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Abstract 


The applications of the autonomous mobile robot in many fields such as industry, space, 
 defence and transportation, and other social sectors are growing day by day. The mobile 
 robot performs many tasks such as rescue operation, patrolling, disaster relief, planetary 
 exploration, and material handling, etc. Therefore, an intelligent mobile robot is required 
 that could travel autonomously in various static and dynamic environments. The present 
 research  focuses  on  the  design  and  implementation  of  the  intelligent  navigation 
 algorithms, which is capable of navigating a mobile robot autonomously in static as well 
 as dynamic environments. 


Navigation and obstacle avoidance are one of the most important tasks for any mobile 
 robots. The primary objective of this research work is to improve the navigation accuracy 
 and  efficiency  of  the  mobile  robot  using  various  soft  computing  techniques.  In  this 
 research work, Hybrid Fuzzy (H-Fuzzy) architecture, Cascade Neuro-Fuzzy (CN-Fuzzy) 
 architecture,  Fuzzy-Simulated  Annealing  (Fuzzy-SA)  algorithm,  Wind  Driven 
 Optimization  (WDO)  algorithm,  and  Fuzzy-Wind  Driven  Optimization  (Fuzzy-WDO) 
 algorithm  have  been  designed  and  implemented  to  solve  the  navigation  problems  of  a 
 mobile  robot  in  different  static  and  dynamic  environments.  The  performances  of  these 
 proposed  techniques  are  demonstrated  through  computer  simulations  using  MATLAB 
 software  and  implemented  in  real  time  by  using  experimental  mobile  robots. 


Furthermore, the performances of Wind Driven Optimization algorithm and Fuzzy-Wind 
 Driven Optimization algorithm are found to be most efficient (in terms of path length and 
 navigation  time)  as  compared  to  rest  of  the  techniques,  which  verifies  the  effectiveness 
 and  efficiency  of  these  newly  built  techniques  for  mobile  robot  navigation.  The  results 
 obtained  from  the  proposed  techniques  are  compared  with  other  developed  techniques 
 such  as  Fuzzy  Logics,  Genetic  algorithm  (GA),  Neural  Network,  and  Particle  Swarm 
 Optimization  (PSO)  algorithm,  etc.  to  prove  the  authenticity  of  the  proposed  developed 
 techniques. 


Keywords: Intelligent Mobile Robot; Navigation; Hybrid Fuzzy; Cascade Neuro-Fuzzy; 


Simulated Annealing algorithm; Wind Driven Optimization algorithm. 
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Chapter 1  Introduction 



1.1  Background and Motivations


Mobile robot is an autonomous agent capable of navigating intelligently anywhere using 
sensor-actuator  control  techniques.  The  mobile  robot  performs  various  tasks  such  as 
material  handling  in  the  industries,  planetary  exploration  in  the  Mars  and  other  planets, 
and  other  social  sectors  without  human  intervention.  Current  research  in  the  field  of 
mobile  robotics  focuses  on  designing  and  developing  an  intelligent  algorithm  or 
technique, which can control the motion and orientation of the mobile robot with obstacle 
avoidance/wall following competence in the static and dynamic environments. Successful 
autonomous  mobile  robot  navigation  in  the  environment  depends  on  its 
technique/controller.  Basically,  during  navigation,  the  mobile  robot  faces  two  types  of 
obstacles:  static  and  dynamic.  Several  techniques  have  been  applied  by  the  various 
researchers  for  mobile  robot  navigation  and  obstacle  avoidance.  According  to  literature 
survey,  it  is  found  that  the  static  obstacle  avoidance  is  comparatively  easy  from  the 
dynamic  obstacle  avoidance.  Therefore,  the  author  is  motivated  to  solve  the  static  and 
dynamic  obstacle  avoidance  problem  using  various  soft  computing  techniques  such  as 
Hybrid  Fuzzy  (H-Fuzzy)  architecture,  Cascade  Neuro-Fuzzy  (CN-Fuzzy)  architecture, 
Fuzzy-Simulated  Annealing  (Fuzzy-SA)  algorithm,  Wind  Driven  Optimization  (WDO) 
algorithm,  and  Fuzzy-Wind  Driven  Optimization  (Fuzzy-WDO)  algorithm.  The  rest  of 
this chapter is organized as follows: Section 1.2 introduces the aims and objectives of the 
proposed  research  work.  Section  1.3  describes  the  methodologies  applied  for  proposed 
research  work.  Section  1.4  presents  the  novelty  of  the  proposed  research  work.  Finally, 
Section 1.5 gives an outline of each chapter of the dissertation. 
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1.2  Aims and Objectives of the Proposed Research Work


The aims and objectives for the research towards mobile robot navigation in the static and 
 dynamic environments are summarized below: - 


  To analyze various soft computing techniques (such as H-Fuzzy architecture, CN-
 Fuzzy  architecture,  Fuzzy-SA  algorithm,  WDO  algorithm,  and  Fuzzy-WDO)  for 
 navigating a mobile robot from start position to goal position while avoiding static 
 and dynamic obstacles present in the environment. 


  Integration  of  various  sensors  such  as  ultrasonic  range  finder  sensors,  sharp 
 infrared  range  sensors  for  mapping  the  environment  cluttered  with  dynamic  and 
 static obstacles. 


  To design a simulated environment for carrying out the simulation exercises using 
 the above mentioned soft computing techniques. 


  To  develop  experimental  setup  to  perform  the  experimental  exercises  using  the 
 above mentioned soft computing techniques. 



1.3  Methodologies Applied for Proposed Research Work 


In this research work, Hybrid Fuzzy (H-Fuzzy) architecture, Cascade Neuro-Fuzzy (CN-
 Fuzzy)  architecture,  Fuzzy-Simulated  Annealing  (Fuzzy-SA)  algorithm,  Wind  Driven 
 Optimization  (WDO)  algorithm,  and  Fuzzy-Wind  Driven  Optimization  (Fuzzy-WDO) 
 algorithm  have  been  designed  and  implemented  to  solve  the  navigation  problems  of  a 
 mobile robot in different environments.


The methodologies applied for proposed research work is summarized as follows: - 


  To  study  the  various  techniques  applied  to  the  mobile  robot  navigation  in  the 
 literature survey. 


  To  study  the  kinematic  and  dynamic  analysis  of  the  nonholonomic  differential 
 drive wheeled mobile robot. 


  To develop the Hybrid Fuzzy (H-Fuzzy) architecture for intelligent mobile robot 
navigation and obstacle avoidance in the static and dynamic environments. 



(28)  To  design  a  Cascade  Neuro-Fuzzy  (CN-Fuzzy)  architecture  to  improve  the 
 navigation and obstacle avoidance strategies of the mobile robot in various (static 
 and dynamic) environments. 


  To  integrate  the  Takagi-Sugeno  fuzzy  model  with  the  simulated  annealing 
 algorithm called as Fuzzy-Simulated Annealing (Fuzzy-SA) algorithm to optimize 
 the navigation path length of the mobile robot in the given environment. 


  To apply a Wind Driven Optimization (WDO) algorithm to solve the optimal path 
 planning  problems  of  a  mobile  robot  in  various  simulation  and  experimental 
 environments. 


  To  make  a  hybridization  of  the  Fuzzy-Wind  Driven  Optimization  algorithm  to 
 adjust  and  tune  the  input/output  membership  function  parameters  of  the  fuzzy 
 controller. This developed algorithm improves the navigation performance of the 
 mobile  robot  in  the  given  environments  and  produces  a  smooth  navigation  path 
 within a reasonable time. 


  To make a comparative study of all proposed developed techniques for checking 
 its strength and weakness in the various environments. 


  To  demonstrate  the  various  simulation  and  experimental  results  of  the  proposed 
 techniques using the simulation and experimental setup. 



1.4  Novelty of the Proposed Research Work


In literature survey, it is found that most of the researchers have applied the various soft 
 computing techniques for mobile robot navigation in only static environments. However, 
 few researchers have considered dynamic environments for mobile robot navigation. The 
 novelty of this dissertation is to design, analysis, and develop soft computing techniques 
 such  as  H-Fuzzy  architecture,  CN-Fuzzy  architecture,  Fuzzy-SA  algorithm,  WDO 
 algorithm,  and  Fuzzy-WDO  algorithm  for  mobile  robot  navigation  and  obstacle 
 avoidance in the static as well as dynamic environments. 


In this research work, the application of Wind Driven Optimization (WDO) algorithm 
for  the  mobile  robot  navigation  has  been  carried  out.  Besides,  this  WDO  algorithm  is 
integrated with the fuzzy controller to adjust and optimize the antecedent and consequent 



(29)parameters  of  the  fuzzy  membership  function  and  is  not  found  during  the  literature 
 survey. 



1.5  Outline of the dissertation 


The rest of this dissertation is organized below: - 


  Chapter-2 introduces the literature review of the kinematic and dynamic analysis 
 of  wheeled  mobile  robot,  and  various  soft  computing  techniques  applied  for 
 mobile robot navigation. 


  Chapter-3 demonstrates  the  kinematic  and  dynamic  analysis  of  nonholonomic 
 differential drive wheeled mobile robot. 


  Chapter-4 presents the intelligent navigation of mobile robot in the various static 
 and dynamic environments using Hybrid Fuzzy (H-Fuzzy) Architecture. 


  Chapter-5 describes  the  intelligent  navigation  control  of  mobile  robot  in  the 
 various  (static  and  dynamic)  environments  using  Cascade  Neuro-Fuzzy  (CN-
 Fuzzy) Architecture. 


  Chapter-6 presents the mobile robot navigation among the stationary and moving 
 obstacle  in  the  environments  using  Takagi-Sugeno  Fuzzy  Model  and  Simulated 
 Annealing (Fuzzy-SA) Algorithm Controller. 


  Chapter-7 introduces  the  optimum  navigation  of  mobile  robot  in  the  simulation 
 and  experimental  environments  using  Wind  Driven  Optimization  (WDO) 
 Algorithm. 


  Chapter-8 introduces  the  optimum  path  planning  of  mobile  robot  in  unknown 
 static and dynamic environments using Fuzzy-Wind Driven Optimization (Fuzzy-
 WDO) Algorithm. 


  Chapter-9 presents  the  comparative  study  of  all  the  proposed  soft  computing 
 techniques applied for mobile robot navigation. 


  Finally, Chapter-10 describes the conclusion and scope for future research. 
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Chapter 2 



Literature Review 



2.1  Introduction


This  chapter  introduces  the  literature  survey  of  the  various  techniques  used  for  mobile 
 robot navigation. Navigation and obstacle avoidance are one of the fundamental problems 
 in  mobile  robotics,  which  are  being  solved  by  the  various  researchers  in  the  past  two 
 decades. The aim of navigation is to search an optimal or suboptimal path from the start 
 point  to  the  goal  point  with  obstacle  avoidance  competence  [1].  Basically,  the  mobile 
 robot  navigation  has  been  done  by  the  Deterministic  algorithm  and  Nondeterministic 
 (Stochastic)  algorithm.  Nowadays,  the  hybridization  of  both  the  algorithms  called  as  an 
 Evolutionary  algorithm  is  being  used  to  solve  the  mobile  robot  navigation  problem. 


Figure  2.1  shows  the  general  classification  of  the  Deterministic  algorithm, 
 Nondeterministic  (Stochastic)  algorithm,  and  Evolutionary  algorithm,  which  are 
 implemented for mobile robot navigation by various authors. 


Navigation is an essential task in the field of mobile robotics, which can be classified 
into two types: global navigation and local navigation. In the global navigation, the prior 
knowledge of the environment should be available. Many methods have been developed 
for  global  navigation,  i.e.  Voronoi  graph  [2,  3],  Artificial  potential  field  method  [4,  5], 
Dijkstra algorithm [6], Visibility graph [7], Grids [8], and Cell decomposition method [9], 
and  so  on.  In  the  local  navigation,  the  robot  can  decide  or  control  its  motion  and 
orientation autonomously using equipped sensors such as ultrasonic range finder sensors, 
sharp  infrared  range  sensors,  and  vision  (camera)  sensors,  etc.  Fuzzy  logic  [10],  Neural 
network  [11],  Neuro-fuzzy  [12],  Genetic  algorithm  [13],  Particle  swarm  optimization 
algorithm  [14],  Ant  colony  optimization  algorithm  [15],  and  Simulated  annealing 
algorithm  [16],  etc.  are  successfully  employed  by  various  researchers  to  solve  the  local 
navigation problem. 



(31)Rest of the chapter is organized as follows: Section 2.2 presents the literature survey 
 of  kinematic  and  dynamic  analysis  of  the  wheeled  mobile  robots.  Section  2.3  discusses 
 the  literature  review  of  various  soft  computing  techniques  used  for  mobile  robot 
 navigation. Finally, Section 2.4 describes the summary of this literature survey. 


Figure 2.1: General classification of the Deterministic algorithm, Nondeterministic 
 (Stochastic) algorithm, and Evolutionary algorithm used for mobile robot navigation. 
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2.2  Kinematic  and  Dynamic  Analysis  of  the  Wheeled  Mobile Robot


The  motion  control  problem  of  an  autonomous  wheeled  mobile  robot  has  been  widely 
 investigated  in  past  decades.  In  recent  years,  there  has  been  a  growing  interest  in  the 
 design  and  development  of  an  autonomous  wheeled  mobile  robot  using  various  soft 
 computing  techniques.  In  [17],  the  authors  have  studied  the  kinematic  and  dynamic 
 constraints  of  a  car-like  mobile  robot  and  applied  it  to  navigation  among  moving 
 obstacles  in  the  environments  using  neuro-fuzzy  approaches.  Abadi  and  Khooban  [18] 


have  solved  the  trajectory  tracking  problem  of  nonholonomic  wheeled  mobile  robots 
 using  Random  Inertia  Weight  Particle  Swarm  Optimization  (RNW-PSO)  based  optimal 
 Mamdani-type  fuzzy  controller.  The  motion  problem  of  the  wheeled  mobile  robots  on 
 uneven  terrain  has  been  addressed  in  [19].  Wang  and  Yang  [20]  have  developed  the 
 neuro-fuzzy  controller  for  navigation  of  a  nonholonomic  differential  drive  mobile  robot 
 (shown in Figure 2.2). The combination of four sharp infrared sensors is equipped on the 
 robot to read the obstacle distance, and this distance information is fed to the controller to 
 adjust the speed of two separate motors of the robot. 


Figure 2.2: Infrared sensor based nonholonomic differential drive mobile robot developed 
by Wang and Yang [20]. 



(33)Wheeled mobile robots [21] have been widely used in various industrial applications, 
 transportation, and social  sectors, etc. Martinez et  al.  [22] have designed  the kinematics 
 and dynamics trajectory tracking control of the autonomous unicycle mobile robot using 
 type-2 fuzzy logic and genetic algorithms. An adaptive neural network based motion and 
 orientation control of a nonholonomic wheeled mobile robot has been presented in [23]. 


Liang et al. [24] have presented the kinematic modelling of the two-wheeled differential 
 drive mobile robot. 



2.3  Various  Soft  Computing  Techniques  used  for  Mobile  Robot Navigation


In the past few years, many soft computing techniques are proposed by the researchers to 
 solve the robot navigation and obstacle avoidance problem in the  various environments. 


The  various  soft  computing  techniques  applied  for  mobile  robot  navigation  in  the 
 different static and dynamic environments are summarized below. 



2.3.1  Fuzzy Logic Technique for Mobile Robot Navigation 


The concept of fuzzy logic has been introduced by Zadeh [25], which is extensively used 
in  many  engineering  applications  such  as  mobile  robotics,  image  processing,  etc.  This 
method plays a vital role in the field of mobile robots. The fuzzy logic technique has been 
successfully applied by many researchers to control the position and orientation of mobile 
robot  in  the  environment.  Ren  et  al.  [26]  have  designed  an  intelligent  fuzzy  logic 
controller  to  solve  the  navigation  problem  of  wheeled  mobile  robot  in  an  unknown  and 
changing  environment.  Fuzzy  logic  systems  are  inspired  by  human  reasoning,  which 
works  based  on  perception.  In  [27],  the  authors  have  presented  the  Gradient  method 
based  optimal  Takagi-Sugeno  fuzzy  controller  to  tune  the  membership  function 
parameters, and applied it to mobile robot navigation and obstacle avoidance. Qing-yong 
et  al.  [28]  have  presented  the  behavior-based  fuzzy  architecture  for  mobile  robot 
navigation  in  unknown  environments.  They  have  designed  four  basic  behaviors:  goal-
seeking  behavior,  obstacle  avoidance  behavior,  tracking  behavior,  etc.  for  mobile  robot 
navigation  and  tested  it  in  various  simulation  environments.  The  eight  rule-based  fuzzy 
controllers have been designed by Boubertakh et al. [29] for obstacle avoidance and goal-



(34)seeking  behavior  of  the  mobile  robot.  Muthu  et  al.  [30]  have  presented  the  Atmega 
 microcontroller  based  fuzzy  logic  controller  (Figure  2.3)  for  the  wheeled  mobile  robot. 


The proposed controller train the mobile robot to navigate in an environment without any 
 human intervention. The controller receives inputs (obstacle distance) from the group of 
 sensors to control the right and left motor of the mobile robot. 


Figure 2.3: The block diagram of the fuzzy controller designed by Muthu et al. [30]. 


The  sensor-based  mobile  robot  navigation  in  an  indoor  environment  using  a  fuzzy 
 logic controller has been discussed in [31-32]. Wu et al. [33] have developed the sensor 
 based  mobile  robot  navigation  in  the  narrow  environment  using  fuzzy  controller  and 
 genetic  algorithm.  Where  the  fuzzy  controller  provides  the  initial  membership  function 
 and  the  genetic  algorithm  choose  the  best  membership  value  to  optimize  the  fuzzy 
 controller  for  mobile  robot  navigation.  Obstacle  avoidance  is  very  important  for 
 successful  navigation of  autonomous mobile robot.  Samsudin  et  al. [34] have combined 
 the reinforcement learning method and genetic algorithm to optimize the fuzzy controller 
 for  improving  their  performance  when  the  mobile  robot  moves  in  an  unknown 
 environment.  Fuzzy  reinforcement  learning  sensor-based  mobile  robot  navigation  has 
 been  presented  by  Beom  and  Cho  [35]  for  complex  environments.  Pradhan  et  al.  [36] 


have used fuzzy logic controller with  different  membership functions for the navigation 



(35)of one thousand robots in an entirely unknown environment. The authors have compared 
 the  performance  of  different  membership  functions  such  as  triangular,  trapezoidal  and 
 gaussian for mobile robot navigation and stated that the gaussian membership function is 
 more  efficient  for  navigation.  In  [37],  the  authors  have  combined  the  fuzzy  genetic 
 algorithm to solve the path planning and control problem of an autonomous mobile robot 
 (AMR)  using  ultrasonic  range  finder  sensor  information.  Farooq  et  al.  [38]  have 
 presented  the  comparative  study  between  the  zero  order  Takagi-Sugeno  and  Mamdani-
 type  fuzzy  logic  models  for  mobile  robot  navigation  and  obstacle  avoidance.  Both  the 
 controllers receive inputs (obstacle distance) from the left and right ultrasonic sensors to 
 control the left and right velocities of the motors of the mobile robot. During comparison 
 study,  the  authors  have  found  that  in  terms  of  smoothness  Mamdani-type  fuzzy  model 
 gives  a  better  result.  On  the  other  hand,  the  Takagi-Sugeno  fuzzy  model  takes  less 
 memory space in the real-time microcontroller implementation. 


Figure 2.4: Behavior based fuzzy controller for mobile robot navigation and obstacle 
 avoidance developed by Algabri et al. [39]. 
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(36)Hybridization of Fuzzy and Nondeterministic Algorithm 


Algabri et al.  [39] have  combined the  fuzzy logic with  other soft  computing techniques 
 such  as  Genetic  Algorithm  (GA),  Neural  Networks  (NN),  and  Particle  Swarm 
 Optimization  (PSO)  to  optimize  the  membership  function  parameters  of  the  fuzzy 
 controller for improving the navigation performance of mobile robot. They have designed 
 two  basic  fuzzy  logic  behaviors:  Motion  to  target  behavior  (MFLC)  and  obstacle 
 avoidance behavior (AFLC) as shown in Figure 2.4. In [40], the authors have developed 
 genetic-fuzzy and genetic-neural for an adaptive navigation planning of a car-like mobile 
 robot  between  dynamic  obstacles.  In  this  study,  the  genetic  algorithm  is  employed  to 
 adjust  the  fuzzy  membership  function  and  weight  of  the  neural  network.  Fuzzy  PWM 
 (Pulse  Width  Modulation)  controller  has  been  presented  in  the  article  [41]  for  mobile 
 robot navigation and obstacle avoidance in an unknown environment. Abdessemed et al. 


[42] have designed an evolutionary algorithm to optimize the antecedent and consequent 
 parameters  of  the  fuzzy  controller,  and  implemented  it  for  mobile  robot  path  planning. 


Selekwa  et  al.  [43]  have  presented  the  fuzzy  behavior  controller  for  mobile  robot 
 navigation  in  the  densely  obstacle  populated  environments.  The  authors  have  designed 
 two behavior control actions for navigation, namely obstacle avoidance behavior and the 
 goal-seeking behavior. The obstacle avoidance behavior is done by range finding sensors, 
 which  detects  the  nearest  obstacle  distance,  and  the  goal-seeking  behavior  is  made  by 
 compass  measurements,  which  determines  the  direction  of  the  goal.  Pratihar  et  al.  [44] 


have  developed  a  genetic-fuzzy  technique  based  on  a  combined  approach  of  genetic 
 algorithm and fuzzy logic (GA-FL) to solve the mobile robot motion planning problems 
 in  the dynamic environments.  Sensor-based wireless fuzzy controller has  been designed 
 by  Faisal  et  al.  [45]  for  mobile  robot  navigation  in  the  industries  among  the  static  and 
 dynamic  objects.  The  two  fuzzy  controllers:  tracking  fuzzy  logic  control  (TFLC)  and 
 obstacle avoidance fuzzy logic control (OAFLC) are helping the robot to search collision‐


free path from the start point to goal point. Babalou and Seifiour [46] have developed the 
sensor-based  on-line  path  planning  method  for  the  mobile  robot  in  dynamic 
environments.  Li  et  al.  [47]  have  designed  the  four  types  of  fuzzy  controller:  wall-
following  fuzzy,  corner  control  fuzzy,  garage-parking  fuzzy  and  parallel-parking  fuzzy 
for  the  car-like  mobile  robot  (CLMR).  The  developed  fuzzy  controllers  have  been 



(37)implemented real-time using field-programmable gate array (FPGA) chip, and tested it in 
 various experimental scenarios. Li and Chang [48] have presented a real-time fuzzy target 
 tracking  control  scheme  for  autonomous  mobile  robots  using  infrared  sensors.  The 
 behavior-based fuzzy logic controller has been made by Dongshu et al. [49] to solve the 
 navigation  problem  of  mobile  robot  in  unknown  dynamic  environment.  The  different 
 fuzzy rule-based controller has been constructed to deal with different behavior and also 
 helps the robot to get out from the trapped situations. Antonelli et al. [50] have presented 
 the  path-following  approach  for  differential  drive  mobile  robots  using  the  fuzzy  logic 
 technique.  The  designed  fuzzy  rules  are  able  to  emulate  the  human  driving  behavior. 


Ayari  et  al.  [51]  have  developed  a  multi-agent  fuzzy  logic  intelligent  control  system, 
 which trains the robot to navigate autonomously in dynamic and uncertain environments. 



2.3.2  Neural Network Technique for Mobile Robot Navigation 


The  neural  network  is  one  of  the  important  technique  for  the  mobile  robot  navigation. 


This neural network technique is motivated from the human brain, which is being applied 
 by many  researchers in  the different  fields  such  as  signal  and image processing, pattern 
 recognition, mobile robot path planning, and business, etc. Zou et al. [52] have presented 
 the  literature  survey  of  neural  networks  and  its  applications  in  mobile  robotics.  In  [53], 
 the authors have combined the multi-layer feed forward artificial neural network with Q-
 reinforcement  learning  method  to  construct  a  robust  path-planning  algorithm  for  the 
 mobile robot. Rai and Rai [54] have designed the Arduino Uno microcontroller-based DC 
 motor  speed  control  system  using  the  Multilayer  neural  network  controller  and 
 Proportional  Integral  Derivative  (PID)  controller.  Patino  and  Carelli  [55] have  designed 
 the automatic steering controller for a mobile vehicle using neural network architecture. 


Yang and Meng [56] have applied the biologically inspired neural network to generate a 
collision-free path  in a  nonstationary  environment.  Biologically  inspired neural  network 
based wall-following mobile robot has been presented by Nichols et al. [57]. Online path 
planning between unknown obstacles in the environment is an interesting problem in the 
field  of  mobile  robotics.  Motlagh  et  al.  [58]  have  presented  the  target  seeking,  and 
obstacle avoidance behaviors using neural  networks and reinforcement learning. Mobile 
robot  navigation  using  hybrid  neural  network  has  been  addressed  by  Gavrilov  and  Lee 
[59]. Singh and Parhi [60] have designed multilayer feed forward neural network (Figure 



(38)2.5),  which  controls  the  steering  angle  of  the  robot  autonomously  in  the  static  and 
 dynamic environments. The different obstacle distances are the inputs of the four-layered 
 neural  network,  and  the  steering  angle  is  the  output.  Real-time  collision-free  path 
 planning becomes more difficult when the robot is moving in a dynamic and unstructured 
 environment. 


Figure 2.5: Four-layered neural network for mobile robot navigation designed by Singh 
 and Parhi [60]. 


Hybridization of Neural Network and Nondeterministic Algorithm 


Rossomando and Soria [61] have designed an adaptive neural network PID controller to 
solve the trajectory tracking control problem of a mobile robot. Al-Jarrah et al. [62] have 
described  the  path  planning  and  coordination  of  multiple  mobile  robots  using 
probabilistic neuro-fuzzy architecture. The authors have applied leader-followers concept 
to control their position and orientation in the working environment, where the follower 
robots behave like a leader robot. This proposed probabilistic neuro-fuzzy architecture is 
the combination of first order Sugeno fuzzy inference model and Adaptive Neuro-Fuzzy 
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