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Abstract. It has been an ultimate long-time dream in robotics and Al fields to build robotic
systems with life-like gpearance, behaviours and intelligence, reflected by many science
fiction bods and films. Thisis also an extremely challenging task. This paper introduces
our current research efforts to build a multi-agent system for cooperation and learning of
multi ple life-like robots in the RoboCup damain. A behaviour-based hierarchy is proposed
for the Essx Rovers robat football team to achieve intelligent actions in red time, which
includes both a neural network based color detection algorithm and a fuzzy logic controller.
Preliminary results based onlegged locomotion experiments of Sony walking robots were
presented.
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1. Introduction

Recently the successof the Honda Humanoid robots P1 and P2 has demonstrated the technical feasibility
of building life-like robots [3] [14]. At the same time, the advanced-legged robads have been recently
annourced by Sony at Japan, which resemble the basic behaviour of dogs [7]. These robatic pets have
been equipped with al the necessary hardware such as the brain, sensors and actuators. Their software
enables them to have anotions, ingtincts, learning ability and cgpability to mature [8]. Each Sony robot
turns out differently, as its behavioral patterns continucusly change. This is because Sony roba acts
based uponits feeling and instincts then learns from the results of experience urtil maturing [16]. In a
goodmood, it may entertain you with its favorite performance such as stretching and chasing, whereasin
abad mood, it will lie onthe floor and do rothing at al except sleep.

These eciting new robots not only establish a new dimension for the Robot Entertainment industry
[7], but also provide complete new testbed for robatics and Al researchers to work on many fundamental
research isauies such as behaviour adaptation, human-like thinking, evolution, and learning [17][18].
These will also provide a grea potential for successul robotic systems in industry and damestic
applications. More spedficdly, the Sony Legged roba League is an international robot football game
that has been launched recently based on Sony legged robas [13]. Thisis a very challenging task since



the robot posture and its head position constantly change during legged locomotion. Also the planning
and control of ateam of walking robots is extremely complex.

RoboCup provides a dhallenging environment for reseach in systems with multiple robots that need to
achieve concrete objectives, particularly in the presence of an adversary team [12]. The methods to
hande the complexity within the RoboCup damain include acentralized approach and a decentralized
approac [1]. More specificaly, in a entralized approach planning and decisiornrmaking functions are
handed by a single mntrol center. Each mobile robot contains few simple sensors for control and
guidance, the actuators for operation, and the communication facilities for data exchange with the control
center. All the movements of mobile robds in the system are controlled from the control center and
conflicts among multiple robots are emsily solved. This method has been widely adopted in
manufaduring industry and warehouses where multiple mohil e robots are used to transfer parts and clean
warehouses [9]. One mgjor disadvantage of the system is that the whole system will stop functioning
immediately if the control center fails.

In contrast, a decentralized control method is to equip each mobile robat with multiple sensors and
embedded computers in arder to sense its environment, buld maps, and plan actions [3]. In any
unforeseen situation, the robot is able to plan anew path o find a solution withou waiting for commands
from the @ntrol center even if there is one. The function d the control center is only limited to the
broadcasting of traffic flow information received from all robas and the dlocation of tasks in the system.
Inter-roba communicaion becomes necessary since ampetition for resources sould be avoided and
sharing experience ®uld improve system performance This paper is to address how to adopt the
decentralized approach to ateam of Sony walking robdsin the RoboCup damain.

The rest of this paper is structured as follows. In the next section the Sony legged robots and their
environment are briefly introduced. Section 3 describes the agent architecture of our Essex Rovers team
and a number of roba behaviours being defined, including bath low-level behaviours for autonamy and
high-level behaviours for cooperation. Object recognition and colour learning are presented in section 4.
Sedion 5 addresses the mation control problems in the locomotion of quadruped walking robas, with

initial experimenta results. Finaly, brief conclusions and future work are summarized in section 6.

2. Sony Robots and RoboCup L egged Robot L eague
2.1Life-like Robots

Each Sony legged robot has dog-like gppeaance and a quadruped design, approximately 30cm long and
30cm tall including the head. The merit of the quadruped configuration has two folds: one is that the
roba has superior static and dynamic stability as opposed to a biped robot, and ancther is that two front
legs can be used to express emotion and communicate with other robots or human. The nedk and four
legs of each Sony legged roba have 3 degrees of freedom (DOFs). The nedk can pan amost 90 degreeto



ead side to scan around the surrournding for interesting objeds. The head/neck modue has 3 DOFs,
alowing the heal to roll, pitch and yaw. Importantly, the robot has an internal gyroscope and
acclerometer, and is ableto return to a standing posture after afall by using the legs to tilt the body from
whatever side it has fallen on.A total of 18 degrees of freedom makes Sony legged robas exhibit rich
body languages, including joy, sorrow, anger, surprise and fea, as down in figure 1. Also they can
expresstheir emotion and internal states by emitting sound or blinking their eye lamps. the red lamp

means anger and the green lamp means happy [16].
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back

Figure 1 Rich body languages exhibited by Sony AIBO roba [16]

The Sony robot has a specially designed color CCD camera on-board, cgpable of 492x3%4 pixel
resolution at a wlor depth of 24 bits. There is an IR range finder for range detedion, as well as gereo
microphores and loud spedkers for inter-roba communication. The robots are controlled by ore
embedded 64bt R4000 RISC procesoor with over 100 MIPS performance. A vision-processng chip is
able to perform user calibrated colour detection onthe images it receives. The dedicated ASIC modues
are used to make the robot small in size and in power consumption[12]. Thereis aso an 8B of DRAM
chip install ed in the robot and upto 16MB Sony memory stick as a storage device

Sony Corporation has proposed a standard interface, namely "OPEN-R", for the entertainment roba
systemsin general [7]. Thisinterface expandsthe capability of the entertainment robot through aflexible
combination d hardware and interchangeeble software to suit various applications [8]. Currently, Sony
robas, AIBO ERS-110, conform to the specification of OPEN-R version 1 [16]. The development
system for Sony legged robads is called Aperios which suppats the objed oriented programming
paradigm from the system level with severa types of message passing among objects [13].



2.2RoboCup Legged Robot League

The environment for these robots in the RoboCup event is a playing field with the dimension of 3min
length and 2m in width. At each end of the field there is a goal that is 600mm wide, 300nm high and
350mm deep. Thereis also a penaty area marked around each goal. Figure 2 shows that four Sony robots
are playing a game in the football pitch. The goas are cettered onboth ends of the field, with a size of
60cm wide and 3cm high. The colour of one goa is yellow and the colour of ancther goal is blue. Six
unique colored landmarks are placed around edges of the field, with one at each corner and ore on each
side of the halfway line. Each landmark is painted with two dfferent colors of which the pink color is
either at the top o landmarks on the one-side or at the bottom of landmarks on the other side. These
landmarks are used for robots to localize themselves within the field. The walls surrounding the field are
at 45-degree dant, with a small triangular slanted wall for each corner. These slanted wall s effectively
return the ball to the field when the ball is pushed against board. The bal, walls, goals, landmarks and
roba labels are painted with 8 different colors distributed in the ultraviolet color space so that they can
be essily distinguished by Sony robats.

Figure 2 Sony Legged roba league competitionin RoboCup

Like human football, robot football is played by two opp@ing teams, each of which has threerohots.
One of these robats plays the role of Goalkegoer who is the only robot allowed to remain within its own
penalty area. Each team of robots wears its own colour uniform -- either red or blue. The red team always
attadks the blue goal, and the blue team attadks the yell ow goal. The robots on the field have to function
autonamously, and noremote computer or vision system is allowed. Each game nsists of two halves.
Each half lasts for 10 minutes, not including penalty time. When two or more robots become entangled



during the match, the referee is alowed to pdl al robots a small distance goart so that no advantage
shoud be given to either team.

To enable Sony legged robas to play foatball, we have to train each Sony robot to gain the basic
behaviours for kicking, dribbling and passing the ball by using their legs. To win the game, the
cooperative behaviours are also needed for ateam of Sony robots to doteam formation and strategy.

3. Agent Architedure of Es®x Rovers

The main objective for our Essex Rovers team is to build a firm research platform on which future work
on multi-agent systems can be done. Currently, a multi-agent approach is adopted here to achieve real-
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Figure 3 Agent architedure for the Essex Rovers team

3.1Modular Design

The moduar architecture is adopted in overall agent implementation as iown in Figure 3. More
specifically:

- Perception -- This modu e includes a multi-sensor system and alocad map. The sensors being used are a
color vision system, a P (Position Sensitive Device), five touch sensors, 18 gotical encoders, two
microphores, and 3 gyros. Incoming visual, proximity, ranging and auditory information is processd
by on-board computer. Neural networks based CDT (Color Detection Table) is used to handle
uncertain and changing lighting condition as shown in figure 4. A local map isthen bult and yodated
dynamicdly aslong as new sensory datais available.

- Action -- This modue includes one speaker and 18micro servomotors. Ead leg has threejoints driven
by threeservomotors. The synchronization of quadruped legs for each robd is extremely important for
roba actions such as kicking the ball and moving towardsthe goal. A fuzzy logic controller in figure 5
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is used here to ded with urcertainty in sensory data and imperfect actuators. The spe&ker is used to
communicate with teammates for team formation and cooperation.

- Cognition -- This modue consists of both high-level behaviours for learning and team formation and
low-level behaviours for safeguard and game playing. Thisis atypical hybrid architedure [17] that is
to merge the alvantages of traditiona planning based approach and the behaviour-based approach.
Based oninformation from the perception modue, it selects an action to perform and sends the result
to the Actuators modue for exeaution. This is the most complex modue since it does the “thinking”

and "reasoning" for each roba agent. More details are given in the next section.

Figure 4 Adaptive threshold for CDT

3.2 Agent Behaviours

A primary aim in the development of teams of co-operative mobil e robas in general, football robds in
particular, is to synthesis low-level basic behaviours and high-level cooperative behaviours of multiple
mohil e robots. Low-level behaviours enable individua robots to play arole in a specified task or game.
However, high-level behaviours enable ateam of mobile robots to accomplish missons that canna
easily be ahieved with individual robot [11]. Although many behaviours can be synthesized for the @-
ordination of multiple robots in general [2][6], only severa useful behaviours are identified in this
application, as down in Figure 6. The behaviours can be in general categorized into two levels as

follows;

L ow-level behavioursfor mobility

- Safeguard behaviour — to keep a safe distance anong mobile robots during competition, and to
proted robots from colliding with ather oljects.

- Game-playing behaviours —to enable each robot to play arole in the competition, including kicking
the ball, dribbling the ball, passing the ball, intercepting and shooting the goal.

High-level behavioursfor cooperation

Communicéion kehaviour — to reali ze inter-roba communication by either an explicit way using
loud speders and microphores when possible or an implicit way by observing the motion d other
robas [4][10].
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Figure 5 Fuzzy logic controll er Figure 6 Robot behaviour hierarchy

- Position selection —to find out where eab robot is and where is the goal in order to position itself at
the optimal position at any moment. This is areadive planner to generate locally optimal strategies
to drect the low-level behaviours of each roba. It is very important for each robot to play an
effediverolein the competition.

- Formation behaviour — to enable multiple robots to form a tean where each robot makes its own
contribution towards a common goal [4]. Note that the role of each roba should be @le to swap
dynamicaly in order to achieve optimal performance

- Leaning behaviour — to learn from its own experience and from other mobhil e robots. Thisis a key
factor for each roboat to improve its performance under an uncertain and dynamic environment [15].
Leaning here includes both evolving fuzzy rules for low-level behaviours and searching optimal
parameters for high-level reactive planning [17].

Additional cooperative behaviours can be synthesized duing the next stage of our reseach, for

instance homing behaviour and role switching behaviour. This sould be easy to implement in ou

moduar design.

4. Objed Detection and Colour Learning

During a football game, the objeds for each robot player to identify include the ball, six markers, two
goals, teammates, and oppanents with 8 different colours. The task of the on-board vision system is to
report the robot's location relative to the robot local map. The image processing procedures are:
- Image cature — Sony legged roba provides the @mlour images in YUV space and each pixd in the
image is represented by 3 bytes of Y, U, and V values. It also provides 8 colour images after each



captured image being threshold by hardware. The hardware threshold makes use of 32Y levelsand
there are 2 thresholds for U and other 2 thresholds for V at each level. This will lead to 32
rectanglesin U and V frames for each colour. In order to select the thresholds for the hardware, we
developed a software tool that can manually label the different colour and find the thresholds
among the labelled pixels.

- Image segmentation — The threshold image may contain noise due to the luminance ®ndition, as

shown as in figure 7(b) and figure 8(b). We dhoose morphology filter to de-noise the image since
the detected dbject’'s dape is known a prior [11]. For a binary image, there ae two operators
normally used in amorphology filter, namely dil ation and erosion.

Dil ation: XAB= {pT E?:p=x+b,x] X.andbl B} (D

Erosion: XAB :{pT E?: p+bl X.for.everybl B} 2

where X isimage, B is structuring elements, and E* is 2-D image space In pradice, dilations and
erosions are usually employed in pairs, cdled opening and closing for different employing
sequence.

Opening: X B=(XAB)AB (3)

Closing: X -B=(XAB)AB (4)

Morphologically filtering an image by an opening or closing operation corresponds to the ideal
nonredisable band-pass filters of conventiona linear filtering. The image in figure 7(b) is
processed by closing operation and the result is shown in figure 7(c). Similarly, the image in figure
8(c) isgenerated by closing operation from figure 8(b).

- Image representation —Before the phase of object understanding, the similar adjacent pixels have to

be grouped into the mnnected regions. This is typically expensive operation that severely impads
rea time performance We @ culate the run length encoding (RLE) to represent the image in order
to make our next image operation based onRLE not onindividual pixels. Region identification can
be performed in two passes as follows.

PASSONE:

Use anew label for ead continuous runin the first row that is not part of the background.
If arunin arow does not neighbou any runin the previous row, assign anew label.

If arun reighbaurs precisely one runin the previous row, assign its labd to the new row.



- If the new run reighbours more than one run in the previous row, alabel collison has occurred.
Callision information is stored in an equivalence table, and the new run is labelled using the

labdl of any one of its neighbours.

PASSTWO:

- Seachthe RLE again and re-label the image acording to the eguivalencelabel information.

Image understanding: based on the labelled RLE, objects can be identified according to their shape,
size and position. For example, the maximum size blob located in the groundin the orange image
will bethe ball, as shown in figure 7(d) and figure 8(d).

(@) Origina image (b) After threshold (a) Origina image (b) After threshold

(c) Filtered image (d) Final object (c) Filtered image (d) Final object

Figure 7 Image Procesdng to findaball at hand  Figure 8 Image processing to find aball onthe pitch

5. Motion Control and Walking Experiments

One of the most important advantages of legged robas is their superior mohility and terrain adaptability
to wheeled/tracked mobil e robats. Legged robas only require afew discrete footholds to travel around
for off-road locomotion where the surfaces may be inaccessble to wheeled/tradked robots. To make such
atractive charaderistics more pradical, a motion control algorithm shoud be developed to search and
plan an optimum path and the foothold points, and to keegy dynamic stability on a rough terrain [18].
Although serious hardware limitations exist, teams with efficient coordination of quadruped leg motion
can have major advantages in the RoboCup Sony Legged roba competition.
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Figure 9 Joint co-ordinates of the front left leg

As the first step of our implementation, we started from the low-level motion control of the robat.
Each leg shoud be adjusted before their coordination. Figure 9 shows the left front leg of the Sony
roba. Asaume that the frame (x0, y0, z0) represents the root joint, and the frame (X2, y2, z2) is the knee
joint which has the mordinates (0, -a2, -d2) in the auxiliary frame (x1, y1, z1). The foot joint is located
in the frame (x3, y3, z3). Here we monsider atwo-joint link with joint angles g, and q,, which is rotated

arourd axes z0 and z2.

Thematrixes, A, for thistwo-joint link are:
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where a =6100mm a, =5.50mm a, =5362mm d, =1300mm

Then the leg' s direct kinematicsis:
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Two PID servo controllers are used in our experiment to drive two motors to rotate from 10° to 80°
arourd g,and q,. The wrrespording encoders' readings are recorded. The rotation of the robd's root
joint is plotted in figure 10 where the horizontal axis is the gycle time. The motion tragjectory of one of
the robot's fed is shown in figure 11. In contrast, figure 12 presents a motion trgjedory for one of the
roba legs. The experiments on synchronization of quadruped leg motion at different speeds for games
playing are aurrently carried out.
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Figure 10 Encoder readings from the root joint of one robot leg
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Figure 11 A motiontrajectory of one of the robot's fed

Figure 12 A motiontrajedory of one of the robot's leg
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6. Conclusions and Future Work

This paper presents a multi-agent system for Sony legged robots in the robat football domain in order to
investigate both behaviour coordination and emboded intelligence Each Sony robot requires sensor-
motor-skill sto shoot the ball, to dribble and passthe ball, to avoid serious crashes with ather players, and
so on. This is very chalenging task, as the strategies and behaviours of the opporents are uncertain.
Since Sony legged robds have very limited on-board computing power, many useful image processing
algorithms can not be alopted directly for real-time implementation. It remains a big challenge to
produce an effective vision algorithm for Sony robot to play a fast football game. At the same time, the
disadvantages of using legged robas is their moving spedl is not as fast as wheel-based robas. How to
improve motion speed isakey for success in the RobaCup challenge.

We ae aurrently investigating (i) how low-level behaviours guch as kicking, passing and intercepting
are effectively integrated with high-level behaviours, i.e. position seledion and team formation; (ii) what
data fusion agorithms are required to capture environment features effectively and dea with
uncertainties; (iii) how adaptation and learning algorithms doud be alopted to make robaic systems
more flexible in a dynamic environment. These tasks are not only useful in the RoboCup damain, but
aso significant important for many red-world applications. The alvantages of cooperative mobil e robots
over single amplex mobile robot include the potential for increased fault tolerance, smpler robot
design, and wide gopli cation domain.
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