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Abstract

As robots become more and more embedded in ourigathyend social environment, their integration imor social
interaction space necessitates mechanisms whiclageatmese new social contexts. While consideralol \lwas been
invested in developing strong human-like robotsriger to arguably augment the human-robot intevactixperience, the
core complexity and significant costs with such approach render it difficult to justify for practic real-world
applications. This paper discusses the use of anigaieeality as a tool to bypass this issue arahathe designer, and
subsequent user, to easily choose an aestheticassitciated social behavioural mechanisms. Not dodg this allow a
user to perceive an associated form with a rohdtt,atso allows many people to perceive alternaten$ofor the same
robot, a degree of social customisation which leenbmpossible until now.

Introduction

The development of the field of social robot reshain recent years has lead to a strong need foereat control
frameworks for heterogeneous robots, which supgxpticit social interaction between robots and lestw these robots
and humans. Human-robot interaction research i@gkmpowering a robot with the social functionaliéguired to
engage human participants in some form of diresteihl engagement. The humanoid form has traditypbaen seen as
the obvious strategy for integrating robots sudtdigsinto these environments. Such systems oftarolve building
robotic devices with a degree of anthropomorphpresentation (head, body, facial expressions, lgastures, etc) (see
[16] for a discussion). The control systems gemgrhploy key human-centric interaction modalitiegh as speech and
even models of emotion in order to realise as ahtar social interaction as possible. In hardwarg-aomains,
behavioural resolution for facial expressivity, fexample, is very limited. Strong anthropomorphizgaigms in HRI
overly increase people’s expectations of the systgmarformance, and subsequently severely loadbeteavioural
complexity required to succeed. Mori highlightee tbroblematic issues found in developing anthroppimo systems
with “The Uncanny Valley” [30]. His thesis is thiite more closely a robot resembles the human, tre affection it can
engender through familiar human-like communicatieferences. However, there is a region in the desigce where the
robot appears uncanny and weird. Issues of spesdjution and expression clarification based omroftery subtle
actions provide for a highly complex design arena.

This paper discusses the use of augmented realigytaol to bypass these issues and allow the rEsignd subsequent
user, to easily choose an aesthetic with associeteil behavioural mechanisms. Within this paper describe and
employ our multi-agent middleware the Social S#dafgent Architecture (S0SAA) [14] and associatedls [12] in
order to develop and interact with agents compageguhysical robotic bodies and virtual avatars espnted on top of
them through augmented reality overlay. The follogvsections outline this new approach towards dgueg flexible
social machines and summarise our research to date.

Bridging the Gap between HCI and HRI

The recent pervasiveness of robotic platforms liésdaas a catalyst for a large body of researchsiigating human-
robot interaction. This research has shown thatadmsntreat computers as equal social partnersyflibbave in a socially
competent manner [37], thus facilitating natura¢iaction. To fulfil this goal, robots need to éihisocial and emotional
intelligence, not only for the good of the human &igo for that of the robot [9].



Part of this intelligence is the ability of humamdarobot to understand and anticipate the othat&ntion [9][48]. Humans
convey this information through explicit communioat as well as an array of non-verbal cues [25]ictvthave been
studied, among others, by traditional digital artionswho have developed a set of principles basetth@r observations,
e.g. anticipation (providing cues to an action befendertaking it) [46]. Van Breemen [48] arguest ipplying such tried
and tested concepts can help humans understandlibgs intention. Bartneck has shown that affextexpressions of
machines can appear to humans as convincing as tfi@gshuman — regardless of the level of abstiactias long as the
expressions remain distinct from each other [8] @mkistent with user expectations [40].

However, due to physical constraints expressioaglabilities of robots remain restricted when coraedato humans
(see [7] for a recent review of robotic user irdeds) and thus fail to convey subtler meaningsi@tion or emotion.
First steps towards building a realistic human-ldempanion with rich visual expressiveness haven ltaken [19], but
still suffer from limitations and high cost. Onretlother hand, in a wide range of robotic platfoffioswhich a robot-
human interface was not included in the initialiges(i.e. see Figure 2a) implementing such cap#sliis difficult,
especially with the current lack of tools availafite such task. Furthermore, once a robot is bitils more or less fixed
in its appearance, which cannot be tailored tarilvidual user or modified to adapt to other cimgtances.

In contrast, virtual characters offer a number diveatages compared to physical robots. The canepsshighly
expressive interfaces that are as convincing asngah [8], are comparably cheap, can be easily adgpersonalised)
and are also capable of actions that are impossililee real world, such as mutating the form dittavatar [28]. They
constitute a convenient and readily available mmdfar the investigation of Human-Computer Interatiand can be
utilised in Human-Robot Interaction studies as J&lI.

However HCI and HRI, though sharing common issaes by no means identical and should be regardddstisct fields
of research [9]. Yamato et al. have demonstratat] #ven though a virtual avatar can exercise nmfiteence on humans,
robots are regarded as more familiar [50]. Robtds aeem to appear more convincing, more entengiand offer a
greater feeling of shared space than animated cfeasa[24]. It is therefore important to remain dfil of such
differences.

A logical conclusion is then to combine the two lder virtual and physical. A first incarnation d¢fig principle is the

addition of a screen to the robot. This has beafelyiused as a form of telepresence in remote cemféng scenarios
[52], and as robot-human interface for social relj@}, but we believe this approach suffers soneiat drawbacks. The
screen can only be seen from one angle and caenatidpted for each individual user. Furthermore ctmaracters and
their actions are still limited to the screen. V€D embodied virtual agents can point to things 8D environment, they
cannot effectively point (or look) in a 3D spacenother consequence of this is that user studiesexpeériments

investigating these skills and their influence aman-robot social engagement (e.g. [43][42]) aterofestricted to
physical robotic platforms, sometimes with limitegpressive and sensory-motor competences (e.@pretat robots)

compared to much more expensive humanoid mobiletsob

Our thesis is that mixed reality [29] offers a putal solution to these discrepancies. Only if raeat virtual world are
seamlessly integrated can the gap between theeéweally bridged. We therefore introduce the nottba Mixed Reality
Agent (MiRA), i.e. an agent consisting of real amdual components that can be perceived as aesiaglity availing of
an augmented reality display, e.g. a Head Mounisgl&y (HMD) (see Figure 1).

For sake of clarity, we observe that there areethffit interpretations of mixed and augmented seblit since our agents
live in both the real and the virtual world and d¢enrealised across the whole of Milgram’s VirttyaContinuum [29], we
find that they are indeed mixed reality agentsopposed to being ‘merely’ augmented agents. Weebelihat this
approach offers some compelling advantages. Thegingeof the real and the virtual facilitates thesaigin overcoming
the limitations of each. A mixed reality agent éits tangible physical presence while offering riekpressional
capabilities and personalisation features thataneplex and expensive to realise with physical tebo

Contrary to screen-based solutions, the virtuataavis now only constrained by the user’s fieldvidw. As the mixed

reality agent is embodied in the real and the &lrtuorld it can manipulate both and can interachwphysical as well as
with virtual objects. This interaction transcentle boundaries between the real and the virtualdydhke virtual avatar
can be perceived, for example, pointing or lookatgreal things, while the physical robot can stessund virtual

obstacles. Also, as the virtual part is rendered/idually on each user’s equipment, it offers tleenpelling possibility of

personalising the content for each user.



A distinct disadvantage, at the moment, is the ansdime and expensive hardware imposed on eachHmsever, this
situation is on the verge of a change as both heauhted displays and wearable computers becomeehaad less
invasive [26]. Currently, our research investigaties applicability of mixed reality agents in twastihct contexts,
namely:

Figure 1. View of the same scene with a physidabtand with a mixed reality agent

Human-Robot Interaction in Ambient Space

Our group investigate tools and architectures far tontrol of a collective of (heterogeneous) nebibbots; their
coordination and their integration in a larger abcontext populated by other diverse robots, saftwagents and humans.
The advantages of combining the unique capabildfe®bots, software agents and humans have bégioneed through
such projects as RAP (Robot-Agent-People) [39]einms of a proxy-based architecture for flexiblemeeark among
agents interconnected by an explicit communicati@dium. Our work adopts a wider perspective by atedracing the
notion of ambient social intelligence [2], the résof endowing ubiquitous (e.g. wearable) devicathvautonomous
behaviours for the creation of intelligent enviramts.

It is our thesis that mobile robotics are a conipglinstance of those artefacts which comprise @gltver the ambient
space. Clearly, mixed reality agents leverage fifffeision of wearable computing devices interconadcby wireless
networks. Also, in this context, augmented redlitgrfaces enable sophisticated interactions betwebots and humans
by enhancing their mutual awareness thanks to xp®igation of the necessary network link. Idemtifiion and spatial
referencing (i.e. tracking of humans and their yaharing social engagement, for example, is greéabilitated by
availing of the same tracking information employedthe realisation of the augmented reality overla

Prototyping and Experimentation Tools for the Dewgiment of Social Robots

We also investigate mixed reality agents, and amg@aereality in general, in aid of the prototypiagd development of
physical, fully autonomous, social robots. The dwim perspective brought by collective and somabtics exacerbates
some of the issues associated with the developofenabotic systems, in particular those relatechwite conduction of
the necessary experiments and the subsequent gealoacomparison of the components under devetsgm

A common practice in robotics is to build architeets having significant components that transfeoss physical and
computer-simulated environments and subsequentiyhese computer simulations to test the robotrobets. Similarly,
virtual characters are widely employed as a validaor preliminary step toward the development lofis for physical
robots.

In other fields, e.g. in manufacturing industrieghie aviation and automotive sectors, Collaboeatfirtual Environments
(CVE), distributed virtual spaces in which peopnaneet and interact with others, and augmentdidyréave been
systematically employed for engineering and prgioly purposes. Within the same fields, hardwarth@loop

simulations (HILS) [27] have also become a consadid practice for the testing of complex distribuéenbedded control
systems, often in conjunction with virtual and aegited reality visualisation. These solutions hawe advantage of
preserving the richness and the complexity of systa@vironment interaction while allowing researchév test and
scrutinise the behaviour of specific isolated conmgrus.



Robotics research has recently started to exploeeutilisation of similar powerful techniques (e[g¢5][3]). These
frameworks allow the instantiation and the moniigriof experiments that combine real and simulatetities, e.g.
simulated robots working along physical ones ituél or mixed reality environments, but they do sapport the kind of
mixed reality agents (half real/half simulated)ttirge describe in this paper. Consequently, sodi#lssfor robots (e.g.
gaze behaviour for a robot head), which requireagegent with a human, must still be developed asted using
distinct environments, first relying on work ontuial characters then on fully implemented protosype

Immersion of human users in virtual environmentsivited by simulated virtual robots can obviouglgpond to some of
the needs of this research. However, this solutias the same disadvantages as fully simulated iexgets for the

development of traditional robotic behaviours asmwdation can rarely match the complexity of reaviemnments.

Engaging a virtual robot in a virtual environmesisubstantially different from engaging a robot iegphysically present
in the real environment, as the physical robotaigable of sensing, reacting to and operating uperrgal environment
while, at the same time, exhibiting the intendegdressivity and manifesting the behaviour under tgreent thanks to
its virtual component. We therefore advocate mixeality agents as a prototyping tool for the depeient of social
robots in situations in which it is useful to tesbcial behaviours in conjunction with physical pmese in real
environments.

In the following sections we describe the SoSAArfeavork, which is employed for the realization oked reality agents
and illustrate some of the work we produced to.date

The SoSAA Middleware

In delivering the agent components in the architectwe commission the Socially Situated Agent Atture
(S0SAA) [14], an agent-based middleware for theetlgsment of distributed autonomous systems based #Wgent
Factory (AF) [10].

AF implements a Belief-Desire-Intention (BDI) [38jodel of agency that uses the mental attitudesetiéf3, Desires and
Intentions in order to represent, respectively,ittiermation, motivational, and deliberative statéshe agents. The role
of these attributes is to provide the agent withisable description of both present and future stafethe agent’s
environment. AF agents employ practical reason@aniques to deliberate upon their perceived sttnatpdate their
mental state and select a future line of actiopursuance of system goals.

AF defines an interface layer based upon absti@ogtor and perceptor modules that are used toeodrihe reasoning
engine with domain specific systems. This mechanssinstrumental for the ability to create hybrabotic systems [11]
combining deliberative components with behaviousdahcontrollers and also for controlling both raadl virtual agents
(e.g. simulated robots or virtual characters) [15].

To enable collaboration among any type of agenthiwia specific application, AF agents make useaoFIPA
(http://www.fipa.org) compliant Agent Communicatidranguage (ACL). Through ACL directives such @&gjuest,
inform, proposeor reject the agents can influence each other’s conduct.

The Virtual Robotic Workbench
The connectivity for the realisation of mixed réakgents is based upon the multicast, multi-chemessaging service of
the Virtual Robotic Workbench (VRW) [14], an agdmtsed collaborative virtual environment for soctddotic agents.

Current CVE systems are the result of a convergericeesearch interest within the VR and Computepgauted
Cooperative Work (CSCW) communities. Within the &@Community, the ability of CVEs to simulate theyptcal
presence of users in a shared environment has ibsemmental in enabling complex social interactiomhich has
previously eluded technologies such as audio adéovconferencing and shared desktop applications.eficient
collaborative work, CVE systems necessitate HChitégques as well as specific instruments facilitgtine coordination
and the social engagement between participantsedningly more systems also incorporate agent-b@ebaiques (e.g.
[49]) to improve the usability of the system. Ageatt as virtual representatives of human usersaridlly autonomous
intelligent entities co-habiting the same-shareztsp

The core features of the VRW are the immersionaih lrobots and humans in a networked collaboragiweéronment
supporting robot-robot and human-robot interactibor this purpose, the VRW contains an XML protoéal the
transport of both ACL directives and telemetry mif@ation (i.e. sensor, positional and tracking updpat The XML
tagging mechanism is easily extendable and camaiptsupport data streaming at different rates afhdifferent content



type. For mixed reality agents, the workbench ngisgasystem is also exploited for the dynamic discy of peer
observers and for advertising static data concgriifre avatars and the marker cubes thus fully ibigtng the
configuration of the application.

Robot Hardware

Our work employs wheeled robots, specifically, ERivw.evolutionrobotic.com) with SICK (www.sick.d&MS laser
scanners and Nomad Scout robots (see Figure 1),seitar sensing. Every robot in the team is alsippgd with image
sensing and simple ball pushing devices enablingjicbball-handling behaviours in the context of ribasoccer
experiments.

Augmented Reality

Figure 2 illustrates the typical setting for thalization of mixed reality agents. It depicts arusearing a computer and a
see-through head-mounted display with associatgiteticamera and microphone. Through the HMD, uker can see
the live scene, depicting the real robots, augnikebte superimposing synthetic imagery showing tteoeisted avatars
and the other components of the augmented reatityface.
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Figure 2. Structure of mixed reality agents

The overlay between real and virtual images isizedl by tracking the position and orientation oé tHMD of each
observer in the coordinate frame of each obserwbdtr This information is then used to align theaga of the virtual
character with the associated real robot. As a leimpd cost-effective way to implement this tragkimve place 3D
physical markers on top of the robots and trackithethe video captured from the HMD camera.

Tracking and rendering functionalities in the catrenplementation are based upon ARToolkit [23}oétware library for

the recognition and pose estimation of square maskéhin a camera image. We arranged five differearkers upon the
visible faces of a cube (visible in Figure 2, op tf the Nomad Scout robot and below the snowmaaayto make the
robot traceable from all angles. In order to imgrdle precision and the reliability of the trackiag<alman Filter [22] is
used to integrate the observation of multiple faskethe cube over time. As in [34] we implementedhared tracking
system in which multiple observers (i.e. differesers and/or fixed cameras) may communicate with eséher in order
to collaborate in the tracking effort and to inedooth precision and coverage. The VRW messaginics is exploited
for the dynamic discovery of peer observers anddissemination of data through the network. Sucta dacludes

tracking observations, robot telemetry (i.e. posisil updates), and other information regarding liekaviour and the
cognitive state of the robotic agents and the aasaut virtual characters. Furthermore, the VRW aggms the run-time
distribution of configuration data (e.g. broadcagtthe picture of markers upon the observation pfewviously unknown
cube), without the need for explicit mirroring obroplex configuration files. More details of the dkang and

communication systems can be found in [14].

It is important to note here that, at present, tieker based optic tracking is a cheap and easyi®olto augmented
reality but it suffers from a couple of shortcomgngnost notably, the sensitivity to different ligigf conditions and the
failure to track when the cubic marker is partiadigcluded. However, a number of researchers hasently developed
marker free vision based tracking (e.g. [47]) tbatld be used to track the pose of the robot iissliead of a marker,
even when it is partially occluded by other objectthe environment.



Multi-Agent System Integration

Mixed reality agents look to seamlessly integrateysical robots with augmented reality overlays ewl+world
environments. To this end, the SoSAA framework rsffeistributed behavioural rendering through mamggihe
appearance of both simulated robots and virtuarachers (e.g. virtual heads or full body avataese $igure 3b)
associated with real robots.

The functionalities of mixed reality agents emefigem the collaboration of a network of distributadents: agents in
control of the robotic platformsdbotic agent3, agents managing the user interfacese( interface agenktsand agents in
control of the virtual avatarsayatar agents In the current implementation (see Figure 2aj),dach user, both the user
interface agent and the avatar agent reside owi¢heers wearable computer and are connected totties participating
robots and users via the VRW messaging system.

This multi-agent system is thus composed by virarad real elements, which ought to exhibit cohesiod behavioural
consistency to the observer. This is partly faaiéitl by the adopted robot-centric solution for aegi@d reality tracking,
but in itself is insufficient. In order to be a igslable component of the mixed reality agent, tebaviour of the virtual

component needs to exhibit a degree of awareneits sdirroundings, comparable to a robot being ighjly embodied

through an array of physical sensors and actuattesinstrument for such situatedness is the upkatisor stream, which
notifies the avatar agent about the nature andivelposition of the obstacles, and other objettmterest perceived by
the robot. This allows the direct-control of deicéind anticipatory animations [46], to project theention of the mixed

reality agent toward perceived objects of interest.

Animations can also be associated with specifictions performed by the physical robot or to inseedghe human
understanding of the robot’s state. For exampke atratar could nod or salute to acknowledge a sisecal command, or
shrug its shoulders if the input has not been wtded. Being virtual artefacts, these animatioresraot just limited to
‘natural’ human-like forms, but can also includermoomplex effects involving other virtual objecésflash bulb could
for example be displayed when the robot agentitmiimg a new task or activating a new plan, orirdual soccer ball
visualised near the head of the avatar wheneveretideball is recognised in the robot’'s camera ienggge Figure 5), thus
informing an observer that the robot is recognizimgball and tracking its position.

Robot Agent. The robot agent manages the robot conduct. lisis @onnected with the VRW messaging system that is
used to receive observation updates, user commamdgo update other participants regarding itsriatestate (i.e.
sending telemetry and sensorial information whepuested or reporting its BDI mental state to thgeober).

Robotic control is achieved through the integratdrihis BDI intentional layer with a reactive, lztiour-based robotic
system [4]. In order to enable the soccer gameasiterin addition to obstacle avoidance and naidgatapabilities, the
robotic controller includes object recognition ftinnalities (based on blob colour tracking) usedetmognize the ball and
the other robots and low-level reactive behavidorgiribbling, kicking and passing the ball.

The control system also includespatial referencing sub-systemsed for the definition and maintenance of wayasi
which can be associated to objects tracked witlothboard camera or initialised to arbitrary pasisi registered with the
robot odometry system. Successively, these waytpaan be used as inputs for behavioural modules f@r the
behavioursFaceObjector MoveTowardl. The mechanism enables behaviour's persistenbas The robot can keep
approaching the ball even when it gets momentacdbluded. It also supports multiple foci of intérééhus the robot can
turn toward the user and then return to pursuiedotil.

User Interface Agent.The user interface agent controls the display »f &d other 2D graphic overlays in the user
HMD. Through them, the user can be informed of itletd the task and the state of the other paricip (both robots and
humans). This agent also processes user utteramaging of the IBM ViaVoic® speech recognizer and the Java Speech
API (http://java.sun.com/products/java-media/spéeclihe vocal input may be used to trigger a priegef set of
commands in order to configure the local interféi@ requesting to tune on a particular VRW chdnoeissue requests

to the robots. To do this, the recognized text &atmed and unified with a set of templates andré¢isalt transformed in
the correspondent ACL directive, ergquest(?robot, follow(right))

Avatar Agent. Since the rendering of the virtual component isqrered on the wearable computer connected to the
human observer's Head Mounted Displayfamatar Agenis in charge of the behavioural rendering for eaatiot in the
scene. This agent is responsible for monitoringesiaformation and events transmitted by both rototl observer
through the VRW and to keep the behaviour of theual character in line with the perceived activithis is achieved by
activating a set of animations (e.g. hand gestaresfacial expressions) available to the avatategree of flexibility
difficult to achieve on non-augmented platformsiridsan agent in this context avoids the need fetatically pre-defined
mapping, enabling instead a more reasoned, and @asity definable control over the avatar's appeegaFor example,
the avatar agent may use a stereotypical idengisgription for the robot and the avatar (see [46fore details) as well



as a profile of the observer (i.e. his identity gnefferences) in order to personalize the fornhefavatar and dynamically
bind classes of events to the specific visual caresanimations.

Gaze Tracking and Spatial Referencing

Since proper overlay of virtual images onto ther'sdéeld of vision requires exact knowledge abthé position and gaze
of the user, we decided to avail of this knowledne forwarding it to the observed robot via the waekch data
dissemination service and to use gaze directianfloence the robot’s behaviour, to spatially refeze virtual and real
objects, and to identify which individual out ofeam is the focus of the interest of the userimudti-robots scenarios (in
case more than one robot is tracked in the HMD carneage).

Since the user gaze is hidden behind the HMD, &pisroximated through the orientation of the canmmraop of the
HMD, thus effectively reflecting the users heacdendtion. The robot infers the position of the obseand the direction
of his gaze in its own local frame of reference #rah projects the user's gaze vector onto the fhdteme.

Behavioural Rendering in Mixed Reality Agents

The mixed reality agents have access to a librantaining a number of avatar forms they can us¢hes virtual
component. For human-like avatar forms we empleyHhAnim 1.1 standard [18]. The H-Anim specificatsodefine a
standard description of the virtual human bodyamf of a set of segments organised hierarchically @onnected by
joints. Figure 3a shows one of the humanoid avataesl in conjunction with a Nomad Scout robot. @katar is part of
the distribution of the Virtual Character Animasmftware by ParallelGraphic and is compliant with standard.

Based on the VRML/X3D standard for 3D representatibe definition of a H-Anim avatar can be compdened with

the other features available in these standardssso represent human-like characters with diffedsgrees of visual
sophistication, from caricature to photo-realisti@tars. Furthermore, a humanoid animation may bieetiefined in terms
of relative movements (i.e. rotation, translatiscale) of these joints over time.

The H-Anim 1.1 specifications, in fact, do not exdehe basic support for animation available in IRNThey also do not
currently include the ability to represent highdebehaviours (e.g. walk, wave) or define facighressions. Nonetheless,
the standard has acted as catalyst for a large bbdgsearch in the 3D and virtual reality commigsitwhich share an
interest in the incorporation of human-like avatarsirtual or hybrid environments (see [5][38][244]). Several working
groups are currently developing standards and tmolfiumanoid animations including facial expressi¢6] and more
general behaviour specifications (e.g. [51][35])e Wéel that our mixed reality agents would grebtyefit from avatars
that are able to exhibit complex facial expressitike gaze behaviour natural language processidgip synthesis.

In this work, an abstract interface is defined ke the BDI agent and the behavioural renderinghé form of
perceptors and actuators, to be used by the aagémts. This design favours a smooth transitiom toore sophisticated
behaviour-specification system, while at the saimeet the avatar agent treats the virtual head duali limbs as
mechanical devices, using the same interface ietrid real hardware. Our current implementatiorbased upon
OpenVRML [32], an open source C++ library enablingragrammatic access to the VRML model. With thishaism
in place, there are two alternative means to ereanimate the model, which correspond to diffedagrees of control
over the animation:

Indirect control, by triggering the activation afpstored animations.
Direct control, by manipulating the avatar’s joints

Both options enable the use of pre-stored defimitiof the animations, which is another advantagesofg the H-Anim
standard. For example, realistic animations creuaiitldl key-frame editors (such as Virtual Charadd@imator) or with
motion-capturing technology (as in [44]) can beetioindependently from the avatar definition andised for different
avatars. The main advantage of indirect contrthag the interpolation between frames is delegaidtde VRML engine,
thus freeing our interface from this duty. On thkeo hand, direct control could also be used tapce the animation at
run-time, i.e. availing of (more computationallyng@nding) forward or inverse kinematics techniqudgernatively, pre-
stored animation could be treated as templateparaineterised before execution, as in [21].

In order to meet our objectives and to achieve mpromise between speed, simplicity and behaviorgalism, our
design allows the use of both pre-stored and mae-tanimations by handling them with, respectivelynchronous and
asynchronous actuator modules. In addition, in or@epproximate a desired behaviour, we segmerti-@amimation by
using both sequenced and parallel activation ofi satuators. The use of such mechanisms can ber bktstrated with
the example of a mixed reality agent Boy (detailedection 5.2 and shown in figure 7), which invedwplaying robotic
soccer with a human participant. The Boy avatantgdio the ball detected by the robot camera (whasecan be seen in



the front of the robot just below the red bumpagyi In this example, a continuous animation (ieiggl by a synchronous
actuator activated at start-up) controls the ayatanulating the breathing pattern (including thgthmic expansion and
contraction of the chest) while an asynchronousadot (activated when the robot perceives the lbakctly controls the

joints involved in the pointing behaviour. A simileombination can be used for the manipulationaaidl expression in

conjunction with the eye gaze.

A Mixed Reality Agent as a Museum Guide

This work incorporates strong notions of percepidahtity in artificial systems through the usestéreotypes, character
(perceived identity) and roles [17]. The SoSAA feamork provides a flexible mechanism where usersceatomise both
the agent’s virtual persona and how this is manaigexligh explicit mechanisms for artificial idegtitWhile each agent’s
representation is fundamentally grounded amigueidentity, these personalisation mechanisms allsgraito select their
own preferred avatars in both virtual and augmengatity applications.

As an example of the type of situation where thiesgures could be used, consider a mixed realignaguide to a
museum that is physically embodied as a robotgtliag around the museum, guiding visitors and fimyg information
about the different exhibits. Furthermore, when tiser is equipped with a head-mounted display (HMDB® agent’s
virtual embodiment, an avatar overlaid on the rofast shown in Figure 3a), can be seen. Togethisr,ctimbines the
advantages of an expressive virtual agent wittpthesical presence of a robot.

Figure 3.(a) The avatar can use gestures and atloerverbal expressions to interact with the user
(b) Adult visitors are greeted by an adult avatamh while kids are greeted by a child avatar form.

As a result of this combination of the physical dhe virtual, the guide is capable of complex \dttaxpression, while
being physically present within the environmentrthermore, the virtual avatar can be tailored t® tiser's personal
model. For example, an adult may see the avatan aslult whereas a child may see a child avater Kggure 3b). As it
moves around within the physical space, the virtwatar animates to help point out key items. Retaince, in Figure 1
(right), the avatar points, and directs its gaaeards a ball. It should be noted that, as theaavat3D, the object that it is
pointing out can be easily discerned by the user.

As the user is guided around the museum, the Viatvetar can mutate its form to help the user Visedhe points that it
is illustrating. As an example of this, the guideperation within a natural history museum is shawnFigure 4.
Specifically, these show the guide’s appearancie @sproaches two exhibits, one containing a comparof carnivore
skulls, the other a skeleton of a Giant Irish EMt.each exhibit, the guide augments its discussibithe exhibit by
adopting an appropriate avatar form. In this cétseutates into a lion while discussing the carnévekulls (Figure 4a)
and a stag while discussing the Elk (Figure 4b).

Throughout the course of the interaction with tlsery the guide’s actions are controlled by the igeteliberative
mechanism. Decisions on where to move the robadtwdvatar form to adopt, and which animation toyaut are made
based upon the agent’'s BDI reasoning. This alldvesagent to respond to changes in the environnvghen a user



becomes disinterested in a particular exhibit andes away, the guide may adopt its actions andgehés discussion in
order to reflect this. Deliberative agent contrgloaallows for the creating of a more dynamic, Aedce more believable,
agent interaction.

Figure 4. (a) The guide adopts a lion avatar fortraa exhibit of carnivore skulls
(b) The guide changes its form to a stag when disog the Giant Irish Elk

Human-Robot Collaboration Experiment

In order to realise practical demonstrations ofedixeality agents, we devised an experiment thaitsaof the capabilities
of our robots to recognize and move a soccer Fdle intent of the experiment was to demonstrateesofthe

functionalities of mixed reality agents and sergepeeliminary study for a larger user trial. In tgarar, the experiment
tests the spatial referencing system, the gazé&itigdunctionalities and some social behaviouritnaions that require
collaboration between humans and, potentially, ipleltrobots. The higher-level skill we adopted e ability to fetch a
soccer ball and deliver it to the user who requkite

We conducted a series of tests [13] with one No®ealit robot operating in a coffee area within thbd®l of Computer
Science and Informatics within University Collegeldin. In the experiment we adopted a snowman avhed clothes
the tracking cube and part of the robot (see Figlre

We asked three different users to try the systelmeyTwere instructed prior to the experiment ashouocabulary they
could use with the robot's speech recognition far (like ‘move there’ ‘bring me the ball, etc). In order to help in
replicating the test with these different usergythvere instructed to remain standing within a ‘nader of a given
position. This was located approximately in theteerof the experiment area and marked with a cirote-meter in
diameter, on the floor. We ran a number of diff¢rteials with each user, changing both the starposgition of the robot
and the location of the ball at every trial. In @rdo increase the complexity of the task we alsegal armchairs in the
environment to create obstacles between the hellyser and the robot.

By way of example, Figure 5 shows a sequence qfstras taken during one trial. An armchair wastedan front or the
user, just between the ball and the robot, withldkter pointing away from the user. In the pictutee mixed reality agent
is shown turning toward the user before saluting le&stening to the first instruction. In Frame Betuser imparts ‘@nove’
command. In the picture a red arrow, connectingldthse of the robot with the user's gaze, indicaltes suggested
direction. Subsequently, the robot starts to maovthat direction while avoiding the armchair alahg way. In Frame 4
the user imparts durn left command causing the robot to turn and sense thevith the on-board camera. A virtual
soccer ball appears near the avatar indicatindpeéouser that the robot has detected the ball. Weruser asks for it
(‘bring me the ball) the robot initiates the grab behaviour (Framar&) then moves toward the user with the ball batwee
its arms.



Figure 5. The robot fetches a ball for the user.

A Prototyping and Visualisation Tool

Mixed reality agents can help reduce the cost aflware development and allow for a greater rangevisfial
functionality to be used to monitor on-line robo&igperiments in unstructured and previously unkn@mmironments.
We currently employ mixed reality agents for agsistthe development of our team of mobile robotst Example,
through augmented reality we can have several mregses, each wearing a HMD, monitoring experimeantslving
either a single robot or a team of robots. Thisiggjthe researchers with a live representatiorhefrbbots’ activities
while they are working on a designed task (e.dirtgsa new sensory-motor behaviour or perceptiail) skstead of
having to rely only on offline analysis and visaalion tools. The augmented reality equipped exrpenter can instead
query the robots mental state, debug the live systed experience a rich visual feedback while nlsg the real robotic
system at work.

Figure 6. (a) Augmentation through overlay of seisanformation
(b) The anthropomorphic JoeRobot

Figure 6a shows a mixed reality agent extended thighvisualisation of the beams emitted by the f@alasonar ring with
which the Nomad Scout robot is equipped. In addjtithe same mechanisms implemented to increaséuhean
understanding of the robotic system during humdmotreollaborative work are also employed during deeelopment
process. In other words, we treat this processsisting of task-oriented trial and observation aftjally developed



behaviours, as just another phase in the life cgtlgne robot. In this development phase, the gbahe mixed reality
agent is to collaborate to the effort by facilitatithe debugging of the activities internal to tbieotic controller.

To this end, animations and other visual cues énwiltual avatar are used to attract the attendfothe experimenter to
particular situations (e.g. when the robot is ueabl overcome an obstacle) or evidence meaningkits in the BDI
reasoning process of the robotic agent (e.g. bshitey a virtual light bulb to inform about a newdgtivated plan).
Finally, having implemented the avatar’s animatimechanism within the same framework we adopteaterface with
other robotic hardware (e.g. the robots’ differehtirive systems), we now have a powerful systeah¢hn be used to test
robotic social skills before their actual implengitn in hardware while still availing of physigalesence of both human
and robot in the real environment. In order to destate this use of the mixed reality agents, veecarrently in the
process of testing an extension to the behavioperteire of the humanoid robot “JoeRobot” (Figuby @hrough
experiments with the “Kid“ mixed reality agent (big 3a). Among the behaviours of interest, we awelbping a gaze
behaviour for the control of the direction of thebot gaze during the fetch-ball collaborative taBke use of mixed
reality agents will allow us to test this behavidnirconjunction with a real robotic platform thatllveense and act upon
the real world, the same world inhabited by thecobsr.

Therefore we neither need a physical simulatiothefball dynamic nor a simulation of the robot'sage processing. We
can carry our experiments simulating different dyiacapabilities of the robotic head, before weualty proceed to
change the hardware of the physical robot, eitlyeugmating the servo-mechanisms in control of teacdhmovement, or
completely changing the design/appearance of thetfeead, and finally porting the developed behango

Conclusions and Future Work

The role of the robot in our physical and sociaawill change drastically over the next decad&il&\by no means a
solved problem, the development of relatively rabosentrol and sensor technologies has allowed rekess to
experiment with different hardware and softwarefigaumations. To date, the majority of these whicdivé employed
virtual reality have only done so in the contextsdfnulations or remote representations for telesgmee and tele-
operation. This work embraces virtual and augmergatity from a whole new perspective. The MiRAnfirework helps
address a number of fundamental issues that odeen wobots become a part of our social space,dimguthe complex
issues of behaviour expressivity and similar huroamtric social interaction paradigms. Consideraggearch has started
to investigate those key mechanisms which promoteleelp manage social interaction between man aachime. This
work proposes the adoption of mixed reality agémthe context of ambient space and provides adlexramework for
rapid prototyping of both aesthetic and behaviofeatures to help develop coherent social systems.

In addition to their appeal to human-robot intei@acistudies, the implementation of mixed realitgaty poses a number
of new and complex technological challenges (he. $ynchronization between the behaviour of thesiohy and the
virtual components and their integrated identityhe user) that we believe are worthy of investaatFuture work will
include a user study, including a more formal idtrction to the system and the behavioural capegsilif the robot, an
assessment of the spatial and perceptional sKiltheo users and a questionnaire to investigateutiability and other
aspects of the system. Such a study will be usddvestigate how specific components of the systeenhelpful in
improving the understanding of the robot’'s state &a intentions and which are the most effectige iuman-robot
interaction.
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