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Abstract  

Wireless sensor network advances enable different high-specification sizes with increased 

ease of deployment to increase lifespan service in the Internet of Things. Sensor service is 

related to energy source, which is usually battery powered. Estimating sensor lifetime 

before deployment avoids service interruption. Petri net is an intelligent language for 

scheduling, managing, and modelling complex concurrent systems. It can be used as a 

problem-solver algorithm. Many different classes of Petri net model (which uses given data 

and structure to find final answers to problems) evaluate sensor energy behaviour. 

However, representing all interactions in a node and network increases model complexity 

in terms of structure comprehensiveness and reuse. Existing methods can only be applied 

at certain areas, with inefficient estimation speeds, and they do not account for temperature 

impacts on sensor lifetime. The complexity of model structure design is burdensome for 

non-expert users, and existing methods fail to provide common background for quick 

estimation of sensor battery lifetime, and advanced hardware and network re-building call 

for improved models. This study develops a high-coloured Petri net model with a robust 

structural solution for developing and modifying complex sensor workflows, applying the 

coloured tokens concept to allow network traffic to be distinguished according to the same 

structural elements. The dynamicity of a network is abstracted as tokens representing timing 

sets of sensors operations within a network. A case study of low power and lossy network 

is studied through this research work, demonstrating efficient and fast (one-second) 

estimation of sensor nodes’ lifetime. The model is easily operated by non-expert users, with 

graphical rather than mathematical interface structure. The same model can be easily 

modified by changing its related tokens values and be extended to include any other energy 

consumption sources in a node as a function of temperature for evaluation. 
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Chapter 1  
Introduction 

This chapter provides a holistic introduction for the topic covered in this thesis. It gives a 

brief description of the proposed model and discusses the motivation of this thesis. It 

discusses the objectives and aims that this research work intends to achieve. Subsequently, 

the contributions of this research in terms of technical perspectives and knowledge are 

highlighted. The structure of the thesis contents is also concluded.  

1.1. Overview 
The Internet of Things (IoT) seeks to connect real-world objects to a global internet network, 

seamlessly integrating systems, objects, and users. The IoT consist of several layers, of 

which the perception layer is associated with different objects or things relating to several 

technologies and platforms. By 2022 it is estimated that 8.4 billion smart devices will be a 

part of the IoT, and the proportion and number of wireless, battery-powered objects is 

expected to increase continually, as they provide robust solutions for many IoT applications. 

Wireless sensor network (WSN) is a key wireless technology in IoT, whereby sensor 

characteristics enable ubiquitous and autonomous deployment in otherwise inaccessible 

places or impractical applications, including in different and extreme temperature locations. 

Many sensors developed for academic and commercial platforms over recent years have 

different names, produced years, operating systems, radio units, CPU units, and battery 

types, but their functionalities all relate to collecting sensing data, storing it, processing it 

and communicating with other nodes.  

Sensor nodes are service providers, and their lifetime is associated with their battery life. 

Their service provision is interrupted (i.e., degrades or is terminated) due to energy 

depletion. Generally, sensors obtain energy from devices that either store energy, or which 

scavenge and harvest energy via devices. Each of these energy devices has different 

characteristics, and the selection can made upon the target application needs. Some 

environments are not suited to energy-harvesting solutions, while non-rechargeable 

batteries could be necessary when charging a node battery is impractical, but such batteries 

typically have shorter lifespans. Long-life wireless networks able to provide regular reading 

for a specific application from a specific environment are needed.  

Many applications protocols have released for the IoT that take into consideration sensor 

constraints, including Constrained Application Protocol (CoAP) and Routing Protocol for 

Low-Power and Lossy Networks (RPL). Low-Power and Lossy Network (LLN) has become 
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very popular due to its broad applicability in many areas. It comprises sensors or low-power 

devices networked together.  

Additionally, many efforts have sought to manage and analyse constrained energy sources 

in WSN. Understanding energy consumption characteristics of a sensor network can help 

to minimise its energy and improve energy-efficient design and saving strategies. This in 

turn can extend the sensor node battery lifetime. This understanding is usually acquired by 

creating a model that represent sensor network behaviour. One of the main the languages 

used for system abstraction is Petri net, designated for concurrent systems. The language 

deals with systems’ mathematical and graphical abstractions. It can manage concurrent 

systems such as train traffic, patient flow in healthcare, and energy distribution in WSN. 

This research study focuses mainly on the graphic part of Petri net rather than mathematical 

definitions. The graphic part of Petri net shows an easy way to practically and efficiently 

modify the net for different variables. Different Petri net classes and tools have created to 

increase the power of modelling. Coloured Petri net (CPN) class shows a robust structural 

solution for developing and modifying complex workflows. In this class, the coloured tokens 

concept is developed to allow a token to be distinguish from another in the same structural 

elements.  

The main goal of this study is to develop a model able to quickly estimate the lifetime of a 

battery-powered sensor that can be modified and extended easily. In addition, facilitate 

more realistic discharge scenarios efficiently. Therefore, this research adopts the coloured 

tokens concept to achieve this goal. The coloured tokens are used in this research to 

represent positive real values that associate with timing sets of sensors operations. These 

operations are run in different states in milliseconds and are repeated over the sensor 

lifetime. They are usually operated with respect to the network and have impacts on sensor 

energy. Each node has different states based on their hardware components’ activities 

(e.g., transmitting and receiving are two states usually found in the radio unit of a node).  

The developed model is built with the CPN tool, which is commonly used to build and 

simulate multiple high-level Petri net classes. The time property and many logic extensions 

are used in CPN to increase modelling power. The time is attached to certain tokens as 

timestamps, which can convert the coloured Petri net into timed coloured Petri net. Many 

logic extensions are also included in this model that used for different high-level classes. 

For example, priority and four main auxiliary arcs: one-direction, two-direction, double-

arrow, and inhibitor. These auxiliary arcs can help in processing node lifetime estimation 

and overcome common challenges such as conflict transition, where different transitions 

are enabled in the same time (whereby the results could be askew from the right processing 
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needed). All these factors explain why CPN is an appropriate simulation tool for the 

purposes of this research.  

Many algorithms and approaches have been proposed to estimate sensor lifetime, some of 

which are associated with parameters such as voltage and energy, while others depend on 

parameters such as current consumption and battery capacity. Certain models can be 

applied in certain areas. Furthermore, some of these methods are not easy to apply into a 

modelling language or simulated framework, as some modelling languages cannot employ 

all mathematical relations in a formula in a well-defined way.  

The estimating algorithm in this thesis is developed and dedicated for the developed Petri 

net mode is based on two main inputs: the node operational times, and maximum estimated 

lifetime of each state that consume energy. The developed algorithm is compared in relation 

to previous literature. In addition, existing Petri net models created by different methods of 

sensor energy analysis are discussed briefly. While some methods consider network 

impacts, others do not, and the speed of estimation of existing approaches is inefficient.  

Additionally, the temperature impact on sensor’ lifetime or battery type has not been 

considered in previous designs, and the complexity of their model structures is considered 

a burden for non-expert users. Existing methods have failed to provide a general common 

background for fast estimation of sensor battery lifetime, especially for contexts with 

complex interaction networks. With the advancement of sensor and network hardware, it is 

difficult to re-building and reuse legacy models. The novel developed structure is designed 

as function of energy consumption sources, representing certain activities in a node’s 

hardware. These structural elements contain resource tokens that are functions of node 

battery capacity, type, and temperature. 

This research considers an LLN case study. LLNs are an example of long-life networks, in 

which the node is operated for applications run over several years. The aim of this case 

study is to study the behaviour of sensors within such networks. The impacts of operational 

times on sensor lifetime has been identified and extracted in this study with consideration 

of different LLN node simulations, using Wireshark tool and COOJA simulator. Wireshark 

can help in classifying the associated protocols and their size, while COOJA emulates 

different node scenarios. The Timeline extension in COOJA helps to read the time duration 

spend by the associated protocols, which have different operational times. Therefore, the 

operational times of this type of network are further broken down into different profiles based 

on their duration.  

The number of occurrences of these profiles was recorded, identifying best- and worst-case 

scenarios, which were then applied randomly to a distributed LLN nodes of different degrees 
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of temperature. The developed model was used to estimate the lifetime in days for each 

node. The model shows great potential to be used in estimating sensor node lifetime 

efficiently and practically. A general high-coloured Petri net (HCPN) model is developed 

and evaluated for battery-powered devices in CPN.  The model available online as an open-

access resource for researchers and developers at: 

https://github.com/yalsarhan/dynamic-coloured-petri-net). 

1.2. Aim and Objectives 
This study aims to develop a general model able to quickly estimate the lifetime of battery-

powered sensors, which can be easily modified and extended, and which can facilitate 

emulate more realistic discharge scenarios efficiently. The model is expected to be able to 

estimate the sensor lifetime in advance, analyse the traffic pattern of a sensor, and predict 

its lifetime as a function of temperature, battery capacity, battery type, current consumption 

and network protocol operational times. The key aims of the thesis can be achieved by five 

objectives, namely to: 

1. Develop an algorithm that can be easily employed in Petri net.  

2. Develop a general Petri net model able to be extended in different analysis 

scenarios. 

3. Facilitate modifying and reusing the model structure for non-expert users (without 

requiring advanced knowledge of Petri net).  

4. Increase the speed of the lifetime estimation process efficiently.  

5. Integrate battery capacity, type, and temperature impact in the model design.  

1.3. Major Contributions 
This research addresses the limitation of existing approaches in estimating the lifetime of 

wireless sensor node. The research investigates a general method by which to facilitate 

estimating lifetime for battery-powered systems, thereby overcoming the limitations of 

conventional Petri net methods, which required highly detailed knowledge of both Petri net 

and WSNs. Pre-estimating the lifetime for each individual state in advance and inserting it 

into a resource in coloured Petri net is one of the solutions to manage tracking sensor 

lifetime, either by offline or online estimation. The proposed model structure is easy to 

modify graphically, unlike the existing method. It represents a scalable dynamic structure 

which can be extend easily based on node hardware states. The model works as a time 

aggregator to extract the total or average time duration for each state to estimate when the 
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sensor node battery runs out (as a percentage). The major contributions of this thesis can 

be summarised in the following points: 

• It contributes to the knowledge of developing a lifetime estimation algorithm 

dedicated for Petri net, making Petri net more generally accessible, and enabling its 

deployment for different sensor hardware, batteries, and scenarios.  

• The novel developed model structure is simple to build, simulate, and modify 

graphically. It tackles the complexity of reuse without requiring higher knowledge in 

Petri net for a non-expert user.  

• The estimation process for a sensor run by years is very fast and takes into 

consideration the temperature location impact on node lifetime. 

• A general model is developed and evaluated under HCPN that can be simulated in 

CPN. The model is available online as an open access resource for users at: 

https://github.com/yalsarhan/dynamic-coloured-petri-net 

1.4. Thesis Organisation 
This thesis is organised as follows. The current chapter briefly introduces the research and 

highlights its general concepts and importance, explaining the motivation of the research 

and its goal in terms of aims and objectives. In addition, the chapter highlights the major 

contributions of this thesis.  

Chapter 2 provides background knowledge on WSNs in the light of IoT. The chapter 

discusses the latest developments in the WSN field, and their applications and components. 

The chapter highlights the importance and necessity of predicting and estimating the energy 

property in WSNs, and reviews simulation tools used in this research. Moreover, the chapter 

presents the existing equations and methods used to estimate sensor battery lifetime. The 

related work of modelling WSN using Petri net is also expounded.  

Chapter 3 details the lifetime estimation algorithm developed and adopted by this thesis, 

explaining how it can be used in relation with the number of nodal energy consumption 

sources. In addition, the chapter demonstrates how to modify the algorithm to consider the 

impact of temperature. Consequently, the chapter evaluates the approach and compares 

the results in relation to two different methods from notable previous studies.  

Chapter 4 presents the developed model employing HCPN and demonstrates how it is an 

efficient way to represent battery discharge workflows with respect to network. It explains 

the model structure and how to define all its related variables. The chapter summarises how 

to build the model according to its main steps.  
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Chapter 5 analyses network activities in a case study of LLN nodes and their impacts on 

sensor energy, comparing between two simulations and providing best- and worst-case 

scenarios for them.  

Chapter 6 implements the developed algorithm expounded in Chapter 3 and employs the 

developed HCPN discussed in Chapter 4. The model uses the data found in Chapter 5 for 

the best- and worst-cases, and estimates distributed LLN nodes of different temperatures. 

Two different scenarios were analysed and considered: the same battery capacity for all 

nodes in the distributed LLN network; and nodes having different battery capacities. The 

results are summarised and discussed.  

Chapter 7 summarises the research concept, results, and limitations, and provides a holistic 

conclusion to the thesis. It identifies areas for future research and targets practical 

applications where the outcomes of this research can meet future needs in estimating 

sensor energy and improving existing systems.  
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Chapter 2  
Background Knowledge and Related Work 

2.1. Introduction to IoT Protocols and Applications for 
Constrained Devices 

The term ‘IoT’ was coined by Kevin Ashton [1] and was subsequently described by the U.S. 

National Intelligence Council as one of the six technologies expected to affect national 

global power by 2025 [2]. IoT seeks to connect real-world objects to the internet, whereby 

each object is accessible by the network, uniquely identified, with known status and position 

[3]. The objects in the novel IoT paradigm require some key characteristics, such as 

dynamicity, intelligence, automation, and zero configuration. In addition, important technical 

considerations apply when dealing with IoT, such as interoperability, discovery, data 

volume, scalability, power supply, device adaptation, fault-tolerance, intelligence, security, 

and personal privacy [4]. Different technologies and methods converge to contribute to the 

IoT, which can be grouped into three main different visions: semantic-oriented, internet-

oriented, and things-oriented, as illustrated in Figure 2.1 [5]. 

The most common protocols that form the IoT protocol stack can represented by four layers 

with respect to TCP/IP reference model [80], as demonstrated in Figure 2.2. Constrained 

Application Protocol (CoAP) is a UDP-based RESTful protocol deploying a reply/request 

mechanism. It has been compared with a similar custom application protocol that uses a 

UDP client/server publish-subscribe structure and JSON string [87]. The research found 

that UDP-based protocols had high potential to be used in certain applications where low 

latency and low bandwidth consumption are required, unlike Transmission Control Protocol 

(TCP).  

TinyOS [85] and ContikiOS [24] are the two most commonly used operating systems for 

sensor nodes. ContikiOS has two main network communication stacks, a layered 

communication stack and a Micro Internet Protocol (uIP) for sensor network. Both stacks 

are designed with thinner layers and for environments where low power radio transceiver is 

needed [91]. Fundamentally, wireless transmissions are considered to be lossy by nature. 

For example, a low signal strength and external interference can lead to a non-decodable 

packet being received by the receiver. Reliability can be enhanced using Automatic Repeat 

ReQuests (ARQ) and Acknowledgment [59]. WSN is also considered as a LLN. This type 

of network is formed by sensor nodes able to monitor environmental and physical conditions 

with corresponding infrastructure, characterised by low traffic, and commonly used in 
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applications where low traffic and long life are necessary, such as ubiquitous computing 

and smart home applications [54].   

 

Figure 2.1: IoT paradigm as a result of the convergence of the three different visions [5]. 



9 

 

Figure 2.2: IoT protocol stack with most common protocols [80]. 

LLN is a very popular WSN applied in broad areas. It is formed by sensors or low-power 

devices networked together by private or public internet [32]. It has been applied for 

controlling building air quality and in oil and gas infrastructure [33]. These devices can be 

connected by different means with IEEE802.15.4 [34], which is the wireless standard 

associated with the delivery of Link Layer frames among LLNs such as WSNs [35]. IPv6 

provides global internet integration for LLN nodes. It provides an address to each node and 

allows nodal information to be routed smoothly in the network, without additional 

requirements such as specialised Network Address Translation (NAT) techniques at 

gateways [81]. 

Routing Over Low Power and Lossy Networks (ROLL) working group [36] is associated with 

standardised and developed RPL [37]. RPL [44], is an IPv6 routing protocol developed for 

LLN, which has become a preferred routing protocol for IoT [50]. Large-scale WSNs 

supported by RPL protocol are deployed in several applications, including urban, industrial, 

building, and home automation, and in smart grids [58]. RPL is a distance-vector protocol 

with a maximum data rate of 250kbps. The structure of its topology is created based on 

Directed Acyclic Graphs (DAGs). The formed topology of each node in network has single 
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or multiple Destination Oriented Directed Acyclic Graphs (DODAGs), which can be 

represented as a tree-like structure. In ZigBee Protocol, three different kinds of nodes 

(single default root, routers, and hosts) aim to connect the DODAG to the IPv6 network, and 

each node may connect to a number of parents for fast redundancy and recovery purposes 

[38-40]. Different LLN applications has different RPL routing requirements, including for 

home automation [RFC5826], urban networks [RFC5548], building automation [RFC5867] 

and industrial control [RFC5673] [40].  

RPL control messages (Figure 2.3) are used to construct and maintain the topology [50]. 

RPL control messages are ICMPv6 messages, of which there are four main types, listed 

below with explanation of their functions [50,51]: 

• Destination Advertisement Object Acknowledgement (DAO-ACK) – responds to a 

unicast with a unicast communication style. 

• DODAG Information Solicitation (DIS) – searches for DIO messages from RPL 

node. 

• DODAG Information Object (DIO) – carries information concerning RPL instance 

and necessary configurations. 

• Destination Advertisement Object (DAO) – informs upward nodes in the topology 

about information (such as destination).  

 

Figure 2.3: RPL control message structure [50]. 

2.2. Wireless Sensor Network (WSN) Background 
Sensors are essential elements of the IoT, enabling the integration and deployment of the 

eponymous “things”. Sensors can be deployed everywhere to measure, detect, and sense 

physical stimuli and respond to them with an appropriate strategy. Basically, they convert 

signals from stimuli into other forms that can be readable by humans and machines, such 

as digital or analogue data. Each of these sensors can be considered as a node when they 

are part from a sensor network, connected to other sensors by wired or wireless connections 

[79]. Various kinds of sensors have been used in many organisations and industries. The 



11 

invention of IoT allowed these sensors to share information widely with other parties in the 

networks. IoT can help to improve effectiveness and functionality of a system and make it 

smarter. Fifteen key sensor types that have been extensively used in the IoT domain are 

described in [77].  

In WSN, sinks and sensor nodes consisting of a protocol stack provide integrated data with 

networking protocols, routing awareness, and power-efficient communications via the 

wireless channel, and encourage cooperative strategy among sensor nodes. This stack has 

five horizontal layers: physical, data link, network, transport, and application layers. 

Additionally, the protocol stack has three orthogonal planes, as illustrated in Figure 2.4: 

mobility management, task management, and power management planes [8]. 

 

Figure 2.4: WSN protocol stack [8]. 

In a target environment, a sensor device should be able to operate with main functionalities. 

Thus, designing a sensor device may require five basic hardware components, as illustrated 

in Figure 2.5. These functionalities can be classified into four groups, relating to the abilities 

to: collect sensing data from the vicinity; store data, process data; and communicate with 

other sensing nodes [63].  
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Figure 2.5: Five main hardware components for a sensor device [63]. 

These hardware components operate with different combinations, such as active, listen, 

sensing, and sleep modes corresponding to different power modes, as demonstrated in 

Table 2.1 [11].  

State name Processor Memory Sense Unit Radio 

Sleep Sleep Sleep Off Off 

Sensing Sleep Sleep On Rx 

Active Active Active On Tx/Rx 

Sleep Sleep Sleep On Off 

Listen Idle Sleep On Rx 

Table 2.1: Four sensor hardware components and four operational modes [11]. 

In 1998, the first generation of wireless sensor node was developed for the Smartdust 

project. Later, new commercial and academic sensor node prototypes came to be 

announced every year, with more advanced features [70]. A selection of common WSN 

commercial and academic hardware platforms are found in the literature [63-76]. These 
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platforms have different names, years of production, operating systems, radio units, CPU 

units, and battery types, ranging from 1998 to 2016. 

The lifetime of a sensor node is associated with and largely determined by its battery. The 

sensor life ends when the supply voltage reaches a point that becomes too low to continue 

supplying the requirements of the node; this point is referred to as the “cut-off” voltage [19]. 

The battery capacity can vary with the ambient temperature and the instantaneous current 

draw. Variation with the current draw is also referred as capacity-rate effect [19-21]. 

Generally, WSN obtains energy by devices that can store, scavenging, or harvest energy. 

Devices that can store energy include ultracapacitors, fuel cells, and batteries, while energy 

scavenging and harvesting devices include solar cells and wind turbines. Each of these 

energy devices has different characteristics and must be selected based on target 

application requirements. For example, selecting rechargeable batteries is feasible if energy 

can be harvested effectively from the sensor’s environment [61]. Commonly used 

commercial batteries include one Li-AA cell or two AA alkaline cells [10]. Non-rechargeable 

batteries are a good solution when charging is impossible or impractical, such as for forest-

fire services, heart patients, animal-tracking, and electric keys. Non-rechargeable alkaline 

cells are popular due to their characteristics, including high-energy output, being leak-proof 

and environmentally friendly, being storable for up to ten years, having a good safety record, 

and being cost effective [84].  

2.3. Petri Net and Relevant Simulation Tools  

2.3.1. Petri Net and Coloured Token Concept  

Petri nets were popularised by Carl Adam in his dissertation [83] as a new approach for 

information flow in systems [82]. This approach depends on the basics of concurrent and 

asynchronous processes by system elements, whereby relationships between components 

can be represented by a net or graph. The Petri net paradigm has been developed to 

represent concurrent computation [78,82], and has been utilised in broad range of 

applications, including simulating and designing aspects of communication protocols, 

hardware, and operating systems [62]. Petri nets are characterised by a graphical 

representation and well-defined mathematical theory. The theoretical dimension of Petri 

nets permits analysing and modelling system behaviour, and its graphical representation 

allows portrayal of Petri nets of the modelled system state changes. This explains why Petri 

net has achieved such incredible success [60].  

A Petri net consist of three main elements, places, transitions, and directed arcs 

(responsible to connect places with transitions, or vice versa). These elements can 
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represent different aspects in the modelled systems. For example, preconditions/ 

postconditions may be represented as input/ output places, and the transition corresponding 

to an event. On the other hand, input places can pertain to the availability of resources, 

while the release of the resource can be an output place, with transitions representing their 

utilisation [5]. Defining classic Petri net elements is represented in quintuple as presented 

and explained below:  

PN = (P, T, A, W, Mo) [57]  

• P: Places. These elements are considered passive, such as output and input buffers 

and conveyor belts [57]. Places symbolise resources, conditions, or states that need 

to be available before an action can be processed [56]. 

• T: Transitions. These are active elements such as robots, humans, CPUs, and 

machines, etc. [57], representing actions [56].  

• A: (Directed) Arcs. An arc connects a place to transitions, or vice versa [57]. 

• W: Weights (of Arcs). Weights symbolise conditions of actions and data flow [56]. 

• Mo: Number of Initial Tokens in Places. Token represents activation of a state or 

presence of a resource and it enables modelling the system’s dynamism [56].  

Tokens in the ordinary Petri net are indistinguishable entities, and the behaviour of an 

individual token is not considered by model semantics. This issue is solved by high level 

Petri net assigning each individual token an attribute (colour). In addition, transitions, 

places, and arcs can also have guards and functions, depending on their colours. The idea 

of adding colour enables the ordinary Petri net to have the following properties [52]:  

• Different tokens are distinguishable.  

• Transitions are aware of the colours. 

• The colours can model data carried by the process.  

Figure 2.6 shows 13 key elements of coloured Petri net that can be used to increase the 

power of modelling concurrent systems [46].  
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Figure 2.6: Key elements of coloured Petri net [46]. 

2.3.2. Coloured Petri Net tool (CPN) and COOJA 

Petri net runs can be created and investigated by computer simulation, including by playing 

the “token game”. Some simulations may just provide a visualisation environment of the 

token game, while other simulation applications can be associated with quantitative 

measures with respect to performance evaluation (e.g., to determine the average 

throughput time of a system) [49]. CPN is a popular computer tool for simulating high-level 

Petri nets for time experiments. CPN was used for the modelling environment in this thesis, 

as explained previously. This section provides an overview of this tool. Alternative tools can 

be found the Petri net world, including the rich database and material maintained by the TGI 

Group at Hamburg University [53], which lists more than 90 existing Petri net tools [48]. 

CPN is increasingly popular in telecommunication researches. It is applied in simulation 

modelling of network devices, verification of communication protocols, and industrial 

process control. CPN extensions provide a general-purpose algorithmic system, with 

expressive power similar to a Turing machine. Petri net extensions can be applied for object 

descriptions, including hierarchical temporal CPNs [55]. CPN can be considered as fast 

simulators that can efficiently handle timed and untimed nets. State space report can be 
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generated as partial or full, including useful information for analysis of net properties, such 

as liveness and boundedness. Figure 2.7 shows an example of a CPN interface from an 

online CPN organisation [47].  

 

Figure 2.7: Example of a graphical representation of Petri nets in CPN interface [47]. 

It is now possible to increase and extend real sensor platforms by cross-level simulators 

such as COOJA, a key WSN simulator, characterised by three abstraction levels: the 

network, operating system, and machine code instruction set levels [69]. COOJA is a Java-

based simulator dedicated to emulating and visualising motes used in operating systems, 

such as Contiki [23]. It has the ability to individual nodes of varying types, including in on-

board software and simulated hardware applications [24]. The Contiki website [25] is a first 

port of call regarding COOJA, which gives an image of Instant Contiki that can be employed 

by virtualisation tools such as VMware [26].  

The motes firmware found in COOJA corresponds to actual physical devices, which enables 

the located firmware to be created and compiled in the simulated mote. Once the simulation 

is complete, a great amount of important mote data is displayed by the Sensor Collect View 

tool graphically, such as the average power consumption (Figure 2.8) [27].  
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Figure 2.8: Example of the average power consumption graph in COOJA [27]. 

Cooja TimeLine is an extension employed in Cooja network simulator that provides a 

visualisation window to show radio usage and sensor radio traffic. It enables analysis of 

behaviour protocols and strategies associated with low power, which in turn can increase 

awareness of the behaviour of sensor networks. It consists of five different colour codes to 

represent each node, related to the power percentage of the radio transceiver. Table 2.2 

demonstrates the different colour codes and their representations. The timeline can be a 

useful tool in areas such as congestion, synchronisation, and power debugging [22].  

Colour Code Representation 

White Transceiver is off 

Grey Transceiver is on 

Blue Transmissions 

Green Receptions 

Red Radio interference as result of two 
simultaneous transmissions to a node 

Table 2.2: Different colour codes used in COOJA simulator [22]. 



18 

The following set of standards are supported by COOJA namely: Contiki-RPL, TR 1100, 

IEEE 802.15.4, uIPv4, TI CC2420, and uIPv6 stack. Four different models are found in 

COOJA; and must be selected before initialising the simulation: Directed Graph Radio 

Medium (DGRM), constant loss Unit Disk Graph Medium (UDGM), distance loss UDGM, 

and multipath Ray-tracer Medium (MRM) [28]. The constant loss UDGM model is 

associated with transmission range. All motes located within this transmission range can 

receive data packets, whereas all sensor nodes located outside the range do not receive 

any data. Distance loss UDGM model is another class of constant loss UDGM. The radio 

interferences are considered by this model. Transmitting and receiving packets in the 

network are characterised by the SUCCESS RATIO for TX probability and SUCCESS 

RATIO for RX probability, respectively. In the DGRM model, propagation delays are 

considered for radio links. Ray tracing technique is used in MRM model, which calculates 

the received power by Friis formula. Reflections, refractions, and diffractions are also 

considered in MRM radio links [28,29].  

Estimating the power consumption of nodes in Contiki is based on Energest software-based 

module, which aims to represent the real time spent for a sensor in different states, such as 

Rx, Tx, CPU, and low power mode (LPM). Therefore, the power consumption of a node can 

be calculated by the sum of all average power consumption of these states as follows [9]: 

Equation 1: Contiki/ Energest software-based module [9] 

P = P_Tx + P_CPU + P_Rx +P_LPM 

The total average power consumption of a node in different states is denoted by P, while 

the real time of CPU being active can be calculated by (CPU - Tx - Rx). 

2.4. Related Work 
The first subsection here reviews general existing formulae for estimating sensor lifetime, 

while the second highlights different existing Petri net methods that have been used in this 

domain.  

2.4.1. Estimating Sensor Lifetime Existing Approaches 

One of the popular formulae in estimating battery lifetime is the PEUKERT law, based on 

the capacity and current consumption of the battery. The equation is illustrated in Equation 

2, where Lt is the battery lifetime and I is the current consumption. The parameters a and b 

depend on the battery type and can be estimated empirically [43]. The capacity of battery 

can be presented by parameter a. Whereas, parameter b is associated with the non-linear 

battery behaviour during discharge and charge periods [17].  
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Equation 2: PEUKERT law  

𝐿𝐿𝐿𝐿 =  𝑎𝑎
𝐼𝐼𝑏𝑏

  

Rakhmatov and Vrudhula [42] investigated the behaviour of lithium-ion battery with different 

load profiles that vary with time. They demonstrated that the same load profiles with different 

orders or schedules can lead to different lifetimes with respect to PEUKERT law. A lifetime 

estimation method and algorithm were proposed based on input parameters such as battery 

parameters, timing sets, and load profiles. Figure 2.9 shows an example of the Rakhmatov-

Vrudhula algorithm.  

 

Figure 2.9: Rakhmatov-Vrudhula lifetime estimation algorithm [42]. 

Selvig [41] estimated sensor node lifetime based on the CC2430 chip [18], running an 

application in ZStack deploying the Home Automation ZigBee profile. The study calculated 

the battery lifetime of an end device periodically, polling the coordinator for data. The polling 

rate in the study was considered one second and one minute Therefore, the battery lifetime 

of an average current consumption can be computed as follows:  

Equation 3: Selvig formula [41].  

𝐿𝐿𝐿𝐿 =  𝐶𝐶 
𝐼𝐼 𝑎𝑎𝑎𝑎𝑎𝑎

  

Where the battery capacity (C) is in mAh, the average current consumption (I avg) is in mA, 

and the lifetime (Lt) is in hours. Since 𝐼𝐼 =  𝐸𝐸
𝑉𝑉 𝑥𝑥 𝑇𝑇_𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

, the average current consumption (I 

avg) can be computed by using the formula of Dunkels et al. [45]:  

Equation 4: Dunkels et al. formula [45] 

𝐸𝐸
𝑉𝑉
 = (I Active x T Active) + (I Low x T Low) + (I Transmit x T Transmit) + (I Receive x T Receive)  

+ ∑ (I Other x T Other)  
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Where I is the average current consumption, T_ Period is the time period, E is the energy 

consumption, and V is the supply voltage. The draw current and the time of Microprocessor 

Control Unit (MCU) in active mode and in low power mode are represented by I Active, T 

Active, I Low, and T Low, respectively. The draw current and the time of the radio unit spend 

in transmitting and receiving modes are I transmit, T transmit, I receive, and T receive, 

respectively. The last part of the formula represents any other components that consume 

energy, such as Light Emitting Diodes (LEDs). 

A lifetime estimation method was proposed by Rukpakavong et al. [39] that calculates the 

temperature of draw current based on the leakage current: 

Equation 5: Leakage current. formula 

𝐼𝐼(𝑇𝑇2)
𝐼𝐼(𝑇𝑇1)

 =  𝑇𝑇2
2

𝑇𝑇12
 . exp(𝐾𝐾.(𝑇𝑇1−𝑇𝑇2)

𝑇𝑇1 .𝑇𝑇2
) .  

Where T1 and T2 are different temperatures in kelvin, I (T1) and I (T2) are the two different 

leakage currents at two different temperatures, K is a constant depending on the circuit, 

and Vdd. Additionally, the impact of temperature on battery capacity must be computed by 

using Arrhenius equation of Sheridan et al. [6]: 

Equation 6: Sheridan et al. formula [6] 

𝐶𝐶(𝑇𝑇2)
𝐶𝐶(𝑇𝑇1)  =  exp (𝐴𝐴 . (𝑇𝑇2−𝑇𝑇1)

𝑇𝑇2 .𝑇𝑇1
)  

Where C (T1) and C (T2) are the battery capacities at two different temperatures, and A is a 

constant value obtained by dividing the activation energy (in J mol−1) with the gas constant 

(in J mol−1 K−1) of the battery. The battery lifetime as a function of temperature can be 

calculated by Rukpakavong et al.’s formula as:  

Equation 7: Rukpakavong et al. formula [39] 

𝐿𝐿𝐿𝐿 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑠𝑠,𝑇𝑇 )  =  𝐶𝐶 𝑝𝑝𝑝𝑝𝑟𝑟𝑎𝑎𝑝𝑝𝑟𝑟𝑝𝑝𝑟𝑟𝑎𝑎 (𝑠𝑠,𝑇𝑇)
𝐼𝐼 𝑎𝑎𝑎𝑎𝑎𝑎 (𝑠𝑠,𝑇𝑇)𝑘𝑘

  

Where PEUKERT constant (k) is selected as 0.96 for alkaline battery and 80% of quoted 

capacity. Moreover, the battery capacity was reduced by 2% per year as a result of aging.  

Landsiedel and Wehrle [31] proposed another method considering energy consumption and 

quoted capacity, adopting the AEON sensor energy monitoring model based on the 

following formula:  

Equation 8: Landsiedel and Wehrle formula [31] 

E remaining = E current – E consumption.  
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Where E remaining is the remaining battery capacity in joules, E current is the current 

battery capacity in Joules, and E consumption is the energy consumption that can be 

computed by using Equation 4. A lifetime estimation method proposed by Hao et al. [30] 

based on voltage drop rate is as follows: 

Equation 9: Hao et al. formula [30] 

𝐿𝐿𝐿𝐿 =  𝑉𝑉.𝑝𝑝𝑟𝑟−𝑉𝑉.𝑐𝑐𝑐𝑐𝑐𝑐 
𝑉𝑉.𝑝𝑝𝑎𝑎𝑐𝑐𝑝𝑝

  

Where V.in represents the initial voltage of the battery, V.cut is the cut off voltage, and V.rate 

is the voltage drop rate. The study is associated with two types of sensor platform: MicaZ 

and Mica2. Experiments revealed that the former has 21.5 mV/day drop rate and an 

estimated lifetime of 46.5 days; the latter had 16.5 mV/day drop rate and an estimated 

lifetime of 60.6 days. These estimation values were based on 3.2v as initial voltage and 

2.2v cut-off voltage.  

The method by Schandy et al. [7] focussed only on power consumption. It was applied on 

a sensor node using the IPv6 over LLN stack, with Energest Module in Contiki to extract 

the accumulated time (in percentage) of the sensor node in different states, such as CPU, 

LPM, IRQ, Tx, and Rx. The average power consumption of a sensor node can be calculated 

by the following equation: 

Equation 10: Schandy et al. formula [7] 

P state (average) = Dc state x I state x V = 𝑇𝑇 𝑠𝑠𝑐𝑐𝑎𝑎𝑐𝑐𝑝𝑝
𝑇𝑇 𝑐𝑐𝑝𝑝𝑐𝑐𝑎𝑎𝑡𝑡 

 x I state x V  

Where Dc state  is the accumulated time, P is the average Power, I state is current consumption 

at a certain state, and V is the operating voltage.  

2.4.2. Modelling and Evaluating WSN Energy by PETRI Net Means 

Sousa et al. [17] applied the Rakhmatov-Vrudhula method (section 2.4.1) by proposing a 

new Petri net formalism called Differential Hybrid Petri Nets (DHPNs). Differential and 

discrete places and transition elements were analysed. The evolution of tokens between 

discrete places represents the current WSN states, controlled by discrete transition. A 

continuous process of events sequences in WSN that happened in milliseconds were used, 

considering current sets of these WSN events in milli-ampere. As a result, it found the 

remaining battery capacity in mA-min. This formalism is not a simulated approach. In 

addition, the WSN battery’s lifetime evaluation process is hard to apply, as the WSN events 

sequences happen in milliseconds, while WSN battery lifetime is usually considered in 

years. This means it would take too much time for estimation, which would degrade the 

speed of estimation and make it impractical.  
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Petri net models developed by Shareef et al. [15,16] estimated total sensor node energy 

consumption, based on event arrives sequences triggering the models and activating 

specific sensor hardware states. By knowing the power consumption rate and time 

percentage spent by these hardware states, total energy can be computed. This method 

was applied to study and improve the energy consumption characteristics of a sensor node. 

On the other hand, this method did not consider sensor lifetime estimation, or consider 

battery type, software, or network impacts on sensors.  

An event-driven queuing Petri net (QPN) model was proposed by Li et al. [14] to study the 

energy behaviours of different WSN nodes, protocols, and network topologies. The 

developed model was simulated and demonstrated to be applicable for system lifetime 

evaluation. However, the model did not consider the nonlinear discharge characteristics of 

batteries, or the impact of temperature on battery capacity and draw current. Temperature 

can significantly affect sensor lifetime estimation final values. The rebuilding or reusing of 

such a model for different sensor energy behaviour scenarios is quite complex, due to 

structural complexity. In addition, the speed of estimation was not considered by the study.  

CPN models were developed by Dâmaso et al. [12,13] to represent the power consumption 

of communication protocols used in the link and network layers (e.g., the DIRECT, 

FLOODING, GOSSIPING, LEACH, and B-MAC protocols). The approach used the first 

radio model to compute only the power consumption of sending and receiving packets, 

ignoring the consumption resulting from processing the communication packets.  

2.5. Chapter Summary  
IoT is a broad umbrella for smart devices, including battery-powered devices. WSN is an 

important element in IoT due to its highly specification and ease of deployment, anywhere. 

Sensors within LLN network can provide long-life application for IoT. Estimating sensor 

lifetime before deployment can help to avoid service interruption, especially for important 

applications in inaccessible places. Many of the discussed formulae and approaches were 

proposed to analyse sensor node energy issues based on remaining energy, such as the 

Landsiedel and Wehrle method, which does not consider the battery type. It includes the 

battery capacity, converted into energy in joules. Other methods do not consider the battery 

capacity and type. For instance, methods based on node voltage parameters such as Hao 

et al.’s method. It is important to consider the battery capacity and type to select the best 

one that can fit a certain application. Other methods are based on battery capacity and 

current consumption, such as Selvig method, which takes into consideration the daily 
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average consumption of a node. This can make the estimation process faster, but this 

method does not consider the nonlinear discharge characteristics of batteries. 

The Rakhmatov-Vrudhula method is more accurate than the Selvig, but it is not practical for 

application in sensors that operate in milliseconds as it takes too long (minutes). In addition, 

neither of these methods considers the impact of temperature on sensor energy, despite 

the acknowledged impact of temperature on battery capacity and current consumption 

values, which ultimately affect the lifetime estimation value. Rukpakavong et al.’s method 

considers the temperature impact in its formula, as illustrated in Table 2.3. However, this 

method is hard to define and simulate directly for different analysis scenarios. Table 2.3 

reviews the main features of the discussed formulae. 

 

Table 2.3: A list of formulae used for estimating sensor lifetime. 

Petri net is a powerful language using graphical representation and a well-defined 

mathematical theory, which is important in concurrent systems. Implementing mathematical 

formulae or approaches into Petri net can be complex, and some more difficult approaches 

may require creating a new class, which is an inefficient solution, as it does not benefit from 

utilisation of existing simulation tools. Employing these approaches into a simulation tool 

can facilitate analysis of different sensor energy patterns more quickly and efficiently. Sousa 

et al. [17] employed Rakhmatov-Vrudhula method [42] by proposing a new formalism. The 

lifetime of a node can be estimated by the remaining energy, as with the Landsiedel and 

Wehrle formula (Equation 8). However, the speed of simulation is not practical in terms of 

the sensor operations running in milliseconds, and the speed of simulation is beyond the 

scope of these approaches.  

Other methods did not consider battery type and capacity or temperature impacts in their 

designs, including Shareef et al [15,16]., Li et al. [14], and Dâmaso et al [12,13]. The speed 

of their simulations was considered moderate, but re-building and reusing their models is 
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more difficult due to the complicated proposed net structure, requiring high detail in Petri 

net for employment in different scenarios. This can be very onerous and intractable for non-

expert users. Table 2.4 demonstrates the differences between the discussed Petri net 

models and our developed model, comparing aspects such as Petri net class used, speed, 

structure complexity, estimation techniques, estimation outputs, temperature, battery type, 

and ability to simulate.  

 

Table 2.4: A list of different Petri net models dedicated to estimating sensor lifetime. 
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Chapter 3  
Developing and Evaluating a Battery-Lifetime Estimation 

Algorithm  

3.1. Developing Algorithm for Estimating Battery Lifetime  
In this section, the PEUKERT’s law (section 2.4) is adopted to estimate the battery lifetime 

under a load given below for reference. 

𝐿𝐿 =  𝐶𝐶
𝐼𝐼𝑘𝑘

  

PEUKERT’s law assumes that all load profiles with same average would yield the same 

lifetime, which represents the battery lifetime or time-to-failure in time units. This approach 

can be applied on load profiles that work continuously and individually. However, wireless 

devices such as WSN operate dynamically, in different operational time intervals. Usually, 

these states are running in milliseconds, and are repeated over the sensor node lifecycle. 

Therefore, for different loads sharing the same battery capacity (C), battery type (k: 

PEUKERT constant), and different operational time intervals (TSn.m), the above equation is 

modified to enable re-use for different load profile scenarios, with n representing the state 

number, and m its order. Each hardware unit in WSN has at least one state, each of which 

accounts for a specific amount of amperes. For example, a transceiver unit usually requires 

transmission (I Tx) and reception (I Rx) draw currents.  

Each WSN hardware state (S1, S2, S3…. Sn) has a distinct draw current (IS1, IS2, IS3…ISn), 

and each state has different operational time intervals (TS1.1, TS1.2, TS2.1, TS3.1…TS n. m). Thus, 

the expected lifetime for each state by PEUKERT’s law can be defined as (Lt(S1), Lt(S2), 

Lt(S3) …Lt (Sn)). These values give an estimation of their expected maximum lifetime if they 

operated solely and continuously, as previously mentioned. Figure 3.1 depicts the relation 

between the draw current in amperes for the WSN hardware states in relation to their 

maximum expected lifetimes (Lt (Sn)). 
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Figure 3.1: Example of three WSN hardware states and four operational time intervals. 

Figure 3.1 represents three different states (S1, S2, S3) that have three different distinct draw 

currents (Is1, Is2, Is3). The first state contains two different operational time intervals: Ts1.1 

and TS 1.2. The second and third states contain only one operational time interval each: TS 

2.1 and TS 3.1, respectively. Therefore, for n hardware states sharing the same battery 

capacity (c) and battery type (k), the remaining battery lifetime can be computed as shown 

below: 

Equation 11: Remaining battery lifetime at room temperature 

Lt. 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  1 − Lt. 𝑐𝑐𝑐𝑐𝑟𝑟𝑠𝑠𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  

The lifetime consuming can be computed by the summation of the ratio of each state 

operational time (TSn.m) over its expected lifetime (LT (Sn) as:  

Equation 12: Lifetime consumed at room temperature 

LT. consuming =  � (T(S1.1),T(S1.2),T(S2.1),T(S3.1) …T(Sn.m)
(Lt(S1),Lt(S2),Lt(S3) …Lt (Sn))

𝑟𝑟

s = 1
  

 = T (S1.1) 
Lt(S1)

+ T (S1.2) 
LT(S1)

+ T (S2.1)… T (S2.m)
LT(S2)

+ T (S3.1....T (S3.m)
LT(S3)

+ T (Sn.1)…T (Sn.m)
LT(Sn)

 

 = T (S1.1) 
𝐶𝐶

𝐼𝐼(S1)𝑘𝑘
+ T (S1.2) 

𝐶𝐶
𝐼𝐼(S1)𝑘𝑘

+ T (S2.1)… T (S2.m)
𝐶𝐶

𝐼𝐼(S2)𝑘𝑘
+ T (S3.1....T (S3.m)

𝐶𝐶
𝐼𝐼(S3)𝑘𝑘

+ T (Sn.1)…T (Sn.m)
𝐶𝐶

𝐼𝐼(𝑆𝑆n)𝑘𝑘
 

If the temperature changes, the battery capacity (C) and the draw current for a sate n (Sn) 

will change. Thus, the expected lifetime (LT (Sn)) and the remaining battery’s lifetime at that 

new temperature will be different. The reference temperature will be described as T1, and 

the new temperature as T2. Usually the reference temperature is calculated at room 

temperature T = 25°C. The expected lifetime LT (Sn) at the new temperature T2 can be 

calculated as: 
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Equation 13: Expected lifetime at new temperature 

LT (Sn).new = 𝐶𝐶.𝑟𝑟𝑝𝑝𝑛𝑛
( 𝐼𝐼(𝑠𝑠𝑟𝑟).𝑟𝑟𝑝𝑝𝑛𝑛)𝑘𝑘

 .  

Where C.new is the battery capacity at temperature T2 calculated by Equation 6 (section 

2.4.1), and I (sn).new is the draw current for a state n at temperature T2, calculated by 

Equation 5 (section 2.4.1). Thus, the remaining battery lifetime at the new temperature T2 

can be calculated as:  

Equation 14: Remaining lifetime at new temperature 

Lt. 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟.𝑟𝑟𝑟𝑟𝑛𝑛 =  1 − Lt. 𝑐𝑐𝑐𝑐𝑟𝑟𝑠𝑠𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟.𝑟𝑟𝑟𝑟𝑛𝑛  

Where the battery’s lifetime consuming at the new temperature T2 equals:  

Equation 15: Lifetime consuming at new temperature 

LT. consuming =  � (T(S1.1),T(S1.2),T(S2.1),T(S3.1) …T(Sn.m)
(Lt(S1).𝑟𝑟𝑝𝑝𝑛𝑛,Lt(S2).𝑟𝑟𝑝𝑝𝑛𝑛,Lt(S3).new …Lt (Sn).new)

𝑟𝑟

s = 1
  

 = T (S1.1) 
Lt(S1).new

+ T (S1.2) 
LT(S1).new

+ T (S2.1)… T (S2.m)
LT(S2).new

+ T (S3.1....T (S3.m)
LT(S3).new

+ T (Sn.1)…T (Sn.m)
LT(Sn).new

 

 = T (S1.1) 
𝐶𝐶.𝑛𝑛𝑛𝑛𝑛𝑛

𝐼𝐼(S1).𝑛𝑛𝑛𝑛𝑛𝑛 𝑘𝑘
+ T (S1.2) 

𝐶𝐶.𝑛𝑛𝑛𝑛𝑛𝑛
𝐼𝐼(S1).𝑛𝑛𝑛𝑛𝑛𝑛 𝑘𝑘

+ T (S2.1)… T (S2.m)
𝐶𝐶.𝑛𝑛𝑛𝑛𝑛𝑛 

𝐼𝐼(S2).𝑛𝑛𝑛𝑛𝑛𝑛 𝑘𝑘
+ T (S3.1....T (S3.m)

𝐶𝐶.𝑛𝑛𝑛𝑛𝑛𝑛
𝐼𝐼(S3).𝑛𝑛𝑛𝑛𝑛𝑛𝑘𝑘

+ T (Sn.1)…T (Sn.m)
𝐶𝐶.𝑛𝑛𝑛𝑛𝑛𝑛

𝐼𝐼(𝑆𝑆n).𝑛𝑛𝑛𝑛𝑛𝑛𝑘𝑘
 

To calculate the battery lifetime of battery-powered node, the following general steps can 

be used. 

Step 1: Finding the estimated lifetime (Lt(S1), Lt(S2), Lt(S3) …Lt (Sn)) for each individual 

state (S1, S2, S3…. Sn) by Equation 2, based on the following parameters: 

• C: Battery capacity. 

• k: PEUKERT-constant depend on battery type. 

• I(Sn): Draw current for n state.  

Step 2: Finding the lifetime consuming (LT. consuming) by Equation 12, which depends on the 

state operational time (TS1.1, TS1.2, TS2.1, TS3.1…TSn.m) for an observed time period. 

Step 3: Evaluate the battery state by finding the remaining battery’s lifetime (LT. remaining) by 

Equation 11. 

Step 4: Repeat steps 2 and step 3 until the battery runs out (LT. remaining ≥ 1). 

Step 5: Calculate the battery lifetime for node n (LT. (Node n)) by the summation of the total 

state operational time (∑ TS1.1, TS1.2, TS2.1, TS3.1…TSn.m) when the battery runs out. 
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Step 6: If the temperature changes, the new battery lifetime consuming (LT. consuming. new) 

and the new battery lifetime remaining (LT. remaining. new) must be recalculated by Equations 

15 and 14, respectively.  

Step 7: Finding the new estimated lifetime for each state (Lt (Sn)) by Equation 13. This can 

be done by calculating the new battery capacity (C.new) and new draw current for n state 

by Equation 6 and Equation 5, respectively.  

3.2. Evaluating the Developed Algorithm with Rakhmatov-
Vrudhula Model for Li-ion Battery 

To compare our methodology, we use the same example discussed in [42]. Four cases are 

selected (Case 1, Case 2, Case 3, and Case 4), each of which contains five states that are 

running with different schedules and operational time intervals. Case 1 and Case 3 are 

running from high to low discharge profiles, whereas Case 2 and Case 4 are running from 

low to high. The first four states in both Case 1 and Case 2 are running continuously until 

the time T = 125 minutes, and then the fifth state is running for one minute until the battery 

runs out. On the other hand, the first four states in both Case 3 and Case 4 are running in 

order and repeatedly until T = 125 minutes, then the fifth state is running the same as the 

previous manner. Table 3.1 shows these cases, their draw current I (Sn), time duration, 

operational time (Sn.m), and expected lifetime using the Rakhmatov-Vrudhula (section 

2.4.1).  
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Case number Draw 
current 

I(Sn) 
(Ampere) 

Time duration 
(min) 

Operational time (Sn.m) 
(minutes) 

Rakhmatov-Vrudhula 
lifetime  
(min) 

Case 1 20 0 - 15 S1.1 15 133.7 

15 15- 35 S2.1 20 

10 35 - 65 S3.1. 30 

5 65 - 125 S4.1 60 

9.6 125 - ∞ S5.1 1 

Case 2 5 0 - 60 S1.1 60 113.5 
 10 60 - 90 S2.1 30 

15 90 - 110 S3.1. 20 

20 110 - 125 S4.1 15 

9.6 125 -∞ S5.1 1 

Case 3 20 0 – 1.5 S1.1 1.5 131.2 

15 1.5 – 3.5 S2.1 2 

10 3.5 – 6.5 S3.1. 3 

5 6.5 – 12.5 S4.1 6 

9.6 125-∞ S5.1 1 

Case 4 5 0 -6 S1.1 6 123.6 
 10 6 -9 S2.1 3 

15 9 - 11 S3.1. 2 

20 11 – 12.5 S4.1 1.5 

9.6 125 - ∞ S5.1 1 

Table 3.1: Example of four cases contain five states and their timing parameters. 

The steps described in section 3.1 are used in the following calculations with the following 

Li-ion battery parameters: C = 1550.2 A. Hour, K = 1.09. The five states and their expected 

lifetime LT(Sn) based on their draw currents I(Sn) (20, 15, 10, 5, and 9.6 Ampere) are shown 

in Table 3.2. 
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State name 
(Sn) 

Draw current I(Sn) 
(Ampere) 

Expected lifetime LT(Sn) 
(Minutes) 

S1 20 59.19228 
 

S2 15 80.99314 
 

S3 10 126.005 
 

S4 5 268.2319 
 

S5 9.6 131.7383 

Table 3.2: Five state and their associated parameters. 

To compute the battery lifetime remaining for the first four states, we need to calculate the 

battery lifetime consuming first. The battery lifetime consuming for the first four states in 

case 1 can be calculated as: 

Equation 16: Battery lifetime for load m 

LT. consuming (case 1) = LT. consuming (case 2) = LT. consuming (case 3) = LT. consuming (case 4).  

 = 
(S1.1..S1.m)
Lt(S1)

+ (S1.2..S2.m)
LT(S1)

+ (S2.1..S2.m)
LT(S2)

+ (S3.1....S3.m)
LT(S3)

+ (Sn.1…Sn.m)
LT(Sn)

 

 = 15
59.19228

+ 20
80.99314

+ 30
126.005

+ 60
268.2319

 =  60
268.2319

+  30
126.005

+ 20
80.99314

+ 15
59.19228

 =

 10 x � 1.5
59.19228

+ 2
80.99314

+ 3
126.005

+ 6
268.2319

�  =  10 x � 6
268.2319

+ 3
126.005

+ 2
80.99314

+ 1.5
59.19228

� 

 =  0.962118749 ≈ 96.2% 

If we assume the fifth state running four times, thus the total lifetime consuming will equal: 

(0.962118749) + 4 x 1
131.7383

 = 0.992482 x 100≈ 99.24% 

Equation 17: Remaining lifetime for load m 

LT. remaining = 1- 0.992482 = 0.007518 or ≈ %0.75 

This means the battery is expected to run out LT. (Node n)) at T = 125 + 4 = 129 minutes. 

The results are demonstrated in Figure 3.2. It can be noticed that the modified formula of 

PEUKERT law has the same result for different operational time schedules, while 

Rakhmatov-Vrudhula has different lifetimes for different schedules (e.g., low to high or high 

to low). It can be seen that our methodology has error in the range (- 15.5 to +4.7) minutes, 

comparing favourably to Rakhmatov-Vrudhula.  
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Figure 3.2: Comparing our lifetime estimation with the Rakhmatov-Vrudhula approach. 

3.3. Evaluating the Developed Algorithm with Selvig Method for 
Alkaline Battery  

3.3.1. Estimating Alkaline Battery Lifetime without Temperature Impact  

This section shows another scenario where the schedule of operational time for states are 

unknown, thus battery lifetime estimation is based on average consumption rates. The 

results are compared with the same example used by Selvig [41]. In this section, battery 

lifetime estimation is presented for an end device that periodically polls a coordinator for 

data. The polling rate is considered one second, and the device goes to sleep mode in 

between related polls (to conserve energy). Thus, two workflows are considered: 

• Workflow 1: Polling with no data transmission (9 intervals) and sleeping mode (1 

interval). 

• Workflow 2: Polling with data transmission (17 intervals) and sleeping mode (1 

interval).  
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The first workflow is expected to run 86398 times per day, and the second workflow is 

expected to run only two times per day. First, the number of energy consumption sources 

for these two workflows is defined as seven sources or states (S1, S2, S3, S4, S5, S6, S7), 

based on seven distinct draw currents in milliampere (0.75, 12, 3, 18, 29, 7, 0.005). State 7 

represents the sleeping mode, and it only draws 0.005 mA. 

The estimated lifetime Lt (Sn)) for each individual source is calculated for two AA alkaline 

batteries with 3100 mAH true capacity. The PEUKERT constant for an alkaline battery is 

selected to be (k = 0.96), and 80% of quoted capacity is used based on the research by 

Rukpakavong et al. [39] (section 2.4.1). The estimated lifetime for each individual state is 

converted into days, as demonstrated in Table 3.3. 
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State I (mA) Timing sets (ms) Associated  
workflow 

Number of 
occurrences per 

day  

State lifetime 
estimation  

(days) 

State 1 0.75 0.49 
0.49 

Workflow 1 
Workflow 2 

86398 
2 

170.2517714 

State 2 12 1.8 
1.1  
1.8 
5.1 
1.1 

Workflow 1 
Workflow 1 
Workflow 2 
Workflow 2 
Workflow 2 

86398 
86398 

2 
2 
2 

11.88875715 

State 3 31 1.06 
1.1 

1.06 
5.2 

1.06 
0.97 

Workflow 1 
Workflow 1 
Workflow 2 
Workflow 2 
Workflow 2 
Workflow 2 

86398 
86398 

2 
2 
2 
2 

4.780168724 

State 4 18 0.19 
0.11 
0.19 
0.11 
0.19 
0.19 
0.11 

Workflow 1 
Workflow 1 
Workflow 2 
Workflow 2 
Workflow 2 
Workflow 2 
Workflow 2 

86398 
86398 

2 
2 
2 
2 
2 

8.05543221 

State 5 29 0.58 
0.58 
0.36 
1.1 

Workflow 1 
Workflow 2 
Workflow 2 
Workflow 2 

86398 
2 
2 
2 

5.09622242 

State 6 7 0.62 
0.62 

Workflow 1 
Workflow 2 

86398 
2 

19.94602384 

State 7 0.005 992.95 
979.77 

Workflow 1 
Workflow 2 

86398 
2 

190607.1764 

Table 3.3: Calculated parameters for two AA batteries with 3100 mAH true capacity. 

LT. consuming (state 1) = 
86398 x 0.49
86400000

170.2517714
+

2 x 0.49
86400000

170.2517714
 = 2.878090465 x 10-6 

LT. consuming (state 2) = 
86398 x 1.8
86400000

11.8887571
+

86398 x 1.1
86400000

11.88875715
 + 

2 x 1.8
86400000

11.88875715
 +

2 x 5.1
86400000

11.88875715
 + 

2 x 1.1
86400000

11.88875715
 = 

2.439378672 x 10-4 
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LT. consuming (state 3) = 
86398 x 1.06
86400000

4.780168724
+

86398 x 1.1
86400000

4.780168724
 + 

2 x 1.06
86400000

4.780168724
 +

2 x 5.2
86400000

4.780168724
 + 

2 x 1.06
86400000

4.780168724
 + 

2 x 0.97
86400000

4.780168724
 = 4.5189658 x 10-4 

LT. consuming (state 4) = 
86398 x 0.19
86400000

8.05543221
+

86398 x 0.11
86400000

8.05543221
 +(3x 

2 x 0.19
86400000

8.05543221
 ) +(2𝑥𝑥

2 x 0.11
86400000

8.05543221
) =  3.724335762x 10-5 

LT. consuming (state 5) = 
86398 x 0.58
86400000

5.09622242
+

2 x 0.58
86400000

5.09622242
 + 

2 x 0.36
86400000

5.09622242
 +

2 x 1.1
86400000

5.09622242
 = 1.13816421 x 10-4 

LT. consuming (state 6) = 
86398 x 0.62
86400000

19.94602384
+

2 x 0.62
86400000

19.94602384
 = 3.108388945 x 10-5 

LT. consuming (state 7) = 
86398 x 992.95
86400000

190607.1764
+

2 x 979.77
86400000

190607.1764
 = 5.209403516 x 10-6 

LT. consuming (For all states) = 2.878090465 x 10-6 + 2.439378672 x 10-4 +4.5189658 x 10-4 + 
3.724335762 x 10-5 + 1.13816421 x 10-4 + 3.108388945 x 10-5 + 5.209403516 x 10-6 = 

8.86065608597x 10-4 

For 80% of quoted alkaline battery capacity used, the battery lifetime is expected to run out 

after 903 days:  

903 days x 8.86065608597x 10-4 x 100 ≈ 80%  

3.3.2. Estimating Alkaline Battery Lifetime as a Function of Temperature 

To calculate the estimating alkaline battery lifetime as function of temperature, first we need 

to calculate the expected lifetime for each state as function of temperature. This can be 

done by calculating the impact of temperature on battery capacity and the temperature 

change as a function of leakage current, based on Equations 6 and 5, respectively (section 

2.4.1). The impact of temperature on battery capacity for a reference temperature T1 = 25°C 

rising to a temperature T2 = 26°C can be computed based on Equation 6 as:  

Equation 18: Battery capacity at temperature T2 

𝐶𝐶(𝑇𝑇2)
3100

 =  exp(𝐴𝐴.
(𝑇𝑇2 − 25)
(𝑇𝑇2 . 25)

 ) 

In addition, the temperature change as a function of leakage current draw can be obtained 

by Equation 5, demonstrated below as a reference: 

Equation 19: Draw current at temperature T2 

𝐼𝐼(𝑇𝑇2)
𝐼𝐼(𝑇𝑇1)

 =  
𝑇𝑇22

𝑇𝑇12
. exp (

𝐾𝐾. (𝑇𝑇1 − 𝑇𝑇2)
𝑇𝑇1.𝑇𝑇2

) 

Where parameters A and k are as demonstrated in Table 3.4.  
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Constant Value 

K -1105.43 

A 2518.73 

Table 3.4: Parameters needed to calculate temperature impact on battery lifetime. 

Tables 3.5-3.9 and Figure 3.3 display the pertinent data and outcomes of the alkaline 

battery lifetime estimation as described above. 

 (Sn) I (Sn)  
mA 

 Lt (Sn) 
days 

State 1 0.75 170.2517714 

State 2 12 11.88875715 

State 3 31 4.780168724 

State 4 18 8.05543221 

State 5 29 5.09622242 

State 6 7 19.94602384 

State 7 0.0005 190607.1764 

Table 3.5: Current consumption and estimated lifetime for seven states at 25°C. 

Temperature  
 

I (S1) 
mA 

I (S2) 
mA 

I (S3) 
mA 

I (S4) 
mA 

I (S5) 
mA 

I (S6) 
mA 

I (S7) 
mA 

20°C 0.680625 10.88999 28.13248 16.33499 26.31748 6.352496 0.000454 

21°C 0.694117 11.10588 28.69019 16.65882 26.83921 6.47843 0.000463 

22°C 0.7078 11.3248 29.25574 16.9872 27.36827 6.606134 0.000472 

23°C 0.721674 11.54678 29.82918 17.32017 27.90472 6.735621 0.000481 

24°C 0.73574 11.77184 30.41058 17.65776 28.44861 6.866905 0.00049 

25°C 0.75 12 31 18 29 7 0.0005 

26°C 0.764456 12.23129 31.5975 18.34693 29.55895 7.134919 0.00051 

27°C 0.779108 12.46573 32.20313 18.69859 30.12551 7.271675 0.000519 

28°C 0.793959 12.70334 32.81696 19.05501 30.69974 7.410281 0.000529 

29°C 0.809009 12.94415 33.43905 19.41622 31.28169 7.550752 0.000539 

30°C 0.824261 13.18817 34.06945 19.78226 31.87142 7.693101 0.00055 

Table 3.6: Current consumption of seven states at temperatures ranging from 20°C to 

30°C.  
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Temp. Lt (S1) 
days 

Lt (S2) 
days 

Lt (S3) 
days 

Lt (S4) 
Days 

Lt (S5) 
days 

Lt (S6) 
days 

Lt (S7) 
days 

20°C 161.8015379 11.29867357 4.542911034 7.655610917 4.8432778 18.95602791 181146.6279 

21°C 163.4872102 11.41638483 4.590239753 7.735368204 4.893735785 19.15351462 183033.8402 

22°C 165.1751903 11.53425723 4.637633265 7.815234679 4.944262846 19.35127168 184923.6362 

23°C 166.865357 11.65228232 4.685088174 7.895204617 4.994855364 19.54928493 186815.8803 

24°C 168.5575904 11.77045174 4.732601108 7.975272339 5.045509743 19.7475403 188710.4382 

25°C 170.2517714 11.88875715 4.780168724 8.05543221 5.09622242 19.94602384 190607.1764 

26°C 171.9477818 12.00719031 4.827787704 8.135678638 5.146989857 20.1447217 192505.9628 

27°C 173.6455043 12.12574303 4.875454757 8.216006077 5.197808545 20.34362015 194406.6661 

28°C 175.3448228 12.2444072 4.923166619 8.296409028 5.248675005 20.54270558 196309.1561 

29°C 177.0456219 12.36317476 4.970920053 8.376882035 5.299585786 20.74196448 198213.3038 

30°C 178.7477874 12.48203774 5.018711851 8.457419692 5.350537467 20.94138345 200118.9812 

Table 3.7: Estimated lifetime in days of seven states at temperatures ranging from 20°C to 

30°C.  

Temperature Capacity (mA.H) 

20°C 2684.017 

21°C 2763.571 

22°C 2844.921 

23°C 2928.092 

24°C 3013.109 

25°C 3100 

26°C 3188.79 

27°C 3279.507 

28°C 3372.176 

29°C 3466.824 

30°C 3563.477 

Table 3.8: Expected battery capacity at temperatures ranging from 20°C to 30°C.  
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Temperature  
 

Our Estimation for the Battery 
Lifetime 
(Days) 

Selvig Estimation for the 
Battery Lifetime 

(Days) 

20°C 859 953.8601 

21°C 867 963.0407 

22°C 876 972.2256 

23°C 885 981.4137 

24°C 894 990.6041 

25°C 903 999.789 

26°C 912 1008.975 

27°C 921 1018.313 

28°C 930 1027.573 

29°C 939 1036.543 

30°C 948 1046.087 

Table 3.9: Our estimation versus SELVIG estimation for battery lifetime at temperatures 

ranging from 20°C to 30°C.  
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Figure 3.3: Our estimation versus SELVIG estimation of alkaline battery lifetime at 

temperatures ranging from 20°C to 30°C 

Besides mathematical methods, two developed Petri nets were used to estimate the 

lifetime, as described in sections 3.2 and 3.3. These models, which can be viewed in 

Appendices D.1 and D.2, respectively, were used for fast estimation efficiency. The first 

model is associated with five states and does not contain a workload to fit the associated 

example. The second model is designed with seven states, as in Selvig’s example [58]. The 

following chapter explains in detail how to build models to estimate battery lifetime for 

different scenarios.  
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Chapter 4  
General High-coloured Petri net Model Design  

4.1. Introduction 
The proposed HCPN model is developed under the CPN concept and other high Petri net 

logic constructs. It uses high Petri net level rules, such as priorities and inhibitor arcs, while 

the token domain is categorised into different colour sets such as real values, Boolean 

function and unit values. The real values are associated with PEUKERT’ lifetime estimated 

values for each state Lt (Sn)), state operational time (TSn.m). On the other hand, Boolean 

function and unit values are used to indicate when the battery is run out.  

The proposed model is quite general and can be used to facilitate the study different 

external interaction scenarios in embedded and portable devices, such as WSN. This 

chapter mainly discusses the graphical part of the model. The structure of the model 

consists of two main components: the state and evaluator parts. The state part can be a 

multiple fixed-net structure. It represents the different energy consuming states in a 

hardware, such as radio in transmission mode (R Tx), radio in receiving mode (R Rx), and 

CPU in active mode (CPU on). Each state part has two outputs, which are connected to the 

evaluator part. The evaluator part is one fixed-net structure that computes the average 

elapsed time and total battery lifetime percentage for all individual state-part nets. Figure 

4.1 demonstrates a five fixed-net structure representing five different states connected to 

an evaluator part. The following sections describe both state and evaluator parts based on 

their basic graphical elements, their representation, and the battery lifetime estimation 

process.  
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Figure 4.1: An Example of network interacted with a system that has five different states 

connected to one evaluator net. 

As can be seen in Figure 4.1, the network represents external stimulus that triggers the 

developed net on regular basis. Four different arcs types are used in the proposed model, 

as illustrated in Figure 4.2, namely: one-direction, two-direction, double-arrow, and inhibitor 

arc. One-direction and two-direction arcs can be used either as inputs or outputs. The 

difference between two-direction and double-arrow is that the former can have two different 

variables or functions on each direction, while the latter can only have one variable or one 

control function. Inhibitor arc is used to apply restriction to transitions by disabling their firing 

process. This can be done when a specific condition is met in the associated inhibitor place.  
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Figure 4.2: Different arcs types used in the proposed model. 

4.2. State Part 
The state part represents a joint structure-net connected to the evaluator net. This net 

represents an energy consumption workflow in battery-powered systems. Each workflow is 

related to specific hardware component and state that consume energy. The state part 

contains six places (P1, P2, P3, P4, P5, and P6), ten arc types, and three transitions (T1, T2, 

and T3), as demonstrated in Figure 4.3, where the places and transitions are represented 

in yellow and grey, respectively. Each net in the state part has two different outputs (I and 

j) that connect to the transition T4 (in green colour). The latter transition aims to connect all 

state-part nets to the evaluator part. 
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Figure 4.3: State-part net structure of the proposed model with outputs i and j. 

The places used in state part are all defined as a real colour set, with tokens in real number 

domain (R+). The place P1 is associated with the time duration for a specific state (TSn.m), 

which can also represent the total operational time for a specific period (e.g., daily average). 

Place P2 contains a token that has a pre-calculated value that represents the expected 

lifetime for its associated state. In this research, we adopt the developed algorithm of 

PEUKERT law (as explained in Chapter 3) to estimate the state lifetime based on its draw 

current value Lt (Sn). 

Places P3 and P4 are elements in state workflow associated with receiving the initial values 

of a state. Places P5 and P6 are the last two outputs that feed the evaluator with the updated 

of the current values of a state to evaluate the battery lifetime. Three transitions are used in 

the state part. The first transition represents an event starting with respect to a state in a 

battery-powered system. This transition is characterised by low priority. Thus, any state can 

start at any time, as they all have equal priority values. The second and third transitions are 

characterised by high priority, and so on. This allows the evaluator part to evaluate the 

running state in workflow before starting a new event of another state. Three types of arcs 

are used in this part: five one-direction, three double-arrow, and two two-direction arcs. 
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Places and transitions used in the state part are described in Tables 4.1 and 4.2, 

respectively.  

Place 
name 

Description Colour set type 

P1 Time duration for a state (TSn.m) Real colour set  

P2 Expected lifetime (Lt (Sn)) Real colour set 

P3 Current value of the ratio of time duration over expected battery lifetime  Real colour set 

P4 Current time duration same as P1 Real colour set 

P5 The summation of previous and current values for P3 in non-negative 
real values domain 

Real colour set 

P6 The summation of previous and current values for state time duration Real colour set 

Table 4.1: Description of Places used in state part. 

Transition 
name 

Description Priority level 

T1 Workflow start Low 

T2 Workflow element 1 to update the previous value in place P5 High 

T3 Workflow element 2 to update the previous value in place P6 High 

Table 4.2: Description of Transitions used in state part. 

4.3. Evaluator Part 
The evaluator part is responsible to compute the average elapsed time of all states from the 

sensor initiation to operation. It contains the battery state in Boolean function, defined by 

(alive or die) and battery’ lifetime percentage. The evaluator is one fixed structure 

connecting several states’ nets. Figure 4.4 shows an example of two states connected to 

the evaluator part, where (i, j) and (y, z) are the outputs for state 1 and state 2, respectively. 

The evaluator part consists of six places illustrated in yellow, while the three transitions are 

depicted in grey, and there are direct and inhibitor arcs. Ten one-direction arcs and one 

inhibitor arc are used in the evaluator part. Tables 4.3 and 4.4 describe the places and 

transitions used in this part, respectively.  



44 

 

Figure 4.4: Example of two states connected to evaluator part. 

Place 
name 

Description  Defined colour set 

P1 Summation of elapsed time of states  Real colour set 

P2 Total elapsed time for all states  Real colour set 

P3 Summation of elapsed time to lifetime ratio of all states Real colour set 

P4 Battery lifetime state evaluation (alive or dead) Boolean function  

P5 Total summation of elapsed time to lifetime ratio of all states Real colour set 

P6 Battery die state and the end of evaluation process Unit colour set 

Table 4.3: Description of places used in state part. 
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Transition 
name 

Description Priority level 

T1 Evaluation process start High 

T2 Updating the previous value of total elapsed time for all states High 

T3 Evaluating the battery state and lifetime percentage High 

Table 4.4: Description of transitions used in state part. 

4.4. Workload-Part and Model's Global Time Indicator 
Usually, battery-powered nodes such as wireless sensor node are operated over the course 

of many years, with hardware states drawing a small amount of current (milliampere), and 

operations usually running in milliseconds. Therefore, for fast battery lifetime estimation, a 

daily workload can be included in the proposed net. In addition, the values such as Lt (Sn) 

and (T Sn.m) can be also converted to the same time scale (e.g., daily), which allows the 

global time of the model to be adjusted to count days. Figure 4.5 shows an example of a 

connected daily workload consisting of one place (P next) and one transition (T next). In 

addition, it consists of one two-direction arc and one-direction arc that connect to every 

state in the battery-powered node. An inhibitor arc is used to connect place (P6) located in 

the evaluator-part to the transition (T next). This step is required to stop the global time from 

counting any new upcoming event once the battery energy runs out.  
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Figure 4.5: Example of daily workload attached to the proposed net. 

The workload starts at day T = 0 and then increases by one day as defined by the notation 

@+1. The notation @ is used to convert the coloured net into timed coloured net. An 

example of the model global time is demonstrated in Figure 4.6. The red box in the figure 

shows the number of steps and the expected battery lifetime for the corresponding condition 

in days.  
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Figure 4.6: An example of model’s global time that used as battery lifetime indication in 

days.  

4.5. Declaration and Defining the Model Variables  
The declaration part is necessary to define all colour sets used in the net. All the control 

functions and variables also must be defined. A standard declaration is defined by default 

in CPN, illustrated in the red box in Figure 4.7.  
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Figure 4.7: Example of standard declarations in CPN. 

However, additional definition of variables and other colour sets used in the model is 

necessary. The following explains the variables attached to the arcs in the model, and how 

to define them in the declarations. An example of two state-part net connected to an 

evaluator is demonstrated in the Figure 4.8. The variables in the red box (a, b, c, d) are the 

same for all state-part nets. However, the two outputs for each state must have different 

variables, such as (e and f) for state 1, and (g and h) for state 2, as illustrated in the blue 

box. The variables (e and g) represent the ratio of operational time over its expected lifetime 

for state 1 and state 2, respectively. The variables (f and h) represent the total time duration 

for state 1 and state 2, respectively.  
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Figure 4.8: Variables (a, b, c, d, e, f, g, and h) attached into arcs for two state-part nets. 

The evaluator-part consist of fixed variables such as x, y, and z, represented in red colour 

in Figure 4.9. The variable z is the same as the value of the token in the place P44, where 

the initial marking is set to zero (likewise the variable y). The variable (f +h>z) represents 

the transition guard condition in the CPN concept, which allows the transition to be enabled 

once the condition is met. This guard is important in the net to maintain the workflow of the 

model. The first segment in the condition represents all the state-part nets’ outputs 

dedicated for the total time duration. In this example, two state-part nets have (f and h), 

where the second segment z is fixed. In the same manner, the arc weight is shown in the 

green box (f +h). The arc connected to place P45 contains the IF statement control function. 

The first segment in the first two lines (e + g) is associated with all outputs of state-part nets 

dedicated for the ratio of operational time over the state expected lifetime. In this case, two 

state-part nets outputs exist (e and g). The pink box represents the transition guard on 

transition T24.  
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Figure 4.9: Evaluator part and its main elements. 

The value of variable x should be equal to or greater than the percentage needed to stop 

the battery lifetime evaluation process. In this example, it is set to (x >=0.8) to represent the 

required percentage needed to stop battery lifetime evaluation process for alkaline battery. 

The grey box in Figure 4.9 shows the IF statement control function attached to the arc 

connected to place P47. It represents the state of the battery to be evaluated by the Boolean 

function as either alive or dead It is required to define the place P47 as a Boolean colour 

sets in the deceleration.  

Figure 4.10 shows an example of defining the variables previously discussed in the red box. 

The first line represents defining the variables as real values. In this example, an alphabet 

scheme is used to represent these variables, where:  

• Variables a, b, c, and d are fixed for all state-part nets, as previously discussed.  

• Variables e, f, g, h, i, k, j, l, m, n, t, p, q, and r represent outputs for seven state-part 

nets in this example.  

• Variables x, y, and z are associated with evaluator-part.  
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The second line is related to defining the place P47 in the evaluator-part as a Boolean colour 

set. The third line is associated with defining the workload place P next as a timed colour set. 

The variable event is in the same domain of the colour set Next. This variable is attached 

to the arcs that connect the place P next with transition T next. It is defined in the fourth line as 

demonstrated in Figure 4.10.  

 

Figure 4.10: Example of defining variables and colour sets in CPN for seven state-part 

nets and one workload. 

4.6. HCPN Modelling Steps to Estimate Battery Lifetime  
The following are steps that can be used for modelling a general HCPN model to estimate 

sensor battery lifetime.  

1. Finding the number of energy consumption sources in battery-powered device as a 

function of hardware component states 

The number of these states will identify the number of state-part nets. Figure 4.11 shows 

the number n of state-part nets connected to transition T4, where each net has two outputs.  
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Figure 4.11: Relation between the number of battery-powered device states and the 

number of state-part nets. 

2. Pre-calculate the estimated lifetime for each individual source by PEUKERT law based 

on three main parameters 

• C: Battery capacity 

• K: PEUKERT constant depend on battery type 

• I(n): Draw current for source n 

Where the expected lifetime for each state by PEUKERT’s law can be computed by  

𝐿𝐿𝐿𝐿(𝑆𝑆𝑆𝑆)  =  𝐶𝐶
𝐼𝐼(𝑛𝑛)𝑘𝑘

  

This value is inserted in all places of P1.1, P2.1, and Pn.1 (Figure 4.11) for each state-part net.  

3. Build an evaluator-part net  

The evaluator-part net has six places (P e.1, P e.2, P e.3, P e.4, P e.5, and P e.6) and two 

transitions (T e.1 and T e.2) connected to transition T4, as demonstrated in Figure 4.12. 
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Figure 4.12: Connecting an evaluator-part net to the state-part net. 

4. Defining the variables on arcs  

The variables (a, b, c, and d) are semantic for all state-part nets. However, their outputs are 

must have different variables definitions, such as (e, f, g, h, I, and j). Likewise, the variables 

found in evaluator-part net (x, y, and z) are fixed. The arc connecting transition T4 with place 

P e.3 contains an if statement definition, shown in the red box in Figure 4.13, which depends 

on the first output for each state-part net used (e.g., e, g, and i). In addition, the arc 

connecting transition T e.2 with place P e.6 has an if statement condition corresponding to the 

percentage of the battery lifetime required to stop any further processing. In this example, 

it is assumed to be 0.80, meaning that 80% of the battery lifetime is selected.  
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Figure 4.13: Defining variables on arcs. 

These variables need to be defined in the CPN deceleration as real values, as 

demonstrated in Figure 4.14. 

 

Figure 4.14: Defining all the variables as real values in CPN. 

5. Defining the places 

All the places are defined as a real colour set except place P e.6, defined as a Boolean colour 

set, as demonstrated in Figure 4.15, where ‘BatteryState’ is a Boolean colour set defined 

by two variables (alive or dead) to indicate the battery lifetime state.  



55 

 

Figure 4.15: Defining the place P e.6 as Boolean colour set. 

6. Assign priorities to transitions 

All transitions in the model have high priority defined by ‘P_HIGH’ in Figure 4.16. However, 

only the first transition in every state-part net is defined as low priority by ‘P_LOW’. This 

step can help to avoid conflict transition issue. It ensures that the battery lifetime estimation 

process works in desirable manner.  

 

Figure 4.16: Example of assign priorities to transitions for three state net. 

7. Initial marking 

All state-part nets outputs are assigned zero initial marking to ensure the domain of battery 

lifetime estimation process is in positive real values. This can be done by the notation ‘1`0.0’, 

where the first digit means one token is inserted, and the second means the token value 

equals zero. Likewise, the initial marking for both places P e.2 and P e.4 of the evaluator-part 
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are equal at zero. Furthermore, the estimated lifetime by PEUKERT law (Lt (Sn)) for each 

state is inserted as initial marking (step 2) (Figure 4.17). 

 

Figure 4.17: Example of initial marking distribution. 

8. Insert all the operational time (T Sn) for all states as tokens in their corresponding places 

Figure 4.18 shows an example of different operational times in the places P 1, P 2, and P n. 

In Place P 1 there are two different operational times exist denoted by ‘1`15.0++1`10.0’, 

meaning that one token equals 15.0 and another equals 10.0. It should be noted that these 

values are written in the real value domain. This mean 15 is not an acceptable format. It 

should be written as 15.0. The tokens in place P 2 contain two operational times. Two tokens 

have values of 3.0, and four have values of 2.5. Place P n has only one token, with the 

value 2.0. It should also be noted that the operational time of states should be in the same 

timescale of the expected lifetime Lt (Sn) in their corresponding places (e.g., in milliseconds).  
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Figure 4.18: Inserting operational time for each state in positive real value domain. 

9. Adding daily workload 

The previous steps suit a scenario where all the operational times of all states are known. 

However, for a daily energy consumption consideration, a daily workload should be added 

to the model. The operational times are not be added directly as tokens in all state places 

P 1, P 2, and P n (step 8). Instead, the operational times are inserted on all arcs connected 

with the workload-part with all state places (P 1, P 2, and P n). In addition, an inhibitor arc is 

connected the daily workload to the place P e.5, as demonstrated in Figure 4.19, which in 

turn can stop the daily workload once the battery runs out. 
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Figure 4.19: Adding daily workload to the model. 

The colour set ‘Next’ is defined for the place P next with the corresponding variable event. 

Figure 4.20 shows how these elements can be defined in CPN deceleration. As illustrated 

in Figure 4.19, the place P next contains a timed token ‘Next’ that has an initial timestamp 

equal to 0 days.  

 

Figure 4.20: Defining the workload-part in the CPN. 

10. Temperature change 

In case of temperature change, the new expected lifetime Lt (Sn) at temperature T2 can be 

calculated based on Equation 13 (section 3.1) as: 

Equation 20: Expected lifetime at new temperature T2 

LT (Sn).new = 𝐶𝐶.𝑛𝑛𝑛𝑛𝑛𝑛
𝐼𝐼𝐼𝐼𝑛𝑛.𝑛𝑛𝑛𝑛𝑛𝑛𝑘𝑘  
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11. Convert the lifetime value into a compatible scale with target timing sets for analysis 

(e.g., hourly scale). 

12. Building state-net part compatible with the number of sources found in step 1 and 

connecting with one evaluator-net.  

13. Connect the sources with a timed workload timestamp representing the average time 

scale needed for analysis (e.g., average in daily scale). 

14. Select battery threshold in percentage (e.g., 100% or 80%). 

15. Connect an inhibitor arc between the selected threshold in step 7, to the selected 

workload in step 6; to stop the emulator process.  
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Chapter 5  
Profiling and Analysing WSN Operational Time: Case Study of 

LLN Nodes 

5.1. Introduction  
Nodes operated by LLN protocols have longer lifespans, and they are preferred for 

applications that need to be run over many years, with minimal or no maintenance. This 

case study explores the impact of LLN network on battery-powered node lifetime, analysing 

the operational time of sink and normal nodes operated by Contiki operating system. The 

normal nodes are responsible to send periodic data to sink nodes. Two topologies are 

considered: (A) sole node connected to a sink; and (B) one sink serving two nodes. The 

difference between a sink and normal node is that the former has the ultimate power-source, 

thus estimating its lifetime is unnecessary while the latter has a constrained power source 

(the battery). 

A COOJA simulation was run to extract the main protocols involved during the sensor node 

lifetime, which were further classified into the main operations for the two different 

topologies. These operations happened in milliseconds, operated by different sensor 

hardware units (radio and CPU). The simulation settings and results are discussed in 

sections 5.2 and 5.3, respectively. The duration of these operations and their frequencies 

were collected and recorded during the simulations, and a CPN was used for the developed 

HCPN model, which can estimate nodes’ lifetimes by utilising the established LLN network 

operational time values. The developed model is implemented and discussed in detail in 

Chapter 6. An overview for the process of estimating battery lifetime of LLN nodes is 

demonstrated in Figure 5.1. 

 

Figure 5.1: Overview of process of estimating battery lifetime for LLN nodes. 
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5.2. LLN Nodes Operational Time Analysis 

5.2.1. COOJA Simulation Setting  

A sky mote platform (Appendix A) was selected to be emulated in the COOJA network 

simulator. The radio medium used was Multi-path Ray-tracer Medium (MRM). A 

communication model was selected in COOJA library, namely “RPL collect”, which includes 

a sink responsible to collect UDP data, and a node that sends UDP data every minute. The 

primary role is performed by a sink node. Two topologies are considered: Topology I (one 

node and one sink), and Topology II (two nodes connected to a sink). The environment 

settings are shown in Table 5.1. The topology used for both simulations is shown in Figure 

5.2. The protocol stack used in this simulation is demonstrated in Table 5.2. 

Radio medium MRM 

Mote start-up delay (ms) 1,000 

Random seed 123,456 

Platform Sky mote 

Table 5.1: Simulation setting in COOJA. 
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Figure 5.2: Simulation topology 

Layer name Protocol Standard 

Physical IEEE 802.15.4 PHY IEEE 802.15.4 

Radio duty cycling ContikiMAC - 

Data link IEEE 802.15.4 MAC (CSMA) IEEE 802.15.4 

Adaption 6lowpan IETF RFC 6282 

Network IPv6 / RPL IETF RFC 6550 

Transport UDP IETF RFC 768 

Table 5.2: Associated protocol stack for LLN nodes. 

5.2.2. LLN Network Protocols and Main Operations  

Wireshark open-source packet analyser was used to analyse the associated 

communication protocols. The captured traffic was found have different characteristics, 

such as packet lengths in bytes, associated protocols, and different communication styles. 

This is due to each one being involved in different operations. The captured traffic found is 

demonstrated in Table 5.3.  
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Traffic 
captured 

name 

Description Length 
(bytes) 

Communication 
style 

Associated 
layer name 

Protocol 
name 

ICMPv6/ 
DIO  

Sink sends DIO broadcast 
message 

97 Receiving 
broadcast 
message 

Network IPv6 / 
RPL 

ICMPv6/ 
DAO  

Node sends DAO 76-byte 
packet to sink and receives 5-
byte acknowledgment 

76 Multicast  Network IPv6 / 
RPL 

UDP  Node sends 97-byte UDP 
packet 

97 Multicast Transport UDP 

ICMPv6/ 
DIO 

Node sends 102-byte DIO 
control message and receives 5-
byte acknowledgment 

102 Multicast Network IPv6 / 
RPL 

ICMPv6/ 
DIO 7  

Node send a broadcast DIO 
control message with 
length 97 

97 Broadcast Network IPv6 / 
RPL 

ICMPv6/ 
DIS 

Node sends DIS broadcast 
message 

64 Broadcast Network IPv6 / 
RPL 

IEEE 802  Acknowledgement 5 N/A Physical IEEE 
802.15.4 

PHY 

Table 5.3: Captured traffic and their characteristics. 

The main nodal operations can be grouped into five main operations for Topology I: 

1. Node listening to the radio channel for any incoming packets. 

2. Node sending broadcast message. 

3. Node sending and receiving multicast message. 

4. Node receiving broadcast message. 

5. Carries sensing multiple collision (CSMA).  

The fifth activity is performed every time the sensor wishes to send a packet. When two 

nodes are connected to a sink (Simulation II), an additional operation is undertaken: 

6. One of the nodes sending a broadcast message and receiving multicast message 

from adjacent node.  

In Simulation I, when a sensor sends a broadcast message (e.g., Profile 7 and Profile 8), it 

can only be received by the sink. However, in Simulation II, any adjacent node can receive 

part of that message, even if it is not a target node for the packet. As a result, another 

additional operation is considered for adjacent nodes receiving such traffic: 



64 

7. Receiving broadcast message from adjacent node.  

Different protocols may be involved in the same operation, reacting differently in terms of 

their duration and node hardware units used. Network protocols may activate transmission 

and/ or reception modes. For instance, a broadcast message is usually sent by one node 

via multiple packets, activating two different hardware units (e.g., CPU and radio unit). In 

addition, operations with multicast communication style usually happen by two different 

protocols with different sizes. In this style of communication, an acknowledgment packet is 

usually received after sending a packet. For example, in captured traffic of one UDP packet 

of 97-byte size, followed by an acknowledgment packet of 5-byte size, the first packet will 

activate the radio unit in the transmitting mode for 3.25 milliseconds, whereas the 

acknowledgment packet will activate the radio unit in the receiving mode for 0.316 

milliseconds. 

Therefore, it was found that the best way to analyse their time is by further breaking these 

operations down into profiles, which affect nodal battery lifetime. They consist of different 

protocols and occur regularly during the node lifetime. Every time these profiles happen, 

they activate different hardware units for a duration of time. Eight profiles are considered 

for the first topology, and eleven profiles for the second. The difference between first and 

second topologies is that Profile 6 is not included in operation 2. Rather it is included under 

Profile 9, which has the same protocol but different characteristics. For instance, this profile 

has a different communication style. It sends a broadcast message and waits for an 

acknowledgment from an adjacent node. This profile may send a broadcast message with 

different number of strobes (strobe size).  

The number of strobes is associated with the time that the other node performs a channel 

listening procedure. Once the other node wakes up and receives that packet, it sends an 

acknowledgment to confirm that it receives the packet. Table 5.4 demonstrates all the 

profiles found, their associated protocols, the total time duration for each instance of 

occurrence, and the duration spent by different hardware units. Three different hardware 

states are considered: radio transmitting (Tx), radio receiving (Rx) and processor on (CPU 

on). Table 5.5 shows the main operation for the two topologies and their associated profiles.  
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Profile 
name 

(n) 

Description  Associated 
protocol 
names 

Total 
operational 

time  
Total TOP (Pn) 

(ms) 

Hardware unit operational time 
(ms) 

TOP (Pn _ Tx) TOP (Pn _Rx) TOP 
(Pn_CPU_On) 

Radio 
transmitting 

(Tx) 

Radio 
receiving 

(Rx) 

CPU 
processing 

(On) 

1 Periodic channel listening ICMPv6/ 
DIO 
 

0.86  N/A 0.86 N/A 

2 Receiving Broadcast 
message 

ICMPv6/ 
DIO 
 

7.44 N/A 4.5 2.94 

3 Carrier sense multiple 
collision (CSMA/CA) 

 2.58 N/A 2.58 N/A 

4 Sending multicast data 
with acknowledgment 

ICMPv6/ 
DAO  

4.54 2.58 0.316 1.654 

IEEE 802 
/ACK  

5 Sending multicast data 
with acknowledgment 

 UDP  5.18 3.25 0.316 1.614 

IEEE 802 
/ACK  

6 Sending multicast data 
with acknowledgment 

ICMPv6/ 
DIO  

5.37 3.4 0.316 1.654 

IEEE 802 
/ACK 1 1 

7 Sending broadcast data 
 

ICMPv6/ 
DIO  

113 94.25 N/A 18.75 

8 Sending broadcast data ICMPv6/ 
DIS 
 

108.68 82.954 N/A 25.726 

 
9 

Sending broadcast data 
with acknowledgment 

ICMPv6/ 
DIO  

9 3.4 x Ss 0.316 1.36+(Ss x 
0.8) 

IEEE 802 
/ACK 1 1 

7` Receiving broadcast 
message of Profile 7 

CMPv6/ 
DIO 

9 NA 4 5 

8` Receiving broadcast 
message of Profile 8 

ICMPv6/ 
DIS 

6.74 NA 2.93 3.81 

9` Receiving broadcast 
message of Profile 9 

ICMPv6/ DI 9.6 0.316 3.4 5.88 

*SS: Strobe size 
 Table 5.4: Classifying node operations into different profiles.  
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Topology  
no. 

Topology 
description 

Operation description Associated 
profiles 

I One node attached 
to a sink 

1. Client listening to the radio channel for any 
incoming packets 

1 

2. Client sending broadcast message 8, 7 

3. Client sending and receiving multicast message 4, 5, 6  

4. Client receiving broadcast message 2 

5. Sensing carrier (CSMA) 3 

II Two nodes attached 
to a sink 

1. Client listening to the radio channel for any 
incoming packets 

1 

2. Client sending broadcast message 8, 7  

3. Client sending and receiving multicast message 4, 5  

4. Client receiving broadcast message from sink 2 

5. Sensing carrier (CSMA) 3 

6. Client sending broadcast message and receiving 
multicast message from adjacent client 

9 

7. One of the nodes receives broadcast message 
from adjacent node 

7`, 8`, 9` 

 Table 5.5: Associated profiles for each founded operation. 

By knowing the number of occurrences for each profile, the total time spent by any profile 

n over an observation period p can be calculated by multiplying the number of its occurrence 

by its operational time duration:  

Equation 21: Total operational time spent by profile n over an observation period p 

Total TOP (Pn _period p) = Nc (Pn _period p) x TOP (Pn).  

Where Nc is the number of occurrences for profile n in the observation period p, and TOP is 

the operational time for profile n.  

It can be seen from Tables 5.4 and 5.5 that each profile may operate by a single operation 

or multiple operations in different hardware units. For instance, Profile 1 is usually operated 

by radio unit in receiving state (Rx). Therefore, the total operational time for Profile 1 over 

an observed period p can be computed as:  

Equation 22: Total operational time spent by Profile 1 over an observed period p 

Total TOP (P1 _period p) = Total TOP (P1 _ period p_ Rx)  
 = Nc (P1 _period p) x TOP (P1 _ Rx).  
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Where TOP (P1 _ Rx) is the operational time for Profile 1 in Rx state.  

On the other hand, Profile 4 is operated by three different hardware states, transmitting (Tx), 

Receiving (Rx) and Processing (CPU_ on). Thus, the total operational time for Profile 4 over 

an observed period p can be computed by the summation of total operational time operated 

by these three states as: 

Equation 23: Total operational time spent by Profile 4 over an observed period p 

Total TOP (P4 _period p) = Total TOP (P4_period p _Tx)) + Total TOP (P4_period p _Rx) + Total TOP (P4_period p 

_ CPU on) 

 = (Nc (P4_Period p) x TOP (P4 _Tx)) + (Nc (P4_Period p) x TOP (P4 _Rx)) + 

(Nc (P4_Period p) x TOP (P4 _ CPU on)).  

The number of occurrences of these profiles over a specific period is dynamic, based on 

many factors. However, the number of occurrences of Profile 1 and Profile 3 can be 

calculated and estimated based on number of occurrences of other profiles. Profile 1 found 

in our example occurs periodically by two different cycles, primary and secondary. The 

primary occurred every time after 125 milliseconds, while the secondary cycle occurs after 

250 milliseconds. The primary cycle is the main one and is always happening. However, 

when a broadcast message event occurs, Profile 1 will occur again by the secondary cycle. 

Thus, the number of Profile 1 occurring over an observe period p can be calculated by the 

summation of the number of occurrences for both primary and secondary cycles, as in the 

following equation:  

Equation 24: The number of Profile 1 occurring over an observe period p 

Nc (P1 _period p) = Nc (w2 _period p) + Nc (w1 _period p).  

The number of occurrences of secondary cycle (w2) is equal the number of broadcast 

message events (BE) occurred in that observation period p: 

Equation 25: The number of occurrences of secondary cycle over an observe period p 

Nc (w2 _period p) = Nc (BE_ Period p).  

The number of broadcast message events (BE) for the first topology equals the total number 

of occurrences of Profiles 2, 7, and 8 at the observation period p. For the second topology 

it equals the total occurrences of Profiles 2, 7, 8, and 9. The number of occurrences of 

primary cycles for the observation period p can be calculated as: 

Equation 26: The number of occurrences of primary cycle for the observation period p 

Nc (w1 _period p) = (  𝑝𝑝 𝑚𝑚𝐼𝐼
125𝑚𝑚𝐼𝐼

 )– (2 x (Nc (w2 _period p)).  
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The reason for multiplying the number of the secondary cycles by two is because the 

secondary cycle is double the primary cycle, occurring every 250ms rather than 125ms.  

Profile 3 checks the radio channel before sending any packet. Therefore, the number of 

Profile 3 occurred is equal the number of sending message events (SE) occurring in that 

observation period p. In this case, the number of sending message events is equal to the 

total number of all Profiles 4, 5, 6, 7, and 8 for the first topology, given by: 

Equation 27: The number of Profile 3 occurring over an observe period p 

Nc (P3 _period p) = Nc (SE_ Period p).  
 = Nc (P4 _period p) + Nc (P5 _period p) + Nc (P6 _period p) + Nc (P7 _period p) + Nc (P8 _period p).  

In the second topology, Profile 9 is considered in sending message events.  

5.3. Simulation Results  

5.3.1. Simulation I: Sole Node Connected to Sink 

When the simulation was run for different observation times, it stopped eight times, and five 

periods were created, each of which was of approximately one hour’s duration. The first 

one-hour time interval was stopped four times (a, b, c, and d); the first three stops were ten 

minutes each, and the fourth was thirty minutes. Accordingly, the other time intervals were 

stopped and recorded after one hour. The number of occurrences was determined and 

estimated for each profile over the observation periods, as illustrated in Table 5.7.  

The first observation period (1a) stops exactly at 10 minutes, 28 seconds, 732 milliseconds 

(628732ms). The value for the first time the sensor started listening to the channel (Profile 

1) after 750 milliseconds is referred to as the node wake-up time. It should be noted that 

the secondary cycle first occurs after the sensor node wakes up, and then only happens 

again after a broadcast message event. Thus, the number of occurrences for the secondary 

cycle for the first observation time is the same as the number of broadcast message events, 

plus one. However, for the other period it is assumed that the number of secondary cycles 

occurred in equal number to broadcast message events. The number of occurrences of 

secondary cycle can be computed as:  

Equation 28: The number of secondary cycle occurring over an observe period 1a 

Nc (w2 _period 1a) = Nc (BE_ Period 1a) + 1 

 = Nc (P2 _period 1a) + Nc (P7 _period 1a) + Nc (P8 _period 1a) +1  
 = 7 +7 +1 + 1 = 16 times. 

The number of occurrences of primary cycle can be computed as:  
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Equation 29: The number of primary cycles occurring over an observe period 1a 

Nc (w1 _period 1a) = (  𝑝𝑝 𝑚𝑚𝐼𝐼
125𝑚𝑚𝐼𝐼

 )– (2 x (Nc (w2 _period 1a)).  

 = (  628732 ms − 750 ms 
125𝑚𝑚𝐼𝐼

 ) – (2 x (16)) ≈ 4992 times.  

Thus, the number of occurrences of Profile 1 in the first observation time can be estimated 

by the summation of the number of both primary and cycle as: 

Equation 30: The number of Profile 1 occurring over an observe period 1a 

Nc (P1 _period 1a) = Nc (w2 _period 1a) + Nc (w1 _period 1a).  

 = 16 + 4992 = 5008 times. 

The total time spent by Profile 1 operated by the radio unit in receiving mode (Rx) can be 

calculated by multiplying the number of its occurrence by its operational time duration:  

Equation 31: Total operational time for Profile 1 over a observe period 1a 

Total TOP (P1 _period 1a) = Total TOP (P1 _ period 1a_ Rx) 

 = Nc (P1 _period 1a) x TOP (P1 _ Rx).  

 = 5008 times x 0.86ms = 4306.88ms.  

The listening duty cycle percentage of the node over the first observation time 1a can be 

computed as: 

Equation 32: The listening duty cycle percentage for period p 

Listening duty cycle (%) = Total TOP (P1 _period p) 
𝑝𝑝

 𝑥𝑥 100 % = 4306.88 ms 
627982 ms

 𝑥𝑥 100 =  0.68 %. 

The total operational time spent for transmitting packets by all profiles in the first observation 

time 1a; can be calculate by the summation of all Tx components in the Profiles 4, 5, 6, 7, 

and 8 as: 

Equation 33: The total operational time spent for transmitting packets by all profiles over 

period 1a 

Total TOP (period 1a_Tx) = Total TOP (P4_period 1a_Tx) + Total TOP (P5_period 1a_Tx) + Total TOP (P6_period 

1a_Tx) + Total TOP (P7_period 1a_Tx) + Total TOP (P8_period 1a_Tx) 

 = (Nc (P4_Period 1a) x TOP (P4 _Tx)) + (Nc (P5_Period 1a) x TOP (P5 _Tx)) + (Nc (P6_Period 1a) x TOP (P6 _Tx)) + 

(Nc (P7_Period 1a) x TOP (P7 _Tx)) + (Nc (P8_Period 1a) x TOP (P8 _Tx))  
 = (7 x 2.58) + (9x 3.25) + (5 x 3.4ms) + (7 x 94.25ms) + (1 x 82.954ms) 

 = 18.06+ 29.25 + 17 + 659.75 + 82.954 = 807.014ms.  

Thus, the transmission duty cycle percentage for the same observation period can be 

computed as: 
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Equation 34: Transmission duty cycle percentage for period 1a 

Transmission duty cycle (%) = Total TOP (period 1a_Tx) 
observe period

 𝑥𝑥 100% 

 = 807.014ms.s 
627982 ms

 𝑥𝑥 100 % = 0.128% 

These values were compared with corresponding values from COOJA simulation for the 

same observation period, revealing an error of approximately 0.02%, as illustrated in Table 

5.6.  

Description Calculated COOJA  Difference 

Listening duty cycle (%) 0.68 0.66 + 0.02 

Transmission duty cycle (%) 0.128 0.11 + 0.018 

Table 5.6: Comparing the calculated transmission and listening duty cycle with COOJA 

simulator over period 1a. 

The number of occurrences of Profile 3 for the first observation time is computed as: 

Equation 35: The number of occurrences of Profile 3 over period 1a 

Nc (P3_Period 1a) = Nc (P4_Period 1a) + Nc (P5_Period 1a) + Nc (P6_Period 1a) + Nc (P7_Period 1a) + Nc (P8_Period 

1a).  

 = 7+9+5+7+1 = 29 times.  

It was found that Profile 8 occurred only one time during the sensor lifetime (at the 

beginning), while in other observation periods it was neglected. The total time spent by 

Profile 3 operated by the radio unit in receiving mode (Rx) can be calculated by multiplying 

the number of its occurrences by its operational time duration: 

Equation 36: Total operational time for Profile 3 over period 1a 

Total TOP (P3 _period 1a) = Total TOP (P3 _period 1a_Rx) = Nc (P3 _period 1a) x TOP (P3_Rx)  
 = 29 times x 2.58 = 74.82ms.  

The number of occurrences found and estimated for all profiles is illustrated in Table 5.7. 

Additionally, the total operational times operated by different hardware units were 

calculated. It can be noticed that the first hour of node lifetime had the most intensive profile 

activities, which is due to the initialising and set-up of radio link procedures during the initial 

period. On the other hand, the other observation periods tend to be stable (once the network 

becomes stable). 
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Profile 
name 
profile 

(n) 

Period  
name 

period (p) 

No. 
occurrences 
for profile n 

over period p 
Nc (Pn_Period p) 

(times) 

Total operational 
time for profile n 

over period p 
Total TOP. (Pn _ period p) 

(ms) 

Total hardware unit operational time 
(ms) 

 Total 
TOP (Pn _ Tx) 

 Total  
TOP (Pn _ Rx) 

 Total 
TOP (Pn_CPU_on) 

Radio 
Transmitting 

(Tx) 

Radio 
Receiving 

(Rx) 

CPU 
Processing 

(On) 
 

P1 
1a 
1b 
1c 
1d 
2 
3 
4 
5 

5008 
4798 
4799 

14398 
28792 
28794 
28794 
28795 

4306.88 
4126.28 
4127.14 

12382.28 
24761.12  
24762.84 
24762.84 
24763.7  

 
N/A 

4306.88 
4126.28 
4127.14  

12382.28  
24761.12  
24762.84 
24762.84 
24763.7  

 
N/A 

 
P2 

1a 
1b 
1c 
1d 
2 
3 
4 
5 

 7 
2 
0 
1 
4 
3 
3 
4 

52.08 
14.88  

0  
7.44 

29.76 
22.32 
22.32 
29.76 

 
N/A 

31.5  
9  
0  

4.5 
18 

13.5 
13.5 
18 

20.58 
5.88 

0 
2.94 
11.76 
8.82 
8.82 
11.76 

 
P3 

1a 
1b 
1c 
1d 
2 
3 
4 
5 

29 
16 
17 
49 

100 
98 

101 
94 

74.82 
41.28 
43.86 

126.42 
258 

252.84 
260.58 
242.52 

 
N/A 

74.82 
41.28 
43.86 

126.42 
258 

252.84 
260.58 
242.52 

 
N/A 

 
P4 

1a 
1b 
1c 
1d 
2 
3 
4 
5 

7 
1 
0 
1 
3 
4 
3 
4 

31.85 
4.546 

0 
4.546 
13.65 
18.2 

13.65 
18.2 

18.06 
2.58 

0 
2.58 
7.74 
10.32 
7.74 
10.32 

2.212 
0.316 

0 
0.316 
0.948 
1.264 
0.948 
1.264 

11.578 
1.654 

0 
1.654 
4.962 
6.616 
4.962 
6.616 

Table 5.7: Number of occurrence for all profiles and their operational time durations  
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Profile 
name 

profile (n) 

Period  
name 

period (p) 

No. 
occurrences 
for profile n 
over period 

p 
Nc (Pn_Period p) 

(times) 

Total operational 
time for profile n 

over period p 
Total TOP. (Pn _ period 

p) 
(ms) 

Total hardware unit operational time 
(ms) 

 Total 
TOP (Pn _ Tx) 

 Total  
TOP (Pn _ Rx) 

 Total 
TOP 

(Pn_CPU_on) 
Radio 

Transmitting 
(Tx) 

Radio 
Receiving 

(Rx) 

CPU 
Processing 

(On) 

P5 1a 
1b 
1c 
1d 
2 
3 
4 
5 

9 
10 
10 
31 
59 
60 
60 
60 

42.546 
51.8 
51.8 

182.384 
305.62 
310.8 
310.8 
310.8 

29.25 
32.5 
32.5 

100.75 
191.75 

195 
195 
195 

2.844 
3.16 
3.16 
31.6 

18.644 
18.96 
18.96 
18.96 

10.4526 
16.14 
16.14 

50.034 
95.226 
96.84 
96.84 
96.84 

6 1a 
1b 
1c 
1d 
2 
3 
4 
5 

5 
5 
6 
16 
34 
31 
35 
29 

26.85 
26.85 
32.22 
85.92 

176.12 
160.58 
181.3 

150.22 

17 
17 

20.4 
54.4 

110.5 
100.75 
113.75 
94.25 

1.58 
1.58 

1.896 
5.056 

10.744 
9.796 
11.06 
9.164 

8.27 
8.27 

9.924 
26.464 
54.876 
50.034 
56.49 

46.806 

7 1a 
1b 
1c 
1d 
2 
3 
4 
5 

7 
0 
1 
1 
4 
3 
3 
1 

791 
0 

113 
113 
452 
339 
339 
113 

659.75 
0 

94.25 
94.25 
377 

282.75 
282.75 
94.25 

 
N/A 

131.25 
0 

18.75 
18.75 

75 
56.25 
56.25 
18.75 

8 1a 
1b 
1c 
1d 
2 
3 
4 
5 

1 
0 
0 
0 
0 
0 
0 
0 

108.68 
0 
0 
0 
0 
0 
0 
0 

82.954 
0 
0 
0 
0 
0 
0 
0 

 
N/A 

25.726 
0 
0 
0 
0 
0 
0 
0 

Table 5.7: Number of occurrence for all profiles and their operational time durations (cont.) 
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The first observation period is the worst case in terms of the number of profile activities 

involved, whereas the fifth observation period was found to be the best-case. These cases 

were multiplied by 24 hours to represent the number of occurrences per day, as 

demonstrated in Table 5.8.  

Profile name Worst-case  
(times) 

Best-case 
(times) 

Profile 1 696072 691080 

Profile 2 240 96 

Profile 3 2664 2256 

Profile 4 216 96 

Profile 5 1440 1440 

Profile 6 768 696 

Profile 7 216 24 

Profile 8 1 0 

Table 5.8: Number of occurrences for each profile per day for best- and worst-case.  

To convert the timing sets of the associated profiles into day units, the number of 

occurrences of each profile (Table 5.7) was multiplied by operation duration (Table 5.4) and 

divided by 86,400,000 (to convert milliseconds into days). Profile 8 happened one time at 

the beginning of the node lifetime. Table 5.9 demonstrates its operational time in different 

hardware units. Tables 5.10 and 5.11 represent the daily timing sets for a node of worst- 

and best-case, respectively. The LPM state can be computed by subtracting one day from 

the total duration spent by all profiles. 

Profile Tx 
(days) 

Rx 
(days) 

CPU 
(days) 

Activity On (days) 

8 9.601157407 x 10 -7 - 2.977546296 x 10 -7 1.25787037 x 10 -6 

Table 5.9: Expected daily timing sets for Profile 8 in Topology I. 
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Profile Tx 
(days) 

Rx  
(days) 

CPU 
(days) 

LPM 
(days) 

1 - 6.928494444 x 10 -3 - 0.9925433928 

2 - 1.25 x 10 -5 8.16 x 10 -6 

3 - 7.955 x 10 -5 - 

4 6.45 x 10 -6 7.9 x 10 -7 4.135 x 10 -6 

5 54.16 x 10 -6 5.266666667 x 10 -6 2.69 x 10 -5 

6 30.2 x 10 -6 2.808888889 x 10 -6 1.470222222 x 10 -5 

7 2.35625 x 10 -4 - 4.6875 x 10 -5 

 
Total 

3.26435 x 10 -4 7.02941 x 10 -3 1.007722222 x 10 -4 

7.456607222 x 10 -3 

 Table 5.10: Expected daily timing sets for a node that represent worst-case in Topology I. 

Profile Tx 
(days) 

Rx  
(days) 

CPU 
(days) 

LPM 
(days) 

1 - 6.878805556 x 10 -3 - 0.9928795317 

2 - 5 x 10 -6 3.266666667 x10 -6 

3 - 6.736666667 x 10 -5 - 

4 2.866666667 x 10 -6 3.511111111 x 10 -7 1.837777778 x10 -6 

5 54.16 x 10 -6 5.266666667 x 10 -6 2.69 x 10 -5 

6 2.738888889 x 10 -5 2.545555556 x 10 -6 1.332388889 x 10 -5 

7 2.618055556 x 10 -5 - 520.83 x 10 -8 

Total 1.105961111 x 10 -4 6.959335556 x 10 -3 5.053663334 x 10 -5 

7.1204683 x 10 -3 

Table 5.11: Expected daily timing sets for a node that represent best-case in Topology I. 

5.3.2. Simulation II: Dual Nodes Connected to Sink 

In the second simulation, the number of profile occurrences is recorded for the two nodes. 

Table 5.12 represents the number of profile occurrences for both nodes per day.  
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Profile Sender 1 Sender 2 

P1 689880 689928 

P2 240 240 

P3 2712 2688 

P4 240 240 

P5 1416 1440 

P6 816 744 

P7 216 240 

P8 1 1 

P6` 744 816 

P7` 240 216 

P8` 1 1 

Table 5.12: Number of profile occurrences per day. 

For Topology II, Profile 8 has the same value as in Topology I, but the receiving Profile 8 

by the adjacent node is considered (P8`). Table 5.13 shows the timing sets of sending and 

receiving for Profile 8.  

Profile Tx 
(days) 

Rx  
(days) 

CPU 
(days) 

P8 9.601157407 x 10 -7 - 2.977546296 x 10 -7 

P8` - 3.391203704 x 10 -8 4.409722222 x 10 -8 

Table 5.13: Expected daily timing sets for Profile 8 and Profile 8` in Topology II. 

It was found that the number of strobes for Profile 9 varied, being sometimes short and 

sometimes long, based on the wake-up time of the adjacent node. Once the adjacent node 

listens to the channel and receives Profile 9 packets, it sends an acknowledgment for 

confirmation. This procedure found in Simulation II takes two strobes sizes of Profile 9. On 

the other hand, it was also found that sometimes takes a strobe size of 30, based on which 

best-case and worst-case topologies are considered for strobe size 2 and 30, respectively. 

Tables 5.14 and 5.15 represent the daily timing sets for all profiles for node 1 and node 2 

as best-case, whereas Tables 5.16 and 5.17 represent the worst-case scenarios for node 

1 and node 2.  
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Profile Tx 
(days) 

Rx  
(days) 

CPU 
(days) 

LPM 
(days) 

P1 - 6.866861111 x 10 -3 - 0.9924498744 

P2 - 1.25 x 10 -5 8.16 x 10 -6 

P3 - 8.098333333 x 10 -5 - 

P4 7.16 x 10 -6 8.777777778 x 10 -7 4.594444444 x 10 -6 

P5 53.26388889 x 10 -6 5.178888889 x 10 -6 2.645166667 x 10 -5 

P9 6.422222222 x 10 -5 2.984444444 x 10 -6 2.795555556 x 10 -5 

P7 2.35625 x 10 -4 - 4.6875 x 10 -5 

P9` 2.721111111 x 10 -6 2.927777778 x 10 -5 5.063333333 x 10 -5 

P7` - 1 x 10 -5 1.38 x 10 -5 

 
Total 

3.629922223 x 10 -4 7.008663333 x 10 -3 1.7847 x 10 -4 

 7.550125555 x 10 -3 

Table 5.14: Expected daily timing sets for node 1, best-case, Topology II 

Profile Tx 
(days) 

Rx  
(days) 

CPU 
(days) 

LPM 
(days) 

P1 - 6.867338889 x 10 -3 - 0.9924189926 

P2 - 1.25 x 10 -5 8.16 x 10 -6 

P3 - 8.026666667 x 10 -5 - 

P4 7.16 x 10 -6 8.777777778 x 10 -7 4.594444444 x 10 -6 

P5 54.16 x 10 -6 5.266666667 x 10 -6 2.69 x 10 -5 

P9 5.855555556 x 10 -5 2.721111111 x 10 -6 2.548888889 x 10 -5 

P7 2.618055556 x 10 -4 - 52.083x 10 -6 

P9` 2.984444444 x 10 -6 3.211111111 x 10 -5 5.553333333 x 10 -5 

P7` - 1x 10-5 1.25x 10-5 

Total 3.846655099 x 10 -4 7.011082222 x 10 -3 1.852596666 x 10 -4 

 7.581007399x 10 -3 

Table 5.15: Expected daily timing sets for node 2, best-case, Topology II 
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Profile Tx 
(days) 

Rx  
(days) 

CPU 
(days) 

LPM 
(days) 

P1 - 6.866861111 x 10 -3 - 0.9913420761 

P2 - 1.25 x 10 -5 8.16 x 10 -6 

P3 - 8.098333333 x 10 -5 - 

P4 7.16 x 10 -6 8.777777778 x 10 -7 4.594444444 x 10 -6 

P5 53.26388889 x 10 -6 5.178888889 x 10 -6 2.645166667 x 10 -5 

P9 9.63 x 10-4 2.984444444 x 10-6 2.395111111 x 10-4 

P7 2.35625 x 10 -4 - 4.6875 x 10 -5 

P9` 2.721111111 x 10 -6 2.927777778 x 10 -5 5.063333333 x 10 -5 

P7` - 1 x 10 -5 1.38 x 10 -5 

 
Total 

1.259235 x 10 -3 7.008663333 x 10 -3 3.900255555 x 10 -4 

  
8.657923889 x 10 -3 

Table 5.16: Expected daily timing sets for node 1, best-case, Topology II 

Profile Tx 
(days) 

Rx  
(days) 

CPU 
(days) 

LPM 
(days) 

P1 - 6.867338889 x 10 -3 - 0.9913808729 

P2 - 1.25 x 10 -5 8.16 x 10 -6 

P3 - 8.026666667 x 10 -5 - 

P4 7.16 x 10 -6 8.777777778 x 10 -7 4.594444444 x 10 -6 

P5 54.16 x 10 -6 5.266666667 x 10 -6 2.69 x 10 -5 

P9 8.783 x 10-4 2.721111111 x 10-6 2.183777778 x 10-4 

P7 2.618055556 x 10 -4 - 52.083x 10 -6 

P9` 2.984444444 x 10 -6 3.211111111 x 10 -5 5.553333333 x 10 -5 

P7` - 1x 10-5 1.25x 10-5 

Total 1.20441 x 10 -3 7.011082222 x 10 -3 4.036349045 x 10 -4 

 8.619127127 x 10 -3 

Table 5.17: Expected daily timing sets for node 2, best-case, Topology II 
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Chapter 6  
Estimating Distributed Alkaline Battery-Powered LLN Nodes in 

Different Tempo-Locations 

6.1. Tempo-location and Applied Scenarios  
Seven sinks are assumed to be placed in different locations that have different degrees of 

temperature, ranging from 20°C to 30°C. These sinks are responsible to collect data from 

nodes, as illustrated in Figure 6.1. Eleven nodes are connected to these sinks by two 

different topologies, as described in Chapter 5; the first is a sole node, and the second is a 

dual node connected to a sink. Each sink has different radio range and is far from other 

nodes. Two different cases are applied: best-case and worst-case (section 5.3). The applied 

node names, temperatures, and associated cases are demonstrated in Table 6.1.  

Node Name Network 
topology 

Location 
temp. 
(°C) 

Case applied 

a  Topology II 20 Best-case 

b 21 

c Topology II 22 Worst-case  
d 23 

e Topology I 27 Best-case 

f Topology I 30 Worst-case 

g Topology II 28 Best-case  
h 29 

i Topology II 26 Worst-case 

j 24 

k Topology I 25 Best-case 

Table 6.1: Nodes specifications. 
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Figure 6.1: Distributed LLN nodes with different temperatures, ranging from 20°C to 30°C.  

6.2. Node and Battery Specifications  
A Tmote-Sky node (see Appendix A) was selected, run by an AA alkaline battery. Two 

different scenarios are considered: one where all nodes have the same battery capacity, 

and another where they do not. For the first scenario, the battery capacity is selected to be 

3100 mA-hour. Four different hardware states are considered: Tx, Rx, CPU on, and LPM. 

The current consumption of these states and their expected lifetimes are demonstrated in 

Table 6.2. It is assumed that the sensor node is always on LPM mode until other states are 

activated.  
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PEUKERT 
constant 

Battery capacity 
(mA-hour) 

Node state Current 
consumption 

Lifetime 
(days) 

 
0.96 

 
3100 

Tx 19.5 mA 7.459628941 

CPU 6.25 mA 22.23850742 

Rx 21.65 mA 6.747002444 

LPM 55.3 µA 2080.340031 

Table 6.2: Different node states and specifications.  

For the second scenario, different nodes have different battery capacities, as shown in 

Table 6.3. It should be noted that nodes a, d, and k have the same battery capacity as used 

in the first scenario (i.e., 3100 mAh).  

Node name Battery capacity 
(mA.H) 

A 3100 

b 2900 

c 2750 

d 3100 

e 2600 

f 2900 

g 2750 

h 2900 

i 2600 

j 2750 

K 3100 

Table 6.3: Selected battery capacity for each node in the second scenario. 

6.3. Impact of Tempo-location on Node Lifetime  
As discussed in the literature review, every time the temperature varies, both capacity and 

current consumption values change. This in turn changes the lifetime value of each state in 

the node. We need to pre-calculate the new battery capacity and the new draw currents of 

different states at each location temperature in order to compute the lifetime for each state. 

These values can then be applied to Petri net model to estimate the node lifetime in days. 

The Petri net models used are discussed in section 6.4. In the first scenario, where the 
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capacity of all nodes is 3100mAh, the capacity varies based on location temperature. The 

new capacity value for each node in the first scenario is listed in Table 6.4.  

Node 
name 

Location 
temperature 

(°C) 

Battery capacities at 
room temperature 

(mA.H) 

Battery capacities at location 
temperature 

(mA.H) 

a 20   
3100 

2684.017 

b 21 2763.571 

c 22 2844.921 

d 23 2928.092 

e 27 3279.507 

f 30 3563.477 

g 28 3372.176 

h 29 3466.824 

i 26 3188.79 

j 24 3013.109 

k 25 3100 

Table 6.4: Battery capacity at room and location temperature for each node in the first 

scenario.  

On the other hand, the new draw currents values for the associated states can be computed 

based on location temperature. These values are demonstrated in Table 6.5. According to 

the new values, the lifetime of each state in days are computed and listed in Table 6.6.  
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Location 
temperature 

(°C) 

I (Tx) 
State  
mA 

I (Rx) 
State  
mA 

I (CPU) 
State  
mA 

I (LPM) 
State  
mA 

20°C 17.69624 19.64736242 5.671871 0.050185 

21°C 18.04705 20.03685802 5.784312362 0.05118 

22°C 18.4028 20.43182784 5.898333671 0.052188456 

23°C 18.76352 20.83231362 6.01394735 0.053211406 

24°C 19.12924 21.23835711 6.131165448 0.054248552 

25°C 19.5 21.65 6.25 0.0553 

26°C 19.87584 22.06728394 6.370463031 0.056365857 

27°C 20.25681 22.49025054 6.492566553 0.057446229 

28°C 20.64293 22.91894138 6.616322569 0.058541222 

29°C 21.03424 23.35339797 6.741743064 0.059650943 

30°C 21.43078 23.79366181 6.868840015 0.060775496 

Table 6.5: Current consumption of the four states at temperatures ranging from 20°C to 

30°C.  

Location 
temperature 

(°C) 

 

Lt (Tx) 
State  
Days 

Lt (Rx) 
State  
Days 

Lt (CPU) 
State  
Days 

Lt (LPM) 
State  
Days  

20°C 7.089379598 6.412123424 21.13472695 1977.084958 

21°C 7.163237803 6.478925875 21.35491166 1997.682522 

22°C 7.23719712 6.545819777 21.57539781 2018.308283 

23°C 7.311252248 6.612800338 21.79616958 2038.960764 

24°C 7.385397928 6.679862801 22.01721131 2059.638499 

25°C 7.459628941 6.747002444 22.23850742 2080.340031 

26°C 7.533940109 6.814214585 22.4600425 2101.063917 

27°C 7.608326297 6.881494579 22.68180122 2121.808724 

28°C 7.68278241 6.948837819 22.90376841 2142.573032 

29°C 7.757303399 7.016239736 23.125929 2163.355433 

30°C 7.831884256 7.083695802 23.34826806 2184.154529 

Table 6.6: Estimated lifetime for the first scenario in days of the four states at 

temperatures ranging from 20°C to 30°C. 
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Likewise, the new battery capacities and draw current values need to be calculated in 

advance. Table 6.7 illustrates the battery capacity for each node, and Table 6.8 

demonstrates the new draw current values for each node at room temperature versus 

location temperature. 

Node 
name 

Location 
temperature 

Battery capacities at room 
temperature  

 

Battery capacities at 
location temperature 

a 20 3100 2684.017 

b 21 2900 2585.276 

c 22 2750 2523.72 

d 23 3100 2928.092 

e 27 2600 2750.554 

f 30 2900 3333.575 

g 28 2750 2991.446 

h 29 2900 3243.158 

i 26 2600 2674.469 

j 24 2750 2672.919 

k 25 3100 3100 

Table 6.7: Battery capacity at room and location temperature for each node in the second 

scenario.  
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Node 
name 

Temperature  
°C 

Lt (Tx) 
State  
Days 

Lt (Rx) 
State  
Days 

Lt (CPU) 
State  
Days 

Lt (LPM) 
State  
Days  

a 20 7.089379598 6.412123424 21.13472695 1977.084958 

b 21 6.701093428 6.060930657 19.97717543 1868.799778 

c 22 6.420094219 5.806775609 19.13946579 1790.434767 

d 23 7.311252248 6.612800338 21.79616958 2038.960764 

e 27  6.381176894 5.771576098 19.02344619 1779.58151 

f 30  7.326601401 6.62668317 21.84192819 2043.241334 

g 28  6.815371493 6.164291613 20.31785907 1900.669625 

h 29  7.256832212 6.563579108 21.63393358 2023.784114 

i 26  6.318788479 5.715147716 18.837455 1762.18264 

j 24  6.551562678 5.925684743 19.53139713 1892.866593 

k 25  7.459628941 6.747002444 22.23850742 2155.223587 

Table 6.8: Estimated lifetime for the first scenario in days of the four states at 

temperatures ranging from 20°C to 30°C. 

6.4. Results 
To estimate the lifetime for the associated node by Petri net for both cases, a semantic net 

structure was built consisting of four state-part net and one evaluator part. This net-structure 

is used to estimate all the nodes, one-by-one; the net-structure is reused by changing the 

input values (as per plug-and-play technique). The simulation of estimated node lifetime 

was very fast, taking one second to reach the final answer, as demonstrated in Figure 6.2. 



85 

 

Figure 6.2: Simulation speed. 

The net is activated by a daily workload. The number of days evaluated is displayed in the 

global time of the model on the left-hand side. Once the battery lifetime expires, no more 

transitions occur. The maximum battery capacity is selected to be 80%. The same model 

structure was used for different network data discussed in the previous chapter (section 

5.3). These values represent the timing sets for all profiles used in the network to display 

network patterns or behaviour. The first topology contains two cases, best and worst, 

plugged in the developed models as shown in Figures 6.3 and 6.4, respectively.  
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Figure 6.3: Topology I model, best-case data, room temperature.  
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Figure 6.4: Topology I model, worst-case data, room temperature. 

The second topology consists of two nodes with different activities, also considering best- 

and worst-case. The developed model for the best-case for the first node and its adjacent 

node is demonstrated in Figure 6.5 and Figure 6.6, respectively. The corresponding worst 

cases for the first and adjacent nodes are demonstrated in Figure 6.7 and Figure 6.8, 

respectively. The network data plugged in the developed models are changed based on the 

topology and cases. On the other hand, the data plugged in the developed models for each 

state are set at room temperature, with the battery capacity of 3100 mAh. This data needs 

to be changed based on the pre-calculated values described previously (section 6.3) for the 

associated battery capacity and draw current in each location, after which the lifetime for 

each node can be computed (in days). The final answer is represented in the red box on 

the left-hand side in every simulation.  

All node lifetimes were estimated by running 22 simulations in the two different scenarios. 

The final answers of all nodes in the first scenario are demonstrated alphabetically in 

Appendix B, and the simulations of the second scenario are demonstrated in Appendix C. 

Table 6.9 lists the nodes’ lifetimes in days for the first scenario. These values are listed in 

descending order, where the top value represents the node expected to run out of energy 
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first. It can be seen that node c and its neighbour node d are the first and second node 

expected to die, respectively. This due to these nodes being connected (Topology II), 

having the lowest degrees of temperature, and being run with the worst-case data. Nodes j 

and i are analogous and comparable, but the adjacent node dies before the primary one in 

the best-case condition, unlike the worst-case. Although node b is 1°C degree higher than 

a, its energy will drain first. Nodes h and g follow the same pattern. Although their 

temperatures are high, they drain energy faster than sole node topologies. Next, node f is 

expected to die. This node has the highest temperature degree of 30°C, formed by Topology 

I and run for the worst-case. Finally, node k and e are expected to die last. They are placed 

in temperatures of 25°C and 27°C, respectively, and are both formed by Topology I, run 

with best-case.  

Node name Temperature Estimated lifetime (days)  

c 22°C 457 

d  23°C 463 

J 24°C 468 

I 26°C 475 

b  21°C 481 

a 20°C 484 

h 29°C 521 

g 28°C 524 

f 30°C 524 

K  25°C 525 

e 27°C 535 

Table 6.9: Estimated LLN node lifetimes based on location temperature for the first 

scenario.  

The second scenario shows different results, as expected. This is due to different battery 

capacities used. The first three nodes are all formed by Topology II and are run with the 

worst-case scenario. The first node expected to die is node i after 399 days. The node is 

placed in a high-temperature location of 26°C, but it has the lowest battery capacity of 2600 

mAh. Next, both of nodes c and j run at 2750 mAh capacity, with temperatures of 22°C and 

24°C respectively. Node e is the first node formed by Topology I and run with the best-case 

that is expected to die. This node has a high-temperature location of 27°C, but it has the 

lowest battery capacity of 2600 mAh. Next is node b, after one day. It is placed in a low-

temperature location of 21°C, formed by Topology II. However, it is run with the best-case 
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and by a battery capacity of 2900. Node d is expected to die two days before node g; the 

former is run in the worst-case and 5°C lower than the latter. This is due to node d having 

higher capacity of 3100 mAh than node g, with 2750 mAh. Nodes a and h are both run with 

the best-case within Topology II. Node h is expected to last four days after node a, which 

has higher battery capacity and lower temperature. Subsequently, node f that has the 

highest temperature, is formed by Topology I, and is run with the worst case. Finally, node 

k is the last node expected to survive after 525 days. This node is set at room temperature 

(25°C), with a high battery capacity of 3100mAh, and it is run with the best-case within 

Topology I. Table 6.10 displays the estimated LLN nodes’ lifetimes based on location 

temperature for the second scenario, and Figures 6.5-6.8 present the related topologies. 

Node name Temperature Estimated lifetime (days)  

I 26°C 399 

c 22°C 405 

J 24°C 419 

e 27°C 449 

b  21°C 450 

d  23°C 463 

g 28°C 465 

a 20°C 484 

h 29°C 488 

f 30°C 490 

k  25°C 525 

Table 6.10: Estimated LLN nodes’ lifetimes based on location temperature for the second 

scenario. 
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Figure 6.5: Topology II model, best-case data, first node, room temperature. 
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Figure 6.6: Topology II model, best-case data, second node, room temperature. 
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Figure 6.7: Topology II model, worst-case data, first node, room temperature. 
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Figure 6.8: Topology II model, worst-case data, second node, room temperature. 
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Chapter 7  
Conclusion and Future Work 

This chapter provides a brief conclusion to this thesis, discussing the salient topics covered 

and summarising the main contributions of this research. The research path faced some 

obstacles that prevented some further analysis, as discussed in section 7.2. Finally, the 

chapter discusses potential directions for future research.  

7.1. Summary 
IoT is a promising paradigm where many objects and constituents can be interconnected 

for improved efficiency, providing vital information and enabling remote control and 

management of processes. Many efforts have been undertaken to improve battery-powered 

hardware with low power requirements to facilitate IoT development and improved 

application functionality, particularly in challenging environments not linked to mains 

electricity. Many application protocols have been proposed for IoT to consider long-life 

services, with devices characterised by low traffic, low energy, and work in lossy 

environments. WSNs have good ability to extract vital information in indoor, outdoor, urban, 

and submarine environments. Some environments require sensors to be battery-powered 

and unattended, with long-life expectations of good quality operability.  

Petri net language is one of the most used languages in concurrent systems, with many 

classes and approaches to model systems behaviour. This thesis investigated battery 

powered WSN systems in coloured Petri net. Existing methods have failed to provide a 

general common background for quick estimation of sensor battery lifetime, especially for 

application in complex interaction networks. This study focused mainly on the graphical 

interface of Petri net rather than mathematical definitions, as the former enables easier 

modification of the net for different variables. It facilitates the model to be extended easily 

based on number of states requiring analysis. Many logic extensions constructed in Petri 

net to enhance behavioural control have been used, such as priority and inhibitor arcs. 

These logic tools are well-known features to make the Petri net model behave in a desirable 

way. CPN offers a great environment to build, simulate, and analyse high-level Petri nets 

with related logics extension.  

Coloured Petri net class is a robust solution for developing and modifying concurrent system 

workflows. In this class the coloured tokens are developed to allow a token to be 

distinguished from another in the same place. This research adopted the coloured tokens 

concept to represent positive real values associated with timing sets for operations that 
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affect sensor energy. Each state can have one or many distinguishing operational times 

sets. The time property was also introduced in the model to represent the average daily 

consumption for a sensor. The proposed net structure can be easily modified and scalable 

based on number of existing energy consumption sources. This enables the net to be 

reused based on energy analysis needs. A general Petri net model is developed and 

evaluated for battery-powered devices on CPN, able to estimate the battery’s lifetime as a 

function of temperature. 

The developed model consists of two main structural parts: state-net and evaluator net. The 

state-net part represents the sensor hardware, and energy-consuming sources as states 

associated with two main input values: node operational time sets, and node state expected 

lifetime. This part is dynamic and can be modified and extended to include other energy-

consuming sources efficiently. The evaluator-net part is fixed and is connected directly to 

the state-net part. It aggregates all the percentages of input values and calculates the final 

value. A daily workload is an additional extension that can be included. The token in this 

place is timed and represents number of days. Once the node battery runs out of its energy, 

no more transition is enabled in the net. In addition, the total number of days is displayed in 

the global CPN time as a final answer. 

Four different arc types were used in the proposed model (one-direction, two-direction, 

double-arrow, and inhibitor arcs), each one of which has different characteristics that 

increase the power of modelling of related problems. One- and two-direction arcs can be 

used either as inputs or outputs. The difference between two-direction and double-arrow is 

that the former can have two different variables or functions in each direction, while the 

latter can only have one variable or one control function. Inhibitor arc is used to apply 

restrictions on transitions by disabling their firing process. This can be done when a specific 

condition is met in the associated inhibitor place.  

The proposed battery lifetime estimation algorithm was compared with two alternatives: the 

Rakhmatov-Vrudhula and Selvig algorithms. The accuracy of Rakhmatov-Vrudhula is better 

when the schedule of operational time for states is known, but it is not possible to employ it 

as a fast simulation tool. On the other hand, the algorithm developed in this study has better 

accuracy than Selvig in the light of unknown operational time schedules. It also takes into 

consideration the temperature impact, unlike both the Rakhmatov-Vrudhula and Selvig 

methods. The developed Petri net model for this algorithm is fast and practical in terms or 

understanding, modification, and extension, unlike Petri net models found in the literature. 

None of the existing Petri net models consider temperature impact in their designs. 



96 

Furthermore, the complexity of these models poses a real burden for non-expert users in 

application.  

This thesis presented an intensive case study of LLN nodes to study the behaviour of 

network sensors and extract their operational times. Two different topologies and 

simulations were considered: sole node connected to a sink, and dual nodes connected to 

a sink. These simulations were run in COOJA, and the Wireshark tool was used to classify 

the main operations. The timeline extension in COOJA was used for profiling these 

operations in milliseconds, which provides different colour schemes to represent active 

node states. The case study provides an overview of the behaviour of associated LLN 

protocols and their associated operations. Data was extracted from these simulations to be 

used for estimating a distributed network, as presented in Chapter 6.  

The accuracy of lifetime estimation relies on system input values, node operational time 

sets, and node state expected lifetime. The timing sets of node operations are mainly 

associated with the state of the network and protocols used. Each protocol follows different 

patterns, resulting in different operational times. The operational times of nodes rely on 

three factors: number of occurrences, communication style used (broadcast, multicast), and 

protocol packet size. The number of occurrences of protocols can be either timed or 

untimed. Timed ones occur periodically, and thus their number of occurrences can be 

predictable, while untimed ones occur randomly, based on the network state. The first hour 

in a node lifetime was found to have the most intensive activities, due to several 

communication activities occurring during this period (e.g., control packets are intensively 

sent during initial network setup). The number of occurrences of these activities reduces 

gradually as the network stabilises.  

Protocol communication styles are mainly broadcast or multicast. Broadcast 

communications are sent by sending several strobes of a certain packet size, while 

multicast communication has a different pattern. In the latter, one packet size is sent and 

one packet size is received (in acknowledgment), and each protocol packet-size operates 

the node in different states for different durations. The second main input value is the node 

state expected lifetime, which depends on the current consumption for all node states, the 

capacity of the battery used, and the temperature of the location (which pertains to where 

the node is placed). Measuring the battery capacity and node location temperature before 

deployment can enhance lifetime estimation accuracy. The results show that every 1°C 

temperature increase increases battery lifetime by approximately nine days. This highlights 

the importance of applying energy saving strategies on nodes placed in low-temperature 

areas, unlike nodes in high-temperature areas, which have inherently longer lifespans.  
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The developed model shows great promise to be used for the efficient and practical 

estimation of sensor node lifetime. The estimation process is very fast, taking only one 

second. The model is easily usable by non-expert users, who can be conscious of its 

structure graphically rather than mathematically. It can be easily modified and extended, 

including to change the degrees of temperature or battery capacity, or type and operational 

time of sets. It can also be extended to include and evaluate any other energy consumption 

sources of different node hardware. 

7.2. Limitations 
Due to the international issues faced during 2020 due to COVID-19 lockdowns, most 

university facilities, including labs and libraries, were are all closed. In addition, face-to-face 

lectures and supervisory meetings were affected. These factors and psychological impacts 

added more pressure to the research process and the finalising process of this study.  

7.3. Future work 
The model was created under high-coloured Petri net and can be simulated in CPN. This 

allows the use of many auxiliary tools and methods for further improvements. For instance, 

hierarchy and other reduction methods can be applied to models in CPN to improve model 

representation, by reducing its structure presentation and making it more compact. The 

research scope is mainly focused on transceiver, processor, and low power modes; other 

loads worth investigating include mobility components in WSNs. The operating time of this 

load can be associated with the speed and distance of travel. This can give more knowledge 

about mobile node pattern in advance, before real-world application.  

The final value of battery-powered system lifetime is presented in percentage values, to 

allow comparative studies aiming to achieve percentage reductions, to improve accuracy. 

Other factors that affect battery life can be investigated in future, in terms of battery type 

and aging, which can be calculated and considered in terms of percentage values.  

The overall results of this research are promising and positive. However, the proposed 

model is considered a work under fixed temperature; the pre-calculated lifetime under 

specific load in Petri net is fixed. It would be worthwhile to modify the model in a certain way 

to allow this value to be changed based on the change of temperature. This could be done 

by erasing the previous resource value using the rest arc, and providing a new value based 

upon the temperature change. This would enable the model to handle more dynamic 

conditions. Finally, it is suggested to investigate the integration of different sensing units, 

whereby different varieties of sensing can be used for different applications and places.  
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Appendix A: Tmote Sky Datasheet 
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Appendix B: Node Lifetime Estimations for Scenario I 
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B.1: Node (a) lifetime estimation at 20°C, applying best-case 
scenario 
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B.2: Node (b) lifetime estimation at 21°C, applying best-case 
scenario 
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B.3: Node (c) lifetime estimation at 22°C, applying worst-case 
scenario 
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B.4: Node (d) lifetime estimation at 23°C, applying worst-case 
scenario 
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B.5: Node (e) lifetime estimation at 27°C, applying best-case 
scenario 
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B.6: Node (f) lifetime estimation at 30°C, applying worst-case 
scenario 
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B.7: Node (g) lifetime estimation at 28°C, applying best-case 
scenario 
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B.8: Node (h) lifetime estimation at 29°C, applying best-case 
scenario 
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B.9: Node (i) lifetime estimation at 26°C, applying worst-case 
scenario 
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B.10: Node (j) lifetime estimation at 24°C, applying worst-case 
scenario 
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B.11: Node (k) lifetime estimation at 25°C, applying best-case 
scenario 
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Appendix C: Node Lifetime Estimations for Scenario II 
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C 1: Node (a) lifetime estimation at 20°C, applying best-case 
scenario, Capacity 3100 
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C.2: Node (b) lifetime estimation at 21°C, applying best-case 
scenario, Capacity 2900 
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C.3: Node (c) lifetime estimation at 22°C, applying best-case 
scenario, Capacity 2750 
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C.4: Node (d) lifetime estimation at 23°C, applying best-case 
scenario, Capacity 3100 
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C.5: Node (e) lifetime estimation at 27°C, applying best-case 
scenario, Capacity 2600 
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C.6: Node (f) lifetime estimation at 30°C, applying worst-case 
scenario Capacity 2900 
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C.7: Node (g) lifetime estimation at 28°C, applying best-case 
scenario, Capacity 2750 
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C.8: Node (h) lifetime estimation at 29°C, applying best-case 
scenario, Capacity 2900 
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C.9: Node (i) lifetime estimation at 26°C, applying worst-case 
scenario, Capacity 2600 
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C.10: Node (j) lifetime estimation at 24°C, applying worst-case 
scenario, Capacity 2750 
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C.11: Node (k) lifetime estimation at 25°C, applying best-case 
scenario, Capacity 3100 
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Appendix D: Models Used for Evaluation  
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D.1 Five-state model used for section 3.2 of Li-ion battery with a 
capacity of 1550.2 A. Hour 
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D.2 Seven-state model used for section 3.3 of alkaline battery 
with a capacity of 3100 mAH 
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