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Abs t r ac t .  In order for multiple robots to accomplish a required task 
together, they need to communicate, organize themselves and cooper- 
ate. We have discussed these issues for the distribute autonomous robot 
system. The developed technologies are applied to the football game, 
in which the multiple mobile robots will maneuver and handle the ball 
towards the goal. The robots we use are holonomic, omni-directional 
mobile robots with vision and various sensors. They also have wireless 
LAN devices for communication. They can perform cooperation based 
on negotiation. 

1 Introduction 

The distributed autonomous robotic system (DARS) is a flexible and robust 
robotic system in which multiple robots and other agents act in a cooperative 
and coordinated manner to achieve tasks which are not easy for a single robot 
[1]. Communication,  self-organization and cooperation are essential technologies 
for DARS [2]. 

We regard the football game as a collection of cooperative actions of au- 
tonomous robots and consider that  the above technologies are also essential for 
us to construct various plays in the football game. In order for a team to score 
a goal, its players must cooperate in bringing the ball forward, maneuvering be- 
tween fore players. One robot may assume a particular role in a situation, but 
changes the role in another, depending on the overall organization of the team 
suitable for the given condition. 

To this end we assembled a team of five omni-directional, autonomous robots 
which are capable of communicating and sharing information between them. The  
omni-directional mechanism facilitates rapid and dextrous movement.  I t  gives 
greater freedom to a robot in designing a path  in the game, and the robot can 
implement rapid and reactive motion. 
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2 F r a m e w o r k  f o r  C o o p e r a t i o n  

There are two approaches to realize cooperation among robots in the multi-robot 
system: one is based on negotiation between the robots, the other is based on 
sensing. 

In the negotiation-based cooperation, communication among robots is impor- 
tant. The robots explicitly exchange various information, such as requests, offer 
and intention, via communication media in order to negotiate with each other. 
Negotiation is used to organize robots, allocate resources and resolve conflicts 
[3] [4]. We designed a communication system for the multi-robot system and the 
protocol for negotiation [5][6]. The negotiation-based cooperation is more syn- 
thetic than the sensing-based cooperation. 

In the sensing-based cooperation, individual robots decide their next action 
according to sensory information. Their collective actions constitutes coopera- 
tion. There is not explicit exchange of information or intention among the robots. 
Therefore, if the sensing and reasoning ability of the robot is limited, we may as 
well say that this type of cooperation is just the result of selfish actions of the 
robots and they are not aware that they are participating in the cooperation. 
The sensing-based cooperation can be made more reliable if the robot is capable 
enough to recognize the other robots, understand the given situation and reason 
its next action guessing the next action of nearby robots, 

While we can expect that robots and the overall system will behave in pre- 
dictable manners in the negotiation-based cooperation, thus, it is considered 
more appropriate for implementing a specific cooperative task in a reliable way, 
the sensing-based cooperation will be suitable when the robots need to react 
quickly to the situation and there is not sufficient time to enter into negotiation 
with the others. 

3 O m n i - d i r e c t i o n a l  A u t o n o m o u s  M o b i l e  R o b o t  

3.1 Sys tem Overview 

Fig. 1 illustrates a football playing robot team of five omni-directional autonomous 
mobile robots and a human interface system. 

The robots are autonomous and self-contained. The control system of each 
robot is composed of a processor board, an network interface board, a D/A 
converter and a digital I/O board on the ISA bus. The CPU is an i486DX4 pro- 
cessor running at 100 MHz. Programs run on the real-time, multi-task operating 
system VxWorks. 

Each robot is equipped with a CCD camera connected to a frame memory 
board whose resolution is 512 dots by 512 dots. Infra-red and ultrasonic sensors 
are also provided[7]. Although configuration of the driving mechanism and the 
main processing system on each robot are approximately equivalent, specification 
of sensing systems are different. Therefore, the overall system is a heterogeneous 
multi-robot system. 
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The human interface system is used only for instructing the robots to start  
or stop the game. It is not used to control the robot. 

The robots are equipped with a wireless communication device. The human 
interface system is connected to wired communication network. In order for 
the robots and the human interface system to communicate, we have provided 
two bridges between the wireless and wired networks. The specification of the 
communication device is shown in Table 1. 

But  for the goal keeper, all the robots currently do not have an actuator  for 
propelling the ball. They give the ball the initial speed simply by colliding with 
it. 

Table 1. Specification of the Wireless LAN Device 

Frequency 2471-2497 MHz 
Modulation Spectrum diffusion modulation 

Speed 2 Mbps 
Distance up to 60 m 

Transmission method CSMA/CD 

Wired Communication 

Communication-Bridge 1 Communication-Bridge 2 

~___ reless Communication " ~  
2.4 GHz 

j j 

Omnl-directlonal Autonomous Mobile Robots 

( 
/ 

Human ~ntefface and Ot~srator 

Fig. 1. System Overview 
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3.2 Omni-Direct ional  Driv ing  Mechanism 

The omni-directional driving mechanism of the mobile robots used at the RoboCup 
is the improved design of the prototype[8]. 

The mobile robot which operates in the two dimensional space, namely on 
a floor, has three DoF (degrees of freedom), of which two are for translational 
motion and one is for rotational motion. A holonomic omni-directional mobile 
robot should be able to be controlled in any combination of the three DoF in 
any condition. 

In order to realize stable translational motion, we decided to utilize four 
special wheels. The structure of the special wheel is shown in Fig. 2, in which 
free barrel-shaped rollers with small diameter and large diameter are arranged 
alternatively in the single raw along the circumference. The friction of the free 
rollers is small enough so that the driving force of the wheel is applied to the 
ground only in the circumferential direction, and the external force exerted in the 
axle direction is released by the free rollers. Therefore, the active wheel motion 
by driving the axle can be effective to the forwarding motion, but the wheel is 
passive to the axle direction. 

Fig. 3 shows the arrangement of four wheels. The translational motion along 
Xr is generated by driving wheel 2 and 4 in the same direction, when wheel 1 
and 3 do not interfere the motion. In the same way, the translational motion 
along Y~ is generated by driving wheel 1 and 3, when wheel 2 and 4 do not 
interfere the motion. Translational motion along any diagonal direction can be 
produced by composition of the translational motion along X~ and Y~. The 
rotational motion about Zr is produced by rotating all four axles about their 
axes to the same wise (clockwise or counter clockwise). Thus, the hotonomic 
omni-directional motion can be obtained with these four special wheels. This 
mechanism makes the translational motion stable because the motion is realized 
by driving two parallel wheels. 

If four actuators are provided for each wheel, the system becomes redundant 
because the system has four DoF which are larger than three, the DoF to be 
controlled. In order to eliminate redundancy, we designed a 3 DoF decoupling 
drive transmission mechanism which enables driving four wheels by three ac- 
tuators. Fig. 4 illustrates the transmission mechanism of the omni-directional 
mobile robot. (The actual robot coordinate system is located at the center of 
the robot.) With this mechanism, three DoF motion, namely two DoF transla- 
tional motion along X~ and Y~ axis and one DoF rotational motion about Z~ 
axis, are mechanically decoupled and driven by each correspondent actuators 
without redundancy. 

The driving force of actuator 1 is transmitted to the shaft connected to the 
spur gears 2 and 4, and revolves the wheel 2 and 4 via differential gear 2 and 4 to 
translate the robot to the X~ direction. In the same manner, the driving force of 
actuator 2 contributes the translational motion to the Y~ direction. The driving 
force of actuator 3 revolves four shafts connected to the other input of differential 
gears through the bevel gear, which rotates four wheels about their axes to the 
same wise (clockwise or counter clockwise). When the robot translates with 
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Front View Side View 

Fig. 2. Structure of a wheel 

rotation, the differential gears produce the required velocity difference between 
two opposed wheels along each translational direction. 

By solving the equations in terms of gear transmission, the following kine- 
matics is obtained: 

( . )  /2k, o 
(1) 

where kl, k2, k3 denote reduction ratios of the spur gears, the bevel gears, and 
the harmonic drives respectively, and r and R denote radius of a wheel and 
half tread (the distance from the center of robot to the center of the wheel) 
respectively, np, ~:I, and /i denote the velocity of the robot relative to Z~, the 
Jacobi matrix with respect to ST, and the velocity of actuators. Since ~J turns 
out to be a diagonal matrix, it is proved that translational motion along each 
directions or rotational motion of the robot with respect to Z~ is decoupled by 
this transmission mechanism and can be driven by each correspondent actuators. 

As other mechanical characteristics, suspension mechanisms are equipped for 
each wheel so that  each wheel can react to the uneven floor and all the wheels  
keep contact with it. In addition, a harmonic reduction gear is incorporated in 
each wheel so that  the large backlash in the transmission mechanism can be 
reduced at the wheel. 
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This holonomic omni-directional mobile mechanism with 3 DoF decoupling 
drive transmission fulfills two requirements: stable translational motion and non- 
redundancy. The 3 DoF decoupling drive transmission mechanism has another 
advantage that computation of the output  to the actuators is simple because 
each actuator  contributes only to the correspondent DoF motion. 

The omni-directional mechanism facilitates dextrous movement. It enables 
us to implement rapid and reactive motion of the robot. 

3.3 Communicat ion System 

In order to achieve cooperation or team play by multiple robots, it is necessary 
for the robots to exchange various messages. We defined two classes of commu- 
nication procedures for this purpose. 

1. Announcement 
2. Negotiation 

Announcement is to share information. Negotiation is for planning. We fur- 
ther classify the negotiation into three categories which correspond to planning 
and behavior for team play, and defined three types of message exchange for 
following means: collective decision, request and order. 

Fig. 5 shows the time charts of announcement, collective decision, request and 
order respectively. A message is formatted as shown in Table 2. 

The communication system is implemented as shown in Fig. 6. Modules are 
layered on top of T C P / I P  protocol. The Connection Layer establishes and man- 
ages connection between robots and the human interface system. The Procedure 
Layer transmits and receives messages through the Connection Layer, and exe- 
cutes procedures described above. The upper layer robot programs do not need 
to care about details of communication procedures. 

Table 2. Message Framework 

Field Contents 
To: 

From: 
Control: 

Type: 
Message: 

Reply: 

Receiver's Address 
Sender's Address 

Communication Control 
Procedure Announcement or Negotiation 

Message Body 
Results or Status 

3.4 Sens ing  S y s t e m  

The robot is equipped with a CCD camera. It is the primary means for the 
robot to recognize the environment. Under the rules of RoboCup, objects in the 
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Robot 1 Robot 2 .... Robot n 

Robot I Robot 2 Robot n 

(a) Announcement 

~Sele~ 

Making Decision 1 

~ - - I b  

(b) Collective decision 

Robot 1 Robot 2 

(c) Request 

Robotn 
Robot I Robot 2 .... Robot t~ 

(d) Order 

Fig. 5. Message Exchange 

TCP/IP 

Fig. 6. Software Architecture in Communication System 
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field are assigned different color schemes, thus, the vision system is optimized to 
extract colors quickly, rather than detecting shapes of the objects. 

Consideration should also be given to the facts that lighting condition of the 
field cannot be accurately predicted beforehand, and that  the field may not be 
lighted evenly. With up to ten robots in the field, we should expect there will be 
many shadows casted by the robots. For this reason, the captured camera image 
in RGB values is first converted to the CIE representation, then, colors in the 
image is extracted. 

In order to process the image quickly, the resolution of the image is reduced 
to 64 dots by 64 dots from 512 dots by 512 dots, and integer arithmetic is used 
wherever possible. The maximum image processing speed is approximately 7Hz. 
Given the fact that  a single CPU is used for both actuator  control and image 
processing, this is sufficiently fast. 

4 C o o p e r a t i o n  f o r  T e a m  P l a y  

4.1 T e a m  Leve l  a n d  I n d i v i d u a l  Leve l  Task  M o d e l i n g  

When programming robots to cooperate with each other in order to achieve 
a common task, it is important  to model and represent the actions of not only 
individual robots but also the team of the robots as a whole. Otherwise, it would 
be extremely difficult to verify that the algorithm is correct and the system is 
feasible. 

We model the football game as a set of state transition graphs of which 
graphs at the higher level correspond to the states and actions of the team and 
graphs at the lower level represent the states and actions of individual robots. 
This way, team level behaviors and individual level behaviors are expressed in 
an integrated and uniform manner. Fig. 7 shows the top level state transition 
graph which represents the states of the team. The graph starts with kick-off 
and ends when a goal is scored, time is up or the judge suspends the game. The 
state of the team moves between offense and defense states. 

The offense states are illustrated in Fig. 8. Offense starts when one of friendly 
robots acquires the control of the ball and ends when a goal is scored, half-time 
is up, the judge suspends the game or the opponent takes control of the ball. 

The states of the individual robot are represented in lower levels. Fig. 9 shows 
the individual level graph for the infiltration state. A robot is in one of five states 
according to the current situation. If the robot is in control of the ball, it may 
choose to dribble the ball to the enemy field, or pass the ball to another robot. 
If it currently doesn't have the ball (but another friendly robot does), it may 
choose to receive the passed ball if so requested, run into the enemy field, or stay 
put. Whichever state in Fig. 9 the robot is in, it understands that  his team is in 
the infiltration state. 

4.2 State Recognition 

The current state of the team and transition of between states are recognized 
by the robot by referring to the current environment information. As the infor- 
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Fig. 7. State Transition Graph - Team Level 

mation is updated asynchronously and we do not guarantee that  information 
held by one robot exactly matches the others', as described in 4.5, there is good 
possibility that  the state recognized by a robot is not the same as the state 
recognized by another robot. 

For example, if the team has lost the sight of the bail and in the ball search 
state and one robot finds the ball and tries to tell the others the location of the 
found ball, the others continue to think they are still in the search state until 
they receive the message. There can be significant delay before the last robot 
receives the message, depending on the condition of communication traffic. 

4.3 P l a n n i n g  A c t i o n s  

The state transition graphs depict possible states and transition between them. 
However, they do not directly show how the robot will pla~l for next actions. 
Action planning concerns two issues: 

- The path along which the ball is brought forward to the goal. 
- How the ball is handled (dribbled or passed) along the path by which robot. 
- Who plans the path and when. 

The first issue is more strategic than the second and closely related with 
the formation of robots in the field. The second issue is tactical and should be 
decided according to the current situation. 

The path is planned in terms of areas defined in 4.4, because it is unreasonable 
to expect that  the robot can bring the ball exactly along a line. A path may be 
planned from scratch or chosen from pre-defined paths in a database. The paths 
are indexed by its start position (area) in the database so that  they are looked 
up with the current position of the ball as a key. 

Formation of robots is another possible areas of strategy for defense and 
offense [10]. 
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Fig. 8. Team Level Offense States 

4 . 4  E n v i r o n m e n t  I n f o r m a t i o n  

Information on the working environment can be divided into two categories: 
static and dynamic. The static environment information in the robotic football 
includes the field map. The position of the robot measured by itself during the 
game bounds to be inaccurate, whether it is calculated by dead reckoning or 
obtained by vision or active sensors. Thus, the representation of the field map 
should offer a means to approximate  positions in the field. The field is covered 
with hexagonal cells (Fig. 10). Four adjacent cells constitute an area and areas 
are classified into friend, neutral and enemy zones. 

The robot recognizes the positions of the other robots and the ball by means 
of cells and areas. When it needs to communicate position to another  robot,  a 
cell or area number will be t ransmit ted rather than numerical coordinate values. 
This map representation is also useful for the robot when planning next actions, 
because exact positions are difficult to handle when planning paths of the robot 
and the ball. When planning the path,  it is more logical to plan in te rms of 
approximated positions, such as "near the enemy goal" and "the opposite side". 

As there are only a limited number of robots in the field, there are not many 
pieces of dynamic information. 

- information about the ball 
• position 
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Fig. 9. Individual Offense States 

• state 
* the ball is controlled by a friendly robot 
* the ball is controlled by an opponent robot 
, the ball is free 
, unknown 

- information about friendly robots 
• name (ID) 
• position 

- information about opponent robots 
• name (ID) 
• position 

The positions are expressed in terms of cells or areas. Friendly robots are 
distinguished by IDs. There currently is no way to distinguish individual oppo- 
nent robots, the team cannot track the behavior of a particular opponent. It 
may also loses sight of opponents, thus, not all positions of the opponent robots 
are known during the game. 

Of the above pieces of information, the position and ownership of the ball 
are most important as the robot will decide whether it should offend or defend, 
based largely on these facts. 

The number of items is small but these pieces of information tend to change 
frequently during the game, thus, the information which is not updated for 
certain duration should not be relied upon. 

4.5 I n f o r m a t i o n  S h a r i n g  

Dynamic environment information is shared among the friendly robots and needs 
to be routinely updated. The information can be managed either at the central 
agent or by each robot. It is easier to maintain centrally managed information 
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Fig. 10. Static Environment Information - Field 

and guarantee its consistency than to do same to distributed information. Da ta  
exchange is less intensive for the distributed information than for the centrally 
managed information [3]. 

It is important  to consider robustness and reliability of information itself 
and the procedure to share and update  the information. We cannot discount the 
possibility that  communication between robots may be disturbed by noise or 
failure of communication devices. It  is one thing to devise error correction and 
recovery procedures. However, in the quickly changing environment such as in 
football game, cost and time spent for such procedures need to be minimal. 

As discussed in the previous section, the dynamic environment information 
in the robotic football tends to change quickly. Each robot has to frequently 
refer to the information in order to make decisions on the next actions. For this 
reason, we adapt  the distributed model. 

There is no guarantee that  the information held by a robot is correct and up 
to date. In other words, it may not be the same as the information maintained 
by the other robots at any given time frame in the game. This means that  robots 
may make different judgment  on the given situation and their chosen actions may 
not be optimal,  although each robot thinks its decision is correct and appropr ia te  
for the situation. It  is far more important  for the team to let each robot make 
decisions and act in a responsive manner  than to leave the robots spending a 
long t ime trying to find the optimal actions. 
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5 A n a l y s i s  

5.1 P e r f o r m a n c e  at  RoboCup--97  

The hardware of the robots of our team, UTTORI United, is robust and was 
surprisingly free of major mechanical troubles at RoboCup-97 in Nagoya, apart 
from one CCD camera which did not work sufficiently under the strong light in 
the field. There were failures of small parts. Fortunately they did not lead to 
failure of the entire system. 

However, the team did not perform very well in matches mainly because of 
software problems described in the following sections. 

5.2 S o f t w a r e  S t r u c t u r e  

The team consists of five robots from three separate institutions. They are used 
for various different projects at respective laboratories. They share the same 
overall structure and mechanisms as described in Section 3. However, due to dif- 
ferences in I/O subsystems, sensor systems and experimental hardware, software 
modules of each robot are patchwork of common and unique routines. 

Because of this, the robots were not at the even level and there were rough 
edges in different part of software when the team was assembled for RoboCup- 
97. In one sense the team is a very good example the heterogeneous multi-agent 
system of robots of varying capabilities. In another sense, it was not a easy 
task to coordinate software development and ensure the desired operation of the 
robots. 

5.3 C o m m u n i c a t i o n  P r o b l e m s  

It appears that the venue of RoboCup-97 suffered from major radio disturbance. 
Our team was vulnerable to the radio disturbance in three areas. First, software 
of each robot needed to be downloaded from the workstation via wireless LAN. 
When radio condition was bad, it took a long while to complete this process. 
This is why the team needed a long time before starting a match. 

Second, when the robot is placed in the field, it will wait for the start com- 
mand from the operator. The command is again sent via radio. After this com- 
mand, the robot acts autonomously and the human operator can do nothing but 
stop the robot by sending another command. During the matches in Nagoya, 
it happened that some robots received the start command and started moving, 
but the others did not seem to receive the command and stayed motionless. 

Third, communication is used to share and update information among the 
robots, as described in the previous sections. If no message comes from outside, 
the robot will act independently based on its own sensory information. However, 
the robot may be left in the same state and action for a prolonged time. For 
example, if a robot is not able to find the ball by itself but another robot does, 
and if the report that the second robot has detected the ball does not reach the 
first robot, it will continue searching for the ball. This possibility was foreseen 
as discussed in 4.5, but the delay was longer in practice than anticipated. 
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6 C o n c l u s i o n  

In the multi-robot system, communication, self-organization and cooperation 
are essential technologies for the system to achieve tasks in robust and flexible 
manners. The football game consists of a series of plays which multiple players 
participate in and cooperate for. The robot with the omni-directional driving 
mechanism can make dextrous movement and react quickly to the given situation 
detected by sensors. Individual robots can perform only relatively simple actions 
such as kick and catch. With communication and self-organization, they can 
exercise more complicated maneuvers such as passing the ball. 
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