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Recent years have witnessed the emergence of wireless sensor networks (WSNs)
which consist of tiny sensor nodes deployed over a region of interest to monitor and
control the physical environment. Wireless sensor networks have been widely used in
various domains such as military target tracking and surveillance, natural disaster relief,
agricultural and environmental monitoring, biomedical health monitoring, etc. In this
dissertation, we focus on large-scale WSNs which are based on the cooperation of a
large number of sensor nodes. Typically, large-scale WSNs are used in monitoring
applications such as agricultural monitoring, climate monitoring, forest monitoring,
weather monitoring, etc.

Due to the short-range communication nature of sensor nodes, data transfer in WSNs
is usually performed in' the multi-hop communication paradigm. Hence, routing
becomes one of the most important issues which has received intensive research
attention. As sensor nodes are equipped with only limited and non-rechargeable
batteries, conserving energy consumption is an important factor in designing routing
protocol. Energy conservation can be achieved by shortening the routing path and
reducing the overhead caused by control packets. In many applications, the network
can't achieve its objective if all the nodes can't sense or report the sensed data, thus the
death of even only one node may cause the network to operate un-functionally.
Accordingly, balancing traffic over the network to extend the network lifetime is
another important designing factor of routing protocol in WSNs.,

Geographic routing has been widely 'used in wireless sensor networks because of its
simplicity and efficiency resulted from its local and stateless nature. However, when
subjected to routing holes (i.e., regions without sensor nodes that have communication
capability), geographic routing suffers from the so-called local minimum phenomenon,
~ where packets are stopped at the hole boundaries. The traditional scheme (named as
perimeter routing) is forwarding packets along the hole perimeters. However, this
scheme satisfies neither of the requirements described above. Specifically, perimeter
routing suffers from two serious problems: routing path enlargement and data
concentration around the hole boundaries. Recently, several approaches have been
proposed'to address these two problems, wherein a common idea is to form a forbidden
area around each hole from which packets are kept to stay away. Several proposals
attempt to use simple forbidden areas which have certain selected shapes such as a circle,



an ellipse, a hexagon, a quadrilateral, etc. Although the simplicity of these forbidden
arcas can help to reduce the control overhead, a significant enlargement on the routing
path may occur due to the possibly significant difference between the forbidden area
and the hole. To deal with the routing path enlargement problem, a recent proposal
describes the forbidden area as the exact polygon whose vertices are the nodes on the
hole boundary. However, this approach may incur with a significant control overhead
since the information needed to represent the forbidden area may be very large when
holes become complicated. Moreover, due to the static nature of the forbidden areas and
routing paths, all of the existing protocols cannot solve the load imbalance problem
thoroughly.

In this dissertation, we propose a novel protocol for bypassing multiple holes in
wireless sensor networks which can balance the traffic over the network while ensuring
the constant stretch property of routing paths. The key ideas behind our approach are to
use elastic forbidden areas and dynamic routing paths. Specifically, to deal with the
routing path enlargement problem we define the forbidden area of each hole as an
equiangular polygon circumscribing the hole whose number of the vertices is
determined on the basis of the required stretch upper bound. Moreover, to improve the
load balance, we propose to use dynamic routing paths that vary for every packet, even
for the packets of the same source-destination pair. The length of every routing path is
controlled to guarantee the stretch upper bound. The theoretical analysis proves that the
routing path stretch of the proposed protocol can be controlled to be as small as 1+ ¢
(for any predefined £ > 0). The extensive experimental results show that our protocol
strongly outpetforms state-of-the-art protocols in term of load balancing.

The main contributions of the dissertation can be summarized as follows.

1. We analyze the geometrical characteristics of the forbidden area theoretically and

figure out the relationship between the forbidden area and the routing path stretch.
Based on the analysis results, we then propose an algorithm to construct the
forbidden area which can guarantee the upper bound of routing paths. Moreover,
the information needed to represent the forbidden area is a constant which does
not depend on the hole complexity.

2. Based on the proposed forbidden area, we propose a load balanced hole bypassing
routing protocol (named BSMH) whose stretch is upper bounded by a predefined
threshold 1+ &, where ¢ is an arbitrary positive number.

3. We perform a theoretical analysis of the computational complexity of BSMH as
well as the impact of parameter £ on the performance of BSMH.

4. We prove the constant stretch property of BSMH theoretically.

5. Finally, we conduct extensive experiments to evaluate the performance of BSMH
and compare it with the state-of-the-art benchmarks.



To the best of our knowledge, BSMH is the first hole bypassing routing protocol
addressing at the same time the three important designing factors described above, i.e.,
minimizing the routing path length, minimizing the control overhead and maximizing
the load balance. Moreovef, through both the theoretical analysis and practical

experiments, the superiority of BSMH has been proved.
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