able to inspect and evaluate the struc-
tural state of these structures, to be able to determine weak spots or damaged areas. As
the size and complexity of the structures increases, this becomes a difficult and time con-
suming task.

Structural Health Monitoring (SHM), is a fairly new technology concerned with col-
lecting and evaluating information pertaining to the state of structures. The idea is that the
cumbersome manual task of inspecting a large structure, can be done automatically by a
number of sensor units (often referred to as nodes) placed strategically in various places
on the structure. These nodes contain sensors that can read values such as humidity and
temperature. The values are then transmitted from each node to a central location (often
called the base station), where they can be used to evaluate the state of the structure being
monitored. By making the process of inspecting the structure automatic, it is possible to
follow the structural state much closer, as readings from the sensors can arrive on a more
frequent basis. This may reduce the cost of repairing any damages, as it is possible to
discover weaknesses earlier.

Until now, SHM systems have not seen much practical use. Mainly because early
systems have been based on arrays of sensors which had to be wired together. This is
an expensive and time consuming task, and the costs therefore remain greater than the
reward. However, recent advances in sensor, radio and microprocessor technologies have
opened up a new approach to SHM. It is now becoming possible to manufacture small,
reliable sensor units which use wireless communication. These nodes can be placed on,
or embedded in, a structure, to create a Wireless Sensor Network (WSN). This makes the
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task of deploying and maintaining the nodes a much less expensive activity.

The switch to wireless communication introduces a number of problems which must
be addressed, in order for SHM to truly become practical. Namely, radio ranges, dura-
bility, and energy consumption. As it can be desirable to embed wireless sensors inside
the materials that a structure is made up of, it becomes important that the sensor units can
sustain themselves in such harsh environments. Also, as there is often no way to access
such nodes, the radios in use must be strong enough to be able to communicate with the
outside world. With the recent advances that manufacturers[ | ] of such nodes are making,
this is becoming increasingly possible.

The problem of the energy consumption of the nodes, is also one that has recently
received a lot of attention from the research community. The problem itself arises from
the fact that a wireless sensor unit, will not have access to any external power supplies. It
will therefore have to rely on energy sources such as batteries. As it is not always possible
to access the nodes after deployment, they will at some point run out of energy, marking
the end of the WSNss lifetime. To extend the lifetime of the network long enough, so that
it becomes useful in a SHM setting, it is necessary to consider the energy consumption of
the nodes carefully.

Currently, a danish research project called SensoByg[+], is investigating the applica-
bility of wireless sensors in SHM. Early results from this project show, that while it is
possible to construct nodes that can cope with the harsh environments they can be sub-
jected to, expected radio ranges for wireless communication exceeding 5-10 meters may
still be optimistic. This introduces the problem of collecting the sensor readings from
each node and getting them to the base station.

In the light of this, it becomes necessary to consider routing protocols that are able to
route messages containing sensor readings, from a node to the base station, by sending it
through intermediate nodes, one hop at a time. Routing protocols already exists that are
able to achieve this for many different settings. However, as described above, the nodes
in a WSN are severely energy constrained. Therefore it is a necessity that such a routing
protocol is designed to consume as little energy as possible, while still being reliable. The
challenge arises from the fact that a protocol should be able to balance the load of the
network such that no single node will deplete its energy much earlier than the rest of the
nodes in the network. In other words, it should be able to utilize all the available energy
in the network.

In this thesis we implement and compare two routing protocols, which try to ad-
dress the specific challenges found in WSNs using two different approaches: The Geo-
graphic Adaptive Fidelity[ 0] (GAF) protocol, and the Autonomous Multicast-tree Cre-
ation Algorithm[15] (AMCA) protocol. GAF is a location aware routing scheme, which
creates an overlay network in order to divide the WSN into manageable regions. AMCA
is a cluster and tree based protocol. Both of these protocols take advantage of advanced
sleep states in order to prolong the lifetime of the network.

The evaluation of the protocols are done in context of the early requirements and one
of the scenarios described in the SensoByg project. The scenario concerns monitoring
the structural health of a bridge using a WSN. The goal is to evaluate the general applica-
bility of each of the protocols in a real-world SHM setting, and to possibly identify any
weaknesses in the WSN approach.
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1.1 Statement

In this thesis we implement and evaluate two routing protocols: The Geographic Adaptive
Fidelity (GAF)[16] protocol and the Autonomous Multicast Tree Creation (AMCA)[15]
protocol. The implementation will be done in TinyOS 2[5], which is an open-source
source operating system designed specifically for WSNSs.

The protocols will be evaluated for their performance in a SHM scenario. The sce-
nario is based on a case study from the danish research project SensoByg[#], which fo-
cuses on SHM. This project and the cases it is concerned with, will also be investigated
and described.

The goal is to determine each protocols ability to extend the lifetime of a WSN in the
given scenario, in order to determine the protocols applicability within the area of SHM.
This is done by simulating each protocol in TOSSIM[12], which is a TinyOS simulator.
The simulations will be based on the SHM scenarios, and will be evaluated with respect
to early requirements put forth in the SensoByg project. As the project aims for lifetimes
of five years or more, in settings requiring very large scale WSNs, the primary measure
for performance will be the ability of each protocol to extend the WSNss lifetime. The im-
plementations of the protocols will also be evaluated on their ability to route messages in
the network with minimal loss and overhead. To evaluate each of the protocols, we have
created six different scenarios that are based on the scenario from the SensoByg project.

1.2 Readers guide

We now describe the contents of this thesis along with who of the two authors, Elvar Pér
Olafsson (EPO) and Henrik Skaarup Andersen (HSA), is the main responsible for each of
the sections. In general, HSA is responsible for sections concerning GAF, while EPO is
responsible for sections concerning AMCA. If a section has not been assigned a respon-
sible author, the responsibility for that section is shared.

Chapter 2: Background covers the background information needed to understand this
thesis. First we describe Structural Health Monitoring and how sensor networks are used
for that purpose. We then move onto describing the Sensobyg project and how we use
that as a background for our thesis. Finally, we describe other routing protocols used in
wireless sensor networks today and why we have not chosen them as our implementation
protocols. HSA is responsible for section 2.1 while EPO is responsible for sections 2.2
and 2.3.

Chapter 3: Protocol Description covers the description of the GAF and AMCA routing
protocols, which we investigate in this thesis. HSA is responsible for section 3.1 while

EPO is responsible for section 3.2.

Chapter 4: Implementation Platform covers the implementation of the routing pro-
tocols. First we describe the TinyOS programming platform that we used. Then we

3
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describe the TOSSIM simulator that we used for our simulation purposes and how we
implemented our own power modeling for use in the simulations. This includes our expe-
rience in dealing with TOSSIM. Finally, we have a description of the framework that we
used as a common basis for the routing protocols along with any specific implementation
details for both routing protocols. HSA is responsible for sections 4.1, 4.4, and 4.5.3.
EPO is responsible for sections 4.2, 4.3, and 4.5.4.

Chapter 5: Experimental Setup describes how we came up with the performance met-
rics that we are measuring in the simulations and how the simulation setup was done. We
then go on to describe routing protocol specific details that we measure during the simu-
lations.

Chapter 6: Results is where we list the results from each of our scenarios that we ran
in our simulations and analyze them with regards to the performance metrics specified
in chapter 5. We then describe how the two protocols compare to each other. HSA is
responsible for section 6.1 while EPO is responsible for section 6.2.

Chapter 7: Conclusion and Future Work covers the conclusions that we have reached
after having analyzed the results from our simulations. We then discuss issues that could
be worked on in the future. HSA is responsible for section 7.1.1 while EPO is responsible
for section 7.1.2.

Implementation: HSA is responsible for the framework and the GAF implementation
and EPO is responsible for the AMCA implementation. All the code related to this the-
sis can be found online at http://www.daimi.au.dk/~hsa/thesis/ Also, a
readme file can be found, which explains how to setup and run our simulations.



Background

In section 2.1, we introduce Structural Health Monitoring (SHM) and some of the chal-
lenges to be addressed in this domain. We then present the SensoByg research project
in section 2.2 and the specific requirements identified in that project. In section 2.3, we
explain the rationale for choosing the GAF and AMCA routing protocols to be the focus
of our investigations.

2.1 Structural Health Monitoring

Structural Health Monitoring (SHM) is a fairly new domain, concerned with monitoring
the state of structures. This can include activities such as monitoring the moisture and
temperature levels in the concrete that makes up the structure, so that any defects or weak
points may be discovered before they cause any serious problems. Even with the most
advanced engineering techniques and the best materials available today, all structures
decay over time due to exterior forces such as weather effects and seismic events. This
means that it is important to monitor the health of any complex structure. Structural health
monitoring (SHM) concerns itself with just that and has recently become an important
research topic. A typical SHM setup consists of a large structure, e.g., a bridge, and a
number of sensors, which are placed on strategic places on or inside the structure. The
sensors periodically measure quantities, such as humidity and temperature, which indicate
the state of the structure. The data from each sensor is then typically sent to a base station,
which acts as a communication central, and often as a coordinator of the sensor network
itself. Finally, all the collected data are used to assess the health of the structure.



CHAPTER 2. BACKGROUND

2.1.1 Sensor Networks in SHM

Until now, SHM have been dependent on wired sensors. Due to the size and complexity
of many modern structures, it is a time consuming and expensive task to deploy these
sensors. However, recent advances in wireless sensor technology makes it possible to
manufacture small, reliable and inexpensive wireless sensor units. This in turn makes it
viable to deploy a SHM system on large structures, as a wireless sensor network (WSN).

The shift to wireless technology raises several interesting issues. First and foremost
there is the issue of power consumption. As sensor units become wireless, they will have
to rely on batteries for power. This causes a problem as it must be assumed that changing
these batteries is either impossible due to their placement (i.e., the nodes may be embed-
ded in concrete) or undesired due to the costs of accessing the units and replacing the
batteries, versus the cost of a new unit. Hence power consumption becomes the number
one issue in a WSN.

To alleviate these problems, many new routing protocols specific to WSNs have been
proposed. We describe some of the most prominent ones in section 2.3. Many of these in-
corporate advanced duty-cycling and take advantage of different low-power modes avail-
able in the sensors. The challenge here lies in the fact that it is unlikely that one protocol
will work for all scenarios. Therefore many of the proposed protocols focus on specific
application domains, and try to maximize the lifetime of the network given the conditions
and scenarios within that domain. Some have focused on delivering streams of realtime
data while others focus on periodic data gathering and utilizing the energy efficient low-
power modes.

These different areas are also seen within SHM. If, e.g. one wants to monitor seismic
activity and its effect on a given structure, one would have to sample the seismic activ-
ity very frequently in order to determine if there are any disturbances. This scenario is
very different compared to, say, monitoring moisture between the inner and outer walls
in a building, as moisture penetrates a building at a very slow rate. This means that it is
possible to have a very low sample rate and still detect the wanted event. Both of these
scenarios are within the area of SHM, but the technologies involved to solve the problems
vary significantly.

Of course, energy consumption is not the only factor that must be taken into account
when making the transition to wireless technology. The radios of the sensor units have
to be limited in size, which means that the radio range is reduced. Combined with the
fact that materials such as steel girdles may cause interference to wireless communica-
tion means that the network must have a certain amount of fault tolerance, and be able
to compensate for environmental effects. Similarly, some sensors may be placed in harsh
environments with, e.g. extreme pH values or high humidity. This means that is is very
plausible that some nodes will cease functioning unexpectedly due to exterior forces. All
these factors must be considered when trying to develop a SHM network in any context.
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2.2 SensoByg Project

The SensoByg project[4] is a 3-year research project aimed at embedding cheap wireless
sensor networks into small and large concrete constructions. This project is a collabora-
tion between many different companies and institutions in Denmark and is divided into
several smaller projects:

e F1 - System Archtecture: This subproject is about the overall network and system
architecture of the entire system. It will also involve various databases and user
interfaces that applications use to access the underlying sensor network.

e F2 - Decision Support: This subproject involves creating a system that handles the
input and output of the sensor network and all application specific scenarios in the
SensoByg project.

e F3 - Embedding of Sensors: This subproject is about developing methods for em-
bedding sensors into various construction materials, both during construction or
after construction. How and where they should be placed to ensure optimal sensor
coverage, and finally to ensure that the number of defect sensor nodes is as small as
possible.

e F4 - Wireless Sensors: This subproject is about developing wireless sensors that are
small, cheap and enable wireless communication.

e F5 - Coupling and Interaction: This subproject investigates how various wireless
frequencies affect the signal range and how various construction materials affect
the signal coming from the sensor nodes.

e D1 - Moisture in houses: This subproject is about developing and demonstrating
the advantages of using wireless sensors to monitor moisture in houses today.

e D2 - Measurements in large construction: This subproject is about using wireless
sensors to measure moisture in large constructions (e.g., bridges and large build-
ings). This will typically involve larger sensor networks then those mentioned in
Dl1.

e D3 - Maturity of concrete elements: This subproject is about using wireless sensors
to notify when a concrete element has matured enough to allow transport from the
factory to the building site where it will be placed.

e D4 - Moisture in the build phase: This subproject is about using wireless sensors
to notify when a concrete element has matured enough so that in can be used in the
construction phase (e.g., when a concrete floor is dry enough to allow some material
to be put on top of the concrete floor).
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e SensoByg Framework: Gather all the results from the above projects and develop
that into a business model that can be used in the construction business.

2.2.1 Specification and Requirements

Since we are focusing on routing protocols in large scale SHM, it is irrelevant for us to
look into any of the F projects. The D2, however, provides a suitable setting for our rout-
ing protocols to be evaluated in. The reason we took that project and not the other D
projects is due to the fact that is the only project that would feature large scale wireless
sensor networks and is therefore the only project that has nontrivial routing of packets,
where trivial routing is when all the sensor units are within one hop of the base station.
The other three D projects would be possible to achieve using direct communication be-
tween sensor nodes and the base station. Direct communication is not possible in the D2
case since the number of sensor nodes is very high, possibly thousands of nodes in one
sensor network.

As for the life time of the network, then D3-4 would have a short life time which
is basically the construction time. D1 has a longer life time, but it is very unlikely that
the sensors would be embedded into the concrete since they are supposed to measure the
moisture in the rooms, not in the walls. This means that it is possible to change the battery
in the sensor and thereby prolong the lifetime of them. This is not possible in the D2 case.
Here the sensor are embedded into the concrete. They will also have to last 5-50 years, so
making the nodes sleep most of the time is a significant concern here. The nodes are also
deployed over a large area making direct communication with the base station extremely
difficult if the expected network lifetime is supposed to be achieved.

2.2.2  Our Choice of Routing Protocols

The routing protocols needed for our purpose have to possess some specific qualities.
Most importantly they have to include some mechanism for allowing most of the nodes in
the network to sleep for extended periods of time. GAF and AMCA (which are described
in chapter 3) both handles this in a promising manner, yet they differ in their approach.
This makes it interesting to see how these protocols will compare to each other.

Secondly the protocols will have to be very scalable. SensoByg concerns itself with
monitoring large structures, which requires deployment of an extensive WSN. Hundreds
or even thousands of nodes may be needed in order to collect the needed data. The two
protocols we have chosen both show promising theoretic scalability. GAF, through its
grid overlay which only requires one node in each cell to be active, and AMCA through
its dynamic tree structure, that allows for variable cluster heads.

It is also interesting to see how these protocols compare to each other in a setting
such as SensoByg, as they represent different types of routing protocols. GAF is mainly
location based, although it does contain a hierarchy. AMCA on the other hand, is a pure
hierarchical protocol, which does not need any type of location information.

8
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2.3 Routing Protocols

Having a SHM setup with a large WSN requires a way to get the data from the sensors
to the base station. Using one-hop communication from the nodes to the base station is
not a viable option, as most nodes will not be within one-hop distance of the base station.
This is where routing protocols come into the picture. But we cannot use routing proto-
cols that are used on the Internet today. These routing protocols rely on the fact that they
can exchange routing data frequently, have excessive storage capacity and have renewable
power supplies. Even using routing protocol designed for mobile ad hoc networks is not
sufficient[ | 0] since nodes in those kinds of networks usually have more power and stor-
age capacity then wireless sensors. That is why we have to consider routing protocols that
are specifically designed for wireless sensor networks. There are many of them available
today and since this is an active research field, improvements are being made continually
in routing protocols for WSNs. The routing protocols are usually grouped into the fol-
lowing categories: data-centric, hierarchial, and location-based. In this section we briefly
describe the basic ideas behind the protocols in each category and give a few examples of
typical protocols within each category.

2.3.1 Data-centric Protocols

The idea behind data-centric routing is that the base station sends out a query to either the
entire network, or parts of it, requesting data from the sensor units. The base station then
waits until the data has propagated all the way back from the sensors.

A very simple routing protocol in this category is the Flooding protocol. The idea is
that each node broadcasts its message to all its neighboring nodes. If a node receives a
message that is not addressed to it, the node will rebroadcast it making sure that the mes-
sage moves forward in the sensor network. However this approach is not very efficient, as
a node might receive the same message multiple times, as shown in figure (2.1). Here we
see that a message from node 1 is broadcast to nodes 2 and 3 which rebroadcasts it to node
4. This means that node 4 receives the same message twice. This also means that nodes
waste energy broadcasting redundant messages. One way to fix that is to figure out which
node should send what data. This is what the protocols, that are described later in this
section, do. There is also the possibility that nodes close to each other try to broadcast at
the same time, thereby causing collision of packets, which also wastes energy. Therefore,
this is not a viable routing protocol for a large scale network.

One of the first non-trivial data-centric routing protocols to emerge was Sensor Pro-
tocols for Information via Negotiation) (SPIN)[8]. The basic idea behind SPIN is that
when a sensor node has new measurement data, the node broadcasts a message saying
that it has new data, to its neighbors. Any neighborhood node that does not have the new
data will then request the data from the original node. The original node will then broad-
cast the requested data. An example of this can be seen in figure 2.2 (image redrawn from
[2]). One issue with the SPIN protocol occurs when a node interested in the data is far
away from the node with the data and the nodes in between are not interested in the data.
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The interested node will then never get the data. Therefore is this not a viable solution
for our purpose since it is essential that all data is delivered, to all interested parties. In
our case study only the base station is interested in the data which would mean that all the
intermediate nodes would not deliver data to the base station since the intermediate nodes
are not interested in the data.

2.3.2 Hierarchial Protocols

Hierarchial based protocol are popular since many of them scale very well and in some
of them, nodes are allowed to sleep to save energy. A hierarchial protocol usually divides
the network into clusters where each cluster is a collection of nodes that are close together
in a geographic region. Then a clusterhead node is chosen from each cluster to organize
all communication between local nodes and clusterhead nodes. This allows local nodes
to only transmit their data a short distance to their clusterhead, thereby saving energy.

One of the first hierarchial based routing protocol was Low-Energy Adaptive Clus-
tering Hierarchy (LEACH)[7]. The protocol is divided into rounds and each round is
divided into two phases: The setup phase and the steady phase. The setup phase, which
is the shorter phase, is where the clusterheads are determined and also where it is decided
which nodes belong to which cluster. The steady phase is a much longer phase, where
measurement data are transmitted from each node to the base station. Randomization is
used to determine whether a node should become a clusterhead. A node selects a random
number in the range from 0 to 1. If the number is below some given threshold then the
node becomes a clusterhead. This threshold is based on the remaining energy, the number
of times this node has been clusterhead and the number of suggested clusterhead in the
network. This number of suggested clusterheads in the network is calculated and given
to each node when the network is initialized. If a node becomes a clusterhead, it will
gather data from local cluster nodes and transmit their data, including its own, to the base
station in just one hop. A node that is a non-clusterhead only has to transmit data to its
clusterhead.

The biggest drawback of LEACH is the fact that all clusterheads must be in a one-
hop range of the base station since the clusterheads all communicate directly with the base
station. This puts pressure on clusterheads that are far away since they will spend more
energy in transmitting their data. There is also alot of overhead in administrating the dy-

Figure 2.1: Example of flooding.

10
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Figure 2.2: Node A sends out an advertisement packet in (a), node B sends a request
packet for the data in (b), node A sends the data to B in (c), B sends out advertisement
packet to neighborhood nodes in (d), the neighborhood node request the data in (e), and
finally B sends out the data in (f).

namic clusters. This means that this protocol is not suited for SensoByg since the sensor
nodes will be deployed over a large area and not all nodes will be able to communicate
directly with the base station.

Another routing protocol that aims to improve LEACH is Power-Efficient Gather-
ing in Sensor Information Systems (PEGASIS)[13]. In PEGASIS a chain is created that
forms the routing topology. Each node will be a part of the chain, having two neighbor-
hood nodes, unless the node is an end-node of the chain. In that case it only has one
neighborhood node. The chain is created using a greedy algorithm, but it requires that all
nodes have global knowledge of the network. This greedy algorithm will choose the node
that is closest to it as the next link in the chain. The node that is furthest away starts the
chain creation process. One way for a node to know that it is furthest away from the base
station is by giving each node a coordinate and since all nodes have global knowledge of
the network, they can easily determine which one is furthest away from the base station.
An example of a chain can be seen in figure 2.3. In this figure node 0 begins the chain
creation process. It chooses node 1 as the next link in the chain. Node 1 chooses node 3
as the next link. Finally, node 3 chooses node 2. If a node dies then the chain creation
process must be run again.
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0
\1
\3
2 /
Figure 2.3: Example of a PEGASIS chain.

When the initial chain creation process is done, the routing protocol moves into the
data gathering phase. This phase is divided into rounds. In each round a leader is chosen.
The leader will send out a token to one end of the chain by sending the token through
all intermediate nodes on the chain. The node that received the token will send the token
along with its measurement data to the next node on the chain. Here the node will ag-
gregate its own measurement data with the measurement data from the previous node and
send that further along the chain. The reason for using a token is so that a node knows
when it can send data further along the chain. An example of data gathering in PEGASIS
can be seen in figure 2.4. Node C2 is the leader. It sends out the token to CO along the
chain. CO sends its measurement data to C1 along with the token who then aggregates the
data from CO. C1 then sends the token along the data to the leader C2. C2 then sends the
token to C4. The process then repeats itself and finally the C2 has gotten the data from
C3 and C4. When the leader has gotten data from all nodes, it sends it to the base station
in a single hop.

C0-»C1-5C2 . C3<« C4

|

BS

Figure 2.4: Example of data gathering in PEGASIS.

By having a random leader in each round the lifetime of each node is extended. How-
ever, each node must be in transmission range of the base station because every node can
become the leader. This also means that nodes further away from the base station will
waste more energy sending data to the base station compared to nodes closer to the base
station. But since there is only one leader in each round of the PEGASIS protocol and
there are considerably more leaders in each round in LEACH then PEGASIS does extend
the lifetime of the entire network, compared to LEACH.

PEGASIS will not work for SensoByg due to the fact that nodes need to have global
knowledge of the network which is not viable in a large scale sensor network. Also if a
node dies then the chain creation process has to be run again and that is very expensive in
a large scale network. Finally single hop communcations that is required by the leaders is
not possible in our SensoByg scenario.
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2.3.3 Location-based Protocols

The idea of location based routing protocols is to use knowledge about the location of
the nodes to route data. It might be to query a specific geographic region of the sensor
network or to route the data the geographically shortest path to the base station, thereby
spending less energy in doing so. The nodes are assumed to know their location using
either GPS, or some other sort of ranging device to determine their relative position to
neighborhood nodes.

One example of a location based routing protocol is Geographical and Energy Aware
Routing (GEAR)[18]. GEAR uses the fact that nodes know their locations and can save
energy by sending the queries to a specific part of the network instead of flooding it. Each
node knows its energy status and the energy status of its neighbors. When a node has to
forward a packet, it will choose a node that is closer to the destination. If no nodes are
closer then the current node then a node further away is chosen based on cost calculations.
An example of a route going around a hole in the network topology can be seen in figure
2.5. A hole in the network is when a node has died and is unable to route messages
through it. The nodes in figure 2.5 that have died, are colored black. S wants to forward a
packet towards T so it chooses C as the next node since that is node closest to T. When C
tries to forward the packet there is no node that is closer to T then C. C then has to route
the message to one of the nodes that are further away. C chooses B and updates its cost
function. B also cannot send to a node that is closer to T then itself therefore it chooses
A as the next node in line. A finds a node that is closer and sends the packet to F. This
continues until the packet has arrived to T. After a few rounds of routing, S learns from C
that C routes to B. S can therefore route the packet directly to B and thereby save energy
in the overall network lifetime since C is not routing any data.

o O O O O

© o—0 O O

c?/i ® o O
O—O—0 O O
\T
O O ® O O

Figure 2.5: Example of data routing in GEAR.

When a packet has arrived at the targeted geographic region by going through multi-
ple hops on the way, it must be delivered to all nodes in that region. The routing protocol
specifies two ways of doing that. Either flood that specific region with the packet or use an
algorithm called Recursive Geographic Forwarding. An example of this algorithm can be
seen in figure 2.6. When a node receives a packet that is destined for that region, the node
will split up the region into four subregions. A copy of the packet is then sent to all four
subregions. There the process is repeated until there is only one node in all subregions.
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Figure 2.6: Recursive Geographic Forwarding.

This ensures that all nodes receive the packet with only a small amount of energy spent.
GEAR is used more for querying specific parts of the network, than sending data back
regularly to the base station. This makes it less suited for a SHM scenario, such as the
one we are investigating.

The routing protocols we have looked at in this section are by no means the entire avail-
able selection of routing protocols for wireless sensor networks. These routing protocols
are some of the most representative protocols for wireless sensor networks in each cate-
gory. We looked at many more during our initial research phase but describing them all
is beyond the scope of this thesis. In chapter 3, we describe the routing protocols that we
chosen to implement and evaluate in this thesis.
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Description of Protocols

Thi