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Abstract : Indoor real-time positioning for multiple targets is required to realize human-robot symbiosis.
This study firstly presents positioning accuracy on an autonomous mobile robot controlled by 3-D
coordinates that is obtained by a real-time indoor positioning system with spread spectrum (SS) ultrasonic
signals communicated by code-division multiple access. Although many positioning systems have been
investigated, the positioning system with the SS ultrasonic signals can measure identified multiple 3-D
positions in every 70 ms with noise tolerance and error within 100 mm. This system is also robust to
occlusion and environmental changes. However, thus far, the positioning errors in an autonomous mobile
robot, controlled by these systems using the SS ultrasonic signals, have not been evaluated as an
experimental study. Therefore, a positioning experiment for trajectory control is conducted using an
autonomous mobile robot and our positioning system. The effectiveness of this positioning method for
robot self-localization is shown, from this experiment, because the average control error between the target

position and the robot’s position at 29 mm is obtained.

Key Words : Real-time Indoor Positioning System, Spread Spectrum Ultrasonic Waves, Autonomous Mobile
Robot, Self-localization, 3-D Coordinates

1. Introduction self-localization of autonomous mobile robots for

human-robot  symbiosis such as cooperative

and humans. In these

The fields of application of position information
have expanded in tandem with advancements in
The

realize the

our information-driven  society. position

information is  required  to
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working between robots
cases, the moving targets have to be continuously
measured with high accuracy. The positions of
ecach target have to be also identified. We also
expect to the positioning information as data log
to analyze their movement, such as a factor or
tendency of the positioning error on the control,
for the human-robot symbiosis.

Many  positioning  systems are  actively
researched. The positioning system to achieve the
self-localization of the

robots, for obtaining

coordinates using the infrastructure, is more robust
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to environmental changes than the other systems
using sensors mounted on the robots. This system
enables to apply for the positioning of not only
robots but also humans.

Therefore, the systems that use the infrastructure
devices of such as pseudolitesl) or radio waves”
have been investigated. When compared to other
methods, the wuse of ultrasonic waves is
highly

occlusion and illumination changes. However, these

inexpensive, accurate, and robust to
systems have weak noise resistance and take a
longer period of time to acquire data because the
use of Time Division Multiple Access (TDMA)
with on-off keying becomes cumbersome as the
number of objects being measured increases.
Spread spectrum (SS) ultrasonic waves have been

investigated®® to overcome these drawbacks.
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Fig. 1 Ultrasonic signals generated in the
transmitter units (a) carrier waves and (c) SS
signals multiplied to (b) MLS.
Previously, we have also proposed an
inexpensive and accurate real-time 3-D positioning
system with SS ultrasonic signals, using an
all-purpose transducer, low-power FieldProgrammable
Gate Array (FPGA), and a small microprocessor.
We have also targeted the system within every 80
100 mm

For applying for robots,

to overcome the
which

ms at less than

self-localization.

perform the self-localization and the service

corporation, previous studies on the component

technologies of this system such as robustness to

. 5 ..

moving  speed ), measurement precision  of
6 e . .

all-purpose  transducers”, positioning errors  in

. . 7.8 .

indoor environments ), and real-time hardware

computation for correlation calculations” have been
discussed in offline processing..

However, thus far, positioning accuracy on an
autonomous mobile robot has not been discussed
study when this

in an experimental trajectory

control has been conducted. Therefore, in this
study, a running experiment using an autonomous
mobile robot and this positioning system for a
4000 mm by 4000 mm experimental space is
conducted. The effectiveness of this positioning
method for the cooperative working between robots
and humans and the data logger for analyzing the
movements is shown, from this experiment,
because the average positioning error at 27 mm is
obtained in case that the robot is only controlled
at rotating points and around target subgoals.

In this study, next chapter provides an overview
of our positioning method, including the
modulation and calculation method using CDMA
by continuous SS signals. Chapter 3 covers the
measurement accuracy of our positioning system in
an experimental environment. Chapter 4 deals with
accuracy on the error of the distance from target
subgoal, and with a distribution of measurement
position in case of trajectory control using an
robot in this positioning

autonomous mobile

environment.

2. Real-time Indoor 3-D Positioning
System using Continuous SS Ultrasonic
Signals

2.1 SS Ultrasonic Signals

In our indoor positioning system, the SS signals
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shift
(BPSK) using a maximum length sequence (MLS)

are modulated by binary phase keying
—a pseudorandom sequence—as used in the direct
sequence (DS) method. Although an MLS of “0”
or “1” is generated by the shift register, we have
used the value of “-1” instead of “0” to facilitate
signal processing. Fig. 1 shows the received SS
signal. As shown in Fig. 1, the signals
corresponding to “1” and “-1” are plotted by solid
and dashed lines, respectively. Each dot in Fig. 1
denotes a “sampling”; the number of samples
including one period worth of carrier waves is
selected to be four. Here, the chip length is
defined as the time required to describe the
one-chip worth of the MLS. The chip length can

be also defined as t¢,= 4/f, using the -carrier
frequency f=1/t,.. The bit length of this shift
register governs the calculation result and signal to
noise ratio. In our system, a 9-bit shift register
was utilized to achieve real-time correlation
calculations with a high S/N ratio. The length of
the sequence becomes 2’ - 1 = 511 bits (chips)
periods. Thus, the MLS period can be calculated
as 7= 511x1,. In this system, an SS signal is
generated continuously by carrier waves at a
frequency of 40 kHz, and the period time 7 is

51100 ps.

2.2 Signal Detection
Ultrasonic Signals

using Continuous

The measurement position is calculated from

over three certain distances between the
transmitters and the receiver. Signal detection is
performed in a receiver unit to obtain a distance.
This positioning calculation and signal detection
can be realized using a slow microprocessor
(AKI-H8 3052F) and Altera (EP1C

6Q240C6) as a low-power FPGA, respectively.

Cyclone

Fig. 2 shows

detection. The

the procedure for the signal

signals from the transmitter are
detected from the calculated correlation values.
The correlation calculation is performed between
the received signals and the replica signals within
one cycle of the MLS as shown in Fig. 2. In
signal  detection, the correlation values are
calculated for every one sampling time. From this
calculation, the peak values coryx are detected by
the self-correlation characteristics of the MLS
when the transmitted signal is received. Otherwise,
obtained  at

the correlation values are

Orpeak

511
a time-of-flight (TOF) from the time when the top

approximately . Signal detection results in

of the MLS is transmitted by the transmitter to
the time of peak detection. The top of the MLS
transmitter

is transmitted from the during the

transmission timing, as shown in Fig. 2. The
measurement distance between the transmitter and
the receiver is calculated from the TOF. The peaks
can be obtained at each period , as shown in
Fig. 2 because of the periodicity on MLS. In our
transmitting system, the transmission timing shown
in Fig. 2 is synchronized with this period. The

TOF can be continuously obtained at 20X 7" s

interval.
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Fig. 2 Signal detection for measuring the distance.
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2.3 Real-time Positioning Calculation using
the Least-Squares Method

More than three distances from the transmitters
to the receiver on a target are required to measure
the position, since are three coordinates (X, y, z)
that must be calculated. The more distances are
measured, the higher accurate position is obtained.
Thus, more than three transmitters are required,
each generating different MLS codes with low
cross-correlation, allowing for division positioning.
Coordinates on a receiver are calculated from
simultaneous equations of the different distances
and the known coordinates of the transmitters. We
could use a repetitive Newton—Raphson method to
solve these equations in analogy to GNSS',
however the clock bias term can be removed from
the positioning calculation because the proposed
system calculates TOF using timings sent by the
transmitter.

Our indoor positioning system calculation is

outlined in Fig. 3. A target position Rx is

calculated from the coordinates of three

transmitters (Tx;, Tx,, and Tx3), and the distances
obtained from TOFs. A distance, 7; (7, 79 and
Txi(zi,yi,zi) and

ry in  Fig. 3), between

R.l'(.r,y,z)is

r= (-2 + -y -2 W

where Rx(x,y,z) and Txi(mi,yi,zi) are defined
as the true coordinates of a receiver, and the i-th
arbitrary coordinates of a transmitter, respectively.
The subscript ¢ denotes the transmitter number and
takes values 1, 2, ..., n, where n is greater than 3.

We write Rx(z,y,2) as

r=xy+ Ax,
Y= yo+ Ay, 2)
z=zyT Az

where Rz (7, ¥y 2,) are the initial coordinates

which the positioning system gives. Az, Ay,

Az are the X, y and z components of correction
initial coordinates and

distance between the

Ray(zg, yos 29), respectively. The distance 1,

between the initial coordinates and the i¢-th

transmitter is

Toi =
\/(%‘_ffo)? +(y; = yo)* (2= 2)°

Thus the distance Ar; between Rz (x,y,z) and

€)

R:L’O(xo, Yo» Zu) is given by
AT =1 Ty, “)

Partial differential coefficients c«,, 3, and =,
can be evaluated from Ar; and the x, y, and z
components of Rx,(xy,y,2,), respectively. Ar,

can be also expressed as (5) using «;, §; and ~;:

Ary a; By mYAw
o= P ﬁy (5)
Ar; a; Bi v z

We define vector AR, matrix A, vector AKX,

and vector &

ATy
AR=| ! (6)
Arl.
a; B m
A= 1]+ @
a; B
Az
AXZ(ij ®)
Az
&
e=|: C)
e.

3

where & is the vector of the measurement errors

shown in Fig. 3. Equation (5) can be denoted by

AR= AAX + ¢ (10)
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using (6), (7), (8), and (9). Let us consider the
solution such that the minimum value of s
obtained using a least squares method'”. The sum

of & squared, defined as f, is

f= E sf =eTe
i=1"
= (AR— AAX)T(AR— AAX)
= ARTAR—2ARTAAX + AXT(ATA) AX

(11)

In order to minimize f the partial differential

of (11) is carried out with respect to AKX,

of T AT
= —2A +2A =
IAX 2ARTA+2AX (A A) 0 (12)

The location of extrema is calculated using
AX(474)= AR"A (13)
AX is obtained by deformation of (13).
AX= (ATA)'ATAR (14
Thus, Rx(z,y,z) is:

R (z,y,2) = Rrg(g yp 20) +AX 15)

When Ra:o(xo, Yos Zu) is close to Rx(x7y7z),

we obtain a highly precise calculation. Therefore,
highly precise positioning is maintainable by
setting the obtained valued of Rx(x,y,z) of to b

Ry (g, Yy 2,) in the subsequent calculation.

Fig. 3 Position calculation method using the

least-squares method.

3. Positioning Accuracy and
Measurable Area of the Positioning
System in a Room

3.1 Experimental Environment in a Positioning
Room

The positioning accuracy of our indoor
positioning system in the case of a stationary
target are evaluated wunder an experimental
environment, as shown in Fig. 4. Fig. 4 (a) shows
the overview of a given space that has four
transmitters, namely, as Tx;, Tx,, Txs, and Txu.
Although the coordinates are obtained from over
three transmitters, we install the four transmitters
in this environment to measure accurately and
robustly to the occlusion. The heights of Tx; to
Txs were measured using a laser range finder
since the height the floor to the roof differed over
the area of the experiment, as shown in Fig. 4(a).
Their heights were 2732, 2727, 2739 and 2727

mm, respectively.

Tx, (a) Layout sketch

Tx, S
Ll
Tl
g S S
[\ -
8 77777777 = =
Nz .
A e
Y Rx|1000mrs
4000mm "
(b) Top view of the space
Tx, T s
»
3000
£
—=2000
~
1000
& "0
Tx, 0 1000 2000 3000 Tx,

x [mm]
Fig. 4 Experimental environment for investigating

the accuracy using continuous SS ultrasonic signals.
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Fig. 4 (b) shows the measurement positions. We
define an origin of rectangular coordinates system
as the floor point at Tx;. As shown in Fig. 4 (b),
49 points receiver at
1000-mm height, as shown in Fig. 4 (a). The
transmitters are directed to the center of the area,
at (2000, 2000, 0) mm, as shown in Fig. 4. In

this evaluation, a transmitter with a closed-type

are measured using a

aperture (PC40-18S, Nippon Ceramic Co., Ltd.)
and a “Mini” SiSonic’ ultrasonic receiver
(SPM0404UDS, Knowles) are used as
general-purpose  ultrasonic  transducers. The

operating voltage and current of this receiver are
up to 3.6 V and 025 mA,
transmitter voltage amplitude is 10.5 Vp-p. The

respectively. The

positioning accuracy is measured 20 times at each
of the

evaluated using the Euclidean distance as above.

49 points, respectively. The result was

As such, the positioning error ep,,  is defined

using the measured distances x,,, ¥,,, %, and
true distances x, Yy, 2, corresponding to each
coordinate:
epT‘TﬂS =
(16)

\/(xm - I)Q + (ym - y)2 (Zm - Z)2

The average value of the Euclidean distance is
defined as the positioning error at each point. The
positioning error and calculation time are discussed

as factors relating to the usefulness of the system.

3.2 Positioning Accuracy and Time of the
Positioning System using SS ultrasonic
Signals for an Stationary Target

As shown in the results of a stationary target,
the positions at all the measurement points are
obtained. In this evaluation, the maximum electric

FPGA and the

became 219.7 mW and 300 mW, respectively. Fig.

power of the microprocessor
5 shows a top view of the positioning accuracy

for measurement points. The scale at the top

shown in Fig. 5 shows the range for a positioning
error at each measurement point. For example, ®
at (500, 500,

positioning errors between 40 mm and 50 mm.

1000) corresponds to a range of

0 10 20 30 40 50 60 70 80 90 100

OIRRO[GIOIOIOI®[®[w@]™
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- ODQ OO0
------- OO0 OG-0
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------- $000000-
O i lOEOO i 2(;00 i 30i00 i 0'_

x [mm]
Fig. 5 Distribution of positioning errors in the
indoor positioning system using SS ultrasonic

waves.

It is observed from this evaluation, that the
average positioning error at all the points is 35
mm. Moreover, the standard deviation in all
measurement points is obtained at approximately 7
mm. Although most of the measurement errors
occur because of the simultaneous CDMA using
the continuous signals instead of the conventional
TDM, the measurement error at each positioning
point is up to 50mm, as shown in Fig. 5. We
have used transmitters and a receiver with wide
directional characteristics and can obtain the high
accurate distances in wide area. Thus, from the
distribution shown in Fig. 5, we cannot confirm
the liability of the positioning errors at each point,
even though the error attributed to each position
should have occurred because of the dilution of

L)
precision .
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Table 1 The maximum, minimum and average time

of calculation and response.

Maximum | Minimum | Average
[ms] [ms] [ms]
Calculation 15 1 12
time
Response
time 72 56 65

Table 1 lists the maximum time, minimum time,
and average time of the positioning calculation
using our proposed method. The response
time-cycle, which is an interval from the arrival of
the electrical signal to the positioning acquisition,
is also given. As such, the response period
contains the calculation period. The maximum,
minimum and average times of the -calculation
time were 15, 11 and 12 ms, respectively. That is,
the proposed method can calculate positions in
20 ms.
minimum and average times of response were 72,
56 and 65 ms.
position in a response time of less than 80 ms,
slow HS8

It can be observed from these two

less than Moreover, the maximum,

Therefore, we can obtain a

even though we wuse a relatively
Processor.
results on accuracy and time that this positioning
system achieves the required positioning accuracy
for realizing the self-localization of the

autonomous robots.

{Tx, (0, 4000, 2627)

B, & s TN —gfx"’y(”z(’)

P Tx,4(4000, 4000, 2639)| (@)

4. Control Experiment with Robot using
the Positioning System

4.1 Experimental Setting for the Trajectory
Control

The cooperative working between robots and
humans and the data logger for analyzing their
movements require the positioning system which
can be used for the robot self-localization. For
evaluating whether the robot self-localization is
realized indoor  real-time

accurately usingour

positioning  system with the SS ultrasonic waves,
a trajectory control of an autonomous mobile robot
is conducted using the 3-D coordinates obtained
from this system. Fig. 6 shows the outline of this
experiment. In this experiment, as shown in Fig.
6, Tx; to Tx4 are located similar to the
experiment shown in Fig. 4. We also define the
origin of the rectangular coordinates system as the
floor point at Tx;, similar to that shown in Fig. 4
(a). The positive directions from Tx; toward Tx4
and Tx, are applied as the x- and y-axis
respectively. Fig. 6 also shows the example of
moving path at the i-th lap as a solid line, in
case of moving for clockwise direction. A moving
route for the robot is also shown in Fig. 6 as a

dot line in case of moving for clockwise direction.

C (xc, Yes Zc)
dic

Ar(i+1)
v T AGLY Lz

I UTx, 0.0.2632)
X

<LTx4 (4000, 0, 2626)

7 Cpi (xpi(_" Ypics ZpiC)
eiC

T
(Xyics Vsics Zric)

(b)

C(‘szyC’ZC)

cr g
[X Subgoal o Coordinates ]
® Rotating point Y« Control point

Fig. 6 Experimental outline of the trajectory control using an autonomous mobile robot.
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If the robot travels for clockwise direction, the
robot goes straight for 2000 mm and rotates at
90° to the

counterclockwise, the robot rotates to the left.. As

right repeatedly. In the case of

shown in x-mark in Fig. 6, points A(.rA, Yo zA),

B(ftmymzu)a C(;to,yozc), and D(;tuyu,zu)

are applied as the subgoals where the robot
rotates. X-y coordinates of the subgoals A to D
are (1000, 1000), (1000, 3000) (3000, 3000), and
(3000, 1000), respectively. As the initial setting, an
autonomous mobile robot is installed at point A
(1000, 1000, 0)

y-axis. In this experiment, the robot travels 5 laps

in a direction parallel to the

on a carpet in the clockwise and the
counterclockwise direction and in the alphabetical,
and the reverse alphabetical order, respectively.
Fig. 6 (a) and (b) also indicate enlarged views
around the subgoal of point C and the control
point between Point B and C respectively. In this
experiment, rotating points A, to D, shown in
Fig. 6 as the black circles, are measured when the
robot arrives from A to D where the robot rotates
at a position located just underneath at P of the
robot (See Fig. 7). We discuss the errors in the
distances between the position of the robot and
the subgoal with the coordinates obtained by our
system. As shown in Fig. 6(a), d., to d,p and
d,;4 to d,p, which are the distances on the i-th
subgoal from A to D, denotes as the errors
between the position of the robot and the subgoal,
and between the position of the robot and the
coordinate, respectively. In brief, d,;, to d,., and
d,;, to d,p mean positioning errors on the
trajectory control of a robot, and the positioning
error at our positioning system corresponding to

Fig. 5, respectively.

4.2 Autonomous Mobile Robot with Wheels
In this experiment, a 2WD robot with a height

of 1300 mm and a width of 550 mm is used.
This robot is 70 kg weight. We describe the robot
architecture and the mount position of ultrasonic
transducer in Fig. 7. A receiver is mounted on a
robot above middle point P, located between left
and right wheel, as shown in Fig. 7. Here, the x-
and y- coordinates of P (x,, y,) are defined as the
position of the robot on the positioning area. The
coordinates of the receiver should be (x,, y, 1300)
mm. As shown in Fig. 6, this position when the
robot rotates is shown as A; to Dy which is
denoted by black circles. In the both wheels, DC
motors (Maxon RE36) and encoders (MR256) are

installed.

4.3 Method for the trajectory control of this
experiment

Points A, to Dy, shown by the white circle in
Fig. 6 denotes the coordinates where the robot
rotates. These coordinates are obtained from our
positioning system. Although trajectory control can
be realized for 3-D movement using this
coordinates, in this experiment, we use a simple
controlling method for the 2WD robot without
altitude control. When the autonomous mobile
robot travels to the next subgoal A to D, distance

d,

,, and the angle for direction 6,, are calculated

using the measurement coordinates obtained from
6(b)). For

instance, d,, and 6, , at a position between points

our positioning system (see Fig.

B and C in the i-th lap are obtained using the

current direction 6, of the robot and coordinates

obtained at the i-th lap of the current control

point (:UpiB(;, Ypines Zpipc) and the subgoal C

(ZesYerz,.), defined as

dtg = (xt,‘ - xpiB)Q + (y(t - y[)iB)Q (17)
1 Ye T Ypi
6,,= 0, — tan 12 Zpibc (18)
’ Te™ IpiBC’
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respectively, in this experiment. Here, 6, can be
estimated using the measured coordinates of one

before point. In this example, 6. is denoted using
this measured coordinates (:L'pi B Ypins Zpi ), where
the robot rotates, as follows (19):

1 Yipc™ Ypin
§. = tan ' P

cr

(19)
Lpipc™ LpiB

Repeated trajectory control by the calculated control
variable shown in (17) to (19) is desirable while the
robot is traveling, to accurately reach the subgoal. In
this experiment, however, the encoders in robot are
only operated by the control variable at the rotating
point and controling point around target subgoal,
shown by the black circle and star mark in Fig. 6,
respectively. Distances between the subgoal and this

control point are approximately 500mm.

(a) Front view (b) Top view
Receiver o 550mm
Right Left
© 0 wheel wheel
ﬂ;,r
= Receiver
£ (x,, ¥,» 1300) mm
S
= @Traveling
direction
P (xn )
Right Left
( wheel wheel
A to D,

Fig. 7 Autonomous mobile robot for the trajectory

control experiment.

4.4 Discussion on the Error of Distance
We  describe the experimental
summarized in Table 2 and Fig. 8. Table 2 ((a) and

(b)) summarizes the average errors at (a) d, between

result as

the subgoal (i.e, A, B in Fig. 6) and the rotating
point of the robot (i.e., A, B; in Fig. 6), and (b) d.
between the position of the robot and the coordinates.

The distance errors d, and d, are approximated at the

sampling time from measurement start to the signal
detection and temperature 7. The temperature at which
this experiment is conducted is 25°C. Table 2 shows
each average error in case that robot travels clockwise
and counterclockwise direction. The errors of both
clockwise and counterclockwise are also shown. It is
observed from experimental result shown in Table 2,
RMS positioning errors of d. in the case of
clockwise direction, counterclockwise direction, and the
both were 27, 30, and 29,

positioning errors of d, in the case of clockwise

respectively. RMS

counterclockwise direction, and the both
34, and 29 mm,

direction,
were also obtained as 24,

respectively.

Table 2 Average RMS errors of (a) d, between the

subgoal and the position of the robot and
(b) d, between the position of the robot

and the coordinates.

RMS error [mm]
Clock | Counter- Both
wise | clockwise
Eg{m‘g (Subgoal ~ | 5y 30 29
(b) d. (Robot
—coordinates) 24 34 29

Fig. 8 also shows the Euclidean distance errors
obtained in real-time at the subgoal from A; to As,
in the case of traveling in the (I) clockwise and (II)
counterclockwise direction. As shown in Fig. 8 (I)
and (II), the x-axis is from A; to A¢ and the y-axis
is from low to high positioning error. As shown in
Fig. 8 (a) and (b), the solid and gray lines represent
the distance errors as d. between the subgoal and the
position of the robot, and (b) d. between the position
of the robot and the coordinates obtained using the
system, respectively. In addition, the subgoal and the
error in the distance are arranged in an ascending
order on the x- and y-axis, respectively. For example,
shown shows the

A, on the x-axis in Fig. 8

measurement point A at 2™ lap.
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(I) Clockwise direction
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Fig. 8 RMS positioning error at distance (a) d,
between the subgoal and the position of a
robot, and (b) distance d, between the
position of the robot and the coordinates on

(D) clockwise and (II) counterclockwise
direction.
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At the point of A, d. is axiomatically 0 mm,
because we have mounted the robot at subgoal A;
as the initial position. As can be observed from
Fig. 8 and Table 2, we have confirmed that the
error in d, is similar to the result of Fig. 5.
Therefore, our positioning system correctly works
at this experiment. In addition, d. presented almost
the same tendency as that of d., because the
coordinates obtained at the control point have the
error as same as at rotating point, and affect
trajectory control. Fig. 8 (I) and (II) show that the
Euclidean distance errors of d, shown in Fig. 8
(a) are within 60 mm at all the measurement
points on the subgoals. The Euclidean distance
error is not accumulated from the traveling route.

Although the robot was only controlled twice
(at the rotating and the control point) whenever
the robot travels to each subgoal, we could
measure the average of positioning error between

the robot and the subgoals within 60 mm. We

(II) Counterclockwise direction
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Fig. 9 Position of the robot and the coordinates obtained by our system on each (I) clockwise and (II)

counterclockwise direction.
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require a 100-mm or smaller positioning errors for
accurate self-location recognition of robots and
humans Thus, we expects to achieve the required
accuracy for the trajectory control of a traveling

robot using this positioning system.

4.5 Discussion on the Robot's Position and
Coordinates from Our System

Fig. 9 represents the measurement position of

the robot and the coordinates obtained by our

positioning

subgoal A to D. Fig. 9 (I) and (II) are the

position in case of clockwise and counterclockwise

system, when the robot reach each

direction, respectively.

The original points on Fig. 9 are the position
of the
plotted. In Fig. 9, black and white marks represent

subgoals, and errors on each lap are
the position of the robot and coordinates obtained
from our system, respectively. The positions are
measured before the robot rotates, and the posture
of the robot on the measurement position is also
shown in the center of Fig. 9 (I) and (II).
We can find from Fig. 9 that many measured

both

coordinates are plotted in front of subgoals. The

positions  on robot’s  position  and
traveling distance estimated by control values of
the robot are more than true distance, because
traveling distance is varied from friction between
the robot and a floor. The coordinates obtained
from our system are measured near the position of
the robot, as shown in Fig. 9, although some
coordinates are placed at approximately 40-mm far
from the robot’s position, owing to the ability of
our positioning system. It is observed from this
experiment that the trend of the positioning error
on the robot can be obtained from our system
with the error less than 40-mm. Therefore, we
expect to realize data logger for analyzing the
movements of a robot as tendency by using our

positioning system.

5. Conclusions

In this study, to realize the cooperative working
between robots and humans and the data logging
for analyzing their movements, we have firstly
discussed the positioning accuracy measured from
the trajectory control using the real-time
positioning system using SS ultrasonic waves from
an experiment conducted on a traveling robot.

The positioning system, which we have been
investigated, can measure the 3-D coordinates of
the targets in every 70 ms and with an error
within 5 cm using the all-purpose transducers with
low-power  devices.  For  investigating  the
positioning accuracy of a robot control, we have
conducted an experiment using an autonomous
mobile robot, which travels 5-lap via four subgoals
counterclockwise

in the clockwise and the

direction in a measurement environment,
respectively. It is observed from the experiment
conducted for the trajectory control, that the
coordinates of the robots are located at 29 mm
with  the This

experimental result is similar to the positioning

average  positioning  error.
accuracy using the stationary target. We have also
measured the positioning errors from the subgoals
to the positions of the robot within an average of
maximum  within

though the

29 mm, and a 60 mm,

respectively, even coordinates are

measured at rotating points and control point
around subgoals.
Thus,

positioning

the effectiveness of the proposed SS

system for robot self-localization is
demonstrated. It is observed from this result that
we expect to realize the cooperative working and
the relal-time data logger for analyzing the
movement of the robot and the human by using
our positioning system. The service corporation for
human-robot symbiosis using coordinates obtained

from our positioning system can be also expected.
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In further work, we will perform experiments for
the self-localization of indoor flying robots at

staircase using our positioning system.
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