
      
  Optimizing Routing Protocol for Low power and Lossy Network (RPL) 

Objective Function for Mobile Low-Power Wireless Networks 

   
 

Mälardalens Högskola 

 

Akademin för Innovation, Design och Teknik 

 

Författarnamn (Förnamn Efternamn): IFEOMA HELEN URAMA 

 

Student id: iua13001@student.mdh.se 

 

Master Thesis, 30 Credits 

 

Date: 2016-09-07 

 

Examinator: Thomas Nolte, thomas.nolte@mdh.se 

 

Supervisor: Hossein Fotouhi, hossein.fotouhi@mdh.se 

 

 

 

 

 

 

 
 

 



1 

 

Dedications 
I dedicate this work to my entire family and my supervisor for all their support throughout the course 
of this research work. 

Acknowledgements 
I would like to use this opportunity to recognize and thank those who have contributed towards the 
success of this research work. I first recognize and thank my supervisor – Hossein Fotouhi PhD, and 
Mohammad Abdellatif PhD, for all their support and guidance. I also recognize my husband and 
children for their patience and understanding during the course of this research work. My examiner 
and members of the research group are also acknowledged. My colleagues and other staff at the 
faculty are also recognised for the support. I am very grateful. My heart is filled with gratitude.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 

 

Table of Contents 

Dedications ................................................................................................................................. 1 

Acknowledgements .................................................................................................................... 1 

Table of Contents ....................................................................................................................... 2 

List of Figures ............................................................................................................................ 4 

List of Tables .............................................................................................................................. 5 

Abbreviations ............................................................................................................................. 6 

Abstract ...................................................................................................................................... 7 

1 Introduction ............................................................................................................................. 8 

1. 1 Overview ...................................................................................................................................... 8 

1.2 Problem Formulation.................................................................................................................... 8 

1.3 Research Goal ............................................................................................................................... 9 

2   Background ......................................................................................................................... 10 

2.1 Low Power Wireless Sensor Network ........................................................................................ 10 

2.2 Details on the 6LoWPAN ............................................................................................................ 11 

2.3 Details on the IEEE 802.15.4 ....................................................................................................... 11 

2.4 Details on Routing Protocol for Low Power and Lossy Network (RPL) ..................................... 12 

2.4.1 DODAG Information Object (DIO) ....................................................................................... 14 

2.4.2 RPL DODAG Information Solicitation (DIS) ......................................................................... 15 

2.5.3 Destination Advertisement Object (DAO) .......................................................................... 15 

2.4.4 Destination Advertisement Object-Acknowledgement (DAO-Ack) ................................... 16 

2.5 Details on the Contiki Operating System ................................................................................... 16 

2.6 RPL OBJECTIVE FUNCTION .......................................................................................................... 17 

2.7 Related Works on RPL Objective Function ................................................................................ 18 

2.7.1 OF0 Based On Hop Count .................................................................................................... 18 

2.7.2 Minimum Rank Hysteresis OF (MRHOF) Based on Expected Transmission Count (ETX) .. 18 

2.7.3 OF-FL Based on Fuzzy Logic Model ...................................................................................... 19 

3  Research Method .................................................................................................................. 20 

4 System Design ....................................................................................................................... 22 

    4.1 Design of Fuzzy Input Parameters and Inference System .................................................... 22 

4.2 Fuzzy System Process Flow ......................................................................................................... 22 

4.3 Fuzzy Metrics .............................................................................................................................. 22 

    4.3.1 ETX Metric ............................................................................................................................ 23 

4.3.2 ETX Value ............................................................................................................................. 23 

4.3.3 Computation of the Degree of Membership (DOM) - for ETX ........................................... 24 



3 

 

4.4 RSSI  Metric ................................................................................................................................. 24 

4.4.1 RSSI Value ............................................................................................................................ 24 

4.4.2 Computation for Degree of Membership(DOM) for RSSI .................................................. 26 

4.5 Hop Count Metric ....................................................................................................................... 27 

4.5.1 Hop Count in Contiki RPL ..................................................................................................... 27 

4.5.2 Computation for Degree of Membership (DOM) for Hop Count Metric ........................... 27 

4.6 Fuzzy Inference Module ............................................................................................................. 28 

4.6.1 Rules Evaluation Process ..................................................................................................... 28 

4.6.2 Fuzzy Process Illustration .................................................................................................... 29 

4.6.3 Defuzzification ..................................................................................................................... 30 

4.7 Hand-off Algorithm and Implementation in FMOF ................................................................... 31 

5. Performance Evaluation of FMOF ....................................................................................... 34 

5.1 Parameters for LPWN Simulation .............................................................................................. 34 

5.2 Simulation Set Up ....................................................................................................................... 34 

5.3 Evaluation Metrics ...................................................................................................................... 35 

5.4 Results Evaluation and Discussion ............................................................................................. 35 

5.4.1 Comparing Different Weights for the Input Parameters in icmp6.f file ............................ 36 

5.4.1.1 Packet Reception Ratio for Different Weight ................................................................ 36 

5.4.1.2 Control Message Overhead for Different Weights........................................................ 36 

5.4.1.3 Average Hand-off Delay Result for Different Weights .................................................. 37 

5.4.2 Comparing Best Weight of FMOF with MRHOF and OF0 ................................................... 38 

5.4.2.1 Packet Reception Ratio for the three Objective Functions ........................................... 38 

5.4.2.2 Control Message Overhead for the three Objective Functions .................................... 39 

5.4.2.3 Average Hand-off  Delay for the three Objective Functions ......................................... 40 

6   CONCLUSIONS ................................................................................................................. 42 

References ................................................................................................................................ 43 

 

 

 

 

 

 



4 

 

List of Figures 

Figure  Description of Figure Page number 
1 Low power and lossy network with mobility 10 
2 6LoWPAN architecture 11 
3 Contiki Network Stack for IEEE 802.15.4 12 
4 ROLL architecture 13 
5 Format for DIO base object 14 
6 Mode of operation encoding 14 
7 Format for Destination Information Solicitation (DIS) base object 15 
8 Format for Destination Advertisement Object (DAO) 15 
9 Format for Unicast packet used to acknowledge DAO 16 
10 Contiki architecture 16 
11 System development research methodology 20 
12 Fuzzy process structure 22 
13 Path ETX membership function 23 
14 RSSI value – handoff occurrence within transitional region 25 
15 RSSI value – mapping to fuzzy sets 26 
16 DODAG formation – hop count  27 
17 Fuzzy process illustration 30 
18 Output membership with crisp output  31 
19 Simulation set-up 35 
20 Packet reception ratio for different send interval 36 
21 Control message overhead for different send interval 37 
22 Hand-off delay for different send interval 37 
23 Packet reception ratio of MRHOF, FMOF and OF0 38 
24 Control message overhead for MRHOF, FMOF and OF0 39 
25 Hand-off delay for MRHOF, FMOF and OF0 40 

 

 

 

 

 

 

 

 

 

 

 



5 

 

List of Tables 

Table Title of table Page number 
1 Obtaining quality output membership values 29 
2 Parameters for LPWN simulation  34 
3 Summary of obtained performance results for various scenarios 

considered 
40 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 

 

Abbreviations 

LPWN                                       Low-Power Wireless Networks 
IoT                                             Internet of Things 
IP                                               Internet Protocol 
6LoWPAN                                IPv6 over Low Power and Lossy Networks 
IETF                                          Internet Engineering Task Force 
ROLL                                        Routing Over Low-power and Lossy networks 
RPL                                           Routing Protocol for Low power and Lossy links 
DODAG                                    Destination oriented Directed Acyclic Graph  
VANET                                     Vehicular Ad-hoc Network 
AP                                             Access Point 
MN                                            Mobile node 
MANET                                    Mobile Ad-Hoc Network 
LBR                                           Low power and Lossy network Border Router 
ND                                             Neighbour Discovery 
ICMPv6                                    Internet Control Message Protocol version 6 
DIO                                           DODAG Information Object 
DIS                                            DODAG Information Solicitation 
DAO                                          Destination Advertisement Object 
DAO-Ack                                  Destination Advertisement Object-Acknowledgement 
ETX                                           Expected Transmission Count 
RSSI                                          Received Signal Strength 
HPC                                           Hop Count 
IPv6                                           Internet Protocol Version6 
MAC                                          Medium Access Control 
UDP                                           User Datagram Protocol 
TCP                                           Transmission Control Protocol 
MHz                                          Mega Hertz 
ISM                                           Industrial Scientific and medical Radio Band 
CSMA/CA                                Carrier Sense Multiple Access/Collision Avoidance 
RDC                                          Radio Duty cycling 
API                                            Application Programming Interface 
uIPV6                                        Micro IPv6 
OF0                                            Objective Function Zero 
MRHOF                                    Minimum Rank Hysteresis Objective Function  
WLAN                                       Wireless Local area network 
HM                                             Hysteresis Margin 
WS                                             Window size 
M                                                Stability Monitoring 
OF-FL                                        Objective Function - Fuzzy Logic 
FMOF                                        Fuzzy Mobility Objective Function  
DTSN                                         Destination Advertisement Trigger Sequence Number 
OS                                              Operating system 
DOM                                          Degree of Membership 
 
 
 
 
 
 
 
 
 
 



7 

 

Abstract 

There is strong interest in Low-Power Wireless Networks (LPWNs) in various research areas since 
these devices are key enablers for future Internet of Things (IoT) applications. Mobility of nodes in 
LPWNs is one of the basic requirements of these applications. A mobile network should fulfil some 
requirements such as flexibility in terms of node deployment, scalability in terms of load balancing, 
compatibility with other network technologies and interference-aware to tackle signals generated in 
same frequency band with higher transmission power as LPWN devices that are working in the 
license-free Industrial-Scientific-Medical (ISM) radio frequency bands. The license-free ISM band is 
shared with other wireless networks such as WiFi and microware. In this Thesis, we focus on RPL 
routing, which is a standard IP-based routing protocol designed for IoT applications. This work 
combines several RPL parameters as input to a fuzzy logic system to develop and implement an 
optimized RPL objective function using some handoff mechanism in a mobile environment. Different 
weight combinations are applied in the input parameters in order to tune the system. We performed 
extensive simulation evaluations, and we found that the fuzzy-based hand-off approach is able to 
provide high reliability by delivering nearly 100% of data packets at the expenses of very short hand-
off delay (125 ms).  
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1 Introduction 

1. 1 Overview 

LPWNs are the main building blocks of various applications like health monitoring, industrial 
automation and smart cities.  Flexibility of deploying low-power nodes, scalability in terms of load 
balancing with several nodes, and their ability to be controlled remotely are the main features of these 
networks. Advances in hardware design, and existence of wide range of algorithms and standard 
protocols, and more importantly the need for more sophisticated applications has imposed the use of 
mobile nodes in LPWNs. Many applications such as health monitoring, industrial monitoring, 
environmental monitoring and smart cities would require mobile nodes. In these applications, devices 
are expected to sense, process and communicate data to other devices through radio chip embedded in 
them.  

IoT applications connect different networks with various devices wirelessly through an Internet 
Protocol (IP) based addressing. In this type of network, IPv6 over Low-power Wireless Personal Area 
Network (6LoWPAN), technology has been adopted and standardized by the Internet Engineering 
Task Force (IETF) to enable communication of IPv6 over low power and lossy networks. Moreover, 
the Routing Over Low power and Lossy network (ROLL) working Group has defined a routing 
protocol name RPL to be used for Low power and Lossy Networks (LLN). The RPL is the de-facto 
standard used in 6LoWPAN [2]. RPL organizes nodes in a Destination-Oriented-Directed-Acyclic-
Graph (DODAG) [1], where each router identifies a set of parents, each of which is a potential next 
hop on a path towards the root of the DODAG. The preferred parent is selected based on a metric 
among other candidates. The metric used depends on the objective expected in given network 
deployed area. 

Although, functionalities of mobile wireless network technologies are similar, application deployment 
area differs [3]. For example, Vehicular Ad-Hoc Network (VANET) requires mobile nodes to 
communicate with static roadside infrastructure (AP) to relay traffic and other network information. 
However, Mobile Ad-Hoc Network (MANET) is independent on an infrastructure. It communicates 
directly with any other device within the radio range. In this contribution, it is assumed that static 
nodes are the infrastructure for relaying data from the source towards the destination. In addition, 
static nodes are supposed to provide connectivity in an experimental area. Thus, mobile nodes are able 
to select one of the existing APs and communicate over a good quality link.  

1.2 Problem Formulation 

Presently, LPWNs have different challenges that are imposed by using low-power radios [1, 3, 4]. The 
challenges include:  

� Size of nodes - Naturally, sensor nodes are usually small. This brings about issues that need to 
be adequately managed when designing the network. The small size characteristics results in 
having limited battery power. This demands that nodes be optimized so that limited available 
energy is efficiently utilized. Customers usually fix price limits due to number of nodes 
needed to be deployed in one environment. Memory is also another constraint which requires 
a low complexity algorithm to enable microcontrollers embedded in these devices function 
properly.    

� Interference from other networks - Due to low power radios present in most of these 
networks, links are highly unreliable and prone to interference from other wireless networks 
operating within the same radio frequency band. So, the designer should bear this in mind 
especially when performing simulations to represent the real environment. 
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� Data Processing and Channel Bandwidth - It is important to note that LLNs are highly 
constrained in terms of data processing and channel bandwidth [1]. Therefore, routing 
parameters need to be properly tuned in order to ensure reliable and timely processing of 
information.  

� Mobility of Node - Physical mobility imposes network dynamics, which is a major source of 
inconsistency in the network. Mobile nodes may disconnect from the network more 
frequently. This may lead to packet drops. Traditional routing protocols are unable to detect 
physical mobility within a short period of time. Therefore, routing table will be required to be 
updated frequently when a subset of nodes is moving. By updating the routing table, accurate 
information of the network is maintained. Additionally, after observing mobility, routing table 
will be globally updated, which impose huge amount of overhead. Thus, it is important to 
carefully select parameters for the objective function. As using a single metric objective 
function does not really capture the intricacies required to obtain an efficient route for a 
mobile network. However, ROLL working group did not specify a metric for the objective 
function. The choice of an efficient objective function for mobile networks within RPL is still 
an open research problem. 

1.3 Research Goal 

The goal of this research work is to achieve a reliable LPWN for mobile nodes. This should be 
achieved by employing a fuzzy logic model to combine several routing metrics of interest to optimize 
RPL objective function in a mobile LPWN.  

To obtain an optimized RPL objective function, the following contributions are required: 

� Study the design of RPL algorithm in Contiki.  
� Specify the application requirements and network limitations. 
� Identify relevant link and network metrics for mobility to be included in the objective 

function. 
� Define and implement a proper fuzzy logic model to combine the relevant routing metrics. 
� Devise a proper weighting mechanism to tune the fuzzy logic model to achieve a reliable 

network. 
� Evaluate the result with appropriate network evaluation metrics.   

The remaining parts of this work are organised as follows. Section 2 provides background study on the 
standards, protocols and the operating systems commonly used within LPWN. Section 3 presents the 
research method used in this work. In section 4, design of FMOF is described. Performance and 
evaluation is conducted in section 5. Finally, section 6 provides the conclusion of this thesis.  
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2   Background  
Mobility in the area of Internet of things (IoT), especially in LPWNs has been challenging and has 
proven to be a bottleneck within the research community.  In the past decade, several standards and 
protocols has been developed to support the use LPWNs. This chapter describes some of these 
standards and their functionalities. It also presents an overview of the state of the industry IoTs OS-
Contiki OS with some of its functionality. Related works on some RPL Objective functions is also 
discussed. 

2.1 Low Power Wireless Sensor Network 

LPWN is a network of spatially distributed sensor nodes, with embedded communication equipment 
like microprocessor, transceiver and power source. They are capable of sensing, processing and 
actuating information obtained from the environment. The sensor node can sense parameters like 
temperature, vital body functions, power line voltage signal, wind directions and speed. The network 
basically consists of small and light weight sensor nodes connected to a gateway node called the sink 
as depicted in the Figure 1. 

 

Figure 1: Low power and lossy network with mobility [10]. 

Various LPWN technologies such as IEEE 802.15.4 [18], ZigBee [19], and IEEE 802.15.1 (Bluetooth) 
[20] exist. In this section, we provide some details on the background of some of these standards, and 
also one of the common operating systems for implementation purpose. We specifically focus on the 
standard IEEE 802.15.4, and IETF standards of 6LoWPAN [2] and RPL [1], and Contiki operating 
system [21]. 
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2.2 Details on the 6LoWPAN 

6LoWPAN is a technology standard defined by IETF to enable IPv6 stack to smoothly operate over 
IEEE 802.15.4 MAC link layer [10, 16]. As an adaptation layer, it compresses all headers including, 
40 Bytes of IPv6 header from the network and 8 Bytes of UDP header from the transport into a few 
bytes. For IPv6 frames to be transmitted over IEEE 802.15.4 radio links, the IPv6 frames have to be 
divided into partitions and more data generated to resemble the original format. During packet 
retrieval, additional data is removed to maintain the original format. 6LoWPAN supports routing in 
the network and link layer [4, 10, 16].The link layer uses mesh-under while the network layer uses 
route-over. In mesh-under routing, the adaptation layer sends packets through multiple radio hops, 
while the route over scheme performs routing at the network layer with the nodes acting as router. 
Thus, every hop in the link represents an IP hop to send packets across the links. Figure 2 shows 
architecture of 6LoWPAN network, comprising of routers, Host node and the edge router. The Routers 
(R) acts as APs that routes information from LoWPAN devices to the Internet. Host devices can be 
either fixed (static) or mobile, depending on the application design. The edge router handles 
communication between 6LoWPAN devices, Internet and other IP networks. It manages maintenance 
and generation of 6LoWPAN subnets, and also handles data exchange between devices in the network. 

 

                                      Figure 2: 6LoWPAN architecture [16]. 

2.3 Details on the IEEE 802.15.4 

This standard is defined by IEEE 802.15.4 [10, 18] working Group to describe the PHY and MAC 
layer requirement for low rate low-power wireless embedded radio communication. It is capable of 
operating in three different frequency band namely, “2400 MHz ISM, 915 MHz ISM and 868 MHz 
European band”. The MAC layer protocol is responsible for achieving efficient sharing of channel 
bandwidth and the quantity of energy required for proper communication. MAC layer module controls 
the way packets are transmitted and received. Generally, two approaches are used in the literature to 
classify the different type of protocol for transmission and receiving of packet in the channel, namely 
the reservation based and the contention based. The reservation based tries to optimize energy and 
throughput while the contention based approach, uses Carrier Sense Multiple Access/Collision 
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Avoidance (CSMA/CA) and focuses on detecting medium activity in the channel. When using 
CSMA/CA mechanism a node tries to sense the medium before transmitting packet. If another node is 
already sending through the medium it withdraws itself to avoid collision when there is high traffic. 
Contiki OS, which is the operating system used for this work uses the second approach due to its ease 
of implementation. The network stack used in Contiki is slightly different from the usual IEEE 
802.15.4 stack. Figure 3 below shows the network stack implemented in Contiki. 

 

Figure 3: Contiki Network Stack for IEEE 802.15.4 [31]. 

In Contiki network layer module implements some global variables namely, NETSTACK_FRAMER, 
NETSTACK_RDC and NETSTACK_MAC are defined to enable access to this layers. Radio duty 
cycle (RDC) layer is the most important, since it decide when packets are to be transmitted and as well 
wake up the sleeping node during packet reception. The framer is just a supporting function called 
when receiving parsed data frame and that which is to be transmitted. The MAC layer is in charge of 
data addressing and transmission.  

2.4 Details on Routing Protocol for Low Power and Lossy Network (RPL) 

RPL is an IPv6-based Routing Protocol for LPWNs, designed by IETF Routing Over Low power and 
Lossy network (ROLL) working group. It is a distance-vector routing protocol that operates on top of 
IEEE 802.15.4 Physical and Data Link layers. It organizes nodes in a Destination-Oriented-Acyclic-
Graph (DODAG), where each router identifies a set of parents, each of which is a potential next hop 
on a path towards the root of the DODAG. The preferred parent is selected based on a metric or 
constraint among other candidates. RPL supports different kinds of network traffic, which includes; 
point to point, multi-point-to-point, and point to multi-points communication. RPL supports 
bidirectional links that enables uplink and downlink traffics. Each of the node in the network 
comprises of the Low power and lossy network Border Router (LBR), the routers and the host.  
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                                                         Figure 4: ROLL Architecture [10]. 

During network formation, RPL creates a tree like topology with the border router serving as the root 
and the routers and host forming the edges to propagating information up and down the link of the 
network. Each node in RPL network has a rank, which states its position relative to other nodes with 
the LBR having a rank of minimum rank value, then the rank increases towards the leaves of the 
DODAG. The rank value is computed using the objective function. The objective function contains the 
routing metrics and objectives used in forming the network. 
During parent selection, it is expected that some external mechanisms be triggered in order to access 
parent reachability and disseminate control messages in the network. To access parent reachability, 
Neighbour Discovery (ND) algorithm is used while Trickle algorithm is employed to disseminate 
control information in order to build and maintain upward routes of the DODAG using DIO. 
The information carried by the DIO includes the following network parameters [1]:  

• RPLInstanceID - a unique identifier uses to identify networks sharing the same objective 
function. 

• DODAG ID - a unique identifier within the RPL Instance, used in identifying the DODAG 
root. 

• DODAG Version Number - a sequential counter, incremented whenever the DODAG is 
reconstructed. 

• Node's Rank - is the identifier of nodes position relative to other nodes in the network. It is not 
really a path cost [1]. Even though the value can be influenced by path metric, its computation 
depends on its own separate properties use to check progression of node from or towards the 
root. The root rank is zero and it increases by minimum rank increment of 256 downwards 
from root. 

During network maintenance and construction, internet control messages (ICMPv6), are used to 
maintain and construct the logical network topology information, which includes the neighbour 
parents, routing table, routes. These parameters can also be used to tune the network to ensure stability 
and connectivity of nodes’ link in the network. The control messages are responsible for spreading 
network information over the dynamically changing network topology, and they are defined as 
follows: 
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2.4.1 DODAG Information Object (DIO)  

This control message contains information required to build and maintain upward routes of the 
DODAG. Information it carries includes the current rank, root address, DODAG ID, version number, 
routing metrics and objective function used in constructing the DODAG tree. Figure 5 below shows 
format for the DIO base object. 

 

                                                  Figure 5: Format for DIO Base Object [1].  

The RPLInstanceID is an ID that indicates the instance the DODAG belongs. Its 8 bit field set by the 
DODAG root. Version number is also an 8 bit field set by the DODAG root and it increments 
whenever there is an update in the network information. The Rank identified by 16 bit field which 
represents the rank of the node sending DIO message. The G field is a 1 bit flag used to ensure that 
advertised DODAG can satisfy its application purpose. The MOP field identifies the mode of 
operation of the RPL instance. All node joining the DODAG must be able adhere to this mode of 
operation in other to join as a router, otherwise they must only join as leaf node. The mode of 
operation as described by [1] is encoded with the format shown in the Figure 6 below. The format 
describes 4 mode of operations supported for any instance which describes whether they support 
downward route or not, non storing mode, multicast or no multicast. DTSN is an 8-bit flag for 
maintaining downward route. The preference (Prf) is a 3 bit flag indicating the preference of a 
DODAG root compared to others. DODAGID is a 128-bit IPV6 uniquely set by the DODAG root to 
identify the DODAG. Also there is 8-bit unused field for flags and reserved which must be initialized 
to zero by the sender if it is not configured to be used. 

 

                                             Figure 6: Mode of operation Encoding. 
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2.4.2 RPL DODAG Information Solicitation (DIS)  

This Information message object is sent to neighbour by a node soliciting for DIO information. It 
contains 8-bit unused fields for flags and reserved, with optional field that can be conFigured to be 
used by a developer. This message can be broadcasted to other nodes in the network which in turn 
triggers DIO transmission from other nodes to the node that sent out the broadcast DIS. Format of the 
DIS is shown in Figure 7 below.        

 

                  Figure 7: Format for Destination Information Solicitation Object (DIS) Base Object [1]  

2.5.3 Destination Advertisement Object (DAO)  

This is used to support downward traffic from the root. DAO is also used to send destination 
information upwards through the DODAG and records the information of the path visited. Its format is 
shown in the Figure 8 below. 

 

             Figure 8: Format for Destination Advertisement Object (DAO) [1]. 

Information contained in this message object is used to send path information which includes children 
prefixes in the routing table and as well advertise these information to the parents. It creates recorded 
path information from the root towards a particular node. 

As shown in the message object, the format contains fields for RPLInstanceID which is an 8-bit field 
to identify the instance of the DODAG topology as informed by the DIO. It also has flag field which 
signifies that a response (DAO-ACK) is expected from a node that receives the DAO object. . The 
128-bit DODAGID field is an optional field-set by DODAG root to identify a DODAG. D flag is used 
to identify the presence of DODAGID field. DAO Sequence field is incremented on every DAO 
announcement and reannounced in the DAO-ACK. 
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2.4.4 Destination Advertisement Object-Acknowledgement (DAO-Ack)  

This is a unicast packet used to acknowledge DAO received by the recipient node. It contains 
information about RPLInstanceID, DAO Sequence, and Status as described in [1]. The format is 
shown in Figure 9 below. 

 

             Figure 9: Format for unicast packet used to acknowledge DAO. 

2.5 Details on the Contiki Operating System 

Contiki is an open-source multitasking Operating System (OS) designed for the IoT applications. 
Contiki OS focuses on tiny low-cost, low-power networked embedded microcontrollers. Presently, it 
is the state-of-the-art open source operating system developed for tiny networked embedded systems 
[9]. Applications in Contiki are triggered by events. Processes in Contiki are seen as event handler, 
which handle events thereby, making it possible for the kernel, applications and drivers to interact and 
function adequately. This helps in executing several processes concurrently. The choice of Contiki OS 
is because of its optimized uIPv6 stack, which includes 6LowPAN as an adaptation layer to support 
routing over the link and network layer. It implements a light weight network stack called Rime, 
which provides protocols for data collection and route discovery to a destination node. The socket-like 
API contains application function to support uIPv6 stack. UDP, TCP and the ICMP are the transport 
layer communication protocol that supported Contiki to be used for sending control messages from the 
IPv6 LoWPAN to the network layer through the Socket-like API function. Communication over the 
radio is performed using Rime stack. The Rime contains network protocol library which includes 
various low level primitives. It also takes care of the medium access control. The platform layer 
handles hardware low level abstraction and the responsibility of porting the CPU to the hardware 
drivers.  

 

Figure 10: Contiki architecture [10]. 
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Contiki OS implements different module for a specific tasks. The contiki/core/net/  module contains 
specific folder that implements different layers of the protocol stack, which includes the MAC, Rime 
and RPL. Some of the important files in rpl folder are  rpl.c, rpl-dag.c, mrhof.c, OF0, icmp6.c. The 
rpl.c file contains implementation of ipv6 Routing Protocol for Low-Power and Lossy 
Networks(RPL). The rpl-dag.c file contains logic implementation use in constructing Directed Acyclic 
Graph(DAG)in RPL. Mrhof.c contains logic implementation of minimum rank hysteresis objective 
function, which uses ETX as a routing metric. OF0.c implements objective function zero which uses 
hop count as a routing metric and finally the icmp6.c file contains functionalities for RPL controls 
message that has the information about the parameters use for routing information    

Contiki also features a cross layer network simulation with COOJA and MSPsim simulator. MSPsim 
is an emulator for the MSP430 microprocessor, manufactured by Texas instrument. COOJA as a 
simulator environment is capable of simulating different hardware platforms, including sky mote used 
in this work 

Contiki OS implements different module for a specific tasks. The contiki/core/net/  module contains 
specific folder that implements different layers of the protocol stack, which includes the MAC, Rime 
and RPL. Some of the important files in rpl folder are  rpl.c, rpl-dag.c, mrhof.c, OF0, icmp6.c. The 
rpl.c file contains implementation of ipv6 routing protocol for low power and lossy networks(RPL). 
The rpl-dag.c file contains logic implementation use in constructing Directed Acyclic Graph(DAG)in 
RPL. Mrhof.c contains logic implementation of minimum rank hysteresis objective function, which 
uses ETX as a routing metric. OF0.c implements objective function zero which uses hop count as a 
routing metric and finally the icmp6.c file contains functionalities for RPL controls message that has 
the information about the parameters use for routing information    

Contiki also features a cross layer network simulation with COOJA and MSPsim simulator. MSPsim 
is an emulator for the MSP430 microprocessor, manufactured by Texas instrument. COOJA as a 
simulator environment is capable of simulating different hardware platforms, including sky mote used 
in this work 

2.6 RPL OBJECTIVE FUNCTION 

In RPL, OF module basically describes how a node uses metric/s to either optimize or constrain a 
network. Contiki RPL construct DODAG based on OF. OF includes, path metric, node's policies and 
rules used for avoiding loop which centred on the rank value [1]. The OF is designed using some 
process to select best parent for each child using any metric suitable for the application. In RPL, every 
instance of the DODAG formation is connected to an OF, which the nodes use to route information 
through the best path to its destination. RPL relies on an objective function which uses routing metrics 
to construct routes and select the best parent for each child node. 

Contiki RPL implements two objective functions, which are OF0 and MRHOF. OF0 uses hop-count as 
a metric to assign rank to nodes while MRHOF uses link quality called ETX to assign rank. More 
detailed description is found in the related work section below. Moreover, several metrics have been 
previously used within RPL and other routing protocols. They include [1]: 

• remaining energy, 
• end to end delay, 
• received signal strength indicator (RSSI), and 
• local traffic.  
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Most past works done in this area uses either one or more of the metrics above to obtain a routing 
protocol with better performance for fixed nodes. However, it is of importance to devise efficient 
routing protocols for mobile low-power wireless networks with lossy links. A tree-based routing 
protocol is known as one of the promising solutions for collection protocols. RPL is an IP-based tree 
routing protocol designed for LPWNs [3]. However, ROLL working group did not specify a metric for 
the objective function. Finding efficient objective function for mobile networks within RPL is still an 
open research problem.  

 2.7 Related Works on RPL Objective Function  

Some research works has been performed on RPL objective function to optimize or constrain the 
network, for selection of parents to route information to the sink. However, these works either focus 
on using a single metric or a combination of two or more metrics, using different approaches. Below 
are some examples of RPL objective function with their short comings in terms of achieving a reliable 
holistic objective function for mobile network. 

2.7.1 OF0 Based On Hop Count  

Thubert [17] describes the design of OF0, a default objective function in RPL for interoperability [23]. 
It is a commonly used OF in the network layer. This objective function does not depend on any 
routing metric, instead it relies on hop count to optimize the network by selecting neighbours with 
minimum rank (shortest path toward destination) to be the preferred parent. The hop count defines 
how many hops a given node is away from the sink, relatively to other nodes in the network with the 
route node having a rank of zero, and then increases down the link towards the leaf nodes.  

OF0 does not really use a metric to measure the loads or the properties of the selected parent. This 
makes it possible for a nodes closer to the sink to have much traffic, and thus, leads to the depletion of 
battery life time. Also, in a mobile scenario, there is a possibility that nodes with minimum rank may 
have low link quality due to interference from the environment, which can lead to unreliable 
information due to packet loss. This implies that the metric to use in mobile environment should 
involve link layer metric/s like received signal strength or ETX to ensure network reliability. 

2.7.2 Minimum Rank Hysteresis OF (MRHOF) Based on Expected Transmission 

Count (ETX)  

MRHOF is the default objective function proposed by the ROLL working group to be used in 
formation of DAG in RPL  and requires nothing to be done, in order to be used as the OF in Contiki 
RPL. It is based on addictive link layer metric ETX and the nodes remaining energy [15].  In [14], the 
ETX metric was proposed as a measure of all wireless link (MAC layer) transmissions required for a 
packet to be successfully delivered to its destination. The number varies from one to infinity, with 
value of "1" showing a 100% throughput. As the number increases towards infinity, the throughput 
decreases. ETX of a route is obtained by calculating the probability that a data packet successfully 
arrives at the destination and probability that acknowledged packet is received. Link ETX is calculated 
using the formula shown in equation (1) below.  

����	��� =



��∗���
                                                                                                                              (1)                            

Where �� is the forward delivery ratio and ��	is the reverse delivery ratio. 

ETX calculation is based on delivery ratio (packet reception ratio at a node), which directly affects the 
throughput. It also avoids routes with more hops, which has lower throughput due to the interference 
that exists between different hops of same path. 
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When ETX metric is used, minimum latency may be achieved in the network. ETX targets measuring 
the number of transmissions required for a packet to reach the destination. However, the minimum 
latency is not experienced in the timely propagation of the routing data [15]. In other words, the 
routing tables are not updated on time when a subset of the nodes are mobile. Therefore, using ETX 
metric is not suitable for a network expected to deliver reliable and timely information in mobile 
scenario, because the metric does not really capture the measured value of received signal strength 
required in mobile network, which is an indication that the MN is not in a full transmission range with 
the AP.    

By default Contiki OS implements RPL using ETX objective function to select parents. To evaluate 
the ETX metric in the given RPL network, the number of packets received at the root node needs to be 
calculated. 

2.7.3 OF-FL Based on Fuzzy Logic Model 

In [15], a fuzzy logic-based objective function was proposed that combines a set of metrics to provide 
routing decision towards the path to the DODAG root. The authors selected some metrics of interest, 
such as link quality, end-to-end delay, node energy and hop count. These metrics were used for 
selecting best neighbour as preferred parent required to forward data towards the root. The values 
obtained from the metrics were used as inputs to the fuzzy logic controller in measuring quality of 
neighbour nodes.  

Performance metrics such as end-to-end delay, average hop count, packet loss ratio, average number 
of parent changes, and average remaining energy were evaluated. The results revealed that average 
hop count performance of the three networks scenarios are nearly the same in less dense network. 
However, in high dense network, OF-FL is almost the same as OF0. Network stability was also 
measured by monitoring the number of changes between parents, which showed that the number of 
parent changes in OF-FL is a bit higher than MRHOF and OF0. OF-FL minimizes the end-to-end 
delay, and enlarges network lifetime as majority of nodes have remaining energy between 83% and 
87%. OF-FL and ETX show almost the same packet loss ratio compared to OF0, which has a higher 
loss ratio. Hence, OF-FL improves RPL end-to-end delay, packet loss ratio and network lifetime. In 
this work, the main metric used in detecting mobility of nodes is not used. Hence, it cannot be used in 
a mobile wireless network. 
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3  Research Method 

Methodology used in this work is based on system development research process [24]. The approach 
is used to introduce and advance existing theoretical and technological idea into an innovative way. 
The method involves five main stages that is considered in this work and they include: 

� Construction of connectional frame work 
� Develop the system architecture  
� Design and analyse the system 
� Build the system prototype 
� Observe and evaluate the system 

 

Figure 11: System Development research methodology Process [24]. 

In the construction the conception frame work a study and high level construction of the abstract idea 
was performed. The abstract idea focuses on showing a new and relevant research question with the 
aim it intends to achieve within the researched area. Also studies were made on related bibliography to 
identify new and creative ways to adapt existing solution into new one. During this stage, 
functionalities and requirements of the system were examined in order to understand the systems 
building procedures. After the studies, three metric parameters ETX, HPC and RSSI were identified to 
be used in the new OF.  

During the system architectural design, fuzzy logic process which maps out the functionalities 
intended to be introduced into the existing RPL objective function was discussed. The description of 
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their interconnections with existing components was described by stating the requirements needed to 
help obtain measurable properties required for evaluating the new system. This helps maintain focus 
throughout the work to ensure that the stated objectives are realized.  

The third stage focuses on design and analysis of the process required for building the system. Ideas 
and knowledge gathered from studies on related technical and scientific bibliography were used. This 
is achieved by presenting detailed functionalities with alternative solutions of the system design. 
Several weight combinations of the input parameters were generated to tune the system. The best one 
which meets the system requirements is then selected as could be seen in performance evaluation 
stage. 

Implementations of the designed system were then performed by examining feasibility and usability of 
the system functionalities. During this stage researcher gain more understanding on the advantages and 
disadvantages of the proposed conceptual framework.   

In the final stage, the system is then experimented, observed and tested to evaluate its performance as 
described in the requirement stage. The knowledge gained was then used to redesign the system to 
achieve better performance, especially in rule base and simulation set-up parameters. 
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4 System Design 

In this chapter, detailed steps taken to achieve the proposed FMOF are described. Hand-off algorithm 
which is used to maintain connectivity is also presented.  

4.1 Design of Fuzzy Input Parameters and Inference System 

Based on the criteria identified in the related work section, a new fuzzy based objective function for 
mobile wireless sensor network is designed by considering the following metrics of interest in Section 
4.3. These metrics were selected because of their importance in the mobility of wireless sensor 
networks. Adequate computation and tuning of these metric/parameters are necessary to achieve an 
optimized objective function for mobility in an RPL wireless communication scenario. In order to 
achieve this, the fuzzy process described in the Figure 12 below is designed and employed to be used 
in the implementation of a fuzzy-based hand-off algorithm for a mobile wireless sensor network. The 
fuzzy output then serves as a new metric to optimize the RPL objective function.   

4.2 Fuzzy System Process Flow 

 

 
Figure 12: Fuzzy process structure. 

The Fuzzification process shown in Figure 12 involves the introduction of the input metric values to 
the system, then determine their membership function to some defined fuzzy set. The rule evaluation 
is then performed to combine different input values to get the output fuzzy sets, which is finally 
deffuzzified to get a single output metric value for the new proposed objective function in a mobile 
network scenario.  
 

4.3 Fuzzy Metrics 

For the fuzzy process, selection of input parameters are influenced by their benefits in routing data in 
mobile WSN. Some of the parameters considered are; 

• ETX (Expected transmission count): ETX is a software link layer metric parameter. By 
software it means that the value is computed in the application and it focuses on getting the 
least transmission path. Using ETX as an input parameter will ensure that the path with least 
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number of transmissions expected for a packet to reach its destination is taken.Thereby, 
influencing  the number of control messages generated.  

• Average RSSI (Received signal strength indicator): Is a hardware link layer metric which 
checks the received signal power available in a radio signal before transmitting data. 

• Hop-Count: This parameter helps to select the least hop count to the destination. For instance, 
when two or more nodes have the same ETX and RSSI value. The node with the least hop will 
be selected to route packet.  

Another factor considered, is the memory constraints inherent in LPWNs. Using more than 3 inputs 
parameter will increase the number of rules present in the system, hence increasing the complexity of 
the fuzzy algorithm.  

4.3.1 ETX Metric 

This metric was discussed in the related work section (Section 2.6). It is considered as an essential 
parameter in wireless sensor networks, because it gives a measure of all wireless link transmissions 
necessary to successfully deliver packets to the root of the DODAG. Its computation is derived from 
Packet Reception Ratio (PRR) for the bidirectional (transmission and acknowledge) of single hop link 
quality between two neighbour nodes [26], obtainable using equation 1 described earlier. Therefore, 
for a reliable network, this link metric needs to be considered. Moreover, in RPL, an aggregated sum 
of this metric for all links from a node to the destination is obtainable as the path cost value. 

4.3.2 ETX Value 

To successfully send packet to the destination, summation of path ETX to the root is required. In the 
mrhof.c file, MAX_PATH_COST, is defined to be 100. So, for the design of the ETX fuzzy input 
variable, the maximum path cost of 100 is used to map the input value to the membership function in 
the interval of [0,1] as shown in the Figure below. This Figure shows the mapping ETX maximum 
path cost to the linguistic variable small, average and large. 

 

Figure 13: Path ETX Value – mapping to Fuzzy Set. 

Based on study, simulations, observations and human experiences in Contiki RPL ETX metric, the 
mapping of the linguistic variable in the Figure above were made for ETX. This shows that path ETX 
values from 0 to 10 lies in membership degree of 1 (Boolean value of True), within the linguistic 
variable (fuzzy set) small. Then, if the value is above 10 but less than 30, its degree of truth to the 
linguistic value small needs to be computed. Equation 2 below shows the computation of membership 
degree to small, average and large linguistic variable. The same procedure goes with the path ETX 
value within the fuzzy set average and large.   



24 

 

4.3.3 Computation of the Degree of Membership (DOM) - for ETX 

Linguistic Variable                     DOM                    DOM Evaluation                                          

                                                               1                         if 	���ℎ_��� ≤ 10  

 small(���ℎ_���) =                    
	����_�� !"#


#!"#
               if  10 < ���ℎ_��� < 30 

                                                              0                          if ���ℎ_��� ≥ 30 

 

                                                            0                            if 	���ℎ_��� ≤ 10 

                                                   
	����_�� !
#

"#!
#
                if 10 < ���ℎ_��� < 30 

average(���ℎ_���) =                          1                             if 30 ≤ ���ℎ_��� ≤ 60 

                                                   
����_�� !$#

%#!$#
                 if 60 < ���ℎ_��� < 80  

                                                           0                              if ���ℎ_��� ≥ 80 

                                                           

                                                           0                             if 	���ℎ_��� ≤ 80  

large(���ℎ_���) =                    
	����_�� !%#

$#!%#
                 if  60 < ���ℎ_��� < 80 

                                                            1                            if ���ℎ_��� ≥ 0          

 

4.4 RSSI  Metric 

The received signal strength metric for each link is measured by Received Signal Strength Indicator 
(RSSI). It is a hardware-based link (layer 2) quality estimator metric that can be used to measure the 
power of the radio frequency (RF) transceiver signal present in a Tmote sky device. The choice of 
using this metric is due to its importance in mobile wireless network since it shows the signal strength 
of the link between two devices. 

Tmote sky is the hardware used for this work. Tmote Sky device features chipcon CC2420 RF 
transceiver for low-power and low-voltage wireless communications. The radio frequency transceiver 
is compliant to 2.4 GHz IEEE 802.15.4 standard. The central processing unit is in the family of 
MSP430F1611 microcontrollers [8]. The low power consumption of Tmote Sky is due to the presence 
of MSP430F1611 microcontroller. It operates on 10 kbyte of RAM and 48kbyte flash. It can run up to 
8 MHz × 8 channels of 12 bit A/D. Integrated onboard antenna range is 50 m indoors and 125 m range 
outdoors. It is capable of running for years on a pair of battery attached to it. 

4.4.1 RSSI Value 

As mentioned earlier in the related work section, RSSI value is read by the receiver node and it is 
computed by taking average of RSSI values for at least 8 symbol periods (128 µs). The work in [28], 
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uses RSSI as a metric for Smart-hop. It was observed that handoff occurs within the transitional 
region, as depicted in the Figure 14 below.   

 

Figure 14: RSSI value – handoff occurrence within transitional region. 

To obtain the RSSI value, smart-hop implementation [4] which serves as a base for this work 
computes RSSI by adding the value of  the last RSSI read from the last received packet and the offset 
(-45). The offset value is the front end gain, empirically determined by the manufacturers. In Contiki, 
the last received packet RSSI value is obtained from the PACKETBUF_ATTR_RSSI variable defined 
in contiki/core/net/packetbuf.h.  

During the data transmission phase, the mobile node that is guaranteed of having reliable connection 
with the access point is known as the serving AP [4]. The reliable connection of the link is guaranteed 
because of the reply packet MN receives from the serving AP. Upon receiving a predefined number of 
data packets (n) in a given window, the serving AP replies with the average RSSI value of the (n) 
number of packets. This average RSSI value is then used as the second input to the fuzzy system and it 
is mapped to the fuzzy set Disconnected, transitioning, and connected as shown in Figure 15 below. 
With 1 degree of membership to disconnected in the input range of -100 to -90, as its membership 
degree decreases after -90 value. Same procedure goes with the linguistic variable transitioning and 
connected fuzzy set.  
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Figure 15: RSSI value – mapping to fuzzy sets. 

4.4.2 Computation for Degree of Membership(DOM) for RSSI 

Linguistic Variable                     DOM                             DOM Evaluation                                          

                                                            1                                     if 	�&�_�''� ≥ -75  

 Connected(�&�_�''�) =          
	�(�_�))*!�!$#�

!+,!�!$#�
                      if  -75 > �&�_�''� > -80 

                                                            0                                     if �&�_�''� ≤  -80 

   

                                                            0                                     if 		�&�_�''�  ≥ -75 
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                      if -75 > �&�_�''� > -80 
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                        if -85 > �&�_�''� > -90  
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27 

 

4.5 Hop Count Metric 

This is a network (layer 3) metric that basically gives a rough estimation of distance from a node to its 
destination in the network. In other words, it measures the number of router devices a node's data will 
pass to reach its destination. This is referred to as the DODAG root.  

4.5.1 Hop Count in Contiki RPL 

In Contiki RPL, this metric is obtainable from the rank parameter. By dividing the rank of any node in 
the network by 256, which is defined as the RPL min hop rank increment, gives the hop count value. 
The maximum rank increment is define as 7 ×  min hop rank increment. This implies that the 
maximum rank in the network is 7 × 256 = 1792. So dividing this value by 256 gives 7 as the default 
maximum number of rank increment value, as defined in Contiki RPL. Therefore, in this work, 
maximum hop count of 7 is used. Moreover, these values are adjustable depending on requirement and 
design choice. By default, root node has a hop count of zero which it takes when initiating the 

DODAG formation by broadcasting the DIO message containing the rank value during deployment.  

 
Figure 16: Hop Count value – mapping to Fuzzy Set. 

With hop count value serving as the third input to the network, its membership value to the linguistic 
variable (fuzzy set) near, far and very far is shown in the Figure 16 above. 

4.5.2 Computation for Degree of Membership (DOM) for Hop Count Metric 

Linguistic Variable                     DOM                    DOM Evaluation                                          
                                                             1                           if 	ℎ2�_324�� ≤ 1  

 Near(ℎ2�_324��) =                   
	�5�_6578�!9


!9
             if  1 < ℎ2�_324��< 2 

                                                              0                         if ℎ2�_324��≥ 2 
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Values obtained from these metrics are used as inputs to the fuzzy system model. Therefore, using the 
mathematical logical functions above, input values given to the system are evaluated by mapping the 
values to their Degree Of Membership (DOM) to the fuzzy set (linguistic variable). In the subsequent 
stage, rules are derived with the combination of all linguistic variables. Details are provided in the next 
section.  

4.6 Fuzzy Inference Module 

4.6.1 Rules Evaluation Process  
In the fuzzy inference system, rules are used to evaluate the system in order to give meaning or 
outcome to the different combinations of input conditions obtainable from the system. The rules base 
involves the antecedents the fuzzy set variables, logical operator, fuzzy set score, antecedent score, 
input parameter weight  and the consequent referred to as the quality output fuzzy set. The fuzzy set 
are just the linguistic variable use in describing the condition of the input parameter. Weights (W)are 
given to the input parameter to control how the a rule affects the quality of the output fuzzy set. 
Logical operator is simply a Boolean operator for combining one or more operands that has a value of 
true or false. Fuzzy set score is applied to the fuzzy set variables according to their importance. 
Antecedent score is a value obtained by multiplying the weight (W) and fuzzy set score for each 
antecedent in a rule. For instance, if a rule states that RSSI with a weight of 0.6 is in the connected 
fuzzy set having a fuzzy set score of 1 and ETX with weight 0.3 having a fuzzy set of average with 
fuzzy set score of 2 and finally HPC weight of 0.1with fuzzy set near having fuzzy set score of 1. 
Antecedent score as described in [30] is illustrated in equation 2 below. 
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                                        0.6×1 + 0.3× 2 + 0.1×1 = 1.3                                                                   (2) 

Depending on the input values, some rules in the rule base that matches with the input's fuzzy sets as 
shown in Table1 below are fired. The fired rule then gives a quality output fuzzy sets value. For this 
system, a total of 27 rules are generated. By multiplying weight value and fuzzy set score, antecedent 
value in the range of 1 and 3 is obtained. The peak value is applied according to the antecedent score, 
with 1 having the best quality and 3, the worst quality, for three input 3 by 3 membership function. 

For the rule base, five different rules base were constructed with different weight given to the input 
parameter. Table 1 below shows the input parameters, weights, fuzzy set score, antecedent score and 
the peak value for the first considered rule base. The rest of the rule base can be found in the appendix 
section and the performances discussed in the performance section in Section 5. Threshold of 30 is 
used for all the rule base.  

Table 1: Obtaining Quality Output Membership Value 
Rule 
No. 

Average RSSI 
value 

W = 0.6 

Fuzzy 
Set 

Score 

ETX 
Value 

W = 0.3 

Fuzzy 
Set 

Score 

Hop 
Count 
Value 

W = 0.1 

Fuzzy 
Set 

Score 

Antece
dent 
Score 

Quality 
output 

membership 
function 

1 Connected 1 Small 1 Near 1 1          100 
2 Connected 1 Small 1 Far 2 1.1           90 
3 Connected 1 Small 1 Very far 3 1.2           90 
4 Connected 1 Average 2 Near 1 1.3           80 
5 Connected 1 Average 2 Far 2 1.4           80 
6 Connected 1 Average 2 Very far 3 1.5           80 
7 Connected 1 Large 3 Near 1 1.6           70  
8 Transitioning 2 Small 1 Near 1 1.6           70 
9 Connected 1 Large 3 Far 2 1.7           70 
10 Transitioning 2 Small 1 Far 2 1.7           70 
11 Connected 1 Large 3 Very far 3 1.8           70 
12 Transitioning 2 Small 1 Very far 3 1.8           70 
13 Transitioning 2 Average 2 Near 1 1.9           60  
14 Transitioning 2 Average 2 Far 2 2           60 
15 Transitioning 2 Average 2 Very far 3 2.1           60 
16 Transitioning 2 Large 3 Near 1 2.2           60 
17 Disconnected 3 Small 1 Near 1 2.2           60 
18 Transitioning 2 Large 3 Far 2 2.3           50 
19 Disconnected 3 Small 1 Far 2 2.3           40 
20 Transitioning 2 Large 3 Very far 3 2.4           40 
21 Disconnected 3 Small 1 Very far 3 2.4           30 
22 Disconnected 3 Average 2 Near 1 2.5           30 
23 Disconnected 3 Average 2 Far 2 2.6           30 
24 Disconnected 3 Average 2 Very far 3 2.7           20 
25 Disconnected 3 Large 3 Near 1 2.8           20 
26 Disconnected 3 Large 3 Far 2 2.9           20 
27 Disconnected 3 Large 3 Very far 3 3           20 

4.6.2 Fuzzy Process Illustration  

Fuzzy process illustration, assumes some sampled values for the input parameter. The following steps 
are performed in order to obtain the final output. The steps for the fuzzy system are as follow: 

• Step A - Obtain values for Average RSSI, ETX, and hop-count and fuzzify the inputs.  
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• Step B - Evaluate the rules in the rule base (inference). 
• Step C -  Apply the peak quality value 
• Step D - Perform fuzzy aggregation by combining the degrees of satisfaction levels of the 

rules and obtain output fuzzy set. 
• Step E – Output fuzzy set are deffuzzified by converting output fuzzy set to a crisp fuzzy 

output value. 
 

 

                          Figure 17: Illustration describing steps in the fuzzy process. 

Based on the conditions (antecedent), a logical output quality (consequence) variable is obtained. The 
output quality value is mapped to the output set of Best Reliable, Better Reliable, Good Reliable and 
Not Reliable. The Figure below shows example of output membership function   

4.6.3 Defuzzification 

This is the final stage and the fourth step in the illustration example. It involves performing an 
evaluation to obtain the final crisp output from the fired rules aggregated. The centre of gravity 
defuzzification method is applied to membership function to find the centre of the aggregated fired 
rule. See Figure 18 below which illustrates it. Equation 3 below describes the computation performed 
for the crisp output. The crisp output quality value (Q) obtained from fuzzy operation preformed at 
each parent is then used to select the parent with the best quality.                               

                                          Q = 
∑ >*	×	µ�>*�?
@AB

∑ µ�>*�?
@AB

                                                                     (3) 

Using the illustration example, the crisp output will be obtained using the evaluation below. 
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            Q = 
#.9×<#D#.,×%#D#.,×$#

#.9D#.,D#.,
 = 52 

Figure 18: Output membership with crisp output. 

4.7 Hand-off Algorithm and Implementation in FMOF 

Fuzzy system is used to create a system that helps in classifying data in linguistic terms which are hard 
to define in mathematical terms. It also helps in finding casual dependencies between linguistic terms 
that are beyond classical logics of false or true. Fuzzy logic helps to define various answers, which are 
hard for computers but easier for humans with expert knowledge of the system. 
The Algorithm below describes the handoff algorithm performed for FMOF in rpl-icmp6.c file. In 
RPL, control messages are used to construct and updates information about the DODAG. DIO embeds 
information for constructing and maintaining DODAG. Already, rpl-icmp6.c file contains the rank and 
etx value embedded in DIO structure. To use RSSI, the value is obtained using 
PACKETBUF_ATTR_RSSI. Once obtained, it embeds in the DIS message struct, and the then the 
decision for finding a preferred parent begins. 

Algorithm 1: Data Transmission Phase 

1    begin 

2    if received DIO packet; 

3          Reset TConn; 

4    if Fuzzy_output < TL; then 

5          go to the discovery phase; 

6    else 

7          continue the Data Transmission Phase; 

8          end 

9    else if TMD expires then 

10          reset  TMD; 



32 

 

11          unicast burst of DIS; 

12           go to the begin; 

13          else if TConn  expires then 

14          go to the discovery phase; 

15          end 

16    end  

     

Algorithm 2: Discovery Phase 

1    begin 

2    if !RPL leaf-node 

3    begin 

4            if received unicast DIS message; then 

5                  store RSSI reading; 

6                  store counter value C of the latest DIS packet; 

7                  reset TR with (ws - C) × TDIS; 

8                         if TR expires Then 

9                               calculate average RSSI; 

10                             dom_connected(rssi_average); 

11                             dom_trans(rssi_average); 

12                             dom_disc(rssi_average); 

13                             dom_small(dio.mc.obj.etx); 

14                             dom_ave(dio.mc.obj.etx); 

15                             dom_large(dio.mc.obj.etx); 

16                             dom_near(diorank/256); 

17                             dom_far(dio.rank/256); 

18                             dom_very_far(dio.rank/256); 

19                             Fuzzification(); 

20                             Rule Evaluation(); 

21                             Defuzzification(); 

22                             return fmof_neighbour_quality_output; 

23                             send unicast DIO message with fmof_neighbour_quality_output; 

24                       else 

25                             continue discovery phase; 

26                       end 
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27           else 

28               continue the Data TX Phase; 

29           end 

30  end 

31  end 

During discovery phase, MN sends burst of 3 DIS containing the RSSI value to neighbour APs. Upon 
receiving the 3 burst of RSSI, a timer is initiated for the reception of the last DIS as described in [4]. 
When the timer called reply timer (TR) expires the AP calculates the average of the 3 RSSI value. 
Once obtained, the fuzzy process begins by reading the rank and ETX value from the DIO structure. 
With this, Fuzzification process is performed with the inputs to determine their degree of membership 
to the fuzzy sets and the values obtained are stored in the structures generated to hold these values for 
every input. The stored values is then used in the evaluation stage as describe in rule evaluation 
process in section 4.5.1. The outputs fuzzy sets derived from the rule evaluation stage are then 
deffuzzified to get the crisp output. The value is then embedded in the unicast DIO message. 

In Data transmission phase, if MN receives DIO which embeds fuzzy output values from neighbour 
APs, It resets the connectivity timer (TConn), and then checks if fuzzy output value is below the fuzzy 
threshold. If below the fuzzy threshold the discovery phase is initiated, otherwise, data transmission 
process is continued. If no DIO received the  

Another timer mobility detection timer (Tmd) is used and the period depends on the rate data is 
generated. This timer resets once the period elapsed and DIO is not received, unicast DIS burst and 
continue data transmission process. Otherwise, if connectivity timer expires go to the discovery phase.  
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5. Performance Evaluation of FMOF 

This section evaluates performance of the optimized fuzzy mobility objective function (FMOF) and 
the result compared with MRHOF and OF0. Two network deployment scenario were also presented 
and results obtained with the scenario discussed. 

As mentioned earlier in sections 2.5, the development environment used for this work is Contiki 
operating system version 2.7. It supports Cooja simulator - a simulation environment for  evaluating 
and analysing various sensor network. Contiki OS contains RPL implementation that is widely used 
and it operates on MRHOF and OF0 implementation which are the objective functions the 
performances are compared with the new optimized FMOF. By default Cooja does not have mobility 
support, but a Cooja mobility plugin [29] can be added together with a position trace file developed to 
move the mobile node in the simulation environment.  

Cooja can be used to simulate various sensor motes like sky mote, zmote, Micaz-mote etc. However, 
the sky mote sensor node is used for this work, due to its very low power efficiency in monitoring 
applications [22]. 

5.1 Parameters for LPWN Simulation 

With the topology shown in the Figure 19 below, set up parameters in Table 2 were used to simulate 
various scenarios of the input weights and OFs for the LPWN network. 

Table 2:  Parameters used to simulate LPWN 
Radio Medium Unit Disk Graph Medium(UDGM): Distance Loss 
Positioning Linear positioning for APs  
No of Access Points(APs) 12 
No Mobile Nodes 1  
Sink Node  1 
Mobile Node speed 1m/sec 
OFs OF0,MRHOF, FMOF 
Transmission Range 50meters 
Interference Range 100meters 
Transmit Ratio 100% 
Receive Ratio 100% 
Simulation Time 90 seconds  simulation Time 
Packet  send  interval 1packet/2secs ,1packet/sec and 2packet/2secs 

 

5.2 Simulation Set Up 

Set up of the simulated network is such that the sink denoted by the pink coloured node in Figure 19 
below acts as server. The APs are shown by yellow coloured node. They are responsible for routers 
forwarding of information/packets generated by the mobile node to sink. Mobile node (MN)                           
on the other hand performs the work of client-obtaining sensor information. MN moves randomly in 
the deployment area of 12 by 6 meters. At the start of the network MN stands at the vicinity of  AP2 
and AP3 for 30 seconds, after the 30 seconds time it moves up towards the server and back to its 
original position with a MN speed of 1m/s, stopping randomly for few seconds at 4 different positions. 
The choice of 1 m/s for the speed of the MN is because average human walking speed is around 
1.4m/s. So considering speed of 1m/s seem moderate for a sick person since the work targets health 
monitoring applications.  
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Figure 19: Simulation set-up. 

 
In order to test performance of the network, the scenario above with 12 APs shown in Figure 19 above 
was considered.  The results obtained are discussed in Section 5.4.  
 

5.3 Evaluation Metrics 

To evaluate the performance of FMOF, three network metrics are considered, namely; 

� Packet Reception Ratio – this is the ratio of number of packets received at the sink node to 
number of packets sent by the mobile node.  

� Control message overhead - this represents the number of non-data packets-DIO, DIS AND 
DAO used by ICMPV6  for building and maintaining DODAGs. The value can be read from 
the radio message tab found in Cooja.  

� Average Hand-off Delay – this is the total time spent during handoff process. In FMOF, this 
value determined by taking the average time spent during the handoff process. While in RPL 
OF0 and MRHOF, it is determined by the time spent before MN finds a new preferred parent.  

Values obtained from these metrics are then compared with those obtained from MRHOF and OF0 
using same network settings used for all scenario. 

5.4 Results Evaluation and Discussion 

First, results obtained using different combination of weights of the input parameter were presented 
and compared. Second, the best weight combination chosen is compared with MRHOF and OF0 the 
results compared analysed. 
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5.4.1 Comparing Different Weights for the Input Parameters in icmp6.f file 

At this stage, performance of different weights given to the input parameter is presented and analysed.  
This helps in finding the best weight that optimized the RPL objective function in a mobile 
environment. For this, three performance metrics were considered as shown in the Figures 20 - 25 
below. As mentioned earlier in Section 4.6.1, weights of input parameter describe how importance the 
input parameter is in routing packets from MN to Sink in a mobile environment that uses optimized 
FMOF for selection of right parent. 

5.4.1.1 Packet Reception Ratio for Different Weight  

In Figure 20, it would be seen that packet reception ratios were improved for scenarios in which high 
weights were assigned to RSSI and ETX. However, packet reception dropped when high weight was 
assigned to HPC. This confirms what has been stated earlier in background study (Section 2.7.1). It 
was noted that choosing least hop route to sink using OF0 selects shortest path without considering 
loss ratio of other routes. This results in MN performing several retransmissions of packets. This can 
lead to decrease in the overall performance of the network. Moreover, a higher send interval of 1pkt/2 
sec enables some retransmitted packets to be received by sink node. 

 

Figure 20: Packet Reception Ratio for different send interval. 

It would also be observed that with high send interval of 1pkt/2secs, PRR was improved to 100% for 
scenarios with weights RSSI 0.33, ETX 0.33, HPC 0.34 and RSSI 0.25, ETX 0.50, HPC 0.25.  

5.4.1.2 Control Message Overhead for Different Weights 

Values represented in Figure 21 show that with a high send interval of 1pkt/2secs, the control message 
overhead is reduced compared to that for low send interval of 2pkts/sec. High control message 
overhead in low send interval is attributed by additional control messages generated during the 
discovery phase. More control messages like DIS and DIO were triggered during the hand-off  process 
leading to an increase in control message overhead for low send interval.  
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Figure 21: Control message overhead for different send intervals. 

5.4.1.3 Average Hand-off Delay Result for Different Weights 

This is affected by two parameters. First parameter is the data-send-interval while the second 
parameter is position of the threshold value in rule base. In first rule base derived in Table 1, threshold 
is applied when the antecedent score is 2.4. However, in subsequent rule base, it is applied once the 
antecedent score is below 2.5. This has an impact on average handoff value as would be seen in Figure 
21. In scenario with weight - RSSI 0.33, ETX 0.33, HPC 0.34 and also that with weight - RSSI 0.50, 
0.25,Hpc 0.25, the hand-off delay is around 100ms. This shows fast switching during hand-off to the 
preferred parent compared to other weight send intervals.  
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                                 Figure 22: Average hand-off delay for different send interval. 

Having carefully examined various weighting scenarios, it was found that given weights of RSSI 0.33, 
ETX 0.33, HPC 34 and RSSI 0.50, 0.25, HPC 0.25 are two input parameters that best optimize the 
network in terms of overall performance.  

However, the choice of best scenario now depends on the application requirement. Since the work 
targets on health monitoring application and data obtained in this application needs to reliable, the 
choice of weight of RSSI 0.33, ETX 0.33, HPC 0.34 is considered. This weight scenario shows that 
with a send interval of 1pkts/sec the chosen weight has PRR of 100%, 570 messages overhead and 
125ms hand of delay. Therefore, this gives the best optimized scenario for the intended application 
requirement. It is important to note that even with the hand-off delay of 125 ms, all packets were 
successfully received at sink node. Based on this, it can be guaranteed that all packets shall be 
delivered with reduced control message overhead and hand-off delay.   

The second stage of the performance evaluation is to present the best weight result and that of other 
objective functions (MRHOF and OF0). Thereafter, they are compared to determine if proposed 
(FMOF) actually optimizes RPL OF. 

5.4.2 Comparing Best Weight of FMOF with MRHOF and OF0 

The same network performance metrics (packet reception ratio, control message overhead and average 
hand-off delay) were used to evaluate the objective functions. 

5.4.2.1 Packet Reception Ratio for the three Objective Functions  

Combining more than one network parameter generally improves PRR. It helps capture the dynamics 
inherent in low power wireless network system. For example, if density of the deployed nodes is high, 
using only hop count metric will result in low PRR. MRHOF is a combination of two network 
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parameter - ETX and hop-count. OF0 is only one parameter represented by number of hops. FMOF 
performs best in 1pkt/2 sec scenario, followed by ETX and lastly by OF0.  

In other scenarios 1pkt/sec and 2pkts/sec, more time is needed to perform the fuzzy process. Hence, 
input parameters are not frequently updated in the DIO message structure. Its improvement may be 
considered as a future work.  

                                                                         

 

                                Figure 23: Packet reception ratio of MRHOF, FMOF and OF0. 

5.4.2.2 Control Message Overhead for the three Objective Functions 

Generally, high data generation rate increases control message overhead as shown in Figure 24. The 
rate of increase in MRHOF and OF0 is proportional to the number of packet generated per second. In 
FMOF, more control message overhead is present especially in 2pkts/sec due to hand-off message 
triggers generated due to delay in fuzzy process. 
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Figure 24: Control message overhead for MRHOF, FMOF, OF0. 

5.4.2.3 Average Hand-off  Delay for the three Objective Functions 

Fast parent switching, enabled by hand-off process with more AP nodes in the transmission range of 
the MN reduces the average hand-off delay in FMOF. Hand-off delay in FMOF is extremely small (in 
the range of 101-125ms) compared to other OFs. High packet loss in OF0 is reflected in average hand- 
off delay presented in the Figure 25 below. 

                                                                              

 

                                 Figure 25: Hand-off delay for MRHOF, FMOF and OF0. 
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Table 3 below summarizes the results obtained from simulations performed for various scenarios 
considered. The values are as represented the Figures 20 – 25.  

Table 3: Summary of obtained performance results for various scenarios considered. 
Weights to input 
parameter 
 

Average Total Hand off  
Delay (ms) 

Packet Reception 
Ratio (%) 

Control message 
overhead 

Send Interval 1pkt/ 
2secs 

1pkt/ 
Sec 

2pkts/ 
Sec 

1pkt/ 
2secs 

1pkt/ 
Sec 

2pkts
/Sec 

1pkt/ 
2secs 

1pkt/ 
Sec 

2pkts/Sec 

60% RSSI, 
30%ETX, 
10%HPC 
 

342 346 172 97 83 87 687 1082 1438 

33% RSSI,  
33% ETX,  
34% hops 
 

125 101 101 100 71 61 570 765 1474 

50% RSSI,  
25% ETX,  
25% hops 
 

106 101 101 94 71 61 641 759 1465 

25% RSSI,  
50 % ETX,  
25% hops 
 

266 112 174 100 85 55 570 809 1356 

25% RSSI,  
25% ETX,  
50% hops 
 

179 158 101 89 66 55 636 817 1355 

MRHOF 
 

6020 5539 3874 89 92 91 715 924 1245 

OF0 9970 10371 9441 57 56 56 521 630 846 
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6   CONCLUSIONS 

 

Reliability of LPWN in the presence of mobility is challenging due to nature of nodes and the inherent 
dynamics created by the mobile node. This thesis work was able to tackle some of the issues by 
studying RPL routing protocol present in Contiki OS. It then identified relevant link and network 
metrics required for the system to manage mobility issues and as well to ensure a reliable routing of 
data using fuzzy logic model. 

To achieve this, three routing metrics ETX, RSSI and Hop-count were selected due to their importance 
in mobile LPWN. They serve as input to the fuzzy logic model. The system was designed and 
implemented using the metrics to optimize RPL OF. Extensive simulations were performed using 
some evaluation metrics to test various weighting scenarios. The weightings were used in tuning the 
system so as to identify the best scenario that guarantees reliable delivery of data in health monitoring 
applications. The best optimized scenario is selected and results compared with RPL working with 
single objective function, such as hop count for OF0 and ETX for MRHOF in a mobile environment.  

The evaluation showed that the system was able to deliver data from an MN to the sink through some 
APs in a mobile network. Routes are updated more frequently based on more accurate information, 
generated by the optimized FMOF. The performance of the network was enhanced in terms of average 
hand-off delay, control message overhead and packet reception ratio.   

The average hand-off delay observed from several weights combination of FMOF were small 
compared to the RPL routing with other objective functions. The FMOF is able to provide high 
reliability with almost 100% PRR and good connectivity with 125 ms handoff delay. 

For future work, the FMOF will be implemented in real sensor hardware as we were unable to create 
environmental dynamics in simulation. In realistic environment, there will be external interference 
from objects, human body, and other wireless devices using ISM frequency band. 
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APPENDIX 
 
D: 33% RSSI, 33% ETX, 34% hops 
Rule No. Average 

RSSI value 
W = 0.33 

Fuzzy 
Set Score 

ETX 
Value 

W = 0.33 

Fuzzy 
Set Score 

Hop 
Count 
Value 

W = 0.34 

Fuzzy 
Set Score 

Antecedent 
Score 

Quality 
output 
membershi
p function 

1 Connected 1 Small 1 Near 1 1 100 
2 Connected 1 Average 2 Near 1 1.33 90 
3 Transitioning 2 Small 1 Near 1 1.33 90 
4 Connected 1 Small 1 Far 2 1.34 90 
5 Connected 1 Large 3 Near 1 1.66  80 
6 Transitioning 2 Average 2 Near 1 1.66  80 
7 Disconnected 3 Small 1 Near 1 1.66  80 
8 Connected 1 Average 2 Far 2 1.67  80 
9 Transitioning 2 Small 1 Far 2 1.67  80 
10 Transitioning 2 Large 3 Near 1 1.99  70 
11 Disconnected 3 Average 2 Near 1 1.99  70 
12 Connected 1 Large 3 Far 2 2  60 
13 Transitioning 2 Average 2 Far 2 2  60 
14 Disconnected 3 Small 1 Far 2 2  60 
15 Connected 1 Small 1 Very far 3 2.01  50 
16 Connected 1 Average 2 Very far 3 2.01  50 
17 Transitioning 2 Small 1 Very far 3 2.01  50 
18 Disconnected 3 Large 3 Near 1 2.32  40 
19 Transitioning 2 Large 3 Far 2 2.33  40 
20 Disconnected 3 Average 2 Far 2 2.33  40 
21 Connected 1 Large 3 Very far 3 2.34  40 
22 Transitioning 2 Average 2 Very far 3 2.34  40 
23 Disconnected 3 Small 1 Very far 3 2.34  40 
24 Disconnected 3 Large 3 Far 2 2.66  30 
25 Transitioning 2 Large 3 Very far 3 2.67  30 
26 Disconnected 3 Average 2 Very far 3 2.67  30 
27 Disconnected 3 Large 3 Very far 3 3  20 
 

E:50% RSSI, 25% ETX, 25% hops 
Rule No. Average 

RSSI value 
W = 0.5 

Fuzzy 
Set Score 

ETX 
Value 

W = 0.25 

Fuzzy 
Set Score 

Hop 
Count 
Value 

W = 0.25 

Fuzzy 
Set Score 

Antecedent 
Score 

Quality 
output 
membership 
function 

1 Connected 1 Small 1 Near 1 1 100 
2 Connected 1 Small 1 Far 2 1.25 90 
3 Connected 1 Average 2 Near 1 1.25 90 
4 Connected 1 Small 1 Very far 3 1.5 80 
5 Connected 1 Average 2 Far 2 1.5 80 
6 Connected 1 Large 3 Near 1 1.5 80 
7 Transitioning 2 Small 1 Near 1 1.5 80 
8 Connected 1 Average 2 Very far 3 1.75 70 
9 Connected 1 Large 3 Far 2 1.75 70 
10 Transitioning 2 Small 1 Far 2 1.75 70 
11 Transitioning 2 Average 2 Near 1 1.75 70 
12 Connected 1 Large 3 Very far 3 2 60 
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13 Transitioning 2 Small 1 Very far 3 2 60 
14 Transitioning 2 Large 3 Near 1 2 60 
15 Transitioning 2 Average 2 Far 2 2 60 
16 Disconnected 3 Small 1 Near 1 2 60 
17 Transitioning 2 Average 2 Very far 3 2.25 50 
18 Transitioning 2 Large 3 Far 2 2.25 50 
19 Disconnected 3 Small 1 Far 2 2.25 50 
20 Disconnected 3 Average 2 Near 1 2.25 50 
21 Transitioning 2 Large 3 Very far 3 2.5 40 
22 Disconnected 3 Small 1 Very far 3 2.5 40 
23 Disconnected 3 Average 2 Far 2 2.5 40 
24 Disconnected 3 Large 3 Near 1 2.5 40 
25 Disconnected 3 Average 2 Very far 3 2.75 30 
26 Disconnected 3 Large 3 Far 2 2.75 30 
27 Disconnected 3 Large 3 Very far 3 3 20 
 

F:25% RSSI, 50 % ETX, 25% hops 
Rule No. Average 

RSSI value 
W = 0.25 

Fuzzy 
Set Score 

ETX 
Value 

W = 0.50 

Fuzzy 
Set Score 

Hop 
Count 
Value 

W = 0.25 

Fuzzy 
Set Score 

Antecedent 
Score 

Quality 
output 
membership 
function 

1 Connected 1 Small 1 Near 1 1 100 
2 Connected 1 Small 1 Far 2 1.25 90 
3 Transitioning 2 Small 1 Near 1 1.25 90 
4 Connected 1 Average 2 Near 1 1.5 80 
5 Connected 1 Small 1 Very far 3 1.5 80 
6 Transitioning 2 Small 1 Far 2 1.5 80 
7 Disconnected 3 Small 1 Near 1 1.5 80 
8 Connected 1 Average 2 Far 2 1.75 70 
9 Transitioning 2 Average 2 Near 1 1.75 70 
10 Transitioning 2 Small 1 Very far 3 1.75 70 
11 Disconnected 3 Small 1 Far 2 1.75 70 
12 Connected 1 Large 3 Near 1 2 60 
13 Connected 1 Average 2 Very far 3 2 60 
14 Transitioning 2 Average 2 Far 2 2 60 
15 Disconnected 3 Average 2 Near 1 2 60 
16 Disconnected 3 Small 1 Very far 3 2 60 
17 Connected 1 Large 3 Far 2 2.25 50 
18 Transitioning 2 Large 3 Near 1 2.25 50 
19 Transitioning 2 Average 2 Very far 3 2.25 50 
20 Disconnected 3 Average 2 Far 2 2.25 50 
21 Connected 1 Large 3 Very far 3 2.5 40 
22 Transitioning 2 Large 3 Far 2 2.5 40 
23 Disconnected 3 Large 3 Near 1 2.5 40 
24 Disconnected 3 Average 2 Very far 3 2.5 40 
25 Transitioning 2 Large 3 Very far 3 2.75 30 
26 Disconnected 3 Large 3 Far 2 2.75 30 
27 Disconnected 3 Large 3 Very far 3 3 20 
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G:25% RSSI, 25% ETX, 50% hops 
Rule No. Average 

RSSI value 
W = 0.25 

Fuzzy 
Set Score 

ETX 
Value 

W = 0.50 

Fuzzy 
Set Score 

Hop 
Count 
Value 

W = 0.25 

Fuzzy 
Set Score 

Antecedent 
Score 

Quality 
output 
membership 
function 

1 Connected 1 Small 1 Near 1 1 100 
2 Connected 1 Average 2 Near 1 1.25 90 
3 Transitioning 2 Small 1 Near 1 1.25 90 
4 Connected 1 Small 1 Far 2 1.5 80 
5 Connected 1 Large 3 Near 1 1.5 80 
6 Transitioning 2 Average 2 Near 1 1.5 80 
7 Disconnected 3 Small 1 Near 1 1.5 80 
8 Connected 1 Average 2 Far 2 1.75 70 
9 Transitioning 2 Small 1 Far 2 1.75 70 
10 Transitioning 2 Large 3 Near 1 1.75 70 
11 Disconnected 3 Average 2 Near 1 1.75 70 
12 Connected 1 Small 1 Very far 3 2 60 
13 Connected 1 Large 3 Far 2 2 60 
14 Transitioning 2 Average 2 Far 2 2 60 
15 Disconnected 3 Small 1 Far 2 2 60 
16 Disconnected 3 Large 3 Near 1 2 60 
17 Connected 1 Average 2 Very far 3 2.25 50 
18 Transitioning 2 Small 1 Very far 3 2.25 50 
19 Transitioning 2 Large 3 Far 2 2.25 50 
20 Disconnected 3 Average 2 Far 2 2.25 50 
21 Connected 1 Large 3 Very far 3 2.5 40 
22 Transitioning 2 Average 2 Very far 3 2.5 40 
23 Disconnected 3 Small 1 Very far 3 2.5 40 
24 Disconnected 3 Large 3 Far 2 2.5 40 
25 Transitioning 2 Large 3 Very far 3 2.75 30 
26 Disconnected 3 Average 2 Very far 3 2.75 30 
27 Disconnected 3 Large 3 Very far 3 3 20 
 
 
 
 
 
 
 
 
  


