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Abstract

This paper proposes a low-cost infrared (IR) LED system with a novel arrangement that enables the self-localization of
an indoor mobile robot. The proposed system uses only low-cost IR LED emitters installed on the ceiling of a building
and low-cost IR receivers, each equipped with a photodiode, located on top of the mobile robot for detection. The

IR LEDs, which are driven by an on-off keying modulator with various frequencies, are used as active landmarks. The
mobile robot localizes itself based on the IR LED signals it receives. Although it would be desirable to assign a unique
ID to each emitter, this would be difficult to realize because of the limited number of available frequencies and the
production cost resulting from the use of independent microcontrollers. Therefore, we designed a novel landmark
configuration consisting of an IR LED array with unique ID-encoding capabilities based on a combination of different
frequencies and the repeated use of each ID encoding LED to address the problem of limited frequencies. The novel
landmark arrangement reduces the costs associated with production, ID encoding, and computation. A Monte-Carlo
localization method with a belief function is utilized to estimate the position and orientation of the mobile robot
based on the decoded ID information and received signal strength. The proposed system was tested in a real environ-
ment and the experimental results confirmed the validity and accuracy of the system and method.
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Introduction
Indoor mobile robots are currently being utilized to
perform various tasks. One of the fundamental require-
ments for an indoor mobile robot is a localization tech-
nique, which is necessary to estimate the position and
orientation of the mobile robot based on the measure-
ments and prior knowledge such as a map of the envi-
ronment, its initial position, or known landmarks.
Localization is required because it is difficult for any
indoor mobile robot to perform its assigned tasks inde-
pendently without accurate knowledge of its position in
the environment.

Several kinds of sensors have been used for the self-
localization of indoor mobile robots, such as WiFi posi-
tioning, laser range finders (LRFs), the radio frequency
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identification (RFID) system, vision sensors, ultrasonic
positioning, Bluetooth technology, visible light commu-
nication (VLC) technology, and an infrared (IR) emitter
and receiver. Although the hardware required to support
WiFi [1, 2] and Bluetooth [3, 4] is easily integrated into
mobile devices, both WiFi- and Bluetooth-based posi-
tioning systems are easily disturbed because interfer-
ence by other signals affects their accuracy. Ultrasonic
[5, 6] and LRF [7, 8] positioning systems have the advan-
tage of high positioning accuracy and a relatively sim-
ple system structure. However, sensors of both of these
two types are unable to locate a mobile robot accurately
if the robot is surrounded by unknown moving objects.
The use of LRFs is also restricted in an environment with
transparent walls, which are currently widely used in
indoor environments. An RFID system can provide accu-
rate localization with a dense and reasonable configura-
tion of IC tags [9, 10]. However, this technology needs a
large amount of preparation work, e.g., building a map of
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the IDs and the positions of the RFID tags. Moreover, an
RFID reader is relatively expensive. A vision sensor-based
positioning system [11] can realize the self-localization of
a mobile robot without reforming the environment and is
conducive to human-computer interaction. However, the
vision sensor is adversely affected by changes in the illu-
mination and environmental conditions.

Although the LEDs need to be reformed, the IR system
[12-14] and VLC technology [15, 16] have the advan-
tages of a stable signal, fast response, high confidentiality
of information, and they are less affected by environmen-
tal change. These characteristics are useful for the self-
localization of an indoor mobile robot and prompted us
to use an IR system in this research to locate the indoor
mobile robot.

Most IR-system-based self-localization applications for
an indoor mobile robot depend on known artificial land-
marks, which can be classified into active and passive.
Passive landmarks are fabricated with IR light-reflecting
materials without using any external power. A CMOS
IR camera and an IR LED array are integrated into the
mobile robot to locate the robot based on the detected
passive landmarks [17, 18]. IR emitters are usually used as
active landmarks [19, 20] that are positioned at stationary
locations and continuously emit an IR signal. This signal
is received by the IR receiver located on the mobile robot,
which uses the information to estimate its location.

To the best of our knowledge, most IR-system-based
self-localization approaches use a unique ID to encode
the landmarks. This means that some mobile robot local-
ization techniques are inappropriate for a large indoor
environment because of the limited availability of IDs
and the associated high production cost. However, many
mobile robots are intended for operation in large public
indoor environments, e.g., museums, supermarkets, large
exhibition centers, theaters, large dining halls, large con-
ference rooms, and large sports complexes. Therefore,
there is considerable demand for an affordable indoor
mobile robot self-localization system capable of support-
ing an adequate number of available IDs.

In this paper, we propose an indoor mobile robot self-
localization system with a novel arrangement of active
landmarks with the aim of solving the problem of lim-
ited IDs and of reducing the production, ID, and com-
putational costs. We planned to achieve this by using IR
LEDs as active landmarks that emit modulated IR signals
continuously. The ID of active landmarks is often driven
by an on-off keying (OOK) modulator, which is stored in
the memory and is used to generate the modulation sig-
nal by the microcontroller. Encoding the ID of the emit-
ter by 32-bit information is almost sufficient for a large
environment. However, the decoding process is adversely
affected by overlapping signals. The IDs used in this
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research are encoded by the frequencies of the IR signal
emitted by the IR LEDs.

Two types of active landmarks are used in this research.
The first type is an IR LED array encoded by a unique ID
with a combination of different frequencies. The other is
an IR LED encoded by a repeatedly used ID with a sin-
gle frequency. All of the IDs used in this research are
designed by using only nine different frequencies; how-
ever, our combined method offers 511 available IDs at
most. These 511 available IDs can be used in a larger
environment with accurate self-localization estimation
by using a novel configuration in which the unique IDs
are combined with those from some landmarks in the
environment with IDs generated by repeated encod-
ing. This novel configuration is also useful for an indoor
mobile robot self-localization system based on passive
landmarks.

The active landmarks are installed on the ceiling as this
arrangement would minimize disturbance of the signals
by obstacles. Two receivers, each equipped with a pho-
todiode, are positioned on top of the mobile robot. The
robot utilizes the receivers to scan the IR signals emitted
from the landmarks and realizes self-localization based
on the prior known positions of the detected landmarks.
Because some IDs are used repeatedly in the environ-
ment, we propose to use a belief function to compute
the probability of each landmark encoded by a repeat-
edly used ID. The position of the landmark with the
largest belief is used to estimate the robot location. We
also utilize the received signal strength (RSS) method to
realize a more accurate estimation. Instead of using the
Lambertian radiant intensity [21] to compute the rela-
tionship between the distance of the detected IR LED and
the photodiode with the output voltage of the receiver,
we used a machine-learning method to obtain a formula
based on the experimental data.

The Monte-Carlo localization (MCL) method [22] is
used in combination with the belief function to estimate
the position and orientation of the mobile robot. The
experimental results we obtained when testing the pro-
posed system in a real experimental environment con-
firmed the validity of the system. The key contributions
of this study are as follows.

1. A low-cost localization system based on IR emitters
and receivers for an indoor mobile robot was devel-
oped.

2. Additional unique IDs are made available by using a
combined method that solves the problem of limited
IDs.

3. A novel configuration that combines unique ID
encoding landmarks with repeated ID encoding land-
marks is proposed to improve the estimation accu-
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racy and reduce the production, ID, and computa-
tional costs.

4. An MCL method with a belief function is proposed
to estimate the position and orientation of a mobile
robot in an environment with landmarks that employ
repeated ID encoding.

Related work

Many localization techniques have been developed for
indoor mobile robots. Surveys, including comparisons,
of indoor mobile robot localization techniques were pre-
sented in [23—27]. Our paper mainly presents an analysis
of existing approaches based on the IR system and their
comparison with the proposed system.

Several applications based on an IR system using pas-
sive landmarks for indoor mobile robot localization have
been developed. The Hagisonic StarGazer localization
system [28] is one of the widely used passive landmark-
based localization systems for indoor mobile robots.
This system was experimentally evaluated by Ul-Haque
et al. [29], who found the system to be reliable, accurate,
robust, and affordable. They also determined the position
and orientation accuracy to be reasonably high based
on their experimental data. Oh et al. [17] developed an
indoor localization system based on the Hagisonic Star-
Gazer localization system. They also evaluated this sys-
tem and found several types of deviations from the actual
values. They decreased the errors that occurred during
the study by using an optimal arrangement of landmarks
and an adaptive extended Kalman filter. Their experimen-
tal results attested to very good accuracy.

Lee [18] developed a localization system that utilized
the same principle of reflective landmarks as the Hagi-
sonic StarGazer localization system. Artificial landmarks
were created using films coated with IR light-reflecting
material. The landmarks were shaped in the form of
right-angled equilateral triangles and installed on the
ceiling. A CMOS camera with a USB interface was used
to capture images of the landmarks. The CMOS camera
achieved this by capturing two successive images with
and without IR light illumination to show the IR light-
reflecting landmarks clearly. Image distortion was cor-
rected by using the kinematic relation. The position and
orientation of the camera could be estimated based on
the prior known positions of the detected landmarks. A
pan/tilt mechanism was also used to provide a wider area
of coverage to enable the number of required landmarks
to be reduced.

As presented in [29], the Hagisonic StarGazer locali-
zation system costs nearly $1750 for an area sized
approximately 2000 m? This amount includes the cost
of the localization sensor ($1400) and the cost of the
passive landmarks attached to the ceiling. The cost of a
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passive landmark of the type with an HLD1-L 4 x 4 grid is
approximately $3.52. Because of the considerable cost of
the localization sensor, this localization system is unsuit-
able for an environment in which multiple mobile robots
operate together, which is typically the case in large-scale
environments, and where multiple localization sensors
are needed. The passive landmarks used in the Hagisonic
StarGazer localization system are inexpensive and easily
installed. These are good characteristics for a large envi-
ronment. However, the ability to support thousands of
unique landmark IDs is not suitable to large-scale envi-
ronments, whereas our proposed system offers a larger
number of unique IDs and utilizes repeated IDs. Another
comparable system [18] uses even fewer available unique
landmark IDs than the Hagisonic StarGazer localization
system.

An IR signal emitter and detector are essential compo-
nents in a localization system based on active landmarks.
Most approaches utilized an emitter as the active land-
mark. Krejsa and Vechet [19] used IR beacons that only
provided information about the bearing. Their system
consisted of placing beacons with known positions in the
environment. The signals from these beacons were then
detected by a scanner device placed on top of the robot
chassis. The scanner consisted of 16 receivers placed
in a circle covering the entire range of 360°. The loca-
tion of the robot was estimated based on the extended
Kalman filter (EKF) method, which combines the odom-
etry and bearing information with the initial position
of the mobile robot. Our approach involved the use of
two receivers capable of obtaining both the bearing and
strength information to improve the accuracy. Especially,
the robot in our approach estimates its position autono-
mously without having known its initial position.

Lee and Song [30] used unique ID encoding IR LEDs
as artificial landmarks for mobile robot localization. The
placement of different ID encoding LEDs on the ceiling
made it possible to divide the robot activity area into sev-
eral sectors with each sector set to have a unique iden-
tification. The robot was equipped with a receiver when
moving across the floor. This enabled the robot to esti-
mate its position with large uncertainty based on sectors
with a large size. They presented an algorithm that fuses
both the odometry and the IR ID information such that
the magnitude of the uncertainty was reduced. However,
an appropriate starting point and unit length are needed
and overlapped signals cannot be analyzed with the
binary information identification. Moreover, the uncer-
tainty can be decreased more effectively by using the RSS
method, which we use in our approach.

Some studies also attempted to use the receiver as the
active landmark. Gorostiza et al. [31] developed a sen-
sorial system. Their system was capable of measuring
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different phase-shifts in a sinusoidally modulated IR sig-
nal transmitted by the robot. The system consisted of one
emitter set on the robot and a single photo-detector for
each receiver installed on the ceiling. Different distances
were obtained from these phase-shifts, and the position
of the robot was estimated by hyperbolic trilateration.
Their experiments determined the locating precision
to be below 10 cm. Replacing the emitter and installing
the receiver in the ceiling with reasonable configuration
indeed succeeded in avoiding the ID limitation. However,
this system requires a backstage controller to receive the
information from all the receivers and transmit the cor-
responding positional data to each mobile robot after
estimating the positions of all mobile robots based on
the received information. This considerably increases
the computational cost in a large-scale environment with
multiple mobile robots.

IR system for the self-localization of an indoor
mobile robot
The proposed system consists of the following main
components: two types of emitters and two receivers.
The emitters are used as landmarks and continuously
transmit a modulated IR signal. The receiver obtains
and amplifies the IR signal to recognize the ID and sig-
nal strength of the detected emitter. The estimation of the
position and orientation of the mobile robot is based on
the prior known positions of the detected emitters. The
proposed IR LED-based localization system is illustrated
in Fig. 1.

Modulated IR LEDs are used as landmarks and are
installed on the ceiling. We use a combination of fre-
quencies to generate additional IDs. This circumvents the
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problem caused by the availability of a limited number
of IDs. Some IDs are used as repeated IDs to ensure the
limited IDs can be used in a larger environment. In con-
sideration of the production cost, a single IR LED with
a single frequency is used as the repeated ID encoding
emitter. The IR LED array encoded by the combination
of multiple frequencies is used as the unique ID encoding
emitter. Figure 2b shows a unique ID encoded with an IR
LED array consisting of four LEDs. The other type of IR
LED performs repeated ID encoding as shown in Fig. 2c.
The two types of emitters are installed in a lattice pat-
tern as shown in Fig. 1. The unique ID encoding emitter
is positioned in the center of the square formed by four
repeated ID encoding emitters. This arrangement is simi-
lar to that used in a cellular network. Utilization of this
configuration enables the robot to estimate its position
and orientation and to start anywhere in the designated
area. The use of repeated ID encoding emitters results
in landmarks being detected more frequently, thereby
improving the accuracy of the robot location without
the need to consume unique IDs. The detection range
of the receiver is within 280 mm. The interval between
two adjacent emitters of the same type is set to 800 mm
to ensure the receiver is able to detect the IR signal fre-
quently. This is intended to improve the accuracy of the
robot location but prevent the receiver from captur-
ing signals from different emitters at the same time. The
interval between the unique ID encoding emitter and the
repeated ID encoding emitter is approximately 566 mm.
The ID of the emitter driven by the on-off keying
(OOK) modulator is stored in the memory and then
used by the microcontroller to generate the modulation
signal as shown in Fig. 2a. The IDs are defined by the

Z I A A B RN BN ERERNNEENERNESNHSS:N.]
* 1 Dz D2
¥ .0 Vo 8o
* D35 [ y
Wi 8
*
L | el L ,f..
-* (} E

..----u----|----l----------a-.-:------’u‘l
. Modulated —» -
. oplical signa .
- [ ]
" Receiver -
- L] -
- ; . Emitter unit consists of unique IDs and repeated 1Ds
. Mobile robot —* . / " -
L ] L}
L] L]
- lf
S s s E s s EEEEEEEEEEEEEER SRR R RS EE R Ew
Fig. 1 lllustration of the proposed IR LED-based localization system




Wang and Takahashi Robomech J (2018) 5:17

Page 5 of 17

- >
5
—4 1oReF a
— Reser =i
—] 33v 3
— v c
— cno =
— 6o e}
—a Vin
et
— »0
— M
— a2
— a3
—

A5

repeated ID encoding single LED

Fig. 2 Details of the emitters. a Circuit of the emitter for generating the modulated IR signal; b unique ID encoding LED array with four IR LEDs; ¢

frequencies of the emitted signals. Because of the lim-
ited availability of frequencies in an actual environment,
using a system with frequency-based ID in a large-scale
environment would be prohibitive. Therefore, we pro-
pose the use of a combination of different frequencies to
define the ID, and prove the validity of this method here.
A microcontroller with 20 different frequencies and four
digital output pins can provide Z:Zl 20C, = 6195 unique
IDs by using the combined method. This multiple, which
is approximately 30 times more than the number of raw
available frequencies, could be improved by providing
additional available frequencies and digital output pins.
In this work, nine different frequencies, which are
listed in Table 1 together with their corresponding code,
are used to generate the IDs of the emitters; for example,
ID 57 shown in Fig. 1 signifies the combination of code
5 and code 7. Identification of an LED array by ID 57

Table 1 Frequencies used to generate the IDs

indicates that one LED is modulated by a frequency of
550 Hz, whereas the other is modulated by a frequency of
850 Hz. The combined method allows > 5_, 9C,, = 511
IDs to be obtained by employing a microcontroller with
nine available digital output pins. The uncertainty of the
location of the robot increases as the interval between
emitters increases. Our proposed solution addresses this
problem by using a configuration that combines unique
ID encoding emitters with repeated ID encoding emit-
ters rather than simply using unique IDs. The use of
repeated IDs in an environment in which the self-local-
ization of a mobile robot was feasible was proposed by
Wang and Takahashi [32]. The configuration proposed in
this paper allows us to use the same quantity of available
IDs to achieve the same location accuracy in larger envi-
ronments. As shown in Fig. 3, there are ten available IDs
and the interval between the emitters used in these two

Code 1 2 3 4
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Fig. 3 Scale of environments in which the two different configurations are used. a Scale when combining unique ID encoding emitters with
repeated ID encoding emitters; b scale when using unique ID encoding emitters only
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configurations is the same. The scale of the environment
in which the unique ID encoding emitters are combined
with the repeated ID encoding emitters in Fig. 3a is larger
than that involving the use of unique ID encoding emit-
ters in Fig. 3b. In the proposed system, the robot pro-
cesses self-localization without the need for initialization
with a default value. Especially, emitters with the same ID
can be driven by one microcontroller, thereby reducing
the production cost.

The circuit of the receiver, of which two are located on
top of the mobile robot, is shown in Fig. 4a. The inten-
sity of the received light is reflected as the voltage of R1
by using the reverse bias circuit with the photodiode. A
non-inverting amplifier is used to amplify the voltage sig-
nal to enable the IR signals to be analyzed. The receiver
then transforms this optical signal into an electrical sig-
nal, which is subsequently used to identify the detected
emitter. Figure 4b shows an image of the receivers with
the two photodiodes set on top of the mobile robot, as
used in this work. The geometric relationship between
the receivers and the robot in 2D space is shown in
Fig. 4c.

The IR LED and the photodiode used in the proposed
system have the part numbers OSI5LA5113A and TPS
705, respectively. An Arduino UNO R3 is used to drive
the LEDs and link with the receiver circuits.

Self-localization of the indoor mobile robot based
on the proposed system

In this research, the self-localization of the mobile robot
is estimated by the MCL method with a belief function.
This section is divided into four parts. The first describes
the recognition of the detected emitter. The receivers on
the robot transform the received optical signal to an elec-
trical signal. An emitter with a unique ID can easily be
recognized by analyzing the frequencies of the received
signals and by comparing them with the prior known ID
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database. However, repeated ID encoding emitters need
a belief function to determine which emitter is being
detected with the detected ID. The second part explains
the calculation of the distance between the receiver and
the detected emitter in the horizontal plane based on the
strength of the received signal which is used as the obser-
vation model. Rather than using the Lambertian radiant
intensity, we use a machine-learning method to obtain
a formula to represent the relationship between the
strength of the voltage signal generated on the receiver
with the distance of the receiver and the detected emitter.
This formula, which was derived on the basis of a large
amount of experimental data, is used to calculate the
observation value of the particle. The importance weight
of the particle is updated by comparing the value with
the real strength of the electrical signal. The algorithm
for self-localization, based on the MCL method with the
belief function, is described in the third part in detail
Lastly, the computational cost of the proposed system is
discussed.

Landmark identification

The interval between emitters allows each receiver set on
the mobile robot to detect a single emitter at most. The
detected emitter can be identified via its ID information.
Two types of IDs are utilized in this work. The first type,
which consists of multiple different frequencies, is used
as the unique ID and is assigned to the IR LED array. The
other type is only represented by one frequency, which is
used repeatedly in the environment and is assigned to a
single IR LED. The ID information is decoded by analyz-
ing the frequencies of the signals acquired by the receiver.
The received signals are easily obtained in the time
domain as shown in Fig. 5a, c. The fast Fourier transform
(FFT) method is used to transform the received signals
into the frequency domain as shown in Fig. 5b, d.
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Fig. 4 Details of the receiver. a Circuit of the receiver, which consists of a reverse bias circuit and non-inverting amplifier; b top view of the mobile
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Figure 5b shows the signals received from the emitter
encoded by the unique ID, which consists of four differ-
ent frequencies. The unique ID encoding emitter can be
directly identified by comparing the four frequencies with
the ID database. Then, the position and orientation of the
mobile robot are estimated based on the position of the
detected emitter. Figure 5d shows the signals acquired from
the emitter encoded by the repeated ID, which only con-
tains a single frequency. As multiple emitters encoded by
the same ID exist in the environment, the detected emit-
ter cannot be identified only from the frequency of the
received signal. Therefore, a belief function is proposed to
determine which repeated ID encoding emitter is being
detected. All the beliefs of the emitter with the detected ID
are calculated by the belief function:

belll! = exp (— @l — xr)2>, (1)

202

where bell/l and x[/1 are the belief and position of the
emitter [/] with the detected ID #, respectively, &, is the
position of the mobile robot, and o = 30. The emitter
with the largest value of bel is determined as the detected

emitter, the position of which is used for estimating the
position and orientation of the mobile robot.

Calculation of the distance between the receiver

and the detected emitter in the horizontal plane using

the strength of the received signal

The relationship between the distance of the receiver
from the detected emitter in the horizontal plane and
the strength of the electrical signal is used as the obser-
vation model in this study. As for the Lambertian LED,
the channel gain H of the transmitter and receiver with-
out any filtering is given by:

H= %cosm(q’))cos(w), O<y <V¥
1o V> 2)
where the order m is given by m = —In2/In (cos(¢1/2)),

where ¢1/ is the transmitter semi-angle (at half power),
d is the distance from the transmitter to the receiver, Ag
is the physical area covered by the photodiode, ¢ and ¥
are the radiation and incidence angles with respect to the
transmitter and receiver, respectively, and W is the field of
view (FOV) of the receiver.
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The observing noise and the loss in the circuit of the
receiver always happened during the positioning proce-
dure. Equation (2) is not able to accurately handle these
additional effects. Because only one type of LED and
receiver circuit is used in this system, instead of using
Eq. (2), the relationship of the value of the output volt-
age of the receiver with the distance between the emit-
ter and the receiver in the horizontal plane is obtained
from the experimental data. These data are acquired by
setting the distance between the receiver and the emitter
at 1.2 m in the Z-direction in Fig. 1. The output voltage
of the receiver is recorded in 10-mm intervals when the
receiver moves from 0 to 300 mm in the X-direction. The
experimental data are plotted in Fig. 6. The least-squares
method is then used to obtain the approximation func-
tion based on these data, as shown below:

V = =327 x 10°|x, — xe|* + 2.855 x 1073|x, — x|
+ 1.81997,

®3)
where x, denotes the position of the receiver set with the
photodiode, x, signifies the position of the detected emit-
ter, and V indicates the value of the output voltage of the
receiver with the distance between the receiver and the
detected emitter in the horizontal plane. Equation (3) is
used as the observation model in the positioning algo-

rithm. The approximation function is shown in Fig. 6.

Positioning algorithm

The position and orientation of the mobile robot can be
estimated based on three different landmark positions
by using the trilateration method. However, this method
cannot maintain other possibilities of the estimation
as this would cause the estimation to become unstable.

25

Eﬁ(perimen‘tal data =
Approximation function

Voltage [v]

0 L L L L L Ll =
0 50 100 150 200 250 300

Distance [mm]
Fig. 6 Experimental data recorded when measuring the value of the
voltage of the receiver as a function of the change in the distance
between the emitter and the receiver in the horizontal plane (red
points) and the approximation function obtained by the least-squares

method (blue line)
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Therefore, in this work, the use of the MCL method with
the belief function is proposed for the self-localization of
the mobile robot.

Algorithm 1 Self-localization based on the MCL method

with the belief function:
1: Initialize robot particles S, (t) = (m[rl] (%), z!? (), -+ ,mLM] (®)
: form=1to M do

Update particles with the motion model: wm[rm] #®) =
MotionModel(wa:[rm] (t—1))
4: end for
5: if ID n is detected then
6: if n is a repeated ID then
7.
8

W N

fori=1to L do

update belg] based on the belief function

9: end for ]

10: update x. based on bel,[,f

11: end if

12: form:lt?Mdo

13: update wnm] based on the likelihood function
14: end for

15: end if

16: for m =1 to M do )
17:  draw 4 with probability o w!? ()
18:  add 7V (¢) to Sr(¢)

19: end for

20: Sy (t) «— S,(t)

21: return Sy (t)

Algorithm 1 shows the algorithm of the MCL method
with the belief function. A set of particles is defined as
a set of hypotheses of the robot position and orientation
denoted at time t as S, (¢) = (xy] (t),x?] @), -- ,ng] ®)),
where [M] is the number of particles. First, it updates the
particles representing the position and orientation of the
robot by using the motion model, which is given by Eq.

(4).

War(t) =" x,(t — 1) + v At + €4 AL, €, ~ N(0,0y)
Yy () ="y, (t — 1) + vy At + €At €, ~ N(0,0y)

YO,(t) =" 0,(t — 1) + wAt + ey At,eg ~ N(O, 69)(4)

where (ny"] ®),” yy”] ®),” 9r[m] (t)) denotes the position
and orientation of particle [m] in the world coordinate,
and V' = (v, vy, ), and At indicate the velocity of the
robot and period ranging from time ¢ — 1 to ¢, respec-
tively. A rotary encoder is installed on the motor of the
wheel of the mobile robot to measure the rotational
speed of the tire. The movement distance per unit of time
of each tire can be calculated by utilizing the radius of the
tire and converted to ("vy,,” vy, ). Further, N (0, o) signi-
fies the Gaussian distribution with standard deviation o.
As the robot is initialized without default position and
orientation values being specified, the robot needs to esti-
mate its position and orientation based on the positions
of the detected emitters from the beginning. However,
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emitters encoded by a repeated ID cannot be identified in
the beginning without knowing the position of the robot.
Therefore, the process of self-localization starts when an
emitter encoded with a unique ID is detected. As shown
in line 8 of Algorithm 1, if the detected ID is a repeated
ID, the emitters ([1],[2],---,[L]) encoded with this ID
are assigned a bel by using Eq. (1). The position of the
emitter with the largest bel is used as the input for «, in
Eq. (3) to obtain the observation value V. The value of x,
is calculated based on x[”/(¢) and the geometric relation-
ship between the receiver and the robot shown in Fig. 4c.
The important weight of particle [m] is updated based on
the observation value V at line 13 of Algorithm 1. The
likelihood function for updating the weight of each of the
particles is defined as:

0.001, ifd>o
“=1 Bexp (—20%(\/ — 7)2), else, ®)

where Vis the value of the output voltage of the receiver
when it detects the IR light. Further, d is the distance of
the receiver calculated based on the position of particle
[m] and the detected emitter in the horizontal plane, and
o is set as 30. Finally, resampling of the robot particles is
executed based on the importance weights of these par-
ticles. The position and orientation of the robot are then
estimated as the weighted mean of the particles.

M w,[m] [m]
Vo, (2) = (Emﬁ * (D ) ©)

2%:1(’0[}%]

The procedure is subsequently repeated.

Computational cost of the proposed system
The computational cost and accuracy of the proposed
system mainly depend on the number of emitters and
particles used in the MCL method for self-localiza-
tion. An increase in the number of particles enables the
accuracy of the estimation to be improved, whereupon
the computational cost also increases [33]. An alterna-
tive approach to improve the accuracy would be to use
additional emitters to shorten the interval between two
adjacent emitters. However, this would necessitate an
increase in the memory size because of the increased
number of unique IDs and would cause the computa-
tional cost to increase.

The computational cost would obviously also increase
in a large environment, which would require many
emitters. However, our proposed system is designed to
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reduce the computational cost of operating in large envi-
ronments. This is a distinct advantage over the existing
system, which only uses unique ID encoded emitters.
For instance, our proposed system uses M particles, N;
unique IDs, and L repeated IDs to estimate the position
and orientation of the mobile robot, whereas the system
that only uses unique IDs uses M particles and N, unique
IDs. Because M new particles are created in each updat-
ing step, an update requires time in M for both systems.
Moreover, the proposed and existing systems require
memory size with N1 + L and Nj to store ID information,
respectively.

Expansion of the size of the environment increases both
the number of repeated and unique ID encoding emitters
required by our proposed system. However, the number
of repeated IDs L is not changed. Only Nj changes when
the size of the environment is altered. Figure 1 shows that
we use nine (L) repeated IDs and they are introduced to
the ceiling with W lines in the X-direction and H lines in
the Y-direction. The unique IDs are introduced between
the repeated IDs as shown in Fig. 1. Then, (W — 1) by
(H — 1) unique ID encoding IR emitters are needed.
This indicates that the number of IDs required for our
proposed method is Ny +L=(W — 1)« (H—1)+9. If
only unique IDs were used, the required number of IDs
would have been Ny = (W — 1)« (H — 1) + W x H. For
instance, let W = 100 and H = 80, in which case N1 + L
= 7830 and N, = 15,821. Thus, the value of N, is more
than twice that of Nj + L. The utilization of a repeated
ID encoding emitter reduces the increase in memory
size. Furthermore, this superiority of our method is more
obvious in a large environment.

Experiment

We evaluated the proposed system in the real environ-
ment. The robot used in the experiment is shown in
Fig. 7. Two receivers, each equipped with a photodi-
ode, were set on top of the mobile robot. The modu-
lated IR LEDs were installed on the ceiling. Because
of the limitations of the experimental environment,
the arrangement of the emitters was adjusted relative
to that in Fig. 7a to enable the proposed system to be
evaluated effectively. The arrangement of the emitters
used in the experiments is shown in Fig. 7b. In prac-
tice, the experimental environment comprised eight
repeated ID encoding emitters and three unique ID
encoding emitters that were set on the ceiling. In this
work, nine different frequencies were used to gener-
ate the IDs, as listed in Table 1. All of the unique ID
encoding LED arrays were generated by combining
four of the nine frequencies. Therefore, each LED
array consisted of four LEDs as shown Fig. 2b and each
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Fig. 7 Experimental environment. a lllustration of the experimental environment; b image of the real experimental environment

of the four LEDs is modulated with an independent
frequency. Repeated ID encoding emitters consisted of
one LED with a frequency that was used repeatedly. In
this experiment, a total of eight microcontrollers were
used, one of which was used to link with the receiv-
ers and computer to deliver the signal information and
three of which were used to support the modulated
signal to the three unique ID encoding emitters. The
remaining microcontrollers were used for the repeated
ID encoding emitters, two of which with the same ID
shared one microcontroller. The height between the
receiver and the emitter was set as 1.2 m.

The number of particles for estimating the robot
location was set to 1000 in this experiment. In the
beginning, the particles were randomly distributed in
the search space of the test environment. The posi-
tion and orientation of each particle were initialized by
a random value within the range of the test environ-
ment. Once the particles converge, the robot performs
self-localization on a trajectory or on a fixed point,
enabling the robot to estimate its position and orienta-
tion accurately. Based on the position and direction of
the landmark detection, the number of iterative cycles
needed to converge are different. In our experiments,
convergence was complete within 30 s.

Trajectory of real-time self-localization with different
configurations

The uncertainty in the location of the robot increases
as the interval between emitters becomes larger. In an
environment in which only unique ID encoding emit-
ters are used, attempts to improve the accuracy by
decreasing the interval between the emitters causes
the quantity of required IDs to increase rapidly. The
proposed system, which combines unique ID encod-
ing emitters with repeated ID encoding emitters, can
reduce the interval without consuming new IDs. We
verified the real-time self-localization performance
of the proposed system by allowing the robot to move
along fixed trajectories. This enabled us to statistically
assess the real-time localization performance. The eval-
uation included four configurations: the combination
of 3 unique ID and 8 repeated ID encoding emitters,

Fig. 8 Experimental environment for estimating the real-time
localization on a trajectory (represented by the blue line)
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Fig. 9 Real-time self-localization with different configurations:

result of real-time estimation with a a combination of unique ID and
repeated ID encoding emitters; b 11 unique ID encoding emitters; ¢ 3
unigue ID encoding emitters; d only odometry

the use of 11 unique ID encoding emitters, the use of
3 unique ID encoding emitters, and the use of no emit-
ters. The performance assessment of self-localization
under the no-emitter configuration is based only on
odometry. The robot traversed the fixed trajectory
three times at a set speed of 200 mm/s.

The fixed trajectory is indicated by the blue line in
Fig. 8. Figure 9a—d show the results based on the afore-
mentioned four different emitter configurations. In
the case of the combined configuration, the interval
between two adjacent repeated ID encoding emitters
was 800 mm and the unique ID encoding emitter was
positioned in the center of the square formed by four
repeated ID encoding emitters, as shown in Fig. 7a. The
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result of the real-time localization of the mobile robot
with the combined configuration is shown in Fig. 9a.
The figure shows that most of the route of the robot,
as estimated by the proposed system, overlaps with the
ground truth trajectory. The results confirm that the
system can provide stable and accurate estimation for
the mobile robot.

Because installation of the LEDs would not be entirely
error free, a small deviation occurs when using Eq. (3)
to describe the relationship between the output voltage
of the receiver with the distance of the receiver and the
detected LED in the horizontal plane. The importance
of the weight updates of the particles are affected by this
deviation. Therefore, incorrectly distributed particles
cause the estimation of the robot location to become
unstable. Especially, some of the particles were omitted
because the cumulative errors of the motors were modi-
fied by the detected landmarks. These reasons gave rise
to the sudden deviations and errors that occurred during
the movement as shown in Fig. 9a.

Figure 9b shows the result of the self-localization using
the configuration consisting of 11 unique ID encoding
emitters. This configuration has the same number of
emitters as the proposed combined configuration. The
interval between two adjacent emitters of this configura-
tion is also the same as that in the proposed combined
configuration. The figure shows that the estimated route
of the robot mostly overlaps with the ground truth tra-
jectory. The self-localization performance is almost the
same as that of the shown proposed combined configu-
ration. However, the use of the combined configuration
with the proposed method needs fewer IDs.

Figure 9c shows the result of self-localization using the
configuration that consists of three unique ID encod-
ing emitters. The interval between two adjacent unique
ID encoding emitters is 800 mm. In comparison with
the results obtained by using the configuration with 11
unique ID encoding emitters and the proposed combined
configuration, the error is larger. The orientation of the
mobile robot is incorrectly estimated during its move-
ment and causes the estimated route to deviate from
the ground truth trajectory. This can be understood by
considering that an increase in the interval between the
emitters prevents the robot from detecting the IR signals
continuously. The motor error accumulates while the
robot is moving because no landmark capable of modi-
fying the location of the robot is detected. The particles
used for estimating the robot location diverge considera-
bly without the observation, thereby causing the accuracy
of the self-localization of the mobile robot to deteriorate.

Figure 9d shows the result of self-localization based
only on odometry. This result can be calculated by inte-
grating the position of the robot and the distance covered
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by the tire. The prior known position and orientation
values are needed to initialize the position and orienta-
tion coordinates of the robot in the world by utilizing
the odometry method. However, the prior known posi-
tion and orientation values are not needed when using
our proposed system. Although the routes estimated on
the basis of odometry did not show the aforementioned
oscillations, the motor errors accumulate considerably
during movement and increase in the case of longer peri-
ods of movement.

Therefore, combining unique ID encoding emitters
with repeated ID encoding emitters reduces the distance
between adjacent emitters without increasing the num-
ber of new IDs. This obviously improves the accuracy of
the self-localization of the mobile robot.

Localization error at fixed point of real-time
self-localization

It is difficult to measure the localization error at every
position along the route traversed by the robot. There-
fore, we marked 70 points, indicated by the white dots
shown in Fig. 10a, to evaluate the proposed system. The
self-localization performance based on 11 unique ID

1200 Estimated position
Ground truth
1000 |- LR . Y - LI ] . - % ~ .
— 800 " . = = mm ™ = % = oam w my
E 600 =~ ,* = = ¥ a & % " m & w = an
Ll 400 |~ = PR . = o e L . .
200F % .% # "s " a2 0w e 2 B s e s
0 L :

0 400 800 1200 1600 2000 2400 2800 3200
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Fig. 10 Real-time self-localization at fixed points. a Experimental
environment for estimating the location accuracy at 70 points (the
white points are the chosen positions); b result of the estimation at
70 positions

Table 2 Self-localization errors at each of the 70 positions
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encoding emitters, 3 unique ID encoding emitters, and
odometry are also evaluated at the 70 points. The robot
remained at each marked point for 3 s when passing by to
perform self-localization to enable it to collect sufficient
data to calculate the self-localization errors. The orienta-
tion of the robot was controlled such that it was main-
tained at O [rad].

Figure 10b compares the positions estimated by the
proposed combined configuration with the true positions
of the marked points. Table 2 presents the statistics of
the self-localization errors on the 70 points with different
configurations. The proposed combined configuration
enables the robot to attain positional errors of approxi-
mately 20 mm and 30 mm in the X- and Y-directions,
respectively. The average error in the estimated position
is approximately 40 mm. The estimated orientation errors
of the robot were calculated by comparing the estimated
orientation with the real orientation 0 [rad]. The average
error of the estimated orientation is approximately 0.065
[rad]. Considering the interval used for the LED config-
uration and the inescapable installation errors, the pro-
posed method obtained an accurate result.

The self-localization based on 11 unique ID encoding
emitters obtained the same accurate estimation as the
proposed combined configuration. However, our pro-
posed combined configuration requires fewer IDs. The
self-localization performance based on both the three
unique ID encoding emitters and odometry is less than
satisfactory. The statistics of the self-localization errors
on the 70 marked points show the same results as the
evaluation on the trajectory, as shown in Fig. 9.

Trajectory of real-time self-localization with emitter failure
We proved the validity of the proposed system in a situ-
ation of emitter failure, which may be caused by signal
occlusion, malfunction, or light decay, by evaluating the
self-localization performance in an environment with
emitter failures. Because the accuracy of the self-locali-
zation is closely related to the interval between emitters,
the accuracy is affected by the failure of a large number
of emitters. However, in our work, the emitters were
installed on the ceiling as this method can be expected
to minimize disturbance of the signals by obstacles.

Emitter configuration Error by mean Error by max Variance

x[mm] y [mm] 6 [rad] x[mm]  y[mm] 6lradl  x[mm?] y[mm?] 6 [rad?]
Proposed configuration 21.49 29.23 0.065 68.72 78.81 0.226 73.11 78.63 0.002
11 unique ID encoding emitters 3017 2528 0.041 87.09 91.22 0.100 27.55 53.61 0.001
3 unique ID encoding emitters 89.19 47.94 0.074 185.03 99.61 0.125 0.12 0.01 0.000
Odometery 93.66 54.67 0.027 160.96 98.71 0.075 0.00 0.00 0.000
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Emitters with different IDs are supported by independent
microcontrollers and power, an arrangement designed to
avoid the simultaneous failure of a large number of emit-
ters. Therefore, in this experiment, we simulated the fail-
ure of two emitters.

Figure 11 shows the result of the self-localization in a
situation in which two emitters experience failure. Com-
pared with the configuration of emitters in Fig. 9a, two
repeated ID encoding emitters are deleted from Fig. 11.
As the result shows, the instability of the self-localization
estimation increases. However, the accuracy is acceptable
for a mobile robot.

Real-time self-localization with different orientations

The proposed system was also evaluated on another
trajectory with different orientations as shown in
Fig. 12a. The robot started from point E with the ori-
entation of 0°. During the movement, the orientation
of the robot changed to 30°, 45°, and 90° at points F,
H, and J, respectively. This approach to evaluating the
validity of the positioning system by altering the ori-
entation of the mobile robot during its movement is
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highly effective, because estimation of the location of
the robot can be expected to fail when its orientation is
incorrectly estimated.

Figure 12b shows the result of the estimated route tra-
versed by the mobile robot and it can be seen that the
estimated route mostly overlaps with the ground truth
trajectory of the experiment. Our approach allows the
timely modification of the estimation errors of the posi-
tion and orientation of the mobile robot. This experiment
confirms that the proposed system provides a stable and
accurate estimation of the self-localization of the mobile
robot on a trajectory with different orientations.

Real-time self-localization with different speeds

In our experiments, in addition to setting the speed of
the mobile robot at 200 mm/s, we also validated the per-
formance of the proposed system at different speeds on
the trajectory with an orientation of 0°. Figure 13 shows
the real-time localization results at speeds of 100, 150,
250, and 300 mm/s, respectively. It is clear that the accu-
racy of the location of the robot does not decrease as the
speed increases or decreases. Thus, the fast response
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Fig. 13 Real-time self-localization at different speeds: a 100 mm/s; b
150 mm/s; € 250mm/s; d 300 mm/s




Wang and Takahashi Robomech J (2018) 5:17

characteristics of the IR system enable it to transmit
a stable signal even when the robot is moving at high
speed. The errors produced by the motor and by noise
are continuously compensated for by the detected emit-
ters as shown in Fig. 13a—d.

Localization error with different heights of real-time
self-localization

Equation (3), which is used as the observation model in
the MCL method, is obtained at a fixed height of 120
cm between the receiver and the ceiling. The estimation
of the mobile robot location is affected by errors in the
height. We evaluated the effect of these errors by adjust-
ing the height between the receiver and the ceiling from
110 to 130 cm. The self-localization of the mobile robot
is performed at the marked points with these different
heights.

Table 3 lists the estimation errors of the mobile robot
for these different heights. The location errors in the X-
and Y-directions are less than 40 mm for height changes
ranging from 114 to 126 cm. The average errors of the
estimated orientations are within 0.106 [rad]. The loca-
tion errors obviously increase when the alteration
exceeds 6 cm. Therefore, the proposed system currently
lacks the ability to overcome large changes in the height
of the ceiling. However, the installation errors of the
emitters in the vertical direction and the undulation of
the floor are commonly less than 6 cm, in which case the
proposed system is unaffected by these conditions.

Conclusion and future work

This paper proposed a novel low-cost IR-system-based
positioning system for the self-localization of an indoor
mobile robot. IR LEDs, which emit modulated IR signals
continuously, were used as active landmarks. The pro-
posed system utilized a configuration in which unique
ID encoding emitters were used in combination with
repeated ID encoding emitters. The unique ID encod-
ing emitter was an IR LED array, which was encoded by
a combination of different frequencies. This combina-
tion generated additional available IDs based on a lim-
ited number of frequencies for the positioning system.
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The repeated ID encoding emitter was a single IR LED
encoded by repeatedly using a frequency. The combined
configuration reduced the interval between two adjacent
emitters without increasing the number of new IDs. Fur-
thermore, this arrangement of emitters allowed the pro-
posed system to be used in a large environment without
being limited by the available IDs. The mobile robot was
constructed by placing two receivers, each with a photo-
diode, on top of the robot to scan the IR signals continu-
ously emitted by the emitters.

Self-localization of the mobile robot was realized
by utilizing the MCL method with a belief function
based on the prior known positions of the emitters and
the strength of the IR signal detected by the receivers.
Because multiple IR LEDs share the same ID, the belief
function is utilized to compute the probability of each
IR LED encoded by the detected ID. The LED with the
largest probability was used to calculate the observation
value for updating the importance weight of each parti-
cle. The mobile robot can estimate its location without
knowing its starting position and orientation. The experi-
mental results, which were obtained in a real environ-
ment, confirmed the validity of the proposed system.

The proposed system generates additional IDs by uti-
lizing a combined configuration. This novel configuration
combines unique ID encoding landmarks with repeated
ID encoding landmarks to improve the estimation accu-
racy and reduce the production, ID, and computational
costs. Especially, the proposed configuration is suitable
for positioning systems based on other sensors. A disad-
vantage of the proposed system is that the prior knowl-
edge used for estimation of the mobile robot is prepared
by hand, which incurs some inescapable artificial errors.
Equation (3) was obtained for a fixed height of the ceil-
ing. This indicates that the proposed system is currently
unable to perform accurately when the height of the ceil-
ing changes.

In our future work, we expect to replace the human
work to obtain prior knowledge by the simulations locali-
zation and mapping (SLAM) method. A combination
of SLAM method proposed in [33] with the RSS fin-
gerprints method is considered necessary to complete
this work. The use of the SLAM method is expected to
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solve the installation error and the problem presented by
changes in the height of the ceiling. The proposed sys-
tem currently supports accurate estimation in 2D space;
however, the system is also scalable for 3D positioning,
in which case additional receivers and sensors would be
required. The proposed system is also foreseen to be used
for the positioning of people in indoor environments. In
this case, the receiver is the camera of a mobile phone,
which analyzes the frequency information of the signal
transformed from the emitter. The positions of people
can be estimated based on the positions of the detected
emitters.
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