Using RoboCup in University-level Computer
Science Education

ELIZABETH SKLAR

Columbia University

SIMON PARSONS

Brooklyn College, City University of New York
and

PETER STONE

The University of Texas at Austin

Team-based projects have been proven in the education literature to be an effective pedagogical
methodology. As a result, we have been using RoboCup challenges as the basis for class projects
in undergraduate and masters level courses. This paper unifies several independent efforts in this
direction and presents our work in the development of shared resources and evaluation instruments.
We outline three courses and describe the related class projects in order to make the context of
our investigation clear and to make it possible for others to replicate and extend our work as well
as contribute to the shared resource.
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1. INTRODUCTION

The notion ofeducational robotics— the use of robotics as a hands-on learning environ-
ment — is becoming increasingly common, with the rise in papty of low-cost and ac-
cessible robot kits [Sklar and Parsons 2002]. Creativeunsirs are finding ways to teach

a myriad of science topics using these hands-on technclagié engaging students of all
ages. Tournaments are being organized around the robdtfh@energy, enthusiasm and
motivation displayed by students is unsurpassed. We hawaftheRoboCupchallenges

— especiallySoccer SimulatioandRoboCupJunior SoccemdRescue— to be particu-
larly conducive to college-level classroom use. We beltbat the ability to demonstrate
theoretical models and complex algorithms with a handsaooessible medium strength-
ens the learning experience for students.
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2 . Elizabeth Sklar et al.

RoboCup [robocup ], initiated in 1997, was designed to btmgether robotics and
artificial intelligence researchers world-wide by prowiglia common problem, a problem
for which a solution would require both advances in many §ieldd a collective approach
to research in those fields [Kitano et al. 1997]. The chosenamas robotic soccer,
currently played by autonomous robots in several categerideagues— which vary
in physical size, cost, type of hardware platform and apghea to vision and software
control. This remit was later expanded to include robotlraumrsearch and rescue as well.
In 2000, the RoboCupJunior division was formed, with thelgdantroducing young
students (primary through high school) to RoboCup and piiogithem with an exciting
and motivating way to learn about technology through hasrdsxperiences [Sklar et al.
2002].

In this paper, we document our experiences incorporatirtgpRop activities into pri-
marily undergraduate courses with the goal of uniting atheho are doing the same.
Our aim is two-fold: one, to create a repository for relatadicular materials; and two,
to build a common instrument and database for evaluatin®dCup learning environ-
ment. Another motivation is to provide a means for enablitngs to replicate and expand
our efforts. While we have found the link between RoboCuptaaditional coursework in
Introductory Robotics, Artificial Intelligence and Mulgant Systems to be a natural one,
we presume that this sense arises out of our familiarity WitthoCup through longterm
involvement with the initiative. In developing our repasit, we are hoping to make the
notion of incorporating RoboCup into such coursework anadly easy task for uninitiated
instructors, by providing syllabi, reading lists and patjdescriptions.

We are not the first to experiment with the RoboCup paradigomitergraduate class-
rooms. Silvia Coradeschi and Jacek Malec presented reditheir early experiences at
RoboCup in 1998 [Coradeschi and Malec 1998]. They used th®®op soccer simu-
lation in a course on Atrtificial Intelligence Programmingof@deschi ]. Their course in-
volved some lecture and seminar time, but was primarily teel/to lab work. The students
were given reading materials on the RoboCup initiative aedevalso expected to write
two reports during the course. Their project involved pesgming an agent to perform in
the RoboCup soccer simulator. The instructors’ evaluatiothe effort was mixed. They
found that students spent perhaps too much time underatpistiues such as real-time
process and socket programming, topics outside of the Hokiraurriculum. However,
the students were surveyed and agreed that the idea ofatitegRoboCup in the course
was a good one. Subsequently, the “RoboSoc” library has tieezloped to ease students
into the use of agents for the RoboCup soccer simulator fA@000]. Andreas Birk has
developed a course on Autonomous Systems that uses the Sa@iRoboCup League for
practical exercises[Birk ]. José Vidal and Paul Buhlerdaliand Buhler 2002] have de-
veloped a series of graduate-level courses on multiagsterss using the RoboCup Sim-
ulation league. They have created a platform called “Bitenich provides a framework
for agent development and simplifies the task of building®ip agents for educational
purposes.

We are also not the first to use robot kits in an undergraduassmom. In 1989, Fred
Martin created the MIT Robot Design project course (6.2f0pwing from Woody Flow-
ers’ renowned “Introduction to Design” (2.70) course thasvoffered in the Mechanical
Engineering department [Martin ]. In Martin’s course, stnts learn about the basics of
building robots from kits and the term culminates with a esht The work on this course
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resulted in a now popular textbook [Martin 2000]. Holly Yangranco ] has adopted
this course using the Botball[botball ] game as the tourrmdraethe end of the term. Maja
Matari¢ has developed an award-winning course calleddthiction to Robotics” [Mataric

] which takes a hands-on approach to teaching the fundaihmamaepts in the field of
robotics. Students use both the Handyboard [handyboardrpaontroller and the LEGO
Mindstorms Invention System [mindstorms ]. The syllabugers in detail the basic com-
ponents of robotics from a technical standpoint, and thessoends with a contest where
robots play a ball game in a hexagonal field.

A few people have developed courses using hands-on rollagitdo not focus on teach-
ing robotic topics as the main subject. Michael Littman’sig® on “Programming Under
Uncertainty” [Littman ], offered in Fall 1999, taught a vaty of methods for programming,
as its title says, under uncertainty, including Markov Bam Processes and POMDP'’s,
and a variety of machine learning techniques like reinforeet learning and genetic algo-
rithms. Students in this course used LEGO robots to dematedtneir knowledge of the
methodologies studied. The course ended in a project, vdoene of the students devel-
oped their own applications for their robots, from lineléaling tasks to making breakfast
M.

Aside from constructing a shared repository of course nasemwe are interested in
creating an assessment instrument and in conducting a ebesive evaluation of the
pedagogical value of educational robotics in general arfaibRaoip activities in particular.
While we have empirically witnessed increased excitemstgrest and motivation on the
part of our students, we are working to formalize these alagiems with scientific study
of the RoboCup learning environment. Following on the wafriSklar et al. [Sklar et al.
2002;7?], which examines this phenomenon at the primary and secgsdhool age levels,
we are interested in trying to pinpoint the educational galfirobotics and the RoboCup
initiative at the undergraduate level. Uniting multiplestructors from disparate universi-
ties means that we can not only share experiences, but dlectamurse evaluation data
on a grander scale, thereby contributing jointly to a ladpabase of student experiences
with robotics and RoboCup as a learning arena. This dataliéisallow us to perform
analysis across a broader cohort, with a range of academielbas cultural backgrounds.

This paper is organized as follows. We begin by describimgettourses, offered by
each of the authors in different universities in the USA dherpast four academic years.
We outline the syllabus of each course, share reading &si$ project descriptions. We
also present results of course evaluations of each couttsen We analyze the parallels
between the coursework and evaluation results. We conelittediscussion of current
and future work.

2. INTRODUCTION TO ROBOTICS.

This introductory course looks at robotics from severaleata technically, historically
and socially. Many of the technical aspects are based orrMateourse mentioned above.
The course was designed for non-engineering students ichgaids-on experiences with
technology, as well as basic understanding of the field obtiob and challenges facing
the field today. Part of the course is spent reading and disBmyglassic material that
relates to robots — including non-technical literaturetsas science fiction, psychology,
cognitive science and education. The remainder of the edakes a hands-on approach to
introducing the basic concepts in robotics, focusing oo@omous mobile robots. LEGO
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—Introduction

—LEGO Mindstorms construction and applications
—LEGO Mindstorms programming (Not-Quite C)
—Motors, Effectors and Actuators

—Sensors

—Control

—Behavior

—Learning

—Robotics in literature: Science Fiction

Fig. 1. Topics covered on the Introduction to Robotics ceurs

Mindstorms robots are used, and students must complete moyects with them. First,
they must build robots to execute a line-following task cnlating in a maze contest (based
on the RoboCupJunior rescue task), see Figure 3 (a). Sett@myd;onstruct robots to play
soccer and perform in a RoboCupJunior style two-on-twortaoment (Figure 3 (b)).

2.1 Course Structure

The course begins with an introduction to robotics and apesed artificial intelligence [Rus-
sell and Norvig 1995]. Then some history is covered, folldvweg the basics of building
and programming with LEGO Mindstorms [Martin 1996; Martinad. 2000], using Not
Quite C [Baum 2000; Baum et al. 2000; ngc ]. The LEGO robotsuaer as examples
for the remaining course topics, which introduce the gdrameas in robotics: effectors,
sensors and control [McKerrow 1991; Martin 2000]. The arEaamtrol is covered in
more depth, discussing various architectures includiripelative, reactive, hybrid and
behavior-based [Brooks 1986; Arkin 1998; Birk 1998; Mataktb97]. Learning is also
discussed [Mataric 1994; Harvey et al. 1992; Watson et &91L.90ther areas presented
include artificial life [Colorni et al. 1992; Balch et al. 20f) edutainment [Kitano et al.
1997; Sklar et al. 2000], cognitive science and psycholddingky 1987; Braitenberg
1984], and science fiction [Asimov 1950]. The full syllabus the course is given in
Figure 1.

The course has been taught over a 14-week semester. The flovolaes one 75-minute
lecture and one 75-minute lab per week. There was a midtedna dinal exam. Students
were expected to submit written lab reports documenting #féorts, both in terms of
software and hardware development. They are encouragedaodrresults of tests made
and changes to their designs. Students also prepare aatepeaject, consisting of both a
written report and an oral presentation given to the class.

Sklar taught this course in Spring 2001 at Boston CollegéafSk Twenty-seven stu-
dents were enrolled, three of whom were female. All were uyr@deluates, and there was
a mix of ages: first year (1 student), second year (3), thied y£0) and fourth year (13).
The Computer Science Department at Boston College is in thed® of Management
and there is no engineering school in the university, so #rak-on technical experience
of these students was limited. Sixteen of the class were Q@nscience majors. The
rest came from Biochemistry (1 student), CommunicationEtpnomics (4), History (2),
Marketing (1), Mathematics (1) and Physics (1).

The students were placed in groups of three for working omdbetics projects. Since

ACM Journal Name, Vol. V, No. N, Month 20YY.



Using RoboCup in University-level Computer Science Education . 5
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helped learning (%)

labs notes lect read

Fig. 2.
Elements of the course which students identified as helpftiiem in learning the material
(Survey Results from Introduction to Robotics course, I8pg001)

(@) Line-followg maze (b) Soccer

Fig. 3. Robot contests.

the experience levels of the class was so diverse, Sklagressithe groups, attempting
to balance each group with an equal number of beginning andnaed students. Stu-
dents were given some lab time during the scheduled courgedpa order to work on
the projects. However, this was not enough time to perfdmbtoto perform well in the
contests, so many of the students met outside of class tim@tio on the robots. Each
student was required to submit a lab report individuallyjolthincluded an assessment
of the contribution of their teammates. The efforts of teasmbers are never balanced,
however most of the inequities were obvious in reviewingldereports, even without the
peer assessment component. Students’ grades were badezllah teports, not on their
robots’ performance in the contests.

The two contests were held in a public space and studentsemecuraged to invite
their friends to come and watch. Other faculty members diseived. The excitement of
the crowd and the visibility of the event motivated studdotsvork harder after the first
(maze) contest in preparing for the soccer contest.

The research projects presented a major challenge for #tadents, who were not
typically asked to do any writing in Computer Science class&€hey were required to
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S

@ 80f l key.

§ cntm = maze contest

§ col cnts = soccer contest

- mid = midterm exam

g rptm = maze lab report

S 40 rpts = soccer lab report

£ .

g rptw = research report, written part
B 20t rpto = research report, oral part
e fin = final exam

cntm cnts mid rptm rpts rptw rpto fin

Fig. 4.
Elements of the course which students identified as helpftilem in demonstrating their knowledge of the
material. (Survey Results from Introduction to Roboticarse, Spring 2001.)

submit a brief project proposal several weeks prior to thel fitue date, in order to get
them started and also to provide feedback about the appteprature of the topic. The
range of topics chosen was quite broad, from the use of nelmodéogy in surgical robots
to the history of robots dating back to ancient Greece. Eaatiest gave a ten-minute
oral presentation on their chosen topic. This was difficaitrhany students who were
not used to speaking in front of a class. Although discusftiowing the presentations
was encouraged, very little actually occurred and manyesttedin fact did not attend
class on presentation days when they were not speakings€eualuation results (below)
confirmed that the motivation surrounding the researcheptayas minimal.

2.2 Evaluation

Students were given a survey at the end of the course. 44% afldlss responded. The
survey collected demographic information and also quatiedstudents about their learn-
ing experience. They were asked to identify which elemehth® course were helpful
in learning the material and which elements of the assedswene valuable in helping
them to solidify and demonstrate their knowledge of the ecthjThe results are shown in
Figures 2 and 4.

Overwhelmingly (83%), the students felt that the labs (beilding and programming
the robots) were helpful for learning the material, whemaly 33% said that the reading
was helpful. 75% and 67% responded that the two contests(araksoccer, respectively)
were valuable in helping them solidify and demonstratertkeowledge of the material.
This confirms our intuition that the hands-on componentsigemmore effective learning
experiences than other aspects of coursework, partigudathe introductory level. We
speculate that the readings chosen were perhaps too adanceost of the class.

Student comments were overall quite positive, includirgftilowing statements:

—"Great course... loved the [relaxed] atmosphere and khandsxperience. I'd recom-
mend the course to any CS major.”

—"I'think the class idea is great. Itis a great hands-on eepee to try out. The labs were
very fun times.”

There were many comments that the mixed age group was hédtpfall students, as
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the inexperienced students learned from the more advaaoedin assisting others, the
advanced also learned more themselves. Negative remarnteree around requests for
more lab time and less time spent on oral presentations.

3. ARTIFICIAL INTELLIGENCE.

The modern view of Artificial Intelligence (Al) [Russell amdbrvig 1995] is that it is the
study of intelligent agents — autonomous computing systi¥atsperceive their environ-
ments and act upon them in a way that both responds to chamtfesri environments and
works toward underlying goals. The metaphor of intelligegents is a way of bringing to-
gether the many strands of work carried out under the barfrfdrand presenting them to
students in a convincing way. For example, thinking of amé&ggploring an environment
is a natural way to introduce search techniques, and camsigleow agents must respond
to changes in their environments clearly shows the advardbgehavioral-based reactive
techniques. Robots are prototypical agents that have tem@und and react to their en-
vironment in pursuit of their goals. Indeed, it is hard tanthof something that embodies
the qualities that are required of intelligent agents Ipé¢ttan robots do. As a result, it is
highly appropriate to explore areas of a typical Al syllabssg robotics projects.

Ouir first effort at this exploration was in the Spring of 20@&en Parsons taught the
introductory Al class at Columbia University. That coursaswbuilt around Nilsson’s
“Artificial Intelligence: A new synthesis”, which is not gnhgent-centric, but also covers
reactive control architectures in detail early on. As altetus easy to incorporate material
on approaches like the subsumption architecture [Brookd [Llthat provide a route to
using Al methods in the robotics work even on a small platfikentheLEG o Mindstorms.
While this course was constrained by timetabling to be nyd@dture-baseld it ran similar
contests to those Sklar used at Boston College (with aniaddlt extra credit project in
which students choreographed their robots to move to muasi& RoboCupJunior-style
dance contest).

The same basic pattern has been used by Parsons to teachoaludiary Al class
at Brooklyn College of the City University of New Yorlc(UNY) every semester since.
Courses were run for undergraduates in Fall 2002, Spring,20@ Fall 2003 and for Mas-
ter’s students in Spring 2003, Fall 2003 and Spring 2004 Spring 2003, the graduate
course used the same robot simulator as described in S&8avhile all other iterations
have used the sam&Go robots as in the robotics course. The enrollments for thiewar
offerings are summarized in Table I. For each class we geettoliment, the number of
female students, the number of surveys we collected, théoauaf Computer Science and
Information Science majors, and the number of graduate addrgraduate students. The
latter three figures are derived from the surveys, not fragrettroliment.

All versions of the course, both undergraduate and gradasgeadvanced electives and
have as pre-requisites that students have taken coursexjramming and datastructures.
Most students who take the courses have also covered @istrattures, which means
that they already have met many of the concepts in the patteatourse that deal with
propositional and predicate logic. Most of the students telke the course are computer

1Though it should be noted that this does not necessarilyauleegular practical work—theeco kits are
handy enough that they can easily be used in a classroom,itnohexpensive laptops liberate robotics from the
laboratory.

2The Fall 2003 graduate course was a slightly more advanagge&o
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Table I. Demographics for offerings of the introductory Adss.
Offering Enrollment  Female  Surveys CISmajors Undergrad adGr

S 2002 (V) 35 6 (17%) 19 14 (74%) 13 (68%) 6
F 2002 (U) 18 7 (39%) 18 16 (89%) 18 (100%) 0
S 2003 (V) 9 1(11%) 6 5 (83%) 6 (100%) 0
S 2003 (G) 19 5 (26%) 13 12 (92%) 0 (0%) 13
F 2003 (V) 19 3 (16%) 15 13 (87%) 15 (100%) 0
F 2003 (G) 21 7 (33%) 16 16 (100%) 0 (0%) 16
S 2004 (G) 15 3 (20%) 15 15 (100%) 1(7%) 14
Total 136 32 102 91 53 49

—Introduction to Al —Knowledge representation

—What is an agent? —Rule-based expert systems

—Reactive control —Propositional logic

—Introduction to robotics —Predicate logic

—Behavior based control —Common-sense reasoning

—Perceptrons —Means-ends planning

—Machine vision —Partial-order planning

—Heuristic search —Reinforcement learning

—Adversarial search

Fig. 5. Topics covered on the Artificial Intelligence cowsse

science majors, though we typically have one or two studewyesar who are majoring in
different subjects.

The course has steadily evolved. The syllabus has been edhdginow largely based
around Russell and Norvig's “Artificial Intelligence: A merh approach” [Russell and
Norvig 1995], but still includes the material on reactiventtol mentioned above. We
now provide many more resources to the students at the dténe roject and, early
on, organize one or two supervised lab sessions during wdtiglents can gain initial
experience with the robots having instructors on hand tegrethem making common
errors. On several occasions these instructors have iedIpdst graduates of the course,
who seem very keen to pass on their expertise. We have alseddfie contests—these
refinements will be explained in detail below.

3.1 Course Structure

The current version of the course is taught over 14-weeksctsired as two 75 minute
lectures a week, either delivered on two separate daysé#fgirde courses) or once a week
one directly after other (for an evening course). In additmthe project work, the course
features two exams and homeworks. The way the various offetiave been structured
are best described by the material on the course web-pagesoft3 b; a]. These give
the detailed syllabus for the various offerings, all of whicse a subset of topics outlined
in Figure 5. We have developed curricular modules for eacthe$e topics and vary
which modules we include in each offering. The web-pagesgilse the course schedule,
homework, additional readings, lecture notes, and thdldétdne robotics projects. Here
we describe the organization of the projects, concengfatmaspects that are less obvious
from the web site.
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The projects are group efforts and account for 25% of the tgade. The projects start
in around the third week of the semester, and each projestfarb to 6 weeks. Every
student has to write a report on both projects. We find thabfitenum group size is two
students (more and it is easy for one to become a passengerget shut out), though
limitations on the number of robots has often forced us teelthvee or more in a group.
Each group is supplied with a kit that contains:

—Around 200LEGO parts from which to build their robot (a subset of the 700 opiszes
that come as part of the standam®co Mindstorms kit), including th&cx (the Mind-
storms microcontroller), two motors, and several sensorg;

—A set of robot designs and sample code to run on those robots.

There is aninitial lab session in which the students buittiEmogram a very simple robotin
order to become familiar with the basic concepts, and thefethis made available outside
of class-time for the students to get together and praativeing their robot under the same
conditions in which it will be evaluated in the contests. \Whthe schedule permits, other
lab sessions are also scheduled, but every such sessiors mearkess lecture (and we
already lose several lectures running the demo sessionarttidhe projects).

The robot designs and sample code given to the studentsarefram [Baum 2000], a
book that is thoroughly recommended to anyone thinking ofgighe LEGO Mindstorms,
and are chosen to illustrate the various issues that themstsighill have to deal with when
participating in the contests. The set of parts is sufficterttuild all the robot designs,
though none of these designs will suffice alone for the chgls. The idea is to try and
balance giving the students some help with the mechanicidjdg@roblem, since this is
the aspect of the project least connected to the subjecenudtthe Al course, without
solving the problem for them. Similarly the code covers mahyhe necessary aspects
without coming close to solving the problems. We do not give students the entire
LEGO Mindstorms kit because:

—students will have to carry the pieces to and from campusaiee there is nowhere
the robots can be stored on campus), and reducing the kittetking that will fit in a
medium-sized plastic food-storage box reduces the busdgrecially for students who
commute over an hour on the subway as many of the studeats\at do; and

—pieces will get lost, and keeping some pieces in resenpge@slly some of the smaller
parts) makes it possible to absorb these losses withoutdp&wipurchase new kits.

Our experience has shown that this reduced set of parts dbeseatly restrict the range
of designs that our students manage to create.

We are in the process of fully documenting sample robot assigrograms, and a se-
lection of different sets of parts appropriate for differprojects. These include programs
to illustrate specific agent architectures—such as thewsapson [Brooks 1991] and the
belief/desire/intention [Bratman et al. 1988] architeegy both of which have been imple-
mented using the materials from the course—and robot de#igih are more flexible than
those given in [Baum 2000]. As we complete this work, it wiél imade freely available
from http://agents.cs.columbia.edu/er/

The contests in which the students take part are de&gn@d;ttme full range of what
is possible with the Mindstorms, at least using the sensasssupplied with (albeit with
the addition of an extra light sensor for the second contast) the use of the Not Quite C
(NQC) language.
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L
(a) Maze without a gradient (b) Gridworld

Fig. 6. Courses for other contests.

The first challenge we have been using is the same line-foitptask as in the robotics
course. This is intended to be introductory, and therefelaively straightforward. The
main task, in the style of RoboCupJunior rescue, is to fokdwack line on a white back-
ground, around a number of curves (both left-hand and tiginid). Sometimes the contest
has involved climbing and descending a gradient (as in Ei§u@)) in order to make the
task harder, but more recently we have moved toward usingm#éae as in Figure 6 (a)—
this seems more appropriate for the level of the studentadgake course. The fastest
robot to follow the line from one end to another wins, and td adittle complexity there
are three further tasks. The first of these additional taskisat the robot has to detect an
obstacle using touch sensors—once it indicates it has téeltélnis (by backing up), the
obstacle is removed. The second additional task is to rezegolored areas in the middle
of the line and to indicate they have been found by playingha tisince these have to be
detected using the same sensors as detect the line, and giding between that of the
black line and the white background, they introduce a traifi&@etween speed and accu-
racy of detection—failure to detect the areas results ima fpenalty as does detection of
areas that aren’t there. The final additional task is to det@ored areas at the end of the
course (which are of another color completely) and stop vthep are reached.

Part of the reason the first challenge is simple is that thédwbe robot has to operate
in is static. In contrast the second challenge we have uset often involves a dynamic
world—groups have to build robots to play a one-on-one varsf the same RoboCupJu-
nior robot soccer game used in Sklar's course [Lund and &anjliLl998F. The field for
this game is shown in Figure 3 (b). Itis carpeted with a gralsdo give some directional
information that can be read with a light sensor. The balliis¢he contest emits infra-red
light, and so is relatively easy to detect using a second §ghsor. The contest takes the
form of a soccer tournament. The project groups are spéttinb leagues and each league
plays a round-robin of 3 minute games (which seem to be longgmto get a result fairly
often, but short enough that the entire competition can telfihto a class) followed by a
final between the winners of the round-robins.

The problem with the soccer project is that it does not fitipalarly well with an Al
course. The instructions for the line-following projecthkedt an exploration of reactive
behavior, and the soccer project, while fun for the studantseasily within their reach,

3For the Columbia offering of the course, the contest was e laobot score in an open goal against the clock.
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does not necessarily involve any additional Al techniguesa result, in the most recent
offering, we have experimented with a new challenge.

The students are confronted with a gridworld delineatet bliack lines like those in the
first contest, Figure 6 (b), where some of the squares cotitaisame colored figures as in
the first contest. The challenge is to survey the grid, idging the positions of the figures,
and then re-position the robot (at the arrow in Figure 6 (bp move to the figures in a
pre-specified order in the lowest possible time. The ideanoethe challenge is to bring
in some of the concepts related $earchthat the students have covered in the course,
combining these with the reactive techniques from the foatest (which are still required
to move around the grid). Since the robots cannot locallis,is a hard challenge, but
it is within the capabilities of the more able students. Ooaston we have again offered
students the option of an extra-credit project of buildindgacing robot exactly as in the
RoboCupJunior dance competition. Again this is generaiyagfun for the students but
does not involve much Al to solve (if any).

The combination of kits, challenges and language seem ppate for the students
who take these courses. It is possible, though, to go beydrad we are doing in terms
of sophistication while still using the Mindstorms platfior It is possible to extend the
kinds of tasks students can address by purchasing diffeggrsors. For exampleEGo
sells a rotation sensor that can be used to supply odomébryniation, and it is possible to
purchase inexpensive infra-red range finders [mindsehaoseven a compass [wiltronics
]. Itis also possible to extend the range of tasks by usingr@isaphisticated programming
language. BrickOS [Baum et al. 2000; brickos ] provides aemmmplete version of C
thanNQc, and one can program the Mindstorms in Java [Laverde et 8R]28nd Lisp
[Klassnher 2002; Klassner and Anderson 2003].

This latter work extends the range of tasks that can be sdiyealowing the control
programs to be run off-board (with instructions sent torle using itsSiR communication
port). A similar set-up has been used by Sklar for the RobdCGnijor E-leagu€e; eleague
]. The main limitation that this approach overcomes is thi€ 82m with which thercx is
fitted. Another alternative, which has the advantage of kegfhe computation on-board
and the robot fully autonomous, is to run the control progosma Palm Pilot and interface
that to thercx [?].

3.2 Evaluation

For the Columbia offering of the course, two course evatuetivere administered. One
was an official evaluation done by the engineering schoa.dther was an informal paper-
and-pencil survey given out in class, asking broadly theesquestions as that given to the
students on Sklar’s course. The results of the engineecimgad’'s evaluation showed that
55% of the 33 students who responded gave the robotics ptbgcundertook a rating of
5 (on a 5-point scale) for interest, and two-thirds gave étmg of 4 or 5. 21% of the same
cohort of students gave the project a rating of 5 for the arhwamned during the project,
and 58% rated it 4 or 5.

The informal survey probed more into the students’ peroepif the value of the project
relative to other aspects of the course. In particular,esttgiwere asked to identify which
aspects of the course most contributed to helping them k@ material, and which as-
pects were most helpful to them in demonstrating knowledgheomaterial. This same
informal survey was administered to students on the sulesggix offerings of the course,
and overall gives us a considerable amount of data on thehayhe projects are received.
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Fig. 7. Elements of the course which students identified guieo them in learning the material, Part 1

The results of the survey are given in Figures 7—10, alonly @gmbined results from all
the surveys.

These results show fairly consistently that the projectfeldo be less helpful in learn-
ing than more traditional elements like lectures, lecturtea and homework but is more
helpful than additional readings or the textbook. In terfdeamonstrating knowledge, the
students felt that the project was more helpful than the isam and some felt it to be as
helpful as the midterm exam.

The one set of results that is inconsistent with these firalarg those for the Spring
2003 graduate course. For that offering the projects werfeqmeed using simulated robots
(because of a lack of theeGo kits). It is tempting to take the much lower figures as
reflecting the fact that programming simulated robots is &isfying than programming
the real thing, but it might equally well reflect the fact thia¢ simulatot presents a more
challenging programming environment than tex®.

Overall we think these results, and the similar results father offerings of the course,
are convincing enough to warrant continued use of robotMaybe more encouraging

4The RoboCup Soccer Simulator [simulator ].
5Verbal feedback from the students suggested that those velstered the simulator were very happy with the
project.
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Fig. 8. Elements of the course which students identified gduieo them in learning the material, Part 2

than the survey responses, though, are the free-form cotsmenhave received, which

include:

—"“When working with the robot, | learnt that nothing is perfén the real world. A lot of

times the outcome is very unexpected.”

—"“It reminded me of why | want to stay away from hardware as mas possible.”
—"It helped immensely! It helped me understand some of the&cepts covered in the

lecture.”

—“[The] project helped [me] to realise how important [it]ts divide complicated tasks

into smaller ones in order to solve [them].”

—"Itis nice to put theory to practice.”

In addition, in the most recent undergraduate offering efdburse, 14 of the 15 respon-
dents used these free-form comments to indicate that thefuséotics had been benefi-

cial, and that the project work had been fun.

It should be noted, however, that it seems that some of thi#iy@seaction is likely
because it is so unusual for students at Brooklyn Collegesta@do project work (in
the open comment part of the survey several confessed ikatdis the only project they
had done as undergraduates). The effect of this influencepigosted by the fact that
broadly similar results were generated by students whodofmiea non-robotics project
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Fig. 9. Elements of the course which students identified ffuie¢o them in demonstrating their knowledge of
the material, Part 1.

when such projects were offered in Fall 2002 (though the sergll number of students in
this category makes the results extremely unreliable anldesoare not presented here).

3.3 Autonomous Multiagent Systems

Autonomous agents and multiagent systemsv(As) is one of the fields to which RoboCup
participants have contributed consistently and promigeaver the years. Despite being
the basis for a large subfield of Al, there is no generally ptax definition of artificial
intelligenceagents In loose terms, agents are programs that (i) sense theioenvent,
(i) make decisions about how to act based on these sensaéind (iii) then execute these
actions. Autonomous agents do all three of these steps anotha, i.e., without a hu-
man in the loop. Multiagent systems are collections of rpldtagents that interact with
one another. The field afamMAS covers a wide variety of research foci and applications,
including software-based information processing, rabotintrol of multiple agents, enter-
tainment agents and tutoring agents [Gini et al. 2002].

This course provides a broad introduction to autonomouatageith an emphasis on
multiagent systems. Topics include agent architectunési-agent communication, agent
teamwork, distributed rational decision making, agent eling, multiagent learning and
entertainment agents. A full syllabus is given in Figure The formal pre-requisites for
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Fig. 10. Elements of the course which students identifiedefEfli to them in demonstrating their knowledge of
the material, Part 2.

—Introduction —Applications

—Autonomous agents —Game theory

—Agent architectures —Distributed rational decision-making
—Multiagent systems —Auctions

—Agent communication —Agent modeling

—Teamwork —Multiagent learning

—Robocup case studies —Entertainment agents

—Swarms and self-organization

Fig. 11. Topics covered on the Autonomous Multiagent Systeourse

the course are stated as “Good programming skills, prefieratC and/or C++. Some
background in artificial intelligence is recommended but egsential”. In practice, this
restricts the course to upper-level computer science stade

In addition to teaching abouwamAs, the course aims to introduce undergraduates to
the full spectrum of research activities engaged in by @xifgal computer science re-
searchers, emphasizing the difference between theséiastand the activities of a typical
undergraduate student [Stone 2004]. As such, the courselagan open-ended program-
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ming project, readings from the research literature, puspieaking and writing require-
ments, and opportunities to collaborate with peers. Inigestudents to succeed, they
need to attain a mastery of thAeaMAS subject. However assessment is based primarily on
their ability to engage in the full range of activities reaad of researchers.

3.4 Course Structure.

The central focus of the course is a semester-long buildsuards a class simulated
robotic soccer competition in the RoboCup Soccer ServedfiNet al. 1998]. Students
are assigned a series of four preliminary programming assigts designed to get them
familiar with Soccer Server and some client code [Noda andé&2003]. By the end of
these preliminary assignments, they have created a fullstional team (although not one
that is particularly competent). The students are thenwaged to propose an improve-
ment on this team as the topic for their final projécor example, one student proposed
to use machine learning techniques to train a good goaltewitieout paying attention to
the rest of the team.

The majority of the readings for this course are primary sesichosen both to introduce
particular topics and to engender some controversy (egctive [Brooks 1991]) versus
deliberative [Simmons 1994] agent architectures). To erage the students to complete
the readings in a timely fashion, they are required to sulanfitief written answer to a
single question pertaining to the readings the night beflargs. The fact that the responses
are due before class allows the instructor to incorporagentnto the class discussion.
Another effect of the questions is that the studelitsome to class prepared to discuss the
readings. As a result there have been many extended andiluade discussions.

An important component of class participation is that edadent is required to mod-
erate at least one class discussion pertaining to that wee#dings. They are instructed
to either defend a controversial statement or pose a questid be prepared to defend
either side depending on how the class reacts. This activitys out to be one of the most
difficult for the students to complete. Many of them are nadu® speaking in front of a
class, and they have rarely been put in the positiofaafitating discussions as opposed
to defending specific positions.

The course requires a good deal of writing from the studeAtsabove, the students
are asked to provide weekly written responses to questilated to the readings. They
receive feedback pertaining to the clarity and soundnestiseif responses. More signifi-
cantly, the students are expected to write three documentaiping to their final projects.
First, they write project proposals defining their goalstfair projects as well as the pro-
posed methods for achieving them. Second, they revise fhgiosals and add a section
on their work in progress to create progress reports. Finhley write final reports in the
format of conference papers.

Students optionally work in pairs on the final project. Teamsst write their proposals
and reports individually, with clear indications of whateaach person played in the
collaboration; and as such, more is expected from them asabpinduct. The robotic
soccer project lends itself to such collaboration nicefgsithere are many different ways
in which the students can divide up the work.

The class culminates in a simulated soccer tournament. igersts are told at the

6They are also given the option to propose a programming grajea multiagent domain of their choice, but
typically few, if any, students choose to do so.
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outset that performance in the tournament will have no meganpact on their grades
(while a strong performancean have a positive impact). Nonetheless, the tournament
is a strong motivational factor for the students. Visitors imvited to the event, and the
students present their approaches orally and field questiotheir teams are playing. The
performance spread among the teams is often very largeciapeagiven the fact that

some students do not focus on creating winning teams. Adlsctdhampions have been
tested against a mid-range RoboCup entry and lost signiljcagiespite starting with a

fairly detailed client code base, the students are not abéetain competitive world-class
levels. However, given their time limitations this fact eiter surprising nor discouraging.

3.5 Evaluation.

Stone has taught this course three times, first at New Yorkeysity in the Fall of 2001.
Fifteen students were enrolled, only one of whom was fenfdlestudents were Computer
Science majors. All were graduate students: 12 masters &ndlB The second offering
of the course was at the University of Texas at Austin durialyédf 2002 [Stone a]. Again,
fifteen students were enrolled, however none were femalas fithe, the cohort were
undergraduates. Fourteen were seniors (fourth year) aadvas a junior (third year).
Most students were Computer Sciences majors, with the retaaimajoring in Computer
Engineering. The third, and most recent offering of the sewvas also at UT Austin during
the Spring of 2004 [Stone b]. This class had 24 undergradsiatents, all Computer
Sciences majors, including three females. Most of the stisdeere seniors, though the
class did include ** juniors and ** sophomores (second year)

Course evaluations and surveys were administered at thetusion of all three courses.
At NYU, the course was rated 4.5 out of a possible 5 (highastgh At UT Austin, the
course was rated 4.6 out of a possible 5 on both occasiondei@taomments have also
provided evidence that the students appreciate the opptyrta be exposed to the various
components of scientific research. All times the course leas bbun, at least one student
has described the course in graduate school applicaticap@sary motivation for going
on to do research. In addition, one student from the Fall 2f&2ing actively contributed
to the UT Austin entries in the RoboCup 2003 competitioniuding the world champion
simulator coach team [Kuhlmann et al. 2005].

An informal survey was administered in the middle of the téorthe UT Austin cohort.
Students were asked to rate the programming assignmentoaheacs 1 to 5. Thirty-three
percent gave it the highest rating; 57% gave it the seconlelsig while 10% scored it
average and no students entered low marks. Students adsbthat reading assignments
on the same scale. Twenty percent gave the highest ratifg;gée the second highest,
13% scored it average and 7% gave the lowest rating.

Some of the comments from students have included:

—“| really like reading from research literature. Just thetfthat it's actual research pro-
vokes curiosity.”

—"The discussions we have in class are quite unique, | h&abhaa such involving discus-
sions in any class before.”

—"Format of the class is perfect. I've waited through threans of college for a class like
this.. .. like the class so much that my other classes noapgisint me.”

—“The only thing | dislike about the class is that we are leditin our application of our
knowledge. Our education in Al is directed at implementingaboCup soccer agent.
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| feel that if we were able to apply our knowledge to other aspeve would gain an
even better understanding of artificial intelligence.”

—"The simulator code was kinda tricky to understand.”

—"I really enjoyed this class. Itis definitely the type thatyget out of it what you put into
it. | wasn’t sure how doing the readings every week would e db the end | looked
forward to the next week’s readings. | also liked the end gofathe tournament, it's a
helpful motivation to work on the final project. And with fléte times, it was enjoyable
to work on, instead of a pressured assignment to finigally liked the research aspects
because it was an insight diferent than most other classes.”

—"Speaking in front of class is good and rare experience. @irnbe few courses where
one can test his feelings about research. | feel my writirgatso improved.”

—"“This was a great course and one of the most rewarding thingmseing my team score
a goal through seemingly intelligent behavior.”

—“This is perhaps one of the most entertaining computenseig classes I've taken since
I've been here. I've had a lot of fun, and learned an immenseustof stuff.”

—"I think the open project is an excellent idea. Especialijhvthe proposal phase and
everything; it's quite similar to the limited experiencegelhad trying to get projects
going/funded and I think it’s a great opportunity to praetsee it first hand.”

—“The problems are not well defined, but that is not necelgsatad thing. It allows us
to be creative which usually creates an improved understgrad the task. “

—“It's good that we have relative autonomy over what kind afjpct we can implement.”

4. DISCUSSION.

The three courses described above offer an interesting @osop, not only in terms of
content and presentation but also in regard to the cohorstudients enrolled. Collec-
tively, the courses have been offered five times at five diffeuniversities, providing a
broad range of backgrounds, demographics and experienels le- from first-year un-
dergraduates at a private, non-engineering college tdHfeygar undergraduates at a large
state university, and including graduate students frorh baturban public university and
two large private universities. Thus the positive feedbaaioss the board in regard to the
robotics projects is an encouraging and significant factor.

Comments about the reading materials were typically lesisusrastic, as the figures
presented in the previous section indicate. Stone’s cowlisere students were required
to respond to the reading in short written assignments amd then given the opportunity
to discuss the readings formally in class, fared better tharother courses, where read-
ing was assigned in a more traditional manner — without amitteading responses and
primarily the material was presented by the instructorettures where questions were
encouraged (but infrequent) and discussion was not theateheme. Comparatively,
Stone’s classes had fewer students, so more effectivesgiecuwas possible. Nonethe-
less, several students from all the courses commentedhbgtwished there had been
better connections between the readings and the projeét widris type of feedback is
valuable to us and our colleagues in improving the existimgrses as well as designing
new ones.

The challenge presented to students who were required te orak presentations to
the classes (in both Sklar's and Stone’s courses) is alsgblet No matter what career
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path is ultimately taken, students need to know how to conicat their ideas. The

development of oral presentation skills is important anduth be encouraged, despite
students’ dislike of this aspect of the courses. Perhape oreative ways of oral reporting
can be incorporated into all the courses to make it more @ffeand palatable.

The evaluations performed on Stone’s course so far is lihitegeneralized questions
about whether students liked the course and standard gosstbout the instructor and
workload. While this level of information is useful to adristrators, we are interested
in gathering more specific data on the students’ learning®apces, as illustrated by the
survey shared by Sklar and Parsons. The discrepancy inatiaiumethodology from one
course offering to another is one of the factors that hasregurs to create the reposi-
tory mentioned here. The repository will include a standasttument for measuring the
effectiveness of specific coursework and the general Ropd€zurning environment.

5. SUMMARY.

We have presented three university-level courses whiclercmpics related to robotics
in various ways and are particularly focused on RoboCuplehgés. Evaluations, both
gualitative and quantitative, have been conducted at tdeoérach instantiation of each
of the courses described, which includes diverse popuisfi@mm inner-city schools in the
northeast to a private school in the southwest. In all casesnclusion of a RoboCup-style
contest has been a highly motivating factor, both for fun tmbelp students assimilate,
reaffirm, apply and demonstrate their knowledge of the cular topics being covered.

We will continue our efforts with the existing courses désed above as well as devel-
opment of new courses. Sklar is currently adapting her eotaran introductory computer
science curriculum, using the robotics as a basis for detratits, and Parsons introduced
projects that use the Lego robots into introductory Javgamming classes in Fall 2004
and Spring 2005.

One of our goals with this work is to build an on-line spacedaring curricular mate-
rials and to develop a unified instrument and database fdnaiag the RoboCup learn-
ing environment. As examples of the type of information we seeking and archiving,
we have presented here an account of our collective exmesancorporating RoboCup
activities into undergraduate courses. We hope to enceuwters to join in this com-
munity venture. Our on-line repository can be found evahanhttp://agents.cs.
columbia.edu/er . We welcome contributions and participants.
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