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Abstract: In this paper, the single input rule modules (SIRMs) dynamically connected fuzzy inference model is
employed to design a path following controller for a unicycle wheeled mobile robot (WMR). The SIRMs model is
mainly used to reduce the number of fuzzy inference rules and consequently reduce the processing time of the
conventional Fuzzy Logic Control (FLC) schemes. The adopted path following strategy uses two control unites
working in parallel to drive the WMR to follow a path composed of a succession of discrete waypoints. The first unit
is a heading controller charged of generating the angular velocity command and the second one is a linear velocity
controller charged of the generation the speed control signal. For the heading controller, all input variables are
assigned with two fuzzy inference modules: a SIRM and a dynamic importance degree (DID). The structure of the
SIRMs based linear velocity control unit was modified to simplify the design and to fulfill the requirements of the
path following strategy. It contains two SIRM modules and one common DID. To ensure the stability of the WMR's
motion, the SIRMs and the DIDs in the two control units were designed in such a manner that the control of the
robot's orientation gets higher priority over the control of the WMR speed. The use of the SIRM fuzzy inference
model allows the online automatic adjustment of priority orders of the different control actions. No optimization of
the controller parameters is required since that all base values are set to 0 and all the breadths are set to 1 for the DID
modules. This means that all the input items play equal roles in the control of the WMR. The structure of the proposed
path following controller is simple and the inference rules are intuitively understandable because they are inspired
from the knowledge of a human expert. Numerical simulations conducted in the MATLAB environment show that
the proposed SIRMs based controller outperforms a path following controller that uses the conventional FLC scheme.

Keywords: Fuzzy logic control, mobile robot, path following, Single Input Rule Modules (SIRM)

1. Introduction

Wheeled mobile robots (WMR) having a relatively simple and robust mechanical structure, high load capacity, and
flexible motion characteristic are considered as an important category of mobile robots. WMRs are widely investigated
and have gained popularity in many fields such as industrial and service robotics [1].

Actually, various types of WMRs exist, they differ by their mechanical structure, their locomotion principle which
depends on the type and number of the wheels and actuators, etc.; however, the most widely studied WMR type is the
unicycle mobile robot [2]. The differential drive WMR equipped with two independent coaxial wheels driven by two
distinct actuators, has several advantages such as the simple structure, the ease of implementation, and the ability to
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change its heading by just changing the angular velocities of the actuated wheels, without the necessity for any
additional steering hardware [3].

Motion control focuses on how to make a WMR autonomous and self-ruling without external action. Motion
control problems can be subdivided into three types of control problems: stabilization, path following, and trajectory
tracking. The goal of a WMR stabilization controller is to stabilize it at a given target pose in the configuration space.
In the path following control problem, the WMR is intended to converge to a geometrically specified reference path
with the higher possible precision, independently of any temporal constraints starting from a given initial state.
However, a trajectory tracking control algorithm aims to make a mobile robot track a desired trajectory whose
parameters vary with time [4].

A wide range of diverse control algorithms dealing with the path following problem were proposed in the
literature. Some of the proposed methods are based on the classical control theories [5] - [11], while others are based on
modern and intelligent control techniques [12] - [23]. Among intelligent control techniques, fuzzy control based on
linguistic information has been effectively presented in many research works [19] - [23]. The fuzzy logic control
permits converting expert knowledge expressed as a linguistic inference system into an automatic control approach.
The aim of the fuzzy path following controller presented in [23] is to reduce the number of inference rules by adopting
a simple structure; it uses two FLC modules with 36 fuzzy inference rules in the total.

It is notable that in conventional fuzzy inference systems, the fact of increasing the number of input variables in the
antecedent parts of each inference rule will exponentially increase the whole number of rules in the rule base.
Consequently, constructing each rule clearly becomes difficult. To solve these problems and make the design process
of the conventional fuzzy inference systems simpler, the SIRMs dynamically connected fuzzy inference model was
proposed for plural input fuzzy control, in which, a SIRM is built and a dynamic importance degree is set up for each
input variable [24]. This approach has been applied successfully for modeling [25], prediction [26] and control
applications [27] - [33]. Reference [26] extends the SIRMs fuzzy model to the SIRMs connected neural-fuzzy system.
To further enhance the performance of SIRMs, a type 2 fuzzy logic based SIRMs was introduced in [34]. The authors
of [35] present a novel scheme to measure the importance degrees of the SIRMs using multivariable functional weights.
The properties of continuity, monotonicity, robustness and stability of type 1 and type 2 fuzzy SIRMs are studied in
[36], [37], and [38]. The most important and the most time-consuming step in the design process of a SIRMs based
fuzzy inference system is the tuning of its parameters; which is achieved through the random optimization search
method [32] or genetic algorithms [34].

This article proposes the use of the SIRMs dynamically connected type 1 fuzzy inference model to implement a
path following strategy that was proposed in a previous paper [23]. The structure of the controller is divided into two
control units; a heading controller implemented as a usual SIRM control system and a velocity controller implemented
using a modified SIRM controller. The total number of inference rules used in this controller is 21 fuzzy rules with one
variable in the antecedent part of each rule.

The contributions of the paper are:

a. The application of the SIRMs fuzzy inference model to the path following problem of a WMR.

b. The modification of the structure of the SIRMs fuzzy model in the velocity controller.

c. The simplification of the controller parameters optimization step by setting all the base values to 0 and all
the breadths to 1 for all used DIDs modules.

The remainder of this paper is organized as follows: the kinematic model of a differential drive mobile robot is
presented in section 2. Section 3 gives a review of the fundamentals of Fuzzy Logic Control (FLC) and presents the
details of the SIRMs dynamically connected fuzzy model. The path following method is explained in section 4 and the
controller structure and design are detailed in section 5. Simulation results are shown and discussed in section 6.
Finally, the paper ends with a brief conclusion.

2. Kinematic Model of a Unicycle WMR

In the present paper, a typical configuration of a WMR with unicycle-kinematics is used (Fig. 1). In this
construction, the robot possesses two coaxial driving wheels mounted on the chassis, each wheel with radius r. In this
design, each driving wheel is equipped with a DC motor for actuation and an incremental encoder for revolutions
counting. The robot uses the measurements delivered by the encoders to calculate the spinning velocity of each wheel.
The mobile robot navigates on a flat horizontal terrain. The following vector specifies the pose of the WMR:
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x and y in (m) represent the coordinates of the point P in the global reference frame (X, Y)). @ (in rad) represents the
angle made by the moving reference frame (Xg, Yr) attached to the robot’s chassis, and the fixed reference frame (X,
Y)), it is the heading (orientation) of the mobile robot.

The linear velocities of the driving wheels are calculated using equation (2), and the mobile robot’s angular velocity
and linear velocity are calculated using equation (3),

Vg =Tog,V, =Tro, (2)
vV, =V vV, +V,
o= R L ’ — R L
| 2 ©)

where w is the angular velocity of the robot centroid in (rad/s). v is the velocity of the robot centroid in (m/s), v and vr
are the linear velocities of the left and right wheel respectively. wr and e are the rotational speeds of the right wheel
and the left wheel, respectively. r is the left and right wheels’ radius in (m). Combining (2) with (3), the expressions of
the linear and angular velocities can be written as follows:

2 “
Moreover, the kinematic model of the mobile robot can be defined as:

K] [eos(0) 0]
e

®)

From Eq. 5, it’s clear that the mobile robot has two control inputs and generates the derivative of its pose vector as output.

Fig. 1 - Differential drive mobile robot

3. SIRMs Dynamically Connected Fuzzy Inference Model

This section gives a brief review of the conventional Fuzzy Logic Control (FLC) and presents the SIRMs
dynamically connected fuzzy inference model for Multi Input Single output (MISO) control systems of n input items
and 1 output item.

FLC is a popular intelligent heuristic-based control technique. The FLC uses linguistic or qualitative information to
embed the key elements of approximate reasoning and human expertise in the design of nonlinear control algorithms
[13]. FLC does not require accurate mathematical models, can handle imprecise or uncertain inputs, nonlinearities, and
present disturbance insensitivity greater than most classical nonlinear control algorithms. FLC outperforms other
controllers in complex, nonlinear, or unmodeled systems for which adequate expert knowledge exists.

Fig. 2 shows the structure of a FLC. The FLC performs three basic steps to process the real crisp inputs:
fuzzification, decision-making, or rule inference, and defuzzification as a means to generate a crisp value at the output
[20].

In the fuzzification step, the crisp real values of the input variables are converted into linguistic variables with the
help of membership functions (MFs), that is, the mapping of the input variables into suitable linguistic values. The
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fuzzified inputs are then manipulated by the inference engine to generate the fuzzified output according to the
predefined rule base (knowledge base). The rule base represents an expert’s knowledge on how to control the system
expressed in the form of IF-THEN inference rules. The inference engine (the interpreter) uses fuzzy operators on
fuzzified inputs and fired rules to make a decision. The final step is defuzzification, in this stage, one of the
defuzzification methods is used to transform the fuzzified output into the actual crisp output used for controlling the
system.

x
! Fuzzy Fuzzy

Inference engine =]

X3 g Inputs & Outputs g

(crisp inputs) § L.E_3
= 1 T S (crisp outpur)

:

= =4

. a

Rule base

Fig. 2 - Structure of a Fuzzy Logic Controller (FLC)

In the conventional fuzzy inference model, the antecedent part of each fuzzy rule contains all the input items,
which leads to the exponential increase of the number of fuzzy rules with the number of input items and causes
difficulty in setting up each rule [32]. To overcome these problems, the SIRMs dynamically connected fuzzy inference
model was proposed [24].

Fig. 3 shows the structure of a SIRMs based controller with n input variable and one output item f. For each input
item x;, two fuzzy modules are defined: a SIRM and a DID which use the min-max-gravity method or product-sum-
gravity method, or simplified inference method to produce their outputs.

X;

Fig. 3 - The structure of the SIRMs dynamically connected fuzzy inference model

For each input variable x;, the corresponding SIRM defines the individual role of the i input in the control action.
The SIRM uses a number of m; membership functions (A;) for the input fuzzification and C; singletons (constant values)
for the output calculation. The rule base (R;) for this module contains m; inference rule.

The output of the SIRM module (fi) is computed using the following equation:

SIRM —i:{R.

ity Al —ci
if x, = Al then f, =C, }jzm,i:ﬁ ©)

Here, i and j are the indices of the input item and inference rule respectively.
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It was noticed that this scheme does not perform well due to the inequalities of the roles played by each input
variable in the generation of the control action. Some of the input items have significant contributions to the
performance of the controller, so their contributions should be reinforced. While other input items have weak
contributions, so their roles don’t have to be reinforced [24]. Here comes the DID module, which are used to tune and
indicate obviously the individual role of each input item on system performance according to the state of the system.

As shown in Fig. 3, each DID contains a fuzzy module that generates the dynamic importance degree of the input
item (Aw?), multiplied by the breadth (B;) to increase or decrease its effect, and a base value (wi) which represents the
minimum contribution of the input variable [32].

The output of an individual DID module is defined as:

D _ D
W, =w, + B,Aw, (7)

The output of the SIRM-i is multiplied by the output of the DID-i to produce the intermediate output £?. Summing
up all the intermediate outputs results in the system output (f), as defined by:

f=>wfe
(®)
4. Path Following Strategy
The reference path is composed of a series of n discrete waypoints N; (i=1, 2, ..., n), through which the WMR
should pass to get to the final waypoint Nn. The coordinates of the desired waypoints are given as [xd (i), yq (i)]T . The

WMR is located at the first point of the path with an arbitrary orientation. The path following controller is charged of
driving the WMR to get to its destination smoothly in the faster possible way by adjusting its linear and angular
velocities (v, @) as should a human driver do.

Fig. 4 - Parameters of the path following method

During its displacement, the mobile robot moves towards a current target waypoint until the distance to that
waypoint gets lower than a certain threshold fixed depending on the robot geometry. When the distance to the current
waypoint is within the fixed limit, the mobile robot switches to targeting the next waypoint.

The path can be seen as a set of straight lines and bends. On straight parts, the mobile robot can increase its speed
(and decrease the angular velocity). While approaching a turn, the mobile robot must decrease its linear velocity and
increase its angular velocity accordingly with the look-ahead curvature LAC of the turn so as not to overturn.

The estimation of the LAC is obtained by the absolute value of the difference of the values of the desired
orientations to two consecutive waypoints (the current and the next one) 64 and 0y, (Fig. 4). The LAC is calculated
using the following expression:

LAC =16,, — 0,,| ©)
641 and Oy, are defined as follows:

Gdlzatanz(yd(i)—y, xd(i)—x) (10
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0,, =atan2(y, (i+1)-y, x, (i+1)-x) an

here x and y represent the robot position, x, (i) and y, (i) the coordinates of the current target Ni and x, (i+1) and
y, (i+1) the coordinates of the next target Nis1.

On the straight parts of the path, the LAC gets small values. However, its value will increase when the WMR
approaches a bend or a corner (on the curved parts of the path).

5. Controller Design

The architecture of the path following controller is shown in Fig. 5. The calculation module has the role of
providing the controller’s normalized values of the input items by performing some computations on the coordinates of
the current and the next waypoints and the current pose of the mobile robot. The normalized input items are obtained by
multiplying the current input items values by scaling factors. The FLCs (heading and velocity controllers) generate the
angular and linear velocities commands to drive the WMR toward its target waypoint.

To avoid the tedious task of the controller parameters optimization and to keep our design simple all base values
are set to 0 and all the breadth are set to 1 for the DID modules. This means that all the input items play equal roles in
the control of the WMR.

Xg e

S %) ({{eadizg o

QS a § d/dt ontroller

3 N

I ek

S| d

3 [T Velocity (x0)
S |_LAC Controller |
T

Fig. 5 -The path following controller

5.1 Heading controller

The heading controller acts like a conventional fuzzy Proportional Derivative (PD) controller. The heading
controller takes in two input variables: the heading error e, and its derivative ¢. The output of this controller is the
angular velocity command (w) that allows the WMR to correct its orientation to head for the actual target waypoint.
The reference angular velocity varies from -1 to 1 rad/s. The heading error is given by:

e=9d1—9 (12)

Fig. 6 - The structure of the heading controller

The structure of the heading controller module is shown on Fig. 6. The SIRMs of the input variables e and é
corresponding to the heading error and its derivative can be set up as in Table 1 which represents the inference rules for
these modules. Here, the linguistic variables NE, ZE, PO represent the membership functions of each input variable
which are shown in Fig. 7. Three triangular membership functions uniformly distributed in the normalized range [-1.0,
1.0] are used for the inputs. For the output item, three singletons (constants) are used as represented in Table 1.

238



Abdeslam Benmakhlouf et al., Int. Journal of Integrated Engineering Vol. 15 No. 1 (2023) p. 233 - 247

u(i)

PO

-1 0! 1 i
Fig. 7 - Membership functions for each SIRM of the heading controller

Table 1 - Fuzzy rules for the SIRMs of the input items of the heading controller

Input Variable Output Variable
eand é i

NE -1.0

ZE 0.0

PO 1.0

For the heading controller, the fuzzy rules for DID-1 and DID-2 of the input items e and ¢ can be established as in
Table 2 by selecting the absolute values of the input items as the antecedent variable. Here, the membership functions S,
M, B are defined in the range [0.0, 1.0] as shown in Fig. 8. For the output item of the DIDs, three singletons (constants)

are used as represented in Table 2.

B
1
1

i

Fig. 8 - Membership functions for each dynamic variable of the heading controller

Table 2 - Fuzzy rules for the DID of the heading controller

Input Variable Output Variable
le] and |é¢| Awi
S 0.0
M 0.5
B 1.0

5.2 Velocity controller
The velocity controller generates the robot’s linear speed control signal (varying in the range [0.0, 1.0] m/s). It takes
in three input items: the distance to the current waypoint d, the LAC, and the absolute value of the orientation error e.
Fig. 9 shows the structure of the velocity controller. The velocity controller uses two SIRM modules for the distance
d and the LAC input items and one DID module taking in the absolute value of the orientation error. Note that only one

DID module is used for both SIRMs modules.

Fig. 9 - The structure of the velocity controller
The SIRMs of the two input items d and LAC can be set up as in Table 3 and Table 4 respectively. From these two

tables, it can be noticed that the speed of the WMR is varied proportionally with the distance to the current waypoint and
is varied inversely with the look-ahead curvature LAC at the current waypoint. From Table 5, it can be understood that
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when the absolute value of the orientation error is moderate or big, the dynamic degree of the input items is decreased so
that the robot can correct its heading first. All the input items for this module use the membership functions of Fig. 8.

Table 3 - Fuzzy rules for the SIRM 3 module

Input Variable Output Variable
d fi
S 0.0
M 0.5
B 1.0

Table 4 - Fuzzy rules for the SIRM 4 module

Input Variable Output Variable
LAC i
S 1.0
M 0.5
B 0.0

Table 5 - Fuzzy rules for the DID 3 modules

Input Variable Output Variable
le| Awi
S 1.0
M 0.0
B 0.0

6. Simulation Results

In this section, the results of numerical simulations of the proposed path following controller are shown and
compared with the results of the conventional fuzzy logic controller proposed in [23]. The simulations were performed

using the robotics system toolbox of the MATLAB environment.

In the presented examples, both controllers; the SIRMs based controller and the FLC use the scaling factors shown

in Table 6.

Table 6 - Control parameters

Input item Scaling factor
e 10.0
é 0.01
d 1.0
LAC 1.0

T

The initial pose of the mobile robot is: [X Yy Q]T =[0 0 0]

Fig. 10 shows the results of following an eight shaped path. The reference path is composed by discrete waypoints

(red circles), where the reference path is described using the following equations:
10sin(t)

(1+cos? (1))

_ 10sin(t)cos(t)

Yo = (1+cos (1))

Here, t is a discrete number that varies in the interval [-3.2, 3.2] with a step of 0.2.

(13)

The trajectories of the mobile robot controlled by the two control schemes show a big similitude in path following.

The two controllers can drive the robot to follow smoothly the desired path.
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Fig. 11 presents the mobile robot heading control; the desired orientation is computed online using Eq. (10). The
current orientation of the robot is regulated by the heading controller which outputs the angular velocity command signal
(Fig. 12). From these figures, it is noticed that the mobile robot controlled by the SIRMs based controller is faster in
achieving its task than the one controlled by the conventional FLC. The SIRMs based controller achieves its goal in 108.9
s while the FLC takes 180.4 s to attain the goal.

Fig. 13 shows the linear velocity control signals generated by the FLC and the SIRMs based velocity controllers
respectively. The differences in the shapes of the signals are due to inference methods of the FLC which uses a
conventional fuzzy inference method and the proposed controller which is based on the SIRMs dynamically connected
fuzzy inference model. These figures show also the advantage of the SIRMs based controller in executing the path faster
than the conventional FLC.

Fig. 14 shows the result of following a discrete sinusoidal path. It is noticed the smoothness of the mobile robot path
under the control of the two controllers.

O  desired path
FLC
SIRM

Fig. 10 - Following an 8 shaped path
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Fig. 11 - Robot heading control (a) FLC; (b) SIRM
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Fig. 12 - Angular velocity signals (a) FLC; (b) SIRM
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Fig. 13 - Linear velocity command signals (a) FLC; (b) SIRM
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7. Conclusion

This paper proposes a path following controller for differential drive wheeled mobile robots based on the SIRMs
dynamically connected fuzzy inference model. This specific type of inference model is used to solve the problem of the
increase of the number of inference rules in conventional fuzzy control for multi-input control systems. The structure of
a SIRMs based control system allows also to reduce the processing time.

The proposed controller drives a differential drive WMR to follow a discrete reference path composed of an ordered
series of distinct waypoints by adjusting the angular and the linear velocities of the robot. The controller is made up of
two independent control unites working in parallel; the heading controller which generates the angular velocity command,
and the velocity controller which is responsible of generating the linear velocity command. The controller uses a total
number of 21 inference rules to imitate the driving way of a human driver.

The heading controller takes the orientation error and its derivative as input items and takes the angular velocity as
the output item. Each input item is assigned with a SIRM and a DID.

The velocity controller has three input variables: the distance to the target waypoint, the estimate of the look ahead
curvature (LAC), and the absolute value of the heading error. It generates as output the linear velocity control signal to
apply to the WMR. The structure of the SIRMs inference model was modified for this controller such that the distance
and LAC are assigned with SIRMs and a common DID which takes the absolute value of the orientation error as input
item. The SIRMs and the DIDs of the velocity controller are set up in a such manner that the angular velocity control of
the mobile robot gets the higher priority over the linear velocity control. The priority orders adjustment is automatically
performed online according to the current navigation situation.

No optimization of the controller parameters is required since that all base values are set to 0 and all the breadths are
set to 1 for the DID modules. This means that all the input items play equal roles in the control of the mobile robot.

The simulation results show that the proposed controller outperforms the conventional FLC path following controller
in following precision and execution time of the path.
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