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1 Intro duction

This is the manual of the 1st year Seart, Actuate, and Navigate lab course (formerly known
as Robotics). It gives a general overview of the problem to be solved and its subdivision to
assignmerms. Additional information on, e.g.,the useof the software ervironment will be givenin
the directory:

/opt/stud/robotics/hints

You will be notied by e-mail if anything is added to this directory. Pleaseched it at regular
intervals.

This manual contains a lot of information which might tend to blur your vision of the problem
at hand. This is why you have to:

1. Readthe manual very carefully before starting the lab course.

2. Attend the lab coursesessionevery time whereyour lab assistarts will try to guide you and
provide help with the problemsat hand.

The manual wasoriginally written by Arnoud Visserand Joris van Dam and subsequetly modi ed
by Nikos Massios,Paul Ruinard and Matthijs Spaan.

We hope you will enjoy the lab course,

Matthijs Spaan

1.1 Al through robotic chess

Pioneers of arti cial intelligence and robotics were more than enthusiastic and had ernvisioned,
through rosy spectacles,a world populated with decision-making, moving macdhinery. With this
high expectation, researti concertrated on high levels: theories, models, ethics, and how this
impinges on other subjects. This did sometimesappear to be esoteric;it evertually cameto light
that there were indeed more down-to-earth problems yet to be solved - medanical structures,
movemen execution, optimal path-planning with obstacle avoidance etc. It is with these latter
issuesthat this exerciseis concerned,consciouslykeepingin mind throughout however, that it is
these high levelsthat take precedencen any outlet'.

Chesswill be the game at hand and it will stand for the essetial enigmato be solved. A
rolot arm and a cameraare available and you are to program the robot - enabling it to physically
carry out the solution of an arbitrary gameof chess. It is a mild but challenging and ertertaining
problem, and with the ne guide of your intense, learned brain (and a workstation to help it
along), you shall succeed,and furthermore be led, in time to come, towards the creation of an
intentional system'. With the strong foundation in robotics that you will acquire, we hope that
you, as stars of tomorrow, will build a solid aestheticsof method, to sere to the betterment of
saciety. Yes! my dear friends, Scienceshall march boldly forward. (thus spake Joris)

1.2 The lab course

In groups of two, you will, solve chessendgames, plan paths for the chesspieces,and calculate
the required poses of the robot, and so solve the problem of a robot playing a gameof chess. All
other (non-trivial) tasks have already beensolved and will be provided by your lab assistars.
Your rst task is tackling a chessendgame,next is solving the path planning problem, third
task is solving the inversekinematics problem and last but not least; task four is to go, where no
one hasgonebefore. Your lab assistarts will provide you with software for separatelytesting your

1Daniel Dennett, Brainstorms, MIT Press 1978.



solutions to all problems. We do, however, expect that the solutions to the three subtaskswill be
submitted as a single, working, integrated program (using our main module). This meansthat
you should test that your solutions to the subtaskscan work together.

Your assistarts for the lab courseare Matthijs Spaan and Coen Pieterse . For questions,
remarks or whatever, Matthijs can be reached by email at:

mtjspaan@science.uva.nl
A webpagewith someadditional information can be found at
http://www.science.uva.nl/~mtjspaan/practicum

By making you work in groups of two we aim to give you an idea of how it is to work in a
team. If there are any unsolvable organisational di culties, troubles, hitches,impasseset cetera,
do not act too late and inform your lab assistaris at an early stage before everything gets out of
hand. We would like to prevent studerts from getting lost. Sode nitely do not hesitate to inform
us that there is someproblem.

The lab courseduration is about 4 weeks. In the beginning work is done on the simulator. As
time progressesthe groups will work for sometime ead week with the real arm (which di ers
from the simulator!!!). After three weeks,ead group will give a thorough and understandable
demonstration of the rst three parts of the system, its behaviour and moreover eac group will
give an explanation of the contents of its modules. The implementation will be discussedwith the
assistarts.

2 Task 1: Endgames

The rst weekyou are going to solve a chessendgameof \king and queenversusking”, in similar
fashion as the rook endgamediscussedin the Bratk o book. First read the instructions on how to
setup your ervironment properly in the le /opt/stud/robotics/hints/GETTING _STARTEBNd follow
them. For more information on the software usedin this lab courseseesection6. Next you should
create a directory for the lab course. For examplein a shell you can type:

cd
mkdir zsb
cd zsb

Then copy the les required for this part of the lab coursein your newly created directory by
typing:

cp /opt/stud/robotics/software4students/pl/*

Ched if there is a READMEith last minute information.

In this directory you should now nd a number of Prolog les, they are an implemertation of
Bratk 0's Advice LanguageO and the predicate library plus advice rules for the \king and rook
versusking" endgame.To try it, run endgamerookfrom the current directory, this will start the
playchess program which connectsall parts of the lab course. As this is the rst you start the
program you have to initialize the chesshoard setting it starts from by hitting \r". By pressing\p"
you can now ched the performanceof our rook endgameimplementation. The program provides
the white moves, you can try to escap by entering the black moves. You can try other starting
settings by editing the chessboard le, seesection6.3.

Your assignmen this weekis to program a \king and queenversusking" endgamesolver, in
the same fashion as the rook solver. To run your program you should re up endgamequeen
As you will seethe queenmoves without a particular plan, it's your job to improve on this, by
adding rules and advice to KRAPqueen.pl Look at KRPLqueen.pl for the predicatesthat have
beenprovided and someif you think you needthem. Inspiration can be found in the rook solver,
page 601 of Bratk o.



3 Task 2: Path planning module

This section cortains a detailed description of the secondtask you have to perform, which is to
nd a path in Cartesian coordinates. The main input of this module is the chessmove generated
by GnuChess(e.g. a2a3). The output of this module is a list of x; y;z positions that the robot
arm hasto follow in order to perform the chessmove generatedby GnuChess. This x;y;z list is
subsequetly provided asinput to the inversekinematics module. More speci cally, the involved
piecehasto be transported on a height of ‘two ngers' above the board, if that is possible.

The descriptionsare separatedinto two phases:an intro ductory phaseand an execution phase.

The intr oductory phaseis meart to be an overview of the task. The functions you'll write
here are necessaryfor the next phase.

The execution phasetakesyou through seeral stepswhich will leadyou to a modular solution
to the task. Seethesestepsasfunctional steps,not asstrict temporal orders. Decisionstaken
at the beginning of a project can have strong in uence on the nal performance, so start
pondering the whole task at once. You are advisedto start with writing someroutines to
print the input and output of your module, as a good insight in the data- ow is essetial
during the execution phase.

1. Introductory phase

As an introduction you'll write somefunctions essetial planning a path for the robot arm.
The assignmen consists of three parts: accesssome data of the board, write a classto
convert positions ("e3") to locations (column 4, row 2) and write a function convert locations
to Cartesian coordinates (X; y; z).

What board parameterswould you useto determine a transformation from board coordinates

(e.g. a2) to Cartesian (x;y;z) coordinates? Are they all given by the ChessBoardclass
interfaces? (see/opt/stud/robotics/hints/ for a referenceto the documerntation and seethe

board gure in section 7.1). Create such a transformation. Would you use homogeneous
transformation matrices or smart vector manipulation? Discussyour ndings with your

assistant and implemert your ideas.

Start by copying the necessaryWeekl.java le in your lab coursedirectory by typing:
cp /opt/stud/robotics/software4dstudents/pp/Week1.java

Before doing anything more try reading the commerts corntained in the Weekl. java
le while also having a look at the documertation of the data structures (see
Jopt/stud/robotics/hints/ ). The le Weekl.java contains various gapsindicated by ques-
tion marks (?????). You have to rst carefully Il in the gaps, using a text editor of your
preference,and then compile your code by typing:

javac Weekl.java

If this part has beendone successfullythe compiler should not have printed any warnings
and your directory should contain a le called Weekl.class. To test your code type:

java Weekl

When you are done ask your assistarn to ched your solution.

2. Execution phase
(NOTE: More details on this phasecan be found in:
/opt/stud/robotics/software4students/pp/README )
Start by copying PP.java le in your lab coursedirectory by typing:
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cp /opt/stud/robotics/software4students/pp/PP.java

Re ect upon the following problem: how can you describe in general (functional) way what
sort of movemerts the robot hasto make to transport a piecefrom oneto another position?
Discussyour ndings with your assistarts and write them down. These steps are to be
re ected in the structure of your nal program (self-explaining functions)! Implement this
algorithm into a procedure

highPath(String  from, String to, ChessBoard b, Vector p),

that transports the involved pieceon a “safeheight' directly to its destination. Do you need
the transformation form board coordinates to Cartesian coordinates? This procedurewill be
valuable if later is found that a height of ‘two ngers' is an impossibleconstraint. Testyour
program by running playchess and changethe settings to useyour path planning modules.
You can seethe results of your functions in the umirtxsimulator , make sureto start it in
the samedirectory asyou program.

. Improve your highPath() function by writing a

moveToGarbage(String to, ChessBoard b, Vector @)
function that removes cheded pieces. This function should grab a piece of the board and
drop it somewhereoutside the board.

. This is the real path planning part. Instead of moving on a “safeheight’, try to move on a

height of ‘two ngers', in betweenthe pieceson the board. Create a path planning algorithm
that searhesa path betweenany two placeson the board, while someboard positions are
occupied by obstacles(other pieces). Is such a path always possible? Do you plan such a
path in board or Cartesian coordinates? Discussyour algorithm with your assistaris before
you start to add the function

lowPath(String  from, String to, ChessBoard b, Vector p) to PP.ava. This function
should plan a path for moving pieceson a low height (add a \priv ate static double LOW-
PATH _HEIGHT=20;") while avoiding all other pieceson the board. Diagonal movesare not
allowed.

Task 3: Inverse kinematics module

The main task hereis to generatean arm con guration accordingto the coordinates generated
by the path planner module. A list of Cartesian coordinates is to be transformed to a list of joint
values.

1. Introductory phase

We will work with the umirtxsimulator , which contains a model of the actual robot. To
get a feeling for the joints play around with the controls. The simulator will changefrom a
right- to a left-con guration and badk. Try using the joint-control-buttons of the simulator
to seeif it is possibleto continue on the path without changing con guration.

. Execution phase

(NOTE: More details on this phasecan be found in:
Jopt/stud/robotics/software4students/ik/README ) Start by copying IK.java le in your lab
coursedirectory by typing:

cp /opt/stud/robotics/softwaredstudents/ik/IK.java
The inversekinematics problem can be decomposedin seweral sub-problems. Can the posi-

tion be achieved by cortrolling only a small number of joints? Which joints? Discussyour
ideaswith your assistarts.



3. Solve the inverse kinematics problem for the robot arm. Would you use a homogeneous
transform or smart vector manipulation? How many solutions are possible for a certain
Cartesian coordinate? Design an algorithm to chosebetween alternativ e solutions. Discuss
your ideaswith your assistarts. Read IK.ja va for details.

4. Finally, verify your program on the real robot. How accurate is the robot? Are there
systematic errors? Were they also presert in the simulator? Can you compensatefor those
errors?

5 Task 4: Go, where no one has gone before

section intentional ly left blank, content to be provided by you

6 The programming environmen t

We will be using a simple program called playchess which doesdoesthe following:

1. Ask the useror the Prolog endgamesolver for a white move.

2. Feedthis move to an existing chessprogram (GnuChess)or ask the userfor the black move.
3. Call your Java path planning module with the resulting black move.
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. Execute your Java inversekinematics module to corvert the Cartesian positions to the joint
anglesof the robot arm.

5. Sendthe joint anglesto a simulator (umirtxsimulator ) for inspection.

6.1 The rob ot simulator

In order to ched that the robot will not demolishits surroundings, your commandswill be rst
sen to a simulator. Thusto determine whether a particular solution to the problem is correct it
is rst visualised. When your lab assistarts have con dence in your approad, they can grant you
permissionto put the real robot arm into work, via the “'move robot'-button of the simulator.

This button is your interface to a sener that cortrols the robot. One of the activities of the
sener is to calculate the “encaler counts' basedon the speci ed joint-angles. Theseencader courts
are the number of stepsthe motors of the robot arm have to make to arrive at the given joint
angles. In generalcortrollers are interesting things, but for now of no importanceto you. Howe\er,
it isimportant that the cortroller is there. It forms the interface betweenthe joint anglesand the
ow of currents to the actuators; in this caseelectrically powered rotatory motors.

6.2 The chess program "GNUChess'

This is a chessplaying program provided under the GNU general public license. This program
decideswhat move the robot should play after it is given asinput the human move detected by
the pre-supplied image processingmodule. It is the task of your modulesto make sure that the
move suggestedoy GnuChessis the one actually played by the robot.

6.3 Chess board representation

The chessboard is represerted as ASCIl le of 8 by 8 characters called board.txt . Lower caps
are the white pieces.Be very careful with the amount of spaces.every line should cortain exactly
8 characters (plus the newline). Example:



RNBQKBNR
PPPPPPPP

PPPPPPPP
rnbgkbnr

6.4 Special remarks

Important notes for students:

Throughout the manual, you were pressedto strive for modularity in the set up of your
program. This is not becausethe lab assistaris get a kick out of modularity; it will facilitate
to great extent the developmert and understandability of your program. With a modular
set-up of your program, ead sciertist canimplement a separatemodule concurrertly. You
will undoubtedly notice we are pressedwith time. Don't jump to programming and stick to
the 40-20-40design-build-test rule. Cutting down on the rst forty will result in an uneven
growth of the last forty and an uneven fall in your nal grade.

At sewral points in the manual you are urged to discussyour ndings with your assistars.
Of course,if you don't like us, don't do it. But sinceyou will be pressedfor time, we can
ched if your programs t the requiremerts we setfor them, we can point you at someaspects
you might have overlooked, and perhaps most of all, we hope you will also enlighten our
minds.

Of course,you all have somebirilliant ideason how the program could be improved if we'd
just have another interface. Most of you are probably right and someof you may even be
brilliant. Howewver, we don't have time. There are only a few weeksavailable to nish your
program. The interface is not the best possible,but it works and it allows us to use older
software for \stub" procedures. Just stick to the interface and show your brilliance in the
way you handle your assignedtask.

Picking the game of chesshas probably beenone of the lessgood ideas, as certain students
tend to pay too much attention to the chesstrivia and lessto the overall workings of the
program. We are not so much interested on whether your modules can handle castling, en
passan, and all the other chessspeci ¢ functions. We are satis ed with the basicchessmoves,
i.e. moving piecesbetweenboard positions and moving piecesto the garbageplace. A \real"

chessplaying robot would of coursealso handle all the chessfunctions, but this would just
take another layer upon your programs to handle special situations : tedious programming
eort that is a waste of time towards the ful lmen t of your courserequiremerts. Naturally,
if you have an already working system.......

Rather we would prefer that you'd extend your program (if time permits!) to a lessstruc-
tured working environment, i.e. dewvelop a more robust system. What if the board data is
inaccurate? What if the garbage place seemsfull? What if there is no inverse kinematics
solution: doesthe program crash or call for another move?

You can test your modules stand alone using the main program and stub modules made
available by your assistarts (ched your mail or /opt/stud/robotics/hints regularly for fur-
ther details). Let it be noted that we expect that fully integrated routines are submitted at
the end of the course.

Computer plays black, Human plays white. No exceptions.



6.5 Software requiremen ts

Implementation of your ideasinto code is only half of the job to be donefor this lab course. Inside
your source- les we want the following information:

a header:

the lename

a short description what's in the le

the names,registration-numbers and login-namesof both partners
the id of your group.

the current date

commens:

on a tactical level: to indicate where dirty tricks are performed
on a strategic level: to explain what was your intention for a piece of code

self-explaining function- and variable-names:

the most important issueis to be consisten
don't mix Nederlandsand English

structure:

make use of empty spaceto make your program readable
order your functions in a logical way

error reports:

describe how the software was tested
make sure that both programmer and user can understand what went wrong

Next to your code we want a small paper, which givesa short intro duction about the problem,
a small overview about possible solutions, the used criterion to choose between those solutions,
and a validation of your approad including experiments and results.

7 Hardw are setup

For the path planning task it is necessaryto know the position of the chessboard is related to
the position of the robot, and for the inversekinematics task you have to be aware of the possible
con gurations of the robot arm.

7.1 The chess board

The drawing of the board placemen gives the represertations of its position and the arbitrary
position of the garbageplaces. The X; y; z position of the board is determined by the outer corner
of eld h8, with the edgeincluded. The board is placed such that the Human player plays white,
the Computer plays black.

IMPOR TANT: Note, e.g.,that the coordinate systemis a left-handed system. This means,
that the path planning module must expressCartesian coordinates in this very sameleft handed
module!



Figure 1: The chessboard.



7.2 Robot arm con gurations

This sectionis related to the subtask of inverse-kinematics. We discusshere somedetails of the
motion of the UMI-RTX robot. This robot is designedto work in a cylindrical workspace. Vertical
movemens and rotations around the baseare easily performedby cortrolling a singlejoint. Radial
movemens of the wrist from and to the baseinvolve movemerts of seweral joints, but this is also
made simple by a trick, a trick which is discussedon the next page.

Tollustrate the di erence betweenthe performancelevel of the human arm and this robot arm
the following can be said: a "natural' arm of a human has about 42 degreesof freedom. The most
subtle arti cial arm, for general human use, has lessthan 10 degreesof freedom. The drawing
speci es only 6 degreesof freedom which are the minimal demandsfor an arti cial fore-arm and
wrist.

-

Figure 2: Degreesof freedomof a human arm.

The UMI-RTX robot has precisely those minimal 6 degreesof freedom, enoughfor nding a
solution for this robot arm in the domain of chessplaying.

Radial motion of the UMI-R TX rob ot

The upper arm and lower arm have the samelength: AB equalsBC.

This meansthat you can move the wrist in a straight line outwards from the column - a radial
line betweenthe shoulder and wrist spindles- by rotating the two parts of the arm, making sure
that angle P is always half angle Q:

The gearratio from the shoulder motor to the upper arm is twice that of the elbow motor to
the lower arm. To move the wrist in a radial line, both motors are driven at the samespeed but

10



in opposite directions. The bene t of this arrangemer is that the robot cortroller can keeptrack
of the wrist its position in cylindrical coordinates very easily, by simple calculations basedon the
motor encader courts. (Encoder courts are the units in which the movemert of an RTX motor is
measured).

In addition, the gripper is automatically pointing along the radial line:

This is achieved without needingto drive the yaw motor: the yaw is not only coupled to its
own motor, but also coupledto the elbow motor! When the lower arm movesthrough an angle
Q, the wrist automatically movesthrough R, which is Q/2, becauseof the 2:1 gearratio from the
combined pulley which rotates on the elbow spindle and the wrist pulley.

Becauseof this automatic compensation, it is possiblewith certain yaw orientations for the
wrist to hit its end-stopswhen driving the arm radially in and out.
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