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ABSTRACT 
Future space exploration will demand the cultivation of 

human-robotic systems, however, little attention has been paid 
to the development of human-robot teams.  Current methods for 
autonomous plan creation are often complex and difficult to 
use.  So a system is needed that enables humans and robotic 
systems to naturally and effectively collaborate.  Effective 
collaboration takes place when the participants are able to 
communicate in a natural and effective manner.  Grounding, the 
common understanding between conversational participants, 
shared spatial referencing and situational awareness, are crucial 
components of communication and collaboration.  This paper 
briefly reviews the fields of human-robot interaction and 
Augmented Reality (AR), the overlaying of computer graphics 
onto the real worldview.  The strengths of AR are discussed and 
how they might be used for human-robot collaboration is 
described. Then a description of an architecture that we have 
developed is given that uses AR as a means for real time 
understanding of the shared spatial scene. This architecture 
enables grounding and enhances situational awareness, thus 
laying the necessary groundwork for natural and effective 
human-robot collaboration. 

 

INTRODUCTION 
 NASA’s vision for returning to the moon, exploring Mars 
and beyond, stresses the development of human robotic systems 
[1].  Little attention has been paid to cultivating these joint 
human-robotic teams [2].  Fong and Nourbakhsh point out that 
to reduce human work load, costs, error and risk, intelligent 
robotic systems will need to be an integral part of mission 
design [2].   

There is increasing interest in the field of human-robot 
interaction (HRI) as can be determined by the inaugural 
conference for HRI [3].  Companies such as Toyota [4], Honda 
[5] and Sony [6] are investing in the development of consumer 
robots that interact with humans in the workplace and home.  
The Cogniron project [7], the Mitsubishi Electronic Research 
Laboratories [8] and the MIT Media Lab [9], among others, 
also recognize the need for human-robot collaboration and are 
currently conducting research in this emerging area.  Clearly 
there exists a need for research on human-robot collaboration. 

This article first briefly reviews the field of human-robot 
interaction with a focus on communication and collaboration.  
Augmented Reality (AR) is then introduced and reviewed to 
show its ability to provide a collaborative environment 
necessary for effective human-robot collaboration.  Research 
directions using AR as a means for human-robot collaboration 
are discussed.  Finally we describe an architecture that 
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combines the use of speech and gesture to enable human-robot 
collaboration. 

HUMAN-ROBOT INTERACTION 
A.  Robots As Tools 
The simplest way robots can be used is as tools to aid in the 

completion of physical tasks.  For example, to increase the 
success rate of harvesting, a human-robot collaborative system 
was implemented for testing by [10].  Tests found that a human 
operator working with a robotic system improved harvesting of 
melons.  Depending on the complexity of the harvesting 
environment, varying the level of autonomy of the robotic 
harvester increased positive detection rates in the amount of 4.5 
to 7 percent from the human operator alone and as much as 20 
percent compared to autonomous robot detection alone. 

Robots are often used for hazardous tasks.  For instance, 
the placement of radioactive waste in centralized intermediate 
storage is best completed by robots rather than humans [11].  
Robotic completion of this task in a totally autonomous fashion 
is desirable but not yet obtainable due to the dynamic operating 
conditions.  Radiation surveys are completed initially through 
teleoperation, the learned task is then put into the robots 
repertoire so the next time the task is to be completed the robot 
will not need instruction.  A dynamic control scheme is needed 
so that the operator can observe the robot as it completes its 
task and when the robot needs help the operator can intervene 
and assist with execution.  In a similar manner, Ishikawa and 
Suzuki [12] developed a system to patrol a nuclear power plant.  
Under normal operation the robot is able to work autonomously, 
however in abnormal situations the human must intervene to 
make decisions on the robots behalf.  In this manner the system 
has the ability to cope with unexpected events.   

Human-robot teams are used in Urban Search and Rescue 
(USAR).  Robots are teleoperated and used mainly as tools to 
search for survivors. Studies completed on human-robot 
interaction for USAR reveal that the lack of situational 
awareness has a negative effect on performance [13], [14].  The 
use of an overhead camera and automatic mapping techniques 
improve situational awareness and reduce the number of 
navigational errors [15, 16].  USAR is conducted in 
uncontrolled, hazardous environments with adverse ambient 
conditions that affect the quality of sensor and video data.  
Studies show that varying the level of robot autonomy and 
combining data from multiple sensors, using the best sensors for 
the given situation, increases the success rate of identifying 
survivors [17]. 

Ohba et al. [18] developed a system where multiple 
operators in different locations control the collision free 
coordination of multiple robots in a common work environment.  
Due to teleoperation time delay, and the operators being 
unaware of each other’s intentions, a predictive graphics display 
was utilized to avoid collisions.  The predictive simulator 
enlarged the thickness of the robotic arm being controlled by 
other operators as a buffer to prevent collisions caused by time 

delay and the remote operators not being aware of each other’s 
intentions.  In further work, operator’s commands were sent 
simultaneously to the robot and the graphics predictor to 
circumvent the time delay [19].  The predictive simulator used 
these commands to provide virtual force feedback to the 
operators to avoid collisions that might otherwise have occurred 
had the time delay not been addressed.  The predictive graphics 
display is an important means of communicating intentions and 
increasing situational awareness, thus reducing the number of 
collisions and damage to the system. 

B. Guides, Hosting and Assistant Robots 
Nourbakhsh et al. [20] created and installed Sage, an 

autonomous mobile robot in the Dinosaur Hall at the Carnegie 
Museum of Natural History.  Sage interacts with museum 
visitors through an LCD screen and audio, and uses humor to 
creatively engage visitors.  Sage also exhibits emotions and 
changes in mood to enhance communication.  For example, 
Sage shows frustration when pranks are being played or 
playfulness when it is being ignored to encourage interaction.  
Sage is completely autonomous and when confronted with 
trouble will stop and ask for help.  Sage was designed with 
safety, reliability and social capabilities to enable it to be an 
effective member of the museum staff.  Sage shows not only 
how speech capabilities affect communication, but also, that the 
form of speech and non-verbal communication influences how 
well communication takes place. 

The autonomous interactive robot Robovie is a humanoid 
robot that communicates and participates with humans as a 
partner and guide [21].  Its use of gestures, speech and eye 
contact enables the robot to effectively communicate with 
humans.  Results of experiments showed that robot 
communication behavior induced human communication 
responses that increased understanding.   During interaction 
with Robovie participants spent more than half of the time 
focusing on the face of the robot indicating the importance of 
gaze in human-robot communication.   

Robots used as guides in museums must interact with 
people and portray human-like behavior to be accepted.  
Kuzuoka et al. [22] conducted studies in a science museum to 
see how humans project when they communicate.  The term 
projection was used as the capacity to predict or anticipate the 
unfolding of events.  The ability to project was found to be 
difficult through speech alone because speech does not allow a 
partner to anticipate what the next action may be in the way a 
person can predict what may happen next by body language 
(gesture) or focus point of gaze. 

Kuzuoka et al. [22] designed a remote instruction robot, 
Gestureman, to investigate projectability properties.  A remote 
operator, who was located in a separate room from a local user, 
controlled Gestureman.  The remote operator, through 
Gesturemans three cameras, had a wider view of the local work 
space than a person normally would and so could see objects 
without the robot facing them, as shown in Figure 1.  This dual 
ecology led to local human participants being misled as to what 
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Figure 1. Gestureman, example of incorrect projection [22] 

 
Figure 2. Mel interacting with a participant. [8] 

the robot was focusing on, and thus not being able to quickly 
locate what the remote user was trying to identify.  The 
experiment highlighted the importance of gaze direction and 
situational awareness in effective remote collaboration and 
communication. 

An assistant robot should exhibit a high degree of 
autonomy to obtain information about their human partner and 
surroundings.  Iossifidis et al. [23] developed CoRa 
(Cooperative Robot Assistant) that is modeled on the behaviors, 
senses, and anatomy of humans.  CoRa is fixed on a table and 
interacts through speech, hand gestures, gaze and mechanical 
interaction allowing it to obtain the necessary information about 
its surrounding and partner.  CoRa’s tasks include visual 
identification of objects presented by its human teacher, 
recognition of an object amongst many, grasping and handing 
over of objects and performing simple assembly tasks.   

Cero [24] is an assistant robot designed to help those with 
physical disabilities in an office environment.  During the 
iterative development of Cero user studies showed that 
communicating through speech alone was not effective enough.  
Users commented that they could not distinguish where the 
front of the robot was nor could they determine if their 
commands to the robot were understood correctly.  In essence, 
communication was not being effectively grounded [25].  To 
overcome this difficulty, a humanoid figure was mounted on the 
front of the robot that could move its head and arms.  After 
implementation of the humanoid figure, it was found that users 
felt more comfortable communicating with the robot and 
grounding was easier to achieve [24].  The results from the 
research on Cero highlight the importance of grounding in 
communication and also the impact that human-like gestures 
can have on the grounding process. 

Sidner and Lee [8] show that a hosting robot must not only 
exhibit conversational gestures, but also must interpret these 
behaviors from their human partner to engage in collaborative 
communication.  Their robot Mel, a penguin hosting robot 
shown in Figure 2, uses vision and speech recognition to engage 
a human partner in a simple demonstration.  Mel points to 
objects in the demo, tracks the gaze direction of the participant 
to ensure instructions are being followed, and gazes at 
observers of the demonstration to acknowledge their presence.  
Mel actively participates in the conversation during the 
demonstration and disengages from the conversation when 

appropriate.  Mel is a good example of the effective use of 
gesture, gaze direction and speech to ensure two-way 
communication is taking place. 

C. Humanoid Robots 
Robonaut is a humanoid robot designed by NASA to be an 

assistant to astronauts during an extra vehicular activity (EVA) 
mission [26].  Its anthropomorphic form allows it an intuitive 
one to one mapping for remote teleoperation.  Interaction with 
Robonaut occurs in the three roles [27]:  1) remote human 
operator, 2) a monitor and 3) a coworker.  Robonaut is shown in 
Figure 3.  The co-worker interacts with Robonaut in a direct 
physical manner and is much like interacting with a human.  

 
Figure 3. Robonaut with coworker [26] 

Research in humanoid robots has also concentrated on 
making robots appear human in their behavior and 
communication abilities.  For example, Breazeal et al. [28] are 
working with Kismet, a robot that has been endowed with visual 
perception that is human-like in its physical implementation.  
Kismet is shown in Figure 4.  Eye movement and gaze direction 
play an important role in communication aiding the participants 
in reaching common ground.  By following the example of 
human vision movement and meaning, Kismets’ behavior will 
be understood and Kismet will be more easily accepted socially.  
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Figure 4. Kismet displaying non-verbal communication cues [28] 

Kismet is an example of a robot that can show the non-verbal 
cues typically present in human-human conversation.    

Robots with human social abilities, rich social interaction 
and natural communication will be able to learn from human 
counterparts through cooperation and tutelage.  Breazeal et al. 
[29, 30] are working towards building socially intelligent 
cooperative humanoid robots that can work and learn in 
partnership with people.  Robots will need to understand 
intentions, beliefs, desires and goals of humans to provide 
relevant assistance and collaboration.  To collaborate, robots 
will also need to be able to infer and reason.  The goal is to 
have robots learn as quickly and easily, as well as in the same 
manner, as a person.  Their robot, Leonardo, is a humanoid 
designed to express and gesture to people, as well as learn to 
physically manipulate objects from natural human instruction, 
and is shown in Figure 5.  The approach for Leonardo’s 
learning is to communicate both verbally and non-verbally, use 
visual deictic references, and express sharing and understanding 
of ideas with its teacher.  

 
Figure 5. Leonardo activating middle button (left) and learning the name of the 

left button (right) [29] 

Inagaki et al. [31] propose that humans and robots can have 
a common goal and work cooperatively through perception, 
recognition and intention inference.  One partner should be able 
to infer the intentions of the other from language and behavior 
during collaborative work.  Morita et al. [32] demonstrated that 
the communication ability of a robot improves with physical 
and informational interaction synchronized with dialogue.  

Their robot, Hadaly-2, expresses efficient physical and 
informational interaction, thus utilizing the environmental 
channel for collaboration, and is capable of carrying an object 
to a target position by reacting to visual and audio instruction.   

Natural human-robot collaboration requires the robotic 
system to understand spatial referencing.  Tversky et al. [33] 
observed that in human-human communication, speakers used 
the listeners perspective when the listener had a higher 
cognitive load than the speaker.  Tenbrink et al. [34] presented a 
method to analyze spatial human-robot interaction, in which 
natural language instructions were given to a robot via keyboard 
entry.  Results showed that the humans used the robot’s 
perspective for spatial referencing.     

To allow a robot to understand different reference systems, 
Roy et al. [35] created a system where their robot is capable of 
interpreting the environment from its perspective or from the 
perspective of its conversation partner.  Using verbal 
communication, their robot Ripley was able to understand the 
difference between spatial references such as my left and your 
left.  The results of Tenbrink et al. [34], Tversky et al. [33] and 
Roy et al. [35] illustrate the importance of situational awareness 
and a common frame of reference in spatial communication.     

Skubic et al. [36], [37] also conducted a study on human-
robotic spatial dialogue.  A multimodal interface was used, 
including speech, gestures, sensors and personal electronic 
devices.  The robot was able to use dynamic levels of autonomy 
to reassess its spatial situation in the environment through the 
use of sensor readings and an evidence grid map.  The result 
was natural human-robot spatial dialogue enabling the robot to 
communicate obstacle locations relative to itself and receive 
verbal commands to move to or near an object it had detected. 

To achieve natural human-robot collaboration, Horiguchi et 
al. [38] developed a teleoperation system where a human 
operator and an autonomous robot share their intent through a 
force feedback system.  The human or the robot can control the 
system while maintaining their independence by relaying their 
intent through the force feedback system.  The use of force 
feedback resulted in reduced execution time and fewer stalls of 
a teleoperated mobile robot.  Fernandez et al. [39] also 
introduced an intention recognition system where a robot 
participating in the transportation of a rigid object detects a 
force signal measured in the arm gripper.  The robot uses this 
force information, as non-verbal communication, to generate its 
motion planning to collaborate in the execution of the 
transportation task.   

D.  Robots in Collaborative Tasks 
Collaborative control was developed by Fong et al. [40-42] 

for mobile autonomous robots.  The robots work autonomously 
until they run into a problem they can’t solve.  At this point, the 
robots ask the remote operator for assistance, allowing human-
robot interaction and autonomy to vary as needed.  Performance 
deteriorates as the number of robots working in collaboration 
with a single operator increases [41].  Conversely, robot 
performance increases with the addition of human skills, 
perception and cognition, and benefit from human advice and 
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expertise.  In the collaborative control structure used by Fong et 
al. [40-42] the human and robots engage in dialogue, exchange 
information, ask questions and resolve differences.  Thus, the 
robot has more freedom in execution and is more likely to find 
good solutions when it encounters problems.  More succinctly, 
the human is a partner of which the robot can ask questions, 
obtain assistance and in essence, collaborate.   

In more recent work, Fong et al [43] note that for humans 
and robots to work together as peers, the system must provide 
mechanisms for the humans and robots to communicate 
effectively.  The Human-Robot Interaction Operating System 
(HRI/OS) introduced enables a team of humans and robots to 
work together on tasks that are well defined and narrow in 
scope.  The agents are able to use dialog to communicate and 
the autonomous agents are able to use spatial reasoning to 
interpret ‘left of’ type dialog elements.  The ambiguities arising 
with such dialog are resolved through the use of modeling the 
situation in a simulator. 

E.  Summary 
From the brief review of the current state of HRI given in 

this article, important aspects of an effective human-robot 
collaboration system can be identified.  To optimize the 
strengths of both the human and robotic system, adjustable 
autonomy should be used.  This will enable the human to 
contribute using his or her strengths, such as adapting to 
unknown or unexpected events, and enables the robot to 
contribute using its strengths of working in hazardous 
environments and completing physicals tasks humans are 
incapable of. 

The human should be able to communicate with the robotic 
system using natural speech and gestures, thus avoiding the time 
consuming, often difficult and error prone methods currently 
used.  A shared visual workspace will enhance collaborative 
efforts and increase situational awareness, the lack of which has 
a negative impact on performance and could result in costly, or 
deadly, crashes. 

Grounding is crucial to effective communication [25].  The 
human should understand the internal state and intentions of the 
robotics system, and just as important, the robotic system 
should understand the gestures and spatial references used by 
the human.  Augmented Reality is one way to achieve 
grounding in human-robot collaboration and is covered in the 
next section. 

AUGMENTED REALITY 
Augmented Reality (AR) is a technology that overlays 

computer graphics onto the real world.  AR differs from virtual 
reality (VR) in that in a virtual environment the entire physical 
world is replaced by computer graphics, AR enhances rather 
than replaces reality.  Azuma et al. [44] note that AR interfaces 
have three key characteristics; 1) AR interfaces combine real 
and virtual objects, 2) these virtual objects appear registered on 
the real world, and 3) the virtual objects can be interacted with 
in real time. 

AR is an ideal platform for human-robot collaboration 
because it provides the following important qualities: 

• The ability to enhance reality. 
• Seamless interaction between real and virtual 

environments. 
• The ability to share remote views (ego-centric view). 
• The ability to visualize the robot relative to the task 

space (exo-centric view). 
• Spatial cues for local and remote collaboration. 
• Support for transitional interfaces, moving smoothly 

from reality into virtual reality. 
• Support for a tangible interface metaphor. 
•  Tools for enhanced collaboration, especially for 

multiple people collaborating with a robot. 
These attributes allow AR to support natural spatial 

dialogue by displaying the visual cues necessary for a human 
and robot to reach common ground and maintain situational 
awareness.  The use of AR will support the use of spatial 
dialogue and deictic gestures, allows for adjustable autonomy 
by supporting multiple human users, and will allow the robot to 
visually communicate to its human collaborators its internal 
state through graphic overlays on the real worldview of the 
human.  The use of AR enables a user to experience a tangible 
user interface, where physical objects are manipulated to affect 
changes in the shared 3D scene [45]. 

AR can be used to enhance face-to-face collaboration.  For 
example, the Shared Space Project effectively combined AR 
with physical and spatial user interfaces in a face-to-face 
collaborative environment [46].  In this interface users wore a 
head mounted display (HMD) with a camera mounted on it.  
The output from the camera was fed into a computer and then 
back into the HMD so the user saw the real world through the 
video image, as depicted in Figure 6.  This set-up is commonly 
called a video-see-through AR interface.  A number of marked 
cards were placed in the real world with square fiducial patterns 
on them and a unique symbol in the middle of the pattern.  
Computer vision techniques were used to identify the unique 
symbol, calculate the camera position and orientation, and 
display 3D virtual images aligned with the position of the 
markers [47].  Manipulation of the physical markers was used 
for interaction with the virtual content.  The Shared Space 
application provided the users with rich spatial cues allowing 
them to interact freely in space with AR content.  

Through the ability of the ARToolKit software [47] to 
robustly track the physical markers, users were able to interact 
and exchange markers, thus effectively collaborating in a 3D 
environment.  When two corresponding markers were brought 
together, it would result in an animation being played.  
Attendees at the SIGGRAPH99 Emerging Technologies exhibit 
tested the Shared Space system by playing a game similar to 
Concentration.  Around 3000 people tried the application and 
had no difficulties with playing together, displaying 
collaborative behavior seen in typical face-to-face interactions 
[46].  The Shared Space interface supports natural face-to-face 
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Figure 6.  HMD and virtual object registered on fiducial marker [46] 

Figure7. The MagicBook, moving from Reality to Virtuality [48] 

communication by allowing multiple users to see each other’s 
facial expressions, gestures and body language, demonstrating 
that a 3D collaborative environment enhanced with AR content 
can seamlessly enhance face-to-face communication. 

Another example of the ability of AR to enhance 
collaboration is the MagicBook, which allows for a continuous 
seamless transition from the physical world to augmented 
and/or virtual reality [48].  The MagicBook utilizes a real book 
that can be read normally, or one can use a Hand Held Display 
(HHD) to view AR content popping out of the real book pages.  
The placement of the augmented scene is achieved by the 
ARToolKit [47] computer vision library.  When the user is 
interested in a particular AR scene they can fly into the scene 
and experience it as an immersive virtual environment by 
simply flicking a switch on the handheld display.  Once 
immersed in the virtual scene, when they turn their body in the 
real world, the virtual viewpoint changes accordingly.  The user 
can also fly around in the virtual scene by pushing a pressure 
pad in the direction they wish to fly.  When the user switches to 
the immersed virtual world an inertial tracker is used to place 
the virtual objects in the correct location. 

The MagicBook, shown in Figure 7, also supports multiple 
simultaneous users who each see the virtual content from their 
own viewpoint.  When the users are immersed in the virtual 
environment they can experience the scene from either an ego-
centric or exo-centric point of view [48].  The MagicBook 
provides an effective environment for collaboration by allowing 
users to see each other when viewing the AR application, 
maintaining important visual cues needed for effective 
collaboration.  When immersed in VR, users are represented as 
virtual avatars and can be seen by other users in the AR or VR 
scene, thereby maintaining awareness of all users, and thus still 
providing an environment supportive of effective collaboration. 

 Communication behaviors affect performance in 
collaborative work.  Kiyokawa et al. [49] experimented with 
how diminished visual cues of co-located users in an AR 
collaborative task influenced task performance.  Performance 
was best when collaborative partners were able to see each 
other in real time.  The worst case occurred in an immersive 

virtual reality environment where the participants could only 
see virtual images of their partners.   

Milgram et al [50] used augmented overlays in a fixed 
work environment to enable the human ‘director’ to use spatial 
referencing to interactively plan and optimize motion of a 
robotic manipulator arm.  They highlighted the need for 
combining the attributes humans are good at with those that 
robots are good at to result in an optimized human-robot team.  
Humans are good at less accurate referencing, such as using 
‘here’ and ‘there’, whereas robotic systems need highly accurate 
discrete information.  Milgram et al [50] pointed out the need 
for HRI systems that can transfer the interaction mechanisms 
that are considered natural for human communication to the 
precision required by machines. 

Giesler et al. [51] are implementing an AR system that 
creates a path for a mobile robot to follow using voice 
commands and a magic AR wand.  Fiducial markers are placed 
on the floor and used to calibrate the tracking coordinate 
system.  A path is created node by node, by pointing the wand at 
the floor and giving voice commands for the meaning of a 
particular node.  Map nodes can be interactively moved or 
deleted.  The robot moves from node to node using its 
autonomous collision detection capabilities.  As goal nodes are 
reached, the node depicted in the AR system changes color to 
keep the user informed of the robots progress.  The robot will 
retrace steps if an obstruction is encountered and create a new 
plan to arrive at the goal destination, as shown in Figure 8.  
Although Giesler et al [51] did not mention a user evaluation, 
they did comment that the interface was intuitive to use.   

Bowen et al [52] and Maida et al [53] found through user 
studies that the use of AR resulted in significant improvements 
in robotic control performance.  Drury et al [54] showed 
through experiments that augmented real-time video with pre-
loaded map terrain data resulted in a statistical difference in 
comprehension of 3D spatial relationships over using 2D alone 
for operators of Unmanned Aerial Vehicles (UAVs).  The results 
were better situational awareness of the UAV activities.  

Summary 
Augmented Reality is an ideal platform for human-robot 

collaboration as it allows humans partners to share a visual 
workspace with robotic systems.  AR supports the use of deictic 
gestures, pointing to a place in 3D space and referring to that 
point as “here”, by allowing a 3D overlaid graphic image to be 
referenced by both the human and robotic system. 
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Figure 8.  A robot follows AR path nodes, redirecting when an obstacle is in 

the way [51] 

AR also provides the human with a worldview of the 
collaborative workspace affording spatial understanding of the 
robots position relative to the surrounding environment, which 
is important for spatial awareness.  AR enhances situational 
awareness of the robot by supplying spatial information from 
the 3D graphics that may not be perceived by the robot sensors, 
for example, a 3D graphic could provide information of what 
lies behind a wall the robots sensors can’t see through, or keep 
the robot aware of what is behind it and out of its ‘sight’. 

AR supports collaboration between multiple humans and 
multiple robotic systems.  AR also supports transitional 
interfaces along the entire spectrum of Milgram’s Reality-
Virtuality spectrum [55].  The seamless transition of AR from 
the real world to an immersive data space aids in the grounding 
process and increases situational awareness.  AR can be used to 
display visual cues that increase situational awareness and 
improve the grounding process, enabling human partners to 
understand what a robot is doing and its internal state [56], thus 
supporting natural spatial dialogue. 

RESEARCH DIRECTIONS 
Given this review of the general state of human-robot 

collaboration, and the presentation and review of using AR to 
enhance this type of collaboration, the question is:  what are 
promising future research directions?  Two important concepts 
must be kept in mind when designing an effective human-robot 
collaboration system.  One, the robotic system must be able to 
provide feedback as to its understanding of the situation and its 
actions [16].  Two, an effective human-robot system must 
provide mechanisms to enable the human and the robotic 
system to communicate effectively [43].   

There are numerous systems readily available for 
automated speech recognition (ASR) and text to speech (TTS) 
synthesis.  A robust dialogue management system will need to 
be developed that is capable of taking the appropriate human 
input from the ASR system and convert this input into 
appropriate robot commands.  The dialogue management 
system will need to be able to take input from the robot control 
system, convert this information into suitable text strings for the 
TTS system to synthesize into understandable audible output 
for the human collaborators.  The dialogue manager will thus 

need to support the ongoing discussion between the humans and 
the robotic system.  The dialogue manager will need to enable a 
robot to express its intentions that will include the robot 
understanding the current situation and responding with 
alternative approaches to those proposed by the human 
collaborators or alerting the human team members when a 
proposed plan is not feasible and provide reasoning for this 
determination.  This type of clarification [57] will require the 
robotic system to understand the speech, interpret the speech in 
terms of its surroundings and goals, and express itself through 
speech.  An internal model of the communication process will 
need to be developed. 

To collaborate, a robot will need to understand the use of 
objects by its human counterpart, such as using an object to 
point or making a gesture.  AR can support this type of 
interaction by enabling the human to point to a 3D object that 
both the robot and human refer to, common ground, and use 
natural dialogue such as “go to this point, situational awareness.  
In a similar manner the robot would be able to express its 
intentions and beliefs by showing through the 3D overlays what 
its internal state, plans and understanding of the situation are.  
Thus using the shared AR environment as an effective spatial 
communication tool.  Referencing a shared 3D environment will 
support the use of common and shared frames of references, 
thus affording the ability to effectively communicate in a truly 
spatial manner.  As an example, if a robot did not fully 
understand a verbal command, it would be able to make use of 
the shared 3D environment to clearly portray to its collaborators 
what was not understood, what further information is needed 
and what the autonomous agent believes could be the correct 
action to take.  

In natural communication, speech is an important part of 
grounding a conversation.  However, with the limited speech 
ability of robotic systems, visual cues also provide a means of 
grounding communication.  AR, with its ability to provide ego- 
and exo-centric views and to seamlessly transition from reality 
to virtuality, can provide robotic systems with a robust manner 
in which to ground communication and allow collaborative 
partners to understand the intention of the robotic system.  AR 
can also transmit spatial awareness though the ability to provide 
rich spatial cues, ego- and exo-centric points of view, and also 
by seamlessly transitioning from the real world to an immersive 
VR world.  The result would be an increased level of 
communication and more effective collaboration. 

AR is an optimal method of displaying information for the 
user.  Billinghurst et al. [58] showed through user tests that 
spatial displays in a wearable computing environment were 
more intuitive and resulted in significantly increased 
performance.  Using AR to display information, such as robot 
state, progress and even intent, will result in increased 
understanding, grounding and enhanced collaboration.  

ARCHITECTURAL DEVELOPMENT 
We are currently developing an architecture for human 

robot collaboration based on lessons learned from previous 
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Figure 9. Human Robot Collaboration System Architecture 

research.  A multimodal approach has been taken that will use 
speech and gesture combined through the use of an AR system 
that will allow humans to use natural speech and gestures to 
communicate with robotic systems.  As a first step, multimodal 
interaction in AR was developed that allowed speech and 
gesture interaction with 3D graphical content [59, 60].  The 
spoken dialogue system Ariadne was used for dialogue 
management [61], and was chosen for its capability for rapid 
dialog creation.  Ariadne uses the MicroSoft Speech SAPI 5 
[62] for automated speech recognition and text to speech.  AR 
interaction is accomplished through the use of the ARToolKit 
[47].   

The architectural design is show in Figure 9.  When a 
defined dialog goal is achieved through speech recognition, the 
required information will be sent to the Multimodal 
Communication Processor (MCP).  Gesture recognition will 
enable a human to use deictic referencing and normal gestures 
to communicate with a robotic system.  To communicate 
effectively with a robotic system it is imperative that the system 
be able to translate the generic references humans use, such as 
pointing into 3D space and saying “go here”, into the discrete 
information a robotic system needs to operate.  The MCP will 
combine speech with gesture information and use the Human-
Robot Collaboration Augmented Reality Environment (HRC-
ARE) to effectively enable the defining of ambiguous deictic 
references such as here, there, this and that.  The 
disambiguation of the deictic references will be accomplished in 
the AR environment, as the AR environment is a 3D virtual 
replication of the robot’s world allowing visual translation and 
definition of such deictic references.  The human will be able to 
use a tangible paddle to reach into and interact with this 3D 
virtual world.  This tangible interaction is a key feature of AR 
that makes it an ideal platform for HRC.   

The Dialog Management System (DMS) will be aware of 
the communication that needs to take place for the human and 
robot to collaboratively complete a task.  The MCP will take the 
speech and gesture information along with information 
generated from the HRC-ARE and supply it to the DMS.  The 
DMS will be responsible for combining this information to what 
is needed to complete the desired tasks that the human-robot 
team wishes to complete.  The DMS will then respond through 
the MCP to either human team members or the robotic system, 
whichever is appropriate, facilitating dialog and tracking when 
a command or request is complete. 

The MCP will be responsible for receiving information 
from the other modules in the system and sending information 
to the appropriate modules.  The MCP will thus be responsible 
for combining multimodal input, registering this input into 
something the system can understand and then sending the 
required information to other system modules for action.  The 
result of this system design is that a human will be able to use 
natural speech and gestures to interact with a robotic system. 

FUTURE WORK 
The human-robot collaboration system described is 

currently in development.  To enhance the ability of the system 
to understand natural speech and gesture a user study will be 
conducted to determine what type of speech and gestures people 
will use to interact with a system of this nature.  The results of 
this user study will be incorporated into the system for 
interaction with a simulated mobile robot.  The system will then 
be used to interact with real autonomous robots.   

Improvement to dialogue will be made by including the use 
of spatial references such as ‘left of’ and ‘behind’ type 
exchanges.  A robot simulation package could be used for this 
purpose as in the HRI/OS [43] or the AR system could be 
tasked with these reference definitions through the use of the 
humans vantage point and the systems knowledge of the spatial 
scene. 

Although this work does not intend to do development in 
speech recognition or text to speech, alternatives to Microsoft 
Speech could be used that might have improved speech 
recognition and more natural sounding voices. 

CONCLUSION 
Augmented Reality has many benefits that will help create 

a more ideal environment for human-robot collaboration.  AR 
technology allows the human to share an ego-centric view with 
a robot, thus enabling the human and robot to ground their 
communication and intentions.  AR also allows for an exo-
centric view of the collaborative workspace affording spatial 
awareness.   Multiple collaborators can be supported by an AR 
system; so multiple humans could collaborate with multiple 
robotic systems.  Human-robot collaborative systems can, 
therefore, significantly benefit from AR technology because it 
conveys visual cues that enhance communication and 
grounding, enabling the human to have a better understanding 
of what the robot is doing and its intentions.  A multi-modal 
approach in developing a human-robot collaborative system 
would be the most effective, combining speech (spatial dialog), 
gesture and a shared reference of the work environment, 
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through the use of AR.  As a result, the collaboration will be 
more natural and effective.  
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