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Abstract

Wireless Sensor Networks (WSNs) have been used in many applications of the
Internet of Things. A well-known issue faced by WSNs is that nodes have limited
energy. To date, rechargeable WSNs (rWSNs) are of great interest because sensor
nodes are able to harvest energy from their environment, e.g., solar and wind,
and store the harvested energy in rechargeable batteries. However, rWSNs have a
number of limitations. First, each node can have a varying energy harvesting time,
i.e., the time required to accumulate energy. Second, the battery characteristics
at each node, which include capacity, leakage rate, and storage efficiency, have
an impact on the operation of rWSNs. Third, the battery suffers from memory
effect if it is partially charged and discharged. Such an effect will decrease the
battery capacity, and thus will eventually shorten its lifetime. The lifetime of the

battery is also affected by the total number of battery charge/discharge cycles.

Another important issue in rWSNs is channel access or link scheduling. This
thesis considers a rWSN that uses a Time Division Multiple Access (TDMA)
link schedule. A TDMA link scheduler ensures packet transmissions in rWSNs
are interference-free. Thus, the energy used for transmission/reception is not
wasted due to interference, which saves energy. A link scheduler is responsible
for determining the set of transmitting and receiving nodes in each time slot. As
the schedule repeats, it is important to minimise the schedule length (in terms of

slots) as this allows nodes to transmit more frequently. Consequently, when links
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are activated more frequently, the rWSNs will have a high capacity. However,
in addition to interference, a link scheduler must consider the varying energy
harvesting rates of nodes. More specifically, a link can be activated only if its

end nodes have sufficient energy to transmit/receive packets.

The first part of this thesis focuses on the problem of generating the shortest
TDMA schedule, called Link Scheduling in Harvest Use Store (LSHUS), for use in
rWSNs. This novel problem considers: 1) energy harvesting time, 2) Harvest-Use-
Store protocol that allows the node to use the harvested energy immediately and
stores the remaining energy in its battery for future use, and 3) battery’s capacity,
leakage rate, and storage efficiency. This thesis shows the problem at hand is,
in general, NP-Complete. It presents analytically the optimal schedule for fixed
topologies, e.g., Line, Binary Tree, and Grid. Further, it proposes a greedy
heuristic algorithm, called LS-rTWSN, to solve the problem. Our experiments
show that harvesting time, leakage rate, and storage efficiency, significantly affect

the schedule length, whereas battery capacity is an insignificant factor.

The second part of this thesis focuses on another problem of deriving the
TDMA link schedule, called Link Scheduling with Memory Effect-1 (LSME-1),
for rWSNs. This second problem considers: 1) energy harvesting time, 2) Harvest-
Store-Use protocol that requires the harvested energy to be stored in the node’s
battery first before it can be used, 3) battery capacity, leakage rate, and stor-
age efficiency, and 4) a battery cycle constraint which requires the battery to be
charged (discharged) completely before it can be fully discharged (charged) again.
The constraint is used to overcome the memory effect. This thesis shows analyt-
ically: (i) the optimal schedule in fixed topologies, and that (ii) the battery cycle
constraint and leaking batteries can lead to unscheduled links. Further, it de-
scribes a greedy heuristic solution, called LSBCC, that schedules links according

to when their corresponding nodes have sufficient energy. Our simulations show
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that enforcing the battery cycle constraint increases the schedule length. On the
other hand, the constraint reduces the number of charge/discharge cycles, and
hence makes the batteries last longer.

The last part of this thesis addresses a problem, called Link Scheduling with
Memory Effect-2 (LSME-2). Problem LSME-2 is an extension of LSME-1 that
considers nodes equipped with a dual-battery system. The dual-battery system
aims to reduce the effect of using the battery cycle constraint on the sched-
ule length. Further, it reduces the number of battery’s charge/discharge cycles.
This thesis presents all possible battery states and transitions for nodes. It then
outlines a greedy algorithm, called LSDBS, to schedule links according to the
earliest time in which batteries at the end nodes of each link can be discharged.
Our results show that equipping nodes with a dual-battery system decreases the
schedule length by up to 35.19% as compared to using a single battery. Such a
system also reduces the number of charge/discharge cycles of the single battery
by up to 13.04%. Finally, a longer energy harvesting time increases link schedules
linearly, but has no impact on the number of charge/discharge cycles.

The performance of all proposed algorithms is evaluated using arbitrary net-
works. The results show the merits and effectiveness of the solutions proposed in

this thesis.
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Notation

Notation | Definition
G(V,E) | A directed graph with |V| nodes and |E| links.
Ca(V',E") | A conflict graph for a graph G(V, E).
%4 The set of sensor nodes.
v; A sensor node 1.
E The set of directional links.
li ; A directed link from node v; to node v;.
W j The link weight for each incident link /; ; at a node v;.
R; The transmission range of each node v;.
i Time for the harvester in a node v; to accumulate 1le unit of energy.
b; The battery capacity of a node v;.
L4 The battery leakage rate of a node v;.
;i The battery storage efficiency of a node v;.
bi+ The battery level of a node v; at time t.
Aiy The amount of energy that a node v; can use at time t¢.
t; The most recent time the battery at a node v; was used.
T; The time span between time t; and ¢, i.e., 7, =t — t;.
Pi When A;;, <1, p; =t —t; is the amount of time (in slots) for a node
v; to accumulate energy such that A;, > 1.
ti The earliest time in which the end nodes of a link (4, j) have sufficient
energy.
Q¢ A binary variable that indicates whether a node v; is able to trans-
mit /receive one packet at time t.
T; The earliest timeslot when a node v; has sufficient energy to trans-
mit /receive one packet.
bi+ The energy level of the battery in charging mode at a node v; at time
slot t.
bi maz The upper limit capacity of the battery at a node v;.
bimin The lower limit capacity of the battery at a node v;.
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Notation | Definition
b; The battery usable energy at a node v;.
t, The start time of charging cycle k of the battery at a node v;.
ik The end time of charging cycle k of the battery at a node v;.
t The start time of discharging cycle k of the battery at a node v;.
ik The end time of discharging cycle k of the battery at a node v;.
Tik The charging time interval of the battery at a node v; at cycle k& > 1.
Tik The discharging time interval of the battery at a node v; at cycle
k> 1.
bi+, The energy level of the battery at a node v; at timeslot t;.
Oit, A binary variable that indicates whether the battery at a node v; can
be discharged at time ¢;.
Tik The latest timeslot when the battery at a node v; can be discharged
in a discharging cycle k.
B? The dual battery at a node v; for z € {1,2}.
B} The first battery at a node v;.
B? The second battery at a node v;.
b7 The capacity of the battery z at a node v;.
b; Each battery’s usable energy.
tr The start charging time of the battery z at a node v;.
- The end charging time of the battery z at a node v;.
e The start discharging time of the battery z at a node v;.
i The end discharging time of the battery z at a node v;.
77 The charging time interval of the battery z at a node v;.
TF The discharging time interval of the battery z at a node v;.
bi The amount of energy stored in the battery z at a node v; at the start
of slot ¢ for a charging cycle.
bi The amount of energy stored in the battery z at a node v; at the start
of slot ¢ for a discharging cycle.
S| The superframe or schedule length.
T The length of each timeslot.
€ Energy needed to transmit/receive a packet.




Chapter 1

Introduction

Wireless Sensor Networks (WSNs) are of great interest to the Internet of Things
(IoTs) community [3]. They have been used in many applications [4], e.g.,
military [5], habitat [6][7][8] or environment [9][10][11][12][13], health [14][15],
home [16][17][18][19], industry [20][21][22], and commercial applications [23]. They
consist of various numbers (tens to thousands) of small devices (nodes) embed-
ded with sensors that have the ability to collect useful information from their
surroundings and forward it to one or more base/central /sink locations via wire-
less communications [24][25][26]. Each sensor node is composed of four subsys-
tems [27]: (i) sensing unit to collect data, (ii) processing unit to deal with data,
(iii) wireless communication unit to transfer data, and (iv) power unit to activate

the sensor node.

A well-known issue faced by WSNs is that nodes have limited energy. In some
implementations, it is impractical to replace the batteries of nodes due to energy
depletion, especially when there are a large number of sensor nodes and they
are deployed in difficult-to-reach locations. Based on the battery type used by
their sensor nodes, WSNs can be classified into two categories: non-rechargeable

and rechargeable. The non-rechargeable WSNs will stop their operations once

1



the batteries are depleted—each battery has only a limited amount of energy. To
maximise the battery’s lifetime, researchers have proposed various techniques,
e.g., energy-efficient link scheduling and routing protocols [28] that minimise en-
ergy usage while optimising network quality of service (QoS), e.g., throughput,
delay, and fairness. In contrast, the rechargeable WSNs (rWSNs) use batteries
that can be recharged by harvesting energy from their environment, e.g., solar,
wind, and/or some types of wireless power transfer (WPT) techniques [29], such
as Witricity [30]. Thus, rWSNs potentially can be immortal [31]. Nevertheless,
those energy-efficient techniques are still relevant in the context of rWSNs due to
limited energy sources by the existing energy harvesting technology and limited
battery capacity.

To this end, TWSNs are now of great interest because sensor nodes are able
to harvest energy from their environment. However, they have a number of
operational issues. First, the energy arrivals of nodes exhibit spatio-temporal
properties. This means nodes may experience time-varying energy arrivals. When
a node exhausts its energy, it will have to spend time for harvesting energy before
it continues executing tasks. Thus, a node that has a greater energy consumption
rate than its energy harvesting rate can operate perpetually, but with delays.
The time used to harvest a given amount of energy is affected by the type of
energy source as well as a node’s location [32]. For instance, assuming a solar
panel has a power density of 15,000 yW /cm?® and 20 pW/cm? for outdoor and

3 solar panel will

indoor settings, respectively [33], hence, a node with a 50 cm
have a corresponding energy harvesting rate of 300 mJ/s (outdoor) and 0.4 mJ/s
(indoor). A Mica2 mote [34], which requires 30 mJ of energy to transmit/receive

a packet, will need to spend 0.1s (outdoor) or 75s (indoor) for harvesting energy

before it can transmit/receive one packet.



The second important issue of interest recently is the lifetime of rechargeable
batteries. Among others, one contributing factor to the battery’s lifetime is mem-
ory effect [35], which decreases its usable capacity if the battery is charged and
discharged repeatedly, after a partial discharge and charge, respectively. This
degradation can be avoided by enforcing a so-called battery cycle constraint, i.e.,
a node must charge (or discharge) its battery completely before fully discharging
(or charging) its battery again [36]. In addition, the degradation can be reduced
by equipping the rWSNs with a dual-battery system [37], in which the batter-
ies are charged and discharged alternately. Another factor is the percentage of
discharged energy relative to a battery’s overall capacity which is also called as
battery’s Depth of Discharge (DoD) [38]|. Further, frequent charging and dis-

charging also affects a battery’s lifetime [39].

The third issue is channel access or link scheduling [40], which determines
when nodes activate their link(s), and thus governs the network capacity of an
rWSN. To this end, this thesis considers Time Division Multiple Access (TDMA)
to ensure that nodes do not experience collisions nor waste energy, and that
they only need to be active during the allocated timeslot. Specifically, a link
scheduler is responsible for determining the set of transmitting and receiving
nodes in each time slot. As the TDMA schedule repeats, it is important that
the schedule length (in terms of slots) is short as this allows nodes to transmit
frequently; consequently, as links are activated frequently, they will have a high
capacity. The schedule governs the active time of a node; therefore, a node
only needs to become active if its neighbours are active. In other words, such
schedule minimises idle listening [41]. It is evident that a link scheduler plays
a critical role in an TWSN. Past works on link scheduling assumed nodes have
no energy harvesting constraint [42]. In contrast, in an rWSN, link schedulers

must consider the varying energy harvesting rates of sensor nodes. Specifically,
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they must consider the energy harvesting time of nodes, i.e., the time interval in
which a sensor node accumulates sufficient energy to either transmit/receive a
packet. Without this consideration, a link scheduler may allocate slots to nodes
that have insufficient energy to transmit/receive a packet. Another important
factor to consider are battery characteristics, namely: (i) limited capacity, i.e.,
battery capacity, (ii) leakage, and (iii) storage efficiency. These characteristics
can result in a longer link schedule. Our work in this thesis considers all of the
above factors. It is important to note that link scheduling problem in general
is known to be NP-hard [43]. Further, our problem is the general version of the
link scheduling problem that assumes nodes have no energy constraint. Thus, all

problems addressed in this thesis are in NP-hard.

Our research hypothesis are as follows: (i) the harvesting time can signifi-
cantly effect the link schedule; as each node has to wait for its harvesting time
to accumulate sufficient energy before it can transmit/receive a packet, (ii) the
imperfect battery characteristics can lead to a longer link schedule; since the bat-
tery will take longer time to have energy due to leakage and/or storage efficiency,
and (iii) the battery cycle constraint can significantly increase the link schedule
length; the reason is the battery can only be charged (discharged) if its energy

level reaches the minimum (maximum) level.

1.1 Aim and Approach

The aims of our works are as follows.

Aim 1 — To propose and analyse a novel TDMA link scheduling problem for
rWSNs with energy harvesting time and battery capacity constraints. This thesis
proposes a heuristic approach, called Link Scheduler in a rechargeable Wireless

Sensor Network (LS-rWSN). The greedy approach selects non-interfering links
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starting from the link whose end nodes have sufficient energy to transmit /receive

one packet at the earliest time.

Aim 2 — To propose and analyse a novel TDMA link scheduling problem for
rWSNs that consider battery memory effect. Note that this problem extends
that in Aim 1 to reduce the impact of memory effect that is caused by repeated
charge/discharge cycles of batteries. Our proposed heuristic approach, called Link
Scheduler with Battery Cycle Constraint (LSBCC), requires each battery to be
charged (discharged) completely before it can be discharged (charged) again. In
addition, the greedy heuristic schedules all non-interfering links at the earliest

possible timeslot when the batteries at their end nodes can be used.

Aim 3 — To propose and analyse a novel problem to reduce the negative effect of
enforcing the battery cycle constraint of Aim 2 on a TDMA link schedule length.
Our proposed approach, called Link Scheduler with a Dual-Battery System (LS-
DBS), uses a dual-battery system; each of which is subjected to the battery cycle
constraint. Further, the heuristic greedily schedules all non-interfering links at

the earliest possible timeslot.

Our proposed link schedulers, i.e., LS-rWSN, LSBCC, and LSDBS, are to be

deployed in a centralised manner.

1.2 Significance and Contributions

The main significance and contributions of this thesis are threefold.

1. It addresses a novel TDMA link scheduling problem, called Link Scheduling
in Harvest-Use-Store (LSHUS), and proposes a solution called LS-rWSN,



1.2.

Significance and Contributions 6

to maximise the throughput of rWSNs where: (i) sensor nodes have differ-
ent energy harvesting times, (ii) sensor nodes have a battery with a finite
capacity, and each battery has a less-than-ideal storage efficiency and leaks
over time, and (iii) each link ¢ has a weight w; > 1 that specifies that it
must be scheduled at least w; times in the resulting schedule. To the best
of our knowledge, no link schedulers have simultaneously considered fac-
tors (i)-(iii). The authors of [44] considered factors (i) and (iii) and they
assumed nodes used the Harvest-Store-Use (HSU) model with unlimited
battery capacity. More specifically, the work in [44] assumed batteries that
were leakage free and had 100% storage efficiency. This thesis, particularly
Chapters 3 and 4, also consider different leakage rates and storage effi-
ciencies. Furthermore, it outlines an efficient greedy technique to generate
TDMA link schedules and contains analysis of its time complexity. In ad-
dition, it presents proof to show that LSHUS is NP-Complete and contains
analysis of the optimal schedule length for the following topologies: Line,
Tree, and Grid. The proposed technique does not require an extended con-
flict graph, as in [44], and thus, it is more efficient. The results in Chapter 3
show that imperfect batteries increase the schedule length. The conclusion

is justified by our simulation results in Chapter 3.

. It presents a TDMA link scheduling problem, called Link Scheduling with

Memory Effect-1 (LSME-1), that considers: (i) sensor nodes with different
energy harvesting times and a finite battery capacity, (ii) battery operation
governed by a battery cycle constraint, (iii) batteries with a leakage rate and
storage efficiency, and (iv) activation of each link (4, j) at least w; ; times. It
analyses the optimal schedule length for three fixed topologies: Line, Tree,

and Grid. Further, it develops a nowel heuristic technique, called LSBCC,
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that greedily schedules links that can be activated according to when their
end nodes are able to transmit/receive a packet. In addition, it analyti-
cally shows that some links cannot be scheduled for networks that contain
batteries with a non-negative leakage rate. This conclusion is supported by

our simulation results in Chapter 4.

3. It proposes a new TDMA link scheduling problem, called LSME-2, to max-
imise throughput in rWSNs where: (i) sensor nodes have a different energy
harvesting time, (ii) each node is equipped with a dual-battery system, (iii)
each battery has a finite capacity, (iv) each battery has a battery cycle con-
straint, and (v) each link ¢ has a weight w; > 1 and must be scheduled
at least w; times. It presents battery states and their state transitions in
the dual-battery system. Further, it develops a heuristic algorithm called
LSDBS, to generate a TDMA link schedule, where it schedules links that
can be activated at the earliest time when one of the dual battery at their
end nodes can be discharged to transmit/receive a packet. The simulation
results in Chapter 5 show that using two batteries at each node reduces the

schedule length and number of battery charge/discharge cycles.

The impact of our research projects in this thesis are as follows: (i) the eco-
nomic impact: our work contributes to decreasing the energy cost as it utilizes
energy harvesting, (ii) the environmental impact: since our research is related
to renewable energy, it helps to reduce global greenhouse gas emission [45], and
(iii) the research communities impact: this work has a potential interdisciplinary

research collaboration.
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1.3 Thesis Organisation

The contents of each chapter in this thesis are as follows.

Chapter 2: Background

Chapter 2 discusses the background, network model, and notations that are used
in this thesis. It describes three protocols of energy harvesting and battery usage.
Further, it addresses interference models. It covers an overview of TDMA link
scheduling. A review of related works on link scheduling problems is also dis-
cussed. Lastly, the chapter presents the simulation environment used to evaluate

the performance of all proposed algorithms in this thesis.

Chapter 3: Link Scheduling in rWSNs with Harvesting Time and Bat-
tery Capacity Constraints

Chapter 3 formally defines the LSHUS problem and describes our proposed solu-
tion to the problem, i.e., LS-rtWSN. The chapter includes a proof of the problem
and the analytical analysis of optimal schedule length for three fixed topologies.

Finally, the chapter evaluates our LS-rWSN algorithm using simulation.

Chapter 4: Link Scheduling in rWSNs with Battery Memory Effect

Chapter 4 formulates the LSME-1 problem and presents our proposed solution,
i.e., LSBCC. This chapter presents analytically the optimal schedule length for
fixed topologies. It also shows the feasibility study of LSME-1. Finally, Chapter 4

includes simulations to evaluate the LSBCC algorithm.
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Chapter 5: Link Scheduling in rWSNs with a Dual-Battery System
Chapter 5 addresses the LSME-2 problem and shows our proposed solution, i.e.,
LSDBS. The chapter describes battery states and state transitions in a dual-

battery system. We perform simulations to evaluate our solution.

Chapter 6: Conclusion

Chapter 6 summarises this thesis and discusses possible areas of future research.

This thesis includes one Appendix that contains copyright information from

IEEE conferences and journals in which the author has published.






Chapter 2

Background

This chapter is divided into seven sections. It contains all the theory and materials
that are used in Chapters 3, 4, and 5. Section 2.1 describes the network model
and notations that are used throughout this thesis. Additional notations that are
used only in specific chapters will be described in their corresponding chapters.
Section 2.2 discusses energy harvesting and battery usage protocols. Section 2.3
introduces interference models for WSNs. Section 2.4 addresses an overview of
MAC layer, including TDMA link scheduling. Section 2.5 reviews the literature
related to this thesis. Section 2.6 presents the network topologies and platform

used in the thesis. Finally, Section 2.7 summarises this chapter.

2.1 Network Model

A rWSN is modelled as a directed graph G(V, E), where each node v; € V is
a sensor node and each link /;; € F denotes a directed link from node v; to
node v;. Each node v; has a transmission range of R;. Let ||v; — v;|| be the
Euclidean distance between nodes v; and v;. A node v; can transmit/receive

packets to/from node v; if ||v; — v;|| < R;. Each link [, ; € E has weight of

11
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w; ; > 1, meaning the link must be activated at least w; ; times in the generated
schedule to transmit/receive data packets in networks with continuous traffic

model. We assume each node has a fixed location in a network.

A sensor node consumes energy when sensing the environment, computing
collected samples, and communicating with its neighbours, which includes trans-
mitting, receiving, listening for messages on the radio channel, sleeping, and
switching state [46]. This work assumes that communication is the only source
of energy expenditure. The assumption is reasonable because as shown in [46],
the energy consumption of nodes for communications is significantly larger than
the other operations, e.g., 180.10 mJ, 17.242 mJ, and 5.2 mJ for communication,
sensing, and computing, respectively. Similar to [47], we assume the energy usage
for transmission and reception is equal. Let € (in Joule) be the energy consumed
when transmitting or receiving one packet. For example, assuming a TI CC2420
transceiver uses 226 nJ/bit for transmission [48] and a packet size of 125 bytes

or 1,000 bits, then we have € = 226 uJ.

A node v; is equipped with a harvester that scavenges energy from its envi-
ronment, e.g., solar, and a rechargeable battery with capacity of b; (in a unit of
€). Note that our work does not make any specific assumption about any energy
harvesting model used by nodes; i.e., the problem is independent of any specific
energy harvesting model. That is, it assumes each node has a known energy
arrival rate that arrives after energy conversion. In addition, it is independent
of any specific signal propagation models and spread spectrum technology. Let
r; > 1 (in slots) be the harvesting time or total number of slots that is required
by a node v; to accumulate le of energy. Thus, the harvesting rate of a node
v; 18 fl per time slot. Let 0 < n; < 1 be the storage efficiency and 0 < p; < 1
be the battery leakage factor (per time slot) of a node v;. This work omits the

following cases. First, when 7; = 0 and u; = 1, the battery of nodes cannot store
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any harvested energy and retain its energy, respectively. Second, in each slot, the
amount of harvested energy must be greater than the battery’s leakage rate u;.
Otherwise, any harvested energy will be lost immediately due to battery leakage.

In both cases, nodes will have no energy to activate links.

2.2 Energy Harvesting and Battery Usage Pro-
tocols

Energy harvesting techniques utilise energy from ambient environments or other
energy sources (body heat, foot strike, and finger strokes) and convert it to elec-
trical energy to power the sensor nodes in rWSNs [27][32]. The harvested energy
which is large and periodically available can power a sensor node continuously [32].
Energy harvesting offers a promising solution to extend the lifetime of energy-
constrained wireless networks, such as rWSNs [49].

Energy harvesting sources consist of two main categories: ambient environ-
ments and external sources [27]. Ambient environments provide readily accessible
energy in nature at no cost, such as radio frequency (RF), solar, thermal, and flow
(wind or hydro). Meanwhile, external sources, like mechanical and human, are
dispersed explicitly in the environments for energy harvesting purposes. There are
different types of rechargeable batteries whose characteristics are dependent on
their internal chemistries to power the energy harvester [50]. Batteries that use
Nickel-Cadmium (NiCd), Nickel-Metal-Hydride (NiMH), and Lithium-ion (Li-
ion) have high discharge rates [50]. Table 2.1 shows the specifications of the

rechargeable batteries.
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Table 2.1 Specifications of rechargeable batteries [2].

Specifications NiCd | NiMH | Li-ion
Nominal voltage (V) 1.2 1.2 3.7
Capacity (mAH) 1100 2500 740
Energy (Wh) 1.32 3.0 2.8
Self-discharge per month (%) 10 30 <10
Charge-discharge efficiency (%) | 70-90 66 99.9

There are three commonly used energy harvesting and battery usage proto-

cols [51]:

1. Harvest-Use (HU) [52]: The harvested energy at slot t directly powers the
sensor node at slot t. There is no device to store the unused energy for

future use.

2. Harvest-Store-Use (HSU) [53]: The harvested energy at slot ¢ is first stored
in the battery for use in subsequence slots, i.e., it can only be used starting

at slot £ + 1. There is a storage device to save the harvested energy.

3. Harvest-Use-Store (HUS) [54][55]: The harvested energy at slot ¢ that is
temporarily stored in a supercapacitor, can be used by sensor nodes imme-
diately, i.e., also at slot £, and any unused energy is stored in a rechargeable
battery for future use. This protocol requires two energy storage devices.
A supercapacitor has a faster charging efficiency but also a larger energy
leakage than a battery [56]. Additionally, HUS has a higher achievable

harvesting rate and lower energy loss as compared to HSU [51].

Our work in Chapter 3 considers HUS protocol, while in Chapters 4 and 5,
we use the HSU model. Note that it is possible to revise the HSU model to apply

in the HUS model.
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2.3 Interference Models

Cardieri [57] presented a complete survey of interference models for wireless ad
hoc networks. The author classified three groups of models: (i) statistical interfer-
ence, (ii) effects of interference, and (iii) graph-based interference. The first uses
random process to model the statistical characterisation of interference signal.
The author [57] discussed two of the most used interference models in the groups
(ii): protocol interference and physical interference. The protocol interference
considers the effects of interference based on a pairwise interference relationship
between two links. Also, it can be used to solve more complex problems in the
communication protocols of WSNs [57]. In contrast, the physical interference
examines the aggregate interference affecting the receiver. Both models can be
defined as a graph-based interference model, which is categorised as the third

model. This thesis employs the protocol interference.

Ramanathan [58] categorised the protocol interference model into 11 atomic
constraints in terms of: (i) their vertex or edge in a graph to be coloured, (ii)
the forbidden separation between them, and (iii) the direction of the constraint
(transmitter or receiver). More specifically, constraint ¢ is denoted as ¢ = (¢) 23,
where € € {N,E}, s € {0,1}, d € {tr,tt,rr,rt}. Here, € is the entity (Node or
Edge) being constrained, s is the forbidden separation between two vertices or
edges, and d qualifies the separation by specifying its direction with respect to the
transmitter (¢) and receiver (r). A separation of 0 between two vertices or edges
indicates the vertices or edges are adjacent, and a separation of 1 between two
vertices or edges is indicative of one vertex or edge between them. For instance,
if ¢ = V,!, then two vertices v and v that are separated by another vertex w

(i.e., s = 1) with an edge from the transmitters (i.e., d = tt) of u, v to w are

constrained.
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Djukic and Valaee [1] used five of eleven interference types in [58], i.e., (i)
transmitter-transmitter (¢ — ¢), (ii) receiver-receiver (r — r), (iii) transmitter-
receiver (t —r), (iv) transmitter-receiver-transmitter (¢t —r —t), and (v) receiver-
transmitter-receiver (r — ¢t — r); see Figure 2.1. These interferences are based on
the distance model [1] where two edges interfere with each other at a receiver,
if the receiver cannot decode packets from either link. Types (i) to (iii) are
called the primary conflicts and the last two are the secondary conflicts. As
discussed in [1][44][58], the first four conflicts need to be considered in a TDMA
network, while the fifth one exists when a request-to-send (RTS)/clear-to-send

(CTS) model is used.

transmitter-transmitter (t-t) receiver-receiver (r-r) transmitter-receiver (t-r)
\
\
transmitter-receiver-transmitter (t-r-t) receiver-transmitter-receiver (r-t-r)

Figure 2.1 Interference models [1].

Our work in this thesis uses the protocol interference model [58] which consid-
ers: (i) primary interference, where each node is half-duplex, and (ii) secondary
interference, where a receiver, say A, that is receiving a packet from a transmit-
ter, say B, is interfered by another transmitter, say C. The interference between
links is modeled by a conflict graph C¢(V', E’) [59], which can be constructed
for a graph G(V, E) as follows: (i) each vertex in V' represents a link in | i.e.,
|[V'| = |E|, and (ii) each edge in E’ represents two links of G that experience

primary or secondary interference if they are active together.



17 2.4. MAC Layer

2.4 MAC Layer

Data transmissions from a node in rWSNs will be received by all nodes within its
range and can possibly cause interferences to some non-intended receivers [60].
There are two main approaches to address interference in the medium access
control (MAC) layer [61]: (i) use a random access scheme or contention-based
protocol, e.g., Carrier Sense Multiple Access (CSMA) and (ii) derive link sched-
ules, e.g., Time Division Multiple Access (TDMA). This thesis considers a TDMA
protocol that offers these benefits [40][62]: (i) concurrency of transmissions, (ii)
high reliability of communications, and (iii) energy conservation. Note that to
further conserve energy, a node in TDMA can switch off its transceiver when it

is neither transmitting nor receiving.

In a TDMA, time is split into equal intervals called superframe. A superframe
consists of a number of slots with equal length called timeslots. Each timeslot
contains non-interfering links, and thus links at the same slot can transmit/re-
ceive packets interference-free. Since the schedule in a superframe is repeated, a
shorter superframe results in higher throughput because nodes can transmit more
frequently [63]. Further, TDMA gives guaranteed fairness and provides bounds
on per-hop latency [40]. Sgora et al. [64] presented a comprehensive survey of
TDMA scheduling algorithms. The algorithms can be classified into centralised,
e.g., [1][44][65][66][67], and distributed, e.g., [40][68][69][70][71]. Our work only

considers a centralised scheduler.

A TDMA superframe or a link schedule, is defined as a collection of consecu-
tive, equal-sized timeslots. All links in each slot do not experience primary and
secondary interference. Indeed, after colouring a conflict graph, all links with
the same colour can be placed in a slot. Let S represent the superframe and |S|

denote its length (in slots). Each slot is either empty or contains one or more
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non-interfering, concurrently active links. A slot is empty when all sensor nodes
experience an energy outage. Note that prior link schedulers assumed nodes al-
ways have energy when they are scheduled to transmit /receive; our work relaxes

this assumption.

2.5 Related Works

To the best of our knowledge, except for references [44] and [72], there are no
works that solve a similar problem to ours. The authors in [72] proposed three link
scheduling algorithms to activate links with the maximum weight. The weight of
a link represents the amount of consumed energy when it is active. They aimed
to minimise the amount of stored energy and reduce energy waste.

Sun et al. [44] considered the HSU model [51], whereby harvested energy must
be first stored in a battery before it can be used. Each battery has a recharging
time that determines when a node has sufficient energy to transmit/receive one
packet. The authors assumed nodes have a perfect battery, i.e., nodes used
batteries with unlimited capacity, 100% storage efficiency, and are leakage-free.
The links in [44] can be scheduled only if the batteries of their end nodes have
accumulated sufficient energy to transmit/receive one data packet. Each node
with insufficient energy thus must wait for at least one recharging cycle before
it can activate one link. The authors proposed two link schedulers to maximise
network throughput: (i) without link weight (or w;; = 1), and (ii) with link
weight (w; ; > 1). For (i), they generated a conflict graph Ce(V', E') from G(V, E)
according to the protocol interference model. For (ii), their scheduler required
an extended conflict graph C’¢(V', E”), which is generated from C¢ and w; ; of

each link such that each link (7, j) appears w; ; times in C'.



19 2.5. Related Works

Recently, there were works that considered HUS, but those works did not con-
sider the problem in this thesis. More specifically, in [73], Yuan et al. investigated
the HUS architecture for point-to-point data transmission with a rechargeable
battery over two channels: (i) static, and (ii) block fading. They aimed to max-
imise throughput and proposed optimal energy policies based on a discrete-time
energy model. They then extended their work in [74], whereby the aim was to
minimise the energy used for transmissions subject to a delay constraint. How-
ever, these papers assumed perfect batteries, i.e., batteries with zero leakage and

100% storage efficiency.

The work in [75][76] and [77] considered batteries with leakage and storage
efficiency, i.e., imperfect batteries. The authors in [75] proposed a framework
to maximise the amount of data transmission by adjusting the transmit power
in an energy harvesting system with battery limitation, such as leakage con-
straint. Biason et al. [76] proposed a framework based on a Partially Observable
Markov Decision Process (POMDP). The goal was to optimise the throughput of
energy-harvesting-capable devices. Further, they considered the effects of imper-
fect batteries. In [77], Tutuncuoglu et al. studied two policies: (i) optimal offline,
and (ii) online to maximise the average transmission rate in an energy harvesting
network with an inefficient finite capacity battery that loses a constant fraction

of its stored energy. However, none of these papers considered link scheduling.

Liu et al. [78] aimed to optimise the throughput and transmission time in
many-to-one networks. The authors considered two cases: (i) infinite, and (ii)
finite battery capacity. Kapoor and Pillai [79] aimed to find efficient schedulers
for energy harvesting nodes operating over a multiple access channel. Lenka et
al. [80] designed a hybrid MAC protocol for WSNs that minimises latency and
collisions. He et al. [81] presented link scheduling, data routing, and energy

sharing in rWSNs to maximise the minimum source or sensing rate of nodes. On
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the other hand, Li et al. [82] studied a scheduling optimisation problem for an
Energy Harvesting (EH) mobile WSN. They aimed to maximise the amount of
data collected from sensors by scheduling the transmission per time slot according
to the energy harvested by sensor nodes and link quality. The authors of [83]
investigated a joint data gathering and EH problem in rWSNs with a mobile
sink. The goal was to maximise the network utility by jointly considering the
relay selection, power/energy allocation and time scheduling problems. Further,
the authors in [84], [85], and [86] included multi-user channel access and radio
channel model in their link scheduling. However, none of these works considered

the recharging time of batteries at the end nodes of active links.

In summary, there are no prior works on link scheduling for rWSNs that
consider all of the following factors: battery recharging time, capacity, leakage,
and storage efficiency. Sun et al. [44] considered recharging time and assumed
unlimited battery capacity. The authors considered the HSU model [51] that
requires the harvested energy at slot t to be used no earlier than slot t 4+ 1,
resulting in a longer schedule length. On the other hand, Chapter 3 uses the
HUS model such that nodes can use their harvested energy immediately, and
hence, reduce energy loss and produce a shorter link schedule. This means a
larger throughput than a link schedule that uses the HSU model. The approach
in our work only requires a conflict graph, unlike the solution in [44] in which an
extended conflict graph was also required. Our approach is advantageous as the
extended conflict graph becomes computationally expensive to use with a large
link weight w; ;. In addition, the work in [44] did not consider battery leakage
and storage efficiency. Note that a Ni-MH rechargeable battery can only store
70% of the harvested energy [51]. As a result, some valuable energy is lost due
to energy storage efficiency and leakage. Henceforth, this thesis extends the work

in [44] to include these two important factors. Further, it considers a battery cycle
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constraint to cope with memory effect in Chapter 4 and employs a dual-battery

system in Chapter 5.

2.6 Simulation Environments

This section describes the network topologies used in simulations performed in

Chapters 3 through 5.

2.6.1 Topologies

The performance of the proposed algorithms in Chapters 3 and 4 are evaluated
using two sets of networks: (i) fixed topology, and (ii) arbitrary network. On the
other hand, the proposed solution in Chapter 5 is only evaluated on the arbitrary

network.

2.6.1.1 Fixed Topologies

The fixed topologies consist of Line, Binary Tree (BTree), and Grid topologies.
Specifically, all three topologies are bipartite graphs [87]. Briefly, a graph is
bipartite if its nodes can be placed into two sets, namely, Set-1 and Set-2, with
links between nodes in Set-1 and Set-2 only. The fixed topologies range from 20
to 100 nodes, with an increment of 10. Hence, there are nine Line, nine Binary
Tree (BTree), and nine Grid topologies. The following describes the details of

each fixed topology.

1. Line (see Figure 2.2): Assume a line graph with n nodes. The nodes
are labeled consecutively from 1 to n. Following the protocol interference
model, a node cannot transmit and receive at the same time. Further,

any nodes within two hops away are not allowed to transmit in the same
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slot when at least one of them transmits to their common neighbour. For
example, there are interferences between links (2,1) and (4,3), and links

(2,3) and (4,5) at node 3, but links (2,1) and (4,5) are interference-free.

Figure 2.2 A line graph with eight nodes.

2. BTree (see Figure 2.3): Consider a BTree with L > 2 levels, n nodes
and bidirectional links between nodes. A BTree with n nodes has L =
[loga n| 4+ 1 levels, e.g., for n = 30, the resulting BTree has L = 5 levels.
Thus, each BTree is not a complete binary tree; its lowest level may not
be fully populated. We consider a complete binary tree, i.e., n = 2 — 1.
Thus, for 2¢71 < n < 2¥ — 1, we include some dummy nodes to form a
complete tree. The root node is at level k = 1. Its two children are at level
k = 2. We label nodes consecutively from left to right level by level, e.g.,
the root node is node 1, and the rightmost node at the lowest level k = L
is node 2¥ — 1. Thus, level k contains 2¥~! nodes; the nodes are labeled
k=1 ok=1 4+ 1 ... 2% — 1. As a bipartite graph, Set-1 contains nodes at
odd levels of the BTree, and Set-2 has nodes at even levels. The secondary
interference in the BTree can occur only between (i) a pair of nodes from
different levels having a common neighbour, e.g., nodes 1 and 4 activating
links (1,2) and (4,8), and (ii) a pair of nodes with the same parent, e.g.,
nodes 4 and 5 with links (4,2) and (5, 10).

3. Grid (see Figure 2.4): Let (rowxcol) Grid be a bidirectional grid topology
that contains n = row X col nodes. We consider row > col such that
(row—col) is minimum, e.g., for n = 20 and n = 80, we have (5x4) and

(10x8) Grid, respectively. We label the nodes, starting from number one,
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Figure 2.3 A binary tree with four levels.

sequentially from left-to-right in a row-wise manner. For example, for the
(4%x3) Grid in Figure 2.4, row = 1 contains nodes {1, 2,3}, and col = 3 has
nodes {3,6,9,12}. One can consider a (rowx col) Grid is constructed from
row (col) Line graphs, each of which has col (row) nodes. We label each
row Line graphs as Ry, Ro, ..., R..u, and each col Line graph as C7, Cs,
..+, Ce. The secondary interference in a Grid can occur only between pair
of nodes from a different row or column that share a common neighbour.
For example, consider nodes 1 and 5 in Figure 2.4 where node 2 is their
common neighbour. It is indicative of an interference at node 2 when links

(1,2) and (5,8) are activated simultaneously in the same slot.

2.6.1.2 Arbitrary Network

We consider arbitrary networks from 20 to 50 (10 to 50) nodes randomly deployed
on a 40x40 m? area in Chapter 3 (Chapters 4 and 5). Each node has a transmit
and interference range of 15 and 30 meters, respectively. The average number
of links |E| are 28, 125, 273, 470, and 758 for 10, 20, 30, 40, and 50 nodes,
respectively. As in [44], the interference range is two times the transmit range.
Note that additional parameter values, which are used only in specific chapters,

will be described in their corresponding chapters.
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Figure 2.4 A (4x3) grid.

2.6.2 Platform

All proposed algorithms were implemented in C++ and all experiments were
conducted on a computer with an Intel Core i7-9700T CPU @2.00 GHz and
16GB of RAM, running Windows 10 Enterprise.

2.7 Chapter Summary

This chapter covered the background for this thesis. Section 2.1 described our
network model and its notations. Section 2.2 described three energy harvesting
and battery usage protocols. Section 2.3 showed the interference model. Sec-
tion 2.4 addressed MAC layer, including TDMA link scheduling. Section 2.5
discussed the related literature. Section 2.6 summarised the network topologies
and platform used in this thesis. In the following three chapters, we propose three
link scheduling algorithms that schedule links according to the earliest activation

time.



Chapter 3

Link Scheduling in rWSNs with
Harvesting Time and Battery

Capacity Constraints

This chapter considers the problem of generating the shortest TDMA schedule
for use in rWSNs with varying energy harvesting times. This novel problem
considers: (i) the time required by nodes to harvest sufficient energy to trans-
mit /receive a packet, (ii) Harvest-Use-Store (HUS) energy harvesting and battery
usage protocol, and (iii) battery imperfections, i.e., leakage, storage efficiency,
and capacity. This chapter shows that the problem at hand, Link Scheduling in
Harvest-Use-Store (LSHUS), is, in general, NP-Complete. Further, it presents a
greedy heuristic, called LS-rWSN, to solve LSHUS.

Here we discuss the link scheduling problem with the aid of an example. Fig-
ures 3.1a and 3.1b show two rWSN examples with four nodes and three directed
links; the number next to each link refers to its activation timeslot. Links (vy, v),
(v3,v2), and (vg,ve) interfere with each other and thus cannot be scheduled to

transmit concurrently. Assume links (vq,v2), (vs,v2) and (v4, v2) are to be acti-
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vated in timeslots t = 1, t = 2, and t = 3, respectively. Therefore, the resulting
TDMA schedule or superframe is three slots in length. The key assumption for
the example in Figure 3.1a is that nodes have sufficient energy to transmit and
receive in their allocated timeslots. Next, consider the case where sensor nodes
have different energy harvesting cycles. Figure 3.1b shows that node v, is able to
transmit /receive every five slots; denoted as v;]|5. This causes the schedule length
to exceed three slots as each node must now wait for its battery to recharge. No-
tice that node v, has sufficient energy at timeslot ¢ = 2. However, none of its
incoming links can be activated at time ¢t = 2 because its neighbours have insuf-
ficient energy to transmit a packet. Specifically, link (vq,v9) can be scheduled no

earlier than slot ¢ = 5 because node v; can only transmit after time ¢ = 5.

The battery capacity of sensor nodes is also a key factor that affects the
schedule length. Consider the case where at time ¢ = 3, node vy continues to
accumulate energy, and hence at time t = 5 and ¢t = 7, it has sufficient energy
to receive two and three consecutive packets, respectively. For this case, links
(v1,v2), (v3,v9), and (vy,v2) can be scheduled at time t = 5, ¢t = 6, and t = 7,
respectively, giving a schedule length of seven. Now assume the battery capacity
of node vy is only sufficient to store the energy required to receive one packet.
Consequently, the battery of node vy can be recharged only after it is used at time
t =5, and it is fully recharged at time t = 5 + 2 = 7. Thus, node vy can receive
the second and third packet no earlier than at time ¢ = 7 and ¢ = 9, respectively,
e.g., link (v3,v9) can be scheduled at time ¢t = 7, and link (vy, v9) at time ¢ = 9,
which yields a schedule length of nine; see Figure 3.1b. This example shows that
battery capacity affects the schedule length.

Two additional factors that can affect the schedule length are battery leakage
and storage efficiency. The typical value of storage efficiency can be as low as 66%

[77] depending on the battery technology. Similarly, the leakage rate of a battery
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depends on its type, age, usage, and/or temperature [75]. As an example, the
leakage rate of a Li-ion battery is 8% per month [88], which is lower than a Nickel-
based battery. Further, the leakage rate changes over time and has the highest
leakage right after being charged [75]. To illustrate the effect of these factors
on the link schedule, reconsider the previous example depicted in Figure 3.1b.
Assume sensor nodes have a battery with a capacity of one unit of energy (1le).
Now assume the battery of nodes leaks at a rate of 5% per slot and has a storage
efficiency of 90%. Given this imperfect battery, the schedule length becomes 12
slots instead of 9 slots. This is because links (vi,v2), (v3,v2), and (v4,ve) are
scheduled at time ¢t = 6, t =9, and t = 12, respectively. Moreover, nodes vy, vs,
and v3 require more than five, six, and seven timeslots, respectively, to accumulate
sufficient energy to transmit /receive a packet due to battery leakage and storage

efficiency.

vi|5 v2|2 v3|6

O O

V4 v |7

(a) (b)

Figure 3.1 Example (a) with only protocol interference constraint and (b) with
protocol interference, harvesting time, and battery capacity constraints. The
number next to each link denotes its activation time, and v,|z denotes node z
requires z time slots to recharge its battery to a level before the next transmission
or reception is possible.

The preliminary work of this chapter has been presented in [89], and the full
version has been published in [90]. Specifically, reference [89] addressed LSHUS
problem without considering battery leakage and storage efficiency, while ref-

erence [90] extended [89] to include these two important factors and described
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LS-rWSN. Note that the proposed LS-rWSN algorithm in this chapter was called
Algo-1 in [89].

The layout of this chapter is as follows. Section 3.1 discusses the network
model and formulates the LSHUS problem. Then, it analyses the problem in
fixed topology networks. Section 3.2 describes our proposed algorithm to solve
LSHUS. Section 3.3 presents the simulation results. Finally, Section 3.4 concludes

this chapter.

3.1 Preliminaries

Section 3.1.1 first describes the rWSN model under consideration. It then in-
troduces key notations used in this chapter. Section 3.1.2 formally presents the
problem at hand and shows that the said problem is NP-Complete. Section 3.1.3
presents an analysis of how factors such as harvesting time, battery leakage, and

storage efficiency impact the schedule length for fixed topology networks.

3.1.1 Network Model

This chapter considers nodes that use the HUS model [51], where the harvested
energy is first stored in a capacitor for immediate use and any unused energy is
stored in a rechargeable battery for use in future slots. A node v; contains a har-
vester that generates energy from its environment, e.g., the sun, and two energy
storage types: (i) a super capacitor with a capacity of ¢; and (ii) a rechargeable
battery with a capacity of b;; both capacities are in a unit of e. Let r; > 0 (in
slots) be the total number of slots or harvesting time required by a node v; to
accumulate le amount of energy. Thus, a node has a harvesting rate of fl per
time slot. Each capacitor for a node v; is assumed to have sufficient capacity

to store all harvested energy in each slot, i.e., ¢; > 1/r;. The energy level of
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each capacitor is zero at the start of each time slot. Any unused energy that the
harvester receives at slot ¢, e.g., any excess energy when r; < 1 or node v; is not
active, is stored in a rechargeable battery for use in slot t 4+ 1 and thereafter. The

battery of a node is initially empty.

The rechargeable battery of a node supports shallow recharging [32], meaning
it can be recharged even though it is partially discharged. Let b;; be the energy
level of a node v;’s battery at time ¢. For each node v;, A;; (in unit of €) represents
the amount of energy that a node v; is allowed to use in slot ¢; note, T—ll <A <
bit + Tl The value of A;; is the sum of the energy level of a node v;’s battery
and capacitor at time ¢, i.e., A;; = b;; + % As the capacitor has a high leakage
rate [51], the energy level in each capacitor is always equal to the energy harvested
in each slot, i.e., ri This chapter considers the capacitor of a node has 100%
energy storage efficiency. When A;; < le, a node v; cannot transmit/receive
packets at time ¢. In contrast, if r; <1 or A;; > le, a node can transmit /receive
at any time, assuming there is an available packet. The available energy A;; is a
function of a node v;’s battery capacity (b;), energy harvesting rate (r;), storage
efficiency (7;), leakage rate (u;), and energy usage. Let t; be the time in which
node v; last draws energy from its battery. When A;,;, < 1, it takes p;, =t —¢;
slots for a node v; to accumulate energy such that it has A;; > 1. As explained

later in Section 3.2.1, p; is affected by the harvesting time r;, storage efficiency
i, leakage rate p;, and energy level b; 4.

A battery cannot be charged and discharged simultaneously [91]. However, its
energy level may increase when a node uses energy at the same time slot ¢. This
case occurs when r; < 1. On the other hand, when 7, > 1 and b, > 1 — 7«%7 then
a node v; will draw the fraction 1 — T%_, i.e., an energy shortfall from its battery.
Finally, since the amount of leaked energy can never be larger than the energy

stored in a node’s battery, we have the amount of energy that a node v; uses at
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time ¢ + 1 is greater than or equal to the energy at time ¢; ie., A; ;41 > A; ;.

Let T; denote the earliest time slot when a node v; has at least 1le of energy
to transmit/receive one packet. In other words, T; is the earliest slot such that
A1, > le. The earliest time link [;; can be scheduled is thus at time ¢, ; =
max(7;,Tj). Note that a link can be scheduled only when each of its end nodes
have at least le amount of energy. Let ¢; be the most recent time a node v;

transmits/receives a packet.

Consider Figure 3.2a to illustrate the aforementioned notation. The batteries
at the nodes in Figure 3.2a have energy levels of by = 3, by = b3 = by = 2, and
harvesting time of ry = 2, ro = 6, r3 = 5, and ry, = 7 timeslots. Assume 7; = 1
and p; = 0 for all batteries. At time ¢ = 1, the available energy of node 1 is
A11 = 0.5¢, while at time ¢t = 2, it increases to A; o = le. Thus, the earliest
time node v; can transmit/receive is T} = 2. For the other nodes, Figure 3.2a
shows T, = 6, T3 = 5, and T = 7. The earliest time in which nodes v; and v,
can transmit/receive is therefore ¢; 5 = max(2,6) = 6. The other two nodes have
ts1 = 5 and t43 = 7. Notice that the first four slots in schedule & are empty
because the smallest ¢; ; is five. Assume a scheduler selects link [, o first, at time 6;
thus, t; = to = 6 and the next earliest time nodes v; and v, can transmit/receive
is at slot 77 = 642 = 8 and 15 = 12, respectively. Figure 3.2b shows the conflict
graph Cg for the rWSN in Figure 3.2a. In Figure 3.2b, there are two primary
interferences, i.e., link l4 3 with l3; and l3; with [, 5. Also shown is the secondary

interference at node v3 that is caused by node v;.

3.1.2 Problem Statement

For a given rWSN, the Link Scheduling in Harvest-Use-Store (LSHUS)

problem is to generate a TDMA link schedule § with the shortest length |S| such



31 3.1. Preliminaries

vi|5 vy |7
(a) (b)

Figure 3.2 A rWSN model: (a) graph G, and its (b) conflict graph Cg. Also
shown are primary (dashed lines) and secondary (solid line) interference.

that: (i) each link /;; that is allocated a time slot ¢ satisfies A;; > le and A,
> 1le, and (ii) each link [; ; € E is scheduled at least w; ; times in S. For example,
in Figure 3.2a, link /3, can be scheduled no earlier than ¢ = 5; and link /; » needs
to be scheduled three times because w; 3 = 3.

To illustrate the effect of link scheduling on |S|, consider the example in
Figure 3.2 with equal p; = 0 and n; = 1. Figure 3.3a shows one feasible schedule.
A schedule is called feasible if it satisfies constraints (i) and (ii). The optimal
solution can be found in Figure 3.3b. Note that the figure shows only non-empty

«

slots, i.e., each empty slot is represented as “...”. The problem aims to generate

a schedule & with the shortest length, e.g., the schedule in Figure 3.3b has length

of |S| = 18.

Slot: 1 ... 7 8 ... 13 14 ... 20 21
Schedule: | | | 11,2|l3,1 | | l4,3|11,2| | l4,3| ll,2|
(a) A feasible TDMA schedule.

Slot: 1 ... 5 6 ..10 ... 12 ... 17 18
Schedule: | | | 13,1|11,z | |l4,3| |11,z| |l4,3 |11,2 |
(b) The optimal TDMA schedule.

Figure 3.3 TDMA schedules for the rWSN in Figure 3.2. Gray coloured slots
indicate no transmissions/receptions.
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Let Sg represent the superframe generated when there is no interference. In
this case, the activation of links is delayed by insufficient energy as opposed to
interference. One can use |Sg| as the lower bound of the superframe length for

LSHUS, computed as

|Sg| = max | p; E Ws 5 + E Wy i (31)
JNG) N
where N (7) is the set of node v;’s neighbours.

The following theorem states that the LSHUS problem is intractable.
Theorem 3.1. LSHUS is NP-Complete.

Proof. In [65], Ergen et al. addressed the following NP-Complete scheduling
problem, referred to as Schedule EV: consider a WSN G(V, E) that forms a tree in
which each node v; except the root node, generates w; > 0 packets. The scheduling
problem is to find a superframe with the minimum length such that all nodes can
send their packets to the root node. Note that ScheduleEV and LSHUS use the
same conflict graph. The proof is by reduction from ScheduleEV to LSHUS.
Specifically, an instance of WSN G(V, E) for ScheduleEV can be mapped into
an instance of WSN G'(V', E') for LSHUS as follows. Firstly, set G’ = G, i.e.,
V'=V,and E' = E. Secondly, for each node v; in G’, compute its weight w; as
follows. For each leaf node in G’, set w; = w;. Then, compute the weight of each
parent node v; by summing the weight of all its children and w;. Note that one
can interpret each weight w; as the total number of packets that each node v; in
G' must transmit to the root node; further, nodes forward their own packets as
well as those generated by their descendant nodes. Finally, compute the weight
w; ; of each link (7, j) in G’ from node weight w;, i.e., set w; ; = w;, where node v

is the parent of node v;. Note that each link weight w; ; in G” represents the total
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number of times a link (7, j) must be activated in the superframe such that a node
v; can forward w; packets to its parent node v; until all packets reach the root
node. Figure 3.4a shows an example of WSN G [65] while Figure 3.4b gives its
mapping graph G’; the number next to a node and a link shows its node and link
weight, respectively. Note that G’ can be constructed from G in polynomial time.
Now, we show how the solution for LSHUS, for instance G’ gives the solution for
ScheduleEV on instance of G. Consider two cases: (i) r; = 1, and (ii) r; > 1. For
both cases, consider each battery has a capacity of b; = 1, a storage efficiency of

n; = 1, and a leakage rate of u; = 0.

For case (i), where each node always has sufficient energy to transmit or
receive one packet, the superframe S; of LSHUS for instance G’, generated by
an optimal scheduler Opt;, is exactly the solution for instance G of ScheduleEV.
For case (ii), due to the energy harvesting constraint, each node v; must wait for
at least r; slots after each transmission or reception before the node is able to
transmit or receive another packet. Consider a scheduler Opt, that uses Opt; to
generate superframe S;. More specifically, Opt, utilizes Opt; only when all nodes
have sufficient energy to transmit or receive packets. First, Opts sets 7 to the
maximum 7; among all nodes in G’ and sets the first 7y slots in Sy to be empty
slots. Then, it calls Opt; to schedule links in slot 75 4+ 1. Note that in slot 75+ 1,
all nodes have sufficient energy to transmit or receive a packet, and thus Opt;
generates exactly the same set of links in slot 79 + 1 of Sy as the links in slot 1
of §;. After that, Opty (a) computes the maximum time 7y such that each end
node of the scheduled links in 71 + 1 of Sy, and thus those in slot 1 of &;, has
at least le of energy, (b) sets each slot from 7y + 2 to 7, to empty, and (c) calls
Opt; to generate another set of links for slot 7 + 1. Thus, the links in 74 + 1 of
S, are exactly the same as those in slot 1 of ;. Scheduler Opt, repeats steps (a)

to (c) each time after it calls Opt; until each link (i, j) is scheduled w;; times.
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Following the said steps, there is a one-to-one mapping between each non-empty
slot in Sy and one slot in &y, i.e., the corresponding slots contain the same links
since they are generated by the same scheduler Opt; when all nodes have no
energy constraint. Thus, one can obtain superframe &; for ScheduleEV from S,
by removing all empty slots. We now conclude that for both cases, LSHUS is at
least as hard as ScheduleEV, i.e., LSHUS is also an NP-Complete problem. [J

It is important to note that while Opty produces the optimal solution for
ScheduleEV, it cannot, in general, be used to produce the optimal solution for
LSHUS for two main reasons. First, Opt, inserts an excessive number of empty
slots, and thus its solution is likely much longer than the optimal solution. Sec-
ond, LSHUS is more complex than ScheduleEV because the former considers any
arbitrary topologies, not only tree topologies in the latter problem. Moreover, we

consider p; > 0 and n; < 1.

Figure 3.4 An instance of (a) graph G, and its mapping (b) graph G'.

3.1.3 Problem Analysis

This section analyses the effects of harvesting time, battery storage efficiency,

leakage, and capacity on the schedule length on the three fixed topologies de-
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scribed in Section 2.6.1.1, i.e., Line, Binary Tree (BTree), and Grid. Consider
each node has an equal harvesting time r > 0, battery capacity b > 1, and link
weight w > 1. Further, the storage efficiency is set to 7 = 1 and the leakage rate
is set to p = 0; thus p = r. Recall that p; is the number of slots for a node i to
accumulate energy to reach at least le worth of energy, starting from the time

the node has A;; < le.

Proposition 3.1. The optimal link schedule for Line topology with n > 3 has

superframe length |S| = 4wr.

Proof. This proof first describes how to construct a link schedule with 4wr time
slots, for two cases: » =1 and r > 1. Then, it shows that the result is optimal.

Consider each link has weight w = 1. For r = 1, schedule links in the set
{(2 4 44,3 + 41), (5 + 44,4 + 44)} in Slot-1, for i = 0,1,--- ,[(n — 2) / 4]; e.g.,
for n = 9, Slot-1 contains links {(2,3), (5,4),(6,7),(9,8)}. Then, reverse the
direction of each link in Slot-1, and schedule the reversed link in Slot-2; e.g.,
Slot-2 contains links {(3,2), (4,5),(7,6),(8,9)}. Next, schedule links in the set
{(1 + 44,2 + 4i), (4 + 4i,3 + 4i)} in Slot-3, for ¢ = 0,1,---,[(n —2) / 4]; e.g.,
links {(1,2), (4,3), (5,6), (8,7)}, and finally reverse the links for Slot-4; e.g., links
{(2,1),(3,4),(6,5),(7,8)}. For r > 1, use the same link schedule described above
for case r = 1 each time all nodes have sufficient energy. Thus, this case will have
four non-empty slots. The first » — 1 slots are empty as all nodes have insufficient
energy. Therefore, the first non-empty slot is slot r, which is followed by r — 1
empty slots. After that the scheduler can activate other links in slot 2r. Similarly,
the third and fourth non-empty slots are slot 3r and 4r, respectively.

When each link has weight w > 1, repeat the schedule w times, and thus,
the link schedule has 4wr slots, which is optimal for a Line with n > 3 for the

following reason. For n > 3, some nodes in the Line have four bidirectional links;
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each of which can be activated no earlier than every r slots. Further, each link

has to be activated w times, and thus the schedule requires 4wr slots. O]

Proposition 3.2. The optimal link schedule for a BTree with L > 3 levels has

|S| = 6wr time slots.

Proof. This proof first outlines the steps used to obtain a link schedule with 6wr
time slots for the following cases: (i) 7 = 1 and (ii) » > 1. Then, it shows that
the result is optimal.

For r = 1, links in a BTree with three levels can be scheduled in six slots:
Slot-1 = {(1,2),(3,6)}, Slot-2 = {(2,1),(6,3)}, Slot-3 = {(1,3),(2,4)}, Slot-
4 = {(3,1),(4,2)}, Slot-5 = {(2,5),(3,7)}, and Slot-6 = {(5,2),(7,3)}. The
link schedules for a four-level BTree, see Figure 2.3, can be generated from the
schedules of two BTree with three levels as follows. Denote the larger tree as
T with root R, and the two smaller trees as T'1 and T2 with root R1 and R2,
respectively. Tree T is constructed from 7'1 and 72 by connecting R to R1 with
two bidirectional links, and R to R2 with two other links, i.e., T'1 and T2 are
the left and right subtrees of T', respectively. Thus, renumbering the nodes in
T, the label of nodes R, R1, and R2 are 1, 2, and 3 respectively. Links in T
are scheduled as follows. First, combine the links of T'1 scheduled in one slot
with the corresponding links of T2 that are scheduled in the same slot number.
Notice that no links in 7’1 interfere with any links in 72, and vice versa. Then,
insert each of the four incident links at R into a slot that does not contain any
link that interferes with it. More specifically, links (1,2), (2,1), (1,3), and (3,1)
are inserted into a slot that contains links (8,4), (4,8), (12,24), and (24, 12),
respectively. Using the same steps, one can schedule links in a five-level tree
using the six slot schedules of its two four-level subtrees. Repeating the process,

one can always generate the link schedules of a tree with k levels in six slots from
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the schedules of its two subtrees with (k — 1) levels, for any k > 4.

For » > 1, the first r — 1 slots contain no links because each node requires a
harvesting time r. Then, use the same link schedules described for case r = 1,
except after scheduling the first set of links at slot r, each node can transmit or
receive only after every r slots, i.e., there are r — 1 empty slots in between every
non-empty slot. Thus, |S| = 6r for w = 1.

When w > 1, one can repeat the above schedule w times, and thus the link
schedule uses 6wr slots. The optimality of the schedule is shown as follows. For
L > 3, some nodes in a BTree have six bidirectional links, each of which can be
activated no earlier than every r slots of harvesting time. Since each link must

be activated w times, the schedule requires 6wr slots. O

Proposition 3.3. The optimal link schedule length for a Grid of size row > 3

and col > 3 is |S| = 8wr.

Proof. From Proposition 3.1, the link schedule of each Line graph requires 4wr
slots. The following describes how to produce the schedule for a Grid with length
Swr. Finally, the length is shown to be optimal.

Consider the schedule of links in row Line graphs. One can observe that
links in odd rows can be activated in 4wr slots. Same rules apply for links in
even rows. Except for links in two consecutive rows, there is no other interference.
Without loss of generality, consider the links in Ry and R3 in Figure 2.4. Note
that there is an interference only between nodes in each (2x2) Grid, e.g., nodes
{4,5} at Ry and {7,8} at R3, and when their links are in opposite directions, e.g.,
links (4,5) and (8,7) that incur interference at nodes 5 and 7. To prevent any
interference, each slot must contain links of the same directions, e.g., links (4, 5)
and (7,8). Thus, links in all rows can be scheduled in 4wr slots. As an example,

for Figure 2.4 with r = w = 1, the four slots are: Slot-1 = {(1,2), (4,5), (7,8),
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(10,11)}, Slot-2 = {(2,1), (5,4), (8,7), (11,10)}, Slot-3 = {(2,3), (4,5), (8,9),
(11,12)}, and Slot-4 = {(3,2), (6,5), (9,8), (12,11)}. The same construction for
links is used in all columns. More specifically, these links are scheduled in 4wr
slots. Thus, all links in a Grid can be scheduled in 4wr + 4wr = 8wr slots. The
constructed schedules are optimal because for row > 3 and col > 3, some nodes in
a (rowxcol) Grid have eight bidirectional links, e.g., node 5 and 8 in Figure 2.4.
Since each node can be activated no earlier than every r slots of harvesting time

for w times, the link schedule of a Grid requires 8wr slots. O

Propositions 3.1, 3.2, and 3.3 show the effect of energy harvesting time and
link weight on the schedule length. These propositions indicate that, for r > 1
and w > 1, there are 4w(r—1), 6w(r—1), and 8w(r—1) empty slots in the TDMA
schedules for Line, BTree, and Grid, respectively, and thus the schedule lengths
increase as much. Further, all propositions show that the battery capacity of
nodes and the network size do not affect the schedule length for the Line, BTree,
and Grid. In addition, the lower bound in Eq. (3.1) is tight for the fixed topologies

when ¢ =0 and n = 1.

3.2 Solution

Section 3.2.1 describes three propositions relied upon by the proposed greedy
algorithm, namely, Link Scheduler for a rechargeable WSN (LS-rWSN),
to solve LSHUS. The details of LS-TWSN are presented in Section 3.2.2.

3.2.1 Key Properties

Algorithm LS-rWSN schedules links according to the earliest time in which they

have sufficient energy. It relies on the following Propositions 3.4, 3.5, and 3.6.
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Let t; be the time in which a node v; last draws energy from its battery and b; 4,
be the energy level of the battery at a node v; at time t;.

Proposition 3.4 computes A;;, the amount of energy at node v; that can be
used to transmit/receive packets at time ¢t > 1, computed as A;; = b + 1/7;.
For brevity, in the following propositions, we define 7; = r;/n; and j; = 1 — p;.

Further, we use 7; to denote the time span between time ¢; and ¢, i.e., 7, =t —t;.

Proposition 3.4. The amount of energy (in unit of €) that a node v; can use at

timeslot t > t; is

-2 .

Agy = min(b; + 1/ri, il by, + ’;—k +1/r;) (3.2)

k=0

Proof. The stored energy at time ¢;41, i.e., b4, 41, is computed by subtracting the
energy due to leakage from the battery, i.e., 1;0;;, and adding energy harvested
at slot t;, i.e., 1/7;. However, for HUS with r; > 1, a node v; spends all the
energy harvested at time ¢; by slot ¢;; i.e., 1/7; = 0. Thus, b; 1,11 = (1 — ;) biy,.
Similarly, one can compute the amount of energy available at the battery at time
slot t; + 2 from the stored energy at t; + 1, minus the amount of energy that has
leaked between time t; + 1 and t; + 2, plus the stored energy from the energy
harvested in time slot ¢; + 1. Thus, the result is ;4,10 = (1 — w;)bis,41 + 1/74.
Substituting b;¢,+1 with (1 — p;)biy, gets bigro = (1 — p)[(1 — pi)big,| + 1/7;
= (1 — wi)?biy, + 1/7. Next, for time t; + 3, this case obtains b; ;3 = (1 —
wi)3bis, + (1 — p;) /7 + 1/7;. Repeating the step for time ¢; +4,--- , ¢ — 1,¢, one
can generate the stored energy at the battery at the beginning of time t, i.e.,
bip = (1 — i) tibiy, + 00 57*(1 — ;)% /7. Note that for the HUS model, the
available energy at a node v; at time t is the sum of its available energy at the
beginning of time ¢ and the energy harvested at time ¢. In particular, the model

has A;y =bis+ 1/rior Ajy = (1 — p;)"biy, + 22202(1 — p3)* /7 + 1/r;. However,
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b;+ is bounded by the battery capacity b;, which implies A;; < b; + 1/r;. O

Consider the following terms in Eq. (3.2): (i) ffbis,, (i) Y770 &, and (iii)
1/r;. Term (i) represents the amount of energy stored in the battery of a node v;
up to time t; after accounting for energy leakage. Term (ii) shows the amount of
energy that can be added to the battery from time ¢; to the start of time ¢. The
last term shows the amount of harvested energy, in the capacitor, at time ¢ that
is available for use by a node v;.

Consider four possible tuples (7, p;) in Eq. (3.2): (i) (s = 1, p; = 0), (ii)
O0O<m <1, pu=1),34i) (7, =0,0<u; <1),and (iv) (0 <n < 1,0 < u; <1).
For case (i), the battery has 100% storage efficiency and no leakage, and hence,

Eq. (3.2) reduces to the following equation:
Ai,t = min(bz + 1/7’1', Ai,ti + (Ti - 1)/7‘Z) (33)

In case (ii), the battery cannot retain its stored energy. One can see that
when fi; = 0, Eq. (3.2) reduces to A;; = 1/r;. In case (iii), when 1, = 0, no
harvested energy can be stored in the battery. For this case, the harvesting time
is set to 7; = oo. Thus, the value of the aforementioned term (ii) in Eq. (3.2)
becomes 0. Cases (ii) and (iii) represent a possibly faulty battery. Finally, case
(iv) considers the effects of battery storage efficiency and leakage on the available
energy of each node.

Our work considers 0 < p; < 1 and 0 < n; < 1, i.e., only case (i) and (iv).
On the other hand, the work in [89] considered only case (i), and thus, our work
generalises the battery model in [89] to also consider battery storage efficiency
and leakage. Proposition 3.5 computes the number slots p; = t — t; needed such
that A;; = le. The condition A;;, < 1 means that the amount of available energy

at a node v; at time ¢; is insufficient to transmit/receive one packet. Note that
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Ay, < 1implies 7, > 1 and b, <1—1/r;.

Proposition 3.5. Giwen A;;, < 1, the number of slots p; =t —t; before a node
v; has A;; =1 is given as

Case (i): n; =1 and p; =0
i = Tra(l = Agg) + 1] (3.4)

Case (ii): 0 <m; <1land0<p; <1

[ L A R
log(m*bi,tium(lfui) )

log(1 — ;)

pi =1 + 1] (3.5)

Proof. A node v; needs at least (1— A;;,)e extra energy to reach le unit of energy.
Eq. (3.2) is used to compute the time span p; =t — ¢; such that A;; > 1. More

specifically, to compute the smallest p; that satisfies the following:

pPi—2 Ak

P b, 'U_Z >

Wb+ Sz (3.6)
k=0

For case (i), setting i; = 1 and 7; = r; in Eq. (3.6) obtains b;;, + p;/ri > 1.

Since A;¢, = biy, + 1/r;, case (i) produces A;;, — 1/r; + p;/r; > 1. Thus, p; =

[1:(1 — A;s, + 1)] as shown in Eq. (3.4). In case (ii), fi; # 1, and thus one can

. . Y |
use the geometric series to produce > ?" &L = LE——  Thus, Eq. (3.6) becomes
k=0 ¢, 7y fi—1 ’

N
(g, + rl(l;z_—ll — @Pi7Y 4+ 1/r; > 1, which is used to obtain p; in Eq. (3.5). [

Recall that Eq. (3.4) and Eq. (3.5) apply only when A;;, < 1, which implies
r; > 1and by <1—1/r;. For b;; =0, Eq. (3.4) has p; = r;, which is consistent
with the fact that when the battery is leakage free and has perfect storage effi-
ciency, it takes r; slots to accumulate le of energy. In addition, Eq. (3.5) requires

M —bi ¢, iy > 0, or 2— > 1;b; 4, In other words, the amount of harvested energy to
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be stored in the battery must be greater than the energy leakage from the battery.

Otherwise, the battery is always empty. Eq. (3.5) also requires p; — p;r; +n; > 0,

i
ri—l

Eq. (3.6). Specifically, for (n; = 1, u; = 0) and (n; # 1, p; # 0), the function

or > ;. Let T (biy,,7i,mi, pi) be a function to compute the value of p; for
produces Eq. (3.4) and Eq. (3.5), respectively.

The following Proposition 3.6 computes the next value of T; after a node v;
transmits/receives one packet at time ;. Let a; ¢, be a Boolean variable such that
=1 (a4, = 0) if at time ¢;, a node v; has A;;, < le (A;;, > le). Further, set

it

sbi

o =t; (0, =t;+1) when A;;, < le (Ais, > le).

Proposition 3.6. The next earliest time slot when a node v; has sufficient energy

to transmit/receive one packet is

T = 0 + g, pi (3.7)

Proof. The next value of T; depends on the remaining available energy in a node
v;, i.e., A;y;, harvesting time r;, the battery’s storage efficiency 7;, and leakage
rate p;. Eq. (3.7) considers two cases. First, when A;;, < le, a node v; needs
(1 — A, ;)€ extra energy to transmit/receive the next packet. Proposition 3.5,
i.e., Eq. (3.4) and (3.5), is used to compute the number of slots p; for a node v;
to accumulate the extra energy. Thus, T; = t; + p;, and in Eq. (3.7), ayy, = 1,
and o; = t;. Second, when A;;, > le, after a node v; uses le of energy at time
t;, the node still has sufficient energy to transmit/receive another packet at time
t;. However, the primary interference does not allow a node to transmit/receive
more than one packet at the same timeslot. Thus, the earliest time the node can
transmit /receive a packet is in the next slot, i.e., T; = t; + 1. For this case, in

Eq. (3.7), aiy, =0 and 0; = t; + 1. O

Our work in [89] considered batteries with 100% storage efficiency and zero

leakage, i.e, n; = 1 and p; = 0. For this case, using Eq. (3.4), Eq. (3.7) becomes
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T, = 0; + a;¢(ri(1 — A;¢)), as given in [89]. Further, this case produces T; = r;

for b;; = 0 or t = 0 because each battery is initially empty.

3.2.2 LS-rWSN

This section provides the details of the new algorithm, i.e., LS-rTWSN in Algo-
rithm 1. The algorithm selects each non-interfering link with end nodes that have
sufficient energy to transmit/receive one packet at the earliest time. It uses the

conflict graph Cg to check for interfering links.

LS-rWSN first initialises ¢; to the last timeslot a node v; draws energy from
its battery, and A, to the amount of energy that a node v; can use at time ¢; to
zero; see Lines 1—5 of LS-rWSN. It also sets T; to p; slots, i.e., the solution for
Eq. (3.6). Recall that T; is the earliest time a node v; has le energy. LS-rTWSN
starts at ¢t = 0 and the battery is initially empty. Lines 6—8 compute the earliest
time a link (7, j) can be scheduled, while Line 9 generates a set K to record a link
(i, 7) that has the earliest activation time. Line 10 uses function ORDER(K) to
sort links in K. It aims to maximise the number of links that can be scheduled
at time t without interference. The function greedily schedules links closer to
each other when there is no interference. More specifically, function ORDER(K)
performs the following steps: (i) Select a link (i,7) € K; (ii) Move a link (3, j)
from set K into a set K’; (iii) Find a link (m, k) € K that does not interfere with
any link in K’, where £ is node v;’s neighbour. Note that there is no interference
between links (7, 7) and (m, k); (iv) Move (m, k) from K to K’; (v) Set j = k and
repeat (iii) until no such link can be found in K (vi) repeat step (i) until K is
empty. Without loss of generality, when there is more than one candidate link
for selection in steps (i) and (iii), select a link (u,v), where u is a node with the

smallest label, and v is node u’s neighbour with the smallest label.
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Algorithm 1 LS-rWSN: a greedy algorithm that schedules links according to
the earliest activation time

Input: G(V, E), r;, b;, p;, n; of each node i € V', weight w; ; of each link [; ; € E,
and conflict graph Cg

Output: Superframe S

1: for each node i € V do
2 t;i <0

3 Ami 0

4 T; « T(0,75, M5, 1)
5: end for

6: for each link [;; € ' do
7

8

9

ti,j — max(Ti, 7})
: end for
: K = {node [, ; in C¢ with min{¢, ;}}
10: K’ = ORDER(K)
11: ¢ < min{t; ;}
12: for each [;; € K’ do
13: if NOT CONFLICT(l;;,S[t]) then

14: S[t] <— S[t} U l@j

15: Wi < wij— 1

16: if w;; =0 then

17: remove node [; ; from Cqg

18: end if

19: Ay < COMPUTE_A, ((t, 1, jti, 1)
20: Ay < COMPUTE Ay (.7, phj,m5)
21: ti 4t t

22: T; < COMPUTE T, (t,i, i, ;)
23: T; < COMPUTE-T,(t, J, tt5,1;)
24: UPDATE t.4(T;,T})

25: end if

26: end for

27: repeat Lines 9—26 until all w; ; = 0
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Line 11 initialises t with the earliest slot. Lines 12—26 repeatedly schedule
each link /; ; € K’ in order. Each selected link in Line 14 does not cause interfer-
ence or is interfered by links that have been scheduled in slot t; see the condition
in Line 13. Each slot in S is initially empty. Note that function CONFLICT()
uses a matrix M of size |E|* that contains Boolean variables to represent the
conflict graph of the network; i.e., M[a,b] is set to “1” if there is an interference
between links a and b. Line 15 decrements the weight of each selected link [;
by one. Once the weight reaches zero, Line 17 removes the link from contention.
Further, Lines 19— 20 use function COMPUTE_A,+() that implements Eq. (3.2)
to recompute the available energy A;; and A;; at each end node of the selected
link. Line 21 then sets the last time that the end nodes of the selected link use
energy to the current time, and COMPUTE _T,() in Lines 22—23 use Eq. (3.7) to
recompute the 7; and 7} of the two end nodes. Finally, function UPDATE t.4()
in Line 24 recomputes the earliest time schedule of each link that has v; or v;
as one of its end nodes. The steps from Line 9 are repeated until all links have
w;; = 0.

As an example, consider the rWSN and conflict graph C¢ shown in Figure 3.2.
Lines 1—5 of LS-tWSN set t; =ty =t3 =1, =0, A1y, = Aoy, = Agyy, = Auy, =
0,7y =T(0,71,m,11) =T(0,2,1,0) =2, T, =6, T3 =5, and Ty = 7. Lines 6-8
compute t; 5 = max(2,6) =6, t3; = 5, and t43 = 7. Line 9 places link /3, into
the set K, and thus Line 10 obtains K’ =l3;. Line 11 sets t = 5. Line 13 finds
that l31 has no conflict with other links, and thus Line 14 inserts the link into
S[5]. Line 15 reduces wsy by 1 and hence it becomes 0. Lines 19—20 compute
Ass = 0.2 and A; 5 = 2, while Line 21 sets t3 =t =t = 5. Lines 22— 23 obtain
T3 =11 and T} = 6. Line 24 updates the earliest time that links can be scheduled,
ie., t12 = max(6, 6) =6, t3; = 11, and 43 = 7. Line 27 repeats the steps from

Line 9 until all links have w; ; = 0. Figure 3.3b shows the schedule generated
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by LS—I‘WSN, i.e., S = [8[5] = {lgyl}, 3[6] = {l172}7 8[10] = {1473}, 8[12] =
{li2}, S[17] ={lss}, S[18] = {l12}]. The generated schedule contains 12 empty

slots as nodes are unable to transmit /receive due to insufficient energy.

Proposition 3.7. The time complexity of LS-rWSN is O(W|E|?), where W =
> (wig).

(i.9)€lEl

Proof. Lines 1—5 require O(|V]), while Lines 6—8 require O(|E|). Line 9 inserts
at most | E| links and thus takes O(|E| log |E|). Line 10 requires at most O(|E|?)
to sort links in K using the function ORDER(K). Line 11 takes O(1). Line 13
uses a matrix M to represent the conflict graph C. It takes O(|E]?) to build the
Cq and M. Note that LS-tTWSN constructs C¢ and M only once. The function in
Line 13 needs to access the matrix |S[t]| times or O(| E|) to check for interference
between a selected link (7, j) and the already scheduled links in S[t]. Lines 14 —23
take O(1) each. Line 24 requires O(|V]). Thus, the for loop in Lines 12— 26 takes,
at most, O(|E|?) since |V| < |E|. Finally, Line 27 repeats Lines 9—26 W times

and hence, the time complexity of LS-TWSN is O(W|E|?). O

3.3 Evaluation

Section 3.3.1 compares the performance between HSU and HUS in terms of super-
frame length. Section 3.3.2 analyses the effect of energy harvesting time, battery
leakage, and storage efficiency on the superframe length |S|. Then, Section 3.3.3
shows the effect of battery capacity on |S|. Section 3.3.4 contains an evaluation
of LS-rWSN versus the theoretical bounds of |S|. Finally, Section 3.3.5 discusses
the running time of LS-rWSN. Our evaluation encompasses two types of net-
works: (i) fixed topologies, namely, Line, BTree, and Grid, with 20 to 100 nodes,

and (ii) arbitrary networks with 20 to 50 nodes deployed uniformly on a 40 x
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40 m? area. This is sufficient since each node has a fixed location. Further, each
presented result is an average over 100 random node deployments. Table 3.1 lists

the parameter values used in our evaluation.

Table 3.1 Parameter values used in the evaluation.

Parameter Value(s)
Network size 40x40 m?
Transmit range 15 m
Interference range 30 m

|V| in arbitrary networks | 20, 30, 40, 50
|V| in fixed topologies 20—100

T 1,5,10,15,20

i 0.0,0.01,0.02,0.03,0.04
N 0.6,0.7,0.8,0.9,1.0

b; 3

Wi j 3

3.3.1 HSU versus HUS

We consider various r; values; namely, 1, 5, 10, 15, and 20, in a rWSN with 50
nodes. We randomly fix the battery capacity b; and link weight w; ;, each to
a value between 1 and 5. As shown in Figure 3.5, harvesting time significantly
affects the link schedules in both models. Specifically, when r; increases from 1
to 20, |S| jumps from 769 to 2995 slots in HUS and from 990 to 3744 slots in
HSU, an increase of 289.5% and 278.2%, respectively. Note that when r; = 1,
each node in HUS has sufficient energy to transmit/receive one packet in any
slots. Thus, the required number of slots is due to link interference only. The
figure also shows that increasing harvesting time consistently creates longer |S],
i.e., when r; = 5, 10, and 15, HUS produces 870, 1506, and 2250 slots, while HSU
generates 1508, 2253, and 2998 slots, respectively.

Figure 3.5 shows that the superframe length |S| when using HSU is longer
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than HUS. For example, when r; = 1, HSU results in 221 more slots as compared
to when using HUS; i.e., 28.74% longer. The results are consistent for other
harvesting times, i.e., r; = 5, 10, 15, and 20. The difference between |S| ranges
from 600 to 800 slots. HSU produces superframes that are 73.33%, 49.6%, 33.24%,
and 25.01% longer, respectively, than those by HUS. Recall that the work in [44]
considered HSU protocol. HUS generates shorter superframes as compared to
HSU because the former can directly use harvested energy without storing it
first. In the following experiments, we only consider HUS because HSU generates

similar trends but longer superframes.
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Figure 3.5 HUS versus HSU in rWSNs of 50 nodes.

To further analyse the effect of harvesting time on |S|, we classify slots in
the S into two categories: (i) all slots « in which the end nodes of links have
sufficient energy, and (ii) all slots « in which the end nodes of at least one link
has insufficient energy, and thus the link can be activated only at slot § > «
after its end nodes have harvested energy. Thus, due to insufficient energy, |S| is
increased by  — « slots.

In this experiment we investigate the effect of insufficient energy for case (ii).

As shown in Figure 3.6, when r; = 1, the superframe length |S| of case (ii) is zero
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because each node has sufficient energy at any slot. When we increase r; to 5,
some links must be scheduled in later slots because their nodes have no energy.
Thus, those links increase |S| by 47 slots from 815 slots. Further, Figure 3.6
shows that increasing the value of r; will increase the number of slots under case
(ii) because more nodes need a longer time to harvest energy. We see that |S|
for this case is increased by 217, 711, and 1418 slots when r; = 10, 15, and 20,

respectively.
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Figure 3.6 The effect of energy unavailability on |S]|.

3.3.2 Effect of r;, y;, and 7; on |S|

The following experiments consider three factors: (i) harvesting time, (ii) bat-
tery leakage, and (iii) storage efficiency, with the following corresponding val-
ues: (i) r, = 1,5,10,15,20, (ii) u; = 0.0,0.01,0.02,0.03,0.04, and (iii) 7; =
0.6,0.7,0.8,0.9,1.0. Further, the battery capacity is b; = 3. Each link has weight
w; ; = 3. These experiments use the HUS battery usage protocol. Note that
Section 3.3.1 has shown that the HUS model produces shorter superframe length

as compared to the HSU model.
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3.3.2.1 Effect of Harvesting Time

Figure 3.7 shows the resulting superframe length |S| for various energy harvesting
times r; and leakage values p; when the storage efficiency is n; = 1. Specifically,
from left to right, each bar for each harvesting time is the result for network sizes
of 20, 30, 40, or 50 nodes, respectively. Further, each bar shows the average |S|
value when the p; is gradually increased from 0 to 0.04. For example, the left
(right) most bar for r; = 15 shows five results of |S| for networks with 20 (50)
nodes for each of the five values of y;. Recall that p; = 0 means the battery has
no leakage.

As shown in in Figure 3.7, for u; = 0, increasing the energy harvesting time of
nodes significantly affects the schedule length. The figure shows that for r; = 1
and |V| = 20, the superframe length is |S| = 196. However, as the harvesting
time increases, the length increases steadily, reaching |S| = 1305 for r; = 20;
this is an increase of 565.82%. This is because more nodes need a longer time to
harvest energy. Recall that r; = 1 means each node which uses the HUS mode
always has sufficient energy to transmit /receive one packet in any slot. Therefore,
there is no constraint on harvesting time. The negative effects of having larger r;
values are similar for each of the tested network sizes; namely, |V| = 30, 40, and

50.

3.3.2.2 Effect of Leakage Rate

Figure 3.7 shows when the energy harvesting time of nodes is r; = 1, increasing
p; from 0 to 0.04 has no effect on the schedule length. That is, |S| remains at
196, 334, 591, and 820 for networks with 20, 30, 40, and 50 nodes, respectively.
However, with a longer harvesting time r; > 1, e.g., r; = 15, increasing p; from 0
to 0.04 significantly affects the superframe length |S|. In particular, we see that
|S| increases from 2223 to 3187 slots for |V| = 50, an increase of 43.36%. The
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results are consistent for other tested network sizes, i.e., an increase of 44.54%
(from 979 to 1415 slots), 44.24% (1372 to 1979), and 43.92% (1719 to 2474) for
networks with 20, 30, and 40 nodes, respectively. Figure 3.7 also shows that,
in general, increasing the leakage rate creates longer superframe length |S|. For
example, for an energy harvesting time of r; = 20, the link schedule increases by
16.6% (from 1639 to 1911 slots) for 20 nodes, 16.71% (from 2298 to 2682 slots)
for 30 nodes, 16.76% (from 2876 to 3358 slots) for 40 nodes, and 16.47% (from
3703 to 4313 slots) for 50 nodes when we increase the value of the leakage rate
w; from 0.02 to 0.03. The superframe length increases because when r; > 1, a
node v; needs to first accumulate energy until A;, = le. However, due to storage
leakage, it requires longer time to accumulate sufficient energy to transmit /receive

a packet.
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Figure 3.7 The effect of harvesting time and leakage rate on |S].

3.3.2.3 Effect of Storage Efficiency

To study the effect of storage efficiency 7;, in this section the leakage rate p; is set
to zero. Figure 3.8 shows the resulting schedule length |S| for r; = 1,5, 10, 15, 20

and five values of storage efficiency n;. Similar to Figure 3.7, from left to right,
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each bar for each harvesting time is the result for network sizes of 20, 30, 40, or
50 nodes, respectively. Further, each bar shows the average value of |S| when #);
gradually decreases from 1 to 0.6. As shown in Figure 3.8, when nodes require
one slot to harvest energy, i.e., r; = 1, decreasing n; from 1 to 0.6 has no effect on
the superframe length |S|, i.e., |S| remains at 196, 334, 591, and 820 for networks
with 20, 30, 40, and 50 nodes, respectively. This is because when nodes use the
HUS model, and r; = 1, each node has 1e worth of harvested energy in each slot
that can be directly used irrespective of the energy level of its battery. However,
for r; > 1, decreasing n; has a significant negative effect on |S|. For example, when
r; = 15 and n; drops from 1 to 0.6, the superframe length |S| increases by 62.21%
(from 979 to 1588 slots) when there are 20 nodes, 62.17% (1372 to 2225) for 30
nodes, 62.77% (1719 to 2798) when there are 40 nodes and 61.72% (2223 to 3595)
for 50 nodes. Figure 3.8 also shows that decreasing storage efficiency consistently
creates longer superframe lengths |S|. Specifically, for r; = 20, decreasing 7; from
0.9 to 0.8 increases the link schedule by 11.92% (from 1443 to 1615 slots) for
20 nodes, 11.8% (from 2026 to 2265 slots) for 30 nodes, 12.28% (from 2532 to
2843 slots) for 40 nodes, and 11.62% (from 3278 to 3659) slots for 50 nodes. The
superframe length |S| increases because when r; > 1, nodes need time to harvest
energy before they have A;; = le worth of energy to transmit. However, due to
storage efficiency, nodes take a longer time to reach the said minimum amount

of energy to transmit/receive.

3.3.2.4 Effect of Leakage Rate and Storage Efficiency

This section aims to investigate the effect of battery leakage rate together with
storage efficiency on the schedule length. It compares the schedule length for
two cases: (i) u; = 0 and n; = 1, and (ii) u; = 0.01 and n; = 0.7. Note that

the schedule length in case (i) is affected only by the energy harvesting time of
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Figure 3.8 The effect of harvesting time and storage efficiency on |S]|.

nodes and interference. The results for case (i) are used to benchmark against
the results for case (ii).

As shown in Figure 3.9, an imperfect battery for case (ii) has a significant
effect on the schedule length |S| for all network sizes. More specifically, for a
rWSN with 20 nodes, the |S| increases by 37.61% (from 327 in case (i) to 450
slots in case (ii)), 47.78% (653 to 965), 55.46% (979 to 1522), and 63.68% (1305
to 2136), for r; = 5, 10, 15, and 20, respectively. A similar negative effect is
also noticed for larger sized rWSNs. For example, when there are 50 nodes, the
|S| increases by 10.46% (975 to 1077), 47.44% (1482 to 2185), 55.24% (2223 to
3451), and 63.21% (2963 to 4836) for r; = 5, 10, 15, 20, respectively. The |S|
is longer because as nodes have an imperfect battery, they require a longer time
to accumulate energy. Figure 3.9 also shows that the increase in |S| is more
noticeable in denser networks; see the results for 100 nodes.

One can observe that leakage rate and storage efficiency together cause more
severe negative effects on the superframe length |S| as compared to the effect
of leakage rate (Figure 3.7) or storage efficiency (Figure 3.8) separately. As an

example, consider the result for a network with 50 nodes and r; = 20. For
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p; = 0.01 and 7; = 1, as per Figure 3.7, we find that the |S| = 3258, while in
Figure 3.8, the |S| = 4166 for n; = 0.7 and p; = 0. On the other hand, as shown
in Figure 3.9, setting n; = 0.7 together with y; = 0.01 results in |S| = 4836, which
increases the length by 48.43% (from 3258 to 4836) and 16.08% (4166 to 4836)

as compared to considering only leakage rate and storage efficiency, respectively.
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Figure 3.9 Effect of network sizes with varying r; on |S|.

3.3.3 Effect of b;, i;, and 7; on |S|

This section considers rWSNs with 40 nodes and set w; ; = 3, r; = 5, and battery
capacity b; = 1, 5, 10, 15, and 20. The following sections discuss the effect of:
1) battery capacity only, 2) battery capacity and leakage rate, and 3) battery

capacity and storage efficiency.

3.3.3.1 Effect of Battery Capacity

To see the effect of battery capacity on the schedule length |S|, we set p; = 0 and
n; = 1. As shown in Figure 3.10, when p; = 0, increasing b; from 1 to 20 only

slightly reduces the |S|; there is only a 6.5% decrease (from 769 to 719 slots).



55 3.3. Evaluation

The main reason for the insignificant effect of battery capacity on |S| is explained
as follows.

Consider a node v; with 7; > 1 that needs to activate multiple links to/from
its m neighbours that have a harvesting time of at least r; > r;. Assume one
neighbour has harvesting time r; while each of the others has a harvesting time
of rj +k, r; +2k, ..., rj + mk, for £ > 0. In this case, a node v; needs to
activate m consecutive links, one every k slots. Assume the current time is ¢t = 0.
One can observe that |S| is minimised if a node v; can accumulate energy in its
battery at time ¢ = r; such that it is sufficient to activate one link every £ slots.
Specifically, to minimise |S|, it is necessary that (i) r; < k or, (ii) when r; > k, b;
must contain more than le energy at time r;, i.e., b; > 1. Thus, one can see that
b; > 1 is needed for case (ii). As an example, node 2 in Figure 3.1b receives three
consecutive packets from its neighbours in three consecutive slots, i.e., k = 1 and
ry = 2 > k and increasing b; from 1 to 3 reduces |S| from 9 to 7. It is important
to note that a node v; can accumulate more than le energy only if r; < r; for
each neighbour v;; in the example, ry is the smallest. Otherwise, if r; > r;, the
battery at a node v; will never accumulate more than 1e of energy because a node
v; will consume it immediately to activate one of its links. Thus, for this case

b; = 1 is sufficient, i.e., a larger b; does not reduce |S].

3.3.3.2 Effect of Leakage Rate

To analyse the effect of battery capacity b; and leakage rate p; on the |S|, we
set the storage efficiency n; to 1. From Figure 3.10, we see that increasing the
battery capacity for pu; = 0, 0.01, 0.02, 0.03, and 0.04 has an insignificant effect
on the |S|. As an example, when y; = 0.01, increasing b; from 1 to 20 reduces the
|S| by 6.61%, i.e., from 772 to 721 slots; subsection 3.3.3.1 explains the reason.

Similarly, there is only a decrease of 4.26% (775 to 742 slots), 3.59% (779 to 751
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Figure 3.10 The effect of battery capacity and leakage rate in a rWSN with 40
nodes.

slots), and 4.57% (787 to 751 slots) for p; values of 0.02, 0.03, 0.04, respectively,
when b; increases from 1 to 20. Note that the standard deviation values of |S]

range between 117 and 131.

3.3.3.3 Effect of Storage Efficiency

To evaluate the effect of battery capacity and storage efficiency, consider the
leakage rate p; = 0. As shown in Figure 3.11, increasing the battery capacity for
n; =1,0.9,0.8, 0.7, and 0.6 does not affect the superframe length |S| significantly.
For example, when 7; = 0.9, increasing b; from 1 to 20 only reduces the |S| from
792 to 721 slots. This is a decrease of only 8.96%. Note that the standard

deviation values of |S| range between 84 to 126.

The results shown in Figure 3.10 and Figure 3.11 indicate that increasing the
capacity of imperfect batteries can only slightly reduce the schedule length. The
results are consistent to rWSNs where nodes have a battery with perfect storage,

ie, u; =0and n; = 1.
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Figure 3.11 The effect of battery capacity and storage efficiency in a network
with 40 nodes.

3.3.4 Effectiveness of LS-rWSN

To analyse the performance of LS-tTWSN, Section 3.3.4.1 computes the ratio R,
> 1 between its generated |S| and the optimal bound as per Propositions 3.1,
3.2, and 3.3 for Line, BTree, and Grid, respectively, for nodes with a perfect
battery, i.e., n = 0 and p = 1. Recall that the optimal |S| is 4wr, 6wr, and 8wr
for Line, BTree, and Grid, respectively. Note that when nodes have a perfect
battery, the value of p is equal to the nodes’ harvesting time r. Apart from these
networks, Section 3.3.4.2 computes Rs to further evaluate LS-rWSN on arbitrary
networks, where R, is the ratio between its generated |S| and the lower bound
|Se| in Eq. (3.1). For both types of networks, we set w; ; =3, b; =3, and r; = 1,
5, 10, 15, and 20.

3.3.4.1 Fixed Topologies

This experiment considers rWSNs with nodes from 20 to 100, with an increment
of 10 for the Line, BTree, and Grid topologies. As shown in Figure 3.12, LS-

rWSN always produced the optimal superframe for Line for any values of r;. On
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the other hand, for r; = 1, BTree and Grid produce Ry = 1.28 and R, = 1.42,
respectively. However, LS-rWSN has better performance for larger values of r;.
Specifically, when r; > 5, LS-rWSN has a performance ratio R; of 1.04 and
1.02 for BTree and Grid, meaning the superframe length is only 4% and 2%,

respectively, away from the optimal value for rWSNs with 20 to 100 nodes.
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Figure 3.12 The performance of LS-rWSN in fixed topologies with a various
number of nodes for y; =0 and 7; = 1.

3.3.4.2 Arbitrary Networks

For each network, consider p; = 0.01, and n; = 0.7. The average ratio R, in
Figure 3.13 is obtained by averaging 100 random node deployments. As shown in
Figure 3.13, for a rWSN with 20 nodes and r; = 1, i.e., when nodes always have
energy, LS-rTWSN achieves an average performance ratio Ry of 3.01. However,
when nodes have a lower energy harvesting constraint, i.e., r; > 1 the performance
of LS-rWSN improves significantly. Specifically, for r;, > 5 and |V| = 20, LS-

rWSN on average produces superframes with R, 1.07, i.e., only 7% longer

than the lower bound computed using Eq. (3.1). Figure 3.13 also shows that

except for r; = 1, increasing the network size does not reduce the performance
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of LS-rWSN. Further, it shows that increasing the network size from 20 to 50
reduces the performance due to the high level of interference. The standard

deviation values of the performance ratio in Figure 3.13 range between 0.01 and

0.98.
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Figure 3.13 The performance of LS-rWSN in arbitrary networks for pu; = 0.01
and n; = 0.7.
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Figure 3.14 The running time of LS-rWSN in arbitrary networks for r; = 10,
w; = 0.01, and n; = 0.7.
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3.3.5 Running Time

To measure the running time of LS-rWSN; this experiment considers rWSN with
20 to 50 nodes with r; = 10, yu; = 0.01 and n; = 0.7. Each node has battery
capacity b; = 3 and each link has weight w; ; = 3. Figure 3.14 shows that the
running time of LS-rTWSN becomes longer when the number of nodes increases.
More specifically, the running time of LS-rWSN is 21.9 ms for |V| = 20, and
gradually increases to 143.3 ms when |V| reaches 50 nodes. This is because there
are more links when |V| increases. The running time is thus increasing, which is
consistent with Proposition 3.7. Note that there are on average 125 (from 104 to
152 links), 273 (from 236 to 312), 470 (from 420 to 556), and 758 (from 670 to
854) links when there are 20, 30, 40, and 50 nodes, respectively. The standard

deviation of the running time in Figure 3.14 ranges between 6.35 and 17.66.

3.4 Chapter Summary

This chapter addressed link scheduling in rWSNs. It considered the following
factors: (i) energy harvesting time of nodes, (ii) battery capacity, (iii) imperfect
battery storage, i.e., leakage and storage inefficiency, and (iv) activation frequen-
cies w;. It presented a novel problem called LSHUS that aimed to produce a
link schedule & with the minimum length subject using the HUS protocol. This
chapter formally showed that LSHUS is NP-Complete and presented analytical
results for the optimal length for three bipartite topologies: Line, BTree, and
Grid. A greedy algorithm, called LS-rWSN, was proposed to solve LSHUS. Ex-
tensive simulations showed that factors such as harvesting time, battery leakage,
and storage efficiency significantly affected the schedule length. These factors
increased the length by up to 63.21%. On the other hand, battery capacity is

an insignificant factor, i.e., increasing the schedule length no more than 6.5%.
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LS-rWSN produced the optimal superframe length for Line, and up to 1.28 and
1.42 times longer superframe lengths as compared to the theoretical superframe
length bound for BTree and Grid, respectively, for r; > 1. In Chapters 4 and 5,
we investigate using a battery cycle constraint to overcome the memory effect of

batteries.






Chapter 4

Link Scheduling in rWSNs with

Battery Memory Effect

This chapter considers the novel problem of deriving a TDMA link schedule for
rWSNs. Unlike past works, it considers: (i) the energy harvesting time of nodes,
(ii) Harvest-Store-Use (HSU) energy harvesting and battery usage protocol, (iii)
battery imperfections, and (iv) a battery cycle constraint that is used to overcome
the memory effect. Recall that such effect will reduce the battery’s usable capacity
if it is charged and discharged repeatedly after a partial discharge and charge,
respectively. This chapter shows analytically that the battery cycle constraint and
leaky batteries lead to unscheduled links. Further, it presents a greedy heuristic
that schedules links according to when their corresponding nodes have sufficient
energy.

This chapter considers a novel research aim: deriving a short TDMA link
schedule that considers nodes with a varying energy harvesting rate and battery
memory effect. To achieve this aim, solutions must address a number of problems.
Consider Figures 4.1a, 4.1b, and 4.1c. Note that links (v, vs), (v1, v3), and (vy,

vy) interfere with each other and thus cannot be scheduled concurrently. Consider

63



64

the HSU battery usage protocol [32], where the harvested energy in slot ¢ can
only be used in slot t + 1, t + 2,... . Node v; needs to wait for three timeslots
to accumulate one unit of energy, denoted as v;|3, and this energy can only
be used after slot t = 3. First, consider the case where nodes have unlimited
battery capacity; denoted by ~ in Figure 4.1a. Node v; can use its stored energy
in timeslot ¢ = 4. However, none of its links can be scheduled at time ¢t = 4
because its neighbours have insufficient energy to receive a packet. For example,
link (v1,v9) can be scheduled no earlier than at slot 6 + 1 = 7. After node v
transmits a packet to node vy at time ¢ = 7, its remaining energy is sufficient to
transmit a packet to node vs. Thus, link (vy, v3) is scheduled at time ¢ = 8. Then,
node v, needs to accumulate energy before it can transmit a packet to node vy.
Thus, link (vq, v4) is scheduled at slot ¢ = 8 + 3+ 1 = 12, producing the schedule

length of 12.

V2|6 vi|7 V2|6 v3|7 V2|6 v |7
vi|3 ‘ vi|3 vi|3 P
GDX@,’@; 7 21 13 25
12 {15 17
V4|8 V4‘8 V4‘8
(a) (b) (c)

Figure 4.1 An example (a) with interference and harvesting time, (b) plus
battery capacity, and (c) plus battery cycle constraints. The number inside each
node shows the capacity of its battery. The number next to each link denotes its
activation time, and v,|z represents node x requiring z time slots to accumulate
one unit of energy.

Next, consider the case where each battery has a capacity of one unit; see
Figure 4.1b. This means the battery at node v; can be recharged only after it is
used at time ¢t = 7. Thus, node v; can transmit the second packet no earlier than

at time t =7+ 3+ 1 = 11, i.e., after it has harvested sufficient energy. Further,
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it can transmit the third packet no earlier than time ¢ = 11 44 = 15. Hence, the

schedule length is 15.

Lastly, consider the case where each battery has a battery cycle constraint;
see Figure 4.1c. Node v; has a battery with three units of energy and nodes vy,
v3, and v4 each have a battery with two units of capacity. Thus, v; needs to wait
until slot £ = 3 x 3+1 = 10 to fully recharge its battery before it can transmit one
packet. However, it cannot do so because its neighbours’ battery is yet to be fully
recharged. That is nodes vy, v3, and vy have to wait until slot t =6 x2+4+1 = 13,
t = 15, and t = 17, respectively, before their battery can be discharged. The

schedule length in this case is 17.

The preliminary version of the work in this chapter has been presented in [92],
while its full version has been published in [93]. More specifically, reference [92]
described the problem and its solution for perfect batteries, while reference [93]

included imperfect batteries.

The layout of this chapter is as follows. Section 4.1 shows our network model
and formulates the problem. Section 4.2 consists of four subsections; it addresses
key properties of our proposed algorithm in Section 4.2.1, the feasibility study in
Section 4.2.2, a proposed method to shorten superframe length in Section 4.2.3,
and a proposed algorithm in Section 4.2.4. Section 4.3 provides simulation results
to show the performance of our approaches. Finally, Section 4.4 concludes the

chapter.

4.1 Preliminaries

Section 4.1.1 formalises our rWSN model and key notations used in this chapter.

After that, Section 4.1.2 formalises the problem of interest.
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4.1.1 Network Model

A node v; is equipped with a harvester that scavenges energy from its environ-
ment, e.g., solar, and it is equipped with a rechargeable battery with capacity b;
(in unit of €). It uses the HSU battery usage protocol [32], where the harvested
energy at timeslot ¢ must first be stored before it is used in later slots. Recall that
it is possible to revise the HSU model to apply in the HUS model. Let r; > 1 (in
slots) be the harvesting time or total number of slots that is required by a node
v; to accumulate le of energy. Thus, the harvesting rate of a node is f per time
slot. Let 0 < m; < 1 be the storage efficiency and 0 < p; < 1 be the battery’s
leakage factor (per time slot) of a node v;. This work omits the following cases.
First, when n; = 0 and u; = 1, the battery of nodes cannot store any harvested
energy and retain its energy, respectively. Second, in each slot, the amount of
harvested energy must be larger than the battery leakage rate ;. Otherwise, any
harvested energy will be lost immediately due to battery leakage. In both cases,

nodes will have no energy to activate links.

All nodes have a minimum battery capacity, i.e., for a node v;, we have b; > 1e.
They have a single rechargeable battery with a battery cycle constraint [36]. This
constraint requires the battery of a node v; to be: (i) charged to its maximum
capacity b;mq, before it can be used/discharged, for 2 < b; 0. < b;, and (i)
discharged to its minimum capacity, b; i, > 1, before it can be charged. We
call (i) and (ii) respectively as the discharging and charging constraint. Conse-
quently, the battery at each node v; can be in one of two modes: (i) charging,
or (ii) discharging. More specifically, the battery cannot be in the charging and
discharging mode at the same time. Without loss of generality, we assume each
battery has an initial energy level of b; . Further, we assume b; i, and b s

are integers, where b; pmin < b;maa-
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For a node v;, let f;fk and fi_’ . respectively, be the start and end time of its k-th
charging cycle. Similarly, for discharging cycle k at a node v, its start and end
time are denoted respectively as t;fk and t;;. Further, 7;) and 7 respectively
are the charging and the discharging time intervals of the battery at a node v; in
cycle k > 1; these quantities are computed as 7;x = &, — &, and 7,5, = t;, —t;.
In other words, the battery at a node v; is being charged during time interval 7
and being discharged during time interval 7; ; for each cycle k. As illustrated in
Figure 4.2, each battery follows a sequence of a charge-discharge cycle. Thus, we
have ¢, = fi_, .+ 1 and f;fk =t;, + 1. Note that for each cycle k, the value of 7;
is dependent on r;, 7; as well as b; 45, While the length of 7, is affected by b; pin
and the number of times the battery is used to transmit/receive packets at each
cycle k, denoted by w; ;. In addition, both times are affected by the battery’s
leakage factor j;. Note that as r;, p;, n;, and b; 4, are constants, all intervals
7, x have equal length. In contrast, the value of 7;;, may vary at different cycles
because u; j varies according to the number of transmitted/received packets. In

the remainder of this chapter, the cycle number k is omitted if the context is

clear.
Tia Ti1 Ti2 Ti2
charging discharging charging discharging
cycle 1 cycle 1 cycle 2 cycle 2
& &t t7 & &t t;

14

Figure 4.2 Charge-discharge cycles at a node v; at cycle k =1 and k£ = 2.

Let l;i,t and b;; (in unit of €) denote the energy level of the battery at a node
v; during a charging and discharging cycle at time slot ¢, respectively. Thus,
we have Z;i’i'_— = bj mae and bi,f = bimin. The battery level of a node v; at the

beginning of each charging cycle, i.e., at time ¢;", is

bz‘,f‘.“ = bi,min - ,Uz‘bi,mm = (1 - /L@')bi,mm. (4.1)
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This is because: (i) the battery stops discharging at time t; = ¢ — 1 when the
amount of energy reaches b; ,in, and (ii) there is energy leakage of 11;0; i from
time #;7 — 1 to ;. On the other hand, the battery level of a node v; at the start

of discharging cycle t] is
bir = bimaz — thibimaz = (1 = p1i)bimas (4.2)

This is because: (i) the battery stops charging at time #; = ¢/ — 1 when its
battery level reaches its maximum capacity, i.e., b;mar, and (i) there is energy

leakage of 11;0; e, from time t;L —1to tj.

Let T; be the earliest time slot when the battery at a node v; is in discharging
mode. The earliest time in which a link /; ; can be scheduled is at time ¢;; =
max(7;,Tj), i.e., when the end nodes of a link /;; can discharge their battery.
For each node v;, we initialise T; to 7; + 1. It is updated when the battery at a

node v; is discharged to transmit/receive a packet.

Figure 4.3a presents a rWSN with four nodes to illustrate our network model.
It shows values of b;min, bimaz, bi, i, Mi, and 7; for each node v; as well as
the weight of each link [; ;. The battery level of each node v; in charging and
discharging mode is computed using Eq. (4.1) and (4.2), e.g., by s+ = blimas X fir =
5 x0.99 = 4.95 and Bujr = b1 min X i1 = 1 x0.99 = 0.99, respectively. As shown
later in Section 4.2, one can compute the charging time and discharging time
intervals for each battery to obtain 71 =9, 7, = 12, 73 = 20, and 74 = 10. Thus,
we have T =7 +1 =10, Ty = 13, T35 = 21, and T, = 11. Therefore, the earliest
time each link /;; can be scheduled is computed as t;, = max(10,13) = 13,
toa = 13, and t3; = 21. In Figure 4.3b, there are two links that experience
primary interference, namely, link l3; with /; 5 and [y 2 with lp4. Also shown is

secondary interference at node vy that is caused by node vy, i.e., link l3; with lo 4.
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Figure 4.3 A rWSN as a (a) graph G, and its (b) conflict graph Cg.

4.1.2 Problem Statement

Given a rWSN, our problem, called Link Scheduling with Memory Effect-
1 (LSME-1), is to generate the TDMA link schedule & with minimum length
|S| that satisfies the following constraints: (i) the battery at each node v; € V'
satisfies the battery cycle constraint, (ii) each link /;; € E can be scheduled at
timeslot ¢ only if its end nodes are in discharging mode, (iii) each link [; ; € E is
scheduled at least w; ; times in S.

Figure 4.4 shows two example of link schedules. Figure 4.4a presents a fea-
sible link schedule with 320 slots which satisfies constraints (i), (ii), and (iii).
Figure 4.4b gives a shorter feasible schedule with |S| = 307 slots. Note that link
scheduling is known to be NP-hard; works such as [59] and [43] assumed nodes
with unlimited energy. This is simply a special case of LSME-1. Thus, our
problem is also NP-hard.

Slot: 1 e 20 ... 30 ... 140 ... 160 ... 230 ... 320
Schedule: | | | ha | | Ba | | ha | | ha | | I | | ha |

(a) One feasible TDMA link schedule.

Slot: 1 ... 13 .. 21 .. 128 .. 152 .. 227 .. 307
Schedule: | | |lz,4| |13,1| |lz,4| |11,2| |11,z| |lz,4|

(b) The optimal TDMA link schedule.

Figure 4.4 TDMA link schedules for the rWSN in Figure 4.3 with a battery
cycle constraint. Gray coloured slots show no transmissions/receptions. Note
that the figure shows only non-empty slots with empty slot represented as “...”.
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4.1.3 Problem Analysis

We now analyse the effect of a battery cycle constraint on the schedule length
for three fixed topologies, i.e., Line, Binary Tree (BTree), and Grid; see Sec-
tion 2.6.1.1 for their detailed configurations. We consider that each node has
equal harvesting time of > 0, that a battery’s usable energy b > 1, and the link
weight w > 1. Note that bis equal to b4z — bmin. The following Propositions 4.1,
4.2, and 4.3 show the effect of a battery cycle constraint on the schedule length

for Line, BTree, and Grid, respectively.

Proposition 4.1. The optimal link schedule for a Line topology with n > 3 has

superframe length

S| = ﬁﬂ X b + dw (4.3)

Proof. We first describe by construction how to derive a link schedule for Line
when each node always has energy to transmit/receive packets. For this case with
w = 1, we can schedule links in four different slots as follows. Links in the set
{(2+44,3+44), (5+4i,4+44)} can be scheduled in a slot A, fori =0,1,---,|[(n—
2) / 4]; e.g., for n = 9, slot A contains links {(2,3), (5,4), (6,7),(9,8)}. Then,
reverse the direction of each link in slot A, and schedule the reversed link in slot
B; e.g., slot B contains links {(3,2),(4,5),(7,6),(8,9)}. Next, schedule links in
the set {(1 + 44,2+ 44),(4+ 44,3+ 47)} inslot C fori =0,1,---,[(n —2) / 4];
e.g., links {(1,2),(4,3),(5,6),(8,7)}. Finally reverse the links in slot C' for slot
D; e.g., links {(2,1),(3,4),(6,5),(7,8)}. For w > 1, repeat the described four-
slot link schedule, in the same order, for w — 1 times. Thus, we have |S| = 4w.
For example, for w = 2, the following sequence of 4 x 2 = 8 slots are constructed:
S=(AB,C,D,A B,C,D).

Next, consider the case where each battery follows the battery cycle con-

straint. Notice that each node requires r x b slots to charge its battery to the
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maximum level before it can be used to transmit/receive b packets with no ad-
ditional charging. In other words, there are r x b empty slots, at which time
each node charges its battery to the maximum level, before the battery can be

used to activate, at most, b number of links. Thus, in general, there are in total

dw

3 W X b empty slots where

4w non-empty slots where links are activated, and {
batteries are being charged. For example, consider » = 2, and b = 3 for the afore-
mentioned eight slot schedules S. Due to the battery cycle constraint, there are
2 x 3 = 6 empty slots before links in slot A can be activated at Slot-7. Links in
slot B and C are activated at Slot-8 and Slot-9, respectively. Then, nodes need to
recharge their battery to the maximum level, i.e., there are other 2 x 3 = 6 empty
slots, before links in slots D, A, and B can be activated at Slot-16, Slot-17, and
Slot-18, respectively. Finally, following the other six empty slots, links in slot C
and D are activated at Slot-25 and Slot-26, respectively. Thus, for this example,
|S| = [4—§2-‘ X 2 x 344 x 2= 26. The schedule length is optimal for the follow-
ing two reasons. Firstly, for n > 3, some nodes in Line have four bidirectional
links. Thus, the schedule must contain at least 4w non-empty slots. Secondly,
each node needs rb empty slots before it can schedule b links. In other words,

there are at least (47“’] x rb number of empty slots. Thus, the schedule length of

[47“1-‘ x b + 4w slots, shown in Eq. (4.3), is optimal. O

Proposition 4.2. The optimal link schedule for a BTree with L > 3 levels has

superframe length

|S| = {6;;)—‘ X rb + 6w (4.4)

Proof. We first outline the steps to construct a link schedule for a BTree when
each of its nodes always have energy. Links in a BTree with three levels can
be scheduled in six slots: Slot-1 = {(1,2), (3,6)}, Slot-2 = {(2,1), (6,3)}, Slot-3
= {(1,3),(2,4)}, Slot-4 = {(3,1),(4,2)}, Slot-5 = {(2,5),(3,7)}, and Slot-6 =
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{(5,2),(7,3)}. The link schedules for a four-level BTree can be generated from
the schedules of two BTree with three levels as follows. Denote the larger tree
as T with root R, and the two smaller trees as 7’1 and T2 with root R1 and
R2, respectively. Tree T is constructed from 71 and 72 by connecting R to R1
with two bidirectional links, and R to R2 with two other links, i.e., T'1 and 72
are the left and right subtrees of T', respectively. Thus, renumbering the nodes
in T', the label of nodes R, R1, and R2 are 1, 2, and 3, respectively. Links in
T are scheduled as follows. First, combine the links of 7’1 scheduled in one slot
with the corresponding links of T2 that are scheduled in the same slot number.
Notice that no links in 7T'1 interfere with any links in 72, and vice versa. Then,
insert each of the four incident links at R into a slot that does not contain any
link that interferes with it. More specifically, links (1,2), (2,1), (1,3), and (3,1)
are inserted into a slot that contains links (8,4), (4,8), (12,24), and (24, 12),
respectively. Using the same steps, one can schedule links in a five-level tree
using the six-slot schedules of its two four-level subtrees. Repeating the process,
one can always generate the link schedules of a tree with & levels in six slots from
the schedules of its two subtrees with (k — 1) levels, for any k& > 4. For w > 1,
repeat the described six-slot link schedule in the same order for w — 1 times.

Thus, we have |S| = 6w.

Next, consider the case where each battery follows the battery cycle con-
straint. Notice that each node requires r x b slots to charge its battery to the
maximum level before it can be used to transmit/receive b packets with no ad-
ditional charging. In other words, there are r x b empty slots, at which time
each node charges its battery to the maximum level, before the battery can be
used to activate, at most, b number of links. Thus, in general, there are in total
6w non-empty slots where links are activated, and ’—677“”-‘ X b empty slots where

batteries are being charged.
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The schedule length is optimal for the following two reasons. Firstly, for
L > 3, some nodes in a BTree have six bidirectional links. Thus, the schedule
must contain at least 6w non-empty slots. Secondly, each node needs rb empty
slots before it can schedule b links. In other words, there are at least (%ﬂ x b
number of empty slots. Thus, the schedule length of (6—1”} X rb+ 6w slots, shown

b
in Eq. (4.4), is optimal. O

Proposition 4.3. The optimal link schedule length for a Grid of size row > 3

and col > 3 1is

S| = Fﬂ x b + 8w (4.5)

Proof. We first outline the steps to construct a link schedule for a Grid when
each of its nodes always has energy. From Proposition 4.1, the link schedule of
each Line graph requires 4w non-empty slots. Next, the following describes how
to produce the schedule for a Grid with length 8w. Further, the length is shown
to be optimal.

Consider the schedule of links in row Line graphs. One can observe that links
in odd rows can be activated in 4w slots. Similar rules apply for links in even rows.
Further, except for links in two consecutive rows, there is no other interference.
Without loss of generality, consider links in Ry and Rj3 in Figure 2.4. Note that
there is an interference only between nodes in each (2x2) Grid, e.g., nodes {4,5}
at Ry and {7,8} at R3, and when their links are in opposite directions, e.g.,
links (4,5) and (8,7) that incur interference at nodes 5 and 7. To prevent any
interference, each slot must contain links of the same directions, e.g., links (4, 5)
and (7,8). Thus, links in all rows can be scheduled in 4w slots. As an example, for
Figure 2.4 with w = 1, the four slots are: Slot-1 = {(1,2), (4,5), (7,8), (10,11)},
Slot-2 = {(2,1), (5,4), (8,7), (11,10)}, Slot-3 = {(2,3), (4,5), (8,9), (11,12)},
and Slot-4 = {(3,2), (6,5), (9,8), (12,11)}. Use the same construction for links
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in all columns. More specifically, these links are scheduled in 4w slots. Thus, all
links in a Grid can be scheduled in 4w + 4w = 8w slots. Next, consider the case
where each battery follows the battery cycle constraint. Notice that each node
requires 7 X b slots to charge its battery to the maximum level before it can be
used to transmit/receive b packets with no additional charging. In other words,
there are r x b empty slots, at which time each node charges its battery to the
maximum level, before the battery can be used to activate at most b number of

links. Thus, in general, there are in total 8w non-empty slots where links are

8w

3 W X b empty slots where batteries are being charged.

activated, and {

The schedule length is optimal for the following two reasons. First, for row > 3
and col > 3, some nodes in (row x col) Grid have eight bidirectional links, e.g.,
node 5 and 8 in Figure 2.4. Thus, the link schedule of a Grid requires at least 8w
non-empty slots. Secondly, each node needs rb empty slots before it can schedule

b links. In other words, there are at least [%ﬂ x rb number of empty slots. Thus,

the schedule length of ’—%ﬂ x rb + 8w slots shown in Eq. (4.5) is optimal. O

4.2 Solution

This section first describes eight propositions relied upon by our greedy algorithm.
It then provides two propositions to show that LSME-1 might not have a feasible
solution when the battery of each node has a non-negative leakage rate, i.e.,
w; > 0. Finally, the details of the proposed greedy algorithm are presented in

Section 4.2.4.

4.2.1 Key Properties

Propositions 4.4 and 4.5 relate to batteries in a charging cycle, and Proposi-

tions 4.6 to 4.11 relate to batteries in a discharging cycle. For brevity, we define
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7y =1i/n;, and fi; = 1 — ;.

Proposition 4.4. The energy level (in €) of a battery in the charging mode at a

node v; at time slot t, for t} <t <t;, is

A

i+
t—1f -1

. I | fai”
biy = min | b;mazs bimin X i 7+ E P
p=0 '

(4.6)

Proof. The stored energy at time £, + 1 is computed by subtracting the energy
lost due to battery leakage, i.e., uil;iﬁ plus the energy harvested at slot ;" i.e.,
1/7;. Thus, i)i,fj'-',-l =(1 —,uz-)gif:r +1/7;. The energy level I;@gjﬁ is computed from
Bi,ij +1 by (i) subtracting the energy leakage that occurs from time th+1tot! +2,
(ii) adding the energy harvested in time slot ¢ + 1, and (iii) substituting Bz‘,i‘j +1
with (1 — )b, 3+ + 1/#;. Steps (i) and (ii) obtain b, 5+, = (1= )b,z + 1/
Step (iii) substitutes Biﬁﬂ with (1 — ﬂi)l’;iyﬁr + 1/7; to produce Bi,£j+2 = (1-
wi)[(1 — Mz‘)@fj] + 1/ =(1-— Mz’)%i,{j + (1 — pi)/7i + 1/7;. Then, using energy
level Bi,ij 49, steps (i) to (iii) are used to compute the energy level at time th 43,
ie., l;iﬁJrg =(1- ui)gl;iﬁ + (1= wi)?/7 + (1 — ;) /7 + 1/7;. Repeating steps (i)
to (iii) for time #; +4, ... ,t—1,¢, we obtain the stored energy at the beginning of
time ¢, i.e., Bi,t = (1 —ui)t’fjlgiﬁ +Z;;%+71(1 — ;)P /7;. Substituting (1 — 1;)b; min
in Eq. (4.1) for Bz‘,ija we have l~)i7t = (1—ui)t_ﬁ*lbi,mm—kzgﬁj_l (1;—“)1? However,
EM is bounded by the upper limit of battery capacity b; mq., which implies Bi,t <
bimaz- Substituting (1 — p;) with 4i;, we obtain the expression stated in the

proposition. ]

Note that when the battery has 100% storage efficiency and no leakage, i.e.,

n; = 1 and p; = 0, respectively, Eq. (4.6) is reduced to

bie = min(b; ymaz, bimin + (t — 1) /1) (4.7)
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Proposition 4.5 computes the charging time interval 7; = ¢, —t." of the battery
at a node v;, i.e., the number of slots needed to charge the battery to its maximum

level b; e starting from its minimum level b; 1, .

Proposition 4.5. The charging time interval for the battery of a node v; is

computed as

Ti(bi,mam - bi,min)v n; =1 and p; =0

log ( 1=7 155 max
1—75 14 1505 min

’7 log fi; —|7 O<771<1(md0<u1<1

Proof. We set t = t; in Eq. (4.6) to compute the maximum energy level of the

battery at a node v;, i.e., b; ;mq,. Thus, we have

F-1 . p
b, — b i Hi ‘
1, max ,mwn /"LZ + Z 7/_‘\7/ (4 9)
p=0
For case (i): ; = 1 and p; = 0, we set fi; = 1 and 7, = r; in Eq. (4.9) to yield
bi,maa: = bi,min + 721/7“1 ThU.S, 7~_7, = ’I”Z'(bLmQI — bi,min) as shown in Eq (48) For
case (ii): 0 <m; < 1 and 0 < p; < 1, i.e., fi; # 1, we use the geometric series [94]

to produce S0 M AL — L=l Thus, Eq. (4.9) becomes

p=0 7 7 fli—1
~ 1407 —1
bi,ma:v = bi,min X ,lziTH_l + A_H;Z— (410)
Ti i — 1
Solving Eq. (4.10) for 7;, we obtain Eq. (4.8). O

The amount of energy that leaks from the battery of a node v; per slot, i.e.,

i1, and the battery’s leakage rate y; in case (ii) of Eq. (4.8), must be less than

L and — respectively. Otherwise, the battery will never be able to

bi,maz Ti#ibi,min )

charge to its maximum level.



77 4.2. Solution

We first present Eq. (4.11) and (4.12) that are used in Propositions 4.6 and
4.7. Consider a battery of a node v; with an energy level of x at time %1, i.e.,
bis, = x. As the battery leaks, the energy level of the battery at time ¢, > ¢; is
reduced to

bis, = T " (4.11)

Eq. (4.11) is used to compute the amount of energy that has leaked from the

battery of a node v; from time ¢; to t, i.e., Af?t = bit, — biy, for by, = x as

1

A%, = a(1 - ") (4.12)

Propositions 4.6 to 4.11 relate to a battery in discharging mode. Propo-
sition 4.6 computes the energy level of the discharging battery at time ¢, for
t; <t <t;, where t; is the most recent time the battery was used. From time ¢;
to t, the energy level decreases due to battery leakage only. Thus, Proposition 4.6

is valid only for batteries with a non-negative leakage rate, i.e., u; > 0.

Proposition 4.6. The energy level (in €) of the discharging battery at a node v;
at timeslot t, fort; <t <t; is
4+t
bi,t = max<bi,min7 bi,max X /l: R ﬂg_ti> (413)
Proof. Following Eq. (4.2), the battery level at time ¢ is b; i+ = bimaz X fli. Using

Eq. (4.12), the amount of energy leaked from time ¢ to t;, for z = b, + is

. Ati—t?—
AZ; =bpr x (=4 ") (4.14)
Thus, after spending 1le of energy at time t;, the remaining energy of the battery

at the end of slot t; is

bit; = by — Azjﬁ -1 (4.15)
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Now, as per Eq. (4.12), the energy leaked from time ¢; to t, for x = b;4,, is
ALy, = by, % (1- L") (116)
Thus, the remaining energy at time t is
bit = by, — Aiti (4.17)

Using (4.2) in (4.14), (4.2) and (4.14) in (4.16), (4.15) in (4.16), and (4.15) and
(4.16) in (4.17), we obtain

+
N s WY

bz‘,t = bz‘,maa: Xy i (418)

As the energy level is lower bounded by b; ,,;,, We thus obtain Eq. (4.13). n

Note that when the leakage rate is u; = 0, the energy level of a battery at a
node v; at time slot ¢ is b;; = b;;, — 1. This is because the energy level decreases
only due to packet transmission/reception.

Let 53%1 be number of timeslots needed to discharge the battery of a node v;
from level by < b; ;maz to by > i pmin due to battery leakage only. The following
Proposition 4.7 computes di 3,» which is applicable only when each battery has a

non-negative leakage rate of u; > 0.

Proposition 4.7. The discharging time interval, due to battery leakage only, for

the battery of a node v;, to decrease from by < b; ez 10 by > b; i, 15 given as

log(by) — log(b:)

e -
log(fi;)

i,b1 = L

] (4.19)
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Proof. First, we set Af?tl =b; — by and = by in Eq. (4.12). As a result, we have

bo

by — by = bi(1 — i) (4.20)

Then we solve Eq. (4.20) for 5%1 to obtain Eq. (4.19). O

Proposition 4.8 computes the next earliest time when the battery at a node

v; can be used to transmit/receive a packet.

Proposition 4.8. Consider the battery at a node v; is last used at time t; >
7. + 1. The next earliest timeslot when the battery at a node v; can be used to

transmit /receive a packet is

ti‘l‘O'i,tiX%i—{—l, ,uz:O
T, = (4.21)

tit i, X (63, + %)+ 1, p; >0

Proof. The next earliest time the battery at a node v; can be used depends on
the remaining battery level at time ¢;, i.e., b;,. For Case (i): p; = 0, Eq. (4.21)
considers two sub-cases: (a) b;s; = bimin, and (b) by, > b;min. For sub-case
(a), the battery needs to be recharged. This sub-case requires a charging time
interval of 7;, computed by Eq. (4.8). Thus, we have T; = t; + 7; + 1 because the
harvested energy needs to be stored first before it can be used. For this sub-case,
oit; in Eq. (4.21) is set to 1. For sub-case (b), the battery at node v; can still be
discharged to transmit/receive another packet at time t + 1, i.e., T; = t; + 1, and
thus o4, in Eq. (4.21) is set to 0.

For Case (ii): u; > 0, there are two sub-cases: (a) by, < (bimin + 1), and
(b) bit; > (bimin + 1). For sub-case (a), when the remaining energy is less
than (b; min + 1), the battery needs to be recharged. However, the battery cycle

constraint requires the energy level of the battery to reach b, ,,, first before it can
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be recharged. Using Eq. (4.19), it takes Llog(bi”";g;(j;_(;g( b“")J slots to discharge the

battery (due to leakage) from level b; s, = by t0 b; i, = ba. Then, we use Eq. (4.8)
to compute the charging time interval, 7;. Thus, we have T; = ¢; + (5%1 +7)+1
because the harvested energy needs to be stored first before it can be used. For
this sub-case, we have o;;, = 1. For sub-case (b), the battery at a node v; can
still be discharged to transmit/receive another packet at time ¢;. Thus, the next
earliest time the battery at a node v; can be discharged to transmit/receive a

packet is slot T; = t; + 1. For this sub-case, we have 0,4, = 0. ]

For a given discharging cycle k, let 7; ;, > T; be the time at which the energy
level at a node v; is by, + 1. In other words, 7, is the latest time the battery

can be used in the discharging cycle k.

Proposition 4.9. The latest time the battery can be used for a given discharging

cycle k 1s
lOg(bme + 1) - l09<bi,T¢)
log(fi;)

Tir =T + | ] (4.22)

Proof. The energy level at time T; is b; 1,. The discharging time interval from level
b; 1, 10 b; min+1 can be computed using Eq. (4.19) for by = b; 1, and by = b; ypin + 1.
Thus, time 7;; can then be obtained by computing the sum of time 7; and the

discharging time, as given in Eq. (4.22). O

For a given time 7; 5, Proposition 4.10 computes the earliest time 7; at which
the battery at a node v; can be used to transmit /receive a packet. In other words,

T, = t;.fk +1- Figure 4.5 illustrates the relationship between times 7; and T; of

Propositions 4.9 and 4.10, respectively.

Proposition 4.10. The earliest time T; > T, at which the battery at a node v;

can be used s
log b min — log b; p -
Ty = Ty 4 | 2imin — 209 DiTik ) 4 2 4 g (4.23)
log fi;
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k k+1

— ~ —~

e |
T, T T, =t

Figure 4.5 An illustration for Propositions 4.9 and 4.10. The dashed (solid)
lines represent charging (discharging) cycles.

Proof. At time 7;j, a node v;’s energy level is b; i, + 1. We need to discharge
it first to energy level b; ,,;n, before it can be recharged. The discharging time is
computed using Eq. (4.19), for by = b; 7;, = bimin + 1 and by = b yin, shown as
the second term of the right hand side of Eq. (4.23). Then, we need to charge
the battery from b;min t0 b;ma. before it can be used. We use Eq. (4.8) to
compute the charging time interval, 7;. After its fully charged, as per the HSU
model, the battery can be discharged in the next slot, which explains the +1 in
Eq. (4.23). O

’

Let a; be the duration from time 75 to ¢,

ie, o = tj,kﬂ — Tix; see
Figure 4.6. Recall that t:k is the starting time of a discharging cycle k of the
battery at a node v; at which time the battery has energy level b; 0. X ;. The
time duration «; includes (i) time to discharge le of energy, i.e., from b; i + 1
to b; min at cycle k, before the battery can start charging at cycle k + 1, (ii) time
to charge the battery from level b; ;nin t0 b;mas at cycle k+ 1, and (iii) a one slot
delay before the stored energy can be used at time tik 41, as required by the HSU
model. One can use Eq. (4.19) with by = b; yin + 1 and by = b; 14, to compute

(i), and Eq. (4.8) to compute (ii). Thus, we have

Llog(bi,min) - log(bi,min + 1)

g i) | +7+1 (4.24)

oy =
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Let (; denote time duration from t;fk to Tik, ie., Bi = Tik —t:k; see Figure 4.6.
In other words, the battery takes f3; slots to discharge all its stored energy (due
to leakage only) from level bi,ﬁk = i maz X i t0 b min + 1. Using Eq. (4.19), we

have

lOg (bz,mzn + 1) - lOQ (bi,mam X ﬂz)J

pi=1 log fui

(4.25)

Jr

The following proposition computes ¢, ..

and 7; x4+ for the battery at a node

v; in a discharging cycle k + m, for integer m = 0,1, .. ..

Proposition 4.11. Consider the battery of a node v; in a discharging cycle k,
and the battery is not used from time t;fk to Tik+m, for any integer m = 0,1, .. ..

For a given T, the value of time and T; k+m can be computed as
tz;ﬁm = Tir +ma; + (m—1)5; (4.26)
Tikrm = Tip + moy +mp; (4.27)

Proof. For m = 0, we have t:k = T; . — (3, which is true by definition. For m =1,
we have t;“k +1 = Tix + a;, which is also true by the definition of a; or Eq. (4.24).
To compute t:k 42, we must include the number of slots required to discharge
the battery from the energy level at time t;fk 41 to that at time 7411, and the
time duration from time 7; 44 to time t;fk oo Thus, tf 0 = Tipn + o + i =
Tir + 2c; + B;. Similarly, for m = 3, we have t;fk+3 =Tikt2+ o+ 06 =Tip+
3a; +203;. Repeating the steps to compute t:k and 7, form = 4,5, ..., we obtain
Eq. (4.26) and Eq. (4.27), respectively. Note that for each pair of 7;; and t], at

any discharging cycle k, we have 3, = T, — tjk O

Figure 4.6 illustrates the relationship between «a;, 3, t,, and T;) used in

Eq. (4.24), (4.25), (4.26), and (4.27), respectively. Note that variable 7; is used



83 4.2. Solution
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Figure 4.6 An illustration for Eq. (4.24) to Eq. (4.27).

only for batteries with a leakage rate of u; > 0. Thus, Propositions 4.9, 4.10, and
4.11 are not relevant for batteries with a leakage rate of u; = 0.

We now describe a scenario to schedule a link /; ; in Figure 4.7. Consider a link
li;; and case (i): ], <t/ in Figure 4.7a. A link [; ; can be activated at timeslot
ti; = max{t}, t5} =7 only if (a) t;; >t ., and (b) t7; ., < Tikym, for
m,n = 0,1,.... Similarly, for case (ii): tj,k < t;rk in Figure 4.7b, a link [; ; can
be activated at timeslot t;; = t7, only if (a) t;; > 7., and (b) £, < Tjkin-
In other words, we need to compute the two inequalities: (i) t;fk in < Tikym and
(i) t/prm < Tjktn to determine the time t;; to schedule each link I; ;. Using

Eq. (4.26) and (4.27), for inequalities (i) and (ii), we obtain, respectively,

n(a; + B;) —m(a; + ;) < Tow — Tin + B; (4.28)
m(a; + 5;) —n(a; + B;) < Tjw — Ti + Bi (4.29)
infeasible feasible
schedule schedule
—
T tzk+m Ticsm I | t;fk | tzk+m Tm
} ----- |}:+k_.-| e : E |e |v Tkl bR | | ]
1 EET N BPS L
T T T e, T T Eien Tkt
(a) Case (i): t?,_k < tj:k. (b) Case (ii): t;k < t:rk

Figure 4.7 Two scenarios to schedule a link [; ;.

One can use Satisfiability Modulo Theories (SMT) solver, e.g., Mistral [95],

to solve linear inequalities over integers for expressions (4.28) and (4.29). The
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Mistral solver implements the Cuts-from-Proofs algorithm [96]. The solver is able
to generate solutions for systems of linear inequalities that contain between 10
and 45 variables and between 15 and 50 inequalities per system. For problem
LSME-1, it is preferable to find a pair (m,n) with the minimum of max{m,n}
for inequalities (4.28) and (4.29) to minimise time ¢;; so that a link (7,7) can
be scheduled earlier. Therefore, in this paper, we propose a simple heuristic
function, called find,,,(.), to obtain such a pair of (m,n) for inequalities (4.28)
and (4.29). Function find,, (i, j, Tix, T;r) generates the values of m and n for
inequalities (4.28) and (4.29) as follows. Initially, it sets (m,n) = (0,0). From

Eq. (4.26) and (4.27), increasing the value of m results in a larger 7, and T p1m

+

value. Similarly, a larger n value increases ], .,

and 7 j+y,. To minimise time
tij, findm,(.) needs to find the minimum integer values for m and n. Consider

’

+ +
tz’,k < 1 7,k+n

ik e, case (i) in Figure 4.7a, and ¢

> Tik+m. For this case, a
larger value of 7; 4y, is needed. Thus, find,,,(.) increases the value of m in
(4.28) from m = 0 to m’ = 1 to increase the value of Ty, which also increases

+
ti,ker‘

The function find,,,(.) also finds the value of n’ from (4.28) when it
uses m’ = 1. Next it produces a new value of m in (4.29) using n’, e.g., m”. If
m” < m/, the values (m’ = 1,n’) satisfy both (4.28) and (4.29), thus it returns
(m/,n’). However, if m"” > m/, it uses m” in (4.28) to further increase the value
of T; k+m and obtains a new value for n, e.g., n”. If n” < n', it stops at a feasible
solution (m”,n'). However, if n” > n’, it uses n” in (4.29) to generate an updated
value of m, e.g., m"”, which is then used to obtain another new value for n in
(4.28), namely n"”. Function find,,,(.) repeats the iterations until it finds the
first feasible solution for m and n. Thus, the link (7, j) can be scheduled at time

t+

tij = max(t:k-&-m’ j,k+n)-

To illustrate how the function find,,,(.) works, consider a link /; ; with T} =

22 Tip =74, T; = 93, Tp = 132, a; = 78, a; = 81, f; = 90, and §; = 39. In
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this example, T} = t;fk because t;.'fk = Tir — B = 132 — 39 = 93. However, we
have T; # t;fk, in which the battery at node v; has been used in a discharging
cycle k. From (4.28) and (4.29), we respectively have (i) 120n — 168m < —19,
and (ii) 168m — 120n < 148. Notice that the link /; ; cannot be activated at time
t;; = max(22,93) = 93 because t;fk > T r; see Figure 4.8. Thus, we need to shift
the discharging cycle of the battery at node v; to the next cycle by increasing time
Ti k+m- To shift one cycle, function find,,,(.) sets m =m’ = 1 in (i) and obtains
n’ = 0. As shown in Figure 4.8, the cycle now starts at t:?k 41 = 152 and ends
at T;x+1 = 242, which are obtained by substituting m = 1 into Eq. (4.26) and
(4.27), respectively. The function then sets m = m’ = 1in (ii) and getsn’ =1 > 0
that indicates the need for shifting the cycle for the battery at node v; by one
cycle. Otherwise, the link cannot be activated at time ¢; ; = max(152,93) = 152
because t;fkﬂ > T, i; see Figure 4.8. Setting n = n’ = 1 in (4.29), the function
gets a new value of m, i.e., m” = 1. Notice that m” < m/, indicating that we
do not need to further shift the duration for node v;, i.e., (m = 1,n = 1) is a

feasible solution for (4.28) and (4.29). Thus, the link /; ; can be scheduled at time

tiy = max(t}, 15 ) = max(152,213) = 213.

— — ~
[ ] Tt 7Zk | ltg_‘k+1 1k+1I
P 74 ! 152 212!
| |T/ Tk | lt;.-k+1 e
e = —* 1
! 93 132 213 252
— _ — _
n=0 n=1

Figure 4.8 A discharging cycle of the battery at node v; (top) and v; (bottom).
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4.2.2 Problem Solution Feasibility

This section aims to show the feasibility of LSME-1. While, in general, two
linear inequalities always have a solution, the values of m and n can be non-
integers [96]. One can use proof of unsatisfiability in [96] to determine if two
linear inequalities have no integer solution. Thus, LSME-1 for batteries with
a leakage rate of p; > 0 might not have a feasible solution, i.e., there can be
some links /; ; € E which cannot be scheduled. This is because a link (¢, j) can
be scheduled only when the batteries at its end nodes are simultaneously in a
discharging cycle at the start of the same slot m or n, or different slots m and n.
Recall that expressions (4.28) and (4.29) are for case u; > 0.

Consider a link (7,7) and slot ¢ at which time the batteries of end nodes v;
and v; are in a charging and discharging cycle, respectively. Thus, the link (4, j)
at time ¢ cannot be scheduled. We call such a link (4, j) as an unscheduled link
or u-link at time ¢, denoted by (i, 7)", if its end nodes’ other adjacent links will
never be scheduled at or after time t. Let E'* C E be a set of u-links at time
t. Intuitively, when the batteries of the end nodes of each u-link have the same
harvesting time, storage efficiency, leakage rate, and minimum and maximum
battery levels, the batteries will never reach a discharging cycle at the same time,
and thus the link cannot be scheduled. This is because the batteries will have the
same charging and discharging intervals. The intuition is one possible necessary
condition that prohibits expressions (4.28) and (4.29) having integers m and n as

their solution. It is stated and formally proved in the following proposition.

Proposition 4.12. Fach u-link (i,j)" € E* cannot be scheduled if all batteries
have the same values of harvesting time r;, storage efficiency n;, leakage rate p;,

manimum battery level b; yin, and mazimum battery level b; 145
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Proof. The proof considers three cases: (i) set E* contains only one u-link (¢, j)°,
(i) set E' contains more than one u-links where any pairs of them are not adjacent
to each other, and (iii) set E* contains more than one u-link where some pairs of
them are adjacent to each other. For case (i), we show that u-link (7, ) cannot be
scheduled as follows. For r; = r;, u; = 5, i = 15, bimin = bjmins bimaz = bjmaz
Eq. (4.8) obtains 7; = 7;. Thus, for 7; = 7;, b; min = bjmas, and p; = p1;, Eq. (4.24)
produces o; = ;. Similarly, Eq. (4.25) has 8; = ;. Let a denote both «; and «;,
and /3 denote both 3; and ;. Further we set 7 = 7, — 7, . Thus, we can convert

expressions (4.28) and (4.29) into the following two expressions, respectively,

nla+B)—mla+p)<T+0 (4.30)

m(a+p8)—nla+p6) < =T+p (4.31)

One necessary condition for (4.30) and (4.31) to have integer solution for m and
n is when m # n. Otherwise, the batteries at node v; and node v; cannot be
simultaneously in a discharging cycle because both batteries have the same afore-
mentioned parameters, and thus they have the same charging interval and the
same discharging interval. Now, we aim to show that any solution for expres-
sions (4.30) and (4.31) cannot have integer values of m and n. Without loss of
generality, consider T;; > 7, and thus 7 > 0. Multiplying both sides of (4.30)
by —1, we have

m(a+B) —nla+8)>~-T —f (4.32)

Thus, from (4.31) and (4.32), we have

—T—-pB<mla+pB)—nla+p)<-T+p (4.33)
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Notice that we have (=T + ) < (a+ ) because T is a positive integer. Thus, we

(4.34)

—(T+8)

have ((_07;;[)3) < 1. Further, _(517:,;’?) has a negative value, or we have o) < 0.
Thus, we have
(@ +5) (@ +5)
Since m # n, i.e., m —n # 0, we have
0O<m-n<1 (4.36)

which means the value of m — n is a fraction. Thus, either variable m or n is a
fraction.

For case (ii), we repeat the proof for case (i) for each u-link (i,7)" € FE".
Accordingly, none of the wu-links in the set can be scheduled. Finally, for case
(iii), arbitrarily consider one w-link (i,5)" € E*. Following the proof for case
(i), u-link (7,7)" cannot be scheduled. Next, consider an adjacent link of (7, j),
e.g., a u-link (i,k)". We argue that (i, k)" cannot be scheduled because all of
its parameters are unchanged. Note that the expressions (4.30) and (4.31) of
u-link (7, k)" can have integer solutions m and n, and thus the link (7, 7) can be
scheduled only if the batteries’ parameters, i.e., leakage rate p;, storage efficiency

7n;, minimum battery level b; ,,,,,, and maximum battery level b; q,, change. [

To illustrate Proposition 4.12, consider the network in Figure 4.9 in which the
link (1,2) is activated first at slot 13. We have 77 = Ty = 93, T1 = Tax = 132,
Ty = 13, and T35 = 52. Further, E' = {(2,3),(3,1)}. We show that wu-link
(2,3)" cannot be scheduled as follows. Eq. (4.8) obtains 7, = 73 = 12, while

Eq. (4.24) and (4.25) produce oy = a3 = a = 81 and fy = f3 = [ = 39,
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respectively. Further, we have 7 = To ) — T3 = 132 — 52 = 80. Thus, we have
—12<0<m—-n< -5 <1for (4.35), and 0 < m —n < 1 for (4.36), meaning
either value of m or n is a fraction. Thus, u-link (2,3)"=% cannot be scheduled
and the parameters for u-link (3,1)" remain unchanged. Similarly, u-link (3,1)"
cannot be scheduled because all of its parameters are the same as those of u-link
(2,3)".

While it is important to find all necessary conditions that prohibit expres-
sions (4.28) and (4.29) to have integer values of m and n for their solution,

unfortunately, we failed to generate the conditions due to the complexity of the

problem.

W2,3 = 1

Figure 4.9 A cycle with three nodes: an example for a non-existing solution.
Each node v; has b; pmin = 1, bimaz = 3, b; = 3, u; = 0.01, n;, =1, and r; = 5.

The following proposition formally shows that LSME-1 for batteries with

w; = 0 always has a feasible solution.

Proposition 4.13. LSME-1 for batteries with a leakage rate of p; = 0 will always

have a feasible solution, i.e., it is possible to activate each link l;; € E.

Proof. For a leakage rate of u; = 0, the battery at a node v; makes a transition
from a discharging to a charging cycle only after its energy is used to activate
at least one incident link at a node v;. Consider a link /; ; € E. Without loss of
generality, assume the battery at a node v; has a longer discharging cycle than at

a node v;. In other words, the battery at a node v; is less frequently used than
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the battery at node v;. For this case, the battery at a node v; will transition to a
charging cycle earlier than the battery at a node v;. Thus, the battery at a node
v; remains in a discharging cycle while the battery at a node v; is being recharged
to its maximum level. When the battery at a node v; is back to a discharging

cycle, the link /; ; can be activated. O

4.2.3 A Method to Shorten Superframe Length

The link schedule of a rWSN that complies with the battery cycle constraint will
become longer when the batteries of nodes have a smaller leakage rate p,;. The
reason is as follows. Consider a battery of a node v; that has an energy level of
bimin + x, for x < le. The battery cycle constraint requires the energy level of
the battery to reach b; ,,;, before it can be recharged. However, discharging the
non-usable energy from the battery takes longer when its leakage rate is smaller.
As an example, consider a battery with b; ,,;, = 1 and z = 0.5. For a leakage rate
of pu; = 0.01, by = 1.5, and by = 1, Eq. (4.19) produces 40 timeslots to discharge
the 0.5¢ of energy. The discharging time will significantly increase to 405464 slots
when its leakage rate is p; = 107%. The longer discharging time leads to a longer
schedule because the battery requires more time before it can be recharged to

bi maz O that it can be used to activate links.

To shorten the discharging time, we assume each node is able to discard or
flush its excess energy x at slot t in the next slot ¢t + 1. One way for a node to
flush excess energy of size x is by using the energy to transmit a dummy packet
in a given slot. This protocol, henceforth called energy flush, is similar to that
assumed in [36]. Briefly, the work in [36] used two batteries, called primary and
secondary, which were in discharging and charging mode, respectively. When the

secondary battery was fully charged, it became the primary battery, while the
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other became the secondary battery, i.e., it goes into charging mode, even when

its energy level had not reached the minimum, i.e., b; ;s in our model.

The use of the energy flush protocol affects the computation of Eq. (4.19)
when it has by = b; i, + © for < 1, and by = b; 1,4, For this case, the value of
(522(,1 is set to 1 because according to the energy flush protocol the x excess energy
can be discharged in one slot. Consequently, for this case, we need to set the
value of 55.’72,)1 in Eq. (4.21) to 1. Thus, Eq. (4.21) for p; > 0, by = b; in + @ for

x < 1, and by = b; jmin becomes

4.2.4 LSBCC

This section provides the details of our heuristic algorithm to solve LSME-1,
called Link Scheduler with Battery Cycle Constraint (LSBCC). The al-
gorithm aims to schedule all non-interfering links at the earliest possible timeslot
when the battery at its end nodes can be used, i.e., in discharging mode. Further,

it uses the conflict graph Cg to check the interference links.

We first describe LSBCC in Algorithm 2 which considers batteries with a
leakage rate of u; > 0. LSBCC sets time ¢ = 0 as the beginning of timeslot and
the battery of each node is initially in charging mode. In Lines 1—3, LSBCC uses
function INIT(.) to initialise the following eight parameters for each node v;. The
function initialises the energy level of the battery at each node v; to b; pn, i.e.,
Ei,o = b min- 1t uses Eq. (4.8) to compute 7;, i.e., the charging time interval for the
battery at a node v;. It sets time duration a; and f; using Eq. (4.24) and (4.25),
respectively. It initialises ¢; to the last time the battery at a node v; is discharged

to zero. It also sets T} to 7, + 1 and T, to T; + B;. Recall that T; and 7;j are
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the earliest time and the latest timeslot when the battery at a node v; can be
discharged to transmit/receive one packet. Finally, it initialises b; 7., the energy

level of the battery at a node v; at time Tj, to b; jmaz X fli, 1.€., bi1, = bimaz X [l

Algorithm 2 LSBCC

Input: G(V, E), 7, bi, bimazs bimin, i, m of each node v; € V, weight w; ; of
each link [, ; € F/, and conflict graph C¢

Output: Superframe S

1: for each node v; € V do

2: INIT (b, 75, iy Bis ti, Ty, Tiges bicr,)
3: end for

4: for each link [; ; € ' do

5: t@j == COMPJSZ'J‘(UZ',UJ’)

6: end for

7. K = {node [;; in Cg with min{¢, ;}}
8: K' = ORDER(K)

9: t < min{¢; ;}

10: for each [;; € K’ do

11: if NOT CONFLICT(l;;,S[t]) then
12: S[t] < S[ﬂ U l@j

13: Wi < w;j — 1

14: if w;; =0 then

15: remove node [; ; from Cg

16: end if

17: t; < tj —1

18: big, < b, x pi7 T —1

19: bj,tj — bj,Tj X ﬂ;iiTj -1
20: T, < COMP-T, (1)
21: bi 1, < COMP_b, (1)
22: T; < COMP-T,(j)
23: bijj — COMP,Z)O[(‘])
24; Tip T, + [ (bi’miﬁ;rl;;log L |
25: Tow < T + | 2 (bj’m;j;log B |
26: end if ’
27: end for

28: repeat Lines 4—27 until all w; ; = 0

Lines 4—6 use function COMP t; ;(.) in Algorithm 3 to compute the earliest
time each link (7, j) can be activated, i.e., ¢; ;. If the batteries of nodes v; and v

are at the same discharging cycle, Line 2 of COMPt; ;(.) sets t; ; to the earliest
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Algorithm 3 COMPt; ;
Input: v;,v;
Output: ¢, ;

Lif T; < T, or T; < 7T;) then

2 ti,j — maX(T;,T})

3: else

4 if SATISFY (i,j) is true then

5: find (i, 7, Ti ks 7;71{)

6: tham — Tik +ma; + (m —1);
7 t;:kJrn — 7}7,% + no; + (7’L — 1)BJ
8 bivtzfmm < b@max X [

9: bj,t;Hn — bj,ma:c X [Lj

10: Tiktm < Tig +mao; +mp;

11: Tjkin < Tig + no; +np;

12: tiy < max(t, th )

13: else

14: ti,j «— 231 -1

15: end if

16: end if

17: return(t; ;)

time at which both batteries can be discharged. On the other hand, when the two
batteries are not at the same discharging cycle, Lines /—15 aim to obtain the
ecarliest time that the battery at nodes v; and v; can be at the same discharging
cycle. More specifically, Line 4 first uses the proof of unsatisfiability [96] in
function SATISFY (.) to determine if expressions (4.28) and (4.29) for a link (3, j)
have integer solutions. If so, Line 5 uses function find,,,(.) to compute a pair
(m,n) that satisfies expressions (4.28) and (4.29). Otherwise, Line 1/ sets t; ; to
a large integer value, i.e., 23" — 1, to denote that the link /; ; can not be scheduled
in this iteration. Note that it is possible that the link /; ; can be scheduled in the
future. Lines 6—7 compute the starting time of the next discharging cycle of the
battery at nodes v; and v;. Lines §—9 obtain the battery levels of nodes v; and
vj. Lines 10—11 recompute the ending time of the next discharging cycle of the

battery at nodes v; and v;. Line 12 computes ¢; ;.



4.2. Solution 94

Line 7 of LSBCC creates a set K that stores all links (4, j) that have the same
carliest activation time. Line 8 then uses function ORDER(K) to sort links in
set K in order of decreasing weight w; ;. Links with equal w; ; are sorted in the
decreasing node degree of their end nodes, and for a tie, links are sorted in the

increasing order of their node labels.

Line 9 sets t with the earliest slot, i.e., min{¢; ;}. Lines 10—27 repeatedly
schedule each link /; ; € K’ in order. Each selected link in Line 12 does not
cause interference or is interfered by links that have been scheduled in slot ¢; see
the condition in Line 11. Each slot in S is initially empty. Note that function
CONFLICT(.) uses a matrix M of size |E|? that contains Boolean variables to
represent the conflict graph of the network; i.e., M{a, b] is set to “1” if there is an
interference between links a and b. Line 13 decreases the weight of each selected
link /; ; by one. Once the weight reaches zero (see Line 14), Line 15 removes the

link from contention.

Line 17 sets the last time that batteries at the end nodes of the selected link
l;; is used, i.e., t; and t;, to the current time. Further, Lines 18—19 compute
the energy levels of the battery at nodes v; and v; at time ¢;, after the nodes
have transmitted /received one packet. Line 20 uses function COMP _T,(.) that
implements Eq. (4.21) to update the next earliest time the battery at node v;
can be discharged. Line 21 uses function COMP b, (.) to compute the battery’s
energy level at time 7}, which depends on the remaining energy level at time t;,
i.e., biy,. More specifically, if b, is greater than or equal to (b;min + 1), then
bi 1, is set to by, X fi; as the battery can still be used to transmit/receive one
packet. Otherwise, b; 1, is set to b; ;a2 X [1; since the battery has been charged to
its maximum level. Similarly, LSBCC computes the next earliest time and energy
level of the battery at node v; in Lines 22—23. Lines 24—25 use Eq. (4.22) to

obtain the latest time the battery at nodes v; and v; can be used. Finally, the
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steps from Line 4 are repeated until all links are scheduled, i.e., w; ; = 0.

Next, we describe how to adjust LSBCC in Algorithm 2 for use in the case
when the battery at each node v; is leak-free, i.e., for case y; = 0. The adjustment
comprises the following four changes to Algorithm 2: a) Function INIT(.) in
Line 2 of LSBCC does not initialise parameters o;, 3;, and 7T;x. Recall that
these three parameters are used only for batteries with p; > 0; b) Replace Line
5 of Algorithm 2 with ¢;; = max(7;,7};). Note that function COMP_t;;(.) is
applicable only for batteries with p; > 0; ¢) Set b; 7 t0 b; mas in Line 21 if b;,, is
equal to b; ;in. Otherwise, set b; 1, to b;;,. Do a similar adjustment in Line 23 as

in Line 21; and lastly, d) Omit Lines 24— 25.

For an example, consider the rWSN and conflict graph Cg shown in Figure 4.3.
The function INIT(.) for each node v; sets the following eight parameters as: (i)
bio = bao = 3o = bag = biin = 1; (i) 71 = 9, 7 = 12, 73 = 20, 7, = 10;
(i) ag = 78, ag = 81, a3 = 89, iy = 79; (iv) By = 90, By = f3 = 39, B4 = 6T,
(V)ty =to=t3=1t,=0;, (vi) Ty =71 +1=10, T, = 13, T3 = 21, T, = 11;
(vil) Tip = Th + 1 = 100, Toy = 52, Tz = 60, Ty = 78; and (viil) by, =
bimaz X 1 = 5 x 0.99 = 4.95, byp, = 2.97, by, = 2.97, by, = 3.96. Lines
4—06 obtain t; 9 = 13, to4 = 13, and t3; = 21. Line 7 inserts links [; o and [ 4
into the set K, and thus Line 8 obtains K’ = {l 4,112} because wq 4 > w2, and
Line 9 sets t = 13. Line 11 finds that ly 4 has conflict with [, 5, and thus Line
12 inserts only link /5 4 into S[13], and Line 13 reduces w4 by one and hence it
becomes two. Line 17 sets to =ty = 13. Lines 18—19 compute by 13 = 1.97 and
biis = 2.88. Lines 20—23 obtain Ty = 93, by, = 2.97 and Ty = 14, by 1, = 2.85.
Lines 24— 25 then compute 7o) = 132 and Ty, = 49. Line 28 repeats the steps
from Line 4 until all links have w; ; = 0. Finally, LSBCC produces the link
schedule S in Figure 4.4b, ie., S = [ S[13] = {lo4}, S[21] = {l31}, S[128] =
{laa}, S[152] = {la4}, S[227] = {l12}, S[307] = {l12} ]. The generated schedule



4.3. Evaluation 96

contains 303 empty slots as the battery at each node needs time to charge to its

maximum level before it can be used to transmit/receive packets.

Proposition 4.14. The time complexity of LSBCC is O(W|E|?), where W =
iz
Proof. Lines 1—3 take O(|V|). Lines 4—6 require O(|E|) because Lines 1—17
of function COMP_t;; take O(1) each and these lines are repeated at most |E|
times. Line 7 takes O(|E|). Line 8 sorts all links in K using the function
ORDER(K) that requires O(|E| log |E|). Line 9 takes O(1). Line 11 requires
O(|E|?) to construct a matrix M which represents the conflict graph Cg. Function
CONFLICT(l; ;,S[t]) in Line 11 uses the matrix at most |E| times. Hence, it
takes O(|E|). Lines 12—25 take O(1) each. The for loop in Lines 10—27 is
repeated at most |E| times, and thus, the loop requires at most O(|E|?). Line 28
repeats Lines 4—27 W times. Thus, the time complexity of LSBCC is O(W|E|?).
[
Notice that the time complexity of LSBCC becomes O(| E|?) if each link weight
has a constant value. For this case, LSBCC runs in polynomial order of the
number of links |E|. Further, the running time of the algorithm worsens on the
networks that contain a high number of links. Nevertheless, since LSBCC runs

in polynomial order of |E|, it is scalable for use in larger sized networks.

4.3 Evaluation

Section 4.3.1 analyses the schedule length when nodes use a battery that adheres
to the battery cycle constraint but with no leakage. Section 4.3.2 aims to analyse
the effects of parameters r;, b;, b; maz, and n; on the feasibility of LSME-1 when

nodes have a battery with a leakage rate of p; > 0. Finally, Section 4.3.3 evaluates



97 4.3. Evaluation

the impact of the battery cycle constraint on the link schedule length, and on
the number of charge/discharge cycles for rWSNs with leak-free batteries and for

those with batteries that leak.

Table 4.1 lists the parameter values used in our simulation. We consider
arbitrary networks with 10 to 50 nodes randomly deployed on a 40x40 m? area.
The average number of links |E| are 28, 125, 273, 470, and 758 for networks
with 10, 20, 30, 40, and 50 nodes, respectively. Each node has a transmit and
interference range of 15 and 30 meters, respectively. We arbitrarily set the range
of values of r; and w; ; to {2,3,...,17} as in [44] and {1,2,...,5}, respectively.

We use leakage rate ju; values in the set {1,1.2,1.4,1.6,1.8,2.0,2.2,2.4} x 1076
per slot since the battery’s leakage rate is 20% per 24 hours [97]. We set each
slot to one second. Further, we consider batteries with 100% storage efficiency,
and arbitrarily set the values of b;, b;min, and b; e, Note that as reported in
Section 3.3.3.1 of Chapter 3, the battery capacity has an insignificant effect on
the superframe length |S|. Our results are an average of over 100 random node

deployments.

Table 4.1 Parameter values used in our evaluation.

Parameter Value (s)
Network size 40x40 m?
Transmit range 15 m
Interference range | 30 m
V] {10, 20, 30,40, 50}
T {2.3,4,....17}
1 {1,1.2,1.4,16,...,24F x 10-°
;i 1.0
bi 3€
bi,mz’n le
bi,max 3€
Wi {1,2,3,4,5}
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4.3.1 Battery with No Leakage

The aim of this section is to study how the battery cycle constraint affects the
superframe length |S| when each battery has no leakage, i.e., u; = 0. Recall
that, as stated in Proposition 4.13, LSME-1 always has a feasible solution for
w; = 0. This section performs two evaluations. First, it compares the performance
of LSBCC against LSNBC. Briefly, LSNBC is a version of LSBCC without the
battery cycle constraint. Second, it investigates the effect of energy harvesting
time 7; on the link schedules produced by LSBCC. All experiments consider 10 to

50 nodes with the following parameter values: b; = 3¢, b; e = 3€, and b; pin = le.

4.3.1.1 LSBCC versus LSNBC

This section compares the performance of LSBCC against LSNBC in terms of
superframe length |S| and the total number of charge/discharge cycles. Briefly,
LSNBC is similar to LSBCC but without the battery cycle constraint. For this
experiment, we consider rWSNs with 10 to 50 nodes with harvesting time r; = 5.
We set the battery capacity b; to 3¢ of energy, its minimum energy level b; i, to
le, and maximum energy level ; 4, to 3e. Each link weight is randomly fixed to
a value between 1 and 5, i.e., w; ; = [1,5].

LSBCC vs LSNBC on Superframe Length: Figure 4.10 shows that the
superframe length |S| produced by LSBCC is longer than LSNBC. In a rWSN
with 10 nodes, LSBCC produces 42 more slots (30.43% longer) as compared to
using LSNBC. The results are consistent for other networks, i.e., |V| = 20, 30,
40, and 50 nodes. LSBCC produces superframes that are 19.4%, 17.9%, 17.94%,
and 17.47% longer than in LSNBC, respectively, with standard deviation values
ranging between 56 and 129. The reason for this is that nodes using LSBCC need

to wait for their batteries to be fully charged before they can discharge them.
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Figure 4.10 LSBCC versus LSNBC in terms of |S|.
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LSBCC vs LSNBC on Charge/Discharge Cycles: As shown in Fig-
ure 4.11, the number of charge/discharge cycles produced by LSBCC is less than
LSNBC. For example, when |V| = 10, LSBCC has 64 cycles less than in LSNBC;
i.e., 77.11% less. The results are consistent for |V| = 20, 30,40, and 50. More
specifically, LSBCC requires 78.86%, 81.03%, 82.62%, and 84.05% fewer cycles
than LSNBC, respectively. This is because each battery in LSBCC needs to be
charged only when its energy level reaches the minimum. Notice that there is a
trade-off between longer link schedules and lesser charge/discharge cycles. For
example, for rWSN with |V| = 30, the number of cycles is reduced by 81.03%
at the expense of a 17.9% longer superframe length |S|. Recall that a battery
that has lower number of cycles will have a longer lifetime. In the remaining

experiments, we only consider LSBCC.

4.3.1.2 Effect of Harvesting Time

This section investigates the effect of harvesting time r; on |S| and charge/dis-
charge cycles. In this simulation, we consider various r; values, namely 1, 5, 10, 15,

and 20 slots, in a TWSN with 10 to 50 nodes. We set b; = 3¢, bjpmin = le,
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Figure 4.11 LSBCC versus LSNBC on charge/discharge cycles.

bi.maz = 3¢, and each link has weight w; ; = 3.

Effect on Superframe Length: From Figure 4.12, we see that the energy
harvesting time of nodes has a significant effect on |S|, i.e., increasing their energy
harvesting time results in a longer superframe. Specifically, for a rWSN with 10
nodes, when r; is increased by 4 slots, i.e., from 1 to 5, |S| jumps from 68 to
173 slots—an increase of 1.54 times. Similarly, when r; is increased from 5 to 20
with an interval of 5, i.e., from 5 to 10, 10 to 15, and 15 to 20, |S| is further
increased by 139, 140, and 140 slots, meaning the link schedule increases by 0.8,
0.45, and 0.31 times, respectively. We observe similar trends in tWSN with 20,
30, 40, and 50 nodes. For example, for a rWSN with 50 (100) nodes, when 7;
increases from 1 to 20 with an interval of 5, |S| is increased by 1.33 (1.34), 0.72
(0.72), 0.42 (0.42), 0.3 (0.3) times, respectively. The increase in |S| is because
each battery needs more time to be charged to its maximum level before it can
be used to transmit/receive a packet. Also notice that the |S| for each network
size increases almost linearly when r; is increased from 1 to 20. Further, the rate
of increase (in slots) in smaller networks, e.g., |V'| = 10, is less than that of larger

networks, e.g., |V| = 50. This is because more nodes mean that more links will
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need to be scheduled and that more links will have to wait for sufficient energy
before they can be activated. Figure 4.12 also shows that the increase in |S| is

more significant in denser networks; see the results for 100 nodes.

7000

6000 -

5000 [

4000 -

3000 -

Superframe length |S| (slots)

2000 [

1000 [-

1 5 10 15 20
Harvesting time r;

Figure 4.12 Effect of harvesting time r; on |S]|.

Effect on Charge/Discharge Cycles: In our experiment, for |V| = 10, 20,
30, 40, and 50, LSBCC produced 86, 377, 821, 1412, and 2276 charge/discharge
cycles, respectively, for all values of r;. The results showed that increasing r;
does not affect the number of battery charge/discharge cycles. This is because
charge/discharge cycles depend on the energy level of the battery, not on r;.

Hence, the varying value of r; does not impact on the cycles.

4.3.1.3 Effect of Battery’s DoD

This section studies the effect of Depth of Discharge (DoD) on |S| and the number
of charge/discharge cycles. Recall that DoD corresponds to the percentage of
battery capacity that has been discharged. This experiment considers the battery
of each node v; with equal capacity of b; = 20¢, and DoD of 5%, 25%, 50%, 75%

and 100%; thus, the usable energy for each discharge cycle is 1le (5% of 20¢), 5e,
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10¢, 15¢, and 20¢, respectively. For the five DoD values, LSBCC fixes the value
of bi maz to 20, and uses five different values of b; n, i.€., 19, 15, 10, 5, and 0, for
DoD of 5%, 25%, 50%, 75%, and 100%, respectively. We set r; = 5 and w; ; = 10
in a rWSN with 10, 20, 30, 40, and 50 nodes.

Effect on Superframe Length: Figure 4.13 shows that increasing DoD has
an insignificant effect on |S|. As an example, when |V| = 10 and 20, increasing
DoD from 5% to 25% enlarges |S| by 6.58% (547 to 583) and 0.57% (1394 to
1402), respectively. Similarly, for |V| = 30, 40, and 50, there is only a decrease
in |S] of 0.39% (2033 to 2025), 0.12% (2583 to 2580), and 0.12% (3338 to 3334),
respectively. Further, when DoD increased from 5% to 100%, the |S| increased
only by 7.03% (583 to 624), 4.21% (1402 to 1461), 1.14% (2025 to 2048), 0.12%
(2580 to 2583), and 0.27% (3334 to 3343) for |V| = 10, 20, 30, 40, and 50,
respectively. This is because the battery’s DoD corresponds to the battery’s
usable capacity, e.g., a battery with a maximum capacity of 20 and DoD of 30%
has usable energy of 6, while the same battery with DoD of 80% has a larger usable
energy of 16. Thus, increasing a battery’s DoD is equivalent to increasing the
battery’s usable energy or its capacity. Recall that as reported in Section 3.3.3.1

of Chapter 3, battery capacity has an insignificant effect on |S|.

Effect on Charge/Discharge Cycles: As shown in Figure 4.14, increasing
DoD decreases the number of charge/discharge cycles. For example, when DoD
increased from 5% to 25% in a rWSN with 10 nodes, the number of charge/dis-
charge cycles decreased by 394.78% (from 569 to 115). Similarly, for rWSNs with
|[V| = 20, 30, 40, and 50 nodes, there are 399% (2505 to 502), 399.45% (5469
to 1095), 399.73% (9405 to 1882), and 399.84% (15165 to 3034), respectively,
decreases in the number of charge/discharge cycles. In addition, increasing DoD
from 25% to 100% reduces the number of charge/discharge cycles from 115 to 29
(a decrease of 74.78%), 502 to 126 (74.9%), 1095 to 274 (74.98%), 1882 to 471
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Figure 4.13 Effect of battery’s DoD on |S|.

(74.97%), and 3034 to 759 (74.98%) for |V| = 10, 20, 30, 40, and 50, respectively.
The decrease in the number of charge/discharge cycles when DoD increases is be-
cause the battery at each node has more usable energy. Thus, larger DoD values
are preferable because the capacity of a battery tends to drop if it has a large

number of charge/discharge cycles [98].
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Figure 4.14 Effect of battery’s DoD on charge/discharge cycles.
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4.3.2 Feasible Solutions of LSME-1

This experiment aims to empirically demonstrate that the LSME-1, in general,
does not always have a feasible solution, i.e., some links cannot be scheduled for
some battery leakage rates p; > 0. More specifically, it analyses the impact of
parameters 7;, b;, b; maz, 17, and p; > 0 on LSME-1’s solution. The experiment
considers five cases, i.e., all nodes have: 1) the same parameter values, 2) random
parameter values, 3) different values of p;, 4) different values of r;, and 5) different
values of pair (r;, u;). Each case considers two different values of link weight,
ie., w;; =1 and w;; = 3. Table 4.2 summarises the number of scheduled links
for each case. The proof of unsatisfiability [96] is used on inequalities (4.28) and

(4.29) of each link (4, j) to determine if the link can be scheduled.

Table 4.2 The number of scheduled links (in %).

. V]
Various Cases 10 20 30 10 50
w,, =1 2143 (72 | 659 | 447 | 356
Case (1) - )" —37533 [24 [208 | 156 | L19
Caso (2) | Vi = 1| 7857 | 9120 | 9487 9759 | 9868
w;; =3 | 8452 | 89.07 | 94.26 | 96.81 | 97.63
w;;=1]100 | 100 | 100 | 100 | 100
Case (3) =, =3 T100 [100 100 [ 100 | 100
w;;=1]100 | 100 | 100 | 100 | 100
Case (4) =, =510 [100 100 [ 100 | 100
Case (5) | = 1| 100 1100|9963 | 9553 | 90.24
wi; =3 | 97.62 | 100 | 99.15 | 95.53 | 93.18

4.3.2.1 Same Parameter Values

All nodes use the same values of parameters 7;, b;, b; maz, i, and 7;, each of which
is selected randomly from sets {2,5}, {3,4}, {3,4}, {1,2.2} x 107, and {0.9, 1},
respectively. For link weight w; ; = 1, most links cannot be scheduled, i.e., only

21.43% (6 of 28), 7.2% (9 of 125), 6.59% (18 of 273), 4.47% (21 of 470), and 3.56%
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(27 of 758) of the total number of links in networks with 10, 20, 30, 40, and 50
nodes, respectively, can be scheduled; see Case (1) in Table 4.2. Recall that a
link (7, j) can be scheduled only if the batteries of its end nodes i and j have an
energy level of at least le and are in the same discharging cycle. Alternatively,
a link (7, j) cannot be scheduled because one fails to find integer values of m and
n that satisfy the expressions (4.28) and (4.29). Similar results are obtained for
w;j = 3, where each link needs to be scheduled three times. More specifically,
only 8.33% (7 of 3 x 28 = 84), 2.4% (9 of 375), 2.08%, 1.56%, and 1.19% of the
total link schedules can be generated for networks with 10, 20, 30, 40, and 50

nodes, respectively.

4.3.2.2 Random Parameter Values

Each node is assigned with randomly generated parameters. More specifically, we
randomly set r; € {2,3,4,5}, b; € {3,4}, bimar € {3,4}, i € {1,1.4,1.8,2.2} x
107% and 7; € {0.9,1}. The average number of scheduled links increases when we
assign random parameter values at nodes. As an example, Table 4.2 shows that
for w;; = 3 and |V| = 30, Case (2) produces only 5.74% unscheduled links as
compared to 97.92% in Case (1). Notice that the results for w; ; = 1 and w; ; = 3
for Case (2) are consistent. As an example, for |V| =50 and w; ; = 1 (w;; = 3),

LSBCC is able to schedule 98.68% (97.63%), i.e., 740 of 758 (2244 of 2274) links.

4.3.2.3 Different Values of ;

Each node is set to have the same value of parameters r; = 2, b; = 3¢, b; pmin = le,
bimaz = 3€, and 7; = 1. Different values of p; are assigned to the end nodes of
each link as follows: (i) using the chromatic number algorithm [99] to compute
the minimum number of different values of p; for each network; (ii) using the

vertex colouring algorithm [99] to assign the end nodes of each link with different
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values of u; € {1,1.2,1.4,1.6,...,2.4} x 1075,

As shown in Case (3) of Table 4.2, the average number of scheduled links
reaches 100% for all network sizes. However, it does not guarantee the feasibility
of LSME-1’s link schedule. For example, when r; € {2,4} and with other
parameters retaining the same value, 99.56% of links can be scheduled for |V'| = 50

with w; ; = 3. Note that this result is not shown in Table 4.2 to reduce space.

4.3.2.4 Different Values of r;

Each node is assigned with the same value of the following parameters: b; = 3e,
bi min = 1€, bj maz = 3€, pt; = 1 X 107°, and n; = 1. However, the end nodes of each
link use different values of harvesting time r;, each of which is randomly drawn
from set {2,3,4,...,17}. As in Section 4.3.2.3, the chromatic number and vertex
colouring algorithms are used to assign different values of r; to the end nodes of
each link. For link weight w; ; = 1 and w;; = 3, the total number of links that
can be scheduled are 100% for |V| = 10, 20, 30, 40, and 50 nodes; see Case (4) in
Table 4.2. However, setting the end nodes of each link with a different harvesting

time increases the number of scheduled links.

4.3.2.5 Different Values of Pair (r;, 11;)

Each node is assigned with the same value of the following parameters: b; = 3,
bimin = 1€, bimez = 3¢, and n; = 1. However, the end nodes of each link have
different values of pair (r;, 11;), for harvesting time r; € {2,3,4,5,6} and leakage
rate pu; € {1,1.2,1.4,1.6,...,2.4} x 1075 Hence, there are 5 x 8 = 40 different
(rs, pi) pairs, ie., (2,1 x 1079), (2,1.2 x 1079), (2,1.4 x 1079), (2,1.6 x 107°),
(2,24 % 107%), (3,1 x 1075), ..., (6,2.4 x 10~%). As in Section 4.3.2.3, the
chromatic number and vertex colouring algorithms [99] are used to assign different

pairs of (r;, u;) to the end nodes of each link. As shown in Case (5) of Table 4.2,
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the average number of links that can be scheduled is 100%, only for networks with
10 (w;; = 1) and 20 nodes. Table 4.2 shows that, for w;; =1 (w; ; = 3), LSBCC
is able to schedule 99.63% (99.15%), 95.53% (95.53%), and 90.24% (93.18%) of

the links in networks with 30, 40, and 50 nodes, respectively.

The results in Table 4.2 show that except for Case (2), the percentage of links
that can be scheduled decreased for networks with a larger number of nodes.
This is because larger networks have more links, and hence they have a higher
probability that links will have end nodes that do not have the same discharging
cycle. Thus, these links cannot be scheduled. Further, assigning the end nodes
of each link with different values of p;, r;, or pair (r;, u;), i.e., in Cases (3), (4),

and (5), respectively, tends to reduce the number of unscheduled links.

4.3.3 Leak-Free versus Leaky Battery

This section aims to compare the impact of the battery cycle constraint on net-
works where nodes have a leak-free battery and on those where nodes have a
battery that leaks. Firstly, it presents the results of a simulation that evaluates
the effect of the battery cycle constraint on the link schedule. The results com-
pare the superframe length |S| generated by LSBCC against LSNBC. Secondly,
it aims to see which constraint, charging or discharging, has a larger effect on
the schedule length. Recall that a battery charging constraint forces the battery
to be charged only when its capacity reaches the minimum level. On the other
hand, a battery discharging constraint imposes a condition on the battery that
it can be used only when its energy level reaches maximum. Here, we compare
the superframe length |S| generated by two versions of LSBCC: (i) LSCC that
considers only charging constraint, and (ii) LSDC that enforces only discharg-

ing constraint. Finally, it provides the results of a simulation that examines the
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effect of the battery cycle constraint on the number of charge/discharge cycles.
Each simulation considers 10 to 50 nodes and uses the following parameter values:
bi = 3¢, bimaz = 3€, bimin = 1€, and n; = 1. Note that for all simulations, the

parameters r; and p; are set to values that ensure there is a feasible link schedule.

4.3.3.1 LSBCC wversus LSNBC

In this simulation, we set r; € {2,3,4,5,6} and w;; = 3. The leakage rate p;
of batteries is set to a value in {1,1.2,1.4,1.6,1.8} x 107%. We first evaluate
the effect of using the energy flush method, discussed in Section 4.2.3, on the
superframe length |S|. Let LSBCC/ (LSBCC™) denote LSBCC that does (does
not) use energy flush. Then, we compare the |S| produced by LSBCC/ against
that by LSNBC.

Table 4.3 Superframe length |S| of LSBCC/ and LSBCC™/.

V][ LSBCC! [ LSBCC™
10 327 13336041
20 841 38888681
30 | 1247 | 54636058
40 | 1618 | 116185914
50 | 2106 | 149635876

As shown in Table 4.3, all superframes generated by LSBCC™ are significantly
longer than LSBCC/. For example, in networks with [V'| = 10 nodes, LSBCC™
produced 13335714 more slots (40782 times longer) as compared to those gener-
ated by LSBCC/. Similarly, LSBCC™ generated 46240, 43813, 71807, and 71051
times longer superframes than those by LSBCCY in networks with |V| = 20, 30,
40, and 50 nodes, respectively. As explained in Section 4.2.3, discharging a bat-
tery when its energy level is less than b; ,,;, + 1 takes vast number of slots when
In the remaining simulations, we use

its leakage rate is very small, e.g., 1075,

only LSBCC that utilises the energy flush method.
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Figure 4.15 shows that the superframe length |S| produced by LSBCC is
longer than LSNBC. As an example, for networks where nodes have a leak-free
battery and |V| = 10 nodes, LSBCC produced 33 more slots (27.73% longer)
as compared to when using LSNBC. The results are consistent for other net-
works, i.e., |[V] = 20, 30, 40, and 50 nodes. LSBCC produced superframes that
are 24.77%, 25.82%, 28.43%, and 28.36% longer than in LSNBC, respectively,
with standard deviation values ranging between 63 and 143. For rWSNs with
a battery that leaks, LSBCC generated 206 more slots (1.7 times longer) than
LSNBC in |V| = 10. Similarly, LSBCC produced 1.43, 1.37, 1.35, and 1.35 times
longer superframes than LSNBC when there are |V| = 20, 30, 40, and 50 nodes,
respectively, with standard deviation values ranging between 61 and 298. This is
because LSBCC needs to wait for the battery at each node to be charged (dis-
charged) to its maximum (minimum) level before it can be discharged (charged).
These results showed that the battery cycle constraint of each battery results in
a negative impact on the schedule length. Note that this experiment produced
similar results for link weight w;; = 1; those results are not presented to save

space.

Figure 4.15 also showed that networks that use leaky batteries have longer
link schedules than those that use leak-free batteries. Specifically, LSNBC with
|V | = 10,20, 30,40, and 50 nodes produced superframes that are 1.68, 5.81, 7.79,
10.06, and 10.48 times longer, respectively, for networks with a leaky battery as
compared to when they use a leak-free battery. This is because with leakage, a
battery needs a longer time to accumulate sufficient energy to transmit/receive
a packet. The negative impact of using a leaky battery on the schedule length is
more apparent in LSBCC. More specifically, for |V| = 10 nodes, LSBCC produced
175 more slots (1.15 times longer) when the battery of the nodes leak. Similarly

for networks with 20, 30, 40, and 50 nodes, LSBCC generated superframes that
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are 1.06, 1.03, 1.01, and 1.02 times longer, respectively, for networks with a
battery that leaks as compared to when they use a leak-free battery. This is
reasonable because a battery that leaks will mean a node will take longer time to
be charged to its maximum level and will have a shorter discharging time period

than a leak-free battery.
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Figure 4.15 LSBCC versus LSNBC in networks where each node has a leak-free
or a leaky battery in terms of |S|.

4.3.3.2 Charging versus Discharging Constraint

Figure 4.16 shows that in networks with batteries that leak, LSCC generates
more slots than LSDC, which means the charging constraint has a greater effect
on schedule length than the discharging constraint. More specifically, LSCC
produces a superframe 0.67 (111 more slots), 0.65, 0.47, 0.41, and 0.77 times
longer than LSDC for networks with 10, 20, 30, 40, and 50 nodes, respectively,
with standard deviation values ranging between 52 and 1190. This is because for
LSCC, the battery of each node can only be charged if its capacity has reached
the minimum level, while LSDC allows the battery to be charged at anytime. In
contrast, for a leak-free battery, LSDC produces schedules with more slots than

LSCC. For example, LSDC generates a superframe 0.32 (32 more slots), 0.82,
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0.92, 0.97, and 1.04 times longer than LSCC for networks with 10, 20, 30, 40,
and 50 nodes, respectively, with standard deviation values ranging between 31
and 144. This is because when the battery of a node is leak-free, energy usage is
only due to packet transmission/reception. That is, a battery does not reduce to

its minimum level from energy loss due to leaking.
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Figure 4.16 LSCC versus LSDC in networks where each node has a leak-free or
a leaky battery in terms of |S|.

4.3.3.3 Charge/Discharge Cycles

In this simulation, we set 7; = 5 and w;; = [1,5]; in addition, the leakage rate
of the batteries is set to p; = {1,1.2,1.4,1.6,...,2.4} x 107, Figure 4.17 shows
that the number of charge/discharge cycles produced by LSBCC is significantly
less than that for LSNBC, regardless of battery type. As an example, when
nodes have a leak-free battery and there are |V| = 10, 20, 30, 40, and 50 nodes,
LSBCC generates 43.54% or 64 fewer cycles, 44.09%, 44.76%, 45.24%, 45.67%
fewer cycles, respectively, than LSNBC, with standard deviation values ranging
between 22 and 303. Similarly, when the battery of a node leaks, LSBCC has
45.89%, 46.15%, 46.73%, 47.41%, and 47.11% fewer cycles than LSNBC for 10,



4.3. Evaluation 112

9000

T T
[ 1LSBCC in Leak-Free Battery
8000 |- | [ZZZ]LSNBC in Leak-Free Battery
I | SBCC in Leak Battery
| [C__ILSNBC in Leak Battery

=y
=3
IS
S

6000

5000
4000
3000
2000

1000 -
0

10 20 30 40 50
Number of nodes |V|

Number of charge/discharge cycles

Figure 4.17 LSBCC versus LSNBC in networks where each node has a leak-free
or a leaky battery in terms of the number of charge/discharge cycles.

20, 30, 40, and 50 nodes, respectively, with standard deviation values ranging
between 66 and 602. Due to the battery cycle constraint, each charge (discharge)
occurs only when the battery has reached its minimum (maximum) energy level
in LSBCC. On the other hand, when using LSNBC, a node’s battery can be

charged (discharged) at any slot when it is (is not) used.

Figure 4.17 also shows that the number of charge/discharge cycles for nodes
that have a leak-free battery is less than for the case when the battery leaks, for
both LSBCC and LSNBC. For example, for |V| = 10 nodes, LSBCC requires
51.46% fewer cycles when nodes are equipped with a leak-free battery than when
they have a battery that leaks. The results are consistent for networks with
20, 30, 40, and 50 nodes. More specifically, for the leak-free-battery case, there
are 50.67%, 50.43%, 49.98%, and 50.25% fewer cycles than when nodes have a
battery that leaks. Similarly, LSNBC and nodes with a leak-free battery result in
53.48%, 52.48%, 52.2%, 51.97%, and 51.57% fewer cycles than when they use a
leaky battery for |V| = 10, 20, 30, 40, and 50 nodes, respectively. This is because

a leak-free battery has lesser charging time interval than one that leaks.
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4.3.4 Effectiveness of LSBCC

To analyse the performance of LSBCC, we compute the ratio R > 1 between
its generated |S| and the optimal bound as per Propositions 4.1, 4.2, and 4.3 for
Line, BTree, and Grid, respectively. We set w; ; = 3, b; = 3, i min = 0, bi ez = 3,
b; = 3, and r; = 1,5,10,15,20. Recall that b; = b; maz — bi.min-

As shown in Figure 4.18, LSBCC always produces the optimal superframe for
Line, for any values of r;. On the other hand, for r; = 1, BTree and Grid produce
an average of R = 1.3 and R = 1.39, respectively. However, LSBCC has a better
performance for larger values of r;. Specifically, when r; > 5, LSBCC has an
average performance ratio R of 1.27 and 1.29 for BTree and Grid, meaning the
superframe lengths are 27% and 29%, respectively, away from the optimal value

for rWSNs with 10 to 100 nodes.
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Figure 4.18 The performance of LSBCC in fixed topologies with a various num-
ber of nodes for p; =0 and n; = 1.
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4.4 Chapter Summary

This chapter addressed a new link scheduling problem, called LSME-1. It con-
sidered the memory effect that degrades the lifetime of a node’s battery. The
problem was challenging as nodes have a limited battery capacity, different har-
vesting times, and leakage rates. As a solution, this chapter proposed an al-
gorithm called LSBCC. It also showed, analytically, the impact of enforcing a
battery cycle constraint. One main finding was that if nodes’ batteries have a
non-negative leakage rate, i.e., u; > 0, the batteries at some end nodes may never
be in the same discharging cycle. Thus, the link of such end nodes cannot be
scheduled. This finding was supported by our extensive simulations, whereby
the number of unscheduled links can be up to 98.81% of the total number of
links in the networks. When all links can be scheduled, enforcing the battery
cycle constraint increased the superframe length by up to 1.71 times. However, it
reduced the number of charge/discharge cycles by up to 47.41% as compared to
cases where nodes do not have the battery cycle constraint. Hence, it can prolong
the battery’s lifetime. Further, LSBCC in networks with leak-free batteries pro-
duced up to 0.54 (0.52) times shorter schedules (fewer charge/discharge cycles)
than those with leaky batteries. Our simulations also showed that an increase in
energy harvesting time, linearly, increases link schedules. LSBCC produced the
optimal superframe length for Line, and up to 1.61 and 1.79 times of the theo-
retical superframe length bounds for BTree and Grid, respectively, for r; > 1. In
Chapter 5, we consider the use of a dual-battery system in rWSNs to reduce the

schedule length.



Chapter 5

Link Scheduling in rWSNs with a

Dual-Battery System

This chapter considers the problem of activating links in an rWSN. It considers:
(i) the energy harvesting time of nodes, (ii) the battery cycle constraint that
accounts for memory effect, and (iii) nodes with a dual-battery system. It outlines
a greedy algorithm that schedules links according to the earliest time in which
a battery at the end nodes of each link can be discharged or is full. Figure 5.1
illustrates the dual-battery system. As shown in the figure, while the node is
using Battery 1, Battery 2 can be recharged. The node switches the role of its
batteries when one battery is fully charged and the other is fully discharged [37];

see the dashed arrows.

N\
\

N\
TREN
\{
o— [*
Energy 4 Battery 1 ] S Sensor
node

Harvester TN v
Battery2 ]—.

Figure 5.1 A sensor node with a dual-battery system.
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To explain the link scheduling problem, consider Figure 5.2, where links
(v1,v9), (v1,v3), (v1,v4), and (vq,vs) interfere with each other and hence can-
not be activated concurrently. We use the HSU battery usage protocol [51].
Recall that in HSU any harvested energy must be stored in a battery before use.
For example, node v; needs to wait for three timeslots to accumulate one unit
of energy, denoted by v1|3, before the energy can be used, no earlier than slot 4.
Specifically, we consider the following three scenarios. First, consider Figure 5.2a,
where each node has one battery with a capacity of four units and without bat-
tery cycle constraint. Node v; needs to wait until vy can use one unit of energy
at time t = 7+ 1 = 8 before it transmits a packet to vs. Its second packet, which
is destined for v3, is transmitted at time t = 8 +1 = 9; this is the earliest time v3
has sufficient energy. Further, its third and fourth packets can be transmitted no

earlier than time 12 and 15, respectively. As a result, the schedule length is 15.

Next, consider Figure 5.2b where each node has one battery with the same
capacity as in Figure 5.2a. However, each battery has the battery cycle constraint.
Thus, v; has to wait until slot £ = 3 x 4 +1 = 13 to fully recharge and use its
battery. However, at this time, it cannot transmit because its neighbours’ battery
is yet to be fully recharged. That is, nodes vq, v3, v4, and vs have to wait until
slotst =7x4+1=29,t=33,t= 37, and t = 41, respectively, before their
batteries can be discharged. Thus, the example depicted in Figure 5.2b has a

longer schedule, i.e., 41, than that in Figure 5.2a.

Lastly, consider Figure 5.2c¢, where each node has two batteries with the bat-
tery cycle constraint. The total energy available at each node is the same as in
Figure 5.2b. Node v; needs six slots to fully charge its first battery. Its second
battery starts charging after the first battery is fully charged. Therefore, at slot
t =646 = 12, the second battery is full and can be discharged at slot 13. Node

v; needs to wait until slot t = 6 + 1 = 7 before its first battery can be used
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to transmit a packet. However, it has to wait for its neighbours to fully charge
their first batteries. Note that nodes vy, v3, v4, and vs require 15, 17, 19, and 21
slots, respectively before their first battery can be discharged. Now, node v; can
transmit a packet to node wvq, vs, vy, and vs at slots t = 15, ¢t = 17, t = 19, and
t = 21, respectively. Thus, the schedule length is 21 versus 41 in Figure 5.2b.
This example shows the benefit of employing a dual-battery system at nodes.

Note that at t = 19 and ¢ = 21, node v; uses its second battery.

Figure 5.2 An example for (a) single battery without battery cycle constraint,
(b) single battery with battery cycle constraint, (c¢) dual battery with battery
cycle constraint.

The layout of this chapter is as follows. Section 5.1 describes the network
model and problem. Section 5.2 describes our LSDBS algorithm. Section 5.3 uses
simulation to evaluate our proposed algorithm. Finally, Section 5.4 summarises

the chapter. Note that the work of this chapter will be presented in [100].

5.1 Preliminaries

Section 5.1.1 discusses our rWSN model and introduces key notations used in this

chapter. Section 5.1.2 formally describes the problem at hand.
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5.1.1 Network Model

Similar to Chapter 4, in this chapter, nodes use the HSU [51] battery usage
protocol. A node v; is equipped with a harvester and two rechargeable batteries.
Let r; > 1 (in slots) be the harvesting time or the total number of slots required

by a node v; to accumulate le of energy. Thus, the harvesting rate of a node

£
T

is £ per time slot. Further, we denote the dual battery of a node v; as B?,
for z € {1,2}. For each pair of batteries (B}, B?) at a node v;, we call the first
(second) battery as the active (reserve) battery. Let b7 (in unit €) be the capacity
of battery z € {1,2} at a node v;. We assume both batteries have equal capacity,
i.e., b} = b?. Further, the capacity of each battery is sufficient to transmit /receive

one packet, i.e., b7 > le.

Each battery follows the battery cycle constraint. Recall that this constraint
requires each battery of a node v; to be (i) charged to its maximum capacity
bi.maz before it can be used, and (ii) discharged to its minimum capacity b; min
before it can be recharged. Thus, each battery’s usable energy is Ef = b maz —
b;min- Further, each battery can be in one of three modes: (i) charging (C), (ii)
discharging (D), or (iii) idle (I), i.e., when the battery is neither being charged
nor discharged. Without loss of generality, we assume each battery has an initial
energy level of b; pin, Where b; 1in < bjmae. Further, we assume b; i, and b; pax

are integer values.

We use £ and £~ to denote the start and end charging time, respectively, of
battery z at a node v;. Similarly, ¥ and ¢/~ denote the start and end discharging
time, respectively. Following the HSU model, we have ;" = #;~ + 1 and #;T =
t;” + 1. However, only one of the batteries at a node v; can be charged or
discharged at any one time t. Battery B? will start charging when B} stops

charging. Hence, the start charging time of B? is equal to the end charging time
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of B}, i.e., fer = f}_. The active battery at a node v; becomes the reserve battery,
and vice versa, when the energy level of battery B} reaches b; ., after packet
transmission /reception and that of B? is fully charged. We assume the time to
switch the role of batteries is negligible.

Let 77 and 77 be the charging time interval and discharging time interval,
respectively, of battery z at a node v;, which are computed as 77 =t~ — 7" and
77 =t~ — 77, In other words, B is being charged during time interval 77 and
discharged during time interval 77. The value of 77 is dependent on r; and b; yaz,
while the length of 77 is affected by b; ., and the number of times the batteries
are used in the cycle. We note that the time interval 77 has equal length in any
cycles because r; and b; 4, are constant over all cycles. In contrast, the value of
77 may vary for different cycles due to different energy usage between cycles.

Let Z;f’t and b7, (in unit €) be the amount of energy stored in battery z at a

node v; at the start of slot ¢ for a charging and discharging cycle, respectively.

= b mez and b?

o
1,5

Thus, we have Bf = b;min- The battery level of a node

7
v; at the beginning of each charging cycle is given as IN)ZZ = b min. For each
discharging cycle, it is b; o+ = bi maz-

Let T; be the earliest timeslot a node v; can transmit/receive a packet, i.e.,
when B} can be used to power v;. The earliest time in which link /;; can be
scheduled is t;; = max(T;,T;). For each node v;, we initialise 7; = 7! + 1.

Battery B} is initially in idle mode and it takes 7} slots to reach level bi maz-

Following the HSU protocol, the energy can be used only at one slot later. It is
updated when the battery is discharged to transmit/receive a packet.

As an example, Figure 5.3a shows the value of b; min, bimaz, b7, and r; for each
node v; as well as the weight of each link /; ;. One can compute the charging time

interval for each battery to obtain 77 = 4, 75 = 18, 74 = 14 and 7f = 12; see

Section 5.2 for details. Thus, we have T} = 7} + 1 =5, Ty = 19, T3 = 15, and
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Ty = 13. Therefore, the earliest time each link [; ; can be scheduled is computed
as t1 2 = max(5,19) = 19, to4 = 19, and ¢, 3 = 15. Figure 5.3b shows the conflict

graph C¢ for the example of the rWSN depicted in Figure 5.3a.

V1 | 2 1 2] | 9
b],min= 1
/ \
/ \
/ \
/ \
/ \
b3 min=1
b3 max=3
(b)

Figure 5.3 A rWSN model: (a) graph G, and its (b) conflict graph C¢.

5.1.2 Problem Statement

Our problem, called Link Scheduling with Memory Effect-2 (LSME-2), is
to generate the TDMA link schedule & with the minimum |S| for a rtWSN such
that: (i) each node v; is equipped with a dual-battery system, (ii) each battery at
a node v; € V satisfies the battery cycle constraint, (iii) each link /;; € E can be
scheduled at time slot ¢ only if a battery of its end nodes is in discharging mode,
and (iv) each link [; ; € E is scheduled at least w; ; times in S.

To illustrate the effect of link scheduling on |S|, consider the example in
Figure 5.3. Figure 5.4a shows one feasible link schedule with 88 slots. A schedule
is feasible if it satisfies constraints (i), (ii), (iii), and (iv). The figure shows only

13

non-empty slots, i.e., each empty slot is represented as “...”. Figure 5.4b shows
a shorter feasible schedule of |S| = 73 slots. Our problem aims to generate the
shortest feasible schedule S. Note that link scheduling in general is known as

NP-hard [43]. We remark that our problem is the general version of the link

scheduling problem that assumes nodes have no energy constraint. Thus, it is
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still NP-hard.

Slot: 1 ... 18 .. 21 .. 23 .. 2 .. 35 .. 4 .. 50 .. 67 .. 72 .. 88
Schedule: | | | la3 | | la3 | | ha | | I | | ls3 | | ha | | ha | | I | | I | | I |
(a) One feasible TDMA link schedule.

Slot: 1 .. 15 16 .. 19 20 .. 29 .. 37 38 .. 55 5 .. 73
Schedule: | | | la3 | la3 | | ha | I | | la3 | | ha | ha | | 2 |lz,4 | | I |

(b) The optimal TDMA link schedule.

Figure 5.4 TDMA link schedules for the rWSN depicted in Figure 5.3. Gray
coloured slots show no packet transmissions/receptions.

5.2 Solution

We first describe all possible states of batteries (B}, B?) for a node v;, and the
state transitions of batteries. Then, we present three propositions relied upon by

our greedy algorithm.

5.2.1 Battery States and Transitions

There are seven possible battery states at each node v;. Each state Sy, for
k=1,2,...,7, takes into account: (i) four of six possible combinations of battery
mode, i.e., (I,1), (C,I), (D,I), and (D, C); note that the combination (C, C') and
(D, D) are not possible because each node cannot charge or discharge two bat-
teries at the same time, and (ii) the energy level of each battery, i.e., b7 s = bimin,
b7 ¢ = bimazs U7y > bimin, and b7, < b; ;e Formally, a state k of batteries (B}, B?)
at node v; is defined as S, = ({mode, energy level}, {mode, energy level}). Ta-
ble 5.1 shows seven states, i.e., S; = ({I, bit = bi,mm},{l,bit = bimin}), S2 =
(¢, b'},t > bi,min}7{j7b?,t = bimin}), S3 = ({176%,15 = biymaz s 14, bzz,t = bimin}),
Sy = ({D, by < bimaz}, {C, 07, > bimin}), S5 = ({D,b}; < bimac}, {1,07, =
bimaz})s S6 = ({1, b},t = bimaz ;> 10, b?,t > bimin}), and Sy = ({I, bil,t = Dimaz )
{[7 b?,t = bi,maz})'
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Table 5.1 also shows 17 possible transitions from state S; to Sy, denoted by .S;
— Sk, between slot t and t+1. There is only one transition from Sy, i.e., S — Sa,
because the harvester at node v; can charge only one battery at a time. Recall
that 57 is the initial state, i.e., the state occurs only at time ¢ = 0. There are two
alternative transitions from Sy: (i) Sy — Ss; if battery B} is not fully charged, or
(ii) Sy — Ss; if B} is fully charged. Similarly, there are two possible transitions
from S3, i.e., S3 — Sy or S3 — Sg. The first transition occurs when battery B} is
used to transmit/receive a packet and battery B? is in charging mode, while the
second transition is due to no packet transmission/reception. The followings are
four possible transitions from Sy: (i) Sy — S»; when battery B} becomes empty
and battery B? starts charging, (ii) Sy — Ss; when battery B} becomes empty
and battery B? becomes full, (iii) Sy — Ss; when battery B} is not yet empty and
battery B? is fully charged, or (iv) Sy — Sy; when battery B} is not yet empty
and battery B? is not fully charged. State S5 can either go to S3 or remains
at Ss. Transition S5 — S3 is when battery B} becomes empty, while transition
S5 — S5 is when battery B} is not yet empty. Transition Sg — S; (Sg — S5)
occurs when battery B} becomes empty and battery B? is fully charged (battery
B} is used to transmit /receive a packet and battery B? is fully charged). Further,
we have Sg — Sg (Sg — S7) when there is no packet transmission /reception and
battery B? is not fully charged yet (there is no packet transmission /reception and
battery B? is fully charged). Finally, transition S; — S5 is when battery B} is
used to transmit/receive a packet, while S; — S7 occurs when there is no packet

transmission/reception.
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Table 5.1 States and transitions of batteries at each node v;.

Possible States Possible Transitions
State | (B}, B?) | Transition Explanation
S, DD S) — Sy | B! starts charging, B? is idle.
S, @D Sy — Ss BZ»1 is being charged; it is not full.
Sy — S3 | Bl is being charged; it is full.
s, DD S3 — S, | B} is used, B? starts charging.
S3 — Sg | Bl is not used, B? starts charging
B! is empty, B? is not full;
51— 5 swap B} and B2
B! is empty, B? is full;
S @@ 51— 5 swap B} and B2
Sy — Sy B,L»1 is not empty, BZ-2 is not full.
Sy — Ss | B} is not empty, B? is full.
S, @D S5 — S3 | Bl is empty; swap B} and BZ.

S5 — S5 | Bl is not empty.
Se — Sy B} is used, B? is not full.
S5 D@ Se — S5 | B} is used, B? is full.
Se — Se¢ | B is not used, B? is not full.
Se — S7 | Bl is not used, B? is full.
s, DD Sy — S5 | Bl is used.
S7 — Sy B! is not used.

: Idle (b7, = bimin) U @ Charging (b7, > bimin)
: Idle (b7, = bimac) I . Discharging (b < bimaz)

o
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5.2.2 Key Properties

Propositions 5.1 and 5.2 are concerned with a battery in charging mode, while

Proposition 5.3 is for a battery in discharging mode.

Proposition 5.1. The energy level of each battery z € {1,2}, in charging mode

at a node v; at timeslot t, for Gt <t <t is

Bz/?,t = min(bi,maxa bi,min + (t - Ef—i_)/’l“l) (51)

Proof. The maximum amount of energy that can be harvested from " to ¢t is

_Frt ~
= However, b7, is bounded by the upper limit of battery capacity b;maa,

2y

T

which implies Bft < bj maz- ]

Proposition 5.2 computes the number of slots required by a node v; to charge

a battery B from b; min t0 bimaz, for z € {1,2}.

Proposition 5.2. The charging time interval of the battery B} at a node v; s

computed as

T — ri(bi,max - bz,mzn) (52)

Proof. We set t = ¢~ in Proposition 5.1 to generate the maximum energy level
of the battery, i.e., b;maz. We have b; maw = bimin + 7;°/ri. Thus, 77 is as shown

in Proposition 5.2. O

Proposition 5.3 computes the next earliest time in which a node v; can trans-

mit /receive another packet.
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Proposition 5.3. Let t; > 7! + 1 be the time in which a node v; last trans-
mitted/received a packet. The next earliest timeslot before a node v; can use its

battery again to transmit/receive a packet is

T;; = tz + Oit; X 1r; X (bi7max — blz,ti) +1 (53)

Proof. The next earliest time T; depends on the remaining energy level of the

1

active battery B} and the reserve battery B? at a node v; at time ¢, i.e., b;,

. and
K2

b2

71,» respectively. We consider two cases: (i) bj,, = i min, and (i) b}, > bimin-
For case (i), the active battery B} needs to be recharged and a node v; checks
the energy level of the reserve battery B at time t;, i.e., b7, . We consider two
sub-cases: (i.a) b7, = bimaz, and (i.b) b7, < bjmae. In both sub-cases, we use
Eq. (5.1) to compute b7, . For sub-case (i.a), a node v; switches the role of its
batteries from reserve (active) to active (reserve) since the reserve battery B?
is fully charged. Thus, the next earliest time a node v; can transmit/receive a
packet is in the next slot, i.e., 7; = t; + 1. Thus, o;,, in Eq. (5.3) is set to zero.
For sub-case (i.b), a node v; waits for 7; slots for its reserve battery B? to be
fully charged before it switches the role of its batteries. The next earliest time a
node v; can transmit/receive another packet includes: (i) the last time a node v;
transmitted /received a packet, (ii) time duration =; to reach its maximum level
bimax from the battery’s level at time ¢;, i.e., 7 = r; X (bimax — b?,ti), and (iii) one
slot delay before the stored energy in reserve battery B? can be used as required
by the HSU model. Hence, T; = t; + r; X (bimaz — biti) + 1. For this sub-case,
oir, in Eq. (5.3) is set to 1. For case (ii), the active battery B} at a node v;
has sufficient energy to transmit/receive another packet at time ¢;. However, as
a node can only transmit/receive one packet at a time, the next earliest time a

node v; can transmit/receive another packet is in the next slot, i.e., T; = ¢; + 1.

For this case, 04, in Eq. (5.3) is set to 0. This completes the proof. O
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5.2.3 LSDBS

We are now ready to explain Link Scheduler with a Dual-Battery System
(LSDBS) in Algorithm 4. It aims to schedule all non-interfering links at the
earliest possible time slot. Recall that battery B} (B?) is the active (reserve)
battery. At time ¢t = 0, batteries B} and B? are waiting to be charged. Further,
both batteries have an initial energy level of b; ;. Finally, the initial charging
e., t;"

time of active battery B}, i.e., is set to zero.

Lines 1—3 call INIT(.) to perform the following: (i) Use Eq. (5.2) to compute
the charging time interval for each battery at a node v;, i.e., 7} and 77; (ii) Set
the start of the charging time of reserve battery B2, i.e., t;" = 7!; (iii) Set T; =
7} 4+ 1; Recall that T is the earliest time when the active battery B} at a node
v; can be used to transmit/receive a packet; and (iv) Set the energy level of the

active battery B} at a node v; at time T}, i.e., b} 5 = b maq-

Lines 4—6 compute t; ;, i.e., the earliest time a link /; ; can be scheduled. Line
7 creates a set K that stores links /; ; that have the earliest activation time. Line
8 then uses function ORDER(K) to store in set K’ links in set K in order to
decrease weight w; ;. Links with equal w; ; are sorted in decreasing degree of their
end nodes, and for a tie, links are sorted in increasing order of their node labels.
Line 9 sets t with the earliest slot, i.e., min{¢;;}. Lines 10—29 repeatedly
schedule each link /;; € K’ in order. Each selected link in Line 12 does not
cause interference or is interfered by links that have been scheduled in slot ¢; see
the condition in Line 11. Each slot in § is initially empty. Note that function
CONFLICT() uses a matrix M of size |E|? that contains Boolean variables to
represent a conflict graph; i.e., M|a, b] is set to 1 if there is an interference between
links @ and b. Line 18 decreases the weight of each selected link /; ; by one. Once

the link weight is equal to zero, Line 15 removes the link from contention; see
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Algorithm 4 LSDBS: a greedy algorithm that schedules links according to the
earliest time when one of the dual battery at its end nodes can be discharged
Il’lplltl G(Vv, E), Ti, bzz’ bi,maxa bi,min» wz-,j, and CG’
Output: Superframe S
for each node v; € V do
]N[T(%z‘lv %12’ z?+7 Tia bzl,Ti)
end for
for each link /; ; € ' do
ti; = max(T;, T;)
end for
K = {node [; ; in C¢ with min{¢; ;}}
K' = ORDER(K)
t < min{t; ;}

10: for each /;; € K’ do

11: if NOT CONFLICT(l;;,S[t]) then
12: S[t] «+ S[tjUl;,

13: w;j < w;j — 1

14: if w;; =0 then

15: remove node [; ; from Cg
16: end if

17: ti—t; t

18: bzl,ti — bzl,TZ -1

19: b},tj — bgl‘,Tj -1

20: for each node z € {i,j} do
21: T, < COMP T, (z)

22: by 1, < COMP b;(z)

23: if bals’TI = by maz then

24: SWAP(B!, B?)

25: 2T, — 1

26: end if

27: end for

28: end if

29: end for

30: repeat Lines 4—29 until all w; ; = 0
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Lines 14— 16.

Line 17 sets the last time an active battery at the end nodes of a selected link
l; ; is used, i.e., t; and t;, to the current time ¢. Further, Lines 18—19 compute
the energy levels of the active battery at nodes v; and v; at time ¢ after being used
to transmit/receive one packet. Lines 20-27 compute the following for each node
x € {i,j}. Line 21 uses function COMP_T,(.) that implements Proposition 5.3 to
update the next earliest time a node x can transmit /receive another packet. Line
22 uses function COMP _b%(.) to compute the energy level of the active battery
B, at time T, which depends on the remaining energy level at time ¢, i.e., by, .
More specifically, if b}, is larger than by mi, then b} ;. is set to by, since the
active battery B! can still be used to transmit/receive one packet. Otherwise,
byp, 18 set t0 by mae. For the latter case, ie., by ;. = bymae, Line 24 switches
the role of the batteries at node v,, i.e., the reserve (active) battery becomes the
active (reserve) battery. Then, Line 25 computes the start charging time of the

reserve battery B2 i.e., t2*. Finally, the steps from Line 4 are repeated until all
links are scheduled, i.e., w; ; = 0.

For example, consider Figure 5.3. In Line 2, INIT(.) obtains 77 = 4, 75 = 18,
7 =14, and 77 = 12. It sets 77 =4, t57 = 18, 137 = 14, and 7" = 12. Further,
it computes T} = 5, Ty, = 19, T3 = 15, and T, = 13. Finally, it initialises b}’Tl =3,
byp, =3, by, = 3, and by, = 4. Lines {/—6 compute t15 = 19, t54 = 19, and
ty3 = 15. Line 7 inserts links [y 3 into the set K. Line 8 obtains K’ = {l43},
while Line 9 sets t = 15. Line 12 inserts ly 3 into S[15]. Line 13 gets w3 = 2.
Line 17 sets ty = t3 = 15. Lines 18—19 compute by ;5 = 3 and by ;5 = 2. Lines
20—27 obtain Ty = 16, by, = 3 and T = 16, by, = 2. Line 30 repeats the
steps from Line 4 until all links are scheduled. Finally, LSDBS produces the link

schedule § in Figure 5.4b.
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Proposition 5.4. The time complexity of LSDBS is O(W|E|?), where W =

(wi;)-

el

Proof. Lines 1—3 take O(|V|) and Lines 4—6 require O(|E|). Line 7 takes
O(|E]). Function ORDER(K) at Line 8 requires O(|E| log |E|). Line 9 takes
O(1). Line 11 requires O(|E|?) to construct a matrix M which represents the
conflict graph Cg. Function CONFLICT(l; ;, S[t]) in Line 11 uses the matrix at
most |E| times. Hence, it takes O(|E|). Lines 12—30 take O(1) each. The for
loop in Lines 10— 29 is repeated at most |E| times, and thus, the loop requires at

most O(|E|?). Line 30 repeats Lines 4—29 W times. Thus, the time complexity

of LSDBS is O(W |E|>?). 0

5.3 Evaluation

Section 5.3.1 evaluates the impact of battery cycle constraint on the schedule
length. Section 5.3.2 studies the effect of battery cycle constraint on the num-
ber of charge/discharge cycles. Table 5.2 lists the parameter values used in our

simulation.

Table 5.2 Parameter values used in the evaluation.

Parameter Value (s)
Network size 40x40 m?
Transmit range 15 m
Interference range | 30 m
V] {10, 20, 30,40, 50}
T; {1,5,10, 15,20}
Wi {1,2,3,4,5}

5.3.1 Effect of Battery Cycle Constraint

To study the effect of battery cycle constraint on the superframe length |S|, we
compare LSDBS, LSBCC, and LSNBC. Briefly, LSBCC is a version of LSDBS in
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which each node is equipped with only one battery. On the other hand, LSNBC
is a version of LSBCC without the battery cycle constraint. We consider 10
to 50 nodes with r; = 5. The total usable energy of two batteries when nodes
use LSDBS is set to be equal to the single battery in LSBCC and LSNBC.
Specifically, each battery in LSDBS has usable energy of Bf = De, i.e., it has
b; = 5€, bj min = O€, and b; ;e = d€. Thus, the total usable energy of each node
v; in LSDBS is 2 x 5 = 10e. On the other hand, the batteries in LSBCC and
LSNBC have a capacity of b; = 10¢, b; yin = O€, and b; e = 10¢, i.e., their usable
energy is b; = 10e. Each link weight is randomly fixed to a value between 1 and

5, i.e., wi,j = [1,5]

Effect on Superframe Length: Figure 5.5 shows that the superframe
length |S| produced by LSDBS is shorter than LSBCC. In a rWSN with 10 nodes,
LSDBS produces 82 less slots (35.19% shorter) as compared to when using LS-
BCC. The results are consistent for other networks with |V| = 20, 30, 40, and
50 nodes. LSDBS produces superframes that are 27.85%, 27.45%, 27.03%, and
27.16%, respectively, shorter than those in LSBCC. This is because nodes that
use LSDBS only need to wait for one battery, which has half the usable energy of
the battery in LSBCC, to be charged to its maximum level before powering their
load. Figure 5.5 shows that schedules generated by LSBDS are also shorter than
those in LSNBC. Specifically, for |V| = 10, 20, 30, 40, and 50, LSDBS produces
|S| that are 9.04%, 13.41%, 14.26%, 14.8%, and 15.12%, respectively, shorter than
in LSNBC. As shown in Figure 5.5, the differences between the schedule lengths
of LSNBC and LSDBS increase when |V| increases from 10 to 50. This is because
the superframe length is affected by the number of slots required by each node to
accumulate energy as well as the number of links it has to activate. Each node
in LSNBC needs r; + 1 = 6 slots before it can activate one link, while that in

LSDBS requires r; x 13; = 25 slots to charge one battery to its maximum level so
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that it can be used to activate five links. Note that on average, each node in a
network with |V| = 10,20, 30,40, and 50, has 7,16, 20, 30, and 38 links to acti-
vate, respectively. Thus, a node that needs to activate 20 (30) links in LSNBC
requires at least 20 x 6 = 120 (180) slots, which is 15 (25) slots longer than the

node in LSDBS that on average requires 25 x 4 + 5 = 105 (155) slots.
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Figure 5.5 LSDBS, LSBCC, LSNBC on |S].

Effect on Charge/Discharge Cycles: As shown in Figure 5.6, the total
number of charge/discharge cycles in LSBCC is larger than that in LSDBS — an
average from two batteries. For example, when |V'| = 10, LSBCC has three cycles
more than in LSDBS; i.e., 15% more. The results are consistent for networks with
20, 30, 40, and 50 nodes. Specifically, LSBCC needs 6.17%, 4.62%, 3.4%, and
2.77% more cycles, respectively, than LSDBS. Let & be the amount of energy (in
€) used at node v; to schedule all of its incident links. Thus, each battery of v;
in LSDBS (LSBCC) needs [€;/b7] ([€:/b;]) charge/discharge cycles to harvest &
of energy. Note that b; = 2 x b7, and thus we have [&;/b7]/2 < [&;/b:]), i.e., the
charge/discharge cycles of each battery in LSDBS are no more than that of the

battery in LSBCC. Figure 5.6 also shows that the number of charge/discharge
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cycles produced by LSDBS is less than LSNBC. More specifically, LSDBS requires
84.38%, 85.61%, 86.47%, 86.92%, and 87.13% fewer cycles than LSNBC for |V| =
10, 20, 30,40, and 50, respectively. This is because each battery in LSDBS has to
be charged only when its energy is equal to the minimum level. The remaining

experiments only use LSDBS.
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Figure 5.6 LSDBS, LSBCC, LSNBC on charge/discharge cycles.

5.3.2 Effect of Harvesting Time

This section investigates the effect of r; on |S| and charge/discharge cycles. In
this simulation, we consider various r; values, namely 1, 5, 10, 15, and 20 slots,
in a TWSN with 10 to 50 nodes. We set b; = 3¢, b; min = 1€, bj 1maz = 3¢, and each
link has weight w; ; = 3.

Effect on Superframe Length: Figure 5.7 shows that increasing r; pro-
duces a longer superframe. Specifically, for 10 nodes, when r; is increased from 1
to 5, |S| jumps from 52 to 134 slots — an increase of 1.58 times. Similarly, when
r; increases from 5 to 20, i.e., to 10, 15, and 20, |S| increases by 0.98, 0.49, and
0.33 times, respectively. We observed similar trends for 20, 30, 40, and 50 nodes.

For example, for 50 (100) nodes, when r; increased from 1 to 20, |S| increased by
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1.54 (1.55), 1.00 (1.00), 0.50 (0.50), 0.33 (0.33) times, respectively. The length
of |S| increased because each node needs more time to charge its battery to the
maximum level. Notice that |S| increases almost linearly when 7; is increased
from 1 to 20. Further, the rate in which |S| increases in smaller networks, e.g.,
|[V| = 10, is less than that of larger networks, e.g., |V| = 50. This is because

more nodes mean more links need to be scheduled.
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Figure 5.7 Effect of harvesting time r; on |S]|.

Effect on Charge/Discharge Cycles: For |V| = 10, 20, 30, 40, and 50,
LSDBS produces a total of 95, 396, 850, 1451, and 2325, charge/discharge cy-
cles, respectively, for all values of r;. In particular, increasing r; does not affect
the number of battery charge/discharge cycles. This is because the number of
charge/discharge cycles of a battery at each node v; that needs to accumulate &;
of energy, i.e., [/ I;ﬂ, depends only on the size of the battery’s usable energy

b7. Thus, different values of r; will only affect the time duration to harvest &; of

energy.
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5.4 Chapter Summary

This chapter presented a novel link scheduling problem called LSME-2. It pro-
posed a greedy algorithm, LSDBS, that considers nodes with a dual-battery sys-
tem to solve the problem. Our results showed the benefits of using such a system,
in terms of schedule length and charge/discharge cycles. Specifically, compared
to using a single battery with the same capacity and cycle constraint, LSDBS pro-
duced up to 35.19% (15%) fewer slots (charge/discharge cycles). Interestingly,
LSDBS obtained up to 15.12% shorter schedules when compared to nodes that
use a single battery, even without cycle constraint, and it had up to 87.13% fewer

charge/discharge cycles.



Chapter 6

Conclusion

6.1 Summary

This thesis has proposed three link schedulers, i.e., LS-rWSN, LSBCC, and LS-

DBS, to schedule links in rWSNs. Each scheduler solved a link scheduling prob-

lem. We have used a greedy heuristic to activate links according to the earliest

time in which their end nodes have sufficient energy to transmit/receive a packet.

Table 6.1 summarises the works covered in this thesis.

Table 6.1 Three link scheduling problems with proposed solutions, constraints,
battery usage protocol, and the number of batteries per node.

Battery | Number of
Problem | Solution Constraints usage batteries Chapter
protocol | per node
LSHUS | LS-rWSN | - harvesting thne -y One | Chapter 3
- Battery capacity
- Harvesting time
LSME-1 LSBCC | - Battery capacity HSU One Chapter 4
- Battery cycle
- Harvesting time
LSME-2 LSDBS | - Battery capacity HSU Two Chapter 5
- Battery cycle

135
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Specifically, we have proposed the following three problems and their solutions.

e In Chapter 3, we formulated the link scheduling problem, LSHUS, to gen-
erate the shortest TDMA schedule for use in rWSNs with varying energy
harvesting times and limited battery capacity constraints. We considered
the HUS battery usage protocol. The chapter showed the NP-Complete
proof of the problem and analysed the optimal schedule for three fixed
topologies. Further, it has proposed LS-rWSN to solve LSHUS. LS-rWSN
aimed to activate each non-interfering link with end nodes that have suf-
ficient energy to transmit/receive a packet at the earliest time. We used
simulation to show the effect of harvesting time, battery capacity, leakage
rate, and storage efficiency on the schedule length, and we described the

effectiveness of our algorithm.

e In Chapter 4, we proposed the link scheduling problem, LSME-1, to derive
a TDMA link schedule for rWSNs with harvesting time, battery capacity,
and battery cycle constraints. We used the HSU battery usage protocol in
this problem. The chapter analysed the optimal schedule for three fixed
topologies. It presented LSBCC to solve this problem. LSBCC aimed to
schedule links according to when their corresponding nodes had sufficient
energy. Further, our simulation and analytical results showed that the
battery cycle constraint and leaking batteries lead to unscheduled links.
We used simulation to show the effect of the battery cycle constraint on the
schedule length, and on the number of charge/discharge cycles when nodes

were equipped with a leak-free or a leaky battery.

e Finally, in Chapter 5, we addressed the link scheduling problem, LSME-2,
to activate links in rWSNs with the dual-battery system. Unlike LSME-1,

in which each node only used one battery, LSME-2 considered the use of
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two batteries at each node, thus it extended LSME-1. We then presented
the battery states and transitions. This chapter described LSDBS to solve
the problem. LSDBS aimed to schedule links according to the earliest
time at which a battery at the end nodes of each link could be discharged,
or is full. We used a simulation to show the effect of the battery cycle
constraint and harvesting time on the schedule length, and on the number

of charge/discharge cycles.

The worst case and the weakness aspect for our proposed solution are as follows:

e LS-rWSN (in Chapter 3): Our solution produced a longer link schedule
when the battery of each node has leakage rate of p; > 0 and storage

efficiency of n; < 1.

e LSBCC (in Chapter 4): There can be some links which can not be scheduled
for batteries with a leakage rate p; > 0 (as discussed in Section 4.2.2) when
cach node has a battery with the same parameter values of r;, b;, b; maz, i,

and 7; (as discussed in Section 4.3.2.1.).

e LSDBS (in Chapter 5): As in LSBCC, LSDBS can produce results with
some unscheduled. However, by using using two batteries, the total number

of unscheduled links in LSDBS is expected to be less than in LSBCC.

For real-life implementation, we suggest using either LSBCC or LSDBS for
users that require networks with longer lifetime. Recall that both LSBCC and
LSDBS aim to prolong each battery’s lifetime by enforcing battery cycle con-
straints. Between LSBCC and LSDBS, we suggest using LSDBS for users that
can afford using the more expensive dual batteries. Recall that LSDBS produces
shorter link schedule than LSBCC. For users that require higher network capacity

for short time network deployment, using LS-rWSN is ideal because the scheduler
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produces shorter link schedules as compared to LSBCC and LSDBS. Note that
without enforcing battery cycle constraint as in LSBCC and LSDBS, the lifetime
of batteries when using LS-rWSN is expected to be shorter than using LSBCC

and LSDBS, reducing the lifetime of the implemented networks.

6.2 Future Work

There are many possible directions for future research. More specifically, our
proposed LSBCC algorithm in Chapter 4 might result in unscheduled links and
our proposed LSDBS algorithm in Chapter 5 did not address the battery leakage.
We leave these issues for future work. We will design a protocol to ensure all
links can be scheduled for battery’s leakage rate greater than zero. Further, we
plan to convert the proposed algorithms from centralised approach to distributed
way. In the distributed approach, each node does not need the entire network
topology data because it requires information only from its neighbours. The
goals are to reduce the protocol overhead and to achieve the best case in average
convergence time. Thus, the distributed algorithm will have more scalability
than the centralised algorithm. However, to design the distributed solution is a
challenging problem. We believe this is a potential area of future research.

Another research direction is to consider joint routing and link scheduling.
This is a cross layer problem. The aim is to achieve a minimum time for packet
transmission by choosing the most suitable routing path and link schedule. Since
routing in rWSNs is very challenging and has attracted a lot of attention in recent
years, we will consider this issue for future work.

This thesis mainly considers superframe length as network performance met-
rics. Note that the works in this thesis aimed to produce a link schedule with the

shortest length. For future works, one can use other metrics, e.g., throughput,
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duty cycle, and age of information to evaluate the link scheduling algorithms. Fur-
ther, the works in this thesis can be extended into mobile nodes. Recall that this
thesis considers only fixed node model. Different from fixed nodes, mobile nodes
need energy for their movement or other computation processes [101]. Thus, they

require more energy than the fixed nodes.
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