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EDITORIAL PREFACE
Robots are becoming part of people's everyday social lives - and will increasingly become so. In
future years, robots may become caretaking assistants for the elderly or academic tutors for our
children, or medical assistants, day care assistants, or psychological counselors. Robots may
become our co-workers in factories and offices, or maids in our homes. It is the fourth issue of
volume first of International Journal of Robotics and Automation (IJRA). IJRA published six times
in a year and it is being peer reviewed to very high International standards.
.
The initial efforts helped to shape the editorial policy and to sharpen the focus of the journal.
Starting with volume 2, 2011, IJRA appears in more focused issues. Besides normal publications,
IJRA intend to organized special issues on more focused topics. Each special issue will have a
designated editor (editors) – either member of the editorial board or another recognized specialist
in the respective field.
IJRA looks to the different aspects like sensors in robot, control systems, manipulators, power
supplies and software. IJRA is aiming to push the frontier of robotics into a new dimension, in
which motion and intelligence play equally important roles. IJRA scope includes systems,
dynamics, control, simulation, automation engineering, robotics programming, software and
hardware designing for robots, artificial intelligence in robotics and automation, industrial robots,
automation, manufacturing, and social implications etc. IJRA cover the all aspect relating to the
robots and automation.
The IJRA is a refereed journal aims in providing a platform to researchers, scientists, engineers
and practitioners throughout the world to publish the latest achievement, future challenges and
exciting applications of intelligent and autonomous robots. IJRA open access publications has
greatly speeded the pace of development in the robotics and automation field. IJRA objective is to
publish articles that are not only technically proficient but also contains state of the art ideas and
problems for international readership.
In order to position IJRA as one of the top International journal in signal processing, a group of
highly valuable and senior International scholars are serving its Editorial Board who ensures that
each issue must publish qualitative research articles from International research communities
relevant to signal processing fields.
IJRA editors understand that how much it is important for authors and researchers to have their
work published with a minimum delay after submission of their papers. They also strongly believe
that the direct communication between the editors and authors are important for the welfare,
quality and wellbeing of the Journal and its readers. Therefore, all activities from paper
submission to paper publication are controlled through electronic systems that include electronic
submission, editorial panel and review system that ensures rapid decision with least delays in the
publication processes.
To build its international reputation, we are disseminating the publication information through
Google Books, Google Scholar, Directory of Open Access Journals (DOAJ), Open J Gate,
ScientificCommons, Docstoc and many more. Our International Editors are working on
establishing ISI listing and a good impact factor for IJRA. We would like to remind you that the
success of our journal depends directly on the number of quality articles submitted for review.
Accordingly, we would like to request your participation by submitting quality manuscripts for
review and encouraging your colleagues to submit quality manuscripts for review. One of the
great benefits we can provide to our prospective authors is the mentoring nature of our review
process. IJRA provides authors with high quality, helpful reviews that are shaped to assist
authors in improving their manuscripts.
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Abstract
Detection of obstacles during navigation of a mobile robot is considered difficult due to varying
nature in terms of size, shape and location of the obstacle as well as ambient light that interferes
with infra-red (IR) signals of the robot. In this paper, we propose a novel low-cost method that
successfully guides a robot along a path using image processing and IR sensor circuits. A high
continuous IR signal is converted into a low continuous IR signal by means of a demodulation
circuit that enables a peripheral interface controller to receive this low continuous IR signal and
take relevant decisions based on the signal. The images taken from a web camera are
preprocessed to remove noise and detect edges. Subsequently, an image processing routine
effectively calculates the angle to be rotated of the front wheels using a scan line algorithm. A
minimum mean distance error of 2.45 was observed in tracking the path at a signal-to-nose ratio
of 26.50. The accuracy of speech recognition was 92% for two voice training sessions.
Keywords: Mobile Robot, Infra-red Signals, Voice Recognition, Robot Navigation, Infra-red
Communication

1. INTRODUCTION
Current research challenges on intelligent autonomous robots include navigation, task planning
and coordination, learning and adaptation, cooperation between robots and humans [1]. Each
model incorporates its own perceptual, modeling, and planning requirements.
Recent studies indicate a growing trend towards tracking of paths using mobile robots. A four
wheel robot powered by a single motor was developed in the University of Aveiro [2] that uses
complex mechanical techniques for both front and rear wheels. By using high-end firewire
cameras and a built-in laptop computer, it managed to navigate along a path interpreting traffic
lights. A unique two-body mobility platform with a hybrid electric power system was introduced in
[3] resulting in an intelligent robotic vehicle with a sensor suite. In subsequent years, a threewheeled, differential driven vehicle that uses two brushless smart DC servo motors and a hybrid
system that provides sufficient power for the vehicle to run continuously at a length of more than
10 hours was developed [4]. The four sensors, (digital camera, scanning laser range finder, digital
compass, and differential global positioning system (GPS)), were integrated into a streamlined
system architecture with a laptop serving as the computational core of the system.
All these research finding over the years have contributed immensely to the advancements in
robotics applications. More recent studies in mobile navigation techniques include autonomous
flying vehicle [5], mine detecting vehicles to be used in military applications [6], wall climbing
robots where robotics vehicles have been able to walk along a vertical plane using
electromagnetism, electrostatic adhesion or air suction [7], medical surgery where the motion of
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the heart is tracked in three-dimension [13] and micro robots used in biomedical applications to
remove plaque in arteries [14].
Although we are able to come across many applications in robotics that addresses a specific area
of research, one important fact that must be considered when navigating an autonomous robotic
vehicle outdoors is interferences caused by sunlight [15]. Especially when the robot is guided by
IR sensors, there must be a mechanism to distinguish between the sun’s IR rays and the rays
reflected back from an obstacle located at a particular distance away from the moving vehicle.

FIGURE 1: Torque charactisircs of stepper motors

2. METHODOLOGY
This research has its own hypothesis such as the track is on a plane surface with different color
to its background, there are no junctions, the environment is static or dynamic, and the track with
locations of obstacles are not known at the beginning of its navigation. A mechanical structure
was designed for the problem involved with electronic solutions for the speed controllers and
motor drivers. Image processing, speech recognition and text to speech software were used for
the guidance algorithms.
The following sections describe the methodology we have used in designing and implementing
the autonomous mobile robot.
2.1 Chassis Design
The chassis provides a solid support for the electronic boards, camera and sensors. Although
aluminum pipes are the preferred material to build the robot, iron pipes were selected due to their
availability and rigidness. The vehicle moves on three wheels. The two front wheels are each
powered by a stepper motor while the rear wheel, hinged freely to the chassis, turns
automatically.
The platform is made up of iron and was designed with modularity in mind, i.e., the chassis
should provide a solid support for electronic boards, camera and any other items to be mounted
in future.
The two main points of concern in selecting a material for the chassis are rigidness and lightness
of the material as lightness of the chassis helps save power and enhances transmission. On the
other hand, rigidness assists the vehicle to be stronger and carry more weight.

International Journal of Robotics and Automation, (IJRA), Volume (2) : Issue (1) : 2011

2

K.K. Jinasena & R.G.N. Meegama

FIGURE 2: Wheel setup of the vehicle

2.2 Wheel Design
Unipolar 24 V, 800 mA per winding (30 Ω) stepper motors are used to power the front wheels.
Each step motor will rotate 7.5 degrees as there are 48 steps for a single rotation. Each motor
has maximally 0.2 Nm pull-out torque and 0.16 Nm pull-in torque with 100 steps per second with
a maximum of 500 steps per second. A gear system is also used to increase the torque by 3
times. It consist of two wheels having teeth at a ratio of one to three to increased the torque by
three times while reducing the speed by three times.
Fig. 1 illustrates the torque characteristics of the stepper motors while Fig. 2 indicates the setting
up of wheels of the robot vehicle where the front two are steering wheels each powered by a
stepper motor and the rear are free wheels. The vehicle turns by changing speed of its front
wheels while rear wheels turn automatically. This will allow the robot to maintain more stability
than a three wheel vehicle.
The vehicle transmission consists of two stepper motors responsible for steering the vehicle
along the surface. Although rear driven wheels are suitable for heavy vehicles such as buses and
lorries, front drive is used mainly for lighter vehicles so that they can be easilly manoeuvreable.
As such, a front driven mechanism is chosen for our robotic vehicle. Two motors are connected to
the front wheels of robot to make turning easier.
2.3 Obstacle Detection
The vehicle is able to detect certain obstacles along its path and take relevant decisions based on
the type of the obstacle. Ultrasound and Infra Red (IR) are the two most widely used obstacle
detection methodologies in Robotics [8,9]. By using Ultrasound, the velocity and the direction of a
moving obstacle can be identified easily through the Doppler effect. Because ultrasound waves
are susceptible to temperature and humidity, IR, whose speed is constant over a particular
media, is used in most mobile digital electronics [12].
Our vehicle employs IR to detect obstacles. The main challenge in using IR for this purpose is to
distinguish between the robot's and nature’s IR at the receiving end. Under strong sunlight, it is
possible that a high amount of IR signals may incident on the sensor. As such, we need to
overcome the natural IR exerted by the ambient light. One of the solutions to overcome this issue
is to investigate the intensity of the two IR signals as natural IR signals has a lower intensity
compared to the robot's. Natural IR, however, is not constant over a given period. As such, a
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modulated (pulsed) IR signal, obtained with frequency generators, is used to overcome this
problem. This modulated pulse signal is shown in Fig. 3.

FIGURE 3: IR signal modulation
st

As depicted in Fig. 4, the 1 modulator converts the continuos signal into a 13 kHz square wave
and then the 2nd modulator encloses that 13 kHz signal in a 10 Hz signal.

FIGURE 4: Demodulating a reflected signal

Finally, the transmiter emits this signal as IR rays. IR is heat radiation which is absorbed readilly
by black rough surfaces while reflected by white shiny surfaces. Therefore, in order to make the
robot sensitive to all obstacles equally, once the IR module receive signals reflected by an
obstacle with an output of 10kHz (square signal), it is converted to a continuos signal by the
demodulator. The result is then sent to a PIC microcontroller to make necessory decisions.
2.4 IR Signal Demodulation
The task of the Demodulator is to demodulate the signal originating from the IR module and
regenerate a continuos signal. This is achieved by using a capacitor and properly biased
transistors. This transistor circuit causes the signal to be invert but programmatically corrected.
Fig. 5 shows the circuit diagram of the demodulator.

FIGURE 5: IR Signal demodulation circuit
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2.5 Stepper Motor Driving Circuit
Fig. 6 shows only a single channel of the stepper motor driver circuit. The actual circuit carries
eight of these circuits for eight windings of two motors. We have integrated a mechanism to
protect the IN 4001. A photo coupler makes the isolation between high voltage and the low
voltage sections. IN4001 protects the D313 from back electro motive force (EMF) of the motor.

FIGURE 6: Stepper motor driving circuit

2.6 Image Processing & Vision
The input video stream is captured via web camera of 1.3 mega pixels resolution and the frames
are extracted as images. These images are then pre-processed to remove Gaussian noise and
detect edges.
As in Fig. 7, two lines scan the acquired image to detect the edges of the path. The angle θ of the
inner and outer covertures is separately calculated. At each scan line, the curvature is calculated
based on the intersection of lines and the edges. Based on the value of the angle θ, the left and
right wheels are stopped to make the turns to left and right, respectively.

FIGURE 7: Detection of path using curvature

At this research, we carried out experiments to determine the vehicle’s ability to track a path that
consists of two edges. These edges have been drawn in black color on a white background.
More complex tracks with multiples edges will obviously require much advanced image
processing routines and fast computing power.
Fig. 8 depicts the main information flow of tracking the edges of a path using image processing
technques. It can be seen that the vechile makes a decision to turn the wheels based on the
location of detected edges.
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2.7 Speech Recognition
We know that every speech recognition system consists of an engine that translates sound
waves into text and a list of speech commands. In this research, we used the SAP15 engine that
is integrated into Windows XP operating system. This engine was trained using windows voice
training wizard in which a profound usage of grammar increases the probability of
misinterpretations.

FIGURE 8: Flow chart of path tracking procedure

As such, we tried to keep the set of grammar as small as possible without lose of information.
Grammar, which contains the commands “Go”, “Left”, “Right” and “Stop”, is then fed into an XML
file.
2.8 Main Board
A photographic illustration of the main circuit board is given in Fig. 9 showing the IR sensor and
associated circuitry. The main circuit board constist of 16F877A PIC as shown in Fig. 10. The
pins 37- 40 are being used for the four voice commands given to the vehicle while pins 27 – 30
are reserved for the right stepper motor driver. The left stepper motor is driven by pins 19 – 22.
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FIGURE 9: Circuit board of the vehicle.

FIGURE 10: Main circuit board

2.9 PCB Design
Fig. 11 illustrates the printed circuit board (PCB) of the vehicle.
2.10 Mechanicla Structure
Fig. 12 shows the dimensions of the robotc vehile. The net weight of the vehicle was found to be
1.2 Kg that includes all the circuitry, wheels, web cam and IR sensor.
The selected dimensions of the robotic vehicle makes it easier to manipulate along a path with
sharp edges. Also, the compact size of the structures requires less power to drive forward or
backwards.
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FIGURE 11: PCB of the robotic vehicle.

FIGURE 12: Dimensions of the robot: as seen from (a) above and (b) right hand side.

3. RESULTS AND DISCUSSION
3.1 Hardware and Software Requirements
A Personal Computer with a Pentium IV (or above) class Processor, 3.0 GHz, 512 MB or above
RAM capacity and 10 GB hard disk space are preferred. All USB ports should be enabled and a
microphone, speakers/head phone and web camera are the other accessories that are required.
We used Microsoft Windows XP operating system with Microsoft’s speech engine 5.1 and DirectX
9 with .NET framework 2.0 and a device driver for the web cam and Useport.sys for port access
are required.
3.2 Transmission
As shown in Table 1, the vehicle is able to travel forward or backward with 3.95 inches per
second on a flat surface while it turns 360 degrees around any of its front wheels, clockwise in
17.35 seconds and anti clock wise in 17.02 seconds. It travels in a straight line with an accuracy
of more than 98.64 %. Speed can be increased by decreasing the period of delay while power
decreases.
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Characteristics

Result

Forward travel

3.95 inches per second

Forward travel deviation

1.36%

Clockwise rotation

17.36 seconds per 360º

Anti-clockwise rotation

17.02 seconds per 360º

TABLE 1: Transmission characteristics of the robotic vehicle.

3.3 IR Sensitivity
At the beginning of the research, an IR sensor typically found in a computer mouse was used to
detect obstacles. It managed to detect obstacles at a distance of more than one foot with a single
IR light emitting diode (LED). The major problem, however, was sun light. Since this IR sensor
does not have a filter, we found a malfunctioning system even under minor sun light at dawn. The
IR modules that are used in televisions, resulted filtering a pre define frequency from sun’s IR
rays. It was seen that IR modules band pass filter was highly sensitive to 13 kHz IR. Therefore, a
modulator and demodulator circuits were designed to support this frequency.
It was also observed that high sun rise still can affect obstacle detection system because the
frequency of mixed signal is dominated by the frequency of the signal that has the highest
amplitude. This is easily solved by using more IR LEDs that causes the system to be over
sensitive under minor sun light. In a practical situation, such as a remote control system for toys,
the user is allowed to select the sensitivity level manually.
The distance between the IR transmitter and the IR receiver affects the sensitivity as shown in
Fig. 14. Increasing the distance between the IR transmitter and the IR receiver decreases the
sensitivity whereas decreasing the distance between the IR transmitter and the receiver
increases the sensitivity. Results in Table 2 were obtained by changing the distance between the
transmitter and the receiver for a white color, landscaped, A4 size obstacle.

Distance
between
transmitted & receiver
(cm)
3

Straight detection
distance (cm)

Width
of
region (cm)

24

22

4

20

20

5

17

17

6

16

14

detection

TABLE 2: Distance vs width of sensitivity

3.4 Color Sensitivity
It was evident that the color of the object was a major factor that determines the correct detection
of objects. Fig. 15 shows the sensitivity region of a landscape, A4 size obstacle for the 8 colors.
As shown in Table 3, black had a significant deviation while other colors had minor deviations.
3.5 Voice Recognition
It was witnessed that all voice commands did not have an equal accuracy of recognition. The
accuracy was highly dependent on the speech pattern of the user.
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Color

Distance (cm)

White

24

Yellow

22

Red

20

Orange

19

Green

21

Blue

18

Brown

19

black

3
TABLE 3: Color vs distance of sensitivity

The voice of the speaker needs to be trained first and then, the accuracy can be increased by
having more voice training sessions with the system. Fast speech causes less accuracy or even
unrecognized commands while long phrases resulted in a higher accuracy than shorter phrases.
The accuracy also tends to get low with increasing number of commands. When two or more
commands have similar sound characteristics, the accuracy of those commands decreases. Due
to disturbances from ambient noise, a good, high quality microphone was used. Table 4 gives the
results of accuracy of the system after one voice training session. Each command was tested ten
times with different tones. However, we observed an increase in the accuracy when the number
of training sessions was increased. Table 5 provides the average accuracy when the number of
voice training sessions is two. More training sessions will be required if the vehicle is to recognize
voice commands selected from a large vocabulary.
The speech engine was able to recognize voice of different persons for the same set of voice
commands.
Command

Average accuracy (%)

Go

72

Turn left

67

Turn right

68

Reverse

67

Stop

45

Start CV

62

Close CV

66

Who are you

82

Exit

76

TABLE 4: Average accuracy for one voice training session.
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Command

Average accuracy (%)

Go

72

Turn left

87

Turn right

88

Reverse

87

Stop

65

Start CV

82

Close CV

86

Who are you

92

Exit

66

TABLE 5: Average accuracy for two voice training sessions.

3.6. Path tracking
Direct application of a high pass filter to the captured image resulted in noise at the output that
was highly affected by the path detection module. A significant enhancement was gained by
applying a low pass filter to the captured image prior to applying the high pass filter.
The results obtained from image processing were obviously dependent on the resolution of the
camera used. In order to keep the cost of the vehicle at a minimum, we used a widely used web
camera that can be purchased from any computer store. Also, scanning horizontally on an edge
at the middle of the image resulted in several issues especially when there was an object on its
side. It was avoided by changing the scan order from the middle to up to the edge. A slight
discontinuity or non-uniformity of the road did not make a significant effect to the vision process.
Table 6 provides measured mean distance errors when the vehicle tracks a path under different
signal to noise ratios (SNR). The mean distance error e was calculated as

e( v, v) =

1
min v( s ) − v( s ' ) ds
l ∫s s '∈v

where v is the path of the robot’s movement, v is the actual path of the track and l is the length
of v [10].
SNR

Mean distance error

26.50

2.45

22.60

3.35

20.15

4.42

18.75

5.66

17.85

6.57

17.30

13.11

16.50

15.63

TABLE 6: Effect of SNR on mean distance error.
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3.7 Safety of PIC Microcontrollers
Unlike other electronic equipments, PIC microcontrollers are vulnerable to high voltages. It was
observed that both hardware and software errors resulted in a damaged PIC. It must be noted
that the PIC 16F877A microcontroller is able to provide an output of a maximum current of 200
mA while any of its pins provides an output of a maximum current of 25 mA. Exceeding any of
these limits causes a burnt microcontroller. Interferences from other electrical signals also affect
the inputs to the microcontroller. Most of such problems, however, can be solved by grounding
the pins with a higher resistor, such as 10 K.
3.8 Communication
Currently, the robot does all the communication over wired media. Wireless technologies, such as
Bluetooth or Wi-Fi, can be introduced so that communication can be done from anywhere even
over the Internet. Bluetooth uses the 2.4 GHz radio frequency band to communicate with other
Bluetooth devices [11]. However, the issue that needs to be addressed in this scenario is that a
majority of popular Bluetooth USB dongles are slave devices without any inbuilt firmware. When it
connects to a computer, the computer provides the necessary protocol stack. On the other hand,
if it connects to PIC microcontroller, both the USB protocol stack and the Bluetooth protocol stack
should be implemented inside the PIC. Since a PIC executes only a single program at a time, a
dedicated PIC is needed for this purpose. Although this research uses a PIC16F877A
microcontroller, a PIC 18F series also provides the USB interface. IR sensors
IR Sensors tend to get saturated when the distance between the obstacle and the sensor fall
below 40 cm. Therefore, it is difficult to use it to measure distances less than 40 cm. When
measuring distances that vary between 50 to 70mm, the accuracy of IR sensor ranges from 92 to
95 percent whereas the accuracy of Ultrasound sensor was 90 to 97 percent.
The proposed research show that modulated IR still can be used to detect obstacle even when
they are located close to as much as 3 cm. The speed of Ultrasound waves varies with
temperature and the humidity] and as such needs correction to obtain correct distances. Since IR
is electromagnetic, it neither depends on temperature nor humidity.

4. CONCLUSION
This research presents the design, implementation and results of a low cost minatory model of an
autonomous land vehicle based on computer vision, speech recognition and IR transmission.
The main feature developed by this project was its ability to track a path avoiding disturbances
from sun light using IR, image processing and computer vision. Moreover, the robot can make
voice response to its user. Both the path and location of obstacles were not known in advance.
Results indicate that the robot is able to recognize speech at higher accuracy when the number
of training sessions is increased. We checked the performance of the robot by adding Gaussian
noise along the path to be tracked. With the current setup, it successfully tracked the path when
the signal to noise ratio of the image is higher than 17.30.
Extending the research for the vehicle to transmit data using wireless or Bluetooth technology is
straightforward.
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Abstract
This paper uses a fuzzy neural network (FNN) structure for identifying and controlling nonlinear
dynamic systems such three links robot arm. The equation of motion for three links robot arm
derived using Lagrange’s equation. This equation then combined with the equations of motion for
dc. servo motors which actuated the robot. For the control problem, we present the forward and
inverse adaptive control approaches using the FNN. Computer simulation is performed to view
the results for identification and control.
Keywords: Fuzzy Neural Control, Robot Control, Forward Adaptive Control, Inverse Control, Adaptive
Systems

1. INTRODUCTION
In the past decade, the applications of intelligent control techniques (fuzzy control or neuralnetwork control) to the motion control of robotic manipulators have received considerable
attention [1], [5]. In general, robotic manipulators have to face various uncertainties in their
dynamics, such as payload parameter, friction, and disturbance. It is difficult to establish an
appropriate mathematical model for the design of a model based control system. Thus, the
general claim of these intelligent control approaches is that they can attenuate the effects of
structured parametric uncertainty and unstructured disturbance by using their powerful learning
ability without a detailed knowledge of the controlled plant in the design processes. Feed forward
neural networks have been shown to obtain successful results in system identification and control
[6]. Such neural networks are static input/output mapping schemes that can approximate a
continuous function to an arbitrary degree of accuracy. Results have also been extended to
recurrent neural networks [7], [9]. For example, Jin et al. [8] studied the approximation of
continuous-time dynamic systems using the dynamic recurrent (DRNN) and a Hopfield-type
DRNN was presented by Funahashi and Nakamura [7]. As is widely known, both fuzzy logic
systems and neural network systems are aimed at exploiting human-like knowledge processing
capability. Moreover, combinations of the two have found extensive applications. This approach
involves merging or fusing fuzzy systems and neural networks into an integrated system to reap
the benefits of both [10]. For instance, Lin and Lee [11] proposed a general neural network model
for a fuzzy logic control and decision system, which is trained to control an unmanned vehicle.
In this paper FNN is used to identify and control a three links robot arm. We present the forward
and inverse identification as offline learning to use the parameters of this stage in control stage.
For control problem, we present the indirect (forward) and direct (inverse) control. Computer
simulation implements to view the results of robot arm application.
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This paper is organized as follows. Section II presents the dynamic model of a three-link robot
arm including actuator dynamics briefly [12], [14]. Section III shows the FNN structure. Section IV
FNN identification .Section V presents the FNN control. Section VI presents the simulation results
finally section IX shows the conclusion.

2. Dynamic model of three links Robot arm
Dynamic modeling of a robot manipulator consists of finding the mapping between the forces
exerted on the structures and the joint positions, velocities and accelerations. Two formulations
are mainly used to derive the dynamic model: namely the Lagrange formulation and the NewtonEuler formulation. A large number of authors and researchers [15], [17], used Lagrange's
approach to drive the general form of robot equation of motion. The Lagrange equations thus
taking on the alternative form [18]:

(1)

Y

P
C3
O3
C2
O2
C1
O1

X
FIGURE 1: Three Links Robot Arm

denote the vectors of joint link positions, velocities and acceleration
Where ,
respectively, I ( )
denotes the inertia matrix, n denote the number of link, P is the
potential energy and
denoted the torque of n link. Consider the manipulator of Fig. (1), with
links designed so that their mass centers, C1, C2, and C3, are located at the midpoints of
segments O1O2, O2O3, and O3P, respectively. Moreover, the
link has a mass (mn )and a
centroidal moment of inertia in a direction normal to the plane of motion (In ); while the joints are
actuated by motors delivering torques
, , and
, the lubricant of the joints producing
dissipative torques that we will neglect in this model. Under the assumption that gravity acts in the
direction of Y axis. In general, the dynamic model of armature-controlled DC servo motors which
shown below, on an - link robot manipulator can be expressed in the following form [17]:

(2)
(3)
(4)
Where

is the vector of electromagnetic torque,

is the diagonal matrix of
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is the vector of armature currents,
is the diagonal
motor torque constants,
is the diagonal matrix of torsional damping
matrix of the moment inertia,
coefficients,
denote the vectors of motor shaft positions, velocities, and
is the vector of load torque,
is the vector of
accelerations, respectively,
is the diagonal matrix of armature resistance,
armature input voltages,
is the diagonal matrix of armature inductance, and
is the diagonal matrix of the back
electromotive force (EMF) coefficients. In order to apply the dc servo motors for actuating an link robot manipulator, a relationship between the joint position and the motor-shaft position
can be represented as follows [17]:
(5)
The governed equation of an n-link robot manipulator including actuator dynamics can be
obtained as [1]:
(6)
Where

represents the control effort vector, i.e. armature input voltages,

(7)

(8)

(9)
Where
term

is gravity vector, N represents the vector of external disturbance
. Then we can re-write Eqn. (6) as:

and friction

(10)
By using method of numerical integration such Euler method for Eqn. (10) we can get position,
velocity and acceleration for each link.

3. Fuzzy Neural Networks (FNN)
The Architecture of FNN shown in (fig, 2). FNN considered as a special type of neural network
[19], this means special connection and node operation. Every layer and every node have its
practical meaning because the FNN has the structure which is based on both the fuzzy rules and
inference. In the following items each layer shown in (fig, 2) will be described:
1- Input layer
Input layer transmits the input linguistic variables
to the output without changed.
2- Hidden layer I
Membership layer represents the input values with the following Gaussian membership
functions [20]:
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FIGURE 2: Architecture of FNN

Where
and
(i=1, 2, ... , n ; j=1, 2,.., m), respectively, are the mean and standard deviation
of the Gaussian function in the jth term of the ith input linguistic variable
to the node of this
layer.
3-Hidden layer II
Rule layer implements the fuzzy inference mechanism, and each node in this layer
multiplies the input signals and outputs the result of the product. The output of this layer is
given as [20]:
(12)
Where

represent the ith output of rule layer.

4- Output layer
Layer four is the output layer, and nodes in this layer represent output linguistic variables.
Each node
, which computes the output as [20]:
(13)

3.1 Learning Algorithm FNN Identifier
There are three types of parameters in the fuzzy-neural network can be adapted, in the primes
part: the center values
and width values
of the Gaussian membership functions, whereas,
in the consequence part: the consequence weights values w i . Once the fuzzy-neural network
has been initialized, a gradient decent based back-propagation algorithm is employed to adjust
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the parameters of the fuzzy-neural network by using the training patterns. The main goal of
supervised learning algorithm is to minimize the mean square error function [20]:
(14)
Where

is the output of is fuzzy-neural network and

is the desired output. The gradient

descent algorithm gives the following iterative equations for the parameter values [20]:
(15)
(16)
(17)
Where ࣁ is the learning rate for each parameter in the system, i=1,2…n and j=1,2…m. Taking the
partial derivative of the error function given by Eqn. (14), we can get the following equations:
(18)

(19)

(20)

4. Identification
Two representations are available to identify a dynamical system depending on type of the output
feedback these are parallel model and Series-parallel model [6]. In this paper the series-parallel
identification model is desired. A series-parallel model that is obtained by feeding back the past
values of the plant output (rather than the identifier output) as shown in (Fig,3). This implies that
in this case the identification model has the form [6]:
(21)
The identifier output is represented by

and the plant output is denoted by

.

5. FNN Control
For system control problems, we focus on the adaptive control of dynamic systems using FNN.
These algorithms denoted as “Fuzzy Neural Model Reference Controller” (FNMRC) in this type of
controllers, back propagation training algorithm is used [16]. There are two distinct approaches
for the FNMRC, the first one result in a direct scheme (inverse control) for the controller and the
second result in an indirect scheme (forward control), the difference between the two may be
shown in figure (4.1) and (4.2).

5.1 Learning Algorithm for Indirect FNN Control (Forward)
Indirect control architecture usually requires an identified system model and the controller design
is based on the learning algorithm. Our goal is to minimize the following cost function:
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(22)
Where

,

and

are errors between reference outputs and robot’s link1, link2 and link3

U(k)

Nonlinear
Plant

T
D
L

FNN Identifier

FIGURE 3: Series-Parallel identification model

Reference

yr

Model

Σ
Command
Signal

+ ec

-

FNN
Controller

u

Output (yp)
Plant

FIGURE 4.1: Direct FNN model reference learning controller

FIGURE 4.2: Indirect FNN model reference learning controller
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output respectively, then the gradient of error
deviation of the Gaussian function are given:

with respect to weights , mean and standard

(23)

(24)

(25)

The identifier can provide the system sensitivity

and it can be computed by the chain rule:

(26)
Where

,

are lth output of FNN controller, Oth output of robot plant respectively and where:

5.2 Learning Algorithm for Direct FNN Control (Inverse)
The FNN inverse control is shown in the (fig, 5), in which two FNN are present, one for the
inverse identification and the other for controller. The basic structure of the inverse controller
consists of the controller network only, which is the same to the identifier network in the offline
learning. The simple concept of the inverse controller is the controller block that represents the
inverse transfer function of the robot plant, so the product result of the two blocks (robot plant and
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controller) must equal unity. Hence the output of the robot plant will be equal to desired input of
the
controller.

FIGURE 5: FNN inverse control

6. SIMULATION RESULTS
In the following examples two methods of control presented in above sections are implemented
by FNN for three links robot arm. The simulation carried by MATLABT software. The no. of rules
and outputs are 50 and 3 respectively, in each method of control. The initial mean and standard
of membership function were computed as Eqns. (27) and (28) [21], beside the 0.001values for
weights. Following two examples are viewed. The most important parameters that affect the
control performance of the robotic system are the external disturbance
, the friction term
rd
, and the parameter variation of 3 link’s mass
. In all two example simulation, three
circumstances including the:
1- Nominal situation (
kg and N=0) at beginning.
2- Parameter variation situation occurring at t=15 sec (
kg).
3- Disturbance in addition, friction forces are also considered in this simulation.
Hence,

(27)
(28)
Where

,

are the predetermined maximal and minimal bounds of nth input to FNN.

6.1 Example 1
In this example the forward control is implemented by FNN in each one the forward identifier is
used to calculate the plant sensitivity, the initial parameters of identifier will take from final values
proceed in the offline learning. The eighteen inputs are fed to FNN controller, the learning rate of
weights, mean and standard are
,
and
respectively . figures
(6.a) to (6.f) are shown the FNN forward control position response and mean square error for
link1, link2 and link3 respectively for 100 epochs.
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FIGURE 6: FNN forward control simulation results of position response and mean square error for Link1,
Link2 and Link3 (a)-(f)
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FIGURE 7: FNN inverse control simulation results of position response and mean square error for Link1,
Link2 and Link3 (a)-(f)
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6.2 Example 2
The FNN inverse control presented in this example, the structure of controller same the structure
input to inverse identifier by reference
of the inverse identifier which only changes the
input
to inverse controller. Inverse identifier used here so that the parameters
generated in offline learning considered initial parameters to online inverse identifier and inverse
controller. The eighteen inputs are fed to FNN controller, the learning rate of weights, mean and
standard are
,
and
respectively. Figures (7.a) to (7.f)
are shown the FNN inverse control position response and mean square error for link1, link2 and
link3 respectively for 100 epochs.

7. CONCLUSION
In this paper use FNN for identification and control for dynamic nonlinear systems such three
links robot arm. From the previous examples we conclude that the FNN is powerful for identify
and control nonlinear system, in example1 use indirect control with online forward identification
and the gradient in mean square error is done and in example2 use the direct control technique
with online inverse identification after use the parameters are get from offline inverse identification
to use in online work. Table (1) shows the gradient mean square error for both examples for each
link and the mean square error for each link when we applied the traditional PD control
(Proportion and Derivative control) on them in order to compare the values of MSE among
example1, example2 (they applied by FNN control) and PD control, the main difference between
FNN control and traditional PD control is a PD control can’t adapt its gains (kp, kd) when some
disturbance insert to plant in otherwise the FNN control can adapt its parameters (wc, mcij and scij)
by online learning algorithm.
For future work the control technique by FNN without identification will study to reduce load of
computation.

Example

Link1

Link2

Link3

1

0.0093

0.0093

0.0085

2

0.018

0.0181

0.0125

PD control

0.0095

0.009

0.0098

TABLE 1: Mean square error
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Abstract
This paper presents a method of model based hierarchical and distributed control for discrete event
robotic systems. Based on the hierarchical approach, the Petri net is translated into the detailed
Petri net from the highest conceptual level to the lowest local control level. A coordination
algorithm through communication between the coordinator and the local controllers, is specified
and the overall distributed control system is implemented using multithread programming. By the
proposed method, modeling, simulation and control of large and complex robotic systems can be
performed consistently using extended Petri nets.
Keywords: Robotic
Implementation.

Systems, Model Based Design, Distributed Control, Petri Nets,

1. INTRODUCTION
Large and complex robotic systems such as flexible manufacturing systems are commonly
decomposed into a hierarchy of abstraction levels: planning, scheduling, coordination and local
control. Each level operates on a certain time horizon. The planning level determines at which time
each product will be introduced in the system. The scheduling level produces a sequence of times
for the execution of each operation on each machine or a total ordering of all the operations. The
coordination level updates the state representation of the system in real time, supervises it and
makes real-time decisions. The local control level implements the real-time control of machines
and devices etc., interacting directly with the sensors and actuators. All the emergency procedures
are implemented at this level, so real-time constraints may be very hard. At each level, any
modeling has to be based on the concepts of discrete events and states, where an event
corresponds to a state change [1].
A manufacturing cell is an elementary manufacturing system consisting of some flexible machines
(machine tools, assembly devices, or any complex devices dedicated to complex manufacturing
operations), some local storage facilities for tools and parts and some handling devices such as
robots in order to transfer parts and tools. Elementary manufacturing cells are called workstations.
At the local control level of manufacturing cells many different kinds of machines can be controlled,
and specific languages for different application domains are provided; for example, block diagrams
for continuous process control and special purpose languages for CNC or robot programming. For
common sequential control of such machines, special purpose real-time computers named
Programmable Logic Controllers (PLCs) are used. PLCs are replacements for relays, but they
incorporate many additional and complex functions, such as supervisory and alarm functions and
start-up and shut-down operations, approaching the functionalities of general purpose process
computers. The most frequent programming languages are based on ladder or logic diagrams and
boolean algebra. However, when the local control is of greater complexity, the above kinds of
languages may not be well adapted. The development of industrial techniques makes sequential
control for manufacturing cells more large and complicated one, in which some subsystems
operate concurrently and cooperatively. Conventional representation methods based on
flowcharts, time diagrams, state machine diagrams, etc. can not be used for such systems [2].
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To realize control systems for complex robotic systems such as flexible manufacturing cells, it is
necessary to provide effective tools for describing process specifications and developing control
algorithms in a clear and consistent manner. In the area of real-time control of discrete event
systems the main problems that the system designer has to deal with are concurrency,
synchronization, and resource sharing problems. For this class of problems, Petri nets have
intrinsic favorable qualities and it is very easy to model sequences, choices between alternatives,
rendez-vous and concurrent activities by means of Petri nets [2]. When using Petri nets, events are
associated with transitions. Activities are associated to the firing of transitions and to the marking of
places which represents the state of the system. The network model can describe the execution
order of sequential and parallel tasks directly without ambiguity. Moreover, the formalism allowing
a validation of the main properties of the Petri net control structure (liveness, boundedness, etc.)
guarantees that the control system will not fall immediately in a deadlocked situation. In the field of
flexible manufacturing cells, the last aspect is essential because the sequences of control are
complex and change very often [3,4]. In addition to its graphic representation differentiating events
and states, Petri nets allows the modeling of true parallelism and the possibility of progressive
modeling by using stepwise refinements or modular composition. Libraries of well-tested subnets
allow components reusability leading to significant reductions in the modeling effort. The possibility
of progressive modeling is absolutely necessary for large and complex systems, because the
refinement mechanism allows the building of hierarchically structured net models. Furthermore, a
real-time implementation of the Petri net specification by software called a token player can avoid
implementation errors, because the specification is directly executed by the token player and the
implementation of these control sequences preserves the properties of the model. In this approach,
the Petri net model is stored in a database and the token player updates the state of the database
according to the operation rules of the model. For control purposes, this solution is very well suited
to the need of flexibility, because, when the control sequences change, only the database needs to
be changed. Some techniques derived from Petri nets have been successfully introduced as an
effective tool for describing control specifications and realizing the control in a uniform manner.
However, in the field of flexible manufacturing cells, the network model becomes complicated and
it lacks of readability and comprehensibility [5]. Therefore, the flexibility and expandability are not
satisfactory in order to deal with the specification change of the control system. Despite the
advantages offered by Petri nets, the synthesis, correction, updating, etc. of the system model and
programming of the controllers are not simple tasks.
The author proposes a Petri net based specification and real-time control method for large and
complex robotic systems. Based on the hierarchical and distributed structure of the system, the
specification procedure is a top-down approach from the conceptual level to the detailed level such
that the macro representation of the system is broken down to generate the detailed Petri nets at
the local machine control level. Then the Petri nets are decomposed and assigned to the machine
controllers to perform distributed control using Petri net based multitask processing. An algorithm is
proposed for coordination of machine controllers such that the behavior of the distributed control
system is the same as that of the original system. By the proposed method, modeling, simulation
and control of large and complex robotic systems can be performed consistently using Petri nets.

2. DISCRETE EVENT SYSTEM MODELING USING EXTENDED PETRI NETS
From the viewpoint of discrete event process control, an overall robotic system can be viewed as a
set of distinct events and conditions mutually interrelated in a complex form. An event is the start or
end of an activity of a process executed by a subsystem. A condition is a state in the process such
as operation mode. Considering the nature of discrete event systems which are characterized by
the occurrence of events and changing conditions, the condition-event net based specification
method has been investigated. The Petri net is one of the effective means to represent
condition-event systems. The specification method is a graphical model used as a tool to identify
types of events, conditions, and their mutual interrelation.
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In the condition-event systems, bumping occurs when despite the holding of a condition, the
preceding event occurs. This can result in the multiple holding of that condition and the Petri net is
said to be unsafe. When we consider not only the modeling but also the actual well-designed
control of robotic systems, the guarantee of safeness and the capability to represent input and
output signals from and to the machines are required. Thus, the fundamental Petri net which is
called the Place/Transition net should be modified and extended in order to represent the activity
contents and control strategies for the system control in detail.
The extended Petri net consists of the following six elements: (1) Place, (2) Transition, (3) Directed
arc, (4) Token, (5) Gate arc, (6) Output signal arc [6]. A place represents a condition of a system
element or action. A transition represents an event of the system. A directed arc connects a place
to a transition and vice versa, and its direction shows the input and output relation between them,
thus places and transitions are alternately connected using directed arcs. A token is placed in a
place to indicate that the condition corresponding to the place is holding. A gate arc connects a
transition with a signal source, and it either permits or inhibits the occurrence of the event which
corresponds to the connected transition. Gate arcs are classified as permissive or inhibitive, and
internal or external. An output signal arc sends the signal from a place to an external machine. The
axioms for the extended Petri net execution are as follows. A transition is firable or enabled if and
only if it satisfies all the following firability conditions:
(1)
(2)
(3)
(4)

It does not have any output place filled with a token.
It does not have any empty input place.
It does not have any internal permissive arc signaling 0.
It does not have any internal inhibitive arc signaling 1.

IAn enabled transition fires when it does not have any external permissive arc signaling 0 nor any
external inhibitive arc signaling 1. It is considered that the time required for firing is infinitely small.
The firing of a transition removes a token from each input place and put a token in each output
place connected to the transition. In any initial marking, there must not exist more than one token in
a place. According to these rules, the number of tokens in a place never exceeds one, thus the Petri
net is essentially a safe graph; the system is free from the bumping phenomenon. The assignment
of tokens into the places of a Petri net is called marking and it represents the system state. The
behavior of discrete event systems can be described in terms of system states and their changes.
In order to simulate the dynamic behavior of a system, a state or marking in a Petri net is changed
according to the transition firability conditions. Figure 1 shows the place and gate variables used to
decide the firing of a transition.

Input places

Internal gates

M

Q

R

∙ ∙ ∙

∙ ∙ ∙

∙ ∙ ∙

∙ ∙ ∙

∙ ∙ ∙

∙ ∙ ∙

N

U

V

Output places

permissive

inhibitive

tj

External gates
FIGURE 1: Place and gate variables associated with transition firing.

Formally, the firability condition and external gate condition of a transition j are defined using the
logical variables in Figure 1 as follows:
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M

Q

N

t j (k ) = I p

I
j ,m

R

(k ) ∧ I p ( k ) ∧ I g (k ) ∧ I g IIj , r (k )

m =1

O
j,n

IP
j ,q

n =1

U

q =1

(1)

r =1

V

g (k ) = I g (k ) ∧ I g EI
j ,v ( k )
E
j

EP
j ,u

u =1

(2)

v =1

where,

M

: set of input places of transition j

p Ij ,m (k ) : state of input place m of transition j at time sequence k
N

p Oj ,n ( k )
Q

g IP
j ,q ( k )
R

g IIj ,r (k )
U

g EP
j ,u ( k )
V

g EI
j ,v ( k )

: set of output places of transition j
: state of output place n of transition j at time sequence k
: set of internal permissive gate signals of transition j
: internal permissive gate signal variable q of transition j at time sequence k
:set of internal inhibitive gate signals of transition j
: internal inhibitive gate signal variable r of transition j at time sequence k
: set of external permissive gate signals of transition j
: external permissive gate signal variable u of transition j at time sequence k
: set of external inhibitive gate signals of transition j
: external inhibitive gate signal variable v of transition j at time sequence k

The state (marking) change, that is, the addition or removal of a token of an input place and an
output place, is defined as follows:

p Ij , m (k + 1) = p Ij , m (k ) ∧ (t j (k ) ∧ g Ej (k ))

(3)

p Oj ,n (k + 1) = p Oj ,n (k ) ∨ (t j (k ) ∧ g Ej (k ))

(4)

p Ij ,m ( k + 1) = RST (t j (k ) ∧ g Ej (k ))

(3’)

or,
O
j ,n

E
j

p (k + 1) = SET (t j ( k ) ∧ g (k ))

(4’)

where, y = RST ( x ) , or SET ( x ) denotes that if x = 1 then y = 0 (reset), or y = 1 (set),
respectively.
Figure 2 shows Petri net representations of an elementary machine control process with machine
activity. For the extended Petri net, it is proved that, with the reversion of the existence of token in
a place as well as the directions of input and output arcs of the place, the firability condition of the
transitions of the net is not changed. So, two Petri net representations in Figure 2(a) and (b) are
equivalent. The token in the place “Machine” indicates that the machine is free (Figure 2(a)) or the
machine is operating (Figure 2(b)). Furthermore Figure 2(c) shows a hierarchical representation of
a task; the place “Machine task A” is the macro representation of the detailed representation
composed of the subtasks 1 and 2. A task executed by a robot or an intelligent machine tool can be
seen as some connection of more detailed subtasks. For example, transferring an object from a
start position to a goal position is a sequence of the following subtasks; moving the hand to the start
position, grasping the object, moving to the goal position, and putting it on the specified place.
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Machine

Machine

subtask 1 subtask 2

subtask 1 subtask 2

(a)

Machine task A

(b)

(c)

FIGURE 2: Petri net representation of elementary process with machine activity;
(a) with loop net, (b) with source and sink transitions, (c) macro representation of robotic task.

For the actual machine control, output signal arcs are connected from associated places to the
machine, and external gate arcs are connected from the machine to the transitions to coordinate
the succeeding subtasks as shown in Figure 3. When a token enters a place that represents a
subtask, the machine defined by the machine code is informed to execute a subtask with some
control data that are defined as the place parameters.
Machine

subtask 1 subtask 2 subtask 3

subtask 4 subtask 5

External machine

FIGURE 3: Petri net representation of manufacturing process control with output arcs and external gates.

Two important system controls in discrete event robotic systems are (a) parallel control, and (b)
selective control. Figure 4 shows the Petri net representation of parallel control. In Figure 4 the
parallel activities begin at the firing of transition t1 and end with transition t4. Transitions t2 and t3
are said to be concurrent if they are causally independent. The subclass of Petri nets where each
place has exactly one incoming arc and exactly one outgoing arc is known as marked graphs.
t4
t1

t2
t3

FIGURE 4: Petri net representation of parallel control of robotic task.

The subclass of Petri nets where each transition has exactly one incoming arc and exactly one
outgoing arc is known as state machines. Any finite state machine and its state diagram can be
modeled with a state machine. The structure of the place having two or more output transitions is
referred to as a conflict. State machines allow the representation of conflicts, decisions, or choices,
but not the synchronization of parallel activities. When two or more transitions are firable only one
transition should fire using gate arcs or some arbitration rule, such as logical priority or specified
order. Figure 5 shows an example Petri net with corresponding arbiters.
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(a)
Arbiter (a)

(b)
Arbiter (b)

FIGURE 5: Petri net representation of selective control of robotic task with arbiters.

The Petri net described in detail with the above procedures can be used as a program for the
system control, while features of discrete event systems such as ordering, parallelism,
asynchronism, concurrency and conflict can be concretely described through the extended Petri
net. The extended Petri net is a tool for the study of condition-event systems and used to model
condition-event systems through its graphical representation. Analysis of the net reveals important
information about the structure and the dynamic behavior of the modeled condition-event system.
This information can then be used to evaluate the system and suggest improvements or changes.
A Petri net model includes control algorithms, and is used to control the real robotic process by
coincidence of the behavior of the real system with the Petri net model.

3. MODEL BASED HIERARCHICAL AND DISTRIBUTED CONTROL
A specification procedure for discrete event robotic systems based on Petri nets is as follows. First,
the conceptual level activities of the system are defined through a Petri net model considering the
task specification corresponding to the aggregate discrete event process. The places which
represent the subtasks indicated as the task specification are connected by arcs via transitions in
the specified order corresponding to the flow of subtasks and a workpiece. The places representing
the existence of machines used for the subtasks are also added to connect transitions which
correspond to the beginning and ending of their subtasks. Then, the detailed Petri nets describing
the subtasks are deduced based on activity specification and required control strategies for
resources such as robots and other intelligent machines. At each step of detailed specification,
places of the Petri net are substituted by a subnet in a manner which maintains the structural
properties [7].
Since in the large and complex systems, the controllers are geographically distributed according to
their physical (hardware) structure, it is natural to implement a hierarchical and distributed control
system, where one controller is allocated to each control layer or block. For robotic systems
composed of robots, machine tools, and conveyors, an example structure of hierarchical and
distributed control is composed of one station or system controller and three machine or local
controllers as shown in Figure 6, although each robot may be controlled by one robot controller.
The detailed Petri net is decomposed into subnets, which are assigned to local controllers.
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System controller
Robot
controller
Robot R1

MC
controller

Conveyor
controller

Machining
Center MC

Robot R2

Conveyor
CV1

Conveyor
CV2

FIGURE 6: Example of distributed control system.

In the decomposition procedure, a transition may be divided and distributed into different machine
controllers as shown in Figure 7. The machine controllers should be coordinated so that these
transitions fire simultaneously, that is, the aggregate behavior of decomposed subnets should be
the same as that of the original Petri net. Decomposed transitions are called global transitions, and
other transitions are called local transitions.

t1 (Machine 1)

t2

(Machine 2)
t3

t4

decomposition
t21

t11

t12

Machine 1

t32

t22

t42

Machine 2

t11,t12; t21,t22: global transition
t32,t42: local transition

FIGURE 7: Decomposition of transitions.

By the Petri net model, the state of the discrete event system is represented as the marking of
tokens, and firing of any transition brings about change to the next state. So the firability condition
and state (marking) change before decomposition should be the same as those after
decomposition. If transition j is divided into s transitions j1 , j 2 , , , js , as shown in Figure 8, the
firability condition of a transition after decomposition is described as follows:
M1
···

Q1
···

R1
···

t j1

∙ ∙ ∙
···
N1

···
U1

MS
···

QS
···

RS
···

···
NS

···
US

···
VS

t js

···
V1

FIGURE 8: Place and gate variables after decomposition of transition.
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From Eq. (1) and Eq.(5),
S
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It
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From Eq. (2) and Eq. (6),
S

g Ej (k ) =

Ig

E
jsub

(k )

(8)
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where,

S

: total number of subnets
: set of input places of transition jsub of subnet sub

Msub
p Ijsub ,m (k ) : state of input place m of transition jsub of subnet sub at time sequence k
: set of output places of transition jsub of subnet sub
Nsub
O
p jsub ,n ( k ) : state of output place n of transition jsub of subnet sub at time sequence k
Qsub
: set of internal permissive gate signals of transition jsub of subnet sub
: set of internal inhibitive gate signals of transition jsub of subnet sub
Rsub
: set of external permissive gate signals of transition jsub of subnet sub
Usub
: set of external inhibitive gate signals of transition jsub of subnet sub
Vsub
The addition or removal of a token of a place connected to a decomposed transition is described as
follows:

p Ijsub ,m (k + 1) = p Ijsub ,m (k ) ∧ (t j (k ) ∧ g Ej (k ))

(9)

p Ojsub ,n (k + 1) = p Ojsub ,n (k ) ∨ (t j ( k ) ∧ g Ej (k ))

(10)

Consequently it is proved that the firability condition of the original transition is equal to AND
operation of firability conditions of decomposed transitions. If and only if all of the decomposed
transitions are firable, then the global transitions are firable. To utilize the above results, the
coordinator program has been introduced to coordinate the decomposed subnets so that the
aggregate behavior of decomposed subnets is the same as that of the original Petri net. In case that
a transition in conflict with other transitions is decomposed, these transitions should be coordinated
by the system controller. If arbitrations of the transitions are performed independently in separate
subnets, the results may be inconsistent with the original rule of arbitration. Therefore the
transitions should be arbitrated together as a group. On the other hand, arbitration of local
transitions in conflict is performed by local machine controllers. In the hierarchical and distributed
control system composed of one system controller and several machine controllers, the conceptual
Petri net model is allocated to the Petri net based controller for management of the overall system,
while the detailed Petri net models are allocated to the Petri net based controllers in the machine
controllers. The control of the overall system is achieved by coordinating these Petri net based
controllers. System coordination is performed through communication between the coordinator in
the system controller and the Petri net based controllers in the machine controllers [8].
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4. IMPLEMENTATION OF CONTROL SYSTEM
The example robotic system has one or two robots, one machining center, and two conveyors,
where one is for carrying in and the other one is for carrying out, as shown in Figure 9. The main
execution of the system is indicated as the following task specification:
(1)
(2)
(3)
(4)
(5)

A workpiece is carried in by the conveyor CV1.
The workpiece is loaded to the machining center MC by the Robot.
The workpiece is processed by the machining center MC.
The workpiece is unloaded to the conveyor CV2 by the Robot.
The workpiece is carried out by the conveyor CV2.
Machining
center MC

Machining
center MC

Conveyor CV1

Conveyor CV2
Robot R2

Robot R1
Conveyor CV2

Conveyor CV1

Robot R

(a)

(b)

FIGURE 9: Example of robotic system; (a) with one robot, (b) with two robots.

At the conceptual level the discrete event processes of the robotic system are represented as
shown in Figure 10 for the systems with one robot and with two robots, respectively. In this step, if
necessary, control conditions such as the capacity of the system between the respective subtasks
must be connected to regulate the execution of the manufacturing process. For the system with one
robot, the place “Robot” has two input transitions and two output transitions, but these transitions
are not firable at the same time because a token is in the place “MC”, so they are not in conflict for
firing. The firing of only one of these transitions is permitted using external gate arcs.
Next, each place representing a subtask at the conceptual level is translated into a detailed subnet.
Figure 11 shows the detailed Petri net representations of subtasks: loading, processing and
unloading in Figure 10. While a Petri net at the conceptual level represents a flow of task-level
commands, they represent sequences of motion-level operations. For registered subtasks, the
translation procedure is automatically executed by software.
1

Conveyor CV1

3

4

Conveyor CV2

6 1 Conveyor CV1 3

Carrying in 2 Loading Processing Unloading5Carrying out

4 Conveyor CV2

6

Robot R2 5

2 Robot R1

Carrying inLoading Processing Unloading Carrying out
Robot

MC
MC

(a)

(b)

FIGURE 10: Petri net representation of the example cell at the conceptual level;
(a) with one robot, (b) with two robots.
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(Conveyor CV1)

t2

t7

Waiting

(Robot R1)
Moving

Grasp

(MC)
Forward

Moving

Put on

t8 Waiting t3

Waiting

Fixing

(a) Loading

t3 Backward Positioning Machining Forward

Unfixing

t4

(b) Processing

t4

(MC)
Waiting

t9

(Robot R2)
Moving

Grasp

Moving

Put on

t5

(Conveyor CV2)
Waiting

(c) Unloading
FIGURE 11: Detailed Petri net representation of subtasks.

The detailed Petri net representation of the example system is shown in Figure 12, where the
detailed Petri net is not decomposed and the control system is centralized. For the distributed
control system shown in Figure 6, the Petri net representations assigned to the machine controllers
are shown in Figure 13. External permissive gate arcs from sensors for detecting the completion of
work handling are employed. For example, for grasping action of a robot, the set of touch sensors
on the fingers of the robot indicates whether the robot has or has not grasped a workpiece, and for
moving action of a robot, the set of limit switch sensors for robot arm positioning indicates whether
the robot has or has not reached a target position.

t Carrying t2
1

(Convey C 1
t7
Waitin

(Rob 1
Movin

(MC
Forwar

Gras

(Convey
Waitin

t4

Movin

Waitin

Put on t8 Waiting t3

Fixin

Processi

(Rob 2
Movin

Gras
p

2

t9 Movin

t5Carrying

t6

Put

(MC
Waitin

FIGURE 12: Detailed Petri net representation of whole system task.
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(Robot R1)

t71

t21 Moving

Grasp

t81
Moving

Put on

Waiting t31

(Robot R2)

t41 Moving

Grasp

t91 Moving

Put on

t51

(a) Robot controller
t32

t22 Forward

Waiting t82 Fixing

Processingt42Waiting t92

(b) MC controller
(Conveyor CV2)

(Conveyor CV1)

t23

t13 Carrying in

Waiting t73

t53
t43 Waiting Carrying out t63

(c) Conveyor controller
FIGURE 13: Detailed Petri net representation of machine controllers with external permissive gate arcs from
sensors for work handling.

(

: global transition,

: local transition,

: permissive gate arc)

For the example robotic system, a hierarchical and distributed control system has been realized
using a set of PCs. Each machine controller is implemented on a dedicated PC. The system
controller is implemented on another PC. Communications among the controllers are performed
using serial communication interfaces (RS-485). The names of global transitions and their conflict
relations are loaded into the coordinator in the system controller. The connection structure of a
decomposed Petri net model and conflict relations among local transitions are loaded into the Petri
net based controller in a machine controller. Using the names of transitions in the subsystems,
global transitions are defined; for example, G2: t0-2, t1-21, t2-22, t3-23 indicates that the global
transition G2 is composed of the transition no.2 of System controller (subsystem no.0), the
transition no.21 of Robot controller, the transition no.22 of MC controller (subsystem no.2), and the
transition no.23 of Conveyor controller (subsystem no.3). Then, the coordinator information for the
example distributed control system is as follows.
G1: t0-1, t3-13
G2: t0-2, t1-21, t2-22, t3-23
G3: t1-71, t3-73
G4: t1-81, t2-82
G5: t0-3, t1-31, t2-32
G6: t0-4, t1-41, t2-42, t3-43
G7: t1-91, t2-92
G8: t0-5, t1-51, t3-53
G9: t0-6, t3-63

; start of carring in
; start of loading from CV1
; end of grasp on CV1
; end of putting on MC
; end of loading into MC
; start of unloading from MC
; end of grasp on MC
; end of putting on CV2
; end of carring out
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By executing the coordinator and Petri net based controllers algorithms based on loaded
information, simulation experiments have been performed. The robot controller executes robot
motion control through the transmission of command. The MC controller and the conveyor
controller communicate with a dedicated PLC. The Petri net simulator initiates the execution of the
subtasks attached to the fired transitions through the serial interface to the robot or other external
machines. When a task ends its activity, it informs the simulator to proceed with the next
activations by the external permissive gate arc. The detailed Petri net representation for real-time
external machine control is shown in Figure 14.
t1

unit operation

t2

detailed representation
t1

command
request

status
reception t2

reception working report

External machine

FIGURE 14: Detailed Petri net representation of external machine control.

Experimental set up of the example of robotic system presented in this paper is shown in Figure 15.
Control software on each PC is written using multithreaded programming [9]. Petri net simulation
and task execution program through serial interface are implemented as threads in each machine
controller. Real-time task execution using multithreaded programming is shown in Figure 16. In a
multithreaded operating system, a thread is an independent flow of execution in a process and all
threads share the code, data, heap, and system memory areas of that process. So all threads in a
process can access all global data. Further, because each thread has a separate CPU state and its
own stack memory, all local variables and function arguments are private to a specific thread. It’s
easy for threads to interact with each other by the way of synchronization objects and intertask
communications because they have some shared memory for communication as the process’s
global data. Context switching between threads involves simply saving the CPU state for the
current thread and loading the CPU state for the new thread [10].
In the control system both the Petri net simulation thread and the task execution thread access to
the external gate variables as shared variables; the task execution thread writes and the Petri net
simulation thread reads. Mutual exclusive access control was implemented as shown in Figure 16,
so that, while one thread accesses to the shared variables, the other thread can not access to them.
The Petri net simulator thread waits for the external gate signal using an event object, and after the
task execution threads write, the Petri net simulator thread reads and then the associated transition
fires directly. Control software using multithreaded programming was written in Visual C# under OS
Windows XP SP3 on general PCs.
The Petri net modeling thread is executed as the main thread to perform the Petri net modeling,
drawing and modification for task specification. For the example system, detailed Petri net models
can be automatically generated using the database of robotic operations. When the transformation
of graphic data of the Petri net model into internal structural data is finished, the Petri net simulation
thread starts. Experiments using a real robot show that the Petri net simulation thread and the task
execution threads proceed concurrently with even priority, and the values of external gate
variables are changed successfully.
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FIGURE 15: View of experimental set up of robotic system.

Modeling
thread

Task specification and graphic drawing of Petri net models
Control parameter setting associated with transition firing

Activation of simulation thread through user interface

Simulation
thread

Petri net execution based on transition firability and gate variables

Activation of task execution thread in case of transition firing
《shared variables》
read

External gate variables
(machine 1)

write

Task execution
thread
(machine 1)
command
command
reception

Real-time task execution of each machine controller by command
sending and status reception through serial interface

status
statusr
eport

Machine controller 1

FIGURE 16: Real-time execution of subtasks using multithreaded programming.

Experimental results show that the decomposed transitions fire simultaneously as the original
transition of the detailed Petri net of the whole system task [11]. The robots cooperated with the
conveyors and the machining center, and the example robotic system performed the task
specification successfully. Firing transitions and marking of tokens can be directly observed on the
display at each time sequence using the simulator on each PC [12], as shown in Figure 17. During
simulation and task execution, it is judged by the simulator that whether it is in a deadlocked
situation or not, and the user can stop the task execution through the simulator at any time.
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FIGURE 17: View of Petri net simulator.

5. CONCLUSIONS
A methodology of model based design and implementation using Petri nets to construct
hierarchical and distributed control systems, which correspond to the hardware structure of robotic
systems, has been proposed. By introduction of the coordinator, the Petri net based controllers are
arranged according to the hierarchical and distributed nature of the overall system; the coordination
mechanism is implemented in each layer repeatedly. The Petri net model in each Petri net based
machine controller is not so large and easily manageable. The overall control structure of the
example robotic system was implemented on general PCs using multithreaded programming. In
accordance with the implementation using multithreaded programming, hierarchical and
distributed implementation under a real-time operating system on a network of microcomputers
connected via a serial bus is also possible, where each microcomputer is dedicated to the local
Petri net model of a subsystem in the overall robotic system. Local Petri net models are so simple
that they can be implemented on general PLCs. Thus, modeling, simulation and control of large
and complex manufacturing systems can be performed consistently using Petri nets.
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Abstract
For navigation in complex environments, a robot needs to reach a compromise between the need
for having efficient and optimized trajectories and the need for reacting to unexpected events.
This paper presents a new sensor-based Path Planner which results in a fast local or global
motion planning able to incorporate the new obstacle information. In the first step the safest areas
in the environment are extracted by means of a Voronoi Diagram. In the second step the Fast
Marching Method is applied to the Voronoi extracted areas in order to obtain the path. The
method combines map-based and sensor-based planning operations to provide a reliable motion
plan, while it operates at the sensor frequency. The main characteristics are speed and reliability,
since the map dimensions are reduced to an almost unidimensional map and this map represents
the safest areas in the environment for moving the robot. In addition, the Voronoi Diagram can be
calculated in open areas, and with all kind of shaped obstacles, which allows to apply the
proposed planning method in complex environments where other methods of planning based on
Voronoi do not work.
Keywords: Voronoi Diagram, ath Planning, ast Marching.

1. INTRODUCTION
Since the 1980s mobile robot motion planning problems have become an important research
topic that has attracted the attention of many researchers who have worked extensively to obtain
efficient methods to solve these problems. This issue has been dealt with in two general ways:
one approach has concentrated on solving motion planning problems using a previously known
global environment or obstacle information and the robot characteristics, whilst the second
approach has concentrated on planning motion using local sensor information and the robot
characteristics.
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In recent years, sensor-based path planning has emerged as a compromise between the need for
reacting to unexpected environmental events and the need for having efficient optimized
trajectories. Different variations of classical methods have been proposed to achieve an operative
sensor-based path planning. One of these techniques is the Voronoi-based path planning. In
order to use a sensor-based method an efficient and fast algorithm is required to extract and
follow Voronoi Diagrams.
The Voronoi Diagram has been studied by many researchers. The advantages of Voronoi-based
path planning are that it diminishes the dimension of the problem to one and that the trajectories
follow the maximum clearance map. This means that the trajectories are the safest ones.
Moreover, the Voronoi-based navigation reminds of topological navigation and, because of that, it
is similar to the human one in some aspects. However, most Voronoi-based methods have the
difficulty of calculating the Voronoi Diagram by studying lines and polygons, finding the vertices
and nodes, and creating a tree to find the path. In addition, the method is not very efficient in
three dimensions and it does not work at all in higher dimensions. As an alternative to solve these
problems, we propose the use of image processing methods.
In order to calculate the trajectory, the new Motion Planning method is based on the combination
of a Voronoi Diagram and the expansion of a wave from the start point to the goal following the
Voronoi Diagram.
The proposed sensor-based planning method uses a combination of sensor information and the
known map of the environment. The Voronoi Diagram is built using image methods
(skeletonization) based on the Breu method in 2D [7] and Gagvani in 3D [16]. This Voronoi
Diagram (skeleton) is dilated and inverted to obtain a viscosity map. The next step is to calculate
the trajectory in the image generated by the thick Voronoi Diagram using a wave expansion. The
wave expansion is calculated solving the Eikonal equation for which the Fast Marching Method
has been used, though there are other similar ones, such as the Tsiksitlis [54] method, MCC [32],
and others.
Then, the obtained path verifies the smoothness and safety considerations required for mobile
robot path planning.
The approach implemented in this work is based on the potential field method of the wave
expansion, which repels a robot away from obstacles and towards the goal using a carefully
designed artificial potential function. The main advantages of this method are:
•
•

It is easy to implement.
The computation time is low, so this algorithm works in Real-Time.

2. RELATED WORK
2.1 Voronoi Diagram
The Voronoi concept has been used for four centuries. In his Traité de la Lumiére published in
1644, Descartes uses diagrams similar to Voronoi to show the disposition of matter in the solar
system and its environment. Algorithms of Voronoi Diagrams have been appearing since the
1970s. See the surveys by Aurenhammer [2,3], de Berg [5], and Okabe [39] on various
algorithms, applications, and generalizations of Voronoi Diagrams.
The Generalized Voronoi Diagram is the set of points where the distance to the two closest
objects is the same [11]. Many algorithms have been proposed for constructing Generalized
Voronoi Diagrams using the distance information provided by different external sensors like sonar
sensors, laser scanners and stereo cameras. The method for construction of a Generalized Local
Voronoi Diagram (GLVG) applied by Mahkovic in [31] uses measurements from a laser scanner.
First, the points that belong to the same object are clustered, then the Voronoi Diagram is
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generated, and finally, the edges outside the visible region and those which both side generator
points belonging to the same object are deleted. In [53], Sudha constructs a Voronoi Diagram
from a binary image of the workspace obtained using a digital camera.
One class of algorithms involves incremental construction procedures based on the exploration of
an unknown environment. It is the case of the approach proposed by Nagatani, Choset, and
Thrun [35,9,11]. This algorithm does not consider the encoder errors and it cannot be used in a
large environment.
There are some path planning algorithms inspired by the Voronoi Diagram concept, such as the
MAPRM method [57], which retracts sampled configurations onto the medial axis (or Generalized
Voronoi Diagram). Also, the EquiDistance Diagram (EDD) [22] is based on the Voronoi roadmap
idea, that is a roadmap formed by connecting the local maxima of a clearance function defined
using distance functions. The main shortcoming of these methods is that their roadmap is
constructed offline and the environment information must be provided in advance.
Breu et al. [7] present a linear time (and hence asymptotically optimal) algorithm for computing
the Euclidean distance transform of a two-dimensional binary image. The algorithm is based on
the construction and regular sampling of the Voronoi Diagram whose sites consist of the unit
(feature) pixels in the image. Their algorithm constructs the Voronoi Diagram where it intersects
the horizontal lines passing through the image pixel centers. They also discuss the extensions to
higher dimensional images and to other distance functions. The method proposed in this paper
uses, in its first part, this algorithm.
2.2 Potential Field-based Motion Planning
From a theoretical point of view, the motion planning problem is well understood and formulated,
and there is a set of classical solutions capable of computing a geometrical trajectory that avoids
all known obstacles. Most of these general methods are not applicable if the environment is
dynamic or there are no modelled obstacles. Hence, to avoid the problem of executing an
unrealistic geometrical trajectory, in which the robot can collide with objects, obstacle avoidance
algorithms have been developed to provide a robust way of coping with the problem.
One of the classical methods for dynamically solving the collision avoidance problem is the
potential field approach developed by O. Khatib [23]. This approach is based on the creation of
an artificial potential field in which the target is an attractive pole and the obstacles are repulsive
surfaces. The robot follows the gradient of this potential toward its minimum. The derived force
induces a collinear and proportional acceleration enabling easy dynamic and kinematic control
actions. This technique can be used at a global or local level depending on the information used
to generate the potentials. The major advantage of this method is its simplicity and its capability
of being used dynamically because of the easy treatment of fixed and mobile obstacles. Its major
disadvantage is the possible existence of local minima and the oscillations for certain
configurations of obstacles. In spite of this problem, this technique has been used extensively in
reactive architectures because of its natural ability to encapsulate specific robot behaviors.
In [33], Melchior at al. find an optimal trajectory using the Fast-Marching technique and compare
it with the A* algorithm.According to Melchior, the solutions obtained with the Fast-Marching
technique are the true approximations of the continuous and optimal trajectories. Thus the level
line curvature and the gradient orientation are continuous; the robot can be oriented quasicontinuously. However, the minimum length trajectory obtained by the A* algorithm is not the
discrete approximation of the optimal length continuous trajectory.
The Fast Marching Method has been used previously in Path Planning by Sethian [49,48], but
using only an attractive potential. This method has some problems. The most important one that
typically arises in mobile robotics is that optimal motion plans may bring robots too close to
obstacles (including people), which is not safe. This problem has been dealt with by Latombe
[26], and the resulting navigation function is called NF2. Melchior, Poty and Oustaloup [33,42]

International Journal of Robotics and Automation (IJRA), Volume (2) : Issue (1) : 2011

44

Garrido, Moreno, Blanco & Jurewicz

present a fractional potential to diminish the obstacle danger level and to improve the
smoothness of the trajectories; Philippsen [41] introduces an interpolated Navigation Function,
but with trajectories too close to obstacles and without smooth properties; and Petres et al. [40]
introduce efficient path-planning algorithms for Underwater Vehicles that take advantage of
, which is a continuous version of
underwater currents. They developed an algorithm called
the
algorithm based on Fast Marching. The Voronoi-based Method presented in [18] tries to
follow a maximum clearance map.
2.3 Grid-based Planning Methods
In the navigation of mobile robots, many methods consist on a grid-based representation of the
environment. This representation can have occupied or free cells (binary representation), or each
cell can have an associated weight that represents the difficulty of traversing that area.
This grid is usually approximated by a graph, with the nodes situated in the center of each cell.
Many algorithms have been developed to find a path in the graph. Dijkstra’s algorithm computes
the optimal path between a single source point to any other point in the graph. This algorithm is
indeed efficient, but suffers from metrication errors [13], as shown in Fig. 1.
uses a heuristic to
focus the search from a particular start location towards the goal, and thus produces a path from
a single location to the goal very efficiently [37].

, Incremental

, and

Lite are extensions

of
that incrementally repair solution paths when changes occur in the underlying graph [52].
These incremental algorithms have been used extensively in robotics for mobile robot navigation
in unknown or dynamic environments.
Grid or graph based methods, such as Dijkstra’s or
, calculate a navigation function
constrained to movement choices along graph edges that are neither optimal for execution nor an
exact solution. The graph based algorithms consider the image as an oriented graph in which a
pixel is a node, and the 4 (or 8) connections to the neighboring pixels are the vertices of the
graph.
These methods can not converge to the solution of a continuous problem. Even for very fine
grids, the paths restrict the agent’s heading to increments of
or
. This results in paths
that are suboptimal in length and difficult to traverse in practice. The different metrics used lead to
very different results.
Frequently, a smoothing step is performed after planning to alleviate this problem, which yields to
unsatisfactory results because it solves only locally the discrete nature of the problem.
Various efforts have been made to overcome these shortcomings, including increasing the
available headings or approximating continuous paths (see [36] and [14]), using suboptimal
variants of the search algorithms to reduce computation time [28], and efficiently updating existing
solutions when new information is received [52], [25].
The fast marching method uses the L2 metric, instead of the L1 (Manhattan) of Dijkstra’s similar
methods, and it makes an intrinsic interpolation that allows it to solve the continuous eikonal
efficiently equation and to give the shortest path.
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FIGURE 1: The Dijkstra Method gives multiple short paths but always following the conection between the
graph points. Fast Marching Method gives the optimal diagonal path, because it interpolates, so the path
obtained is the shortest.

3. INTRODUCTION TO THE VORONOI DIAGRAM AND SKELETON
The Voronoi Diagram concept is a simple but intuitively appealing one. Given a finite set of
objects in a space, all locations in that space are associated with the closest member of the
object set. The result is a partition of the space into a set of regions, Voronoi regions. The
Generalized Voronoi Diagram is the frontier between these regions. Given its widespread use, it
is not surprising that this concept has been discovered many times in many different places.
The close relationship between the Voronoi Diagram and the medial axis has already been
pointed out in literature [38]. In the field of computer vision, the skeleton of an object or image is
the Medial Axis Transform, which coincides with the definition of the GVD used in robotics that
uses lines. This is not to be confused with the Voronoi Diagram of a discrete set of points: for
each point in the set , there exists a boundary polygon enclosing all the intermediate points
and the set of these polygons for a given point
lying closer to than to other points in the set
set is called the Voronoi Diagram.
A very illustrative definition of the skeleton is given by the prairie-fire analogy: the boundary of an
object is set on fire and the skeleton is made up of the loci where the fire fronts meet and quench
each other.
Based on Blum’s definition of a skeleton [6], the skeleton of a set
is the locus of the centers
of maximal disks. A maximal disk of
is a closed disk contained in that is interiorly tangent to
the boundary
and that is not contained in any other disk in . Each maximal disc must be
tangent to the boundary in at least two different points. With every skeleton point
we also
of its maximal disk. The skeleton
is the set of centers of maximal
store the radius
disks in . The skeleton is desired to be a ‘graph-like’ retraction of the original set. For a good
overview of skeletonization techniques, see [51].
A class of skeletonization approaches is based on distance transform. In this paper algorithms
based on distance transform (DT) are used for computing the skeleton (Voronoi Diagram) of the
binary image that represents the environment. This associates every pixel in image space with its
distance to the nearest point to it. The distance transform is important for natural neighbor
interpolation of a function and for morphological operations on images, such as medial axis and
skeleton computation, and polygon morphing. Many efficient algorithms exist for the computation
of the distance transform, or a close approximation of it (meaning that the distances are not
exactly the true distances) for images. The medial surface/axis can be defined as the locus of
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maximal circles (2D) or ball (3D). A particularly efficient algorithm that has been used for the
calculation of the Voronoi Diagram (2D) in this work is due to Breu et al [7]. For its way of working
it is not necessary to calculate vertices and nodes of the Voronoi Diagram and it can be used for
time, where
is the number
all kinds of walls and obstacles, even curved ones. It runs in
of image pixels. This algorithm is based on the construction and regular sampling of the Voronoi
Diagram whose sites consist of the unit (feature) pixels in the image. The algorithm constructs the
Voronoi Diagram where it intersects the horizontal lines passing through the image pixel centers.
This algorithm has been used to compute the Voronoi Diagram in 2D environments.
An important drawback of the skeletonization methods is the existence of spurious branches on
the generated skeletons. This undesired fact is caused by the irregularities of the boundary.
Boundary noise would cause the Voronoi Diagram to be very dense which would lead to the need
for appropriately pruned it to generate the medial axis. Ogniewicz [38] reduced skeletons formed
from raster boundary points to a simple form. This was achieved by pruning the hair nodes of the
skeleton until a given minimum circumcircle was reached. On the other hand, it has been
demonstrated that hair nodes correspond to a location of minimum curvature on the boundary
[4,6]. This means that for a sampled boundary curve, three adjacent points are co-circular, with
their center at the skeleton hair. For the simplification of the skeleton, the hairs should be
retracted to their parent node location. The central point of the three is moved towards the parent
node until it coincides with the parent node circumcircle, resulting in smoothing outward-pointing
salients of the boundary.
The process is repeated from the other side of the boundary, also retracting those salients. This
may displace some of the points involved in the first smoothing step, but the process is
convergent and a small number of iterations suffices to produce a smoothed curve having the
same number of points as the original one, but with a simplified skeleton.
In order to extract the skeleton in 3D, the algorithm described in [16] has been implemented. That
skeletonization method for 3D objects is based on a quasi-Euclidean distance transform. Once
the distance transform value at every object point is known, a linded list of all the object points is
created. One pass is done over the list to test if a local maximum of it satisfies the condition:
(1)
Where
is a thinness parameter,
is the distance transform of the voxel
and
is
the mean of the neighbors’ distance transform. The effect of boundary noise is reduced by
choosing a thinness parameter that removes most of the ‘hairs’ in the skeleton.

4. INTUITIVE INTRODUCTION OF THE EIKONAL EQUATION AND THE
FAST MARCHING PLANNING METHOD
The ideal planner always drives the robot in a smooth and safe way to the goal point. In nature
there are phenomena with the same way of working: electromagnetic waves. If there is an
antenna at the goal point that emits an electromagnetic wave, then the robot could drive himself
to the destination following the waves to the source. The concept of the electromagnetic wave is
especially interesting because the potential has all the good properties desired for the trajectory,
such as smoothness (it is
) and the absence of local minima.
Maxwell’s laws govern the propagation of the electromagnetic waves and can be modelled by the
wave equation:
(2)
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A solution of the wave equation is called a wave. The moving boundary of a disturbance is called
a wave front. The wave front can be described by the Eikonal equation. The reasoning that
demonstrates it can be followed in [12].
In Geometrical Optics, Fermat’s least time principle for light propagation in a medium with space
varying refractive index
is equivalent to the Eikonal equation and can be written as
where the Eikonal
is a scalar function whose isolevel contours are
normal to the light rays. This equation is also known as Fundamental Equation of the Geometrical
Optics.
The Eikonal (from the Greek ‘eikon’, which means ‘image’) is the phase function in a situation for
which the phase and amplitude are slowly varying functions of position. Constant values of the
Eikonal represent surfaces of constant phase, or wave fronts. The normals to these surfaces are
rays (the paths of energy flux). Thus the Eikonal equation provides a method for ’ray tracing’ in a
medium of slowly varying the refractive index (or the equivalent for other kinds of waves).
In the Sethian notation [47] the eikonal equation is written as
(3)
where

represents the wave front (time),
in 2D or
in 3D.

is the slowness index of the medium, and

The theory and the numerical techniques known as Fast Marching Methods are derived from an
exposition to describe the movement of interfaces, based on a resolution of the equations on
partial differential equations as a boundary condition problem. They have the merit of unifying the
ideas relative to the evolution of fronts in a general framework.
For the formulation of a front in evolution, having considered a generic limit, we introduce, for
example, a unidimensional expansion, one curve in two dimensions (see Fig. 1), or one surface in
three dimensions, which separates one region from another.

FIGURE 2: Wave front propagating with velocity F
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FIGURE 3: Formulation of the arrival function

, for a unidimensional wavefront

Let us imagine that the curve or surface moves in its normal direction with a known speed F. The
objective would be to follow the movement of the interface while this one evolves. A large part of
the challenge in the problems modelled as fronts in evolution consists on defining a suitable
speed that faithfully represents the physical system.
One way to characterize the position of a front in expansion is to compute the time of arrival T, in
which the front reaches each point of the underlying mathematical space of the interface. It is
evident that for one dimension (see fig. 2) we can obtain the equation for the arrival function T in
an easy way, simply considering the fact that the distance is the product of the speed and the
time .

The spatial derivative of the solution function becomes the gradient

and therefore the magnitude of the gradient of the arrival function
to the speed.

is inversely proportional

For multiple dimensions, the same concept is valid because the gradient is orthogonal to the level
.
sets of the arrival function
This way, we can characterize the movement of the front as the solution of a boundary condition
problem. If speed F depends only on the position, then the equation

can be

reformulated as the eikonal equation
(4)
As a simple example we defined a circular front
for two dimensions
that advance with uniform speed. The evolution of the value of the arrival function
can be
seen as time increases (i.e.
,
,
, ...), and the arrival function comes to points
of the plane in more external regions of the surface (see fig. 3). The boundary condition is that the
value of the wave front is null in the initial curve.
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FIGURE 4: Movement of a circular wave front, as a problem of boundary conditions
The direct use of the Fast Marching Method does not guarantee a smooth and safe trajectory.
From the way the front wave is propagated the shortest geometrical path is determined. This
makes the trajectory unsafe because it touches the corners, walls, and obstacles, as shown in
Fig. 4. This problem can be easily solved by enlarging the obstacles, but even in that case the
trajectory tends to go close to the walls and it is not sufficiently smooth or safe enough.

FIGURE 5: Trajectory calculated by Fast Marching Method directly. The trajectory is not safe because it
touches the corners and walls.

The image 4 shows that the Fast Marching Method can not be used directly Fast Marching
Methods are designed for problems in which the speed function never changes sign, so that the
front is always moving forward or backward. This allows to convert the problem into a stationary
formulation, because the front crosses each grid point only once. This conversion into a
stationary formulation, in addition to a whole set of numerical tricks, gives it a tremendous speed
to the method.
The distance given by the wave propagation of the Fast Marching Method is the Geodesic
distance, which is different from the Euclidean Distance, as shown in Fig. 5. In that figure it is
possible to observe how the points on the left foot are farther from the start when Geodesic
distance is used. The Geodesic distance is the length of the shortest path between the two
points.
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FIGURE 6: Difference between the Euclidean distance and the Geodesic distance calculated with the Fast
Marching Method. The Geodesic distance is the distance of the minimum length inside the figure path and
the Euclidean distance is the straight line distance

Since its introduction, the Fast Marching Method approach has been successfully applied to a
wide set of problems that arise in geometry, mechanics, computer vision, and manufacturing
processes, see Sethian [48] for details. Numerous advances have been made to the original
technique, including the adaptive narrow band methodology [1] and the Fast Marching Method for
solving the static eikonal equation ([49],[48]). For further details and summaries of level set and
fast marching techniques for numerical purposes, see [48].

5. IMPLEMENTATION OF THE METHOD
This method operates in two main steps. The first step consists on the calculation of the Voronoi
Diagram of the 2D or 3D map of the environment (that is, the cells located equidistant to the
obstacles). This process is done by means of morphological operations on the image of the
environment map. In the second step, the Fast Marching Method is used to create a potential T(x)
that represents the propagation of an electromagnetic wave. This potential is used to calculate
the trajectories based on the potential surface defined by the slowness map. To be more precise,
the planner follows the following steps:
1.
Modelling. A grid-based map of the environment is the model to be used. The a
priori known map (if it is known) and the sensor information are integrated in an updated
image of the environment with black and white cells. The only criteria to select the grid
size is the computation time. The grid does not need to be uniform, being possible to use
a triangular mesh.
2.
Object enlarging. In order to avoid unrealistic trajectories, the objects and walls
are enlarged by the radius of the mobile robot before the calculation of the Voronoi
Diagram to ensure it neither collides with obstacles or walls nor accepts passages
narrower than the robot size. This allows to consider the robot as a point from now on.
3.
Filter. In order to remove the small ‘hairs’ of skeletons, an averaging filter is
applied. This filter is applied over the binary image to eliminate the corners and avoid the
appearance of hairs.
4.
Voronoi Diagram. Morphological image processing techniques are applied to
the map to build the Voronoi Diagram. To be exact, a skeletonization of the image based
in the Breu method (2D) [7] and Gagvani’s (3D) [16] is applied in order to obtain the
Voronoi Diagram as shown in Fig. 5. This skeleton is an image in which the points of the
Voronoi diagram are black and the others white, but there are no information of vertices
and nodes. It is possible to calculate the nodes, but it is more practical to search the path
over the image with the Fast Marching method, because the calculation time is smaller
and it works even with curved obstacles and walls.
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5.
Dilatation After that, a dilatation is done in order to have a thick Voronoi Diagram
(see Fig. 5) wherein to calculate the propagation of the wave front of the Fast Marching
Method. This is done in order to obtain two advantages. First, the sharp angles between
segments of the diagram are smoothed, which improves the continuity of the generated
trajectories and frees them from sharp angles. Second, the Voronoi Diagram is thickened
in order to eliminate excessive narrowing, and thereby to allow a better propagation of
the wave front when applying the Fast Marching Method. This way, the trajectory can be
calculated.This thickening of all the lines of the Voronoi Diagram is done in the same
amount, but the grade of dilatation is the only design parameter of the method. It can be
small enough to have no isolated points or big enough to have a tube in which nonholonomic vehicles maneuver (see non-holonomic section) .
6.
Viscosity Map. In order to apply the FMM, it is necessary to invert the image
(see Fig. 1) to obtain a viscosity (or slowness) map since the wave travels faster in the
clearer zones and slower in the darker ones.
7.
Fast Marching Method. The next step is to calculate the trajectory in the image
generated by the Voronoi Diagram using a wave expansion. The wave equation is
approximated using the paraxial approximation used in optics. This way, the Eikonal
equation is obtained. To solve the Eikonal equation the Fast Marching Method has been
used. The Fast Marching Method is used to create a potential T(x) that represents the
propagation of an electromagnetic wave in a viscosity map, to which the time is added as
the third axis in 2D or the fourth axis in 3D. The origin of the wave is the goal point, which
continues propagating until it reaches the current position of the robot. The Fast Marching
Method produces a potential with a funnel-shaped surface, in which the time is the last
.
axis, i.e. ,
8.
Path Calculation. This potential is used to calculate the trajectories based on
the potential surface defined by the slowness map using the gradient method with the
current position of the robot as the starting point and the goal position as the final point
has calculated
(see Fig. 1). The gradient determines the direction of travel after
.
The algorithm steps are summarized in the flowchart in Fig.5. The trajectory is obtained inside
the safest areas provided by the thickened Voronoi Diagram and is properly smooth, especially at
the angles, since the Fast Marching Method selects a continuous path in gradient terms.
Moreover, the path extraction is very fast because the Fast Marching Method propagates in an
almost unidimensional curve (although this is an approximation since the Voronoi Diagram is
thickened in the perpendicular direction to the diagram curves).
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FIGURE 7: Flowchart of the proposed planning algorithm
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(a) Voronoi Diagram

(b) Thickened Voronoi Diagram

FIGURE 8 : Map of the room used in the first experiment

FIGURE 9: Trajectory calculated by Fast Marching Method in the inverted image of the thickened
Voronoi Diagram of the room
The proposed method can also be used for sensor-based planning, working directly on a raw
laser sensor image of the environment, as shown in Fig. 8 and 9. The data shown corresponds to
the corner between two perpendicular aisles of the Carlos III University to the left of the robot,
which is located in the center of the bottom of the scene. The image obtained from raw data may
contain scattered pixels (see Fig. 7), and the dilatation of the image achieves the continuity and
thickening of the lines representing the walls and obstacles (see Fig. 7). There are similar
spurious lines behind the walls because the Voronoi diagram is made with an open image, but
that path followed by the robot is correct. At this point the path planning steps described above
are applied in the same sequence. The capability of using raw sensor data combined with the
speed of the calculation allows this methodology to be used online to recalculate the trajectory at
any time, avoiding this way dynamic obstacles and objects not present in the original map.
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FIGURE 10: Data read by the robot (Local map)

FIGURE 11: Voronoi Diagram and Trajectory of the Local map

6. RESULTS
The proposed method has been tested using the manipulator robot Manfred shown in Fig. 16. It
has a coordinated control of all the degrees of freedom in the system (the mobile base has 2 DOF
and the manipulator has 6 DOF) to achieve smooth movement. This mobile manipulator uses a
sensorial system based on vision and 3D laser telemetry to perceive and model 3D
environments. The mobile manipulator will include all the capabilities needed to localize and
avoid obstacles and to navigate safely through the environment.
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FIGURE 12: The robot Manfred has been used to test the algorithms

FIGURE 13: Trajectory calculated with Fast Marching over the Voronoi Diagram (Global map)
To illustrate the capabilities of the proposed method different tests are presented in this section.
In the first test (room test with a resolution of
pixels), a difficult test room
environment and the floor of the laboratory environment have been used (Fig. 6 and Fig. 7).
In the second test (laser test), the method is applied to a local environment path-planning task
where the laser scanner measurement data are used to generate the trajectories, as it was
explained in the previous section. Fig. 2 and 9 illustrate the achieved good trade-off between
trajectory length, distances to obstacles and smooth changes in the trajectory. The Generalized
Voronoi diagram of Fig. 13a goes behind the walls because the GVD is calculated on the image
and in this image there is a possible path behind the walls.
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The method has capabilities to generate adequate paths on a global scale as shown in Fig. 16.
The results for the complete lab floor are shown in fig. 16 top (the environment map of the
Robotics Lab of the Carlos III University) and fig. 16 bottom (the path obtained after applying the
Fast Marching Method to the previous Voronoi Diagram image). The method provides smooth
trajectories that can be used at low control levels without any additional smooth interpolation
process.
The last test (lab test) is dedicated to illustrate the capability of the proposed method of adapting
to a changing environment taking into account possible dynamic features of the environment such
as moving obstacles and persons in the vicinity of the robot, as shown in Fig. 16. During the
motion, the robot observes the environment with its laser scanner, introduces the new information
in the map and plans a new trajectory. Local observations (obstacle in the middle of the corridor)
generate modified trajectories in order to avoid the detected obstacles. In the bottom map of the
figure the obstacles detected block the corridor and the sensor-based global planner generates a
completely different safe trajectory. The dimensions of the environment are 116x14 m (the cell
pixels. For this environment (lab floor)
resolution is 12 cm). The image resolution is
the first step (the Voronoi extraction) takes 0.05 s in a Pentium 4 at 2.2 Ghz, and the second step
(Fast Marching) takes 0.15 s for a long trajectory, which makes a total of 0.20 s to apply the
Voronoi FM method, as shown in table 1.
The proposed method is highly efficient from a computational point of view because it operates
directly over a 2D image map (without extracting adjacent maps), and due to the fact that
Marching complexity is
and the Voronoi path calculation is also of complexity
, where
is the number of cells in the environment map.
A great advantage of the method presented is that it can work with any kind of shaped objects, as
demonstrated in Fig. 16. The curvature in the shape of the obstacle is not a restriction for the
application of the method, and nor is the presence of concavities.

FIGURE 14: Evolution of the path when the robot reads information about the new obstacles that are not in
the previous map and the robot can no pass throught the corridor
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TABLE 1: Time comparison with other navigation Methods

Method

Voronoi
FMM
Finite
Differences
Finite
Elements

Laser(100x100 Room(628x412
Lab
pixels)
pixels)
floor(966x120
pixels)
0.017 s
0.446 s
0.20 s

1.72 s

164.8 s

55.6 s

1.34 s

33.6 s

16.2 s

FIGURE 15: Voronoi Diagram and trajectory in an environment with curved shapes
In Fig. 16, the proposed method has been applied to a open environment, that is to say, to a
environment map that is not limited totally by walls, in which there are circular obstacles. This
map represents a corner with columns. As can be seen in the figure, the algorithm is perfectly
able to make a correct planning of trajectories.
6.1
Comparison With Other Navigation Methods
One interesting method that calculates exact navigation functions is the Harmonic Functions
method. Harmonic functions provide optimal potential maps for robot navigation in the sense of
minimum length over the potential surface and they are the solutions of the Laplace equation
. It has been implemented by using finite differences [43,44] and the finite elements
method (FEM) [17] with a high level (usually 1) for the boundary conditions for walls and
obstacles and a low level (usually ) for objective. The finite differences method has been used to
solve Laplace’s equation with the successive over-relaxation (SOR) method, which is an iterative
method and, consequently very slow. The finite elements method (FEM) is particularly useful
when a robust approximation is sought to solve partial differential equations on nonhomogeneous mesh. Solid mathematical foundations and a great deal of generality allow different
implementations.
In table 1 a comparison between the different exact navigation methods is shown. This table
compares the SOR method, the Finite Elements Method and the proposed Voronoi Fast
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Marching method. As can be seen, the difference in time in comparison with the other methods is
very significant.
6.2
Comparison With Other Navigation Method
, or
, can be considered to compute a navigation
Graph-based methods, such as Dijkstra,
function constrained to movement choices along graph edges or discrete transitions between grid
cells. They thus produce paths that are not optimal for execution. The Fast Marching method
proposed gives a navigation function that measures distances in the continuous domain, due to
its intrinsic interpolation (see Fig. 2).

FIGURE 17: Calculation of Tij as distance of the point (i,j) to the line L (interpolation)

The graph methods are quite fast but they work in a graph. In our application the original map and
the skeleton are binary images and they need to be transformed into its corresponding graph.
In table 2 a comparison with Dijkstra’s and
methods is shown. As can be seen, these methods
need a long time for the construction of the graph. The proposed method has also the advantage
that it works in the continuous domain and its paths are smoother and not close to obstacles.
Table 2. Time comparison with Graph Methods

Graph Room(628x412 Total
Generation
pixels)
time
Method time
0.00 s
0.446 s
0.446
s
Voronoi
FMM
Dijkstra

2.82 s

0.845 s

A*

2.82 s

0.001 s

3.665
s
2.821
s
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6.3
Extension to 3D
The proposed method works also in 3D cases. But not only that the Fast Marching Method can
work also in higher dimensionality cases. The process is shown in Figure 3. The fist step is to
extract the 3D skeleton, that could be considered as the Voronoi transform. That is done cropping
the obstacles until the skeleton is obtained. Once that is done, the Fast Marching Method is
launched. Fast Marching works for cases of 3,4 or even more dimensions. As in the twodimensional case, the skeleton is interpreted as the boundary condition for the wave propagation.
The process is shown in Figure 3, and as we can see the algorithms works well in the 3D-case.

FIGURE 17: Trajectory calculated with the proposed method in 3D

7. CONCLUSION
A sensor-based path planner is presented in this paper. The proposed method is able to deal
simultaneously with both global and local planning requirements. The advantages of the
approach can be summarized by the fact that the trajectories obtained are smooth and safe, and
at the same time, free of local traps due to the integration of the real-time sensor information in
the recalculation of the path.
The method is easy to implement, the algorithm is very fast and can work online. It works in
cluttered and changing environments with moving obstacles. The method is complete, i.e., the
method is capable of finding a trajectory if it exists.
As demonstrated along this work, the method can perform in all types of environments without
restrictions in the form of the obstacles. The planner works with curved forms, open environments
(not totally enclosed by walls), and concavities.
The algorithm complexity is
let us use the algorithm on line.

, where

is the number of cells in the environment map, which
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Abstract
Child monitoring systems can use different technologies, such as camera systems, wireless
technology using RFID sensors, and GPS based systems. These systems are capable of
remotely reporting the status of the children but not able to take actions based on the
interpretation of the scenarios. A robotic child monitoring system has the advantage that it can
take actions to warn and possibly protect the child from danger. In this paper we present the
design and experimental testing of a robotic child monitoring prototype system. The whole system
consists of a Khepera robot, a host computer, the distraction/alarm circuitry and a testing table.
The experimental testing results show that this prototype system fulfills the requirement of finding
and following the baby prop and also taking certain actions when the baby prop approaches a
danger area.
Keywords: Autonomous Robots, Household Robots, Child Monitoring.

1. INTRODUCTION
Different technologies have been used to implement child monitoring systems to release parents
from continuous observation of their children. These techniques include camera systems,
wireless technology using RFID sensors, and GPS systems. Cooper et al. [1] collected data
about the outdoor physical activity of over 1000 children to study their behavior patterns. The data
was collected through accelerometers and GPS receivers. Al-Ali et al. [2] described a Kids
Tracking System using RFID sensors. The system was designed to track moving children in an
area such as a large park or a shopping center. The children to be tracked were given an RFID
tag to wear. Several wireless RFID readers were installed in the park. These readers sent the
locations of the children to a central station through wireless LANs. Rai et al. [3] described a
multiple camera system using FireWire web cameras. One of the potential applications for this
system was to track the position of a moving person. The aforementioned systems are examples
of three technologies that have been used in child monitoring systems. There has been also
research work that combined some of the aforementioned techniques. Jawad et al. [4] presented
a child tracking system that used GPS outdoors and RF signals indoors to provide the locations
of children. Nakagawa et al. [5] developed a system that used multi-camera system and RFID to
monitor children. Based on the information provided from the RFID tags, the parents can choose
the camera that will take and transmit the images. Ishikawa et al. [6] described a system that
combined an omni-directional camera and a GPS receiver to remotely monitor a child. This
system allows the parents to open Google Maps using the position provided by the GPS system.
The images transmitted from the omni-directional cameras would compensate for the
measurement error of the GPS system. Sampath and Sundaram [7] described a mobile unit that
combined an omni-directional camera, a basic health monitoring gadget module, and wireless
transceivers to serve as a remote monitoring system for children. Wong et al. [8] proposed a child
care system that combined GPS and Bluetooth technologies. The system detects the location of
the child with the GPS system and the distance between the child and the parent through
received the signal strength indicator (RSSI) from Bluetooth.
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For decades, people have viewed robotics as a high tech topic. Today robots are widely applied
in industry, military field and even in space explorations. Robots are beginning to directly impact
people’s everyday life. Robots have evolved into different varieties, such as surgical robots
(Hockstein et al. [9]), and they have slowly entered the household. The household robots vary
from entertaining robots (Fujita [10]; Inoue et al. [11]), cleaning robots (Prassler et al. [12]), to
carebots (Salvini et al. [13]). Robots also have great potential for child monitoring. Integrating an
autonomous robot with the aforementioned techniques, such as cameras and wireless
communication, would add to the total cost of the system. However, compared with other child
monitoring systems, a robotic system would have the following advantages. First, the mobility of a
robot can greatly enlarge the playing area of a child both indoors and outdoors. Second, a robotic
system will have more processing power to deal with complex household areas. Third, a robotic
child monitoring system can communicate and take actions to warn and possibly protect the child
from danger. All of the systems mentioned above are passive systems which cannot take actions
based on the scenarios. This paper describes an effort in Department of Engineering at Indiana
University – Purdue University Fort Wayne to bring robots closer to people. As the outcome of
this project, a robotic prototype system was developed whose function is to assist parents with
child monitoring tasks.
This research task was carried out by two senior electrical engineering students. Therefore the
initial large scope of the project had to be simplified into an appropriate scope and level of
difficulty for a senior design project. The simplifications include sizing down the whole system,
using Lego pieces to simulate a child and other furniture in the room, and a basic artificial
intelligent design. The objective is to set a starting point in the development of a mobile child
monitoring system in the household.
In this prototype system, the robot is capable of finding and following a 7-10 month old baby prop
(crawling age) in a confined space. This system also features an artificial intelligence component
in order to determine the danger level that the child might be in and take actions accordingly.
Various algorithms were generated to accomplish the tasks of target finding, object tracking and
obstacle avoidance. The prototype includes a Khepera II robot [14], a scaled down model of a
room with a total area of 2.88 m2 (32 sq. ft.). This room contains a baby prop, built with yellow
Lego blocks, and three obstacles created using small Lego pieces. With the equipped camera,
the robot is capable of processing images to find and follow the baby prop. The artificial
intelligence capabilities include activating a distraction light circuit as well as an alarm warning.
The software development was conducted using KTProject [15] which allows programming in C.
The remainder of this paper is organized as follows. In Section 2, an overview of the prototype
system is described. In Section 3, the detailed design of the robotic system is presented. Testing
procedures and results are presented in Section 4. Finally, Section 5 has the conclusions.

2. SYSTEM OVERVIEW
Figure 1 shows a diagram of the initial designed prototype. Our prototype system consists of a
Khepera robot II, a host computer, the distraction/alarm circuitry and a testing table. Figure 2
shows a diagram of the input/output system in our prototype. The Khepera robot receives sensing
information from 8 IR (infrared) sensors mounted around the perimeter to detect any obstacle. It
also uses information from the camera to find the baby prop and any obstacles. The robot uses
the sensed information to determine the danger level of the baby and then activates the flashing
LED/alarm circuits as needed. Figure 3 shows a picture of the actual system and the testing area.
The Khepera robot II is 70mm in diameter and 100mm in height. The host computer is used for
the code writing, downloading the code to the robot, and viewing the image transmitted from the
camera. The host computer is connected with the robot through the interface/charger module
using a standard RS232 cable. The interface/charger module converts the RS232 signal into an S
serial signal to communicate with the robot. The serial cable between the robot and the host
computer is only used for displaying information/images. The robot can be fully autonomous
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when in action. The robot activates the distraction/alarm circuitry using a wireless transmission to
the radio base.
A testing field was built to simulate a baby’s scaled down playpen area. The field was a table with
approximate dimensions of 1.2m X 2.4m (4ft. X 8ft.). There is a red outer marking to indicate the
out of bounds area and a blue inner marking to indicate the warning area (Figure 3). The red
2
marking encompasses the playpen and has a total surface area of 1.3m (14sq.ft.). The blue
marking is 5cm to the inside of the red line and it also encompasses the playpen area.
Additionally, a white vertical boundary of height 0.3m (1ft) on the table’s perimeter was created as
a wall.

FIGURE 1: Robot and host computer configuration.

FIGURE 2: System diagram.

3. DETAILED DESIGN
3.1 Robot Set
In our prototype, the robot is the Khepera II [14]. The robot has a Motorola 68331 microcontroller
with 512K RAM and flash memory on board. The robot was assembled with the following turrets,
mounted in the given order, from bottom to top: Base unit, General I/O turret, Radio turret and the
Camera turret. Figure 4 shows the pictures of each individual turret, the assembling order and the
final robot. To attach these turrets to the robot base, they have to be placed on the extension
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connector with all the pins seated correctly. The serial connection of the radio turret is used by
the robot to communicate with the host computer. The K6300 Camera Turret comes equipped
with a Freescale MC68331 processor, along with a flash memory. The camera turret holds a
V6300 digital CMOS color camera and its optical elements. The color images acquired through
this camera are 160 pixels wide and 120 pixels high. A detailed description of the Khepera II
robot and the aforementioned turrets can be found in [16].

FIGURE 3: The actual system and testing area.

FIGURE 4: The composition of the Khepera II robot.
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3.2 Hardware Design
The hardware design includes a flashing lights circuit and an alarm system. The flashing lights
circuit is designed to distract the child from going into dangerous situations. Four bright LEDs are
placed in the four corners of the room. This guarantees that the baby will see at least one light no
matter which direction the baby is facing. The alarm system is used to alert the parents for three
different purposes. First, if the robot doesn’t find the baby after searching the entire room, the
robot needs to alert the parents. Next, if the robot is trapped between the wall and the baby, i.e.
the baby might pick the robot up and the robot has no room to back up, it needs to send an alarm
to alert the parents. Finally if the baby is in the out of bounds area the robot needs to notify the
parents that the child might be in danger. Figure 5 shows the complete diagram for the LED/alarm
circuits. In the next several paragraphs, the function and design of each individual circuit will be
briefly described. A more detailed description of these circuits can be found in [17].

FIGURE 5: Complete diagram of the LED/alarm circuits.

The LED/alarm circuits are triggered by the robot sending a signal from the radio turret to the
radio base. After the robot sends a signal to the radio base, the same signal is then
instantaneously transmitted out from the RS232 port to the radio base. Since the signal goes high
for only 10ms, there is not enough time to turn on a transistor and activate necessary hardware
components. So, in order to extend the time of the input signal to a few seconds a timer circuit
(shown in Figure 5) utilizing a 555 timer IC (integrated circuit) is used.
The output of the timer goes to a 7474 D- flip-flop. This set-up is to properly alternate the circuits
(shown in Figure 5) between the LED circuit and the alarm circuit. The Q output of the flip-flop is
reversed back to the D input and the timer output acts as the clock. The Q and Q outputs are
ANDed with the clock. This ensures that only one circuit is ON at any particular time.
In the alarm circuit, a high signal is sent to trigger the transistor to start conducting and thus a
current begins to flow from the transformer and through the switch. This current flow causes the
normally open switch to close and create a connection. The circuit is completed creating a ground
connection to the door chime. A current flows through the encasing, retracting the solenoid. When
the pulse stops flowing through the transistor, the current stops flowing, and the solenoid is
released quickly, hitting the metal strips, creating a chime.
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3.3 Image Processing and Obstacle Avoidance
The processor on the camera turret is a VV6300 manufactured by VLSI Vision Limited. The
camera has an integrated CMOS (complementary metal oxide semiconductor) color image
sensor with an on-chip ADC (analog/digital converter). The image resolution is 120X160 (row x
column) and stored in the Bayer pattern color pixel array showed in Figure 6. In this pattern each
pixel is divided into red, green and blue values that can range from 0 to 255. From Figure 3 we
can see that there are four colors needed to be distinguished, yellow (the baby prop), purple
(obstacles), and the blue and red lines on the table. Due to the low quality of the images received
from the camera, the colors of the actual objects are distorted. So the filtering ranges of these
four colors are experimentally determined. With only one of the color object present in front of the
camera, the ranges of red, green and blue values in the Bayer pattern were determined. Results
of the filtering ranges for the four colors can be found in [17].

FIGURE 6: Bayer filter pattern

The obstacle avoidance was accomplished via both image processing and the IR sensor
readings. The obstacle was first detected by using image filtering. Once an obstacle is found, the
robot will keep moving forward and checking the results from the IR sensors located around the
robots. Once the IR sensors detect the obstacle, the robot will turn right and move forward for
20cm(max length of the biggest obstacle), then turn left and move forward 10cm(max width of the
biggest obstacle), then turn left and go forward 20cm again to reach the same distance as started
before the obstacle was reached, and then turn left to face in the same direction as was before
the obstacle was reached.

4. TESTING PROCEDURES AND RESULTS
The baby prop was created by stacking up eight Lego blocks and is 3cm long, 1.5cm wide and
7.5cm high. The dimensions of the obstacles are given in Table 1. Figure 7 also shows a picture
of the three obstacles.
Obstacle #

Length (cm)

Height (cm)

Width/diameter (cm)

1
2
3

7.5
10
10

3
5
5

0.9
4
0.9

TABLE 1: Dimensions of the obstacles.
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Three different scenarios were tested for the prototype system. Each scenario represents one
level of complexity of the environment, ranging from no obstacle, only one obstacle to three
obstacles.

FIGURE 7: The obstacles.

4.1 Scenario I – no Obstacle
In this scenario there were no obstacles placed in the room. During this test the baby prop was
present in the room 5 out of the 10 times. Each time the test was conducted the position and
direction of the robot was changed. Figure 8 illustrates the approximate positions of the robot and
the baby prop during each of the tests. Figure 9 shows a picture of one of the testing positions of
the robot and the baby prop. During the first 5 trials the baby prop was not present, and then the
baby prop was placed in different locations in the room for the other 5 trials. The testing results
are presented in Table 2. Out of the ten tests, only one false result was produced. Errors are
produced because the objects in the image become out of focus when the baby prop is more than
60 cm away from the robot.

No baby present
Baby present

Baby found

Baby not found

0
4

5
1

TABLE 2: Testing results for scenario I.
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FIGURE 8: The locations for the robot and the baby in scenario I

FIGURE 9: The robot and baby prop in scenario I.

4.2 Scenario II – With one Obstacle
This setup is of an intermediate difficulty level. Thus, even after the robot has located the baby
prop there is an obstacle that the robot has to avoid in order to get to the child. The rectangular
box shaped obstacle with dimensions 10 cm long, 5 cm high and 0.9 cm wide was placed
between the robot and the baby prop. Also, the robot has to use the camera to detect whether
the obstacle is present or not. The test was performed 5 times with the obstacle present and 5
times with the obstacle absent. Figure 10 illustrates the approximate positions of the objects
during the tests. Figure 11 shows a picture of the testing scenario. Table 3 shows the testing
results of whether the obstacle was found. Out of ten tests, only two false results were produced.
During each test it is important to determine whether the robot maintains its course or deviates
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from it. This determination is needed to assert whether the robot will reach the baby prop after it
has passed around the obstacle. Such situation was also tested in this scenario. Once the robot
has successfully avoided the obstacle it still needs to determine the baby prop’s location in the
room and reach it successfully. Table 4 shows the results of whether the robot can reach the
baby. Out of ten tests, there were two instances when the robot couldn’t reach the baby prop.
This is due to two reasons. First, the two motors on the robot do not always move at the same
speed. The left motor turns faster than the right motor all the time. This speed difference causes
the robot to compute inaccurate results regarding the distance traveled across the table. Second,
the low quality camera creates difficulties for the vision algorithm to distinguish between the color
of the obstacle, the baby prop, and the blue or red borders. This problem causes the robot to
sometimes assume that the baby prop or the boundary lines is an obstacle which make the robot
go around the baby prop instead of following it around the room.

FIGURE 10: The top view of scenario II.

FIGURE 11: Testing environment in scenario II.
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Obstacle found

Obstacle not found

5
2

0
3

Obstacle present
Obstacle absent

TABLE 3: Testing results of finding the obstacle in scenario II.

Obstacle present
Obstacle absent

Reached baby

Didn’t reach the baby

5
3

0
2

TABLE 4: Testing results of reaching the baby prop in scenario II.

4.3 Scenario III – Complex Environment
This is the most difficult situation for the robot. Three obstacles were placed between the robot
and the baby prop. Each time the test was run the location of the obstacles stayed the same. But
sometimes the obstacle exactly in front of the child was switched with another of a different size
and shape. Figure 12 shows a sample layout of one of the test variations. Two out of the 5 times,
obstacle 3 was in front of the baby prop. Two times obstacle 2 was present and finally once
obstacle 1 was present. The rest of the five times the test was run, there was no obstacle
between the robot and the baby. Figure 13 shows a picture of the testing scenario. Table 5 shows
the testing results of whether the obstacle was found. Out of ten tests, only one produced a false
result. Table 6 shows the results of whether the robot can reach the baby prop. Out of ten tests,
there was only one case when the robot couldn’t reach the baby prop. The reason is similar as
the one for scenario II.

FIGURE 12: Top view of scenario III.
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FIGURE 13: Picture of the testing environment in scenario III.

Found Obstacle

Obstacle not found

4
1

0
5

Obstacle present
Obstacle absent

TABLE 5: Testing results of finding the obstacle in scenario III.

Reached Baby

Didn’t reach the baby

4
5

0
1

Obstacle present
Obstacle absent

TABLE 6: Testing results of reaching the baby in scenario III.

4.4 Distraction and Alarm Circuits
Once the robot finds the baby prop, the robot should follow it around the room. If the baby prop
gets close to the blue line the robot should send a signal to distract the baby prop with the help of
the flashing LEDs. Also, if the baby prop gets into the out of bounds area the robot should send
another signal and activate the alarm to alert the parents. Table 7 and 8 show the results.

Within range
Out of range

Lights on

Lights off

3
2

0
5

TABLE 7: Testing results of the LED circuit.

Within range
Out of range

Alarm on

Alarm off

4
1

1
4

TABLE 8: Testing results of the alarm circuit.

Other experiments were conducted to test the system’s capability. These experiments include the
estimation of the camera’s field of view, the infrared (IR) sensor’s capability and the autonomous
behavior of the robots. A detailed description of all of these experiments and the software design
can be found in [17].
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5. CONCLUSIONS
In this paper, the design and experimental testing of a robotic child monitoring prototype system
is presented. The whole system consists of a Khepera robot, a host computer, the
distraction/alarm circuitry and a testing table. The design of each component was described in
detail. Compared with the existing passive child monitoring systems, our system does not require
the child to wear any sensor, which means it’s safer. Also, our system can warn the parents when
the child is in danger. With further development using a more advanced robotic platform, the
system can even take actions to prevent the children from danger.
Human interactive systems are always challenging; this system is only a prototype which aims at
shedding some lights on a child monitoring robotic system. Therefore it has limitations and
drawbacks. For example, the low quality of the image sensor affects the performance in
scenarios where more color objects are present. Therefore it is suggested that a better quality
camera be used when this type of system is adopted in other robots. Also one robot might not be
enough when the environment is more complex than what was experimented in our system. For
future work, a network of robots needs to be considered for better performance.
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