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Abstract. This paperdescribesSRIPPs,structuredreactive image
processingplans,that aretailoredfor theneedsof autonomousser-
vice robots.SRIPPsareimplementedon top of a modular, dynami-
cally con�gurable,architecturecalledRECIPEandspeci�edassub-
planswritten in the robotcontrol/planlanguageRPL [13]. Specify-
ing imageprocessingroutinestransparentlyandexplicitly aspartof
therobots'plansratherthanhiding themin separatemodulesmakes
the robots' visual capabilitiesmoreeffective, ef�cient, and robust.
The useof SRIPPsenablesrobotsto generate,reasonaboutandre-
visetheir imageprocessingroutines.They canalsosynchronizetheir
imageprocessingactivities with their otheractionsandusecontrol
structuresto recover from imageprocessingfailures.

1 Intr oduction

Many autonomousservicerobotsthat act in dynamicallychanging
environmentsneedto acquireand interpretvariouskinds of visual
information.Consideranof�ce delivery robot that is to accomplish
thefollowing job: “Get theredenvelopefromWolfram'sdesk.” Such
a job speci�cationcontainsvisual descriptionsof the objectsto be
deliveredaswell asthe locationsfor collectionanddelivery of the
objects.To achievethetask,therobothasto performdifferentkinds
of visual taskslike recognizingpiecesof furnitureor partsthereof,
visuallysearchingregionsin images,detectingpeople,andsoon.

Making their imageprocessing(IP) capabilitiesef�cient andreli-
ableoftenrequiresrobotsto (1) usecontextual informationto sim-
plify IP tasks,(2) tailor IP routinesto speci�c situations,(3) tightly
integratetheIP capabilitiesinto theoperationof thecontrolsystem,
and(4) makeoptimaluseof therobot's computationalresources.In
particular, weconsiderthefollowing featuresto beessentialfor suc-
cessfullyintegratingIP capabilitiesinto robotcontrolsystems.

� Stability. Therobotcontrolsystemshouldfunctionstably, evenin
thecaseof somesystemfailure.

� Resourcemanagement.IP capabilitiesshouldmakeef�cient use
of thelimited facilitiesavailableto therobotsuchascamerasand
the processing,memoryandcommunicationresources.Employ-
ing theseresourcesoptimallyrequiresthatthestrategy for manag-
ing IP resourcesbeadaptive.

� Distributed control. Therobot'scontrolsystemis physicallydis-
tributedondifferentcomputers.Generallythebandwidthfor com-
municationis limited andthe informationtransferredwithin the
systemshouldbeasconciseaspossible.

� Image processingroutinesas actions. IP routinesareactivated,
controlled,and synchronizedby the robot control system.Like
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otheractions,visualroutineshavebothdesiredeffects,suchasthe
acquisitionof new information,andsideeffects,suchaspointing
thecameraor consumingcomputationalresources.

� Image processingroutinesas plans. The robot reformulatesits
IP tasksusinglocal informationit gathersfrom its sensorsandad-
juststhewayit solvesthosetasksdependingon this information.

� Imageprocessingroutinesin context.TheIP tasksof autonomous
robotsareembeddedin complex activities.Therefore,visualrou-
tinesneednot alwayswork. Often it is betterto apply methods
that, with a high probability, returngood resultsin conjunction
with methodsfor failuredetection[10] andrepair[12].

We presentthe designof a programmingsystemfor IP routines
whichsatis�estherequirementsabove.Oursolutionconsistsof

� RECIPE, a dynamicallyloadable,modulararchitecturein a dis-
tributedrobotcontrolsystemthatprovidesthebasicIP function-
ality andmanagesimagesandotherIP datastructures.It provides
a varietyof standardIP routinessuchasedgedetectors,convolu-
tions,noisereduction,segmentation,etc.

� RPLIP, an extensionof the abstractmachineprovided by the
robot control/planlanguageRPL. RPLIP provides suitableab-
stractionsfor images,regionsof 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
sensorssuchaslaserrange�nders andsonarsfor objectrecogni-
tion tasksandsceneanalysis.Sincevision routinesareRPL pro-
grams,they canbeconstructed,revised,andreasonedaboutwhile
therobotcontrolprogramis beingexecuted.

Themostsigni�cant contribution of this paperis theideaof hav-
ing asinglelanguageto controlphysicalactions,perceptionactions,
andthe internaloperationsof IP routines.This uniform framework
views IP routinesasactionsthat needto be controlled,monitored,
andsynchronizedandplansthat canbe generated,reasonedabout,
andrevised.Thesefeaturesarecrucialconstituentsof effective,ef�-
cient,androbustimageprocessingfor servicerobotapplications.

Beforegoingon to describethestructureof theremainderof the
paper, we give a shortexamplein which theneedfor theserequire-
mentsis demonstrated.

2 ImageProcessingasPart of Robot Control

We have implementedSRIPPsaspart of theFAXBOT controlsys-
tem,a robotcontrol systemthat is designedfor robustandef�cient
executionof delivery planson theautonomousmobilerobotRHINO

(seeFig. 1), an RWI B21 robot.RHINO is equippedwith threePCs
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connectedto acomputernetworkvia atetherlessradiolink. Thesen-
sor systemconsistsof 24 ultra-sonicproximity sensors,two laser
range�nders, andaCCD stereocolorcamerasystem.

Fig. 1: RHINO

FAXBOT operatesin a part of an of�ce
building (seeFigure2) andusesa symbol-
ically annotated3D world model that in-
cludesitemssuchaswalls,doorways,rooms
and static piecesof furniture. The world
modelprovidesall the informationrequired
for fastandcollision freenavigationandac-
curaterobotlocalization[17]. Therobotpos-
sessesa navigation systemthat can deter-
minetherobot'spositionin thisenvironment

with anaveragepositionaccuracy of abouteightcentimetersandan
averageorientationalerrorof lessthantwo degrees[17].
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Shelf
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Fig. 2: FAXBOT navigatesin frontof a
shelf,turns to facetheshelf,and runs
theroutinesfor recognizingtheshelf.

Let us consider an example
showingtheadvantagesaccruing
fromhaving imageprocessingas
anintegral,explicit andtranspar-
ent part of the control system.
We considerthe classictask of
visualplacerecognitionandthe
recognitionof known piecesof
furniture within an of�ce envi-
ronment. In this problem con-
text, specializationand adapta-
tion to theenvironmentpromise

greatsimpli�cations of thevisualprocessingrequired.TheIP func-
tionality for this typeof taskis well known, permittingus to focus
on the addedfunctionality which comesfrom employingSRIPPs.
Simplyput,FAXBOT employsageometricprojectionalgorithmthat
takesRHINO's position and the direction in which the camerais
pointing as arguments,retrieves the furniture items in the robot's
view, andpredictswherethecornersof thefurnitureitemshouldap-
pear in the cameraimage.Thus FAXBOT appliesa compoundIP
routinewhichsearchesfor thepredictedlinessuggestedby thegeo-
metricprojectionalgorithm.

FAXBOT is responsiblefor the control of the IP operationsre-
quiredfor objectrecognition.Sincetheseoperationsarerepresented
asplans,FAXBOT cantailor thevisualrecognitionof furnitureitems
by selectingthelinesto befoundandby sortingtheselinesin anor-
derthatshouldpromisefastandreliablerecognition.As anexample
of specialization,supposethatthecolor of theitem of furnituredif-
fers signi�cantly from the background.The objectrecognitionpro-
cedurecanthenlook for theboundarycorners�rst. If, for example,
proximity sensorsdetectan objectstandingin front of the item of
furniture,theprocesscanadaptits plan,andthusits sequenceof IP
operations,to prefervertical linesandhigh corners.The procedure
will run the routinesfor detectingandrecognizinglines in parallel
or sequentiallydependingon CPUload.Thecon�dencevaluefor a
successfulrecognitionwill alsobe setaccordingto speci�ed dead-
lines for the recognitionprocess.In the caseof recognitionfailures
therobotcontrolprogramrunningtherecognitionprocedurecantry
to relocalizetherobotor move therobotto a differentlocationnear
thefurnitureitemto perhapsgetabetterview.

The following �gures show the output of different stepsof the
recognitionprocedure.In Figure3 onecanseetheregion of interest
(black)thatis computedfrom thedegreeof con�dencein therobot's
locationwith the white lines beingthe edgesdetectedby the edge
detectorwithin this region. Figure4 shows the�nal resultof recog-
nizing theshelf.Theblacklinesarethepredictedonesandthewhite

onesarethe recognizedlines.Suchresultsareto be expectedfrom
this typeof IP.

It would be impossibleto achieve this level of �e xibility andro-
bustnessif imageprocessingwerehiddenwithin discreteand�x ed
IP modulesthatcouldbeusedonly in avery limited andprede�ned
wayandwerecontrolledby storedsequencesof IP requests.SinceIP
routinesin our approacharedynamicallygeneratedandreviseddur-
ing robotoperation,the robot controlsystemneedsdirectaccessto
thevisualinformationsensedby therobot.Moreover, sincethecon-
trol routinesareconcurrentprograms,they maysimultaneouslyneed
to reador modify thesharedvisual information.In this context, the
IP facility mustenforcecontrolledaccessto the visual information
to ensurestabilityandoptimaluseof availableresources.

Fig. 3. Edgedetectionstep. Fig. 4. Recognizingtheshelf.

Theremainderof thepaperis organizedasfollows.Section3 de-
scribesthe interfacebetweenthe IP facilities andtheplan language
RPL. Section4 shows how SRIPPs,plansthat specify IP routines,
areimplemented.We demonstratethe modularityandtransparency
of SRIPPsandthat they canbe generatedandrevisedby automatic
planningtechniques.Section5 describeshow the requirementsfor
stability, resourcemanagementand distributed control are met by
RECIPE,a runtimecon�gurable,imageprocessingsystem.Finally,
wesummarizeour results,giving directionsfor futureresearch.

3 Robot Control and the IP Interface

To explainhow theIP operationsareembeddedwithin therobotcon-
trol system,wemust�rst explainhow therobotcontrolsystemitself
functionsaswell astheinterfacebetweentheplansandtheIP oper-
ations.IP routinesarerun aspartsof structuredreactive controllers
(SRCs).SRCsspecifyhow therobotis to respondto eventsandfeed-
backgeneratedby the low-level control modulesof the robot.The
main componentsof SRCsarethe �uents, the processmodulesand
thestructuredreactiveplan [5].
Fluentsareregistersorprogramvariablesthatsignalchangesof their
values.They areusedto storeevents,sensorreportsand feedback
generatedby low-level controlmodules.Moreover, since�uents can
be setby sensingprocesses,physicalcontrol routinesor by assign-
mentstatements,they arealsousedto triggerandguardtheexecution
of high-level controlroutines.

For imageprocessingwe introducenew categoriesof �uents that
storebasicdatastructuressuchasimages,regionsof interest,lines,
segments,con�dencevalues,or their indices.
Processmodulesareelementaryprogramunitsthatconstituteauni-
form interfacebetween“high-level” plansandthe “low-level” con-
tinuouscontrolprocesses,suchasIP routines.

TheprocessmoduleGRAB-IMAGE, for example,whichis providedin
ourIP extensionof RPL is activatedwith acameraname,imagesize,
andwhethertheimageis to becolor or grayscaleasits parameters.
Themoduleupdatesthe�uents IMAGE, in whichthegrabbedimageis
stored,andDONE?, which is pulseduponprocesscompletion.
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Anotherprocessmodule,PROCESS-IMAGE, takesan image,the re-
gion of interest,the IP operator, andadditionalparametersfor tun-
ing asits arguments.TheIP operatorsincludeedgedetectors(Sobel,
Canny, ...), line followers,segmentationoperators,andso on. The
imageandregionof interestparametersaretheindicesof theimages
andregionsof interestto befoundin theimageandROI tablesof the
RECIPEmodule.The�uents that areupdatedby the PROCESS-IMAGE

moduleare the IMAGE, ROI, and DONE �uents that containthe image
resultingfrom theapplicationof theoperatorandthedonesignal.

Therearealsoprocessmodulesfor matchinglines,generatingre-
gionsof interest,segmentingimages,displayingimages,andsoon.
Structur ed ReactivePlans(SRPs),high-level control routines,are
concurrent,reactive control programs.Executingan SRPactivates,
deactivates,andparameterizesprocessmodules.Torealizestructured
reactive imageprocessingplans(SRIPPs),an obvious extensionof
SRPs,we haveaugmentedtheinterfacebetweenthehigh-level con-
trol languageandthelow-level controlprocesses.
RPL and ImageProcessingControl Structur es.Therobot'splans
andIP routinesareimplementedin RPL (Reactive PlanLanguage)
[13]. RPL providesconditionals,loops,programvariables,processes,
and subroutinesas well as high-level constructs(interrupts,moni-
tors) for synchronizingparallelactions.To makeplansreactive and
robust,it incorporatessensingandmonitoringactions,andreactions
triggeredby observedevents.

Moreover RPL providesconceptsthat arecrucial for the realiza-
tion andintegrationof IP routines.ThePLAN-statementhastheform
(PLAN STEPSCONSTRAINTS). STEPs have the form (:TAG NAME SUBPLAN) and
tagSUBPLANwith thenameNAME. constraintshave theform (:OR-

DER ������� ) where
���

s arenametagsof theplansteps.Stepsareexe-
cutedin parallelexceptwhenthey areconstrainedotherwise.TRY-ALL,
anotherRPL controlstructure,canbeusedto runalternativemethods
in parallel.Thecompoundstatementsucceedsif oneof themethods
succeeds.Uponsuccess,theremainingprocessesareterminated.
An ExampleProgram.Therefollowsaprogramsegmentthatgrabs
a240 	 320 pixel imagewith theleft camera,returninganindex for the
image.The programsegmentcreatestwo local �uents IMG-ID-FL and
DONE-FL. It passesthe �uents ascall parametersto theprocessmod-
ule GRAB-IMAGE. ThemodulesetsIMG-ID-FL to theindex of thegrabbed
imageandpulsesthe�uent DONE-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))

ThesegmentactivatesthemoduleGRAB-IMAGE, waitsfor theimage
captureto completeandreturnsthevalueof the�uent IMAGE-ID-FL.

4 Structured ReactiveImageProcessingPlans

To reasonaboutIP routines,they have to be implementedasplans.
Plansarecontrolprogramsthatcannotonly beexecutedbut alsoau-
tomaticallyanalyzedandtransformed.IPpipelinesareanappropriate
meansof representingcomplex IProutinesasplansbecausepipelines
aremodular, transparentandmakethe sequencingof IP operations
explicit [16]. Imageprocessingpipelinesaredata�o w programs,di-
rectedgraphs,in which eachnoderepresentsan IP operationand
eachdirectedarc representsa pathover which datasuchasimages,
regionsof images,or extractedlines,�o w.

Figure 5 shows an imageprocessingpipeline for recognizinga
cornerof a known item of furnitureasdiscussedin section2. The
pipelinehasto be provided with an imagecapturedby thecamera,

the predictedcoordinatesof the cornerin the image,anda region
of the image in which the line shouldoccur consideringthe cur-
rent uncertaintyaboutthe robot's own position.Theseinputsof the
pipelinehavethenamesPREDICTED-LINE, ROI-SPEC, andIMAGE. Thepipe-

PREDICTED-LINE ROI-SPEC IMAGE

CREATE-ROI

ROI

IMAGEROI-SPEC

DETECTED-LINE CONFIDENCE-VALUE

PROCESS-IMAGE

IMAGE

IMAGEIMG-OP

SOBEL

ROI

ROI

PROCESS-IMAGE

IMAGE

IMAGEIMG-OP

LINE-
FOLLOWER

ROI

ROI

RECOGNIZE-LINE

LINE

IMAGELINE ROI

CONF

Fig. 5: Imageprocessingpipeline.

line is a sequenceof four opera-
tions.The�rst one,CREATE-ROI, ex-
tractsthe region speci�ed by ROI-

SPEC from theimageandprovides
the region namedROI as its out-
puts.Thesecondpipelinestepap-
pliesan edgedetector(calledSo-
bel)to theregionandthisregionis
thenprocessedby aline following
algorithm.Finally, RECOGNIZE-LINE

takestheregionwith thelinesand
comparesthese candidate lines
with thepredictedline providedas
a pipeline input. The bestmatch
found by the last pipeline step,
andthecon�dencethatthis line is
theimageof thepredictedline,are
theoutputsof thepipeline.

ImageprocessingpipelinesasRPL plans.IPpipelinesarespeci�ed
usingthemacroIMAGE-PROCESSING-PIPELINE, whichhastheform

(IMAGE-PROCESSING-PIPELINE PipelineInterface

PipelineSteps

:CONNECTIONS PipelineConnections)

wherePipeline Interfacespeci�es the input andoutputdatapaths,
PipelineStepstheIP operators,andthePipelineConnectionsarethe
datapathsbetweenthepipelinesteps.The macroIMAGE-PROCESSING-

PIPELINE is expandedinto an RPL plan that containsa WITH-FLUENTS-
statementandPLAN-statements.Connectionsareimplementedasshared
�uents declaredin theWITH-FLUENTS statement:oneIP operatorwrites
the�uent thatthenext onetakesasaninput.Eachplanstepstartsthe
IP operationandwaits for its completion.Theconnectionsarethen
transformedinto :ORDER constraintsfor the PLAN statementso that a
pipelinestepcanrun only if all stepsthatproducethestep's inputs
havebeencompleted.

Imageprocessingdetailsarehiddenby de�ning a procedurethat
takestheinputandoutput�uents of thepipelineasarguments.

(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 imageprocessingroutines.Thefollowing pieceof code
shows the synchronizationof 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 destructivecross-processinterferences,no otherprocess
shouldbe ableto makethe robot leave its currentlocationor redi-
rectthecamera.Thisis doneusingvalves,semaphoresthatprocesses
mustown in orderto issueparticularkindsof commands.Thus,any
processthatcausestherobot to move to anotherplacemust�rst re-
questthevalveWHEELS, move therobotuponreceiving thevalve,and
releasethevalveafterthecompletionof themovement.
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Anotherimportantaspectof controllingIP routinesis theassign-
mentof computationalresourcesto IP tasks.In the exampleabove
we usethe TRY-ALL statementto do this. The TRY-ALL statementsuc-
ceedsif � ve secondshave passed,thecon�dence�uent exceedsthe
con�dencethresholdof 0.7, or if theFIND-A-PREDICTED-LINE routinehas
completed.Thus,thecodesegmentabove runsthe FIND-A-PREDICTED-

LINE IP pipelineuntil thereis enoughevidencefor a correctly rec-
ognizedobjectandat mostfor � ve seconds.The valvesWHEELS and
CAMERA ensurethattherobotandthecameraarenotmoved.
Application of alternativemethods.WecanapplyRPL controlstruc-
turesin orderto combinealternative IP methods,for example,dif-
ferentmethodsfor recognizinga pieceof furniture.If, for instance,
the item hasa distinctive color, the robot can�rst extract similarly
coloredsegmentsandthenapply theotheroperationsonly to these
segments.The different methodscan be appliedin parallel or se-
quentially, until onemethodacquiresenoughevidenceor the accu-
mulatedevidenceof all methodssurpassesa given threshold.This
canbespeci�edusingsuchRPL controlstructuresasTRY-ALL.
Failure recovery. Robust control systemsmust deal with failures
of their IP routines.ConsidertheroutineFIND-A-PREDICTED-LINE which
will fail if the furniture hasbeenmoved, if the robot is uncertain
aboutits position,if the pieceof furniture is (partly) occluded,and
so on. FAXBOT's plansthat executethe IP routinestry to detectif
the routinesfail and signal failures in thesesituations.Thus,FIND-

A-PREDICTED-LINE signalsa failure if the predictedline could not be
recognizedor couldberecognizedonly with a low con�dence.In the
caseof failure, robust control structurescanthencheckthe robot's
con�dencein itspositionestimateoruselaserandsonarrange�nders
to detectpossibleocclusionsandrecover from recognitionfailures.
Tailoring pipelines.Therearemany IP parametersthattherobotcan
adjustby sensingbut cannotpredetermine.For example,thequality
of lighting within a roomcanbeperceivedby therobot's sensorsbut
therobotcannotknow in advancewhetheraroomwill beadequately
lit. Thus,the IP pipelinesshouldbe tailored to �t the robot's par-
ticular circumstancesandenvironment.Insteadof requiringthe IP
routinesto have generalapplicability andreliability, FAXBOT ap-
pliesaselectionof context-speci�c IP routinesthatwork well in the
contexts for whichthey havebeentailored.

It ispossibleto dynamicallymodify theIP pipelinesbecauseSRIPPs
are plansand becausespeci�c tools provided by RPL permit pro-
cessesto (1) projectwhatmight happenwhena robotcontrollerex-
ecutesa SRIPP[14]; (2) infer what might be wrong with a SRIPP
givenaprojectedexecutionscenario;and(3) performcomplex revi-
sionson SRIPPs[14, 6] �. Thus,explicitly representingIP routinesin
the robot's planenablesthe robot to apply variousmethodsto sim-
plify its vision tasks.It canposemorespecializedvision problems
[11] andadaptthe computervision strategiesto the particularcon-
text (environment,task,image)duringexecution[15]. Mechanisms
for revisingplansduringtheirexecutionaredescribedin [7].

5 RECIPE — A Modular IP System

RECIPE– Recon�gurableExtensibleCaptureand ImageProcess-
ing Environment– is thesystemmoduleresponsiblefor thecapture
andprocessingof thevisualinformationcontrolledandmodeledby
the SRIPPs.It hastwo principalcomponents- a captureserver and
severalcopiesof animageprocessing(IP) server.

Thecaptureserverisa lightweight,robustprocesswhichhasthree
main responsibilities.It storesthe imagescapturedby the system's

�

Thesefacilitieshavebeenfully implementedfor thephysicalactionsof the
robotbut arenot yet fully applicableto theimageprocessingroutines.

cameras.It alsostoresall importantsystemdataandcon�guration
information for RECIPE.On many supportedarchitectures,stored
informationis storedpersistentlythusmakinga systemrestartpos-
sible even in the caseof a total systemfailure. Finally, the capture
server actsasa watchdogfor all IP servers,restartingandrecon�g-
uring themif theirprocessingshouldcausethemto hangor crash.
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Fig. 6: IP ServerDesign.

TheIP server formstheheart
of the RECIPE system. It is
a script controlled modular ar-
chitecturefor the implementa-
tion of image processingop-
erationsand pipelines. The IP
server loadsand unloadsimage
processingfunctionality accord-
ing to commandssent by the
controlling SRIPPs.Communi-

cationwith thecaptureserver is establishedby way of sharedmem-
ory (especiallyfor images)andby pipes/sockets(for fastcontroland
con�gurationinformation).An IP server is shown in �gure 6.

RECIPEhasbeendesignedto satisfymany of our requirements
for stability, distributedcontrolandresourcemanagement.Thecap-
ture server is a small, lightweight processwith limited andclearly
de�ned functionalitywhich additionallyactsasa systemwatchdog.
It restartsandrecon�guresIP serversin the event of a partial sys-
temfailure, thusgiving thesystemgreatertoleranceof badlyimple-
mentedIP modules.Moreover, it storesall relevantsystemstatus,all
imagesandall ROIsin acentral(usuallypersistent)location.

As for the criterion of distributedcontrol,RECIPEperformsall
of its IP on therobot.Its run-timecon�gurationis dependenton the
robot's context andonly brief control messagesneedbe transferred
betweentheexternalcontrollingprocessesandtheRECIPEsystem.
RECIPEthereforeencouragesdistributedcontrol.

Themanagementof availableresourcesis oneof RECIPE'sessen-
tial features.SinceIP operationsarelargelywritten to beasef�cient
as possible,further optimizationsin systemef�ciency canonly be
madeby employingcontext speci�c algorithmsfor problemsolving.
RECIPE's modulesareloadedandunloadedon demandpermitting
suchcontextual implementation.Moreover, by employingdynamic
linking RECIPEboth restrictsthe memoryfootprint of the process
andreducescomplexity of thesystem'scode.

6 RelatedWork

In contrastwith otherIP systemssuchasTargetJr, Khorosor Mat-
lab,atany onemomentRECIPEonly providesarestrictedanddense
subsetof IP operationstailoredto thetaskathand.It managesthere-
sourcesavailableto therobot,loadingandunloadingfunctionalityon
demandandmonitoringits operationalstatus.We considerRECIPE
to provide a subsetof the functionalityofferedby otherIP systems
in amannersuitedfor operationon anautonomousrobot.

Researchin theactive vision area[2, 3, 4] focuseson increasing
theperformanceandrobustnessof IP routinesby selectively apply-
ing specialpurposeroutinesthatextractpurposive informationfrom
theimage.SRIPPsandRECIPEfocuson particularaspectsof active
vision,namelyhow to specifysubplansthatcanperformactive IP in
arobotcontrol/planlanguageandtheresourcemanagementfacilities
necessaryfor robustperformanceunderscarceresourceconstraints.
Horswill studiesspecializationmethodsfor deriving fastIP methods
from environmentalconstraints[11].

Ullman's theoryof visual routines[18] proposesthat our visual
perceptionis achieved by modularvisual routines.Thesearecom-
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posedof simplevisualactionsusingasmallsetof registerscontain-
ing visualdata.In conjunctionwith �uents, SRIPPscananalogously
beconsideredto beanexpressivehigh-level programminglanguage
for theimplementationof visionroutines.

RECIPEin conjuctionwith RPL andSRIPPshasmuchin common
with theGargoylesystem[15] embeddedin a three-tieredrobotcon-
trol architecture[8]. Gargoyleisalsoamodularplatform-independent
IP environmentthatcanassembleandexecuteIP pipelines.As with
RECIPE,Gargoylehasaninterfaceto ahigh level robotcontrolsys-
tem but in the caseof Gargoyle, the IP routinesare not plansthe
controlsystemcanreasonabout.RECIPE'stwocomponentdesignin
whichonerobust,lightweightcomponentactsasasystemwatchdog,
restartingandrecon�guring failed processesemphasizesRECIPE's
focuson overall systemrobustness.RECIPEis morespecializedfor
the role of an IP systemrunningon a robot. Its modulararchitec-
tureandrun-timecon�gurability give it agreatercon�gurability than
GargoyleandRECIPEisabletousethisto goodeffectin conjunction
with theRPL SRIPPs.Thereis anumberof robotcontrolsystemsthat
tightly integrateIP moduleseg. [1] and[9]. To thebestof ourknowl-
edge,noneof thesesystemsareconcernedwith reasoningaboutIP
routinesatasymboliclevel.

7 Discussionand Conclusions

Discussion. In thispaper, wehaveonly discussedthetaskof place
recognitionwhereprocessingdelaysaretolerable.In theversionof
therobotof�ce courierwehavepresented,hardreal-timetasks,such
ascollision avoidanceandlocalization,arehandledby sensorinter-
pretationsystemswhich do not employIP [17]. In our currentre-
searchwe arealso investigatingIP taskssuchas peopledetection,
gesturedetectionand recognitionwhich have �rm schedulingre-
quirements.Theseschedulingrequirementsaremetby fastfeedback
loops(sendingasynchronoussignals)whicharehandledby RPL.

Concerningthetopicof robustness,wehavebeenconcernedwith
fault toleranceof IP routinesand the programsthat control them
ratherthanfault avoidance.Thereforewedid notdirectlyaddressthe
robustnessof theIP algorithmsthemselves.Insteadouraimhasbeen
to ensurethattheIP algorithmsandroutinesarecapableof detecting
their own successandfailure so that the high-level control system
canspecifyappropriatecontrolstructuresto recover from failures.

Similarly, wehavenotbeenconcernedwith how theIP 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
theprobabilitydistribution for thestateestimateprovidedby our lo-
calizationroutines– to selectandparameterizeIP algorithms[5].The
casethat this distribution is multi-modalcanbe handledappropri-
atelyby RPL 's ability to speculatively andconcurrentlyexecutedif-
ferentIP methodsor parameterizations.Of courseuncertaintymight
give riseto incorrector ambiguousIP results.In mostcasesthis will
causetheplannedactionsto fail andtherobotwill thenperceivesuch
failuresandhandlethemcorrectly.

Finally, within complex serviceapplicationsthereis a needto be
ableto reasonaboutgoalsequencingandplanstepscheduling.Only
by usingahigh-level planlanguagesuchasRPL canweperformthe
necessarytransparentembeddingof IP within thecontrolsystem.We
havedevelopedsimilarembeddingsfor naturallanguageunderstand-
ing andfor actionplanning[7].
Conclusions.This researchhasshown how theprocessesof a gen-
eral robot control systemcanbe combinedwith IP in a transparent
way givenasuitableprotocolandthesupportof controlabstractions

in thehigh level language.SRIPPsrepresentan abstractionof low-
level imageprocessing(IP) operationsinto thesamedomainasthe
high-level robotcontrollanguage.HavingIP operationsasanintegral
part of the control languageprovidesadditional�e xibility andpre-
ventsthearti�cial distinctionbetweenIP andothersensingactionsof
therobot.In addition,theexplicit, transparentandmodularrepresen-
tationof IP routinesallows for theapplicationof AI plangeneration
andplan revision techniquesto IP tasks.The implementationof IP
routinesmustbe supportedby an underlyingplan languagewhich
providesconcurrency andeventdrivenexecution.

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 requirementsaswell asproviding additional
systemrobustness,�e xibility andrun-timeresourcemanagement.

In our future research,we will focuson the automaticplanning
andlearningof IP operationsdependingonrobotcontext thatexploit
themodulararchitectureandprocessingabilitiesprovidedbySRIPPs
andRECIPE.
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