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A b s t r a c t .  The "Spirit of Bolivia" is a robotic soccer team which demon- 
strates minimally comprehensive team behavior. By this we mean that 
each member of the team makes progress towards team goals, and ob- 
structs progress of the opponent, by interacting constructively with team- 
mates and in a sportsmanlike manner with opposing players. This com- 
plex behavior is achieved with simple on-board processors running very 
small behavior-based control programs; team behaviors are achieved with- 
out explicit communication. Externalization - the use of the environment 
as its own best model - and tolerance - a bias towards reducing the need 
for accurate information rather than attempting to recognize or correct 
noisy information - are the keys to robustness and sophistication of team 
behavior. 

1 I n t r o d u c t i o n  

While it is often t empt ing  to look to more  powerful hardware,  more complicated 
programs,  more precise sensors, and more  communica t ion  in the a t t empt  to 
generate more  sophisticated robot ic  behavior,  we feel tha t  the key to success in 
such an endeavor lies ra ther  in the phi losophy of  t ry ing to fully exploit minimal  
systems ([7]). Not only are we far f rom get t ing the mos t  out of  even the simplest 
robots;  experience has shown tha t  in m a n y  cases more  precise, "better" robots  
are more  difficult to control ([6]). We present here the "Spirit of Bolivia," a 
team of RoboCup  mid-size soccer-playing robots  tha t  exhibit a high degree of  
sophist ication with minimal control and tolerance for - rather than  a t t empts  to 
reduce - imprecision of  information.  The  t eam is able to keep the ball consistently 
in play, engaging in constructive offensive and defensive group and individual 
behavior  wi thout  explicit communica t ion  or model ing of  the environment .  [1], 
[3], [2], and [8] have pointed out in various ways the benefits of  replacing models 
of  the environment  and precise calculation with externalization - the use of  the 
world not  only as its own best model,  but  as a convenient medium for implicit  
communica t ion .  

Though  the "Spirit of  Bolivia" is pr imari ly  a software effort, we next present 
a brief description of the physical hardware for context.  We then describe the 
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individual and group behavior of the system, and discuss its performance in the 
RoboCup '97 competition. 

2 T h e  R o b o t s  

The "Spirit of Bolivia" consists of five robots: four fielders (all but one borrowed), 
Pioneer I robots from ActiveMedia/RWI; and one goalie, built by Newton Labs 
with an RWI B14 base. A description of the behavior of the goalie appears only 
here since it is distinct from, and simpler than, that  of the fielders. 

The financial necessity of borrowing robots for the competition had two ma- 
jor implications: on one hand, the robots were not specialized for RoboCup 
competition, as were all competing teams; on the other hand, the human team 
members were able to spend all of their development time on team behavior 
without uncertainty of hardware reliability or functionality. In hindsight we feel 
that the tradeoff was highly beneficial. 

R o b o t  V i s ion  All of the robots used the Cognachrome [5] vision system 
from Newton Laboratorie. Based on a 16-MHz 68332 microcontroller, the system 
extracts color-blob information from a video source at a frame rate of 60 Hz. It 
Call be trained to recognize three distinct colors at a time, and outputs the size, 
visual field location, bounding box, and other data for multiple blobs of each 
color. It also provides various types of line-tracking data. The robots used wide 
angle (60-degree) cameras which were not actuated. 

T h e  P i o n e e r s  - Llaqwa~ Si l l I ) 'aneho,  Salte.i]a~ a n d  U l l a n t a  t h e  R o b o t  
Lev i n  The Pioneer I robots, as pictured in Figure 1, feature an 18"x14" differen- 
tially steered base, five forward- and two side-facing sonars, and grippers (made 
into large bumpers to comply with RoboCup rules) with contact sensors on 
each finger. Llaqwa and Ullanta are equipped with the MARS/L system from 
I.S. Robotics, an on-board 68332 programmed in a Common LISP extended for 
behavior-based control; Saltefia and Sillp'ancho are run with offboard proces- 
sors over a radio modem link, programmed in C using the PAl libraries from 
ActivMedia (Saltefia) and P-LO(:IO (Sitlp'ancho). 

The only modification made to the Pioneers for RoboCup is the raising of 
their sonar pingers to a level (two inches higher than normal) where they do not 
perceive the ball. The pitch-angle of the forward facing camera is set so that a 
wall at, maximumfield distance readies to the top of the field of view, preventing 
perception of anything outside of the field. 

T h e  G o a l i e  - P a p a  Wayk~u The goalie is an RV¢I B14 synchronous-steered 
base with two Cognachrome vision systems for sensing and control. Its simple 
task is to stay between the ball and the goal while moving along the goal line. 

The camera connected to one of the vision systems points out into the field, 
in order to locate the ball and report its position to the other vision system. To 
locate the ball, the vision system finds the largest red object below the horizon 
line; if this is larger than a preset threshold, it is assumed to be the ball. This 
vision system relays the ball location to the second vision system 60 times per 
second. 
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Fig. 1. The Pioneers are differentially steered bases with seven sonar pingers, grippers 
with contact sensors on the tips, and a Cognachrome vision system. 

Since the camera has less than a 180 degree field of view, it can't see the 
entire field. We point the camera at a 45-degree angle so the goalie looks "ahead 
and left" (see Figure 2). Whenever the robot doesn't see the ball, it assumes the 
ball is to its right, and moves to intercept it. By maintaining a "guard" position 
at the right end of the goal, Papa  Wayk'u is able to see the ball whenever it 
approaches the goal, and quickly zip across to block it or "kick" it out of the 
way. 

The second vision system uses a line-following algorithm to follow along the 
goal line. It moves left and right based on information received from the first 
vision system using a simple proportional control loop. 

3 T h e  B e h a v i o r a l  S y s t e m  

Figure 3 shows the overall structure and information flow of the fielders' behav- 
ioral system. There are two main behavioral groupings: the ball-manipulation 
behaviors centered around the Object Tracker, and the safety-related behaviors 
Avoidance Generator and Velocity Generator. Team behaviors "emerge" out of 
the interactions between these two groups. 

3.1 Bal l  M a n i p u l a t i o n  

The fielders manipulate the ball in three ways: pushing it forward, kicking it 
forward, and batting it to the side. These three forms of manipulation are im- 
plemented through a set of basis behaviors [4]; this is a minimal set of behaviors 
that  is sufficient for generating the complex trajectories necessary for soccer play. 
The set consists of Orbit-CW, Orbit-CCW, and Kick-Ahead, which are illustrated 
in Figure 4. 

These three behaviors are mutually inhibitory in such a way that  only one is 
active at a time. Changes of active status happen at a potential rate of 10 Hz, 
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Fig. 2. The Goalie is a synchronous-steered base with two Cognachrome vision systems: 
one which tracks the line across the goa~ entrance, and one which watches for the ball. 

which allows generation of smooth trajectories such as can be seen in Figure 5, 
and quick enough reaction times for proper handling of a moving ball. 

I n t e r p o l a t i o n  The two Orbit basis behaviors suffice for interpolation of a 
fielder between the ball and its own goal, which is essential to both offense 
and defense. In the process of doing so, we want the robot to avoid ever getting 
between the ball and the opponent 's goal (which may block a teammate 's  actions, 
and increases the likelihood of a self-goal). We also want the robot to be facing 
towards the opponent 's goal once interpolated. The switching of activation to 
achieve this interpolation and move the ball forward once in a good position 
is one of the functions of tile Object 7)'acker, which makes a determination as 
follows: 

Given B is the ball, O G  is the opponent 's  goal, M G  is the player's goal, and 
"north" is the direction towards O G ,  

If I see B 

If I see OG 

If B overlaps 0G, 

Else if B is left of OG, 

Else if B is right of OG, 

Else if I see MG 

If B is left of MG, 

Else if B is right of MG, 

Else if I'm facing northm, 

Else if I~m facing east, 

Else if I'm facing west, 

Else I don't see B, 

activate Kick-Ahead 

activate Orbit-CW 

activate Drbit-CCW 

activate Orbit-CCW 

activate Orbit-CW 

activate Kick-Ahead 

activate Orbit-COW 

activate Orbit-CW 

activate Patrol 

Thus, an Orbit behavior is maintained around the ball until the robot's perception 
indicates that it is in position to advance towards the opponent's goal. Directional 
determinations (north, east, or west) are made by dead-reckoning. The reckoning is 
accurate only for short periods, but the combination of very rough distinctions (forty 
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Fig.  3. The control systein of the fielders. Boxes are individual behaviors; ovals are 
perceptual devices; and links are labeled with the type of information they carry. 

degrees of "north", 180-degree distinction of east and west) and a rough calibration of 
the dead-reckoning whenever either of the goals is seen with some degree of confidence 
results in robust orientation. 

Behav ior  Tables  a n d  S h o r t - T e r m  M e m o r y  The basis behaviors are imple- 
mented as simple tables which divide the field of view into a 5x5 grid; each section of 
the field of view has an associated rotational velocity (Figure 4). When the ball leaves 
the field of view, the short-term memory (Figure 3) feeds the most-recently-viewed ball 
position into the Object Tracker for a period of a few seconds. With this in mind, we 
have built "recovery behaviors" into the edges of the behavior tables. When the ball 
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Fig.  4. The three basis behaviors sufficient to generate ball-manipulation for soccer 
play. Each is implemented as a table that assigns rotational velocities to segments of 
the visual field, such as the one shown for Orbit-CW. 
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Fig. 5. Some typical trajectories generated by combination of the ball-manipulation 
basis behaviors. 

does leave the robot's field of view, the robot takes an action which is very likely to 
cause it to regain direct sight of tile ball. This allows the robots to react to an unseen 
ball without explicitly calculating motion of the ball within some model of the environ- 
ment, though in practice it appears that the robot is doing just that. The same effect is 
what allows the Orbits to function. As can best be understood by imagining the ball at 
various positions in the table in (Figure 4), the robot actually "tacks" around the ball 
as it loses and regains sight of it. This tacking behavior also causes it to continuously 
change its angle so that it is very likely to line up for a switch to Kick-Ahead behavior 
during the interpolation process. 

P u s h i n g ,  B a t t i n g ,  a n d  K ick ing  Pushing is tile simplest of the manipulations; 
when the ball is directly in front of the robot, the Kick-Ahead behavior moves the robot 
forward as fast as possible, pushing the ball and making srnall corrections until such 
time that the perceptual situation and Object Tracker determine that major (Orbit- 
based) corrections are necessary. Batting occurs when the ball is stuck against a wall 
or being advanced by an opponent; the combination of tacking behavior inherent in 
interpolation and reduced speed due to the Velocity Generator's perception of the wall 
or opponent causes the robot to swing back and forth more forcefully as it gets closer 
to the ball, always remaining on the proper side of the ball for interpolation. This 
results in the ball being batted (by the side of the gripper) towards the opponent's 
goal. Kicking results from the observation that in certain configurations, there is no 
way that the robot can push or bat the ball productively without backing up (which 
would involve complex, sequenced behavior). This occurs when the ball is right next to 
the front of the robot (at the lower corners of the visual field) where forward motion 
would at best knock it to the side (Figure 6). When the ball is in such a position, the 
robot rotates at high speed away from it, loses sight of it, and thus continues rotating 
(due to short term memory) for a full rotation. Since the robot is oblong, its rear-end 
often "kicks" the ball smartly forward. 

3 .2  S a f e t y  B e h a v i o r s  a n d  M o t o r  C o m m a n d  I n t e g r a t i o n  

The ~locity Generator outputs a speed inversely proportional to the distance to tile 
closest object detected by the sonar; the Avoidance Generator outputs rotational ve- 
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Fig.  6. The proper configuration for a rear-end kick. 

locities that cause the robot to turns away from objects to its sides. The Command 
Integrator combines the rotational velocities from the ball-manipulation behaviors and 
the translational velocity from the Velocity Generator to form final wheel-speeds. The 
Avoidance rotations override the manipulation rotations only when necessary. The Ve- 
locity Generator monitors stalls and gripper contact points to detect situations where 
the sonars do not properly register collisions. 

4 T e a m  Behav ior  

Team behavior arises from the interaction of obstacle avoidance, ball manipulation, 
and short-term memory. In a manner akin to the Dispersion basis behavior used in [4], 
fielders move away from objects close to their sides. This dispersion leads to effective 
offensive and defensive formations of some sub-set of the team when combined with ball 
manipulation behaviors. When advancing towards the opponent's goal, team members 
fall into the configuration seen in Figure 7: one robot leads witt, the ball, while others 
stay to the side and behind, ready to recover the ball should it be fumbled or stolen. The 
robots on the sides stay slightly behind because they slow down as they draw abreast 
of the ball and turn more sharply towards it, perceiving the leader with sonar. It is not 
uncommon that possession of the ball changes between members of the advancing group 
as it moves. The number of robots participating in the group is hmited by perception; 
after some critical mass (three, in practice), robots on the edge of the group tend to 
lose perception of the ball for longer than the short-term memory duration and take 
up a Patrol behavior. 

J 

O 

Fig.  7. Offensive (left) and defensive (right) group formations. 
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In a defensive situation the ball is not advancing, so the robots fall into a semi- 
circular arrangement around it. This effectively prevents the opponent from dodging 
the defense, and places players in a good position to gain possession of the ball. The 
offensive or defensive response is triggered solely by the behavior of other agents and 
the ball, with no need for symbolic distinction of teammates from opponents. 

Given the lack of information about opponent strategies, we felt that the benefits 
of honmgenizing the fielders outweighed those of specializing them for field positions. 
To prevent clustering, however, it proves effective to vary the direction of rotation of 
the Patrol behavior, which is implemented quite simply as a fixed rotational velocity. 
Robots with different directions of rotation tend to wander separate "territories," due 
to effects of safety behaviors during interactions. 

5 S u m m a r y  of Control  Sys tem 

The "Spirit of Bolivia" demonstrates an outstanding level of behavioral sophistication 
in the RoboCup mid-size field, including polite "sportsmanlike" behavior towards oppo- 
nents, constructive interaction with teammates, and ability to continuously manipulate 
the ball both offensively and defensively. This is all done with ahnost no internal state 
(only the dead-reckoning position used when neither goal can be perceived, and the 
short-term memory), no explicit communication, and with extremely simple code: the 
most complex behavior is the Object Tracker presented in pseudocode in Section 3.1, 
and the entire system occupies fewer than four pages of LISP code. The system has 
redundancies (e.g., dead-reckoning), seamless recovery procedures (e.g., edges of basis 
behavior grids), and a ininimal need for accurate information that all lead to extremely 
robust, purposeful, and lively behavior. 

6 Performance at R o b o C u p  '97 

Though not one of the eo-champions, the "Spirit of Bolivia" was the only team at 
RoboCup whose defense proved impenetrable (no points were scored against the team). 
The team did not have a chance to play against either of the championship teams 
during the competition, but in an unofficial game shortly after the finals, the "Spirit 
of Bolivia" won against one of them, ending up as the only team to }lave won against 
either of the co-champions, who consistently tied against each other. Given that our 
team was the only one attempting obstacle avoidance, which had a major impact on 
the robots' speed and ability to maneuver, we consider the "Spirit of Bolivia" to be a 
great success. 
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