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Abstract

The Robot World Cup Initiative (RoboCup) is an at-
tempt to foster AI and intelligent robotics research
by providing a standard problem where wide range
of technologies can be integrated and examined. The
first RoboCup competition will be held at IJCAI-97,
Nagoya. In order for a robot team to actually per-
form a soccer game, various technologies must be in-
corporated including: design principles of autonomous
agents, multi-agent collaboration, strategy acquisi-
tion, real-time reasoning, robotics, and sensor-fusion.
Contrary to AAAI robot competition, which is tuned
for a single heavy-duty robot, RoboCup is a task for a
team of multiple fast-moving robots under a dynamic
environment. Although RoboCup’s final target is a
world cup with real robots, RoboCup offers a soft-
ware platform for research on the software aspects of
RoboCup. This paper describes technical challenges
involved in RoboCup, rules, and simulation environ-
ment.

RoboCup as a Standard AI Problem

We propose a Robot World Cup (RoboCup), as a new
standard problem for AI and robotics research. This
is a proposal to use a soccer game as a platform for
a wide range of Al and robotics research, such as
design principles of autonomous agents, multi-agent
collaboration, strategy acquisition, real-time reason-
ing, and sensor-fusion. RoboCup aims at providing
a standard task for research on fast-moving multiple
robots, which collaborate to solve dynamic problems.
Although RoboCup’s final target is a world cup with
real robots, RoboCup offers a software platform for
research on the software aspects of RoboCup. In addi-
tion, we intend to create an award for an expert robot,
which demonstrates a high-level of competence for a
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specific task, such as shooting, intercepting, etc. Thus,
RoboCup consists of three competition: the real robot
competition, the software robot competition, and the
special skills competition.

Standard AI problems have been the basic driving
force for AI research. Research on computer chess,
which is the most typical example of a standard prob-
lem, lead to the discovery of various powerful search
algorithms. Other problems including, the Yale Shoot-
ing Problem and the Monkey-Banana, contributed to
AT research by illustrating the essential difficulties in-
volved in everyday reasoning. Criticisms against using
such problems often focus on the fact that these are ab-
stract tasks, which ignore essential difficulties of real
world problem solving. Proponents of such criticism
argue that the real world problem must be the tar-
get of serious research. While there is truth in such a
claim, solving real world problems inherently involves
domain-specific constraints and often social and eco-
nomic constraints, which are not necessary common in
other domains. In addition, research on usable real
world systems are beyond the manpower and funding
of many research groups. This hampers comparative
studies of techniques for real world tasks. Thus, we
need to setup a standard problem which is realistic,
but affordable for many research groups.

The RoboCup is designed to meet the need of han-
dling real world complexities, though in a limited
world, while maintaining an affordable problems size
and research cost. RoboCup offers an integrated re-
search task covering the broad areas of Al and robotics.
Such areas include: real-time sensor fusion, reac-
tive behavior, strategy acquisition, learning, real-time
planning, multi-agent systems, context recognition, vi-
sion, strategic decision-making, motor control, intelli-
gent robot control, and many more.

Already, numbers of research results are reported
(Drogoul and Duhaut 96; Stone and Veloso 96b; Bowl-
ing et al. 96; Achim et al. 96; Mizuno et al. 96;
Yamaguchi et al. 96; Ch'ng and Padgham 96; Noda
and Matsubara 96; Stone and Veloso 96b). A similar
effort, but limited to micro-robots, was also proposed

by KAIST, named MIROSOT.



Research Issues for RoboCup with Real
Robots

In this section, we discuss several research issues in-
volved in realizing real robots for RoboCup.

Design of RoboCup player and their
control

Existing robot players have been designed to per-
form mostly single behavior actions, such as push-
ing/driblling/rolling (Connel and Mahadevan 93a;
Asada et al. 95; Sahota 94), juggling (Rizzi and
Koditschek 93; Schaal and Atkeson 94), or hitting
(Watanabe et al. 94). A RoboCup player should be
designed so that it can perform multiple subtasks such
as shooting (including kicking), dribbling (pushing),
passing, heading, and throwing a ball; which often
involves the common behavior of avoiding the oppo-
nents. Roughly speaking, there are two ways to build
RoboCup players:

1. Design each component separately, which is special-
ized for a single behavior and then assemble them
into one.

2. Design one or two components that can perform mul-
tiple subtasks.

Approach 1 seems easier to design but more difficult to
build and vice versa. Since the RoboCup player should
move around quickly it should be compact; therefore,
approach 2 should be a new target for the mechanical
design of the RoboCup player. We need compact and
powerful actuators with wide dynamic ranges. Also, we
have to develop sophisticated control techniques for as
few as possible multiple behavior components with low
energy consumption. The ultimate goal of a RoboCup
player would be a humanoid type, that can run, kick
and pass a ball with its legs and feet; can throw a
ball with its arms and hands, and can do heading with
its head. To build a team of humanoid type robots
currently seems impossible, this is just future goal.

Vision and sensor fusion

Visual information is a rich source of information to
perceive, not only the external world, but the effects
of the robot’s actions as well. Computer Vision re-
searchers have been secking an accurate 3-D geom-
etry reconstructing from 2-D visual information, be-
lieving in that the 3-D geometry is the most power-
ful and general representation. This could be used in
many applications, such as view generation for an video
database, robot manipulation and navigation. How-
ever, the time-consuming 3-D reconstruction may not
be necessary nor optimally suited for the task given to
the RoboCup player. In order to react to the situation
in real time, the RoboCup player quickly needs infor-
mation to select behavior for the situation. we are not
suggesting a special-purpose vision system, just that
the vision is part of a complex system that interacts in

specific ways with the world (Aloimonos 94). RoboCup
is one of these worlds, which would make clear the role
of vision and evaluate the performance of image pro-
cessing which has been left ambiguous in the computer
vision field.

In addition to vision, the RoboCup player might
need other sensing devices such as: sonar, touch, and
force/torque, to discriminate the situations that can-
not be discriminated from only the visual informa-
tion nor covered by visual information. Again, the
RoboCup player needs the real time processing for
multi-sensor fusion and integration. Therefore, the
deliberative approaches with rough estimation using
multi-sensor system does not seem suitable. We should
develop a method of sensor fusion/integration for the

RoboCup.

Learning RoboCup behaviors

The individual player has to perform several behav-
iors, one of which is selected depending on the cur-
rent situation. Since programming the robot behav-
iors for all situations, considering the uncertainties in
sensory data processing and action execution is un-
feasible, robot learning methods seem promising. As
a method for robot learning, reinforcement learning
has recently been receiving increased attention with
little or no @ prior: knowledge giving higher capabil-
ity of reactive and adaptive behaviors (Connel and
Mahadevan 93b). However, almost all of the exist-
ing applications have been done only with computer
simulations in a virtual world, real robot applications
are very few (Asada et al 94a; Asada et al. 95;
Counnel and Mahadevan 93a). Since the prominence of
the reinforcement learning role is largely determined
by the extent to which it can be scaled to larger and
complex robot learning tasks, the RoboCup seems a
very good platform.

At the primary stage of the RoboCup tournament,
one to one competition seems feasible. Since the
player has to take the opponent’s motions into con-
sideration, the complexity of the problem is much
higher than that of simple shooting without an op-
ponent. To reduce the complexity, task decomposi-
tion is often used. Asada et al. (Asada et al 94b;
Uchibe et. al, 96b) proposed a method for learning a
shooting behavior avoiding a goal keeper. The shoot-
ing and avoiding behaviors are independently acquired
and they are coordinated through the learning. Their
method still suffers from the huge state space and the
perceptual aliasing problem (Whitehead and Ballard
90), due to the limited visual field. Sahota (Sahota 94)
proposed a reactive deliberation approach to the archi-
tecture for real time intelligent control in a dynamic
environment. He applied it to a one to one soccer-like
game. Since his method needs global sensing for robot
positions inside the field, it does not seem applicable
to the RoboCup that allows the sensing capability only
through the agents (see the rule section).



At the final stage, a many-to-many competition is
considered. In this case, collective behaviors should
be acquired. Defining all the collective behaviors as a
team seems infeasible, especially, the situations where
one of multiple behaviors should be performed. It is
difficult to find a simple method for learning these be-
haviors, definition of social behaviors (Mataric 94). A
situation would not be defined as the exact positions
of all players and a ball, but might be perceived as a
pattern. Alternatives, such as “coordination by imita-
tion,” should be considered.

In addition to the above, the problems related to
the RoboCup such as task representation and environ-
ment modeling are also challenging ones. The other
is how to construct the state space (Takahashi et. al,
96a). Of course, integration of the solutions for the
problems mentioned above into a physical entity is the
most difficult one.

Multi-Agent Collaboration

A soccer game is a specific but very attractive real-
time multi-agent environment from the viewpoint of
distributed artificial intelligence and multi-agent re-
search. If we regard a soccer team as a multi-agent
system, a lot of interesting research issues will arise.

In a game, we have two competing teams. Each
team has a team-wide common goal, namely to win
the game. The goals of the two teams are incompat-
ible. The opponent team can be seen as a dynamic
and obstructive environment, which might disturb the
achievement of the common team goal. To fulfill the
common goal, each team needs to score, which can be
seen as a subgoal. To achieve this subgoal, each team
member is required to behave quickly, flexibly, and co-
operatively; by taking local and global situations into
account.

The team might have some sorts of global (team-
wide) strategies to fulfill the common goal, and both
local and global tactics to achieve subgoals. However,
consider the following challenges:

1. the game environment, i.e. the movement of the
team members and the opponent team, is highly dy-
namic.

2. the perception of each player could be locally lim-
ited.

3. the role of each player can be different.

4. communication among players is limited, therefore,
each agent is required to behave very flexibly and au-
tonomously in real-time under the resource bounded
situation.

Summarizing these issues, a soccer team can be
viewed as a cooperative distributed real-time plan-
ning scheme, embedded in a highly dynamic environ-
ment. In cooperative distributed planning for common
global goals, important tasks include the generation

of promising local plans at each agent and coordina-
tion of these local plans. The dynamics of the prob-
lem space, e.g. the changing rate of goals compared
with the performance of each planner, are relatively
large, reactive planning that interleaves the plan gener-
ation and execution phases is known to be an effective
methodology at least for a single agent (McDermott 78;
Agre and Chapman 87; Maes 91; Ishida and Korf 91)
to deal with these dynamic problems.

For cooperative plan schemes, there are frequent
changes in the problem space or the observation of each
agent is restricted locally. There is a trade-off between
communication cost, which is necessary to coordinate
the local plans of agents with a global plan, and the
accuracy of the global plan (this is known as the pre-
dictability /responsiveness tradeoff). The study of the
relationship between the communication cost and pro-
cessing cost concerning the reliability of the hypotheses
in FA/C (Lesser and Erman 80), and the relationship
between the modification cost of local plans and the
accuracy of a global plan in PGP (Durfee and Lesser
87) illustrate this fact. Also, Korf addressed it theo-
retically in (Korf 87).

Schemes for reactive cooperative planning in dy-
namic problem spaces have been proposed and evalu-
ated sometimes based on the pursuit game (predator-
prey) (Benda et al. 85; Stephens and Merx 89;
Gasser et al. 89; Levy and Rosenschein 92; Korf 92;
Osawa 95). However, the pursuit game is a relatively
simple game. Tileworld(Pollack and Ringuette 90)
was also proposed and studied(Kinny and Georgeff 91;
Ishida and Korf 91). However, the environment is ba-
sically for the study of a single agent arichtecture.

We see that a robot soccer game will provide a much
tougher, fertile, integrated, exciting, and pioneering
evaluation environment for distributed artificial intel-
ligence and multi-agent research.

Rules for RoboCup

Regulations for RoboCup Real Robot
Session (Summary)

General Policy 'Real worldness” in RoboCup
mainly arises from the vast complexity of the overall
situation due to interactions between behaviors and
strategies of the ball and the players which cannot be
fully predicted or controlled.

In the real robot session, we expect to have signif-
icantly greater complexity and hence much stronger
reality than the simulation session. This is introduced
by the uncertainty and uncontrollability in the struc-
tures and functions of the real robots along with real
physical phenomena.

Therefore, we lean toward the least commitment pol-
icy in the game regulations, so that they do not ob-
struct surprises and creativity.

Due to the technical difficulty and unpredictability,
the regulations can be adjusted to the overall situa-
tion of participating teams in each contest. However,



) 50cm‘

22.5cm

AR
L/
274cm

A
\ 4

152.5cm

Figure 1: Top view of the field for small robots

the modifications must maintain the fairness to all the
participants and must be announced in advance of the
contest with an approval by the RoboCup technical
committee.

The following sections sumimarize the current regu-
lations very briefly. Since the rule may be modified to
cope with various requests and technical issues, please
obtain the most recent rule form the RoboCup web
site. The complete version can be obtained from the
RoboCup web site.

The Regulation for the Small Robots League

Field size: A ping pong table (a table tennis table)
is used for the official match. The size and color of
the table is officially determined as the international
standard for ping pong. It is 152.5¢m by 274cm, and
color is green. Details shall be given in the figure 1.

Robot Size: The maximum diameter of the robot
shall be within 15cm. This is approximately 1/10
of the length of the shorter end of the field.

Team: A team should consists of no more than 5

robots.

Goals: The width of the goal is 50 cm, which is ap-
proximately 1/3 of the length of the shorter end of
the field.

Ball: Orange golf ball shall be used.

Colorings: Colors of each part of the field are as fol-
lows:
e Field shall be green.

Wall shall be white.

Ball shall be orange.

Lines are drawn in white.

Some markers on corners and goals are in green.

Length of the game: The games consits of the first
half, break, and the second half. Each of them is 10
minutes.

Wall: A wall which is the same height as the golf ball
shall be placed all around the field, except in goals.
The wall shall be painted in white.

Defense Zone: Defense zone will be created in sur-
rounding the goal of each side. It is 22.5 cm from
the goal line, and width of 100 cm. The boarder of
the defense zone will be painted in white, with the
width of lcm. Only one defense robot can enter this
area. A brief passing and accidental entry of other
robots are permitted, but intensional entry and stay
is prohibited.

Robot marking: Each robot should put colored ping
pong ball on top of their body, approximately be-
tween 15 cm to 20 cm in height. The color of the
ping pong ball will be used to identify friend and
enemy, as well as positions using the global vision
system.

Fouls: Following fouls are defined:

Obstraction: When a robot intentionally attacks
other robots, the foul will be called. This results
in free kick.

Multiple Defense: When more than one defense
robots enter the defense zone to substantially af-
fects the game. The foul will be called, and the
penalty kick will be declared.

Handling: When a robot hold the ball. The foul

will be called, and the free kick will be declared.

The Regulations for the Medium Size Robots
League The regulations for medium size robots ba-
sically applies the same rule as the rule for small robot.
All sizes are multiled by 3. This means that:

Field: 457.5¢m by 822c¢m
Robot: It should be within 45cm diameter

Ball: Soccer ball (which size of the standard soccer
ball will be decided soon.)Size of goal and defense
zone will be enlarged by 3 times.

Details will be shown in the figure.

Other size of robots Upon the request, we will de-
fine the regulations for robot which do not fit to above
regulations.



Regulations of Simulation Track

This is an excerpt from the official regulation for
RoboCup simulation track. For the complete rule, re-
fer to the simulation track regulations in RoboCup
home page (http://www.robocup.org/RoboCup), or
directly to

http://ci.etl.go.jp/ " noda/soccer/
regulations/regulations.html

The Field of Play The field of play is provided by
Soccer Server, a simulator of a soccer field. A match
is carried out in a server-client style: A server, Soccer
Server, provides a virtual field and simulates all move-
ments of a ball and players. Clients become brains of
players and control their movements. Communication
between a server and each client is done via UDP /TP
sockets. Therefore users can use any kinds of program-
ing systems that have UDP/IP facilities.

More detailed information about Soccer Server is
available from the following WWW homepage.

http://ci.etl.go.jp/ "noda/soccer/server.html

Sizes and Simulation The soccer field and all ob-
jects on it are 2-dimensional. This means that only
horizontal movements are taken into account and ver-
tical movements are ignored. The size of the field is
105m x 68m 1. The width of goals is 14.64m, that is the
doubled size of ordinary rules, because 2-dimensional
simulation makes it difficult to get goals.

Players and a ball are treated as circles. Their move-
ments are simulated stepwise one by one in a simple
way: Velocity of an object is added to its position,
while the velocity decays in a certain rate and increases
according to its acceleration given by commands from
clients. The collision is also simplified. If an object
overlaps another object, that is, two objects collide
with each other after a movement, the object is moved
back until it does not overlap other objects. Then its
velocity is multiplied by —0.1.

There also exist various landmarks, that is flags,
lines and goals, on the field, which are visible but do
not move. They are used for clients to determine their
players’ position. Clients can not know absolute posi-
tions of their own players, but know only the relative
position to other objects. So clients need to determine
their positions from the relative position of these fixed
objects.

For more detail, see the manual of Soccer Server.

Players and Teams

Number of Players The simulation track of PreR-
oboCup counsists of ‘small track’ and ‘standard track’.

!The unit is meaningless, because parameters used in
the simulation do not be decided based on the physical
parameters, but be tuned in order to make matches be
meaningful as evaluation of multi-agent systems.

In the small track, each team has 1 ~ 5 players. In the
standard track, each team has 6 ~ 11 players. There
is no goalkeeper because players have no hands.

Even a team consists of fewer players than another
team, a match is carried out without any penalties.

Player Client Program As described earlier each
player is a client program that connects Soccer Server.
A client connects with the server by a UDP /TP socket.
Using the socket, the client sends commands to con-
trol an assigned player and receives information from
player’s sensors . A couple of sample programs are
available from the following WWW homepage.

http://ci.etl.go.jp/ "noda/soccer/client.html

Communication between Clients All communi-
cation between clients is done via the server. Direct
communication is not permitted. A client can send a
message using a say command, then the message is
immediately broadcast to all clients by hear informa-
tion. The length of one message is a maximum of 256
bytes, and the server accepts only a command from a
client per one simulation cycle, so that the capacity of
communication is restricted.

Referees and Rules The match is basically con-
trolled by the referee-module in Soccer Server automat-
ically. However, because it is difficult to judge some of
fouls like ‘obstruction’ and ‘un-genglemanly play’, a
human referee judges such fouls.

The Match

The Duration of The Match The duration of the
match is about 20 minutes (12000 simulation steps),
consisting of two periods of 10 minutes with a 3-minute
break at halftime. If the score is tied after 20 minutes,
endless extra time will be played in ‘golden-goal’ style,
in which the match ends immediately when one of both
teams gets the first new goal.

The Format of The Competition The competi-
tion shall be played in two rounds.

In the first round, teams shall be divided into several
groups of 4 teams. (The number of groups is depend on
the total number of teams.) The system of play shall
be the league system, each team playing one match
against each of the other teams in the same group.
Qualification in each group shall be determined as fol-
lows:

1. number of wins,
goal difference,
number of goals scored,

score of direct match,

B

drawing lots



The two teams coming first and second in each group
shall qualify for the second round.

The second round shall be played by a system of
elimination (cup system).

If too many teams take part in the competition, it
shall be played only by a system of elimination. This
decision is done by the committee according to the
number of teams and the infrastructure.

Robot Platform

Although building one’s own robot for RoboCup is the
most challenging aproach, not every one can afford to
built their own robots. So those who are interested
in physical robot competition, but not able to built
their own robot, we are considering to set a standard
for robot architecture and ask manifactures to provide
robots for RoboCup. One candidate for such a stan-
dard is OPENR robot standard for entertainment robot
(Fujita and Kageyama 97).

RoboCup Simulator
Soccer Server

In the simulation section, we will use Soccer Server, a
simulator of RoboCup developed by Dr. Itsuki Noda,
ETL, Japan, which is a network-based graphical sim-
ulation environment for multiple autonomous mobile
robots in a 2D space. Using the soccer server, each
client program can control each player on a soccer field
via UDP/IP. This allows us to compare different types
of multi-agent systems through the server, and test
how well techniques of cooperation of agents work in
dynamical varied situations.

The soccer server provides a virtual field where play-
ers of two teams play a soccer (association football)
game. Each player is controlled by a client program
via local area networks. Control protocols are simple
in that it is easy to write client programs using any
kind of programming system that supports UDP/IP
sockets.

Control via Networks: A client can control a player
via local area networks. The protocol of the communi-
cation between clients and the server is UDP/IP. When
a client opens a UDP socket, the server assigns a player
to a soccer field for the client. The client can control
the player via the socket.

Physical Simulation: The soccer server has a phys-
ical simulator, which simulates movement of objects
(ball and players) and collisions between them. The
simulation is simplified so that it is easy to calculate
the changes in real-time, but the essence of soccer is
not lost.

The simulator works independently of communica-
tions with clients. Therefore, clients should assume
that situations on the field change dynamically.
Referee: The server has a referee module, which con-
trols each game according to a number of rules. In the
current implementation, the rules are: (1) Check goals;
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Figure 2: Screen of Soccer Server

(2) Check whether the ball is out of play; (3) Control
positions of players for kick-offs, throw-ins and corner-
kicks, so that players on the defending team keep a
minimum distance from the ball.

Judgments by the referee are announced to all clients
as an auditory message.

Visualization

While the soccer server only provides 2 dimentional
visualization, an indepdendent server and browser sys-
tems provide 3 dimensional visualization. We have
developed a broadcast server (VS server) for the soc-
cer server which convert data from the soccer server
into data necessary to display in 3D animation. Con-
verted data is broadcasted to Virtual Reality Modeling
Language (VRML) browser software, CyberPassage, so
that viewers can observe games with 3D animation. In
addition, CyberPassage’s 3D navigation capability en-
ables viewers to navigate anywhere in the soccer field.
The overall architecture of the soccer server and the
visualization system is shown in Figure 3.

Summary

In this paper, we proposed a RoboCup as a new stan-
dard AI problem. RoboCup provides rich research is-
sues for a wide range of Al and robotics studies. Build-
ing robot soccer team would require a comprehensive
research for the integration of broad range of technolo-
gies as well as fundermental breakthrough on some of
key issues in agent design. We are currently invit-
ing participation to this initiative, in order to define
rules of play, develop a common research environment,
and to host competitions and workshops. We wish
RoboCup initiative would play an important role in
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Figure 3: The Architecture of Simulator and Visual-
ization System

promoting the state-of-the-art in Al and robotics re-
search.

RoboCup Information
Web: http://www.robocup.org/RoboCup

International Mailing-List:
RoboCup@csl.sony.co.jp (Unmoderated) To reg-
ister, send e-mail to majordomo®@csl.sony.co.jp,
with a content line subscribe robocup.
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