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Abstract — A system for real time navigation of a
nonholonomic car-like robot in a dynamic environment
consists of two layers is described: a Sugeno-type fuzzy
motion planner; and a modified proportional navigation
based fuzzy controller. The system philosophy is inspired by
human routing when moving between obstacles based on
visual information including right and left views to identify
the next step to the goal. A Sugeno-type fuzzy motion planner
of four inputs one output is introduced to give a clear
direction to the robot controller. The second stage is a
modified proportional navigation based fuzzy controller
based on the proportional navigation guidance law and able
to optimize the robot’s behavior in real time, i.e. to avoid
stationary and moving obstacles in its local environment
obeying kinematics constraints. The system has an intelligent
combination of two behaviors to cope with obstacle avoidance
as well as approaching a target using a proportional
navigation path.

The system was simulated and tested on different
environments with various obstacle distributions. The
simulation reveals that the system gives good results for
various simple environments.

I INTRODUCTION

The motion planning problem involves formulating a
trajectory for a given object or system of objects, such that
predefined geometric and/or non-geometric constraints are
satisfied. These problems have attracted considerable
attention in recent years because they are faced in a wide
variety of applications, particularly in robotics navigation,
autonomous systems, electric packaging, NC machining,
guidance and traffic control [1-4].

In its most general form, the motion planning problem is

stated as follows:
“Given a system of objects, a start and a goal
configurations for these objects, and set of obstacles which
can be stationary or moving, the objective is to find the
best feasible trajectory for the system of objects to move
from the start configuration to the goal configuration such
that collision with the obstacles is avoided” [5].

The motion planning problem can be classified as static
or dynamic, depending on the mode in which the obstacle
information is available. In a static problem, the traditional
mode of motion planning, all the information about
obstacles and the geometry of the robot in the environment
are known a priori, and the motion of the robot is designed
from such information. On the other hand, with dynamic
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planning, only partial information is available about the
obstacles and to achieve a given goal; the robot plans a
path based on the available information [6], [7].

The main problem when navigating realistic
environments is the pervasive uncertainties in the overall
system (which includes the robot and surrounding
domain). Thus it becomes impossible to generate complete
or exact models of the system and/or its behavior.
Uncertainties also propagate through the control systems
leading to further inaccuracies or errors. By contrast,
humans cope very well with uncertain environments, often
relying on approximate or qualitative data and reasoning to
make decisions and to accomplish their objectives.
Therefore artificial intelligent systems which use an
approximate reasoning are highly desirable [8-11]. Fuzzy
logic systems are inspired by the human capability to
operate on, and reason with, perception based information
[12]. Fuzzy logic provides a formal methodology for
representing and implementing the human expert’s
heuristic knowledge and perception based actions [13].

The focus of this paper is the real time navigation of a
nonholonomic car-like robot in a dynamic environment.
The nonholonomic constraints for this system arise from
constraining each pair of wheels to roll without slipping.
They can only move forward or backward while making a
curve with a bounded radius, in the same way as real cars
[14], [15]. These constraints imposed on the motion are not
integrable and, as a result can not be stabilized by smooth,
static feedback controls [16]. Therefore the techniques of
discontinuous feedback control, dynamic feedback
linearization [17], sliding mode control [18], and
fuzzy/meural control [19], [20], have been used to solve
stabilization, trajectory tracking and robust control
problems. Car-like robots are particularly interesting for
the present approach because of the restricted set of
motions. This method plans forward motions for the robot
(backward motions are only used for backtracking).

1I SYSTEM DESCRIPTION AND PROBLEM
FORMULATION

Intelligent Robotic Systems should take task-level
commands  directly  without any  planning-type
decomposition [18]. Additionally it is desirable to design
them for a large class of tasks rather than a specific task
[21]. As a result, the spilt between robot controller design
and robot action planning is critical since they usually have
two different reference bases. The action planning is
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carried out in terms of events, whereas the execution of
planned actions uses a reference frame on existing robot
control system using a time based or clocked trajectory [8].
Thus, the proposed system consists of two subsystems, a
fuzzy motion planner (FMP) and a modified proportional
navigation (PN) based fuzzy controller Fig.(2). First a
definition of car-like robot kinematics is introduced.

Let (x.y,0) denote the configuration of the car-like robot
Fig.(1) parameterized by the location of the front wheels.
The kinematic model [14], [15] can be represented as:

X=vcosd
y=vsinf
Y
0= 7 tan @
where:
v the forward velocity of the car-like robot

0 the angle of the vehicle body with respect to the
horizontal line

o) the steering angle with respect to the vehicle body

(x,y) the location of the centre point of the front wheels

L the length between the front and rear wheels

Figure 1
The Car-like Robot system

The nonholonomic constraints for this system arise from
constraining each pair of wheels to roll without slipping.

In the proposed system Fig.(2), the data from the three
sensors plus the direction to the goal are given to the
motion planner; the result is a clear direction to move in.
Next, the fuzzy controller takes the hand to steer the robot
to the goal using the proportional navigation trajectory and
avoiding the obstacles.
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Figure 2
The complete system of fuzzy motion planner and behavioral fuzzy
controller.
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11T SUGENO-TYPE FUZZY MOTION PLANNER

The system philosophy is inspired by human routing
when moving between obstacles based on visual
information including right and left views to identify the
next step to the goal in free space. This is analogous to the
proposed robot moving safely in an environment based on
data “visible” with three ultrasound range finders. These
sensors are mounted to the front, right and left of the robot
as shown in Fig.(3).

27¢¢

Figure 3
The Robot Sensors with their beam pattern

The Proposed sensors are modeled using Matlab
software such that they scan an array of zeros representing
the clear environment with obstacles set to ones if present.
They scan the array in a 50° sector along each sensor axis
direction such that it returns the range of the nearest
obstacle as shown in fig (3). The maximum range is set to
be 5 meter. These specifications model commercial sensors
such as Ultrasonic range finder SRF04, SRF05 and SRF10
[22].

A Sugeno-type [23], [24], fuzzy motion planner of four
inputs one output is introduced to give a free direction to
the robot controller. The inputs are the frontal, right and
left obstacle ranges found by the front, right and left
sensors. The last input is the angle to the goal, which
indicates the difference in direction between the goal and
the robot’s current direction. The output is an error angle
representing the angle needed to go from the robot’s
direction to a free (suggested) direction. Fuzzy
membership functions are assigned to each input as shown
in Fig.(4).
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Figure 4
The Membership functions of the fuzzy motion planner inputs

The membership functions describe the ranges from the
sensors designed to give the planner early warning. The
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left and right sensors assign the obstacle as N (near) or VN
(very near) for the front sensor if its range approaches 90%
of the sensor maximum range. For example: the obstacle is
near if its range is about 4.5 meter as the sensor maximum
range is 5 meter. This enables the planner to determine the
feasible trajectory at an early stage to avoid cul-de-sacs.

The fuzzy motion planner uses Takagi-Sugeno fuzzy
inference for the rule evaluation [23], [24]. Unlike other
fuzzy control methods [25], [26], the Takagi-Sugeno
results in the output of a control function for the system
depending on the values of the inputs. The application of
the Sugeno method allows piecewise refinement of a linear
relationship of the form that appears in the rule’s
consequent. However, the linear dependence of each rule
on the input variable of a system makes the Sugeno
method ideal for acting as an interpolation supervisor of
multiple linear controllers that are to be applied,
respectively, to different operating conditions of a dynamic
nonlinear system as in the present case. The output of the
planner is the angle to a free direction. This goes to the
second stage to control the robot direction, described by
five membership function (MF) as shown in table (1)

Table 1
The fuzzy membership function for the output of the Sugeno-type fuzzy
motion planner

MF Name | Type Value Description
SL Const. | 0.523 Small to the left (30%)
BL Const. | 0.785 Big to the left (45%)
SR Const. | -0.523 Small to the right(30%)
BR Const. | -0.785 Big to the right (45%)
F Const. | O Forward (no change)
GOAL Linear | 4™ input The same angle to the
goal as the 4™ input
v MODIFIED PROPORTIONAL NAVIGATION BASED
Fuzzy LoGgic CONTROLLER

The second stage is an intelligent controller able to
optimize the robot’s behavior in real time, i.e. to avoid
stationary and moving obstacles in its local environment
obeying kinematics constraints.

Thus, for the robot to reach the goal, it has to follow two
behaviors: (1) when there are no obstacles in the goal sight
and (2) when there is an obstacle. Thus, it has to change
direction to avoid the obstacle taking into account the
dimensions and the kinematics of the robot. In addition, for
the general case, a moving goal may also be considered.

To meet these criteria, a fuzzy logic controller (FLC)
based on the proportional navigation method was
simulated. The proportional navigation method is a
guidance law first used in 1950 [27]. It is popular due to its
simplicity, effectiveness and ease of implementation [28].

The proportional navigation guidance law seeks to null
the line of sight changing rate (LOS) by making the
controlled system (robot) turn rate be directly proportional
to the rate of turn of sight line [29]. In other words, it seeks
to nullify the angular velocity of the line of sight (LOS)
angle

In addition to the proportional navigation behavior of
the controller, the direction control behavior of the robot in
response to an obstacle was also incorporated to give an
intelligent behavior fuzzy controller
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Figure 5
The behavioral fuzzy controller model

Fig.(5) shows the proposed system model which consists
of a two inputs-one output fuzzy controller as shown in

Fig.(6).
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Figure 6
The proposed Behavioral Fuzzy Logic Controller with its Membership
Functions

Each crisp input into a fuzzy system can have multiple
membership functions assigned to it. In general, the greater
number of membership functions assigned to describe an
input variable, the higher resolution of the resultant fuzzy
control system, resulting in a smoother control response.
However, a large number of membership functions
requires added computation time and increase the system
complexity. Moreover, an excessive number of
membership functions can lead to unstable fuzzy system.
As a result, the most common number of membership
functions for each variable in a fuzzy system fall between
3 and 9. The number should usually (but not always) be an
odd number (3,5.7,9). The control surface fuzzy sets on
each side of the zero (or normal) action set should
normally be balanced and symmetric
The error signal between the desired direction from the
planner and the feedback actual direction of the robot is
fuzzified by seven membership functions; five triangle
membership functions, and two trapezoidal membership
functions. They are used at the inputs to convert the
direction error signal into linguistic variables. The
trapezoidal membership functions at the boundaries of the
desired input range serve to provide “saturation” behavior
whenever the input is high. In order to optimize the
membership function width the Whole Overlap, WO, index
is calculated from the next equation [12]:

j min(#, (x), i, (x))
140)

"~ Jmax(at, (o). 4, (o)

where: |,(x) and Wy(X) are two adjacent membership
functions.

A low WO (about 14%) improved the steady state error
and response time [12]. Similarly, the LOS changing rate is
fuzzified by seven membership functions. This signal is
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calculated using the proportional navigation concepts [29],
[30], in the signal processing unit shown in Fig.(2) as
follows:

Calculate the distance and the direction to the goal:

XtoiGoal = XGoal - XRobot

YtoiGoal = YGoal - YRobot

-1 YtofG oal

0 0al = tan
Yio Goal X

to_Goal

2 2
RtoiGoal = \/ X to_Goal +Y to_Goal

Calculate the L.OS rate of change:

VSin(\lj to_Goal - 6R )

LOS rate of change =
R

to_Goal

where:

(XGoal: YGoal)
(XRobot: YRobot)
(XtoiGoal: YtoiGoal)

The Goal coordinates

The current robot coordinates

The difference between the robot
and Goal coordinates

Wio Goal The direction to the Goal from the
robot
Rio_Goal The distance to Goal from robot

The output of the controller is the steering angle to the
robot which is constrained to the range -45° to 45°. As with
the input variables, seven membership functions are used
to represent the output signal. The FL.C uses the Mamdani
method for the inference engine [31], and the rules are
designed such that they combine two behaviors. Firstly
when there is no obstacle, the robot behaves in “Track the
proportional navigation path until the goal is reached”
mode. Secondly, when there is an obstacle, the robot
operates in “Deviate from the calculated path and go
around the obstacle until it is clear to the goal” mode.
These two behaviors are independent therefore they can be
developed and demonstrated independently of each other.
Thus, each behavior has rules represented in the controller.
But, only one action command can be sent to a single
output control for any given stimulus (a single point in the
input space). This leads to the concept that one behavior
must dominate in any given region of the input space.
Thus, these two behaviors are merged to create a more
complex reasoning system. Thus, these two behaviors are
merged to create a more complex reasoning system. The
rules were formulated one by one, then the whole rules set
was analyzed to make it :

Complete: any combination of the inputs fired at least one
rule.

Consistent: it does not contain any contradictions.
Continuous: it does not have neighboring rules with output
fuzzy sets that have an empty intersection.

The performance of the fuzzy controller is shown in

Fig.(7)
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The control surface of the behavioral fuzzy controller

v RESULTS DISCUSSION AND CONCLUSION

The system was modeled and simulated with
Simulink™ software [32], for a given data set of random
environments. Different environments with different
obstacle distributions are used to test the system
performance as shown in Fig.(8). The simulation reveals
that the system gives good results for the non-complicated
environment. This is predictable because of the robot's
kinematics constraints.
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Figure 8
The simulation results for different environments with various obstacle
distributions

A number of different strategies has been
published to table similar problems. However, the
proposed system is compared with similar published
systems [13], [9], [10], [33-37]. Different strategies have
been used: the behavioral based structure has been used in
many [33-37]. These assign different behaviors for
different situations (avoiding obstacles, following wall,
going to the goal....etc) and employ a behavior selection
mechanism. Such strategies need more training and
additional algorithms for tuning the fuzzy parameters.
Moreover, the more behaviors we employ the more
complex the system becomes. Hierarchical architectures
also result in complex system designs [16], [38], [39].
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By contrast, a real time navigator for a nonholonomic
car-like robot in a dynamic environment is proposed. Here
in, the system consists of a Sugeno-type fuzzy motion
planner and a modified proportional navigation based
fuzzy controller. The system philosophy is inspired by
human routing when moving between obstacles based on
visual information including the right and left views and he
makes already the next step to the goal in the free space.

A Sugeno-type fuzzy motion planner of four inputs one
output is introduced to give a free direction to the robot
controller. A modified proportional navigation based fuzzy
logic controller for real time navigation of a nonholonomic
car-like robot in a dynamic environment is proposed. It
intelligently companies two behaviors to cope with
obstacle avoidance as well as approaching a goal using a
proportional navigation path accounting for car-like robot
kinematics. Other behaviors can be integrated to perform
more complex tasks

The main advantage of the present author's system is
the simplicity of design which makes it suitable for
hardware implementation and extensibility as it does not
rely on any specific robotic platform. The system uses a
small number of sensors. The system uses linguistic
representation which allows the capture of human
experiences and intuitive reasoning. In addition, the use of
proportional navigation method enables the system to track
the goal even if its coordinates have been changed during
the navigation which widens the range of proposed system
applications.
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