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Resumen

Las redes del futuro, incluyendo las redes de próxima generación, tienen entre 

sus objetivos de diseño el control sobre el consumo de energía y la conectividad de la 

red. Estos objetivos cobran especial relevancia cuando hablamos de redes con 

capacidades limitadas, como es el caso de las redes de sensores inalámbricos (WSN 

por sus siglas en inglés). Estas redes se caracterizan por estar formadas por 

dispositivos de baja o muy baja capacidad de proceso y por depender de baterías para 

su alimentación. Por tanto la optimización de la energía consumida se hace muy 

importante. 

Son muchas las propuestas que se han realizado para optimizar el consumo de 

energía en este tipo de redes. Quizás las más conocidas son las que se basan en la 

planificación coordinada de periodos de actividad e inactividad, siendo una de las 

formas más eficaces para extender el tiempo de vida de las baterías. 

La propuesta que se presenta en este trabajo se basa en el control de la 

conectividad mediante una aproximación probabilística. La idea subyacente es que se 

puede esperar que una red mantenga la conectividad si todos sus nodos tienen al 

menos un número determinado de vecinos. Empleando algún mecanismo que 

mantenga ese número, se espera que se pueda mantener la conectividad con un 

consumo energético menor que si se empleara una potencia de transmisión fija que 

garantizara una conectividad similar. 

Para que el mecanismo sea eficiente debe tener la menor huella posible en los 

dispositivos donde se vaya a emplear. Por eso se propone el uso de un sistema auto-

adaptativo basado en control mediante lógica borrosa. 

En este trabajo se ha diseñado e implementado el sistema descrito, y se ha 

probado en un despliegue real confirmando que efectivamente existen configuraciones 

posibles que permiten mantener la conectividad ahorrando energía con respecto al uso 

de una potencia de transmisión fija. 
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Summary 

Among the design goals for future networks, including next generation 

networks, we can find the energy consumption and the connectivity. These two goals 

are of special relevance when dealing with constrained networks. That is the case of 

Wireless Sensors Networks (WSN). These networks consist of devices with low or very 

low processing capabilities. They also depend on batteries for their operation. Thus 

energy optimization becomes a very important issue. 

Several proposals have been made for optimizing the energy consumption in 

this kind of networks. Perhaps the best known are those based on the coordinated 

planning of active and sleep intervals. They are indeed one of the most effective ways 

to extend the lifetime of the batteries. 

The proposal presented in this work uses a probabilistic approach to control the 

connectivity of a network. The underlying idea is that it is highly probable that the 

network will have a good connectivity if all the nodes have a minimum number of 

neighbors. By using some mechanism to reach that number, we hope that we can 

preserve the connectivity with a lower energy consumption compared to the required 

one if a fixed transmission power is used to achieve a similar connectivity. 

The mechanism must have the smallest footprint possible on the devices being 

used in order to be efficient. Therefore a fuzzy control based self-adaptive system is 

proposed. 

This work includes the design and implementation of the described system. It 

also has been validated in a real scenario deployment. We have obtained results 

supporting that there exist configurations where it is possible to get a good connectivity 

saving energy when compared to the use of a fixed transmission power for a similar 

connectivity. 
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1.1. Introduction 

Future networks (FN), including next generation networks, are defined as 

networks able to provide services, capabilities and facilities difficult to provide using 

existing network technologies [1]. It is accepted that FNs share common requirements 

with traditional networks, but at the same time new requirements are emerging. Several 

research projects have explored the new requirements for these so called next-

generation networks [2], [3]. Despite the lack of consensus at the moment of writing 

this dissertation, there are some agreement about the importance of sustainability and 

environmental issues. 

In an effort to envision the requirements for these FNs, the International 

Telecommunications Union Standardization Sector (ITU-T) has defined a group of four 

objectives that represent the candidate characteristics that define and differentiate FNs. 

The four objectives, depicted in Figure 1, are: Service awareness, Data awareness, 

Environmental awareness and Social and economic awareness.  

 

Figure 1: Four objectives and twelve design goals for future networks [1] 

The four objectives proposed by ITU-T are divided into design goals to define 

the high-level capacities and characteristics recommended to be supported by FNs. 

Two of these design goals are considered for this dissertation. The first one, included in 

the title, is about energy consumption. Energy consumption can be considered at 
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device level, equipment level and network level, and it is recommended to not work 

independently, but rather to cooperate with each other in achieving a solution for 

network energy savings. 

The other design goal of our interest is about reliability, in terms of connectivity 

of the network. In this case it is advised that FNs should be designed to provide an 

acceptable level of service, even in the face of various faults and challenges to normal 

operation. 

1.2. Wireless Sensor Networks 

Wireless Sensor Network (WSN) technology is at the convergence point of 

communication networks, software engineering and distributed systems in constrained 

devices. As a key piece of ubiquitous computing this type of ad hoc networks are 

composed by tiny nodes with the ability to model the environment through sensors, 

processing gathered information and influencing by means of actuator devices, 

providing a significant number of features that make them an interesting solution for a 

wide range of fields. 

Previous application domains are enhanced by ubiquitous features of Wireless 

Sensor Networks. These include small node size, wireless networking capabilities and 

battery powered autonomy. Additionally sensor nodes can be deployed in inaccessible 

geographical areas in a flexible way, without relying on a fixed network topology and 

using network protocols and algorithms which provide them with self-organizing 

capacity. However, it is the own pervasive nature of these networks that defines its 

main limitations. A wireless sensor node is inherently resource constrained mainly by 

its memory capacity, computing power, bandwidth and battery lifetime. This is the main 

reason why most software approaches to such networks are ad hoc solutions. 

For the interest of this dissertation, two properties of a WSN must be defined: 

• Coverage is the area that can be monitored. 

• Connectivity is the property that ensures that the sensor network 

remains connected so that the information collected by sensor nodes 

can be relayed back to data sinks or controllers. 
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1.3. Energy Saving and WSN Connectivity 

Energy consumption is particularly relevant in the study of WSN [4]–[7]. A WSN 

is constrained by definition. Sensor nodes, or motes, usually depend on batteries, and 

are commonly deployed in areas where access to energy sources is not feasible. A 

typical approach to save energy en WSN is planning the states of operation of each 

node including a sleep or deep sleep mode for long inactivity intervals [8]–[10]. Another 

mechanism to improve the energy savings is acting on the performance of the node, 

either by shutting down inactive devices [11] or by scaling down the frequency of the 

CPU whenever is possible. 

However the essence of a WSN is its communication capabilities. Therefore 

other researches have been conducted exploring how to save energy acting on the 

communication. Here we can distinguish among passive and active solutions [12]. 

Passive solutions are focused on shutting down the communications when they are not 

needed. According to [12] the passive power conservation mechanism can be 

classified into three basic categories, depending on the possible layers of control for 

turning off the radio: physical, MAC or application. On the other hand we have the 

active solutions. Active power conservation mechanisms decrease the energy 

consumption improving the node operation. And they do that by smart utilization of the 

network capabilities, like acting on the transmission power [13]. 

In order to guarantee the total network connectivity, the transmission power is 

restricted so it depends on the nodes deployment. And nodes deployment depends on 

the coverage [14]–[17]. Thus in WSN we can describe two main properties: the sensing 

range, (𝑅𝑠) and radio transmission range (𝑅𝑡). We can derive the relationship between 

both properties as follows: 

 𝑅𝑡 ≥ 2𝑅𝑠 (1) 

In equation (1) we can see that the radio transmission range must be at least 

twice the sensing range. 

Another important thing to take into consideration is that the communication or 

transmission range changes no matter if we use a fixed transmission power. Radio 

irregularities [18], interferences and other environmental factors have an effect on the 

real transmission range. 
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Also even in fixed topologies where the number and location of nodes remain 

constant, the topology can change at any time. The radio issues mentioned in the 

previous paragraph can be one of the reasons, but also node failures and battery 

depletions. Therefore the adjustment of the transmission power should be performed at 

runtime and using self-adaptive mechanisms. 

Considering a distributed approach, instead of proposing a mechanism that 

requires checking the connectivity, others have been suggested using probabilistic 

approach solutions. A  mathematical model that studies the probabilistic behavior of the 

network connectivity assuming WSNs nodes are randomly and uniformly distributed 

has been proposed in [19]. This model suggests that to increase the network 

connection probability the nodes should have a minimum number of neighbors, or node 

degree. This ensures that if the all the nodes have at least 𝑘 neighbors the network will 

be 𝑘-connected. A control mechanism acting on the transmission power using the 

abovementioned probabilistic approach is defined in [20]. This mechanism relies on the 

use of control loops [21]. 

It is the purpose of this work to improve further these theoretical models and 

test the proposal in a real environment. 

1.4. Objectives 

The main motivation for this dissertation is to contribute to the development of a 

fuzzy control based self-adaptive system for energy saving in constrained networks. To 

accomplish the previous, the work presented in this master thesis is centered on the 

proposal of a self-adaptive controller capable of adjusting the transmission power of the 

nodes deployed in a WSN by monitoring the internal and external conditions, and 

resulting in a reduction of the consumption of energy. The self-adaptive controller is 

then modeled into a software component that is finally implemented and validated in a 

real scenario. 

In this context the core objectives of this dissertation are summarized as 

follows: 

• To model and design the architecture and the operation of a fuzzy 

control based self-adaptive system focused on the control of the 

transmission power of a sensor node in a WSN by monitoring its internal 

and external conditions. 
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• To implement such system in a real sensor node architecture. 

• To validate such model and implementation in a real scenario. 

• To analyze and discuss the results obtained from the validation, 

focusing on the energy consumption, the connectivity and the system 

footprint. 

1.5. Research framework 

The work presented in this dissertation has been supported by the European 

project “Design, Monitoring, and Operation of Adaptive Networked Embedded 

Systems” (DEMANES), funded by ARTEMIS-JU (project code ARTEMIS-JU 295372) 

and “Ministerio de Industria, Energía y Turismo” of Spain (project code ART-010000-

2012-002). 

The goal of DEMANES is to provide component-based methods, framework 

and tools for development of runtime adaptive systems, making them capable of 

reacting to changes in themselves, in their environment (battery state, availability and 

throughput of the network connection, availability of external services, etc.) and in user 

needs (requirements). 

1.6. Master Thesis Outline 

The work presented in this master thesis is organized in six differentiated 

chapters. Chapter 1 represents the dissertation introduction and objectives. Chapter 2 

is composed by the state-of-the-art survey and related background. Chapters 3, 4 and 
5 contain the formalization, design, implementation and validation of the master thesis 

contributions. Finally chapter 6 includes the conclusions and further work discussion. 

The main contents of the previous chapters are depicted in the following paragraphs. 

Chapter 1 introduces the main concepts and objectives for this master thesis 

dissertations. It covers the design goals defined for future networks, applied to wireless 

sensor networks, and the theoretical background for the self-adaptive system subject of 

this work. 

Chapter 2 analyzes the research areas of interest to this work within the 

framework of the self-adaptive control systems. This includes the mathematical 

definition of adaptation, a basic background on control systems, and a survey of 
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decision making models and methods applicable to control systems with a special 

focus on fuzzy logic, as well as a study of control based self-adaptive frameworks and 

architectures. 

Chapter 3 proposes the fuzzy control based self-adaptive system from the 

control theory point view. It covers the definition of the control loops and the functions 

of decision making. These functions use a fuzzy logic approach, and the fuzzy 

membership functions for each loop are also discussed. Finally a set of rules to 

command the control system are also defined. 

Chapter 4 describes the software analysis and design of the control system 

proposed in the previous chapter. It includes the description of the interactions between 

components, as well as the activity diagrams for the most complex ones. 

Chapter 5 validates the system using a real scenario where the software is 

implemented and the control system is tested. The results obtained are also discussed 

here, offering a global view of the impact of the self-adaptive control system on the 

energy savings and the connectivity. Some software metrics are also considered, 

analyzing the overhead of the implemented components. 

Chapter 6 concludes this dissertation remarking the final conclusions and 

providing an overview of the future directions for our research work. Additionally, this 

chapter summarizes and presents the main scientific dissemination results which are 

related to the work presented and discussed in this master thesis. 

 



2 State of the Art 
on Self-Adaptive 
Based Control 
Systems 
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2.1. Introduction 

In this chapter we will introduce the concept of adaptation and how it can be 

accomplished by using a control system approach. By definition a self-adaptive system 

must have the capacity of act upon unexpected events to reduce their effect and reach 

a steady state. To decide whether an action must be performed, a control system relies 

on the use of decision making models and strategies. A brief survey of common known 

decision making models and strategies is introduced in section 2.4. Finally section 2.5 

will introduce some models and architectures for control based self-adaptive systems.   

2.2. Adaptive and Self-Adaptive Systems 

2.2.1. Classical definitions 

According to Collins dictionary, adaptation is “something that is changed or 

modified to suit new conditions or needs”. This term arises mainly in the biological 

scope, as a study of the relationship between living beings and their environments. 

The first research areas in computer science and engineering in paying 

attention to the adaptation phenomenon were the control theory and cybernetics. They 

were mostly inspired by the physiological homeostatic principles defined by Cannon 

[22]. Norbert Wiener introduced the closed control loop paradigm in relation to 

adaptation in his work where he coined the term cybernetics applied to this field as “the 

scientific study of control and communication in the animal and the machine” [23]. 

In this early works the common approach to model an adaptive system was by 

using the classical equation for a negative feedback shown in equation (2). 

 𝑥 = −𝜇
𝛿𝐽
𝛿𝑥

 (2) 

where 𝑥 is the control action, 𝐽 is the objective to be minimized and the parameter 𝜇 

modulates the amplitude of the system’s response or control action 𝑥. 

There are certain issues that arise when using this approximation. A system 

modeled like this depends on precise, constant and immediate information through the 

feedback loop. But they cannot operate properly when such information is delayed, 

noisy or inconstant. 
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2.2.2. Adaptation 

A new model for adaptation has been proposed by Martín et al. in [24]. 

According to their proposal, a system is a set of interacting interrelated elements where 

the interactions between them determine all the possible processes of the already 

mentioned system. In a mathematical way, given a system 𝑆, we say that a physical 

event 𝐸 is a stimulus for the system 𝑆 if and only if the probability 𝑃(𝑆 → 𝑆’|𝐸) that the 

system suffers a change or be perturbed (in its elements or in its processes) when the 

event 𝐸 occurs is strictly greater than the prior probability that 𝑆 suffers a change 

independently of 𝐸: 

 𝑃(𝑆 → 𝑆′|𝐸) > 𝑃(𝑆 → 𝑆′) (3) 

Consequently an adaptive system is a set of elements interacting with each 

other and has at least one process to control the system’s adaptation. 

Following with the proposal, adaptation is related to constancy by means of the 

Law of Constancy. This law implies that every adaptive system requires a source of 

constancy to converge and it tends to that source of constancy. As a consequence of 

this is that adaptive systems will avoid high perturbations in their environments. A 

formal proposal from this is known as the Principle of the Justified Persistence: “if an 

organism or system exists in a specific state of its environment, then the maximum 

priori probability for surviving (avoiding the extinction) is obtained when the 

environmental conditions are constant or the change in the environment is highly 

smooth”. In plain words, if a system detects any change in the environment, it must try 

to revert that change. 

Additionally the authors also mention the Law of Inertia of adaptive systems, 

which states that an adaptive system that is in a steady-state and without internal or 

external stimuli will remain in a steady-state. 

Finally, the authors of this new mathematical model for adaption propose a new  

Law of Adaptation that says that every adaptive system converges to a state in which 

all kind of stimulation ceases. In a formal way, let 𝑆 be an arbitrary system subject to 

changes in the time dimension 𝑡 and let 𝐸 be an arbitrary event that is a stimulus for the 

system  𝑆. We say that  𝑆 is an adaptive system if and only if when 𝑡 tends to infinity 

(𝑡 → ∞) the probability that the system 𝑆 change its behavior (𝑆 → 𝑆’) in a time step 𝑡0 
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given the event 𝐸 is equal to the probability that the system change its behavior 

independently of the occurrence of the event 𝐸. In mathematical terms: 

 𝑃𝑡0(𝑆 → 𝑆′|𝐸) > 𝑃𝑡0(𝑆 → 𝑆′) > 0 (4) 

 lim
𝑡→∞

𝑃𝑡(𝑆 → 𝑆′|𝐸) = 𝑃𝑡(𝑆 → 𝑆′) (5) 

Consequently, for each instant 𝑡 a temporal interval ℎ will exist such that: 

 𝑃𝑡+ℎ(𝑆 → 𝑆′|𝐸) − 𝑃𝑡+ℎ(𝑆 → 𝑆′) < 𝑃𝑡(𝑆 → 𝑆′|𝐸) = 𝑃𝑡(𝑆 → 𝑆′) (6) 

In summary, adaptation is a process that produces a correlation between the 

system’s structure, behavior and its environment. As the result of adaptation and 

according to the Law of Adaptation, the system tends to a state where all kind of 

stimulation ceases. Systems can adjust themselves if there are a constant with which 

the adaptation will be guided and it will be also necessary that the system possess a 

well-balanced equilibrium between plasticity and inertia. 

2.3. Control Systems 

A control system tries to minimize the effect of a perturbation over a system, 

process, or plant, to guarantee an expected output in comparison with a reference 

value. Figure 2 illustrates the basic open loop structure for a control system. 

 

Figure 2: Typical open loop control system 

In the figure we can distinguish the following components: 

• System: also referred as plant or process, represents whatever is being 

controlled. 

• Output: the variables of the system that are being controlled. 

• Input: the variables of the system the controller can modify to change its 

behavior. 



Chapter 2 
State of the Art on Self-Adaptive Based Control Systems  

 12 

• Perturbation: the variables of the system the controller cannot modify. 

• Controller: the component of the system that modifies the input to 

match the output of the system to the reference value. 

The same structure has also been illustrated as in Figure 3 when dealing with 

software implementations of control systems. There is a new component, called 

actuator, which enables the controller to interact with the system. This approach 

decouples the controlling responsibilities from the interaction with the system. 

 

Figure 3: Open loop controller with an actuator 

To overcome the limitations of the open-loop controller, control theory 

introduces feedback. A closed-loop controller uses feedback to control states or 

outputs of a dynamical system. Figure 4 shows the typical structure of a feedback 

control loop. 

 

Figure 4: Closed-loop controller, also known as feedback control loop 

The generic feedback control loop depicted in Figure 4 can be used to 

automatically achieve and maintain the desired output condition by comparing it with 

the actual condition. This is done by generating an error value that is the result of the 

difference between the measured output and the reference input. The reference input 

is estimated by considering a model for the system and also for the perturbations. 

However there are systems whose parameters and perturbations may change over 

time. Consequently the reference model needs to be adapted to cope with the changes 

from the real system. This is known as adaptive control. 
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The two main manifestations of adaptive control using a feedback loop are the 

Model Identification Adaptive Control (MIAC) [25] and Model Reference Adaptive 

Control (MRAC) [26], both illustrated in Figure 5 and Figure 6 respectively. 

 

Figure 5: Model Identification Adaptive Control scheme 

The MIAC strategy builds a dynamical reference model by simply observing the 

process without taking reference inputs into account. 

 

Figure 6: Model Reference Adaptive Control scheme 

The MRAC strategy relies on a predefined reference model which includes 

reference inputs. 

In any case the controller evaluates its inputs, typically the error between the 

sensed output and the reference value. Moreover, this evaluation decides whether to 

act on the system or not through the actuator. Therefore a controller can be considered 

as a decision making block. 
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2.4. Decision Making Models and Strategies 

Applied to Control Systems 

Decision making is the core functionality of a controller, as we have seen in the 

previous section. Several models for decision making have been explored in past. For 

instance, Design Space Exploration (DSE) refers to the activity of exploring design 

alternatives during system development [27]. The typical uses for DSE include rapid 

prototyping, optimization and system integration. There are several ways of 

approaching a DSE. In [27] the approach was a priori mapping of tasks to devices. A 

proposal for exploring design space for a system on-a-chip (SoC) architecture using a 

genetic algorithm is discussed in [28]. The genetic algorithm iteratively tries multiple 

variations of the configuration to determine the fitness, or adequacy, of the proposed 

configurations [29]. The same approach is used in [30], where the authors propose an 

algorithm for a self-adaptive selection of a set of basic transition functions among the 

nodes of a wireless network. 

Another family of methods for decision making is graph based models. A 

method for describing reconfiguration as graph based models was proposed by 

Georgas in [31]. This method called ARCM (Architectural Runtime Configuration 

Management) is specifically aimed to improve the visibility and understandability of 

runtime adaptive processes while allowing for human input in the adaptation control-

loop. The core of this method is the architectural configuration graph. Each node in the 

graph is a configuration, and the edges are transitions with a specific set of conditions. 

An example of this type of graphs is shown in Figure 7. In the figure node C represents 

the actual configuration, and the arrows represent the transitions to other possible 

configuration by the application of a predefined policy. 

 

Figure 7: Architectural Runtime Configuration Management example 
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Other graph based models is the self-reconfigurable Finite State Machines [32]. 

Also in the spare allocation and reconfiguration in large area VLSI [33] the authors 

used a graph matching method for designing large electronic circuits. 

Rule-based ontology reasoning is another family of mechanisms that can be 

used for decision making, either by the use of a semantic reasoner, a rules engine or a 

reasoning algorithm. 

Semantic reasoners, also known as reasoning engines, use an inference 

engine to infer or deduce logical consequences from a set of facts or axioms. They are 

called semantic because they use a semantic language for reasoning or inference. 

These reasoners infer new knowledge through the language itself, and are also used to 

validate an ontology. 

A rules engine is based on initial information and a set of rules. It detects which 

of these rules should be applied at a given time, and what results from its application. 

Of course there are many types of rules engines, and they are not restricted to the use 

of semantic languages. The same can be applied to the reasoning algorithm. 

A logic basic reconfiguration method will rely on some type of logical reasoner 

to find a configuration that matches requirements at runtime. One example, a first-order 

logic interpreter is Prolog. Prolog uses backtracking methods and Selective Linear 

Definite clause resolution to find solutions [34], [35]. 

A framework for reconfiguration is described in [36] at the heart of which lies a 

Prolog based reasoner. Using a relatively simple set of rules the authors can describe 

the reconfiguration strategies. 

A special case of logic based decision making methods is fuzzy logic, which is 

further discussed in the next subsection. Other decision making models include 

constrained based methods [37]–[39] and machine learning based models [40], [41]. 

2.4.1. Fuzzy logic-based decision making 

Fuzzy logic is a powerful tool for decision making in situations of essential 

uncertainty in models, information, objectives, restrictions and control actions, by 

emulating the making decision process of humans. 

The core foundations for fuzzy logic were defined by Zadeh in 1965 [42]. In his 

proposal the foundation of fuzzy logic relies in so-called linguistic synthesis, using 
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vague logical statements to derive inferences from imprecise data. A fuzzy controller 

[43], for instance, is a collection of verbal or linguistic rules of the if–then form, bringing 

the reasoning used by computers closer to that of human beings [44]. 

The concept of linguistic variable [45] is of especial relevance, as we will see in 

the following description. Traditionally we use conventional variables. Thus it is 

necessary to translate or transform these variables so they can be used in fuzzy 

systems. 

The linguistic variable is characterized by a quintuple {𝜒,  𝑇𝑒(𝜒),𝐷,𝐺,𝑀} where: 

𝜒:  represents the name of the variable, 

𝑇𝑒(𝜒): is set of linguistic values (attributes, adjectives) of 𝜒 

𝐷:  is the universe of discourse 

𝐺:  is the syntactic rule to generate 𝜒 names 

𝑀:  is the semantic rule to associate each value with its meaning 

Let’s say that the node degree (𝑁𝐷) of a network node is interpreted as a 

linguistic variable. According to the previous formulation, 𝑇𝑒 is the set of linguistic 

attributes defined for the node degree. The fuzzy partition in the universe of discourse 

will be performed according to those attributes (low, medium, high, etc.). For example: 

 𝑇𝑒(𝑛𝑛𝐽𝐽 𝐽𝐽𝑑𝑑𝐽𝐽) = {𝑙𝑛𝑙,𝑚𝐽𝐽𝑚𝑚𝑚,ℎ𝑚𝑑ℎ} (7) 

 𝐷(𝑛𝑛𝐽𝐽 𝐽𝐽𝑑𝑑𝐽𝐽) = [0,𝑁𝐷𝑚𝑚𝑚] (8) 

where 𝑁𝐷𝑚𝑚𝑚 represents the maximum possible value for the node degree. 

In this case the use of the syntactic rule is not necessary because the attributes 

follow a natural order. However, in other cases attribute location needs to be arranged 

by using modifiers like fairly, excessively, and so on. 

The semantic rule 𝑀, for instance, allows us to interpret in our example that the 

node degree is classified completely as “high” above an 80% of the maximum 

value 𝑁𝐷𝑚𝑚𝑚. From that value the membership function for this set declines linearly 

down to zero at the 50% of the maximum value 𝑁𝐷𝑚𝑚𝑚. The equation that defines the 

membership for this set is shown in equation (9), and Figure 8 illustrates the 

membership functions for the node degree linguistic variable. 
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 𝑀𝐻𝐻𝐻𝐻 =

⎩
⎨

⎧
𝑀𝐻𝐻𝐻𝐻 = 1, 𝑁𝐷 ≥ 0.8 · 𝑁𝐷𝑚𝑚𝑚

𝑀𝐻𝐻𝐻𝐻 =
𝑁𝐷 − 0.5 · 𝑁𝐷𝑚𝑚𝑚

 0.8 · 𝑁𝐷𝑚𝑚𝑚 − 0.5 · 𝑁𝐷𝑚𝑚𝑚
, 0.5 · 𝑁𝐷𝑚𝑚𝑚 ≤ 𝑁𝐷 ≤ 0.8 · 𝑁𝐷𝑚𝑚𝑚

𝑀𝐻𝐻𝐻𝐻 = 0, 𝑁𝐷 ≤ 0.5 · 𝑁𝐷𝑚𝑚𝑚

 (9) 

 

Figure 8: Linguistic variable node degree 

At this point we have covered what is a fuzzy set, and how we can match a 

linguistic variable to a membership function. A fuzzy decision making requires one step 

further: to translate the inputs to some reasoning output. This is done by a Fuzzy Logic 

Device (FLD). The FLD is a general concept in which a deterministic output is the result 

of mapping deterministic inputs, starting from a set of rules relating linguistic variables 

to one another using fuzzy logic. Therefore deterministic values are converted into 

fuzzy values at the input, and the reverse is done at the output. 

A FDL is made up of four functional blocks, as shown in Figure 9: fuzzification, 

knowledge base, decision making and defuzzification. 

 

Figure 9: A Fuzzy Logic Device (FLD) 

The fuzzification block makes the conversion of the direct inputs (measured or 

obtained by any other means) into qualitative values that fit into predefined universes of 

discourse for each input variable. A membership value is assigned to each linguistic 

term of the inputs by means of the membership functions- 
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The knowledge base contains all the knowledge about the system. It includes a 

rule structure in the linguistic if–then form: 𝑰𝑰 𝐴 𝑻𝑻𝑻𝑻 𝐵, or in expressed in other way, 

𝐴 ⇒ 𝐵. 

The decision making block infers the output from the actual fuzzified input by 

applying the rules from the knowledge base. There are several alternatives on how to 

compute the output. For instance, using the Cartesian product to calculate the 

precedent, the consequent and each rule, and the union operator to calculate the 

resulting fuzzy output set, we have: 

• Precedent calculation: 𝐴𝑖 = 𝐴𝑖1 × 𝐴𝑖2 × ⋯× 𝐴𝑖𝑛, where 𝐴𝑖
𝑗 is the 

corresponding fuzzy set of the state variable 𝑥𝑗 , 𝑗 = 1,2, … ,𝑛 which is 

implicated by the i-th rule. 

• Consequence calculation: 𝐵𝑖 is similar to the precedent calculation. 

• Rule calculation: 𝑨 ⇒ 𝑩 = 𝑨 × 𝑩 = 𝑹, this means that each rule is 

calculated as 𝑅𝑖 = 𝐴𝑖 × 𝐵𝑖; 𝑚 = 1, 2, … ,𝑝, where 𝑝 is the total number of 

rules or implications and 𝑅𝑖 is the fuzzy set resulting from the application 

of the Cartesian product to the i-th rule. 

• Resulting fuzzy output set: 

 𝑅 = �𝑅𝑖

𝑝

𝑖=1

 (10) 

• Defuzzification: This function is required whenever a numerical value is 

needed as the response from the fuzzy logic decision system to an 

actual real-world problem. It provides the output values using different 

methods to obtain them. Some of the most commonly used are the 

mean value of maximum (MOM), the center of maximum, the center of 

area (COA), the modified center of area, and the center of sums. 

2.5. Control Based Self-Adaptive Systems 

Models and Architectures 

Some control based self-adaptive system models and architectures have been 

proposed in the recent years. For instance, Models@run.time is a causally connected 
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self-representation of the associated system that emphasizes the structure, behavior, 

or goals of the system from a problem space perspective [46]. On the other hand 

Accord enables the development of autonomic elements and the formulation of 

autonomic applications as the dynamic composition of autonomic elements, where the 

runtime computational behavior of the elements as well as their compositions and 

interactions can be managed at runtime, using dynamically injected rules [47].  

In the following subsections we will describe in a more detailed way the 

Rainbow framework [48], the MAPE-K blueprint [49], and the Adapta framework [50]. 

These three proposals have been selected for a detailed description because the 

match some of the expected requirements for this dissertation. The Rainbow 

architecture framework uses common adaptation mechanisms in a cost-effective way 

for a wide range of systems and multiple objectives. This allows fitting some self-

adaptation capabilities for particular systems. The MAPE-K architectural blueprint is 

aimed to systems that deal with changing environments. And the Adapta framework is 

designed for self-adaptive distributed applications. 

2.5.1. Rainbow 

The Rainbow framework uses software architectures and a reusable 

infrastructure to support self-adaptation of software systems  [48]. The goal of the 

Rainbow framework is to offer a generic architecture for building self-adaptive systems 

such that the various components can be reused across a family of systems [51], [52]. 

The architecture of the Rainbow framework consists of three layers, as shown in Figure 

10: a system specific infrastructure layer, an architectural layer, and a translation layer. 

 

Figure 10: Rainbow framework [48] 
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The system-specific infrastructure layer offers low-level probes for measuring all 

kinds of properties such as response time of connections and loads of servers, 

effectors for performing changes, and other infrastructural services such as resource 

discovery services. 

At the architectural layer, the Rainbow framework includes in its run-time 

system an architectural model of the executing system. This architectural model 

typically represents the executing system as a set of components, connectors, 

properties (attached to components and connectors) and constraints (to restrict the 

components, connectors and properties within certain well-defined configurations). The 

model manager component gives access to this architectural model. Gauges will then 

aggregate events from the probes and update the architectural model. The constraint 

evaluator will periodically evaluate the constraints of the architectural model. In case of 

constraint violations, adaptations will be triggered. The adaptation engine will then 

determine the course of action depending on the circumstances. 

The translation layer is responsible for bridging the abstraction gap between the 

system layer and the architectural layer. In order to apply the framework to a specific 

system, the framework must be populated with specific adaptation knowledge about 

the system. This includes the architectural style of the system, the rules for evaluating 

constraints, the adaptation strategies and finally the specific action operators that can 

be performed on the system’s elements. The authors show that reuse of this system-

specific adaptation knowledge across a family of systems is also possible. The extent 

to which this reuse is possible depends on whether these systems share the same 

architectural style and system concerns to be achieved. 

Rainbow provides an engineering approach and a framework of mechanisms to 

monitor a target system and its environment, reflect observations into the system’s 

architecture model, detect opportunities for improvements, select a course of action, 

and effect changes. The framework provides general and reusable infrastructures with 

well-defined customization points, a set of abstractions, and an adaptation engineering 

process, focusing engineers on adaptation concerns to systematically customize 

Rainbow to particular systems. To automate system self-adaptation, Rainbow provides 

a language, called Stitch [53], to represent routine human adaptation knowledge using 

a core set of adaptation concepts. 
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2.5.2. MAPE-K 

Autonomic computing is a computing environment with the ability to manage 

itself and dynamically adapt to change in accordance with business policies and 

objectives [49]. According to the description provided by IBM in [49], self-managing 

environments can perform such activities based on situations they observe or sense in 

the environment rather than requiring human interaction to initiate the task. In their 

proposal, they define a blueprint for developing autonomic computing. The main 

component of this blueprint is called an Autonomic manager. It is an implementation 

that automates some management function and externalizes this function according to 

the behavior defined by management interfaces. Therefore the autonomic manager 

implements a control loop. And to be self-managed, it must have an automated method 

to collect the details it needs, to analyze them, to create a plan accordingly, and to 

execute it. When these functions can be automated, an intelligent loop is formed. 

Figure 11 shows the architecture that divides the loop into four elements: 

• Managed elements representing any software or hardware resource 

that is given autonomic behavior by coupling it with an autonomic 

manager. 

• Sensors that collect information about the managed element. 

• Effectors, also known as actuators in other environments, are 

responsible for carrying out the changes to the managed elements. 

• Autonomic manager is, as previously defined, responsible for 

monitoring the environment, analyzing the measures obtained, defining 

a plan, and executing it if required. An autonomic manager can manage 

one or many elements, as required by the system. 

 

Figure 11: The architecture blueprint for autonomic computing 
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Figure 12: The functional details of the autonomic MAPE-K manager [49] 

The functional details of the autonomic manager are illustrated in Figure 12. We 

can see five differentiated components that give the name to the architecture: Monitor, 

Analyze, Plan, Execute and Knowledge (MAPE-K). The monitor function provides the 

mechanisms that collect, aggregate, filter and report details collected from a managed 

element. The analyze function provides the mechanisms that correlate and model 

complex situations. These mechanisms allow the autonomic manager to learn about 

the environment and help predict future situations. The plan function provides 

mechanisms that construct the actions needed to achieve goals and objectives. The 

execute function provides the mechanisms that control the execution of a plan with 

considerations for dynamic updates. The knowledge is shared and exchanged among 

the four components. 

2.5.2.1. Guide for the implementation of MAPE-K 

In his Ph.D. thesis, H.A. Muller published a brief set of questions aimed to aid 

engineers and developers in the implementation of a MAPE-K based system [54]. 

These questions are summarized here for convenience: 

a) What aspects of the environment should a self-adaptive system 

monitor? 

b) How should a self-adaptive system react if it detects changes in the 

environment? 

c) What are the conditions that trigger adaptation? 

d) Should the system be open-adaptive or closed-adaptive? 

• With open-adaptive systems, new behaviors can be introduced 

at run-time. 
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• With closed-adaptive systems, all adaptive behavior is fixed at 

design-time. 

e) What type of autonomy must be supported? 

f) Under what circumstances is adaptation cost-effective? 

g) How often should adaptation be considered? 

h) What kind of information must be collected to make adaptation 

decisions? 

2.5.3. Adapta 

The Adapta framework is a reflective middleware built on CORBA that provides 

the means to develop self-adaptive component-based distributed applications, 

separating the business concerns from adaptation concerns [50]. The application 

adaptable elements and reconfigurable actions are described using a XML-based 

language. This code is interpreted during the application startup, and can also be 

modified and re-interpreted at runtime. 

The reconfiguration actions provided by the Adapta core are updating 

application parameters and replacing algorithms using a state transfer mechanism. 

Anyway experienced developers can extend the provided reconfiguration mechanisms 

with their own contributions. 

What Adapta provides is the application adaptation engine and a periodical 

observer to monitor the availability of resources, and to notify environmental changes 

to subscribed components. Figure 13 illustrates Adapta main components and their 

interactions. 

 

Figure 13: The Adapta Framework [50] 
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The Monitoring Service (MS) collects information from the system resources in 

a periodical loop, and notifies to de Local Event Service (LES) any meaningful change 

it detect on the operation range of a property. The Local Event Service notifies the 

events to subscribed components when a resource availability condition occurs. The 

Event Processing System (EPS) does the same for distributed composite events from 

different sources. And finally, the Dynamic Reconfiguration Service (DyRes) is the 

adaptation engine that applies reconfiguration actions to the application in response to 

environmental changes. 

As we can notice, the Adapta framework is essentially a publish-subscribe 

mechanism with a reconfiguration module. This reconfiguration module, the DyRes, 

consists on a dynamic table containing events and strategies, and a reference to its 

associated Adapta Component Configurator (ACC) responsible for applying the 

reconfiguration actions. The ACC introduces three adaptive mechanisms: update of 

application parameters, replacement of interchangeable algorithms, and 

synchronization among distributed components. 

2.6. Summary 

In this chapter we have introduced the concept of adaptation in section 2.2, with 

an overview of the mathematical background that models adaptation and self-adaptive 

systems, whether they are biological entities or artificial systems like computers and 

other devices with processing capabilities. Section 2.3 described the basic concepts of 

a control system, and introducing the concept of a feedback control loop. In section 2.4 

we provided a small introduction to decision making models and methods that can be 

used for the controller block of a control system. A detailed description of fuzzy based 

decision making functions has been included in section 2.4.1. Finally, in section 2.5 we 

have introduced some frameworks and architectures for the development of control 

based self-adaptive systems. A particular consideration has been paid to the MAPE-K 

architectural blueprint, as it provides a well-defined methodology for the development 

of self-adaptive control systems, and therefore it will be used for the description of our 

fuzzy control based self-adaptive system proposal in next chapter. 
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3.1. Introduction 

In [19] the authors used a probabilistic approach to analyze the influence of the 

communication range on the connectivity for resilient WSN. This approach was 

extended in [20], where the authors proposed two localized and energy-efficient 

approaches based on the fuzzy logic. In [21] the authors proposed a novel localized 

adaptive fuzzy logic topology control algorithm, called FTC, to control the 

communication range of sensor nodes in WSNs, with the purpose of achieving the 

desired node degree, therefore in turn improving the network connectivity, In [55] the 

authors introduced control loops based on fuzzy logic enabling each node to adjust 

automatically the communication range according to a desired node degree and 

residual energy. However, the proposed models were tested in simulations, where 

several questions remain open. For instance, what is the energy performance of the 

network? What are the optimal values of the controller parameters? When there is an 

interaction between neighbor nodes, does the control system introduce oscillations in 

the communication range and the connection links between nodes? And if this is the 

case, how is it possible to avoid or reduce this oscillation? 

In this work we will introduce a mechanism to avoid or at least reduce the 

possible oscillations when adjusting the transmission power to maintain a desired 

number of neighbors, or node degree. We will also describe the set of rules that 

command the execution of the different components of the control system in a 

proposed implementation. This work will be completed in Chapter 4, where the details 

of the software design and modeling will be discussed. 

3.2. Control System Proposal 

A prior version of this control system has been previously introduced in [55], 

[56]. The control of the node degree increases the reliability of the network  and also 

the network connection probability [19], [57], [58]. The node degree is a parameter that 

can be controlled by acting upon the transmission power, and therefor on the 

communication range of the node. The relation between these variables, as 

characterized by a probability density functions, is nonlinear dynamic, and highly 

depends on the topology [19], [59]. 

The dynamic changes in the links with the neighboring nodes introduce 

changes in the node degree thus affecting the reliability. A way to face this is by using 
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a control system based on single feedback loops used to self-adapt the communication 

range against those changes. 

A basic feedback control loop use a function of decision making (FDM) to 

calculate the reactions to the changes in the environment. In our case the measured 

change taken as an input is the node degree error (𝐽𝑁𝑁). This error can be calculated 

as the difference between the desired value 𝑁𝐷𝑅 and the real one 𝑁𝐷. And the output 

of the decision making function, that is the reaction, is the variation factor of the 

communication range (Δ𝐽𝑑).  

Figure 14 describes a graphical representation of the relationship between the 

node degree and the variation factor on the communication range. In a given instant 

the node degree for node 1 is 3 (node neighbors 2, 3 and 4). Let’s say that this value is 

below the desired one 𝑁𝐷𝑅. The FDM then should produce a variation factor Δ𝐽𝑑, 

resulting in a change of the communication range for the next period of time. This 

change is expressed by 𝐶𝑅𝑘 = 𝐶𝑅𝑘−1 + Δ𝐽𝑑. And now the node degree has also 

changed, reaching a value of 6 by adding node neighbors 5, 6 and 7 to the list. 

 

Figure 14: Relation between variation of the communication range and the 

node degree 

The disk model is widely adopted to simplify the radio model, although the 

communication range is more likely to be irregular [18], omnidirectional [60], or 

asymmetric in reality [61]. However the disk model does not directly have negative 

impact on our controller design, because controller inputs that needed to measure are 

node degree and energy rather than communication range. 
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Additionally, another single feedback loop can be added to perform the task of 

modifying the desired value for the node degree according to the battery level (𝐸). The 

aim of this action is to reduce the device power consumption when the battery is under 

a certain energy critical level (𝐸𝑐𝑐����). A reduction of the node degree means to reduce the 

device communication range by reducing the signal transmission power. Hence, this 

represents a reduction of the energy consumption and an increment in the battery 

lifetime. The controller (FDM hereinafter) of this loop receives the difference between a 

battery critical level (𝐸𝑐𝑐����) value and the actual battery level (𝐸) as input. 

Figure 15 illustrates both reconfiguration closed loops with two FSM strategies, 

a “primary” loop for the calculation of Δ𝑐𝑐 (FDM1) and another or “secondary” loop to 

determine the desired or reference value of the node degree (FDM2). 

 

Figure 15: Reconfiguration loops for a self-adaptive communication range 

Within the primary reconfiguration loop the communication range can be 

updated at a certain time instant k as follows: 

 𝐽𝑛𝑛(𝑘) = 𝑁𝐷𝑅(𝑘)−𝑁𝐷(𝑘) (11) 

 𝐽1(𝑘) = 𝑘𝑁𝑁 · 𝐽𝑁𝑁(𝑘) (12) 

 Δ𝐽𝑑(𝑘) = 𝑘𝐶𝑅 · Δ𝑚1(𝑘) (13) 

 Δ𝑚1(𝑘) = 𝑓𝑁𝑀1�𝐽1(𝑘)� (14) 

 𝐶𝑅∗(𝑘) = 𝐽𝑑(𝑘) + 𝐶𝑅0����� (15) 

 𝐽𝑑(𝑘) = 𝐽𝑑(𝑘 − 1) + Δ𝐽𝑑(𝑘) (16) 
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𝐶𝑅(𝑘) = �

𝐶𝑅𝑚𝑖𝑛 𝐶𝑅∗(𝑘) < 𝐶𝑅𝑚𝑖𝑛
𝐶𝑅∗(𝑘) 𝐶𝑅𝑚𝑖𝑛 ≤ 𝐶𝑅∗(𝑘) ≤ 𝐶𝑅𝑚𝑚𝑚
𝐶𝑅𝑚𝑚𝑚 𝐶𝑅∗(𝑘) >  𝐶𝑅𝑚𝑚𝑚

 (17) 

At the above equations, 𝐶𝑅𝑜����� is the initial value of the communication range and 

𝑓𝑁𝑀1 represents the FDM1 function. The function input 𝐽1 is the normalized node 

degree error and the output Δ𝑚1 is the normalized communication range variation 

factor. Also, the value of 𝐶𝑅 is saturated between its minimum value 𝐶𝑅𝑚𝑖𝑛 and 

maximum value 𝐶𝑅𝑚𝑚𝑚. 𝑘𝑁𝑁 and 𝑘𝑐𝑐 are normalization or scale factors for the input and 

the output respectively. Both factors can be calculated as: 

 𝑘𝑁𝑁 = 2
𝑁𝐷�����  (18) 

 𝑘𝐶𝑅 = Δ𝐶𝑅����� (19) 

where 𝑁𝐷���� represents the nominal or desired value of the node degree when the battery 

has a critical energy level (𝐸𝑐𝑐����). Factor Δ𝑐𝑐���� is the communication range variation rate. 

The secondary loop tunes the desired value for the node degree according to 

the battery level and can be formalized as follow: 

 𝐽𝐸(𝑘) = 𝐸𝑐𝑐���� − 𝐸(𝑘) (20) 

 𝐽2(𝑘) = 𝑘𝐸 · 𝐽𝐸(𝑘) (21) 

 Δ𝑛𝐽(𝑘) = 𝑘Δ𝑛𝑛 · Δ𝑚2(𝑘) (22) 

 Δ𝑚2(𝑘) = 𝑓𝑁𝑀2�𝐽2(𝑘)� (23) 

 𝑁𝐷𝑅(𝑘) = 𝑁𝐷���� − Δ𝑛𝐽(𝑘) (24) 

where 𝐽𝐸 is the difference between the battery critical level and the actual level and 

Δ𝑛𝐽 is the node degree variation factor. Besides, 𝑓𝑁𝑀2 represents the FDM2 function 

where its input 𝐽2 is the normalized or scaled value of 𝐽𝐸 and output Δ𝑚2 is the scaled 

node degree variation factor. 𝑘𝐸 and 𝑘Δnd are scale factors for the input and the output 

respectively. Both factors can be calculated as: 
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 𝑘𝐸 = 2
𝐸𝑐𝑐�����  (25) 

 𝑘Δnd = Δ𝑛𝐽����� (26) 

where Δ𝑛𝐽����� is the node degree variation rate. 

In general terms, both loops can be seen as a function which receives the 

actual values of 𝑁𝐷 and 𝐸 as inputs, returning a new value of 𝐶𝑅 as output and 

requiring a set of parameters 𝑷�: 

 𝐶𝑅(𝑘) = 𝐺(𝑁𝐷(𝑘),𝐸(𝑘),𝑃�) (27) 

 𝑷� = �𝐶𝑅0�����,𝑁𝐷����,𝐸𝑐𝑐����,Δ𝐽𝑑�����,Δ𝑛𝐽�����,𝐶𝑅𝑚𝑖𝑛,𝐶𝑅𝑚𝑚𝑚� (28) 

where the complete parameters list is: initial value of the communication range (𝐶𝑅0�����); 

desired value of the node degree when the battery has a critical energy level (𝑁𝐷����); 

critical energy level (𝐸𝑐𝑐����); communication range variation rate (Δ𝐽𝑑�����); node degree 

variation rate (Δ𝑛𝐽�����); minimum and maximum value of the communication range (𝐶𝑅𝑚𝑖𝑛 

and 𝐶𝑅𝑚𝑚𝑚). 

3.3. Decision Making 

The relation between the input (𝐽) and the output (Δ𝑚) for both decision making 

functions (𝑓𝑁𝑀1 and 𝑓𝑁𝑀2) can be as simple as: 

 Δ𝑚 = �
−1, 𝐽 < 0
0, 𝐽 = 0
1, 𝐽 > 0

 (29) 

However, in order to handle with uncertainty in certain points of the input 

variable space, we can divide it into regions with fuzzy boundaries between them and 

therefore use Fuzzy Logic as mathematical tool for decision making [62], [63]. In the 

specific case of the proposed control system, and according to the classification for 

fuzzy linguistic controller (FLC) proposed by Wang et al. [64], in the primary loop the 

fuzzy algorithm will be used for feedback error/output control (Type 2 FLC) and the 

secondary loop for input selection task (Type 1 FLC). 
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As equation (29) suggests, the input space can be partitioned in three regions 

or fuzzy sets (FS): negative values (NV), zero values (ZV) and positive values (PV). 

The degree or probability of membership of a value of 𝐽 at a certain instant  𝑘 to any 

partition can be calculated with a probability distribution. Some  of the candidate 

distributions very well known in the literature related to decision-making based on fuzzy 

logic (FL-DM) are the Gaussian distribution, triangular-shape distribution, a trapezoidal-

shape distribution or the generalized bell distribution [65]. 

Due to its simplicity for implementation and its low computational load of 

mathematical operations, the trapezoidal-shape probability distribution is a good 

candidate to define the input regions. Figure 16 describes the probability density 

function and its graphic representation of the trapezoidal-shape distribution. 

𝜇(𝑥) =

⎩
⎪
⎨

⎪
⎧

0, 𝑥 ≤ 𝑎; 𝑥 ≥ 𝐽
𝑥 − 𝑎
𝑏 − 𝑎

, 𝑎 ≤ 𝑥 ≤ 𝑏

1, 𝑏 ≤ 𝑥 ≤ 𝐽
𝐽 − 𝑥
𝐽 − 𝐽

, 𝐽 ≤ 𝑥 ≤ 𝐽

 

 
Figure 16: Trapezoidal-shape distribution function, probability density 

function and graphic representation 

Employing this function we can define a distribution or membership function 

(MF) for each partition. The boundaries of each fuzzy partition and the parameters of 

their probability density function are defined in Table 6 

Fuzzy set MF a b c d 
Secondary loop 

NV 𝜇𝑁𝑁(𝐽) -4 -2 -1 0 
ZV 𝜇𝑍𝑁(𝐽) -1 0 0 1 
PV 𝜇𝑃𝑁(𝐽) 0 1 2 4 

Primary loop 
NV 𝜇𝑁𝑁(𝐽) -4 -2 -0.1 0 
ZV 𝜇𝑍𝑁(𝐽) -0.1 0 0 1 
PV 𝜇𝑃𝑁(𝐽) 0 1 2 4 

Table 1: Parameters for each membership function 
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Moreover, the output variable Δ𝑚 can be treated in a linguistic way by assigning 

labels to the possible values that Δ𝑚 can achieve. The output space can be defined as: 

function 𝑓𝑁𝐶 for negative change (NC), for none or zero change (ZC), and 𝑓𝑃𝐶 for 

positive change (PC). According to this, equation (29) can be transformed as: 

 Δ𝑚 = �
𝑓𝑁𝐶 = −1 𝐽 ∈ 𝑁𝑁
𝑓𝑍𝐶 = 0 𝐽 ∈ 𝑍𝑁
𝐹𝑃𝐶 = 1 𝐽 ∈ 𝑃𝑁

 (30) 

FL-DM function defined above has been designed and evaluated in the Matlab 

Fuzzy Logic Toolbox. The FL-DM function is a Sugeno type Fuzzy Inference System 

(FIS) of one input and one output and three rules [66]. The algebraic product has been 

selected as AND logic connective for the rules precedent calculation and for rule 

implication and the function output value is calculated as a weighted average of all 

rules. 

 

Figure 17: Membership function edition for FL-DM for the primary loop 

      

Figure 18: Membership function edition for FL-DM for the secondary loop 
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In any case Figure 19 shows the graphical view of the input-output function 

implemented by the FL-DM function for the secondary and primary loops. 

  

Figure 19: Graphic representation of the input-output function implemented 

by the FL-DM function for the secondary (left) and primary loops (right) 

3.4. Implementation 

The control system can be implemented similar to the MAPE-K architecture. It 

can be divided into three different modules or components that could share the internal 

variables of the controller (i.e., controller input, reference values, reasoner outputs and 

error variables) and also the parameters. Figure 20 shows the proposed division. 

 

Figure 20: Controller components and tasks 

The components into which the controller is divided are: 

• Monitoring: It receives as input the current state of the node and 

calculates the error variables. 
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• Reasoner: It executes the decision making function. 

• Actuator: It calculates the controller output. 

The objective of this structure is to avoid the execution of all the functions of the 

control system every sampling period. The monitoring module can control the 

execution of the rest of the modules depending of the errors calculation. 

Moreover, the modules can be divided into tasks with different sampling 

activation period. The reason behind this division is because the measured variables in 

the system do not change with the same dynamics. Therefore it is not necessary to 

monitor all of them with the same sampling frequency. In our case the tasks are: 

• TM1. It calculates the node targeted number of neighbors 𝑁𝐷𝑅 by 

adding the WSN optimal value 𝑁𝐷 and the change to be applied Δ𝑛𝐽 

estimated by TR2, based on the battery level. Then samples the real 

number of neighbors 𝑁𝐷 using the node run-time environment, 

calculates the difference (𝐽𝑁𝑁) between the real and the targeted 

number of neighbors and decides if the TR1 must be triggered. 

• TM2. It samples the node real battery level 𝐸 using the node run-time 

environment computes the error 𝐽𝐸 as the difference between the critical 

battery level 𝐸𝑐𝑐 and the real battery level and triggers TR2. 

• TR1. It decides the change to be applied to the node communication 

range by means of its transmission power so that the real and the 

targeted number of neighbors of the node become equals or quite 

similar. TR1 decision is driven by FDM1. 

• TR2. It decides the change to be applied to the WSN optimal number of 

neighbors 𝑁𝐷, thus influencing TM1. The decision making process is 

driven by FDM2. 

• TA1. It acts on the communication range by effectively establishing the 

node transmission power based on TR1 output. 

As it was mentioned already, the monitoring module calculates the error 

variables and controls the execution of the rest of the modules. This module can also 

monitor the controller output in order to deal with saturation situations. 
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3.4.1. Activation rule for TR1 

Besides the error calculation, task TM1 can control the execution or decide 

when to activate the primary control function task (TR1), according to the following rule: 

 
𝑰𝑰 (|𝐽𝑁𝑁(𝑘)| − 𝜉𝑁𝑁 > 0) 𝑶𝑹 (𝑁𝐷(𝑘) −𝑁𝐷𝑚𝑖𝑛 < 0) 𝑻𝑻𝑻𝑻 

𝑻𝑬𝑻𝑬𝑬𝑻𝑻  𝑇𝑅1 
𝑻𝑬𝑻𝑬𝑬𝑻𝑻  𝑇𝐴1 

(31) 

This rule introduces 𝜉𝑁𝑁 as a new parameter. The goal of this parameter is to 

define a tolerance or differential gap for the node degree error. This gap is necessary in 

order to reduce the oscillations due to continue changes in the error sign. The 

oscillations can also be originated because the node degree reference value cannot be 

achieved due to the sensitivity of the node degree with respect to the variation in the 

communication range. 

The value of 𝜉𝑁𝑁 is obtained by equation: 

 ξND = 𝛼𝜉𝑁𝑁 · Δ𝐶𝑅𝑚𝑖𝑛 (32) 

where 𝛼𝜉𝑁𝑁 is an positive non zero arbitrary value, and Δ𝐶𝑅𝑚𝑖𝑛 is the minimum change 

possible on the communication range. 

This tolerance value provides a margin when evaluating the node degree error, 

and is fixed for the controller lifetime. Therefore it cannot prevent oscillations caused by 

unexpected changes in the network. 

3.4.2. Oscillations rule for TR1  

The tolerance factor 𝜉𝑁𝑁 provides a good static approach to avoid oscillations. 

For dynamic WSN where the number of available neighbors can change at any 

moment and for whatever reason other approaches should be taken into consideration. 

In this case we have defined an oscillations rule that avoids the trigger of task 

TR1 in certain conditions that can cause an oscillation. Table 2 provides a summary of 

the analysis performed in the definition of this rule. 
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  𝒆𝑻𝑵(𝒌) = 𝑻𝑵 
𝑻𝑵(𝒌) > 𝑻𝑵𝑹 

𝒆𝑻𝑵(𝒌) = 𝒁𝑵 
𝑻𝑵(𝒌) ≈ 𝑻𝑵𝑹 

𝒆𝑻𝑵(𝒌) = 𝑷𝑵 
𝑻𝑵(𝒌) < 𝑻𝑵𝑹 

  𝒆𝑻𝑵(𝒌− 𝟏) 

  NV ZV PV NV ZV PV NV ZV PV 

𝚫𝒄
𝒄(
𝒌
−
𝟏)

 NB NC NC NC ZC ZC ZC PC PC PC 

NS NC NC NC ZC ZC ZC ZC PC PC 

ZV ZC NC NC ZC ZC ZC PC PC ZC 

PS NC NC ZC ZC ZC ZC PC PC PC 

PB NC NC NC ZC ZC ZC PC PC PC 
Table 2: Rule analysis for the oscillations rule 

On the left of Table 2 we can see the value of the previous iteration for Δ𝐽𝑑. In a 

linguistic way the possibilities for the change represented by Δ𝐽𝑑 are negative big (NB); 

negative small (NS); no change (ZV); positive small (PS); and positive big (PB). These 

five possibilities are then contrasted with the previous and actual values of 𝐽𝑁𝑁. 

Then the table can be read as follows: If the actual error on the node degree 

(𝐽𝑁𝑁(𝑘)) is negative and the actual node degree (𝑁𝐷(𝑘)) is greater than the adjusted 

desired node degree, then if there has been a previous small positive change on the 

communication range (Δ𝐽𝑑(𝑘 − 1)) and the previous error on the node degree (𝐽𝑁𝑁(𝑘 −

1)) was positive, then no change must be done in the communication range. 

As we know from the introduction of the FL_DM in the previous sections, a 

negative error on the node degree should cause a negative change on the 

communication range; a positive error should cause a positive change; and no error 

should not cause any change at all. Table 2 introduces a couple of complementary 

situations that can cause an oscillation, and that were not expected by the FL-DM. 

These two complementary situations are: 

• The node has now a negative error on the node degree, meaning that it 

has more neighbors than desired. In the previous iteration the error was 

positive, meaning that it had fewer neighbors than desired. Also the 

change in the communication range was the minimal. The FL-DM will 

decide to the change again the communication range, as the current 

error is beyond expected limits. But we can foresee that even the 

minimal change will put the node into the previous situation, when it had 

fewer neighbors than desired. Thus there is a high chance that if the 

change is made, in the next iteration the error on the node degree will be 
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positive, causing an oscillation. Therefore in this case no change should 

be made. The complementary is also valid.  

• The node has now a negative error on the node degree, meaning that it 

has more neighbors than desired. In the previous iteration the error was 

also negative, and no change was applied to the communication range. 

This means that in the previous iteration the system decided not to 

update the communication range to prevent an oscillation (it is the only 

way to reach this situation). In this case the FL-DM will decide to change 

the communication range, as the current error is beyond limits. But if the 

previous iteration tried to prevent an oscillation and nothing has changed 

from it, then there is still no need to change the communication range. 

And again the complementary is also valid. 

The following rule has been defined as a result from the analysis of Table 2: 

𝑰𝑰 𝑻𝑶𝑻 ��𝑠𝑚𝑑𝑛�𝐽𝑁𝑁(𝑘)� =  𝑠𝑚𝑑𝑛�𝐽𝑁𝑁(𝑘 − 1)�� 𝑨𝑻𝑵 [Δ𝐽𝑑(𝑘 − 1) = 0] 
𝑶𝑹 ([𝐽𝑁𝑁(𝑘) < −𝜉𝑁𝑁] 𝑨𝑻𝑵 [𝐽𝑁𝑁(𝑘 − 1) > 𝜉𝑁𝑁] 𝑨𝑻𝑵 [Δ𝐽𝑑(𝑘 − 1) = Δ𝐽𝑑𝑚𝑖𝑛]) 
𝑶𝑹 ([𝐽𝑁𝑁(𝑘) > 𝜉𝑁𝑁] 𝑨𝑻𝑵 [𝐽𝑁𝑁(𝑘 − 1) < −𝜉𝑁𝑁] 𝑨𝑻𝑵 [Δ𝐽𝑑(𝑘 − 1) = −Δ𝐽𝑑𝑚𝑖𝑛])} 

𝑻𝑻𝑻𝑻 
𝑻𝑵𝑨𝑬𝑬𝑨𝑻𝑻  𝐴𝐶𝑇𝐴𝑁𝐴𝑇𝐴𝐴𝑁 𝑅𝑅𝑅𝐸 𝐹𝐴𝑅 𝑇𝑅1 

(33) 

 

Rule in equation (33) must precede rule in equation (31). 

3.4.3. Activation rule for TR2 

Task TM2 calculates the difference 𝐽𝐸 between the battery critical level and 

actual level. It also can control the execution of task TR2, The goal is to avoid 

execution of this reasoning function when its output will be saturated and therefore do 

not perform any unnecessary computation of this function to obtain a new output. 

According to definition of decision making function, the activation rule can be 

defined as: 

 
𝑰𝑰 �|𝐽𝐸(𝑘)| −

1
𝑘𝑒

≤ 0�  𝑻𝑻𝑻𝑻 

𝑻𝑬𝑻𝑬𝑬𝑻𝑻  𝑇𝑅2 
𝑻𝑬𝑻𝑬𝑬𝑻𝑻  𝑇𝑅1 
𝑻𝑬𝑻𝑬𝑬𝑻𝑻  𝑇𝐴1 

(34) 
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3.4.4. Saturation rule 

If 𝑁𝐷𝑅 has been updated or the primary controller is not activated because the 

node degree error 𝐽𝑁𝑁 is within the acceptance region and also the controller output is 

saturated then the output of the controller must be driven out of the saturation value. 

The appropriate new value for the controller output is unknown because the controller 

does not contain a model which relates its output with the node degree error and also 

this relation is not linear and non-injective. 

 

𝑰𝑰 (|𝐽𝑁𝑁(𝑘)| − 𝜉𝑁𝑁 ≤ 0)  
𝑨𝑻𝑵 �𝐶𝑅𝑓(𝑘) − 𝐶𝑅𝑚𝑚𝑚 ≥ 0�  
𝑨𝑻𝑵 ([𝑁𝐷𝑅(𝑘) ≠ 𝑁𝐷𝑅(𝑘 − 1)] 𝑶𝑹 [𝐽𝑁𝑁(𝑘) < 𝐽𝑁𝑁(𝑘 − 1)]) 

𝑻𝑻𝑻𝑻 
𝐽𝑁𝑁(𝑘) = −(𝜉𝑁𝑁 + Δ𝐶𝑅𝑚𝑖𝑛) 

(35) 

The introduction of a small disturbance to the node degree error forces the 

activation of the primary control function. This will force the controller to decrease the 

output trying to correct the error. 

This rule introduces a new parameter 𝐶𝑅𝑓. It is the value of 𝐶𝑅 being filtered to 

avoid punctual values of 𝐶𝑅 saturated, according to the following equation: 

 𝐶𝑅𝑓(𝑘) =
1
2

[𝐶𝑅(𝑘) + 𝐶𝑅(𝑘 − 1)] (36) 

3.4.5. Precedence order for the rules 

The rules defined in the previous sections must be executed in the following 

order: 

1. Saturation rule 

2. Oscillations rule for TR1 

a. If positive then evaluate activation rule for TR1 

3. Activation rule for TR2 

It is quite important to keep this order. The saturation rule must be first so it can 

cause the activation of TR1, unless the oscillations rule prevents it. The oscillations rule 

must follow in second place to determine if a possible oscillation situation has been 
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detected, and evaluate activation rule for TR1 otherwise. The final rule must be the one 

that evaluates if TR2 must be executed. 

3.5. Summary 

In this chapter the fuzzy control based self-adaptive system for energy saving 

and connectivity reliability has been detailed. The system uses a double closed loop 

approach to provide the control capabilities. The decision making is open to any 

strategy, represented by the function of decision making in the proposal. In our case 

the decision making is fuzzy-logic based. We have defined two fuzzy functions, one for 

the control loop focused on adjusting the desired node degree according to the battery 

level, and the other for adjusting the transmission power based on the difference 

between the current and the desired node degree. We can observe that we have 

provided two different fuzzy functions. The one applied to the primary loop means that 

the adjustment of the transmission power must be fast if the node has fewer neighbors 

than desired, and slow if the number of neighbors is greater. 

Finally we have introduced some rules that command the execution of the 

different modules of the controller. 
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4.1. Introduction 

In this chapter we will introduce a detailed design of the software analysis and 

design for the implementation of the proposed controller. In the first part of the chapter 

we will cover the definition of the functional and non-functional requirements for the 

controller. The rest of the chapter will be devoted to the design of the different 

components that are part of the controller, including the controller itself, a neighbor 

discovery protocol required for the correct operation of the controller, a sense and 

report component, a logging component, and a local and remote experimental 

manager. 

As a reminder, the purpose of the fuzzy control based self-adaptive system is to 

adjust automatically the communication range of a node in a wireless sensor network 

according to a desired node degree and residual energy. Acting upon the transmission 

power to achieve that goal has the theoretical benefit of improving the connectivity of 

the network, making it more resilient to nodes failures and other environmental 

conditions that can modify the topology of the network. And it is also expected that this 

change will improve the energy consumption when compared to the use of a fixed 

transmission power to maintain a similar connectivity value. 

The validation of the system, once implemented according to the design 

presented in this chapter, will be analyzed in chapter 5. 

4.2. Requirements Analysis and Definition 

This section provides the requirement analysis of the model that must be 

designed and implemented to achieve the self-adaptive behavior of the system at 

runtime. The requirement analysis intends to cover the different components or 

modules of a conceptual architecture for runtime self-adaptive systems. 

Functional requirements describe the functions of the system, including the 

tasks to be supported by the system. In our case these requirements refer to the 

behavior of the self-adaptive system and its functionalities. 

Non-functional requirements describe other quality properties of the system as 

a whole. They can include hardware considerations, performance characteristics, and 

physical environment among other features. 
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4.2.1. Functional Requirements 

ID Requirement Description Motivation 

FR1 Interoception related 
to the battery level 

The system must be able 
to know its battery level at 
any moment. 

The proposed self-
adaptive system requires 
knowing the battery level 
of the controlled system to 
adapt the desired node 
degree to the energy 
condition. 

FR2 Exteroception 
related to the node 
degree 

The system must be able 
to know its node degree in 
the network for a given 
period of time. 

The proposed self-
adaptive system requires 
knowing the node degree 
of the controlled system to 
adapt the transmission 
power in line with the 
difference between the 
up-to-date and the desired 
node degree. 

FR3 Capability of acting 
on the transmission 
power 

The system must be able 
to modify its transmission 
power at runtime. 

The proposed self-
adaptive system requires 
updating the transmission 
power as a result of the 
execution of the primary 
loop. 

FR4 Math processing The system must be able 
to execute basic math 
operations. 

The proposed self-
adaptive system requires 
calculating the result of 
the functions of decision 
making applying the 
transfer function from the 
fuzzy logic model. 

Table 3: Functional requirements 

4.2.2. Non-Functional Requirements 

ID Requirement Description Motivation 

NR1 Storage The system must be able 
to store data in non-
volatile memory. 

The proposed self-
adaptive system can store 
data about its operation 
and results that can be 
used for further analysis in 
the validation phase. 

NR2 User feedback The system must be able 
to provide status 
information to a human 
user. 

The status of the self-
adaptive system should 
be available to human 
users at runtime. 

Table 4: Non-functional requirements 
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4.3. Software Design 

4.3.1. Controller 

Figure 21 shows software components diagram adapted from implementation 

details previously discussed in section 3.4. This figure proposes a general software 

design for accomplishing self-adaptive systems based on MAPE-K [49]. It is also based 

on the one fully described in [67], customized for the SunSPOT platform. 

 

Figure 21: Components for the controller following a MAPE-K approach 

The ORAMediatorForSunSPOT component enables the interaction among the 

rest of the components. It behaves as a broker decoupling observers, triggers, 

reasoners and actuators. Therefore all the components required for the reasoning 

engine must be previously registered on it, as shown in Figure 22. It also provides the 

observations and actions to the reasoner using the ObservationProvider and the 

ActionProvider respectively.  

The components PowerScalingMonitor, BatteryLevelObservation and 

NodeDegreeObservation in Figure 21 shape the Monitoring module in Figure 20. 

The components BatteryLevelObservation and NodeDegreeObservation measure 

respectively the battery level and the number of neighbors of a node. The component 

PowerScalingMonitor monitors at a specific rate the number of neighbors and the 

battery level of a node. With the updated values of the sensed parameters this 

component then evaluates the rules discussed in section 3.4, and if required, triggers 

the reasoner represented by the PowerScalingController component. The activity 

diagram for this component is illustrated in Figure 23. 
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Figure 22: Sequence diagram for the registration of the reasoning engine 

components in the ORAMediatorForSunSPOT 

 

Figure 23: Activity diagram for the component PowerScalingMonitor 
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In this design we have included two ways to trigger the reasoner. The first one, 

compliant with the DEMANES architecture, considers the PowerScalingMonitor as an 

observer for the environment. In this case the trigger method is called without 

parameters, so the reasoner has to figure out why it has been triggered. This is 

performed by asking to the monitor for the type of event that has occurred: node 

degree or battery error. This procedure is depicted in Figure 24. 

 

Figure 24: Sequence diagram for the reasoning process (DEMANES) 
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The other way is an alternative proposed to improve the performance of the 

DEMANES architecture, reducing the calling overhead. In this case the trigger method 

is called by passing the information regarding the event type and the value of the error 

corresponding to that event. This sequence of actions is illustrated in Figure 25. As 

shown, the number of invocations is reduced with respect to the other way. 

 

Figure 25: Sequence diagram for the reasoning process (alternative) 
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As can be seen in both diagrams, at the beginning of the loop there is a request 

for updating the number of neighbors and then there is a sleeping interval for this task 

(other threads will be active). This is done so the neighbors list is updated for each 

iteration before evaluating the rules. 

The PowerScalingController component matches the Resoner module from 

Figure 20, including both task TR1 and TR2. Therefore it implements the execution of 

the fuzzy decision making functions to evaluate the error, either the node degree error 

𝐽𝑁𝑁 or the battery level error 𝐽𝐸. The activity diagram for this component is exposed in 

Figure 26. 

 

Figure 26: Activity diagram for the component PowerScalingController 

According to Figure 20 the reasoner is essentially the function of decision 

making (FDM), for both the primary and the secondary loop, with their assigned 

normalization factors. Different functions of decision making can be used to test them 

for the proposed self-adaptive system. Thus the PowerScalingController is created 

by a factory, using a factory design pattern, as shown in Figure 27. In this case three 

controllers have been developed. 
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Figure 27: Controller factory 

The first one, called just PowerScalingController, is the most basic of all, with 

a basic transfer function that transforms the error values taken as inputs into the 

variation factors as outputs. This transfer function was just defined for verification 

purposes, comparing the results to those obtained in simulations. 

The second one, called PowerScalingControllerFuzzyLogic implements the 

input-output functions proposed in section 3.3, which correspond to the transfer 

functions represented Figure 19. 

Finally the third one, called PowerScalingControllerInterp1FDM makes use of 

a fuzzy logic library inspired in the jFuzzyLogic [68], [69] ported to the SunSPOT 

architecture by Raúl del Toro. Due to the constrained nature of the target system the 

library is not able to support the implementation of fuzzy logic controllers described 

using Fuzzy Control Language (FCL) [70]. Instead the description of the fuzzy logic 

decision making functions has been provided by configuration files stored in the non-

volatile flash memory. 

The full class diagram for the controller is illustrated in Figure 28. 
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Figure 28: Class diagram for the power scaling controller reasoning engine 
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4.3.2. Neighbor Discovery Protocol 

In ideal conditions the routing protocol used in the WSN will provide an up to 

date neighbors list. But that is not the case of the hardware that is going to be used for 

the validation of the proposal. 

The SunSPOT library provides to routing protocols: Ad hoc on-demand distance 

vector (AODV) [71] and Link Quality Routing Protocol (LQRP) [72]. LQRP is indeed a 

modified version of AODV, where the next hop in a route is selected by the link quality 

indicator (LQI) instead of the number of hops. Both of these protocols keep a neighbor 

lists. But its information is only updated just in two occasions: 

• Whenever expires the validity of an entry 

• Whenever a new route request is performed. 

It is clear that this is not enough for the purpose of the self-adaptive controller, 

as the information will not be updated unless a new route discovery is requested. 

Therefore we have implemented our own neighbor discovery protocol. As the study of 

neighbor discovery protocols is outside the scope of this work, we have defined one 

quite simple, conceived just for testing the adaptability of the controller. In any case 

there is a whole area of study focused on the exploration of neighbor discovery 

protocols for wireless sensor networks, either passive, active, or both [73]–[76].  

 

Figure 29: Sequence diagram for the Neighbor Discovery Protocol 

Our basic neighbor discovery protocol is an active three way one, as shown in 

Figure 29. The node that wants to update its neighbor list starts the handshake by 

broadcasting a NEIGHBOR REQUEST message. The nodes that receive the message 

issue a unicasted NEIGHBOR RESPONSE message. Upon receiving this message, 
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the originating node knows that it is able to reach the responding one and receiving 

their messages, so it can be considered as a neighbor, and thus added to the list. It 

then also issues a unicasted NEIGHBOR ACK message to acknowledge the other 

node as a neighbor. At this point the second node knows that it has been able to reach 

the originating one, besides getting its messages. Therefore it can also be added to its 

own neighbor list. 

The class diagram for the neighbor discovery protocol is illustrated in Figure 30. 

 

Figure 30: Class diagram for the Neighbor Discovery Protocol 

4.3.3. Sense & Report 

In order to check the behavior of the self-adaptive controller against a close to 

real system, we have included a sense & report component. This component is just a 

thread performing a periodical monitoring of the environmental conditions using the 

sensors integrated in the sensor node. The measured values are then submitted to an 

application running in the sink for further processing and/or storing. This 

communication is done using a separate communication component, mimicking the 

structure of a full developed architecture. 
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Figure 31: Class diagram for the Sense & Report class along with the 

Communication Manager 

Figure 31 shows the class diagram for the Sense & Report component and its 

relation to the Communication Manager. In the same figure is included the 

PowerScalingMonitor as it also makes use of the services offered by the 

communication Manager. 

4.3.4. Logging 

One of the requirements expressed in the analysis is the capacity if logging and 

storing information. A logging component has been included in the design to allow the 

management of the logs, so they can be stored, sent, deleted and even shown in a 

computer screen when the mote is connected to a computer. Figure 32 illustrates the 

class diagram for the classes associated to the logging component. 

The Logger is used by almost every other component deployed in the system. 

The logs can have an associated level to indicate the severity of the registered 

information. 

When the destination is set to the internal non-volatile storage capacity, the logs 

are registered in an internal RecordStore object provided by the SunSPOT libraries. 
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Figure 32: Class diagram for the Logging classes 

4.3.5. Local and Remote Experiment Management 

Beyond the scope of the proposal itself, but required for validation purposes, 

two related components have been added to the design. The first one, called 

ExperimentManager allows for setting up new preconfigured parameters with time 

restrictions. If it is running, the self-adaptive controller will be reset before applying the 

new parameters. Then the system will run normally for the specified amount of time. If 

another set of experimental conditions is in the list, the process will repeat again. And if 

there are no more experiments configured, the system will keep running with the last 

set of parameters. 

 

Figure 33: Class diagram for the local and remote experimental manager 

The other component, called RemoteManagement enables the remote 

management of the controller. The remote manager, a host application developed for 

the validation, lets change the controller parameters at runtime, including starting and 

stopping the reasoned, and starting and stopping any experimental configuration 

preloaded in any node. 
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Figure 34: Screenshot for the remote management tool 

4.4. Summary 

In this chapter we have performed the software modeling and design for the 

self-adaptive controller. In section 4.2 we have summarized the functional and non-

functional requirements for the modeling part. Section 4.3 has been about the software 

design itself, describing the main components for the controller, their interactions and 

activity diagrams, and their associated classes. In section 4.3.1 we have designed the 

self-adaptive controller itself. Section 4.3.2 includes the design of a basic neighbor 

discovery protocol needed for the correct operation of the self-adaptive controller. 

Section 4.3.3 provides the design for a basic sense and report component to complete 

the sensor node functionality. Section 4.3.4 describes a logging component for 

registering the activity and results of the controller so they can be used in the validation 

phase. Finally, in section 4.3.5 we have included the design of an experimental 

manager that allows us to set up a number of experiments defined by a set of 

parameters and the time associated to them. Also in this section we roughly describe 

the development of a remote management tool to operate remotely on the controller. 
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5.1. Introduction 

This chapter covers the details and results of the validation tests performed for 

the proposed fuzzy control based self-adaptive system. First of all it describes the main 

features of the equipment used in the tests. After that it goes into discussion about the 

design of the experiments, and the selection of a set of tests to be performed. 

The next part of the chapter is dedicated to the validation scenario. The 

scenario itself is described, along with the results obtained from the tests. Finally these 

results are discussed in relation to the goals expected for the fuzzy control based self-

adaptive system. 

5.2. Equipment 

A typical wireless sensor network has been deployed for the validation tests. 

Therefore we have required the usage of number of wireless sensor nodes, a sink, and 

a computer to act as a data collection. 

5.2.1. Sensor Nodes Specifications 

We have selected the Oracle Sun Small Programmable Object Technology 

(SunSPOT) [77] sensor network platform for the validation of the system are. This 

platform provides a framework for rapid prototyping of WSN applications using J2ME 

CLDC (Connected Limited Device Configuration) API v1.1. 

 

Figure 35: A SunSPOT hardware platform (Oracle Corporation) 
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SunSPOT devices are modular. Different boards can be added to extend their 

capabilities. A basic sensor node is composed of two boards: the main board, called 

eSPOT and common to all SunSPOT devices, and the sensor board, called eDEMO. 

To operate standalone all SunSPOT sensors are provided with a 3.7V battery with a 

nominal capacity of 770 mAh (2.84Wh). The main limitation of this platform is that the 

battery lifetime is quite reduced [78]. Figure 36 show the block diagram for a typical 

SunSPOT sensor node configuration. 

 

Figure 36: Block diagram for a typical SunSPOT sensor node configuration 

[79] (Oracle Corporation) 

5.2.1.1. SunSPOT Main Board (eSPOT) 

The most up to date main board is revision 8.2. It is provided with a 400 MHz 32 

bit processor, 1M of RAM and 8M of Flash memory for coda and data storage. It also 

provides the communication capabilities through a CC2420 module using an inverted-F 

antenna. This enables the nodes to communicate with other IEEE 802.15.4 capable 

devices that use the 2.4 GHz band. Finally, and but not less important, the basic 

temperature sensor is also integrated in the main board as part of the LTC2487 ADC 

used to monitor the battery voltage, current and ambient temperature [79]. 

The features for the eSPOT board in its last revision are: 

• 400 MHz ARM 926ej-S Processor AT91SAM9G20 

• 8 Mbytes Flash Memory (4M x 16) 

• 1 Mbytes SRAM Memory (512K x 16) 

• 802.15.4 Radio Transceiver (CC2420) 



Chapter 5 
Validation, Results and Discussion 

 58 

• USB 2.0 Full Speed 

• 770 mAh Li-Ion Rechargeable Battery 

A description of the eSPOT board is shown in Figure 37, and a detailed block 

diagram is shown in Figure 38. 

 

Figure 37: SunSPOT main board (eSPOT) (Oracle Corporation) 

 

 

Figure 38: SunSPOT eSPOT board block diagram [79] (Oracle Corporation) 
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5.2.1.2. SunSPOT Sensor Board (eDEMO) 

The extra sensing capabilities and interfacing are provided by the eDEMO 

board. It provides the following features [80]: 

• ±2g/±4g/±8g Three Axis Accelerometer (MMA7455L) 

• RGB Color Sensor (ADJD-S311-CR999) 

• 8 RGB LEDs 

• Atmega168V IO processor 

o 4 high current/high voltage outputs (TC4469) 

o 4 General Purpose Input/Outputs 

o 4 Analog Inputs 

o 3V I2C Interface 

o 3V USART 

• Infrared Emitter/Detector (VSML3710/SFH 5410) 

• Small Speaker (AST7525) 

• 2 push buttons 

• 512Kbit Serial EEPROM (25AA512) 

• 3V/5V USART Interface 

• 3V/5V I2C Interface from ARM9 

Figure 39 shows an eDEMO board, and Figure 40 shows the block diagram for 

it. 
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Figure 39: SunSPOT sensor board (eDEMO) (Oracle Corporation) 

 

 

Figure 40: SunSPOT eDEMO board block diagram [80] (Oracle Corporation) 

 

5.2.1.3. SunSPOT Programming (Squawk) 

SunSPOT devices can be programmed using a restricted Java subset for Java 

Virtual Machine known as [72]. Squawk is a Java micro edition virtual machine for 

embedded systems and small devices, designed to have a small memory footprint with 

minimal external dependences [81], [82]. It also provides thread scheduling and 

isolation mechanisms. An application is represented as an Isolate object, allowing the 

simultaneous execution of independent isolated applications. 
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Figure 41: Squawk structure 

SunSPOT provides a set of extra libraries (SunSPOT SDK) on top of Squawk. 

They provide access to the communications, including a basic communication protocol 

for testing purposes and support for IPv6, as well as to the resources in the eDEMO 

board. 

The last stable version of the SunSPOT SDK was released in November 2010. 

It was version 6.0, codenamed “Yellow” [83]. The “Yellow” release had an important 

issue related to the reading of the battery level values. The read values were almost 

random. This issue has been solved in the last developers’ version, released in May 

2011 as version 7.0, codenamed “Teal” [72]. 

The proposed self-adaptive based control system requires knowing the values 

of the battery levels. Therefore the SunSPOTs have been updated the “Teal” release. 

5.2.2. Sink Node 

The sink node is just a SunSPOT device without the eDEMO sensor board, 

acting as a base station. It is connected directly to the computer, where a sink 

application is executed. 

The sink application can be programmed in any version of Java, not restricted 

to the limitations of the Squawk virtual machine. Nevertheless the base station node 

will act just as an interface to the WSN. In fact the libraries provided with the SunSPOT 

SDK for programming a base station (also called a host application) will use an object 



Chapter 5 
Validation, Results and Discussion 

 62 

of the type eSPOT to communicate with the physical eSPOT. This process is typically 

transparent to the programmer. 

The physical eSPOT will participate in the WSN as any other node. This means 

that by default it will act as a relaying node. This has been taken into account in the 

development of the host application, so it is also passively announced as a neighbor for 

the neighbor discovery protocol. 

5.3. Experimental Design 

5.3.1. Initial Considerations  

As a reminder, the main two goals expected from the application of the fuzzy 

control based self-adaptive system are reducing the energy consumption while keeping 

the connectivity reliability. The proposal includes a set of configuration parameters, like 

the desired node degree, the normalization factors and the tolerance among others. 

The optimal values for these parameters are unknown, and they may differ from one 

scenario to another. Therefore it is also unknown which parameters have more 

influence on the final outcome of the system. 

The experiments conducted to validate the system should have into 

consideration the range of the parameters. A factorial approach can be considered 

when the range of the values is reduced. For larger scenarios with tens, and even 

hundreds devices, other approaches should be explored. For instance, the Taguchi 

methods provide a statistical model to reduce the number of tests required in those 

scenarios [84]. 

5.3.2. Performance Metrics 

A set of figures of merit have been defined to characterize the performance of 

the proposed system. In the first place, to evaluate how the energy consumption is 

affected by the configuration parameters, a figure of metric 𝐽𝑒 is defined in equation 

(37).  

 𝐽𝑒 = ��|𝐸𝑛(𝑘)|
𝑁𝑡

𝑘=0

𝑁𝑑

𝑖=0

 (37) 

This equation just performs the numerical integration of the curve obtained in 

each experiment, where 𝐸𝑛 represents the amount of energy consumed in each round 
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𝑘 of the experiment by each node device  𝐽, 𝑁𝑡 is the total number of rounds; and 𝑁𝑛 is 

the total number of node devices. 

Obviously the best parameter set regarding the energy consumption will be that 

with the lowest value for 𝐽𝑒. 

In the second place, to evaluate how the connectivity reliability is also affected 

by the configuration parameter, a figure of metric 𝐽𝑐1 is defined in equation (38).   

 𝐽𝑐1 = ��𝜖𝑛(𝑘)
𝑁𝑡

𝑘=0

𝑁𝑚

𝑗=0

 (38) 

Again this equation just does the numerical integration of the error rate per 

round represented by 𝜖𝑛(𝑘). And once more time the best parameter set regarding the 

connectivity reliability will be that with the lowest value for 𝐽𝑐1. The error rate per round 

can be obtained using equation (39), where 𝑀𝑆(𝑘) is the messages sent by the device 

in round 𝑘 and 𝑀𝑅(𝑘) is the messages received by the sink in the same period. 

 𝜖𝑛(𝑘) =
𝑀𝑆(𝑘) −𝑀𝑅(𝑘)

𝑀𝑆(𝑘)
 (39) 

Instead of the error rate per round, the figure of merit can be defined using the 

total error rate since the beginning of the experiment to the present round, so the figure 

is then calculated using equation (40) and the accumulated error rate is calculated 

using equation (41). 

 𝐽𝑐2 = ��𝜖𝑛𝑇(𝑘)
𝑁𝑡

𝑘=0

𝑁𝑚

𝑗=0

 (40) 

 𝜖𝑛𝑇(𝑘) =
∑𝑀𝑆(𝑘) − ∑𝑀𝑅(𝑘)

∑𝑀𝑆(𝑘)
 (41) 

In both cases the best performance is achieved with the lowest value of the 

figure of merit. 

The adaptability of the system should also be measured in terms of the number 

of actions done due to the need of a change in the system behavior. We should remind 

that “every adaptive system converges to a state in which all kind of stimulation 

ceases” [24]. So it is important also to consider how many changes occur during each 
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experiment, specifically those changes inner to the system. In the case of the fuzzy 

control based self-adaptive system this is just the number of transmission power 

changes, represented by 𝜒𝑖 in equation (42), where the figure of merit 𝐽𝑛 is defined. 

 𝐽𝑛 =  �𝜒𝑖(𝑘)
𝑁

𝑘=0

 (42) 

Over again the best parameter set regarding the transmission power dynamics 

will be that with the lowest value for 𝐽𝑛. 

We can now define a cost function to estimate the performance of the system 

balancing the three figures of merit already defined. In this case the cost function can 

be defined as in equation (43), considering just the energy and connectivity, or as in 

equation (44) considering the dynamical behavior also. 

 𝐽1 = 𝑙𝑒𝛼𝑒𝐽𝑒 + 𝑙𝑐𝛼𝑐𝐽𝑐 (43) 

 𝐽2 = 𝑙𝑒𝛼𝑒𝐽𝑒 + 𝑙𝑐𝛼𝑐𝐽𝑐 + 𝑙𝑛𝛼𝑛𝐽𝑛 (44) 

The 𝑙 parameters are weight parameters, so the must comply that their sum is 

always 1. The 𝛼 parameters are normalization parameters, so de contribution from 

each figure of merit is bounded between 0 and 1. In equation (45) 𝐽𝑆 is the figure of 

merit for a parameter set 𝑆, and max (𝐽) is the maximum of all the figures of merit 

obtained for the whole set of parameters set. 

 𝛼 =
𝐽𝑆

max (𝐽)
 (45) 

Finally it is also important how each input parameter affects the overall system 

performance. This can be estimated by just calculating the average contribution of 

each parameter value to whole set of experiments using that value. This average value 

𝑆𝑁𝑝,𝑣 is calculated as expressed in equation (46), where 𝑝 indicates the parameter, 𝑣 

the value, 𝑁𝑣 is the total number of experiments using that value for the selected 

parameter, and 𝐽𝑝,𝑣 is the figure of merit being evaluated for that parameter value. 

 𝑆𝑁𝑝,𝑣 =
∑ 𝐽𝑝,𝑣
𝑁𝑣
𝑛=0
𝑁𝑣

 (46) 
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Once the average contribution has been estimated for each parameter value, 

the effect of the parameter can be calculated by applying equation (47). 

 Δ𝐽𝑚 = max�𝑆𝑁𝑝,𝑣� − min (𝑆𝑁𝑝,𝑣) (47) 

The parameter with the highest effect on the performance will be the one with 

the highest value for Δ𝐽𝑚. 

5.3.3. Other Parameters 

Besides the input parameters, there are two other ones to take into 

consideration when planning a scenario for the experiments: 

1) The interval used for the periodical execution of the monitor component 

of the fuzzy control based self-adaptive system. 

2) The duration of the tests using one set of input parameters. 

5.4. Outdoor Open Area Scenario 

The details and part of the results of the tests performed in this scenario have 

been published in Sensors [85] and in the ECSA-2 Electronic Congress [86] in the 

course of the dissemination actions related to the DEMANES project. 

In this scenario the validation tests were performed in an open area at the 

facilities of the Centro de Automática y Robótica in Arganda del Rey, as shown in 

Figure 42. 

  

Figure 42: Deployed sensor node (left) and deployment area (right) 
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The WSN consisted of eight SunSPOT sensor nodes and one SunSPOT base 

station acting as a sink for collecting the results from the tests. The base station was 

fixed to the outside of the stall at an approximate height of 1.5 m. The distribution and 

heights of the sensor nodes were mostly random, trying to force the use of the multi-

hop routing capabilities provided by the SunSPOT communication libraries. A scheme 

of the deployment is shown in Figure 43. The scheme includes information about the 

identities of each node and the distances between them. The heights for the sensor 

nodes were above one meter in all but one, which was closer to the ground at a height 

of about 40 cm. 

 

Figure 43: Deployment details for the outdoor open area scenario 

Figure 43 also shows the orientation of the antennas. As explained in [18] the 

orientation of the antennas, along with the irregularity in their radiation patterns, 

introduce a non-negligible phenomenon that has an impact in the strength of the 

received signal (RSSI). These orientations were also random. The scenario was also 

isolated so no interferences are expected, but still they can occur at any time. The 

radio channel used was the default one, that is, channel 26. This channel allows a 

transmission power range from -3 dBm to -32 dBm [87]. 

The parameters being evaluated in this scenario were: 

• NDR with the possible values of 2 and 3. 

• ξND with the possible values of 0 and 1. 

• kCR with possible values of 1 and 3. 
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The ECR parameter was also fixed to a value of 150 mAh, and the interval of the 

monitoring loop was set to 20 seconds. 

As this is a reduced set of values, it was considered worthy to perform a 

factorial design of the experiments. This choice allowed evaluating the best set of 

parameters for the scenario. Nevertheless the amount of tests could be reduced if the 

goal was limited to evaluate the effect of the parameters in the performance. Indeed, 

using a Taguchi method we would require only four tests instead of the eight required 

for the factorial design. 

Two control tests were included using a fixed transmission power with no self-

adaptive system running. These two tests provided a reference figures to compare with 

those from the factorial tests. Table 5 summarizes the values used in each experiment. 

Experiment 𝑻𝑵𝑹 𝝃𝑻𝑵 𝒌𝑬𝑹 𝑻𝑬𝑹 𝑷𝑻𝑬 (𝒅𝑩𝒅) 

e01 — — — — -3 

e02 — — — — -15 

e03 2 0 1 150 — 

e04 2 0 3 150 — 

e05 2 1 3 150 — 

e06 3 1 3 150 — 

e07 3 0 3 150 — 

e08 3 0 1 150 — 

e09 3 1 1 150 — 

e10 2 1 1 150 — 

Table 5: Values used in the experiments for the outdoor open scenario 

5.4.1. Energy Consumption Results 

Figure 44 shows the evolution of the available battery capacity for the whole 

network. The battery capacity for each node is added to the total after each iteration of 

the control system, and then the resulting value is calculated in relation to the first 

aggregated value for each experiment. The graphs have been restricted to the shortest 

experiment to allow the comparison among experiments. 

 𝐸𝐽 (𝑘) ≈ 𝛼𝑒 − 𝛽𝑒 · 𝑘 (48) 

The figure of merit Je for each experiment is obtained using equation (37). We 

can observe in the curves from Figure 44 a linear trend like the one expressed in (48). 



Chapter 5 
Validation, Results and Discussion 

 68 

 

Figure 44: Evolution of the total energy consumption per experiment, 

relative to the first value of each one. 

The slope βe is obviously related to the discharge rate, as it represents the 

direct proportionality between the charge and the time, in this case expressed as the 

round or the iteration of the control system. 

The values for Je and βe are shown in Table 6, as well as the relative 

percentage changes. 

Experiment 𝑱𝒆 𝜷𝒆 
𝑱𝒆

𝒅𝒎𝒎(𝑱𝒆)
[%] 

𝜷𝒆
𝒅𝒎𝒎(𝜷𝒆)

 [%] 

e01 4283.19 0.3358 100.00 100.00 

e02 3408.00 0.2353 79.57 70.07 

e03 3921.53 0.2691 91.56 80.14 

e04 3947.76 0.2928 92.17 87.19 

e05 3639.89 0.2976 84.98 88.62 

e06 3817.46 0.2815 89.13 83.83 

e07 3846.54 0.2848 89.81 84.81 

e08 3865.22 0.2511 90.24 74.48 

e09 3798.83 0.2647 88.69 78.83 

e10 3952.63 0.2665 92.28 79.36 

Table 6: Figure of merit and slope trend for energy consumption 
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The results show an improvement in the energy consumption relative to the 

experiment with a fixed transmission power set to the available maximum value. AS 

can be observed, although there is a clear improvement with respect to the use of a 

fixed maximum transmission power, all the self-adaptive experiments resulted in 

battery consumptions greater than the one using a fixed transmission power set to a 

medium value. This is clearly seen in Figure 45. 

 

Figure 45: Comparison of the obtained 𝐽𝑒 value per experiment. 

 

5.4.2. Connectivity Reliability Results 

In Figure 46 we can observe the evolution of the transmission error rate per 

experiment, as well as the fitted curve to each dataset. Figure 47 shows the 

transmission error rate per round per experiment, where we can have a better 

snapshot of how the system reaches a steady state in some configurations. 

In any case the figure Jc is calculated using equations (38) and (40). In addition 

we can observe that the curves from the graphs in Figure 46 and Figure 47 seem to 

follow a negative exponential equation like the one described in equation (49). 

 𝜖𝑐(𝑘) ≈ 𝛼𝑐 · 𝐽𝛽𝑐·𝑘 (49) 
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Figure 46: Evolution of the total transmission error rate per experiment 

 

 

Figure 47: Transmission error rate per round per experiment. 

As expected, at the beginning of each self-adaptive experiment there is an 

adjustment time that shows a dependence on the parameters used in the control 
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system. We can also notice that there is a huge error rate in the last experiment. There 

were to facts that caused this effect: 

1) The parameters chosen for this experiment allowed the nodes to stop 

adjusting their transmission power when they reached 2 ± 1 neighbors. 

This, in fact, caused that some of the nodes created isolated islands 

unable to communicate with the rest of the network. 

2) At some point in the middle of the experiment the batteries of two nodes 

reached values below the selected 𝐸𝐶𝑅. Therefore these two nodes 

readjusted their NDR value worsening the situation created by the 

previous condition. 

Another remarkable result is that at a fixed transmission power set to a medium 

value the error rate seemed to be high and constant. Therefore almost every 

experiment with the self-adaptive system obtained better results. 

The values obtained for 𝐽𝑐, as well as for the fitted curve parameters, either for 

the cumulative results per experiment, and for the results per round per experiment, 

are shown in Table 7. 

Experiment 
Per round per experiment Per experiment 

𝜶𝒄 𝜷𝒄 𝑱𝒄𝟏  𝜶𝒄 𝜷𝒄 𝑱𝒄𝟐  

e01 0.0656 0.0394 1.2500 0.0430 0.0083 2.3734 

e02 0.4077 0.0075 13.7053 0.3945 0.0034 21.0463 

e03 0.9648 0.0293 21.6875 0.9533 0.0127 36.7036 

e04 0.4996 0.0250 12.0170 0.5984 0.0167 17.0662 

e05 1.3315 0.4105 4.3095 0.7465 0.0715 9.6857 

e06 0.5317 0.0683 7.0283 0.6219 0.0354 12.9013 

e07 0.6189 0.1179 5.5803 0.5859 0.0408 11.3045 

e08 1.0577 0.0994 10.3661 0.8534 0.0310 19.0762 

e09 1.1212 0.1123 9.4375 0.8616 0.0323 20.1254 

e10 0.7679 0.0099 24.5000 0.8251 0.0704 40.1113 

Table 7: Values of the evolution for the total error rate per experiment 

A graphical comparison between the results obtained from the fixed 

transmission power and the self-adaptive experiments is shown in Figure 48. Figure 49 

shows the same comparison for the values obtained per round per experiment. 
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Figure 48: Comparison of the obtained  𝐽𝑐1  

 

 

Figure 49: Comparison of the obtained 𝐽𝑐2 
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5.4.3. Communication Range Dynamics Results 

The definition of a self-adaptive system involves that the changes, or adaptation 

actions, are done to achieve a better state in which all the stimulation ceases. In the 

case of the proposed self-adaptive system, the stimuli are the changes in the node 

after each iteration of the monitoring loop. And the goal is obviously to reach a steady 

state so the node degree at consecutive iterations remains in range of the desired node 

degree. This is done by acting on the own transmission power, and nothing else. 

Therefore the number of transmission power changes gives an idea of how the 

system adapts itself to comply with the design goals. Also it is interesting to have a look 

at the changes in the node degree and the error rate per experiment. 

Figure 50 to Figure 57 show the dynamics for the node degree, the error rate 

and the transmission power per experiment. 

 

 

Figure 50: Experiment E03. Top left: Node degree dynamics. Top right: 

Packet delivery dynamics. Bottom: Transmission power dynamics. 
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Figure 51: Experiment E04. Top left: Node degree dynamics. Top right: 

Packet delivery dynamics. Bottom: Transmission power dynamics. 

 

Figure 52: Experiment E05. Top left: Node degree dynamics. Top right: 

Packet delivery dynamics. Bottom: Transmission power dynamics. 
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Figure 53: Experiment E06. Top left: Node degree dynamics. Top right: 

Packet delivery dynamics. Bottom: Transmission power dynamics. 

 

Figure 54: Experiment E07. Top left: Node degree dynamics. Top right: 

Packet delivery dynamics. Bottom: Transmission power dynamics. 
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Figure 55: Experiment E08. Top left: Node degree dynamics. Top right: 

Packet delivery dynamics. Bottom: Transmission power dynamics. 

 

Figure 56: Experiment E09. Top left: Node degree dynamics. Top right: 

Packet delivery dynamics. Bottom: Transmission power dynamics. 
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Figure 57: Experiment E10. Top left: Node degree dynamics. Top right: 

Packet delivery dynamics. Bottom: Transmission power dynamics. 

The figure of merit is only calculated for the transmission power dynamics using 

equation (42). The results are shown in Table 8. 

Experiment 𝑱𝒅 

e03 150 

e04 211 

e05 58 

e06 83 

e07 205 

e08 182 

e09 127 

e10 84 

Table 8: Figure of merit for communication dynamics 

One curious thing we can observe is that the last experiment has a very good 

dynamics, but a very bad error rate. This is due to the same causes explained in 

section 5.4.3. In plain words, a bad choice of parameters allows the system to consider 

a steady state with just one neighbor, raising the chances of creating isolated islands of 

sensor nodes. 
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5.4.4. Analysis of the effect of the parameters 

The last part of the validation analysis for the outdoor open area scenario is to 

evaluate the effects of each parameter in each explored outcome. Table 9 to Table 11 

show the values obtained after using equations (46) and (47) to calculate which 

parameter has higher effect on the figures of merit 𝐽𝑒, 𝐽𝑐 and 𝐽𝑛 respectively. 

Parameter 
level 𝑻𝑵𝑹 𝝃𝑻𝑵 𝒌𝑬𝑹 

𝑺𝑻𝒑𝟏 3865.4525 3895.2625 3884.5525 

𝑺𝑻𝒑𝟐 3832.0125 3802.2025 3812.9125 

𝚫𝑱𝒆 33.44 93.06 71.4 
Table 9: Evaluation of the effects of each input parameter for 𝐽𝑒 

In the case of the energy consumption the desired number of neighbors 𝑁𝐷𝑅 is 

the parameter with the smallest impact on the energy consumption, representing a 

16.90% of the total distribution of the estimation of the effect on 𝐽𝑒. The 𝑘𝐶𝑅 

normalization factor is the next value in order of importance, representing a 36.08%. 

Finally, the tolerance represented by 𝜉𝑁𝑁 is the most relevant parameter, contributing to 

the total estimation of the effect with a 47.02%. 

Parameter 
level 𝑻𝑵𝑹 𝝃𝑻𝑵 𝒌𝑬𝑹 

𝑺𝑻𝒑𝟏 25.8917 21.0376 29.0041 

𝑺𝑻𝒑𝟐 15.8518 20.7059 12.7394 

𝚫𝑱𝒄 10.0398 0.3317 16.2647 
Table 10: Evaluation of the effects of each input parameter for 𝐽𝑐 

Regarding the connectivity reliability, the 𝜉𝑁𝑁 parameter has the smallest 

contribution in the outcome of the 𝐽𝑐, representing just a 1.24 % of the total contribution. 

The next parameter is 𝑁𝐷𝑅 with a contribution of a 37.69%. And the most relevant 

parameter in this case is 𝑘𝐶𝑅 representing a 61.06% of the total estimation. 

Parameter 
level 𝑻𝑵𝑹 𝝃𝑻𝑵 𝒌𝑬𝑹 

𝑺𝑻𝒑𝟏 125.75 187 135.75 

𝑺𝑻𝒑𝟐 149.25 88 139.25 

𝚫𝑱𝒅 23.5 99 3.5 
Table 11: Evaluation of the effects of each input parameter for 𝐽𝑛 
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Finally, the 𝑘𝐶𝑅 parameter is the one with the smallest contribution to the 

dynamics of the system, representing just a 2.78% of the total estimation. The 𝑁𝐷𝑅 

parameter follows implying a contribution of an 18.65%. And the most relevant 

parameter is again 𝜉𝑁𝑁, being a 78.57% of the total estimation. 

5.4.5. Cost estimation 

This section will expose the cost of each parameter set (each experiment) to the 

global outcome of the system in relation to the weight assigned to the energy and 

connectivity goals. The relation between the weight assigned to the energy figure and 

the weight assigned to the connectivity figure is that of equation (50). 

 𝑙𝑐 = 1 −𝑙𝑒 (50) 

5.4.5.1. Accumulative error rate 

Previous sections have shown that the connectivity figure can be calculated 

either for the accumulative error rate (as in equation (41)), or using just the error rate 

for each self-adjustment round. 

Figure 58 and Figure 59 show the cost per experiment in relation to the weight 

assigned to each goal. 

 

Figure 58: Cost comparison (3D) using accumulative error rate approach 
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Figure 59: Cost comparison (2D) using accumulative error rate approach 

It is pretty clear that when the weight assigned to the connectivity is lower, the 

first control experiment, with a fixed transmission power set to the maximum, obtains 

better results. But when both goals are more or less of similar relevance, the self-

adaptive system configuration used in experiment e05 gets better results. Figure 60 

shows the fitness of each parameter set, including the control experiments. 

 

Figure 60: Map of minimums for cost function using accumulative error rate 

As we can see, when the energy has a weight between 55% and 85% of the 

total, experiment e05 has the minimum cost. 
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5.4.5.2. Non-accumulative error rate 

The error rate that is used to calculate the figure associated to the connectivity 

can also be obtained in a non-accumulative way, as shown in equation (39). In that 

case the results for the total cost, using the same parameters as before. Are those 

shown in Figure 61, Figure 62 and Figure 63. 

 

Figure 61: Cost comparison (3D) with non-accumulative error rate approach 

 

 

Figure 62: Cost comparison (2D) with non-accumulative error rate approach 
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Figure 63: Map of minimums for with non-accumulative error rate 

As can be observed the results do not differ so much. Indeed experiment e05 

has the minimum cost when the energy has a weight between 45.5% and 87.8%. 

5.4.6. Scenario Results Discussion 

Figure 64 shows the discharge rate for the whole network.  

 

Figure 64: Total network discharge rate 
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As can be observed, the experiment with the minimum energy consumption (top 

curve) was the one using a fixed transmission power set to a medium value. And the 

experiment with the maximum energy consumption (bottom curve) was the one using a 

fixed transmission power set to the maximum value. 

The parameter set with the best response regarding energy consumption when 

using the self-adaptive control corresponded to experiment e05 (second curve from the 

top). In this case the energy consumption showed an improvement of 11% with respect 

to the figures obtained using a fixed transmission power set to the maximum. 

Figure 65 shows the tendency curves for the Packet Delivery Ratio (PDR) for 

the whole network. As expected, the best tendency is obtained when using a fixed 

transmission power set to the maximum. But unexpectedly, when using a fixed 

transmission power set to a medium value we obtained a PDR close to a 70%, far 

away from the 99% obtained with the maximum transmission power. 

 

Figure 65: Network Packet Delivery Ratio (PDR) 

All the experiments using the self-adaptive algorithm started from very low 

values, as they require a transition time to achieve a steady state. Again experiment 

e05 offered the best results, reaching a steady state faster than other experiments. It 

reached a PDR of 95% in round 8, and was close to a 99% in round 10 rounds. The 

closest experiment was e04, achieving a PDR of 95% in round 22. 
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5.5. Software metrics 

5.5.1. Code Size 

Ad hoc sensor networks are usually resource-constrained in terms of internal 

storage, especially code storage. This section explores the impact of code overhead 

from the point of view of non-volatile memory storage, as well as the logical source 

lines of code (SLOC), not the physical ones (comments and decorations). 

This analysis begins considering the common components, interfaces and data 

types required for the rest of the Fuzzy Control based Self-Adaptive controller. These 

data are collected in Table 12. Figures regarding code overhead for the mediator, the 

reasoner, the monitor (trigger), as well as the actions and observations are provided 

next in Table 13, Table 14, Table 15, Table 16 and Table 17 respectively. Finally Table 

18 covers the figures for the code overhead due to the neighbor discovery protocol 

required to obtain an up to date node degree, and Table 19 covers the figures for the 

code overhead of a sample sense and report component. In all the cases the obtained 

measures are contrasted with the flash storage capacity available in the SunSPOT. 

SunSPOT devices have 8MB of flash memory, as mentioned in 5.2.1. The 

storage is organized so 896KB are reserved for system usage, leaving 7.2MB for user 

space. SunSPOT libraries are also installed in the user space, requiring 648209 bytes. 

This represents an 8.68% of the user space, leaving 6.6MB for applications and other 

uses. 

Software artefact Flash size 
(bytes) 

Source lines 
of code 

Occupancy 
percentage 

SunSPOTPowerController 12398 197 0.1817 

Marquee 11386 132 0.1669 

Logger 8258 193 0.1210 

Common 15947 214 0.2337 

Communications 11654 147 0.1708 

DEMANES Datatypes 1334 62 0.0195 

DEMANES Exceptions 4897 40 0.0718 

DEMANES Interfaces 3195 69 0.0468 

SunSPOT DEMANES Datatypes 2110 41 0.0309 

Table 12: Code size for main MIDlet application and common components 
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Table 12 summarizes the common components developed for the self-adaptive 

system. These are: SunSPOTPowerController, Marquee, Logger, Common context, 

Communication, DEMANES data types, exceptions, and interfaces. As shown, the 

code size of these components is very compact, resulting in a low implementation 

overhead. The total amount of code footprint for the common components is about 

1.04% of the user available non-volatile capacity of the SunSPOT. The component with 

the biggest contribution has a code size lower than 16KB, while the average is around 

7.9KB, which is the 0.12% of the flash storage space dedicated to applications. The 

standard deviation is approximately 5.2KB. 

Software artefact Flash size 
(bytes) 

Source lines 
of code 

Occupancy 
percentage 

ORAMediatorForSunSPOT 8954 174 0.1312 

ORAMediator interface 383 4 0.0056 

ActionProvider interface 399 10 0.0058 

ObservationProvider Interface 401 9 0.0059 

Table 13: Code size for the mediator 

 

Software artefact Flash size 
(bytes) 

Source lines 
of code 

Occupancy 
percentage 

PowerScalingController factory 1245 13 0.0182 

PowerScalingController basic 12777 236 0.1873 

PowerScalingController Interp1FDM 15418 308 0.2260 

PowerScalingController FuzzyLogic 10791 197 0.1582 

FuzzyLogic component 17888 381 0.2622 

Reasoner interface 341 4 0.0050 

Table 14: Code size for the reasoner 

 

Software artefact Flash size 
(bytes) 

Source lines 
of code 

Occupancy 
percentage 

PowerScalingMonitor 36446 472     0.5342 

TriggerPolicy interface 305 8 0.0045 

Observer interface 167 4 0.0024 

Table 15: Code size for the trigger 
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Software artefact Flash size 
(bytes) 

Source lines 
of code 

Occupancy 
percentage 

PowerTransmissionActuator 7423 82 0.1088 

Actuator interface 163 4 0.0024 

ResetActuator interface 171 3 0.0025 

Table 16: Code size for the actuator 

 

Software artefact Flash size 
(bytes) 

Source lines 
of code 

Occupancy 
percentage 

BatteryLevelObservation 3538 42 0.0519 

NodeDegreeObservation 3436 39 0.0504 

NodeDegreeObservationExtension 232 4 0.0034 

ObservationFactory 1487 12 0.0218 

ObservationType 1372 26 0.0201 

Observation Exception 834 5 0.0122 

ObservationFactory Exception 657 4 0.0096 

Table 17: Code size for the observations 

The reasoning engine, as depicted in Figure 20, has been decomposed in a 

mediator, a reasoned, a trigger, and set of actions and observations. The software 

components developed for them are listed in Tables Table 13, Table 14, Table 15, 

Table 16 and Table 17. Again the source code for each software artifact is very small, 

with a total footprint of about the 1.83% of the available non-volatile capacity for 

applications. The biggest artifact is the trigger implemented by the 

PowerScalingMonitor, with almost 36KB. The average size is 5.4KB, with a standard 

deviation of 8.67KB. 

Software artefact Flash size 
(bytes) 

Source lines 
of code 

Occupancy 
percentage 

NeighborDiscoveryPDU 4265 76 0.0625 

NeighborDiscoveryFactory 1891 57 0.0277 

NeighborDiscovery On Demand 25552 326 0.3745 

NodeDegreeManager 1 18516 199 0.2714 

NodeDegreeManager 2 16783 201 0.2460 

Table 18: Code size for the neighbor discovery 
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To operate properly the self-adaptive system requires knowing the number of 

available neighbors at a given time. There are several routing protocols that can 

provide an approximate value, but usually they are not up to date, but updated on 

demand. Therefore we have developed our own basic set of neighbor discovery 

protocols. The node degree observer can then access to the updated neighbor list, 

either periodically, or being invoked on demand. Indeed, the protocol used for the tests 

was invoked on demand from the PowerScalingMonitor. To use any protocol we have 

used a factory. 

The figures for the neighbor discovery protocol suite are shown in Table 18. 

Once again the footprint is very low, representing the 0.98% of the total available non-

volatile space for applications. The artifact with the greatest impact is the on demand 

neighbor discovery protocol, with 25.5KB. The average size is 13.4KB with a standard 

deviation of 10KB. 

Software artefact Flash size 
(bytes) 

Source lines 
of code 

Occupancy 
percentage 

SenseAndReport 3845 54 0.0564 

ExperimentManager 2523 38 0.0340 
Table 19: Code size for the sense and report, and experiment manager 

And although they are not really part of the self-adaptive system, we have also 

considered a sense and report component, for emulating a sensor application, and an 

experiment manager to provide an aid in the accomplishment of the validation and 

performance experiments. Once more time the footprint is very low, around a 0.09% of 

the total non-volatile storage space available for applications. 

Finally the whole suite for the controller, sense examples and experiment 

management occupies 140570 bytes, representing the 2.06% of the available space. 

And the reasoning engine components use just 82127 bytes, a 1.20% of the space. 

5.5.2. Volatile Memory Footprint 

In the typical constrained devices for use in a WSN the volatile memory is also 

a scarce resource. This usually implies severe restrictions on data allocation and 

management. Therefore we also explore the impact of the self-adaptive system in the 

volatile memory of the sensor nodes using profiling analysis, in terms of the 

consumption of heap and non-heap memory in the Squawk JVM. Heap memory 

represents the dynamic assigned memory, used to allocate memory to objects and 
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classes. Non-heap memory is used for the execution of any thread, and is typically 

associated with the stack memory. 

 

Figure 66: Evolution of the heap memory overhead 

Device 
Heap memory (bytes) Non-heap 

memory 
(bytes) 

Occupancy 
percentage 
(worst case) Maximum Minimum 

Sensor node 178432 149608 672 19.3027 

Table 20: Volatile Memory Footprint 

Besides the performance tests, a profiling test has been conducted to measure 

the impact of the self-adaptive system in the volatile memory usage. Figure 66 shows 

the evolution of the heap memory usage in the profiling tests. The obtained results 

appear in Table 20. This shows the minimum and maximum consumption of heap 

memory and the non-heap memory usage, also identifying the impact on occupancy 

percentage for the worst-case. In this case the average memory consumption was 

about 164265 bytes, with a standard deviation of 3287 bytes. The worst case led to a 

19.30% of the available volatile memory, representing a small footprint. 

5.5.3. Thread Overhead 

Regarding the multithreading capability, we can provide the number of total and 

active threads created by the controller and the remainder of the components deployed 

to perform the validation. At the start-up of the controller there are 21 threads running 
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for the JVM, and 1 thread corresponding to the main isolate for the application. When 

the controller is fully deployed, a total of 29 threads are launched, 8 of them 

corresponding to the application. 

Nevertheless not all of them relate to the controller itself, but with other 

application modules already deployed. The assignment for the threads is as follows: 

• 1 thread for the main MIDlet. 

• 1 thread for the sense and report module. 

• 1 thread for the remote management. 

• 1 thread for the PowerScalingMonitor 

• 1 thread for the communications module. 

• 1 thread for the marquee module. 

• 2 thread for the neighbor discovery protocol. 

5.5.4. Battery Lifetime Enhancement Estimation 

As shown in section 5.4.6, the enhancement in the battery lifetime depends on 

the choice of parameters for the self-adaptive algorithm. In the tests performed in 

section 5.4 we obtained results that show an improvement of an 11% in relation to the 

same activity using no self-adaptive controller but a fixed transmission power set to the 

maximum available value. 

5.6. DEMANES Integration Scenario 

The self-adaptive system was also integrated into a complex scenario for the 

DEMANES European research project. In this scenario SunSPOT nodes were 

considered for providing a backup network for the collecting of data from cargo 

containers. This network was dynamic by definition, is it can be formed by nodes 

deployed in moving cargo containers, along a cargo ship, or in the facilities of a cargo 

stations. 

The integration was achieved by connecting a sink node to a common gateway 

platform running on a Beagle Bone Black board [88]. The common gateway used OSGi 
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[89] to interconnect the components from different partners. Therefore a specific OSGi 

component for interacting with the SunSPOT network was developed. 

 

Figure 67: Cargo container and deployment area for DEMANES integration  

The integration tests were conducted at the premises of TNO in The Hague. A 

sensor combo box were developed by one stakeholder, combining a G-Node [90] 

sensor node with a BeagleBone Black to provide extra calculation power. These nodes 

were deployed inside the container to monitor the cargo. Another combo box was 

embedded in the wall of the container, providing connectivity from the inside to the 

outside. This combo box had another G-Node acting a as a sink for the internal WSN, 

as well as a SunSPOT base station and a 3G modem dongle, all connected to a 

BeagleBone Black board (Figure 67). An OSGi framework was running in this gateway 

box, providing access to all the functionalities. In our case, the access to the SunSPOT 

network was provided by a SunSPOT adapter OSGi component. 

The normal operation mode for the scenario was to collect the data from the G-

Nodes inside the container and submit them to an Internet service to storage and 

further processing. This transmission was done using the 3G dongle when available, or 

redirected to another full box through the SunSPOT network in any other case. 

So that was the test performed. Once the SunSPOT network was deployed, we 

simulated an error in the 3G connection. The messages collected from the G-Nodes 

were effectively redirected to other available gateway in the network using the 

SunSPOT network. And SunSPOT devices were able to maintain the connectivity by 
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adapting the transmission power in the occurrence of any event that changed the 

topology, like interferences, appearance of new nodes, and disappearance of those 

already known (transient nodes, battery depletions and hardware failures). 

 

Figure 68: SunSPOT Sensor node deployed for DEMANES integration tests 

The SunSPOT devices were able to perform other duties, like sensing other 

environmental conditions in the cargo station. One of the foreseen scenarios was to 

include them in a cargo ship, monitoring external conditions of the cargo containers, 

and advising in the occurrence of unexpected events. 

5.7. Summary 

In this chapter we have introduced the validation analysis performed on the 

proposed self-adaptive system. As we introduced in the previous chapters, the system 

has two main goals: 

• Reduce the energy consumption. 

• Maintain the connectivity reliable. 

The energy is maybe the most crucial resource, especially when dealing with 

constrained networks and devices, like the ones typical in a WSN. It is not only a goal 

itself in the scope of strategies like Europe 2020, but also an important constraint that 

imposes itself as a non-functional requirement for most WSN applications nowadays. 
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Acting upon the transmission power can effectively reduce the total amount of 

energy consumption in the network. But saving energy cannot imply a negative impact 

con the connectivity. If the WSN topology is not going to be changed, the optimal 

transmission power for each node can be estimated, although environmental conditions 

can introduce unexpected changes in the topology. Therefore either in those situations 

a self-adaptive system can provide a good way to reach the optimal configuration after 

variations in the topology. 

The experiments conducted in this chapter collected information about the 

network energy consumption and connectivity reliability using the proposed self-

adaptive system. In the outdoor open area scenario we have seen how a good choice 

of configuration parameters provides a better energy consumption rate while keeping a 

good connectivity. Indeed, the parameters used in experiment e05 obtained an energy 

savings of 11% over the consumption due to use a fixed transmission power set to the 

available maximum. And what is more important, this experiment also obtained an 

outstanding connectivity performance with a PDR close to 99%. 

In these experiments we also obtained that the same experiment provided the 

lower number of changes in the transmission power, thus it is the one with better 

dynamics. Moreover, we were able to determine that the node degree, that is, the 

number of active neighbors at any given time, has lower effect on the performance than 

other parameters like the tolerance and the normalization factor for the transmission 

power adjustment loop. 

We also have analyzed the software metrics corresponding to the 

implementation of the self-adaptive system in a real system. The code overhead, for 

instance, has a really small footprint on the devices used, requiring just a 2.06% of the 

available storage capacity. The same applies to the volatile memory size, representing 

a 19.30% of the total memory in the devices. 

Finally, as this proposal was part of the DEMANES European research project, a brief 

description of the integration scenario and tests has been provided. The system was 

deployed in a small sensor network composed of a pack of SunSPOTs. The provided 

environmental monitoring and backup networking capabilities for the collecting of data 

captured inside a cargo container by other WSN deployed by other partners. 
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6.1. Conclusions 

At the beginning of this dissertation we exposed the design goals that have 

been defined for future networks and next generation networks [1], with an emphasis 

on energy saving and connectivity. One of the main manifestations for the future 

networks is the Internet of Things [91], a vision of a global infrastructure for the 

information society, enabling advanced services by interconnecting things, either 

physical or virtual. Wireless Sensor Networks (WSN) [92] are a supporting technology 

for the Internet of Things. In a WSN sensing nodes with constrained capabilities 

interact with other devices to provide new services. And the constrained nature of the 

devices used in a WSN makes them a good target for the exploration of new 

mechanisms to achieve the already mentioned energy saving and connectivity design 

goals. 

This dissertation has described the achievement of the following objectives: 

a) The first part of this dissertation has explored the state of the art for 

adaptation, and thus for self-adaption. We have seen that an adaptive 

system is defined as a system that interacts with the stimuli from its 

environment to reach a steady state. Right after that we have reviewed 

the basic concepts of control systems. As a reminder, a control system 

is that in which a controller acts on a monitored system to modify its 

behavior so the output of the system matches a reference one. In other 

words a controller is the part of the control system that reacts to external 

stimuli to put the system into the abovementioned steady state. And as 

we have recalled just a moment ago, this is called adaptation. This 

adaptation is achieved by some decision made by the controller. 

Therefore a study of decision making models and methods has also 

been carried out, with a special focus on the use of fuzzy logic. Finally a 

survey about already existing frameworks and architectural models for 

adaptive systems has also been done. 

b) The proposal for a fuzzy control based self-adaptive system is 

described in chapter 3. This system acts on the transmission power of a 

node in a Wireless Sensor Network (WSN) to improve the connectivity 

while trying to keep the energy consumption at a minimum. This self-

adaptive system was previously outlined Y. Huang in [56]. The 
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contribution from this dissertation to this proposal focuses on the set of 

rules that command the execution of the controller. Especially we have 

proposed a rule for avoiding oscillations in the adjustment of the 

transmission power, easing the achieving of a steady state. 

c) The software model and design for the proposed self-adaptive 
system is discussed in chapter 4. This design matches the proposed 

self-adaptive system to the architecture of the nodes that are going to be 

used to validate the theoretical model in a real scenario. Some 

additional components have been included in the design to provide the 

requirements for the self-adaptive system, as well as to aid with the 

validation of the system. The most relevant components are: 

a. The controller itself, using a MAPE-K approach. 

b. A basic neighbor discovery so the self-adaptive system can 

work with a valid number of neighbors, or node degree. 

c. A logging component to record the relevant activity from the self-

adaptive controller for further analysis. 

d. An experiment manager to provide remote management of the 

parameter set for the controller and to allow the use of a 

predefined plan for changing the parameter set over time. 

d) The validation of the system has been described and discussed in 

chapter 5. The implemented application has been installed in a set of 

sensor nodes, and deployed in an open outdoor scenario where several 

tests were conducted to analyze the performance of the system. In 

general we obtained results that show how the use of the self-adaptive 

system always reduce node power consumption, compared to the 

configuration when the node use a fixed transmission power set to the 

maximum. Indeed, one parameter set used in the tests provided good 

enough results to estimate an energy saving of 11% compared to the 

figures obtained when transmitting at the maximum transmission power. 

The same set of parameters achieved a packet delivery ratio (PDR) of 
99% after just only 10 rounds of self-adjustment once a stimulus was 

introduced in the system. 
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Beyond the specific performance of the self-adaptive system regarding 

energy consumption and connectivity, we also have done some 

software metrics for the implemented system. We can conclude that 

the self-adaptive system has a really small footprint on the constrained 

devices used for the validation. The controller itself used just 1.83% of 
the available non-volatile memory, and whole application, including 

the controller, used a 2.06% of it. And regarding the volatile memory, in 
the worst case the system required a 19.30% of the available 
volatile memory. So it is feasible for its use in constrained networks. 

6.2. Future Works 

Some ideas and proposals have emerged during the course of this work that 

may be of interest for further exploration. The list of these works is as follows: 

a) Exploration of other possible scenarios. In this dissertation we have 

validated the system in an outdoor open area scenario, while other 

scenarios can also be explored. The possible scenarios include both 

open and closed area. For instance, in the open area approach we can 

explore the behavior of the system in an open area with a dense tree 

population like a forest environment, and in the streets of a smart city. 

And for the close area we can also explore a smart home environment 

as well as an office environment. Scenarios with mobile nodes can 

also be explored, as the validation performed in this dissertation has 

only been validated with fixed nodes. 

b) Using weights assigned to the neighbor links instead of the node 
degree. One of the problems we have found when validating the system 

is that even without changes in the transmission power, there are 

changes in the perceived node degree by any sensor node deployed in 

the network. This can be the consequence of the radio irregularity [18], 

as well as the unperceived changes in the environment among other 

causes. Of course, those parameters are outside the control of the 

system. But there is a chance that we can cope with them just by taking 

into the idea described next.  

We know that the radio equipment of the nodes have a nominal 

sensitivity range. In the case of the equipment used in the validation, the 
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motes theoretically can receive any signal with a strength as low as -95 

dBm. We have detected that when the signal received by a node is in 

the around -85 dBm, there is a chance that it will lose connection from 

time to time with the sender. Therefore we can infer that there is a range 

of the RSSI value where the connectivity is slightly bad. This use of 

words is intentional: it reminds us the linguistic variables of a fuzzy 

controller. Figure 69 illustrates an example.  

 

Figure 69: Communication coverage for node 1  

Imagine that the outer dashed line defines the maximum communication 

range for node 1. A node over the line will receive messages from node 

1 with a RSSI close to the radio sensitivity limit. Let say that the inner 

dashed line defines the area where the nodes within will receive a 

message from node 1 with a RSSI a 10% higher than the radio 

sensitivity limit. And let assume that nodes in this inner area will have a 

packet delivery ratio (PDR) close to the 99.9% for the messages sent 

from node 1. This PDR will decrease as we get close to the outer limits, 

until it drops to 0 out of the external circle. For instance, in the example 

scenario we can suppose that messages from node 1 to node 5 have a 

PDR of 50%. Therefore depending on when node 1 starts the discovery 

of its neighbors, node 5 will be added to its list or not. And this 

introduces noise to the system. 

In the proposal made in this dissertation we consider that a node is a 

neighbor if the three way discovery protocol is achieved. This is a binary 

relationship: a node is either a neighbor or not. So the node degree is a 

discrete variable. But we have obtained results that show that a node 

can be a neighbor sometimes, and not be a neighbor some other times. 

And this happens without acting on the transmission power. Thus 

instead of considering that a node can be a neighbor with a binary 
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relationship, it could be worth exploring a fuzzy approach. The idea is to 

evaluate the quality of the received communication based on the RSSI, 

and even on the link quality offered by the LQI parameter (if they are not 

correlated in the way the radio circuit estimates them). Therefore instead 

of using the node degree we can explore the use of assigned weights to 

the neighbor links, measured as a fuzzy variable. 

c) Using more than one input for the fuzzy function of decision 
making in the primary loop is another interesting idea to explore. In 

the system described in this dissertation the primary loop uses only one 

input, the error in the node degree, to calculate the estimated change for 

the transmission power. Adding more inputs could provide a better 

estimation for the output. For instance, using the previous 

communication range variation rate, Δ𝐽𝑑(𝑘 − 1), could be used to help in 

the reduction of the oscillations. Even it could eliminate the need for 

using the tolerance value 𝜉𝑁𝑁. 

d) Using other functions of decision making, like genetic and 

evolutionary algorithms [93] or some multi-criteria decision making 

method [94]. The proposed fuzzy logic decision making is easy to 

implement in constrained devices, and as seen in the validation results, 

has a low footprint on the system. Some other functions of decision 

making should be tested in order to have a comparison of both 

performance and system overhead. 

e) Using machine learning techniques to decide the appropriate 
parameter set, instead of selecting them by a human expert decision. In 

the results from the validation tests we can see that only one set of 

parameters provide a better performance when compared to the use of 

a fixed transmission power. In a complex system with more nodes, 

maybe hundreds, and different environmental conditions, it could be 

quite difficult to determine the best parameter set. Even it can be 

different for each node. Using a machine learning technique can provide 

a way to adjust the parameters at runtime to adapt to the environmental 

conditions. 

f) It may be interesting to consider the use of a different reference node 
degree for different nodes depending on their surrounding neighbor 
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density. This new approach to the reference node degree can also be 

considered as an adaptation, where each node is able to decide its own 

reference value according to their environment. 

g) Finally, and linking this work to other research topics we have explored 

before, the exploration of self-adaptive capabilities applied to 
virtualization and dynamic composition in next generation networks 

[95] seems interesting. This can be considered from the point of view of 

a self-adaptive component as part of a middleware, enabling the 

middleware itself and its applications to reach their own steady state. 

6.3. List of Publications 

Some of the main outcomes of this Master Thesis dissertation have appeared in 

the following publications. These constitute our fundamental knowledge dissemination 

contributions, which are the result of the research activity of the author in the area 

where this Master Thesis has been carried out. 

• V. H. Díaz, J.-F. Martínez, N. L. Martínez, and R. M. del Toro, “Self-

Adaptive Strategy Based on Fuzzy Control Systems for Improving 

Performance in Wireless Sensors Networks,” Sensors, vol. 15, no. 9, p. 

24125, 2015. 

• N. Lucas Martínez, J.-F. Martínez Ortega, V. Hernández Díaz, and R. 

del Toro Matamoros, “Communication Range Dynamics Using an 

Energy Saving Self-Adaptive Transmission Power Controller in a 

Wireless Sensor Network,” 2015, p. D006. 

• Y. Huang, J.-F. Martínez, J. Sendra, and N. Lucas Martínez, “Design 

and Implementation of Control System for Resilient Wireless Sensor 

networks,” Mobile Networks & Applications, 2016. Under peer review. 

In addition the software developed has been registered under the name “Self-

Adaptive Power Transmission Controller for the Internet of Things”, and released as 

open source, being available at GitHub [96] as well as at the DEMANES repository 

[97]. 
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