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ABSTRACT 

For successful collaboration to occur, a workspace must support inter-referential 

awareness ï or the ability for one participant to refer to a set of artifacts in the 

environment, and for that reference to be correctly interpreted by others. While referring 

to objects in our everyday environment is a straight-forward task, the non-tangible nature 

of digital artifacts presents us with new interaction challenges. Augmented reality (AR) is 

inextricably linked to the physical world, and it is natural to believe that the re-integration 

of physical artifacts into the workspace makes referencing tasks easier; however, we find 

that these environments combine the referencing challenges from several computing 

disciplines, which compound across scenarios.  

This dissertation presents our studies of this form of awareness in collaborative 

AR environments. It stems from our research in developing mixed reality environments 

for molecular modeling, where we explored spatial and multi-modal referencing 

techniques. To encapsulate the myriad of factors found in collaborative AR, we present a 

generic, theoretical framework and apply it to analyze this domain. Because referencing 

is a very human-centric activity, we present the results of an exploratory study which 



 

 

examines the behaviors of participants and how they generate references to physical and 

virtual content in co-located and remote scenarios; we found that participants refer to 

content using physical and virtual techniques, and that shared video is highly effective in 

disambiguating references in remote environments. By implementing user feedback from 

this study, a follow-up study explores how the environment can passively support 

referencing, where we discovered the role that virtual referencing plays during 

collaboration. A third study was conducted in order to better understand the effectiveness 

of giving and interpreting references using a virtual pointer; the results suggest the need 

for participants to be parallel with the arrow vector (strengthening the argument for 

shared viewpoints), as well as the importance of shadows in non-stereoscopic 

environments. Our contributions include a framework for analyzing the domain of inter-

referential awareness, the development of novel referencing techniques, the presentation 

and analysis of our findings from multiple user studies, and a set of guidelines to help 

designers support this form of awareness. 
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CHAPTER 1 

INTRODUCTION  

The nascent field of augmented reality (AR) is highly multi-disciplinary, 

integrating knowledge from computer graphics, computer vision, system development, 

and Human-Computer Interaction (HCI). Whereas virtual reality (VR) attempts to create 

a completely immersive environment, synthesizing most, if not all aspects of a userôs 

experience, augmented reality integrates virtual objects seamlessly into the physical 

world in real time
1
. Unlike VR, AR participants are able to interact with objects that 

exist in their everyday environment; there is no need to render existing physical objects, 

virtual likenesses for each participant, or the complexity of the environment that 

surrounds them.  This fact is especially beneficial in the domain of co-located 

collaborative augmented reality, in which multiple participants occupy the same 

physical space; by preserving many of the important non-verbal communicative cues - 

such as gesturing, facial expression, hand, lip and eye movements ï users can maintain 

work context and interaction can occur in a natural manner.  

As application domains emerge, they bring with them a variety of new interaction 

techniques; the emergence of 3D applications brought with it spatial techniques to 

manipulate artifacts within the environment.  Similarly, as applications become more 

collaborative, interface designers must find ways to gracefully support awareness 

between participants that are appropriate to the domain. Unlike other forms of computer-

supported collaborative work (CSCW), augmented reality is inextricably linked with the 

                                                 

1
 The term real time here is loosely defined as ñinteractive ratesò, and does not require the system to meet 

hard deadlines. 



2 

 

 

physical world, and challenges many of the mental models we have developed for 

interacting within the environment. The non-tangible nature of virtual objects can be 

unnatural, as ideally these objects would give tactile feedback as well as provide proper 

occlusion and depth cues. These problems are exacerbated when participants are 

geographically separated. 

A critical component of successful collaboration is the ability for participants to 

generate and interpret effective reference cues; more specifically, the environment must 

support inter-referential awareness - or the ability for one participant to refer to a set of 

objects and for that reference to be understood. It is challenging to support interactions 

where virtual content is present, but even more so in a collaborative setting.   Often these 

collaborations occur across distance, relying on computer-mediated communication and 

interactions.  Thus, in addition to providing a set of techniques that are flexible enough 

to work with multi-modal content, designers of collaborative augmented reality systems 

must support communication and awareness while maintaining the contextual properties 

of the environment. 

 Though a significant amount of research has been performed in collaborative AR, 

very little has addressed the fundamental task of ensuring that collaborators share a 

mutual understanding of an object of reference; while techniques from purely physical 

and purely virtual environments appear at first to be applicable, we demonstrate that 

there are unique and significant challenges to achieving inter-referential awareness in 

collaborative AR. This research intends to address these issues by 1) providing a solid 

theoretical background for inter-referential awareness, 2) acquiring an understanding of 

how users generate references and the kinds of support they desire, 3) evaluating a 
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subset of current referencing techniques, 4) developing new, multi-modal referencing 

techniques, 5) architecting, implementing and evaluating methods of environmental 

support for inter-referential awareness, and 6) proffering a set of guidelines for designers 

of collaborative AR systems. 

1.2. Motivation  

Augmented reality generates a unique set of referencing scenarios not possible in 

purely physical or virtual realities. Users can refer to objects of differing modalities 

which exist in either local or remote workspaces. A simple cross between these two 

dimensions forces one to consider appropriate techniques for generating references to 

remote, physical objects. While virtual artifacts normally augment a physical one (e.g. 

providing meta-data about the object), the literature suggests scenarios where virtual 

objects are embedded within physical ones; thus the proximity from which a physical 

reference is made is restricted and consequently has a higher probability of becoming 

ambiguous (if the referencing technique is susceptible to distance). Objects maintain 

many of their spatial properties that influence referencing, including distance, scale, 

proximity to other objects ï which can potentially occlude the views of one or more 

participants. In AR however, physical objects do not naturally occlude virtual ones, so 

additional steps must be taken to ensure that physical reference techniques such as 

pointing do not become ambiguous.  Further, collaborative AR systems are often 

comprised of heterogeneous hardware configurations, including Head-Mounted Displays 

(HMDs) with varying display capabilities, cameras with various Fields of View (FoV), 
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and a mix of tracking technologies. Many of these HMDs provide a bioscopic
2
 view of 

the world, limiting the depth cues that users receive from the environment. While this 

list is not exhaustive, it demonstrates the complexity of an ostensibly straight-forward 

task. We continue by examining a few of the common scenarios found in collaborative 

AR literature. 

Local Expert/Remote Technician: Technicians frequently travel to a remote 

jobsite to maintain or repair products. When technicians lack the expertise necessary to 

complete their task, they may contact a remote expert for assistance, but must often rely 

strictly on verbal communication. One method of increasing workspace awareness 

requires the technician to be equipped with a head-mounted camera - providing the 

expert with a view of the remote environment [1]. During this collaboration, if confusion 

occurs, it is necessary for the expert to clarify instructions by establishing a common 

point of reference in the remote environment. However, deictic speech (e.g. ñthisò, 

ñthatò, ñthoseò) alone may be insufficient in environments where there are few 

discernable features available, such as when re-wiring a network panel or examining a 

series of pipes. Using AR, references can be spatially registered in the remote world ï 

augmenting the environment for the technician. Additionally, it should be possible for 

either party to clearly refer to physical objects regardless of distance; for example, a 

technician may look up to examine a series of pipes located tens of feet above.   

Medical Scenario: A medical staff gains important insight into the status of a 

patient by acquiring 2D and 3D images, such as X-rays, CAT scans, or ultrasounds. 

Surgeons often view this data on a lightboard or computer monitor before and during a 

                                                 

2
 A single camera feed which is replicated for both eyes. 
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medical procedure, requiring them to physically turn their head (between the patient and 

lightboard) and to mentally map information between two disparate coordinate systems. 

In an ideal AR medical scenario, this data can be projected into the patient, allowing the 

staff to see, for example, a fetus within a motherôs womb or a tumor embedded deep 

within the brain [2-4]. In describing such a system, Johnson et al. write ñThe challenge 

is to make it available for routine use by surgeons at all hospitals in the country. This 

will require significant further development of visualization techniques, better 

augmented reality systems, and the successful integration of these systems in the 

operating room.ò [5].  During the course of surgery, the medical team needs the ability 

to refer to non-contiguous regions of tissue, such as potentially cancerous areas. These 

regions can lie on or below the surface of the skin, requiring sub-dermal referencing.  A 

misunderstanding of the reference can result in undesirable, if not fatal, consequences. 

In such scenarios, it is important that that doctors and nurses be able to convey their 

ideas effectively through referencing virtual and physical artifacts at arbitrary depths; 

further, it may be necessary to do this in a hands-free manner, as the surgeons are most 

likely occupied with the surgical task. 

Scientific Visualization:  Computers have long been used in the domains of 

visualization, molecular structure modification, crystallography and molecular docking 

[6-12]. Similarly, AR has been used to collaboratively visualize molecules as well as 

internal vectors within fluids. Co-located environments allow participants to spatially 

visualize 3D information and interact within the environment in natural ways. However, 

when discussing attributes of a series of data, scientists must have flexibility in the 

granularity with which they generate references. For example, scientists may refer to a 
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molecule in its entirety, to large sub-structures, to small clusters, or to individual atoms.  

Further, referencing small portions of a larger data set can be quite difficult given that 

there are often few discernable features within the information. For example, organic 

molecules often contain a large number of atoms from a limited set of elements.  Here, a 

significant portion of each molecule will be comprised of hydrocarbons, such as 

methane (CH4), ethane (C2H6), propane (C3H8), butane (C4H10) or even decane (C10H22). 

Further, referencing can be challenging given that 1) parts of the visualization (such as 

atoms) can occlude the views of one or more participants, 2) data may be tightly 

clustered, and 3) data with similar traits are hard to distinguish through speech alone. 

How to interact with clustered sets of objects is still an active area of research [13]. 

1.3. Current State of the Art and Limitations 

Referencing techniques found in AR environments are ad-hoc or are derived from 

VR selection techniques; alternatively, developers may assume that natural gesturing 

and deictic speech are sufficient. One naïve approach is to implement selection 

techniques from the domain of VR; however, many of these rely on mathematical 

intersection, requiring geometric knowledge of physical objects for them to function 

correctly. Consequently, a majority of these techniques work exclusively with virtual 

artifacts. Another option is to ñignoreò support for referencing, and rely solely on the 

natural referencing capabilities of the users. However, this approach fails for remote 

scenarios - where it has been shown that when proper referencing techniques are not 

supported (e.g. audio only conditions), ñlengthy descriptive sequences were typically 

requiredò [14]; thus, reducing support comes at the cost of efficiency.  We describe the 

state-of-the-art in the context of the scenarios presented in section 1.1. 
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Given the ñgranularity of referencingò in scientific visualization, techniques such 

as ray-casting
3
  may be inappropriate ï as they produce a single point of reference; thus, 

when referring to multiple objects, such as regions of a molecule, this technique is not 

scalable. Physically pointing behaves much like a virtual arrow - inferring a broad set of 

objects; this is especially pronounced if the distance exceeds a threshold or the objects 

are clustered. Thus, pointing to an atom in a molecule is analogous to pointing to a tree 

in a forest: very little information is available to verbally distinguish between them. 

Physically pointing can also be disconcerting to users unless the hand is tracked to 

produce occlusion cues.  

In the expert/technician scenario, we cannot rely on traditional tracking methods, 

as realistically, the technician will not be located in an environment conducive to 

tracking. Further, little to no geometric data is typically available about the objects in the 

remote environment. Until this data is made accessible, it is doubtful that traditional 

virtual selection techniques can be applied to real-world objects. Recent research has 

investigated annotating the technicianôs view two-dimensionally to provide a time-

sensitive reference, but is obviously no longer relevant - even inferring incorrect objects 

- if the user changes their viewpoint [15]. 

In the medical scenario described above, the areas of reference may be located on 

the surface of the skin, be sub-dermal, on the surface of the virtual object, or may be 

embedded within the virtual object itself; thus, it is necessary to refer to both physical 

and virtual objects at arbitrary depths.  An occluding physical barrier (e.g. the skull or 

chest cavity) prevents the embedded virtual objects from being physically ñtouchedò ï 

                                                 

3
 An intersection-based selection technique found in VR environments 
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forcing references to occur from a distance. Objects may be visible only from a 

particular viewpoint (for example, when the object is within a cavity), and while 

referenced correctly, may not be visible for others. Image plane techniques (see Chapter 

2) may infer a cross-section of the data. Another approach is to use a variable-length 

virtual ray, which requires specialized hardware. Further, using an external device to 

make references, such as a wand, requires the use of their hands ï which are occupied in 

the process of surgery. The medical scenario represents a tight coupling between the 

virtual and physical, emphasizes the importance of context, and highlights ARs unique 

ability to embed virtual objects within physical ones. 

1.4. Problem Statement and Research Goals 

As suggested by the literature, it is crucial that referencing techniques be present 

in collaborative scenarios [16]. However, no comprehensive research has been 

performed that analyses how referencing occurs across various scenarios or methods that 

can support it. As we transition into future computing domains, there is a need for a 

generic framework that describes referencing and encapsulates discipline-specific 

factors.  Beyond this, we need to understand the limitations of current referencing 

techniques, how participants use them, and in what context their inclusion is appropriate.  

Though some research has investigated the communication behaviors of co-

located pairs, we need more insight into how groups make references across a variety of 

scenarios, as well as the technologies that they prefer. Further, referencing can be 

negatively influenced by environmental factors. Thus, there is a need to identify these 

factors as well as explore new techniques that might help alleviate them. Conversely, we 
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need to explore ways in which the environment can passively support referencing, 

which can then be incorporated into future systems. 

  Finally, we must consider new techniques for referencing multi-modal content. 

The medical scenario exposes the need for referring to content at arbitrary depths, as 

well as in a hands-free manner. The molecular modeling scenario demonstrates the need 

for generating references at varying granularity and overcoming occluded views; thus, 

spatial referencing techniques must be investigated as well as techniques that may 

alleviate occlusion. Further, while distributed AR systems focus on sharing virtual 

artifacts, the expert/technician scenario indicates a strong need for referring to physical 

content in remote environments. 

1.5. Contributions and Significance 

Inter-referential awareness is viewed as a fundamental, yet critical, component in 

collaborative augmented reality [16]. Billinghurst et al. describe the importance of 

(general) gesturing to facilitate communication [17]. Agrawala describes how gestures 

are used to refer to objects, and how they are important in ñestablishing a shared context 

for the groupé When someone refers to an object by pointing to it, the object becomes 

the focus of the groupò [18].  It is apparent that for any collaboration to occur, an 

intrinsic requirement is the ability for participants to refer to the physical and virtual 

objects that surround them in a consistent manner, and be confident that these references 

are understood. Our work intends to examine this form of awareness holistically while 

addressing contextual problems in depth. Specifically, the contributions of this 

dissertation include: 
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1) providing a flexible framework for conceptualizing the complexity of inter-

referential awareness across a variety of computing domains,  

2) analyzing the design space of referencing by applying the framework to 

collaborative AR; this includes observation of user behaviors, the presentation 

of user feedback and the examination of techniques that support inter-

referential awareness, 

3) developing a novel, hands-free, multi-modal technique that is flexible enough 

to be used in a variety of scenarios,  

4) analyzing the properties of a common referencing technique (as it applies to 

the selection and representation phases of the framework) through 

independent studies of giving and interpreting references, 

5) proffering a set of guidelines to help system designers support inter-referential 

awareness, and 

6) discussing the underlying architectural issues that support this form of 

awareness. 

Throughout this dissertation, an overarching theme is that there is a cost that must 

be incurred when supporting this form of awareness.  This cost is attributed to several 

inter-related factors, many of which are identified in the framework and taxonomy of 

Chapter 4.  To better understand how they are related, we refine our understanding of it 

through user studies, where we find that these costs may be relaxed under certain 

contexts, or may be reduced through alternative support.  We view this discussion as a 

significant contribution; it is subsequently re-examined in Chapter 8, where it is 

presented in the context of our findings. 
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1.6. Organization of the Dissertation 

This dissertation is presented chronologically with the exception of Chapter 2 

(background and related work). Chapter 3 describes our initial work in virtual 

environments for molecular modeling, which exposed the basic problem of inter-

referential awareness between collaborators; there, we demonstrate our approach to 

spatial referencing as well as a new, multi-modal technique that can refer to local and 

remote content at arbitrary depths. Later, we transitioned the VR environment into AR 

with the intent of collaborating remotely, which exposed additional scenarios and 

complexity of referencing in AR. Thus, to enumerate and encapsulate referential 

concepts and factors, Chapter 4 proposes a generic CSCW framework and applies it to 

the field of AR. This framework informed the design of an exploratory study, which 

examined user behavior across the most common scenarios found in the literature; the 

intent behind this study was to cull the design space of referencing, the results of which 

can be found in Chapter 5.  A common, multi-modal referencing technique that works 

across a wide variety of scenarios is the virtual pointer; Chapter 6 presents the properties 

of this technique, including the effectiveness of how users give and interpret references 

using it and environmental factors that may influence its accuracy. Based on the 

feedback from the exploratory study, Chapter 7 presents a follow-up study which 

examines how the environment can passively support referencing, and describes the 

underlying architecture that supports it. Chapter 8 summarizes our work by presenting 

the overall knowledge gained, including design guidelines, a discussion on the cost of 

referencing, as well as future work. 
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CHAPTER 2 

BACKGROUND  

Collaborative AR is highly multi-disciplinary, drawing knowledge from a diverse 

set of computing domains, including Human-Computer Interaction (HCI), computer 

graphics, computer vision, and CSCW. Section 2.1 gives a brief overview of AR 

environments ï summarizing general ideas, requirements, hardware and system 

architecture. For the efficient reader, the remaining sections of this chapter are 

summarized in section 2.5. Section 2.2 examines related work from the field of CSCW, 

stressing the field of awareness and effects of shared video. We next examine relevant 

work in VR, including selection techniques, pertinent studies on awareness and 

referencing techniques. Finally, we return to AR to examine prior work in collaborative 

systems and techniques that facilitate communication. 

2.1. Overview of Augmented Reality Systems 

Augmented reality environments super-impose virtual objects within the physical 

environment, allowing participants to perform tasks previously not possible. In defining 

a reality-virtuality continuum, Milgram describes AR as a subset of the broader domain 

of mixed reality (see Figure 1) [19].  Located at the extremes of this spectrum are real-

world environments and purely virtual environments.  Augmented reality lies between 

these two, but is logically offset closer to the real environment given the amount of 

information synthesized for the user. The continuum also includes the lesser-known field 

of augmented virtuality, which includes techniques for compositing live video of a 

userôs face to augment a virtual avatar.  
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Figure 1 - Milgram's Reality-Virtuality Continuum [19] 

 

In 1965, Ivan Sutherland suggested the notion of mixed reality by describing a 

tethered head-mounted display  using half-silvered mirrors ï allowing the user to view 

real and virtual objects simultaneously [20].  Beyond being a visual display, HMDs must 

also inform the system of the userôs viewpoint - tracking with three or six degrees of 

freedom (DoF)
4
. As with most technology, HMDs have evolved, becoming lighter (with 

some weighing less than 8 ounces), containing much higher resolutions, providing more 

accurate tracking, and costing significantly less than previous generations. Similar to 

Sutherlandôs display, modern HMDs can be see-through, in which a semi-transparent 

display (or an optical combiner) lies between the eyes and the real world, displaying 

only the augmentation
5
; this technique affords a large field of view of the physical 

world, but can suffer from latency issues (i.e. dynamic errors) when registering virtual 

objects into physical space ï causing virtual objects to lag behind physical ones. Though 

predictive algorithms can minimize this effect, it can become especially pronounced 

with rapid changes in the userôs viewpoint or when rendering geometrically complex 

virtual objects. To overcome this error, an alternative approach is to provide a mediated 

view of the world through a video-based HMD - in which a camera is mounted on an 

                                                 

4
 3 DoF tracks orientation while 6 DoF tracks location as well. AR requires 6 DoF. 

5
 The user is provided with an unmediated view the physical world even when no power is applied. 
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opaque display as close to the eyes as possible; this provides the system a continuous 

view of the world from the userôs perspective (see Figure 2 and Figure 3). The video 

stream is then sent to a computer, which is responsible for augmenting it with virtual 

objects and feeding the stream back to the display.  This genre of HMDs is restricted to 

the parameters of the camera, including resolution, frame rate, color depth, focal length, 

field of view and distortion; while eliminating dynamic delays between virtual objects 

and the physical world, lag can still occur between head movement and what is 

displayed to the user.  

 

Figure 2 - A Head-Mounted Display [21] 

   

Figure 3 - AR system architecture [22] 

 


