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Abstract

We present a search and rescue problem as a final project fordergraduate-level Introduction to Robotics course. ukzeassfully
complete the project, a participating robot has to solve $mb-problems that are currently among the most activelgaeched areas in
robotics: computer vision, manipulative robotics, lozation, and multi-robot cooperation. By immersing the sttd in the details of
these sub-problems, we aim to have them develop a deepercigon of the difficulties. In many cases, this experiesise motivates
the students to pursue research in those areas. We desevdralexample systems that use easily obtained hardwarpareents such
as LEGO pieces, the Handyboard, sonar, compass, CMUCarsgaramotors. However, each of the sub-problems is easigneable
to increase the complexity/creativity of the solution adlae accommodate for new and more powerful devices.

1 INTRODUCTION

The objective of our upper-level undergraduate Introductd Robotics course CS445 is to explain how to build a rohdtta
describe the current state of the field of robotics. In ouricutum design, the class has both a lecture and a laboragamtyon,
each taught in separate time-slots and classrooms. Thedsanake sure that all the general knowledge is formallye e,
while the laboratory sections enable the students to getdian experience in implementing a robot. An ideal setuplevba
to have the lecture contents and the laboratory activigegarce each other.

One of the difficulties in realizing this relationship is tithe students have little or no prior knowledge of robotiEs.en
though the robotics course CS445 is classified as an uppelrdiective class, the pre-requisite is only a freshmagmming
course. However, software is only one part of the requirdmeérhe students also have to construct the hardware (raluty) b
and integrate both parts.

Fortunately, the robotics platform “the Handyboard” [13]jsha manageable learning curve; students can build a fuattio
robot within a three-hour session. We can then quickly standucting experiments with different sensors and motpsg
into basic linear control theory (PID) and filtering techmégg, for example. In parallel, these topics are also covierdiae
lectures. Afterward, however, we would like to progresssiuies that are current in robotics research. The problehoig:to
go about providing complementary laboratory exercises?

We present a search and rescue problem, which incorpo@tegtirrent actively researched sub-fields: computer misio
manipulator robotics, mobile robot localization and natign, and cooperative robotics. Although we still use uees to
describe cutting edge approaches, we find that when thergtidee challenged to solve these problem themselves, gweyeh
better grasp of the issues involved. Even though the laboreds the problems are simplified, the tangible nature ofrtreal
world implications are still evident.

2 RELATED WORK

Search and rescue, an active application-oriented subefiebbotics, has several international competitions (AASAR, the
Rescue Robot Contest, and RoboCup-Rescue) being conftElstedhallenging environments [2] and requires many reses.
One of the contributions of our course (which is similar teesal others [6, 8]) is taking the essence of the search and
rescue problem and packaging it such that it can be admiedtgithin an undergraduate class curriculum in the form of a
competition, an effective motivational tool [3]. Our rolmmpetition activities are well documented online [7] wétkamples
from previous years.
In addition, by explicitly incorporating the different sygsoblems (vision, manipulation, localization, and co@ien) we
better connect the concepts that we introduce in the classwith the problems the students face in their robot impletaion.
We believe this is an important point in our effort to make ol#ssroom material more closely in tune with the contemgyora
research efforts [4, 5], and also to encourage studentsrsupuesearch in robotics.
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3 Project Design

The basic story of search and rescue is that a disaster hagedin a remote location. A group of robots are then given th
task of finding eight victims and bringing them to a makeshdépital. In addition, the robots have to retrieve a supply b
that has been previously dropped off by a helicopter neandispital. There are points associated with these actidmst&am
that accumulates the most points and finishes in the shaestint of time wins. The points and time limit for the contest
described at the end of this section.

Figure 1 illustrates the disaster area, with the pertinetdra and objects of interest: robots (blue disks), victigneen
blobs), supply box (orange rectangle), makeshift hospjtlow rectangular area) and storage space (pink squaee¥pThe
field is a 12'x12’ flat surface enclosed by a half-foot tall ixah all four sides. A flat environment allows for a wheeledob
design, while the walls are critical for robot localizatiorhe figure roughly depicts the relative sizes, with respethe field,
of the robots (most designs are about 1 foot diameter) m&fiabout 8x3 inches), and supply box (36"x 9"x 4”).
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Figure 1: Diagram and Photograph of the Search And Rescle Fie

To simplify the vision system, we control the colors of thédiand all entities in it. The floor is a uniform gray shade, ghi
the wall is black. On the other hand, the victims are neonrgriee box is orange, and the robot can be colored in any way.

The robots enter the field from an upper-left corner openingddition, although exact locations of the box and theiwvist
are unknown, we specify that the victims are roughly placethe lower diagonal of the field while the box is somewhere in
the upper-right quadrant. This information provides aiddial programming complexity for the search algorithmss&lwe
make sure that the victims are scattered far enough apanasthie robots have maneuvering space in between them.

One rule that has to be enforced is the robots’ treatmenteo¥ittims. The robots cannot run over a victim. Otherwise, th
victim dies and cannot be saved for points. Also, when pigkip victims, the robot needs to lift them off the ground and no
drag them to the hospital.

For the supply box, an explicit collaboration is enforcdu box has to be pushed by two robots. This is because we gonstr
the shape and weight of the box such that it cannot not be m@veétwould take a long time) by just a single robot.

Note that we do not put any implementation constraints ssaliteat sensors the students can use.

In summary, the rules of the game are as follows:

. The participating teams are given 10 minutes to perfotitasks (victim rescue and supply box retrieval).

. Victims have to be off the ground when moved.

. Each victim that is placed fully within the hospital arsasiorth 10 points.

. Each time a victim is placed in the hospital area, it carglneaved from the field so that the robot would not confusefitsel
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. If the supply box is moved to a location such that a majdrit9%) of its base area is within the storage space, the team
receives 50 points.

(e2}

. Touching a victim in an attempt to avoid it costs 2 pointseach occurrence.

~

. If arobot runs over a victim, the victim is taken off the €iel



4 Project Administration

In this section we discuss the particulars of the projectagament as well as how to go about dividing the work so that
students are not overwhelmed. The class has an enrolimemtée 20 to 50 (typically 30) students. Given this varidypikhe
course is assigned either 1 or 2 Teaching Assistants (TAxbmratory sessions. Even though the TA to student ratiotiow
(30:1), in practice the TA is not overburdened since we hadvalBhour lab lecture session where all the experiment ojegto
requirements are discussed. In addition, we foster an @mvient where the students help each other. The search ancbres
field, for one, is shared for the whole class, and the studerdd to take turns to test their system. One thing that deesase
demands for the TA is the extra lab sessions in the weekeatlgtensify toward the end of the semester.

Each group is provided with all the equipments needed: LE@0Ogs, Handyboard, and various sensors. The students do
not need to purchase any of them, but they are charged$i/ith lab fee. Because the course has been offered for more than
10 years, we have plenty of spare parts accumulated fromhpees for replenishment.

Our CS445 class carries 4 credit hours, the highest numbauratomputer science department. To properly control the
course load demands, we team up groups of 4 - 6 students,esohbuilding two autonomous robots. From 4 years of using
the project, we have found the main reason certain teamis fadlt because of the members’ lack of ability, but mostlysumse
of time mismanagement: spending too much time on thingsatteamot critical. To maximize the number of successful teams
we divide the requirements into three milestones.

As previously mentioned, we have 4 lab sessions (once pekvpeior to the final project. The project then takes up the
remaining 9 weeks, three weeks per milestone. It is impottanote that the requirements of a milestone implicitlyrgaver
to subsequent deadlines. The teams that are behind at geengtbhave to work extra hard to catch up.

The first milestone requires each robot to identify a victimfront of it (no search is required), pick it up, move with the
victim in its possession, and avoid a second victim placedant of the first one. By performing the task, the team wilzaa
successfully implemented a locomotion system, a visiotesysand a manipulator system.

These might sound excessive for the first milestone, but wktfiat this forces the students to start building fully woiki
robots early on. Because of the use of LEGO [11], no desigres final. In fact, most teams redesign their robots multiple
times over the course of the semester. Also, being ablet@iictim once is not hard, making this action repeatablerabdst
is far harder. In this milestone we are only looking for thenfier, while the latter will be achieved in the second milesto

In the second milestone, a robot team has to rescue 8 victirh® iminutes, all the allotted competition time. In the next
milestone, this time is cut down by at least 3 minutes forieging the supply box. In addition to consistently be ablittk
up victims, the robots also have to localize and find their weathe hospital to drop the victims.

In the third and final milestone, all tasks are due. The nevitiatids moving the supply box to the storage area and this
requires cooperation between two robots.

5 Implementation | ssues
To better prepare the lab instructor, we discuss some ofiffezeht design decisions that are involved in building arsé and
rescue system. We use examples from over the years, whichavaeffective and which ones are overly complicated. Here,
instead of dividing the implementation into milestones,digde it into sub-systems.
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(a) vision to identify a victim (b) localization to go to the hospital (c) cooperation to push a supply box

Figure 2: Different sub-systems implemented in the robot.

5.1 Building a Rabot: the Locomotion System

Pertaining to the physical aspect of the robot, the two maai &re torque and maneuverability. The latter is criticad f
approaching and avoiding victims properly. Speed is notngsortant because there is plenty of time to perform the tasks
considering the size of the field and that all teams use the $&G0 motors.

The main concern for torque is for the robot to be able to casrgwn weight. We always advise students to minimize the
robot weight as much as possible. The victims themselveratrbeavy as they are dolls filled with cotton balls. The weigh



of the supply box to be moved is not a concern either becaussdlowe the teams to adjust the box weight to their liking. For
this task, we are more concerned with the cooperation aspthe strength of the robots.

Figure 3 shows some of the examples of the robot locomotigementation:a two wheel (differential) drive and an omni-
directional drive, where the robot can move a move to anyctliva on a plane. A word of waarning, however, the omni cdntro
is difficult.

(a) Two Wheel Drive (b) Omnidirectional Drive

Figure 3: Different Robot Locomotion Designs.

5.2 Vison: Identifying the Victims and Supply Box

To identify the objects of interest (victims and supply hakge robot has to perform color blob detection using a CMUCam
[12]. Because of the limited capabilities of this vision tgys, we control the environment so that shape recognitiorots
needed, just color thresholding.

The camera location (on the robot) is also critical in spgta victim. If the camera is too high and pointing to a locafiar
away from the robot, it will have a large blind spot near it.igforces the system to guess the location of the victim otsce i
approach is reasonably close. On the other hand, if the @im@ointed down, its field of view will be limited to only a few
feet in front. We find that putting the camera slightly abadve ground level (figure 2(a)) provides the best view, longyean
with no blind spot.

5.3 Manipulation: Picking Up the Victims

The important objective in designing a manipulator is méxing its area of effectiveness. Ideally, we would like thanip-
ulator to be able to perform its task when the robot is reaslynelose to the victim, regardless of actual alignment. sTiki
because the vision system cannot guarantee that the rabdtamt of a victim at an exact angle.

There are several ways to pick up a victim. Figure 4 show sgwhfferent designs. One is using a claw; the claw grabs the
victim and lifts it above the camera. Another is a scoopinghamism, where the robot digs the victim from underneath. A
conveyor belt design (figure 4(c)), on the other hand, alltvesrobot to pick up more than one victim before returningte t
hospital. The robot has an opening in the middle to store itténs, while the gate is used to is

LIRS

(a) Claw V(b) Scooping (c) Conveyor Belt

Figure 4: Different Manipulator Designs.



5.4 Localization: Bringing the Victims Home

The system tries to localize the robot within a Cartesiarrdimate system of a square field (figure 1). The robot uses &®BR
sonar ([9])and a Devantech compass ([10]). The compasgf{inst the robot perpendicular to a wall. It then uses the stma
measure its distance to the wall. By doing this twice, ondéortorth or south wall, and another to the east or west daecti
the robot will be able to pinpoint its exact location. Notattkhe north/south/east/west is a local label (within thielfieThey
are not the global direction. We calibrate what degree théhneall is (for example) using the compass, and referenctno
with that value in the future.

This particular sonar has a maximum range of about 6 feet iBhwvhy we restrict the field size to 12'x12’, so that there is
no dead zone in the middle if all four walls are further awagri!é’.

The procedure for going to the hospital is to point the robestydrive it to the west wall, then turn north or south and enov
forward/backward to make sure it is in the hospital regiorsituations where a robot detects an obstacle (using vyidtonust
perform an avoidance procedure and re-localizes once ittisfcharms way.

To minimize interference, the compass should be placed #&oaythe battery or other electronic devices. Thus, we aglvic
students to put the compass on a pole (figure 2(b)). Moretiversonar should be placed in front of the robot with no other
parts occluding its transducer.

5.5 Cooperation: Retrieving the Supply Box

The procedure of retrieving a supply box (figure 2(c)) hasradteps. The robots have to identify the box (using visioriphee
cooperatively pushing it. However, in order to push the lmthe correct direction, the robots need to be aligned pippéie
decided to allow students to add smaller color markersdeigkllow, cyan, or magenta) on the left and right sides oftitve
for each robot to target. This is helpful because, withquhi¢ box is just one big orange blob with loose and unreliabbpe.

There are many ways to synchronize the pushing proceduherevith or without explicit communication. It can be as
simple as putting a flex sensor on the sides of the robots awvel hath start pushing a few moments after the flex sensors
trigger. It can be as complex as implementing a radio frequemodule and connecting it to the Handyboard.

In the Handyboard, there is an infrared communication meduht can be used, although the range is shorter than radio
frequency and requires line of sight. We simply extend thegmitter and receiver components using 1 - 2’ cable to Have i
stick out of the robot body. Once the robots start to push the they can use the compass as direction feedback, sinpathe
is just a straight line.

6 DISCUSSIONS & CONCLUSIONS

In order to gauge the effectiveness of the project, we etaline results both from the students’ comprehension of thieral

as well as of their level of enthusiasm. In terms of comprefen we have received mostly positive feedback on how the
hands-on experience elucidates some of the issues thabvas olear to them. For example, in the lecture we go intoimult
robot cooperation issues: what the basic problems are, thieadhot research topics are, what other domains cooperation
applied to. One problem encountered in the lab is synchatioiz of action/information, a fundamental cooperatiGues This

is also important in our box-pushing task, how to make bobots to push and maintain heading while pushing the box.

However, from the participation point of view, it is by andda a success. One of the most rewarding feelings as an educat
is when the design of an activity fuels the students to betisreand go beyond the requirements. We witness this time and
again in our lab. The students would come in for extra timedtfferent approaches, making the project more about lagrn
and discovery and less about getting grades.

With that spirit, we do not put as much weight on the end coitipet most of the points are already accumulated in the
different milestone testings. This allows for a relaxinglanjoyable final contest. In addition, every semester, warize
a robotics exhibition at a local museum, the California 8ceCenter [14]. The students are able to show their creatmn
the many elementary and middle school field trip studentsa@w occasions, local network affiliates have filmed us fer th
evening news.

The level of interest also seems to continue once the sta@eatfinished with the course. Over the years, the project has
motivated many students to further their interest in rotmtesearch by working in one of the several labs on campysinimg
a robotics club that enters international competitiongg@ng on to a doctoral programs elsewhere. For schools thhtde
robotics research labs and graduate level courses in fitasés the kind of outcome we are looking for.

We believe the theme of search and rescue, because of itsetlorgmature, also helps the cause. We also think that other
related themes such as securing a contaminated nuclear ptamé (removing hazardous materials) would be just asibled
What matters is making sure that all the sub-problems (misaxalization, cooperation) exist within the project. Wed robot
soccer in the past, for the time and equipment we have, the ¢aitno simple because there is only one ball and most of the
robots have a hard time finding it. With a theme where multgmtons can occur, from the observer’s point of view, the gam
is much more exciting.

For future improvements of the project, we would like to scap the complexity of the problem. In order to do that we have
to improve the equipments such as to upgrade to a more pawetfstill portable processor. This would facilitate rungi
advanced vision algorithms to solve a harder localizatimblems (e.g. SIFT landmark recognition).



Figure 5: Search And Rescue Exhibition at California Soke@Genter
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