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Abstract

Several position identification methods have been used
for mobile robots. Dead reckoning is a popular method,
but is not reliable for long distances or uneven surfaces
because of variationsin wheel diameter and slippage. The
landmark method, which estimates current position rela-
tive to landmarks, cannot be used in an uncharted envi-
ronment. We have proposed a new method called ” Co-
operative Positioning System (CPS)” For CPS, we divide
the robots into two groups, A and B. One group, A, re-
mains stationary and acts as a landmark while group B
moves. Group B then stops and acts as a landmark for
group A. This” dance” isrepeated until the target position
isreached. By using the concept of " portable landmarks”,
CPS has a far lower accumulation of positioning error
than dead reckoning, and can work in three-dimensions
which is not possible with dead reckoning. CPS there-
fore, can work in uncharted environments. In this paper,
we outline a second prototype CPS machine model (CPS-
I1) and report the results of position identification experi-
ments. Experimental results using this model give a posi-
tioning accuracy of 0.4% for position and 1.0 degree for
attitude.

1 Introduction

Control of mobile robots traveling in an uncharted en-
vironment necessarily requires a method of identifying the
positions of the robots. A number of position identifica-
tion techniques for mobile robots have been proposed. The
methods can be roughly classified into two types: dead
reckoning and landmark. The dead reckoning method [1-
4] identifies robot positions by calculating the amount of
travel from the starting point. It does this by integrating ro-
tationsof theright and left wheels, such as on wheel-driven
vehicles. Thismethod issimpleand is easily implemented.
It can alsoidentify robot positionsin an uncharted environ-
ment because it only employsinternal sensors.

The dead reckoning method, however, has a serious
problem. Wheel dlippage causes measurement errors,
which accumulate as the vehicles travel. Dead reckoning
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does not work in three-dimensionsinvolving differences of
elevation.

The landmark method [5-7] identifies the position of a
mobile robot by measuring the current position relative to
landmarks at identified positions. There are many types
of landmark methods depending on the type of landmark
and how it is placed. The use of the shape of the horizon
line [8-9] and stationary satellites (GPS) are classified un-
der the landmark method. This method features high mea-
surement accuracy with no accumulation of measurement
error. It also provides three-dimensional information in-
cluding elevation. However, it has a great drawback in that
the environment around the mobile robot must be known
and the specified landmarks must be placed in the environ-
ment in advance.

As a solution to the problems presented by both meth-
ods, we have proposed a new method called " Coopera-
tive Positioning System (CPS)[10].” This method covers
the weaknesses of the previous two methods and enables
position identification even in uncharted environments and
uneven surfaces. CPS uses multiple robots each equipped
with sensors to measure their positions relative to one an-
other. The entire group of robots moves while at least one
robot remains stationary, acting as a landmark for the oth-
ers. This operation is repeated while relative positions are
measured until the target robot position is reached.

In this paper, we first discuss the basic principles of the
proposed CPS. We then outline a new second prototype
CPS machine model (CPS-11) and report the results of po-
sition identification experiments using the model. CPS-I|
consists of a master robot equipped with a high-precision
laser range finder and two slave robots equipped with cor-
ner cubes.

2 Cooperative Positioning System (CPS)
2.1 Standard CPS Configuration

The proposed cooperative positioning system (CPS)
with multiple robots may be referred to as a mobile land-

mark method. In thissection, we define the basic principles
of CPS clearly and show examples of standard CPS con-



figuration. Robots were divided into two groups, groups A
and B.

1. While robot group A with its initial position identi-
fied remains stationary, robot group B travelsa certain
distance. The position of traveling group B isroughly
determined by measuring its position relative to group
A and using internal sensors as well.

2. After group B travelsan arbitrary distance, itsposition
is accurately measured in reference to the position of
group A.

3. Group B then remains stationary while group A trav-
els an arbitrary distance.

4. Steps1to3arerepeated until the position of thetarget
robot group is reached.

Figure 1 and 2 show how positioning is actually per-
formed with CPS. Figure 1 shows an example using two
robots. When position Py (x1, y1, z1) of stationary robot 1
isknown, CPS isimplemented as follows: First, the three-
dimensiona position Ps (x4, y2, z2) of robot 2 that moved
and stopped is determined, as indicated by the solid line.
This is done by measuring distance r between the robots,
azimuth angle ¢ of a turn against the vertical axis in the
direction of gravity, and elevation angle ¢ from the level
surface and assigning these measurementsin the following
equations:

rg = x1+rcos¢cosl @
Yo = Y3 +rcos¢sinb 2
29 = z1+rsing (3)

Next, robot 1 moves as indicated by the dotted line. The
position where robot 1 stops is determined in reference to
the position of robot 2. These operations are repeated.

Figure 2 shows an example using three robots. When
positions Py (21, y1,21) oOf robot 1 and Pa(x2, y2, z2) Of
robot 2 are known, CPS isimplemented as follows: First,
position Ps(x3, ys, z3) of robot 3 that moved and stopped
is determined, as indicated by the solid line. Thisis done
by measuring azimuth angles ¢, and ¢, and elevation an-
gles ¢, and ¢- of robot 3 as seen from robots 1 and 2 and
assigning these measurements in the following equations:
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Figure 1: Type 1 positioning principle

t, = tanfl,, ¢, =cosl, (n=12) (7)
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Next, robot 1, for instance, moves as indicated by the
dotted-line arrow. The position where robot 1 stopsis de-
termined in reference to the positions of robot 2 and 3.
These operations are repeated.

CPS is not limited to these examples; many other con-
figurations are possible. For instance, the position of one
robot relative to two stationary robotsin Figure 2 may be
determined differently. That is, instead of being identified
by a combination of azimuth angle ¢ and elevation angle
¢, the determination may be based on a combination of
distance r between robots and elevation angle ¢. Anocther
CPS, unlike the one that classifies robots into two groups,
may cyclically select stationary robots from a group of
robots to allow the entire group to move continuously. An-
other CPS may determine more accurate positions based
on redundant measurements from a number of stationary
robots.

In [10], we have already discussed its positioning ac-
curacy using the error variances, and the suitable moving
strategies with several triangle chains.

2.2 CPSCharacteristics

CPS position identification has the following character-
istics:

1. CPS determines position by repeated measurement
and therefore accumulates positioning errors as with
the dead reckoning method. However, CPS has far
fewer positioning errors because it can accurately de-
termine position and attitude by measuring stationary



Figure 2: Type 2 positioning principle

points in the same way as the surveying. CPS pro-
vides a good basisfor extraordinarily higher position-
ing accuracy than does the dead reckoning method
based on wheel rotation.

2. Unlike the landmark method, CPS does not require
prior placing of landmarks. It alows movement in
an uncharted environment or even underground where
Globa Positioning System (GPS) cannot be used.

3. By measuring elevation angles, CPS can determine
three-dimensional positions, which is not possible
with dead reckoning.

In contrast, CPS has the following problems:

1. At least two robots are required.

2. Atany onetime, at least one robot must be stationary,
which slows down overall speed.

3. Anaccurate measuring device (including a device that
measures arobot’sattitude relative to gravity) must be
built into each robot.

Items 1 and 2 are not problems if an application essen-
tially uses multiple robots and does not require high-speed
movement. Item 3 depends on technological innovation in
the field of measuring instruments, which has been rapidly
progressing. The authors believe this problem will soon
be solved. The performance of the prototype measuring
instrument we assembled will be discussed | ater.

2.3 Fiddsof CPS Applications

We believe that CPS that has the foregoing characteris-
tics can be used effectively if proper applications are se-
lected. Two possible applications are discussed below.

One application is the automatic control system of a
robot that cleans theinside of train stations or underground

markets. This cleaning robot could clean awide area based
on a map. Dead reckoning based on wheel rotation has
some problems for this application. One of these prob-
lems is errors in movement measurement caused by dip-
pery floors. Another problem is the substantial azimuth
measurement errorslikely to occur when the cleaning robot
runs against a wall or pillar. In addition, a cleaning robot
would probably need to go up and down stairs and clean
floorsthat have uneven surfaces. Asstated initem 3 above,
dead reckoning, which cannot work for three-dimensional
measurement, is inappropriate for this application. The
landmark method is not effective, either, because land-
marks will not necessarily be placed in advance in many
environments. GPS, which is remarkably effective out-
doors, cannot be used for cleaning indoors.

CPS is an effective method for cleaning indoors that
have uneven surfaces and many obstacles. Furthermore,
in this application, it is effective to use multiple cleaning
robots and al that is required isto equip each robot with a
measuring device as shownin Figure 3.

Figure 3: CPS application for cleaning robots

The point to be specifically noted for CPS is that any
disturbance of the cleaning robots while working, such as
acollision with a obstacle, has no effect on positioning ac-
curacy.

A system configuration consisting of cleaning robots
and a dedicated measurement robot is also a possibility.
Each cleaning robot is equipped with only a marker light
source. The dedicated measurement robot is equipped with
sensors that measure the distance to and the angle of the
marker light source in each cleaning robot. This configu-
ration provides an inexpensive implementation of CPS.

Another possible application is the use of robots to ex-
plore unknown environments, such as planets. For thistype
of investigation, use of many small robots is most effec-
tive to take advantage of the high reliability of a redundant
system. Some researchers have previously advocated the
effectiveness of this multiple robots approach. The authors
also have proposed a new concept of multiple planetary
rovers “Gunryu” and developed a prototype [11] as shown
in Figure 4. The “Gunryu” consists of multiple mobile
robot with manipulators. These robots usually operate in-
dividualy. As they move over an uneven surface, they are



connected to one another using the manipulators. Suppose
the multiple robots such as the “Gunryu” move around
over an uncharted planet to perform a geological survey
or make a detail topographical map. For position identi-
fication, both the dead reckoning and landmark methods
are inappropriate from the standpoint of required precision
and environmental conditions. In contrast, CPS has almost
no problems with this application and is essentially effec-
tive. Furthermore, each robot of the “Gunryu” must come
close to one another for connection or break awvay from one
another for separation. Therefore, it is assumed that each
robot is equipped with a relative position measuring sen-
sor. CPS can thus be used for the “Gunryu” as is without
adding new measuring devices.

Figure 4: Cooperative multiple robots “Gunryu” in planet
exploration

3 Moveand Measurement Experiment

This section outlines a new prototype CPS machine
model (CPS-11), and reports the results of position iden-
tification experiments using the model. CPS-11 consists of
a master robot equipped with a high-precision laser range
finder and slave robots each equipped with corner cubes.
This prototype system is capable to:

e Search for other robots.

o Measure the distance to and azimuth angle of other
robots.

o Automatically move each robot based on the measure-
ment results.

3.1 Principles of Measurement in CPSH |

CPS-1I consists of one master robot, 0, equipped with
a laser range finder and two slave robots, 1 and 2, each
equipped with corner cubes. The master and slave robots
move while alternately performing position identification
according to the following procedure: First, the initial po-
sition and attitude of robot O are measured, then

1. Robots 1 and 2 move and then stand still.

2. To calculate the position of robot 1, robot 0 measures
the distance /;, azimuth angle ¢, and elevation angle
¢1 relativetorobot 1.

3. Similarly, to calculate the position of robot 2, robot O
measures the distance [, azimuth angle 4., and ele-
vation angle ¢, relative to robot 2.

4. Robot 0 moves and then stands still.

5. To calculate the position and attitude of robot O, robot
0 measures the distances /; and /5, azimuth angles
6, and 65, and elevation angles ¢, and ¢, relative to
robots 1 and 2.

6. Returnto 1.

The above operation cycle is repeated until the entire
robot group reaches the target position.

3.2 Outlineof CPSH I

Figure 6 shows our experimental system. The master
robot is equipped with a laser range finder of TOPCON
Ltd. (Table 1) that is capable to search and trace a corner
cube in arbitrary position automatically and a 2-axisincli-
nometer. By detecting laser reflected from the slave robots,
the master robot automatically and accurately measuresthe
distances from the slave robots and the azimuth angles. On
top of each slave robot are six corner cubes arranged at in-
tervals of 60 degrees around the vertical axis. This mech-
anism can accurately reflect alaser beam that project form
any direction. Each robot has a built-in microcomputer (
8086-8MHz, Japan System Design Co., Ltd. ), driving cir-
cuit, battery ( Yuni-Z, YUASA BATTERY Co., Ltd. ) , and
communication system ( HRF-600 (RS-232C), HERUTU
Co,. Ltd. ), and is controlled centrally from the host com-
puter ( S-4/Liea, Fujitsu Ltd. ).

Table 1: Range finder specifications

AP-L1 (TOPCON Ltd.)

Range 4 ~ 400 [m]
Distance resolution 0.2 [mm]
Angle resolution 5["]
Distance precision | +3+2ppm [mm]
Angle precision +5["]

3.3 Moveand Measurement Experiment

An experiment for measuring positioning accuracy was
performed using our prototype mobile robot system (CPS-
[1) in an indoor environment. In this experiment, three
robots traveled on an even surface along thewall in aroom
measuring 6 m x 12 m. The robots traveled around the
room clockwise while repeatedly determining their posi-
tion using CPS. When they returned to almost same area
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(1) Robot 1 and 2 move.

(2) Robot 0 measures
robot 1.

(3) Robot 0 measures
robot 2.

(4) Robot 0 moves and
measuresrobots 1 and 2.

Figure 5: Experimental CPS system

of theinitial positions, the position of the master robot was
compared with it's initial position determined by fixed-
point measurement.

Figure 7 shows how the robots moved in this experi-
ment. In thisfigure, the master robots are each represented
by a square and the slave robot is represented by a circle.
The three robots started from their original positions (indi-
cated by an up-side-down triangle at the lower left) along
the y axis. They repeated the operation cycle shown in
Figure 5 ten times to return to their initial positions. The
route traveled by the master robot isindicated with a solid
linein the figure. Table 2 lists the average positioning er-
rors of position and attitude of the master robot. The total
travel distance of the master robot was 21.6 m. The av-
erage positioning error was 82.3 mm (0.38% of the total
travel distance); the average attitude error was 1.0 degree.

For comparison, a robot with an encoder of 47,520
pulses per rotation attached to its driving wheel was sim-
ply moved in a straight-line with the distance of 5 m and
measured positioning accuracy of dead reckoning. The po-
sitioning accuracy was 1.4% of the total travel distance.
Next, the robot traveled in the same environment of Fig-
ure 7 with dead reckoning only. The route traveled by the
robot is indicated with a dotted line in Figure 7. When
a change of direction was involved, azimuth errors greatly
affected the positioning accuracy, pushing the error rate up
to as much as 10%. This proves that CPS can determine
position with amuch higher precision than dead reckoning
can.

'y e *q_ ]

 Parent robot A

Child robot 1 Child robot 2

Figure 6: Appearance of the robot system

This experiment was performed on a even surface with
no roughness. The positioning accuracy of CPS, however,
is not affected by an environment where CPS is used. It
is expected that the positioning accuracy obtained by this
experiment could also be obtained easily in an uneven out-
door terrain, and obtained accuracy of CPS can befar better
than that of dead reckoning.

|5
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Figure 7: Experimental results

4 Conclusion

We have proposed the cooperative positioning system
(CPS) that can accurately determine the positions of multi-
ple robots through cooperative control of individual robots



Table 2: Position and attitude accuracy of CPS-I1 after
robot 0 moves adistance of 21.6 m

Az | Ay | Az || Average Al
795 | 178 | 115 82.3 1.0

in the group. We then discussed that CPS enables highly
accurate positioning of mobile robots in an uncharted or
uneven environment, which was difficult previously, and
that CPS can be used in severa fields. Next, we re-
ported the results of an experiment using a prototype sys-
tem equipped with a laser range finder. This experiment
show that CPS could perform far more accurate measure-
ments than the dead reckoning method even in uneven en-
vironments.
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