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ABSTRACT

For successful collaboration to occur, a workspace must suppertreferential
awarenessi or the ability for one participa to refer to a set of artifacts in the
environment, and for that reference to be correctly interpreted by oilibiie referring
to objects inour everydayenvironments a straightforward taskthe nontangible nature
of digital artifactspresentaiswith newinteractionchallengesAugmented realityAR) is
inextricably linked tahe physicalworld, andit is natural to believe thahe re-integraton
of physicalartifactsinto the workspacenakesreferencingaskseasier; however, we find
that these environments combinghe referencingchallengesfrom several computing
disciplineswhich compound across scenarios

This dissertatin presentsour studies of this form of awarenesscwllaborative
AR environmentslt stems from ouresearchin developirg mixed reality environmers
for molecular modeling where we exploredspatial and multmodal referencing
techniquesTo encapsulate the myriad of factors founaatiaborative AR we presenia
generic,theoretical frameworland appy it to analyze thislomain Because referencing

is a very humaitentric activity, ve present the results of axploratorystudy which



examines the behaviors pérticipantsand how theygenerate references to physical and
virtual content in cdocated and remote scenatiage found that participants refer to
content using physical and virtual techniques, andshatedvideo is highly effective in
disambiguating references in remote environmeéByamplementing user feedback from
this study, afollow-up studyexplores how he 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 refences using anual 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 instecgpscopic
environmentsOur contributions include a framewkofor analyzing the domain of inter
referential awarenest)e development of novel referencing techniques, the presentation
and analysis of oufindings 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 realiyAR) is highly multi-disciplinary,
integratingknowledge from computer graphics, computer visgystem development
and HumarComputer InteractiofHCI). Whereas virtual realitf’?’R) attempts to create
a completelyimmr si ve environment, synt hesi zing
experience, augmented reality integsatértual objects seamlessly into the physical
world in real timé. Unlike VR, AR participants are able toteract withobjects that
exist inthar everyday environmenthere is no need tenderexistingphysicalobjects
virtual likenesses for eacparticipant or the complety of the environment that
surrounds them. This fact is especialbgneficial in the domain ofco-located
collaborative aigmented reality in which multiple participants occupy the same
physical spageby preserving many of the important nearbal communicative cues
such as gesturing, facial expression, hand, lip and eye movemesess can maintain
work context andnteraction can occur inatural 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 artifactsvithin the environment. Sinally, as applications become more
collaborative, interface designers must find ways to gracefully suppeareness
between participants that are appropriate to the dordairke other forms of computer

supported collaborative work (CSCW), augmented tyediinextricablylinked with the

!Thetermrealtimeher e is | oosely defined as fAinteractive
hard deadlines.

r

m

c



2
physical world,and challenges many of the mental models we have developed for
interactingwithin the environment The nontangible nature ofvirtual objectscan be
unnatural as ideallytheseobjects would give tactileekdbackas well agrovideproper
occlusion and depth cues These problems are exacerbated when participants are
geographically separated.

A critical component obuccessful collaboration is the ability for participants to
generate and intpret effectivereference cues; more specificaltile environment must
supportinter-referentialawareness or the ability for one participant to refer oset of
objecs and for that reference to be understabds challenging to support interactions
where virtual ontent is presenbut even more so in a collaborative setting. Often these
collaborationsoccuracross distance, relying on computeediated communication and
interactions Thus, in addition to providing a set of techniques that are flexible enough
to work with multi-modalcontent, designers of collaborative augmemeality systems
mustsupport communication aralvarenessvhile maintaining the contextual properties
of the environment

Though a significant amount of research has been performedabamaitive AR,
very little has addressl the fundamental task of ensuring that collaborators share a
mutualunderstanding of an object of reference; while techniques from purely physical
and purely virtual environmentsppear at firsto be applicable, welemonstrate that
there areunique andsignificant challenges to achievinmter-referential awareness in
collaborativeAR. This research intends smldress these issues byproviding a solid
theoretical backgrountbr interreferential awarenesg) acquring an understandingf

how users generate references and the kinds of support they @¢sinegluating a
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subset of current referencing techniquésdeveloping new, mukinodal referencing
techniques, p architecting implementingand evaluatingmethods of environmental
supportfor inter-referential awarenesand6) proffering a set of guidelines for designers

of collaborative AR systems.

1.2. Motivation

Augmented reality geneega unique set ofeferencingscenarios not possible in
purely physical or wtual realities Users can efer to objects fodiffering modalities
which exist in eitherlocal or remote workspaceé simple cross between these two
dimensionsforcesoneto consider appropriate techniques for generating references to
remote, physical lgects.While virtual artifacts normallyaugmenta physical me (e.g.
providing metadata about the objegt the literature suggesscenarios where virtual
objectsare embeddedithin physical onesthus the proximityfrom which a physical
reference is nie is restricted andonsequentlyhas a higher probabilitgf becoming
ambiguous(if the referencing technique is susceptible to distan®bjects maintain
many of their spatial propertigbat influence referencing including distance, scale,
proximity to other objects which can potentiallyocclude the views ofone or more
participants In AR however, physical objects do not naturally occlude virtual ones, so
additional steps must be taken to ensure piatsical reference technigussich as
pointing do not become ambiguous. Further, ollaborative AR systems are often
comprised of heterogeneous hardware configurations, inclitbagMounted Displays

(HMDs) with varying display capabilities, cameras with varideglds of View (FoV),
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anda mix of trackhg technologiesMany of theseHMDs provide a bioscopfoview of
the world limiting the depth cueghat users receivifom the environmentWhile this
list is not exhaustive, it demonstrates the complexityan ostensiblystraightforward
task.We contirue by examining a few of the common scenarios fourtbilaborative
AR literature

Local Expert/Remote Technician: Techniciansfrequently travel to a remote
jobsite to maintain or repair products. When technicians lack the expertise necessary to
completetheir task, theynay contacta remoteexpert for assistancbut must ofterrely
strictly on verbal communica&n. One method ofincreagng workspaceawareness
requiresthe technicianto be equippedvith a heaemounted camera providing the
expert withaview of theremote environmerjtL]. During this collaborationif confusion
occurs, it is necessary for the expertctarify instructions byestablising a common
point of referencein the remote environmentlowever, deictic speech e . tgiso , i
fithatd , thos® )alone may be insufficient irenvironmentswhere there are few
discernabldeaturesavailable such asvhenre-wiring a network panebr examining a
series of pipesUsing AR, referencesanbe spaially registered in the remoteorld
augmentng the environment for the techniciakdditionally, it should be possibléor
either party toclearly refer to physical objects regardless of distanfia; example, a
technician may look upp examinea series of pipes located tens of feet above.

Medical Scenario: A medical staff gaia important insight into the status of a
patient by acquiring 2D and 3inages such as Xays, CAT scans, or ultrasounds.

Surgeonften viewthis dataon a lightboard or computer monitor before auiing a

2 A single camea feed which is replicated for both eyes.
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medical procede, requiringthemto physically turn their head (betwetre patient and
lightboard) ando mentally mapnformationbetweenwo disparatecoordinate systems
In an ideal AR medical scenario, this databe projectednto the patient, allowing the
staff to see for examplea f et us within a motherds womb
within the brain[2-4].1 n descri bing such a Theyckalleagmm, Joh
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 roond [5]. During the course of surgerthe medicalteamneeds the ability
to referto nornrcontiguous regionsf tissue such agotentiallycancerousareas These
regions can lie on or below the surface of the skin, requiringleuinal referencing. A
misunderstandin@f the reference can result in undesirable, if not fa@hsequences.
In such scenariost is importantthat that doctors and nurses be aldeconvey their
ideas effectivelythroughreferencing virtual and physical artifacs arbitrary depths;
further, it may be necessary to do this in a h&ngls manner, as the surgeons m@st
likely occupiedwith thesurdcal task

Scientific Visualization: Computers have long been used in twmairs of
visualization, molecularstructure moditation, crystallography and molecular docking
[6-12]. Similarly, AR has been used to collaboratively visualimeleculesas well as
internal vectors within fluidsCo-locatedenvironments allowparticipants tospatially
visualize3D informationand interactvithin the environment in natural waydowever,
when discussing attributes af seriesof data, sientistsmust haveflexibility in the

granularitywith which they generataeferences For example, dentiss may refer to a
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moleculein its entirety to large subkstructuresto small clusters or to individual atons.
Further, eferencingsmall portions ofa larger data st can bequite difficult giventhat
thereare often few discernablefeatureswithin the information For exampleprganic
moleculesoftencontain a large number of atoms from a limited set of elements. Here, a
significant portion of each moleculewill be comprised of hydrocarbons, such as
methane (Cl), ethane (gHg), propane (gHsg), butane (GH1g) or even decane (gHzo).
Further referencingcan be challenging given thaj parts of the visualization (such as
atoms) can occlude the views obne or moreparticipants,2) data may be tightly
clustered, and 3jlatawith similar traits are hard toistinguish through speech alone

How to interact withclustered sets of objedtsstill an active area aksearci13].

1.3. Current State of the Art and Limitations

Referencing techniques fouma AR environments aredehocor are derived from
VR selection techniqueslternatiely, developers may assuntigat natural gesturing
and deictic speechare sufficient One naive approach is to implement selection
techniques from the domain of VRpwever, many of theseely on mathematical
intersection, requiring geometric knowledge dfypical objectsfor them to function
correctly. Consequently a majority of these techniquegrk exclusivelywith virtual
artifacts Another option is tdignored support for referencing, and rely solely on the
natural referencing capabilities of the sserowever,this approacltfails for remote
scenarios whereit has been shown thathen proper referencing techniques are not
supported(e.g. audio only conditions) lerfgthy descriptive sequences were typically
required [14]; thus, reducing support comes at the cost of efficieMg. describehe

stateof-the-artin the context of the scenarios presented in section 1.1
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Given thefigranularity of referencingin scientific visualizationtechniques such
as raycasting may be inappropriate as they produce a single point of refereribas,
whenreferring to multiple objects, such as regions of a molecule, this techisiauos
scalablePhysically pointingoehaves much like a virtualrew - inferring a broad set of
objects; this is especially pronouncédhe distance exceeds a threshold or the objects
are clusteredThus, pointingo anatomin a moleculdgs analogous tpointingto a tree
in a forest: very little information is auable to verbally distinguish between them.
Physically pointing can also be disconcerting to usermless the handsitracked to
produce occlusionues

In the expert/technician scenariwe cannot rely on traditional tracking methods,
as realistically the technician willnot be located in arenvironmentconducive to
tracking Further, littleto nogeometric dat#s typically availableabout theobjects in the
remote environmentUntil this data is madaccessibleit is doubtful thattraditional
virtual selectiontechniques can be applied to reairld objects.Recentresearch has
investigated anot ati ng t he twodimdnsidalyitcapmodide a uimnes w
sensitivereferencebut is obviously no longer relevaneveninferring incorrect objects
- if the userchanges their viewpoifi5].

In the medical sceniar described aboveh¢ areas of reference may be located on
the surface of the skipe subdermal on the surface of the virtual object, or may be
embedded within the virtualbject itself; thus, it is necessary to refer to both physical
and virtual objets at arbitrary depthsAn occludingphysical barrier(e.g. the skulbr

chest cavitypreventst he embedded virtual objecits fro

% An intersectiorbased selection technique found in VR environments
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forcing referenes to occur froma distance Objecs may be visible only from a
particular vievwpoint (for example, when the object isithin a cavity, and while
referenced correctly, may not be visible for othérsage plane techniques (see Chapter
2) may infer a crossection of the data. Anoth@pproach is to use a varialngth
virtual ray, which requires specialized hardwafaurthe, using an external device to
make references, such as a wand, requiregsbef their hands which are occupiedh
the process of surgery. The medical scenario represents a tight coupling between the
virtual and physicalemphasizeshe importance of contexnd 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 tfedrencingtechniquese present
in collaborative scenario$l6]. However, © comprehensiveresearch has been
performed that analyses how referencing occurs across various scenangthods that
can support itAs we transition into future computing domairnkere is a neetbr a
generic framework that describes referencirapd encapsulatesdisciplinespecific
factors Beyond this,we need to understand the limitations of current referencing
techniqueshow participants use therand in what context theiinclusionis appropriate.

Though someresearchhas investigated the communication bebesiof co
located pairs, we need more insight into how groups make referacrossa variety of
scenarios, as well as the technologies that they prefer. Furdierencingcan be
negativelyinfluenced by environmeal factors. Thus, there is a needidentify these

factorsas well aeexplore newechniqgueghat might help alleviatthem Conversely, we
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need to exploravays in which theenvironmentcan passivelysupport referencing,
which canthenbeincorporaté into future systems.

Finally, we mustconsidernew techniques for refemeing multtmodal content
The medical scenariexposes thaeeedfor refering to content at arbitrary depths, as
well asin a handdree mannerThe moleculamodeling scenario demonstratas need
for generatingeferertes at varying granularitgnd overconmg occluded viewsthus
spatial referering techniquesmust be investigatedas well as techniques that may
alleviate occlusion Further, while distributed AR systems focus on sharing virtual
artifacts, the expert/tboician scenario indicates a strong need for refgto physical

content in remote environments.

1.5. Contributions and Significance

Inter-referential awareness viewed as a fundamentafet critical,componenin
collaborative augmented realityf16]. Billinghurst et al. describeéhe importance of
(general) gestumg to facilitate communicatiofiL7]. Agrawala describes how gestures
areusedtorefermbj ect s, and h o wedtahlishing aashaged comgxto r t a n
for the groupé When someone refers to an
the focus of the growdp[18]. It is apparent thatof any collaboration to occur,
intrinsic requirement is the ability for participanto refer to theghysical and virtual
objects that surround them in a consistent manner, and be confident that these references
are understoodOur work intends to examine thisrm of awareness holisticallyhile
addresmg contextual problemsin depth Specifically, he contributions of this

dissertationnclude:
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1) providing a flexible frameworkfor conceptualizinghe complexity of inter
referential awareness acrassariety of computing domains,

2) analyging the design space of referenciy applying the framework to
collaborative AR; thisncludesobservation of user behaviothe presentation
of user feedback ahthe examination oftechniques that supp inter
referential awareness,

3) developinga novel, handdree, multimodal technique thas flexible enough
to beused in a variety of scenarios,

4) analyzingthe properties of @ommon referencing techniqyas it applies to
the selection and representation phases of the frampwibrough
independent studies giving andinterpreting references

5) proffering aset of guidelines to help system designers stppterreferential
awarenessnd

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

awareness

Throughout this dissertation, an overarching theme is that there is a castithat
be incurred whersupporing this form of awarenessThis cost isattributedto 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 refimeunderstandg of it
through user studieswhere we find that these costs may be relayader certain
contexts, or may be reduced through alternative supplue view this discussion as a
significant contribution; it issubsequentlyre-examined in Chapter 8, whelié is

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

This dissertationis presented chronologitg with the exception ofChapter2
(backgroundand related work Chapter 3 describes ourinitial work in virtual
environments formolecular modeling, which exposed the basic problem of -inter
referential awarenesBetween collaboratorghere we demonstrateour approach to
spatial referencing as well as a new, moitdal techniquehat can refer to local and
remote content at arbétry depthsLater, we transitioned théR environmentinto AR
with the intentof collaborating remotely, which exposetiditional scenariosand
complexity of referencing in ARThus, b enumerate and encapsulatferential
concepts andiactors,Chapter 4proposesa generic CSCW framework amgbplesit to
the field of AR This framework informed the design of an explorat@tydy, which
examineduserbehavioracross the most common scenarios found in the literature; the
intent behind this studyasto cull the design space of reéncing the results of which
can befound inChapter 5. A common, multhodal referencing technique that works
across a wide variety otsnarios is the virtual pointeChapter gresentshe properties
of this technique, includg the effectiveness dfow users give and interpret references
using it and environmental factors that may influence its accuracy. Based on the
feedback from theexploratory study, Chapter 7 presents a followap studywhich
examines how the environmenarc passively support referencingnd describeshe
underlying architecture thaupports it.Chapter 8 summarizeour work by presenting
the overall knowledge gainedhcluding design guidelines, a discussion on the cost of

referencing, as well d&aturework.
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CHAPTER 2

BACKGROUND

CollaborativeAR is highly multidisciplinary, drawingknowledgefrom a diverse
set of computing domains, including Hum@omputer Interaction (HCI), computer
graphics, computer vision, and CSCW. Section 2.1 gives a brief iewernf AR
environmentsi summarizing general ideas, requirements, hardware and system
architecture.For the efficient reader, the remaining sections of this chapter are
summarized in section 2.5ection 2.2 examines related work from the field of CSCW,
stressingthe field of awareness aneffects ofsharedvideo. We next examine relevant
work in VR, including selection techniques, pertinent studies on awareness and
referencing techniques. Finally, we return to ARexamineprior work in collaborative

sysems and techniques that facilitate communication.

2.1. Overview of Augmented Reality Systems

Augmented realityenvironmentsuperimposevirtual objectswithin the physical
environment allowing participants to perform tasks previously not possibldefining
a realityvirtuality continuum Milgram descriles AR as a subset tife broader domain
of mixed reality(seeFigurel) [19]. Located at the exdmes of this spectrum are real
world environmerg and purely virtual environmerd Augmented reality lies between
these two, but idogically offset closer to the real environment given tamountof
information synthesizefbr the user. The continuum also includes the leksewnfield
of augmented virtuality which includes techniques focompositing live videocof a

user6s face taatmugment a virtual
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Mixed Reality

D —— -—

Real Augmented Augmented Virtual
Environment Reality (AR) Virtuality (AV) Envitonment
(VR)

Figurel - Milgram'sReality-Virtuality Continuum|[19]

In 1965, Ivan Sutherland suggested the notiombded reality by descriling a
tetheredheadmounted displayusing halfsilvered mirrorsi allowing the user to view
real and virtual objects simultaneouf®)]. Beyond being a visual display, HMDs must
alsoinform the system of h e  wiswgaind-drackingwith threeor six degrees of
freedom(DoF)*. As with most technology, HMDs have evolved, becoming lighter (with
some weighindess than 8 ounces), containing much higher resolutions, providing more
accurate tracking, and costing significantly less than previous generations. Similar to
Sut herl andds di spl ay-througlo, chevhich a ldédiiasspacestn b e
display (or anoptical combiney lies between the eyes and the real woddplaying
only the augmentation this techniqueaffords a large field of view of the physical
world, butcansuffer from latency issuegg.e. dynamic error¥ when registering virtual
objects ito physical spacé causing virtual objects to lag behind physical ofié®ugh
predictive algorithmscan minimize this effect, it can becomespecially ponounced
with rapidc hanges i n t h erwheneenderinggeometrivalycompiex
virtual dbjects.To overcome thigrror, an alternative approadfito provide a mediated

view of the worldthrougha videobasedHMD - in which a camera is mounted an

* 3 DoF tracks orientation while 6 DoF tracks location as well. AR requires 6 DoF.
® The user is provided with an unmediated view the physicaldweven when no power is applied.
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opaquedisplay as close to the eyes as possible; firigvidesthe system a continuous
view oft he wor |l d fr om t(¢$eeFigwe2amdé&igure).eThesvieoc t i v e
stream is then sent to a computer, which is responsible for augmenting it with virtual
objectsandfeeding the stream back tioe display. This genre of HMDs is restricted to
the parameters of the camera, including resolution, fraee color depth, focal lerfgt
field of view and distortion; while eliminatingynamicdelaysbetween virtual objects
and the physical worldlag can still occurbetween head movement amdhat is

displayed tahe user.

Figure2 - A HeadMounted Display21]

Figure3 - AR system architectur?2]



