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Abstract. The aim of this work is to develop a path planning algorithm for a mobile robot in a
dynamic environment. The algorithm uses visibility graph method with A* search for global path
planning. On the other hand, the algorithm uses a new potential field method with predictive collision
ability for local path planning. The image processing algorithm is implemented to get the information
of environment. A user-friendly path planning software, which is called PMADE v1.0, is developed.
PMADE v1.0 is utilized for image processing of robot environment, path planning in a dynamic

environment, simulation of robot navigation, and data export to real robot.

Tém tAt. Muc dich clia nghién cttu 1 phét trién mot thuit todn lap dwong di cho robot di dong
trong mot moi trromng dong. Thuat todn st dung phwong phap do thi true quan (visibility graph) véi
gidi thuat tim kiém A* dé lap duong di toan cuc. Bén céch dé, thuat todn sé st dung phwong phap
truomg thé nang (potential field) méi véi kha niang dur bdo va cham dé lap dwong di dia phuong.
Thuét todn xir 1§ dnh dwoc thuc thi dé thu nhan thong tin vé moéi trudng hoat dong clia robot.
Phan mém lap dudng di ¢é tén 14 PMADE v1.0 da dwoc phét trién. PMADE v1.0 dung cho xir 1y
anh vé moi trudng hoat dong robot, lap dudmg di trong moi truong dong, mé phéng qué trinh di
chuyén cta robot va truyén dir liéu diéu khién robot thurc.

1. INTRODUCTION

The popularity of autonomous mobile robots has been rapidly increasing because of their
new emerging application areas, from room cleaning, material transportation systems to space
explorations. However, the development of a satisfactory path planning algorithm that will
enable the mobile robots to navigate safely in dynamic environments is still an open research
problem.

In an indoor environment such as an office, a hospital or a manufacturing plant, the
situation of work space for mobile robot changes dynamically with moving obstacles. To
develop an path planning for robot on this, some limitations are defined. Workspace of mobile
robot is a flat and 2-dimension environment. Obstacles are simple polygon shape and single
color to be identified easily by cameras. The non-stationary obstacles move along linear path
with constant velocities. For map building, only an overhead camera above the center of the
workspace is used to observe the whole environment surface. For future, we can combine more
cameras in larger environments. No kinematic and dynamic constraints limit the motion of
the robot.
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In this paper, a path planning algorithm for mobile robot in a dynamic environment by
visibility graph and potential field methods is proposed. In the next section, a software packet
called PMADE is developed to implement the algorithm by image processing for getting the
environment information. Finally, some experiments and results are given and discussed.

2. THE PROPOSED PATH PLANNING ALGORITHM

For navigation of mobile robot in dynamic environments, the path planning problem is
divided hierarchically into two problems: global static path planning (1) and local dynamic
path planning (2). When the environment is viewed globally, small environment changes can
be neglected. So, only stationary obstacles are taken into consideration, and the shortest path
to the final goal will be planned. In this research, “Roadmaps method” will be applied to the
global path planning. To the contrary, when a local view of the environment is taken, even
a small change should be considered to avoid collisions. Therefore, the local dynamic path
plan deals with not only stationary obstacles but also moving obstacles in detail. “Potential
method” will be applied to the local path planning [1].

This approach is developed because it is suitable for path planning in dynamic indoor
environment. On the other hand, it is simple to implement by simplistic mathematics formulas.
This approach can also be used for real-time control.

2.1. Global static path planning

In the first level of the path planning, the sub-goals are setup along the shortest path to
the final goal in consideration of only stationary obstacles in the map. First, the shortest
path is searched based on the “Visibility graph method” under the condition that assures no
collision with stationary obstacles. In the “Visibility graph method”, all vertexes of stationary
obstacles are extracted for maps, and connected with each other as the path. As the path
graph shows all possible routs to the goal, we can search the shortest path by A* searching
method. The vertexes on the shortest path are defined as the sub-goals.

This global path planning method consists of the following three planning steps. The
planned results are handed to the second level planning, or local dynamic path planning.

2.1.1. Setting sub-goal candidate points

Stat

Fig. 1. Setting sub-goal candidate point

The dangerous areas, where the robot might collide with obstacles, are set around each
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obstacle based on the map’s information. All the vertexes of the area are sub-goal candidate
points where the robot should pass by before the final goal (Fig. 1). The dangerous areas are
defined as the area, where the distance from the circumference of each obstacle is within a
certain length. The length should be long enough and do not collide with the obstacles; i.e.,
with the radius of the robot body.

2.1.2. Drawing up a visibiity graph

A path network, whose starting point is the robot start point and whose finishing point
is the goal of the robot, is drawn up by connecting sub-goal candidate points using Visibility
graph method. This method allows drawing a line connecting two points, when the line crosses

neither obstacles nor the dangerous areas.

Goal

Obstacle

Obstacle

Start

Fig. 2. Visibility graph

2.1.3. Searching the shortest graph

The obtained visibility graph shows all possible paths from the starting point to the goal.
The shortest path to the goal is searched using A* searching method. The sub-goal candidate
points on the obtained shortest path are defined as the sub-goals towards the final goal. An
example is shown in Fig. 2. In this figure, points G'1, G2 are selected as sub-goals. The
algorithm for global path planning is shown as follows.

Begin

4

Setting sub-goal candidate
points

|

Drawing up a visibility graph

]

Searching the shortest path by
A* search

End

Fig. 3. Global path planning algorithm
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2.2. Local dynamic path planning

At the second level of the planning, the local dynamic path planning makes a practical path
to the next sub-goal. For this planning, we apply the Potential method to avoid known obsta-
cles in the map information. When the Potential field method is applied to the local dynamic
path planning, we need the distance between the robot and the obstacle. The information is
gotten through the environment interfaces such as a CCD camera and distance sensors. Since
this method uses only distances between the robot and the obstacles, it requires small amount
of calculation. Therefore, the method is suitable for real-time robot control. However, this
method sometime causes parallel run phenomena and stationary dead-lock phenomena (local
minima). The parallel run phenomenon is an undesired situation where the robot and the
other moving obstacle run in parallel under the influence of repulsive potential.

A new potential, or prediction potential, is introduced to decrease the undesired phenom-
ena mentioned above. If the robot seems to pass the crossing point earlier than the obstacle,
the prediction potential becomes attractive and vice versa. This prediction potential prevents
the two moving things to reach the crossing point at the same time.

The algorithms for making the three potentials will be shown below in detail; they are
the attractive sub-goal potential, the repulsive obstacle potential and the attractive/repulsive
prediction potential.

2.2.1. Searching the shortest graph

The attractive sub-goal potential around the current sub-goal is defined. This potential
pulls the robot toward the current sub-goals. The attractive sub-goal potential can be simply
expressed as [1].

1
Ua: §ka||q_qsg||27 <1>

where, ¢ = (z,y): current Euclidean coordinate of robot; gsg: Euclidean coordinate of sub-
goal; k,: an attraction constant value.
Thus, the attractive force is will be

Fa - _VUa - _ka<q - qsg)' <2>

The typical three-dimensional shape of the potential field is shown in Fig. 4. The robot
will be pulled as if it falls into the current sub-goal.

Fig. 4. Attractive sub-goal potential
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2.2.2. Repulsive obstacle potential

The repulsive potential field around obstacles is defined. When the robot comes close to
obstacles, the repulsive potential works as a force to make the robot away from the obstacles.
The repulsive potential can be expressed as follows

1k:,p(i — i)2, x, < x5
Ur - 2 Lp Ls (3)
0 Tp > X

where, k,: a repulsion constant value; x,: the shortest distance between the robot current
point and the obstacle; x;: a constant value and is defined as a safe distance around the
obstacle.

The repulsive potential force will be F, = —VU,. Thus, the magnitude of this force is
defined by the following equation.

1 1.1
k?”(___)_g: xpéxsy
[Frl=q % s : (4)
0 Tp > X

An example of the potential field is shown in Fig. 5. The parameter, that decides the
power of the potential, is constant, and the value is decided based on the characteristics of
the obstacles.

Obstacle

- P
m 250 300 0

Fig. 5. Repulsive obstacle potential
2.2.8. Altractive/repulsive prediction potential

This potential field is formed around the crossing point of the robot path and the obstacle
path to avoid simultaneous approach to the point. If the robot is predicted to pass the crossing
point earlier than the obstacle, the predictive potential is attractive, and vice versa. If the
situation is opposite, the potential is repulsive. When the approaching times of the both
objects are almost the same, the power of the potential should be strong to strength the
acceleration or the deceleration. Besides, the closer the robot is to the crossing point, the
stronger the predictive potential becomes. Under the assumption of uniform linear movement,
the predicted arriving point of the obstacle is predicted when the robot reaches the crossing
point (Fig. 6).
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Fig. 6. Field of Predictive potential

The magnitude of the prediction potential force Fe is calculated by Equation 5 using the
above notations [2].

1 1 1
k/’ei — = ), Zc < Lgy Te Le
|Fe| — Le _mc<xr xa> - 7& . (5)

0 Te > X

An example of the potential field is shown in Fig. 7. If we use only traditional potential field
method, the robot might move inefficiently because of the parallel run or stationary dead-lock
phenomenon (local minima). The value of parameter is decided based on the characteristics
of the obstacles.

ODOooSooE
O o b 0 i i ) e

(a) Attractive potential (b) Repulsive potential
Fig. 7. Attractive/repulsive prediction potential

2.2.4. Determining constant values for potential fields

In our work, the concept for calculation of potential field constant values is based on the
maximum potential forces and the priority of potential forces. The maximum potential forces
can be estimated by the limitation of robot velocity because the robot velocity is proportional
to the synthesized potential force. The priority of each potential force depends on the potential
field.

Due to the importance of attractive and repulsive potential fields, their priorities are higher
than the priority of the prediction potential field. Thus, it is necessary to set the maximum
attractive and repulsive potential force is bigger than the maximum prediction potential force.

2.2.5. Synthesized polential
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We have introduced three kinds of potentials, and the robot is controlled based on the
summnation field of the three as shown in Equation 6. An example of the synthesized potential
field is shown in Fig. 8.

U<q> - Ua<q> + Ur<q> + Ue<q>7 <6>

where, ¢ = (z,y) is the coordinate of robot in the environment.

I 00— X ,50
20 @0

Fig. 8. Synthesized potential
Then, we have the control force for the robot generated by the synthesized potential field

as follows:

F(q) = Fo(q) + Fr(q) + Fe(q). (7)

Finally, to control the mobile robot, we set the robot speed (v, vy) proportional to the force
F(q) generated by the field. The local path planning algorithm is shown in Fig. 9.

Determining distances from the robot to
obstacles and goal

]

- Calculating the attractive potential force
- Calculating the repulsive potential force
- Calculating the predictive potential force

l

Combining the potential forces to the
control force for the robot

|

Moving to the next position by the control
force

Sub-goal reached ?

Fig. 9. Local path planning algorithm

3.3. Path planning algorithm in dynamic environments
In a dynamic environment, we combine the global static path planning using Visibility
graph and the local dynamic path planning using Potential field to make the collision-free
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path for mobile robot. The robot moves via sub-goal on the global static path. If the distance
between the robot and the moving obstacle (dgys) is more than the threshold distance (dr),
the robot continues to move along the global path. The threshold distance is a safe distance
that the moving obstacle does not endanger for the mobile robot. Otherwise, the new local
collision-free path for mobile robot will created using Potential field method. The robot will
move along local path to sub-goal. Then, the robot comes back to move in the global path.
The movement of the robot is finished when the robot comes to the goal. The path planning
algorithm is shown in Fig. 10.

Goal reached? Yes

No

Get new data from
sensors

- positions
- velocities and directions

No Distance between the robot and the moving

obstacle is less than the threshold distance ?

—//—| Robot

Sub-goal?

Fig. 10. Flowchart of path planning in dynamic environment

3. SYSTEM SETUP

The idea of this work is shown in the experiment setup, which is specially designed to be
similar to mobile robots operating in manufacturing industry as shown in Fig. 11. It is also
a very useful setup to test the path planning algorithms of mobile robot, by just plugging in
the algorithm to be tested into the software developed.

The block diagram of the system is described in Fig. 12. First, the overhead camera gets
continuously information about mobile robot, obstacles and dynamic environment. Then, the
data is transmitted to PC to build map, to locate mobile robot and obstacle positions. Next,
the software will analyze the data, design the path planning algorithm, and make decisions to
control robot via wireless LAN. After that, the mobile robot controller receives control signals
via wireless LAN and then implements the task. The cycle is back to first step.
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Due to the time limit, our work focuses only on image processing, path planning, and

user interface modules. The purpose is to develop a software package to get information from

image processing, to implement the path planning algorithm in a dynamic environment, to

simulate the robot navigation in 3D virtual environment, and to interact friendly with users

for robot control.

Camera

T s
@* —

- Image processing

- Path planning

Stationary Obstacle

Moving Obstacle s g [

- Robot control

- Graphic User Interface.
Communication
between mobile robot

and computer via
wireless LAN Computer

Mobile Robot

Stationary Obstacle

Stationary Obstacle,

Fig. 11. The experiment model

- Color segmentation

- Creating regions of interest
- Calibration

- Determining parameters

- map
- positions
- velocities and directions

- Global path planning by
visibility graph
i:l - Local path planning by
potential field
Control signals

Wireless LAN
Communication

icm"o\ signals

Mobile robot
controller

End

Fig. 12. Block diagram of the system

3.1. Image processing

3.1.1. Hardware

The camera using in this work is Sonys DFW-SX910 camera (Fig.
the clear capture of fast moving objects or still images in low light environments for appli-

13). Tt allows for

cations such as machine vision, semiconductor inspection, image processing, print inspection,

microscopy, and factory automation.

Fig. 13. Sonys DEFW-5X910 CCD camera
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These features of the camera are suitable for robot control in dynamic environments, where
have moving objects and changeable light conditions. The camera is also useful for real time
path planning by fast IEEE 1394 interface.

The camera is placed in the overhead off-board position, 3m directly above the center
of the workspace. The optical axis of the camera is perpendicular to the workspace of the
robot. The robot workspace is an area of 3200 mmx2400 mmn. The camera is connected to a
computer (laptop) via IEE 1394 interface. The robot can keep track of its position and those
of the obstacle and the targets at all times, regardless of the relative position of these with
respect to the robot [3].

3.1.2. Algorithm

The image processing is done using Intel Open Computer Vision (OpenCV) library [4].
OpenCYV is a cross-platform middle-to-high level Application Programming Interface (APT).
It is free for commercial and noncomimercial use.

In this work, the moving obstacles and the static obstacles are of different single colors.
The image processing module must identify the following parameters in real time from each
image captured:

+ The location of any obstacle (s) present.

+ The direction of moving obstacle(s).

+ The velocity of moving obstacle(s).

+ The size of an area fully encompassing each obstacle.

These parameters have to be converted from pixel coordinates to the physical coordinates.

Acquiring Image

- Capturing images from camera
- Resize image to increase processing speed

- RGB to HSV
- Thresholding S and H value
- Classifying colors

Thresholding
(Color Segmentation )

Creating Regions of
Interest (static obstacles,
moving obstacle, etc)

Calibration

- Creating bounding box around objects
- Determining objects by interested colors

- Transform from pixel coordinate to
real world coordinate

Determining parameters
of interest

- Determining parameters of moving obstacle
- Determining parameters of static obstacles

TT111

Sending data to path
planning module and
user interface

END

Fig. 14. The flowchart of the image processing module

The algorithm of the image processing module is described in Fig. 14. The first step of
the module is to acquire images by an overhead CCD camera sensor. The images are sent
continuously from the camera to computer via IEEE 1394 interface. The second step is to
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perform a color threshold to identify static obstacles, moving obstacles and background. The
images from camera are converted from RGB to HSV. The result is an image consisting of
binary pixels. The third step is to create region of interest containing obstacles by removing
noises and fill true regions. The fourth step is to correct data from pixel coordinates to real
world coordinates. The fifth step is to determine parameters including locations, directions,
and sizes. The last step is to send all resulting data to path planning module and user interface.
The results of image processing are shown in Fig. 15.

Fig. 15. The image is created regions of interest

3.2, PMADE v1.0

PMADE v1.0 (Path planning for Mobile robot in A Dynamic Environment) is a software
packet which is developed to create the path for mobile robot by image processing, to simulate
the robot navigation in 3D virtual environment, and to export data files for robot control.
Further, PMADE will be developed to control real mobile robots from path planning in a
dynamic environment.

Image Pocessing
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Fig. 16. The interface of PMADE v1.0

In the version 1.0 as shown in Fig. 16, PMADE is designed for Pioneer 2-DX mobile robot.
The environment is an indoor environment with some static obstacles and a moving obstacle.
The static obstacles are made by red rectangular papers and fixed on the white floor. The
moving obstacle is a toy car covered by blue paper. The moving obstacle moves linearly with
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a constant velocity. From the overview camera, PMADE v1.0 can detect all obstacles easily
and continuously. The operation of PMADE v1.0 is detailed in Fig. 17.

choosing input
User or IP?

Choosing a video
file

Entering data for —_—
ath planning choosing input
p File or Camera ?

Entering
parameters for
image proccesing
T

T
Implementing the
path planning
algorithm

Simulating and
displaying
parameters

Export data to file

Fig. 17. The operation flowchart of PMADE v1.0
3.2.1. Input from user

When the input from user is chosen, PMADE v1.0 allows users to design different envi-
ronments for path planning. It is implemented by settings dialog as shown in Fig. 18.

Parameter for Image Processing @

Setings for PMADE 1.0 Color Segmentation

! * Settings for Path planning for Mobile rabot in A Dynamic Environment (PMADE 1.0) Saturation threshold for obstacles (0, 255): 100
8
Path Planning Number of Stafic Obstacles Moving Obstacke
2 Hue threshold for static obstacles (0, 180} 100
‘o g
St X o 1obstacke 2 obstacles 3 obstacles St ] e
il Fotiche o=t Clatecke el St Hue threshold for moving obstacle (0, 180) 60
fa i fom) 0 Left (<) Botom(r1) Right(x2) Top(Y2) tart Y o) 1700
Goal_X (mm) 3200 Obsacked: [200 [0 [0 [0 Angle (deg): 70 e L
Goal Y (mm) 2400 Velocity (mm/s) 120
Mit: [02246  M21: o Number of fiames (samples).  [10°
Obstacle 2. |600 600 1000 1200
Safe distance () [1000
[1oo0 M1z [o M22 02317 Frames per second (fps) 7.5
Step lime (ms) 100 Obstacle 3. [2800 400 3200 200 wis o Mo
M31: |0 M32 |0
el Save Cancel

Calibration

Fig. 19. Parameter dialog for image processing Fig. 18. User Settings of PMADE 1.0
for path planning

3.2.2. Input from image processing

When the input from image processing is chosen, users can select one of two types of image
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processing input: video file or camera. The images are processed to get the information of
environment for path planning. The image processing algorithm was detailed in the previous
part.

The parameters for image processing can be modified by the parameter dialog as shown
in Fig. 19. After having the parameters, the image processing is done to get the information
of environment. Then, the path planning algorithm is implemented. Finally, the simulation
is run at the same time with the video from file or camera (see Fig. 20).

)

Fig. 20. The Image processing result Fig. 21. The 3D simulation window

3.2.3. Qutpuls

The outputs of PMADE v1.0 consist of the animation from simulation, the parameters of
interest displayed in numeric form, and position data file for robot control.

The simulation of path planning is displayed in 3D animation by OpenGL (Fig. 21). Tt
allows users to see the virtual robot navigation created by the path planning algorithm. Users
can change view and zoom to look at the simulation process more clearly.

At the same time with the animation, parameters of interest are displayed in numeric form
(Fig. 22). The positions and velocities of robot and moving obstacle are continuously shown.
It allows user to track the movement process of mobile robot and moving obstacle. These
parameters can be used for real robot control.

Patameters
% () ¥ (rmm) Angle (deg) Yelocity (mm/s)

ROBOT POINT 1673.869 580.7372 -9.334310
[ { l ROBOT 526.0294

OBSTACLE 120

GOAL POINT [3200 [2400

MOVING OBSTACLE | [1421623 | | [1031073 | | [70

Fig. 22. Simulation parameters of interest

Finally, users can export the path planning data to a text file (Fig. 23). This file can
be used for real control robot. The form of this file is designed according to the standard of
position file for Pioneer 2-DX. A line of file includes 4 values: X coordinate, Y coordinate,
angle, and step time. This file also can be the input for the software by Tang Quoc Nam [6],
which is a control program for Pioneer 2-DX at AIT Mechatronics Lab.
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___
Fig. 23. An output file Fig. 2/. Path planning by user input
of path planning with three static obstacles

4. EXPERIMENTS

PMADE v1.0 is implemented some experiments using two input types: user data and
image processing. These experiments are implemented with different environments (number
of static obstacles, position and size of obstacle, velocity of moving obstacle, etc). To simplify,
the start point of robot is (0,0) and the goal point is (3200, 2400). The safe distance for path
planning (used to start local path planning) is 1000 mm. The step time is 100 ms. These
parameters can be modified by using the settings dialog.

An example by user input with three static obstacles is shown in Fig. 24. The moving
obstacle in this case starts at (3000, 100) with 150 mm/s velocity and 1500 angle.

Next, a path planning by image processing input with two static obstacles is shown in Fig.
25. The images are captured from a vide file. The moving obstacle has the velocity of 147
mm/s and the angle of -86.5°. In the figure, all obstacles are detected exactly. The animation
and the movie are run at the same time.

—

Fig. 26. Path planning by image processing input with three obstacles
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Finally, another path planning by image processing input with three static obstacles is
shown in Fig. 26. The images are acquired directly by camera. The moving obstacle in this
case has the velocity of 121 mm/s and the angle of -34.3%. All obstacles are detected exactly
but the simulation is slower than the movie because of the image processing time.

After some experiments, results are analyzed and estimated. In most of experiment,
PMADE v1.0 can generate successful paths for obstacle avoidance in a dynamic environ-
ment. The path is relatively smooth. In a few cases, the robot has a collision with the moving
obstacle because the path is locked or the moving robot travels too fast. The problem can
be solved by modifying the constant coefficients of potential field functions. It needs time to
implement more experiments to choosing more suitable constant coefficients. The maximum
moving obstacle velocity, which the software can be determined, depends on the limitation of
camera and the ability of computer. In our experiment, with PMADE v1.0 on Pentium M
1.6 GHz laptop, the maximum velocity of moving obstacle is around 300 mm/s. About the
cycle time for software, if the step time is 100 ms, it takes about 60 ms to process images and
to calculate the path planning algorithm. Thus, to synchronize the animation and the movie,
the real step time for simulation in PMADE v1.0 is 160 ms.

5. CONCLUSIONS

The proposed path planning algorithm can produce efficient paths, because the path can
be searched for the local optimal path without forgetting the final goal. Even if the robot falls
into the problem of local minima by applying potential method, the global path is planned
again to escape from the stationary points. The method can also decrease the parallel run
phenomena by applying a prediction potential.

A software packet called PMADE v1.0 with user-friendly interface for path planning of
mobile robot in a dynamic environment is developed. PMADE v1.0 can be used for image
processing of robot environment, path planning in a dynamic environment, simulation of robot
navigation, and data export for real robot. In this work, PMADE v1.0 is designed for Pioneer
2-DX but it can be developed for different mobile robots. Some experiments with both user and
image processing inputs for PMADE v1.0 are implemented with successful paths for mobile
robot navigation.
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