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Integrated Tracking and Accident Avoidance System for Mobile Robots
Irfan Ullah, Furqan Ullah, Qurban Ullah, and Seoyong Shin*
Abstract: In the intelligent transportation field, various accident avoidance techniques have been applied. One of the most common issues with these is the collision, which remains an unsolved problem.
To this end, we developed a Collision Warning and Avoidance System (CWAS), which was implemented in the wheeled mobile robot. Path planning is crucial for a mobile robot to perform a given task
correctly. Here, a tracking system for mobile robots that follow an object is presented. Thus, we implemented an integrated tracking system and CWAS in a mobile robot. Both systems can be activated
independently. Using the CWAS, the robot is controlled through a remotely controlled device, and collision warning and avoidance functions are performed. Using the tracking system, the robot performs
tasks autonomously and maintains a constant distance from the followed object. Information on the
surroundings is obtained through range sensors, and the control functions are performed through the
microcontroller. The front, left, and right sensors are activated to track the object, and all the sensors
are used for the CWAS. The proposed system was tested using the binary logic controller and the
Fuzzy Logic Controller (FLC). The efficiency of the robot was improved by increasing the smoothness
of motion via the FLC, achieving accuracy in tracking and increasing the safety of the CWAS. Finally,
simulations and experimental outcomes have shown the usefulness of the system.
Keywords: Collision avoidance, fuzzy logic, microcontroller, object tracking, range sensor.

1. INTRODUCTION
Recently, the modeling of a secure and safe vehicle
control system has attracted many researchers [1]. To
reduce vehicle accidents, there have been numerous
advances in the development of Collision Warning
Systems (CWSs) and Collision Avoidance Systems
(CASs). The automatic collision avoidance system is
interconnected with the hardware of the vehicle in order
to control the acceleration and speed of the vehicle. Via
the CWS, alarms are activated only when there is a
danger of collision. An approach to human driving
behavior focusing on the driver’s collision avoidance
was studied [2]. In [3], intelligent driver training systems
for enhancing road safety were illustrated. Most
accidents occur when the driver devotes his or her
attention to something else, such as playing with music
or using a cell phone. Some precautions include air bags,
seat belts, and speed limitations. An intelligent
transportation system and CWS were implemented in
__________
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order to warn drivers of collisions in advance [4,5]. A
forward vehicle collision warning system with a seat
vibrator was demonstrated in order to reduce traffic
accidents [6].
To move in an unknown environment, the mobile
robot receives information about the surroundings
through sensors, positioning systems, and cameras.
Numerous ways of extracting the environmental features
from the information gained have been explored. Various
navigation techniques have been presented and
implemented in robots [7-9]. Recently, many efforts have
been devoted to installing multiple sensors in a robot in
order to explore the environment more effectively. We
use multiple sensors in a mobile robot to obtain
information about the surroundings for tracking and the
Collision Warning and Avoidance System (CWAS).
The scheme for the theoretical kinematic model of a
four-wheeled vehicle using the vehicle’s coordinate
frame has been described in [10]. In [11], they calculated
the error (xE and yE) in terms of distance to reach a target
point by
xE = x D − x B ,
yE = yD − yB ,

(1)
(2)

where xB and yB are the outputs of the kinematic model.
sD and yD are the desired target coordinates. Because it
was a feedback system, xB and yB were compared with xD
and yD in order to ensure that the vehicle headed toward
the target. The distance (d') between the vehicle’s current
location and the target was determined by
d ′ = xE 2 + y E 2 .

(3)
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The proper angle (α) leading to the target was
calculated by
⎛y ⎞
α = tan −1 ⎜ E ⎟ .
⎝ xE ⎠

(4)

In [12], the Time To Collision (TTC), which is the
time would take the vehicles to collide at their current
speed, was calculated by
TTC =

(a) Distance control robot.

D
,
Vt − Vl

(5)

where D is the distance between the vehicles, obtained
via GPS positioning; Vt is the speed of the trailing
vehicle; and Vl is the speed of the leading vehicle.
Furthermore, the Time Gap (TG), which is the time it
would take the trailing vehicle to cover the current
distance to the leading vehicle, was determined by
TG =

D
.
Vt

(6)

(b) Accident avoidance robot.

(c) Tracking robot.

Fig. 1. Physical layout.

In this study, the unique work on the mobile robot is
based on the sensor method, in which the position of the
robot is updated according to the range information
obtained through the range sensors. The range sensor
provides information about the position of an object with
respect to the robot, and it helps to find the distance
between the robot and the object. This information is
utilized in order to understand the environment around
the robot (e.g., detect an entity, notice the danger of
collision, and identify of the object’s position and the
size of the object). We developed an approach to
tracking and CWAS using the binary logic controller and
the Fuzzy Logic Controller (FLC). The FLC performs
well in order to smoothly drive the servo and Direct
Current (DC) motors using the uncertain data. The
proposed approach can be used for security purposes in
order to prevent automobile accidents and collision
between robots.
The rest part of this paper is organized as follows.
Section 2 gives the background of the CWS and the CAS.
In Section 3, object detection via the range sensor is
illustrated. Section 4 describes the development of the
CWAS. Section 5 presents the development of the object
tracking system. In Section 6, we present the implementation of the system using a binary logic controller. In
Section 7, the fuzzy logic system is reviewed briefly, and
the implementation of the system using FLC is
demonstrated. Section 8 illustrates the experiments and
results. Finally, some conclusions and future work are
described in Section 9.
2. BACKGROUND
The research on communication protocols for a
vehicle collision warning system has enabled vehicles to
communicate regarding collision warnings. Warning
messages are delivered between vehicles in order to
address emergency scenarios [13,14]. In these methods,

the surroundings information about objects is obtained
through the already-installed sensors in the vehicle.
Therefore, the basic methodology for object detection
using sensors must be improved [15]. In [16],
ReflexxesTM motion libraries were introduced in order to
control the motion of the sensor-based robot. The jerklimited motion (safe and continuous motion) can be
calculated on-line during the motion by using these
libraries.
Numerous automatic distance control methods have
been proposed and implemented on vehicles and robots.
A low-cost distance control algorithm was proposed for
the mobile robots, which can be implemented in the real
vehicles [17,18]. The schematic diagram of the distance
control robot is shown in Fig. 1(a). The distance from the
object was controlled by the microcontroller via the
infrared (IR) range sensor. This approach was used to
track an object; however, the robot did not provide
smooth tracking, because the distance control algorithm
was not used for the ultrasonic sensors, which were used
for the left and right rotation. An accident avoidance
mobile robot was demonstrated, as shown in Fig. 1(b),
which had four IR range sensors to detect objects from
the front and back sides [19,20]. It was not able to detect
objects from the left and right sides. Therefore, it was not
able to avoid collisions from the left and right sides.
Furthermore, an object-tracking robot was presented, as
shown in Fig. 1(c), in which the ultrasonic sensors were
used for the range measurements only from the front side
[21,22]. When the object took a turn to the left or right,
which was beyond the limits of the robot, it did not track
the object in some scenarios.
In this study, we describe the development of the
robots that are described above. We increased the
number of sensors and updated the control algorithm. For
the CWAS, the security was increased by inserting more
sensors on all sides. For the tracking system, the left and
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right sensors were utilized in order to track the object
efficiently. As a result, we implemented both systems in
the robot. The integrated system is particularly helpful
because it can be controlled autonomously and by
humans.
3. OBJECT DETECTION
We chose IR range finders because of their relatively
low cost as compared to cameras, automotive radars, and
laser rangefinders. SharpTM GP2D12 range sensors with
a detection rage of 10-80 cm were utilized. A block
diagram for measuring the distance from the range
sensor is shown in Fig. 2 [23]. The sensors were
mounted vertically on the robot, with the transmitter is
above the receiver, in order to detect the object
efficiently, as shown in Fig. 3 [23]. The output of the
sensor is in analog form. We collected analog voltage
values from the sensor by moving five objects in front of
the sensor one by one. In Fig. 4, we show a graph created
from the collected data, in which the divergence between
the curves is very small.
In our case, the robot should detect an object in the
range of 0–80 cm. When the distance is less than 10 cm,
it may fail to detect an obstacle, which may lead to the
possibility of collision. The effective detection range of
the IR range sensor is 10–80 cm; however, the sensor can
also detect an object in the range of less than 10 cm [23].
However, the sensor was not able to give the actual value
for distance measured in the range of less than 10 cm.
Thus, we used an effective distance measuring range of
10–80 cm. To solve this problem, a short-range sensor
can be used (e.g., the SharpTM GP2D120 range sensor,
which has an effective detection range of 4–30 cm).

Fig. 4. Comparison of the output of the range sensor
with five different objects.
Here, we shall discuss some future work. Each sensor
on the robot provides a single 10–80 cm range reading
every cycle. If the distance reading is the maximum (80
cm), this means no object is detected. We can translate
the distance reading into a count of object size and type
[24]. However, this study does not attempt to determine
the object size and type. The distance reading provides a
one-dimensional view of the distance to the nearest
object. In Fig. 5(a), we show an example of the trace
produced by the sensor. The object is detected at a
distance of 40 cm, and the surface of the object is flat
because the dip is not produced. The dip is representative
of the length and surface (flat or curved) of the object. In
Figs. 5(b) and 5(c), two scenarios are shown: out of
range and detected, respectively. Thus, we can determine
the length of the object from the dips by detecting the
horizontal movement. If two objects are very closely
spaced, a small dip appears, as shown in Fig. 5(d).

(a) Object at a constant (b) Object at nearest posdistance with no dip.
ition.
Fig. 2. Block diagram for measuring distance via the
range sensor.

(c) Complete object de- (d) Two very closely spaced
tected.
objects.
Fig. 3. Schematic showing the detection of horizontal
movement via the range sensor.

Fig. 5. One-dimensional view of the distance to the
object.
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4. CWAS
The idea behind the system is that the control unit
receives information from various sources (sensors and
remotely controlled device) and performs specific tasks.
The control unit contains a microcontroller that sends
commands to all modules (motor driver and alarms). To
avoid collision, information on the surroundings should
be known from all sides (left, right, front, and back). For
this purpose, we used eight range sensors that provide
range information. We placed three sensors on the front
side of the robot. Similarly, three sensors were placed on
the back side, and the other sensors were mounted on the
left and right sides. The arrangement of sensors on the
robot is shown in Fig. 6. A remotely controlled device
was employed to move the robot manually. We mounted
all modules in a vehicle that had four wheels. To rotate
the wheels, DC and servo motors were used. The DC
motor was used for the forward and backward motions.
The servo motor was used for the left and right motions.
The overview of the CWAS is illustrated in Fig. 7.
Initially, the object was detected through the range
sensors and then control functions were performed. The
robot was controlled in two modes: manual mode and
CWAS mode. In the manual mode, the robot was

controlled via a remotely controlled device. In the
CWAS mode, the motion of the robot was controlled via
instructions from the range sensors. In this mode, the
forward, backward, left, right, and stop functions were
performed. When the object was detected in the range of
40–80 cm on any side, sound and light alarms began
automatically. When the object was detected in the range
of 20–40 cm from the front or back sides, the stop
function was carried out. When the object was detected
at a distance of less than 20 cm from the front side, the
backward function was performed. Similarly, when the
object was detected at a distance of less than 20 cm from
the back side, the forward function was activated. If the
SL or SR sensor indicated the presence of the object, the
right or left mode was activated in the range of 10–40 cm,
respectively.
5. OBJECT TRACKING SYSTEM
To follow an object, the robot requires range
measurements from the front, left, and right directions.
Therefore, we used five range sensors for the tracking
system. The STM sensor was used for the forward and
backward motions, and the remaining sensors were used
for the left and right rotations. The STL, STM, and STR
sensors gave the range measurements from the front side.
The SL sensor gave the range information from the left
side; likewise, the SR sensor gave the range measurements from the right side. The STM sensor was reserved
for the forward and backward motions, and the other four
sensors were used for the left and right rotations. Fifteen
different obstacle environments used for object tracking
are shown in Fig. 8.
We assumed that the distance for near was below 20
cm, medium was between 20 and 40 cm, and far was
between 40 and 80 cm. If the STL, STM, and STR sensors
detected the object in the near region, the robot moved in
the forward direction. If the STL sensor detected the
object in the near region, the STM sensor detected the
object in the constant region, and the STR sensor detected

Fig. 6. Collision warning and avoidance from various
directions.

Fig. 7. Flow diagram of the CWAS design.

Fig. 8. Schemetic illustrating various scenarios for
object tracking.
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Fig. 9. Flow diagram of the object tracking system
design.
the object in the far region, the robot went to forward in
the left direction. If no object was detected through the
sensors, the robot was stopped.
Here, we faced some complex scenarios. If the object
is not straight (e.g., trumpet-shaped), the front sensors
(STL, STM, and STR) can simultaneously detect the object,
even if it should be detected by only one sensor. Then,
the action is performed according to the algorithm, and
this action may be different from the action required. We
tried to solve this problem by mounting the sensors
vertically (Fig. 3) and by installing the sensors at a
certain distance from each other in order to avoid
interference. We placed the STM sensor at the center for
the forward and backward motions, and the STL and STR
sensors were placed on sides for the left and right
motions. This placement also helped to avoid interference.
The flowchart of the tracking system for the mobile
robot is shown in Fig. 9. Initially, the sensors determined
the position of the object, and then, different operations
were performed on the range data to obtain the final
decision. Finally, commands were sent to the DC and
servo motors. In the tracking system, we used hardware
modules that were used for the CWAS.

Fig. 10. Integrated hardware circuit to test the range
sensor and other hardware modules.

6. BINARY LOGIC CONTROLLER
The hardware circuits were designed in ProteusTM. The
circuit diagram used to test the range sensor is shown in
Fig. 10. A changeable analog voltage source was used to
perform the same tasks as the IR range sensor. Since the
output of the range sensor was in the form of analog voltages, an Analog to Digital Converter (ADC), the
ADC0808, was used to convert the analog signals into a
digital form. All the components were interfaced with the
microcontroller.
In the CWAS, the control unit was developed by connecting the remotely controlled unit, the ADC, and the
motor module with the microcontroller. To send instructions from the remotely controlled device, a transmitter
and a receiver were used. The receiver was directly connected to the microcontroller. The transmitter module
contained an encoder (PT2262), and a decoder (PT2272),
which was used on the receiver side. From the given
signals, the microcontroller sent commands to the motors.
To accept logic levels and drive the motors, a dual fullbridge motor driver, the L298, was used.

Fig. 11. CWAS algorithm for binary logic controller.
In the tracking system, the control unit was developed
by connecting the ADC and the motor module with the
microcontroller. As the robot autonomously navigates in
the tracking mode, we did not need to control the robot
motion manually. Thus, a remotely controlled device was
not required for the tracking system.
In Fig. 11, we summarize the algorithm for the CWAS.
The STL, STM, STR, SBL, SBM, SBR, SL, and SR sensors are
represented by sdata[0]–sdata[7] in the algorithm, respectively. An array of hexadecimal numbers was obtained by interfacing the analog voltage source, ADC,
and microcontroller. The voltages were varied from the
analog voltage source within the range of 0.01–3.0 V by
a step size of 0.01 V. The output of the ADC was interfaced on a parallel port of the microcontroller. It read the
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8-bit data in hexadecimal form. After the object detection
via the sensor, the digital values were compared with the
predefined array. If the 8-bit was found from the predefined array, the corresponding function was activated.
For example, if the value from the STM, STL, or STR sensors was between 0 and 20 cm, the backward function
was activated. Likewise, if the obstacle was detected via
the SL sensor in the range of 20 to 40 cm the right function was activated. If the obstacle was detected in the
range of 40 to 80 cm, the alarm function was activated.
We summarize the algorithm for the tracking system
in Fig. 12. Like the CWAS algorithm, this algorithm
performed task of comparing the current 8-bit data with
the predefined array. If the obstacle was not detected via
any sensor, the stop function was executed. If the 8-bit
data was found from the array the corresponding function was activated according to the tracking system. For
example, if the object was detected through the STM sensor, the corresponding backward, stop, and forward functions were activated. The corresponding straight, left,

Fig. 12. Object tracking algorithm for binary logic
controller.

and right functions were activated after object detection
via the STL, STR, SL, and SR sensors. For example, if the
object was detected through the STL and STR sensors in
the range of 0 to 20 cm, the straight function was executed. If the STL and STR sensors detected the object in
the range of 0 to 20 cm and 40 to 80 cm, respectively, the
left function was performed. Likewise, if the object was
detected through the STR and SR sensors in the range of
20 to 40 cm and 40 to 80 cm, respectively, the right function was executed.
Both algorithms were successfully implemented and
verified in simulation by using C-language and
µVisionTM software. The source code was compiled, and
a HEX file was generated. It was used in ProteusTM for
the integrated simulation of the microcontroller with
other hardware modules.
7. PROPOSED FUZZY LOGIC CONTROLLER
Over the last decades, fuzzy logic has experienced a
rapid growth in control nonlinear systems [25]. Fuzzy
logic has been applied to the development of mobile
robot navigation and in various industrial applications
[26]. The main advantage of the Fuzzy Logic System
(FLS) is that it can extract heuristic rules that contain ifthen statements from human experience. Thus, it is easy
to implement FLC. To control the uncertain data from
the range sensors, FLC is used because it captures the
uncertainties in an efficient way. In robot navigation,
FLS is preferred in producing the outputs that are used to
control various actions via the inputs from the range
sensors. FLC performs fuzzification, rule base, fuzzy
inference, and defuzzification, as shown in Fig. 13. FLC
received the surrounding information from the sensors.
This information was the input, which was used for the
fuzzification in order to create membership functions.
Fuzzy rules were established from the input and output
data. FIS produced the result for each rule. After the
defuzzification, the actual outputs for the vehicle drive
system were obtained. Finally, control actions were
performed for motion of the robot. The activity diagram
of the system is shown in Fig. 14.

Fig. 13. Illustration of the FLC.
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(a) S-TL.

(b) S-TM.

(c) S-TR.
Fig. 14. Activity diagram of the tracking and CWAS.
7.1. Object tracking system
The MATLAB® fuzzy logic toolbox was used to
implement the FLC. It had five input fuzzy variables and
two output fuzzy variables. We represented the
membership functions for each fuzzy input, where the
linguistic variables were labeled as S-TL, S-TM, S-TR,
S-L, and S-R, as shown in Fig. 15. Values were plotted
vs. degrees of membership for each input fuzzy variable.
The input from each sensor to FLC was defined by three
fuzzy sets labeled as Near, Medium, and Far. The input
is fuzzified using a triangular membership function to
reduce the computational load on the microcontroller,
and the degree of membership of a particular fuzzy set is
scaled between 0 and 100 instead of from 0 to 1 to
prevent floating point storage and to reduce calculations.
The membership functions for the sensor can be defined
by [21,22]

⎧ −2l + 100
µSensor, Near = ⎨ S
⎩0
⎧ 2l
µSensor, Med = ⎨ S
⎩−2lS + 100
⎧2l − 100
µSensor, Far = ⎨ S
⎩0

0 ≤ lS ≤ 50
lS ≥ 50,
0 ≤ lS ≤ 50
50 ≤ lS ≤ 100,

50 ≤ lS ≤ 100
lS ≥ 100.

(d) S-L.

(e) S-R.
Fig. 15. Defininitions of the tracking system membership functions for the fuzzy input variables.

(7)
(8)
(9)

The amounts of membership functions were determined by using the inputs and outputs. Large membership functions give a high computational load; however,
the performance of the system is improved by increasing
the membership functions. The fuzzy output variable DC
motor was decomposed into three fuzzy sets labeled
Back, Normal, and Fast, as shown in Fig. 16(a). The
fuzzy output variable servo motor was decomposed into
seven fuzzy sets labeled Left-full, Left, Left-half,

(a) DC-motor.

(b) Servo-motor.
Fig. 16. Defininitions of the tracking system membership functions for the fuzzy ouput variables.
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Fig. 17. FIS for the tracking system.
Table 1. Rule base with fuzzy output variable servo
motor and fuzzy input variables S-TL and STR.
S-TL
Near
Medium
Far

Near
Straight
Right-half
Right

S-TR
Medium
Left-half
Straight
Right-half

Fig. 18. Rule base for the tracking system.
Far
Left
Left-half
Straight

Table 2. Rule base with fuzzy output servo motor and
fuzzy input variables S-TL and S-L.
S-TL
Near
Medium
Far

S-L
Near
Medium
Far

Servo-motor
Left-full
Left-full
Left

(a) S-TL and S-TR.

(b) S-TL and S-L.

(c) S-TR and S-R.

(d) Fuzzy output variable
DC-motor with fuzzy
input variable S-TM

Table 3. Rule base with fuzzy output servo motor and
fuzzy input variables S-TR and S-R.
S-TR
Near
Medium
Far

S-R
Near
Medium
Far

Servo-motor
Right-full
Right-full
Right

Table 4. Rule base with fuzzy output DC motor and
fuzzy input variable S-TM.
S-TM
Near
Medium
Far

DC-motor
Back
Normal
Fast

Straight, Right-half, Right, and Right-full, as shown in
Fig. 16(b). FIS for the tracking system is depicted in Fig.
17.
To calculate the consequent part of each rule,
Mamdani’s fuzzy reasoning method, which is comprised
of a simple min-operation and a max-operation, was
preferred. To obtain better results, fuzzy rules were
determined through different experiments and improved
via a number of tests. Fuzzy rules were accumulated that
contained the AND operator for the tracking system, as
well as a collection of IF-THEN statements. Table 1
shows the rule base in which nine fuzzy rules were
defined with output fuzzy variable servo motor and input
fuzzy variables S-TL and S-TR. Table 2 shows the rule
base for which three fuzzy rules were declared with
fuzzy output variable servo motor and input fuzzy
variables S-TL and S-L. Similarly, three fuzzy rules were
defined with fuzzy output variable servo motor and fuzzy
input variables S-TR and S-R, as shown in Table 3. In
Table 4, we represent the rule base with fuzzy output
variable DC motor and fuzzy input variable S-TM.

Fig. 19. Control surface for the tracking system. Fuzzy
output variable (servo motor) with fuzzy input
variables.
The center of gravity method has been confirmed as
giving accurate and efficient results [27,28]. In the proposed controller, it was used for the defuzzification. It
can be expressed by [29]
Za =

∫ µC ( Z ) ⋅ Z d Z
∫ µC ( Z ) d Z

,

(10)

where Za is the defuzzified output, µc(Z) is the degree of
membership, and Z is the output variable. The rule base
from five fuzzy input and two fuzzy output variables for
the tracking system is depicted in Fig. 18. The control
surface for the tracking system is shown in Fig. 19.
7.2. CWAS
For the CWAS, there were eight input variables and
three output variables. We represented membership
functions for each fuzzy input, where the linguistic
variables were labeled S-TL, S-TM, S-TR, S-BL, S-BM,
S-BR, S-L, and S-R. The input to the fuzzy controller
from each fuzzy input variable was defined by three
fuzzy sets labeled Near, Medium, and Far. The fuzzy
output DC motor variable was decomposed into three
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Table 6. Rule base for the CWAS with the fuzzy ouput
variables servo-motor and alarm.
Near
Medium
Far
S-L
Near
Medium Far
S-R
Left
Servo-motor Right-half Left-half Right
Slow
Alarm

(a) DC motor.

(b) Servo motor.

Fig. 22. Rule base for CWAS.

(c) Alarm.
Fig. 20. Defininitions of the CWAS membership functions for the fuzzy output variables.
(a) DC-motor.

(b) Servo motor.

(c) Alarm.

Fig. 21. FIS for the CWAS.
Table 5. Rule base for the CWAS with fuzzy output
variables DC-motor and alarm.
S-TL
S-TM
S-TR
S-BL
S-BM
S-BR
DC-motor
Alarm

Near
Near
Near

Back

Near
Near
Near
Forward

Medium
Medium
Medium
Medium
Medium
Medium
Stop

Far
Far
Far
Far
Far
Far
High

fuzzy sets labeled Back, Stop, and Forward, as shown in
Fig. 20(a); similarly, the servo motor was decomposed
into four fuzzy sets labeled Left, Left-half, Right-half,
and Right, as shown in Fig. 20(b). The fuzzy output
variable alarm was decomposed into two fuzzy sets
labeled High and Low, as shown in Fig. 20(c). For the
CWAS, the FIS is depicted in Fig. 21.
Fuzzy rules containing the OR operator were
accumulated for the CWAS, as well as a collection of IFTHEN statements. For the fuzzy output variables DC
motor, alarm, and servo motor, nine fuzzy rules were

Fig. 23. Control surface for the CWAS. Output fuzzy
variables.
conducted as shown in Tables 5 and 6. The rule base
from the eight fuzzy input and three fuzzy output
variables for the CWAS is shown in Fig. 22. The control
surface for the CWAS is shown in Fig. 23.
8. EXPERIMENTS AND RESULTS
The use of multiple sensors on the mobile robot
increases its safety level. Therefore, we used multiple
sensors to increase the sensitivity of the mobile robot.
All the sensors and other modules were tested, installed,
and managed well. Various trials were conducted to
validate the proposed system.
Because the robot performed object tracking autonomously, a vehicle was moved in front of the robot. The
robot followed the object by maintaining a constant
distance from it. The speed of the followed vehicle was
also varied, and the robot precisely matched its speed
with that of the followed vehicle. The robot was also
monitored by changing the motion of the followed
vehicle in the forward, backward, left, and right direc-
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(a) Scenario-1.

(b) Scenario-2.

Fig. 24. Object tracking experiments with convex and
concave obstacles.

(a) Senario-1.

(b) Senario-2.
Fig. 25. Deviation in terms of maintaining a constant
distance from the object during tracking.
tions. After that, the robot was tested via experiments in
various obstacle environments (Fig. 8). The robot
followed the object by achieving the desired turning
angle properly and attained the correct speed (forward or
backward) very smoothly. Furthermore, two tracks were
developed to test the tracking system, as shown in Fig.
24. In scenario 1, a vehicle was moved on the track and
was controlled through a remotely controlled device. The
robot followed the vehicle by maintaining a distance of
30cm from it. The deviation in terms of maintaining a
constant distance during tracking is shown in Fig. 25(a).
It can be seen that the deviation was high at the starting
point. In scenario 2, an object was moved independently
on the track. The robot followed the object by
maintaining a distance of 30cm from it, and the deviation
in terms of maintaining a constant distance during
tracking is shown in Fig. 25(b). It can be seen that the
deviation was high when the object suddenly stopped
and started its motion. Thus, the robot can track an object

Fig. 26. CWAS experiment in the dynamic environment with convex and concave obstacles.
that is controlled manually or moved independently.
Because the robot was designed to maintain a distance of
30 cm from the object, it successfully achieved the
desired constant distance during tracking. Furthermore,
we achieved better smoothness during tracking than
previous approaches did [17,18,21,22].
We faced some complex scenarios during object
tracking. For example, if the detected object had a very
high speed, which was beyond the limit, it was
considered out of range after a certain interval. Likewise,
if the detected object had very high speed in the
backward direction, there might be an accident. If
multiple objects were detected through various sensors at
the same time, the robot was not able to recognize the
followed object. The robot followed the object that was
in front of it.
In the CWAS, tests were conducted by moving the
robot among objects and hurdles via the remotely
controlled device. The robot indicated warning alarms,
and the respected motion mode was activated in order to
avoid collision. In another experiment, objects were
moved on various sides of the robot, and the robot met
its goal without collision. The robot was also tested via
different experiments under different scenarios in order
to verify each function properly (Fig. 6). Furthermore, a
track was developed to verify the CWAS. Since the robot
was manually controlled in the CWAS, it was moved on
the track via a remotely controlled device, as shown in
Fig. 26. The robot performed the collision warning and
avoidance functions automatically. Because the robot did
not have prior knowledge of the environment, it turned to
the right when the object was detected in the left
direction. Similarly, it turned to the left when the object
was detected in the right direction. The possibility of
collision for the robot during navigation is shown in Fig.
27. When a hurdle was detected in the left or right
direction at a near distance, the collision possibility
became high in that direction. If multiple objects were
detected via various sensors, the robot performed
operations one by one sequentially, depending on the
algorithm. In some situations, it was difficult for the
robot to make decision correctly. Overall, the robot gave
acceptable results. These experimental results indicate
that the proposed approach is particularly helpful for
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Future work will focus on creating a well-defined
sensor architecture by increasing the sensor precision. In
object tracking, the speed variation of the robot will be
improved by estimating the speed of the followed vehicle
precisely, and a separate control unit will be installed in
order to identify the tracked object.
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