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Abstract

Robotic soccer involves multiple agents that
need to collaborate in an adversarial environ-
ment to achieve specific objectives. In this
paper, we describe the robotic agents and
architecture that we have developed to en-
ter RoboCup-97. The framework integrates
high-level and low-level reasoning as an over-
all wireless communication system of small-size
robots, an overhead vision camera for percep-
tion, a centralized interface computer, and sev-
eral clients as the minds of the robot players.
We present the mobile robot platform specifica-
tions, the different communication servers and
links, the vision processing algorithm, and the
control code that enables strategic collabora-
tion between teammates.

1 Introduction

As robots become more adept at operating in the real
world, the high-level issues of collaborative and adver-
sarial planning and learning in real-time situations are
becoming more important. An interesting emerging do-
main that i1s particularly appropriate for studying these
issues is Robotic Soccer. Although realistic simulation
environments exist [Noda, 1995; Sahota, 1993] and are
useful, it is 1important to have some actual physical
agents in order to address the full complexity of the task.

Robotic Soccer is an exciting domain for Intelligent
Robotics for many reasons. The fast-paced nature of the
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domain necessitates real-time sensing coupled with quick
behaving and decision making. Furthermore, the behav-
iors and decision making processes can range from the
most simple reactive behaviors, such as moving directly
towards the ball, to arbitrarily complex reasoning pro-
cedures that take into account the actions and perceived
strategies of teammates and opponents. Opportunities,
and indeed demands, for innovative and novel techniques
abound.

One of the advantages of the Robotic Soccer domain is
that it enables the direct comparison of different systems:
they can be matched against each other in competitive
tournaments. In particular, the system described here
was designed specifically for RoboCup97 in which sev-
eral robotic teams from around the world are competing
on an “even playing field.” [Kitano et al., 1997]. The sci-
entific opportunities involved in this effort are enormous.
Our particular scientific focus is on Multiagent Systems
coupled with collaborative and adversarial learning in an
environment that requires real-time dynamic planning.

Along with the real robot competition, RoboCup97
will also include a simulator-based tournament using
the Soccer Server system designed by Noda [Noda,
1995]. While we continue working on our real-world
system, we have been concurrently developing learn-
ing techniques in simulation [Stone and Veloso, 1997;
1996]. We eventually hope to transfer these learning
techniques to the real system as we develop a complete
Robotic Soccer architecture.

This paper describes the overall architecture of our
robotic soccer system. The combination of robust hard-
ware, real-time vision, and intelligent control code repre-
sented a significant challenge which we were able to suc-
cessfully meet. While the hardware and vision systems
have been fixed for the current version of the robots, we
continue to improve the robot control code.

2 Overview of the Architecture

The architecture of our system addresses the combina-
tion of high-level and low-level reasoning by viewing the



overall system as the combination of the robots, a vi-
sion camera over-looking the playing field connected to a
centralized interface computer, and several clients as the
minds of the small-size robot players. Figure 1 sketches
the building blocks of the architecture.
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Figure 1: Our Robotic Soccer Architecture as a Dis-
tributed Deliberation and Reacting System.

Interface

Our architecture implements the overall robotic soc-
cer system as a set of different platforms with different
processing features. The small-size robots perform the
physical navigation actions, decode commands, and can
respond to positioning requests. Off-board computers
perceive the environment through a camera, perform the
high-level decision making and send commands to the
small-size robots. Communication in our current sys-
tem is done by radio frequency (RF). The complete sys-
tem 1s fully autonomous consisting of the following pro-
cessing cycle: the vision system perceives the dynamic
environment, namely the positioning of the robots and
the ball; the image is processed and transferred to the
host computer that makes the perception available to the
client modules; based on the perceived positioning of the
agents and any other needed information about the state
of the game (e.g. winning, losing, attacking), each client
uses its strategic knowledge to decide what to do next;
the client selects navigational commands to send to its
corresponding robot agent; these commands are sent by
the main computer to the robots through RF communi-
cation using the robot-specific action codes. Commands
can be broadcast or sent directly to individual agents.
Each robot has a self identification binary code that 1s
used in the RF communication. This complete system is
now fully implemented.

Figure 2 shows the architecture as a layered functional
system. The protocols of communication between the
layers are specified in terms of the modular inputs and
outputs at each level.

Commands include positioning requests and naviga-
tion primitives, such as forward, backward, and turning
moves at specific speeds. We may provide the small-size
robots with transmitting ability for direct communica-
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Figure 2: (a) The functional layers of the architecture,
and (b) strategic level decomposition.

tion between agents and some local sensing capabilities.
We will consider these alternatives based on the empiri-
cal experience that we are currently gathering using the
vision camera. We illustrate now our work along the dif-
ferent aspects of the architecture. Section 3 describes the
low level hardware including everything from the actual
robots to the control code interface. Section 4 details the
method by which the robots obtain their sensory inputs.
Section 5 presents the strategic robot behaviors.

3 The Hardware

We define the hardware component of the system as
the actual robots coupled with the systems that directly
manage the radio link between the off-board computer
and the robots. These systems include an off-board mi-
crocontroller and a command server.

3.1 The Robots

The robots are built using two coreless DC motors (dif-
ferential drive) with built-in magnetic encoders. The
various speed and acceleration values are obtained by
two specialized motion control processors (PID) which
are controlled by a 8-bit micro-controller.

The robots are equipped with an on-board two-way
radio link, which allows for data exchange with an off-
board processing unit. This wireless communication link
also enables sending and receiving data to and from other
robots at speeds of up to 40 Kbit/s.

Dimensions
e Length: limited by the size of the circuit board,
which is 9.4cm; actual length depends on the frame.

e Width: limited by the size of the wheels and motors’
axis, which 1s 9.4cm.

e Frame: we have three sizes of frames, namely a
base frame — 12cm X 12cm, the elongated frame
— 18cm x 10cm, and a wide frame — 15cm x 12cm.



e Height: 12 cm
o Weight: 1.5 1b

The base frame allows for various configurations of
the final external frame. The frames are articulated at
the edges and made of perforated steel strips and sheets.
The flexible frame structure allows for the easy access to
the components and easy development of variations of
frames, as a function of the purpose of the robots.

Around 60% of the robot weight is made up by the
battery packs. We are currently contemplating the pos-
sibility of using very low power Surface Mount Technol-
ogy (SMT) devices, in order to get smaller printed circuit
boards and lighter battery packs. Decreasing the weight
of the robots would alleviate the load on the motors,
allowing them to move faster.

Electronics
o CPU: 8-bit micro-controller

e Run Time: 2.5 hours, with full-charged batteries

e On-board memory: 512 bytes RAM, 2 Kbyte EEP-
ROM

e Radio: half-duplex FM 418 MHz

The current electronics are mounted on two separate
circuit boards: one of the dimensions of the main frame
includes the micro-controller, the motion processors, the
motor drivers, and the power supply circuitry; the other
one, of smaller dimensions, includes only the radio com-
munication circuitry.

The dimensions of the boards for the electronics could
be adapted to fit different shapes and sizes of the main
frame. More and smaller boards can be stacked inside
the main frame, making it possible to incorporate other
components if required. In addition, each robot has a
cover top with color code that enables detection by an
external camera (see Section 4).

On-board Power Source
The power supplies consists of three sets of batteries that
provide power to the different modules:

e Motors: powered by one 7.2V/1Ah NiCd Recharge-
able battery pack;

e Main Circuit Board: powered by one 7.2V/1Ah
NiCd Rechargeable battery pack;

e Radio: powered by one 7.2V/120mAh NiCd
rechargeable battery.

3.2 Off-board Microcontroller

Between the off-board computer, which handles the
robot control code, and the RF transmitter is a micro-
controller programmed to convert directional movement
commands (such as turn right 45 degrees or move for-
ward at a given speed) into the actual bytes that are

understood by the motor drivers. These bytes are then
encoded and padded with stabilizing bytes and a check-
sum to ensure maximum reliability in radio communica-
tion. Ultimately, if a particular command fails to execute
due to noise in the radio link, it is the job of the control
code to notice based on the sequential visual frames and
to re-send the command. But the protocol observed by
the off-board microcontroller allows for near 100% suc-
cess rates in command transmission. The conversion of
directional commands to transmissible bytes on a dis-
tinct off-board microcontroller servers the dual purpose
of freeing resources on the off-board computer and en-
suring that the time-critical RF transmission proceeds
without interruption.

3.3 Command Server

We created a Command Server for handling commands
from individual robot brains. The radio control proces-
sor 18 connected to the server computer via one serial
link. Thus individual brains from networked machines
must communicate to their robot bodies through the
server computer. One of the command server’s roles is to
collect and translate these commands and to send them
to the radio control processor.

The broadcast robot control mechanism used by the
radio control processor supports a 15 commands/sec
bandwidth to all the robots. We anticipate the com-
mand loop of individual brains to be much faster than
that. Therefore, another of the command server’s roles 1s
to queue and filter out outdated commands. The brains
are the most complex part of the system. When they
use reactive control, this mechanism simplifies the pro-
gramming task.

4 The Vision System

The RoboCup small robot league limits the size of each
robot to the equivalent area of a 15cm diameter circle.
Although it is possible to fit an on-board vision system
into such a small volume, due to time limits, we have
opted for a global vision system instead. We hope to in-
corporate an on-board vision system in a future revision
of our robots.

The vision requirements for robot soccer has been
examined by many researchers [Sahota et al., 1995;
Sargent et al., 1997]. Systems with on-board and off-
board types have appeared in recent years. All have
found that the reactiveness of soccer robots requires real-
time vision processing. However, due to rich visual in-
put, researchers have found that dedicated processors
or even DSPs are often needed [Sahota et al., 1995;
Asada et al., 1996]. Our approach to such a problem is
more simplistic. We have acquired a fast framegrabber
board that can perform visual captures at frame rate.



By engineering the input scene in an appropriate man-
ner, we found that a fast general purpose processor (a
166MHz Pentium processor) is adequate for the task.

4.1 Detection and Association

Following the techniques used by many teams in
MIROSOT [Stone et al., 1996), we have decided to use
color as a cue for the vision system to detect. This color-
based system allows the use of fixed color space thresh-
olds to segment the different colors into regions.

Each robot is fitted with two colors to differentiate
the team and the orientation. We considered using dif-
ferent colors for each robot. However, we found that
our detection is reliable enough that we are able to use
the minimum distance from the previous frame to retain
association.

4.2 Tracking and Prediction

In the setting of a robot soccer game, the sole ability
to detect the location of objects in the field is often not
enough. Like real soccer players, it is often useful and
necessary to have the ability to predict future locations of
the ball (or even the players). We have utilized a Kalman
filter for such a purpose[Han and Veloso, 1997]. The
Kalman filter is very suitable for such a purpose since
the detection of ball’s location is noisy. The Kalman
filter takes into account the existence of such noise and
gives a best estimate.

5 The Robot Control Code

The robot control code itself consists of several different
behavior levels as summarized in Figure 2 [Stone and
Veloso, 1997]. First, there is reactive control code which
enables the robot to move to a goal location—either a
fixed position on the field or a moving target such as the
ball. This reactive control is embedded within an obsta-
cle avoidance routine which allows the robots to avoid
both teammates and opponents on the way to their tar-
get positions. More complex than moving to a particular
point is the ability to approach a target from a specified
direction as required if the robots are to accurately con-
trol the ball. Finally, we describe the robots’ mechanisms
for action selection and strategic coordination.

5.1 Reactive Control

We use close loop reactive control for the low level move-
ment of our robots. The control strategy follows a modi-
fied version of a simple Braitenburg vehicle [Braitenburg,
1984]. The Braitenburg love vehicle defines a reactive
control mechanism that directs a differentially driven
robot to a certain destination point (goal). We require
a similar behavior for our robots. However, the love ve-
hicle’s control mechanism is too simplistic and, in some
start configurations, tends to converge to the goal very

slowly. For a robot with two distance-to-goal sensors
(which we simulate using vision), we have designed the
following reactive control formulae:

« - sin(6)
3 - cos(6)

translational velocity =

rotational velocity

where @ = direction of target
relative to robot
a = base translational velocity
B = base rotational velocity

This set of control formulae differs from the love ve-
hicle in that it takes into account the orientation of the
robot from the goal and explicitly adds rotational con-
trol. The rotation and translation parameters can be
transformed to differential parameters by a simple lin-
ear transformation.

5.2 Obstacle Avoidance

If there is an obstacle between the robot and its goal
location, the robot must find an alternative path to its
goal. Due to the highly dynamic nature of this domain,
our approach to path planning is close loop control by
which the robots continually replan their goal positions
around obstacles. In the event that an obstacle blocks
the direct path to the goal location, the robot aims to
one side of the obstacle until it is in a position such that
it can move directly to its original goal. Rather than
planning the entire path to the goal location at once,
the robot just looks ahead one step under the assumption
that other robots are continually moving around.

5.3 Ball Handling

If a robot is to accurately direct the ball towards a target
position, it must be able to approach the ball from a
specified direction. Using the ball prediction from the
vision system, the robot aims at a point on the far side
of the target position. The robots are equipped with two
methods of doing so:

Ball Collection Moving behind a stationary ball and
knocking it towards the target.

Ball Interception Waiting for the ball to cross its path
and then intercepting the moving ball towards the
target.

When using the ball collection routine, the robot
draws a line from the ball’s current position (or a pre-
dicted future position in some cases) to the target posi-
tion. The robot then plans a path to a point on the line
and behind the ball such that it does not hit the ball
on the way and such that it ends up facing the target
position.



When using the ball interception routine, on the other
hand, the robot draws a line from itself to the target po-
sition and determines where the ball’s path will intersect
this line. The robot then positions itself along this line
so that 1t will be able to accelerate to the point of inter-
section at the same time that the ball arrives.

In practice, the robot chooses from between its two
ball handling routines based on whether the ball will
eventually cross 1ts path at a point such that the robot
could intercept it towards the goal. Thus, the robot gives
precedence to the ball interception routine, only using
ball collection when necessary. When using ball collec-
tion, it actually aims at the ball’s predicted location a
fixed time in the future so as to eventually position itself
in a place from which it can intercept the ball towards
the target.

5.4 Formations

At any given time, each of the robots plays a particular
position on the field. Positions are defined as flexible re-
gions within which the player attempts to move towards
the ball. For example, a robot playing the “right-wing”
(or “right forward”) position remains on the right side
of the field near the opponents’ goal until the ball comes
towards it.

The pre-defined positions are known to all players
and collected into formations, which are also commonly
known. An example of a formation 1s the collection of
positions consisting of the goaltender, one defender, one
midfielder, and two attackers. Although, the formations
and positions are known to all robots, neither are static.
Robots can switch positions during the course of the
game and they can also switch formations entirely as
a team. The conditions for switching positions and for-
mations are decided upon in advance, in what we call a
“locker-room agreement,” in order to eliminate the need
for complex on-line negotiation protocols.

5.5 Active modes

Although the default action of each robot i1s to go to
its position and face the ball, there are several active
modes from which the robot must choose. The default
position-holding behavior occurs when the robot is in an
wmactive state. However, when the ball is nearby, the
robot changes into an active state. In the active state,
the robot moves towards the ball, attempting either to
pass it to a teammate or to shoot it towards the goal
based on an evaluation function that takes into account
teammate and opponent positions (see Section 5.7). A
robot that is the intended receiver of a pass moves into
the auziliary state in which it tries to intercept a moving
ball towards the goal. Finally, the robots in the goalie
and defender positions remain in special goaltend and
defend states. Figure 3 summarizes the different active
modes and their associated behaviors.

Active Mode Behavior
inactive Go to position
active pass or shoot
auxiliary recelve pass
goaltend defend the goal
defend defend and clear

Figure 3: The different active modes available to the
robots.

5.6 Goalie and Defender

The goalkeeper’s and defender’s main role is to prevent
the ball from entering the goal. We have designed a pair
of position behaviors that complement each other. The
defender constantly tries to stay in between the ball and
the goal’s center line. Whenever it detects a ball moving
directly towards it, it turn to clear the ball forward to
the attackers. Behind the defender, the goalie aims to
always be directly even with the ball’s lateral coordinate
on the field.

Ideally, simply staying even with the ball would guar-
antee that the ball would never get past the goalie. How-
ever, since the robots cannot accelerate as fast as the
ball can, it would be possible to defeat such a behavior.
Therefore, the goalie continually monitors the ball’s tra-
Jjectory, moving to its destination point ahead of time in
the event that the ball is moving towards the goal.

5.7 Attackers

As mentioned above, when in active mode, the robots use
an evaluation function that takes into account teammate
and opponent positions when determining whether to
pass the ball or whether to shoot. In particular, as part
of the formation definition, each position has a set of
positions to which it considers passing. For example, a
midfielder might consider passing to both forwards, while
a forward would consider passing to other forwards, but
not backwards to a midfielder.

For each such position that is occupied by a teammate,
the robot evaluates the pass to that position as well as
evaluating its own shot. The algorithm is as follows:

1. Initialize the value of the pass as the ratio of the
passer’s distance to the (opponents’) goal to the re-
ceiver’s distance to the goal. Thus passes to players
closer to the goal are preferred.

2. Draw the line segments from the ball to the receiver
and from the receiver to the goal. For each opponent
that is within a short distance from these segments,
discount the value of the pass in inverse proportion
to the opponent’s distance from the line segment
and in direct proportion to the opponent’s distance
from the ball. Thus the pass is discounted according



to how easily an opponent would intercept the pass
or the subsequent shot.

3. Return the discounted value.

Shots are evaluated using exactly the same algorithm
with the passer and the receiver considered as the same
robot. Thus step 1 initializes the value of all shots to
1, and step 2 only considers opponents along the line
segment from the ball directly to the goal.

Attackers pass or shoot based on the maximum of the
values returned for their different potential receivers and
for their own shots.

6 Conclusion

The engineering present within this system represents a
significant improvement over our previous implementa-
tion in many respects [Achim et al., 1996]). The vision
processing is at least b times faster; the robots move
faster and more smoothly; and the behaviors are more
complex and effective. Although several 3-robot teams
have been implemented in the past [Stone et al., 1996],
the system described in the paper is among the first im-
plemented 5-robot teams (along with several of the other
RoboCup-97 entries). Having the two additional robots
enables several more interesting and effective multiagent
behaviors than were previously possible. Our current
system represents a significant step forward in the world
of cooperative robotics situated in real-time, dynamic,
adversarial environments.
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