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Embodied Intelligence: A new Embodied Intelligence: A new 
Paradigm for AIParadigm for AI

- IntelligenceIntelligence needsneeds a a bodybody: : mechanicsmechanics
-- Computer Computer visionvision in real timein real time
-- EnergyEnergy managementmanagement
-- LocalLocal controlcontrol
-- CommunicationCommunication betweenbetween agentsagents
-- CoordinationCoordination and and teamteam behaviorbehavior
-- Adaptation and Adaptation and learninglearning

„„ArtificialArtificial IntelligenceIntelligence isis thethe art and art and sciencescience
of of thethe subconscioussubconscious““



RoboticRobotic SoccerSoccer as AI as AI 
BenchmarkBenchmark

RoboCupRoboCup startedstarted withwith IJCAI 1997 IJCAI 1997 
I  I  -- Simulation Simulation leagueleague
II II –– Small Small sizesize leagueleague
IIIIII-- MidMid--sizesize leagueleague
IVIV-- LeggedLegged leagueleague
V V –– HumanoidHumanoid leagueleague



SmallSmall--SizeSize LigaLiga

4.5 by 5 meter field Five vs five

18 cm in
diameter



LisbonLisbon 20042004



Kicking the distanceKicking the distance



MidMid--sizesize leagueleague

field
12 × 8 meters

four
on 
four



LisbonLisbon 20042004



Pressuring the goaliePressuring the goalie



Our smallOur small--size robotssize robots



OmnidirectionalOmnidirectional DesignDesign



OmnidirectionalOmnidirectional ControlControl



OurOur midmid--sizesize robotsrobots

Omnidirectional vision

- Laptop for control
- Firewire video camera



CAD DesignCAD Design



FUXABOT: FUXABOT: TheThe HexapodHexapod



I    Global visionI    Global vision



Global Global visionvision

global cameracomputer
wireless communication



TheThe worldworld isis coloredcolored

Team color

ball



Projective TransformationProjective Transformation



Automatic camera calibrationAutomatic camera calibration



Illumination artifactsIllumination artifacts



Adaptive color mapsAdaptive color maps



TrackingTracking helpshelps computercomputer visionvision

• just a few pixels are read

• the position of the ball is predicted

• variable search frame



TrackingTracking thethe robotsrobots

t
vision
delay

communication
delay

Data from the past

We need the
data of the future



PredictPredict thethe robot‘srobot‘s movementmovement

(x1,y1)

(x2,y2)

(x3,y3)

(x4,y4)

(vx,vy,w)1

(vx,vy,w)2

(vx,vy,w)3

(vx,vy,w)4

positions

commands

predictorpredictor(x,y,θ )

Position and
orientation four
frames in the
future (100 ms)





II    Local visionII    Local vision



Our first Our first omnivisionomnivision robotsrobots



Spherical and parabolic Spherical and parabolic 
transformationstransformations



The field seen with our mirrorThe field seen with our mirror



Locating the robotLocating the robot
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ExpectationExpectation--MaximizationMaximization
The model „attracts“ the cloud of points



Forces on real data



Precomputed resultant forces for each coordinate



Obstacle Detection



Obstacle Modelling



Obstacle Fusion



Obstacle Identification



III   Reactive BehaviorIII   Reactive Behavior



ReactiveReactive BehaviorBehavior ControlControl

fast

slow

sensors behaviors actuators



StructureStructure of a of a layerlayer

Higher layer

sensors behaviors actors

effectorssensors

Lower layer



KickingKicking reflexreflex

Kicking reflex activated



Screenshot of control softwareScreenshot of control software



IV   Learning and IV   Learning and 
Coaching the robotsCoaching the robots



AnpassbarkeitAnpassbarkeit



RaumfreiheitRaumfreiheit



BeispielBeispiel--EingabeEingabe



Learning to passLearning to pass



PassingPassing gamegame



Team PlayTeam Play



TheThe GoalieGoalie



Goalie againGoalie again



LearningLearning: robot : robot healheal yourselfyourself



Learn what the robot doesLearn what the robot does

(x1,y1)

(x2,y2)

(x3,y3)

(x4,y4)

(vx,vy,w)1

(vx,vy,w)2

(vx,vy,w)3

(vx,vy,w)4

positions

commands

predictorpredictor (x,y,θ )

Measured position



Invert the predictionInvert the prediction

(x1,y1)

(x2,y2)

(x3,y3)

(x4,y4)

(vx,vy,w)1

(vx,vy,w)2

(vx,vy,w)3

(vx,vy,w)4

predictorpredictor (x,y,θ )

desired position



One burnt motorOne burnt motor



V    Summary and V    Summary and 
OutlookOutlook



FU FightersFU Fighters

19991999 VizeweltmeisterVizeweltmeister
20002000 EuropaEuropa-- und Vizeweltmeisterund Vizeweltmeister
20012001 Vierter PlatzVierter Platz
20022002 EuropaEuropa-- und Vizeweltmeisterund Vizeweltmeister
20032003 EuropameisterEuropameister

Dritter Platz (Dritter Platz (smallsmall--sizesize))
Halbfinalist (Halbfinalist (midmid--sizesize))

20042004 Weltmeister (Weltmeister (smallsmall--sizesize))
Vierter Platz (Vierter Platz (midmid--sizesize))



Small-Size Team

Anna Egorova, Alexander 
Gloye, Mark Simon, 
Cüneyt Göktekin, Bastian 
Hecht, Achim Liers, Oliver 
Tenchio, Fabian Wiesel, 
Lina Ourima, Maria Jütte, 
Thomas Sunderman
Susanne Schöttker-Söhl



MidMid--sizesize TeamTeam
Holger Freyther, Ketill Gunnarsson, 
Henning Heinold, Felix von 
Hundelshausen, Wolf Lindstrot, Marian 
Luft, Slav Petrov, Michael Schreiber, 
Frederik Zilly, Fabian Ruff, David 
Schneider, Markus Kettern



Detlef MDetlef Müllerller und Feinwerktechnikund Feinwerktechnik



FritzFritz--HaberHaber--InstitutInstitut

GeorgGeorg HeyneHeyne
Peter Peter ZilskeZilske
TorstenTorsten VetterVetter
Ronald Ronald NehringNehring




