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Abstract

Robotsprovideus with a meango movearoundin, visual-
ize,andinteractwith a remotephysicalworld. We haveex-
ploited thesephysicalpropertiescoupledwith the growing
diversityof usersontheWbrld Wide Web(WWW)[ 1] to cre-
atea WWWbasedelemboticremoteenviobnmentrowser
This browsey called MechanicalGaze,allows multiple re-
moteWWWusersto contiol a robotarm with an attached
camerato exploe a real remoteenvionment.Theenvion-
mentvariesbutis typically composeaf collectionsof phys-
ical museunexhibitswhichWWWuserscanviewat various
positions orientations andlevelsof resolution.

http://vive.cs.berkeleyedu/capek

1 Intr oduction

We havedesignedhis teleoperatedVWW serverin order
to allow usersthroughoutthe world to visit actualremote
spaceandexhibits. It alsoservesasa usefulscienti®dool
by promotingdiscussiorabouthephysicalspecimen the
browsersuchasinsectsJive reptiles,rare museuncollec-
tions,andrecentlydiscoveredartifacts.

Theuseof anon-line controlledcamereeliminatesmany
of theresolutionanddepthperceptiomproblemsof libraries
of digitizedimages.Theuserhascompletecontroloverthe
viewpoint,andcanexperiencéheexhibitin its stateatapar
ticularmomentn time,underthesameconditionsandlight-
ing asaviewerwhois in theactualspace.

In addition,eachexhibit hasa hypertextpagewith links
totextsdescribingheobject,otherwebpagegelevanto it,
andto commentdeft by otherusers.Thesepagesanbeac-
cessedy navigatingthecameran physicalspaceandcen-
tering on a particularobject. The pagescanbe thoughtof
as mark-upsof 3D objectsin the spirit of VRML [2], but
wherethe objectsare actualphysicalentitiesin a remote
spaceatherthansimply models.

Exhibits canbe addedor removedin a matterof a few
minutes allowingfor anextremelydynamicarrayof objects
to beviewedoverthecourseof only afewmonths.Usersare
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encouragedhot only to checkbackfor upcomingexhibits,

butto participatethemselvesUserscanleavecommentary
aboutanitem on exhibit, creatingdialogueaboutthe piece,

aswell asfeedbacko theowner artist,or curatorof theob-

ject. Institutions,museumsgurators scientistsartists,and

individualusersareall invited to exhibitobjects.

2 Goalsand Motivation

Initially, we were driven to developa useful application
for interactivetelerobotics. We were inspiredby the di-

versity and growth of the WWW asthe mediumfor such
aninexpensivepublicly accessibléool for remoteenviron-
mentbrowsing.Therestrictiondmposedy theHyperText
Markup Language(HTML) madeit dif®cultto designan
intuitive userinterfaceto a complexrobotic system. Cer

tainly, we couldhavechoserto constructustomnavigation
softwarefor usersto download.While this would allow us
morefreedomin the designof the overall system|t would

severelyrestrictthe accessibilityof the system. Sincewe

considerthe quantityanddiversity of userson the WWW

asoneof its mostpowerful aspectswe choseto constrain
the developmenbf our systemwithin the accessibilityof

WWW users.

2.1 Goals

Beforedesigningthe systemwe setforth our goalsfor the

project. Our primary goal wasto provide a universalre-

moteenvironmenbrowsingtool thatis usefulfor the arts,

sciencesandin the developmentf educationanddistant
learning.To meetthisgoalweagreediponseveraklements
thatwe felt wereessentiato any WWW basedelerobotic
system.

First,wewantedo insureuniversalunrestrictecccess$o
thesystem.Thiswould allow accesso artifactsandobjects
by a wider audiencehanpreviouslyavailable.Currentac-
cesgestrictionsareusuallythe resultof geographicpoliti-
cal, or monetaryconstraintgpreventinghe individual from
travelingto theobject. Likewise,ownersandcuratorsof ex-
hibits do not alwayshavetheresourcesr thedesireto tour
the objectsthroughoutthe world. We wantedto developa
tool thatwould attemptto solvemanyof theseproblemsby



bringingthe peopletogethemith the objectsat a minimum
cost.

Ratherthana ®xed,staticdisplay the browsermustal-
low usergruethree-dimensionalavigationaroundobjects
at varying positions,orientationsandlevelsof resolution.
As David Gelernteisuggestin hisbookMirr or Worlds [3],
suchsystemghatgazeinto remotespaceshouldshoweach
visitor exactlywhattheywantto see.Thisrequireghesys-
temto providemillions of differentviewsfrom millions of
differentfocuseson the sameobject. Certainlyvisitorswill
desireto zoomin, panaround,androamthroughtheworld
astheychooseMore importantly theyshouldbe permitted
toexplorethisspacatwhateveipaceandlevelof detailthey
desire.Usersshouldalsobefreeto swivelandrotatetheim-
age,to getabetterlook atregionsthatmightbeobscuredn
theinitial perspective.

The teleroboticsbrowsershouldalso provideto the ex-
hibit owners,curators,and caretakersa forum to receive
feedbaclandcommentargboutheirexhibit. Thissamefo-
rum shouldalsoallow scientistdo discussletailsconcern-
ing classi®cationf specimensuchasinsectsor theorigins
of anrecentlydiscoveredrtifact. Essentiallysomemethod
for leavingcommentsandcreatingdialogueshouldbe pro-
vided.

Finally, thesystemshouldallow exhibitsto beaddedand
removedvith aminimumof effort, thusprovidingthepossi-
bility of exhibitingawide varietyof objectsoverthecourse

of afewmonths.In addition,recentlydiscovered/developed

scienti®cobjectsshouldbe ableto be addedfor universal
browsingwithin the orderof a few minutes.

2.2 Why Uselive Images?

A commonobjectionto our approachs why we simply do
notusepre-storedligitizedimagedor browsingobjectsand
spaces.While we agreeuponthe importanceof suchpre-
storedimagesthe remoteenvironmenbrowseroffers sev-
eral distinctadvantagesver conventionaimagedatabase
solutions.

For example the standardapproactto providingremote
accesdo museuncollections'visual datais to digitize and
pre-storeimagesof all artifactsor specimens.This solu-
tion requiresconsiderablexpenseandtime commitmento
completethe capture,storageand servingof digitized im-
ages. Our teleroboticapproachallows remotescholarsto
interactivelyview museumartifactsand specimen®n de-
mand.This allowsthemto achievemuchhigherimageres-
olution without the expensivealigital storagerequirements
typically associatewith largeimagedatabasethatsupport
distributedusersandoffer high resolution.Our interactive
viewing solutionalsorelievesmuseum®f theneedto store
digital imagesof entirecollectionsovera variety of resolu-
tions.

Our approachallows immediatevisual accesgo any/all
collectionmaterialsdfrom thebeginningof a project. Tradi-
tional imagecapturingcantake severalyearsfor large re-
searchcollections,with millions of specimenshatrequire
speciahandling. Theremoteenvironmenbrowsersolution
eliminateshe waiting periodthatusuallyoccursduring se-
rial indexingandimagecapture. Museumghatutilize are-
motebrowsingmodelareableto provideremoteaccesdo
any/allof their collectionmaterialsata moments notice,as
opposedo accesso a seriallyincreasingiumberof objects
overtime. The ability to view specimensgs morevaluable
if all specimenareavailable thefewerspecimensn acol-
lectionthataredigitized,the lessresearctvalueaccruedo
theresourceasawhole.

By allowing researcherso choosetheir own view and
magni®catiorof the specimenor artifact, aumentsover
which speci®wiew or numberof views a museunshould
provideto remoteusersareeliminated.With athreedimen-
sional objecttherewill alwaysbe argumentssurrounding
what view to capture. Unlessuserscan choosetheir own
view of museuntollections'materialstheywill notbesat-
is®edwith using digital imagesfor research. Evenmore
importantly somevisually orientedresearctuses,suchas
taxonomyandmorphologycannot be supportedn thedig-
ital environmentwithout the provision of multiple views
andmagni®cationdJseful statisticsccanbegatheredy the
browserasto which views aremore popularamongscien-
tists and hencedraw conclusionsasto the relative impor-
tanceof particularviewsandresolutions.

Certainly dynamicexhibitssuchaslive creaturesmov-
ing liquids, andmechanicabkystemanustbe viewedusing
live images.Thesdive viewsarenecessario studythebe-
haviorof suchsystems.

Furtherdiscussionsiboutthe useof digital imagesn art
and science,as well the implicationsof their use can be
foundin severakourced4; 5; 6; 7.

3 Previousand RelatedWork

The sensatiorof embodimenbf anindividualin areallife
distantlocationhasprovidedmorethanenoughmpetusfor
peopleto developremotetelepresenceystems.

One of the earliest electrically controlled mechanical
teleoperationakystemswas developedby Goertz [8] in
1954. Many subsequensystemswyere aimedat safelyex-
ploring hostile remoteenvironmentssuch as battle®elds,
nuclearreactors[9], deepoceans[10], mining [11], and
outerspace[12]. Additional applicationsfor teleoperated
sugery[13] andmanufacturind14] havebeenexploredoy
severaresearchergl5; 16;17].

Mostof thesesystemarequitecomplex requiringspecial
purposealedicatechardwareo controlandinteractwith the



mechanisnin theremoteenvironmentAs oneof ourgoals
stateswe wantedto constrainrdevelopmento a systenthat
would be accessibléo a wide audiencawvithout additional
expensiveor extraordinaryhardware.

Thespontaneougrowthof the WWW overthe pastsev-
eral yearshasresultedin a plethoraof remotecontrolled
mechanicableviceswhich canbe accessedia the WWW.
Someof theseearlysystememployed®xedcamerasn re-
mote spacesvhereuserscould observedynamicbehavior
suchasthe consumptiorandbrewingof coffeein a coffee
potor theactivity of afavoritepetin its nativehabitat.

Systemsevolvedto allow usersvariouslevels of con-
trol via the WWW suchasthe LabCam[18] developedy
RichardWallace.His systemallowedremoteusersto aima
pan/tilt camerausinganintuitive imagemapnterface.

Progressiono intricate control of moredegreesf free-
domwasrealizedby introducingrobotsto the WWW. Ken
Goldbeg et al. [19] developeda 3 DOF teleroboticsys-
temwhereuserswereableto explorea remoteworld with
buried objectsand, more interestingly alter it by blowing
burstsof compresseair into its sand®lledworld. Mark
Cox[20] developeda systemfor allowing usersto request
imagesfrom a remotelycontrolledtelescope.Anotherre-
moteroboticsystemgdevelopedyKenTaylor[21], allowed
WWW usersto remotelymanipulateblocks using a robot
with an attachedyripper More recently Ken Goldbeg et
al. havedevelopedteleroboticsystemcalledthe TeleGar
den[22] in which WWW usersare ableto observeplant,
andnurturelife within a living remotegarden. As of this
writing, well over severalhundredinterestingmechanical
devicesare connectedo the WWW with more spawning
daily.

4 Qverview

Ourdesignchoicefor the userinterfaceto theremoteenvi-

ronmentbrowserwasto mimic muchof the look andfeel

of a museum.We choosethis approachhopingthatusers
would ®ndit familiar to navigate,andthus moreintuitive

andinviting to use.

AsauserenterdMechanicalGazetheyarepresenteavith
achanceo view somegeneralnformationabouttheproject,
receiveabriefintroduction obtainhelpin usingthesystem,
or entertheexhibitiongallery

Userswho entertheexhibitiongalleryarepresentedvith
an up to datelisting of the exhibits currentlyavailablefor
browsing. Thesearethe exhibitsthatare physicallywithin
the workspaceof the robotand canbe explored. Theidea
behindtheexhibitiongalleryis to giveonly abriefintroduc-
tionto eachof theavailableexhibits. Thistypically consists
of providing the nameof eachexhibit, the datesit will be

available thepresenter(sgpndperhapsvery brief descrip-
tion.

Userswho wish to morecloselyexaminean exhibit can
simply selectit from thelisting. Theuserwill thenbepre-
sentedvith amoredetaileddescriptiorof theexhibitaswell
asachanceo eitherbrowsetheexhibitusingtherobotor re-
guestto view thecommentsorrespondingo thatexhibit.

5 Hardware

Thesystemhasoperatedrom bothanintelledex605Trobot
with 6DOF anda 4DOF RobotWorld robot. The only no-

ticeableexternaldifferenceis thatthe roll andpitch opera-
tionsareonly availablewhenthe systemis operatingirom

the Intelledexrobot. Otherwisethe back-endobotichard-
ware changeis transparento the user giving hopeto the
prospecbf suchsystemsunningon a variety of different
robotsin variousenvironments.

Imagecapturingis performedusinga cameraandframe
grabberhardware. Imagesare receivedfrom an RCA
Pro843mmyvideocameranountedntothelastlink of the
robot. The auto-focusfeatureof the video cameraallows
userdo view avarietyof objectsclearly irregardles®f the
object'sown heightor thedistancgrom whichit is viewed.
Typical exhibition spacesllow usersto captureclearim-
agesanywherdrom 3x30cm from thesurfaceof theobject.
Sincewe desiredan easilyrecon®gurablexhibitionspace,
a®xedfocuscameravould notbe ableto accommodatéhe
wide variety of differentlysizedobjects.

Image digitization occurson either a VideoPix frame
grabbercardattachedo a SunlPC workstationor standard
image capturehardwareavailableon an SGI Indy. Eight
bit 320x240color imagesare capturedn lessthan50 ms.
Furthercomputatiorto converttheimageinto acompressed
JPEGformatfor incorporationinto HTML documentsand
saveit to disktakesanadditional2+3secondsOverall,the
time requiredto capture convert,andsaveanimageis on
theorderof 2+3seconds.

The actual Hyper Text TransmissionProtocol (HTTP)
servercontainingthe customCommonGatewaylnterface
(CGl) scriptsandstatanformationfor individualuseroper
atesfrom anHP 715/60workstation.Thismachingrovides
the front endinterfaceto the systemby receivingrequests
fromWWW usersemployingtheservicef theotherhard-
warein the system,and deliveringthe resultsbackto the
userin anHTML format.

6 RobotInterface and Control

To interfacetherobotto the WWW, two separat@iecesof
codewerewritten. The actualrobot motionis performed
by adaemorthatacceptstandardizedequestvia asocket



Figure 1: SystemArchitecturewith IntelledexRobot

connectiorandconvertstheminto the nativerobotdepen-
dentcommands.The othercodeinteractsdirectly with the
remoteWWW userby handlingadministrativeissuesre-
sourcecontentionHTML pagelayout, andrequestdo the
robotdaemorwhentherobotmustbe moved.

6.1 Radius: The Robot Control Daemon

Radius,namedafter the main robot charactetin R.U.Rby
Karel€apel{23], is therobotcontroldaemorthatprovides
a standardizedhterfaceto the variousrobotsinvolved. By
standardizinghis interface,the restof the systemcan be
written ignoring any specialkinematicsor control systems
for the particularendrobot. Requestshatinvolve control
of therobotor cameréhardwarearehandledoy Radius.Ra-
diuslistensfor theserequest®n anestablishedocketport.

Whena socketconnectionis made,Radius®rstchecks
for authenticatiorusinga known encoding. This prevents
unauthorizedontrolof therobothardware Thisis particu-
larly importantaswe movetowardsdeviceswith thecapac-
ity of physicalmanifestationsf enegy in aremoteenviron-
ment. The damageresultingfrom an unauthorizechccess
into suchassystemcancausenot only irreparabledamage
to the roboticequipmeniandexhibits,but humaninjury as
well. Thereforemeasure$o preventatleastthemostnaive
attacksshouldbeincludedin suchsystems.

Authorizedconnectiongo Radiusincludea 4 byte mes-
sage.Themessagencodeshetypeof requestanda mask.
Therequestypecanbeamotioncommandrimagecapture
commandThisis followedby severabytesof datadepend-
ing upontherequestypeandmask.Radiuscanalsoquery

therobotto determinavhenall motionshavestoppedhence
allowinganimageto becaptured.

Whenanimagegrabrequests receivedRadiuswill em-
ploy theuseof theavailableéimagecapturenardwareo cap-
tureanimage,convertit to a320x2408 bit color JPEGIm-
age,assignit a unigueidenti®catiomumberwhich is em-
beddednto the image®lenameandoutputit to a tempo-
rary space.Theuniqueimagenumberis passedackto the
requestingrocesssothatthe correctcorrespondingmage
will bedisplayedin the HTML documenteliveredto the
user

Sinceour interfacedesignis WWW basedrequestsre
eventdriven. After auserhasloadedanimage therobotis
left idle until theusermakesanotherequestinsteadof al-
lowing this exclusiveaccesdo therobot,leavingtherobot
idle while the usercontemplateshe next action, we ser
vice additionalrequestgrom otherusers.By multitasking,
we provideincreasedccesgo therobotaswell asa more
ef®cientuseof systemresources.However we mustpro-
vide a methodto guaranteehat certainatomic operations
areexclusive.For examplearequesto moveandgraban
image, mustbe exclusive. This insuresthat no othermo-
tion occursbetweenthe time we movethe robot and cap-
turetheimage.If wehadfailedtoimplementhis,wewould
haveno guarante¢hattheimagedeliveredbackto theuser
wasactualtakenfrom thelocationthattheyrequestedThe
socketconnectiomprovidesthe mutualexclusionnecessary
to insurethe correctfunctionalityof MechanicalGazeeven
when handling multiple requests. When a requestis re-
ceivedby Radius,subsequentequestarequeuedintil the
®rstrequeshasbeenhandled.Thisinsureghatrequest®c-
curin orderandhaveexclusiveaccesso therobotandcam-
erahardwarefor the durationof therequest.

6.2 Navigation PageConstruction

Request$o browseanexhibitarehandledoy acustomCGil
script. Initially, the scriptis passea uniqueidentifyingin-
ternalnumbercorrespondingo the exhibit to be browsed.
Thescriptreadsn thecurrentlist of exhibitsandextractghe
relevaninformationfor theexhibitof interest.Oneof these
itemsis thephysicallocationof theexhibitin theremoteen-
vironment. Using this information, a socketconnections
openedo Radius,therobotcontroldaemonandarequest
madeto movetherobotto the desiredocationandcapture
animage.

Whentheresultof thatrequests receivedthe CGI script
dynamicallylaysouttheHTML page.First,it extractsnfor-
mationfrom the internallist of exhibits. This providesthe
nameof theHTML ®leto placeatthe headof the browser
page. The systeminsertsa line to indicatethe amountof
time the userhasbeenusingthe system. Next, it inlines
thecapturedandconverted PEGmage placingit within an



Figure 2: A typical navigationpageusingthe Robot\World robot

imagemapvith auniquerandomlyassignechumber To the
right, variousnavigationaltools arelayed out. Additional
navigationicons are attachedbelow this. Theseiconsal-
low usergto leavecommentsbouttheexhibit, moveto the
nextor previousexhibit, returningto thelist of exhibits,ob-
tain help,or returnhome.To conveya sensef presencef
otherusers the systemthendisplaysof the lastthreevisi-
torsinto thesystem Finally, thevariouscommentseft con-
cerningthisexhibitareattachedo endof thepagecomplet-
ing the delivery of the HTML ®le. The CGI scriptwrites
outaninternaluser®leusingthe samerandomlygenerated
uniguenumberfrom above. This ®lecontainsthe statein-
formation,suchasthe user position,time, andotherinfor-
mationconcerningthe pageandaccompanyingmagejust
delivered.Thisnumbeilis embeddeavithin thepagesothat
requestriginatingfrom this pagewill referencento this
correspondingniquestatus®le. Thisallowsfor subsequent
requestso maketheir referenceelativeto the correctposi-
tion thatthe userlastviewed. The ®nalresultof a remote
environmennavigationrequesis a pagesimilarto theone
depictedn Figure2.

7 Navigational Tools

After receivinga navigationpage ausermaywish to mod-
ify thevantagepointof theexhibitandobtainanewimage.
This modi®catiortakesplaceby employingoneor moreof

the navigationatools presentedo the userfrom that page
shownin Figure2. Theseoolsprovidethe sensatiorof ex-

ploring aremotespaceby alteringthe viewpoint.

Onenavigationoption availableto the remoteuseris to
scroll the image. Scrolling movesthe camerawithin the
sameplaneasthecurrentview, capturesa newimagefrom
thatlocationanddeliversit to the remoteviewerin a new
navigationpage.Thisis accomplishedby eitherselectinga
portionof theimagefor ®nemotion controlor thelocation
statustool for more coarsemotion. Fine motion requests
bringtheselectegortionof theimagedirectlyinto thecen-
ter of the®eldof view in thesubsequerimagewhile coarse
motionsmovethecameréo a particularareawithin theen-
tire de®neckxhibitionspace.

Every exhibit allows a userto zoomin closerto an ob-
ject for a more detailedinspection,as well as zoom out
to achievea wide angleview. Zoomingis accomplished
throughthezoomnavigatiortool locatedontheright sizeof
theimage.Thecameramimicsthemotionof thethermome-
terindicator Userscanalsomakeselectionglirectly onthe
thermometeto bettercontrolthezooming.

Whenthe systemis employingthe operationsof the In-
telledex6 DOFrobot,therolling andpitchingtools(notpic-
turedin the samplenavigationpage)are presentedo the
user Choosinga point on theroll or pitch tool will cause
thecamerdoroll or pitchdependingipontheselectiorand
delivertheresultingimagefrom thenewvantage.

8 Futureldeasand Discussion

MechanicalGazehasproveditself asa usefultool for ex-
ploringremoteenvironmentsHowever theseworldsare®-
nite andde®nedby thelimits of theworkspacef therobot.
We havesincebeendevelopinga newtool for spacebrows-
ing onamuchlargerscale.Werealizedhatit wasnecessary
to delivera more realistic perceptionof physicalembodi-
mentof the userwithin the remotespacebeing explored.
Suchassystemmustimmersethe userin the remoteworld
by providing continuity of motion and usercontrol of that
motion. Theseelementsvould providethe userthe visual
cuesnecessaryo stitch togetherthe entire visual experi-
encesnto acoherenpictureof abuildingandits occupants.
We alsowantedto providethe userwith themeango com-
municateandinteractwith theremoteworld andits realin-
habitantausingthis newsystem.

Our answerto this problemis a helium-®lledblimp of
humanproportions,or smaller The blimp or tele-mobois



a simpledevice. It hasseveralmotorsdirectly connected
to small propellers,andno othermoving parts. The com-
plexity of the electronicds comparablevith a CB radioor
smalltelevisionreceiver Theprototypecostapproximately
$1000.1n quantity it shouldbe possibleto produceblimps
that perform betterthan our prototypefor $300. Among
the mechatroniaeviceg(printer, scannersetc)thatwill be
connectedo computersn thefuture,blimpswill beamong
the simplest.On boardthe blimp is avideocameramicro-
phone,speakerandradio links. The payloadis lessthan
a pound. Our ®rstprototypeis lifted by a 6 foot by 3 foot
cylindrical balloon. Our secondprototypehasan 8 ounce
payloadandis lifted by a5 foot by 2.5 foot balloonwhich
“ies inaverticalpose.Ilt canpasghroughanopendoorway
climb a stairwellor enteranelevator At theotherotherend
of theradioconnectionsa PCor UNIX machinewith frame
grabbehardwareanda soundcardlinks theblimp'ssensors
andactuatorgo the network.

Thepilot, elsewher@ntheinternet,usesa Javal24] ap-
plet, runningwithin anyJavasupportingorowserto deliver
continuousommandso theblimp andreceivestatusnfor-
mationbackto bedisplayedandaid the pilot in navigation.
In addition,usingexistingteleconferencingoftwaresuchas
nv or vic for the Mboneor CU-SeeMefor mostPC's, the
usercanreceivdive videoandaudiofrom theremotespace.
As theuserguidesthe blimp up or down, left or right, net-
work videofrom theblimp'scamergogsandstuttersonthe
pilot'sscreen.Theusercanalsosendaudiobackto there-
motespacesothatactualinteractiveconversationsantake
placeremotely

Theblimp offersthepossibilityof awiderangeof sponta-
neousgroupinteractionsTelephonesndteleconferencing
areintrusivemedia. The recipientmustinterruptwhatever
theyaredoingto answerthe call. Theinteractionis either
one-on-onepr within a pre-arrangedroup. A tele-mobot
cruisingby a group canoverhearthe conversationrecog-
nize the groupmembersanddecideif it is appropriateto
entertheconversation.

Our aim is not to replacedirect humaninteractionbut
ratherto extendit. It allowsfor mobility in the 3rd dimen-
sionwhich is a wonderfulability in a building, gallery or
large hall. However the blimp tele-moboialsooffer anex-
periencehatis oftenricherthanhumarexperiencsincethe
blimp cantravelinto placesanddeliverviewsfrom perspec-
tiveswherenohumancouldtravel,suchashighaboveapro-
ductionfacility or studio.

A blimp tele-mobothasno problemsco-habitatingwith
humansaA collisionof ablimp with a®xedobstacleraper
sonis harmlessEvenanout of controlblimp posesoreal
threatto people while sucha statementould notbe made
for othermobilerobots.

Dif ®cultmotionplanningproblemsareavoidedby being

in theair. While mostmobilerobotswith wheelsandtracks
strugglewith varying oor surfacesandmostcannothan-
dle stairsor evena singlestep,the blimp tele-mobotsim-
ply “ies oversuchproblems.Theblimp alsoavoidsmanyof
thedif®cultmotionplanningproblemsftenencounteretly
wheeledandtrackedmobilerobotswhentheyenteraroom
litteredwith books®lesor cablesonthe oor.

Overallwe havefoundthattheimmersiveexperiencef
driving a blimp tele-moboto be very compelling. Themo-
tion is smoothandnaturalandwe hopeto havea prototype
availablesoonto the WWW community

Acknowledgments

Many people were inspirationalin helping with ideas,
suggestionscomments,and feedbackabout Mechanical
Gazeduring its development:Ken Goldbeg, Natalie K.

Munn,JimBeachJef WendlandtFerendovac,andMark
Pauline.

References

[1] Tim Berners-LeeRobertCailliau, Jean-Francio&roff, andBerndPollerman.
World-wide web: Theinformationuniverse.Electionic Networking:Reseah,
Applicationsand Policy, 1(2), WestportCT, Spring1992.

[21 Mark PescePeteiKennard.andAnthonyParisi. Cyberspaceln First Interna-
tional WWWConfeence 1994.

[3] DavidGelernter Mirror Worlds. Oxford University Press;1992.

[4] H. JohnDurrett. Color andthe computer AcademicPress1987.

[5] C.A.Lynch. Thetechnologie®f electronicimaging. Journal of theamerican
societyfor informaionsciencepage$78+585Septembef 991.

[6] M. Ester Imagequality andviewer perception.In SIGGRAPHL990art show
pagess51+63,August1990.

[71 J.L.KirschandR.A. Kirsch. Storingartimagesin intellegentcomputers. In
Leonado, volume23, page$99+106,1990.

[8] RaymondGoertzandR. ThompsonElectronicallycontrolledmanipulatorNu-
cleonics 1954.

[9] A.E.R. Greaves. Stateof the art in nucleartelerobotic: focus on the
man/machineconnection. In Transationsof the AmericanNuclear Society
1994.

[10] R.D.Ballard.A lastlonglook attitanic. NationalGeographicDecembe 986.

[11] C.Ntuen,E.Park,andS.Kimm. A blackboardarchitecturdor human-mace
interfacein mining teleoperationin HumanComputernteraction 1993.

[12] C.R.WeishinandD. Lavery. Nasaroverandteleroboticgechnologyprogram.
In IEEE Confeenceon Roboticsand AutomationMagazine 1994.

[13] PS.GreenJ.W Hill, J.F JensenandA. Shah. Telepresencsuigery. In IEEE
Engineeringn Medicineand Biology Magazine 1995.

[14] J.V. Draper Teleoperatorfor advancednanufacturingapplicationsandhuman
factorscallengesln InternationalJournalof HumanFactorsin Manufacturing
1995.

[15] R.S.Mosher Industrialmanipulators Scienti®@merican 211(4),1964.

[16] R.Tomovic. Onman-machineontrol. Automatica5, 1969.

[17] HansMoravec. Mind Children. TheFuture of Robotand Humanintellegence
HarvardUniversity Press1988.

[18] RichardWallace. A notebookactivevision system. IU Workshop February
1996.

[19] K. Goldbeg, M. MaschaS.GentnerN. Rothenbeg, C. Sutter andJef Wieg-
ley. Robotteleoperatiowia www. In InternationalConfeenceon Roboticsand
Automation|EEE, May 1995.

[20] http:/iwww .telescope.org/

[21] http:/iteler obot.mech.uwa.edu.au/

[22] http:/icwis.usc.edu/dept/garden/

[23] KarelCapek.R.U.R(RossungUniversalRobots) DoubledayPageandCom-
pany, 1923.

[24] JamesGoslingandHenryMcGilton. Thejavalanguageenvironmer: A white
paper Technicalreport,SunMicrosystem1995.



