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Abstract. This paper describes the implementation of a platfdor simulating the robot soccer game based am uke of
reconfigurable architectures. In this case, a FPB@&} board was used (based on Stratrix Il devicemfrAltera) in which the
strategy of the game for approaching issues (nantiedyplayer approaching the ball) is developedjafne simulator enviorement
was also developed using the OpenGL-Graphics bybrahich runs in the PC. A communication protoeas defined and
implemented in order to support the communicatietween the FPGA embedded system and the softwplieaion. The FPGA
embedded system consists of a NIOS embedded pmdasshich was implemented a controller systermemory block, a clock
synthesizer (PLL), a timer and a PCI-bus drivere dommunication between the simulator and the FPP@A\board is achieved
by the PCI bus, in which case a communication paitevas defined. The communication among therdiffecFPGA-embedded-
hardware blocks was accomplished by means of tladoAsBus. The NIOS processor executes severalisctor robot soccer
game strategy implementation, which were writtenGnlanguage. These functions are responsible faecating several
mathematics operations in order to define theediffit situations of the game in real time. As fatle authors know, there are no
systems in the literature with the similar charaistcs (involving reconfigurable architectures, BPGA-PCI board and a complex
embedded system for solving the strategy plannibgst for the robot soccer game problem).
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1. INTRODUCTION

This paper describes a new architectural approaectine robot soccer game strategy implementatiowhich
specific roles namely attacker, defender and geabkr were defined. This approach involves a dpemithitecture
based on a Soccer Game Simulator (SGS), runnirggR@ (developed dBpenGL-Graphics Libranand C language),
a strategy module (which was developed using atistlaFPGA for PCI bus) and a communication praibfor
achieving the communication between the simulatdrtae FPGA-PCI board.

Robot soccer game problem have been popular irdoattademic environment given that it provides adgoo
platform for multi-agent domain research, dealinthvissues such as cooperation by distributed ohreffective and
fault tolerant communication, real time image pssieg, real time robotics path planning and obstasloidance.
Basically, there are three main topics in robotcsocgames: (a) the mechanism design of robotsth@)visual
recognition and (c) the study of team strategy miteon

The treatment of computational complex problems Ibaen traditionally carried out with the use of ghket
computing. In this model, the computational elerseare processors of high performance, howeverviolig the von
Neumann model. One alternative technique is theafideield Programmable Gate Arrayd~PGAs), which allow
describing the algorithms directly in the hardwawmsing the intrinsic parallelism of these devic&ven that an
execution of an algorithm in hardware does not ddp# the execution of a set of instructions (athznvon Neumann
model) the produced calculations only depends efdtitical paths of the implemented circuit. An ionfant point
inside of the FPGASs design is the possibility tdude embedded complex elements such as proceBsgital Signals
Processor (DSPs), hardware for communication, buse®ng others. This approach allows the compldutiea
implementations in an only integrated circuit (8yston Chip - SoC).

Another important element inside of the FPGA apphodor high performance solutions implementatisrthe use
of FPGA based boards for PCI bus. Given the higta daxchange rate in this bus, this make possibée th
implementation of hardware accelerators (for instanimplementing reconfigurable co-processors fpecHic
applications), which allow to improve the perforroanof the overall computer system. Basically, ti@& Protocol
defines a structure of master/slave. The masteicel@nly can initiate a transaction by means obl&isation to the
arbitrator (the processor that controls PCI busje PCI bus is currently seen as the standard kintinmultiples
peripherals on a PC and it allows transparent ufggfieom 32 to 64 bits and working with both 33 &&dMHz.

In this paper the FPGA is used for the strategyplera solution (namely the speed and the approxanatontrol of
the players), the kicking ball strategy and theekiatics aspects of the ball/robots. In this work payers of the
adversary team were not taken into account, gitah the main aim of this proposal is only the impdatation in
hardware of the approaching techniques (namely, flagrer approaching the ball). The strategy modwkes
implemented through an embedded processor, the fi@$Altera (NIOS Il Hardware Tutorial, 2007), ambedded
RAM module and using the Avalon bus (Altera, 200®@e)connecting all the architectural elementshaf $ystem. The
treatment of the problems is adapted for diffeq@ater roles such as attacker, defender and gegldete These role
behaviors are defined and described by severaleF8tate Machines (FSMs), which define the propgordhm for
each role and game situation. In this approachSithecer Game Simulator (SGS) is capable to reprekenturrent
state of the ball and the robots, apart from ted&lfshape in real time. Additionally, the SGS setulthe Strategy



Module (that was implemented in the FPGA-PCI bodh#) information about the current game status. dverall
strategy module implements a reconfigurable andifle co-processor for the soccer game, which ecaadapted for
implementing other strategy techniques.

In order to connect the SGS and the strategy maalwlemmunication protocol was defined, which impbats a
special communication strategy, avoiding commuiacatonflicts. The novelty of this approach is tlia¢ strategy
tasks of the system were implemented on a FPGR®&irbus (PCI Development Kit, 2007), achieving eordigurable
system, which is capable to be easily adaptedder algorithms (using the same architecture). Moeeathis approach
also includes a robot soccer game simulator thatldhbe useful to test different game strategi®s the other hand,
the use of a dedicated hardware to calculate thetrplayer strategy opens a wide variety of newsiiilies to the
robot soccer problem. This approach allows botbh@nge the performance parameters in a flexible avalya faster
decision process.

In section 2 the several related works in roboteogame are discussed. In section 3 the ovediitacture of the
system is described. Section 4 presents the basiepts of the proposed embedded architecturaryst the FPGA.
Section 4 discuses the defined command set focah&rol system. Section 5 describes the virtuairenment for
simulating the vehicle motion. Section 6 descrittesscommunication approach. Section 7 describeprbject of the
robot soccer game simulator and before our corahgssection 8 describes our results.

2. RELATED WORKS

There are several approaches for soccer game gstram®blem, which involve the use of artificial éfiigent
techniques, such as Artificial Neural Networks (A&)NFuzzy Logic, among others. An important painthiat most of
these approaches define several player roles suatiacker, defender and goal-keeper (Hegel, 2000). In this case
is very important to solve typical problems suctopimizing the trajectory between the robot ang lhll, the player
speed control, the strategy for kicking the bélé strategy variation depending of the ball angergositions on the
soccer field, among others. In the work of MingaYiet al. (2005) a special robot strategy is proposed, migipg on
the current position of the robot, the ball and dpgonents. For instance, at a given time the rabight be closer to
the goal or to the ball, in this situation the rbbave to adjust its position.

In the work of Bruce, Jet al (2003) are defined both tactics and strategiég fActics are related to high-level
individual robot skills, such as shooting, passisigcking, etc. The strategies are formulated aglwhere a play is a
sequence of tactics assigned to each robot. Thet'sobpeed is regulated by a PID controller systanorder to
maintain the speed to a defined target.

The use of fuzzy control in robot soccer gamesheen intensively researched in the field of roketigation for
steering and obstacle avoidance. These technigaes hlso been applied to the robot soccer for implding
individual robot behaviors and actions, in parteuior shooting and obstacle avoidance. In the vabri{adakkepagt
al. (2004) a fuzzy approach is used to implement iddi@ behavior, to coordinate the various behayirselect roles
for each robot, speed control, among others. The& wbKdseet al (2003) proposes an assign strategy to the robot
based on the marked-driven method. To that, difitecest functions (score cost functions) are evehlialn this case
the robot with the smallest attacker score codtheilthe primary attacker. The most important tasécoring the goal
(making the ball enter into the opponent’s goaly. tBe other hand, opponent goals should be avoitled. defines
three main rolesattacker defenderand thegoal-keepei(Aranibar, 2005). The main roles can be all repnees by a
Finite State Machines (FSM). In the work of Chetnal (2005) is proposed a robot soccer game approasbdban
Action Select Mechanism (ASM) implementation. Taproach uses Artificial Immune Network (AIN), whics used
to carry out the gamming strategy.

An important conclusion about the study of thesekavds the importance of defining the roles, thratsigies and the
suitable models for representing the different &géfor example, using FSMs). Our approach defthessame robot's
roles (agents) as proposed in the works of Kaisal (2003) and Hugeét al (2000). Otherwise, our work follows the
strategy definitions as suggested in the work ofé&s al (2003). Additionally, a motion plan technique waspgnsed
in order to approach the ball position as propdadtie work of Tsung-Yinget al (2004). An important point that can
be observed in these works is that there are rete®ces in order to optimize the implemented tepkes by using a
dedicated hardware. In this case the FPGAs cars&@ as dedicated and flexible coprocessors, seifablimproving
the performance of the techniques by implementitgtegies directly in hardware (instead of the safe
implementation) for the robot soccer game problem.

3. SYSTEM GENERAL DESCRIPTIONS

Figure 1 depicts the overall system that was impleted. The SGS graphically represents the gamesstatreal
time to the user. Additionally, it gathers the dttat will be sent to the strategy module (impletednin the FPGA).
These data are sent through the PCI bus by usitegjimed communication protocol. These data williteated by the
embedded microprocessor NIOS, which was synthesizedhe FPGA.
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Figure 1. The implemented system

The NIOS produces the appropriated commands forimgahe robots in the simulator (SGS), taking iatwount
the implemented strategies. The exchange of infdbomanside of the FPGA chip will be carried thréuthe Avalon
bus, which connects the PCI-Controller module, B&M memory block and the NIOS processor. In orter
accomplish the communication between the strateggube and the SGS a set of primitives (written ita@guage)
were created using Windriver software (WinDrived0Z).

4. THE FPGA EMBEDDED HARDWARE IMPLEMENTATION

To accomplish the calculation in the strategy medarid to explore potential of the current develapinsgstem the
following elements were embedded in the FPGA (sgedy:

a) A NIOS processor it is used to control the overall calculationteys. The processor receives the state data
from the SGS and sends the commands to the roboésNIOS implements the game strategy, which was
written in C language.

b) The memory block with 128 Kh it is an FPGA embedded memory and is used tcee dboth data and
instructions that are read by the NIOS. It is alsed astackandheapfor data. Additionally, a memory block
is reserved to be used in the PCI communicatiotopob.

c) The PLL module (Phase Looked Loop) It generates the appropriated clock signals @oubed by the
embedded processor (50 MHz). The PLL divides theraal clock to be used by the peripherals and the
NIOS.

d) The JTAG Driver: The JTAG is responsible for carrying out the camination between NIOS Il and the
software environment system allowing the use aderfer debugging tasks.

e) The Timer: it has the function to provide the time basetlfigr transactions with the JTAG module.

f) PCI Driver (Altera Intellectual property) : it allows the implementation (in a friendly wayf the
communication between PCI bus and the logic emtgadthe FPGA-PCI board.

g) Sysld module It implements an identifier number, based on loard hardware configuration, making an
identification of the project.
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Figure 2. The system architecture to be embeddéwiFrPGA

All the embedded peripherals are connected to NI@8d to the PCI controller by means of the Ava®witch Fabric
tool (NIOS Il Hardware Tutorial, 2007 and Quartys2007).

5. THE EMBEDDED SOFTWARE
The main objective in a soccer game is the goaltaadame point of view is used in the robot sacterdo that,

the player must obtain the knowledge about seacabrs such as position of the goal, the anglevden the ball and
the goal center, the current ball status and playasitions with relation to the field, among athe



The software implementation is based on the modtél three robots (Kdset al 2004), implementing roles namely
goal-keeperdefenderandattacker The goal keeper agent is observed as a playestiégs near his own goal line. In
this case his only task is to prevent the goal. e\@wv, the defender and the attacker are playerschbage their
functions by means of the current best positiosind depending of the necessities. The defendefisedl as one who
has greater possibility of intercepting the balkk kas to go between the opponent and the balligeag to block them
(this role is not described in this paper). Ondb®er hand, the attacker agent task is relatedetdnighest possibility to
shoot the ball to the adversary goal and/or to nthkegoal. Figure 3 shows the control routinesdalculating and
analyzing the current position and the robots ¢tajges generation. The software was implemente@ iand C++
language. These routines are executed by the li@&ssor and they are explained above.
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Figure 3. The embedded software in the NIOS

. Read-buffer module this block reads data from a special memory blada. This memory area is used by
the SGS to write the status information about thengt The module reads these data and stores them on
vectors to be used by the strategy generator.

. Write-buffer module : this block writes data to a special memory blacka. This memory area is used by the
strategy controller to puts the new robot posiod speed in the memory, which will be read bySfEsS.

e Attacker and goalkeeper modulesthese modules implement the roles of the players.

. Storing-vector module this module implements the mathematical functitieg are used to store the robot
data such as robot'’s orientation and speed.

. Rays module This module implements the mathematical functitmst allow the calculation of distances
between points and vectors.

. Matrix module : This module implements some matrix operations.

The different modules were developed inside the SO IDE tool. There were included some librariesthe
project in order to calculate matrices, vectorgsrand angles from positions and specific pointese libraries were
also used in the SGS design.

During the project development, two strategies waeated to determine the trajectory of #teckeragent. The
first one calculates his positioning taking int@agnt some divisions in the field and the anglevieen the robot and
the center of the ball. This strategy was calle®eference Lines AlgorithifRLA) and it divides the field using some
lines, which are used as references to the rotsitipoing. The second algorithm determines a ditdige between the
goal center and the center of the ball. From ihis the processor calculates where the attackeddlntercept the ball
in order to take it into the adversary goal. Thesand algorithm showed itself more efficient thae first one (see
section 8). This method was calledLaise Ball/Goal Algorithm(LBGA).

Only one strategy was developed for @l keeperlagent. It is important to observe that the behaefdahe goal
keeper is mostly preventive, calculating the futiadl’s position for intercepting it before the belosses the goal line.
On the other hand, the attacker has to approacheathenly from its current position.

5.1. Trajectory Calculation from the Attacker usingthe reference lines (the RLA algorithm)

The game field was divided in zones under Xhaxis (see Fig. 4.a). This divisions were defimegheline-vector
{-200, -160, -80, -40, 0, 40, 80, 120, 160, 200heTRLA algorithm determines the position from tladl vith regard to
the next line and creates a trajectory that alltwesattacker to put the ball into the goal. Thestef the algorithm are
the following:

1) The controller determines if thé position from the center of the attacker agentéhasordinate smaller than
the ball (if the attacker is behind the ball).

2) If the attacker is in front of the ball he goeslb&mr achieving a better position.

3) Itis calculated a line between the center of thal gnd the center of the ball.
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4) The controller begins to approach the ball, catindgin real time the current distance betweendléand the
attacker agent. If this distance is bigger thehrashold, the attacker agent continues his appratiam to the
ball (adjusting his angle).

5) When the distance between the attacker and theisbathaller than the threshold his objective becdtoe
approach the ball with an angle that permits té kie ball to the goal.

6) When the angle is found the attacker agent kickdtil to goal.

" Player-
Line

Intersection-
Paint

(@) (b)
Figure 4. (a) The simulated field and the referdimas  (b) The elements of the attacker agkyarithm

5.2. Trajectory Calculation from the Attacker — Line Ball/Goal (the LBGA algorithm)
The second developed algorithm (LBGA) works wité thlationship between the ball and the goal.

1) The controller determines if thé position from the center of the attacker agentaasordinate smaller than
the ball (if the attacker is behind the ball).

2) If the attacker is in front of the ball he goeslb&mr achieving a better position.

3) lItis calculated a line between the center of thal g@nd the center of the bathé¢ ball-line,see Fig. 4.b).

4) ltis defined a circle (thball-circle, see Fig. 4.b) around the ball whose radio isnéefiby a threshold.

5) ltis calculated a line (thplayer-ling see Fig 4.b) between the player and the intéoseof theball-line and
theball-circle (theintersection-point

6) It is calculated the angle in which the robot mapproach thentersection-point as well as the distance
between robot and thetersection-poin{in real time) This data defines the attacker-trajectory.

7) The robot should be in thatersection pointvhenever the distance between the attacker analheircle is
smaller than the threshold. If the interceptionapaivas not accomplished it is defined the bestiplesangle
to the robot.

8) The ball is kicked.

Figure 5 shows a Finite State Machine (FSM) of ditacker agent. The transitions mean events irattaeker
agent process and are the following:

E1 theX position of the robot is bigger than thgosition of the ballX_RobotPositiorr X_BallPosition

E2 theX position of the robot is smaller than tigosition of the ballX_RobotPositior X_BallPosition

E3: the kick angle of the ball is smaller that the-plefined limit.

E4: the distance between the robot and the baII alemthan the threshold.
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Figure 5. The FSM of the attacker — LBGA algorithm




Figure 6 shows the zones in which the attackertaigemore efficient (in blue color). The more diffit positions
are shown in red-color. That happens because tlie pasition produces a point out of the field ahey are difficult
to be intercepted, in accordance with the algori(faninstance near the side lines or the corners).

Critical Region of Contact with the ball

:Attacker targetin Y axe (pixels)

s e ST -100
Y ball position (pixels) -200 -200 X ball position (pixels)

Figure 6. The critical region from goal score

6. THE COMMUNICATION PROTOCOL

A protocol was developed in order to implement ¢oenmunication between the PC and the FPGA Board. Th
protocol uses the RAM memory block for storing tlea coming from the SGS. The NIOS read this stafesmation
and writes the proper commands in a specific menadigress. Thus, the protocol will send the commaodthe
simulator environment at an appropriate time. Tédeding and writing process were carried out witheout conflicts.
Special memory addresses were created inside ohémeory to implement the suitable writing/readirgmpissions. A
given memory word represents the TX_ACK_NIOS tad another one is used for representing the RX_ACIKON
one. Similarly, the TX_ACK_SIMULADOR and RX_ACK_SIMLADOR tags are memory mapped as well. Two
programs were written for implementing the commatian protocol between the FPGA and the SE§ure 7 shows
the FSM representing the implemented protocol & MMOS processor. A similar program was implemernitethe
simulator (SGS program).

NIOS I

Communication
Protocol TX_ACK_NIOS = 1

PREPARE _
= TX_ACK_NIOS =0
WRITE
SET

RX_ACK_SGS
X_ACK_NIOS

RESET
TX_ACK_SGS
RX_ACK_NIOS

RX_ACK_NIOS =0

Figure 7. The FSM of the NIOS protocol

The NIOS Il protocol begins the process by readimg read-buffer (see Fig. 7). Therefore, the rabud the ball
positions are known (theead-bufferstate). Then the algorithm resets the TX_ACK_SG§$ this is similar to the
RX_ACK_NIOS tag (theesetstate). This means that the embedded softwaréirtislsed the lecture process and that
the SGS can now write again in this memory positidren the protocol goes to theepare-to-writestate. In this state,
the machine verifies if the TX_ACK_NIOS tag is ebtea'0’. This represents the fact that the SGS dlasady read the
last data and that the embedded software is nog tablrite in memory. If the TX_ACK_NIOS is equdts‘1’, the
FSM continues waiting until the last data is consdrby the SGS. Then the FSM writes in memory the rebot’s
positions and speed. Afterwards, the FSM set the AZOK_SGS tag to ‘1’ (the TX_ACK_NIOS tag is setsll),
indicating that the new data is ready to be reathbySGS (theset-RX-ACK-SGState). Finally, the NIOS Il software
goes to th@repare-to-readstate. This state verifies if the SGS has alreadtyem the current position of the robots and
the ball (this state is similar farepare-to-writestate). If the RX_ACK_NIOS tag is equals to ‘OetRSM waits until
the information is ready. If the RX_ACK_NIOS tagdquals to ‘1’ the protocols restart the procéshedata reading.

7. THE SGS PROJECT

In order to implement the SGS the DEVC++ free safewvas chosen (Bloodsheed Software, 2007). Gherthe
simulator demands multiple operations with imaghks, OpenGL-Graphics Library (OpenGl Documents, 200&s
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included (this library was developed in C/C++). Téimulator must represent the physical effectshef ¢ollisions
betweenball/robot, robot/wall andwall/ball. Moreover, the SGS must answer to the commandsngothrough the
PCI bus (in a fast way). A treatment of the caliig was developed as well as the conditions ofabtictions for the
ball’'s movements and of the robot in real time. $hreicture of the software of the simulator is shaw Fig. 8 and the
module descriptions are the following:

BUFFER DIRECTION COLLISION AcE WRITE
READ DETECTION el BUFFER
Module module Module Module
¥ A
e VECTORS MATRICES RAYS
A Module Module Module

Figure 8. The simulator structure
» Vectors raysandmatricesmodules have the same functions as was describsgttion 5.
« Buffer Readmodule: it communicates with the PCI bus, readiogn the memory the future position of the
robot and its speed.
e Direction Module: the SGS determinates the current direatfdihe robot.
e Collision DetectiorModule: the SGS determines whether in current m@ré some collision will occur.
« ImageModule: the Open-GL is used to print in the montte field, the robot and the ball pictures.

«  Write BufferModule: the SGS calculates the new positions efcmponents, based on its interactions during

the last movement and writes it in the memory, gisihe PCI bus.

« Directives from PCI Butodule: this block is based on the PCI driver,shhivas generated by the WinDriver
software (WinDriver, 2007). This driver providethasic functions to write and read through the BGland
how these functions can be used.

7.2 — Collisions Treatment in the SGS

The generation of the movement of the robots insiflehe simulator was developed through severatovec
operations, which represent the speed and the amgiations (the current and previous ball/robatsifions are also
represented by vectors). The robot movement reptatsens (such as acceleration and the increasehef
displacement) were achieved in a realistic way.ihalthlly, the calculation of collision between thabots and the ball
with the walls were obtained.

7.2.1 — The algorithm for detection the robot x was collisions

This algorithm has the following steps:

e The angle and the robot speed are obtained.

* The new position of the four vertices of the roisotalculated.

« If none of the vertices collides with any of thellwathe movement is allowed and the algorithmaest

*  Otherwise, the movement is not allowed and thetrizbmotionless for that action.

Notice that these calculations only are true beedhs field comprises only four walls with anglé<96° between
them. Therefore, the robot always collides with soof its vertices. Examples of collision betweea thbot and the
walls are showed in Fig. 9.a and Fig. 9.b.

(@) (b)
Figure 9. (a) The robot x wall collision (b) The ball reaction after collision



7.2.2. The algorithm for detection the ball x wallollisions

This algorithm has the following steps:
e The angle and the ball speed are calculated.
« ltis calculated if the direction of the ball isrpiel to the wall. In this case there will not leasollision and the
algorithm restarts.
* In the case of the ball's direction produces aprtgption with the wall, the algorithm calculatesvhmany
time will spend until the collision happens.
» After the collision, the reaction in the ball isfided using the motion equations. In this caser#flection
angle is the same of the angle of incidence irticeldo the normal line in the surface (see Fig).9.
This calculation is carried out for the walls iniadividual way. Therefore, 12 calculations of irsiection between
balls and walls are done. In the case that theHzedlmore than one possibility of collision, thadiis the definitive
factor. That is, the SGS is capable to determiwéte what wall the ball will first collide.

7.2.3. Algorithm for detection the Ball x Robot cdlsions

The SGS assumes that the ball have a quart of ¢éightvof the robot. In this case the movement eqndtom the
ball speed after a collision with a robot is giv®neq. 1 (notice that BTC meahefore the collision

BallSpeed = BallSpeed_BT£0.25 + RobotSpeed — (BallSpeed - RobotSpeed)/( 1.25) (1)
The algorithm is the following:

e The angle and the speed of the ball and the robalefined.

e The angle between ball and robot and the collipwint are calculated. A normal line to this sidealculated
for defining the reaction of the ball.

» The relative speed vector between the ball anddbet are defined.

« It is verified if the final position of the ball Wihave an intersection with the robot. The catlisiwill not
happen if there is not an intersection. In thisedh® algorithm restarts.

« If an intersection exists, the time in which thdlismn will happen is calculated.

» ltis verified if the next collision is with a robor with some of the walls.

« In the case of a collision with a robot, the equagi of movement conservation are used, havingfaseree
the angles of the collision and in which point foé robot the collision will occur.

8. RESULTS

In this section some results of this approach eeeribed.
8.1. The hardware results

Table 1 shows the results for the main moduleshef synthesized system using the FPGA Altera device
EP1S25F1020C5 and the Quartus Il tool.

Table 1. The use of the main FPGA resources element

System Elements Logic Cells Memory Bits DSP Elements DSF;ﬁSx%
System (excepbp-leve) 3960 1129344 8 1
Clock 0 104 0 0 0
Clock 1 203 0 0 0
NIOS Il 1858 66944 8 1
JTAG Module 162 1024 0 0
PCI Compiler 1202 12800 0 0
PLL 24 0 0 0
On-Chip Memory 2 1048576 0 0
Sysld 2 0 0 0
Timer 130 0 0

Important to point out the presence of microcoteroNIOS Il embedded in the FPGA, resulting in ghhi
consumption of logical components. Moreover, th©8III implementation includes a block of memoryl@BKb, in
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which only 54Kb are effectively used by the embetideftware. Figure 10 shows the block generatethbySOPC
Builder tool (from Altera), used in Quartus Il wighl the connections.
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Figure 10. The implemented block inside the FPGA
8.2. The Trajectory Calculation

The calculation of the efficient trajectory for@bpt on the table was developed using the NIOSgssmr. This has
the capacity to becomegaalkeeper agerdr anattacker agentThis occurred in function of the current devel@pnof
the simulator. Anyway, the current result showswadility for using the capacities of calculatiohthe FPGA for the
trajectory planning.

RLA X LBGA - Efficiencyin function of the
initial position of thgyobot in the field
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Figure 11: comparing the RLA and LBGA algorithms
8.3. The Speed Data Treatment
The comparison between the two attacker algorithars be observed in Fig. 11. This figure shows (fatthe
same initial position irY axis) the LBGA is more efficient than the RLA, ianction of the scored goals. This can be
observed in the last column, where the LBGA showgereral efficiency of 74% against 68% of RLA algon.
Anyway, in some specific situations in the fielde tRLA is better than LBGA. This is in the casdla positions -160
and +160 (both iY axis).

With regards to the timing for writing/reading datdfrom the embedded memory, it was observed fitratach
reading treatment and writing processes of theNI® iterations of the simulator are executedgeerage). Given
that the clock of PC processor is about 3,00GHeaiit be observed as a good result. Even takingaictount that the
best cameras of the market send about 30 framesefamd, the result is still more interesting. Tikibecause of the
speed of the simulator was measured in 40 framesqmnd on average. This is a good indication dloatcontrol
system will work correctly in a real robot soccante.

9. CONCLUSIONS

This paper described the implementation of an enwirent for the robot soccer game problem. In thjg@ach the
strategy control was implemented in a reconfigweadichitecture based on a FPGA-PCI board. In thsecseveral
devices such as microprocessor, memory board, gira@nong other were embedded in the FPGA. Thisdefihes a
System on Chip (SoC) implementation of our congrotlesign approach. Additionally, a soccer gamaulsitar was
implemented, which was written using free softwarels. A protocol was defined for allowing the commmication
between the simulator (SGS) and the FPGA embeddselrs.



Several synthesis results were discussed in se8tidhe embedded microprocessor spent about 20¥e dFPGA
resources. The performance of the strategy contiolbe improved by implementing the critical fuantidirectly in
hardware.

A comparative study was accomplished about comgatia two algorithms for the attacker agent. Thisves the
capability of the system to implement several sgegs. The implemented architectures are very @sony given the
transference rate of the PCI bus, which is vertablé for implementing reconfigurable co-processors

Another important result of this approach weeat the communication between the different har@wcomponents
with the PCI bus was satisfactorily accomplished fér as the authors know, there are no systeittifiterature with
the similar characteristics (involving reconfiguialarchitectures, FPGA-PCI board and the compleRestded system
for solving the strategy planning subject for thbat soccer game problem).

The use of FPGA as accelerator devices in superatanfs currently more and more studied. In thiseces very
important to connect the FPGA board using highgrerince buses such as PCl and PCI-Express onEsrgasom
(2007) is discussed the implementation of the raffstient supercomputer (nowadays), which usesrsgWPGAs as
accelerator hardware devices. This fact showsntpoitance of the FPGA devices for high performacmaputation
issues.
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