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Abstract: The application of autonomous vehicles has grown dramatically in recent years. Not only
has the rail-guided vehicle (RGV) been used widely in traditional production lines, the automatic
guided vehicle (AGV) has also been increasingly used. Positioning and path planning are two major
functions of autonomous vehicles; however, there are many ways to fulfill the above requirements.
The infrared remote control has been heavily and successfully used in home appliances for decades,
which has encouraged us to apply this mature and cost-effective technology to an autonomous vehicle.
By decoding the coded signal from the infrared light-emitting diode (LED), which is equipped on
the ceiling, the autonomous vehicle can be positioned with an accuracy of less than 50 mm. On the
other hand, by changing the beam pattern of infrared light from the ceiling, an invisible route can be
produced on the ground. That is to say, instead of the traditional rail-guided method, these invisible
paths can guide the autonomous vehicle. We have implemented a prototype of an autonomous
vehicle system based on the above concept, with the aim of creating a simple and reliable approach
for the navigation of an indoor autonomous vehicle.
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1. Introduction

Positioning is a key technology that enables the development of indoor autonomous vehicles.
There are various kinds of useful approaches, such as radio frequency identification (RFID) [1-3],
ZigBee, WiFi [4-7], have been proved in many research studies over the past years. Recently, a robotics
company (Marvelmind Robotics: Sunnyvale, CA, USA) has even launched an “Indoor GPS”
with £2 cm precision based on stationary ultrasonic beacons united by radio interface in a license-free
band [8]. Indeed, most of the problems of positioning could be solved by any of the above methods.
However, this paper verifies a cost-effective method utilizing infrared technology. Not only can the
positioning of the test vehicle be accomplished by making use of the mature encoding technology
of the infrared signal, the path planning has also been demonstrated by use of the invisible route
(described latter). Eventually, based on infrared technology, a simple method for the navigation of an
indoor autonomous vehicle has been presented in this article.

2. Methods

2.1. Mechanical

Since the carrying ability is not an issue for this study, a small toy-like tricycle was adopted as
the test vehicle, which is shown on the left in Figure 1. There are two wheels, which are driven by dc
motors, one in front, and one idler in the back. The vehicle chassis is made up of a transparent acrylic
board that can be used as the payload space for the electronic system (shown on the right in Figure 1).
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(b)

Figure 1. (a) Test vehicle; (b) electronic system.

2.2. Electronic

Most of the efforts have been focused on electronic issues. A block diagram of the electronic
system for the test vehicle is shown in Figure 2. The details are described below.
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Figure 2. The block diagram of the electronic system. MCU: microcontroller. PWM: pulse
width modulation.

2.2.1. Motion Control

The two dc motors, DC MOTOR-1 and DC MOTOR-2, are driven by H-Bridge Driver-1 and
H-Bridge Driver-2, respectively, and the PWM-1 and PWM-2 signals, which are provided by the
microcontroller (MCU), are designed to complete the motion control of the test vehicle. By adjusting the
duty ratio of the PWM signals appropriately, the four basic types of motion (forward /backward /left
turn/right turn) can be conducted well. The H-Bridge driver has been applied in many research
studies [9,10]; thus, its details are omitted here. On the other hand, the test vehicle has also been
equipped with five ultrasonic sensors (SRF05) for obstacle detection.

2.2.2. Infrared Module

The Infrared Module consists of an infrared LED and an infrared receiver which is shown
in Figure 3.

The infrared LED can be driven by the general purpose 1/O pin of the MCU to transmit
invisible light (wavelength around 900 nm). However, to raise the noise immunity of the environmental
light, the infrared signal is modulated by a 38-KHz carrier (pulse train). Furthermore, pulse distance
encoding (the so called Nippon Electric Company (NEC) infrared (IR) transmission protocol) is adopted
as the protocol of communication, and an illustration of pulse distance encoding is shown in Figure 4.
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Figure 3. The infrared module: infrared LED and infrared receiver.
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Figure 4. The timing illustration of pulse distance encoding.

2.2.3. Positioning

An illustration of the positioning for the autonomous vehicle is shown in Figure 5. Two infrared
LED lights are equipped in different locations (stations A and B) on the ceiling, which will continuously
transmit the “encoded data” as mentioned above. So, not only will the autonomous vehicle know
“whether it is approaching a station” by detecting the 38K-Hz pulse train, the autonomous vehicle
can also tell “which station it is” by decoding the encoded infrared signal. As a matter of course,
the autonomous vehicle can proceed to various missions (ex. “Pass through” or “Stay for 10 s”) by
appropriately encoding the infrared signal from the ceiling.
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/\ A
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/ \ Station-B arrived II \\

\ \

' \ Pass through ' \

\ o

\ Station-A arrived

3 Stay for 10 s
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Figure 5. The illustration of positioning for the autonomous vehicle.

2.2.4. Invisible Route

Instead of the traditional rail-guided (or line-tracing) method, this research has adopted a
simple and cost-effective approach for path planning: the invisible route caused by an infrared beam.
Precisely speaking, there will be an invisible light zone produced on the ground when the infrared
projection comes from the ceiling, and the outer contour of the invisible light zone becomes the invisible
route. Furthermore, normally a round type of contour will be when the infrared LED is equipped
standalone on the ceiling. However, there will be a semi-circular contour type if an appropriate piece of
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cardboard is put close to the infrared LED. From a top view, an illustration of the two types of invisible
route is shown in Figure 6.

- ~-o -

/ Invisible light zone \ ':' Invisible light zone \\‘

B TR S
\

AN o Cardboard

Standalone LED

Figure 6. An illustration of different invisible routes.

The dotted line range in Figure 6 is the so-called invisible light zone. Since the cardboard can block
almost half of the infrared projection, it is not hard to imagine that a semi-circular type of contour
will be produced by this approach. Obviously, the diameter (A to B) of the semi-circular portion is the
interesting part, which needs further explanation.

An illustration of the “invisible line tracing” navigation is shown in Figure 7. This illustrates a test
vehicle that is equipped with two infrared receivers passing through the invisible light zone, and it is
“right on the track” (see vehicle “a” in Figure 7). In such a condition, one of the infrared receivers will
receive the 38 KHz carrier; however, the other receiver gets nothing. No doubt, the vehicle only needs
to drive the two wheels at the same speed to keep on going right on the track. Consider another case
(see vehicle “b” in Figure 7), in which the vehicle is going deep into the invisible light zone, and both of
the two infrared sensors receive the 38 KHz carrier. Obviously, the vehicle has to adjust the ratio of
speed of the two wheels (make a left turn) to be “back on track”.

Wheel

Infrared Receivers
Invisible light zone

Idler
O
- -=- Wheel

Figure 7. An illustration of “invisible line tracing” navigation.

2.2.5. Path Planning

Basically, at least three types of path planning (left turn, go straight, right turn) are needed in order
for an autonomous vehicle to complete the maneuver. By cascading multiple the above semi-circular
type invisible routes, a simple and effective method that fulfilled the basic requirement was asserted in
this research. The relative position of adjacent infrared LEDs, and the angle of inclination of the cardboard
close to the infrared LED, are two key points of this method. However, it is also easy to understand by
the simple geometrical illustrations shown in Figure 8.
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Figure 8. An illustration of path planning.

3. Results and Discussion

3.1. Experimental setups

Using an off-the-shelf internet protocol (IP) camera with night vision, the pictures (shown in
Figure 9) of the invisible light zone have been captured with the infrared LEDs that are
equipped 100 cm (L,) and 75 cm (L,) above the ground, respectively. It is easy to identify the two
types of invisible route from the pictures, since the sharp straight line part of the semi-circular type of
contour (shown on the right in Figure 9) is obviously seen. On the other hand, the radii of the two
invisible light zones are around 60 cm (R,) and 45 cm (Rp), respectively, and the relationship between
the radius and height for the infrared projection can be explained with the geometry demonstration
shown in Figure 10.

Figure 9. Pictures of the invisible light zone.

Figure 10. The relationship between the radius and height for the infrared projection.
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The view angle 0 of the test infrared LED can be calculated by simple trigonometry below:
tan(0/2) =Ra/La =Rp /Ly 1)

According to the experiment data mentioned above, the derived value of 0 is around 62 degrees
for both cases, and this is consistent with the specification (50~60 degrees) of IR remote control of
general home appliances. Also, there are a few videos captured by the above IP camera to demonstrate
the navigation of the test vehicle. An example of the semi-circular type of path planning is shown in
the following serial frame of pictures (Figure 11). There are more vivid results that can be watched in
the supplementary materials.

Figure 11. The continuous frame of pictures captured during a demonstration of navigation.

3.2. The Accuracy of Positioning

Figure 12 shows an illustration of the positioning experiment. There were three semi-circular
type invisible routes, named A, B, and C, respectively, concatenated into a straight line for the test.
The infrared signals sent to the invisible zones A and B were not encoded, however, and the infrared
signal sent to invisible zone C was encoded as an identification of the station. On the other hand,
to increase the accuracy of the positioning, the third infrared receiver was equipped in the rear of test
vehicle (see Figure 12).

--------------------- :\fhe third
A ’
o g ——— — e s - =- :
<—

Figure 12. The illustration of positioning.

In the beginning, the test vehicle moved at normal speed (greater than 20 cm/s) through invisible
routes A and B. However, it began to slow down when the front infrared receivers detected the
encoded identification signal. Then, the test vehicle continued to move at a relatively slower speed
(less than 10 cm/s) until the third receiver detected the encoded identification signal, and then stopped



Appl. Syst. Innov. 2018, 1, 4 7 of 10

immediately at the positioning point. Figure 13 shows the pictures captured around the positioning
point. The red mark “10” on the ruler was set as the preset position point.

Figure 13. The pictures captured around the positioning point.

Table 1 shows the data of the positioning experiment. The data in the “offset” row(s) indicate the
distance from the preset point. According to the data in Table 1, the maximum positioning deviation is
around 30 mm.

Table 1. The data of the positioning experiment.

No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Offset (mm) +4 +5 -15-5 -15-7 -15-7 —6 —-16 =30 +2 —-25-14 -29 -9 -5 —-13 0 +2

3.3. Trajectory Analysis of Path

For a semi-circular type invisible zone, the “light and dark” contrast of the diameter margin is
much stronger than that of the circular arc margin. That is to say, the semi-circular type invisible zone
is suitable for straight type guidance. Ideally, the trajectory of the autonomous vehicle should be
a straight line when the semi-circular type invisible route is applied. Obviously, the key problem is:
“How wide is the line?”

Figure 14 shows the illustration of trajectory analysis of the path. “W” is the width of the car
body, which equals the distance between two front wheels. “S” is the spacing between the two infrared
receivers in front. However, “D” stands for the longitudinal dynamic range of the trajectory. A detailed
figure is shown in Figure 15.
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Figure 15. The illustration of the longitudinal dynamic range of the trajectory.

Apparently, “D” is highly positively correlated with “S”. Precisely speaking, it can be expressed
in the equation below:
D-W<S @)

In this case, W = 165 mm and S = 30 mm. Table 2 shows the data of the experiment.

Table 2. The data of the longitudinal dynamic range of the trajectory.

No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Left(mm) 94 95 96 96 95 96 95 96 94 94 93 94 94 94 95 94 94 95 94 96
Right (mm) 265 267 268 267 266 266 266 265 264 265 263 263 263 264 265 265 265 266 264 265

Table 2 recorded 20 cruise trips of the test vehicle along the invisible route at a speed of 10 cm/s.
For each trip, “Left” stands for the lowest level that the left wheel reached. Similarly, “Right” stands
for the highest level that the right wheel reached. All of the data were measured in relative coordinate
reference to a fixed point (origin). The final effort was to find out the maximum of the highest levels
(which was 268 mm in Table 2), and the minimum of the lowest levels (which was 93 mm in Table 2).
The “D”—i.e., the so-called longitudinal dynamic range of the trajectory—should be the difference between
the two extreme values, which is:

D =268 — 93 = 175 (mm) 3)

and, D — W =175 — 165 = 10 (mm) < S (30 mm) (4)

In principle, the result is consistent with the above discussion. However, the obvious question is:
is the smaller “S” better? Indeed, a larger “S” will lead to a relatively wider straight line of trajectory.
But, a countereffect might arise when the “S” is smaller than a threshold. Figure 16 indicates the
trajectories for different settings of “S”.
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Figure 16. The trajectories for different settings of “S”.

Not only would the “D” stop decreasing, the average velocity of the test vehicle could also be
significantly reduced when the “S” is smaller than a threshold. In this research, by trial and error,
~ 2—4 cm is the suitable “S” for navigation on the invisible route. In fact, the cruising speed is another
point of concern for setting “S”. However, we have not devoted too much effort to this issue.

4. Conclusions

A prototype of an autonomous vehicle system based on the mature infrared technology has
been implemented. Also, a simple and reliable method of positioning and path planning for indoor
navigation has been proved on the test vehicle. However, there is still much work left to improve the
navigation performance in practical application. For instance, there must be more useful invisible
contours of infrared projection, which can be produced by ingeniously processing the cardboard.
Furthermore, a network that could effectively manage lots of invisible routes, which may be intricately
linked together, is another key problem to be solved. We will continue to invest efforts in the above
topics in the near future.

Supplementary Materials: The videos of this paper are available online at www.mdpi.com/2571-5577/1/1/4.
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