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ABSTRACT Localization is essential for the autonomous navigation of a mobile robot. Because the error
of the internal dead-reckoning localization increases with time, the localization error should be corrected
periodically using external environmental information. This study presents a practical application of Quick
Response (QR) codes to correct the localization error by combining the external QR code information and
the internal encoder values. Each QR code contains the information of its own global coordinates and is
attached as a one-dimensional array on vertical, thus walls reducing the number of QR codes required for
localization. Whenever a QR code is detected and decoded by the mobile robot, the relative transformation
between the QR code and the robot can be computed and the pose estimation for the robot is corrected
by the extended Kalman filter. Experimental results demonstrate the performance of the localization and
autonomous navigation of the mobile robot. The influence of the distance between adjacent QR codes in the
environment on the localization performance was also addressed and verified by experiments.

INDEX TERMS Localization, autonomous mobile robot, QR code, artificial landmark, extended kalman

filter.

I. INTRODUCTION
There has been increasing attention to mobile robots in fac-
tories and warehouses to enhance the level of automation.
In order to improve the efficiency and the reliability of the
mobile robot, dependable methods of localization and navi-
gation are required for practical purposes. Localization is a
process for a mobile robot to obtain its pose (the position
and the heading angle) in the environment [1], [2]. For dead-
reckoning localization, internal sensors such as the Inertial
Measurement Unit (IMU) or the encoders combined with
driving motors have been used [3]. However, because the
localization error of the dead-reckoning increases with time,
it should be corrected periodically by external information
about the environment. The external information can be rep-
resented by two kinds of characteristic marks: natural features
and artificial landmarks.

Walls, corners, or pillars in the environment are the typical
natural features and can be detected by ultrasonic, Light
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Detection and Ranging (LiDAR), or camera sensors. When
the features are detected, they are matched with prior sensor
information and the pose of the mobile robot can be esti-
mated. In [4], a ground-facing camera is used to detect and
match the natural features on the ground. In [5], an omnidi-
rectional camera is adopted to acquire the rich visual features
in the environment. A method to combine a Time-of-Flight
camera with an IMU is shown in [6]. Much research has been
conducted on Simultaneous Localization And Map-building
(SLAM), which builds a map of features and performs local-
ization simultaneously by detecting the natural features of the
environment [7], [8], [9], [10]. SLAM is an advanced algo-
rithm for localization and has many advantages, but it requires
expensive sensors and a large amount of computation. Also,
the loop-closure problem of SLAM demands additional batch
optimization in general [11], [12], [13]. Therefore, a more
efficient and simple localization and navigation method is
needed for mobile robots in practical purpose.

On the other hand, distinctive artificial landmarks can be
used instead of natural features because they are relatively
simple to detect in general. In [14], a set of arranged circles
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is attached on the ceiling of the environment to guide the
direction of mobile robot. Omnidirectional vision and circular
landmarks are used to estimate the pose of a mobile robot
in [15]. A calibration grid is adopted as an artificial landmark
and mounted on a mobile robot for the localization in [16].
In [17], a 2D code is designed as the artificial landmark for
real-time navigation of a mobile robot. Visible light com-
munication is adopted as an artificial landmark and attached
on the ceiling for the localization in [18]. In the case of
using the artificial landmarks, the detection of the landmarks
and the localization of a mobile robot can be accomplished
effectively with a small amount of computation despite the
inconvenience of placing the landmarks in the environment.
Quick Response (QR) codes can also be used as the artificial
landmark for the localization.

A QR code is a type of matrix code that contains its
identification data and user defined data. The QR code system
is prevalent in industry due to its rapid and secure readabil-
ity [19]. For the localization of a mobile robot, a set of QR
codes is placed on the ground [20] and on the ceiling [21] of
the environment. In such cases, a large number of QR codes
is required because they should be placed as a 2D array on
the ground or the ceiling. When installing them as above,
the vertical distance from the camera to the plane of the QR
codes is constant and the image size of the QR code on a
camera sensor does not change while the mobile robot is
moving [20], [21]. However, because the relative direction
of a mobile robot to a QR code can change according to the
heading of the mobile robot, the detection and decoding rates
of the QR codes deteriorates. Ambient illumination would
also interfere the detection of QR code by camera sensor.

This study uses a set of QR codes arranged in a one-
dimensional array on a vertical plane such as a wall or pillar in
the environment. This reduces the total number of QR codes
required for the localization and minimizes the problem of
ambient illumination [22]. In the proposed arrangement of
QR codes, the distance between the camera on the mobile
robot to the plane of the QR code can be changed according to
the motion of the mobile robot. In spite of this, it is relatively
simple to detect and decode the QR codes by the camera
on the mobile robot because they have a fixed height and
orientation about the frontal axis. When the camera detects
a QR code, the transformation between the QR code and the
camera is computed, and the pose of the robot estimated by
the extended Kalman filter (EKF) is corrected [23]. The influ-
ence of the distance between each QR code on the localiza-
tion performance of mobile robots has been experimentally
verified.

The organization of this paper is as follow: In Section II, the
properties of QR codes are briefly described and the transfor-
mation between a QR code and a mobile robot is presented.
In Section III, a method for estimating the pose of a mobile
robot is presented by combining the internal encoder sensor
data combined with the external QR code data. In Section IV,
the performance of the localization and the influence of the
number of QR codes in the environment are demonstrated
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with experiment results. Concluding remarks are presented
in Section V.

Il. QR CODE DETECTION

A QR code consists of black squares arranged in a square
grid on a white background, which can be detected by an
imaging device and decoded to be properly interpreted. A QR
code contains position markers, alignment makers, the timing
pattern to determine the size of the code, version and format
information, and data and error correction keys [24]. There
exist many open libraries to generate and detect a QR code.
The ZBar library is adopted as it is rapid and suitable for
embedded applications.

A set of QR codes containing identification data and its
own global coordinates is attached to vertical planes of the
mobile robot environment as the artificial landmarks. It is
assumed that a mobile robot moves on horizontal ground and
the QR codes are aligned with the ground; the QR codes have
rotation only about the vertical axis.

When a QR code is detected by the camera, the global
coordinates of the mobile robot can be obtained by (1)

T, = T¢" - TG - T (1)

cam

where Tj' is the homogeneous transformation matrix from the
global frame to the moving frame of the mobile robot. The
matrices TgQR, T‘él,’e”, and T7},, represent the transformation
from the global frame to the QR code frame, the transforma-
tion from the QR code frame to the camera frame, and the
transformation from the camera frame to the frame of the

mobile robot, respectively. The transformation matrix, T?',

contains the position vector, [x vzl ] t, and the orientation
angle, 6, about the vertical z-axis as (2)

cosd —sinfd 0 «x

m _ | sinf cos 6 0 vy
T«S’ B 0 0 1 z 2)

0 0 0 1

The relationships between the coordinates are shown in
Fig. 1. In order to obtain T2 by (1) with known TS and
T¢.- itis necessary to measure T" by a camera in real-time
during navigation. The homogeneous transformation matrix,
Tgl,;”, consists of a position vector, P‘é‘,g", and a rotation
matrix, R’g]g’. In the image coordinates of a QR code, the posi-
tion vectors of four corners of the QR code can be represented

by (3) taking the imaging parameters into consideration.

a; _fx 0 ¢, O P.
bi|l=10/f1¢ 0 5%"[1/] j=1,---,4
1 |00 10
'Rcam Pc‘am
5-[F F]

where P; represents the actual 3D position vector of the
j™ corner of the QR code and I; = [a; b;]" denotes the
corresponding 2D position vector in the image frame acquired
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by camera. It is noted that P; is represented in the QR code
coordinate frame and is calculated from the actual size of the
QR code. In (3), (fx, fy) and (cx, cy) are the focal length and
the principal point of the camera, respectively.

Fig. 2 shows the relationship between P; and I;. From (3),
it is possible to obtain the rotation matrix, Rg‘,g", and the
position vector, P‘Q“,g", of Tg‘,g” as (4)

-1 -1
[RGE Pail,. =2 1P “@
where A represents the focal lengths and the imaging param-
eters of a camera as

fx 0 Cx
X3X3 = 0 fy Cy
0 0 1

The imaging parameters in A can be obtained via prelimi-
nary camera calibration. The matrices, I3x4 and P4x4 in (4)

ZQR

The coordinates of QR code(front)

FIGURE 2. Relationship between QR code and camera coordinates.
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FIGURE 3. Localization using QR codes.

are augmented by the four corner vectors of the QR code as

L _[UELL p,._[PIP2P3 Py
AT 1 YT 1 |

IIl. LOCALIZATION AND AUTONOMOUS NAVIGATION
USING QR CODES
A. EXTENDED KALMAN FILTER FOR LOCALIZATION
Fig. 3 shows the block diagram of the mobile robot localiza-
tion algorithm presented in this study. While the mobile robot
is moving, the pose of the mobile robot is estimated relying
on the internal encoder sensors of the driving motors and the
accumulated error of the pose estimation can be corrected by
combining the internal encoder sensor and the external QR
code whenever a QR code is detected. In order to combine
the estimation and the correction for the pose of the mobile
robot, the EKF is adopted [23].

Referring to Fig. 4, the velocity kinematics of a bi-wheeled
mobile is described as follows:

riy1 = fre, we, qi)

wr T
X + viT cos | 6 + - + Gk

2
O + wk T + qo &

. T 5
Yk + vi T sin (9k + L) + qy.k ©)

where rp = [xx, Yk, 6k]" represents the pose of the mobile
robot, qc = [gx, gy, o] denotes the state noise vector
that is random Gaussian with zero mean and Q variance, and
(vk, wi) denotes the linear and angular velocity commands.
The subscript k implies the time index. The size of the mobile
robot is represented by the distance, L, between two wheels
and the radius of wheel, R. In (5), T denotes the sampling
interval.

The localization algorithm using the EKF is described as
follows:
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FIGURE 4. The kinematics parameters of a bi-wheeled mobile robot.

m Prediction: A priori estimation, f',; for ry is given by (6).

. A wrT
Xr +vi T cos | O + —

2
—_—_— ) . i
it Yk + v T sin (9k + %) (fx, we, 0)
ék + wi T
(6)
V/:-i-l = AkaA;C +Q )
where
. A wr T
10 —wTsin| 6+ —
A af (Fr, ug, 0) :
[ S — ) "
k d Ik 0 1 wTcos <9k + %)
0 0 1
(®)

In (7), V,; and V represent the priori and posteriori error
covariance matrices.

m Correction: The priori estimation, f'k_, is corrected by the
QR code measurement resulting in a posteriori estimation, I,
as follows:

K¢ = V,H, (H;V H, +G) ' 9)

Vi= I-KiHp) V, (10)

f’k:f'k_—}-Kk{Zk—h(f‘k_,O)} (11)
Xk + 8x.k Xy + 8x k

Zr = h(re, 8) = | Ye+ &k | = | Y+ &k | (12)
Ok + 8o.k b + go.k

where (xgm, yrm, Opm) comes from the measurement
of a QR code at k as described in Section II and gy =
[gxk: &y.ks gg,k]’ represents the noise in the measurement
that is Gaussian random noise with zero mean and G
covariance.
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FIGURE 5. The navigation of a mobile robot.

The variances of Q and G are estimated by simulations
and experiments. The Jacobian matrix, Hg, is described as
follows:

1 0
doh

Hy, = — (f‘k,()) =0 1 (13)
3l'k 0 0

—_ o O

Herein, the loosely coupled method is used for the sensor
fusion [25].

B. AUTONOMOUS NAVIGATION BASED ON LOCALIZATION
A tracking control for the desired trajectory of a mobile robot
is shown in Fig. 5. The linear and angular velocity commands
are given by:

K A N
= TV =507+ 0 -5’

d A
wkzﬁ{tanl(yk_yk)—ék] (14)

T x,‘(j — Xk
where (xd , yd, Gd) denotes the desired trajectory and
(R, 9, ) is the estimated pose of the mobile robot from
the EKF. In (14), K, and K, are the control gains of the
linear velocity command and the angular velocity command,

respectively.

IV. RESULTS OF EXPERIMENTS

In order to verify the proposed method of the localization and
autonomous navigation, experiments were conducted using a
bi-wheeled mobile robot. The experiment environments and
the mobile robot are shown in Fig. 6. A set of QR codes
is attached to the walls of the environment with intervals
of about 1 m. The size of the QR codes is 10cm x 10cm
and the mobile robot has two cameras on the left and right
sides to detect them. The detectable range of a QR code by
camera using the ZBar library is within 20 cm to 80 cm.
Every via point on the desired trajectory is within this range.
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——Combining QR code and encoder
~—— Using encoder only

X error (m)

y error (m)

FIGURE 6. Mobile robot environment.

theta error (deg)

The sampling time for the trajectory tracking control, 7', is
50 ms. The blueprint of the building was used as a map
for the mobile robot environment. This map was used to
select known locations to set up the QR codes. The values FIGURE 8. Localization error from the experiment in environment 1.
of variances of Q and G used in these experiments were
Q = diag(0.95) and G = diag(0.001), respectively.

sl

0 ) 100 120

time (s)

* QR codes e |
— Desired trajectory
—— Combining QR code and encoder

A. EXPERIMENT IN ENVIRONMENT 1 -~ Using encoder only
The results of the first experiment are shown in Fig. 7 and
Fig. 8. The total length of the path in this experiment is
around 40.5 m; the distance between adjacent QR codes,
dog, is around 1 m and the number of QR codes, ngg, is 32.
Fig. 7 shows the localization using only the internal encoder
sensor (dash-dot green line) and the localization using both
the encoder and the QR code with the EKF (solid blue line).
The red line represents the desire trajectory. As shown in the
figure, the estimated trajectory using only the encoder sensor
has a large error from the desired trajectory. Comparatively,
in the case of the pose estimation combining the encoder
and the QR codes, the cumulative localization error is reset

y position (m)

X poéftion (m)

FIGURE 9. Localization results from the experiment in environment 2.

whenever a QR code is detected. The tracking errors in the

e R 0 experiment are shown in Fig. 8.
T Comiing G e s ncode| /Tt f
e [~ L B. EXPERIMENT IN ENVIRONMENT 2
i ,{'«‘;: Figs. 9 and 10 show the results of the second experiment.
T i o In this experiment, the length of the path is around 64.6 m,
P the distance between adjacent QR codes is dgr = 1m, and
2 j , ] % 1 the number of QR codes is ngrg = 68. Fig. 9 shows the
z 1 s b localization using only the internal encoder (dash-dot green
é of ‘!‘A } P line) and the localization using both the encoder and the QR
2 I | % code with the EKF (solid blue line). The tracking errors of the
>l i d :; ) experiment are shown in Fig. 10.
7 R
il L[J / vl C. EXPERIMENTS ON LOCALIZATION PERFORMANCE
N m ACCORDING TO DISTANCE BETWEEN QR CODES
i .%] 22 ] In order to investigate the effect of distance between the
P ¥ el adjacent QR codes, dpr on the localization performance,
= D E s - 2 0 2 additional experiments were conducted by changing dgg, to
% position (m) 1 m, 2 m, and 4 m in the same environments of experiments
FIGURE 7. Localization results from the experiment in environment 1. 1 and 2 above as shown in Table 1. Because the accumulated
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FIGURE 10. Localization error from the experiment in environment 2.
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FIGURE 11. PEk—al{g and TEy_qyq according to distance between
adjacent QR codes in the experiment of environment 1.

dead-reckoning localization error is eliminated periodically at
the instant of QR code detection in the localization algorithm,
it is expected that the pose estimation error is the largest
right before that instant. Thus, the localization performance
is evaluated as the deviation between the predicted pose of
the mobile robot in (6) and the measured pose in (4) at
every instant of QR code detection while tracking the desired
trajectory. This experiment was carried out five times for
reliability of the performance investigation. The localization
performance index is represented as (15).

PEtot—avg = ZPEk —avg
= Z

TEtot—avg = z TE; —avg = Z
k

/(xk — 0 + Gy — )2

lezn:(é,;—ek‘ (15)

where N = 5 is the number of experiments and k denotes the
time instant of detecting a QR code. Fig. 11 shows PEj_ e
and TEy_4y, among the five experiments in the vicinity of
every QR code from the experiment in Environment 1. It is
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FIGURE 12. PEy_gyg and TEy_gyq according to distance between
adjacent QR codes in the experiment of environment 2.

TABLE 1. The effect Of QR code density on localization performance.

dop Rop PE, .. TE,, e

Im 32 0.150 100% 8.426 100%
Env.1 2m 22 0.159 106% 9.303 110%

4m 14 0.213 142% 12.081 143%

Im 68 0.145 100% 7.187 100%
Env.2 2m 41 0.181 125% 8.614 120%

4m 29 0.214 148% 10.764 150%

obvious that the localization errors increase according to the
distance of the adjacent QR code. Therefore, the distance
between the adjacent QR codes should be determined by
taking into account the trajectory tracking accuracy.

Similar results are obtained from the experiment in Envi-
ronment 2 as shown in Fig. 12.

The numerical data of the localization performance is sum-
marized in Table 1, where the percent error is presented with
respect to the error of dpg = 1 m. Table 1 shows that the
localization errors increase according to the distance of the
adjacent QR codes. It is shown that the errors increase by
around 20% in the case of dgg = 2 m compared to dor =
1 m. When dgg = 4 m, the errors increase by around 50%.

V. CONCLUSION

For a practical application of a mobile robot in industry, a sim-
ple and efficient localization method is needed. Because the
internal dead-reckoning localization accumulates error over
time, the localization error should be corrected periodically
using external information from the environment.

The QR code has proven detection and decoding capability
and can be used as an external landmark for mobile robot
localization. This study presents an application of the QR
code for the localization and autonomous navigation of an
indoor mobile robot. The accumulated dead-reckoning error
is eliminated when a QR code is detected during navigation.
The EKF is adopted to combine the internal encoder sensor
data and the external QR code information.
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Because external QR codes are attached on the vertical
plane of the environment, the camera on a mobile robot
has relatively small difference in orientation from the QR
code, and the ambient illumination has less interference on
the image acquisition of the camera, resulting in improved
detection rate of the QR code. Performance of the localization
is analyzed according to the distance of adjacent QR codes
used in the environment, which gives guidance to the number
of QR codes to be used. Experimental results show that the
positioning error increases by 20% and 50% respectively
when dpp is 2 m and 4 m, compared to when dpg = 1 m.
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