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Abstract

The F ourth Rob otic So ccer W orld Championships w as held from August 27th to Septem b er 3rd, 2000,

at the Melb ourne Exhibition Cen ter in Melb ourne, Australia. In total, 83 teams, consisting of ab out 500

p eople, participated in Rob oCup-2000 and ab out 5,000 sp ectators w atc hed the ev en ts. Rob oCup-2000

sho w ed dramatic impro v emen t o v er past y ears in eac h of the existing rob otic so ccer leagues (legged,

small-size, mid-size, and sim ulation), while in tro ducing Rob oCup Jr. comp etitions and Rob oCup Rescue

and Humanoid demonstration ev en ts. The Rob oCup W orkshop, held in conjunction with the c hampi-

onships, pro vided a forum for exc hange of ideas and exp eriences among the di�eren t leagues. This article

summarizes the adv ances seen at Rob oCup-2000, including rep orts from the c hampionship teams and

o v erviews of all the Rob oCup ev en ts.

1 In tro duction

Rob oCup is an in ternational researc h initiativ e that encourages researc h in the �elds of rob otics and arti�cial

in telligence, with a particular fo cus on dev eloping co op eration b et w een autonomous agen ts in dynamic

m ultiagen t en vironmen ts. A long-term grand c hallenge p osed b y Rob oCup is the creation of a team of

h umanoid rob ots that can b eat the b est h uman so ccer team b y the y ear 2050. By concen trating on a small

n um b er of related, w ell-de�ned problems, man y researc h groups b oth co op erate and comp ete with eac h other

in pursuing the grand c hallenge.

Rob oCup-2000 w as held from August 27th to Septem b er 3rd, 2000, at the Melb ourne Exhibition Cen ter

in Melb ourne, Australia. In total, 83 teams, consisting of ab out 500 p eople, participated in Rob oCup-2000.

Ov er 5,000 sp ectators w atc hed the ev en ts. Rob oCup has b een adv ancing steadily , b oth in terms of size and

tec hnological lev el since the �rst in ternational ev en t in 1997 whic h included 35 teams [34, 1 , 6 ]. Sp eci�cally ,

Rob oCup-2000 sho w ed dramatic impro v emen t in eac h of the existing rob otic so ccer leagues (legged, small-

size, mid-size, and sim ulation), while in tro ducing Rob oCup Jr. comp etitions and Rob oCup Rescue and

Humanoid demonstration ev en ts.

In addition to the sim ulation-based and rob otic ev en ts, the Rob oCup-2000 w orkshop pro vided a forum

for exc hange of ideas and exp eriences among the di�eren t leagues. 20 oral presen tations and 20 p osters w ere

presen ted, from whic h four pap ers w ere nominated for the Rob oCup scien ti�c and engineering c hallenge

a w ards. These distinctions are giv en ann ually for the Rob oCup-related researc h that sho ws the most p oten tial

to adv ance their resp ectiv e �elds.

This article summarizes the adv ances seen at Rob oCup-2000. The follo wing 4 sections describ e the 4

so ccer-based comp etition leagues, including rep orts from the resp ectiv e c hampions, UNSW (legged), Cornell

Big Red (small-size), CS F reiburg (mid-size), and F C P ortugal (sim ulation). The next section in tro duces

�

Eac h section of this pap er represen ts the w ork of man y individiuals in addition to the listed author. Please see the references

for publications with complete author lists.
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Figure 1: The Legged Rob ot Platform.

Rob oCup Rescue|a disaster rescue based researc h e�ort designed to transfer Rob oCup-related researc h to

h umanitarian goals. Rob oCup Jr., the Rob oCup education e�ort aimed at sc ho ol c hildren is discussed in

the follo wing section. Sc heduled to debut as a full league in 2002, the Rob oCup h umanoid e�ort held a

demonstration in Melb ourne, whic h is describ ed in the next section. The article concludes with o v erviews

of the Rob oCup w orkshop and the 2 c hallenge a w ard winners.

2 The Son y Legged Rob ot League

Since Rob oCup-99, all participan ts in the Son y legged rob ot league ha v e b een using the quadrup ed rob ot

platform [52 ] whic h is similar to the commercial en tertainmen t rob ot AIBO ERS-110 (see Figure 1). The

setup and the rules of the Rob oCup-2000 legged comp etition w ere based on those of Rob oCup-98 [11 ]. Eac h

team has 3 rob ots, and the size of �eld is 1.8m x 2.8m. Ob jects suc h as the ball and goals are pain ted

di�eren t colors. In addition, there are 6 p oles with di�eren t colors at kno wn lo cations for self-lo calization.

As is the case in h uman so ccer, there are p enalties and regulations that go v ern the pla y . W e in tro duced t w o

c hanges from the previous y ear's rules in order to k eep the game 
o wing and to encourage dev elopmen t of

\team pla y" strategies. First, w e in tro duced an obstruction rule, b y whic h a rob ot that do es not see the ball

but is blo c king other rob ots is remo v ed from the pla y . Second, w e mo di�ed the p enalt y area and applied

the \t w o defender rule:" if there are t w o or more defenders in the p enalt y area, all but one is remo v ed. As

a result, the ball b ecame stuc k in the corner m uc h less frequen tly . Moreo v er, the c hampion team, UNSW,

implemen ted teammate recognition in order to a v oid obstructing a teammate that w as con trolling the ball.

12 teams from 9 coun tries w ere selected to participate in the Rob oCup 2000 Son y Legged Rob ot League:

Lab oratoire de Rob otique de P aris (F rance), Univ ersit y of New South W ales (Australia), Carnegie Mellon

Univ ersit y (USA), Osak a Univ ersit y (Japan), Hum b oldt Univ ersit y (German y), Univ ersit y of T oky o (Japan),

Univ ersit y of P ennsylv ania (USA), McGill Univ ersit y (Canada), Sw eden United team (Sw eden), Melb ourne

United team (Australia), Univ ersit y of Rome (Italy), and Univ ersit y of Essex (UK). The �rst 9 teams ab o v e

participated in the previous y ear's comp etition; the last 3 teams w ere new participan ts.

2.1 Championship Comp etition

F or the comp etition, w e divided the 12 teams in to 4 groups of 3 teams eac h. After a round robin within

in eac h group, the top 2 teams in eac h group pro ceeded to the �nal tournamen t. This y ear's c hampion is

UNSW, follo w ed b y LRP in second place, and CMU in third place.

One signi�can t impro v emen t this y ear o v er past y ears w as ball con trolling tec hnique. In Rob oCup-99,

the Univ ersit y of T oky o team in tro duced the tec hnique of prop elling the ball with the rob ot's head, whic h

can mak e the ball mo v e a longer distance than can an ordinary kic king motion. This y ear almost all the
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teams implemen ted their o wn heading motion. Another impressiv e ac hiev emen t for con trolling the ball w as

in tro duced b y UNSW. Their rob ots put the ball b et w een their fron t legs, turned to c hange their heading

while con trolling the ball, and then kic k ed (pushed) the ball with b oth legs. This tec hnique is v ery e�cien t

for sho oting the ball a long distance in a target direction.

2.2 Rob oCup Challenge

In addition to the c hampionship comp etition, ev ery y ear w e con tin ue to hold the \Rob oCup Challenge" as a

tec hnical routine comp etition. The c hallenge comp etition fo cuses on a particular tec hnology more than the

c hampionship comp etition. This y ear w e had 3 di�eren t tec hnical routine c hallenges: (1) a strik er c hallenge,

(2) a collab oration c hallenge, and (3) an obstacle a v oidance c hallenge.

The strik er c hallenge w as the simplest. The ball and one rob ot w ere placed in randomly selected p ositions

(and orien tation) on the �eld. The rob ot had to put the ball in the goal as quic kly as p ossible. If it w as

unable to do so within 3 min utes, then the distance from the ball to the goal at the end of that p erio d w as

measured. Note that the initial p ositions and orien tation w ere selected after all the teams submitted their

memory stic ks with their dev elop ed soft w are.

The collab oration c hallenge w as de�ned in order to encourage the dev elopmen t of a passing b eha vior.

There w ere t w o rob ots, one of whic h w as put in the defensiv e half of the �eld (passer); the other w as put in

the o�ensiv e half (sho oter). The passer and the sho oter had to sta y on their resp ectiv e halv es of the �eld,

and the sho oter had to kic k the ball in to the goal.

The obstacle a v oidance c hallenge w as also de�ned in order to encourage the dev elopmen t of team strategy

as w ell as the abilit y to a v oid a rob ot from the opp osite team. One rob ot and the ball w ere placed on the

�eld as in the strik er c hallenge. In addition, t w o obstacles|a teammate rob ot with a red uniform and an

opp onen t rob ot with a blue uniform|w ere placed at selected p ositions. The pla y er had to score a goal

without touc hing the obstacles. In b oth the collab oration and obstacle a v oidance c hallenges, the time to

score w as recorded.

In order to complete the tec hnical routine c hallenges, teams had to dev elop recognition algorithms for

other rob ots, the half line, the ball, and the goals. Lo calization w as also an imp ortan t tec hnology for the

c hallenges.

In the strik er c hallenge, 6 teams scored goals in an a v erage time of 90 seconds. In the collab oration

c hallenge, 6 goals w ere scored in an a v erage of 100 sec. In the obstacle a v oidance c hallenge, 4 teams scored

in an a v erage of 112 sec. All in all, ab out half of the participating teams w ere able to ac hiev e the ob jectiv es

of the 3 Rob oCup Challenge tasks. UNSW w on the c hallenge comp etition; Osak a Univ ersit y �nished second;

and CMU �nished in third place.

2.3 UNSW: Legged League Champion

UNSW w on the Rob oCup-2000 Son y Legged Rob ot League as w ell as the legged rob ot c hallenge ev en t. This

section giv es an o v erview of the tec hnical inno v ations b ehind their success.

2.3.1 Main Algorithm

UNSW divides the team in to t w o �eld pla y ers and one goalie. The �eld pla y er rob ots try to get b ehind the

ball and run at it. The �eld is divided in to regions and rob ots b eha v e sligh tly di�eren tly across regions.

There are 3 main skills: dribbling, head-butting, and kic king. The skill to b e executed dep ends on the

heading of the rob ot, the heading of the ball relativ e to the rob ot, and the region the rob ot is in. Near the

edge of the �eld, a slo w er and more \stable" w alk is adopted so the legs do not get stuc k on the edge.

The strategy of the goalie is to sta y close to the cen ter of the goal, facing the opp osition goal, while

lo oking for the ball. It lo calizes itself b y lo oking at the �eld mark ers. When it sees the ball, the goalie mo v es

forw ard to a �xed radial distance from the goal cen ter facing the ball. If the ball comes close enough the

goalie will mo v e forw ard and attempt to head-butt or kic k the ball a w a y from its o wn goal as if it w ere a

�eld pla y er. T o a v oid an o wn goal, the goalie turns clo c kwise if it is on the righ t side of the goal area and

coun ter-clo c kwise if it is on the left side. This skill not only ma y allo w the rob ot to �nd the ball, but also

has the e�ect of spinning the ball out to w ards the cen ter of the �eld.
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Figure 2: The soft w are arc hitecture of UNSW.

Regarding team pla y , UNSW pla y ers can recognize rob ots when they are close using vision and infrared

sensors. When a rob ot sees a teammate and the ball is not to o close, it bac ks up or w alks sidew a ys dep ending

on the heading of the teammate. When a rob ot sees an opp onen t, it tak es a more aggressiv e role: it do es

not sp end m uc h time getting b ehind the ball. If the rob ot is not facing its o wn goal, it runs at the ball in

an attempt to tak e the ball a w a y from the opp onen t.

UNSW has four main comp onen ts to its soft w are arc hitecture (See Figure 2).

1. A vision system whic h uses color tables to recognized blobs, con v erting them to ob jects suc h as b eacons,

goals or the ball. Metrics suc h as direction and distance are generated at the same time.

2. A lo calization routine whic h up dates the p osition and direction of the rob ot eac h time �eld ob jects are

recognized and eac h time the rob ot mo v es.

3. A parameterized w alking routine whic h driv es the legs and head e�ectors based on directions from the

strategy mo dule.

4. A strategy mo dule whic h com bines v arious skills or b eha viors that ha v e b een co ded using a hierarc hical

rule based format.

2.3.2 Vision System

The images captured b y the rob ot's camera are initially represen ted as a YUV image. The Y (in tensit y of a

pixel) plane (0-255) is divided in to 14 di�eren t planes. F or eac h plane, UNSW tries to dra w a p olygon to �t

the training data for eac h color. So for eac h plane, there is one bitmap �le for UV v alues (color comp onen ts

of a pixel) based on the p olygons.

The YUV image is con v erted in to a C-plane. UNSW uses a fast algorithm to form color blobs in the

C-plane. Note that they set the color bitmap �les in suc h a w a y that eac h pixel gets classi�ed as one color

only , i.e., p olygons do not o v erlap. Using the recognized blobs, UNSW calculates sizes and cen troids to form

ob jects. There are also some \sanit y c hec ks" to thro w a w a y spurious data or un w an ted ob jects.

Regarding the color calibration, a color class is de�ned for eac h of the b eacon, rob ot mark er, goal and

ball colors. Eac h of the 25 sample images has its 88 x 60 pixels man ually classi�ed b y color. This somewhat

time-consuming exercise, whic h needs to b e rep eated ev ery time ligh ting conditions c hange, pro vides the

training data (y-v alue, u-v alue, v-v alue, color class) necessary to learn a more general color classi�cation

h yp othesis.

First, a scatter diagram is dra wn for eac h color from the training data sho wing the u-v v alues for di�eren t

ranges of y-v alues. Instead of restricting the color class h yp othesis space to u-v rectangles used b y some

others, non-o v erlapping p olygons are �tted using an iterativ e pro cedure whic h expands a smaller p olygon to

4



include most of the training data for eac h color and eac h range of y-v alues. A p olygon is a m uc h b etter �t

to the t ypically w edge shap ed color clusters eviden t in the scatter diagram. If the p olygons for the v arious

y-ranges are stac k ed up on top of eac h other a 3D solid emerges represen ting eac h color class in YUV space.

The learned three dimensional YUV arra y for the color classes is stored in a table on the memory stic k

allo wing the rob ot to quic kly classify pixels from new images b y lo oking up whic h color class the pixel b elongs

to from its YUV v alue.

2.3.3 Lo calization

UNSW's lo calization main tains 3 v ariables: x,y co ordinate and heading of the rob ots. Beacons and goals are

�xed. When a rob ot sees a b eacon, it kno ws the heading of the b eacon and based on the size, it estimates

the distance. If it sees t w o b eacons, then it uses a triangular form ula to calculate its p osition. If it sees only

one b eacon, it adjusts its p osition based on the heading and distance of the b eacon and where it thinks it is

on the �eld.

2.3.4 Lo comotion

The lo comotion uses a trot gait (diagonally opp osite legs lifting sim ultaneously). The pa ws are driv en in a

rectangular lo cus calculated to giv e the rob ot a constan t v elo cit y o v er the ground. The orien tation and size

of the lo cus of the v arious legs determines whether the rob ot mo v es forw ard-bac kw ard, left-righ t or turns on

the sp ot. Head mo v emen ts are driv en at the same time but indep enden tly from the legs.

2.3.5 Strategies

When the rob ot is far a w a y from the opp onen t's goal, the rob ot do es not ha v e to line up the ball and the

goal to go for the ball. All it needs to do is kno c k the ball to the other half. But, when it's near the goal it

tak es a di�eren t approac h. It alw a ys tries to line up the goal and the ball and uses the dribbling skill.

3 The Small-Size Rob ot League

Small-Size rob ot teams consist of up to 5 rob ots that can eac h �t in to an area of 180 cm

2

(hence the

alternativ e name F orm ula 180 or F180). The rob ots pla y on a green-carp eted table-tennis-sized �eld with

sloping w alls. The rules p ermit a camera to b e p erc hed ab o v e the �eld to b e used with an o�-�eld computer

for a global vision system. This system is used to trac k the pla y ers, opp onen ts and the ball. During a game

the rob ots use wireless comm unication to receiv e trac king information from the o�-�eld computer as w ell

as commands or strategic information. No h uman in terv en tion is allo w ed except for in terpretation of the

h uman referee's whistle.

The F180 games are exciting to w atc h as these rob ots can mo v e quickly . The orange golf ball used as the

so ccer ball is prop elled at sp eeds of o v er 3 m/s b y ingenious kic king mec hanisms. With the precise visual

information from the global vision system the rob ots themselv es can mo v e at sp eeds o v er 1 m/s with smo oth

con trol. Nev ertheless, rob ots mo ving at these sp eeds can and do ha v e sp ectacular collisions. In ten tional

fouls can lead to rob ots b eing sen t from the �eld under the shado w of a red card.

The need for sp eed and con trol has giv en the small-size league a reputation as the \engineering" league.

Engineering disciplines including electro-mec hanical design, applied con trol theory , p o w er electronics, digital

electronics and wireless comm unications ha v e b een the dominating factors in success in this league o v er

recen t y ears. Successful teams ha v e t ypically demonstrated rob ot sp eed and p o w erful kic king rather than

elegan t ball con trol and sophisticated team strategies.

3.1 Rob oCup 2000

Sixteen teams from nine di�eren t nations comp eted for the Small-Size Champion's troph y . The early rounds

of the con test demonstrated the depth of the league, with some qualit y teams b eing eliminated during the

round robin section. In particular, the MuCo ws from Melb ourne Univ ersit y , Australia ac hiev ed remark able

p erformance in their �rst y ear in the con test but w ere unluc ky to lose in a high class group. As w ell as solid
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all-around p erformance, the team from Melb ourne sho w ed their engineering skill with a high-bandwidth, lo w

p o w er comm unications system that w as seemingly imm une to the problems exp erienced b y most comp etitors.

Three Small-Size teams c hose not to use the global vision system; instead these teams relied on on-b oard

vision capture and pro cessing to sense the en vironmen t. These teams demonstrated that it is p ossible to

build vision hardw are suitable for real time pro cessing within the sev ere size constrain ts of the F180 league.

The Vip erRo os from the Univ ersit y of Queensland, Australia had the distinction of b ecoming the �rst lo cal

vision team to b eat a global vision team|the score w as 2:0. Ho w ev er, none of the lo cal vision teams w ere

able to reac h the �nals.

The eigh t �nalists all had excellen t tec hnical merit. T eam Crimson from Korea has a custom video

pro cessing b oard that extracts the p osition of the pla y ers and the ball at the full NTSC video rate of 60

Hz. It do es so without ev er bu�ering the video in RAM, so that the p osition information is dela y ed b y

only 1/60th of a second. With suc h a small dela y in vision pro cessing com bined with highly resp onsiv e

rob ots, T eam Crimson w as capable of extremely fast and con trolled motion. Ho w ev er, due to problems with

comm unications (and some last min ute co de c hanges!) the team w as kno c k ed out in the quarter �nals.

The F renc h team from the Univ ersite Pierre et Marie Curie w ere the only team to score against the

ev en tual c hampions, Big Red from Cornell Univ ersit y . The F renc h curv ed path planning system allo w ed

them to sco op the ball from in fron t of the opp osition and mak e highly e�ectiv e attac ks on goal. They w ere

unluc ky to b e kno c k ed out b y Cornell in their quarter �nal.

The �rst semi-�nal b et w een FU-Figh ters from the F reie Univ ersitat of Berlin, German y and the Rob oRo os

from the Univ ersit y of Queensland, Australia sho w ed a con trast of st yles. The Rob oRo os, comp eting for

the third consecutiv e y ear, had relied on smo oth con trol and an adaptiv e team strategy to reac h the �nals,

whereas the FU-Figh ters used fast, aggressiv e tra jectories with an extremely p o w erful kic k er. The FU-

Figh ters sho w ed clear dominance winning the matc h 3:0.

The second semi-�nal b et w een Cornell and Luc ky Star from Ngee Ann P olytec hnic in Singap ore w as the

closest matc h of the Small-size tournamen t. The matc h w as 0:0 at full time, pla ying through a p erio d of

sudden death extra time to come do wn to a p enalt y sho ot out that w as decided at 4:3. Luc ky Star com bined

no v el electro-mec hanical design with excellen t con trol to ac hiev e their result. Their rob ots had an extremely

e�ectiv e kic king mec hanism that w as in tegrated in a narro w b o dy design. The narro w b o dy enabled the

rob ots to slip b et w een defenders to get to the ball, despite the cro wding of the �eld. Their vision and con trol

w as su�cien tly go o d that they w ould reliably kic k the ball despite the small kic king face of the rob ot. Luc ky

Star w on third place in the con test.

The team from Cornell w en t on to win the �nal against the FU-Figh ters con vincingly . Figure 3 is a shot

from the �nal game. This is the second consecutiv e y ear that Cornell has w on the small-size c hampionship

and the second y ear that FU-Figh ters ha v e come second. While it migh t seem natural to attribute their

ac hiev emen ts to no v el electromec hanical design suc h as FU-Figh ter's p o w erful kic k er or Cornell's dribbling

device (describ ed b elo w), it is also apparen t that these rob ots are sup erbly con trolled. As these con trol issues,

along with the other fundamen tal engineering issues, are addressed on an ev en scale across the comp etition,

other factors suc h as e�ectiv e team strategies will come more in to pla y .

3.2 Cornell Big Red: Small-Size Champions

Big Red from Cornell rep eated as c hampion of the small-size league at Rob oCup 2000. The Rob oCup

comp etition is an excellen t v ehicle for researc h in the con trol of complex dynamical systems. F rom an

educational p ersp ectiv e, it is also a great means for exp osing studen ts to the systems engineering approac h

for designing, building, managing, and main taining complex systems.

In an e�ort to shift the curren t emphasis of the comp etition a w a y from simple strategies to more compli-

cated team-based strategies, the main emphasis of this y ear's team w as to pla y a con trolled game. In other

w ords, in a game without ball con trol, e�ectiv e strategies essen tially consist of o v erloading the defensiv e area

during a defensiv e pla y (the so called \catenaccio" in h uman so ccer, a strategy that is v ery e�ectiv e, if not

extremely dull and frustrating for the sp ectators), and sho oting the ball to w ards op en space or the goal area

in the opp onen t's half during o�ensiv e pla ys. This w as, in fact, the simple role-based strategy adopted b y

our c hampionship team in 1999, whic h w as sho wn to b e extremely e�ectiv e [7].

In order to bring con trol to the Rob oCup comp etition, the Cornell team dev elop ed t w o electro-mec hanical
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Figure 3: The small-size league �nal game.

Figure 4: Bottom view, omni-directional driv e Figure 5: Angled view, dribbling mec hanism

inno v ations and the asso ciated con trol strategies to render them e�ectiv e: omni-directional driv e and drib-

bling. Due to space limitations, w e restrict our description to these t w o features, follo w ed b y the underlying

feedbac k con trol strategy whic h allo w ed the Cornell team to mak e full use of them.

3.2.1 Omni-Directional Driv e and Dribbling

The Cornell T eam implemen ted a v ery e�ectiv e w a y of p osition con trol this y ear. This con trol w as ac hiev ed

b y placing three pairs of wheels at lo cations that are at the v ertices of an imaginary triangle (see Figure 4).

Eac h pair of wheels has an activ e degree of freedom and a passiv e one, the activ e one b eing in the direction

of the rotation of the motor, and the passiv e one b eing the one p erp endicular to it. Lo osely sp eaking,

since the driv e directions are pair-wise linearly indep enden t, and the n um b er of degrees of freedom on a

t w o dimensional surface is three (t w o translational and one rotational), one can indep enden tly con trol the

translation and the rotation of the rob ot b y a judicious c hoice of driv e v elo cities.

The dribbling mec hanism is a rotating bar with a latex co v er placed just ab o v e the kic king mec hanism

(see Figure 5). Up on con tact with the ball, the rotation of the bar imparts a bac kw ard spin on the ball; the

bar is strategically placed suc h that the net comp onen t of the force on the ball is alw a ys to w ards the rob ot,
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Figure 6: Blo c k diagram represen tation of tra jectory generation

whic h is ac hiev ed without violating the 20% con v exit y rule.

1

The omni-directional driv e, coupled with the dribbling mec hanism, greatly increases the p otential capabil-

ities of the rob ots (w e stress the w ord p oten tial, since it is not ob vious that a real-time con trol strategy can b e

dev elop ed to fully utilize these features). The main capabilit y whic h is rendered p ossible b y this com bination

is the e�ectiv e receiving of passes, whic h m ust b e cen tral to an y sophisticated team-based strategy .

3.2.2 T ra jectory Generation and Con trol

The o v erall tra jectory generation and con trol sc heme for one rob ot is depicted in Figure 6. Starting from the

Vision blo c k, the calculated p osition and orien tation of the rob ot is fed to a prediction blo c k, whic h calculates

the b est estimate of the p osition and orien tation of the rob ot in the r ob ot temp or al fr ame based on the vision

data and the history of the commanded v elo cities. The T ra jectory Generation blo c k solv es a relaxation of an

optimal con trol problem to calculate the future rob ot v elo cit y pro�le required to reac h the prescrib ed �nal

p osition and �nal v elo cit y in either the shortest p ossible time, or in a prescrib ed amoun t of time using the

least amoun t of con trol e�ort; a similar step o ccurs for the rob ot orien tation. The dynamics of the motors

and the rob ots are tak en in to accoun t to ensure that the generated v elo cit y pro�les are feasible. After

con v erting this data to wheel v elo cities, this information is fed to the rob ots via wireless comm unication. A

lo cal con trol lo op on the rob ot regulates the actual wheel v elo cities ab out the desired wheel v elo cities.

3.2.3 Obstacle a v oidance

The Cornell team displa y ed adv anced obstacle a v oidance, in large part due to the hierarc hical decomp osition

of o v erall rob ot con trol in to tra jectory generation, and the higher lev el algorithms used to determine where

to send the rob ots. In the simplest case, the algorithm is based on determining if a collision will tak e place,

follo w ed b y dra wing tangen ts to the �rst obstacle kno wn to b e in the path to the destination. Once the

tangen t p oin ts are kno wn, tra jectories are generated for the destinations with the tangen t p oin ts as via-

p oin ts, and the feasible path with either the shortest time or the least amoun t of con trol e�ort is follo w ed.

A re�nemen t of the ab o v e algorithm is used for m ultiple obstacles, and when obstacles are su�cien tly close

to eac h other.

1

The con v exit y rule states that no more than 20% of the ball along an y dimension can b e within the con v ex h ull of the

rob ot.
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3.2.4 Observ ations

The prop osed increase in the �eld size

2

will greatly rew ard teams that implemen t e�ectiv e team pla y . W e

strongly feel that the dribbling mec hanism will greatly impro v e the qualit y of the game, and allo w teams to

e�ectiv ely use sophisticated team-based strategies. The main b ene�t of the omni-directional driv e mec hanism

is a simpli�cation of the resulting con trol problem, whic h gr e atly reduces the computation required for

generating nearly optimal tra jectories, and th us free up computational resources for higher lev el con trol

decisions; w e do not feel, ho w ev er, that it will b e a necessary feature of future comp etitiv e teams. It is clear,

ho w ev er, that successful future teams m ust seriously address dynamics and con trol issues, suc h as estimation,

coping with system latency , robustness, and optimal con trol; only b y doing so can the full b ene�ts of team

pla y and co op eration b e ac hiev ed.

4 The Middle-Size Rob ot League

The Rob oCup F2000 League, commonly kno wn also as middle-size rob ot league, p oses a unique com bination

of researc h problems, whic h has dra wn the atten tion of w ell o v er 30 researc h groups w orld-wide.

4.1 En vironmen t and Rob ots

The pla ying en vironmen t is designed suc h that the p erceptual and lo comotion problems to b e solv ed are

reasonably simple, but still c hallenging enough to ignite in teresting researc h. The �eld size is curren tly

9 m � 5 m . The goals ha v e colored w alls in the bac k and on the sides (y ello w/blue). The �eld is surrounded

b y white w alls (50cm heigh t) that carry a few extra markings (squared blac k mark ers of 10cm size plus

blac k-and-white logos of sp onsors in large letters). A sp ecial corner design is used and mark ed with t w o

green lines. The goal lines, goal area, cen ter line and cen ter circle are all mark ed with white lines. The ball

is dark orange. Illumination of the �eld is constrained to b e within 500 and 1500 lux. Matc hes are pla y ed

with teams of four rob ots, including the goalie.

The rob ots m ust ha v e a blac k b o dy and carry color tags for team iden ti�cation (ligh t blue/magen ta).

Quite elab orate constrain ts exist for rob ot size, w eigh t, and shap e. Roughly , a rob ot b o dy ma y b e up

to ab out 50cm in diameter and b e up to 80cm in heigh t; m ust w eigh less than 80kg; and m ust ha v e no

conca vities large enough to tak e up more than one-third of the ball's diameter. The rob ots m ust carry all

sensors and actuators on-b oard; no global sensing system is allo w ed. Wireless comm unication is p ermitted

b oth b et w een rob ots and b et w een rob ots and outside computers.

4.2 Researc h Challenges

The most notable di�erence from the F180 league is that global vision is not p ermitted. In a global camera

view, all the rob ots and the ball mo v e, while the goals, the w alls and the markings of the �eld remain �xed.

If the mo ving ob jects can b e trac k ed su�cien tly fast in the video stream, all the p ositions and orien tations

are kno wn and a global w orld mo del is a v ailable. The situation is completely di�eren t in F2000, where the

cameras on top of the rob ots are mo ving through the en vironmen t. All the usual directional cameras, and

most omnidirectional cameras, can p erceiv e only a small part of the en vironmen t. This greatly complicates

tasks lik e �nding the ball, self-lo calizing on the �eld, lo cating teammates and opp onen ts, and creating

and up dating a w orld mo del. In addition, the v ast ma jorit y of F2000 rob ots are completely autonomous,

carrying all sensors and computational equipmen t on b oard, whic h mak es them m uc h larger and hea vier. F ast

mo v emen ts are m uc h more di�cult to con trol. These are t w o of the main reasons wh y F2000 rob ots pla y at

m uc h slo w er sp eeds than F180 rob ots.

The di�culties describ ed ab o v e exert a strong force to new teams to think ab out rob ot design, and

rep eatedly new teams with new hardw are designs ha v e displa y ed stunning �rst-time app earances at Rob oCup

tournamen ts. This y ear w e had another t w o examples: CMU Hammerheads from USA and GOLEM from

Italy , eac h of whic h in tro duced a new mobile base in to the middle-size league. The Hammerheads use a

2

A t all Rob oCup comp etitions so far, the �eld has b een the size of a table tennis table. The �eld ma y b e widened for

Rob oCup 2001.
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mo di�ed v ersion of the commercially a v ailable Cy e rob ot, a di�eren tial driv e base with a trailer attac hed

to it. The GOLEM rob ots feature a triangular omnidirectional driv e design based on mec han um wheels,

whic h pro vided for the b est com bination of maneuv erabilit y and sp eed the F2000 league has seen so far. The

driv e design of the GOLEM rob ots w as complemen ted b y the use of only a single sensor: an omnidirectional

camera with a custom-made mirror design, whic h pro vided the rob ot with a complete view of the �eld from

virtually ev ery p osition. The clev er com bination of these t w o k ey design decisions allo w ed the GOLEM

team to apply m uc h simpler tec hniques for lo calization and w orld mo deling as w ell as action selection, whic h

signi�can tly reduced dev elopmen t time.

4.3 Rob oCup-2000 T ournamen t

Fifteen teams participated in the Rob oCup-2000 middle-size league tournamen t. The rules for the middle-

size rob ot league w ere only marginally c hanged from last y ear, whic h ga v e teams the opp ortunit y to fo cus

on soft w are impro v emen ts rather than the design of new hardw are. The pla y sc hedule w as designed to giv e

all teams ample opp ortunit y to gain practical pla ying exp erience, with a total of 57 games. Eac h team w as

assigned to one of t w o groups, with 7 and 8 teams, resp ectiv ely , for the quali�cation rounds. Eac h group

pla y ed a single round robin sc hedule, suc h that eac h team pla y ed at least six or sev en games. The four top

teams in eac h group w en t to the pla y o� quarter�nals.

In this y ear's tournamen t, w e had more exciting matc hes than ev er, with quite a n um b er of surprising

p erformances. Most teams had previous tournamen t exp erience and sho w ed signi�can t progress o v er previous

pla y lev els. In addition, w e had t w o remark able new comers this y ear, CMU Hammerheads from the United

States and GOLEM from Italy , b oth of whic h made it to the quarter�nals, a remark able success, esp ecially for

new teams. The other teams reac hing the quarter�nals w ere last y ear's c hampion Sharif CE from Iran, RMIT

United from Melb ourne, Australia, the Osak a Univ ersit y T rac kies from Japan, and the three German teams

GMD Rob ots, Bonn, Agilo Rob o cupp ers from Munic h, and CS F reiburg. GOLEM, Sharif CE, T rac kies, and

CS F reiburg quali�ed for the semi�nals. The semi�nals and �nals matc hes w ere the most exciting games in

middle size league history , w atc hed b y a cro wd of more than a thousand en th usiastic sp ectators. Both the

third-place game and the �nal game to ok p enalt y sho otouts to determine the winners. Last y ear's c hampion

Sharif �nished 3rd after t ying the T rac kies 1:1 at full-time and winning the p enalt y kic ks 3:2. The �nal game

b et w een F reiburg and GOLEM w as tied 3:3 at full-time. During the p enalt y sho otout, F reiburg �rst scored

three of �v e p enalt y kic ks. Then, it w as GOLEM's turn and they scored the �rst p enalt y kic k. Excitemen t

w as at its p eak when they missed the next t w o. F reiburg defended the next one as w ell and b ecame the

Rob oCup-2000 middle size league c hampion.

4.4 Lessons Learned and F uture Dev elopmen ts

When the new comer team Sharif CE from Iran w on last y ear, man y observ ers attributed their sup erior

p erformance largely to their new hardw are design, whic h ga v e them more sp eed and more maneuv erabilit y

than most other teams. With the GOLEM team from Italy , w e had y et another team with a new mobile

platform making it to the �nals. Man y AI p eople w ere concerned that the fo cus in F2000 w ould shift mainly

to new mec hanical designs and hardw are w ork. Ho w ev er, this y ear CS F reiburg w on the c hampionship

b ecause of their sup erior soft w are capabilities; except for sligh tly redesigned kic k ers, the hardw are design

has remained almost the same since the team started out in 1998. Man y teams ha v e m uc h faster, more

maneuv erable rob ots than F reiburg.

After a y ear of k eeping the rules virtually unc hanged, it is no w time to think ab out mo di�cations that

promote researc h particularly in t w o directions:

� Making r ob ots mor e r obust and r eliable. Comparativ ely small c hanges in the en vironmen t often disturb

the rob ots' p erformances signi�can tly . Reducing the dep endency on en vironmen tal color co ding and to

dev elop fast and robust algorithms for p erceptual tasks lik e ob ject detection, ob ject lo calization, and

ob ject trac king is an essen tial goal for future researc h.

� Enhancing playing skil ls. Most rob ots push or kic k the ball with a simple device; only few rob ots could

demonstrate dribbling capabilities, suc h as taking the ball around an opp onen t in a con trolled manner.
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Pla ying skills can b e impro v ed b y more thorough application of learning tec hniques. In addition, w e

need to relax some of our constrain ts on rob ot's form and shap e in order to promote the design of

inno v ativ e ball manipulation devices.

Rule c hanges to foster researc h in these directions can b e exp ected for future tournamen ts.

4.5 CS F reiburg: Middle-Size Champions

After winning Rob oCup in 1998 and coming in third in 1999, CS F reiburg w on the c hampionship at Rob oCup

2000 again. One of the reasons for this success is most probably the accurate and reliable self-lo calization

metho d based on laser range �nders [13 ]. Ho w ev er, while this w as basically enough to win the comp etition

in 1998, it w as necessary to w ork on a n um b er of di�eren t problem areas in order to sta y comp etitiv e. Since

1998, the CS F reiburg team has w ork ed in the areas of

� impro ving the basic ball handling skills,

� impro ving the action selection mec hanism,

� impro ving team pla y , and

� impro ving sensor data gathering and in terpretation.

These p oin ts are describ ed in m uc h more detail in another pap er [49 ].

In particular the �rst p oin t implied some redesign of the hard- and soft w are. Figure 7 sho ws one of the

redesigned CS F reiburg rob ots with the new kic king device and mo v able �ngers. Ho w ev er, a new kic k er and

a new w a y of steering the ball is not enough. It is also necessary to dev elop basic b eha viors that exploit the

new hardw are and to dev elop a mec hanism for selecting the appropriate b eha vior in a giv en situation.

Figure 7: CS F reiburg pla y er moun ting SICK LRF, color camera, Libretto laptop, W a v eLan wireless ethernet

and custom-made new kic king device.

4.5.1 New T actical Skills: Dribbling and Reb ound Shots

F or this y ears comp etition, the CS F reiburg team put a lot of e�ort in dev eloping a new set of basic skills to

resp ond to a large n um b er of di�eren t game situations. In the follo wing some of the most imp ortan t skills

are describ ed.

T o get hold of the ball a pla y er mo v es to a p osition b ehind the ball follo wing a collision-free tra jectory

generated b y a path planning system whic h constan tly (re)plans paths based on the pla y er's p erception of the

w orld ( GoT oBal l ). The system is based on p oten tial �elds and uses A

�

searc h for �nding its w a y out of lo cal
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(a) (b)

Figure 8: A CS F reiburg pla y ers' view of the w orld while (a) dribbling and (b) ball-passing. Circles denote

other rob ots and the small circle in fron t of the pla y er corresp onds to the ball. Lines almost parallel to

the �eld b orders are p erceiv ed b y the laser range �nder. The other lines leading a w a y from the pla y er are

ev aluated b y the skills.

minima. If close to the ball a pla y er approac hes the ball in a reactiv e manner to get it precisely b et w een the

�ngers while still a v oiding obstacles ( Appr o achBal l ). Once in ball p ossession, a pla y er turns and mo v es the

ball carefully un til facing in a direction whic h allo ws for an attac k ( T urnBal l ). If the pla y er is righ t in fron t

of the opp onen t's goal, it kic ks the ball in a direction where no obstacles blo c k the direct w a y to the goal

( Sho otGo al ). Otherwise it �rst heads to w ards a clear area in the goal and turns sharply just b efore kic king

in case the opp onen t goalk eep er mo v ed in its w a y ( MoveSho otF eint ). Ho w ev er if obstacles are in the w a y to

the goal, the pla y er tries to dribble around them ( DribbleBal l ) unless there is not enough ro om. In this case

the ball is kic k ed to a p osition close to the opp onen t's goal b y also considering reb ound shots using the w alls.

In the ev en t of b eing to o close to an opp onen t or to the �eld b order the ball is prop elled a w a y b y turning

quic kly in an appropriate direction ( T urnA wayBal l ). If a pla y er gets stuc k close to an obstacle it tries to

free itself b y �rst mo ving a w a y slo wly and (if this do esn't help) then trying random mo v es( F r e eF r omStal l ).

Pla y ers ful�lling strategic tasks p osition themselv es follo wing collision-free paths ( GoT oPos ) to dynami-

cally determined p ositions. F rom these p ositions the pla y ers either searc h the ball if not visible ( Se ar chBal l )

b y rotating constan tly or observ e it b y turning un til facing it ( ObserveBal l ).

In Rob oCup-2000, the CS F reiburg team seemed to b e one of the few teams capable of e�ectiv ely dribbling

with the ball and the only one whic h exploited delib erately the p ossibilit y of reb ound shots using the w alls.

Therefore these t w o skills will b e describ ed in more detail.

Figure 8(a) sho ws a screen-shot of a pla y er's lo cal view while dribbling. In ev ery cycle, p oten tial con tin-

uations of the curren t pla y are considered. Suc h con tin uations are lines to p oin ts closer to the opp onen t's

goal within a certain angle range around the rob ot's heading. All the p ossible lines are ev aluated and the

direction of the b est line sample is tak en as the new desired heading of the rob ot.

A line is ev aluated b y assigning it a v alue whic h is higher the further it is a w a y from ob jects, the less

turning is necessary for the pla y er, and the closer its heading is to the opp onen ts goal cen ter. Determining

the rob ot's heading this w a y and adjusting the wheel v elo cities appropriately in ev ery cycle lets the rob ot

smo othly and safely dribble around obstacles without lo osing the ball. The CS F reiburg team scored some

b eautiful goals in this y ear's tournamen t after a pla y er had dribbled the ball o v er the �eld around opp onen ts

along an S-lik e tra jectory . Of course, all this only w orks b ecause the ball steering mec hanism allo ws for tigh t

con trol of the ball.

Figure 8(b) sho ws a screen-shot of a pla y er during ball-passing. F or this skill the lines are re
ected at
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the w alls and are ev aluated only once to �nd the b est direction in whic h to kic k the ball. A line's v alue is

higher the further a w a y from obstacles it is, the closer its endp oin t is to the opp onen ts goal, and the less

turning is required for the pla y er to face in the same direction. Using the passing skill the pla y ers of the CS

F reiburg team w ere able to pla y the ball e�ectiv ely to fa v orable p ositions and ev en to score goals directly .

Again, this b eha vior w as only successful b ecause of the new, strong kic king device.

4.5.2 Action Selection: Extended Beha vior Net w orks

One of the critical comp onen ts in a rob otic so ccer agen t is the action selection mec hanism. As the ab o v e

outline of actions for pla ying the ball sho w, a lot of di�eren t basic skills ha v e to b e tak en in to accoun t and

for eac h situation an appropriate action has to b e c hosen. During the dev elopmen t of the CS F reiburg team,

a n um b er of di�eren t metho ds ha v e b een tried, none of them b eing completely satisfactory . In this y ear,

extended b eha vior net w orks [9 ] ha v e b een adapted to the needs of the CS F reiburg team. This formalism,

whic h had b een used in last y ear's runner-up in the sim ulation league, has b een dev elop ed based on Maes'

prop osal [28 ]. It mo di�es Maes' prop osal in particular b y c hanging the activ ation mec hanism in a w a y that

the action selection app ears to b e closer to decision-theoretic planning.

This formalism allo ws for mo dular and 
exible sp eci�cation of b eha viors and their in teractions. In

addition, it is p ossible to adjust tactics to opp onen ts b y supp orting more defensiv e or o�ensiv e pla y .

4.5.3 Strategy: Roles and Placemen t

The CS F reiburg pla y ers organize themselv es in roles, namely active , supp ort and str ate gic . While the activ e

pla y er alw a ys tries to get and pla y the ball, the supp orting pla y er attempts to assist b y p ositioning itself

appropriately . The strategic pla y er alw a ys o ccupies a go o d defensiv e p osition.

Eac h pla y er constan tly calculates its utilit y to pursue a certain role and comm unicates the result to its

teammates. Based on its o wn and the receiv ed utilities a pla y er decides whic h role it w an ts to tak e. This

approac h is similar to the one tak en b y the AR T team [4], ho w ev er, the CS F reiburg pla y ers additionally

comm unicate to their teammates whic h role they are curren tly pursuing and whic h role they desire to tak e.

A role can only b e tak en from another pla y er if the o wn utilit y for this role is the b est of all pla y ers and the

rob ot curren tly pursuing the role also w an ts to c hange its role. F ollo wing this strategy mak es it less lik ely

that t w o or more pla y ers are pursuing the same role at the same time than assigning rules based on utilit y

v alues only .

The target p ositions of the pla y ers are determined similarly to the SP AR metho d of the CMUnited

team in the small-size league [44 ]. F rom the curren t situation observ ed b y the rob ots, a p oten tial �eld is

constructed whic h includes repulsiv e forces arising from opp onen t pla y ers and attracting ones from desirable

p ositions, e.g. p ositions from where the ball is visible. P ositions are then selected based on the rob ot's

curren t role, e.g. the p osition of the activ e pla y er is set close to the ball, the supp orting pla y er is placed to

the side and b ehind the activ e one, and the strategic pla y er tak es a defensiv e p osition whic h is ab out half

w a y b et w een the o wn goal and the ball but b ehind all opp onen t pla y ers.

4.5.4 Observ ations

The success of the CS F reiburg team this y ear can b e clearly attributed to the e�ectiv e team pla y and the

ric h set of basic ball handling skills. Being alw a ys presen t at strategically imp ortan t p ositions comp ensated

for the comparativ ely slo w rob ots of the CS F reiburg team. The basic skills enable the rob ots to mo v e

quic kly to the ball and o�er a v ariet y of di�eren t ball-handling actions exploiting the new p o w erful kic king

and ball steering mec hanism. As demonstrated, for example, in the game against CS Sharif, the CS F reiburg

pla y ers did extremely w ell in getting to the ball and blo c king the opp onen t b efore it could actually b ecome

dangerous.

One of the exp eriences w as that tuning the parameters of the basic skills b y hand w as a v ery time

consuming job. Therefore, some future w ork will concen trate on learning metho ds for parameter adjustmen t

of some of the basic skills.
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5 The Sim ulation League

The Rob oCup 2000 comp etition w as the most exciting and most in teresting sim ulation comp etition so far.

As in past y ears, the comp etition w as run using the publicly a v ailable so ccer serv er system [33 ]. 34 teams

from 14 coun tries met in a round robin comp etition follo w ed b y a double elimination �nal series. While

most of the teams had comp eted in previous comp etitions there w ere sev eral notable new en tries, including

the ev en tual c hampions, F C P ortugal who had an exciting 1:0 �nal with Karlsruhe Brainstormers. The high

standard of the comp etition made for man y exciting matc hes throughout the comp etition { nearly 25% of

�nal-round games w en t in to o v ertime, one ev en tually ha ving to b e decided b y a coin toss after scoreless

o v ertime lasted the length of t w o normal matc hes.

5.1 The Rob oCup so ccer serv er

The Rob oCup so ccer serv er pro vides a standard platform for researc h in to m ultiagen t systems. The so ccer

serv er sim ulates the pla y ers and �eld for a 2D so ccer matc h. 22 clien ts (11 for eac h team) connect to the

serv er, eac h clien t con trolling a single pla y er. Ev ery 100ms the So ccer Serv er accepts commands, via so c k et

comm unication, from eac h clien t. The clien t sends lo w lev el commands (dash, turn or kic k) to b e executed

(imp erfectly) b y the sim ulated pla y er it is con trolling. Clien ts can only comm unicate with eac h other using

an unreliable, lo w bandwidth comm unication c hannel built in to the so ccer serv er. The so ccer serv er sim ulates

the (imp erfect) sensing of the pla y ers, sending an abstracted (ob jects, e.g. pla y ers and ball, with direction,

distance and relativ e v elo cit y) in terpretation to the clien ts ev ery 150ms. The �eld of view of the clien ts is

limited to only a part of the whole �eld. The So ccer Serv er enforces most of the basic rules of (h uman)

so ccer including o�-sides, corner kic ks and goal kic ks and sim ulates some basic limitations on pla y ers suc h

as maxim um running sp eed, kic king p o w er and stamina limitations.

An extra clien t on eac h team can connect as a \coac h", who can see the whole �eld and send strategic

information to clien ts when the pla y is stopp ed, for example for a free-kic k.

The So ccerMonitor connects to the so ccer serv er as another clien t and pro vides a 2D visualization of the

game for a h uman audience (see Figure 9). Other clien ts can connect in the same w a y to do things lik e 3D

visualization, automated commen tary and statistical analysis.

5.2 Researc h Themes

Man y of the researc h c hallenges addressed b y teams in 2000 came out of problems observ ed b y teams from

previous comp etitions. Tw o researc h themes w ere esp ecially prominen t, the �rst theme b eing learning and

the second b eing m ultiagen t co ordination. Other researc h areas included impro ving situational a w areness

giv en incomplete and uncertain sensing and high lev el team sp eci�cation b y h uman designers.

The �rst researc h theme, esp ecially common amongst the successful teams, w as learning. T eams adapted

tec hniques lik e sim ulated annealing, genetic programming or neural nets to the problem of creating v ery

optimized lo w lev el skills suc h as dribbling (e.g. [39 ]). Exp erience has sho wn that while adv anced skills w ere

an essen tial comp onen t of a successful team, building suc h skills b y hand is di�cult and time consuming.

The skills dev elop ed with learning tec hniques w ere in some cases sup erior to the hand dev elop ed skills of

previous y ears. Hence, Rob oCup has pro vided a useful, ob jectiv e example of a case where learning can

pro duce a b etter outcome than lab or in tensiv e programming.

Not all learning researc h w as fo cused on lo w-lev el skills { sev eral teams addressed the problem of ho w

to learn high lev el strategies. Rob oCup pro vides an in teresting domain to in v estigate suc h issues b ecause

although there is a clearly de�ned ob jectiv e function, i.e. win the game, the h uge state space, unpredictable

opp onen t, uncertain t y , etc. mak e the problem v ery c hallenging. Most approac hes learning at a high lev el

la y ered the learning in some w a y (a successful approac h in the 1999 comp etition), although the sp eci�cs of

the learning algorithms v aried greatly from neural net w orks to ev olutionary algorithms.

The second ma jor researc h theme w as m ultiagen t co ordination. While in previous comp etitions, a highly

skilled team migh t do reasonably w ell with \kiddie so ccer" tactics, e.g. dribbling directly to goal, so man y

teams this y ear had high qualit y skills that more sophisticated team strategies w ere required to win games.

Con v ersely , the high qualit y skills triggered more in terest in team strategies b ecause pla y ers had the abilit y

to carry them out with some consistency . As w ell as the learning approac h to dev eloping high lev el strategies,
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a v ariet y of h uman engineered approac hes w ere used (e.g. [31 ]). A k ey to man y of the approac hes w as the

online coac h. The coac h w as commonly used to analyze the opp osition and determine appropriate c hanges to

the team strategy [10 ]. Other teams dev elop ed to ols or tec hniques aimed at emp o w ering h uman designers to

easily sp ecify strategies. Y et, other teams relied on carefully engineered emergen t team b eha vior (e.g. [37 ])

or dynamic team planning to ac hiev e the desired team b eha vior.

5.3 Rob oCup-2000

Rob oCup sim ulation teams are increasingly complex pieces of soft w are usually consisting of 10,000s of lines

of co de with sp ecialized comp onen ts w orking together in real-time. Handling the complexit y is forcing

researc hers to lo ok critically at agen t paradigms not only in terms of the resultan t agen t b eha vior but also

at the ease with whic h v ery complex teams can b e dev elop ed within that paradigm (and ho w that should b e

done).

Ho w ev er, the rapidly increasing complexit y of Rob oCup sim ulation agen ts should not deter new re-

searc hers from starting to w ork with Rob oCup. An online team rep ository curren tly con tains source co de

or binaries for 29 of the teams that comp eted in the 1999 W orld Cup plus man y more from previous y ears.

The rep ository allo ws new Rob oCup participan ts to quic kly get a team going. In fact a n um b er of the top

teams in 2000 w ere dev elop ed on top of the freely a v ailable co de of the 1999 c hampions, CMUnited-99. The

gro wing co de base pro vides co de for in teraction with the so ccer serv er, skills, strategies, debugging to ols,

etc. in a v ariet y of programming languages and paradigms.

The reigning c hampion team, CMUnited-99, w as re-en tered unc hanged in the 2000 comp etition to assess

the adv ances made during the y ear. In 2000 CMUnited-99 �nished 4th. In 1999, CMUnited-99's aggregate

goals for and against tally w as 110-0, while in 2000 the tally w as the far more comp etitiv e 25-7 (including a

13-0 win). Also in teresting w as that 4 of 6 of CMUnited-99's elimination-round games w en t in to o v ertime

(resulting in 3 wins and 1 loss). CMUnited-99's record in 2000 sho ws t w o things: (i) although they �nished

fourth sev eral teams w ere nearly as go o d and, p erhaps, unluc ky to lose to them and (ii) the comp etition w as

extremely tigh t. It also indicates just ho w go o d CMUnited-99 w ere in 1999.

As w ell as the main comp etition, there w ere extensiv e ev aluation sessions designed to compare the abilit y

of teams to handle increased sensor and e�ector uncertain t y . The sensor test w as a rep eat of the test from last

y ear and in v olv ed c hanging the a v erage magnitude of the error in the sim ulated visual information pla y ers

receiv ed. The e�ector test w as a surprise to the teams and in v olv ed c hanging the a v erage magnitude of the

di�erence b et w een a command sen t b y a pla y er and what w as actually executed. The ev aluation session

pro vides a unique opp ortunit y to test a wide v ariet y of agen t implemen tations under iden tical conditions.

Extensiv e ev aluation log-�les, pro viding a large amoun t of high qualit y date, are a v ailable for analysis.

Despite the adv ances made in 2000, the Rob oCup sim ulator is far from a solv ed problem. While high lev el

learning has progressed signi�can tly , learned high lev el strategies w ere generally inferior to hand-co ded ones

{ a c hallenge for 2001 is to ha v e learned strategies outp erform hand-co ded ones. Using Rob oCup sim ulation

as a platform for researc h in to high lev el m ultiagen t issues is only just starting to emerge, via, for example,

use of the online coac h. Additionally , as the standard of pla y gets higher there is b oth increased in terest

and use for opp onen t mo deling tec hniques that can coun ter complex, previously unseen team strategies.

The rapidly increasing complexit y of Rob oCup soft w are c hallenges us to con tin ue impro ving our metho ds

for handling complexit y . The adv ances made and the researc h areas op ened up in 2000 b o de w ell for y et

another in teresting, exciting comp etition in 2001.

5.4 F C P ortugal: Sim ulator League Champion

F C P ortugal is the result of a co op erativ e pro ject that started in F ebruary 2000, b et w een the Univ ersities of

Av eiro and P orto in P ortugal. F C P ortugal w on b oth the Rob oCup 2000 Sim ulation League Europ ean and

W orld c hampionships, scoring a total of 180 goals and conceding none.

CMUnited99 source co de[42 ] w as used as a starting p oin t enabling dev elopmen t e�ort to b e fo cused

on more in teresting researc h issues. W e ha v e pursued a v ariet y of researc h threads co v ering all asp ects of

Rob oCup team dev elopmen t, with the o v erriding themes b eing m ultiagen t co-op eration and co ordination.

A t the team lev el, F C P ortugal in tro duces the concept of tactic and incorp orates no v el algorithms for using


exible, dynamic team formations including the abilit y for pla y ers to dynamically c hange p ositionings and
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roles. In telligen t comm unication pro vides all pla y ers with an accurate picture of the w orld despite the

uncertain t y and limited �eld of view enforced b y the sim ulation. A t the individual lev el, in teresting asp ects

of F C P ortugal include in telligen t p erception, qualitativ e reasoning ab out action selection through in tegration

of real so ccer kno wledge and the use of online optimization tec hniques for lo w-lev el skills. Sev eral imp ortan t

dev elopmen t to ols w ere used including a visual debugger (see Figure 9), adv anced repla y facilities for h uman

dev elop ers and a w orld state error analyzer. Due to space constrain ts it is not p ossible to fully explain all

the F C P ortugal adv ances in detail. W e describ e selected features b elo w and refer the in terested reader to

our longer pap er for more details [38].

Figure 9: A screen-shot of the So ccer Serv er monitor augmen ted with F C P ortugal's debugging to ols.

5.4.1 T eam STRA TEGY de�nition and SBSP - Situation Based Strategic P ositioning

CMUnited brough t the concepts of formation and p ositioning to Rob oSo ccer[43 , 45 ] and used dynamic

switc hing of formations as w ell. F C P ortugal extends this concept and in tro duces the concepts of tactics and

pla y er t yp es. F C P ortugal's team strategy is based on a set of tactics to b e used in di�eren t game situations

and a set of pla y er t yp es. T actics include sev eral formations used for di�eren t game-sp eci�c situations

(defense, attac k, goalie free kic k, scoring opp ortunit y , etc). F ormations are comp osed of elev en p ositionings

that assign eac h pla y er a giv en pla y er t yp e and a base strategic p osition on the �eld.

One of the most signi�can t features is the clear distinction b et w een strategic situations (when the agen t

b eliev es that it is not going to use an activ e b eha vior so on) and activ e situations (ball reco v ery and ball

p ossession). In strategic situations, pla y ers use an SBSP mec hanism that adjusts its base strategic p osition

according to the ball p osition and v elo cit y and pla y er t yp e strategic information. The result is the b est

strategic p osition in the �eld for eac h pla y er in eac h situation. Since, at eac h time, only a few pla y ers are

usually using activ e b eha viors, SBSP enables the team to mo v e lik e a real so ccer team, k eeping the ball w ell

co v ered while remaining strategically distributed around the �eld. F or activ e situations|ball p ossession,

ball reco v ery , and stopp ed game|decision mec hanisms based on the in tegration of real so ccer kno wledge are

used.

5.4.2 In telligen t P erception and Comm unication

In a complex domain suc h as so ccer, the m ultiple sensors of an agen t m ust b e co ordinated and used in an

in telligen t w a y to giv e the agen t the most accurate understanding of the curren t state of the w orld p ossible.

Pla y ers receiv e w orld information via their \vision" system, close range \touc h" sensors and \shouted"

information from teammates. The so ccer serv er limits the agen t's viewing distance and viewing angle.

Hence, at an y time there are large parts of the �eld that the pla y er cannot see. Ho w ev er, the pla y er has a
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nec k whic h can b e turned indep enden tly of it's b o dy (within some limits) so it need not b e lo oking in the

direction it is mo ving. In di�eren t situations di�eren t asp ects of the w orld are more or less imp ortan t to the

pla y er. The serv er also limits comm unication b et w een teammates, namely , messages are broadcast o v er a

limited range around the talking pla y er; and pla y ers ma y only hear one message from their teammates eac h

2 sim ulation cycles.

F C P ortugal's Strategic Lo oking Mec hanism (SLM) in telligen tly determines the direction the pla y er

should turn its nec k based on its curren t information a v ailabilit y and requiremen ts. SLM decides on a

direction to lo ok b y calculating the utilit y of eac h p ossible direction the agen t could lo ok and selecting

the direction with the highest utilit y . The utilit y is calculated b y assessing the areas of the ground where

imp ortan t information is lik ely to b e sensed and for whic h the agen t do es not already ha v e the appropriate

information. F or example, in an attac king situation high utilit y migh t b e ascrib ed to lo oking in the direction

of the goal b ecause that information could help determine whether a shot on goal w as a go o d option. F C

P ortugal agen ts use comm unication in order to main tain agen ts' w orld states up dated b y sharing individual

kno wledge, and to increase team co ordination b y comm unicating useful ev en ts (e.g. p osition sw ap). Pla y ers

ev aluate the utilit y of talking based on the comparison of assumed teammate kno wledge (from receiv ed

messages) with their o wn kno wledge. It should b e noted that hearing a teammate message prev en ts hearing

other messages that migh t b e more useful. F C P ortugal agen ts talk only when they b eliev e that the utilit y

of their comm unication is higher than those of their teammates.

5.4.3 Kic k Optimization

The abilit y of Rob oCup pla y ers to kic k the ball p o w erfully and accurately is a v aluable asset. Ho w ev er,

pro ducing suc h kic ks is not an easy task. T o kic k, the pla y er issues a command indicating the direction and

force with whic h the ball should b e kic k ed. The resulting ball v elo cit y dep ends on the p osition of the ball

relativ e to the pla y er, its previous v elo cit y and the direction of the kic k. Acceleration of the ball to a high

sp eed ma y tak e sev eral kic ks, e.g. to �rst p osition the ball appropriately then m ultiple kic ks to accelerate it.

F C P ortugal used optimization tec hniques to create a v ery go o d kic king abilit y based on a succession of

basic kic ks. The optimization pro cess has t w o steps that are p erformed online, during the game, eac h time

pla y ers w an t to kic k the ball p o w erfully . Firstly , random searc h and simple heuristics are used to generate kic k

sequences for the giv en situation (i.e. initial ball p osition/v elo cit y and desired kic k angle/v elo cit y). Kic k

sequences are ev aluated based on �nal sp eed, n um b er of basic kic ks, and p ossible opp onen t in terference.

Then, hill-clim bing searc h tries to impro v e the b est kic k sequence found b y random searc h. This metho d

resulted in 
exible, fast kic king skills whic h pro vided F C P ortugal pla y ers a solid basis for executing higher

lev el strategies.

6 Rob oCup Rescue

The Rob oCup-Rescue Pro ject w as newly launc hed b y the Rob oCup F ederation in 1999. Its ob jectiv e is as

follo ws.

1. Dev elopmen t and application of adv anced tec hnologies of in telligen t rob otics and arti�cial in telligence

for emergency resp onse and disaster mitigation for the safer so cial system.

2. New practical problems with so cial imp ortance are in tro duced as a c hallenge of rob otics and AI indi-

cating a v aluable direction of researc h.

3. Prop osal of future infrastructure systems based on adv anced rob otics and AI.

4. Acceleration of rescue researc h and dev elopmen t b y the Rob oCup comp etition mec hanism.

A sim ulation pro ject is running at presen t, and a rob otics and infrastructure pro ject will so on start.

In Melb ourne, a sim ulator protot yp e targeting earthquak e disaster w as op en to the public to start in-

ternational co op erativ e researc h. A real rescue rob ot comp etition w as prop osed to start a new league in

2001.
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6.1 Sim ulation Pro ject

Distributed sim ulation tec hnology com bines the follo wing heterogeneous systems to mak e a virtual disaster

�eld. (i) Disaster simulators mo del the collapse of buildings, blo c k age of streets, spread of �re, tra�c 
o w,

and their m utual e�ects. (ii) A utonomous agents represen t �re brigades, p olicemen, and rescue parties, all

of whic h act autonomously in the virtual disaster. (iii) The Simulation Kernel manages state v alues and

net w orking of/b et w een the systems. (iv) The Ge o gr aphic al Information System giv es spatial information to

the whole system. (v) Simulation Viewers sho w 2D/3D image of sim ulation results in real time as sho wn in

Fig. 10.

The Rob oCup-Rescue sim ulation comp etition will start in 2001. The details are describ ed in pap ers and

a b o ok [47 , 21 , 48 , 17 , 35 , 46 ]. The sim ulator protot yp e can b e do wnloaded from http://robomec.cs .

kobe- u.ac.jp/robo cu p- res cue / .

Burning Extinguished
Fire Brigade
Agents

Figure 10: 2D view er image of Rob oCup-Rescue

protot yp e sim ulator.

Figure 11: AAAI USAR con test �eld.

6.2 AAAI/Rob oCup Rescue Rob ot Comp etition

A rescue rob ot comp etition will start in 2001 in co op eration with AAAI. The target is searc h and rescue

of con�ned p eople from collapsed buildings suc h as in earthquak e disasters and explosion disasters. In

Melb ourne, Robin Murph y (USF) demonstrated 2 rob ots that are dev elop ed for real op erations.

The large-scale arena of the AAAI Urban Searc h and Rescue (USAR) Con test (Fig. 11) will b e used. It

consists of three buildings sim ulating v arious situations. The easiest building has a 
at 
o or with minimal

debris, but the most di�cult building includes a 3D maze structure consisting of stairs, debris, etc. with

narro w spaces. The details are describ ed on the AAAI USAR w eb page ( http://www.aic.nrl .n av y.m il /

~schultz/aaai200 0/ ).

More than other Rob oCup comp etitions, the rules of the 2001 rescue comp etition will fo cus on direct

tec hnology transfer, sp eci�cally to real disaster problems on the basis of the 2000 AAAI USAR Con test. F or

example, practical semi-autonom y with h uman assistance and information collection for realistic op eration

are p oten tial comp etition comp onen ts.
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7 Rob oCup Junior

Rob oCup Jr. is the educational branc h of Rob oCup, and it puts emphasis on teac hing y oung p eople ab out

researc h and tec hnology b y giving them hands-on exp erience. Rob oCup Jr. dev elopmen t w as initiated in

1997, and the �rst public sho w w as at Rob oCup'98 in P aris with a demonstration of LEGO Mindstorms rob ots

pla ying so ccer in a big LEGO stadium with rolling commercials, LEGO sp ectators making the w a v e, stadium

ligh ts, etc. [24 ] and with c hildren pla ying with other LEGO rob ot mo dels. In 1999, during Rob oCup'99 in

Sto c kholm, c hildren w ere allo w ed to program their o wn LEGO Mindstorms rob ots in the morning, and then

pla y tournamen ts in the afterno on [25 ]. The fast dev elopmen t of complex rob ot b eha viors w as ac hiev ed with

the In teractiv e LEGO F o otball set-up based on a user-guided approac h to b eha vior-based rob otics. This

activit y w as re�ned for Rob oCup-euro-2000 in Amsterdam [20], where 10 Dutc h and 2 German sc ho ol groups

participated in a one-da y tournamen t.

The Rob oCup Jr. 2000 activit y in Melb ourne, in whic h a total of 40 groups of c hildren participated,

di�ered from the previous activities in sev eral asp ects: (1) c hildren w ere b oth building and programming

their rob ots, (2) the dev elopmen t to ok place during 6-8 w eeks prior to the comp etition, (3) in most cases,

the w ork w as done as part of a teac hing pro ject in sc ho ols, (4) there w as a rob ot sumo comp etition and a

rob ot dance p erformance, in addition to the so ccer comp etition.

During previous ev en ts, c hildren had no opp ortunit y to build the rob ots. But educational approac hes suc h

as constructionism [36 , 23 ] suggest that the construction of an artifact is imp ortan t in order to understand

the artifact, so Rob oCup Jr. 2000 allo w ed c hildren to b oth build and program the rob ots. This endea v or

w as facilitated b y the use of LEGO Mindstorms rob ots, partly b ecause this to ol allo ws for easy assem bly

of rob ots, and partly b ecause most c hildren are familiar with LEGO. The tasks w ere designed so that the

simple sensors and actuators are su�cien t, but a few c hildren from the more adv anced tec hnical classes made

their o wn sensors, and in tegrated them with the LEGO Mindstorms con trol unit.

There w ere three di�eren t ev en ts during Rob oCup Jr. 2000, namely the Dance-P erformance Ev en t for

studen ts up to 12 y ears of age (Primary), the Con v erging Rob ot Race (Sumo) for studen ts up to 14 y ears

of age (Y ears 7 and 8), and Rob oCup Jr 2000 So ccer for studen ts of 14 to 18 y ears of age (Y ears 7 - 12).

W e put sp ecial emphasis on broadening Rob oCup Jr. from b eing a purely comp etitiv e ev en t to include the

co op erativ e ev en t of a rob ot dance/parade. In previous y ears, and during Rob oCup Jr. 2000, w e found the

comp etitiv e rob ot so ccer ev en t to result in a gender bias to w ards b o ys. This bias is not surprising, since the

rob ot so ccer ev en t promotes so ccer, tec hnology , v ehicles, and comp etition, and w e often �nd that b o ys are

more en th usiastic ab out these sub jects than girls. W e did not p erform an y rigorous scien ti�c gender studies,

but our exp erience from man y ev en ts ga v e a clear picture of a gender bias. W e therefore in tro duced the

dance/parade, in order to address other issues, suc h as co op eration, con text construction, and p erformance.

Indeed, more than 50% of the participan ts who signed up for the rob ot dance/p erformance ev en t w ere girls.

Eac h participating team had 3 min utes for the rob ot dance/p erformance. The teams designed the rob ots;

designed the en vironmen t in whic h the rob ots danced; programmed the rob ots to p erform; and made a m usic

cassette with the appropriate m usic for the p erformance. Man y of the teams also designed their o wn clothes

to matc h the rob ots and the en vironmen t, and man y teams designed clothes for the rob ots. There w as no

limitation to the hardw are (an y rob ot can b e used), but during Rob oCup Jr. 2000, all participating teams

c hose to use LEGO Mindstorms. The p erforming rob ots included a Madonna lo ok-alik e, a disco-v ampire, a

dragon on the b eac h, and four feather-dressed dancers. T en teams participated in the Dance/P erformance

Ev en t, and prizes w ere giv en for b est dressed rob ot, b est programming, b est c horeograph y , most en tertaining

(b est smile v alue), b est team T-shirt design, b est oral presen tation b y participan ts to judges, and creativit y

of en try .

The Rob oCup Jr. so ccer game had 20 participating teams. Eac h team built one or t w o rob ots (in all

cases from LEGO Mindstorms) to pla y on a �eld of appro ximately 150cm � 90cm. The 
o or of the �eld is a

gradien t from blac k to white, whic h allo ws the rob ots to detect p osition along one of the axes b y measuring

re
ection from the 
o or with a simple ligh t sensor. The ball used in the �nals w as an electronic ball pro duced

b y EK Japan (see [25 ]). The ball emits infrared that can b e detected with v ery simple, o� the shelf LEGO

sensors. Bellarine Secondary College w on the �nal b y dra wing 3-3 and winning on golden-goal, after b eing

do wn 3-0 at half time.

The success of the Rob oCup Jr. 2000 ev en t w as to a large degree due to the in v olv emen t of v ery
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en th usiastic lo cal teac hers and to y/hardw are pro viders, who promoted and designed the ev en t in collab oration

with the researc hers. The lo cal teac hers w ere able to incorp orate the Rob oCup Jr. pro ject in their curricula.

In v olv emen t of lo cal teac hers seems crucial for the success of suc h ev en ts. In the future, Rob oCup Jr. will

mak e an e�ort to promote national and lo cal comp etitions, apart from the big ev en ts at the y early Rob oCup.

Figure 12 sho ws images from this y ear's ev en t.

Figure 12: Images of the Rob oCup Jr. ev en ts

8 Humanoid Rob ot Demonstration

The Rob oCup h umanoid league will start in 2002 to w ards the �nal goal of Rob oCup, whic h is to b eat the

h uman W orld Cup so ccer c hampion team with a team of elev en h umanoid rob ots b y 2050. This league

will b e m uc h more c hallenging than the existing ones b ecause the dynamic stabilit y of rob ots w alking and

running will need to b e handled.

The main steps of suc h dev elopmen t will b e: (i) building an autonomous bip ed able to w alk alone on

the �eld; (ii) lo comotion of this bip ed, including straigh t-line mo v emen t, curv ed mo v emen t, and in-place

turns; (iii) iden ti�cation of the ball, the teammates, and the opp onen ts; (iv) kic king, passing, sho oting,

in tercepting, and thro wing the ball; (v) acquisition of co op erativ e b eha vior (co ordination of basic b eha viors

suc h as passing and sho oting); and (vi) acquisition of team strategy .

Although items (iii){(vi) are already addressed in the existing leagues, the h umanoid league has its o wn

c hallenges related to handling the ball with feet and hands.

A t Rob oCup-2000, the h umanoid demonstration w as held with four c haracteristic h umanoids. Figure 13

sho ws these four h umanoids, pictured from left to righ t. Mark-V, on the left is from Prof. T omiy ama's group

at Ao y ama Gauin Univirsit y . Mark-V sho w ed its abilit y to w alk and kic k a ball in to a goal. Second from the

left is PINO from the Kitano Sym bio Pro ject, Japan. PINO demonstrated w alking and w a ving his hand to

sa y \Go o d By e!" Second from the righ t is Adam from LRP , F rance. Adam w alk ed 100 cm in a straigh t line

autonomously and w as also con trolled b y an o�-b oard computer. On the righ t is Jac k Daniel from W estern

Australia Univ ersit y . Jac k demonstrated a w alking motion while susp ended in the air.

These h umanoids are still under dev elopmen t. A t Rob oCup-2001 w e exp ect to see more h umanoids with

impro v ed w alking and running and also some new capabilities.

9 Rob oCup W orkshop and Challenge Aw ards

There is no doubt that Rob oCup is an exciting ev en t: the matc hes are thrilling to w atc h and the rob ots and

programs are fun to design and build. Ev en so, Rob oCup is fundamen tally a scienti�c ev en t. It pro vides a

motiv ating and an easy to understand domain for serious m ultiagen t researc h. Accordingly , the Rob oCup
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Figure 13: F our h umanoids demonstrated at Rob oCup-2000

W orkshop, whic h is held eac h y ear in conjunction with the Rob ot So ccer W orld Cup, solicits the b est w ork

from participating researc hers for presen tation.

The Rob oCup-2000 W orkshop w as held in Melb ourne, adjacen t to the exhibition hall where the com-

p etitions w ere staged. This y ear 20 pap ers w ere selected for full presen tation and an additional 20 w ere

selected for p oster presen tation from o v er 60 submissions. P ap er topics ranged from automated in telli-

gen t sp ortscaster agen ts to motion planners and vision systems. The W orkshop w as attended b y o v er 200

in ternational participan ts.

The n um b er of high-qualit y submissions to the Rob oCup W orkshop con tin ues to gro w steadily . T o high-

ligh t the imp ortance of the scien ti�c asp ects of Rob oCup, and to recognize the v ery b est pap ers, the w orkshop

organizers nominated four pap ers as c hallenge a w ard �nalists. The c hallenge a w ards are distinctions that are

giv en ann ually to the Rob oCup-related researc h that sho ws the most p oten tial to adv ance their resp ectiv e

�elds. The �nalists w ere:

� A lo c alization metho d for a so c c er r ob ot using a vision-b ase d omni dir e ctional sensor b y Carlos Marques

and P edro Lima [29 ].

� Behavior classi�c ation with self-or ganizing maps b y Mic hael W • unstel, Daniel P olani, Thomas Uthmann

and J • urgen P erl [51 ].

� Communic ation and c o or dination among heter o gene ous mid-size players: AR T99 b y Claudio Castelpi-

etra, Luca Io cc hi, Daniele Nardi, Maurizio Piaggio, Alessandro Scalso and An tonio Sgorbissa [4].

� A daptive p ath planner for highly dynamic envir onments b y Jac ky Baltes and Nic holas Hildreth [2].

These presen tations w ere ev aluated b y a panel of judges who attended the presen tations based on the pap ers

themselv es, as w ell as the oral and p oster presen tations at the w orkshop. This y ear t w o a w ards w ere giv en:

The scien ti�c c hallenge a w ard w as giv en to W • unstel, et al. for their w ork on applying self-organizing maps to

the task of classifying spatial agen t b eha vior patterns; the engineering c hallenge a w ard w as giv en to Marques

and Lima for their con tribution to sensing and lo calization.

W e exp ect that W orkshop will con tin ue to gro w. In future y ears w e ma y mo v e to parallel trac ks so that

more presen tations will b e p ossible.

9.1 Scien ti�c Challenge Aw ard

The Rob oCup-2000 Scien ti�c Challenge Aw ard w en t to [51 ] for its con tribution of a metho d for using Self-

Organizing Maps to classify and structure spatio-temp oral data. The goal of the w ork w as to dev elop a

metho d to detect c haracteristic features of tra jectories. It w as used to analyze the b eha viors exhibited b y
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Rob oCup pla y ers during tournamen t games. The games to ok place in sim ulation using the so ccer serv er, so

the complete game data w ere a v ailable as log �les. The actions of Rob o cup pla y ers are then analyzed on a

purely b eha vioral lev el, i.e. no kno wledge ab out implemen tation or inner states of the agen ts is used. Here

an outline of the metho d is giv en. F or details of the metho d, the reader is referred to the original pap er.

The mo del in tro duced in that pap er is based on Kohonen 's Self-Or ganizing Map [19 ] (SOM). The SOM

is a data analysis metho d inspired b y the structure of certain cortex t yp es in the mammal brain. It is able

to iden tify clusters in high-dimensional data and to pro ject (\map") those data to a t w o-dimensional grid

resp ecting their \top ology ," i.e. their neigh b orho o d structure whic h allo ws an in tuitiv e visualization. The

mapping and the visualization capabilit y is an adv an tage of the SOM as compared to standard statistical

metho ds; in particular, the SOM is not just useful for separating di�eren t clusters, but it also resolv es

the inner structure of the clusters. Mathematically it is related to the principal surface mo dels for data

distributions kno wn from statistics [40 ], though, unlik e the SOM, the latter are not designed to handle data

sets decomp osing in to di�eren t clusters.

In the SOM mo del, there exist t w o spaces: the (t ypically) high-dimensional data space and the space

of SOM units, ha ving a function similar to the co deb o ok v ectors of v ector quan tization. Unlik e in v ector

quan tization, ho w ev er, the SOM units are t ypically organized in a t w o-dimensional grid, represen ting a

top ological, i.e. neigh b orho o d, relation b et w een the units.

F or a trained SOM, eac h data p oin t from the high-dimensional space is pro jected on to an elemen t of the

t w o-dimensional SOM grid. Ev ery SOM unit represen ts a v ector in the high-dimensional data space, suc h

that the SOM can b e view ed as an em b edding of the t w o-dimensional SOM grid in to the high-dimensional

data space. Neigh b oring units t ypically represen t neigh b oring regions in the original data space. In turn, a

data p oin t from the high-dimensional space can b e pro jected to that unit in the lo w-dimensional grid whose

co de v ector is closest to the original p oin t.

One of the questions addressed in the pap er is the represen tation of tra jectories of individual pla y ers and

of pla y ers in teracting with the ball. There are di�eren t approac hes to represen t tra jectories adequately to

b e able to analyze them with SOMs. One metho d is to pro ject ev ery state of the original tra jectory to the

corresp onding SOM unit and to examine the resulting tra jectory on the SOM grid in a fashion similar to

the trace of a elemen tary particle in a cloud c ham b er [16 ]. One can then for instance compare the order of

activ ated units with some reference order. This metho d has also b een used successfully for example in [3] to

recognize instances of a theme in a piece of m usic of J.S. Bac h. It has also b een used in sp eec h recognition to

trace the order of phonemes [18 , 30 ]. These are static SOM mo dels of tra jectories in the sense that the SOM

units only represen t certain states and the data space tra jectories are transformed in to a tra jectory on the

SOM grid. A di�eren t represen tation has b een used b y Chapp ell and T a ylor [5 ] who used Leaky In tegrator

Units. These units can store the units' activ ations for a while and therefore are able to represen t temp oral

information. The metho d presen ted in [50 ], ho w ev er, adopts a dynamic view of the tra jectory represen tation.

It do es not attribute just a single state to an SOM unit; instead eac h unit stores a tra jectory slice con taining

sev eral successiv e states. Therefore, in this mo del the mapping p erformed b y the SOM training do es not

just pro ject the \static" state space but the space of tra jectory slices on to the SOM grid and th us pro vides

a mapping of the dynamic structure of the original tra jectories.

In the pap er discussed here w e use a metho d whic h w e lab eled sp atial ly fo cuse d r epr esentation (SFR).

Here w e consider a tra jectory as a simple sequence of spatial data: The time in terv als are �xed and discrete

and the spatial data are con tin uous. An agen t tra jectory in a Rob oCup sim ulation consists of a sequence of

agen t p ositions on the t w o-dimensional so ccer �eld, one for eac h discrete sim ulation time step. The tra jectory

is split in to windo ws of short length (6 time steps in the curren t case). The di�erence v ectors of the agen t

p ositions in t w o successiv e time steps are calculated (giving 5 di�erence v ectors in the curren t example).

This sequence of di�erence v ectors is no w concatenated, resulting in a com bined v ector (10-dimensional in

the example). A complete pla y er tra jectory is th us transformed in to a set of tra jectory slices represen ted

as a sequence of p osition di�erence v ectors whic h, in turn, is com bined in to a single larger v ector (the SFR

ve ctor ) for ev ery slice. The SOMs are then trained in the standard fashion using the SFR v ectors as training

data.

After the SOM is trained, eac h SOM unit represen ts a tra jectory slice (similar to a co deb o ok v ector

of v ector quan tization); due to the top ology preserv ation prop ert y of the SOMs, units represen ting similar

tra jectory slices denoting similar agen t micro-b eha viors are t ypically group ed together on the SOM grid.
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This yields coarse clusters indicating distinct fundamen tal tra jectory patterns (whic h b elong to di�eren t

b eha vior t yp es); on the other hand also the inner structure of these pattern clusters is mapp ed to the SOM

grid resp ecting the neigh b orho o d structure as far as p ossible. It is then p ossible to study the tra jectory

pro jections on to the SOM grid that are generated b y giv en pla y ers. Doing so for pla y ers from di�eren t

Rob oCup teams is able to rev eal signi�can t di�erences in the micro-b eha viors of the resp ectiv e pla y ers.

The pap er extends the metho d to handle in teractions b et w een a pla y er and the ball (this is a sp ecial case of

a more general t w o-agen t or t w o-ob ject in teraction). F or this the SFR v ectors ha v e to b e extended to the so-

called enhanc e d sp atial ly fo cuse d r epr esentation (ESFR) v ectors whic h com bine t w o sim ultaneous tra jectories

(of one pla y er and the ball) and th us examine the pla y er-ball in teractions. The data represen tation is similar

to SFR. In addition to the di�erences b et w een the agen t p ositions at successiv e time steps in SFR, ESFR

includes the di�erence v ectors b et w een pla y er and ball at the di�eren t time steps in the v ector represen tation.

The ESFR v ectors are used to train the SOM. The resulting SOMs then create a map of the short-term

(micro-)in teraction b et w een pla y er and ball whic h is e.g. able to displa y signi�can t di�erences in ball-handling

b eha vior b y pla y ers from di�eren t teams.

As an example, the left and middle plots of Figure 14 sho w the classi�cation for di�eren t t yp es of

com bined pla y er-ball b eha vior as found b y the SOM, the dots represen ting b eha vior patterns found. F or

instance, region VI (the large cen tral region) represen ts dribbling b eha vior where the ball is carried alongside

the pla y er. A t ypical represen tativ e of suc h b eha vior is sho wn in the righ t sub�gure of Fig. 14, where the

ball (lo w er path) is led b y a pla y er (upp er path) to the righ t to w ards the opp onen t goal.
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Figure 14: The left and middle sub�gures sho w a classi�cation of di�eren t t yp es of com bined pla y er-ball

b eha vior as found b y the SOM. The righ t sub�gure sho ws a t ypical represen tativ e of suc h com bined b eha vior

from region VI of the left and middle plots (ball is dribbled alongside the pla y er).

Applied to concrete pla y ers, the results for a Carnegie Mellon United (CMU) 1999 pla y er are sho wn in

the cen ter plot and for a Mainz Rolling Brains (MRB) 1999 pla y er in the righ t one. The di�eren t handling

b eha viors are v ery clearly re
ected in the signi�can tly distinct dot patterns. The alongside dribbling (region

VI) is mostly carried out b y the CMU pla y ers, while a di�eren t t yp e of dribbling, carrying the ball in fron t

of the pla y er (region VI I) is predominan tly p erformed b y the MRB pla y ers. This is one illustrativ e example

sho wing clearly that the SOM is able to resolv e di�eren t pla ying st yles. F or further details and results of

the b eha vior classi�cation metho d the in terested reader is referred to [50 ].

9.2 Engineering Challenge Aw ard

The na vigation system is p erhaps the most imp ortan t sub-system of a mobile rob ot. In man y applications,

esp ecially those concerning indo ors w ell-structured en vironmen ts, one imp ortan t feature of the na vigation

system concerns the abilit y of the rob ot to self-lo calize, i.e., to autonomously determine its p osition and

orien tation (p osture). Once a rob ot kno ws its p osture, it is capable of follo wing a pre-planned virtual
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path or stabilizing its p osture smo othly[8 ]. If the rob ot is part of a co op erativ e m ulti-rob ot team, it can

also exc hange the p osture information with its teammates so that appropriate relational and organizational

b eha viors are established[22 ]. In rob otic so ccer, these are crucial issues. If a rob ot kno ws its p osture, it

can mo v e to w ards a desired p osture (e.g., facing the goal with the ball in b et w een). It can also kno w its

teammates' p ostures and prepare a pass, or ev aluate the game state from the team lo cations.

An increasing n um b er of teams participating in Rob oCup's middle-size league is approac hing the self-

lo calization problem. The prop osed solutions are mainly distinguished b y the t yp es of sensors used: Laser

Range Finders (LRFs), vision-based omni-directional sensors, or single fron tal camera. LRFs require w alls

surrounding the so ccer �eld to acquire the �eld b order lines and correlate them with the �eld rectangular

shap e to determine the team p ostures. Should the w alls b e remo v ed, the metho d b ecomes not applicable.

The Engineering Challenge Aw ard winning pap er of the Rob oCup 2000 W orkshop [29] describ es an

algorithm that determines the p osture of a middle-size league rob ot, with resp ect to a giv en co ordinate

system, from the observ ation of natural landmarks of the so ccer �eld, suc h as the �eld lines and goals, as

w ell as from a priori kno wledge of the �eld geometry . Ev en though the in tersection b et w een the �eld and

the w alls is also curren tly used, the w all replacemen t b y the corresp onding �eld lines w ould not c hange

the algorithm. The algorithm is a particular implemen tation of a general metho d applicable to other w ell-

structured en vironmen ts, also in tro duced in [29 ].

The landmarks are pro cessed from an image tak en b y an omni-directional vision system, based on a

camera plus a con v ex mirror designed to obtain (b y hardw are) the so ccer �eld bird's ey e view, th us preserving

the �eld geometry in the image. This mirror, although dev elop ed indep enden tly , w as �rst in tro duced in [14 ].

The image green-white-green color transitions o v er a pre-determined n um b er of circles cen tered with the

rob ot are collected as the set of tr ansition pixels . The Hough T ransform is applied to the set of transition

pixels in a giv en image, using the normal represen tation of a line[12 ]
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Note that a small � � denotes almost parallel straigh t lines, while � � is the distance b et w een 2 parallel

lines. The � � and � � v alues are subsequen tly classi�ed b y r elevanc e functions whic h, based on the kno wledge

of the �eld geometry , will �lter out lines whose relativ e orien tation and/or distances do not matc h the actual

�eld relativ e orien tation and/or distances. The remaining lines are correlated, in Hough space, with the

geometric �eld mo del, so as to obtain the rob ot p osture estimate. An additional step m ust b e tak en to

disam biguate the rob ot orien tation. In the application to a so ccer rob ot, the am biguit y is due to the so ccer

�eld symmetry . The goal colors are used to remo v e suc h am biguit y .

Curren tly , the algorithm has b een implemen ted in C and runs on a P en tium 233MHz with 64MB of RAM

in less than 0.5 second. It is used b y eac h of the ISo cRob team rob ots to obtain their self-lo calization during

a game after either a pre-determined timeout has expired and/or more than a pre-determined n um b er of

bumps w as sensed b y the rob ot (see Figure 15). The algorithm is part of eac h rob ot na vigation system,

but it is also used b y the rob ot to share information with its teammates regarding team p ostures and ball

lo cation. The na vigation system includes a guidance con trol algorithm whic h relies on o dometry most of the

time, but o dometry is reset whenev er the self-lo calization algorithm runs.

A similar metho d has b een prop osed b y Io cc hi and Nardi[15 ] for so ccer rob ots to o. Their metho d also

matc hes the observ ed �eld lines with a 2-D �eld mo del in the Hough space. Ho w ev er, as only a single

fron tal camera is used, their approac h considers lines detected lo cally , rather than a global �eld view, and

requires o dometry to remo v e am biguities. The Agilo team[41 ], also prop oses a vision-based approac h to the

self-lo calization problem. A single fron tal camera is used to matc h a 3-D geometric mo del of the �eld with

the b order lines and goals line segmen ts in the acquired image. Only a partial �eld view is used in this
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Figure 15: Self-lo calization results: on the left, the actual image. On the righ t, the determined p osition in

the �eld geometric mo del.

metho d. Sev eral teams use a vision-based omni-directional hardw are system, but only for trac king the ball

and the markings on opp osing rob ots[27 , 32 , 26 ].

10 Conclusion

Rob oCup-2000 sho w ed man y adv ances, b oth in the existing comp etition leagues and in the in tro duction of

sev eral new ev en ts. The participation and attendance w ere greater than ev er, with ab out 500 participan ts

and more than 5,000 sp ectators.

Rob oCup-2001 is going to b e held in the United States for the �rst time. It will run from August

2nd through August 10th, 2001 in Seattle co-lo cated with the In ternational Join t Conference of Arti�cial

In telligence (IJCAI-2001). Rob oCup-2001 will include a 2-da y researc h forum with presen tations of tec hnical

pap ers, and all comp etition leagues: so ccer sim ulation; Rob oCup rescue sim ulation (for the �rst time); small-

size rob ot (F180); middle-size rob ot (F2000); four-legged rob ot; and Rob oCup rescue rob ot in conjunction

with the AAAI rob ot comp etition (for the �rst time). It will also include a Rob oCup Jr. symp osium

including 1 on 1 rob ot so ccer and rob ot dancing comp etitions, and other educational ev en ts for middle-

sc ho ol and high-sc ho ol c hildren. Finally , Rob oCup-2001 will include an exhibition of h umanoid rob ots.

F or more information, please visit: http://www.robocu p. or g .

Ac kno wledgemen ts

Rob oCup-2000 w as sp onsored b y Son y , SGI, F ujiXero x, Australon, and RMIT Univ ersit y . The sections of

this article re
ect the w ork of the indicated authors along with Claude Samm ut, Son Bao Pham, and Darren

Ibb otson (UNSW team); T amas Nagy and Pritam Ganguly (Cornell T eam); Ste�en Gutmann and Bernhard

Neb el (CS F reiburg team); Luis P aulo Reis (F C P ortugal T eam); T omoic hi T ak ahashi and the Rob oCup-

Rescue team (rescue); Dominique Duhaut (h umanoid); Mic hael W • unstel, Thomas Uthmann and J • urgen P erl

(scien ti�c c hallenge); and Carlos Marques (engineering c hallenge).
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