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Abstract — An accurate low-cost ultrasonic localization system is de-
veloped for automated mobile robots in indoor environments, which is
essential for automatic navigation of mobile robots with various tasks.
Although ultrasonic sensors are more cost-effective than other sensors
such as Laser Range Finder (LRF) and vision, but they are inaccu-
rate and directionally ambiguous. First, the matched filter is used to
measure the distance accurately. For resolving the computational
complexity of the matched filter, a new matched filter algorithm with
simple computation is proposed. Then, an ultrasonic localization sys-
tem is proposed which consists of three ultrasonic receivers and two or
more transmitters for improving position and orientation accuracy was
developed. Finally, an extended Kalman filter is designed to estimate
both the static and dynamic positions and orientations. Various simu-
lations and experimental results show that the proposed system is ef-
fective.
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1 Introduction

Nowadays, researches on an automated mobile robot
have become one of the important issues for improvement
of human welfare and quality of life. The automated ro-
bot performs various tasks according to the user’s instruc-
tion, which essentially includes navigation. Hence the lo-
calization capability of the robot is essential for indepen-
dent navigation of the automated mobile robot in indoor
environments.

The dead-reckoning method has been extensively uti-
lized to calculate the current location of the automated
mobile robot, but suffers from the accumulation errors
caused by wheel slippage, or by mechanical tolerances and
surface roughness. Hence, the robot may fail to keep
track of its true location over long traveling distances .
External sensors are necessary for estimating the locations
and orientations of the mobile robots.

Laser Range Finders (LRF) are widely used and
have shown many successful results in indoor localization
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and Simultaneous Localization and Mapping (SLAM)?,
due to high accuracy. However LRF is very high-cost,
and hence not cost effective.

Ultrasonic sensors have been widely applied to the
development of cost-efficient sensing systems for localiza-
tion with a beacon positioning system. An ultrasonic sens-
ing system is composed of a transmitter and a receiver.
The ultrasonic transmitter generates high frequency sound
waves and the ultrasonic receiver evaluates the received ul-
trasonic signals. The receiver measures the time interval
between sending and receiving the signals to determine the
distance. An ultrasonic transmitter becomes a beacon with
a known position, and several ultrasonic receivers can be
placed on top of a mobile robot. Several transmitters are
placed on the ceiling. The robot selects a transmitter for
generating signal, and then calculates the time interval be-
tween the transmitter and the receiver, and then converts
into distance data between the transmitter and the receiv-
er. From the distances, the robot can calculate to position
and orientation by itself. Cricket™ system developed by
MIT is a representative ultrasonic beacon positioning sys-
tem. Nevertheless, despite various researches about an ul-
trasonic beacon positioning system, such localization sys-
tem is still inaccurate.

In this paper, an ultrasonic localization system is de-
veloped, which is low-cost, easy to implement, and reli-
able to obtain accurate position and orientation informa-
tion of the mobile robot. The system is composed of a set
of transmitting beacons with known positions in the global
coordinates. The mobile robot uses the estimated distance
data from the several receiving beacons on top of the mo-
bile robot. For determining its position and orientation
with the beacons, there are different approaches such as
using distance and angle, using signal signature, and visi-
bility.

In practice, ultrasonic signals are received with
noise, and hence the robot cannot figured out the accurate
distance. Most of the ultrasonic systems use threshold for
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the receiver to recognize the ultrasonic signals. Unfortu-
nately, if the small threshold value is taken, to calculate
the distance, it is affected by the noise sensitively, and so,
the matched filter'*' is widely applied to high accurate ul-
trasonic distance system by reducing noise effects. In view
of performance, however, the matched filter takes long
computing time for convolution computation. To resolve
the problem, a new matched filter computation algorithm
is proposed to reduce time consumption. Besides, accuracy
is also affected by the number of the receivers. Especially,
for estimating position and orientation of a robot, the ro-
bot needs at least two receivers. If the robot has only a re-
ceiver, it can know the initial position, but cannot know
the initial orientation. An ultrasonic localization system
using three ultrasonic receivers is proposed to improve po-
sition and orientation error. Finally, the Extended Kal-
man Filter (EKF)"™° schemes are applied. The EKF has
been widely applied to sensor fusion algorithms for non-
linear robot position estimation problems. If the EKF is
applied to localization algorithm, the position and orient-
ation error variation, which occurs due to noise variations
in static and dynamic environments, is reduced.

2 Ultrasonic localization system

Recently, Lin'"”’ suggests a localization system where
two transmitters are fixed as references and three receivers
are on the mobile robot. This approach can determine
uniquely the position of the robot in a 3-D environment.
However, it can obtain an unreliable result of the position
estimation for a certain orientation of the robot because of
the poor numeric conditions® . Also it cannot be adopted
to solve the robot’s position when the robot observes the
information from more than two transmitters. Therefore,
a new localization system using three ultrasonic receivers
with least square method is proposed.

Tx\=(Tx,, I\, Tz,) Txi~(Tx;, 1, Tz) Txy=(Txy, Ty, Tzy)

Rx2=(x2,y2 23)

Rx=(x3,y3,25)

Fig.1 Ultrasonic localization system
The ultrasonic localization system is described, as
shown in Fig. 1. The N ultrasonic transmitters are placed
on the ceiling at the known fixed points TX, ~ TXy . The

three ultrasonic receivers are placed on the robot. Each
receiver is placed at the vertex of a regular triangle, and
the center point of the triangle is located at the center
point of the robot. Let a position of the robot be R
= (x,vy,2) , and orientation of the robot be 6 . In this
system, R and ¢ can be figured out by using the distance
data between transmitters and receivers(Assume = = 0 ).
To obtain the distance data between the ultrasonic
transmitter and receiver, the robot selects and sends a RF
message to one of the transmitter. After then, the trans-
mitter sends an ultrasonic signal and a RF message to the
robot. Receivers on the robot calculate the time interval
between RF sending time and ultrasonic receiving time by
using the matched filter. The time intervals are converted
into distances, and then the position and orientation are
found out. Furthermore, for reducing the error of the po-
sition of the moving robot, the EKF is applied by using
dead reckoning data and velocity data of the motors.

2.1 Matched filter

Ultrasonic-based distance sensors measure the time-
of-flight (TOF) of the ultrasonic signal between the signal
source and the receiver. The received signal m(z) is de-
fined as

m(t) :as(t*td)-f'n(l), (1)
where s(¢) is the transmitted signal from the transmitter,
a is the amplitude attenuation of the transmitted signal, ¢,
is the time delay, and 7n(z) is the noise signal. The dis-
tance d between the transmitter and the receiver is given
by

d = ct,, (2)
where ¢ is the speed of the ultrasonic sound in the air.

The threshold detection method is usually used to
measure the time delay, which identifies the echo starting
time. However, noise and shape distortions make it hard
to detect the precise point. Also, the threshold detection
method has worse performance as the distance to be de-
tected becomes longer.

Hence the matched filter is used to measure the time
difference. The matched filter is useful for maximizing
the Signal to Noise Ratio (SNR) in the presence of addit-
ional noise. The SNR will have its maximum value at the
signal arrival time.

The matched filter output is a convolution result be-
tween the transmitted signal and received signal, as shown

in Eq. (3).
yv(T) = ZS(kT)m((/e -1, (3)

where T is the sampling time. In fact, the transmitted sig-
nal is a pre-sampled signal which has no delay. This pre-
sampled signal is used as a reference signal for every conv-
olution operation.

The matched filter gives a considerably precise time
delay even if the level of noise is high. However, the
computational cost is too high to be implemented in an
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embedded board.

In order to reduce the computational cost, a matched
filter with reduced calculation proposed in Ref. [11] is
firstly used. If the envelope of the transmitted signal may
be approximated by static signals within a period of the
signal, the transmitted signal s(#) can be expressed as

s(2) = ¢sin(et),
ip<<t<(G+1)p,i =01, k-, L—-1, (4)
where w is the angular velocity, e¢; is the envelope of the
transmitted signal, p is the period of the signal, and the
meaningful period of the transmitted signal is limited by L
, the number of pulses for ultrasonic transmission.

The received signal 72 () with noise 7 () is described

as
m(t) = gsin(w(t — ;) + n(2),

ip<<t<(G+1Dp,i =01, k,-,M—1, (5)
where g; is the envelope of the received signal and M is
the period for the maximum distance.

If the time delay ¢, is divided by the period of the
signal, ¢, can be expressed with the integer quotient » and
the fractional part ¢ , as shown in Eq. (6)

ty = np+ @. (6)
Certainly, ¢ is a real number less than p , and the phase
delay is obtained by the multiplication of w and ¢ . C; and
S; for each 7 -th period of the received signal is defined as

1 (i+1)p
C = ;J m (¢ )sin(et )dt,
1 I(I;Jrl)p (7>
S, = ;J m (t)cos( et )dz .
ip

Since the frequency of the noise n(¢) is not related to w ,
Eq. (7) is simplified by substituting Eq. (5), as in

g ~(i+1)p
C :;1] sin(w(t — ip — @) + sin(wt)dt =
Jip
%OOS(wgD),
g (i+1)p (8)
S, :—fj sin(w(t — ip — @))aos(at)dt =
p ip

%sm(wgo)
Hence the envelope g; and the phase delay wg; for each
period are given by
g =V C+8, 9
wp, = atan2(S;,C,). (10)
If the sampling period is chosen to be a constant mul-
tiple of the period of the ultrasonic signal (i.e. p = NT ,
Nis an integer), C; and S; can be expressed in the dis-
crete-time domain as

C - IZ mGN + ) T)sinCjarT).
(11)

S, = ;Zm( iN + ) T)cos(jwT).

Especially, if the samphng period is four times the period
of the ultrasonic signal (i.e. N = 4 ), Eq.(11) is further
simplified as

C - %[771((477 +DT) - m((4i +3)T)],
(12)
S = %[711((42')']") —m((4i +2)T)].

Considering the phase delay obtained in Eq. (10), the
envelope of the received signal can be revised, as in
h; :gix(1*§0;/P)+gu1 X@i/P’ (13)
Thus, the result of the matcied filter with reduced calcula-
tion is
M—k—j

y(j) = Z ey - (14)

k=0

This matched filter reduces! the computational cost by
1/ N? with respect to the conventional matched filter given
in Eq. (3), which becomes a strong aspect in embedded
implementation.

To get the quotient » in Eq. (6), find the maximum
value of y(jT) as

n :argm}a[)g)(j). (15)

Besides, in order to reduce the computational cost, a
threshold is set to the received signal so that the convolu-
tion operation should be applied only to the meaningful
range in which the ultrasonic signal is presented. The re-
ceived signal are sampled for 30 ms, which covers 10 m in
range. Since the ultrasonic signal takes about 1 ms, the
computational cost can be reduced by 2/30.

2.2 Ultrasonic localization system with three re-
ceivers

For estimating the robot’s position and orientation,
the robot first estimates the position of the receivers
(Rx, , Rx,, Rx;) by using the distance data obtained by
matched filter. For estimating Rx,, Rx,, and Rx;, a
quadratic equation is used”’ if the robot observes only two
transmitters, and least square methods are used’ if the
robot observes information from more than three trans-
mitters.

Rx{=(x{, y{)

Rxi=(x}, y3)
]
Rxi=(x},7}) e, =@
‘ Rx,=(x;,y,) Rx;=(x;, ;)

Fig.2 Proposed system with three receivers

From the estimated positions of the receivers, the po-
sition and the orientation of the robot are found. Unfor-
tunately, the estimated positions of the receivers are dif-
ferent from the actual positions of the receivers. That is,
there are some errors between an actual position and an
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estimated position, as shown in Fig.2. /
Let the estimated positions of the receivers be Rx,,
Rx,, Rx;, and the actual positions of the receivers be
Rx,,Rx,,Rx;. Therefore, the errors e, ,e,,e; can be de-
scribed as the following equations:
e = ||Rxl — Rx, Hz
€ = ||Rx£_Rx2 Hz
€3 — ||Rx£_Rx2 Hz

2

+ (yl _)’1>2,
(xs =) + (y, — 1),

(x/l —X1)

(X,3 - X3>2 + (Y3 - )73)2-
(16)
Furthermore, Rx,, Rx,, Rx;, are represented by R, L,
and 0 respectively, as follows:
x; = x + Lcost,

vy, = y + Lsin g,
2, = x + Leos(0 + 120°),

N, =y + Lsin(ﬁ + 1200), (17>
x; = x + Loos(0 — 1207),
y; =y + Lsin(ﬁ - 1200).
The errors of the receiver’s locations are
e1 =+ (xy —a— Leos 0)* + (y; — y — Lsin 6)2,
e; =/ (a3 — = Loos(0 +120°))? + (33 — y — Lsin(0 + 120°))?,
e3 =/ (a3 —x — Leos(§ — 120))> + (y3 — y — Lsin(0 — 120°))?.

(18)
The position and orientation are, in fact, (x,y,0) mini-
mizing the sum of the square errors, and the solution of
minimization can be acquired from the least square prob-
lem
Find (x,v,0) such that min E,
N

N2

where E = e,

= (19)
JE . dE . JE _
ax*’ay*O’a@*O'

Hence it is easy to estimate the point (x,y,8) by us-
ing least square problem (19) as follows:
_x t o
T3
Yty s
3 s
0 =atan 2(B,a),

v =01~ L -+ B -

20)
L0 -Boi-w.

B=(n - B0 - L-w
g’(xé —x) - %(yé - ).

From Eq. (20), the position of the robot is equal to the
center of mass of the triangle composed of estimated posi-
tions of three receivers. This method provides almost ac-
curate results if the robot estimates the accurate positions
of the three receivers. Moreover, although the robot does
not estimate the exact positions, the localization system is
more accurate than a localization system with two receiv-

€r8s.

2.3 EKEF for dynamic localization

To improve the localization accuracy in a dynamic
environment, the EKF>® is applied, which fuses the
measurements from the ultrasonic localization system and
the robot’s odometry data. The wheel velocity is used to
predict the states of the system at time % based on the pre-
dicted state at time £ — 1 .

The state vector with robot’s position and orientation
is defined as

X(k) =[x, (k)y, (k)6 (k)]". (21)
The process model for the differential wheeled mo-
bile robot is described as
X(k +1) =f(X(k),u(k), k) + v(k),
F(X(k),u(k),k) =X (k) +
cost, (k)u, (k)
T, | sinf, (k)u, (k) |, (22)
U (k)
where T, is the sampling time. u(k) = [u, (k)u,(k)]"is
the control input, where «, (k) and «, (%) denote the for-
ward and angular velocities of the robot, respectively. The
process noise wv(%) is assumed to be zero-mean white
Gaussian noise with covariance matrix V (k).

Since the robot’ s position and orientation are ob-
tained from the ultrasonic localization system, the mea-
surement model can be described as

Y(k) = h(X(k),k) + w(k),
where  h(X(k),k) =[x, (k)y, (k)6 (k)]",  (23)
and w(%) is the measurement noise which is assumed to be
zero-mean white Gaussian random vector with covariance
matrix W(k ). The values of the diagonal elements are the
variances of the measurement noises, as in

GillS 0 0
Wk)=1|0 o 0], (24)
0 0 o

us

At time % , the EKF estimates the state at time 2 + 1 by
using the odometry data, so called prediction step. The
equations for the prediction step are

X(k+11k)=fX(k | k),u(k),k), (25)
Pk +11k) =F(k)P(k | k)F(k)" + V(k),
_If _

where F(k) J X X=X(klk)

1 0 — Tgsind, (k)u,(k)
[8 1 T,cos0, (k)u, (k) |,
0 1
X (k+1k) is the prediction of the state for time & + 1
given odometry data from time 4 and knowledge of the
state at time £ . P(k + 1| k) is the covariance matrix of
the predicted state. The covariance matrix of the process
noise, V(k), has the same form as W(k ), but the values
of the diagonal elements are the variances of the process

noise.
To estimate the state optimally, the Kalman gain R,
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is calculated, as shown in Eq. (26).

R, =P(k +11 k)H(k +1)'S,",
where .
S, =H(k+1DPk+11 k)H(k +1)" +

Wk +1).
In the updated step, the EKF corrects the state and cova-
riance estimates with the measurement from the ultrasonic
localization system, Y (k) =[x, (k)y,(k)8,(k)]". The
equations for the updated step are
Xk+11k+1) =X(k+11k) +RS,,
Pk+11k+1)=P(k+11k) -

RH(k +1)P(k +11k),

(26)

h 5
Where S, =Yk +1) — h(X(k +11k),k +1),
ah
and H(k +1) =27 -
an ( ) aXx:)”((kmk)
100
010 27)
00 1

3 Experimental results

3.1 Simulation results

In this simulation, the localization error related to
the number of ultrasonic receivers is analyzed. The simu-
lation environment is set up to evaluate the performance
of the proposed localization system. The size of the room
is 800 cm ( & -axis) by 600 cm ( y -axis), and the height
is 250 cm. The positions of the two transmitters are
(0 cm, 0 cm) and (800 cm, 0 cm) as respectively trans-
mitter 1 and transmitter 2 in the room. The receiver ar-
ray’s radius is L =25 mm. The five real x positions are
from 200 cm to 600 cm at 100 cm intervals and the four
real y positions are from 170 cm to 410 cm at 80 cm inter-
vals. The real orientation of the robot is 0 deg. Finally,
the maximum distance error of the ultrasonic sensor is as-
sumed to 1 cm, and the error distribution to uniform er-

1or.

Tab.1 Localization error(simulation result): (a) Position and orienta-
tion error by using 2 receivers; (b) Position and orientation error by using
proposed system (3 receivers)

200 | 300 | 400 | 500 | 600 200 | 300 | 400 | 500 | 600
170 | 1.019 1.072| 1.093| 1.072| 1.019 170 | 1.689| 1.814| 1.855| 1.814| 1.689
250 | 0.835| 0.851| 0.86] 0.851| 0.835 250 | 1.263| 1.324| 1.345| 1.324| 1.263
330 | 0773 0.771| 0.772( 0.771| 0.773 330 | 1.064| 1.091 11| 1.091| 1.064
410 0.76] 0.748] 0.746| 0.748| 0.76 410 | 0956 0.961| 0.962( 0.961| 0.956
(a-1) RMSE of position (a-2) Average error of orientation

(a)
200 | 300 | 400 | 500 | 600 200 | 300 | 400 | 500 | 600
170 0.84| 0.886| 0.904| 0.886| 0.841 170 | 1114| 1.166( 1.179| 1.145| 1.082
250 | 0.684| 0.698| 0.705| 0.698| 0.684 250 | 0.906( 0.921| 0.921| 0.908| 0.886
330 | 0.632| 0.631| 0.632| 0.631| 0.632 330 | 0.836 0.831| 0.828| 0.822| 0.821
410 | 0.621| 0.612| 0.609| 0.612| 0.621 410 0.82| 0.806( 0.799| 0.798| 0.808
(b-1) RMSE of position

(b-2) Average error of orientation
®)

From Tab. 1, the horizontal axis is the x value and
the vertical axis is the y value. From the result, the prop-
osed localization system has a smaller position and orienta-
tion error than the 2 receiver localization system for most
of the positions. Therefore, the proposed localization sys-
tem is accurate and robust compared to the localization

system by using 2 receivers.

3.2 Experimental results

The ultrasonic sensor used for the experiment is Mu-
rata MA40SS. PXA255 ARM based microcontroller is
used to evaluate the performance of the system. The cal-
culation time about the three matched filter algorithms is
shown in Tab.2.

1) Conventional matched filter;

2) Matched filter + reduced calculation algorithm;

3) Matched filter + reduced calculation algorithm +

threshold.
Tab.2 Calculation time for matched filter

Algorithm
Operations 1) 2) 3)
Envelope/Phase (ms) N/A 33 33
Convolution (ms) 1 095 68 6
Total (ms) 1095 101 39

Each distance is measured 100 times from 2 m to 6 m
and the average and the standard deviation of the mea-
sured distance are shown in Tab.3. The average error of
most distances is less than 1 cm, and the standard devia-
tion is about 0.9 cm—~1.4 cm.

Tab.3 Distance statistics (100 iterations)

Distance between Average Standard
Tx and Rx (cm) (cm) deviation (cm)
200 199.8 0.90
300 300.74 0.95
400 400.86 1.12
500 499.05 1.25
600 599.15 1.40

Tab.4  Static localization error (100 iterations): (a) Localization error at
(100, 50) and 180 deg; (b) Localization error at (100, 100) and 180 deg
(a)

2 3 4

The number of
transmitters
Average position
(cm)
Average position
error (cm)
Average orientation
(deg)
Orientation error
(deg)

(99.33,54.84)  (99.83,48.20)  (100.15,48.77)

4.89 1.81 1.23

183.92 179.00 178.62

3.9 1 1.4
(b)
2 3 4

The number of
transmitters
Average position
(cm)
Average position
error (cm)
Average orientation
(deg)
Orientation error
(deg)

(99.44,97.95)  (99.80,97.34)  (99.12,98.52)

2.12 2.66 1.72
178.84

177.43 178.08

2.56 1.92 1.15

The experimental results are shown in Tab.4. From
the results, according to the increasing number of trans-
mitters, most of the position and orientation errors get
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smaller. Moreover, most of the position error is less than
3 cm, and most of the orientation error is less than 3 deg
in the static environment including fixed-attached trans-
mitters and unmoving robots.

130 I E ! ! ! ! T T T T T
—&— Ultrasonic localization
125 f--temeeee P R bemeend i------1---| —#— with EKF
: : : : : : —p— Desired path
120 ; : ; :

115 [
1o |-
105 |-
100

y position (cm)

95 -4

90

50 60 70 80 90 100 110 120 130 140 150
X position (cm)

Fig.3 Localization result in dynamic environment
In the dynamic situation, the position is estimated
with the measurement from the ultrasonic localization sys-
tem and the odometry information of the robot by using
the EKF. Assume that the standard deviation of error of
the ultrasonic localization system is aim = aim =1.5cny

and o =1 deg’. The standard deviation of error of the

odometry information is also obtained, and the diagonal
elements of V(k), aso”. = o, =1 cm’ and o =1 deg’ ex-
perimentally. Let a mobile robot move from a point (50
cm, 95 cm) to a point (149 cm, 97 cm).

Tab.5 Dynamic localization error

Localization System
without EKF

Localization System
with EKF

Average position

4.23 3.76
error (cm)

The EKF result is shown in Fig.3. The average posi-
tion error with respect to the desired path is summarized
in Tab.5. From the table, the result with the EKF is more
accurate than the result without the EKF.

4 Conclusion

In this paper, an ultrasonic localization system is pre-
sented with three ultrasonic receivers and two or more ul-
trasonic transmitters. At first, the matched filter is used
for calculating accurate distances in a noisy environment.
Then, three ultrasonic receivers are placed on the mobile
robot, which is more accurate than an ultrasonic localiza-
tion system with two ultrasonic receivers. Finally, for the
dynamic localization, the EKF is designed by using dead-

reckoning and velocity data is designed. Various simula-
tion and experimental results show that the proposed sys-
tem is effective. However, an important factor to evaluate
the performance of the localization system is not only an
average error, but also a standard deviation of error. In
this paper, the average errors of the position, the orienta-
tion, and the distance of the ultrasonic sensor are mainly
analyzed. Hence, the improvement of the system to re-
duce the inaccuracy of error and the value of the standard
deviation of error should be further studied.
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