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Abstract—Generally speaking, the mobile robot is capable of
sensing its surrounding environment, interpreting the sensed
information to obtain the knowledge of its location and the
environment, planning a real-time trajectory to reach the object. In
this process, the issue of obstacle avoidance is a fundamental topic to
be challenged. Thus, an adaptive path-planning control scheme is
designed without detailed environmental information, large memory
size and heavy computation burden in this study for the obstacle
avoidance of a mobile robot. In this scheme, the robot can gradually
approach its object according to the motion tracking mode, obstacle
avoidance mode, self-rotation mode, and robot state selection. The
effectiveness of the proposed adaptive path-planning control scheme
is verified by numerical simulations of a differential-driving mobile
robot under the possible occurrence of obstacle shapes.

Keywords—Adaptive Path Planning, Mobile Robot Obstacle
Avoidance

I. INTRODUCTION

I N In recent years, designs of autonomous car-like robots

have received increased attention due to their potential
applicability and usefulness in the automotive and robotics
industry. The autonomy of robots depends on the capability of
the robots to explore unknown environments. Different areas
of research, such as parking [1], [2], navigation [3], tragjectory
tracking [4], and wall/lane-following [5], are all actively being
investigated. Nowadays, mobile robots are a promising
technology that will improve the quality of life by providing
collision avoidance, reducing traffic gridlock, and allowing the
replacement of dangerous tasks currently performed by human
drivers. The path planning for the objective of obstacle
avoidance [6], [7], which is one of the key issues in the mobile
robot navigation, is the major topic to be investigated in this
study.In general, the path planning can be divided into two
categories: globa path planning and local path planning. In
the global path planning, the prior knowledge of the robot
workspace should be available. Li et al. [8] focused on the
design of the optimum path planning via the shortest distance
criterion. Moreover, several optimization methods [9]-[11]
have been developed to solve the optimum path planning
problem. On the other hand, local path planning methods use
ultrasonic sensors [12], [13], laser range finders [14], and
on-board vision systems [15] to perceive the environment to
perform on-line path scheduling. In this study, the workspace
for the navigation of the mobile robot is assumed to be
unknown and it has stationary obstacles only.In the local path
planning, particular attention is paid to the loca minima
problem. This problem usually occurs when a robot navigates
towards a desired target with
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no prior knowledge of the environment composed of concave
obstacles or mazes and gets trapped in a loop. In order to get
out of the loop, the robot must comprehend its repeated path
passed through the same environment, eg., it should
memorize the environment. Wang and Liu [16] resolved the
local navigation problem by recording the information of
obstacle and trgectory into a “memory grid” of the
environment. The grid-based map represents the robot
workspace by a two dimensiona array of elements as cells.
However, it will spent sizable memory to store the robot
workspace. Velagic et al. [17] presented the application of soft
computing methodologies such as fuzzy logic, genetic
algorithm and the Dempster-Shafer theory of evidence to a
mobile robot navigation system. This scheme has the
capability of obstacle avoidance with minimum distance
according to the Dempster-Shafer evidence theory via a fusion
of sensor data and map building, as well as a fuzzy logic path
planning based on a modified potential field method. Except
for the requirement of sizable memory, it will result in heavy
computation burden as the implementation of the
Dempster-Shafer evidence theory. Krishna and Karla [18]
investigated a real-time collision avoidance to deal with the
local minimum problem by classifying the environment based
on the spatio-temporal sensory data sequences. Although this
method has a good performance, it highly depends on the
landmark recognition so that the exact coordination
localization is required. Besides, it is also difficult to choose a
correct way to follow the wall boundary. Wang and Liu [19]
proposed a minimum risk method based on the tria-return
behavior phenomenon. Even though the effect of this approach
is favorable, it will waste high power during the trial-return
motion and spend more time from the start point to the object.
In this study, the main objective is to design an adaptive
path-planning control scheme for the obstacle avoidance of a
mobile robot without detailed environmental information,
large memory size and heavy computation burden.

Il. SYSTEM DESCRIPTIONS

The kinematics of a nonholonomic mobile robot is depicted
in Fig. 1 [17], [20], [21]. It consists of a vehicle with two
driving wheels mounted on the same axis, and a caster for
carrying the mechanical structure. These two driving wheels
are independently driven by two actuators for the motion and
orientation, and this caster is a passive self-adjusted
supporting wheel. It is assumed that this mobile robot is made
up of arigid frame equipped with non-deformable wheels, and
they are moving in a horizontal plane. The distance of two
driving wheels is 2b, and both wheels have the same radius
denoted by r. Point P is located in the intersection of straight
line passing through the mass center (point C) of the mobile
robot and an axis passing through two driving wheels. The
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robotic movement is indicated by the motion of point P. The
position of the robot in the global coordinate frame {O,U,V}
is completely specified by (u v 8), where u and v are
the coordinates of the point P in the globa coordinate frame.
In Fig. 1, the variable @ is the orientation of the local
coordinate frame {P,X,Y} attached on the robot platform
measured from the horizontal axis. For the mobile robot
system considered here, the pure rolling and non-slipping
condition states that this mobile robot can only move in the
direction norma to the axis of the driving wheels. This
assumption imposes a honholonomic constraint on the robotic
motion of the following form:
vcosd—-usingd =0

)

Dr;:\'ing Y
0 Wheels U
Fig. 1 Nonholonomic mobile robot
The dynamic model of the mobile robot in the global

coordinate frame can be represented as [17]

u=(v, +v;)cos@/2

v=(V, +v)sing/2

O=(v,-v)/2b
where v and v are the linear velocities of the left wheel

and the right wheel, respectively, and their values are bounded
by a maximum velocity, v__ . In this study, the control
problem is to find a suitable path planning to produce a
reference path trgjectory for driving the mobile robot to reach
its object safely.

)

[11. ADAPTIVE PATH-PLANNING CONTROL

In order to handle the safe movement of a nonholonomic
mobile robot under different environment effectively, an
adaptive path-planning control including motion tracking
mode, obstacle avoidance mode, self-rotation mode, and robot
state selection is proposed in this section, and the main flow
chart is depicted in Fig. 2. Initialy, the index Flag=1 is set,
which means the robot with global coordinate (u,v) is

tracking the object position (u,,v, ). The robot moves directly

toward the object according to the motion tracking mode as
shown in Fig. 3 until the robot detects an obstacle. In this
study, the robot perceives its environment through an array of
eight sonar sensors. These eight sonar sensors on the robot can
be grouped as left sensors (s, s,, s, and s;) and right

sensors (s, s, s, ad ). When the robot detects an
obstacle (i.e., Zi:dmi >0, where d_ =d_—d, represents

the intensity of the ith sonar sensor, in which d_ is the
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maximum detectable distance by the sonar sensor, and d is

the distance reading of the ith sonar sensor), it will operate at
the obstacle avoidance mode (Flag=0) as shown in Fig. 4 to
prevent colliding with the obstacle. Note that, the position
control in Fig. 4 means to manipulate the robot via appropriate
linear velocities of the left wheel and the right wheel to track
the reference trajectory produced by the proposed adaptive
path-planning  control  scheme. It could be a
proportiona-integral (Pl) controller [17], a fuzzy logic
controller [20] or a neura network controller [21]. In this
study, a conventional Pl control schemeis used.

Main Program

w obstacled
in front 7

7
(¥Yd,>0

Tinplerment

control

Tudge right .u|‘>
_orleftum ?

DTS M)

Fig. 2 Main flow chart of adaptive path-planning control

In order to distinguish the operational situations in the robot
movement, the distance (d, ) between the object and the robot

isdefined as

Ao =y/(U=U,)" +(v-,)? (3)
There are two situations according to the variation of the
distance (d,, ). In situation 1, the present distance is minimal

after comparing the distances in the past, which means the
robot is approaching to the object. On the other hand, after
comparing the distances in the past, the present distance is not
minimal (situation 2), which means the robot is leaving far
away the object due to the operation of the obstacle avoidance
mode. Because the sonar sensors only can detect 180 degreein
the front, the obstacle may disappear at the rear of the robot
during the obstacle avoidance mode in a short while. In order
to resolve this problem, the operation of the self-rotation mode
as shown in Fig. 5 is helpful to find the obstacle again in
situation 2. In other words, the obstacle avoidance mode will
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be operated when the obstacles are located around the robots.
However, if it operates the obstacle avoidance mode
continuously, the robot in situation 1 will miss the object.
Therefore, the mechanism of the robot state selection as
shown in Fig. 6 is designed to deal with this problem. That is,
the robot needs to reselect to operate at the motion tracking
mode or the obstacle avoidance mode when the robot lies in
situation 1 and has obstacles in its surroundings. The detailed
descriptions of the motion tracking mode, obstacle avoidance
mode, self-rotation mode, and robot state selection are
expressed in the following subsections.
v

O

< Object (u,.v,)

@
Motion Tracking Mode

Initialization of object
position (u,,v,) and
maotion step (d,)

|

Receive mobile robot
information
{u,vand g)

!

6, =tan 1(&)
—-u

o

|

uy =u+d, cosé,
vy =v+d, sing,

Return to main
program

(b)
Fig. 3 Motion tracking mode: (a) Sketch map; (b) Flow chart

A. Motion Tracking Mode

The diagram of the robot operated at the motion tracking
mode and its flow chart are depicted in Fig. 3(a) and (b),
respectively. The robot receives the information of the present
robot posture (u,v,8) from the wheel motion derived from
encoder readings. The object angle (6,) measured from the
horizontal axis can be represented as

0, = tan (2 Yy &)
u,—u
Thus, the desired robot position can be expressed as
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u, =u+d, <?0500 (5)
v, =v+d,sing,
where d_ isthe motion step designed by the user. In Fig. 3(a),
the angle between the robot moving direction and the line
connecting the robot center with the object can be given by
6,=0-6, (6)
The task of the motion tracking mode is to calculate the next
position command (u,, v, ) with the absence of obstacles.

v

@

Obstacle Avoidance Mode

Initialization of maximum
detectable distance (d.), safety
convolution distance (d,) and
radius of obstacle avoidance (/)

Left Tum Right Turn

Vv, =v+d, sing,

Return to main
program

(b)
Fig. 4 Obstacle avoidance mode: (a) Sketch map; (b) Flow chart
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Sell-Rotation Mode

Check right/left”
command index
=17

Clockwise
v, =-V,

Counterclockwise
A

Return 1o main
le—
program

Fig. 5 Flow chart of self-rotation mode

Vi=-V% Vi =+

B. Obstacle Avoidance Mode

The diagram of the robot operated at the obstacle avoidance
mode and its flow chart are depicted in Fig. 4(a) and (b),
respectively. When the obstacle around the robot is detected,
the right/left command index (t, ) can be expressed as

Héﬁm<i¢JmmL:O
izl izs (7)
it O d, > d,) thent, =1
i=1 i=5

4 8

If the condition of zdm <de, holds, it means that the
i=1 i=5

obstacle is close to the right side of the robot. Thus, one

should set the right/left command index as t =0 to make

the robot turning left to avoid the obstacle. On the other hand,

one should set the right/left command index as t =1 to

make the robot turning right to prevent collision if the

4 8
condition of zdm>zdm holds. In Fig. 4(b), the
i=1 i=5

avoidable angle command can be represented as
I
®
dsi - ds)
where | is the radius of the obstacle avoidance to preset a
region for eluding; d, is the safety convolution distance of

the robot. According to (8), the robot can prevent colliding
with the obstacle and keep the safety convolution distance
with the obstacle. Then, the angle to be rotated by the robot
can be denoted as

0, =0+0,-0, ©)
where ¢, are the fixed angles of eight sonar sensors
mounted on the robot. Thus, the desired robot command (u,
and v, ) can begiven by

0, =tan™*(

u, =u+d, coso,
. (10
vy =v+d, sing,

Note that, the objective of the left-turn and right-turn areas
in Fig. 4(b) is to search the distance reading (d, ) of the ith
sonar sensor with the first detection of the obstacle by the
direction of clockwise or counterclockwise for calculating the
rotation angle (g,) of therobot.
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Robot state (7, =0) Robot state (r, =0)
Object Object
O O
Obstacle  Robot Robot  Obstacle

@ (b)
Robot state ( . =1) Robot state { #, =1}
Object Object
O O
Obstacle  Robot Robot  Obstacle
© (d)

Robot State Selection

Judge 6,<07

Yes

¥
Set robot state Set robot state
(r,=0) (r,=1)

Y

Set robot state Return to main
(r=1) program
C)
Fig. 6 Robot state selection: (a)—(b) Sketch map at robot state (r<=1);

(c)—(d) Sketch map at robot state (r<=0); (€) Flow chart

C. Sdf-Rotation Mode

Because the obstacle may disappear at the rear of the robot
during the obstacle avoidance mode in a short while, the
operation of the sef-rotation mode as shown in Fig. 5 is
helpful to find the obstacle again. When the robot turns left to
avoid the obstacle (t, =0), the robot needs the clockwise
rotation to find the obstacle. On the other hand, the robot
needs the counterclockwise rotation to get the obstacle when
the robot turns right to avoid the obstacle (t, =1). In order to
implement the self-rotation mode, the following constant
velocity control is adopted in this study:

Clockwise: v =-v_, v, =+V,

(11)
Counterclockwise: v =+, v =-v, (12)

where y_ isa predetermined constant velocity. The operation

of the self-rotation mode terminates until the robot finds the
obstacle again, and then it will switch back to the obstacle
avoidance mode.
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D. Robot Sate Selection
If there are obstacles in the surrounding of the robot, but
Z;dm =0, one should re-judge to operate at the motion

tracking mode or the obstacle avoidance mode because it may
lose an opportunity to approach the object when it operates at
the obstacle avoidance mode continuously. In order to
distinguish the possible states, the locations of the obstacle,
object and robot are illustrated in Fig. 6(a)—(d). When the
location of the object and obstacle lies in the same side of the
robot (r, =0), the robot should enter the obstacle avoidance
mode. On the other hand, the robot should enter the motion
tracking mode when the location of the object and obstacle
lies in different sides of the robot (r, =1). The corresponding
flow chart of the robot state selection is depicted in Fig. 6(€).
The right/left command index t, =0 means that the obstacle
is on the right side of the robot; otherwise, the obstacle is on
the left side of the robot (t =1). Moreover, if the angle
6, <0 holds, the object is on the left side of the robot;
otherwise, the object is on the right side of the robot. The
robot should operate at the motion tracking mode as r, =1

because there is no obstacle between the object and the robot.
On the other hand, the robot should operate at the obstacle
avoidance mode as r,=0 because there has an obstacle

between the object and the robot.

IV. NUMERICAL SIMULATIONS

In this study, a differential-driving mobile robot is used for
an example to verify the effectiveness of the proposed control
scheme. The detailed parameters of this mobile robot are listed
asfollows:

r=0.0925m, b=0.167m, v, =0.4m/s,
0, =-90°, 6, = -50°, 8, = -30°, 6,, = -10°, (13)
05 =10°, 6, =30°, 6, =50°, 64 = 90°

Moreover, the control parameters in the adaptive

path-planning control are given as
d, =0.004m, | =0.1m, At=0.1s, v, =0.04m/s (14)

All the parameters in (14) are chosen to achieve the best
transient control performance in numerical simulations by
considering the possible operating conditions.All numerical
simulations are carried out via the MATLAB software. In the
simulations, four types of obstacle shape have been chosen to
test the adaptability of the proposed control scheme. All the
numerical ssimulations of the adaptive path-planning control
scheme due to different obstacles are depicted in Figs. 7-10.
Fig. 7 shows the responses at the object position
(u, =3,v, =5.5) due to four square obstacles and three initial

postures including (u=15v=1 , (u=3v=1)
(u=4,v=28).Ascan be seen from this figure, the robot can

successfully avoid the obstacle and reach the object under
different initial postures. Moreover, Fig. 8 illustrates the
responses at the object position (u =3,v, =55) due to
U-shape obstacles and two initiadl postures including
(u=3v=1 and (u=25v=25).Inthefirst initial posture

and
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(u=3,v=1), initially the robot moves directly toward the
object due to the motion tracking mode until it reaches the
point “a’, where the robot detects an obstacle at the direct
front. After that, it makes a right turn according to the obstacle
avoidance mode until the robot reaches the point “b”. When
the robot locates at the point “b”, the robot stateis r, =1 and

the distance (d, ) is minimal after comparing the distances in

the past. Therefore, the robot moves toward the object
according to the motion tracking mode. In the second initial
posture (u=25,v=25), the robot moves toward the point
“c” according to the obstacle avoidance mode. When the robot
locates at the point “c”, the robot enters the motion tracking
mode to move toward the object because the robot state is
r,=1 and the distance (d, ) is minimal after comparing the
distancesin the past.

FoR )

Vv (m)
|

W Obstacle
O Object
a a A Mobile Robot
sy 5]

’ U@
Fig. 7 Numerical simulations of adaptive path-planning control dueto
four square obstacles placed in the workspace

249

v (m)

W Obstacle
N O Object
@y A Mobile Robot

U (m
Fig. 8 Numerical simulations of adaptive path-planning control due to
U-shape obstacles placed in the workspace
Fig. 9 illustrates the response at the object position
(u, =5,v, =5) due to cluttered maze. By starting from the
initial posture (u=0.5,v=15), the robot moves by the
obstacle avoidance mode to the point “a”. In the point “a”, the
robot state is r, =0 and the distance (d,,) is minimal after
comparing the distances in the past, so that it makes a right
turn according to the obstacle avoidance mode until the robot
reaches the point “b”. Because the distance between the point
“b” and the object is smaller than the distance between the
point “a” and the object, and the robot state is r, =1, the
robot moves toward the point “c” according to the motion
tracking mode. When the robot passes through the point “c”, it
switches to the obstacle avoidance mode until the robot
reaches the point “d” because the robot state is r, =0 and the
distance (d,,) is minimal after comparing the distances in the
past. Since there is no obstacle around the robot, and the
distance (d,,) from the point “d” to the point “e” is minimal,
the robot moves directly toward the object according to the
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motion tracking mode until the robot reaches the point “¢”,
where the robot detects an obstacle at the direct front. When

the robot passes through the point “e”, the robot moves toward g
the point “f” according to the obstacle avoidance mode. When
the robot reaches the point “f”, the robot state is r, =1, and 2
the distance between the point “f” and the object is minimal
after comparing the distances in the past, so that the robot
moves directly toward the object due to the motion tracking
mode. Fig. 10 depicts the response at the object position (3]
(u,=5Vv,=5) due to obstacles with different shape. By
starting from the initial posture (u=0.5v=0.5), the robot
can successfully pass through obstacles with different shapeto  [4]
reach the object.
O Object I
i B Mob\leRubm:__i__ . I (ufvo ) [5]
| ——
I (6]
(nDs1.5). a“".____l_..": ) romwe
— . .
Fig. 9 Numerical simulations of adaptive path-planning control dueto  [7]
cluttered maze placed in the workspace
< omeros e (8]
o -
N ‘m
9
.g ® (9
e o
T o [10]
(os%.s.)
' U(m‘)
Fig. 10 Numerical simulations of adaptive path-planning control due [11]
to obstacles with different shape placed in the workspace
V. CONCLUSIONS
[12]
This study has successfully developed an adaptive
path-planning control scheme to the obstacle avoidance of a
mobile robot. Numerical simulations are given to verify the
) ; . [13]
effectiveness of the adaptive path-planning control scheme.
The mgjor contributions of this study are recited as follows. 1)
The successful incorporation of the motion tracking mode and
obstacle avoidance mode into the adaptive path-planning [14]
control scheme to reach the object with obstacle avoidance. 2)
The successful design of the self-rotation mode to prevent the  [15]
obstacle disappearing at the rear of the robot during the
obstacle avoidance mode in a short while. 3) The successful
development of the robot state selection mechanismto holdan (44
opportunity to approach the object during the obstacle
avoidance mode. The proposed adaptive path-planning control
scheme can be easily incorporated into other mobile robot (17
navigation systems to provide an aternative for the objective
of obstacle avoidance.
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