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Preface 

 
We describe in this book, hybrid intelligent systems using type-2 fuzzy logic for 
intelligent control and mobile robotics. Hybrid intelligent systems combine several 
intelligent computing paradigms, including fuzzy logic, and bio-inspired optimiza-
tion algorithms, which can be used to produce powerful automatic control sys-
tems. The book is organized in three main parts, which contain a group of chapters 
around a similar subject. The first part consists of chapters with the main theme  
of theory and design algorithms, which are basically chapters that propose new 
models and concepts, which can be the basis for achieving intelligent control and 
mobile robotics. The second part contains chapters with the main theme of evolu-
tionary optimization of type-2 fuzzy systems in intelligent control with the aim of 
designing optimal type-2 fuzzy controllers for complex control problems. The 
third part contains chapters with the theme of bio-inspired optimization of type-2 
fuzzy systems in intelligent control, which includes the application of particle 
swarm intelligence and ant colony optimization algorithms for obtaining optimal 
type-2 fuzzy controllers. 

In the part of theory and algorithms there are 4 chapters that describe different 
contributions that propose new models and concepts, which can be the considered 
as the basis for achieving intelligent control and mobile robotics. The first chapter 
offers an introduction to the area of type-2 fuzzy logic for intelligent control ap-
plications. The second chapter describes the basic concepts and theory of type-2 
fuzzy logic that will be used in the applications mentioned in the book. The third 
chapter describes a general methodology for the design of type-2 fuzzy logic con-
trollers. The fourth chapter describes the important concept of stability in type-2 
fuzzy controllers and a systematic method to achieve it. 

In the part of evolutionary optimization of type-2 fuzzy systems intelligent con-
trol there are 5 chapters that describe different contributions on achieving control 
using hybrid intelligent systems based on type-2 fuzzy logic. The first chapter de-
scribes the hardware implementation of interval type-2 fuzzy controllers on 
FPGAs. The second chapter deals with automatic control of aircraft dynamic sys-
tems using type-2 fuzzy controllers generated by genetic algorithms. The third 
chapter describes the design of type-2 fuzzy reactive and tracking controllers for 
autonomous mobile robot navigation. The fourth chapter describes the application 
of genetic algorithm for the automatic design of interval type-2 fuzzy controllers 
for linear and non-linear plants. The fifth chapter proposes the use of the human 
evolutionary model for the design of intelligent type-2 fuzzy logic controllers for 
general applications.  



VI  Preface 
 
In the part of bio-inspired optimization of type-2 fuzzy controllers there are 4 

chapters that describe different contributions of new algorithms for optimization 
and their application to designing optimal type-2 fuzzy logic controllers. The first 
chapter describes the optimization of type-2 fuzzy logic systems using ant colony 
optimization for the design intelligent controllers for mobile robots. The second 
chapter deals with an approach for the optimization of membership functions for 
fuzzy control based on the ant system algorithm. The third chapter describes the 
application of particle swarm algorithms in the optimization of interval type-2 
fuzzy logic control for autonomous mobile robots. The fourth chapter describes 
the optimal design of intelligent type-2 fuzzy logic controllers for non-linear 
plants using particle swarm optimization. 

In conclusion, the book comprises chapters on diverse aspects of type-2 fuzzy 
logic and evolutionary and bio-inspired models for achieving intelligent control 
for different applications, including mobile robotics. The combination of evolu-
tionary or bio-inspired optimization methods with type-2 fuzzy logic can be con-
sidered as a hybrid approach for obtaining efficient and accurate solutions to  
complex control problems.  
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Oscar Castillo  
Tijuana Institute of Technology 

Mexico 
 



 

 

Contents 

Part I:   Basic Concepts and Theory 
 
1   Introduction to Type-2 Fuzzy Logic Control .................................................3 
 
2   Type-2 Fuzzy Logic...........................................................................................7 
     2.1   Type-2 Fuzzy Sets ......................................................................................8 
     2.2   Operations of Type-2 Fuzzy Sets..............................................................13 
     2.3   Type-2 Fuzzy Systems..............................................................................16 
     2.4   Summary...................................................................................................22 
 
3   Design of Interval Type-2 Fuzzy Logic Controllers.....................................23 
     3.1   Introduction ..............................................................................................23 
     3.2   Fuzzy Logic Systems ................................................................................24 
     3.3   Experimental Results for Intelligent Control ............................................33 
     3.4   Summary...................................................................................................47 

 
4   Design of Stable Type-2 Fuzzy Logic Controllers........................................49 
     4.1   Introduction ..............................................................................................49 
     4.2   Fuzzy Logic Controllers ...........................................................................50 
     4.3   Systematic and Design of Stable Fuzzy Controllers .................................52 
     4.4   Experimental Results ................................................................................56 
     4.5   Summary...................................................................................................61 

 
Part II: Evolutionary Optimization of Type-2 Fuzzy Systems  
              for Intelligent Control 

 
5   Design of a Type-2 Fuzzy Controller and Its Comparison with Type-1  
     Fuzzy and PID Controllers for Velocity Regulation in a Motor.................65 
     5.1   Introduction ..............................................................................................65 
     5.2   Design of FLC-T1, FLC-T2 and PID Controllers for Speed  
             Regulation of the DC Motor .....................................................................68 
     5.3   Test and Result the Comparisons with FLC-T2 and  FLC-T1  
             in FPGA´s and PID Controllers ................................................................72 
     5.4   Summary...................................................................................................75 

 



VIII Contents
 

 

6   Genetic Optimization Design of Type-1 and Type-2 Fuzzy Systems for 
     Longitudinal Control of an Airplane ............................................................77 
     6.1   Introduction ..............................................................................................77 
     6.2   Background and Basic Concepts ..............................................................77 
     6.3   Genetic Algorithms...................................................................................81 
     6.4   Problem Description .................................................................................82 
     6.5   PID Control and Fuzzy System for Longitudinal Control ........................82 
     6.6   Simulation Results ....................................................................................84 
     6.7   Summary...................................................................................................92 

 
7   Optimizing Type-2 Fuzzy Reactive and Tracking Controllers Using  
     Genetic Algorithms.........................................................................................93 
     7.1   Introduction ..............................................................................................93 
     7.2   Mobile Robot............................................................................................94 
     7.3   Evolutionary Method Description.............................................................95 
     7.4   Simulation Results ..................................................................................101 
     7.5   Summary.................................................................................................103 

 
8   A Hybrid PSO-GA Optimization Method to Design Type-1 and Type-2  
     Fuzzy Logic Controllers ...............................................................................105 
     8.1   Introduction ............................................................................................105 
     8.2   Theoretical Basis and Problem Statement ..............................................106 
     8.3   Fuzzy Logic Control Design...................................................................109 
     8.4   Simulation Results ..................................................................................110 
     8.5   Summary.................................................................................................118 

 
9   Evolutionary Optimization of Interval Type-2 Fuzzy Systems Using the  
     Human Evolutionary Model ........................................................................119 
     9.1   Introduction ............................................................................................119 
     9.2   Fuzzy Controllers....................................................................................120 
     9.3   The Human Evolutionary Model ............................................................122 
     9.4   Experimental Results ..............................................................................124 
     9.5   Summary.................................................................................................131 

 
Part III: Bio-inspired Optimization of Type-2 Fuzzy Systems  
               in Intelligent Control 
10   Optimization of a Fuzzy Controller for an Autonomous Mobile  
       Robot Using the Ant Colony Metaheuristic..............................................135 
       10.1   Introduction.........................................................................................135 
       10.2   S-ACO Algorithm...............................................................................136 
       10.3   Problem Statement..............................................................................137 
       10.4   Fuzzy Logic Control Design...............................................................139 
       10.5   ACO Architecture ...............................................................................141 
       10.6   Simulation Results ..............................................................................144 
       10.7   Summary.............................................................................................149 

 



Contents IX 
 

 

11   ACO-Tuning of a Fuzzy Controller for the Ball and Beam Problem.....151 
       11.1   Introduction.........................................................................................151 
       11.2   Ball and Beam System........................................................................152 
       11.3   Fuzzy Controller .................................................................................153 
       11.4   Problem Description ...........................................................................153 
       11.5   Ant Colony Optimization....................................................................155 
       11.6   Experimental Results ..........................................................................157 
       11.7   Summary.............................................................................................159 

 
12   Optimization of Type-2 Fuzzy Logic Controllers Using PSO Applied  
       to Linear Plants...........................................................................................161 
       12.1   Introduction.........................................................................................161 
       12.2   Theoretical Basis and Problem Statement ..........................................162 
       12.3   Fuzzy Logic Control Design...............................................................164 
       12.4   Simulation Results ..............................................................................165 
       12.5   Summary.............................................................................................172 

 
13   Optimization of an Interval Type 2 Fuzzy Controller for an Autonomous  
       Mobile Robot Using the Particle Swarm Optimization Algorithm ........173 
       13.1   Introduction.........................................................................................173 
       13.2   Optimization Algorithm Using Particle Swarm (PSO) .......................174 
       13.3   Design of the Fuzzy Controller...........................................................175 
       13.4   Results of the Simulations ..................................................................176 
       13.5   Summary.............................................................................................179 

 
References ..........................................................................................................181 
Index ...................................................................................................................187 




