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Abstract. This paperdescribesSRIPPs structuredreactive image
processinglans,that aretailoredfor the needsof autonomouser

vice robots.SRIPPsareimplementecbn top of a modular dynami-
cally con gurable,architecturecalledRECIPEandspeci ed assub-
planswritten in the robotcontrol/planlanguageRPL [13]. Specify-
ing imageprocessingoutinestransparenthandexplicitly aspartof

therobots'plansratherthanhiding themin separatenodulesmakes
the robots' visual capabilitiesmore effective, ef cient, and robust.
The useof SRIPPsnablegobotsto generatereasoraboutandre-

visetheirimageprocessingoutines They canalsosynchronizeheir
imageprocessingctvities with their otheractionsandusecontrol
structurego recover from imageprocessindailures.

1 Intr oduction

Many autonomouservicerobotsthatactin dynamicallychanging
ervironmentsneedto acquireandinterpretvariouskinds of visual
information.Consideranof ce delivery robotthatis to accomplish
thefollowing job: “Gettheredenvelopefrom Wolfram's desk’ Such
a job speci cation containsvisual descriptionf the objectsto be
deliveredaswell asthe locationsfor collectionand delivery of the
objects.To achieve thetask,therobothasto performdifferentkinds
of visualtaskslike recognizingpiecesof furniture or partsthereof,
visually searchingegionsin imagesdetectingoeople andsoon.
Making theirimageprocessindIP) capabilitiesef cient andreli-
able oftenrequiresrobotsto (1) usecontectual informationto sim-
plify 1P tasks,(2) tailor IP routinesto speci ¢ situations,(3) tightly
integratethe IP capabilitiesnto the operationof the controlsystem,
and(4) makeoptimaluseof the robot's computationatesourcesin
particulay we considerthefollowing featurego be essentiafor suc-
cessfullyintegratinglP capabilitiesnto robotcontrolsystems.
Stability. Therobotcontrolsystenshouldfunctionstably evenin
the caseof somesystenfailure.
ResourcemanagementlP capabilitiesshouldmakeef cient use
of thelimited facilities availableto therobotsuchascamerasand
the processingmemoryand communicatiorresourcesEmploy-
ing theseresourcesptimallyrequireshatthe stratgy for manag-
ing IP resourcebe adaptie.
Distrib uted control. Therobot's controlsystenis physicallydis-
tributedon differentcomputersGenerallythebandwidthfor com-
municationis limited andthe informationtransferredwithin the
systenshouldbe asconciseaspossible.
Image processing outinesas actions IP routinesareactivated,
controlled,and synchronizedby the robot control system.Like

This work haspatrtially beensupportecby EC ContractNo ERBFMRX-
CT96-004underthe TMR Programme.

University of Bonn, Dept.of ComputerSciencdll, Roemerstr164, D-
53117Bonn,Germanyemail:beetz arbuckle,abc,mann@cs.uni-bonde

Cc 1998M. Beetz,T. Arbuckle,A. B. CremersM. Mann
ECAI 98. 13thEuropeanConfeenceon Arti cial Intelligence
Editedby HenriPrade

Publishedn 1998by JohnWiley & Sons Ltd.

otheractionsyisualroutineshave bothdesiredeffects,suchasthe
acquisitionof new information,andsideeffects,suchaspointing
thecameraor consumingcomputationatesources.

Image processing outines as plans. The robotreformulatests
IP tasksusinglocalinformationit gatherdrom its sensorandad-
juststheway it solvesthosetasksdependingn thisinformation.
Imageprocessingoutinesin context. ThelP taskf autonomous
robotsareembeddedn comple actiities. Thereforeyisualrou-
tines neednot alwayswork. Oftenit is betterto apply methods
that, with a high probability, return good resultsin conjunction
with methoddor failure detectior{10] andrepair[12].

We presenthe designof a programmingsystemfor IP routines

which satis estherequirementsbore. Our solutionconsistf

RECIPE, adynamicallyloadable modulararchitecturen adis-
tributedrobot control systemthat providesthe basiclP function-
ality andmanagesmagesandotherIP datastructureslt provides
avariety of standardP routinessuchasedgedetectorsgcorvolu-
tions, noisereduction sggmentationgtc.

RPL|p, an extensionof the abstractmachineprovided by the
robot control/planlanguageRPL. RPLjp provides suitableab-
stractiondor imagesregionsof interest,etc,andsupportsa tight
integrationof thevision routinesinto therobotcontrolsystem.
Image ProcessingPlans that provide variousmethodsfor com-
bining IP methodsinto IP pipelines.IP planssupportthe imple-
mentationof robust vision routinesand the integration of other
sensorsuchaslaserrange nders andsonardor objectrecogni-
tion tasksandsceneanalysis . Sincevision routinesare RPL pro-
gramsthey canbeconstructedrevised,andreasone@boutwhile
therobotcontrolprogramis beingexecuted.

Themostsigni cant contritution of this paperis theideaof hav-
ing asinglelanguageo control physicalactions perceptioractions,
andthe internaloperationsof IP routines.This uniform framevork
views IP routinesas actionsthat needto be controlled,monitored,
and synchronizedand plansthat canbe generatedreasonedbout,
andrevised. Thesefeaturesarecrucial constituent®f effective, ef -
cient,androbustimageprocessindor servicerobotapplications.

Beforegoing on to describethe structureof the remainderof the
paper we give a shortexamplein which the needfor theserequire-
mentsis demonstrated.

2 ImageProcessingasPart of Robot Control

We have implementedSRIPPsaspart of the FAXBOT controlsys-
tem, a robotcontrol systemthatis designedor robustandef cient
executionof delivery planson the autonomousnobile robot RHINO
(seeFig. 1), anrwiI B21 robot. RHINO is equippedwith threePCs



connectedo acomputenetworkvia atetherlessadiolink. Thesen-
sor systemconsistsof 24 ultra-sonicproximity sensorsfwo laser
range nders, anda CCD stereccolor camerasystem.

FAXBOT operatesn a part of an of ce
building (seeFigure2) and usesa symbol-
ically annotated3D world model that in-
cludesitemssuchaswalls,doorwaysrooms
and static piecesof furniture. The world
modelprovidesall the informationrequired
for fastandcollision freenavigationandac-
curaterobotlocalization17]. Therobotpos-
sessesa havigation systemthat can deter
minetherobot's positionin thisenvironment
with an averagepositionaccuray of abouteightcentimeterandan
averageorientationakrrorof lessthantwo degreeq17].

Let us consider an example
shavingtheadwantagesaccruing
fromhaving imageprocessings
anintegral, explicit andtranspar
ent part of the control system.
We considerthe classictask of
visual placerecognitionandthe
recognitionof known piecesof
furniture within an of ce erwi-
Fig. 2: FAXBOT navigatesn frontofa rqgnment. In this problem con-
shelf,turns to facethe shelf,and runs text, specializationand adapta-
theroutinesfor recognizingheshelf. {51 to the ervironmentpromise
greatsimpli cations of the visual processingequired.The IP func-
tionality for this type of taskis well known, permittingus to focus
on the addedfunctionality which comesfrom employing SRIPPs.
Simply put, FAXBOT employsageometrigorojectionalgorithmthat
takes RHINO's position and the direction in which the camerais
pointing as agumentsretrieves the furniture itemsin the robot's
view, andpredictswherethe cornersof thefurnitureitem shouldap-
pearin the cameraimage. Thus FAXBOT appliesa compoundP
routinewhich searchesor the predictedinessuggestedby the geo-
metricprojectionalgorithm.

FAXBOT is responsibldor the control of the IP operationge-
quiredfor objectrecognition.Sincetheseoperationsarerepresented
asplans,FAXBOT cantailor thevisualrecognitiorof furnitureitems
by selectingthelinesto befoundandby sortingthesedinesin anor-
derthatshouldpromisefastandreliablerecognition As anexample
of specializationsupposehatthe color of theitem of furniture dif-
ferssigni cantly from the backgroundThe objectrecognitionpro-
cedurecanthenlook for theboundarycornersrst. If, for example,
proximity sensorgdetectan objectstandingin front of the item of
furniture, the processanadaptits plan,andthusits sequencef IP
operationsto prefervertical lines andhigh corners.The procedure
will runthe routinesfor detectingandrecognizinglinesin parallel
or sequentiallydependingon CPU load. The con dencevaluefor a
successfutecognitionwill alsobe setaccordingto speci ed dead-
lines for the recognitionprocessin the caseof recognitionfailures
therobotcontrolprogramrunningthe recognitionprocedurecantry
to relocalizetherobotor move therobotto a differentlocationnear
thefurnitureitemto perhapgetabetterview.

The following gures show the outputof different stepsof the
recognitionprocedureln Figure3 onecanseethe region of interest
(black)thatis computedrom thedegreeof con dencein therobot's
locationwith the white lines beingthe edgesdetectedby the edge
detectowithin thisregion. Figure4 showvs the nal resultof recog-
nizing theshelf. Theblacklinesarethe predictedonesandthewhite

Fig. 1: RHINO
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onesarethe recognizedines. Suchresultsareto be expectedfrom
thistypeof IP.

It would beimpossibleto achieve this level of e xibility andro-
bustnessf imageprocessingvere hiddenwithin discreteand x ed
IP modulesthatcouldbe usedonly in avery limited andprede ned
way andwerecontrolledby storedsequencesf IP requestsSincel P
routinesin our approactaredynamicallygeneratedndreviseddur
ing robotoperation the robot control systemneedsdirect accesgo
thevisualinformationsensedy therobot. Moreover, sincethe con-
trol routinesareconcurrenprogramsthey maysimultaneouslyeed
to reador modify the sharedvisualinformation.In this contet, the
IP facility mustenforcecontrolledaccesgo the visualinformation
to ensurestability andoptimaluseof availableresources.

Fig. 3. Edgedetectiorstep. Fig. 4. Recognizinghe shelf

Theremaindeof the paperis organizedasfollows. Section3 de-
scribesthe interfacebetweerthe IP facilities andthe planlanguage
RPL. Section4 shavs how SRIPPs plansthat specify IP routines,
areimplementedWe demonstrateéhe modularityandtranspareng
of SRIPPsandthatthey canbe generate@ndrevisedby automatic
planningtechniquesSection5 describeshow the requirementdgor
stability, resourcemanagemenand distributed control are met by
RECIPE,a runtimecon gurable,imageprocessingystem Finally,
we summarizeour results giving directionsfor futureresearch.

3 Robot Control and the IP Interface

To explainhow theIP operationareembeddedvithin therobotcon-
trol systemwe must rst explain how the robotcontrolsystemitself
functionsaswell astheinterfacebetweerthe plansandthe IP oper
ations.IP routinesarerun as partsof structuredreactve controllers
(SRCs).SRCsspecifyhow therobotis to respondo eventsandfeed-
back generatedy the low-level control modulesof the robot. The
main component®f SRCsarethe uents, the processmodulesand
the structuredreactiveplan [5].

Fluentsareregistersor progranvariableghatsignalchangesf their
values.They are usedto storeevents,sensomreportsand feedback
generatedby low-level controlmodules Moreover, since uents can
be setby sensingorocessegphysicalcontrol routinesor by assign-
mentstatementghey arealsousedo triggerandguardtheexecution
of high-level controlroutines.

For imageprocessingve introducenew cateyoriesof uents that
storebasicdatastructuresuchasimagesregionsof interest|lines,
segmentscon dencevalues.or theirindices.
Procesamodulesareelementaryrogramunitsthatconstitutea uni-
form interfacebetween'high-level” plansandthe “low-level” con-
tinuouscontrolprocessesuchaslP routines.

Theprocessnodulesras-imace, for example,whichis providedin
ourIP extensionof RPL is activatedwith acameranamejmagesize,
andwhethertheimageis to be color or grayscaleasits parameters.
Themoduleupdateghe uents imace, in whichthegrabbedmageis
stored andoone?, whichis pulseduponprocessompletion.
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Another processmodule,rrocess-IMAGE, takesan image, the re-
gion of interest,the IP operator and additionalparametersor tun-
ing asits agumentsThelP operatorsncludeedgedetectorgSobel,
Canry, ...), line followers, sggmentationoperatorsand so on. The
imageandregion of interestparameteraretheindicesof theimages
andregionsof interesto befoundin theimageandROI tablesof the
RECIPEmodule.The uents thatareupdatedby the Process-iIMAGE
modulearethe imace, roi, andoone uents that containthe image
resultingfrom the applicationof the operatorandthe donesignal.

Therearealsoprocessnodulesfor matchinglines, generatinge-
gionsof interestseggmentingmagesdisplayingimagesandsoon.
Structur ed Reactive Plans (SRPs) high-level controlroutines,are
concurrentyeactie control programs Executingan SRPactvates,
deactvatesandparameterizegrocessnodulesTorealizestructured
reactve imageprocessingplans(SRIPPs)an obvious extensionof
SRPswe have augmentedhe interfacebetweerthe high-level con-
trol languageandthelow-level controlprocesses.

RPL and Image ProcessingControl Structur es.Therobot's plans
andIP routinesareimplementedn rRpPL (Reactve PlanLanguage)
[13]. rPL providesconditionals|oops,programvariablesprocesses,
and subroutinesas well as high-level constructdqinterrupts,moni-
tors) for synchronizingparallelactions.To makeplansreactve and
robust, it incorporatesensingandmonitoringactions,andreactions
triggeredby obsenedevents.

Moreover RPL providesconceptshatare crucial for the realiza-
tion andintegrationof IP routines.The pLan-statemenhasthe form
(PLAN STEPSCONSTRAINTS STERS have the form (1A name suepLAy and
tag SUBPLANwith the nameNAME. constrints have theform (or-
DER ) where sarenametagsof the plansteps.Stepsareexe-
cutedin parallelexceptwhenthey areconstrainedtherwiserry-aLt,
anotherpPL controlstructure canbeusedto runalternatve methods
in parallel. Thecompoundstatemensucceedd oneof themethods
succeeddJponsuccesstheremainingprocesseareterminated.
An Example Program. Therefollows a programsggmentthatgrabs
a240 320 pixel imagewith theleft camerareturninganindex for the
image.The programseggmentcreateswo local uents vc-p-F. and
poNe-FL. It passeshe uents ascall parameters$o the procesamod-
ule crae-iIMAGE. The modulesetsima-ip-FL to theindex of thegrabbed
imageandpulseshe uent pone-FL uponcompletion.

(WITH-FLUENTS (IMG-ID-FL DONE-FL)
(GRAB-IMAGE :CAMERA LEFT

:SIZE (240 320)
:COLOR TRUE
:GRABBED-IMAGE IMG-ID-FL
:DONE DONE-FL)

(WAIT-FOR DONE-FL)
(FLUENT-VALUE IMG-ID-FL))

Thesegmentactivatesthe modulecras-imace, waitsfor theimage
captureto completeandreturnsthe valueof the uent iMAGe-iD-FL.

4 Structured Reactivelmage ProcessingPlans

To reasonaboutlP routines,they have to be implementedasplans.
Plansarecontrolprogramghatcannotonly be executedbut alsoau-
tomaticallyanalyzedndtransformedlP pipelinesareanappropriate
meanf representingomple IP routinesasplansbecausgipelines
aremodular transparenand makethe sequencingf IP operations
explicit [16]. Imageprocessingipelinesaredata o w programsgi-
rectedgraphs,in which eachnoderepresentsn IP operationand
eachdirectedarc representa pathover which datasuchasimages,
regionsof imagespor extractedines, o w.

Figure 5 shavs an imageprocessingipeline for recognizinga
cornerof a knawn item of furniture asdiscussedn section2. The
pipeline hasto be provided with animagecapturedby the camera,
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the predictedcoordinatesf the cornerin the image,anda region
of the imagein which the line should occur consideringthe cur-
rentuncertaintyaboutthe robot's own position. Theseinputs of the
pipelinehavethenamesrebicTed-LINE, ROI-SPEC, andivace. Thepipe-
line is a sequencef four opera-
tions.The rst one,creaTe-ROI, €X-
tractsthe region speci ed by rol-
spec from theimageandprovides
the region namedrol as its out-
puts.Thesecondipelinestepap-

PREDICTED-LINE

[ Rol-speC | IMAGE

ROI-SPEC] [ IMAGE

CREATE-ROI

ROI

SOBEL

PROCESS IMAGE plies an edgedetector(called So-

[ ol | [wace] ] bel)totheregionandthisregionis
FotLower thenprocessedy aline following
live-P[[_Roi_JTince algorithm. Finally, RecoGnize-LINE
g takestheregionwith thelinesand
comparesthese candidate lines

S TR T W|th th(_apr(_edlctedlne providedas
a pipelineinput. The bestmatch
[upe] [co] found by the last pipeline step,

andthecon dencethatthisline is
theimageof thepredictedine, are
the outputsof thepipeline.
ImageprocessingipelinesasRPL plans.IP pipelinesarespeci ed
usingthe macrommace-procESSING-PIPELINE, Which hastheform

(IMAGE-PROCESSING-PIPELINE | Pipelinelnterface

‘ PipelineSteps*

[ DETECTED-LINE | [ CONFIDENCE-VALUE |

Fig. 5: Imageprocessingipeline.

:CONNECTIONS‘ PipelineConnection$

wherePipeline Interfacespeci es the input and outputdatapaths,
PipelineStepghe P operatorsandthe PipelineConnectionsirethe
datapathsbetweerthe pipeline steps.The macroimMaGe-PROCESSING-
PIPELINE IS expandedinto an RPL plan that containsa wiTH-FLUENTS-
statemenandrLan-statementsConnectionareimplementedsshared
uents declaredn thewitH-rLUENTS StatementonelP operatomrites
the uent thatthenext onetakesasaninput. Eachplanstepstartshe
IP operationandwaits for its completion.The connectionsarethen
transformednto :oroer constraintdor the pLan statemensothata
pipelinestepcanrun only if all stepsthatproducethe steps inputs
have beencompleted.
Imageprocessingletailsarehiddenby de ning a procedurehat

takestheinputandoutput uents of the pipelineasamguments.

(DEF-INTERP-PROC FIND-A-PREDICTED-LINE
(PRED-LINE-FL ROI-SPEC-FL IMG-FL
DETECTED-LINE-FL CONFIDENCE-FL DONE?)

| Image Processing Pipeline |)

Controlling imageprocessing outines.Thefollowing pieceof code
shaws the synchronizatiorof IP routineswith the restof the robot
controlsystem.
(WITH-VALVE WHEELS
(WITH-VALVE CAMERA
(TRY-ALL

(WAIT-TIME 5)
(WAIT-FOR ( CONFIDENCE-FL 0.7))

(SEQ| (FIND-A-PREDICTED-LINE PRED-LINE-FL ... DONE?) |
(WAIT-FOR DONE?)))))

To avoid destructve cross-procesisiterferencesno otherprocess
shouldbe ableto makethe robot leave its currentlocationor redi-
rectthecameraThisis doneusingvalves semaphorethatprocesses
mustown in orderto issueparticularkinds of commandsThus,ary
procesghatcausegherobotto move to anothemplacemust rst re-
questthevalve wrHeeLs, move therobotuponreceving thevalve, and
releasehevalve afterthecompletionof themovement.
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Anotherimportantaspecbf controllingIP routinesis the assign-
mentof computationalesourcedo IP tasks.In the exampleabove
we usethe Trv-LL Statemento do this. The Try-ALL Statemensuc-
ceedsf vesecondhave passedthecon dence uent exceedshe
con dencethresholdof 0.7, or if the FiInD-A-PREDICTED-LINE rOUtinehas
completed Thus,the codesggmentabove runsthe rFinp-A-PREDICTED-
une IP pipeline until thereis enoughevidencefor a correctly rec-
ognizedobjectandat mostfor ve secondsThe valveswreeLs and
CAMERA ensurehattherobotandthe cameraarenotmoved.
Application of alternative methods.We canapplyRPL controlstruc-
turesin orderto combinealternatve IP methods for example,dif-
ferentmethoddor recognizinga pieceof furniture.If, for instance,
the item hasa distinctive color, the robotcan rst extract similarly
coloredsggmentsandthenapply the otheroperationsonly to these
segments.The different methodscan be appliedin parallel or se-
quentially until one methodacquiresenoughevidenceor the accu-
mulatedevidenceof all methodssurpasses given threshold.This
canbespeci edusingsuchRPL controlstructureasTry-ALL.

Failure recovery Rokust control systemsmust deal with failures
of their IP routines.Considerthe routinerinp-a-prRebicTeED-LINE Which
will fail if the furniture hasbeenmoved, if the robotis uncertain
aboutits position,if the pieceof furnitureis (partly) occluded,and
soon. FAXBOT's plansthat executethe IP routinestry to detectif
the routinesfail and signalfailuresin thesesituations.Thus, Finp-
A-PREDICTED-LINE Signalsa failure if the predictedline could not be
recognizedr couldberecognizednly with alow con dence.In the
caseof failure, robust control structurescanthen checkthe robot's
con dencein its positionestimateor uselaserandsonarange nders
to detectpossibleocclusionsaandrecover from recognitionfailures.
Tailoring pipelines.Therearemary IP parameterthattherobotcan
adjustby sensingout cannotpredeterminef-or example,the quality
of lighting within aroomcanbe percevedby therobot's sensordut
therobotcannotknow in advancewhetheraroomwill beadequately
lit. Thus,the IP pipelinesshouldbe tailoredto t the robot's par
ticular circumstancesind environment.Insteadof requiringthe IP
routinesto have generalapplicability and reliability, FAXBOT ap-
pliesaselectionof context-speci ¢ IP routinesthatwork well in the
contets for whichthey have beentailored.

It is possibleo dynamicallymodify thelP pipelinesbecaus&RIPPs
are plansand becausespeci ¢ tools provided by RPL permit pro-
cessedo (1) projectwhatmight happenwvhena robot controllerex-
ecutesa SRIPP[14]; (2) infer what might be wrong with a SRIPP
givenaprojectedexecutionscenarioand(3) performcomplex revi-
sionson SRIPP414, 6]. Thus,explicitly representingP routinesin
the robot's plan enableshe robotto apply variousmethodsto sim-
plify its vision tasks.It can posemore specializedvision problems
[11] andadaptthe computervision stratgiesto the particularcon-
text (ervironment,task,image)during execution[15]. Mechanisms
for revising plansduringtheir executionaredescribedn [7].

5 RECIPE — A Modular IP System

RECIPE- Recon gurableExtensibleCaptureand Image Process-
ing Environment- is the systemmoduleresponsibléor the capture
andprocessin®f the visualinformationcontrolledandmodeledoy
the SRIPPslt hastwo principalcomponents a capturesener and
severalcopiesof animageprocessingIP) sener.
Thecaptureseneris alightweight,robustprocessvhichhasthree
main responsibilitiesit storesthe imagescapturedby the systems

Thesefacilities have beenfully implementedor thephysicalactionsof the
robotbut arenotyetfully applicabletio theimageprocessingoutines.
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cameraslt alsostoresall importantsystemdataand con guration
information for RECIPE.On mary supportedarchitecturesstored
informationis storedpersistentlythus makinga systemrestartpos-
sible evenin the caseof atotal systemfailure. Finally, the capture
sener actsasa watchdogfor all IP seners,restartingandrecon g-
uring themif their processinghouldcausehemto hangor crash.

ThelP senerformsthe heart
of the RECIPE system. It is
a script controlled modular ar
chitecturefor the implementa-
tion of image processingop-
erationsand pipelines. The IP
sener loadsand unloadsimage
processindunctionality accord-
ing to commandssent by the
controlling SRIPPs.Communi-
cationwith the capturesener is establishedby way of sharednem-
ory (especiallyfor images)yndby pipes/socketffor fastcontroland
con gurationinformation).An IP seneris shavnin gure 6.

RECIPEhasbeendesignedo satisfy mary of our requirements
for stability, distributedcontrolandresourcenanagemenfiThe cap-
ture sener is a small, lightweight processwith limited andclearly
de ned functionalitywhich additionallyactsasa systemwatchdog.
It restartsandrecon gureslP senersin the eventof a partial sys-
temfailure, thusgiving the systemgreatertoleranceof badlyimple-
mentedP modulesMoreover, it storesall relevantsystenstatusall
imagesandall ROIsin acentral(usuallypersistentjocation.

As for the criterion of distributed control, RECIPEperformsall
of its IP on therobot. Its run-timecon gurationis dependenon the
robot's context andonly brief control messagenseedbe transferred
betweerthe externalcontrolling processeandthe RECIPEsystem.
RECIPEthereforeencouragedistributedcontrol.

Themanagemerdf availableresourcess oneof RECIPESessen-
tial featuresSincelP operationsarelargely written to be asef cient
as possible further optimizationsin systemefciency canonly be
madeby employingcontext speci ¢ algorithmsfor problemsolving.
RECIPES modulesareloadedandunloadedon demandpermitting
suchcontextual implementationMoreover, by employingdynamic
linking RECIPEboth restrictsthe memoryfootprint of the process
andreducesomplity of thesystemScode.
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Fig. 6: IP ServerDesign.

6 RelatedWork

In contrastwith otherIP systemssuchas TamgetJr Khorosor Mat-
lab, atany onemomentRECIPEonly providesarestrictecanddense
subsebdf IP operationdailoredto thetaskathand.lt manageshere-
sourceswvailableto therobot,loadingandunloadingfunctionalityon
demandandmonitoringits operationaktatus We considerRECIPE
to provide a subsebf the functionality offered by otherIP systems
in amannersuitedfor operationon anautonomousobot.

Researchin the active vision area[2, 3, 4] focuseson increasing
the performanceandrobustnesf IP routinesby selectvely apply-
ing specialpurposeoutinesthatextract purposve informationfrom
theimage.SRIPPsandRECIPEfocuson particularaspect®f active
vision, namelyhow to specifysubplanghatcanperformactive IP in
arobotcontrol/plananguagendtheresourcenanagemerfacilities
necessaryor robustperformanceainderscarceresourceconstraints.
Horswill studiesspecializatiormethoddgor deriving fastIP methods
from environmentalkonstraint§11].

Ullman's theoryof visual routines[18] proposeshat our visual
perceptionis achieved by modularvisual routines.Theseare com-
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posedof simplevisualactionsusinga small setof registerscontain-
ing visualdata.In conjunctionwith uents, SRIPP<ananalogously
be consideredo be an expressve high-level programminganguage
for theimplementatiorof visionroutines.

RECIPEin conjuctionwith RPL andSRIPP$hasmuchin common
with the Gaigoyle system[1$ embeddedh a three-tieredobotcon-
trol architecturd8]. Gagoyleis alsoamodulamplatform-independent
IP ervironmentthatcanassemblendexecutelP pipelines As with
RECIPE,Gagoyle hasaninterfaceto a high level robotcontrolsys-
tem but in the caseof Gagoyle, the IP routinesare not plansthe
controlsystencanreasorabout RECIPEStwo componentlesignin
which onerohust,lightweightcomponenactsasasystemwatchdog,
restartingandrecon guring failed processeemphasizeRECIPES
focuson overall systenrohustnessRECIPEis morespecializedor
the role of an IP systemrunningon a robot. Its modulararchitec-
tureandrun-timecon gurability give it agreateicon gurability than
GaigoyleandRECIPEis ableto usethisto goodeffectin conjunction
with therpPL SRIPPsThereis anumberof robotcontrolsystemshat
tightly integratelP moduleseg. [1] and[9]. To thebestof ourknowl-
edge,noneof thesesystemsareconcernedvith reasoningaboutlP
routinesata symboliclevel.

7 Discussionand Conclusions

Discussion. In this paperwe haveonly discussedhetaskof place
recognitionwhereprocessinglelaysaretolerable.In the versionof
therobotof ce courierwe have presentedhardreal-timetasks such
ascollision avoidanceandlocalization,arehandledby sensoiinter
pretationsystemswhich do not employIP [17]. In our currentre-
searchwe are alsoinvestigatinglP taskssuchas peopledetection,
gesturedetectionand recognitionwhich have rm schedulingre-
quirementsTheseschedulingequirementaremetby fastfeedback
loops(sendingasynchronousignals)which arehandledoy RPL.

Concerninghetopic of robustnessye have beenconcernedvith
fault toleranceof IP routinesand the programsthat control them
ratherthanfaultavoidance Thereforewe did notdirectly addresshe
robustnes®f thelP algorithmsthemseles.Insteadouraimhasbeen
to ensurehatthelP algorithmsandroutinesarecapableof detecting
their own succesand failure so that the high-level control system
canspecifyappropriateontrol structurego recover from failures.

Similarly, we have notbeenconcernedvith how thelP algorithms
handleuncertaintyin the mannerin which they evaluatethe like-
lihood of their results.Ratherwe have soughtto exploit the robot's
knowledgeof its uncertaintyin its stateestimation- somefunctionof
the probabilitydistribution for the stateestimateprovided by our lo-
calizationroutines-to selectandparameteriz& algorithms[5].The
casethat this distribution is multi-modal can be handledappropri-
ately by RPL's ability to speculatiely andconcurrentlyexecutedif-
ferentlP method=r parameterization®©f courseuncertaintymight
give riseto incorrector ambiguoudP results.In mostcaseghis will
causeheplannedactionsto fail andtherobotwill thenpercevesuch
failuresandhandlethemcorrectly

Finally, within comple serviceapplicationghereis a needto be
ableto reasoraboutgoal sequencingndplanstepschedulingOnly
by usinga high-level planlanguagesuchasrpL canwe performthe
necessaryransparergmbeddingf IP within thecontrolsystemWe
have developedsimilarembedding$or naturallanguageinderstand-
ing andfor actionplanning[7].

Conclusions.This researcthasshavn how the processesf a gen-
eral robot control systemcanbe combinedwith IP in a transparent
way givenasuitableprotocolandthe supportof controlabstractions
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in the high level language SRIPPgepresentin abstractiorof low-
level imageprocessindIP) operationgnto the samedomainasthe
high-level robotcontrollanguageHaving IP operationgsanintegral
part of the controllanguageprovidesadditional e xibility andpre-
ventsthearti cial distinctionbetweerP andothersensingactionsof
therobot.In addition,theexplicit, transparenandmodularrepresen-
tationof IP routinesallows for theapplicationof Al plangeneration
andplan revision techniquego IP tasks.The implementatiorof IP
routinesmustbe supportedby an underlyingplan languagewhich
providesconcurreng andeventdriven execution.

The e xible androbust executionof IP routineson autonomous
mobile robotswould not be possiblewithout the facilities provided
by somedynamicallycon gurableIP engine.The RECIPEsystem
ful lls all of theabove requirementaswell asproviding additional
systenrohustness,e xibility andrun-timeresourcenanagement.

In our future researchwe will focuson the automaticplanning
andlearningof IP operationslependingn robotcontext thatexploit
themodulararchitectur@ndprocessingbilitiesprovidedby SRIPPs
andRECIPE.
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