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An Efficient Localization Scheme for a
Differential-Driving Mobile Robot
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Abstract—This paper presents an efficient localization scheme
for an indoors mobile robot using Radio-Frequency IDentification
(RFID) systems. The mobile robot carries an RFID reader at the
bottom of the chassis, which reads the RFID tags on the floor to
localize the mobile robot. Each of the RFID tags stores its own ab-
solute position, which is used to calculate the position, orientation,
and velocity of the mobile robot. However, a localization system
based on RFID technology inevitably suffers from an estimation
error. In this paper, a new triangular pattern of arranging the
RFID tags on the floor has been proposed to reduce the estimation
error of the conventional square pattern. In addition, the motion-
continuity property of the differential-driving mobile robot has
been utilized to improve the localization accuracy of the mobile
robot. According to the conventional approach, two readers are
necessary to identify the orientation of the mobile robot. There-
fore, this new approach, based on the motion-continuity property
of the differential-driving mobile robot, provides a cheap and fast
estimation of the orientation. The proposed algorithms used to
raise the accuracy of the robot localization are successfully verified
through experiments.

Index Terms—Localization, mobile robot, motion continuity,
Radio-Frequency IDentification (RFID).

I. INTRODUCTION

ADIO-FREQUENCY-IDENTIFICATION (RFID) tech-
nology is essential for a nontouching recognition system
that transmits and processes the information on events and
environments using a wireless frequency and small chips [1],
[2]. The RFID system can recognize tags at high speed and
send the tag data within various distances. Therefore, the ap-
plication of the RFID technology has recently been increased
and it has been applied for robot technology [3], [4]. With the
development of the personal robot and advanced ubiquitous
network robots, it is essential for the robots to recognize their
own location and environment and to maintain high security in
a common space with people. If RFID technology is properly
applied to the robot, the services for the users can be provided
by the robot at anytime and at any place.
The passive RFID technology has been utilized for the re-
searchers to recognize the position of the service robot [5]. An

Manuscript received November 17, 2006; revised July 9, 2007. This work
was supported by the Ministry of Information and Communication through the
Intelligent Robot Sensor Project (third year) under the Contract Project Code
A1100-0400-0058.

The authors are with the Department of Electronics Engineering, Pusan
National University, Pusan 609-735, Korea (e-mail: jmlee @pusan.ac.kr).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIE.2007.906134

absolute localization scheme is proposed using RFID passive
tags arranged on the floor, which are free from the problems
of conventional sensor systems [6]-[8]. For example, dead-
reckoning sensors suffer from accumulation errors, the laser
and ultrasonic sensor from line-of-sight errors, the charged-
coupled device from the illumination, etc. The absolute location
of the robot can be obtained robustly with the RFID tags and
a reader in the sensor-network space. There are two typical
uses of the tags: The active tags on the ceiling and the passive
tags on the floor [9], [10]. However, some shortcomings are
found in the RFID-based localization systems [11]. Since the
reader antenna detects several tags within its detecting range
and the mobile robot is moving while the reader is gathering the
data from the tags, the position-estimation error is inherent for
this method. Therefore, the precise localization is not easy for
the RFID-based system. Putting more tags, while ignoring the
economics, may increase the localization accuracy. However,
this also increases the time in reading the tags, which limits
the accuracy. In addition, an additional expensive reader is
necessary to recognize the orientation of the mobile robot since
the orientation cannot be detected by using only one reader.

In this paper, a precise localization scheme using the RFID
system has been proposed for the mobile-robot navigation.
The proposed system aims at reducing the localization error
of the mobile robot, both by the triangular pattern [13] of the
tags and by the orientation-estimation algorithm, without extra
expenses. In Section II, the localization of the mobile robot [14]
in the RFID space with a triangular allocation of the tags is
analyzed to show the accuracy improvement. In Section III,
a new orientation estimation of the mobile robot has been
described based on the motion dynamics of the mobile robot.
In Section IV, the real experiments are carried out to verify
the effectiveness of the triangular pattern and the orientation-
estimation algorithm. Section V concludes and summarizes the
main contributions of this paper, which improve the localization
efficiency of a mobile robot with RFID technology [15] by
proposing a new triangular tag-arrangement pattern.

II. POSITION ESTIMATION OF A MOBILE ROBOT

In order to estimate the robot position using the RFID
system, RFID tags are arranged in a fixed pattern on the floor,
as shown in Fig. 1. Since the tag arrangement on the floor is
preplanned, each tag stores its absolute position data and sends
them out when they are requested. The RFID reader (antenna)
installed on the bottom of the mobile robot gathers the tag data.
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Fig. 1. Localization system using RFID.
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Fig. 2. Effective area of the RFID antenna model.

When the robot moves and stays on any tags, the RFID reader
antenna forms an effective area, as shown in Fig. 2. All the tags
within the circle of radius r, which are under the effective area
of the RFID antenna, are activated. Notice that it is not desirable
to increase h, since this may also increase the noise level when
reading the tags.

When the localization process starts, the RFID reader gathers
the position data from the tags under the effective area of
the antenna. The RFID reader sequentially gathers the tag
information, since it can recognize only one tag signal at a time.
In order to receive other tag data within the effective area of
the RFID reader, the tag data previously read are stored in the
memory. Then, the reader receives the next tag information and
repeats this procedure until there is no unread tag left within the
effective area. After all the information of the tags is stored, the
location of the mobile robot is calculated based on the collected
tag data. At that moment, a new set of tags is selected for the
next step of localization.

In this process, there are two critical factors which deteriorate
the localization accuracy: the distance between the tags and the
scanning and processing time. In this section, the localization
error, based on the distance between the tags, is analyzed and a
new tag-arrangement pattern is proposed.

A. Position Recognition

In the passive RFID localization system, the utilization of the
tag information is dependent on the system characteristics. In
other words, even though the RFID system reads the tags within
the recognition area, it cannot obtain a precise-location value
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Fig. 4. Estimation error in the RFID sensor space.

since there are several tags in the area. In addition, the distance
between the tags is a crucial factor, which determines the local-
ization accuracy. Therefore, the estimation error is unavoidable
when the robot location is estimated by the coordinates of the
tags within the recognition area of the reader.

In this paper, the localization error for a specific allocation
pattern of the RFID tags has been modeled and analyzed to
show the superiority of the triangular pattern. When the tags
are arranged in a square pattern, the recognition area of the tag
reader can be represented as a circle, as shown in Fig. 3. Notice
that the antenna of the RFID has, generally, a circular shape.

The position of the mobile robot (Zest, Yest), Which carries
a reader antenna on the bottom, can be estimated through the
position data of the tags within the recognition area of the
reader as

xest:max{x17~--,xN}—Qi—mln{x17--~7mN} 0
max s YN +miny7"'7 N
Yoy = Y1y }2 - ond g

where N represents the number of tags detected by the reader,
and x1, x2,y1, Yo, etc. represents the coordinates of the tags.

B. Position-Estimation Error

In the procedure of the mobile-robot position estimation,
there always exists an estimation error, as shown in Fig. 4.
The position of the antenna—the coordinates of the mobile
robot—is estimated to be the same for Fig. 4(a) and (b) by (1)
and (2), since the tags in the read-recognition area are the same.
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However, the real position of the mobile robot, which is the
center of the circle, is not the same. From this observation, it
is clear that the estimation error is directly related to the gap
between the RFID tags.

Fig. 5 illustrates the relationship between the estimation error
and the gap between the RFID tags along the x-axis. Each tag
from left to right has coordinates of a1, as, and a1, and the
gap between the tags is constant as diag.

The left boundary of the reader-recognition area is denoted as
R, and the right as R,. That is, the RFID reader can detect the
tags between R; and Ry. From Fig. 5, the estimated coordinates
Resi_o and the real center position of the reader Rca_, are
represented, respectively, as follows:

ag + Gy
Rest o = % (3)
R+ Ry
Rreal_w = T (4)
Therefore, the z-directional estimation error eqg;_ is
Ri+ Ry as+an_1
Cest_ax = |Rest_x - Rreal_ac| = ‘ - - (5

2 2

where the ranges of R; and R» can be limited by the tag
data as

a1 < Ry < as (6-a)
_dtag <Ri—ay<0
an-1 < Ry < ay,

{O <Ry —ap_1< dtag ’ (6-b)

From (5) and (6), now, the range of the estimation error can be
represented as

(Ry —a2) + (R — an 1)

Cest_ax — ’ 5

1

Equation (7) shows that the maximum estimation error is pro-
portional to the tag interval along the z-axis and reaches to half
of the tag interval. Therefore, the maximum estimation error in
the x — y Cartesian coordinates is

1
€est__max — 5\/m = 0.707dtag- (8)
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C. New RFID Tag Arrangement

When the distance between the tags is reduced, the estima-
tion accuracy is improved, as described in the previous section.
However, the solution increases the system cost because it
increases the number of tags. A new RFID tag arrangement
is proposed in this paper to improve the position-estimation
accuracy without increasing the number of tags. That is, a
triangular pattern (Fig. 6) is proposed to decrease the estimation
error of the square pattern (Fig. 4) without increasing the
number of tags.

Fig. 7 illustrates the tag arrangement in a triangular pattern.
The ranges for R; and Ry are represented as follows:

b1 < R1 < as

{—d;ag<R1—a2<0 ©-a)
bn,1 <R2 < Qp

{0 < Ry —bp_1 < % ’ (9-b)

When the RFID tags are arranged in the triangular pattern,
the estimation error along the x-direction can be described as
follows:

Cest_x — |Rcst_z - chal_m|
Ri+ Ro a + b1
= — 10
’ : . (10)
— —bp_ 1
Cest_x = ‘ (Rl a2) +2(R2 1) S Z‘dtag|~ (11)
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Fig. 8. Orientation estimation while the robot is moving.

Therefore, the maximum estimation error in the x — y Cartesian
coordinates is

1
€est_max — 1 4- d%ag, + d%ag £ 0.58d¢ag

which is about 82% of the error in the square pattern given
in (8).

12)

III. ORIENTATION ESTIMATION AND ENHANCEMENT

To estimate the orientation of the mobile robot using a reader
instead of using two readers for the conventional approach,
multiple sets of the estimated positions are necessary. For the
estimation, first of all, the mobile-robot motion is modeled, and
two different orientations, initial and traveling orientations, are
defined by the two sets of position data.

With the model, the orientation of the mobile robot can be
estimated by the single RFID reader.

A. Modeling of a Mobile-Robot Motion

1) Initial Orientation: The initial orientation of the mobile
robot can be estimated by the position data of A and B in Fig. 8.

Location A is denoted as Py = [x¢ o] and Location B as
Py =[z1 )T when k = 1in Fig. 8. The initial orientation of
the robot can be obtained as follows:

Yyi—% _dy
r1—x9 dx

Broner — tan~! (M) o (dy) a4

T1—Xo dx

13)

tan eRobot =

Note that this orientation estimation works for only a small
variation of x, dz. That is, the sampling time should be kept
small enough for this estimation. Now, the initial state of
the robot can be represented as a vector with a position and
orientation as follows:

Po=1[z0 9o Orovot] = [0 w0 tan’l(dy/dx)]T.
15)
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2) Traveling Orientation: With the preestimated initial po-
sition and orientation of the mobile robot, the consecutive
orientation and position of the robot are estimated while it is
moving. When the mobile robot moves from Location A to B,
as shown in Fig. 8, the positions of the robot at Position A and
B can be measured using the RFID system. With the initial-
orientation estimation, the later states of the mobile robot can
be estimated consecutively.

The traveling orientation of the mobile robot 85 can be
represented as the summation of the initial orientation and the
rotation angle ¢ as

Or = 00 + . (16)
To obtain the rotation angle ¢, the rotation radius of the robot
R is represented as

R=+/(z0 —2c)2+ (yo — yc)?

=/ (2, — 0)2 + (Y — yo)?

A7)

with the instantaneous center of curvature (ICC) of the mobile
robot, C. The coordinates of the ICC can be determined as

-
yo |
where 0y # 0. When 6y =0, z. =z and y. = yo + R, as
shown in Fig. 8.

Notice that, from the initial values (xq, yo,60) and the mea-
sured values (xg,yx), the ICC coordinates (z.,y.) can be
calculated from (17) and (18). With (x.,y.), R is calculated

directly from (17).
Now, the rotation angle of the robot can be calculated as

12
— -1 _
(p = cos (1 2R2)

where [ = \/(xo — )%+ (yo — yx)?
From (16)—(19), the state of the mobile robot can be repre-
sented as

o

18
|:_tan1(90) (re —x0) + Yo (18)

19)

Py=[zr yr Ok]"

2 \1"
rr yp Op+cos ! (1—2]%2)} . (20)

B. Proposed Algorithm to Preestimate the Orientation

Since it takes quite a long time to read all the tags within
the read-recognition area, in order to calculate the position
and estimate the orientation, there exists a large error in the
position and orientation data for the mobile robot. Notice that
the continuously moving mobile robot is not waiting stationary
at a place while the reader is reading the tags in the read-
recognition area. To reduce this estimation error based on the
RFID readings, a new orientation-estimation algorithm is pro-
posed in this paper based on the motion continuity [12], which
is an intrinsic property of a differential-driving mobile robot.
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Fig. 9. Measurement and prediction model.

1) Step 1—Motion Model: The states of the mobile robot
are represented as the position and orientation, as shown in
Fig. 9. After k steps of time, a new state of the mobile robot
Py =[zr wyr 0x]T is calculated by the RFID tags. For the
compensation model derivation, the motion characteristics of
the differential-driving mobile robot are observed and extracted
as follows: 1) The orientation variation of the mobile robot
comes from the velocity difference between the left wheel and
the right wheel. 2) The rotation radius is not changing rapidly
for the accurate trajectory motion. 3) When the rotation radius
is changing, the velocity should be lowered to reduce slippage
of the mobile robot. These properties are named as the motion
continuity of the mobile robot, and it is also shown that a
single curvature motion is the most stable and precise for the
differential-driving mobile robots.

Now, the angular velocity of the mobile robot w can be
expressed by the instantaneous angular increment and the sam-
pling period T as

Y

T 21

w

Then, the driving distance of the mobile robot d is repre-
sented as

t+T t+T
d= RAH = / v dt = / WT“Rdu (22)
t t

where v; is the linear velocity, which is represented by the
left-wheel velocity uy, and the right-wheel velocity up of the
mobile robot. The rotation radius R is represented through
the relation between the wheel velocities and the width of the

mobile robot as
Rop (Lt
2 UR —Uuy,

2) Step 2—Preestimation: The velocity, rotation angle, and
driving distance of the robot can be measured at k*" time step as
Py =[zr yr 0x]T. Based upon the motion-continuity prop-

(23)
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erty, the state of the mobile robot at time ¢t = k + 1, 151@+1 =

[Tk+1 Yk+1 Orks1]T can be preestimated as
Zp41 =z + R {sin(0; + AF) —sin(0;)}  (24-a)
Uk+1 =Yk + R{cos(0 + AB) —cos()}  (24-b)
01 =0y + AO. (24-c)
Using this predicted location, Pk+1 = [Tk41  Ykt+1

9k+1]T of the robot in time ¢ = k + 1; the measured location
by the RFID tags is filtered and compensated for.

C. Compensation Algorithm

When the preestimated value is used as a measured value
for the kth step continuously, it aggregates the dead-reckoning
error. Therefore, even though the orientation-preestimation al-
gorithm provides precise orientations for a couple of steps, it
gets worse with time. Remember that one of the advantages
of the RFID system is that it provides absolute position data.
Therefore, in this approach, to take advantage of both the
fast and precise estimation and the absolute measurement, a
matching and compensation procedure in Fig. 10 is introduced
with a threshold value ¢. That is, the position/orientation of the
kth step is determined as

sz{f?kv if 1P = Pl <e (25)
Py, otherwise

where P, is the absolute position value measured by the RFIDs.
When it has more discrepancy from the estimated value, Pk,
which is based on the motion continuity, is considered as a
malicious value. The localization procedure is summarized and
illustrated in Fig. 10.
Note that the threshold value € can be selected heuristically
based on the observation of the experimental data.
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(b)

Fig. 11. Mobile robot and RFID antenna for the experiments. (a) Mobile
robot. (b) RFID antenna.
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Fig. 12. Two different paths (Path-1 and Path-2) for the mobile-robot
navigation.

IV. EXPERIMENTS AND RESULTS

For the localization of a mobile robot, it is assumed that
the mobile robot moves precisely along a designated path.
The mobile robot carries an RFID reader at the bottom of the
chassis, which reads the positions of the tags when the reader
passes over the tags.

A. Experimental Environment

The RFID reader and the passive tags are used for the real
experiments. The tags are regularly arranged at the specific
locations following a design pattern, which keep the pre-
stored absolute-position coordinates. The main frequency of
the RFID system is 13.56 MHz. For the precise control of
the mobile robot, an encoder is installed at each wheel. And
using the encoder data, the mobile robot is controlled by the
TMS320LF2407 with the control cycle of 10 pus. Since the
mobile robot is following a single-curvature trajectory, there is
no recognizable slippage in the control. The tags are allocated
at every 0.05 m in a row for both the square and triangular
patterns. However, the starting position is shifted to the right
by diag/2 in the even rows for the triangular pattern. The size
of the RFID reader antenna is 0.1 x 0.1 m and that of the epoxy
tags is 3 x 3 cm. Fig. 11 shows the mobile robot and RFID
antenna for this paper. The mobile robot moves inthe 1 x 1 m
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patterns. (a) Position-estimation error. (b) Orientation-estimation error.

space along the designated path. The command velocities for
the right wheel and the left wheel are sent through a wireless
LAN of 2.4 GHz from the main computer to the robot that
has the differential-driving mechanism. As shown in Fig. 11(b),
the reader antenna used to recognize the RFID tag is at the
bottom of the robot and is connected to the reader, as shown
in Fig. 11(a). The reader is interfaced to the control and
the communication microprocessor through the RS-232 serial-
communication channel.

B. Experimental Results

The first experiment aims at the comparison of the robot lo-
calization accuracies in the triangular and square patterns of the
tag arrangement. The mobile robot follows Path-1 and Path-2
while the RFID reader gathers the position data from the tags
(see Fig. 12). The velocity of the robot is 0.25 m/s along Path-1
and Path-2, and the sampling time for the localization is 0.04 s.

The estimation errors are illustrated in Figs. 13 and 14. As
shown in the comparison of errors, the estimation errors in the



3368
0.05
"
2 :
T i
g (i)
W
5
g
L
O
o,

1 11 21 31 41 51 61 71 81 81 101 111 121 131 M1 151 161 171 181 191
--®-Sguare pattern—e—Trangular pattern

(a)

Orfantation aror (deg)

| 1019 28 37 46 b 64 T
--®-Spuare pattern—— Thangular pattern

(b)

Fig. 14. Estimation errors of Path-2 depending on the tag-arrangement
patterns. (a) Position error. (b) Orientation error.

2O0 100 100 118 127 136 145 154163 172181 190

TABLE 1
AVERAGE OF THE POSITION AND ORIENTATION ERROR BY THE
TAG-ARRANGEMENT PATTERNS

Path-1 Path-2
Position | Orientation | Position | Orientation
Error(m) | Error(deg) | Error(m) | Error(deg)
Square
Pattomn 0.02 1.72 0.02 1.42
Bl o016 112 0.015 0.89
Pattern

triangular pattern are a lot smaller than in the square pattern
for both Path-1 and Path-2. To compare the errors globally,
the average position and orientation errors are represented in
Table I. The fact that the triangular pattern of the RFID tag
arrangement reduces the estimation error is mathematically
shown in Section II by using the error model, and it is well
demonstrated by these experiments.

The object of the second experiment is to show the effec-
tiveness of the orientation-preestimation (Section III-B) and
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TABLE 1II
AVERAGE ERRORS OF THE POSITION AND ORIENTATION ESTIMATIONS

" Orientation
Position Error(m) Error(deg)
W/O With W/O With
algorithm | algorithm | algorithm | algorithm
Error 0.016 0.0 09 1.36 0.70

compensation (Section III-C) algorithms in reducing the local-
ization error, which is the other contribution of this paper. In this
paper, the mobile robot follows Path-1 in Fig. 14 and estimates
its own position and orientation using the single RFID reader.
To provide a better condition for the estimation, the RFID
sensor space is formed by the tags in the triangular pattern.

Through Fig. 15 and Table II, it is clearly shown that the
estimation error of the mobile-robot orientation is decreased to
about 50% by the orientation preestimation and compensation
described in Section III. Not only the orientation accuracy but
also the position accuracy is improved.

V. CONCLUSION

This paper proposes an efficient and precise localization
scheme in an RFID sensor space, which is derived from the new
ideas on the tag arrangement and on the preestimation and com-
pensation of the mobile-robot states. This scheme overcomes
the shortcomings of the conventional absolute-position estima-
tions and improves the localization efficiency and accuracy. The
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main ideas are demonstrated by the experiments of a mobile ro-
bot navigating over the RFID sensor space. To illustrate the im-
proved accuracy and efficiency of the mobile-robot localization,
the square and triangular tag-arrangement patterns have been
compared. The triangular pattern has shown better performance
than the square pattern for the position/orientation estimation
of a mobile robot. When the mobile robot moves in the RFID
sensor space, the orientation of the robot is preestimated and
compensated to reduce the estimation error and to implement
a precise localization system. Based on the approach described
over the RFID sensor space, the absolute position of a mobile
robot can be estimated precisely without any interference from
the environment. Therefore, this scheme is very effective for the
position/orientation estimation of any object in the sensor space
and it could be a good tool to form a ubiquitous environment.
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