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Abstract
In this paper, weproposea human-robotinterfacebased

on speech andvision. This interfaceallowsa personto in-
teract with the robotas it explores. During exploration the
robot learns about its surroundingenvironmentbuilding a
2D occupancygrid map and a databaseof more complex
visual landmarksand their locations. Such knowledge en-
ablestherobot to act intelligently. It is a difficult taskfor a
robot to autonomouslydecidewhatare themostinteresting
regionsto visit. Usingtheproposedinterface, a humanoper-
ator guidestherobotduringthisexplorationphase. Because
of therobot’s insufficienton-board computationalpower, we
usea distributedarchitecture to realizeour system.

1 Introduction
We wish to implementrobotsto help people,especially

thedisabledandelderly, in performingdaily tasks.It is naive
to assumethatsomeoneis familiarwith theuseof computers
orhasthetimeandpatienceto learnhow to useone.Wewant
to build robotsthatareeasyandintuitiveto use.Soourfocus
is ondevelopinganinterfacebasedonvisionandspeech,the
waypeopleengagein inter-personalcommunication.

Therobotmustperformrobustly andintelligently in dy-
namic environmentssuchas thosedesignedand occupied
by humans. It is often challengingto devise algorithmsto
achieve complicatedtaskssuchas speechrecognitionand
peopletracking,but it is even harderto make themrun ef-
ficiently and without exhaustingthe robot’s computational
resources.Sincearobotis usuallyequippedwith asingleon-
boardcomputer, it doesnothavethecomputationalpowerto
run many complicatedtasks.A robotcontrolarchitectureis
asystemthatallowsaprogrammerto definethetasks,if and
how they exchangeinformation and which computerthey
runon.

There are many different robot control architectures,
[6, 15]. In recentyears,behavior-basedarchitectures,[1, 3],
have gainedwide popularity for several reasons. One is
thehighly parallelnatureof thearchitecturethatallows the
workload to be distributed amongmany CPU’s within the
sameworkstationor spreadovermultipleworkstationsin lo-
cal areanetworks. It alsoallows the modularizationof the
systemas eachtask can be developed,debuggedand im-

Figure1: Eric, therobot.

proved mostly independentlyof all others. Thesemodules
arecalledbehaviors andeachis designedto solve a specific
problem. Often, morethanonebehavior mustbe active at
a time to solvecomplex problemsthata singlebehavior can
not solveby itself.

Althoughourlongtermgoalis to build ageneralinterface
for robotsthat canachieve multiple tasks,in this paperwe
presenta first systemthatallowsa personto guidetherobot
duringexploration.

This paperis structuredasfollows. Section2 describes
the hardwarewe use. Section3 discussesthe hierarchical
organizationof thebehaviorsandgivesabrief descriptionof
eachwith emphasisto theonesmostdirectly involvedwith
human-robotinteraction. Section4 explainshow a person
cangettherobot’sattentionanddirectit to aspecificareato
explore. In section5 we give anexampleof a userdirecting
therobot.We concludein section6.

2 The Robot
Our work is centeredarounda Real World Interfaces

(RWI) B-14 mobile robot namedEric (seeFigure1). Eric
is equippedwith an Intel PIII-basedcomputerrunning the
Linux operatingsystem.Hesensesthesurroundingenviron-
ment with his numerouson-boardsensors.Theseinclude
built-in sonar, infraredandtactile(bump)sensors.

Eric canseein 3D usinga Triclopsstereovision system
from PointGrey Researchandin color with a SONY EVI-
G20camera.Triclops is a real-timetrinocularstereovision
systemthat we have usedextensively in our lab for tasks
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Figure2: Diagramof therobotcontrolarchitecture.

suchasrobot navigation, mappingandlocalization,[9, 10,
12].

Erics’son-boardcomputercommunicateswith therestof
theworkstationsin ourlabusinga10MbpswirelessCompaq
modem.

The color camerais necessaryfor detectinghumanskin
tone in images,as describedin section4.3, sincethe Tri-
clopssystemusesgray scalecameras.The color andTri-
clops referencecameraare calibratedso that their images
match. Currentlywe do the calibrationmanuallyaswe are
in the processof upgradingto a color Digiclopsstereosys-
temthatwill eliminatetheneedfor aseparatecolorcamera.

Lastly, we have addedthreemicrophonesattachedto the
top of the the robot’s body. Two of the microphonesare
usedfor soundlocalizationandthe third is usedfor speech
recognition.Thedatafrom eachmicrophonearewirelessly
transmittedto two workstations.Themaximumrangeof the
transmittersis 50 meters. Oneworkstationis dedicatedto
soundlocalizationwhere the received signal is input to a
SoundBlasterLive soundcard. The secondworkstationis
dedicatedto speechrecognition.

3 Robot Control Architecture
Eric is driven by a behavior-basedcontrol architecture.

Theentiresystemconsistsof anumberof differentprograms
working in parallel. Somearealwaysactive producingout-
put availableacrossthe systemwhile othersonly run when
triggered.Thebehaviorsarehierarchicallyorganizedin low,
middleandhighlevels(Figure2). Wehaveusedthesamear-
chitecturewith a smallvariationon thebehavior setto build
anawardwinning roboticwaiter, [4].

Behaviors thatneeddirectaccessto therobot’shardware
operateat the lowest level. Thesemodulesareresponsible
for controllingtherobot’smotorsandcollectingsensordata.
Dataaremadeavailableto othermodulesthrougha shared
memorymechanismon theon-boardcomputer. This forces
all low-level behaviors to runon thelocal computer.
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Figure3: Thefinite statediagramfor thesupervisingbehav-
ior.

Themiddle-levelbehaviorsfall into two groups:mobility
andhuman-robotinteraction.Thefirst group,mobility, con-
sistsof thosebehaviors that control Eric’s safenavigation
in adynamicenvironment.Therearebehaviorsfor 2D occu-
pancy grid mappingusingstereoinformation,navigation,lo-
calizationandexploration. Thesecondgroup,human-robot
interaction,consistsof all the behaviors neededfor Eric to
communicatewith people.Theseincludespeechrecognition
andsynthesis,userhead/gesturetracking,soundlocalization
anduserfinding. Inputsto themiddlelevel behaviorsarethe
outputsof otherbehaviors from all levels of the hierarchy.
Dependingon the input requirements,i.e., if they needac-
cessto the sensordata,of eachmiddle-level behavior, they
runeitheron-boardtherobotor ona remoteworkstation.

At the highestlevel of this hierarchyexists the super-
vising behavior (also referred to as the supervisor.) It
performshigh-level planning. It satisfiesEric’s high-level
goals by coordinatingthe passingof information among
the middle-level behaviors and also by selectively activat-
ing/deactivating the middle-level behaviors as needed. It
communicateswith all othersusingUNIX sockets.

Researchof othershasfocusedonthecoordinationof be-
haviors and the extensionof a robot’s abilities by dynam-
ically and autonomouslyaddingnew behaviors. Our sys-
temis anexerciseto developingthebehavior setneededfor
naturalhuman-robotinteractionandso we have not added
the ability for the supervisorto learnwith experience.The
supervisor’s structureandabilitiesarepre-programmedand
hencefixed. Thesupervisingbehavior’s finite statediagram
is shown in Figure3.

4 Human-Robot Interaction
For Eric to function in a dynamicenvironment,he must

first gatherinformationaboutthe environment’s static fea-
tures.We placeEric in this spaceandlet him exploreusing
his explorationbehavior. Eric decideswhich areasto visit
first usingan algorithmthatevaluatesall possiblelocations
basedon theavailableresourcesi.e., batterypower remain-
ing, while trying to maximizeinformationgain. Theseare
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constraintsthataredifficult to satisfyandsowe provide an
interfacefor a personto interrupt the robot andguideit to
thebestlocationto explore.

WhenEric hearshisname,herespondsby moving outof
explorationmodeandturning toward the caller. Eric turns
to look at the personand applieshis vision algorithm for
locating peoplein images. OnceEric successfullylocates
theperson,shecanoptionallypoint to a locationwhereshe
wantsEric to explore. Eric navigatesto that location and
resumesexploration.

Eric locatesandtracksapersonthatheis communicating
with. Therearethreemiddle-level behaviors responsiblefor
thesetasks. We continueto briefly describeeachof these
behaviors. Thenwe giveanexampleof thesystemat work.
4.1 Speech Recognition

WeuseIBM’ sViaVoicespeechrecognitionenginefor in-
terpretingspeechheardby Eric. ViaVoice is programmable
to operatewith either a speech-and-controlor a dictation
grammar. We usethe former. We have specifieda simple
grammarthatallowsabout25 sentencesto bespoken.

We programmedthe speechrecognitionbehavior using
theJAVA SpeechAPI (JSAPI)undertheMicrosoftWindows
operatingsystem.Thisbehavior outputsauniqueintegerfor
eachsentencein thegrammar, whenthatsentenceis heard.
Theinput is thevoicesignalreceivedovera wirelessmicro-
phone.For efficiency we have dedicateda workstationjust
for speechrecognition.
4.2 Sound Localization

Eric getsan approximateideaof wherea persontalking
to him is, by localizingon theperson’s voice. Soundlocal-
izationis theprocessof determiningthelocationof a sound
sourceusingtwo or moremicrophonesseparatedin space.

We usetwo microphonesat a distanceof 20cm.Themi-
crophonesaremountedon top of therobot. Thesignalcap-
turedby eachof themis input to a soundcardandbothare
processedto computethedirectionto thesoundsource.With
two microphoneswecanonly determinethedirectiononthe
planeparallelto thefloor. Thesoundlocalizationalgorithm
we useis describedin [11]. The geometryfor the problem
in 2D is shown in Figure4. Sinceour robotoperatesin a3D

Figure 5: The soundlocalizationerror function given by
Equation2.

world, using the simplified 2D casefor soundlocalization
might at first appearinadequate;however, our experiments
have shown thatsoundlocalizationin this simpleform per-
formsadequatelyenoughfor thetaskathand.Thealgorithm
computesthetime delay,� , betweenthesignalscapturedby
thetwo microphones.Thedirectionto thesoundsourceasa
functionof this delayis givenby:��� ����
������ �� � (1)

where� is thespeedof sound,� is thetimedelayin samples,�
is thesamplingfrequency and

�
is thedistancebetweenthe

microphones.The rangeof discernibleanglesrangesfrom
���� for ����� ��� to 
!�#"$� for ���%�'&�()� . Thesituation
is symmetricfor a userto the left or right of therobot. Our
setupallows for a total of 27 anglesin the range *,+-"$�/.0"$�21
degrees.

Thelocalizationerrorcanbecomputedby differentiating
Equation1. It is givenby:

3 
4� 55 � 6 ��� ��7 � � �� �98 �;:<<= >@?A@BC &D+FE >@?A@BHG

JILKKM (2)

Figure5 shows a plot of Equation2. Onenoticesthat the
localization error increasesrapidly for angleslarger thanN �O�P�Q�F&��)� degrees.

The outputof this behavior is the directionto the sound
source. It localizeson all soundswith power above a cer-
tain environmentalnoisethresholddeterminedduringa cal-
ibration phaseat start. The supervisormonitorsthe output
of thesoundlocalizationbehavior andit only interruptsthe
robot (stopsexploration)whenthereis a valid sounddirec-
tion andthespeechrecognitionbehavior returnsthenameof
therobot.
4.3 People Finding

WhenEric hearshis nameandhasanestimateof thedi-
rectionhis namewasspoken from, he turns to look at the
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Figure6: A simplemodelof a humanincludingthedimen-
sionsof thehead,shoulders,armsandoverallheight.

user. He must then locatethe userpreciselyin the images
capturedwith his two cameras.

We start with the estimateof the user’s headlocation
guidedby the soundlocalizationresults. If soundlocaliza-
tion hadno errorthentheuserwouldalwaysbefoundin the
centerof the images.Sincethis is not the case,we useour
estimateof the localizationerror to definea region around
the centerof the imagewhereit is most likely to find the
user. Thisregiongrowsasthelocalizationerrorgrowsandit
reachesmaximumat angleslargerthan60 degrees.

We thenproceedto identify candidatefaceregionsin the
image.We segmentthecolor imagesearchingfor skin tone,
[5, 13, 14]. We transformthe color imagefrom the Red-
Green-Blue(RGB)to theHue-Saturation-Value(HSV) color
space.During anoffline calibrationstagewe determinethe
hueof humanskin by selectingskin coloredpixels for sev-
eraldifferentpeople.Figure7 (a) and(b) show theoriginal
imageandtheskinpixelsdetected.Wethenapplya3x3me-
dianfilter to removenoisepixelsandfill-in theregionsof the
facethatarenot skin color suchastheeyesandthemouth.
Finally, we performconnectedcomponentanalysis,[7], on
thebinaryimageresultingfrom theskincolorsegmentation.

Onceall theconnectedcomponentshave beenidentified
we computea scorefor eachcomponentbeinga user’s face.
Thecomponentwith thehigherscoreis selectedastheuser.
This scoreis a function of threevariables:a facetemplate
matchcost,anexpectedheadsizefunctionalandanexpected
distanceof thepersonto therobotpenaltyterm. Finally, the
entirescoreis multiplied with thevalueof a linear function
with slopethat dependson our confidenceto the soundlo-
calizationresults.Equation3, below expressthis morefor-
mally:� � �LR ���TS R�U ��V � UQWYX�Z V 
 U[W]\]Z VD^ UQ_a` � � �0� (3)

where � R is the i-th component,Vcb is theweight of the j-th
attribute, S R is a linear functiondeterminedby the localiza-
tion errorandthelocationof thecomponentin theimage,W Xis thesizeattribute, W]\ is thematchingcostof thecomponent
grayscaleimageandatemplateof theuser’s faceandfinally_d` � � � is a penaltytermfor componentsthataretoo closeor
too far from the camera.The threeweightsaredetermined
beforehandexperimentallyto yield thebestresults.W]\ is thestandardnormalizedcross-correlationcostcom-
putedusingtheimageandtemplatesof theuser’s face.The
userprovidesa full frontal view of his/herfaceandimages
arecapturedfor useastemplates.We centerandscalethe

templateto the component’s locationandsize respectively
andthenwe compute:

W]\ �feTghji � e ?k i �ml * n].poq1 � * nH.0oq1r e�ghsi � e ?k i � � 
 * n].poq1 (4)

wherel denotesthe � U � facetemplateand
�

denotesthe� U � faceregion in thegrayscaleimage.
Thesecondterm, WtX , is a functionof thesizeof thecom-

ponentand the expectedsize at the component’s distance
from therobot. It is givenby:

W X �#uwv R,`jxzy|{~}�y�����y|�v R�`jxz�����,�s�0� W �~����� > \P� � k�� W �~�)� x~�j��x > \�x��v R�`jxz�����,�s�0�v R,`jxzy|{~}�y�����y|� otherwise
(5)

where W �~��� � > \P� � k is theareaof thecomponentin pixelsandW �~�������$�m� �j� � 5 is determinedusing a model of a person’s
headat the component’s distance. The model is shown in
Figure6.

The last term,we refer to asthedistancepenaltyandwe
defineit as:

_ ` � � ����� � if �d�%�/� � � and � �!� � � �
 U � otherwise (6)

where 
 is set to +-� � � . So, we penalizea componentthe
furtheraway from thecamerathatit is.

Figure7 showsanexampleof findingtheuser. Noticethat
theuserneednot bestanding.Our approachcandistinguish
betweenthefaceandthetwo handcomponentseventhough
they havesimilar sizes.

4.4 User Head/Gesture Tracking
Oncewe identify the user’s headlocation in the image,

wekeepthis locationcurrentby trackingtheheadovertime.
We also needto be able to tell wherethe useris pointing
for Eric to move there. In the following two sections,we
describehow wesolve thesetwo problems.

4.4.1 Head Tracking
We employ a headtracker very similar to the one pre-

sentedby S.Birchfieldin [2]. Birchfield’sis acontour-based
tracker with a simplepredictionschemeassumingconstant
velocity. The contourtracked is the ellipsea person’s head
tracesin theedgeimage,[8].

Wemakeoneadditionto thealgorithmto increaserobust-
nessby takingadvantageof thestereoinformationavailable
at no significantcomputationalcost. We begin by selecting
theskincoloredpixelsin asmallregionaroundeachhypoth-
esizedheadlocation. Then,we computethemeandepthof
thesepixelsandwe usethis valueto depthsegmentthe im-
ageusingour stereodata.This allowsusto robustly remove
the backgroundpixels. The trackingalgorithm can run in
real-time(30fps)but we limit it to runningat 5fps for com-
putationalreasonsespeciallysinceour experimentsreveal
thatthis is sufficiently fast.



(a) (b)

(c) (d)

Figure7: Exampleof finding theuserin images.(a)Thecolor image,(b) theskin regions,(c) theconnectedcomponentsand
(d) theTriclopsimageannotatedwith thelocationof theuser’sheadshown with a square.

Shoulder

Head

Direction

(a) (b)

Figure8: Exampleof gesturetrackingshowing two of the stepsin the algorithm,(a) the selectedforegroundpixels in the
grayscaleimageand(b) thefinal resultshowing thedirectionselected,andthelocationof theuser’sheadandshoulders.



4.4.2 Gesture Recognition
The userpoints to a location on the floor and instructs

Eric to move there.Eric computesthis locationandreports
theresultswaiting for theuser’s confirmation.

The processis guidedby the alreadyknown locationof
the user’s headtaking advantageof color andstereoinfor-
mationalongwith our modelof the body of a human(see
Figure6). We proceedasfollows:

1. Getthegray, colorandstereoimagesdenoted�j� , � > and� X respectively. Thesearetheinput dataalongwith the
lastknown locationof theuser’shead,oP� x � � .

2. Selecttheskinpixelsin theneighborhoodof oP� x � � , and
generatethesetof skinpixels   .

3. Computetheaveragedepth,
5)¡

, of thepixelsin   .

4. Segmentthecolorandgrayimagesusing
5�¡

asaguide,
Figure8 (a).

5. Selecttheskin pixels in the segmentedimageforming
thesetof foregroundpixels ¢ .

6. Computetheconnectedcomponentsin ¢ .

7. Selectthecomponentclosestto thelastknown headlo-
cationastheface.

8. Classifytheremainingcomponentsasbeingto the left
or right of thefacecomponent.Constructthesets£ , ¤
respectively.

9. Remove the componentsfrom £ , ¤ thataretoo far or
toocloseto thefacecomponentusingthemodelin Fig-
ure6 asa guide.

10. Fromthecomponentsremainingselectthedominantdi-
rectionusinga heuristicbasedon the anglethat each
armmakeswith respectto theperson’s body. Definea
vectorfrom theshoulderto thehand.This is thedirec-
tion,
�

, theuseris pointing,Figure8 (b).

11. Computethe point on the floor usingdirection
�

and
return.

If Eric fails to detectany hands,mostoften becauseof
failureduringtheskindetection,hereportsthis to theuser.

5 Example of HRI
Eric canonly understanda small numberof spokensen-

tences. He also hasa limited vocabulary i.e., he canonly
speakalimited numberof sentences.Wehavekeptthenum-
ber of the possiblesentencesthat Eric can recognizeand
speakto be small in order to speed-upspeechprocessing
andalsokeephis interactionwith peoplea straightforward
process.Thedialogmostlyconsistsof theusergiving com-
mandsto Eric andEric respondingby confirmingtheheard
commandand/orby reportingthe resultsof a computation.
In generaltwo-waycommunicationmayproceedasfollows:

Person: (loudly) Eric!
Eric : (stops motion and turns towards

the person)
Person: Find me!
Eric : I can see you. You are 4 meters

away and 1.6 meters high. Is
this correct?

Person: Yes!
Eric : Confirmed!
Person: (Points with finger) Go there!
Eric : You are pointing 2 meters ahead

and 4 meters to my left. Do
you want me to go there?

Person: Yes!
Eric : I am on my way! (Eric moves to

that location and enters
exploration mode)

Thisis only oneinstanceof thepossibledialogsausercan
have with Eric. At any time during the interaction,theuser
cansimply instructtherobot to returnto exploration.Addi-
tionally, theusermayrequeststatusinformationaboutEric’s
mechanicalstatus.Eric might alsofail in oneof thetasksof
finding andtrackingtheuser. In that case,Eric reportsthis
andwaitsfor new instructions.

6 Conclusions
In this paperwe presenteda distributedsystemfor nat-

ural human-robotinteraction. It is designedto perform in
real-timeby distributing theworkloadamongseveralwork-
stationsconnectedover a local areanetwork. Peoplecan
communicatewith therobotusingspeechandhandgestures
to directit to specificlocationsto explore.

We are currently working on improving the interaction
processby allowing more sentencesto be understoodand
spoken by the robot. We arealsoaddingto the numberof
gesturesthatcanbeunderstoodandfinally moresoftwarefor
modelingthe user’s emotionalstateby analyzinghis facial
expressions.
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