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Abstract— This paper presentsa framework for multimodal
human-robot interaction. The proposed framework is being
implemented in a personal robot called Maggie, developed
at RoboticsLab of the University Carlos Ill of Madrid for
social interaction reseach. The control architecture of this
personal robot is a hybrid control architecture called AD
(Automatic-Deliberative) that incorporates an Emotion Control
System (ECS) Maggie's main goal is to interact in a natural
way and establisha peerto-peer relationship with humans. To
achieve this goal, a set of human-robot interaction skills are
developedbasedon the proposedframework. The human-robot
interaction skills imply tactile, visual, remote voice and sound
modes. The multi-modal fusion and synchronization are also
presentedin this paper.

. INTRODUCTION

In recentyears, human-robotsocial interaction has at-
tracted considerableattentionby the academicand the re-
searchcommunities. A social robot [1] has attitudes or
behaiors that take the interests,intentionsor needsof the
humansinto account.This robot must be able to interact
with humandy following the socialrulesattachedo its role.
BartneckandForlizzi de ne a socialrobotasanautonomous
or semiautonomousobot that interactsand communicates
with humansby following the behaioral norms expected
by the peoplewith whom the robot is intendedto interact
[2], page2. The multimodality is consideredas a main and
an unquestionabléeatureof human-robosocialinteraction.
Multimodality meansproviding the userwith more than a
singlemodeof interaction.Multimodal interfacesallow users
to move seamlesshbetweendifferentmodesof interaction,
from visualto voiceto touch,accordingto changesn context
or user preference Theseinterfaceshave the advantageof
increasedisabilityandaccessibilityUsability determineghe
overall utility of the system.It also determinesthe extent
to which an interface supportsits usersin completingtheir
tasksef ciently, effectively, andsatishctorily. In multimodal
interfaces,the weaknessesf one modality can be offset by
the strengthsof another For example, a personcan order
his/herpersonalassistantobot whose multimodal interface
using gesture-basethterfacein a noisy ervironmentwhere
verbal communicationcan not be worked ef ciently. Ac-
cessibility determineshow easyit is for peopleto interact
with the robot. The multimodalinterfacesprovide increased
accessibility For example, visually impaired userscanrely
on the voice modality while hearing-impairediserscan use
the visual modality Multimodality implies the problem of
integration and synchronizatiorof different communication
modalitiesboth in perceptionand expression.Many robotic
platforms have beenbuilt with different designconsidera-

tions, control architecturesand capabilitiesto study human-
robot socialinteraction.Kismet[3] and Leonardo[4] devel-
opedat MIT have an emotionalreactve control architecture
that integratesthe visual and audio modes.While Kismetis
able to reactto humanvoice and movementssimulatingan
infant behaior, Leonardocan detectgaze and non-werbal
signal like turn taking in collaboratve tasks. HERMES,
an experimentalrobot of anthropomorphicsize and shape
developedat BunderswehitJniversity of Munich. This robot
has hybrid control architecture(deliberatve and reactve)
and integratesremotemode (via internet), dialogs handling
Natural Language Processing(NLP) and combination of
vision andtouchduringthetasksof giving andtakingobjects
[5]. Robonautis a joint DARPANASA project designed
to createa humanoidrobot equivalent to humansduring
spacewalks actvity. This robot is equippedwith human-
like handsand television cameraeyes and has the option
of rolling around Earth. This robot has been designedto
assistastronautdn extra-vehicular activities. To do so, the
robot is capableto handle natural languagedialogs. Its
control Architectureallows enhancedskills like perspectie
taking. Two modelsof humanperspectie taking are usedin
this architecture jACT-R/S basedon humanrepresentation
modelsand Polyscheméasedon humanreasoningprocess
[6]. Robovie is a humanoidrobotthatcancommunicatewith
humansandis designedo participatein humansocietyasa
partner[7]. This robot works by meansof a behaior-based
architecture.lt respondsto tactile events with prede ned
simple behaiors. Sparly is a socialrobot that usesboth fa-
cial expressionandmovementso interactwith humang8].
Rubiis anotheranthropomorphicobotwith a headandarms
designedor researcton real-timesocialinteractionbetween
robotsandhumang9]. Robotais a sophisticateagducational
toy robot designedto build human-robotsocial interactions
with children with motor and cognitive disabilities[10]. In
the Lino project,a robot headwith a nice, cute appearance
andemotionalfeedbackcanbe con guredin suchaway that
the humanuserenjoys the interactionand will more easily
acceptpossiblemisunderstandinggl1]. Other social robot
designgely on computergraphicsandanimationtechniques.
Vikia [12], Valerie Roboceptionist[13], Grace (Graduate
robot Attending a ConferencE)or Geoge [14] are some
examplesfor computergraphic-basedocialrobots.They all
handlenaturallanguagedialogsand meige imageanimation
with speechAll theseprojectspretendto developrobotsthat
function more naturally and can be consideredas partners
for the humannot just as meretools. Theserobotsneedto
interactwith human(and perhapswith eachother) through



similar ways by which humansinteract with each other

The paper describesa framewvork for multimodal human-
robot interaction. The remainderof the paperis structured
asfollows: in section2, a brief descriptionof R2H project
is provided. Section3 describeghe interactionmodesin the

personakobot Maggie. The control architectures presented
in section4 followed by examplesfor implementedskill in

section5. The integration betweernthe implementedskills is

describedn section6. Finally conclusionsand future work

are summarizedn section®é.

[I. PEER-TO-PEER ROBOT-HUMAN
INTERACTION: R2H PROJECT

Traditionally the human robot interaction systemsare
basedon a masterslave idea. According to this idea, the
humanoperatorsrole is to superviseand give commandgo
the robot, while the robotsrole is to accomplishthosetasks
andeventually to give the necessarynformationto the oper
ator. Therobotessentiallyactsasatool usedby the operator
In thesesystemsthe interactionwith the humanappeargo
be a limiting factorthat reducesthe robot's autonomy The
goal of R2H (Robot-To-Human)projectis to develop social
robotswith a high degreeof autonomyTherobot's behaiors
will be basedon their own impulsesand motivations.These
motivationsare the mechanism®f the robotto keepcertain
internal variables,relatedto its necessitiesnearto an ideal
level. Inside the control architectureof the robot, human-
robotinteractionwill be organizedusingthe sameprinciples
of the interactionof the robot with the rest of the world.
In the traditional control architecture,the human role is
above the robot role. The new philosoply is to keep the
humanat the samelevel as ary other ervironment object.
This new approachto the human-robointeractionmight be
quite interestingfor somekind of new robots,suchasrobots
interactingpeerto peerwith humans.entertainmentobots,
teachingrobotsand even, therapeutiaobots.

I11. INTERACTION MODES IN THE PERSONAL
ROBOT Maggie

This sectionexplains how PeefTo-PeerMultimodal In-
teraction is implementedin Maggie, the PersonalRobot
Developedby the RoboticsLakin the University Carloslll of
Madrid. We specify the relationshipsbetweenthe different
Interaction Modes and Maggie's Hardware and Software
Architectures.

To explain the different interaction modes, we take into
accountthe information ux, that is, if the information
goesfrom or to the user This robot has beencompletely
presentedn [15] like a robotic platform for Human-Robot
SociallnteractionWe canseein Fig.1 Maggiehasanartistic
designof a 1.35meterstall girl-lik e doll. It incorporatedif-
ferentinteractionmodalitiessuchas verbal communication,
emotionexpressiorthroughhead/arm/gelids movementand
audiovisual expression.

A. HumanTo RobotInformation Flux

1) Misual Mode: Proxemicand Kinesic perception: The
Visual Mode consistsof every visible expression.This mode

is divided in kinesic: body gestures,and proxemic: body
placingin the communicationsystem.

The role of the proxemic and kinesic expressionin the

human-humarinteractionhasbeenstudiedin several works

[16] , [17]. It hasbeenestablishedhe importanceof body
movementsin the communicationact becauseit contains
a lot of information that o ws very quickly. In [16] Bird-

whistell aguesthat the 65% of the informationin a human-
humaninteractionis non-verbal. Visual gesturesshows hu-

man thoughts,mood state, replaies,complementsaccents
and adjustverbalinformation.

Visual mode perceptionin Maggie is accomplishby the

basesensorsand a Webcam(Fig. 1) The baseis equipped
with 12 infrared optical sensors,12 ultrasoundsensorsand
12 bumpers. Above the base,a laser range nder (Sick

LMS 200) has beenadded. These sensorsallows Maggie
to identify ervironmententitieslike doors,walls, obstacles,
humans etc.

In the mouth, Maggie hasincorporateda Webcamfor visual

detection and identi cation of ervironment objects. Near
abdomena semi-opaquélack sphereis added.This sphere
is equippedwith a color camerafor future peopletracking.

2) \Woice Mode: Automatic Speeh Recanition (ASR):
This modeis in chage of verbal Human-RobotCommuni-
cation.In her chasteMaggieincorporatesa tablet-PCwhere
Bluetoothenabledwvirelessmicrophonds connectedMaggie
countswith an AutomaticSpeectrecognition(ASR) module
that aims at corverting spolen words into text. There are
mary commercialutomaticspeectrecognizer$l18]. Dragon
Naturally Speaking(DNS) Client SDK v.3.0 developedby
Scansofthas been used as speechrecognizer The DNS
engineis a speakrdependenengine which meanghateach
userhasto train the enginebeforeuseit. WhenASR seneris
activatedit listenscontinuouslyto the audioport andtriesto
interpretthe receved utterancento one sentencdext. Once
an utteranceis detecteda soclet sendsthe recognizedtext
with anaccurag valueto a speci ¢ netport. The embedded
PCin the robot's baseusesthis port to take the recognized
text and its accurag value as the entries of the Dialog
ManagerSystemor Dialog Module.

3) Tactile Mode: SkinSensos and Tactile Sceeen: Maggie
is ableto detecttactile eventsin two differentways:by means
of her Tactile Systemdistributed over her enclosureand by
meansof the tactile screenin her tablet-PC.

The Tactile Systemconsistsof several invisible capacitve

sensorsnstalledin the robot casing.Thereis one sensoron

eachshouldey one on the top of the head,two on the chest,
two closeto the abdomentwo on the upperpart of torsos
back and three on eacharm. Each sensorhas an extensie

active zone (5 cm2) and is activated by human touching
(hand, cheek,arm, etc.) close to the active zone. Through
thetactile screenMaggieis ableto detectdraving gestures,
and mouseevents.

B. RobotTo HumanInformation Flux

1) Misual Mode: Proxemicand Kinesicexpression: In the
proxemic side, Maggie is able to expressherselfchanging
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her position relative to the user As her baseis motorized
by two differentially actuatedwvheelsand a casterwheelon
both sides,Maggie hasa high degree of mobility.

In the kinesic side, Maggie countswith a two DOF head:
left/right and up/dawvn; two black eyes with two mobile
and controllableeyelids; and two 1-DOF armswithout end
effectorsare built in the centralpart of the platform. These
DOF allow Maggie to express herself through different
kinesic gestures.

2) \Woice Mode: Text-to-Speels (TTS): Speectsynthesids
realizedby the tablet-PCwher two spealers are connected.
The Text-to-SpeechModule is implementedin form of a
sener. This sener is continuouslyreadingthe text sentence
datain a speci ¢ port and convertsit into audible speech.
When the Dialog Module decidesto synthesizea speci c
text sentencein speech,it sendsa soclet messagego a
speci ¢ port at which the TTS sener is running. The TTS
sener encompasseg TxtAuto (VoiceText 1.0 Type Library)
to generatespeechfrom text. VTxtAuto is developed by
Microsoft anddistributedaspartof the SpeechAPI Software
DevelopmentKit (SDK). The VTxtAuto VTxtAuto Object
allows the userto control certain parameterf voice syn-
thesissuchasthe speechspeed pitch or volume.

3) Audiovisual Mode: Images and Sound expression:
In her mouth, Maggie equippedby several LED's that are
speech-synchronized.

The semi-opaquesphereintegratescoloredlights for visual
expression.

The tablet-PCalso providesaudiovisual expressionghrough
the screerphotographsyideoor/andanimationimageswhile
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playing soundsand music. The software usedto accomplish
this is Pure Data and Graphic Environmentfor Multimedia
(pd-gem) whichis anopensourceaudiovisual softwaretool.

IV. AD ARCHITECTURE SKILLSAND
MULTIMODALITY

Peerto-Peer Human-RobotMultimodal Interaction im-
plies the presenceof empatly betweenboth, the userand
the personalrobot. To achieve this empatly we have cho-
sen a hybrid control architecturecalled AD (Automatic-
Deliberatie) thatis basedon a psychologicahumanmodel
[19]. As shawn in Fig. 2, the AD architectureis a two level
architecturebasedon skills. A skill representghe robots
ability to perform a particular task. They are all built-in
robot action and perceptioncapacities.In the deliberatve
level there are skills capableof carrying out high level



tasks:planning, word model managementetc while at the
automaticlevel thereare reactve and sensoryskills.

An emotional control system (ECS) [20] has beenadded
to the AD architecture.Inside the ECS, there are three
differentmodules:Drives, Activity Selectionand Emotional
SupervisorySystem(ESS). The Drives module is the one
that controls the basic drives of the robot. The Activity

Selectionmodule on the other hand, determinesgoals and
action tendenciesof the robot. Finally, the ESS module
generateshe emotionalstateof the robot.

As mentionedpreviously, the AD Architectureis basedon
robotic skills distributed in two levels. In the automatic
level, a skill canacquiresensoryinformationof oneor more
sensorsandtake actionson one or more actuatorsThe skill

structureis modular A comple skill can be generatedoy
combining different simple skills. For multimodal human-
robot interaction,we have developedsimple skills that pro-
vide different interactionmodesdescribedabore, and then
othercomplex skills canbe easily constructedy integrating
thesesimpleskills. The comple skills canalsobeintegrated
in a more comple skill andso on.

V. SKILLSEXAMPLES

In this sectionsomeof simpleandcomplex skills examples
are presented.

A. GreetingSKkill

This complex skill incorporategwo simple skills: Tactile
Skill andArm Skill. The rst onetakesa skin tactile sensor
eventandsharesan associategoftware eventso ary skill in
the whole architectureis ableto usethis event and givesit
meaning.The Arm Skill waits for an event associatedo a
shouldercapacitve sensorcontactwith the user hand and
rise the arm. Then it waits for a timeout of hand tactile
event for handshakingWhen the usertouch the hand,the
robot handsha&s and then the Arm Skill lowers the arm
and nish.

B. Face Recgnition and User Identi cation Skill

The useridenti cation allows Maggie to memorizea set
of well-known humanindividuals as identitiesin her world
model. Face detection skill has been implementedusing
opencv-0.92framavork for image processing.The system
is rst trained using a neural network and several images
samples.After the training phase,the systemis able to
identify a face using its data baseby a rate of 90% and
in an averagetime of about2 secs.The userface hasto
be betweerd0cm and 3m andlooking directly to Maggie's
webcamin a well illuminated ervironment.

C. Dialogue Skill

The annotating dialog corpuseshave been studied by
mary researcherd21]. In the draft of DAMSL (Dialog
Act Markup in Several Layers) [22], utteranceare tagged
accordingto four main categories: communicationstatus,
information level, forward looking function and backward
looking function. Thesecateyoriesdescribethe functionsof
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utterancemainly in terms of the spealer's intentions and
the spealer's andhearers obligations.But this a-priori made
utterancestructureimpliesareactize speechresponsandwe
arelooking for an adaptve dialog.

We use VoiceXML as a languageof dialog represention.
Using a Markup Languagelike dialog representationve
are changingthe involved functions of dialog ow to data
representationThen it is possibleto male this data at
runtime, that is, while the dialog is executing,andtherewe
canincorporatethe adaptationand learningfeaturesneeded
in a naturalinteraction.

A grammarmarkup languageis usedto specify the words
andword sintaxstructureghatthe Cognitive Dialog Manager
hasto wait in theuserutteranceThegrammarsarespecifyin
specialsles andcanbe activatedor deactvatedin runtime.
Also the creationof these les is also possiblein runtime.
This allows Maggieto incorporatenew itemsandnewn syntax
structureswhile the dialog is executing.

As shovn in Fig. 3, In Maggies speechinterface, the
Dialog Systemclosesthe loop betweenrecognizedspeech
andsynthesizedoice. The dialogis implementedasa setof
formsandmenus.In bothformsandmenustherearea setof
elds thathasto be completedduring the dialog interaction,
but in the caseof menusthe promptsincorporatesa x edset
of dialog topics.

D. Audiovisual Interaction Skill

This Skill memges screentactile events with audiovisual
actions.It presentdo the usera GUI implementedwith Qt
designertool. The GUI applicationdisplaysa background
imagethat is divided in two zones:centerand edges(Fig.
4) The center zone mouse events are interpretedby the
robot as pain tactile events,the edgezonemouseeventsare
interpretedaspleasengesture The usercanclick or dropin
the displayedimage and te skill interpretsthe mouseevent
asatactile gesture A magnitudeof the tactile gestureeffect
is also calculateddependingon the velocity and position of
the mouseevent. In Table1 it is shaved a relation between
eachof the mouseeventsandthe tactile effect.

E. Non-verbalvisual expresion Skill

In the expressionside, Maggie expressesherselfto the
human using non-verbal visual signals: gesturesthrough
head/arm/Agelids movements.So far, the gestureexpression



Fig. 4. Tactile Skill: Imagedisplayin TabletPC

TABLE |
MOUSE EVENTS AND THEIR TACTILE EFFECT

Mouse Event Zone Tactile Effect
click center push
click edge tickle

smalldrag center cares
big drag edge scratch

skills can be designedthrough low-level C++ programs.A
Java-basedbody gesturedesigninterfaceis currently being
developedfor precisemovementdesignandsynchronization
with other modes, such as voice mode. In this graphic
interface,theuseris goingto beableto designthe movement
of eachDegree Of Freedom(DOF) with customprecision.
Notice thateachmovementdesigneds representedsa data
matrix, not asa function. The transfromatiorof closedfunc-
tions in opendataallows the overall systemto incorporate
adaptatiorand interoperabilityin a easierway.

F. Dancing Skill

Maggie has demonstratedts ability for closely cooper
ative dancingwith humans.Maggie is able to changeits
movementsasrespondfor eventsdetectecdby tactile sensors
asresultsof partnertouching.A video demois available at
[23].

VI. MULTIMODAL INFORMATION INTEGRATION

To close the interactionloop where the robot response
to the humanrequestsand makes her own requeststo the
human,aworld modelis necessarylheinformationdetected
by the sensoryskills hasto bein aformatandrepresentation
that allows to all the systemcomponentgother skills) use
it. At the sametime, motor skills hasto be in a format
and representatiorthat other skills could call, actvate or
deactvatein executiontime.

To achieve this integration, rst of all, we are formulating
every robot skills as data insteadof functions. It can be
accomplishedising script languagesfor example,standard
markup languages.The adwantagesof using script pro-
graming languagesare that they are very intuitive for the

developerand that the script can be autogeneratetly other
scripts,so adaptationand learning can be solved this way.
Mary researcherareusingmarkuplanguagegor improving
human-machinénterfaces.In [24] thereare several markup
language de nitions that are used to integrate different
animationcharacter®OF improving human-machinénter-
faces.

The W3C (World Wide Web Consortium) [25] provides
speci cationandstandardgor mary nev markuplanguages
designedfor facilitating the development of multimodal
interfaces.

The most important markup languagesthat are liable to
be usedin a Human-Robotinteraction application can be
enumeratedisfellows:

InkML (Ink Markup Language)it representshe data
of ary notationallanguageapplicationlik e handwriting,
gesturessketchesor music.

CCXML (Call Control eXtensibleMarkup Language):
It is intendedto supporttelephory call controlin HMI.
SRGS (SpeechRecognitionGrammarSpeci cation): It
allows to detectspecialpatternsof wordsor utterances.
InkXML (Ink MarkupLanguage)This languagesenes
asthe dataformat for representindnk enteredwith an
electronicpen.

VXML (Voice eXtensible Markup Language): This
speci cation allows a dialog representatiorbasedin
forms and menus.

NLSML] (Natural LanguageSemanticMarkup Lan-
guage)::lt is designedfor the Speechinterface Frame-
work. It is intendedfor use by systemsthat provide
semanticinterpretationgor a variety of inputs,includ-
ing but not necessarilylimited to speechand natural
languagetext input.

SSML (SpeecttynthesidMarkup Languages)tt allows
an exhaustve text audio synthesiscontrol.

EMMA (Extensible MultiModal Annotation markup
language)it representsaw input signalasspeechpen
or keystroke input, gestureegtc. It integratesthe different
signalinterpretation®f the differentmediainterpreters,
speectlor gesturerecognition semantidanterpretersetc.
SMIL (Synchronized Multimedia Integration Lan-
guage):It integratesdifferent streamingmediatype to
eachother:imageswith text andvideo or audio.

SISR (Semantic Interpretation for Speech Recogni-
tion):It describesthe meaningof a Natural Language
utterance By "meaning”, it is understoodthe rules of
information computationto returnto an application.It
addssemantictagsto SRGSgrammars.

SCXML (StateChareXtensibleMarkup Language)it
provides a state machinenotationfor control abstrac-
tion.

Fig. 5 shavs the relationshipbetweentheselanguages.
For example, NLSML containsthe VoiceXML language,
which contains SRGS languageat the sametime. While,
SRGSrepresentsow abstractiorievel information,NLSML
representshigher one. Low abstractionlevel information
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