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Abstract

This paperdescribeghe SwarthmoreCollege entry in the
2003 Urban Searchand Rescue[USR] Event at the 2003
American Association for Artibcial Intelligence Robot
Competition.The primary focus of Swarthmore€entry was
the developmentof a fast, responsie user interface for
effectively tele-operatinga robot with some autonomous
capability This interfacewasinspiredby brst-persorvideo
gameinterfaces andenabledSwarthmoreto placesecondn
the 2003 USR competition.

Intr oduction

TheUrbanSearcrandRescugUSR] eventatthe American
Associationfor Artibcial Intelligence[AAAI] RobotCom-
petition challengesobot teamsto bPnd victims in a simu-
lated urbanervironment.In orderto be successfuhlt this
task, the robot must answer three questions:

1. Where should it search?
2. How should it get there?
3. How does it identify victims?

The mostsuccessfuteamssofar answerthesequestions
by providing ahumanoperatowith asmuchinformationas
possibleabout the situation so that they can answerthe
guestions accurately Currently the second question--
regarding local navigation--is the only one of thesethree
guestiondor which teamshave attemptedo give therobots
autonomy

It is our belief that the eventualsolutionto this problem
will beacombinationof effective userinterfacesandrobust
autonomyon the part of the robot in answeringthe ques-
tionsabove. In otherwords,it is importantto have ahuman
in the loop, but the human should be processingand
answeringthe most difbcult questionsencounteredn the
search,not providing input aboutbasic searchpatternsor
navigation ecept in dibcult circumstances.

Since robust autonomoussystemsare still a difbcult
researchproblem, effective user interfaces are critical.
Thus, the focusof our 2003 USR entry wasto develop an
effective, responsie userinterfacethatpermittedthe opera-
tor to usea rangeof autonomyin navigation, and provide
thegreatesBexibility in theuseof therobot®hardware.As
a result of the effective interface and the robot® limited
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Figure 1: One of the Magellans entering the USR art

navigational autonomy Swarthmoreplacedsecondin the
2003 competition.

Robot Hardware and Softwae

Swarthmore€¥obotsin the USR competitionweretwo iRo-
bot/RWI MagellanPro®with onboard450MHz Pentiumll|
computersunningLinux. Figurel shovs oneof therobots
enteringthe USR arena.The Magellanscomewith 16 sen-
sor panels,eachcontaininga bump sensor an IR sensor
andasonarlIn addition,eachMagellanhasa CanonvC-C4
pan-tilt-zoom[PTZ] cameramountedon top, nearthefront,
with a panrangeof -100%0 100¥4 tilt rangeof -30%0 90%4,
anda 16X opticalzoom.The cameravideois connectedo
a bt848-basedPCl framegrabber and it receves pan-tilt-
zoom commands via the serial port.

Becausehe robotsare wheeled,anddo not have a high
clearancethey areonly ableto enterthe yellow areaof the
arena.Sothe focusof theinterfaceis on makingthe opera-
tor more productie, providing a large quantity of accurate
informationaboutthe ervironment,and enablingthe robot
to traverse the areaster

The software usedlocally on the robot to managethe
robot® navigation and sensorsin the 2003 contestwas
basedon the REAPER software originally developed at
Swarthmorefor the AAAI contestin 2000(Maxwell et. al.
2001). Since then, the majors changeshave involved
upgradedo the vision system(Maxwell et. al. 2003),and
the useof the Inter-ProcessCommunicatior{IPC] package
for all communicationbetweenprocessegfSimmonsand
James, 2001).



Human-Robot Interface

The primaryfocusof our work for the 2003contestwasthe
interfacefor managingthe robot during the Urban Search
andRescugUSR] task. The interfaceis a setof non-local
(to the robot) applicationsthat permit an operatorto man-
ageoneor two robotssimultaneouslyCommunicatiorwith
the processesocal to the robot occursvia IPC. The inter-
face implementsthe conceptof sliding autonomy where
theoperatoris ableto give therobotsmoreor lessdecision-
makingability dependinguponthe situation.This interface
is described in detail in the folleng section.

Moti vation

Early in the courseof this designproject, it was realized
thatthe greatestidvancesn userinterfaceqUI] in the past
ten yearshave beenmadein the realm of video games.
Computerand consolegamesalike musthave clearinter-

faceswhich provide the playerwith bothcontrolsandinfor-

mationaldisplaysthat allow for very fastresponsdimesto

situationsin adynamicervironment.Theseinterfaceshave

developedatanincrediblyrapid pace with perhapghe pin-

nacle of Ul designbeing that of so-called First-Person
Shooter [FPS] games (Unreal Tournament,1999). FPS
gamesare the most appropriateinterface paradigmfor a

projectsuchasUSR, asthey represent threedimensional
world with which the player can interact. Navigating a

three-dimensionajameworld in searchof computergen-
eratedenemiesis analogougo the task of bPndinginjured

and/or trappedvictims in a USR scenario.Mapping that

three-dimensionatrnvironmentdown to a two-dimensional
computerdisplayis simpleenoughusinga live videofeed,
but making it intelligible, informative, and useful for the

robot operator isar more dibcult.

Design

The most successfulFPS gameshave very simple inter-
faces:the main portion of the interfaceis dedicatedto a
large viewing areathat containsthe gameworld. Smallsta-
tusareasaroundthe perimeterareallocatedfor information
regarding the player®health and equipment.Most games
also have a radarmini-map shawving the directionto ene-
miesor otherplayers,aswell asa separatescreencontain-
ing a map of the currenage leel.
Therobotinterfacefocuseson threesourcesf informa-
tion: avideostreamfrom therobot®PTZ cameraa OradarO
view visualizingthe rangesensordata(sonarandinfrared,
combined)from the robot, and a manually updatedmap
view shawing the robot® internal map of the navigated
area. Togethey thesethree windows, shavn in Figure 2,
bring the robo&view of the world to the remote operator
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Figure 2: (a) Standardvideo and navigation interface
screen(b) expandedscreenwith button controls,(c) mag.
screershaving a mapbuilt by therobotin USRrun 3, (d)
sensor and camera status display

Simplifying the interface reduceson-screerclutter, but
also precludeshaving visual duplicates of the robot®
motion and cameracontrols. This meansthat most of the
control must be donevia the computer®keyboard, much
like an FPS. The standardWASD directional pad is pre-
ferredby mary right-handedgamers,becauset puts most
of thebasiccontrolswithin onekey of the bngersof theleft
hand, and frees up the right hand for using the mouse.
Unfortunately OmouselookQyhere moving the mouse
rotatesthe player®headin the gameworld, wasnot some-
thing that could be implementedwith the robot® existing
PTZ cameraimplementation Becauseof this limitation, a
secondd-pad control was createdfor the camerausing
UHJK on a QWERTY keyboard.With the operatorleft
andright handsrestingon the keyboard the vastmajority of
theinterfacecontrolsarea singlekeypressaway. The oper-
atorcanusethefast-twitchmusclesn their handto reactas
quickly as possibleto changingconditionsin the robot®
ervironment.



Inter est Points

The mousedoesplay oneimportantrole in interactingwith
thevideoimagerecevedfrom therobot:it allows the oper-
atorto setandmanipulatepointsof interest,ncludingland-
marks and victim locations,which are then storedin the
robot®map. The operator€own humanvisual systempro-
vides the brain behind what the robot is seeing.

The operatorcan setan interestpoint on the groundby
clicking on the image.The robotwill useits currentposi-
tion andcameraorientationdatato calculatethe locationof
the selectedpoint in the world by assuminghat the click
occurredsomavherein the ground plane. This ability to
orient on local landmarks reduces errors in localization.

The robot® internal localizationis basedon odometry
anddeadreckoning, which meansthat the robot®position
andorientationbecomencreasinglyinaccurateasit moves.
Theorientationis themostlik ely of thethreecoordinateso
be incorrect, so the operatorcan use previously set land-
marksto correctthe robot®orientation.If the operatorsees
that the current landmark--whoseestimated position is
highlighted in the display--no longer matchesthe real-
world positionwhereit wasoriginally set,they canclick on
the landmarkobject again. The programusesthe current
position of the robot and the storedposition of the land-
mark, alongwith the newly recalculatedrectorto the land-
mark, to resetthe robot®global orientation This correction
canremove unwantedbendsandcurvesonthe mapthatare
caused by a drift in the robst@ientation.

The ability to setlandmarkssignibcantlyimproved the
accurag of the robot® generatedmap, and allowed the
additionof someuniquefeaturesThe methodusedfor cap-
turing the landmarkpoint is essentiallythe mathematical
inverseof the calculationsnecessaryo drav groundplane
barson the image,which permit the operatorto estimate
distances in the scene.

Whendrawing the groundplanebars,a distancerom the
robot (0.5 meterintenvals) and a heading(directly ahead)
arecorvertedinto a pixel coordinate For thelandmarksthe
imagepositionof the mouseclick is convertedinto aglobal
2-D positionin thegroundplaneof theworld. The prststep
is to calculatethe vertical anglebetweenthe groundplane

and the line of sight from the camera to the interest point,

FOV,
f 3@9n|t0+3?agg - @)

wheretilt is the vertical tilt of the cameray is the row (y
pixel) in the imagewherethe mouseevent occurred,H is
the heightof theimagein pixels,and FOV,, is the vertical
peldof view of the cameraThis is a linear approximation
to the true tilt angleof the pixel, asit assumegachpixel
correspond$o anequalanglein the Peldof view, but works
well enough for the Peld of weused by the robot.

This anglecanbeusedto calculatethedistancealongthe
groundplanefrom the camerao theinterestpoint,andthus
from the robot® currentlocation (designatedas the center
of the robot) to the interest point,

< C 2
= +
tan(f) X )

whereC, is the vertical distancebetweenthe cameraand
the groundand C, is the distancefrom the camerato the
center of the robot.

In additionto the distancewe canalsocalculatethe ori-
entationof theinterestpointrelative to therobotusingalin-
ear approximation,

FOVp v
9= ~Ww &2

E)cg + pan 3)

whereFOV,, is the horizontalFOV of the camera\W is the
width of theimagein pixels,c is thecolumn(x pixel) in the
imagewherethe mouseeventoccurred andpanis the hori-
zontal pan position of the camera.

Oncethe systemhasthe distanceand orientationof the
interestpoint relative to the robot®currentposition, it gen-
eratesa bxed global maplocationfor the interestpoint. As
therobotmoves,the estimatedocationof theinterestpoint
is displayedon the operator&screenlf the estimatedoca-
tion andthe actuallocationdiffer, thenthe operatorcanbx
the robot® estimatedorientationby clicking again on the
interestpoint. We male the assumptiorthaterrorsin (X, y)
location are small comparedto errorsin orientation,and
thoseassumptionsallow us to correctthetabasedon the
user specibed landmarks.

The ability to selectinterestpoints, however, is more
generallyusefulthanjust correctingthe robot®orientation.
After theuserselectsa point, the systemcanquerythe user
for otherdatathat shouldbe associatedvith it. In the USR
competition,for example, creatinga victim interestpoint
bringsup a form giving the userthe opportunityto bll out
theinformationrequiredfor eachvictim aspartof the com-
petition. Figure 3 shes an @ample victim dialog box.

Using the victim data collectedfrom the operator the
interfacewas able to generatea web pageon the By. In a
real USR situation,this pagecould be sened over a wire-
lessnetwork from the operator€computerto rescuework-
erswith properlyequippedPDAs. Therescuersvould then
have instantaccesdo the victim@® status,an imageof the
victim and the surroundingstructure,a mapto the victim
with arobot-naigable pathhighlighted,andimagesof ary
navigation points setalong that path. Oncethe map accu-
ragy is signibpcantlyimproved, this kind of information
accesswill be highly useful to human rescueworkers.
Returningthis dataalso fulblls the robot®role asa scout
into a potentially dangerous situation.
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Results and Ewaluation

The competition provided a number of insightsinto the
strengthsand weaknesse®f the userinterface. Some of
thesewere a resultof designchoices,while otherswerea
result of hardware or software limitations on the robot
itself.

Oneof thedesignchoices for example,wasto make the
default screenusethe keyboard exclusively for low level
control of therobot. For an experienceduser the improve-
mentgainedby usingonly thekeyboardexclusively is valu-
able and saves time relative to a mouse.Unfortunately
having alarge numberof controlsaccessibl@nly by poten-
tially hard-to-remembekeystrokes dramaticallyincreases
the interfacelearning curve. An operatorwho hastrained
on theinterfacewill have no problems,anda new operator
who has experienceplaying FPS gameswith similar key
layouts will be able to adjust quickly

New operatorswith little or nogamingexperiencepnthe
otherhand,may Pndtheinterfacetoo obscuredDuring the

time that they would spendlearning the keyboard layout
they would be effectively uselessn a real operationalset-
ting, dueto very slow respons¢imesandanincreasednci-
denceof mistalenkeypresseshatcould endangetherobot
through inadertent motion.

This problembecamenbviouswhena new operatomwith
effectively no gamingexperiencettemptedo usetheinter-
face. Even after a brief training period, and making the
mouse-basedontrolsvisible, the operatorwasbarelyable
to gettherobotto move, let aloneuseit to searchfor vic-
tims. Whenconsideringhetrade-of betweerefbciengy for
a trained userand usability for a wide rangeof inexperi-
encedusers,the increasedefbcieny grantedby the key-
boardinterfaceis moreimportantin the Peld.However, the
mouse-baseiterfaceis still necessariyf thereis aneedfor
nave usersto managethe robots. Training a new user
would not require a signibcantinvestmentin time or
resources, it enough to acclimate the user to the iatesf

One of the limitations of the underlyingsystemthat we
foundduringthe competitionwasthatthelandmarkcorrec-
tion systemitself was errorprone. Settinga landmarktoo
closeto the robot or setting and resettinglandmarkstoo
oftencouldleadto sudderjumpsin orientation.Settingone
landmarksomedistanceaheadf therobotandthennotset-
ting a new landmarkuntil the prstone was reachedgave
bettermaps.Sincethe settingof landmarkss totally up to
the discretionof the operatoy this practice either comes
with experience or as part of the operagdr@ning.

A secondimitation of theunderlyingsystemwasthatthe
autonomousavigation was too jerky to permit effective
monitoring of long forward motionsby the operator Thus,
althoughthe magnitudeof the robot® forward motion or
rotationcould be setto an arbitraryvalue beforesendinga
move or rotatecommandwe found that small rotationsor
motions worked best. Asking the robot to travel several
metersin a straightline usingits own obstacleavoidance
simply did not work well in the enclosedspacewith noisy
sensorsThis is clearly an areafor future improvementin
the underlying négation system.

Making large rotations(greaterthanan eighth of a turn,
or about450)seriouslyexacerbatedhe motion errors,and
alsotendedo disorientthe operatomwhenthevideoblurred
and lagged. Using short forward motions (less than 0.5
meters)andsmallangles(aroundp/10 radians)allowedthe
operatorto nudgetherobotin the desireddirectionwithout
worrying as much about the robot® own behaiors sud-
denlykicking in to avoid anobstacle Smallermotionsalso
madefar more accuratemaps,which madethe victim data
web pages more useful.

For the camera®PTZ controls, a small step angle
(aroundp/8 radians)wassetfor tilting andpanning.There
arealsojump-tooptionsfor moving the camerao the limit
of its PTZ rangesaswell asfor quickly resettingthe cam-
era to a straight ahead wie



Finally, userdisorientationcanbe a seriousproblemfor
ary sort of tele-operatiorinterface.For this project, there
were several occasionsvherethe operatorwasdriving the
robot aroundwith the cameraoff-center so the operator®
perceptionof forward did not matchthe actualorientation
of therobot. This type of humanerrorslows down progress
considerablysince the operatoris constantlybghtingthe
robot®correctbehaior. Whenusingveto mode(whenthe
operatorcompletely overrides the robot® behaiors), the
operatormustbe very carefulto orientthemselesandthe
robotproperly Otherwisethey standa chanceof damaging
the robot or getting it trapped.Usually this problemwas
causedby the operatorignoring one of the statusdisplays,
like the cameraorientationor the rangeinformation. These
problemsinspiredthe operatormantra@\lways trust your
robot!O,since a remote operatoris forced to make some
(possiblyincorrect)assumptionsbouttherobot@situation.

Conclusions and Futue Work

Oneof the biggestweaknessesf theinterfaceactuallyhas
nothingto do with theinterfaceitself: the framerateof the
videotransmittedby therobotis toolow. Thechoppy image
disconnectsthe operatorfrom the reality viewed by the
robot, and may allow someimportantinformation to be
missedwhile the robotis in motion. Becauseof this, it is
hopedthat the video transmissiorspeedcan be improved
independently of the intexte program.

Therearetwo waysof improving thevideorate,andboth
of themwill probablybe implementedin the future. The
robot® wirelesssystemcould be switchedfrom the older
andslower 802.11protocolto the faster802.11bprotocol,
while sacribcing some of the operational range, thus
increasingthe bandwidth of the signal. In addition to
increasinghe bandwidth,we canimplementsomeform of
compressionsincethe video datais currently sentas raw
data through IPC over TCP/IR The compressionmay
involve using a standardimage compressionlibrary to
reducethe size of eachvideo frame,andit could evenuse
some form of temporal compressionso that only those
image pixels which have changedsincethe last frame are
transmitted As well asincreasingthe framerate, the sys-
tem could also use the addedbandwidthmale the image
larger. A higher resolutionimage would have a marked
effect on picture quality

The interfaceasit standsright now is certainly usable,
and by most standardss decent.However, thereis still
roomfor improvement.Beforechangingthe Ul itself, com-
municationfrom therobotto theuserneedgo beimproved.
Most of thesestepsare a form of idiot-proobngto prevent
theuserfrom makingapotentiallycatastrophi@rror. Alerts
will be addedto preventthe robot from moving forward if
the PTZ camerais not facing forward, to avoid crashes
whenusingvetomode,andto look for sudderandimpossi-

ble jumpsin positionor orientation.Suchemegeng infor-

mation should prevent the operator from accidentally
damagingthe robot through humanerror. One thing that
might improve the initial experiencefor a newv operator
would bethe useof akeyboardoverlaywith clearlylabeled
controls. For a larger hardware investment,some sort of

customjoystick andkeypadsystenmmight make theinterac-
tion with the interhce &en easier to use.

All of the rest of the potential changesfall underthe
umbrellagoal of making the interface even more like an
FPSgame.The brstis to emphasizéhevideofeed,making
it the largestdisplayedwidget. This meansimproving the
video transmissiorto allow for a largerimage,aswell as
removing unnecessaryidgets and controls from around
thevideodisplay Oncethis is done,moreof the statuscon-
trols can be moved from textual elementsto a transparent
heads-updisplay [HUD] systemoverlaid onto the video
itself. This would eliminatethe needfor the separatexrobo-
view application,sincethe PTZ displayand Oradar@ould
both be drawvn (albeit on a smallerscale)directly onto the
video image instead of in their own window. Finally,
becausdhe map alreadyonly updatesat the commandof
the user it would be moved from the separatexmapappli-
cationto beingdisplayedin placeof thevideoimage.Tog-
gling betweenthe normalview andthe map screenwould
be allaved only when the robotag stationary

Implementing mouselook--wherethe orientation of
eitherthe robot or the camerafollows the mouse--whilein
video mode wuld also be an impwement.

Last, but certainly not least,the entire view thatis now
containedin oneimageshouldbecomea full-screeninter-
face,with all of the afore-mentioneg¢hangesmplemented.
Building all of this functionalityinto aHUD, andincluding
the afore-mentionedperatoralertsshouldallow the opera-
tor to avoid someof the problemthat hadto be dealtwith
duringthe competition.At thatpointtheinterfacewould be
indistinguishabldrom any numberof FPSgamescurrently
onthemarket. This completetransformatioris the ultimate
goal of the USR tele-operation intack.

Additional work is plannedfor the software runningon
therobotsthemseles.This work will affect obstacleavoid-
ance/patiplanning,mapping,andcooperatiorbetweerthe
robots. The brstmajor additionis a newv navigation mod-
ule,.At the coreof this new moduleis theconcepif Veloc-
ity Spacewhichwill do a betterjob of keepingthe robotsO
trajectoriesmoreeven,improving their speedandimprov-
ing their responséo commandgFox et. al. 1997).Thecur-
rent control moduleis not perfectly suitedto the task of
tele-operatedirbansearchandrescue put the new naviga-
tion module should Pl the niche quite nicely

In additionto the navigationmodule,we will beimprov-
ing themappingmodule,andhopefullyintegratingsimulta-
neous localization and mapping [SLAM] to get more
accuratanaps.Thenew mappingsystemwill alsoprovidea



more generalsolutionwhich canbe appliedto otherprob-
lem domains(such as Robot Soccer)in a more effective
manner

Relatedo thisis our planto enabletherobotsto commu-
nicatewith eachother- whensynthesizedavith SLAM, our
robots as a group should be able to generatevery good
maps.Somelevel of strategy will also be explored with
multiple robots,suchashaving threerobots,eachfollowing
theonein front. Whena decisionpoint (fork in the path)is
reachedonerobot will stay behind,to enableus to more
quickly explore an area without backtracking.
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