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Abstract. FC Portugal 3D team is built upon the structureoof previous Simulation
league 3D teams and standard platform league t€am.research on high-level soccer
coordination methodologies and team plying is nyaifdcused on the adaptation of
previously developed methodologies from our 2D sodeams [1, 2, 3, 4, 5] to the 3D
humanoid environment and on creating new coordinatnethodologies based on the
previously developed ones. In our 2D teams, whiattigipated in RoboCup since 2000
with very good results, we have introduced seveaaicepts and algorithms covering a
broad spectrum of the soccer simulation researalietiyes. From coordination techniques
such as Tactics, Formations, Dynamic Positionind Role Exchange, Situation Based
Strategic Positioning and Intelligent PerceptionQptimization based low-level skills,
Visual Debugging and Coaching, the number of refeaspects FC Portugal has been
working on is quite extensive [1, 2, 3, 4, 5]. Qesearches on developing low-level
behaviors are mainly focused on the approachedwdzin also be applied on the real NAO
robot with minimal adaptation. Our experiments ogveloping our previous standard
platform league team are helps us to do our reRéarthis direction. The research-oriented
development of our team has been pushing it toneead the most competitive over the
years (World champion in 2000 and Coach Champio®@22European champion in 2000
and 2001, Coach 2nd place in 2003 and 2004, Eunopeampion in Rescue Simulation
and Simulation 3D in 2006, World Champion in Sintidla 3D in Bremen 2006 and
European champion in 2007,,2012 and 2013). Thiempaescribes some of the main
innovations of our 3D simulation league team durihg last year. New low-level
behaviors have been developed for the simulatedahaid agent, which was based on the
controlling of the dynamics of the behaviors, byingsthe principle of the physical
modeling. On top of the lowl-evel behaviors, opfiation thegniques were also used in
order to tune the parameters. The paper also iesludformation related to the agent
architecture and low-level considerations. The enirrresearch is focused on improving
these skills by developing a generic skills optatian framework, developing
omnidirectional walking and running engine, omrediional kick engine and integrating
high-level coordination mechanisms. Very good rssulere already achieved, in 2011,
2012 and 2013, concerning the improvement of lovellskills.

1. Introduction

FC Portugal was built upon the low-level skills easch conducted during previous years.
Although there is still space for improvement in P@rtugal low-level skills, we feel that we
currently have a very performing set of these skiVe are currently focused on the high-level



decision and cooperation mechanisms of our agdits. skills have been developed using
several different optimization techniques (hillneiing, genetic algorithms, population swarm
optimization, CMA_ES and policy learning methodsdausing the principle of the physic
based model.

For RoboCup 3D soccer simulation competition thaswased on spheres (from 2004 to
2006), the decisive factor (like in the 2D competij} was the high-level reasoning capacities
of the players and not their low-level skills. Thuge worked mainly on high-level
coordination methodologies for our previous teams.

Since 2007 humanoid agents have been introducédeir8D Simulation league, but the
number of agents has been kept small until 201tinBuhis period research in coordination
was not very important in the 3D league. Developafiicient low-level skills, contrarily to
what should be the research focus of the simulddague, has been the main decisive factor
in the 3D league, during this period. However, @12 the number of agents has increase to 9,
and in 2012 teams were composed by 11 players mpdikially coordination, a very important
issue for the efficiency of the team.

Several interesting topics were opened by thediiction of humanoid agents, including in
the use of learning and optimization techniquesdeveloping efficient low-level skills. In
previous work, we have introduced methods for dmyieg very efficient low-level skills
using optimization techniques [1, 6]. This work leiady conducted to the development of
an efficient set of humanoid low-level skills.

2. Research Directions

New research directions include research on agehitecture, the humanoid model and its
associated restrictions in terms of dynamics, sgnsind decision, will foster the development
of new layered architectures for its controllingeats. The lower layers will be responsible for
the basic control of the humanoid such as equilibriwhile the higher layers take decisions
at a strategic level. Several methods for generatth humanoid behaviors are being
compared, including simulated annealing, tabu $eagenetic algorithms, particle swarm
optimization and reinforcement learning. These mégples have been combined with physics
based models and optimum control to derive vericiefit skills. The integration of these
behaviors is also a major research topic.

Some directions of research in FC Portugal alstuéiecdeveloping a model for a strategy
for a humanoid game and the integration of humaneomming from different teams in an
inter-team framework to allow the formation of arewith different humanoids.

Opponent modeling may be a critical module in huoirsoccer, including the opponent
basic behaviors performance, its positioning, &twese are factors that must be taken into
account when selecting a given strategy for a game.

Other research with humanoids includes intelligeentsing, because the humanoids cannot
look in all directions at the same time. So, itvexy important to choose the best looking
direction considering all restrictions introducedthe dynamics of humanoid movement.

Also heterogeneity will be important because in fowre it is expected that not all
humanoids will be identical, having humanoids wiifferent capabilities introduces new
problems of task assignment that will have to baltdsithin humanoid teams. The 2014 3D
Simulation rules make the use of heterogeneous heiahs obligatory and enforce research on
this particular theme.

3. FCPortugal 3D Agent Architecture

The FC Portugal Agent 3D [7] is divided in sevepalickages: each one with a specific
purpose. Figure 1 shows the general structureeofittmanoid agent.



« WorldState: Contains classes to keep track of the environnmmdntmation. These
include the objects presented in the field (fixdgeots as is the case of flags and
goals and mobile objects as is the case of thee@agnd the ball), the game state,
(e.g. time, playmode) and game conditions (e.¢d fength, goals length);

* AgentModel: Contains a set of classes responsible for thatagedel information.
This includes the body structure (body objects sashjoints, body parts and
perceptors), the kinematics interface, the joiniv-level control and trajectory
planning modules;

* Geometry. Contains useful classes to define geometry entitis is the case of
points, lines, vectors, circles, rects, polygond athher mathematical functions;

e Optimization: Contains a set of classes used for the optinsimagirocess. These
classes are a set of evaluators that know how leettdivior should be optimized;

e Skills: This package is associated with the reactive shilld talent skills of the
agent. Reactive skills include the base behavieris dhe case of walk in different
directions, turn, get up, kick the ball and cattie ball. Talent skills are some
powerful think capabilities of the agent, which luime movement prediction of
mobile objects in the field and obstacle avoider;

e Utils: This package is related with useful classes dfiatv the agent to work. This
includes classes for allowing the communicationMeein the agent and the server,
communication between agents, parsers and debuggers

e Strategy. Contains all the high-level functions of the aigerhe package is very
similar to the team strategy packages used for ®bboCup leagues.

Strategy Geometry
\ I / Optimization
Utils \

]

FCP Humanoid
Agent

-_—
WorldState I ~~ Skills
Agent Model

Fig. 1: FCP Humanoidhgent Architecture

4. FCPortugal 3D Low-Level Skills

In this section we briefly describe our approaclléwelop soccer low-level skills, such as
walking, running, and kicking. Nowadays, in order compete well in rRboCup soccer
humanoid leagues, the robots should be able t@pertheir low level skill fast, in an omni
directional manner, and also robust against thereat perturbation and noises. In order to
improve our low-level skills, we model the dynamick them by using simple physical
system. Then we try to apply the optimization téghaes, in order to tune parameters of those
models of that skill.



4.1 Modelling and Controlling the Dynamics of the Low-Level Skills

Many popular approaches used for controlling tharz of bipedal locomotion are based on
the Zero Momentum Point (ZMP) stability indicatondainverted pendulum model. ZMP
cannot generate reference walking trajectoriesctlyrdout it can indicate whether generated
walking trajectories will keep the balance of aagbbr not. Kajita assumed that biped walking
is a problem of balancing a cart-table model orekininverted Pendulum Model (LIPM) [8],
since in the single supported phase, human walkang be represented as the Cart-table
model.

Biped walking can be modeled through the movemémiMP and CoM. The robot is in
balance when the position of the ZMP is insideghpport polygon. When the ZMP reaches
the edge of this polygon, the robot loses its bzdaBiped walking trajectories can be derived
from desired ZMP by computing the feasible CoM. Tpessible body swing can be
approximated using the dynamic model of a LIPM.

LIPM model has some assumptions and simplificationiss model. First, it assumes that
all masses are concentrated on the cart. Secoassitmes that the support leg does not have
any mass and represents it as a massless tabfmugh these assumptions seem to be far
from reality, modern walking robots usually haveawe trunks with electronics circuits and
batteries inside. Therefore, the effect of leg magsglatively small. One the major drawback
of the LIPM is its consideration the height of tiebot fixed during it movement, which is not
true for many soccer low-level skills such as rmgnbr kicking, Therefore we used the
inverted pendulum model which does not have tlaigdsFigure 2 shows how robot dynamics
is modeled by an inverted pendulum and its schemiiv.
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Fig. 2. Schematic view of inverted pendulum model on déclion and frontal view of the NAO robot

Two sets of inverted pendulum are used to model@ilking. One is for movements in
frontal plane; another is for movements in corguiahe. The position of Center of Mass (CoM)
M is x and z defined in the coordinate syste@h Gravity g and cart acceleration create a
momentT, around the center of pressure (CoP) pBinhe Equation (1) provides the moment
or torque around.

T, = Mg(x + % — P,) — Miz (1)

We know from [9] that when the robot is dynamicdiblanced, ZMP and CoP are identical,
therefore the amount of moment in the CoP pointtrbeszero,T,=0. By assuming the left
hand side of equation (1) to be zero, equatiorpf@yides the position of the ZMP. In order to
generate proper walking, the CoM must also moveoitonal plane, hence another cart-table
must be used in y direction. Using the same assampind reasoning equation (3) can be
obtained. Here, y denotes the movement in y.
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In order to apply inverted model in a biped walkipgblem, first the position of the

support foot during the performing the low-leveillskust be planned and defined, then based
on the constraint of ZMP position and support polyghe ZMP trajectory can be designed. In
the next step, the position of the CoM must beutated using differential equations (2) (3).
One of the main issue of using the inverted pendulis how to solve these differential
equations or how to generated trajectory , thetismwof them is explained in detains in our
articles , which can be found in [12] [13]and [1Binally, inverse kinematics is used to find the
angular trajectories of each joint based on thar@d position of the foot and calculated CoM.

We used and developed two different inverse kinenagaproaches, which were applied on the
NAO humanoid soccer robot can be found in [10][11]

P=y-

4.2 Omni-Directional Biped Locomotion

This section, briefly presented the design of tmimotion controllers to enable the robot
with an omni-directional walking and omni-directarrunning. The extended details of our
approach can be found in [12] [13]and [14]. Devéigmn omni-directional biped locomotion
is a complex task made of several components.

In order to get a functional omnidirectional waitkis necessary to decompose it in several
modules and address each module independentlyreFRjuishows the general architecture of
our walk engine modules and how they interact widith other to achieve stable walking.
Each modules is also explains in the following.
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™MP Feet Computation ; - - > Robot
Trajectory Kinematics Joint angles”
Generator
A
ZMP|Trajectory
X CoM Trajectory
ZMP Preview Controller

Fig. 3. Architecture of the Walk engine modules

ZMP Trajectory Generator - In this module the ZMP generated using the desired
velocities. This computation takes into accountyahk linear component of the walk, which
means to walk in any direction always looking te #ame direction, like diagonal walk.

Foot Planner -One of the drawbacks of the linear inverted pendutoodel is the need for
a constant height. We can improve this by adjustiegCoM height using the length of the leg,



support foot position and the ground projectiorttef CoM. In [12] a detailed explanation is
given.

CoM Trajectory generator — This module is responsible @enerate the CoM by using the
dynamics equations of inverted pendulum [14] jreedr inverted pendulum [12][13].

Swing Trajectory Generator - This module is responsible to generate a tra-jgdtmrthe
swing foot. It uses the cycloid parametric equatmgenerate the desired trajectory.

Feet Frame Computation - After computing the support foot (ZMP) position, Mo
position and swing trajectory feet position hadécomputed taking into account if it is in
double support phase or single (left or right) sarpphase. This module is responsible for
computing the position and orientation of both feddtive to the CoM frame.

Active Balance -This module is where the balance of the humanoithguocomotion is
controlled in order to maintain it stable. The irted pendulum model has some simplifications
in biped walking dynamics modeling; in additioneté is inherent noise in leg's actuators.
Therefore, keeping walk balance generated by iadgsendulum model cannot be guaranteed.
In order to reduce the risk of falling during wailgi an active balance technique is applied.

The Active balance module tries to maintain an gigritrunk position, by reducing
variation of trunk angles. One PID controller isid@ed to control the trunk angle to be Zero.
Trunk angles, pitch and roll, can be derived frowriial measurement unit of the robot. When
the trunk is not upright, instead of consideringamrdinate frame attached to the trunk of
biped robot, position and orientation of feet aatcglated with respect to a coordinate frame
center, which is attached to the CoM position arakes the Z axes always perpendicular to
the ground plane.

The transformation is performed by rotating thi®minate frame with the rotation angle
calculated by the PID controller. This makes thexgs always perpendicular to the ground
plane. The feet orientation is kept constantly Welrato ground. The Transformation
formulation is presented in equation (4).

Foot = TEM (pitchAng,rollAng) x Foot 4)

The pitchAng androllAng are assumed to be the angles calculated by thec&tioller
aroundy andx axis respectively. Figure 4 shows the architectdithe active balance unit.

Trunk inclination angle

PID

y

Robot Foot Frame Transformer




Fig. 4: Active Balance controller

Fig 5. A scenario of walking while a robot face the ineliion of the trunk, a) without
using the active balance approach, b) with usiegatttive balance approach

Running model- Many researchers, up to now, have modeled thelbipéking by considering
the height of Center of Mass (CoM) as a fixed camistother biomechanical studies show that
the CoM height is variant during walking and rurgn[a5]. The shape of CoM height trajectory
is important for energy consumption, and it vadéferently for various speeds and step length
ranges [16]. Although linear inverted pendulum mMdiéMP) is widely used in robotics, but
robots often need to keep their knees bent in cmldeep the height of CoM fixed, as the
constraint of this model. Therefore, the changtefCoM height is important both for walking
and running. Figure 6 and figure 7 shows a plaiaw wf the human walking, and a walking
generated by a linear inverted pendulum.

I ————
Maximume step size

Fig 7. A planar view of a robot’s walking while usingethIPM

Kagami have proposed an approach to generate \gafiatterns by solving the ZMP
equation which can consider the CoM movement irxi& aumerically [17]. Designing the



vertical CoM trajectory is mainly studied in thentext of biped running, not in humanoid
walking. Kajita studied the height trajectory oétGoM that can create and modify the hopping
motion [18]. In another study, the vertical traggtis designed simply and heuristically [19].
The study of designing vertical CoM trajectory isygle up to know, and to the best of our
knowledge, there is no study focused on the deasjgof the optimal hip height trajectory
generator, particularly with respect to generasé dad stable walking.

We consider the height trajectory as the periodiwement. The CoM vertical trajectory
generator is designed using the partial FourieteselEvolutionary optimization algorithm
applied in order to find the optimal hip heightjé&cory generator with respect to fast and
stable walking. We have investigated and useddheeanethods in our previous walk engine
[6][20][21][22].

4,1. Omnidirectional Kick

In general, kick behavior development is basedhen f
use of static key frames for defining the trajegtof
the foot. The main disadvantages of this approaeh
the inflexibility and the need of a preparation gha
in which the robot positions itself in order to kithe
ball forward in the desired direction.

The idea of developing an omnidirectional kick i
to make the kick more flexible and to kick the hall
any direction. To perform this, the robot has 1
compute the trajectory in real time and then maiee 1
foot follow this trajectory and propel the ball ihe
intended direction.

The omnidirectional kick behavior consists mainl
of three modules: Inverse Kinematics module, Pe
Planning module and Stabl'lty module. Fig. 8. Parameters used to create

Fig. 8 shows some of the parameters requirednievement.
develop the movement. A description of all used
parameters can be seen in Table 1.

Fig. 9 shows the building blocks of the behaviomedl as the connections between them,
inputs, outputs and generated data.

Table 1. Parameters description.

Parameter Description
A Distance from ball to curve st
B Distance from ball to curve e
hP(
hP1 Bézier cubic curve parameters (height coordinatg)on
hPZ Useful to shape the curve and try different kicks)
hP:
Duratior Duration of the kicking phase (see Fig
Angle between foot orientation and vector Ball2Tdrd his
footOrientation | parameter is important to kick with different seas of the foot,
e.g. front, side (inner/outer) or he
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Fig. 9. Building blocks of the developed behavior.

The omnidirectional kick behavior was tested for:

— 3 positions (#1, #2 and #3) of the ball relativette robot orientation (see Fig. 10);
— 5 kick directions (-90, -45, 0, 45 and 90 degreabfn possible.

Fig. 10. Ball Positions for the tests. Left is 'Position,#Enter ‘Position #2’ and right is 'Position #3'

For each direction we performed the movement 1@gimnd 10 samples of the final ball
position. We proceeded to get the average and atdrtbviation of the 10 samples and in the
end we determined the resulting direction. Thesalte are presented in Table 2.

Table 2. Results from the performed tests.

-90 -45 0 45 90
*.y) *x.y) *.y) ) *xy)
. Average (mm) (24, -1009)| (719, -678)| (975, -2) | (701, 681) (31, 962)
§ % | Standard Deviation (mm)| (17,38) (37, 34) (37, 22) (23,43 (16, 4p)
Direction (°) -88.60 -43.32 -0.15 44.18 88.13
. Average (mm) (13, -989) | (758, -741) (1082, 2) | (721, 676) (31, 997)
§ % | standard Deviation (mm)| (7, 21) (41, 40) (44, 4) (31, 40 (26, 3¢)
Direction (°) -89.20 -44.37 0.12 43.15 88.19
P Average (mm) (11, -991) | (693, -697) (1053, -29)
& ¥ | Standard Deviation (mm)| (3, 23) (22,22) | (34,18)
Direction (°) -89.35 -45.15 -1.59




By examining the results obtained from this testoaa see that the behavior can perform
the movement and propel the ball in various dicei The direction value only differs a few
degrees from the intended target direction, whighficms the accuracy propelling the ball.
We can control the kick power by adjusting both kiek duration and the initial and final
position.

The conclusion we take from these tests is thawef configure the parameters of the
behavior with some accuracy, we can get very gesdlts. The problem is that, sometimes, it
is not so easy to get the best parameters, becamicgssary the use of optimizers.

5. High-Level Decisions and Coordination

Flexible Tactics has always been one of the magsets of FC Portugal teams. FC Portugal
3D is capable of using several different formati@am&l for each formation players may be
instantiated with different player types. The maragnt of formations and player types is
based on SBSP — Situation Based Strategic Posigaigorithm [1, 4]. Player’s abandon their
strategic positioning when they enter a criticahdgor: Ball Possession or Ball Recovery.
This enables the team to move in a quite smoothnerarkeeping the field completely

covered.

The high-level decision uses the infrastructures@néed in the section 3. Several new
types of actions are currently being considereéhtakn consideration the new opportunities
opened by the 3D environment of the new simulatde also have adapted our previous
researched methodologies to the new 3D environment:

« Strategy for a Competition with a Team with Oppe$oals [1, 4, 5, 23];

« Concepts of Tactics, Formations and Player Type3,[4, 23];

« Distinction between Active and Strategic Situatifhs4];

« Situation Based Strategic Positioning (SBSP) [B]4,

» Dynamic Positioning and Role Exchange (DPRE) [B]4,

» Visual Debugging and Analysis Tools [1, 3, 24];

« Optimization based Low-Level Skills [1, 3, 28, 29].

« Standard Language to Coach a (Robo)Soccer Teadi; [2,

« Intelligent Communication using a Communicated W@tate [1, 3, 5];

« Flexible Set-plays for coordinating robosoccer te§25].

In 2012, our research was mostly concerned in deugl optimization based low level
skills for the humanoid agent and robust mid-leslélls. The high-level layers of the team for
2013 will be adapted to be used in the humanoidilsitar (these methodologies have already
been adapted to our Simulation 2D, Simulation 3Bhwpheres model, small-size, middle-size
[26] and rescue teams [27]).

6. Conclusions

Almost all of our research on high-level flexibl@ordination methodologies is directly
applicable to the 3D league and the increase imthmber of elements of the each team is
very welcome, enabling coordination methodologiebé useful in this league.

Robust low-level skills have been developed fork#O humanoid model, The results of
low-level skills have already tested and validatadthe real NAO robot, since it is based on
the physical modeling of the dynamics of biped hootion it is very robust and with minimal
adaptation was used on the NAO robot. Using opttion and learning techniques, enabling
us to continue the research in strategical reagoaimd coordination methodologies that



should be the focus of the simulation leagues em8ldboCup. Also the extended flexibility of
omnidirectional kicks and walks will enable a moomperative game style.

Future work will be concerned in extending the mitation methodology for skills
sequences and on developing coordination methomal@nabling teams of humanoid robots
to play robosoccer games in a robust and flexitdamar.

FC Portugal started its participation in the SP&tandard Platform League in 2011. The
SPL code of the team is entirely made from scra@$ed on the Simulation 3D code. Thus,
future work will be on bridging the gap between giation and robotics by developing a more
realistic NAO model in Simspark enabling bettertpbility of the simulated code to the real
robot.
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