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(6)Since last several years requirement graph for autonomous mobile robots according to its
 virtual application has always been an upward one. Smother and faster mobile robots nav-
 igation with multiple function are the necessity of the day. This research is based on navi-
 gation system as well as kinematics model analysis for autonomous mobile robot in known
 environments. To execute and attain introductory robotic behaviour inside environments
 (e.g. obstacle avoidance, wall or edge following and target seeking) robot uses method of
 perception, sensor integration and fusion. With the help of these sensors robot creates its
 collision free path and analyse an environmental map time to time. Mobile robot navigation
 in an unfamiliar environment can be successfully studied here using online sensor fusion
 and integration. Various AI algorithm are used to describe overall procedure of mobile
 robot navigation and its path planning problem. To design suitable controller that create
 collision free path are achieved by the combined study of kinematics analysis of motion
 as well as an artificial intelligent technique. In fuzzy logic approach, a set of linguistic
 fuzzy rules are generated for navigation of mobile robot. An expert controller has been
 developed for the navigation in various condition of environment using these fuzzy rules.


Further, type-2 fuzzy is employed to simplify and clarify the developed control algorithm
more accurately due to fuzzy logic limitations. In addition, recurrent neural network (RNN)
methodology has been analysed for robot navigation. Which helps the model at the time of
learning stage. The robustness of controller has been checked on Webots simulation plat-
form. Simulation results and performance of the controller using Webots platform show
that, the mobile robot is capable for avoiding obstacles and reaching the termination point
in efficient manner.
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I NTRODUCTION



1.1 Introduction


“One, a robot may not injure a human being, or through inaction, allow a human being to
 come to harm; Two, a robot must obey the orders given to it by human beings except where
 such orders would conflict with the First Law; Three, a robot must protect its own existence
 as long as such protection does not conflict with the First or Second Laws.”


Laws of Robotics by Isaac Asimov
 A robot may be defined as‘a mechanical device which executes automated jobs based
 on either human observation or a set of universal rules, using artificial intelligence tech-
 niques’. The first commercial robot was developed in 1961 and used in the automotive
 industry by Ford. The robots were principally intended to replace human in monotonous,
 heavy and hazardous processes.


In universal aspect, “Mobile Robot” may be defined as ‘a combination of automated
 based control structure with sensing element, intelligence, and mobility’. On the other
 hand, cognition, perception, action (by actuator), localization, and learning are essential
 gears of the autonomous mobile robot. Due to navigation tendency, which deliver flexibility
 in use towards challenging applications such as warehousing robots, micro-robots, service
 robots, and guard robots but not limited, it’s very popular. Robot navigation is a vast field
 and can be divided into subcategories such as indoor and outdoor navigation for better
 understanding of the problems it addresses.


The study about the mobile robot is mainly categorized in three classes such as tra-
jectory planning, position estimation (localization) and motion control. With these several



(16)cases dynamic models help to get the objective, but it may be difficult as it holds infor-
 mation of the torques or forces. On the other hand, for cases related to these paradigms;


kinematics may help to find the objective as well as easier to obtain since it does not involve
 any statistics related to torques or the forces.


Mobile robots need to develop communication with environment through sensors mod-
 ule. They use online intelligence technique to determine the finest action to take. The
 development of intelligent navigation systems on mobile robots is still at the centre of sev-
 eral research projects to smother, shortest, collision free and optimal path as a solution.


Autonomous systems have the capability to deal with ambiguity and adjust itself ac-
 cording to environment by learning. Uncertainty may come up from many sources, but
 it should cope with vagueness every time. The overall structure of this thesis to provide
 informations; how to discover contemporary learning methodology, which are dominant at
 the stage of online learning.


This research work has been described with respect to the mobile robot and briefly pro-
 vide behavioral information of navigation system for different real world environments.


This chapter briefly describe the background information and concerning work which car-
 ried out in this thesis as well as presents basic overview related to mobile robot research and
 offer the sources of inspiration. In addition, third part of this chapter has been clarify the
 overview of major goals of this research i.e. what type of challenge have been undertaken
 and how, which are restated later in more depth in the successive chapters. An outline of
 current research work has been sketched in last section of this chapter.



1.2 Background and Motivation


To conduct work with any type of machine which produce output, it needs to be actuated
 first with precision rate. The actuation means, covers a part of mechanism or machine
 inside which may be inputted mechanical work transformed into desired useful work output.


Similarly, a robot is an autonomous system that can be able to sense its environment, and to
 act on it to achieve goals. A mobile robot adds the fact that it is not confined to one specific
 location, as it has the capability of moving in its environment.


In 1950, Asimov [1] introducing the three laws of robotics, after introducing these laws
Asimov can’t satisfied with this. Accordingly, he extend his first law, which protect indi-



(17)vidual humans. This law is greater than first law i.e.: “A robot may not injure humanity, or
 through inaction, allow humanity to come to harm”.


The latest argument from the most primitive, regarding the development of autonomous
 mobile robot, it comes with pre-planned mechanism, which employed in system to achieve
 the goal globally without human interface in ambiguous environment as well as leads the
 research on robot system from starting to present. Control algorithm has combined the
 hardware of the robot system with computational principle and enable the navigation at
 real time environment. To deal with large-scale environment, mobile robot is not only the
 collection of an algorithms for sensing real time response, amplifying knowledge, justifying
 the positional error and poses motion; robot have also the capacity to conduct all fashions
 subjected to real world. Such fictitious concepts and algorithms for mobile robot provides
 to check an authenticity.


Research and development of mobile robot involves the creation of new methodology
 with areas of engineering, computer science, biology, mining. Mobile robot has many
 applications, which includes automated freeway driving, guiding the blind and disabled
 human, work in hazardous areas where human can’t survive and provides flexibility in
 assembled system that consists heavy mechanical parts.


Historical evaluation of the mobile robot delivers following investigation that may show
 the effectiveness of a robot over human:


• An unfriendly environment into which referring a human being would be either very
 costly (for mass production) or very dangerous (zero gravitational and atomic zone)
 or in an extreme instance when terrains are completely distant to humans such as
 atomic environment.


• In case of a task with very high fatigue factor.


Perception and action are tightly coupled in a closed loop to deposit navigational strat-
egy of mobile agents. This attentiveness reverses the inclination of mobile robotics science
in the direction of an essential interdisciplinary research area involving different disciplines
such as mechanical engineering (configuring particular mechanisms), computer science
(sensing and planning algorithms), electrical and electronics engineering (system integra-
tion and communications), cognitive psychology and neuroscience (biological organisms).



(18)Mobile robots are the first intelligent system, which can perform the processes or work
 like a human being as well as delivered desired tasks in various (known and unknown)
 environments without human guidance. In addition, mobile robotics research enable the
 surprizing feature inside robot to survive with different environment, whether it is on land,
 underwater, in the air, underground or in space. To pass the stage of autonomous robot
 quality, the robot may has following capability and which relate it to real world of robotics:


• Maintain law of robotics, without human assistance


• Function independently and interact with human beings


• Carry out different jobs


• Re-programmable and a robot may also be able to learn autonomously


• Repair itself without outside assistance


Finally, the overall creation of mobile robotics science depends upon following categories:


Locomotion- the method of initiating a robot to move


• In order to produce motion, forces must be applied to the robot


• Depends upon motor output and payload


Dynamics- structure with study of motion in which these forces are exhibited


• Transactions with the relationship between forces and motions


Kinematics- analysis of the mathematics of motion without considering the effect of forces
 on motion


• Deals with the geometrical interactions that govern the system


• Deals with the connection between control constraints and the activities of a system
The main characteristic that defines an autonomous robot is the ability to act on the
basis of its own decisions and not through the control of a human. Navigation is defined as
the process or activity of accurately ascertaining one’s position, planning and following a
route. In robotics, navigation refers to the way a robot finds its way in the environment and
is a common necessity and requirement for almost all mobile robots. Based on requirement,
application and necessity it has been categorize as:



(19)• Wheeled mobile robots


• Legged robots


• Aerial robots


• Underwater robots


• Humanoid robots


From the last decades, optimization cover the maximum range of research article. Apart
 of this, operational capability is one of them. Further, this thesis involves optimization of
 operational capability and related to the navigational strategies of mobile robot system.


Day by day, various investigations have been made related to autonomous mobile robotics
 system due to simultaneous research as well as application related to multi disciplines. But,
 research related to the particular field i.e. path analysis and planning of autonomous mobile
 robot (AMR) occurring with slower rate rather than expected, compare to its rapid age of
 research. According to this viewpoint; research is stirred towards investigations related to
 real-time navigation and path analysis of autonomous mobile robot (AMR), where the robot
 must have capability to:


• Sense and deal with environmental data


• Understand and learn the sensed environmental data to map the future platforms


• Always perform a real-time controlled motion for known and unknown platform


• Avoiding static and dynamic obstacles without human assistance (it has ability to find
 an alternative route)


• To avoiding collision; maintain more clearance from the obstacle with respect to
 certain performance measures and execute smoother navigation


• and, map shorter path


Therefore, the path analysis and planning involves optimization with respect to certain
performance measures. The navigation and control of mobile robots inside environment is
a challenging topic and this requires a process of alteration to the environment.



(20)
1.3 Aim and Objectives


This research focuses on navigation and path planning for the mobile robot in a known as
 well as partially unknown environment. The aim of this thesis are summarized below:


The motive is to develop an autonomous mobile robotics algorithm and control physi-
 cal systems according to purpose without human involvement either directly or indirectly
 in real-world environments. To continue working within dangerous platform and to fa-
 miliarise with changing environment; the power of robust autonomy (self-governing) is
 essential for robotics machine. Accordingly, the robot should be intelligent to manage its
 sequence of action through specific perceptive process, rather than following a static, hard-
 wired sequence of cursorily provided commands. To deliver the maximum autonomy to the
 mobile robot system; presently, researchers conduct new experiment day by day.


The objective of this research is to find the shortest and safest path in a dangerous en-
 vironment, from the origin of the robot to its termination point and it is one of the essential
 requirements for the robotics system. In addition, we have implemented an advanced algo-
 rithm for efficient navigation of mobile robot.


Attempt has been made to develop and implement an intelligent rule based fuzzy logic
 control algorithm for navigation and path planning for mobile robot in known and partially
 unknown environment.


In this thesis, combined effect of rule base and fuzzy logic has been considered for
 navigation as well as for path planning. The generated alternative path should deliver the
 optimal works. To develop the robust methodology for searching the initial feasible path in
 efficient manner; we have developed rule based fuzzy logic approach.


The thesis aims to explore and improve the navigational and path planning algorithm
 performance for real time mobile robot. Several algorithm has been simulated and investi-
 gated using webots simulation software. When an obstacle is detected on the path two-step
 planned process is activated for path planning. The goal of this thesis is to obtain optimal
 path with minimum processing time and collision free navigation for known and partially
 unknown environment.


For navigation of robot the following point should be considered:


• To navigate freely and safely inside environment



(21)• To accomplish a number of dissimilar tasks


• To learn from experience and change its behaviour accordingly


• To build internal representation of its world that can be used for reasoning processes
 like navigation


• Finally, to choose the most appropriate path, addresses the human intelligence for
 finding a way towards termination point


Due to the limitations of fuzzy logic for mobile robots navigation, the type 2 fuzzy
 logic is presented, which permits the robot to accomplish the advanced control architecture
 inside the working location and attain the termination point more proficiently and effec-
 tually with minimum time using sensor based online direct path. Thereafter, conclusion
 has been made; the path obtained by type 2 fuzzy logic technique is superior, rather than
 previously obtained path and this conclusion is generated through number of theoretical
 simulation examples, which are conducted on Webots simulation platform. Whenever, this
 algorithm is applied through mobile robotic platform; it enables the mobile robot to move
 freely inside environment and robot search for a more satisfactory path between local to
 termination point. A recurrent neural network technique for mobile robot navigation is also
 studied here. The results of navigation proves its efficiency over previous methodology.


Results shown that its accuracy is high as well as time taken during navigation is also less
 than previous methods.



1.4 Structure of the Dissertation


This chapter addresses the problem related to Mobile Robotics division as well as explore
the investigation made to clear the objectives related to autonomous mobile robotics. In
addition, the problem has been addressed in section wise, such as navigation system, tra-
jectory planning, localization and kinematics strategies. By exploring the combined design
of both algorithm i.e. for (i) navigation and localization and (ii) the sensor network, an
effective navigational control system is designed. To provide more clarity about this thesis,
later; the main aspects are described with different chapters (eight chapters), and fact that,
logically each chapter is closely related to the each other.



(22)– In Chapter 2, we present previous work related to navigation and path planning, kine-
 matics analysis, fuzzy logic controller, recurrent neural controller, sensor integration
 and fusion of mobile robot.


– In Chapter 3, we assess the kinematics configuration of mobile robots, since it play an
 important role towards safe navigational design. After pointing the robust and feeble
 points of kinematic modelling, we clarify how an expected trajectory can be obtained
 using kinematic stagnation during navigation.


– Chapter 4 states the perception of the fuzzy logic, control design and summaries the
 methodology used to design an intelligent rule based fuzzy logic controller, which
 enables the mobile robot to navigate successfully in real world environment.


– Chapter 5 aims at the study of type 2 fuzzy logic, an enhancement of fuzzy logic
 behaviour, that will allow the formation of a better and certain path by getting rid of
 excess uncertainties.


– In Chapter 6 recurrent neural network technique being used for navigation of mobile
 robots is discussed.


– Chapter 7 describes hardware aspect of a simple mobile robot configuration by accu-
 mulating different sub modules.


– In Chapter 8 a detailed report of experimental results and discussion has been given.


This chapter summarises the findings of all chapters discussed above.


– Finally in Chapter 9 conclusions of this research and future directions for further in-
 vestigation has been discussed.


The papers published related to the thesis have been listed at the last.
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L ITERATURE R EVIEW


With the advent of modern technical era, researcher have conducted significant research
 related to the mobile robotics. Scientists categorise them based on their applications (i.e.


indoor and outdoor applications). Presently principal structure of the review process is
 to analyse the findings till date related to the current research. We ensure that, each area
 and topic related to robotics contain much of data (catalogue is too long) and it cant be
 explain by single article. The objective of mobile robotic research is to study the robot with
 amazing knowledgeable capability by which robot achieve robust navigation in an known
 environment. Here the robot uses online sensors fusion as well as integration. This chapter
 provides detail survey report with important aspect of what the researcher are advancing in
 the area of navigational path analysis, control techniques as well as how to design mobile
 robot using different techniques.



2.1 Introduction


Researches related to previous mechanisms with autonomous mobile robot as well as issues
related to autonomous control situations; section particularized two leading computational
concerns. First one is path planning and following (Navigation) or second one is modeling
of mobile robot and motion planning based on localization technique. Later, modelling of
mobile robots involves deep analysis of kinematic and dynamic constraints in which navi-
gation is the most essential part and it can be considered as a process. Based upon inputs, it
covers specific knowledge of the environmental data i.e. description of the current position,
destination and the agent’s observations as well as output is the appropriate movement in or-
ders to reach the destination position with avoiding obstacles and other exception situations
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After reviewing it is found the present position of research associated with mobile
 robotics mostly covers the problems related to navigation technique, control approaches
 and path finding technologies. Many, researchers have also suggested different types of
 techniques to extract solution from these problems. The current research on robotics deals
 with one of the major trends related to the development of robot navigational system for
 real world environment. To determine the position of the robot simultaneously with respect
 to the navigation is one of the perpetual problems related to robotics science [2]. In addi-
 tion, there are large amount of uncertainties which appear on natural world at the time of
 robot motion (for unknown environment), creates another type of major problem [3].


Since, robotics has many unsolved problems, which synchronous when researchers de-
 sign navigational system of autonomous mobile robot. Using mathematical formulations
 (related to motion geometry) and perceptional views as well combination of both at same
 time, suitable algorithm for navigation can be developed. For navigation purpose, this in-
 cludes several discrete sensory inputs and output data. Consequently, on the basis of thou-
 sands of incoming signals from input sensory data elementary decisions has been made
 like turn left, turn right and stop [4–7]. In addition, this section includes collection of re-
 search articles based on mechanical modelling and provides theoretical documentation with
 kinematics control structure at the presence of sensory information.



2.2 Navigation of Mobile Robots


The process of determining as well as maintaining a trajectory balanced followed by target
 location in environment known as navigation [6]. Most of the robotics systems charac-
 teristically deal with different degrees of knowledge related to navigation. Researchers
 associated with mobile robotics have always faced problem with navigation systems (i.e.


smother, faster movement and falling of humanoids robot) of the mobile robot. As a re-
sult, navigation system of the mobile robot is the more stimulating area of research. To
develop a suitable, realistic and sensible navigation algorithm for autonomous mobile robot
has been massive challenge for researchers. This is due to boundless potential applications
of mobile robot inside indoor space (i.e. for industrial purpose and for military etc.) as well
as in outdoor space (for space science research).



(25)Based on the literature review, it is obligatory to first understand difficulties associated
 with mobile robot navigation system. The progress stated in past and recent with kine-
 matics and dynamic modelling of robot based on intelligent navigational control design
 techniques is briefly described in this section. So this work is focused to solve particular
 problems linked with navigation, either direct (i.e. imperfection in mechanical design of the
 body) or indirect (i.e. path planning based on sensor integration, or with control structure
 algorithms).


Biological navigation activities have been important source of stimulation for robotics
 science. According to Leonard and Durrant-Whyte [8],the general problem of mobile robot
 navigation analysed by three questions, i.e. “Where am I”, “Where am I going” and “How
 do I get there”. Yet, the stage of biological system navigation occurrence; they usually
 work on a “how do I reach the target?” basis. Most of these systems have been dealt with
 different degree of knowledge depending upon the condition of environment.


Following are the broad classification of navigation system:


• Indoor Navigations


• Outdoor Navigations


DeSouza and Kak [9] presented paper on Vision for mobile robot navigation: this paper
 covers the developments of the last 20 years in the area of vision for mobile robot nav-
 igation. Major components of the paper deal with both indoor navigation and outdoor
 navigation.



2.2.1 Indoor Navigation


In the indoor navigation position of the robot, obstacles condition, path and goal position
 are known. To execute possible moion in the environment mobile robot combined all these
 known information and generate a navigational map [10]. In other words for indoor naviga-
 tion the environment condition and robot path both are already configured inside robot brain
 by means of an algorithms for execution of work. Based on indoor navigation of mobile
 robot investigation has been made by researcher mainly related to navigation in flexible and
 robust manner. Related works for indoor navigation has been given in the next paragraph.


Vision based navigation of a mobile robot may work with steps given in Fig. 2.1.



(26)Figure 2.1: Indicates the complete cycle of vision based navigation


Courbon et al. has suggested work [11] for indoor navigation of mobile robot based on
 visual memory. The work for indoor navigation of wheeled mobile robot [12] suggested by
 Popa et al. explains how to achieve robot navigation with combination of sensors (i.e. tem-
 perature, proximity); web camera and odometer connected by PC through wireless system
 as well as indicated the power level.


Frank [13] has described localization and navigation techniques for indoor wheeled
 mobile robot.


Indoor navigation mainly categorized as:


• Map-Based Navigation


• Map Building-Based Navigation


• Map Less Navigation


Map-Based Navigation: Map-Based Navigation related to known system map naviga-
 tion, at which topological map or user created map is predefined according to environment
 or data inside environment. In this method, online sensory part (mounted on the robot body)
 obtains raw data from its environment and through sensor fusion as well as sensor integra-
 tion creates online map. After that, this map with user defined map or topological map
 for navigation is compared with the data from the sensors [9,14,15]. If the sensor-based
 map matches with the predefined map, then the vehicle derives its path towards its goal and
 estimate self-location in future [16,17].


Map-Building-Based Navigation: In MBBN technique, overall topological navigation
map based on online sensory data collected from environment at running time as well as



(27)Figure 2.2: Schematic diagram of Global Map planning


sensor integration play an important role to construct final working map and based on this
 map execute navigation towards target [16,18–21].


Map less Navigation: Map less navigation is performed by robot without any prior de-
 scription of an environment, as well as neither Cartesian nor topological map is required
 for navigation, but navigation is totally based on set of online sensory based motor com-
 mand. The robot can navigate by observing and extracting relevant information about the
 landmarks in the environment online [22,23]. These elements can be objects such as desks,
 boxes and doorways. During navigation robot uses different processing unit and combined
 together to obtained clues for further navigation: the unit are listed in Fig.2.1. Accordingly,
 new project in the last few years uses vision systems navigation having map less navigation
 property [9,22]. Finally result has been made; the map less navigation technique resembles
 human behaviour more than other approaches.



2.2.2 Outdoor Navigation


Autonomous navigation of a mobile robot in outdoor environment is one of the key issue in
mobile robotics science. Further, localisation is other one and to obtain the different pose
referred to as the most fundamental problem for researchers because, it sense and creates
values of autonomous capability for mobile robot at real time navigation. For outdoor
navigation, localisation is the problem of estimating robot’s pose relative to its environment
from sensory observation as well as it is the main necessity for successful mobile robot
system control. Accordingly, in few years, there have been tremendous progress recorded
for navigation system of mobile robot; mainly for outdoor environment as well as on the
street for autonomous car [24].



(28)Due to large outdoor environment configuration for car navigation proximity sensors
 such as the laser range finders (LRF) is commonly used for estimation of robot head-
 ing [25]. In addition, with the introduction of Velodyne (provides dense and extended
 proximity) [26] large range travel on the road is now possible. In case of outdoor nav-
 igation it provides clear appearance information that gives robust navigation to the car.


Another approach for heading estimation and localization is through the use of teach-and-
 replay paradigms [27,28]. In this view, the robot is first manually steered through a specific
 route (in case of planned environment) during the teaching stage, and is than executed the
 same route during autonomous operation. This type of navigation having control strategy
 for mobile platform covers the range from tele-operated (real time guided by remote hu-
 man operator in environment) to autonomous (robot takes its own decision through online
 sensors and processors) [29,30].


In order to carry out autonomous navigation tasks in an obstructed environment when
 stationary and moving obstacles co-exist, a mobile robot must be able to detect uncertainty
 in real time [31]. For detection of real time uncertainty it uses different elements such as
 GPS system, LRF sensor and AI methods or combination of all these elements [32–36].


Finally, the online obstacle avoidance task can be more accomplished under unknown and
 obstructed environment by integrating the information returned from various sensory (or
 sensor integration) at the time of real time outdoor navigation.


According to their level of strategies outdoor navigation may be divided into two directories
 i.e.:


• Planned Environments


• Amorphous Environments


Planned environment: Tsugawa et al. [37] introduced research report on structured envi-
ronment i.e. “An automobile with artificial intelligence”. In this research, he relied mostly
on obstacle avoidance. Another approach has been made on this field i.e. laser-based clas-
sification approach for navigation [38]. Especially, this project suited for detecting low
vegetation (grass surface); typically found in planned outdoor environments such as parks
or campus sites. Further, researchers uses GPS and IMU based extended Kalman filter sys-
tem [39] for advanced navigation through sensor fusion algorithm and suggested algorithm
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 the real semi-outdoor structured environment. Planned environments required some form
 of clue related to navigating platform such as company, plant and stadium road informa-
 tion [40].


Amorphous environment: Outdoor navigation for ground vehicles in an environment
 is the most difficult tasks for researcher. The following steps are to carried out for outdoor
 navigation.


• Robot mapping the surface with its vision system


• Computing safe and unsafe areas on the surface within that field of vision based on
 any AI Technique


• Computing efficient path across the safe area, towards the desired destination


• Driving itself along the calculated path


• Repeating this cycle until either the destination is reached


The research articles related to outdoor navigation presented by Krotkov et al. [41] is
based on sensor vision system as well as use generic characteristics for obstacle detec-
tion and covers amorphous environment with no regular property. Chen et al. [42] have
been suggested pure reactive-based approach for outdoor navigation. Another research
conducted by Ashoka et al. [43] for Robot localization with multiple sensors using interval
analysis deals with the robot localization problem in a nonlinear and global way. Christian
et al. [44,45] presented his research article based on outdoor navigation for pedestrian en-
vironment using vision-based road recognition. Pedestrian environments poses a different
challenge due to more availability of human that create new environmental condition time
to time for mobile robot. In addition, pedestrian roads are much regulated than the one
driven by car. Based on cognitive-merged statistical pattern recognition method, digital
image processing has been used for autonomous navigation [46].
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2.3 Kinematics of Mobile Robot


The kinematic model of a mobile robot contain principally the explanation of the allowable
 instantaneous motions with respect to its constraints. These patterns can be articulated in
 ordained form which is suitable for design of planning and control techniques. This section
 arrange detailed report of kinematics of mobile robotics system. The unicycle kinematics;


reviews some of the control approaches for trajectory tracking and position equilibrium in
 an environment free of obstacles. Study of kinematic system is the first step on the way to
 achieving desired navigation related goals.


In addition, wheeled mobile robots (WMR) can’t stand or deliver tasks (operate) in pre-
 cious form without exact kinematics outlay. This section familiarises with work description
 related to structural parts of the robot without considering the mass and forces as well as
 enables the safe and accurate control structure. The plans which govern the system and
 relationship between control constraints as well as behaviour of a system in state space is
 well defend by kinematics modelling. Whenever designing of WMR are proposed, the con-
 trol algorithm with all the assumptions of ideal WMR are taken into account. Validation
 and accurateness of control algorithm for WMR depend upon maximum creation related to
 model of the WMR. Precious path planning, localization modules and feasible direction of
 instantaneous motion depend upon architecture of kinematic model.


Mobile robots are more effective than treaded robots on solid, smooth surfaces, and
will hypothetically be the first choice related to application in industry, due to solid, smooth
plant surfaces in current industrial environments [47]. Additionally, quite a few mobility
alignments can be found in the applications as stated above by Jones et al. [48]. The most
common for single-body robots are differential drive and synchro drive tricycle or car-like
drive, and omnidirectional steering [49]. Away from the significance of its applications,
the problem related to autonomically path planning and control structure of mobile robot
has involved the attention of researchers in sight of its theoretical challenges [50]. To
control the motion of wheeled mobile robot, researches drawn substantial attention over the
past few years. The nonholonomic behaviour with robotic systems is typically stimulating,
because it indicates that, the mechanism can be totally controlled with a restrained number
of actuators. Notably, these systems are a typical example of nonholonomic devices due to
the perfect rolling constraints on the wheel motion [51]. In addition, to control the mobile
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The aim of position equilibrium is to stabilize the robot to a locus point, whereas the
 aim of trajectory tracking is to have the robot follow a reference trajectory. For mobile
 robots trajectory tracking is simple to attain, than position equilibrium [52]. The motion-
 planning and control includes discovery of continuous track or trajectory respectively, from
 initial point to the termination point and also avoids obstacles in efficient manner. The
 feedback equilibrium at a given position cannot be attained through smooth time-invariant
 control [53]. This labels that the problem is truly nonlinear; linear control is ineffective,
 even locally, and innovative design techniques are needed. An ideal automatic driving
 control system should be able to comply with changes in slip conditions so as to optimise
 the control performance.


Trajectory tracking is more natural for mobile robots. Generally, the reference trajectory
 is attained by means of reference robot; hence, all the kinematic constraints are indirectly
 considered by the reference trajectory [54]. Gracia and Tornero [55] proposed kinematics
 control work applicable for any type of WMR. In this paper stability of a general class of
 mobile robot along with path-tracking algorithms have been studied. The delay problem can
 be resolved openly using the transcendental characteristic equation that appears when the
 time delay is measured. This is valid for straight paths and paths of constant curvature [56].


The autonomous navigation of wheeled robots needs integrated kinematic control to execute
 trajectory tracking, path following and stabilization. The coupling effect between linear
 and angular motion is considered in the fuzzy steering by building appropriate linguistic
 rules [57]. A fuzzy logic approach can be used in order to minimise the position and
 orientation errors caused by odometric problems.


The problem of terrain acquisition presents a special case of robot motion planning.


The harmonic drive system for non-linear controller to compensate for kinematic error in
the presence of flexibility in high-speed regulation and trajectory tracking application has
been proposed by Gandhi and Ghorbel [58]. In it, a robot that operates in an unfamil-
iar scene populated with a finite number of objects of unknown shapes and dimensions is
asked to cover the scene and build its complete map using some sort of sensory feedback
and generating as short a path during operation as possible [59]. The behaviour of space
robots with torque and attitude controller has been discussed by Pathak et al. [60]. A reced-
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 to nonholonomic constraint in the environments without obstacles. The control policy is
 derived from the optimization of a quadratic cost function, which penalizes the tracking er-
 ror and control variables in each sampling time [61]. This methods, improve the domain of
 applicability of a wide range of obstacle avoidance methods [62]. Basically, both trajectory
 tracking and posture stabilization controllers can be implemented with on-board computing
 power.


The wheels of mobile robot have been modelled as a torus by Chakraborty and Ghosal [63]


and used as a passive joint thereby enforcing a lateral degree of freedom so as to get a slip
 free motion in an uneven terrain without using variable length axle (VLA) as it has several
 limitations in application. Zhang et al. [64] have developed a feedback control law [7,65],
 allowing a 2-wheel differentially driven mobile robot to track a prescribed trajectory by
 using the integral backstepping method and Lyapunov function for ensuring a trajectory
 tracking controller with global asymptotic stability.


Zohar et al. [66] recently proposes control schemes for trajectory tracking of mobile
 robot model which includes kinematic and dynamic effects on motion by using the notion
 of virtual vehicle [67] and the concept of flatness [68], and applying the backstepping [69]


methodology.


Gandhi and Ghorbel [58] have proposed the harmonic drive system for non-linear con-
troller to compensate for kinematic error in the presence of flexibility in high-speed regu-
lation and trajectory tracking application. A single curvature trajectory, having a constant
and large rotation radius, has been proposed by Han et al. [70] as an optimal trajectory, in
order to minimize the tracking error of the differential drive mobile robot while capturing
a moving object along with the pre-determined initial and final states. A receding horizon
controller may be used for tracking control of wheeled mobile robots subject to nonholo-
nomic constraint in the environments without obstacles. The control policy is derived from
the optimization of a quadratic cost function, which penalizes the tracking error and control
variables in each sampling time [71,72].
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2.4 Fuzzy Logic Methodology


Choi et al. [73] solved the navigation problem in a simple way. He has described whenever a
 robot challenges large, non-convex or dispersed obstacles as well as to find appropriate local
 minimum points within this area, always difficulties appear. Accordingly, he suggested
 algorithm, which covers two layer hierarchical systems to solve the problem and provide
 the name of the layer as, lower layer for avoiding or approaching and upper layer to combine
 this logic. Silva et al. [74] has proposed work for navigation of mobile robot using fuzzy
 logic. In this paper researchers describe how a robot uses its local information to control
 the steering and velocity while moving inside unknown environment. The proposed method
 is direct and effective and uses sensory data in order to design the fuzzy logic controller.


Park and Zhang [75] developed behavior based dual fuzzy approach to navigate the mobile
 robot in unknown environment. Eight ultrasonic sensors, a GPS sensor and two fuzzy logic
 controllers with separate ‘81’ rules were used to realize this navigation system. Here two
 fuzzy control algorithms is used one for navigation and other for avoiding obstacle and edge
 detection. Qian and Song [76] have presented a research article based on sonar ring and its
 implementation for autonomous navigation. The local trap problem describe in this paper
 and uses sonar sensor to obtain the environmental information.


Pioneer 3DX robot is used for experiment and FSM (finite state machine) method im-
 plies transfer the navigation status of mobile robot when environmental information is
 changed. Carrillo et al. [77] developed navigation system for mobile robots based on
 different patterns of behavior. In this work, a layered approach is employed, in which a
 supervision layer based on the context which makes a decision that behavior to process,
 rather than processing all behaviors. Sharma et al. [78] have suggested work related to har-
 mony search based adaptive fuzzy tracking controllers for vision-based navigation. This is
 hybrid optimization approach, which combined harmony and Lyapunov theory for vision
 based control. It is utilized to design two self-adaptive fuzzy controllers, for x-direction and
 y-direction movements of a mobile robot. Parhi [7] has proposed navigation control using
 fuzzy logic and a Petri Net model is used to develop the control structure. This approach
 is suggested for cluster environment where numbers of robots are moving and one robot
 detects another robot as dynamic obstacle and follows the avoiding rule. Pradhan et al. [79]


have presented a hybrid method for navigation of multiple mobile robots in unknown envi-
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 in environment. With four inputs as Gaussian membership functions has been trained in a
 network, which provides two outputs. Kim et al. [80] have developed an autonomous multi-
 mobile robot simulator and the approach is based on a potential field method and fuzzy logic
 system. In this paper, each robot independently selects its destination and considers other
 robots as dynamic obstacles, and there is no need to predict the motion of obstacles.



2.5 Type 2 Fuzzy Logic


Type-2 sets can be used to convey the uncertainties in membership functions of type-1 sets,
 due to the dependence of the membership functions on available linguistic and numerical
 information [81]. Linguistic information (e.g., rules from experts), in general, does not
 give any information about the shapes of the membership functions. When membership
 functions are determined or tuned based on numerical data, the uncertainty in the numerical
 data, e.g., noise, translates into uncertainty in the membership functions. In all such cases,
 information about the linguistic = numerical uncertainty can be incorporated in the type-2
 framework. In [82], Liang and Mendel have demonstrated (using real data) that a type-
 2 fuzzy set, a Gaussian with fixed mean and uncertain standard deviation (std), is more
 appropriate to model the frame sizes of I=P=B frames in MPEG VBR video trac than is a
 type-1 Gaussian membership function. When the secondary MFs are interval sets, we call
 them “interval type-2 fuzzy sets”. The operations of interval type-2 fuzzy sets are studied
 in [83,84].


Fuzzy sets have been around for nearly 40 years and have found many applications.


However they suffer from certain problems [85]. These fuzzy sets are, in fact, type-1 fuzzy
 sets. Type-2 fuzzy sets are ‘fuzzy fuzzy’ sets and are more expressive [86]. Type-2 fuzzy
 sets and systems generalize (type-1) fuzzy sets and systems so that more uncertainty can be
 handled. From the very beginning of fuzzy sets, criticism was made about the fact that the
 membership function of a type-1 fuzzy set has no uncertainty associated with it, something
 that seems to contradict the word fuzzy, since that word has the connotation of lots of
 uncertainty.


To go from an interval type-2 fuzzy set to a number two steps are required. The first
step, called type-reduction, is where an interval type-2 fuzzy set is reduced to an interval-
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 as the KM Algorithm is used for type-reduction. Although this algorithm is iterative, it
 is very fast. The second step of Output Processing, which occurs after type-reduction, is
 called defuzzification. Because a type-reduced set of an interval type-2 fuzzy set is always
 a finite interval of numbers, the defuzzified value is just the average of the two end-points
 of this interval.


Hagras [87] proposed his work based on hierarchical Type-2 fuzzy logic control archi-
 tecture for autonomous navigation of mobile robot on changing and dynamic unstructured
 environments. In this paper researcher presented a novel reactive control architecture for
 autonomous mobile robots that is based on type-2 FLC in a hierarchical form. Baklouti and
 Alimi [88] presented paper, design of interval Type-2 TSK fuzzy logic controller for motion
 planning of mobile robot in dynamic and unknown environment. Nurmaini and Hashim de-
 sign [89] an embedded fuzzy Type-2 controller based on eight ultrasonic sensor distance
 behavior, for mobile robot navigation. In this paper describes inputs are depends upon
 mounted ultrasonic sensors and sent to a microchip PIC 16F84 microcontroller onboard
 the robot. Furthermore the PIC16F84 analyses the inputs as data and provides the neces-
 sary control signal. Again, Nurmaini et al. [90] proposed work for navigation of mobile
 robot using RAM-Network Based type-2 fuzzy neural method for real time environment.


The suggested architecture can be implemented easily with low cost range sensor and low
cost microprocessor. To minimize the execution time used a look-up table and that out-
put stored into the robot RAM memory and becomes the current controller that drives the
robot. Chen and Yao [91] have presented paper based on Type-2 fuzzy control for automatic
guided vehicle that has wall-following behavior. In this work, an interval type-2 fuzzy wall-
following controller (IT2FWFC) is developed to improve the resilience to inaccuracies that
can hinder the normal operation of an AGV. In order to reduce computational loads during
practical control, a simplified center-of-sets (COS) type-reduction procedure with clearly
marked rule indices is also developed. Junratanasiri et al. [92] presented research article
concerning navigation system of mobile robot based on type-2 fuzzy methodology for un-
certain environment and develop path planning algorithm, which avoid static and dynamic
both obstacle type inside working environment. In this work fuzzy vector method has been
proposed and mainly research concerning with dynamic type of obstacle which movement
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 navigation and develop the methodology which useful for detecting dynamic obstacle in un-
 certain environment. This work is based on interval type-2 fuzzy logic system. To track the
 uncertainty modeling throughout the inference process, two novel uncertainty quantifiers
 are proposed: first one is antecedent uncertainty and the second one consequent uncertainty
 quantifier’s. Mbede et al. [94] presented research which concern slices based type-2 fuzzy
 methodology for motion control of autonomous Robotino mobile robot. In addition, com-
 bine the advantage of more controllable degrees of freedom offers by Omni-directional to
 develop the motion algorithm for Robotino omni directional robot. This work based on real
 time local path modification and motion planning system using the concept of Slices based
 general type-2 fuzzy sets to allow ROMR facing of high levels uncertainties encounters in
 changing and dynamics unstructured indoor environments.



2.6 Recurrent Neural Network


Requirements related to control unit of mobile robot is the essential concern and which
 is the reason; navigation and path planning studied extensively. To generate online map
 for path planning sensors network has been used widely. Hence, robot move from one
 pose to another and avoid obstacles on run time in effective manner. In addition, to conduct
 autonomous navigation on ambiguous environment, where stationary and moving obstacles
 (human, robots) co-exist, a mobile robot must be able to detect uncertainty at real time [95,
 96]. The robot system employed with wheel encoders, sensor network, odometers and
 camera to detect nearby obstacles. This chapter provides simply review related to recurrent
 neural network (RNN) based learning methodology.


RNN approach [97–99] has been extensively used in recent year, if integrated map
learning (integration of sensory) required. During the navigation, current position of the
robot can be known continuously from sensor fusion, odometry and camera readings. Dur-
ing navigation, the mobile robot is continuing with significant navigation errors, which can
be made due to equipment readings; accordingly, estimated location is far from the actual
one. Therefore, switching between local and global frames is employed for a calibration
purpose after odometry errors are accumulated. This methodology offers two advantages
compare to other method. Primarily, the gathered odometry errors can be balance and pre-



(37)cious navigation may be achieved. Secondly, if sensor fusion is not achieved, at that time
 robot navigation remain without a disturbance under the calibrated local coordinate frame
 for a short distance.


In particular, recurrent neural network RNN is a dynamic part of neural network, which
 involves both methodology feed forward and feedback connections [100,101]. RNN mainly
 used for optimize the control problem. Recently many robotics projects cover RNN to de-
 velop suitable control systems and optimize the navigation map [102,103]. Further, local-
 ization problem related to mobile robot is the estimation of robot’s location and orienta-
 tion comparative to its environment. In addition, it is the major problem related to mobile
 robotics science as well as it plays principle role for much successful navigation. More-
 over, to develop the control algorithms, which has ability to create collision free path (to
 follow obstacle avoidance behavior) [104–106]; is the module of advanced robotics control
 systems.


For RNN composition one feedback and feedforward connection is essential and recur-
 rent neural network (RNN) has ability to approach any constant purposes closely. On the
 other hand, the feedback RNN is based on static mapping. Even if several research has used
 the feedback RNN to communicate with dynamical problems, the feedback RNN needs a
 large number of neurons to denote dynamical responses through time domain.


According to Haibo et al. [107] recurrent neural network are practical to the forward
modeling of the sensory-motor flow of a miniature mobile robot. It offered that the robot
is capable to calculate the sensory signals a few steps ahead, which suits for simple en-
vironment. Du et al. [108] proposed work for mobile robot behavior controller based on
genetic algorithm (GA) and diagonal recurrent neural network (DRNN). This method con-
tain advantages of time series estimation capability due to its memory nodes, as well as
local recurrent and self- feedback connections. Wai et al. [109] presented research article
related to control of mobile robot, which has ability to map robust path and deliver target
tracking control architecture to the mobile robot through dynamic petri recurrent fuzzy neu-
ral network. In this article, an adaptive moving-target tracking control (AMTC) structure
via a dynamic Petri recurrent fuzzy neural network (DPRFNN) is created for a vision-based
mobile robot through incline camera. In this DPRFNN, the idea of a Petri net (PN) and the
recurrent frame of internal feedback loops are combined with traditional fuzzy neural net-



(38)work (FNN) to improve the computation weight of parameter learning and to develop the
 dynamic mapping of network capability.



2.7 Sensor Fusion and Integration


To integrate the signals from multiple sources, sensor fusion is the desired creation, which
 allow to extract data from different sources and integrate them into single signal or data.


The data received from multiple sensors is recognized using data fusion algorithms. Ac-
 cordingly, fusion algorithms are classified based on working creation such as fusion based
 on probabilistic models, fusion based on least-square technique and fusion based on in-
 telligent theories. But the main creation is to implement the suitable AI techniques such
 as fuzzy logic, neural network and genetic algorithm (but not limited) inside the system
 according to sensory part for fusion consideration.


The sensor data integrated and fusion takes place over time to time, when mobile robot
 combined with suitable AI method and used for any engineering applications. For naviga-
 tion of wheeled mobile robot requires large number of data from its sensory environment
 through sensor and these data can be used at the time of creation of environmental map.


After collection of information from environment that is similar to the real data has to be
integrated over time and converted into single meaningful signal or information that can
be used by control system of mobile robot to plan its environmental path. Some of the
research articles used Kalman filter method to integrate the signals or information receives
from multiple sources of sensing parts. Sasiadek and Khe have presented paper [110],
which delivered the knowledge how to sensor fusion helps to improve the control struc-
ture and methodology used for fusion based on combination of AI technique (fuzzy) with
Kalman filter for guidance, navigation, and control of mobile robot. This paper demonstrate
the performances of Kalman filter and fuzzy Kalman filter for position approximation ap-
plication under different circumstance. Xu et al. [111] have present work with extended
Kalman Filter based magnetic guidance for intelligent vehicles. This paper, suggested a
magnetic guidance system for intelligent vehicle based on EKF (Extended Kalman Filter),
which fuses magnetic sensors with encoders. The thirteen Anisotropic Magneto Resistive
(AMR) sensors are used instead of Hall-effect sensors in the projected magnetic sensing
structure due to their high sensitivity with low cost as well as an EKF is applied to remove



(39)Figure 2.3: Functional diagram of sensor integration
 the cumulative error with the dead-reckoning method.


Luo and Kay have presented research work on multisensory integration and fusion for
 intelligent system. The control of an intelligent system such as battlefield management, mo-
 bile robot navigation, multitarget tracking, and aircraft navigation without human operator
 requires some intelligent element (like sensors) with intelligent technique [112] and it is the
 base to use multisensory integration and fusion [113]. Another approach is made [114], i.e.


navigation and localization based on grid mapping system through sensor integration, at
 which all sensor data combined together to form grid map and involves learning Bayesian
 network [115,116] for navigation. Martin et al. in 2006 presented his work related to multi
 sensor fusion through network using a probabilistic aggregation scheme for people detec-
 tion and tracking of an object. Through this paper, Martin [117] introduce integration of
 several sensor modalities and also present a multi-modal, probability-based people detec-
 tion and tracking system and its application using the different sensory systems of mobile
 interaction robots. Koshizen [118] introduced research article, which deliver the knowledge
 i.e. how to improved sensor selection technique by integrating sensor fusion for estimation
 of robot position. This research provides the information about the localization and navi-
 gation of mobile robot through modelling and reducing the environmental uncertainty. For
 modelling and reducing the uncertainty; Gaussian Mixture of Bayes with Regularised Ex-
 pectation Maximisation (GMB-REM) method has been employed. Persson et al. [119]


proposed the work related to fusion of aerial images and sensor data from a ground vehi-
cle to improve semantic mapping. This paper deliberates how aerial images can be used
to spread the observation array of a mobile robot. The method can speed up exploration
or planning in areas not yet visited by the robot. The principal objective of this work is
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 for robotic applications, without being restricted to a particular sensor configuration, but
 aspiring to the theme of multiple mutually supportive sensors, operating synergistically to
 achieve a common objective.


Research proposed by Neto et al. [120]; presents an algorithm for localization of robot
 based on the complementary filtering methodology to guess the localization and orientation,
 through data fusion from IMU, GPS and compass. The main advantages of this algorithm
 is to reduce the complexity of implementation and provide high quality of the results for the
 navigation event in uneven terrain. Jin et al. [121] proposed work related to space and time
 sensor fusion for mobile robot navigation. The proposed work is based on sensor-fusion
 technique, where the data sets for earlier moments are accurately converted and fused into
 the current data sets and allow exact measurements, such as the distance from obstacle or
 the position of the robot. Kwon et al. [122] proposed his work for robot navigation based
 on stereo vision system through 3D visual maps of interior space with a new hierarchical
 sensor fusion architecture. The core part of this work is how the uncertainties are managed
 with interval based logic. This logic allows system to fuse information extracted from the
 sensors at different levels of abstraction.



2.8 Sensors for Mobile Robots


To plan the accurate navigation strategies for mobile robot inside known as well as un-
 known environment, researchers has been used different types of sensors to build online
 map for robot navigation. Accordingly, these sensors are classified into three modules i.e.


Ultrasonic Sensors, Infrared Sensors, and Other types of Sensors (combination of both or
 others).


Wu and Tsai [58] have verified that the grouping of three ultrasonic transmitters and two
 receivers can define both the position and the orientation (localization) of an autonomous
 mobile robot with respect to a reference frame individually. A technique for approximating
 the position and heading angle of a mobile robot moving on a plane surface has been pro-
 posed by Boem and Cho [84]. Their localization method utilizes two passive beacons and
 a single rotating ultrasonic sensor.


The sensible investigates [19,93,94] have involved ultrasonic sensorbased motion plan-
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