Find Kic k Play

An Innate Behavior for the Aib o Rob ot

loana Butoi '05
Advisors: Prof. DouglasBlank and Prof. Geo rey Towell
Bryn Mawr College,Computer ScienceDepartmert

SeniorThesis

Spring 2005

Abstract

This thesis preserts an innate behavior for a robot that is supposedto nd an object and take it to
a goal location. The specic behavior is designedfor an Aib o robot to nd a ball and kick it towards
a goal until it scores. The behavior is implemented using a Finite State Machine and explores seweral
aspects of robotics such as: object detection and recognition, navigation in an unknown ernvironment,
goal detection as well as goal achievemert. Part of this thesis examinesthe design and implementation
of a Python based Aib o controller that allows the user to easily write behaviors avoiding the low-level

details.

1 Intro duction

The purposeof this thesis is to create an innate behavior that can lead to complex actions. This innate
behavior can be usedin Developmertal Robotics [4] as a starting model for a robot that wants to explore
the world. The goal of Developmental Robotics is to designa self-motivated robot that is able to develop,
learn, and adapt in somewhat the sameway as a baby. The idea of Developmertal Robotics is lik e giving
a kid a coloring book, where the innate behavior is the outline. The developmental part starts when
the kid colors in the gure and continues when the kid draws other gures inspired by the original.
Just like the kid whose imagination is triggered by the pictures and starts to draw other pictures, the
robot's developmert would be triggered by the innate behavior and start to independertly engagethe
world around it and interact with the environment in a novel way. Without the innate behavior, the
developmental processcannot be triggered, thus having such a behavior is a key aspect of Developmental
Robotics. To help researd towards the greater goal of Developmental Robotics, this thesis focuseson
the design of an innate behavior.

This paper preserts an innate behavior that is designedto allow a robot to explore the world by



accomplishing a task. The robot hasto nd a specied object and move it to a goal location. This
problem has seweral sub-problems including object detection and recognition, navigation in an unknown
environment, goal detection and localization, and goal achievemert.

The specic experiment to explore this issueis to have a robot nd a ball and kick it to a goal. At
every step the robot must track the ball, know where the goal is, and kick the ball towards the goal.
At rst glance this problem might not seemvery hard since it is a simple matter of kicking the ball
straight towards the goal. Actually it is rather complex becausethe robot has to contin uously reorient
itself towards the goal becauseit cannot accurately kick in a straight line due to inconsistency in the
kick, unevennessof the surface, and asymmetries of the ball.

In this project | used Sory Aib o robots [1]. | choseto use these robots becausel wanted a robot
that is able to move the ball with a foot instead of just pushing it like a wheeled robot. Due to the
imperfect control of the robot's mecdanics, the kick cannot be exactly reproduced eac time, leading
to inconsistency in the kick. This inconsistency factor is an important part of the experiment since it
adds to the complexity of the behavior. The main tool | used in this project was Pyro [11, 2, 3], a
programming environment designedto easethe development of robot behaviors. In order to use Pyro, |
rst had to write the Aib o controller to integrate it with Pyro. Therefore, in addition to this report, the
result of my thesis is a package for controlling the Aib o robots through Pyro.

This project is comprised of two heterogeneouscomponerts: the controller and the behavior. Since
the behavior is built using the controller, | will rst talk about the controller and then about the actual
experiments. To accomplish this project | worked with Professor Douglas Blank, who helped me write

the controller and provided guidance for the innate behavior design.

2 Background Work

The background of this work falls into two general sections: rst, the work that has been done on a
controller for Aib o and the tools | usedto write the controller; and second,the algorithms and methods

used for object detection and motion tracking.

2.1 The Controller

The decision to write the controller came from the fact that we wanted to have exibilit y and to focus
on the behaviors without having to worry about the low-level components. To easethe developmert of
the controller we basedit on an open source controller for the Aib o Robots called Tekkotsu [16]. Using

some parts of the Tekkotsu project we wrote a Python-based controller that we integrated with Pyro.

2.1.1 Sony Aib o Rob ot

The Sory Aib o robots [1] are of recert vintage. Although the idea for Aib o originated in the early 90's it
took almost a decadefor them to materialize asthe rst entertainment robot: the Aib o ERS110, which
becameavailable in 1999. Since then, Sory has developed four new generations, each with more capa-

bilities and improved usability. The current model, ERS-7, releasedin 2003, comeswith entertainment
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Figure 1: Picture of an ERS-7 Sory Aib o Robot. Image from the Aib o robot homepage[1].

software that allows the userto \train" the robot from a puppy state to a full grownup dog state. This
software is designed purely from entertainment purp osesand it cannot be altered in any way.

The ERS-7 model (seeFigure 1) comesequipped with a program that makesthe robot seem"aliv e".
The dog can learn, play, appear to have emotions, and even satisfy its curiosity by exploring the environ-
ment. The robot's various sensors(adigital camera, microphones, speakers, IR distance sensors,touch
sensors)allow it to perform all these tasks and even more.

Sory provides an Aib o Software Developmert Kit (SDK) called OPEN-R that allows peopleto write
software for the entertainment robot. The SDK is meant to be a low-level interface that givesthe user
accessto the robot functionalit y. Unfortunately , it is very cumbersometo write a behavior using OPEN-
R. Even writing a move sequence,which involves specifying the beginning, intermediate, and end joint
positions, requires a signi cant amount of work. Becausewe wanted to have a high-level abstraction of

the robot controls we decided to implement our own controller.

2.1.2 Pyro

Pyro is a development environment that allows the exploration of topics in Al and especially in robotics.
Pyro is a Python-based tool that hides all the low-level details from the user, shifting the focus to the
developmert of behaviors. Pyro is a client-server application that controls the robots by communicating
through the wireless network (seeFigure 2).

The robots currently supported by Pyro are from the Pioneer [10] and Khepera [6] families as well
as the newly added Sory Aibo. Pyro is also designedto support simulators and comeswith a series
of libraries that allow a better exploration of Al. Some of these libraries are more relevant to robotics,
such asvision processingor nite state machines, while others are more general, such as arti cial neural
networks or genetic algorithms.

The main idea behind Pyro is to keepthe user away from the low-level details and the speci ¢ design
of a robot. Therefore, Pyro's main feature is its platform independence. A behavior designed for a

Pioneer can work for an Aib o even though they are two very di eren t robots. The move command is a



Figure 2: Integration of the Aibo Controller with Pyro.

good example to illustrate Pyro's portabilit y. Even though the Pioneer is equipped with wheelsand the
Aib o with legs, the same command gets both robots to move. Hence, Pyro is a tool that allows the user

to focus only on the behavior while allowing a great degreeof freedom and exibilit y.

2.1.3 Tekkotsu

Tekkotsu [16] is an open sourceproject developed and maintained at Carnegie Mellon Univ ersity. Tekkotsu,
which in Japanesemeans\iron bones", is an application framework for Aib o robots. Tekkotsu is written
in C/C++ and usesOPEN-R to control the robot. The project provides a rst layer of abstraction that
allows the userto control the Aib o robots more easily. We were interested in two aspects of this project:
the servers running on the robot and Tekkotsu-Mon, an interface program that runs on the computer.

The Tekkotsu servers are designedto provide a way to control the robot's hardware. They reside
in the robot's memory and act as a gateway to communicate with the robot's joints, sensors,buttons,
camera, speakers and microphones. Through these servers the robot's functionalit y can be explored and
used.

Tekkotsu-Mon is a Java-based interface that controls the Aib o robot by communicating with the
senersvia a wirelessnetwork. Tekkotsu-Mon is, in fact, a remote control designedfor the userto explore
the robot's functionalit y. Tekkotsu-Mon communicates with the servers through a dynamically built
menu that resideson the robot. The purpose of the menu is to provide a way of turning on/o the

seners. After a server is turned on, the program communicates with the server through sockets.

2.2 The Innate Behavior

One of the largest issuesin this work is object recognition and tracking. Although many solutions have
been provided the problem is still open for researd becauseof its generality. Most known solutions are

very speci ¢ and they depend greatly on someassumptions of the environment. Most of the algorithms



preserted below have been developed as a result of the robot soccer competition, RoboCup [13]. Given

the nature of this work, one of its applications could be RoboCup.

2.2.1 The Rob ot Soccer Comp etition

The robot soccer competition started around 1997 and the goal is to develop a team of autonomous
humanoid robots that can win against the human world champion team by the year 2050[13]. RoboCup
is divided into sewral leaguesand one of these is dedicated to Aib o Robots. RoboCup incorporates
various technologies and concepts such as multi-agent collaboration, vision and other sensorfusion,and
real-time reasoning [8].

The Legged League of RoboCup is dedicated to the Sony Aib o robots. In the 2004 tournament [12]
there were twenty-three teams split into four groups. Teamsin ead group played against eac other
and the top two teams moved onto the quarter nals. The 2004 Champion is the German Team, which
is comprised of researders from seweral German universities: Humboldt Universitat Berlin, Univ ersitat
Bremen, Tednische Universitat Darmstadt, and University of Dortm und, Germany [14]. In order to
participate in the competition a team hasto submit an application describing the researd underlying
the robot team.

In addition to the soccer competition, in 2003, a technical challenge competition was added. In 2004
there were three technical challenges: the open challenge, the variable lighting challenge, and the almost
SLAM challenge. The objective of the open challenge is to encouragecreativity in the Legged Division.
The variable lighting challenge is intended to help the development of more robust vision modules that
are lesssensitive to lighting conditions. The almost SLAM challenge is intended to have robots able to
localize using various landmarks and not the standard RoboCup markers.

As a result of this competition researt in the eld of robotics is on the rise. Vision is one of the

main researt areasthat benets from RoboCup, sinceit is a vital component of the successof a team.

2.2.2 Object Recognition

Object recognition is an important topic of Developmental Robotics. The goal is to have a robot that
can recognize an object based on some general model. Humans can easily recognize a cup no matter
its shape or its orientation. For a robot the same problem is very dicult, since the processof object
recognition goeswell beyond just image processing.

A simplied version of the problem, when general object recognition is not the desired goal, is to
recognizean object basedon its color. Under the assumption that the object has a color that is distinct
from the rest of the environment, color-based object recognition is a viable solution [17].

Lighting is one of the biggest issueswhen dealing with object recognition basedon color. Shadesof
color are very sensitive to the amount of light that falls on an object, and a small change in the shade
can a ect the recognition algorithm. A solution is to perform some pre-processingto the image in order
to balance the light by using auto-additiv e adjusting [9]. The total luminance of the environment is

calculated and then usedto adjust the luminance of eac pixel.



2.2.3 Object Tracking

Tracking a moving object falls into the greater category of motion detection. The main idea behind
motion detection is to investigate the correlation betweentwo consecutive frames. Usually the camera
hasto be still becauseotherwise the problem becomestoo complicated. The main algorithms for motion
detection are Edge Detection, Block Matching Algorithm, and Represertativ e Block Model. The Edge
Detection algorithm is very slow. The Block Matching Algorithm splits the image into blocks of xed
size and tries to correlate blocks from two dierent frames. The motion vector is computed based on
how much a block has moved. This algorithm has a poor performance when the object moveswithin the
sameblock. A better algorithm is Represenativ e Block Model that usesgray block sampling to detect
the object and then looks for the represertativ e block that contains the object [7].

For an Aib o robot the motion detection problem is rather complicated since its camerais not xed.
A solution is to use cameramotion compensation in order to obtain a stabilized background and then use
Kalman ltering for motion tracking [5]. Another solution is to use inverse kinematics to compute the
location of the ball relative to the robot. Based on the position of the body, the position of the camera,
and the size of the ball, the robot can compute the location of the ball relative to its body [17, 15].

An important part of tracking a moving object is the ability to predict where it is going, in order to
reducethe seard space. Prediction can alsobe useful for determining a good strategy in a given situation.
Seweral typesof prediction can beimplemented: position based,velocity basedand acceleration based[9].
The position basedprediction is the most useful when the tracked object follows irregular movemert. The
other two are more e cien t in reducing the seard space. Given the irregularities in the ball movemert,
for this experiment position based prediction was the best choice. This issuewill be discussedat length

in section 4.

3 The Controller

A controller is a tool used in the developmert of behaviors designedfor robots. Its main purposeis to
switch the focus from the low-level details to the high-level details in conceiving a robot experiment. A
controller helpsthe researder specify somerobot actions in a very basic way at the software level instead
of having to interact with the robot at the hardware level. Basically, a controller is an interface between
the user and the robot's hardware.

This controller not only easesthe developmert of behaviors but also provides a tool that can be
used by other researders to develop their own experiments. Given that we already had Pyro, it seemed
natural to usto integrate the Aib o controller with Pyro in order to take advantage of the tools provided
by Pyro.

Before we started working on the controller we assessedur options. The most obvious option was
to build a controller from scratch using OPEN-R, the SDK provided by Sory. However, we did not want
to code at such a low level and time was a constraint as well. Therefore we decided to baseour work on
Tekkotsu.



Figure 3: The Tekkotsu seners and the menu.

3.1 The Tekkotsu Servers

Tekkotsu looked like a great basis for the controller becauseit had almost all the required functionalit y
and provided a good level of control of the robot. However, writing the Python controller was more
complicated than just \translating” from Javato Python becausethe new controller had to be consistert
with Pyro while interacting with the Tekkotsu architecture. Controlling the robot requires controlling the
senvers (see Figure 3), which, in turn, involvessolving two major problems. The rst problem is simply
knowing whether a server is on or o. The second problem is packing and unpacking the information

that is exchanged with the servers.

3.1.1 Turning On/O the Servers

The Tekkotsu servers running on the robot can be consideredto be the main component of the Tekkotsu
project becausethey provide the gateway to control the robot. Before establishing communication with
the servers, the controller hasto make sure that they are turned on. This is not a trivial problem given
the design of Tekkotsu.

The only way to turn a server on/o is through a dynamically built menu that resideson the robot.
The menu blindly changesthe state of a server without rst cheding its current state. This can be
a serious problem becauseinstead of turning on a server the system might turn it o and causethe
failure of the program. On top of this, restarting the robot doesnot ensurethat all the serersare o.
For Tekkotsu-Mon changing the state of a server is not an issue becausethis application is actually a
graphical interface designedto control the menu that resideson the robot.

On the other hand, these are important issuesfor our controller sinceit requires an automated way
to control the state of a server. The rst problem we had to resolve was the dynamic structure of the
menu that controls the servers. The menu is built every time the robot is restarted and the only way to
accessit is through a pointer at the root. In order to change the state of a desired server, Prof. Blank
wrote a function that seardesthe menu for the name of that server.

After we were able to turn on/o a server we had to make sure that the server was in the desired
state (on or o ). To overcomethis dicult y we observed that whenever the state of a server changes, its

name changesas well in the dynamically built menu. Whenever a server is turned on, the \#" character



precedesits name. Therefore, we could determine the state of all the servers by seardiing for the "#"
character preceding their name. Perhaps inelegart, this idea was successfulin changing the state of a

server as desired.

3.1.2 Packing and Unpac king Data

Having a reliable way to control and use the Tekkotsu servers allowed us to move to the next phase of
the project, which involved communicating with the servers. In order to control the robot the program
has to send and receive information from the servers. This is done through a communication channel
establishedvia a socket. Unfortunately the problem is more complicated than it appearssincethe servers
can only \understand" a certain language. We had to gure out how to pack and unpack the data so
that both the client and the server can communicate.

Packing and unpacking the data entails translating betweenthe server language and the client lan-
guage. The servers expect data to comein a specic format and the packing function makes sure data
is formatted that way. Unpacking the data coming from the server makes it accessibleto the client
application. It is just the reverseaction of packing.

Unpacking the joint data was a challenge becausethis feature was not well documented. The only
guideline that ensuredthe correctnessof the data was the timestamp that was packed together with the
joint information. Since the timestamp did not follow an increasing pattern, we decided something was
wrong with our unpacking algorithm. Eventually we had to contact the developers of Tekkotsu and get
the pattern from them. Once we had the unpacking pattern we were able to read the joint information,
including joint positions, sensorvalues, and button states. | wrote functions to make the data accessible
through the Pyro interface. For example, getSensor("ir chest") returns the value of the IR sensorplaced

in the robot's chest.

3.2 The Movement Mo dule

Moving the robot involvesthree main components. The rst component focuseson the abilit y of the robot
to walk sinceit has four legsinstead of a set of wheels. The secondcontrols the robot's head movemert.
And nally , the third component deals with the ability of the robot to move individual joints. Prof.
Blank wrote the functions neededfor the rst two componens, while | wrote the ones needed for the
individual joint movemert. To comply with Pyro we ensuredthat all the movemert rangeswere between

-1.0 and 1.0, with 0.0 being a central position or stop.

3.21 Moving the Rob ot Around

Tekkotsu Mon provides prede ned sequenceshat give the robot three di eren t walk modes. The basic
walk mode, which is also the most stable and the fastest, is crawl, in which the robot walks on the knees
of its front legs. A more natural walk for a real dog is what the program calls a tiger walk. The third
option for a walk sequenceis pace. Integrated in the motion module is also the robot's ability to turn
as well asto move sideways (strafe). While move is a common function in Pyro, strafe is a new ability

that takesadvantage of the legged design of Aib o robots. To move the robot we only had to connect to



Figure 4: The movemert of the Aibo's head. Image from the Tekkotsu homepage[16].

the server that controlled the robot movement and to sendthe necessarycommands. The Pyro function
sendsthe type of movemert (translation, rotation or strafe) aswell asthe speedthrough the socket. All
the move functions were written to comply with Pyro in order to preserweits portabilit y. For example, to
move a Pioneer which has wheelsor to move an Aib o we can usethe samePyro function move(translate,

rotate) .

3.2.2 Moving the Head

To move the robot's head we had to turn on the head movemert server and send the move command
through the socket. We treated Aib o's head as a camera device since the camerais placed in the robot's
nose. The other useof moving the head around would be to get IR readings sincethere are two IR sensors
placed in the Aib o's nose. Again, we had to make sure that moving the camera around was compatible
with Pyro. We treated the head as a Pan Tilt Zoom (PTZ) camera even though the Aib o's camera has
no zoom feature. Beside its ability to move the head up and down, left and right, the Aib o can also
\no d", which is an extension of the vertical movemert (seeFigure 4). In the end, the head simulates a

PTZ camerawith no zoom, but with an extra degreeof movemert.

3.2.3 Moving a Specic Joint

Moving the robot as a whole does not take advantage of all the capabilities of an Aibo. For example,
being able to movejust alegin order to kick a ball is an imp ortant feature that will proveto be very useful
in the developmert of the behavior. The ability to move a specic joint givesthe user more exibilit y
as well as a tool to write movemernt sequences.To move a speci ¢ joint, Pyro hasto get all the joint
positions from the Tekkotsu servers and then sendthem back with the modi ed values. This architecture
is not the best approach to solve the problem asthe movemert of one joint should be independert from
the movemert of other joints. Unfortunately , since we were using the Tekkotsu servers we had to comply
with this architecture. The following Pyro function bendsthe front knee: setPose(\front leg right knee",

0.7).



3.3 Other Features

3.3.1 Image Pro cessing

The Aib o robot is able to processimageson its own. However, Pyro is equipped with an image processing
module. We preferred to save computational time on the robot end and perform it on the computer end.
This way we took advantage of Pyro's capabilities and we made the controller consistert with Pyro's
architecture. We neededto transfer the image from the robot to the computer in order to use Pyro's
vision modules. Thus, Prof. Blank wrote the necessaryfunctions to compressthe image on the robot,

sendit over, and decompressit on the computer.

3.3.2 Playing Sounds

Tekkotsu Mon provides the ability to play standard audio les in the WAV format. There are already a
number of les residing on the robot and other les can be added. To play any of the WAV les | wrote
a function that turns the sound server on and then sendsthe le name through a socket. An example is

playSound(\mew") .

3.3.3 Pro cessing Speed

The robot is set up to send information over the sockets as fast as it can. The usual speed for image
transmission is about 30 fps. On the other hand Pyro is used to receiving information at a rate of at
most 10fps. Also, Pyro needsinformation only when it is requested by a client. Since there is a lot of
extra information that Pyro hasto ignore, we had to slow down the rate of transmission. Prof. Blank

wrote the code that allows Pyro to set the rate of transmission of the Tekkotsu servers.

3.4 Conclusions

With the controller complete, Pyro is now able to control the Aib o robot the sameway it controls the
Pioneers and the Kheperas. All the basic Pyro functionalities have been implemented and behaviors
can now be easily written for Aib o robots. In addition, the behaviors already existing for Pioneers and
Kheperascan be usedon the Aib o robot. For a detailed description of the controller's APl seeApp endix
A.

4 The Innate Behavior

The robot innate behavior | designedwasto nd an object and then move it to a desired location. The
purp oseof my experiment is to give the robot a starting point for further exploration and developmert.
Even if this innate behavior is going to be just an initial state for the robot that it can build on, it is not
a trivial task to accomplish. In designing and implementing the innate behavior, | came acrossvarious
challengesthat ranged from problems with the lighting, to problems with balance when the Aib o tries

to kick.

10



Figure 5: The robot is trying to kick the ball in the goal

4.1 The Exp erimental Setup

In this experiment an Aib o robot seardesfor a ball, approachesit, tries to kick it towards the goal, and
chedks to seeif it scored (seeFigure 5). This experimental setup assumesthe following situations. The
ball and the goal have distinct colors from the rest of the environment. Also, the environment has no
boundaries so that the robot can rotate freely around the ball at any time.

One important aspect of the experiment is the kick. The robot cannot just push the ball, it hasto
kick it. The kick is an inconsistent action that makesthe task harder for the robot. Given that this is
an innate behavior we want to give the robot room to explore the world when this behavior is usedin a

Developmental Robotics setup.

4.2 Finite State Machine

The architecture of the behavior is based on a Finite State Machine (FSM). This modular approach
helps keepthe implementation cleanin addition to breaking the behavioral design paradigm into seweral
sub-problems. Each sub-problem can exist by itself and therefore can be of use at the developmental
stage. A Finite State Machine allows an easy transition from one state to another, as well as a sharp
de nition of each state. This modular approach is easy to expand and change. Also, the robot can
improve each of these modules individually instead of the whole behavior. A breakdown of the states
can be seenin Figure 6). Integrating the Aib o controller with Pyro proved to be useful becausel took
advantage of the Finite State Machine built into Pyro. Each of the following sections describes a state
in the FSM.

4.2.1 Search for the Ball

The rst module | built for this behavior wasto seard for the ball. The approach | took wasto nd the
ball basedon its color. This is a common method usedin robotics becauseit is one of the easiestways

to deal with object recognition [17]. To make sure it was going to work | assumedthat the ball is the

11



Figure 6: The states of the Finite State Machine.
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(a) Before applying any lIters (b) After applying match and
blobify to the ball and the goal

Figure 7: The robot's \eyes".

only pink object in the environment. Using the Pyro Vision Module, | applied a lter to the image that
is sensitive to a speci ¢ color. Then | usedthe Pyro blobify function to nd connected regions with the
samecolor asthe Iter color(seeFigure 7). The program returns the connected region with the biggest
area that matchesthe Iter color. This region is called a blob. The blobify function returns the area
of the blob and the coordinates of its top-left and bottom-right corners. Given that the ball is the only
pink object in the environment, the robot can assumeit hasidentied the ball when it seesa pink blob.

Unfortunately nding the ball is not as easy as it sounds. In reality, nding a pink blob can be
very dicult, especially if the lighting conditions change. The biggest problem is that the camera is
very sensitive to lighting changes. The lter tries to match to a specic shade of color. If the lighting
changesslightly, causing that shade of color to be di erent, then the Iter can no longer recognize the
color. The human eye is also sensitive to light, but the brain compensatesfor this sensitivity. Even
though the human eye seesdi eren t shadesof color under di eren t lighting conditions, the human brain
has a general color model where it can correctly place that speci c shade so that the color can still be
recognized. Building a color model for a robot is nearly as hard as building an object model. Therefore,
an easiersolution is to broaden the Iter's color de nition. This meansgiving the Iter a wider range to
match by increasing the threshold level. This provedto be a good solution since the ball is the only pink
or even red object in the environment. However, in a di erent situation increasing the threshold might
be problematic since more objects than intended would be matched to a particular color, even though
they may not be the object of interest. A solution to this problem is auto-additiv e adjustment [9], which
tries to balance the color. However, for the purp osesof this experiment | assumedthe lighting is constant
throughout the environment.

To locate the ball the robot goesthrough seweral stepsthat are included in the more general Search
Ball state asshown in Figure 6. First the robot looks down to ched whether the ball is right in front of
it. If the seard fails, then it scansthe environment from left to right and then from right to left, each
time at a dierent angle. If the ball is still not seen,then it must be out of the robot's eld of view. If

that is the case,the robot starts turning in place. If the ball is still not discovered after a 360 degree
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turn, which is determined by keepingtrack of the robot's speedand the time elapsed,the Aib o will then
turn around again, but with the camera at a di erent angle. Within at most two complete turns (720
degrees),the robot should be able to nd the ball.

Besidesthe uninformed seard states there is also a \semi-informed" seard state called \Lost ball".
The robot enters this state when it losessight of the ball. The robot has an idea where the ball might
have gone basedon the information of the last ball-blob seen. Using the coordinates of the blob corners,
the robot decideswhich direction it should look rst to nd the ball. This state is designedto reduce
the seard spacewhen some information is available [9]. If the robot is unable to spot the ball, then it

goes back to the general seard module and starts the seard processagain.

4.2.2 Approac h the Ball

Once the ball is located, the robot tries to approach it and get closeenoughto be able to kick it. When
moving closerto the ball, the robot tries to certer its cameraon the ball soit is harder to lose. This also
helps the robot to keepits \eyes" on the ball when moving.

The robot usesthe crawl walking mode to move to the ball. Although this is not the natural way a
dog walks, it is more stable than the tiger or pacewalking modes. Not only doescrawl allow the robot to
move faster and avoid falling over, but also it keepsthe camera more stable. Having a stable image is a
very important aspect of the behavior since the robot should not losethe ball onceit nds it. Therefore
having a stabilized image will help prevent this issue. Camera stabilit y is frequently an issuewith legged
robots while it is typically not a problem with wheeled robots when moving on a at surface.

The robot tries to constantly adjust its head position so that the ball-blob is in the certer of the
camera. When the head turns past a threshold the robot stops moving forward and turns its body to try
to look straight at the ball. As the robot turns its body, it also turns its head in the opposite direction
to compensate for the body movemert. In the end, the goal is to come closeto the ball while looking
straight at it.

Keeping the ball in sight is an important aspect of the behavior. Otherwise the robot hasto go back
to the seard states. In this situation the robot would switch to the Lost Ball state. There are multiple
reasonswhy the robot might lose track of the ball. The lighting might change so that the Iter is no
longer able to match the speci ¢ shade of color. If the ball movestoo fast, then the robot might not be
able to keepup with the ball. Another factor that can contribute to this issueis the update speed of the
image. A slow update rate (at most 10fps) can a ect the processingspeed and slow down the ability of
the robot to determine changesin the location of the ball. Unfortunately , this is a limitation of Pyro's
Vision Module and we have to take it asit is.

While approaching the ball, the robot has to decide when it is close enough to stop. This is an
important aspect of this state since the robot should not walk past the ball or even bump into it.
Determining what is closeenough was not straightforward. The approach | took in solving this problem
was to have the robot stop when the ball-blob reaches a certain size. | had to determine this number
experimentally by running seweral trials until | got the desired result. Even then, successwas not

guaranteed becauseof changesin lighting. The ball might be right in front of the robot at the desired
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position, yet the lter might only match half of the ball. In this case,the blob would only be half of the
regular size and the robot would just continue to approach the ball.

To avoid this situation | tried to usethe Aib 0's IR sensors(two in the noseand one in the chest, see
Figure 1). This did not help becausethe sensorsdo not seemto be sensitive enoughto sensethe distance
to the ball. One possible explanation could be the ball itself. Given the round and shiny surface of the
object, the IR rays might reect o of it in various directions, misleading the sensors. IR sensorsare
not very accurate and the curved surface of the ball adds to this inaccuracy. Another problem with the
IR sensorsis that two of them are placed in the robot's nose. As the robot moves, the nose also moves,
which gives uctuations in the sensorreadings.

Given that the robot could not baseits decision on the IR sensors,the only solution wasto broaden
the color de nition. While inelegart, this solution works and the robot consistertly approachesthe ball

and stops at the right time.

4.2.3 Position Towards the Goal

The task of the robot is to kick the ball in the goal. Therefore the robot hasto know where the goal is
in order to position itself in the right direction. This positioning processinvolvestwo steps as shown in
Figure 6. First the robot needsto locate the goal and secondit hasto rotate around the ball sothat the
ball is aligned with the goal.

Once the robot gets closeenoughto the ball it stops moving and looks around for the goal. Similar to
ball recognition, the robot recognizesthe goal basedon its particular color. A match Iter and a blobify
function are applied to the image in order to obtain the goal-blob. Since Pyro allows matching and
blobifying on three di eren t color channels, there is no interference betweenthe ball and the goal blobs.
The goal is designedsuch that the bottom part is colored aswell. This feature will be usedin determining
whether the robot scored. | had to deal with the same color matching issuesthat | encourtered when |
seardhed for the ball. Thus| applied the samesolution and broadenedthe color de nition to compensate
for the lighting problems.

The robot seardes the environment by moving its camera from one side to the other. If it tracks
the goal-blob, then it stops the seard and starts to rotate to align the ball with the goal. The robot
determines the direction it needsto rotate by the position of its head when it seesthe blob. For example,
if the goal is to the robot's left, then the robot starts rotating to the right. If the robot is unable to
detect the goal, then it starts to rotate around the ball.

The robot keepsthe ball at the bottom of its image while it rotates around it trying to align the ball
with the goal. When the alignment is complete, the robot stops and kicks the ball. Rotating around the
goal while searding for the ball is the result of two actions. First the robot performs a lateral movemert
using strafe. Second,when the camerais no longer cerntered on the ball, the robot stops and rotates until
the ball is re-certered in the image. These two actions combine, resulting in circular motion of the robot
around the ball. Another characteristic of this motion is that the robot movesslowly away from the ball.
This provesto be useful when the robot is too closeto the ball and cannot seethe goal becauseof the

camera angle. For example, the goal might be right in front of the robot, but the robot cannot raise
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its head high enough to notice that sinceit needsto keeptrack of the ball. In this situation a rotation

around the ball will allow the robot to slowly move away from the ball and broaden its eld of view.

4.2.4 Prepare to Kick

Before the robot is able to actually kick the ball, it has to get into the right position. This involves
getting one of its front legs close enough to the ball. One solution is to use inverse kinematics [17, 15].
Through this process,the robot can gure out the angle that it has to move its joints so that the leg
is right next to the ball. | decided not to use this approach becauseit is very unnatural. When | play
soccer | prepare to kick the ball through a visual processinstead of thinking about the exact positioning
of my leg. The visual feedbad in this action is the key to a successfulkick. | applied this logic to the
robot, hence,it usesvisual feedbadk for positioning prior to a kick.

Constraints on the mobilit y of the Aib 0's head madeit dicult for the robot to seethat its legis close
to the ball. Oneideal had wasto place colored markers on its feet and usea match lter and the blobify
function to recognizethem. Although this seemslike a natural approach to solve the problem | decided
to go with another idea. | wanted to avoid the issuesthat would have come up in color recognition.
Also, this approach would have restricted the robot's eld of view while preparing to kick the ball, which
might have increasedthe probabilit y of losing the ball. Instead | decided to utilize the angle at which
the robot looks at the ball for proper leg placemert.

The robot keepsa constant eye on the ball while it tries to get into position to kick. The robot rotates
around the ball while turning its head and keeping the ball cerntered in the image. When the camera
angle is within a desired range and the blob size is appropriate for the given ball size, then the robot is
in position and ready to kick. The robot decideswhich leg it is going to use basedon the camera angle.
The positioning of the robot depends heavily on the performance of the match lter. Therefore, instead
of using the area of the blob asa target | usedthe size of the bordering square. Sometimesthe bordering
square of the blob is be bigger than the actual matched area. This solution proved to give a consistert

result.

4.2.5 Kick the Ball

Once the robot is closeenoughto the ball and properly aligned with the goal it kicks the ball. Although
this may seemlike a very easy action it actually obscurestwo main issues. The rst is maintaining
balance and the secondis the kick itself. To kick a ball the robot hasto stand on three legsand maintain
its balance while the fourth leg swings and actually kicks the ball.

To perform any of these steps the system has to control the robot's joints. The leg of an Aib o has
three joints that can be controlled independertly: rotator, elevator, and knee (seeFigure 8). The rotator
and elevator both act as the shoulder. The rotator enablesthe robot to swing the leg front and back.
The elevator permits the robot to raise the leg away from the body. The knee, as expected, allows the
robot to bend the leg.

Maintaining balance on three legswhile allowing the fourth legto swing freely is a rather complicated

problem. For a dog that stands on three legs the body position is constantly adjusted to maintain
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Figure 8: The Aibo joints. Image from the Aib o robot homepage[1].

balance. This is not a viable approach for a robot sinceit doesnot have the balancing system of a dog
to performs the necessarysmall adjustments. Therefore, for a robot the balancing problem turns into
nding a special joint con guration that best maintains balance. Once the robot is able to stand on
three legsit hasto maintain balance while it swingsthe other leg. This adds another degreeof di cult y
to the problem. The solution | designedusesthe back leg on the same side as the kick leg to maintain
balance. For example, if the robot kicks with its left leg, then it maintains balance using its left back
leg. | ran many trials to determine the proper position for the back leg.

After the robot is balanced on three legsit is ready to kick the ball. To swing the leg | designeda
sequencethat usesthe Pyro setJoint function, which allows independert control of ead joint. To kick
the robot usesthe rotator and the knee joints so that it swings and extends its leg at the same time.
After the kick the robot movesits front leg back to a position suitable for crawl. Even though the kick is
fast, sometimesthe robot becomesunbalanced and falls forward. To prevent this, the head movesinto a
certral position to help with the balance. Unfortunately this makesthe robot losetrack of the ball when
it kicks. However, this is a necessarystep to help the robot maintain its balance.

Most of the time the kick is consistert; however there are somesituations when the robot cannot get
into the right kicking position. Mainly this hasto do with the update speed of the joints. The function
that controls ead individual joint needsinformation from all the other joints before it can move that
joint. (SeeSection 3.2.3)

4.2.6 Completing the Task

Immediately after the robot kicks the ball it cheds to seeif the task has been accomplished. In the
particular case of this experiment, completing the task means scoring a goal marked as the \Did you
score" state in Figure 6. The robot determines if it scored by looking at the ball and its surroundings.

If the ball is surrounded by the color of the goal, then it meansthe robot scored. The robot knows it
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scored when the position of the goal-blob is lower than the position of the ball-blob. To determine this
situation the robot lowers its camera until the ball is in the upper portion of the image. This allows the
robot to seealso part of the o or and determine if the ball is in the goal or not.

As mentioned earlier, the robot doesnot keepits eyeson the ball when it kicks sinceit usesthe head
to maintain balance. Therefore, the robot has to perform a mini-search for the ball. Onceit nds the
ball it cheds to seeif it has scored. If the robot determines that it has scored, then it wagsits tail and

barks three times.

4.3 Another Exp eriment

Based on this behavior | created another one in which two robots play with eac other. The design of
the innate behavior based on a FSM allowed for an easy expansion. To create this new behavior, the
only step neededwas to add a new state to the FSM that addressedthe speci cit y of the situation (see
\W ait for ball" in Figure 9). In this experiment the eld is divided into two sections that are colored
dieren tly. Each robot sits on its own color and tries to kick the ball onto the other color. Each time a
robot is successfulit wagsits tail and barks. After it scores,the robot enters a wait state that prevents
it from moving until the ball movesback onto its side. If the ball is on the opponert's side, the robot
keepsits eyeson it by moving its head around. Once the ball is kicked onto its half of the eld, the robot
is allowed to move and go through the states from the initial FSM. This experiment illustrates how this

innate behavior can be usedto build other behaviors and create more complex situations.

4.4 Analysis

| used two dierent balls to test the behavior. One is a foam ball that does not roll very much and
that goesin a straight line. The other one is a hollow plastic ball that has some asymmetries in its
construction, making it unlik ely to roll in a straight line. | usedthe rst ball to determine how consistert
the robot is in nding the ball. | usedthe secondball to seeif the robot can still accomplish the task
even though the ball has an unpredictable trajectory. In the latter casethe robot is still able to kick the
ball in the goal, but it takesmore time to accomplish the task. Using a slightly asymmetric ball ensures
that the behavior is robust enoughto handle various cases.For example, while we have not tested this, |
am con dent that the behavior described in this thesis would have no problems in handling a non-leveled

playing eld.

5 Future Work

An immediate step that follows from this behavior designis to have a robot that is able to learn how to
kick. Starting from this innate behavior the robot should be able to improve and becomemore consistert
at kicking. It would also be interesting to obsene if the robot can learn how to score using fewer kicks.
Seweral experiments that explore learning and adaptation can be based on this innate behavior. This

would be the next step towards the greater goal of Developmental Robotics.
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Figure 9: The FSM of the \Rob ot vs Robot" behavior.
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One feature that would be helpful is obstacle avoidance. This can be done using the IR sensorsthat
the robot comesequipped with. Also a stall detection feature would be useful to determine if the robot
is no longer able to move becauseof obstructions. These features would make it possibleto place the
robot in a closed environment where it can learn to avoid barriers. Obstacle avoidance would also allow
interaction betweenseweral robots sharing the same space.

Object recognition is an issuethat would needimprovemert. The goal is to recognizean object based
on its shape and color instead of just relying on color. As seenin this thesis even color recognition is a
problematic approach. It would be bene cial to enhancethe color recognition algorithm sothat lighting
is no longer an issue. The matching algorithm can be made more robust to allow the robot to distinguish
between seweral objects of similar color in the same environment. The goal would be to have a robot

that can recognizean object basedon both its shape and color, but until then it is a very long road.

6 Conclusions

The innate behavior | designedis able to complete the task | proposed. The robot is successfulin kicking
the ball to the goal. As a result of the many factors that canin uence ead trial, experiments with robots
do not always work asexpected. For example, lighting problems were a major issue. Unfortunately , small
changesin lighting conditions can trigger big changesin the behavior. The approach taken in this work
to solve problems resulting from lighting changeswas to broaden the color de nition.  Still, there are
situations where the match Iter cannot detect the ball or the goal. However, the broadened color
de nition gives a wide range of lighting under which the robot is consistert in kicking the ball in the
goal.

The modular design of this innate behavior allows the use of certain parts of the behavior in other
behaviors. This is advantageousbecausethe states can be easily modi ed and enhancedwithout changing
the behavior itself. Finite State Machines are ideal for this type of situation where the behavior is very
modular.

The idea of integrating an Aib o controller with Pyro proved successful. We were able to use all of
the controller's functionalit y. There are some parts that can be smoother and easierto use, but, | was
still able to perform all the actions | wanted. One area of improvemert would be to have a method that
helps to design sequencesmaking things like designing a kick easier.

This innate behavior is ready to be usedin a developmertal robotics setup. The modularity of the
behavior makesit easyto change and build new behaviors basedon this one. The generality of the nd
and fetch problem givesthe robot a lot of freedom in the exploration of the environment. Ideally the
robot would start looking for other objects and new goals as it explores the environment. This innate
behavior is meart to give the robot an idea of what it can do. From there on, the robot can design and

accomplish its own tasks.
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App endix A

The Aib o Controller API documernts only the functions that are specic to the Aib o robot. The other

Pyro functions are not preserted here, since they can be found in the Pyro documentation.

Head Mo vement

The head has three degreesof freedom: pan, tilt, and roll. All the valuesrange between-1 and 1.

rob ot.ptz.cen ter()

This function re-centers the head (sets all the valuesto 0).

robot.ptz.center()

rob ot.ptz.setP ose(pan, tilt,[roll])

This function can be usedto set the head into a speci ¢ position. The roll argument is optional.
robot.ptz.setPose(amtPan, amtTilt)

robot.ptz.setPose(amtPan, amtTilt, amtRoll)

rob ot.ptz.pan(amoun t)

The pan function controls the horizontal movemernt of the head. The range of motion is between-1 and
1, where -1 is right and 1 is left, while 0 is the certral position.

robot.ptz.pan(0.3)

rob ot.ptz.tilt(amoun 1)

The tilt function controls the vertical movemert of the head. The range of motion if between0 and -1,
where 0 is the certral position and -1 is down.

robot.ptz.tilt(-1)

rob ot.ptz.roll(amoun t)

The roll function is an extension of the vertical movemert that allows the robot to raise its head. The
range of motion is between0 and 1.

robot.ptz.roll(1)

Accessors

There are a series of functions that allow the user to obtain information about the robot's joints and

sensorsor to play a le.
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rob ot.getJoin t(join tName)

This function return the position of the joint together with its duty-cycle. The position of the joint is

between -1 and 1 to be consistert with Pyro. Zero is usually a certral location. Any of the following

joints can be accessed:

leg \fron t/bac k left/righ t leg rotator/elev ator/knee"
head \head tilt/pan/roll/no d"

tail \tail tit/pan”

mouth  \mouth"

robot.getJoint(""'mouth™)
robot.getJoint("left leg front rotator")

robot.getJoint(""head tilt")

rob ot.getButton(buttonName)

The state of a button can be accessedusing this function. The paws are on/o

are pressure buttons. The robot has the following buttons:
chin \chin"

head \head"

body \b ody front/middle/rear"

wireless \wireless"

paw \paw front/bac k left/righ t"

robot.getButton("“chin")
robot.getButton(""body front™)
robot.getButton(""paw  front left")

rob ot.getSensor(sensorName)

The robot has 11 sensorswhose values can be accessedusing this function.
The ir sensors:\ir near/far/c hest"

ir near Rangesfrom 50 - 500mm
ir far Rangesfrom 200 - 1500mm

ir chest Rangesfrom 100 - 900mm

The acceleration sensors:\accel front-back/righ t-left/up-do wn"

buttons while the rest

fron t-bac k Positive if the robot is inclined forward and negative if it is sitting.

righ t-left Positive if the robot is lying on its right side and negative if the robot is lying on its left

side.

up-do wn Negative if the robot is standing up, positive otherwise.
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The power sensors:\p ower remaining/thermo/capacit y/v oltage/current"

remaining The remaining power measuredin percertage 0-1.

thermo Measured in degreesCelsius.

capacit y Measured in milli-amp hours.

voltage Measuredin volts.

curren t Measured in milli-amp; negative values.
robot.getSensor("ir near")

robot.getSensor("accel right-left")

robot.getSensor('power  remaining")

rob ot.pla ySound( leName)

This function plays a .WAV le that sits on the robot. The following les can be played: 3BBARKS.W AV,
3YIPS.WAV, BARKHIGH.W AV, BARKLO W.WAV, BARKMED.W AV, BARKREAL.W AV, CAMERA.W AV,
CATCRY.WAV, CATYO WL.W AV, CRASH.WAV, CUTEY.W AV, DONKEY.W AV, FART.WAYV, GLASS.WAYV,
GROWL.W AV, GROWL2.WAV, GRRR.WAV, HOWL.W AV, MEW.W AV, PING.WAV, ROAR.WAV,
SKID.W AV, SNIFF.WAV, TICK.W AV, TOC.WAYV, WHI IP.WAV, WHIMPER.W AV, WHOOP .WAYV,
YAP.WAV, YIPPER.W AV

robot.playSound(" 3barks")

Body Movement

The robot can move around or it can move only a joint. Once a move command is issued, except for

moving a joint, the robot movesuntil it is told to stop. The rangesof the movesare between-1 and 1.

rob ot.translate(amoun t)

The robot translates with the given speed. The range is between-1 and 1, where 1 is forward, 0 is stop,
and -1 in backward.

robot.translate(0.9)

rob ot.rotate(amoun t)

The robot rotate with the given speed. The range is between-1 and 1, where -1 is right, 0 is stop, and
1is left.
robot.rotate(-0.6)

rob ot.strafe(amoun t)

The robot performs a lateral movemert. The range is between-1 and 1, where -1 is right, 0 is stop, and
1is left.
robot.strafe(0.4)
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rob ot.mo ve(translate, rotate)

This function combines the translate and rotate functions.

robot.move(0.5,0.3)

rob ot.setW alk(t yp e)

The robot can be in three di erent walk modes. The default walk mode is crawl. The other two walk
modes are tiger and pace.

robot.setWalk( tiger")

rob ot.setP ose(join t, amoun t)
This function setsa joint to a specic position. The following joints can be controlled individually:
mouth 0 is closedand -1 is open.

tail The tail hastwo degreesof freedom: pan and tilt. They can be controlled individually \tail pan/tilt"

or together \tail".

leg Each leg has three joints that can be controller individually . The rotator and elevator act as the
robot's shoulder.
rotator Movesthe leg front (1) and back (-1). Zero is straight down.

elevator Movesthe leg away or towards the body. 1 is a full extension while -1 is closeto the

body and 0 is straight down.

knee The knee bendsthe leg. 1 meansthe legis bent, -1 the leg is extended and at O the leg is

straight.

robot.setPose( "leg front left knee", 0.3)

robot.setPose( ‘right back leg", amtRotator, amtElevator, amtKnee)
robot.setPose( tail", amtPan, amtTilt)

robot.setPose(" tail pan", 0.3)

robot.setPose(""mouth”, -1)
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