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Abstract—This paper addresses a radio-frequency identification
(RFID)-based mobile robot localization which adopts RFID tags
distributed in a space. Existing stand-alone RFID systems for
mobile robot localization are hampered by many uncertainties.
Therefore, we propose a novel algorithm that improves the lo-
calization by fusing an RFID system with an ultrasonic sensor
system. The proposed system partially removes the uncertainties
of RFID systems by using distance data obtained from ultrasonic
sensors. We define a global position estimation (GPE) process
using an RFID system and a local environment cognition (LEC)
process using ultrasonic sensors. Then, a hierarchical localization
algorithm is proposed to estimate the position of the mobile robot
using both GPE and LEC. Finally, the utility of the proposed
algorithm is demonstrated through experiments.

Index Terms—Localization, mobile robot, obstacle estimation,
radio-frequency identification (RFID), sensor fusion.

I. INTRODUCTION

HE infrastructure for building a sensor network, which is a
basic element of the digital ecosystem, is growing rapidly
[1], [2]. In recent years, a sensor network without limitations
of time, place, and situation has been applied to several areas
[3]-[7]. Mobile robots based on sensor networks are a typical
example of this application. Mobile robots can offer services
using a sensor network that has been built into indoor spaces
such as offices, homes, and airports. The sensors and robots that
are distributed within a space constitute the digital ecosystem.
It has been predicted that indoor mobile robots will be
human-friendly robots that interact with people [8], [9]. To
ensure the safety and stability of human-robot interaction,
more accurate and precise mobile robot localization systems are
essential. The classical localization system for mobile robots
uses dead-reckoning sensors such as encoders and gyroscopes
[10], [11]. Other systems use some combination of cameras,
ultrasonic sensors, and the GPS [12]-[14]. However, the dead-
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reckoning sensors are subject to accumulation errors that can
result in inaccurate performance for cases involving large dis-
placements. The other types of sensors are constrained by
environmental factors such as illumination in the case of
charge-coupled device (CCD) cameras and outdoor conditions
for the GPS. These problems in the classical method translate
into uncertainties that diminish the accuracy and precision of
mobile robot localization.

In order to reduce these uncertainties, researches have been
conducted on the applications of sensor networks for mobile ro-
bot localization. Several studies have adopted radio-frequency
identification (RFID) technology for sensor networks [15]-
[18]. Practical features of RFID technology include the follow-
ing: 1) storage of location and environment information within
RFID tags; 2) classification of information using private identi-
fication (ID) codes; 3) convenient approach to information; and
4) robustness under environmental changes. Exploiting these
features, we can implement a new forming localization system
that can address the deficiencies in conventional localization
systems. However, RFID systems suffer from technical limi-
tations not unlike those found in conventional systems.

The target of this research is a mobile robot localization
applying RFID technology, which uses distributed RFID tags.
We propose a novel algorithm to overcome uncertainties in
previous RFID systems for mobile robot localization. We focus
on a sensor fusion that uses an RFID system and ultrasonic
sensors. Localization using a single sensor system cannot guar-
antee accuracy due to limitations from the system. Thus, ultra-
sonic sensors and the RFID system are used to complement one
another and compensate for each other’s limitations. Therefore,
a hierarchical localization system is proposed for efficiently
using and integrating data obtained from arbitrary environments
from each sensor.

The remainder of this paper is organized as follows. In
Section II, we address related works and problems to solve.
In Section III, the global position estimation (GPE) process
using the RFID system is explained. In Section IV, the local
environment cognition (LEC) process using ultrasonic sensors
is explained. In Section V, the hierarchical algorithm for mobile
robot localization using GPE and LEC is explained. Finally, we
conclude this paper in Section VI.

II. RELATED WORKS AND RESEARCH OBJECTIVES

A. Localization Based on RFID System

RFID systems have several features and functions that de-
pend on the frequency band, nature of the power source, tags,
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Fig. 1. RFID system based on tag floor for the mobile robot localization,
which adopts RFID tags distributed in a space.

etc. Therefore, many localization methods and applications
exist in the literature [19]. This paper discusses an RFID
system based on a tag floor using passive RFID tags for mobile
robot localization, which is addressed in [15] and [20]. Passive
RFID tags are arranged in a fixed pattern on the floor, and
absolute coordinate values are stored in each tag to provide
the position data to the mobile robot, as shown in Fig. 1. An
RFID reader (connected to an antenna) is installed underneath
the mobile robot for reading the data from the RFID tags. If
the robot moves to a position over an RFID tag, the RFID
reader reads the coordinate value of the RFID tags to localize
the mobile robot. The absolute location of the mobile robot
on the floor is estimated without consideration of obstacles or
landmarks.

The representative problem of the aforementioned system
is that the accurate position and distances between the RFID
reader and the RFID tags are not measured. If the RFID tags
are found within the reader recognition area, their existence can
be just checked. Position estimation errors are thus generated
according to the gap between the tags and the reader recognition
area. Other problems and uncertainties are fully explained in
Section III.

To date, several algorithms have been proposed to solve
these problems. Ma and Kim [20] proposed the aforementioned
scheme employing a tag arrangement pattern; this method
depends on the mobile robot travel path. Hahnel ef al. [21]
and Seo et al. [22] used a probabilistic based filter. However,
the estimation error increases when no new RFID tags are
found. Statistical and probabilistic methods cannot solve the
problem rooted in system limitations. In other studies, a trian-
gular arrangement of RFID tags was proposed to reduce the
estimation error [23]. However, since this method depends on
the gap between the tags, increasing numbers of RFID tags must
be used to reduce errors. Further studies examined encoder
sensor systems used to compensate for limitations in RFID
systems [24]. However, it was found that the error accumulation
resulting from wheel slippage may cause the robot to veer off its
intended course over long distances. CCD cameras have been
used in the fusion system, but these systems are often hampered
by illumination problems [25]-[27].

These previous works tried to solve the problem through
the temporary exclusion of uncertainties without the direct
consideration of the uncertainty associated with RFID systems.
Therefore, localization is only efficient in cases where the

2227

' RFID sensor b g sl;l;“sl(?r Ultra-Sonic | |
: : x :
i Location with uncertainty : ! lGlol;al Local
: v P ocation map :
Estimator
s & ¥ |
: Compensator P !

”

Robot location Robot location
(@) (b)

Fig. 2. Differences between the previous system and proposed localization
system. (a) Conventional localization system architecture based on RFID
technology. (b) Proposed system architecture based on RFID fusion sensor.

mobile robot drives along a specific path and for cases where
RFID tag information is given continuously.

B. Research Objectives

In this paper, the problems shown in existing studies are
considered, and possible solutions are proposed. We present
a localization system based on the sensor fusion between an
RFID system and ultrasonic sensors. As discussed earlier, the
ultrasonic sensors can compensate for the limitations and uncer-
tainties in existing RFID systems. We describe and add a model
addressing the uncertainties associated with measurement noise
in the RFID system. We assume the mobile robot traveling
environment to be a well-structured indoor environment. To
reduce the uncertainty associated with measurements from the
ultrasonic system, we consider only primitive geometrical ob-
jects: straight with regular inclination and circular with regular
curvature. We define a GPE process via the RFID system and a
LEC process via ultrasonic sensing. We propose a hierarchical
localization algorithm to estimate the mobile robot position
from GPE and LEC. Fig. 2 highlights the differences between
our proposal and the previous work.

III. GPE
A. Uncertainty of RFID System

In Section III, the process of finding the global position of
the mobile robot via an RFID system is defined as GPE.

First, we consider the uncertainty of the RFID system when
applied for mobile robot localization. The RFID system based
on a tag floor estimates the position of the mobile robot through
the coordinate value contained in passive RFID tags. Fig. 3
shows the area shaped by the electromagnetic wave from the
RFID reader, which is defined as the reader recognition area.
If RFID tags exist within the reader recognition area, the
RFID tags are activated and can send the ID and coordinate
value to the RFID reader. Note that only the existence of
RFID tags within the reader recognition area is checked in the
RFID system—the distance measurement between the RFID
reader and the tags is not available. The uncertainty about the
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Fig. 4. Uncertainty about position estimation error caused by the reader
recognition area.

position estimation error caused by the reader recognition area
is represented in Fig. 4. The estimation error is generated by the
difference between the actual and the estimated mobile robot
position. The position of the mobile robot can be obtained by
the RFID tags that are located within the reader recognition
area. If same RFID tags are active in spite of the movement of
the mobile robot, the estimation position value is not changed.
Thus, the tag-floor-based RFID system gives us constrained
position data. That is, the mobile robot is considered to be lo-
cated in the neighborhood of a particular location. Uncertainties
about the position measurements can be modeled through the
state space and observer function theory.

The estimated state (Z(k), §(k)) of the mobile robot at time
k is represented as follows:

P(k) = [2(k) 9(R)]" =gz (2(k)) g, z(RD]". (D)

The observer function G, including the observer data z(k), is
defined as follows:

[Qw (Z(k))}

gy (2(k))

_ {0.5 (max{zq,...,xy}+ min{zy,..
0.5 (max{y1,...

'7mN})

2
7Z~/N}+mm{ylany}) ()

where N represents the number of tags detected by the RFID
reader and (xy,yn) represents the coordinate value of the
RFID tags. We represent the estimated state, including an
estimation error, which is caused by the gap between the tags
and the reader recognition area

P(k) = [#(k) g(k)]" = [2' (k) + v (k) y’(k)+w(k)]T(3)
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where (2/(k), y'(k)) is the real position of the mobile robot and
(v(k),w(k)) is the associated uncertainty. The gap between the
tags is disiag. If the coordinate value stored in tag E is (¢, Ye ),
the following equation is obtained:

Te — distag < T'(k) — Rread < Te

Te < ' (k) + Rread < Te + diStag. 4)

Using (4), the uncertainty with respect to the X -coordinate and
Y -coordinate can be represented as follows:

(k) = |2/ (k) — &(k)] < 0.5|disgag]
w(k) = [y (k) = §(k)| < 0.5|distag]|- )

Additionally, we consider the uncertainties about the mea-
surement noise in the RFID system. Real RFID systems are
often hampered by some phenomenon such as the time lag
of the communication system caused by unspecified reason.
This case is regarded as the uncertainty about the measurement
noise. At time k& — 1, the estimated state of the mobile robot
is represented using (1) and (2). After a sampling period, the
estimated state of the mobile robot at time £ is shown as
follows:

P(k) = [#(k) §(k)]" = [2'(k) +alk) o' (k) + b(k‘)]T(-6)

If P(k—1) is equal to P(k) in spite of the activation of
the new RFID tags, the errors a(k) and b(k) represent the
uncertainties about the measurement noise and are larger than
the uncertainty about the position estimation error caused by
the reader recognition area
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B. GPE of Mobile Robot

Using two uncertainty models, the global position of the
mobile robot by the RFID system can be obtained as follows:

K (k) ' (k) + a(k) + v(k)
Palky= |30 | = |y b0 +ul®) | @
0(k) | ¢ 0(k)

The orientation 6(k) of the mobile robot can be estimated
using the multiple sets of the estimated global position data
as described in [17]. The orientation can be divided into ini-
tial orientation and traveling orientation. When the position
at time k=0 is denoted as P(0) = [£(0) §(0)]” and the
position at time k =1 is denoted as P(1) = [&(1) §(1)]7,
the initial orientation of the robot can be obtained as
follows:

tan 0(0) = = 9)
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Fig. 5. Orientation estimation of the mobile robot by position of ICC.

Therefore, the initial state of the robot can be represented as a
vector with position and orientation as follows:

p) = [20) 50) 60)]

= [2(0) 9(0)

From the initial position and orientation of the mobile robot,
the consecutive orientation of the mobile robot is estimated
while it is moving. If the mobile robot moves as shown in Fig. 5,
the state of the robot can be obtained. Using this information,
the rotation radius and angle can be calculated, and the state
after the robot movement can be estimated. The orientation of
the mobile robot can be obtained by the summation of the initial
orientation and the rotation angle as

tan~ (dg/di)] " (11)

O(k) = 6(0) + . (12)

Moreover, the rotation radius of the robot R is represented as

R= \/(:E(O) — z1ce)’ + (5(0) — yice)?

- \/(i(/{) —z1ce)? + (§(k) — yice)’. (13)

The ICC is the instantaneous center of curvature of the mobile
robot, and the location of the ICC can be determined as

l:xICC:| _ { Zrce (14)
yicc —m (z1ce — #(0)) +9(0)
Also, the rotation angle of the robot can be represented
¢ =cos”' (1—(I*/2R?)) (15)
where I = /(2(0) — 2(k))* + (9(0) — (k))*.
The traveling orientation can be represented as follows:
(k) = 0(0) + cos™ (1 — (12/2R?)) . (16)

IV. LEC
A. Uncertainty of Ultrasonic Sensor

The process of recognizing the geometric local area near the
mobile robot using ultrasonic sensors is defined as LEC.
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Fig. 7. Platform modeling such as the number and position of sensors in the
robot.

Ultrasonic sensors installed in the mobile robot can mea-
sure the distance between the mobile robot and the obstacles.
However, if the incidence angle or reflection angle § of the
sonic beam is large, then accurate distance data cannot be
obtained, as shown in Fig. 6. This follows from the exactitude
of direction, sensitivity of the reflection angle, and sensitivity
of distortion. Also, the radiation angle of the ultrasonic beam
is larger when there is more distance between the mobile robot
and the obstacle. Therefore, there are uncertainties when using
ultrasonic sensors to recognize the local area near the mobile
robot. We propose a scheme to reduce these uncertainties in the
LEC process.

B. Scheme to Cognize the Local Area

We assume the search space of the mobile robot to be a
well-structured indoor environment. In this case, we are able
to consider the environmental elements as the straight obstacle
with regular inclination and the circular obstacle with regular
curvature.

Step 1—Platform Modeling: We assume that the mobile
robot encounters obstacles in its path, as shown in Fig. 7. We
define the numbers of ultrasonic sensors in the mobile robot to
be n and their positions to be s; starting from the front right-
hand side and moving in a counterclockwise direction (1 < j <
n). The distance R represents the distance from the center of
the mobile robot to the sensors. The angle ¢;; represents the
sensor placement angle, and each placement angle between two
consecutive sensors is defined as «

a=2r/(n—1) )

i =(j — 1) (18)

The distance for obstacles is thus obtained for every sampling
period. Distance data d; (k) from the ultrasonic sensor s; at time
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Fig. 8. Geometric modeling by the ultrasonic sensors between the mobile
robot and obstacle.

k are shown in Fig. 8. The accuracy of the distance data from the
ultrasonic sensor decreases when distances and the incidence
angle of the beam for the obstacle are larger. Therefore, the
data measured from a beam with a large incidence angle are
excluded.

Step 2—Propagation Modeling: The magnitude and direc-
tion of the distance vector is defined using measured distance
data and sensor location. As shown in Fig. 8, the position of
an obstacle as measured by ultrasonic sensor s; at time k is
represented in X—Y robot coordinates

[wob(k)} B {R cos 15 + d; (k) cos golj}
Yob(k)] Rsingyj +d;(k)singq; |

The magnitude and direction of the distance vector for an
obstacle is represented as follows:

dj(k)} _ [ woy (k) + oy ()
Oon (k)| [tan™ (you(k)/2ob(K))

Using the state vector, the position and orientation of the
mobile robot at time k are represented as follows:

k) = [a(k) o) 0k)| .

19)

Poy(k); = { } . (20)

21

At time k + 1 after the sampling period, the position of the
mobile robot is represented, including the current state and
noise

Plk+1)=H (P(k), u(k)) +e(k). 22)
The position and orientation displacement of the mobile robot
u(k) are defined using the position and orientation displace-
ment u(k) = (Az, Ay, Af).

Step 3—Obstacle Estimation Modeling: We assume the sur-
faces of the obstacles to consist of combinations of linear and
curvilinear edges. Under this assumption, the shape of the
obstacle is effectively approximated using the distance data.
The measurement from the sensors, the robot position, and
the geometrical relationship of the environmental elements are
depicted in Fig. 9. Through the distance measured at time
k, the geometrical position for each element is obtained. The
measurement value at time k£ + 1 is then obtained according to
the movement of the mobile robot.

In detail, the jth sensor location and direction from the
robot center to the obstacle at time & is defined as P,,(k);.
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Fig. 9. Obstacle estimation model. (a) Straight obstacle. (b) Circular obstacle.

The obstacle is estimated in connection with the preceding
geometrical data about environment elements and data from
the propagation of the mobile robot. Geometrical modeling for
obstacles with linear edges (i.e., straight obstacle) is presented
in Fig. 9(a). Fig. 9(b) shows the modeling for obstacles with
curvilinear surfaces (i.e., circular obstacle). The straight and
circular obstacles are divided according to the value of curva-
ture as follows [28]:

Al

At (23)

=1/1
p=1/ lim

p # oo; circular obstacle
p = 00; straight obstacle.

Case I—Straight Obstacle: At the times k and k + 1, the
obstacle states, which are constructed from the jth ultrasonic
sensor s;, are represented as follows:

Poy(k); = [2ob(K)  yor(k) Oop(K)]]

Pop(k+1); = [zop(k+1) yor(k+1) Oop(k+1)]]
1<j<n

1<j<n

(24)

where the curvature is infinite for the straight obstacle. There-
fore, O, (k) = Oop(k + 1).

The incidence angle 3 of the ultrasonic sensor beam for an
obstacle is defined as (25), and the state of the obstacle for s;
is only considered if the incidence angle is smaller than y—this
allows us to reduce uncertainties

B =lp1; +0r — 0o — 180°] < . (25)
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The obstacle shape is estimated if the following equation is
satisfied in order to reduce the error e(k):

min e(k)

-y (\/(%b(k)j — &on(k);)* + (b (k) — Qob(k)j)2> .

Jj=1

(26)
The inclination of the straight obstacle is represented as
follows:
o (BT EE) @
The straight obstacle is represented as follows:
y =tanby (x — xop(k)) + Yob (k). (28)

Case II—Circular Obstacle: For circular obstacles, at the
times k, k + 1, and k£ + 2, the obstacle states, which are con-
structed from the jth ultrasonic sensor s;, are represented as
follows:

Oop (k)Y 1<j<n

i =J=

Pop(k)j = [zon (k) o (k)

Po(k+1); = [zop(k+1) yor(k+1) Oop(k+1)]]
1<j<n

Po(k+2); = [zon(k +2) yor(k+2) Oop(k+2)]]

l<j<n (29)

where the curvature for the circular obstacle is finite and
Oob(k) # Oop(k + 1). We also consider the state of the obstacle
for only j and ultrasonic sensor s; to satisfy the following
condition in order to reduce the error:

B =l¢1; +0r — o — 180°] < . (30)

Here, the obstacle shape is estimated if the following equa-
tion is satisfied in order to reduce the error e(k):

min e(k)

n

=S W (2 (k)5 — Fon (K);)% + (g (K); — yobmj)z) |

J=1

€29

Circular obstacles are represented using the following equa-
tions, and the local map is thus obtained:

22, (k)j +y2(k)j + lzop(k); +myos(k); +n =0

wop(k +1); 4y (k +1); + lzop(k +1);
+myep(k+1); +n =0

wop(k +2); + o (k +2); + lzop (k + 2);

+ myop(k +2); +n = 0. (32)
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The equation of the circular obstacle with the center position
and radius is represented as follows:
(@ —2c)? + (y — ye)* = R: (33)

where (2., y.) is the center of the obstacle and R,. is the radius
of the obstacle, respectively.

V. FUSION ALGORITHM

We estimate the position of the mobile robot through the
matching of the aforementioned two data sets. The global
position of the mobile robot as obtained from the RFID sys-
tem is always estimated without reference to any obstacles;
however, an estimated error is included as dictated by inherent
uncertainties.

On the contrary, the local environment map—which includes
the local area of the mobile robot—is partially determined
by obstacle distributions. The spread of the obstacles in the
real driving environment of the mobile robot is not irregular
in spite of the well-structured space. The global position of
the mobile robot is considered for basis coordinates because
the global position is estimated regardless of the obstacle.
Uncertainties in global positioning are then reduced using the
local map and data obtained from the mobile robot pertaining
to the obstacles. The mobile robot moves continuously, and
the flow of the fusion algorithm is depicted using step-by-step
instructions.

Step 1. GPE: The observer function of the RFID system is
obtained by (2), and then, the global position is estimated
in Section III. The uncertainty, (i.e., the estimation error),
is included in the estimated global position. The global
position can be represented like (8).

Step 2. Mapping of the local environment: When the mobile
robot moves within a given global position, a continuous
local map is obtained by the movement of the mobile robot.
The search area of the ultrasonic sensor is continuously
expanded by the movement of the mobile robot. In map-
ping, the uncertainty is reduced by the matching of the
straight and circular obstacles, i.e., (28) and (33), as shown
in Section IV.

Step 3. Local position estimation: The local position PL(k)
and displacement of the mobile robot are obtained by using
the continuous local environment map.

Step 4. Global position compensation: If the GPE does not
change in Step 1, we can use the local displacement of
the mobile robot for the estimated global position. Be-
cause the moving distance and orientation of the mobile
robot in an uncertain area of global position are obtained,
the technical limitation of the RFID system stated in
Section I is solved. In a given global position, the estima-
tion error of the global position is reduced using the local
displacement.

Step 5. Final position estimation: Comparing the compen-
sated global position Pg(k) from Step 4 and the local
position from Step 3, the correspondence of two positions
is decided. The set v(k) is defined with the difference
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TABLE 1
SYSTEM PARAMETER FOR EXPERIMENTS

Symbol Quantity Parameter value

diStay Gap between the RFID tags 0.5m

N Number of ultrasonic sensors 9
Each placement angle between two o

a . 22,5
consecutive sensor

14 Threshold value for incidence angle 60°

Rread Radius of RFID reader’s recognition area 0.3 m

between two values of position, and the covariance matrix
s(k) for the difference is represented as follows:

v(k) = | Pa(k) = Pu(k)]

S(k) =E [v(k)v" (k)] .

(34)
(35)

e is defined as the standard of correspondence and adjusted for

the effective corresponding position value from the two position

values. Until the difference between two values of position is

satisfied, the standard Steps 4 and 5 are repeated

v(k)STH(k)vT (k) < €2 (36)

Processing for continuous localization is repeated from
Steps 1 to 5. This procedure is detailed in Fig. 10.

VI. EXPERIMENTS AND RESULT

In order to verify the proposed algorithm, two experiments
were conducted. The estimation error between the real and the
estimated robot state was measured. The mobile robot used for
the experiments is about 0.3 m x 0.5 m and is of a car drive
type. The RFID reader antenna is installed at the bottom of
the robot, and nine ultrasonic sensors are separately installed
with a 22.5° angle in front of the robot. The RFID system,
KISR300H, is of a passive type and operated at 13.56 MHz.
The RFID reader antenna size is 0.15 m x 0.15 m, and the
RFID tags made by epoxy are 0.03 m x 0.03 m. The ultrasonic
sensor module, HRCO1, measures the distance to 6 m. The
experimental parameters are listed in Table I. The systems used
in our experiments are shown in Fig. 11.
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Fig. 11. Mobile robot systems for experiment: Mobile robot, ultrasonic sensor
module in front of the mobile robot, RFID reader, and passive RFID tags.

Fig. 12.  Corridor environment for the first experiment.

A. Experiment 1

The first experiment had the mobile robot traveling in a
corridor as shown in Fig. 12. The RFID tags were set in a
rectangular arrangement in the floor, and the coordinate values
were stored in advance. The first experiment employed the gap
between tags of 0.3 and 0.5 m. In a corridor with a size of
6 m x 2.4 m, the mobile robot moved from the starting point
(5, 142, 0) to the end point (604, 145, 0) for the gap between
tags of 0.3 m, and it moved from the starting point (5, 160, 0)
to the end point (604, 160, 0) for the gap between tags of 0.5 m.
We restricted the maximum velocity of the mobile robot to
0.183 m/s for the real-time process of the localization system.
If the mobile robot moves rapidly, the data communication
between the RFID reader and the tags sometimes fails. The
result data are obtained with a sampling period of 0.25 s.

Three algorithms were used to verify the superiority of the
proposed localization systems. The first algorithm introduced
in [23] used the coordinate value of the RFID tag as identified
by the RFID system. The second algorithm developed in [24]
used an RFID system and an encoder system. Fused tag and
displacement data were used for the localization. Finally, the
third algorithm proposed in this paper used an RFID system
and an ultrasonic system.

The first objective of this paper is to find a method to reduce
the uncertainty of the basic RFID system. To achieve this goal,
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TABLE II
COMPARISON OF AVERAGE ESTIMATION ERROR WITH EACH ALGORITHM

disiag Algorithm Azrerr(é)irge

Classic RFID system 2519 cm
disiag =03 m RFID system + Encoder 5.65 cm
Proposed system with algorithm 1.58 cm

Classic RFID system 4341 cm

disigg=0.5m RFID system + Encoder 10.52 cm
Proposed system with algorithm 242 cm

we accurately modeled the uncertainty generated in the basic
RFID system and proposed the algorithm to reduce the modeled
uncertainty through ultrasonic sensors. That is, we regard the
proposed system as the extended and improved system from the
basic RFID system. The novel localization system supplements
the shortcomings of the basic RFID system and yields more
improved performance than the basic RFID system. Therefore,
the first experiment was conducted in order to compare the
performance between the basic RFID system and the proposed
system. This is why we used the basic RFID system [23] in the
first experiment.

Another objective of this paper is to find a scheme to effec-
tively reduce the uncertainty of the basic RFID system in an in-
door environment. In recent works, the encoder or CCD camera
is used in order to reduce the uncertainty of the RFID system.
The CCD camera or encoder is not effective in a specified
environment with a variety of illumination and accumulation
errors. We proposed a scheme using the ultrasonic sensor that
could be adapted in a general environment. We must show that
the proposed novel scheme solves the shortcomings of the CCD
camera and encoder. The localization system with the CCD
camera and RFID system cannot sometimes estimate the correct
position because the CCD camera is easily influenced by the
illumination condition. This has been shown in many studies.
Therefore, we demonstrated the superiority of our proposed
scheme through a comparison with the system using the RFID
and encoder system, instead of the system using the CCD
camera and RFID system. This is why the previous algorithm
[24] using the encoder and RFID system is tested in the first
experiment.

From the first algorithm, the position of the mobile robot
was obtained by (1)—(5). However, the uncertainties in the
basic RFID system were not compensated for because only the
coordinate value of the RFID tag was used. The estimation error
by uncertainty was determined by (5). Different errors resulted
for the cases where the tag gaps were 0.3 and 0.5 m, as shown
in Table II and Fig. 13. Also, large errors were sometimes gen-
erated in cases where an unforeseen lag occurred. The second
algorithm can compensate for the uncertainties associated with
the RFID system with the displacement from the encoder. At
the early stages in the mobile robot movement, the uncertainty
was reduced efficiently. For long traveling distances, however,
the uncertainty was not compensated for due to the accumu-
lation error in the encoder. For the third algorithm, the global
position was obtained using the RFID system as in the first
algorithm. That is, the global position of the mobile robot can
be obtained from (8), including the uncertainties in (5) and (7).
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Fig. 13.  Results of the first experiment for three algorithms. (a) distag = 0.3.
(b) distag = 0.5.

The uncertainty in RFID system measurements was reduced by
the LEC process. Accurate and effective estimation was then
possible. The computation times for each algorithm used in the
first experiment were 32.2, 44.8, and 47.5 ms, respectively.

B. Experiment 2

The second experiment had the mobile robot traveling in an
indoor space populated with straight and circular obstacles as
shown in Fig. 14. A constant tag gap of 0.5 m was used. The
mobile robot moved from (15, 255, 0) to (10, 35, —m) along
a curved trajectory—the orientation of the robot changed as
shown in Fig. 14(b). The maximum velocity of the mobile robot
is 0.183 m/s, and the result data are obtained with a sampling
period of 0.25 s.

For the comparison of the localization results, the algorithm
of Han et al. in [15] and our proposed algorithm were used. The
algorithm of Han ez al. [15] only uses an RFID system to obtain
the position of the mobile robot. A compensation procedure is
included in this algorithm to reduce the uncertainties as given
by the RFID system. The motion-continuity property of the
differential-driving mobile robot was used in the compensation
procedure. This algorithm was affected by the gap between the
tags because only the position data obtained from a single RFID
system were used. Therefore, when the gap between the tags
is large, the compensation procedure is not efficiently realized
as shown in Table II—we confirmed this in the result of the
experiment.

Using the proposed algorithm, the mobile robot used posi-
tional data as in the first experiment. In the initial stage of
movement along the path, the distance data obtained by the
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Fig. 14. Second experiment. (a) Environment space. (b) Path of the robot.

straight obstacle—such as the elevator and wall—were used.
A local map by the straight obstacle is modeled using (28). It
was then used to reduce the uncertainties in the LEC process.
In particular, the distance data obtained by the artificial circular
obstacle are obtained in the middle stage. By the condition of
curvature (23), this obstacle was confirmed to be circular. A
local map by the circular obstacle was modeled using (33).
As shown in the right of Fig. 14(b), this path included the
curve section where the orientation of the robot changes. The
orientation of the mobile robot was fixed in the straight path
section. Therefore, the orientation estimation was conducted
only for the curve section.

The result of the second experiment is shown in Table III.
The proposed algorithm can compensate for the positional un-
certainties resulting from the RFID system using additional data
from the LEC by the obstacle. Therefore, the estimation error
could be efficiently reduced in spite of the large gap between
the tags. The orientation estimation error was 12.53° using the
algorithm proposed in [15], and the orientation estimation error
was 7.04° using the algorithm in this paper.

In this experiment, the gap between the tags was 0.5 m.
From an economical perspective, the number of RFID tags in
a designed space should be minimized—maximum allowable
intertag spacing. Note that the estimation error can be reduced
effectively using our proposed algorithm even for large tag

gaps.
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TABLE 1II
COMPARISON OF SECOND EXPERIMENTAL RESULTS

List Algorithm Average
error
. The algorithm of S. Han ef a/ in [15] 4.37 cm
Position Error . )
Proposed system with algorithm 2.70 cm
) ) The algorithm of S. Han et al in [15] 12.53°
Orientation Error . .
Proposed system with algorithm 7.04°

VII. CONCLUSION

This paper has addressed an RFID-based localization scheme
for mobile robots which uses ultrasonic sensors to compen-
sate for deficiencies in previous RFID systems. First, two
uncertainties of the basic RFID system were modeled. The
global position of the mobile robot from the RFID system was
obtained in the GPE process. Next, ultrasonic sensors were
used for the LEC process. A method to separate straight and
circular obstacles was proposed in order to reduce uncertainties
in the LEC process. Using a matching algorithm for the global
position and the local data, the estimation error and uncertainty
were reduced. Experiments verified the effectiveness of our
proposed algorithm. The proposed system was able to obtain
the position of the mobile robot without any constraint from the
environment.
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