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Abstract—Robotics control system with leader-follower approach has a 
weakness in the case of formation failure if the leader robot fails. To overcome 
such problem, this paper proposes the formation control using Interval Type-2-
Fuzzy Logic controller (IT2FLC). To validate the performance of the controller, 
simulations were performed with various environmental systems such as open 
spaces, complexes, circles and ovals with several parameters. The performance 
of IT2FLC will be compared with Type-1 Fuzzy Logic (T1FL) and Proportional 
Integral and Derivative (PID) controller. As the results found using IT2FLC has 
advantages in environmental uncertainty, sensor imprecision and inaccurate ac-
tuator. Moreover, IT2FLC produce good performance compared to T1FLC and 
PID controller in the above environments, in terms of small data generated in 
the fuzzy process, the rapid response of the leader robot to avoid collisions and 
stable movements of the follower robot to follow the leader's posture to reach 
the target without a crash. Especially in some situations when a leader robot 
crashes or stops due to hardware failure, the follower robot still continue move 
to the target without a collision.  

Keywords—Leader-Follower Robot, Interval type-2 fuzzy logic, Formation 
control, Swarm robot 

1 Introduction 

Formation control of multiple autonomous mobile robots a has been studied exten-
sively and it became a challenging topic among multi-robot research issues [1]. This 
is because there are many potential advantages of such systems over a single robot, 
including greater flexibility, adaptability to unknown environments and robustness 
[2], [3]. Formation control is defined as the coordination of the group of robots that 
maintain a formation within specified geometrical shapes as an obstacle. Contrary to 
the single robot, the multi-robot maneuvering for keeping in formation is complicated, 
requiring additional conditions to be considered to make them work cooperatively [1]. 
The formation control has been expected to be employed in various applications such 
as manipulation of large objects [4], [5], intelligent highway systems [6], [7], surface 
vehicle formation [8], flight formation systems [9], [10], formation of multiple space-
craft [11] and surveillance systems [12], [13], machine vision [14].  
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Multi-robot formation methods can be partitioned into three class approaches such 
as virtual structure approach, behavioral approach, and leader-follower approach. 
Each of them has several advantages and weaknesses. The virtual structure approach 
treats the entire formation as a single virtual rigid structure [5], [11]. The main disad-
vantage of the current virtual structure implementation is the centralization, which 
leads a single point of failure for the whole system. By behavior-based approach, 
several desired behaviors are prescribed for each robot, and the final action of each 
robot is derived by weighting the relative importance of each behavior [15], [16]. The 
limitation of such approach, it is difficult to analyze mathematically, therefore it is 
hard to guarantee a precise formation control. In the leader-follower approach [17], 
[18], [19], one of the robots is designated as the leader, with the rest being followers. 
Unfortunately, it centralized control, if the leader fails then it can be influenced by the 
all system performance [20], [22]. Due to, the limitation has explained above hence, 
the selected method to enhance the formation control performance, how to improve it 
by overcoming the drawbacks is desirable. In a certain sense, the formation control 
problem can be seen as a natural extension of the traditional trajectory-tracking prob-
lem.  

Several technique have proposed to give a solution with good performance [21], 
[5], [15], [17], [23], [24], [25], [26], [27], [28], [29]. However, in the robotic applica-
tion, there are some uncertainties in the system, due to the sensors imprecision, inac-
curate actuator and environment change every time [28]. In terms of robot’s position 
and orientation, it produces the accumulation error of robot formation. The fuzzy 
logic control algorithm can overcome the uncertainty problems [30]. Unfortunately, 
the type-1 fuzzy logic controller (T1FLC) can’t ensure the performance, because the 
uncertainty is crisp value. To the best our knowledge, only a few of existing results 
have been presented to solve the problem of leader-follower formation control based 
on the interval type-2 fuzzy logic controller (IT2FLC) [30], [18], [16]. This paper 
aims to investigate how to design the leader-follower formation control based on the 
IT2FLC for achieving robust formation against the leader faults. The rest of paper is 
organized as follows: Section 2 briefly discusses the leader-follower kinematic model 
while Section 3 describes our proposed controller and material. To demonstrate the 
usefulness of the proposed control algorithm, the simulations and the result are pre-
sented in Section 4, and finally, the conclusion of the study is given in Section 5.  

2 The Non-Holonomic Leader-Follower System  

Several research about the multi-robots using a cooperative approach like a leader-
follower approach has been proposed [31], [32]. Based on previous results, there are 
some problems with such approach. These problems appear when the robots want to 
regulate the position and orientation when they move in the groups to reach the target. 
Such problems include the accuracy of tracking the robot when the leader is moving, 
the distance to avoid collisions between the leader and the follower and the capability 
the leader to avoid the obstacles, due to if the leader crash or fail can influence the 
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follower. Besides, the response time of the follower when the moment the leader 
moving.  

 
Fig. 1. Leader-follower robot posture 

As presented in Figure 1, the leader-follower kinematic system with the general 
equation of non-holonomic system on a single robot can be expressed in the equation 
(1) as follows, 

  
!!!!
!!!!
!!!!

! !!" ! !!!!!    (1) 

Where ! !  is the general variable of an initial position of the robot ! ! !
!! ! ! ! ! ! ! ! !T, !!" is non-holonomic transformation matrix, and !!!! is forward 
kinematic matrix which is used to estimate position and speed in the Cartesian space. 
The non-holonomic transformation of the mobile robot can be seen through the 
change of the three initial robotic position variables ! ! . By solving equation (1) to 
the change in the speed of the right wheel and the left wheel, the single robot kinemat-
ic equation can be transformed into equation (2) as follow,  

 
!!!!
!!!!
!!!!

!
!"#$!!! !
!"#$!!!

!
!
!

!!!!
!!!!  (2) 

The kinematic constraint of non-holonomic system works only for pure rolling and 
non-slipping. Such system uses to control mobile robot posture in position and orien-
tation, it can be written,

 !! !"# !! ! !! !"# !!! ! !!!  (3) 
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When !! is defined a velocity of leader robot towards !-axis, !! is defined a velocity 
of leader robot towards !-axis, !! which is represented as the angle of robot move-
ment and ! represents the actual bearing between the follower and leader robot. In the 
leader-follower system, two equations of posture robot must solve such as the posture 
control of leader and the posture control of follower robot. However, the non-
holonomic constraint must be calculated in advance. By using Equation (2), the kine-
matics model of the non-holonomic leader robot can be presented as position and 
orientation equation. The leader posture in initial position and orientation can be de-
scribed in Equation (4) as follow, 

 !! ! !
!!
!!
!!

! !
!"# !! !!! !"# !!
!"# !! !!!!! !"# !!
! !!!!!!!!!!!!!!!!!!

!!
!!    (4) 

Where !! represents the actual position of leader robot. Meanwhile, the matrix repre-
sents a rotation of the leader robot’s wheel and !! generates velocity (!!) and the 
angle of the wheel (!!). The geometrical relation between the leader and the follower 
robot is generated from desired follower robots position (!!!). The posture of the 
leader robot for desired position and orientation is shown in Equation (5), 

!!! ! !!!!! !!!! !!!!! !
!! ! ! !"# !! ! !!"!! !"#!!!"! !!!!!
!! ! ! !"# !! ! !!"!! !"#!!!"! !!!!!

!!
    (5)  

However, the follower robot moves in randomly and continuously follow the lead-
er robot. To force the direction of the follower robot, the Equation (4) is utilized. The 
value of !!! depends on some values such as desired ! axis (!!!), desired ! axis (!!!), 
and !!!. Meanwhile, to identify actual posture of follower robot can be written as 
Equation (6).  

!! ! !!! !!! !! ! !!!
!! ! ! !"# !! ! !!" !"#!!!" !!!!!
!! ! ! !"! !! ! !!" !"#!!!" !!!!!

!!
    (6) 

!!!The !!" represents actual angle between follower’s wheel and leader’s wheel. 
The actual distance between the leader and the follower robot !!" on the x-y Carte-
sian coordinate can be represented by, 

 !!" ! ! !!"#! ! !!!"#! (7) 

where, !!"# the relative distance between the leader and the follower in x coordinate 
and !!"# the relative distance between the leader and the follower in y coordinate. 
The derivative of Equation (8) and (9) are substituted into Equation (4) become, 

!!"# ! ! !! !!!! ! ! !"# !! ! !!!!" !"#!!!" ! !!! (8) 

!!"# ! ! !! !!!! ! !!! !"# !!  
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! !!! !"# !! ! !!! !"# !! ! !! !"# !! ! !!! !"# !! ! !!! !"# !!  

! !! !"# !! ! !! !"# !! ! !!! !"# !! ! (9) 

!!"# ! !!! ! ! !! ! ! !"# !! ! !!!" !"#!!!" !!!!!  (10)  

!!"# ! ! !! !!!! ! !!! !"# !!!  

!! !!! !"# !! ! !!! !"# !! ! !!! !"# !! ! !!! !"# !!! ! !!! !"# !!!  

! !! !"#! !! ! !! !"# !! ! !!! !"# !!!!  (11)
   

Where !!! is a!linear velocity and !! is an angular velocity of the leader robot!!! 
and !! is a!linear velocity and !! is an angular velocity of the follower robot !!!. By 
using Equations (7), (8), (9), (10) and (11), the control outputs such as the relative 
distance of two the robots (!!"!!and the separation bearing angle !!!"! are generat-
ed. All parameters of tracking control can be written in Equation (12), (13) and Equa-
tion (13), where !!" = !!" ! !!! !!!! 

 !!" ! !!!! !"# !!" ! !! !"# !!" ! !!! !"# !!"    (12) 

!!"! ! !
!

!!"
!!! !"# !!" ! !! !"# !!" ! !!! !"# !!"! ! !!! (13) 

 !! ! !!  (14) 

For a single robot, the tracking controller error system presented in Equation (15),  

!!!!!
!!!!!
!!!!!

!
!"# !!!!! !"# !!!!! !
! !"# !! !!! !"# !! !!! !

! ! !
! !
!!!!! !!!!!!
!!!!! !!!!!!
!!!!! !!!!!!

 (15)

   

The basic tracking control problem can be extended to a formation control for 
leader-follower robot with relative distance !!" to achieve the desired angle !!" to 
the leader robot. By using simple trigonometric identities and further simplification, 
the error system for follower robot n with respect to the leader robot m can be written 
as, 

 
!!"
!!"
!!"

!
!"# !! !"# !! !
! !"# !! !"# !! !

! ! !
! !
!!"!! !"# !!!! ! !! ! !!"!"#!!!!" ! !!!
!!"!! !"# !!"! ! !! ! !!"!"#!!!!" ! !!!

!! ! !!
 

!! !
!!"
!!"
!!"

!
!!"!! !"# !!"! ! !!! ! !!! ! !!"!"#!!!!" ! !!! ! !!!!
!!"!! !"# !!"! ! !!! ! !!! ! !!"!"#!!!!" ! !!! ! !!!!

!! ! !!
 (16) 
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3 Formation Control Using Interval Type-2 Fuzzy Logic 

In this section, the proposed control system for leader-follower formation is dis-
cussed. Figure 2 shows the block diagram of IT2FLC which is embedded into the 
leader-follower robot formation. IT2FLC general processing blocks are similar to 
T1FLC, the major difference within the blocks is that IT2FLC has a type reducer. 
Each of these processing blocks will be described in the sequence of this section. 

 

 
Fig. 2. Block diagram of IT2FL controller for leader-follower formation 

The interval type-2 fuzzy sets have the membership functions (MFs) with an area 
of uncertainty, which bounded between the highest and the lowest values named 
Footprint of Uncertainties (FOUs). The FOUs are obtained from imprecision of sen-
sor data, due to some noises in the environment cause inaccurate of the robot posture 
(velocity and steering angle). The highest values of the FOUs are Upper Membership 
Functions (UMFs), and the lowest values are Lower Membership Functions (LMFs) 
with the membership degrees is equal to 1 (uniform). In the fuzzification process, the 
input and output value change from a crisp value become a fuzzy value which is rep-
resented as UMFs and LMFs.  

The fuzzifier maps a numeric vector ! ! !!!!! ! !!!! ! !!!!!!!!!! ! ! ! ! ! !!!! !
!!into  an interval type-2 fuzzy sets !!in X [38,39]. Type-2 singleton fuzzifier is 
utilized, in a singleton fuzzification. In this condition !!! ! ! 1/1 for ! ! !! and 
!!! ! ! 1/0 for all other ! ! !!. In the fuzzification design, two MFs for input and 
three MFs for output are utilized by using the symmetric Gaussian function. The 
Gaussian MFs have the value ! and c will form the set of Gaussian membership func-
tions !!, or 

 ! !!!! ! ! !!
!
!
!!!!
!

!

  (17) 

 

iJOE ‒ Vol. 14, No. 9, 2018 129



Paper—Enhancement of Non-Holonomic Leader-Follower Formation Using Fuzzy Logic Controller 

In IT2FLC design, the equation (16) it uses to determine the FOU boundaries (!! 
of the interval type-2 fuzzy sets with upper MFs (!) and lower MFs (!!) are presented 
in Equation (18) as follows; 

!! ! !

!!
!
!
!!!!
!

!

!!!!!!! ! !!
!! !! ! ! ! !!

!!
!
!
!!!!
!

!

!!!!!!! ! ! !!

and  !! !
!!

!
!
!!!!
!

!

!!!!!!! ! ! !!!!!
!

!!
!
!
!!!!
!

!

! !!!!!!! ! ! !!!!!
!

 (18) 

The Gaussian function is utilized as input MFs and output MFs, they can be de-
scribed in Figure 3 and Figure 4 respectively. Figure 3 (a) represents the input MFs of 
T1FLC and Figure 3 (b) represents the input MFs of IT2FLC. Based on Figure 3 (b), 
the red-line represents the UMFs value while the blue line represents the LMFs.  

 

 

(a) T1FLC    (b) IT2FLC 

Fig. 3. Input membership functions 

  
(a) T1FLC velocity         (b) IT2FLC velocity 

 
(c) T1FLC steering angle   (d) IT2FLC steering angle 

Fig. 4. Output membership functions 
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 Figure 4 (a), 4(b), 4(c) and 4(d) respectively, describe the output MFs of 
T1FLC and IT2FLC for velocity and steering angle. The velocity !!"! of each wheel 
for the robot to perform rolling motion and to make the robot heading in the desired 
direction !!". The value of variable linguistics in fuzzification process is generated 
by using Equation (17) and Equation (18). The linguistics variable of the robot veloci-
ty is represented as Slow (SL), Medium (MD), and Fast (FS), the values are set at the 
interval from 0 rpm to 400 rpm. The reference velocity of IT2FLC about 9,16 pix-
els/sec, while reference type of both T1FLC about 8,99 pixels/sec. The variable lin-
guistics of the robot steering angle is represented as Left (LF), Straight (ST) and Right 
(RG) and the values are set at the interval from -180 ° to 180 °.  

Table 1.  The fuzzy rule bases of IT2FLC 

Sensor 1 Sensor 2 Sensor 3 Velocity Steering 
N N N SL ST 
N N F SL RG 
N F N SL ST 
N F F MD RG 
F N N SL LF 
F N F MD LF 
F F N MD ST 
F F F FS FS 

 
In this paper, the IT2FLC rule bases only 8 rules are utilized to control the robot 

formation (See Table 1). The results performance compare to T1FLC with 8 rules and 
27 rules. Each row of the rule is used to determine the fuzzification value to be stored 
during the inference process. The fired set !! = [ !!! !!!! of the system by the number of 
rules is using the Extended Sup-Star Composition is defined as Equation (19): 

 

!! !
!"#
! ! ! !! !!! !! ! !!!! !! ! ! ! ! !!! !! ! !!!! !! !!!!!!!!

  (19a) 

!! !
!"#
! ! ! !! !!! !! ! !!!! !! ! !!! ! !!! !! ! !!! !! !!!!!!!!

  (19b) 

This process is similar to the max-min composition of T1FLC, the difference only 
in two values of firing set of fuzzy consequent (upper and lower). The last part of the 
fuzzy controller to generate the result from the controller based on two steps; (1) type 
reduction, and (2) defuzzification. In the first step, the membership function of fuzzy 
type-2 is converted to type-1. The Karnik-Mendel algorithm is used as an iterative 
algorithm to produce !! and !! [32]. Two values kept into the memory and ready to 
be processed as the controller output. Assumed that !!! and !!! (i = 1 ... M) are ar-
ranged ascendingly and calculate all rules fire values of fi using Equation (20), 

 !! !
!
!
!!! ! !!! (20) 
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For i = 1...M, where M is the number of rules and calculate !!! and !!!!by 

 !!!= !!
!!!

!!
!!!

!!
!!

!!!
  and !!!= !!

!!!
!!

!!!
!!
!!

!!!
 (21) 

To determine !!! and !!! by calculating the value of K (K = 1 ... M-1), in which 
!!! ! !! ! !!!!!  and !!! ! !! ! !!!!!  take into account that y already arranged as-
cendingly such that !!! ! !!! ! !!!  and !!!  ! !!! ! !!! . To calculate the value of !!!! and 
!!!! by using Equation (22) as follows, 

  !!!! !
!!!!! !!!!

!
!!!!!

!
!!!

!!! !!
!
!!!!!

!
!!!

!!"#!!!!! !!
!!!!! !!!!

!
!!!!!

!
!!!

!!! !!!
!!!!!

!
!!!

  (22) 

Check whether  !!!!  equal to !!!  and !!!!!equal to !!!, if it is equal, then !! ! !!!! and 
!! ! !!!! , if it is not, set !! ! !!!! and !! ! !!!! and repeat until  !!  and !! are found. 
In the second step of defuzzification, the value of !! and !! will be average to deter-
mine the crisp value by using Equation (23) as follows, 

 ! ! ! !!!!!
!

  (23) 

4 Discussion 

In this section, the simulation is done to evaluate and to validate the fuzzy control-
ler implementation in the leader-follower formation control. The simulation is deter-
mined based on transformation between cm to a pixel, and the environment for the 
experiment is a rectangular area bounded by six walls which some position of x,y. 
The scale of the testing environment is 1.8:1 cm, where 1 cm in the real environment 
is represented by 1.8 pixels on the simulation. The boundary of six walls created a 
space of 500 x 450 pixels. The sensors in the simulation are distance sensors, which 
the longest reading by 300 pixels or 214 cm. If the nearest obstacle is more than 300 
pixels, the sensor will return a value of 300. In the simulation, the mobile robot is a 
circular shape with 35-pixels diameter circle or 25 cm. There are three locations for 
the ultrasonic sensor at the front, left and right of the mobile robot and each of sensor 
is separated by 300.  

There are two kinds of the fuzzy logic are presented in this paper, such as T1FLC 
and IT2FLC. The comparison between two controllers is highlighted in some perfor-
mances in terms of time response and stability movements. However, in a certain 
sense, the formation control problem can be seen as a natural extension of the tradi-
tional trajectory-tracking problem like Proportional, Integral, Derivative (PID) con-
troller. For making a benchmark of the proposed IT2FLC is compared to PID control-
ler in terms of trajectory shape, an output of the controller, and the response for x(t), 
y(t) and !!!!. 
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4.1 Leader-Follower Trajectory 

To evaluate the fuzzy controller performance in the leader-follower tracking for-
mation, three environments are utilized such as simple environment, cluttered envi-
ronment with obstacles in it, and unstructured environment (circle and oval environ-
ment). Initial robot position in this experiment is (100,300) with 00 as its initial direc-
tion. The number of data recorded is 300 data.  

 

      (a) T1FLC (8 rules)                 (b) T1FLC (27 rules)                   (c) IT2FLC (8 rules) 

Fig. 5. Leader-follower tracking formation in environment 1with 4 obstacles 

(a) T1FLC (8 rules)      (b) T1FLC (27 rules)        (c) IT2FLC (8rules) 

Fig. 6. Leader-follower tracking formation in environment 2 with 6 obstacles 

Figure 5 and Figure (6) presents, the leader-follower formation control using 
IT2FLC in several environments with 4 obstacles, and 6 obstacles. The trajectory 
results from the experiment are compared to T1FLC with a different number of the 
rule (8 rules and 27 rules) in terms of data generated, time to find the target and the 
smoothness of the robot motion. By using 8 rules and 27 rules, the T1FLC always 
close distance to the wall and the follower movement not smooth. The follower keeps 
the longest distance to avoid the leader and the wall, therefore the trajectory of the 
follower not the same as the leader. IT2FLC produce a good performance, compare to 
T1FLC. However, when they move in an environment with 4 obstacles (see Figure 
(5)), by using T1FLC with 8 rules the leader fails, and the follower can’t continue 
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move to the target. But T1FLC with 27 rules even though the leader fails, the follower 
still move to the target. It does not happen with IT2FLC with 8 rules, the leader-
follower can accomplish the target without collision.  

 
          (a) T1FLC (8 rules)               (b). T1FLC (27 rules)    (c) IT2FLC (8 rules) 

Fig. 7. Leader-follower tracking performance in circle environment 

 
(a) T1FLC (8 rules)            (b). T1 FLC (27 rules)                  (c) IT2FLC (8 rules) 

Fig. 8. Leader-follower tracking performance in oval environment 

In a complex environment with 6 obstacles, T1FLC with 27 rules and IT2FLC pro-
duce good performance (see. Figure 7). However, the leader crash to the obstacle, 
when they use T1FLC with 8 rules. It shows that by using only 8 rules the leader 
robot based on IT2FLC has the ability to provide a past response to avoid the obsta-
cles occurrence, while the follower is able to keep maintain the trajectory with the 
leader and fast response to follow the leader in the smooth trajectory. In this research, 
proposed IT2FLC is testing in an unstructured environment such as a circle, and oval. 
As seen in Figure 7 and Figure 8, respectively, only IT2FLC does not hit the wall, 
while the other controllers crash the wall. However, the number of collisions using 
T1FLC with 8 rules more than 27 rules. It’s happened, due to the IT2FLC has the 
ability to changes in the position and orientation of the leader robot against the dy-
namic environment in the interval value. It more robust than T1FLC with one value. 
In addition, the shape of the resulting trajectory was more smooth. 
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4.2 Fuzzy Logic Controller and PID controller 

To find the trajectory tracking error that will be the input on the PID is to subtract 
the reference position equation with the actual position equation. After that the equa-
tion of position error and orientation obtained as follows, 

 ! ! ! !!! !!" ! ! !! !!"!!!
!
! ! !!

!!!"!!!
!"

 (24) 

 ! ! ! !!! !!" ! ! !! !!"!!!
!
! ! !!

!!!"!!!
!"

 (25) 

 ! ! ! !!! !!" ! ! !! !!"!!!
!
! ! !!

!!!"!!!
!"

 (26) 

PID controller calculates an error value as the difference between a measured vari-
able and desired set-point. The controller attempts to minimize the error by adjusting 
the process control inputs. The PID controller calculation involves three separate 
constant parameters !! is proportional gain, !! integral gain, and !! derivative gain. 
To use this method, each gain should be obtained by several tuning methods for im-
proving the performance. However, PID controllers tuning is difficult, it is a differ-
ence with the fuzzy system, by using human cognitive and decision-making process, 
the developing and tuning of the FIS is more intuitive than the PID controller. In this 
paper, Ziegler Nichols is utilized to determine the gain of PID.  

The performance of the proposed IT2FLC compare to PID controller is depicted in 
Figure 9. The both of controller can move to the target, but by using PID the trajecto-
ry of the leader-follower robot is not smooth because, it controls the angle of the robot 
bearing with a coarse value resembling the on-off value, while IT2FLC changes the 
bearing angle with smooth value and it produce stable velocity. Therefore, the trajec-
tory becomes smoother. It can be seen from the simulation in Figure 10 to Figure 12, 
the leader-follower robot based-on IT2FLC with less rule can provide better control 
compare to PID controller. It doesn’t require a plant model and has better disturbance 
rejection properties. Fuzzy logic is well suited to processes with poor known dynam-
ics and uncertainties and it compensates by adding the knowledge and experience 
from personnel related to the process using fuzzy rules. PID controller does not vary 
with the different stages, namely behaves the same magnitude over the entire operat-
ing range, but the two systems are effective against disturbances in dynamic environ-
ment.  
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(a) PID controller    (b) IT2FLC with 8 rules 

Fig. 9. PID controller and IT2FLC performance with 6 obstacles 

  
(a) Linear velocity   (b) Angular velocity 

Fig. 10. PID controller 

  
(a) Linear velocity   (b) Angular velocity 

Fig. 11. IT2FL controller 
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(a) The sample of PID response for x(t), y(t) and !!!! 

 
(b) The sample of IT2FLC response for x(t), y(t) and !!!! 

Fig. 12. PID Controller and IT2FLC performance in complex environment 

From Figure 10 and Figure 11, the output of both controller in terms of angular ve-
locity and linear velocity have different performance. Based on the IT2FLC produces 
a velocity with gradually changes in a smoother value, with a max amplitude of about 
23 rpm for angular velocity. In contrast to PID controller with gain settings that have 
been done manually, it changes in incremental velocity with more rough value de-
crease with max higher amplitude around 30 rpm. The changes value of angular ve-
locity and linear velocity will greatly affect position and orientation of the leader-
follower robots (see Figure 12). The interval value of the IT2FLC membership func-
tion has a significant effect on the formation of the leader-follower robot, it generates 
the position and orientation in average values, in contrast to the PID controller which 
has only one output value as the control parameter of the robot movement. By using 
IT2FLC the changes in robot positions are smoother with more data generation about 
106 for every cycle changes in x (t), y (t) and !!!!. In contrast to the PID controller 
data generated only 61 data for a single cycle of movement and changes in the values 
of x (t), y (t) and !!!! which are not as good as the Fuzzy controller. However, both 
controllers are able to deal with complex environmental conditions and effective 
against disturbances in the complex environment. From Figure 13 presents the 
IT2FLC in a square environment has the ability to maintain the distance between an 
obstacle and move to the target with smooth movement, but PID controller produces 
the rough movement due to, the velocity of the robot change not gradually but drasti-
cally with a large interval. 
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  (a) PIDC                  (b) IT2FLC  

Fig. 13. Leader-follower tracking performance in square environment 

4.3 Robust Formation  

To achieve the robustness against the fault of the leader, the proposed fuzzy con-
troller is tested in some situation is shown in Figure 14. As can be seen in Figure 14 
(a) and (c) the leader crash with the obstacle and stop moving. The follower still mov-
ing, but it becomes unstable because the follower doesn’t know the global information 
about the environment. The follower move based on position and orientation of the 
leader. When the leader failed, the follower move in new direction. However, in Fig-
ure 14 (b), the different situation occurs. The leader and the follower are crashed. 
They can’t continue to finish the work to reach the finish point. All results based on 
the T1FLC and the performance not good. Due to the T1FLC can’t overcome the 
dynamic environment, the controller only one MFs value, when it works out of the 
value the performance of the controller is decreased. However, the IT2FLC has the 
FOU, it can be overcome the uncertain situation better than the T1FLC. The upper 
MFs and the Lower MFs have some values to produce the interval of environmental 
uncertainty. It can be seen in Figure 14 (d), when the leader crashes the obstacle, the 
follower can overcome the situation and move to the target without collision. 

As the same results are found in the complex environment. By using the T1FLC 
with 8 rules and 27 rules is shown in Figure 15 (a) and (b), the follower robot can’t 
finish the task move to the target, due to the leader fails and disappear. In the one 
value of MFs, the leader hasn’t a decision, because it crashes with the obstacle. The 
information about the position and orientation become zero. Therefore, the follower 
not stable or it moves a new direction with its own decision. However, if the IT2FLC 
is used (Figure 15 (c)), the follower has some the MFs value as uncertainty to over-
come the zero information from the leader. It can be created if environmental is 
changed over time by using FOU. The follower can make the own decision by using 
the information that has from the fuzzy controller, and it reconstructs the position and 
orientation to the target with respect to the replaced leader and it only utilize 8 rules.  
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(a) T1FLC (8 rules)      (b) T1FLC (27 rules)  (c) T1FLC (27 rules)    (d) IT2FLC (8 rules) 

Fig. 14. Formation tracking control in several environments 

 
        (a) T1FLC (8 rules)              (b) T1FLC (27 rules)                 (c) IT2FLC (8 rules) 

Fig. 15. Tracking formation controller performance in complex environment 

The summary of research results of tracking formation in the leader-follower im-
plementation can be seen in Table 2. 

Table 2.  Fuzzy controller performance in the leader-follower application 

Environment Data (total) Time (sec) 
 T1FLC IT2FLC T1FLC IT2FLC 

Circle condition 1169 486 Fail in 63.9 111.7 
Oval condition 360 305 Fail in 20.7 93.5 
Six obstacles 1086 415 62.7 156.8 
Open-space 1074 836 86.3 107.8 
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5 Conclusion 

By using a proposed IT2FL algorithm, the follower robot can replace the lost (or 
broken) leader using only 8 rules and it allocates the follower robot to the formation 
using local information. The multi-robot system employing the proposed algorithm 
achieves robustness against the member robot faults, decentralized position allocation 
without high-cost optimization, fast response, small resources and reduction of the 
moving cost. In this work, we have considered only the kinematics of the differential-
drive mobile robot, therefore in future, we will include the dynamics as it is well 
known that due to a non-holonomic constraint of the differential drive mobile robot, 
the perfect velocity tracking will not hold, we will have to consider the torque as well. 
Moreover, we have provided not only simulation results but also the implementation 
in a real robotic system, to ensure the feasibility and performance of the proposed 
algorithms in the real multi-robot systems. 
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