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This paper addresses mutual collision avoidance between
multiple mobile robots based on a layered strategy. In
this Strategy , static motion generation and dynamic mo-
tion generation of several levels are provided , and a
proper level of dynamic motion generation is selected for
mutual collision avoidance according to the complexity
of the situation. We have implemented two typical meth-
ods in the layered strategy , which are rules-based local
collision avoidance and negotiation-based global one us-
ing communication. In each method, a robot detects col-
lision and applies as a local method as possible.
Experimental results show two actual maobile robots can
achieve mutual collision avoidance based on the layered
strategy.

Keywords: Multiple mobile robots, Collision avoidance,
Communication, Traffic rule, Negotiation

1. Introduction

Systems composed of multiple autonomic mobile robots
and studies on their mutual cooperation? have been attract-
ing attention recently. In these systems, flexibility and ro-
bustness are expected to be realized through mutually
cooperative robot activities. By .now, in our research and
development, we have been trying to achieve the distributed
autonomous robotic system ACTRESS,? in which necessary
functions are distributed to multiple agents. ACTRESS is
composed of multiple robots, including mobile robots, and
multiple autonomic agents such as computers. Each agent
is equipped with a communication function. We classify
multiple robot activities into 1) individual action: each robot
individually actives in parallel; and 2) collaborating action:
each robot acts mutually in cooperation with the other. This
paper discusses collision avoidance between mobile robots,
as an example of the individual action.

Path planning for collision avoidance amid moving ob-
stacles has been proposed.>® These paper have discussed
on only simulation, yet the discussion has not sufficiently
done on how the robot actually acquires necessary informa-
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tion for planning. Regarding actual collision avoidance by
actual mobile, these paper propose methods that determine
collision avoidance activities based on sensor informa-
tion.” These methods thus acquire only local information
from sensors. Therefore, deadlock is predicted in compli-
cated situations and no information will be exchanged with
mobile collision obstacles. Yuta et al. proposed the modest
cooperation and experimented with robots that offer ways
to mutually avoid collision”. In this experiment, mobile
robots must recognize situaticas by communication when-
ever they move., Therefore, communication processing
loads increase remarkably with the number of robots, Kato
et al. realized collision avoidance by applying traffic rules'?,
However, rule conditions must be judged through sensor
information only and supplementary rules must be prepared
based on environmental conditions.

This paper proposes a layered collision avoidance strat-
egy with multiple methods, considering actual application
to mobile robots. This strategy efficiently performs colli-
sion avoidance with the local method in simple situations
and with the global method in complex situations using
communication. This study develops two methods applying
rules and communication based on this strategy and con-
ducts a collision avoidance experiment with actual mobile
robots.

2. Collision Avoidance Strategy Between Mo-
bile Robots

2.1. Strategy by Static Motion Generation and
Dynamic Motion Generation

In this paper, we define two types of information. One
is dynamic environmental information (position, posture,
and speed) for mobile elements such as mobile robots. The
other is static environmental information in geography about
static elements such as walls and obstacles. A mobile robot
must be to acquire environmental information when it plans
a path to a goal. It is difficult that constant comprehension
of dynamic environmental information in an environment
where multiple robots move. Dynamic environment infor-
mation is thus beyond the scope of this study and only static
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In the processing flow of motion generation (Fig.1),
a robot first plans a path and generates motion based only
on static environment information (static motion genera-
tion). It then, moves, detecting the possibility of collision
(collision detection), and generates collision avoidance mo-
tion based on dynamic environment information whenever
collision detection is made (dynamic motion generation).

2.2. Functions of Sensing and Communication

Common sensors have a local detection area compared
to communication and can be utilized with low load. Reli-
able information cannot be obtained outside the detection
area, however, because detection objects are assumed. Add-
ing to this, mobile robots have limits in power requirements
and processing abilities, which restrict the sensors installed.
Thus, only poor information is obtained.

Information through communication is conveyed as
messages, on such occasions as reporting situations of a
- wot. In other words, the information has high reliability,
. .ce it is clarified by the robot. Thus, it is possible 1o
convey mach information by preparing communication pro-
tocols. However, communication has a wide range infor-
mation communication area, because of which the
communication processing load rises as the number of
agents increases in the system.

2.3. Layered Motion Generation Strategy In Collision
Avoidance

Problems of collision exist in the environment where
multiple mobile robots move. Simple problems are prefer-
ably solved with local information exchange as far as pos-
sible, when considering the efficiency of the total system.
However, complicated problems must be solved with more
global conditional comprehension, since the local informa-
tion processing alone can not cope with every situations.

Thus, this paper prepares plural collision avoidance
methods depending on the complexity of the problems and
abilities of the robots, to cope with even complicated prob-
lems keeping the efficiency of the system. The methods are
hierarchically structured to be used appropriately. Summa-
rized below are the requirements in collision avoidance.
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Fig. 2. Layered strategy for collision avoidance.

(1) Preparing plural collision avoidance methods to cope

with various problems
(2) Solving problems locally and dispersedly as far as
possible

In view of the above, we propose a layered motion
generation strategy for collision avoidance (Fig.2), based on
“Concentration - Distribution,” “Global - Local.” Figure
2 hierarchically expresses the methods prepared for solving
complicated problems. This strategy is composed of static
and dynamic motion generation. In static motion genera-
tion, general path planning methods are applicable. In dy-
namic motion generation, a robot adopts a low-level method
first. Then, if consecutive movement cannot be continued
with this method, the robot increases the level by one and
generates motion-gathering information more globally. In
this strategy, concerned robots facing collision solve the
encountered problems with each other. As the level in-
creases, a concentrated agent that solves the deadlock per-
forms problem solving in a global manner. Human
intervention is also considered to be the final method. Im-
portant, however, is the role of communication between
agents as the level increases.

At the level where mobile robots can cope with prob-
lems, collision avoidance based on a local algorithm is the
lowest level, an example of which is reflex motion based on
sensor information. At the next level, motion generation is
made based on rules. The robot recognizes situations with
sensing and avoids collision by applying the appropriate
rule. If the rule is not applicable, collision avoidance is
executed based on communication between robots. By ap-
plying communication, the robot can acquire information
about a close-to-collision opponent, place, speed, and path.
Then, the robot can determine collision avoidance motion
by negotiating with the opponent. At the next level in these
steps, a certain robot, as a leader, collects information
widely and generates motion for collision avoidance, and
instructs the robots concerned.
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3.Construction and Experiment of Collj-
sion Avoidance Methods

3.1. Configuration of Prototype System

We have developed a prototype system of the AC-
TRESS.” We have constructed the collision avoidance
method using a part of the system. Figure 3 illustrates its
configuration and is composed of two autonomous mobile
robots (MR-1 and MR-2), a global environment manage-
ment computer (Global Environment Manager: GEM), and
a human interface computer (Human Interface System:
HI/F). The mobile robot is equipped with a radio commu-
nication system, while GEM has the role of gateway to
interface wireless communication with wired communica-
tion (Ethernet)',

Two mobile robots are a type of 3-wheel steering robot.
The mobile robot is equipped with a lap-top personal com-
puter (J-3100GL/CPU: 80286/287/12 MHz), with which
driving control is managed and communication is enabled
through a wireless modem connected to the serial interface
(RS-232C) of the computer. The effective baud rate is about
2000 bps. Figure 4 illustrates the structure of the mobile
robot. This robot moves with two driving wheels and one
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Fig. 5. Experimental environment,

steering wheel controlled by 2-axis servomotors. The robot
has an encoder for position detection each at the left and
right axes of the driving wheels, two ultrasonic sensors at
the front and one each at the left and right sides as out-view
sensors, one photoelectric sensor for proximity detection,
and three touch sensors for collision detection.

GEM manages static environment information (maps)
and presents it on demand from the mobile robot. The HI/F
is a system that performs communication between humans
and mobile robots, examples of which include a motion
activation sign and motion order at the time of deadlock.

3.2. Experimental Environment and Control of Mobile
Robots

This paper premises the realization of autonomous move-
ment by plural mobile robots in an indoor environment,
Therefore, we have developed collision avoidance methods
aimed at corridor environment. Figure 5 illustrates the ex-
perimental environment. Described below are the premised
experimental conditions. Each robot is placed at the center
of the corridor and is given the goal with the relative coor-
dinates of the robots. The goal of each robot is seven meters
ahead. Information about the other robot’s path of move-
ment is not given. For the out-view sensors, the MR-1
utilizes a photoelectric sensor that can cover wide and nar-
row two-space detection, while the MR-2 utilizes an ultra-
sonic sensor, to prevent erroneous operation caused by
interference between the output signals from sensors. For
movement control, the MR-1 moves based on deadreckon-
ing, rotating angles of the left and right driving wheels via
the encoders, while the MR-2 performs navigation with
along-the-wall movement by the ultrasonic sensor'?. The
speed of each robot is 7 cmy/s.

3.3. Construction of Collision Avoidance Methods Based
on Dynamic Motion Generation Strategy

The mobile robot acquires static environment informa-
tion from GEM when receiving an instruction about the goal
and operation start ordered by the HI/F. Based on this in-
formation, the robot plans a path to the goal and starts to
move. If collision detection is recognized, the appropriate
collision avoidance method is applied based on the layered
motion generation strategy. In the layered motion genera-
tion strategy, collision avoidance methods proposed include,
for example, the virtual impedance method® for local appli-
cation and the Fujimura method® for concentrated applica-
tion. In this study, two collision avoidance methods are
constructed whose level corresponds to the middle of the
above proposed methods and to the layer shaded in Fig.2.
One of the constructed methods is a “method based on
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Fig. 6. Processing flow for collison avoidance strategy.
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rules” and the other is a “method based on communication.”
In addition, to encounter the case where these two methods
cannot solve problems, “problem solving with a human op-
erator” is also prepared as the highest level and most con-
centrated method. In problem solving with a human
operator, situations are reported to the HI/F using commu-
nication. Figure 6 shows the low-to-high-layer priority
processing flow with each method.

3.3.1. Collision Avoidance Based on Rules
In this experiment, the following rules are constructed,
not considering collision from the sides because a corridor
environment is presumed.
(1) Rule 1: Left avoidance motion rule (Fig.7)
if {Opponent’s position = Frontal proximity and Op-
ponent’s speed = Reverse direction and Enough space for
avoidance motion}
then {Taking left avoidance path}
(2) Rule 2: Instantaneous stop rule (Fig.8)
If {opponent’s position = Frontal proximity and Op-
ponent’s speed = Same direction}
then {Instantaneous stop}

In order to apply these rules, the MR-1 measures the
frontal robot’s position and speed based on chronological
change in detection with the wide and narrow range photo-
electric sensors. The MR-2 measures the frontal robot’s
position and speed based on chronological measured values
with the ultrasonic sensors. Conditions of the opponent’s
position and speed can be determined with these measured
values.
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In the left avoidance motion rule, an avoidance motion
control pattern is given preliminarily to the robot. With this
control pattern, the robot changes the direction of movement
45 degrees toward the left by steering the driving wheels,
then the robot changes the direction again toward the right
to move toward the front by steering the driving wheels. In
order to avoid collision using this motion control pattern, a
space of 120 cm for the front and 80 cm for the left is
required on detection of the collision. This space is calcu-
lated experimentally. The robot can determine the presence
of this avoidance area (no presence of obstacles), because
of the given preliminary environment information (map)
from GEM.

If no rules are applicable, the robot renounces the colli-
sion avoidance methed based on rules, and tries to apply the
one layer ahead collision avoidance method based on com-
munication.

3.3.2. Collision Avoidance Method Based on Communica-
tion

Obstacles are placed in the corridor to create a condition
where no rules can be applied. The obstacles are positioned
S0 as to come into contact with the wall between two robots,
Fig. 12 illustrates the environment. The robots can deter-
mine no rules are applicable in this environment, since the
measurements and locations of the obstacles are given pre-
liminarily.

In the obstacle avoidance method based on communica-
tion, the robot stops first and communicates that collision
detection is sensed, then specifies the opponent robot (ro-
bot’s ID recognition). After that, the robots negotiate each
other about which robot should avoid collision first and
determine it.

In this communication, the Message Protocol Core? is
adopted as the framework for negotiation. The communi-
cation procedure of negotiation is described below.

(1) If collision detection is sensed with the front sensors,
the robot broadcasts a warning of collision.

(2) There are only two robots in this experiment. Thus,
either robot that receives the warning can determine that the
opponent robot facing collision is itself. The robot that
receives the warning stops and replies with its ID and status
(priority).

(3) The robot that receives this reply determines which
robot should avoid collision first considering mutual status,
and instructs avoidance motion.
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Table 1. Priority points concerning environment.

Environmental situation Ce
Avoiding action is not constrained 10
Avoiding action is constrained 0

Table 2. Priority points concerning task requirements.

Motion conditions Ct

Movement in an emergency state

Movement without task execution

(=N [ SNV}

Movement with task execution

Table 3. Priority points concerning robot performance.

Locomotion type Cp

Spin type 2

Steering type (with a small tum)

Steering type (with a large turn) 0

Fig. 10. Experimental result of collision avoidance using rule 1.

MR-2

Fig, 11. Experimental result of collision avoidance using rule 2.

(4) The robot that receives this instruction confirms the
instruction.

We define priority points to determine such motion to
avoid. One of the mobile robots that has the priority passes
first after negotiation and comparison of priority points.
The following must be considered when defining priority
points.

(1) Priority points concerning the environment C,: This
indicates space for avoidance motion. If the space is occu-
pied by obstacles, the robot cannot avoid collision there.
Therefore, the priority points C., where avoidance is possi-
ble, are set to extremely high values. In contrast, the prior-
ity points C,, where avoidance is not possible, are set to
extremely low values,

(2) Priority points concerning task requirements C,: This
indicates priority points on task contents. An emergency
task has the highest priority points C,. In other cases, a robot
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Fig. 13. Experimental result of collision avoidance using
negotiation.

that is free of tasks has priority, because avoidance motion
can be executed more easily than the other in-task-process-
ing robot.

(3) Priority points concerning robot performance G
This indicates performance grades of robots. It is effective
to have the high-performance robot executes collision
avoidance. Thus, the high-performance robot has higher
priority points C, than the others.

In this experiment, we arrange these priority points in
tables: Table 1 for priority points C., Table 2 for priority
points C,, and Table 3 for priority points C,. Considering
the above discussion, we intentionally preset the relations
between these priority points as shown below.

C.>C>C,
The total priority points C is formulated as shown below.
C=C.+C+C,

If negotiation fails and the collision avoidance method
based on communication cannot be applied, its status is
reported to the HI/F.

3.4. Experiment with collision Avoidance Method Based
on Dynamic Motion Generation Strategy

3.4.1. Experimental Results In Collision Avoidance Based
On Rules

Figure 10 and Fig.11 show traces of robots in the experi-
ment of collision avoidance based on rules. Each apex of
a triangle indicates ground-wheel contact points, a white
triangle refers to the MR-1, a shaded the MR-2, and a black
indicates stop. The position of the robot is recorded at an
interval of five seconds and an arrow indicates the robot’s
direction of movement. In Fig.10, two robots mutually
avoid collision applying the left avoidance motion rule after
detecting the front robot as each other. In Fig.11, the MR-2
applies the instantaneous stop rule when detecting the MR-
1, which moves in the same direction and mutually avoid
collision.
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To : YaNe To : MR-1

From : MR-1 From : MR-2
Control: 13 (a) Control: 12 (d)
Class : CORE Class : CORE

Type : NEGOTIATICN Type : NEGOTIATION
Message: REQUEST.AVOID Massagae: ACCEPT

Time : 15:52:32 Time t 15:52:35

To : MR-1 To : MR-2

From : MR-2 From : MR-1
Control: 12 ®) Control: 3 (e)
Class : CORE Class : CORE

Type : MEGOTIATION Type : NEGOTIATION
Message: ACCEPT Massage: RESTART
Tirme : 15:52:33 Time r15:83:18

To : MR-2

From : MR-1

Control: 13

Class : CORE ©

Typa : NEGOTIATION

Message: REQUEST.STOP

Time : 15:52:33

Fig. 14, List of communication (Negotiation) log.

-. Experimental Results of Collision Avoidance Based

on Communication

This collision avoidance is experimented with under the
conditions shown in Fig.12, provided that the robot’s per-
formance priority points of the sharp-turning MR-1 are to
be C;, = 1 and the dull-turning MR-2 C, = 0. These two
robots are presumed to be free from work (merely moving)
conditions, and the priority points concerning work are set
to C; = 2. Figure 13 shows the robots’ traces in this experi-
ment and Fig,14 is the communication log (negotiation re-
cord).

We use letters in Figs.13 and 14 to clarify each corre-
sponding position and communication of the mobile robots.
In this experiment, the MR-1 detects collision first, and
stops, then makes communication of a warning of collision.
In communication (a), no opponent robots are specified.
Thus, the warning is sent to another robot by broadcast (To
field) is (+#**=). In communication (b), the MR-2 accepts
the MR-1’s request of collision avoidance made by commu-
r’ ‘ion (a), recognizing the possibility of collision. The
rueut’s priority points are recorded on the Control field, with
which MR-1 and MR-2 can recognize the priority points of
cach other. In this experiment, both robots are in a difficult
situation to avoid a collision, keeping the record of C, = 10.
For this reason, priority points of MR-1 is C = 13 and MR-2
C = 12. Thus, in this experiment, MR-1 takes the avoidance
motion first. MR-1 requests the MR-2 to stop (communi-
cation (c)) and performs collision avoidance when receiving
acceptance (communication (d)). After the completion of
collision avoidance, MR-1 instructs MR-2 to resume move-
ment (communication (e)). Figure 15 is a photograph
showing this status.

The above experimental results show that even the un-
solved collision avoidance with the rules can be solved by
using communication. Further, by considering such priority
points as “Environmental situation,” “Task requirements,”
and “Robot performance,” avoidance that can cope with a
variety of conditions is enabled.
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Fig. 15. Photograph of collision avoidance using negotiation.

4, Conclusion

This paper proposes the layered motion generation strat-
egy to efficiently perform mutual collision avoidance in
actual mobile robots. Based on this strategy, we have de-
veloped collision avoidance methods based on rules and
communication. Further, we have experimented with these
collision avoidance by methods using two mobile robots,
constructing the operation algorithms on them. These two
robots realized collision avoidance selecting each of these
two motion generation methods according to the situation.
We are planning to study in more detail how to express
priority points quantitatively.

In this paper, we applied the proposed methods to only
two robots. This strategy, however, may be applicable to
collision avoidance between multiple robots by using other
sensors that prevent interference. In addition, the identifi-
cation of opponent robots in collision avoidance may be
enabled by exchanging information on parameters such as
positions with one another.
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