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SUMMARY

This paper presents a global ultrasonic system with selective
activation algorithm for autonomous navigation of an indoor
mobile robot. The global ultrasonic system consists of
several ultrasonic transmitters fixed at reference positions in
global coordinates and two receivers at moving coordinates
of a mobile robot. By activating the ultrasonic transmitters
through an radiofrequency (RF) channel, the robot is able to
obtain distance information to the reference positions and
localize itself in the global coordinates. Due to limitations
in signal strength and beam width, the ultrasonic signals
from some transmitters may not be delivered to the robot
and the ultrasonic data become invalid. In order to improve
the effectiveness of the global ultrasonic system, a so-called
selective activation algorithm is developed. Based on the
current position of the robot, the selective activation calls a
proper ultrasonic transmitter and generates valid ultrasonic
data at every sampling instant, resulting in faster, more
accurate response for self-localization than does simple
sequential activation. Path-following control experiments are
conducted to verify the effectiveness of the self-localization
based on the proposed selective activation algorithm with
the global ultrasonic system.

KEYWORDS: Selective activation; Global ultrasonic
system; Extended Kalman filter; Self-localization.

1. Introduction

For autonomous navigation in a workspace, a mobile robot
should be able to identify its location and the direction
in which it is moving, that is, its self-localization. Self-
localization capability is the most basic requirement of a
mobile robot, since it is the basis for on-line trajectory
planning and control.! Self-localization methods can be
classified into local and global methods. In local methods, a
mobile robot localizes itself by making a local object map
and matching it with a given global map database. This local
object map requires the relative distances to all surrounding
objects in moving coordinate of the mobile robot. Therefore,
the local method demands massive computation in the
map-making and matching processes. In an extreme case,
the robot has to stop moving momentarily to obtain the
necessary environmental information.”> By contrast, the
global method localizes quickly and efficiently, requiring
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distance measurements from only three or more reference
positions in the global coordinates; it avoids the time-
consuming map-making and matching processes.

Several kinds of sensors have been used for range measu-
rement of the self-localization, e.g., camera vision, laser
distance sensor, infrared sensor, radio frequency wave, and
ultrasonic sensor. The conventional landmark technique® for
the camera vision and the so-called active badge system®
using the infrared sensors are classified into the global
localization method. The global localization method is better
exemplified by the well-known satellite Global Positioning
System (GPS) used for ground vehicles, ships, and so on.’

In order to take advantage of the GPS for indoor appli-
cations, pseudo-lite localization systems were proposed
by using the radio frequency transmitters or ultrasonic
transmitters. Cobb® developed the pseudo-lite system using
the radio frequency transmitters and Kee applied the pseudo-
lite system for navigation of an indoor mobile robot. The
pseudo-lite system using the radio frequency transmitters
requires highly accurate and expensive electronic drivers for
range measurement. Thus, in practical point of view, it is
understood that the ultrasonic sensor is more simple and
cost-effective than the radio frequency transmitter for indoor
applications.

The ultrasonic pseudo-lite systems are also known as active
beacon systems in comparison with conventional passive
beacon systems.®® As an active ultrasonic beacon system,
Kleeman'® proposed a positioning system with ultrasonic
transmitters (TSs) fixed at a priori known positions in the
workspace and an ultrasonic receiver (RS) array on the
mobile robot. This system requires a burdensome external
supervisory controller and a wired connection between the
TSs. Moreover, the timing between TS and RS for time-of-
flight (TOF) measurements is vulnerable, as it relies only
on inherent timers. Recently, similar ultrasonic localization
system called Hexmite system'' was commercialized. The
Home Robot Positioning System (HRPS)'® has inverse
structure as one TS on a mobile robot and several RSs at
fixed points in workspace. The infrared signal is used as
trigger for the ultrasonic receivers to measure the TOF of
ultrasonic signal from the transmitter in the HRPS.

For human localization in the ubiquitous computing
environment, the Cricket system'? was proposed. The Cricket
system has a radiofrequency (RF) channel as well as
ultrasonic channel, that is, the TSs have a RF-transmitter
(TX) and the moving objects have RF receiver (RX), as well
as the RS. The RF channel was used to synchronize the TS
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and RS in the TOF measurement in this case since the RF
signal is much faster than the ultrasonic signal. In the previous
ultrasonic approaches,!®~!? the moving object is passive in
generation of the ultrasonic signal and only receives the
signal. By contrast, the global ultrasonic system consists of
TSs with RX in the workspace, and two RSs with a TX on the
mobile robot. Therefore, by using the TX, the robot is able
to control the generation of the ultrasonic signal actively.'?

Due to its signal strength and the beam width, the ultrasonic
signal has limitations in terms of the detectable distance
and area. Therefore, the number of TSs should be increased
to cover the entire workspace. When using multiple TSs
together in a system, the activation scheme for the TSs has
crucial effects on the overall localization performance. To
minimize the interference between ultrasonic signals, the
active beacon system'® used simple sequential activation,
and the Cricket location system used random activation.'? In
simple sequential and random activation, however, the signal
may not be delivered to the robot due to the limitations in
the ultrasonic signal, thereby, many sampling instants can be
voided and the overall localization performance degraded.

This paper proposes a new activation scheme for the global
ultrasonic system called selective activation. The selective
activation considers the measurability of ultrasonic signals
at the position of a mobile robot. Therefore, the number of
valid ultrasonic data increases at the robot, improving the
corresponding localization and navigation performance.

In the following, Section 2 presents an overview of the
global ultrasonic system. The selective activation scheme
and the extended Kalman filter ultrasonic data processing
algorithms are presented in Section 3 and 4, respectively.
Section 5 presents experimental results for selective activ-
ation, including a comparison with conventional sequential
activation. Concluding remarks are presented in Section 6.

2. The Global Ultrasonic System*

As depicted in Fig. 1, the global ultrasonic system has some
TSs at fixed reference positions, T; = [x; y; z;]" in world
coordinates, and front and rear RSs, p and p, in the moving
coordinates of a mobile robot. The subscript i denotes the
index of TSs in the system. With respect to the center of the
robot, p = [x, y, z.]', the positions of the two RSs, Py and
p,, are given as

x +1lcosf x —1lcos@
py=|y+isin6 |, p,=/|y—Isinf H
Zc ZC

where [ is a baseline from the center of robot to an RS and
6 denotes the heading angle of the robot. Without loss of
generality, the moving surface is assumed to be flat and the
z component of the position vectors is a constant, z..

In the case of several independent TSs together in a system,
the following issues should be considered:

(1) Cross-talk between ultrasonic signals.
(2) The identification of each ultrasonic signal.

* This3section of the paper is summarized from the work of Yi and
Choi.!
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Fig. 1. The global ultrasonic system with nine TSs: i, i and h,, i
denote the external distances from p, and p, to T';, respectively.

(3) The synchronization between TS and RS, which is
needed to measure the TOF of the ultrasonic signal.

To address these issues, RF modules (RXs and TXs) are
added to the ultrasonic sensors, as shown in Fig. 1. The robot
then calls to activate one of the TSs, through the RF channel,
for each time slot. Assuming that the delivery time for the
RF calling signal is ignored, the ultrasonic signal generation
at T'; occurs simultaneously with the RF signal transmission
from TX on the robot. Therefore, it is possible to synchronize
the TS and RS pair and to obtain distance between them
by counting the TOF of the ultrasonic signal. Based on the
distance information to some TSs at the reference points, the
robot is able to localize itself in the global coordinates.

3. Algorithm for Selective Activation

The appropriate number of TSs depends on the size of the
workspace. Based on the current estimation of the robot
position, the selective activation scheme chooses a proper
TS to activate, considering the detectable range and beam
width of the ultrasonic signal.

3.1. Selective activation according to distance
A simple criterion for selective activation, based on the
detectable distance of an ultrasonic signal, can be described
as
Tiiss ={T;|IT; — pl < Dm, i =1, 2, ..., N} (2)
where ||-|| denotes the distance of a vector “-”, Dy, represents
the threshold of the distance given from the specification
of ultrasonic transducer, and p is the current estimation of
the robot position. The SRF04 ultrasonic transducer adopted
in this paper has 3m as Dy,.'* Note that the position of
robot, p, is used in Eq. (2), instead of the position of the
RS, p; or p,. Since the difference in length from p to p, or
P, 1s negligible in comparison with the ultrasonic distance,
IT; — pllis approximately equal to [|T; — py | or [T; — p, .
To simplify the distance computation, the distance-based
criterion in Eq. (2) is modified to the block-based criterion.
The TSs are grouped in blocks in advance, as illustrated in
Fig. 1. When the robot is inside of a block, only a TS in
the block is activated. In Fig. 1, criterion for the block-based
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Fig. 3. Selection based on beam width.

activation can be described as

{T,T,,Ts5,Tg}
(T2, T3,T4,Ts}
(Ts,Te, T, Tg}
(T4, Ts, Tg, To}

if p € Block 1
if p € Block 2 3)
if p € Block 3
if p € Block 4

T piock =

In case that there are many TSs in wide work area, the block-
based criterion is helpful to reduce the computation time.

3.2. Selective activation according to beam width
The limitation on the beam width can restrict the delivery of
the ultrasonic signal to RS, although the receiver seems close
enough. Figure 2, shows the beam width of SRF04.'4

It is assumed that the RSs on the robot are vertically
upward, and the unit normal vector of TS is given by r;,
as in Fig. 3. The angle between r; and the direction vector
from the TS to the robot can be described as

T, _3
0; =cos™! (l—f . r,») 4
IT; — pll

where “-” denotes the vector inner product. The activation
criterion can be represented as

Tanglez{Ti||0i|<0thai=1’ 2,..., N} (5)
where 0, is the threshold value of the beam width given by

the specification of the ultrasonic transducer. As in Fig. 2, 6,
for the SRF04 is approximately 23°.
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Fig. 4. Mobile robot with three omnidirectional wheels.

4. Extended Kalman Filter for Self-localization
The well-known Kalman filter is used to combine the external
distance data with the internal encoder data of the mobile
robot, thereby obtaining the position and heading angle of
the robot in global coordinates.!%!3

The internal state equation of the omnidirectional mobile
robot in Fig. 4 is written as

Xk+1 Xk T.R -2 1 1 W1,k
Yir1 | = | o | + 3 0 —/3 V3 w2k
Okt1 Ok 1/L1/L1/L | |3k

(6)

where the subscript k denotes time index, T is the sampling
interval, w; r, w2k, and w3 represent the angular velocities
of each wheel of the robot, and L and R are the radii of the
robot body and wheel.

Using (1) and (6), the motion of the front RS mounted on
the robot can be described by the following equations:

Pri+1
= ff(pf,lw Ui, )

TR
Xk + ?(—2601,1( + wrk + w3 g)

TR
—|—lCOS {Ok =+ ﬁ(a)l’k + w7k + w3,k)}
. —lcosby + q1x %)
TR
Yrk+ ?(—ﬁwz,k + V3w 1)

, TR
+ [ sin {Hk + 3—L(a)1,k +wr i+ ws,k)}

L —Isinby + qax |
where p; =[xy ys]' denotes the position of the front RS
on the x — y plane, uy = [wy; @y wsy] is the control
input, and ¢, = [q1x g2.1]’ represents Gaussian noise with
mean zero and variance Q. The external measurement
equation at py is given as follows:

2k =he(pri, vi)

12
= {(xpx — X+ e — i)+ (2 — Zi)z} + v

®)
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Fig. 6, i’f,k and p,, are a priori and a posteriori
estimations for p;,, and Vy;~ and Vj, are the error
covariance matrices. The matrix Ky ;; is the gain of the
Kalman filter. The Jacobian matrices, Ay x4 and H ;. are

described as follows:
NO
A aff(ﬁf’kvuk’o)
YES fktl = = ——
0 Py

Adivate T, Activate T; , L o
comt TOF cont TOF _
S
NO NO e
| Bhf(pfyk_‘_l, 0)
H fik+1 = 8—
YES YES Py
Kaiman Fiter Kalin Filter [ E ks =X Vg — Vi =
update npdate - Dfi Dfi ( )
(a) Sequential activation (b) Selective activation

where
Fig. 5. Algorithm flow chart.

Dyi =R g1 = X" + O pr = ¥)° + (2 — 222
(14)

Initial estimates: p,, and v,

k=k+1 %

: Itis noted that p,, and V ¢ should be given at the beginning
¢ and those values are near enough to the actual values for local

Time Update convergence of the estimation process. )
Although not shown here, similar equations for p, , can
Priws = FrPyi» 40 O be obtained by applying the same procedures used in Eqgs. (7)
Voo A VoA +0 (10) through (14).
s TR gkt Using p;, and p,,, the estimations of robot posture,
¢ including its position and heading angle, are obtained as
Measurement Update “ n
N . - R Xk Xk
Kpor: =VirriH graz (H.x.thijH;:.u; +3) Xk = )
j’_ﬁk+1= i’;k+I+Kﬁk+I(Zxk+1_hf (j’_;mp 1))] (11) ~ yfyk + j}r,k (15-1)
- Yok = ——F
Vf:t+1 = (1_ K_;.t'rIHj;.t'rj)V};.t#j 2
A 1 Yk — Yrk
O, = tan~! 21Kk (15-2)
Xfk = Xrk

Fig. 6. The extended Kalman filter. Assuming that the error covariances for p ., and p, , are

the same, the error covariances of the robot position and

where v, represents Gaussian noise with mean zero and the heading angle estimation, as shown in Fig. 7, can be

variance G. The subscript i denotes the index of the TS
in the set (9), according to the selective activation.

Txel(ﬁ) = {TllTl € Thlock N Tangley i = 1, ey l’l} (9)

The selective activation flowchart is compared with simple
sequential activation in Fig. 5. Note that only the valid
ultrasonic data delivered within an expected time interval
have an effect on the self-localization through the Kalman
filter. The validity of the ultrasonic data can be determined
based on the TOF threshold value T .

The extended Kalman filter for the front RS described by
the state equation (7) and the measurement equation (8) can
be written as Fig. 6.13 Fig. 7. Error covariances of the posture estimation.

]
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Fig. 8. Experimental setup: (a) Experimental workplace, (b) Omni-
directional mobile robot, and (c) Layout of ultrasonic transmitters.

calculated as:
Vor= E[(r—#)r— )]
= Vi (=V,.0)
Vox=E [0 —6)?]

4 Vi
l

(16)

~ t

Equation (16) implies that the accuracy of the estimation of
the heading angle depends on the baseline, /.

5. Experiments and Discussion

In order to verify the selective activation of the global
ultrasonic system, eight TSs were established in an exp-
erimental workspace 2,600 mm high, 5,200 mm long, and
5,400mm wide (see Fig. 8(a)). Figure 8(b) shows the
omnidirectional mobile robot, where the baseline from the
robot center to an RS is / = 133 mm. The layout of the TSs
in the workspace and the block are depicted in Fig. 8(c).
Experiments examining the path-following control based
on the self-localization were carried out to investigate the
effectiveness of the selective activation.

The mobile robot is controlled to follow the pre-
planned command path depicted in Fig. 8(c) from an initial
posture, (x,, vy, 65) = (500, 500, 0) to a goal posture at
(xg, yg, 0g) = (4500, 3500, 7/2). From Eq. (6), control
input to the mobile robot can be written as

—1 ~

o] 4 [72 1 1 xio | (R

W2k =ﬁ 0 —/3 V3 Ver1 |~ ):’k

W3 SL/Lo/Lo1/L 01 | | O
a7

https://doi.org/10.1017/50263574707003888 Published online by Cambridge University Press

281

Y{mm)
4000

3500 % Goal
3000

2500

2000

1500

1000

0 500 1000 1500 2000 2500 3000 3500 4000 4500

(@

5000 X{mm)

Y(mm)
4000

3500 £

3000

2500

2000

1500

0 500 1000 1500 2000 2500 3000 3500 4000 4500

(b)

5000 X{mm)

Y(mm)
4000

1.
3500 Coal

3000

2500

2000

1500

1000

N\Start

0 500 1000 1500 2000 2500 3000 3500 4000 4500

©

5000 X{mm)

Fig. 9. Result of experiment: (a) Navigation by dead-reckoning,
(b) Path-following control with global ultrasonic system by
sequential activation, and (c) Path-following control with global
ultrasonic system by selective activation.

where [x;, | i, 651" and [k S ;1" denote a command
posture, and an estimated posture respectively. As the
estimated posture, the path-following control takes use of a
posteriori estimation (Eq. (11)), whereas the dead-reckoning
navigation uses only a priori estimation (Eq. (10)) without
the self-localization.

The results are depicted in Fig. 9, in which the bold
rectangles represent regions forbidden by virtual obstacles
and the dotted and continuous lines imply the command
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Fig. 10. Comparison of the valid ultrasonic data: (a) Sequential
activation and (b) Selective activation.

and actual paths, respectively. The arrow at each circle re-
presents the heading direction of the robot. Figure 9
also presents the result of dead-reckoning navigation for
comparison. In the experiment of the dead-reckoning
navigation, the global ultrasonic system is used to measure
the actual position and heading angle of the robot. As
depicted in Fig. 9(a), the dead-reckoning navigation of the
mobile robot violates the forbidden regions. Therefore, the
robot cannot reach its goal due to its modeling error and
wheel slippage. The sequential activation example presented
in Fig. 9(b) shows the relatively large deviation between the
command and actual paths due to the lagged localization from
many invalid ultrasonic data. Conversely, in the selective
activation shown in Fig. 9(c), the robot successfully achieved
the path-following control, since almost every sampling
instant has valid ultrasonic data.

Figure 10 compares the valid ultrasonic data in the sequ-
ential and the selective activation scheme during the path-
following control. In the sequential activation in Fig. 10(a),
all the TSs established in the workspace are activated blindly
without considering the measurability of the ultrasonic sig-
nals. However, in the selective activation, the set of TSs
activated depends on the robot position. This can be seen
in Fig. 10(b), where {To, T, T4} is activated in the
initial period and {T3, T, T7} in the final. Note that
the initial position of the robot, (500,500) shown in
Fig. 8(c), belongs to Block 1, and the corresponding set
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of TSs is Tpiper,1 = {To, T1, T4, T7}. The goal position,
(4500, 3500), belongs to Block 4, and the corresponding set
of TSs is Tyiek4 = {T'3, Ts, T7}. The selection criterion,
according to the beam width, excludes T'; in the initial
period, although 77 belongs to Block 1. As a consequence,
the selective activation scheme has much more valid data
than the sequential activation, resulting in faster localization.
The selection depends on the estimated position of the robot,
not the actual position, therefore, there may also be some
invalid ultrasonic data in selective activation, as shown in
Fig. 10(b).

There are some sources of error in the localization
based on the proposed global ultrasonic system: error in
counting the TOF of ultrasonic signal, variation in speed
of ultrasonic signal due to temperature change, uncertainty
in position of each ultrasonic transmitter and linearization
error in the extended Kalman filter. Among them, the
position uncertainty of each ultrasonic transmitter mostly
influences the localization error since it is hard to obtain the
position coordinate of each ultrasonic transmitter installed in
workspace. However, the localization error is acceptable in
comparison with size of the mobile robot as shown in the
results of experiment.

6. Conclusion

The global ultrasonic system is a kind of pseudo-lite GPS
using ultrasonic transmitters fixed at reference positions
in the workspace to enable self-localization of an indoor
mobile robot. The robot’s ability to control the generation
and synchronization of the ultrasonic signal using an RF
channel is the distinct feature of the global ultrasonic system
versus the conventional active beacon system. This yields
autonomy, and hence is capable of overcoming the demerits
of the ultrasonic signals alone. Limitations on the measurable
distance and beam width create many invalid ultrasonic data
in the simple sequential activation scheme. Therefore, the
performance of self-localization is greatly improved by being
able to choose and activate a proper ultrasonic transmitter at
each sampling instant according to the current position of the
robot. This paper described a selective activation algorithm
based on the detectable range and beam angle of ultrasonic
signal. It is obvious that the selective activation becomes
more effective as the number of ultrasonic transmitters is
increased in the workspace.

In order to verify effectiveness of the selective activation
algorithm, an experimental system including 8 ultrasonic
transmitters and an omnidirectional mobile robot was
established in this paper. Since an omnidirectional mobile
robot is free of the well-known nonholonomic constraint,
it is more appropriate to show the effectiveness on the
self-localization and the autonomous navigation than a diffe-
rential wheel-based mobile robot. The extended Kalman
filter consisting of an omnidirectional motion equation
and the selective activation algorithm and a path-following
control algorithm were presented. The results of experiments
showed that the selective activation algorithm has better
performances in terms of he self-localization and the
autonomous navigation than the conventional global
ultrasonic system with a simple sequential activation. The
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main reason is that the selective activation has much more
valid ultrasonic data than the simple sequential activation.

As environmental objects can obstruct the ultrasonic
signals, the performance of the selective activation algorithm
could be improved by considering these obstacles. However,
due to the large database requirements needed to address
environmental objects, they were not considered here.
Improvement can also be made by adding another criterion
for selection of ultrasonic transmitter that gives the best
posture estimation at a certain location.
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