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Abstract

This dissertation presents a framework for developing user interfaces for spatial
augmented reality applications, Physical-Virtual Tools, and novel interaction tech-
niques based on this framework. Spatial augmented reality uses digital projectors
to add computer generated images and information to objects in the real world.
This technology has the potential to greatly improve processes in areas such as in-
dustrial design, architecture, manufacturing, maintenance, and training. To realise
this potential, new interaction techniques must be developed that fit in with existing

processes.

Physical-Virtual Tools user interfaces are constructed from physical tools, which
the user interacts with to perform tasks. The physical design of a tool is tailored
for specific kinds of interaction. Tools are projected onto just like other objects in
the environment. This allows tools to be overloaded with several functions, with
state information projected onto the tool itself. This removes the need for separate
information screens, which may not be suitable in large, immersive systems. Two
continua to aid in developing, evaluating, and comparing these user interfaces are
presented. The Within System Tool Virtualisation Continuum is used to assess the
complexity of a single system, and can be used to decide the number and nature of
tools required for a system. The Inter-System Tool Virtualisation Continuum is used

to compare the user interface complexity between systems.
Three demonstration applications featuring novel Physical-Virtual Tools user in-
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terfaces have been developed for the industrial design domain. Digital airbrushing
uses a two handed technique for digitally airbrushing onto physical objects with
a physical-virtual stencil. This technique provides similar, but more flexible, func-
tionality to a traditional airbrush, and allows designers to quickly evaluate product
tinishes. Augmented Foam Sculpting combines the act of physical mockup creation
with CAD modelling. Designers are able to generate 3D CAD models by sculpting
in foam with a hand-held, hot wire foam cutter, taking advantage of their exist-
ing skills. New interaction techniques for interior architecture and design tasks are
presented. These techniques are embodied in a demonstration application, Build-
MyKitchen, which allows architects to design and customise joinery such as kitchen
cabinets, and the ability for clients to easily customise and preview aesthetic con-
cerns in the design. Throughout the course of this research, a reusable SAR software
framework has been developed. This dissertation discusses the architecture and
features of this framework, and how the framework greatly improves the ability for
researchers to build and evaluate SAR applications. In addition, this dissertation
presents a novel modification to computer vision based finger tracking algorithms
that allows for greater performance in SAR environments. The finger tracking hard-
ware is also used to provide feedback to users when interacting with projected con-

trols.
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Introduction

Augmented Reality (AR) enhances our experience of the world by adding com-
puter generated information to it in real time [Azu97]. Head Mounted Displays
(HMD) [Sut68; AB94] and hand-held devices [WS07] can be used to augment the
user’s view of the world. Alternatively, projectors can be used to project com-
puter generated information onto objects in the physical world, a technique known
as Spatial Augmented Reality (SAR) [RWF98]. SAR allows computer graphics to
be projected onto physical surfaces in the environment. SAR systems can vary in
scale, with sizes ranging from small table-top systems (Figure 1.1(a)), to the size of
a car (Figure 1.1(b)), through to an entire building (Figure 1.1(c)). This dissertation
presents new user interface and interaction techniques for SAR systems.

Using projectors, spatial augmented reality modifies the appearance of physi-
cal objects by projecting directly onto them [RWF98]. This is a fundamental differ-
ence between SAR and other AR display technologies, such as HMDs and hand-
held devices. SAR systems actually change the visual appearance of the physical
world with computer controlled illumination, where as other approaches augment
the user’s view of the world [Lan96]. The projective nature of SAR presents several

advantages and limitations compared to other AR displays. First and foremost, the

1
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Figure 1.1: SAR systems developed at different scales. Small table-top systems allow
for direct manipulation of both the physical and virtual objects (a). Larger scale sys-
tems provide one or more fixed physical objects, where users employ within arm’s
reach techniques to manipulate virtual information (b). Larger systems can support
projections on entire buildings, and would typically employ at a distance interaction
techniques (c).

user is not required to wear or carry the display. Compared to hand-held AR, users
of SAR systems have both hands free for interacting with the system and objects
in the world, raising the possibility of richer interaction techniques [RLO1]. SAR is
also better suited to collaborative tasks such as design review meetings; users are
not required to wear cumbersome equipment over their faces, which would reduce
their ability to communicate with each other [PN]J10]. Additionally, the number of
people able to experience a SAR environment is limited by the physical size of the

space, not by the amount of equipment available. SAR benefits from the natural

2



depth cues and passive haptic feedback provided by physical objects.

One of the downsides to SAR is the need for physical objects to project onto.
Hand-held and head-mounted displays have an image plane at a known location
on which to draw virtual objects [Azu+01]. This ability to render information at
arbitrary locations in “mid air” is not yet possible with SAR technology. While
devices such as the Fog Screen [Rak+05] provide semi-transparent projection sur-
faces using water vapour, there is no way to render at arbitrary locations. This
forces SAR applications to focus on augmenting existing objects, rather than adding
purely virtual objects to the world. Another potential downside to SAR is the diffi-
culty in displaying view-dependent rendering effects, such as transparency and ac-
curate reflections. This can be accomplished for a single user if their head position is
tracked [Bim+05b]. As SAR changes the physical appearance of objects, rather than
users’ individual views, accomplishing these rendering effects for several users si-

multaneously requires additional technology such as active shutter glasses [Agr+97].

1.1 Problem Statement

Spatial augmented reality has the potential to greatly improve processes in fields
such as industrial design [Ver+03], architecture, manufacturing[Sch+08], mainte-
nance, and training [Sug+08]. While not an exhaustive list, these domains are par-
ticularly suited to SAR because they typically involve key physical objects, such as
design mockups, which are the focus of the user’s attention. One of the barriers to
adopting SAR technology in these fields is the lack of suitable interaction techniques
tailored to the peculiarities of SAR projection. Many existing AR interaction tech-
niques are unsuitable for SAR. Often, they are concerned with manipulating purely
virtual objects in an AR view of the world [Kat+00; SPS01]. As previously stated,

SAR requires physical objects to project onto. Therefore, interaction will most likely
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involve either virtual information located on the physical objects, or the physical
objects themselves. The display itself is a core part of many interaction techniques
for HMD [Pou+96; FHZ96; PS06] and handheld AR [OF09; San+10; Bar+12]. The
interaction techniques take advantage of the fact the display is coupled to the user,
either in front of their eyes or in their hand. Other interaction techniques developed
for AR and VR take advantage of the image plane of the display to place virtual
objects in mid air [Fei+93; SCP95; PSP99; PT02; Jun+04], an approach unsuitable for
projection.

For these reasons, new interaction techniques need to be developed for SAR that
take advantage of the display technology. In particular, physical surfaces are a fun-
damental component of any SAR system. Interaction techniques should make use
of these to provide passive haptic feedback to the user. In addition to this, interac-
tion techniques for SAR should minimise the effect of the medium’s disadvantages.
SAR user interfaces should not assume a specific location for the user, and should
be usable from any viewpoint from which the user can see the visualisation. SAR
user interfaces should support collaborative tasks, taking advantage of the fact that

SAR displays are independent of the user.

1.1.1 Research Questions

This dissertation addresses a number of unsolved problems for SAR. The investiga-

tion presented in this dissertation began with the following two questions:

* How can a user intuitively control and interact with SAR systems of a variety
of scales? SAR systems can be created ranging in scales from single projector
table-top systems, through to immersive room sized environments, scaling up
to an entire multi-story building. At each scale the user needs to be able to

control the system and manipulate virtual information.
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¢ How can SAR be put to use in the industrial design domain? Industrial de-
sign is a compelling application area for SAR. There is potential for SAR to
greatly improve design processes and communication between designer and
client. Industrial designers work with physical prototypes throughout the de-
sign process. The physical objects, so important for SAR systems, are readily

available in industrial design.

In order to begin addressing these questions, this research has focussed on sev-
eral sub-projects to develop interaction techniques for SAR systems. Specifically,

this dissertation answers the following questions:

* How can SAR be used to aid a designer early in the design process to design

the visual appearance and finish of the surfaces of a product?

* How can SAR be used to speed up iteration time early in the design process,
particularly in the transition from hand made mock-ups to refined CAD de-

signs?

* How can a designer specify dimensions in a SAR system, such as the width of

an object or the distance between objects?

* How can preset designs be loaded, viewed, and saved in a SAR system with-

out the use of a keyboard or mouse?

* How can a user be notified when activating projected controls such as virtual

buttons and other widgets?

1.1.2 Research Goals

The core goal of this research has been to answer the questions defined above. In
general, the goal has been to further the state of the art in user interfaces and in-

teraction techniques for SAR. In order to do this, it has been an important goal of
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this research to investigate the industrial design process, and assess where and how
SAR technology could be utilised. This has been accomplished by working with in-
dustrial designers and students at the School of Art, Architecture and Design, Uni-
versity of South Australia, to find ways SAR can be put to use in the design process.
Deploying SAR should fit in as best as possible with existing tasks and processes.
Interaction should take advantage of the intrinsic physical nature of SAR, and of ex-
isting skills, so as to reduce the burden on users of learning the new systems. To this
end, the demonstration applications presented in this dissertation have been devel-
oped for use by designers in the design process. Where possible, the user interface
elements and interaction techniques have been generalised, in order to be useful in

other application domains making use of SAR technology.

1.2 Contributions

This dissertation presents a number of research contributions in the field of aug-
mented reality in general, and interaction techniques for SAR in particular. These
contributions, while developed for SAR, could also be applied to other AR display

types. These contributions are outlined below:

¢ Physical-Virtual Tools (PVT), a conceptual framework for creating, evaluat-
ing, and comparing SAR user interfaces. In these systems, the user interface
(UI) is comprised of one or more tools. The tools are overloaded with differ-
ent functions, with state information projected onto the tools themselves. Two
continua are defined to aid in designing and comparing PVT user interfaces.
The Within System Tool Virtualisation Continuum (WS-TVC) visualises the
complexity of tools in a single system, and is used when deciding the number
and nature of tools required for a user interface. The Inter-System Tool Virtual-

isation Continuum (IS-TVC) is used for comparing user interfaces of different
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systems [MT10a].

Digital Airbrushing, a two handed interaction technique for applying finishes
and designing paint jobs for products, and the algorithms that enable this tech-
nique. The airbrushing technique uses a PVT user interface consisting of a
physical airbrush and a physical, virtualised stencil, allowing the designer to

paint using similar techniques to real airbrushing [MTS09; Maa+11].

Augmented Foam Sculpting, an interaction technique that bridges two im-
portant parts of the industrial design process: hand made mock-up creation
and CAD modelling, and the algorithms that make this technique possible.
Designers are able to produce 3D digital models by sculpting with foam. In
addition to the modelling technique, two SAR visualisations are provided to

aid the designer in their work. [MT10b].

BuildMyKitchen [MT13], an application for interior architecture and kitchen
design. This application is intended for use by designers when specifying the
design of cabinetry and for previewing and refining designs with clients. This
application includes a two handed PVT technique for resizing components,

and a PVT approach to loading and saving designs, and selecting materials.

An improvement on existing colour marker based tracking approaches for use
in SAR systems. An active marker is used, with the colour of the LED contin-
uously updating to maintain robust tracking as the SAR projections change.
The LED is also used to provide visual feedback to users as they interact with

virtual objects [SMT11].

A description of a software framework designed specifically for building SAR
systems [Mar+12a]. This framework reduces the work required to build SAR
applications, and the discussion includes several insights which are useful for

other developers.



This dissertation focuses on integrating SAR into industrial design and architec-
ture domains. In addition to the contributions listed above, I have also researched
and deployed SAR systems into theatre productions. During the course of my PhD,
I spent four months working on Half Real, a theatre experience featuring audience
interactivity and SAR technology [Mar+12b]. This theatre show is the first of its kind
to feature a 3D modelled stage, actor tracking, and a dynamic real-time projection
system that reacts to audience and actor actions. Half Real successfully completed
a three week sold-out season during the Melbourne Festival in 2011. Projects such
as Half Real would not be possible to complete without the use of SAR, and the
contributions listed above directly contributed to the development of Half Real. A

detailed description of this work is included in Appendix A.

1.3 Dissertation Structure

The remainder of this dissertation is structured as follows: The following chapter
presents an overview of background research in the areas of augmented and spa-
tial augmented reality technology and applications, Tangible User Interfaces (TUI),
and physical user interface prototyping. As later chapters describe SAR applica-
tions intended for industrial designers, Chapter 2 also provides an overview of the
industrial design process.

Following this, Chapter 3 introduces Physical-Virtual Tools, a new methodol-
ogy for creating SAR user interfaces. The two continua for classifying and compar-
ing PVT based user interfaces are presented, and the SAR applications described in
Chapter 2 are compared in the context of the continua.

The next three chapters present the SAR applications developed as part of this
investigation. Each of these applications feature a PVT based user interface, and

each chapter presents new tools and interaction techniques developed to support
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the system. Chapter 4 describes Digital Airbrushing, a system that allows design-
ers to paint with projected light and a physical-virtual stencil. Chapter 5 presents
Augmented Foam Sculpting, a system which allows designers to create 3D models
of design mockups by sculpting with foam. Chapter 6 presents a SAR system for
helping architects design and evaluate kitchen joinery and other internal architec-
ture with the client. Chapter 7 describes the software framework developed through
the course of this research, and provides several insights useful for other developers
and researchers building SAR applications. Finally, this dissertation concludes with

a look towards future research directions.
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Background

This chapter provides an overview of previous work that has relevance to this dis-
sertation. The chapter begins with an overview of augmented reality, comparing
the different display technologies used to build AR systems. A detailed discussion
of spatial augmented reality research follows this overview. In addition, this chap-
ter provides an overview of related display technologies, but for various reasons
should not be considered SAR technology. Tangible user interface based systems
are investigated, as they share several characteristics with interactive SAR systems.
A brief overview of tracking technologies is presented. While this dissertation is
not focussed on tracking systems, tracking is an important enabling technology of
interactive SAR systems. This chapter concludes with an overview of the industrial

design process, with a focus on prototyping.

2.1 Augmented Reality

As previously mentioned, augmented reality enhances our perception of the world
be adding computer generated information to our experiences. Augmented reality

was first described by Ivan Sutherland as his Ultimate Display [Sut65]. This hy-
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pothetical device could control the existence of matter to produce virtual objects
indistinguishable from the real world. Sutherland was also the first to build an AR
system, featuring the first head-mounted display. AR systems using HMDs share
many properties with Virtual Reality (VR) [Bro99]. However, the goal of AR is to
augment the physical with virtual, rather than immersing the user in an entirely

virtual environment. As defined by Azuma [Azu97], an augmented reality system

should:

e combine the real and virtual,
® be interactive in real time, and

* be registered in 3D.

Although not exclusively a visual medium [DHS02], most AR research has fo-
cused on augmenting the visual appearance of the environment. The three main AR
display technologies are head mounted displays, hand-held devices such as mobile
phones, and spatial displays such as projectors. HMD based AR visualisations of-
ten add menus and other information at a fixed location on the image plane of the
display [Fei+93], as shown in Figure 2.1(a), or placing virtual objects so that they
appear as part of the real world. Tinmith [PT02] is one of many examples of such
a system, and is shown in Figure 2.1(b). Interaction techniques for HMD based AR
benefit from the users wearing the display on their heads. This leaves the user’s
hands free to interact with both the system and objects in the physical world. How-
ever, communication with others is currently hindered by the display covering the
user’s face. Technology may improve in the future, and projects such as Google
Glass', though not an AR display itself, show possible future directions for HMD

devices.

hitps://plus.google.com/+projectglass
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Figure 2.1: HMD based AR supports placing menus and other items on the image
plane in front of the user, such as in Windows On Your World (a), and into the user’s
view of the physical world (b). Images courtesy of Steven Feiner, Blair MacIntyre, Mar-
cus Haupt, and Eliot Solomon Computer Graphics and User Interfaces Lab Columbia
University, and Thuong Hoang, University of South Australia.

As technology has advanced, it has become possible to implement AR systems
using hand-held devices such as mobile phones [Wag07]. Today’s mobile phones
include GPS, orientation sensors, digital compasses, and powerful graphics capabil-
ities. The core advantage hand-held AR has over HMD based systems is the ubiq-

uity of smart-phones; users do not have to wear or carry additional equipment.
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Hand-held systems present a magic lens [Bie+93] style AR view, with the user choos-
ing when to view the augmented world. This is demonstrated in Figure 2.2, which
shows Wikitude?, a mobile AR browser. The interaction techniques possible with
hand-held AR are limited by the fact one of the user’s hands is required to hold the
device. Hand-held AR typically employs touch-screen technology, with the display
forming an important part of interaction techniques. The display device also needs
to be held a comfortable distance from the user’s eyes. This reduces the ability for

interaction techniques to involve the user’s other hand in the augmented view.

\

Figure 2.2: Handheld AR presents a window into the augmented world. This image
demonstrates Wikitude, an AR browser for mobile phones, showing nearby restau-
rants.

W
_—

Spatial Augmented Reality [RWF98] utilises digital projectors to augment the
physical world with projected information. Projectors are calibrated so that the pro-

jected images are correctly aligned with physical objects [RWC99]. Where as HMD

Zhttp://www.wikitude.com
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based and hand-held AR augment the user’s view, SAR places computer graph-
ics onto actual surfaces in the physical environment. Therefore, SAR environments
can be experienced by multiple users simultaneously, without the need for users to
carry or wear equipment. Unlike HMD and hand-held AR, SAR requires physical
objects to project onto. In addition, SAR systems require a more detailed geomet-
ric model of the environment. This is due to the fact that a SAR system needs an
understanding of the physical surfaces of objects in order to project onto them, not
just geometric locations of objects of interest, as is often the case in other AR sys-

tems [Fei+97; SK08]. SAR is described in more detail in Section 2.2.

[———Mixed Reality (MR) |

< >

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

Figure 2.3: Milgram’s Virtuality Continuum

Milgram’s Virtuality Continuum [MK94] places AR in the context of other mixed
reality displays. The continuum is depicted in Figure 2.3. On the left is the real
environment, with no augmented information. On the right is an entirely virtual
environment, with none of the real world present. Agumented reality is placed be-
tween these two extremes; the user experiences the real world with some virtual
information added. As Milgram published his continuum in 1993, it unfortunately
does not differentiate between different AR display technologies. However, each of
the display technologies described above have different capabilities and limitations.
HMD based systems are able to render virtual objects at arbitrary 3D locations into
the user’s field of view. Handheld devices place virtual objects at arbitrary locations
in the camera’s image which is rendered to its display. However, these virtual ob-
jects are not shown directly in the user’s field of view. Instead, the handheld device

is an augmented window, akin to a magic lens [Bie+93] which contains the virtual
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information. The user can choose when to look at the augmented world. SAR again
places virtual objects directly into the user’s field of view. However, the nature of
projection means SAR is unable to place virtual objects in arbitrary locations; SAR
can not render objects in “mid air”. In addition to arbitrary 3D locations, HMD
and hand-held devices are also able to render information, such as menus, at a pre-
dictable location on the display. This is difficult to accomplish with SAR, because

graphics can only be rendered on available surfaces in the environment.

2.2 Spatial Augmented Reality

Checkered

Surface

Checkered Plain
L|ght Surface

Figure 2.4: A patterned surface illuminated with a plain light is equivalent to a plain
surface with a pattern projected onto it. Shader Lamps takes advantage of this insight
to change the appearance of objects. Image courtesy of Greg Welch.

Plain Light

Spatial augmented reality has its roots in the vision outlined by The Office of the
Future [Ras+98]. The Office of the Future describes an office environment where
all surfaces, such as the walls, desks, and floor, are potential displays. Three dimen-
sional models of people and objects in the room are captured in real time using cam-
eras and structured light, allowing for 3D telepresence. Augmented Surfaces [RS99]
allows users to seamlessly transfer digital information among computers, and other

surfaces in the environment through the use of projectors. The DigitalDesk [Wel93]
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is another forerunner to spatial augmented reality. The DigitalDesk is like a stan-
dard office desk, but with a graphical user interface projected onto the desk’s sur-
face, and cameras to capture user actions. Input for computer applications can be se-
lected from printed documents. For example, selecting numbers on a printed sheet

as input for a projected virtual calculator.

Shader Lamps [Ras+01] extends the SAR concept to not only augmenting sur-
faces with information, but changing their appearance entirely. A key insight is that
a plain light illuminating a patterned surface is equivalent, from the user’s view-
point, to projecting a pattern onto a plain surface. This concept is illustrated in
Figure 2.4. Shader Lamps takes advantage of this insight to give white painted ob-
jects entirely new appearances using projectors, as shown in Figure 2.5. Using these
techniques, a variety of visual effects can be created. Multiple projectors can be used
to illuminate objects from all sides. Most SAR research draws from the techniques

introduced by Shader Lamps.

Dynamic Shader Lamps [BRF01] demonstrates how SAR systems can be created
with movable objects. Using a tracked object and stylus, users are able to paint
with projected light. A simple paint palette is projected onto the table. The paint
colour is chosen by touching the palette with the stylus, with the current paint colour
projected onto the stylus itself. The system requires a 3D model of the object in
order to correctly project the paint, even as the object is moved. The virtual model
is transformed according to data from the tracking system, ensuring the projected

paint appears correctly on the surface.

An important consideration for many SAR systems is the realism or believability
of the projected graphics. In virtual environment research, presence is “the experi-
ence of being in one place or environment, even when situated in another” [WS98].
This concept does not translate well to SAR, since the user is placed in an envi-

ronment with physical objects, which can be augmented with computer graphics;
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Figure 2.5: Shaderlamps. (a) A plain coloured model. (b) Geometrically aligned pro-
jected textures. Images courtesy of Greg Welch and Ramesh Raskar. Taj Mahal model
by Linda Welch.

the user is not immersed in a virtual world. To address this, Stevens et al. [Ste+02]
introduce the idea of object presence. Object presence is “the experience that a par-
ticular object exists in the user’s environment, even when that object does not”.
Object presence was validated against SAR models, indicating that users accept the

projected virtual objects. Bennett and Stevens [BS05] found that object presence is
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reduced when objects are touched by the users. The authors argue reasons for this
possibly include shadows cast by the user onto objects, projections falling on user’s
hands, and the lack of tactile feedback for specific material properties. However,
other research suggests users can cope with shadows when multiple projectors are
used [Sum+05]. Multiple projectors from different positions reduces blackout shad-
ows on objects, since one projector can compensate for the other. Techniques for

shadow removal in SAR also prevent projections falling on users” hands [But08].

2.2.1 SAR for Industry

Zaeh and Vogl [ZV06] show how a hybrid SAR/tablet system can be used for pro-
gramming motion paths of industrial robots. A laser projector is used to project
motion trajectories and target coordinates into the environment. These trajectories
can be directly manipulated using a tracked stylus. The tablet interface is used to
show 3D previews of the paths the robotic arms will take based on the trajectories
entered by the user. An evaluation of this system indicated an 80% reduction in

programming time compared to standard authoring techniques.

Schwerdtfeger et al. [Sch+08] present results of using laser projectors in indus-
trial settings, such as indicating weld marks on a production line or for quality as-
surance tasks. Two projector configurations were considered, head mounted and
tripod mounted. The head mounted projector increases the area that can receive
augmentations, and reduces occlusions caused by the user. However, the equip-
ment available was too heavy to be practical. In addition, the head mounted projec-
tor requires very fast, robust tracking. The highly specular surfaces, such as steel,
common in industrial automotive settings are another problem. The highly reflec-

tive surfaces reduce the visual quality of the projected graphics.
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2.2.2 SAR for Design

There is great potential for SAR to improve tasks in industrial design and proto-
typing. User interfaces, control panels, and material finishes can be previewed on
physical mockups using projectors. Changes can quickly be made by modifying the

projections.

Low et al. [Low+01; RLO1] have successfully used SAR to create reconfigurable
life-sized dioramas. Complex environments, such as interiors of buildings are con-
structed from inexpensive foam blocks. Projectors are used to create the visual ap-
pearance of the surfaces, with view-dependent rendering effects. Users are able to
walk through and interact with the physical-virtual environment. This technique

can be used to simulate real places, or to preview new designs.

Kurz et al. [Kur+07] demonstrates techniques for building interactive SAR sys-
tems for architectural environments. A custom pan-tilt-zoom camera system is fit-
ted with an additional fish-eye camera and laser pointer. The system is placed in an
environment, and the laser/camera pair automatically captures the geometry and
visual appearance of the environment. Handheld laser pointers are then tracked

using the camera system and used for interacting with the SAR projection system.

WARP [Ver+03; Ver+05], shown in Figure 2.6, is a system that allows designers
to preview finishes on vehicles. A 3D printed model of the design is created, with
projectors providing the details and material appearance. A graphical user interface
is projected onto a wall next to the model, which the designer interacts with using
a keyboard and mouse. This kind of SAR design system can be extended to record
design review sessions in real time [VHNO09]. In addition to video, data from the
SAR system can be recorded, such as annotations. This provides a richer set of
information than would be captured if designers made handwritten notes, because
there is no possibility of ambiguity. The data captured is exactly what happened

during the review.
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Figure 2.6: The WARP Prototyping system, with graphical user interface projected to
the right of the augmented prototype. Image courtesy of Jouke Verlinden.

Porter et al. [Por+10a; Por+10b] investigated the use of SAR for virtual controls,
such as buttons. By tracking the user’s finger, the virtual controls can be made in-
teractive. Figure 2.7 shows a user interacting with projected buttons and a projected
slider. The advantage of virtual controls is the ease in which the control panel layout
can be changed. The ability for users to interact with virtual buttons was compared
to equivalent physical buttons. Results show virtual buttons were slower to inter-
act with than physical ones. However, the performance of the virtual buttons was
acceptable for design and prototyping scenarios. Reasons for the result include the
performance of the tracking system, and the lack of tactile feedback when buttons
were activated. Simon et al. [Sim+12] build on this work by adding “tangible but-
tons” to the virtual control panels. These buttons are simple plastic disks with RFID
tags embedded inside. The buttons provide tactile feedback to the user, and can eas-

ily be reconfigured by changing their location. The user interacts with these buttons
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using a glove with an embedded RFID reader. When touched, the glove communi-

cates the ID of the pressed button to the host computer.

(a) (b)

Figure 2.7: SAR projected controls. (a) The user interacts with projected buttons. (b)
The user interacts with a projected slider.

2.2.3 SAR for Instruction

SAR is a useful technology for in-situ instruction in a variety of different domains.
The main advantage of SAR in these situations is that the user is not required to
wear or carry equipment. This frees the user to focus on their task. CADcast [P101]
uses projectors to display assembly instructions onto a user’s work area. A user
assembles an object by lining parts up with the projected model of the finished
product. Seo et al. [Byu+07] investigate the use of SAR for medical surgery ap-
plications, with the physician using a tracked stylus to mark locations and paths
which are projected onto the patient. SAR has also been used for billiards instruc-
tion [Sug+08]. A projector/camera system is placed above the billiards table, and
computer vision techniques are used to extract the positions of billiard balls from
the camera images. Instructions for how the next shot should be made are then
projected onto the surface of the table. OASIS [Zio+10] combines a depth camera
with a projector to provide gesture based user input for table-top SAR applications.

The depth camera is also used to detect objects in the environment [Zio+11]. Kitchen
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OASIS demonstrates this framework being put to use as a cooking application, with
recipes projected onto kitchen work surfaces.

GestureMan [Kuz+00] is a robotic SAR device for remote instruction. Consisting
of a pan-tilt controllable laser pointer and camera mounted on a motorised base,
GestureMan allows a remote expert to instruct a local worker. The main limitation
of GestureMan is the single laser dot used for visual output. Animatronic Shader
Lamps Avatars [Lin+09] are another approach to remote instruction and communi-
cation. An animatronic model human is augmented in real time with the appearance
of a remote user. The appearance and geometry of the remote user is captured in
real time using several cameras. The geometry is warped to match that of the ani-
matronic model, so that the projections are correctly aligned to the model’s surface.
An alternative to capturing the appearance of the remote collaborator is to use a
non-realistic cartoon appearance [Well2]. The motion of the collaborator’s face is
captured, and this tracking information is applied to the cartoon model. The goal
of this approach is to avoid the uncanny valley effect [Mor70] associated with using

graphics that are more lifelike.

2.2.4 SAR For Information Presentation & Entertainment

SAR is a compelling candidate for information presentation on physical objects. Pro-
jected information can be seen simultaneously by many viewers. The display equip-
ment can be permanently mounted out of reach, making SAR suitable for art instal-
lations and museums. SAR has been used to overlay computer generated informa-
tion to paintings [Bim+05a]. Several effects are implemented, including overlaying
earlier versions of works, colour correction based on ambient light, presenting infor-
mation about the work, and changing the appearance to give the illusion of different
materials. Cartoon Dioramas in Motion [RZWO02] demonstrates how SAR can simulate

motion and non-photorealistic rendering effects. The illusion of motion is created
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by modifying textures and virtual lighting.

Figure 2.8: IncreTable is a tabletop mixed reality game system. Image courtesy of Maki
Sugimoto.

IncreTable [Lei+08], shown in Figure 2.8, is a tabletop mixed reality gaming sys-
tem. IncreTable allows interaction between physical objects, such as dominoes, and
virtual objects projected onto the table. The table itself is a rear-projected display.
Users interact with the system using a tracked pen, or by moving physical com-
ponents. Physical robots are also supported by the system, which sense fiducial
markers rendered on the table. These robots are either controlled by the system, or
by players, using a gamepad. Jones et al. [Jon+10] describe another tabletop SAR
gaming platform. Players can design an environment in which to play from foam
blocks. The physical layout of the blocks is captured using structured light tech-
niques. From there, players can insert game objects using a tracked stylus. Once the

“level” is constructed, the game can be played.
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2.2.5 Projector Calibration

Projecting graphics spatially aligned to physical objects requires a calibrated projec-
tor and a 3D understanding of the environment. Calibrating the projector involves
calculating the intrinsic and extrinsic parameters of the projector. Intrinsic parame-
ters include the projector’s horizontal and vertical field of view, principal point, and
focal length. The extrinsic parameters consist of the projector’s position and orien-
tation in the world [Zha00]. Calculating the intrinsic parameters requires finding
correspondences between projector pixels and known 3D locations in the physical
world. Raskar et al. [Ras+98] describe the algorithm for calculating the calibration
parameters from a set of correspondences. These approaches are further described

by Bimber and Raskar [BRO5].

Several techniques have been developed for acquiring the projector-world cor-
respondences needed for projector calibration. Shader Lamps uses a manual cali-
bration process that involves finding known points on the physical geometry with
a projected crosshair [Ras+01]. While this approach works well for simple geome-
try, it quickly becomes time consuming for more complex models or when several
projectors are used. Alternatives to this basic approach attempt to automate the pro-
cess and remove human errors. Raskar et al. describe how a stereo camera pair can
be used both for capturing a 3D model of the physical geometry in the scene, and
how projector correspondences can be found using projected structured light pat-
terns [RWC99]. iLamps [Ras+03] combines a projector, camera, orientation sensor,
and computing system into a single unit. This allows the iLamp projector to auto-
matically calibrate its image based on the geometry detected by the camera system.
Another approach is to embed light sensors into the physical model to be projected
onto [Lee+04b]. This removes the need for calibrated cameras, since the structured
light patterns can be sensed directly from the surface of the object. The projector can

quickly be recalibrated when the object is moved.
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In addition to geometric calibration, which ensures projected information ap-
pears correctly aligned with objects in the world, SAR systems also benefit from
radiometric calibration, which improves the quality of projected images. Raskar
et al. [Ras+99; Ras+01] describe algorithms for blending multiple projector images
for static scenes. However, these algorithms are unsuitable for when objects and
projection surfaces are moved at runtime, as new blend masks must be calculated
each frame. An alternative to multiple projectors is the Everywhere Displays Pro-
jector [Pin01]. This device uses a rotating mirror to direct images from a single pro-
jector to different locations in a room. Bimber et al. [Bim+05b] introduce techniques
for view-dependent stereo rendering on complex physical surfaces. Through stereo
rendering, SAR systems can alleviate the limitation of only being able to project
flat graphics onto physical surfaces. The stereo images can give the illusion of vir-
tual objects and information appearing above or inside the physical surfaces. The
visual appearance of SAR projections is best when projecting onto white diffuse ob-
jects. However, SAR systems are often required to project onto in objects in the real
world, rather than specifically prepared objects. Grossberg et al. [Gro+04] introduce
techniques for improving projection onto coloured and patterned surfaces. Using
a calibrated projector-camera pair, their system calculates a compensation image
which negates the pattern on the surface of the object. The results of this approach
vary greatly depending on the surface of the object. For example, it is difficult to re-
duce the appearance of a very saturated colour on the surface. While this approach
involved an offline calculation step, other approaches aim to perform radiometric
calibration in real-time, either with an offline step that captures the properties of
the surface [Gru+07], or by introducing structured light patterns into the projected

images that are imperceptible to the users [ZB07].

Another issue that effects the visual quality of SAR systems is the limited focal

depth of projectors. This is not a problem when using projectors for video walls,
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since the entire surface of the screen is the same distance from the projector. How-
ever, SAR systems often need to project onto surfaces from a variety of angles and
distances relative to the projector. An approach to solving this problem involves
stacking several projectors in the same location, with their focal planes set at differ-
ent distances [MWO01; BE06]. The defocus for each projector pixel on the surface of
an object can be estimated, and the final projected image composed for each pixel
from the projector with the sharpest focus. Laser projectors, such as those available
from MicroVision® do not suffer from this problem, since there are no lenses in the

optical path.

2.2.6 Portable Projectors

As advances in technology have driven the size of digital projectors down, mobile
SAR has become possible. Portable projectors reduce the infrastructure required for
SAR because projectors can easily be moved to where they are needed. Users will
not occlude the projections because the projectors are either held or worn by the
user [Sch+08]. Movable projectors create additional challenges over SAR systems
with static projectors. Firstly, the position and orientation of the projector must be
recalculated automatically and in real time. A homography between projector and
projection surface can be automatically calculated using a camera and orientation
sensor attached to a projector [RBO1] at interactive frame-rates [Ras+03]. Inami et
al. [Ina+00] shows how correct occlusion of virtual projected objects can be per-
formed with a head mounted projector.

Secondly, hand-held and wearable projection systems require adapted interac-
tion techniques. Beardsley et al. [Bea+05] show how a hand-held projector can be
used as both a movable spatial display and as a pointing device, imitating a laser

pointer. However, the pointing precision is limited by jitter caused by the user’s

3http://www.microvision.com/showwxplus
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hand. Forlines et al. [For+05] address this with a zoom-and-pick technique. Here, the
user controls a zooming window which magnifies the area around the curser, en-
abling more precise control. A two handed alternative to projector attached cursor
techniques involves holding the projector in the non-dominant hand to control the
location of the projection, and a tracked stylus in the dominant hand to interact with
the system [CB06]. RFIG Tags [Ras+04] combines wireless ID tags with photosensors
which are embedded into the environment to create a “self describing world”. A
handheld projector is used to detect and identify tags and direct the users to their

locations.

(a) (b)

Figure 2.9: (a) OmniTouch incorporates a shoulder mounted projector and depth sen-
sor. (b) The depth sensor is used to detect projection surfaces and allow interaction.
Images courtesy of Chris Harrison.

A major disadvantage of hand-held projection, as with AR on hand-held mobile
devices, is the difficulty in performing complex bi-manual interaction techniques, as
the user needs to carry the display. An alternative to carrying the projector is to wear
it on the body. This frees both hands for interaction. A forerunner to this approach
is WACL [Sak+05]. WACL uses a shoulder worn camera and laser pointer mounted
on a pan/tilt head. The laser pointer is used by a remote collaborator to direct the
attention of the user to aid in maintenance and similar tasks. Wearable projector

systems have been developed for industrial tasks. For example, Schwerdtfeger et
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al. use a projector mounted on the user’s head [Sch+08]. The projection will always
be placed on the surface in front of the user, which may or may not be where the
user is looking. SixthSense [MMO09] takes another approach; the user wears the
projector/camera system around the neck. In this system, the projector points in
the direction of the body, which again may not be where the user is looking. The
index fingers and thumbs are tracked, and the system provides a gesture based user
interface. A limitation of wearable projector systems is that there may not be suitable
surfaces on which to project graphics. OmniTouch [HBW11], shown in Figure 2.9,
uses a shoulder mounted projector with a depth camera. The depth camera allows

the system to detect flat surfaces for projecting onto and interacting with.

2.2.7 The Virtual Showcase

Where the systems in the previous sections have projected directly onto objects in
the real world, the Virtual Showcase [Bim+01] illustrates another approach to spa-
tial augmented reality. The Virtual Showcase is a glass case into which objects are
placed, and is depicted in Figure 2.10. The case is composed of half-silvered mirrors
which act as a projection surface, while still allowing the object inside the case to
be visible. Viewer-dependent graphics projected onto the mirrored surfaces allow
virtual objects and information to appear anywhere inside the case. In addition to
adding virtual objects, the physical objects inside the case can be illuminated using
projectors. By altering the projected light illuminating the physical object, shadows
from the virtual objects can be cast onto the physical ones [BF02].

While still a spatial augmented reality display, there are several important differ-
ences between the Virtual Showcase and the direct-projection techniques described
earlier. Perhaps most importantly, the object of interest sits inside the case, and
cannot be touched by the user. This affects both the possible uses for the system

and the types of interaction that is possible. Since the object cannot be touched,
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Figure 2.10: The Virtual Showcase. Image courtesy of Oliver Bimber.

interaction is inherently action-at-a-distance. Some VR techniques, such as virtual
pointing [GM96], can be used. The Virtual Showcase must project view-dependent
images for them to appear in the correct location on or around the object. Direct
projected SAR systems only need to perform view-dependent rendering for certain
visual effects. The number of users that can use the Virtual Showcase is limited
because of the view-dependent rendering requirement. However, the Virtual Show-
case is able to give the appearance of object’s floating in mid air, which cannot be ac-
complished with direct projection systems. The Virtual Showcase is therefore suited
to applications where the user should not touch the objects. The Virtual Showcase
has been used as a museum exhibit for overlaying computer generated information
onto fossils [Bim+02]. Another use of the Virtual Showcase is for digital story telling,

with a physical object being the focus of the story [BES03].
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2.3 Related Displays

This section discusses other display technologies that show similarities to spatial
augmented reality, but should be differentiated from SAR. The list of requirements
for AR as defined by Azuma [Azu97], listed previously, will be used as a guide to

help categorise these displays.

2.3.1 Projection Mapping

Projection mapping is a technique for changing the appearance of objects often used
by artists to create fantastic animations and visualisations onto buildings, sculp-
tures, and other physical objects. Projection mapping, as it’s name suggests, creates
a 2D map of a particular projector’s viewpoint. Using projection mapping typically

involves the following steps:

1. Select suitable locations for each projector that will be used.

2. For each projector, create a map that shows what can be seen from that pro-
jector location. This is typically a manual process involving ‘painting” over
parts of the projection surface. Figure 2.11(a) shows a map being created for

projecting onto a building.

3. Using the maps as templates, create the content for each projector using stan-

dard animation software.

4. When ready for viewing, set up projectors in their original locations, and play-

back the content, as shown in Figure 2.11(b).

While 2D projection mapping is used by artists to create stunning visual effects,
the approach suffers from two main drawbacks. Firstly, the projected content is

created for a specific projector viewpoint. This makes it difficult to add additional
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projectors later in development, as new content needs to be created specifically for
the new projector location. Setup requires a tedious process of placing projectors in
the correct locations, aligning them precisely, and performing keystone correction.

Early experiments with mapped projection involved recording a video sequence
of a room with the camera rotating on a tripod. The video was then played back
using a projector rotating at the same rate as the camera [Nai84]. This resulted in
the appearance of the projected video matching the physical environment.

It is important to differentiate projection mapping from SAR for several rea-
sons. Firstly, projection mapping is most often implemented as video playback.
The videos have been “mapped” to the physical space by the author, but the system
itself has no geometric understanding of the environment. Additionally, since the
content is video playback, projection-mapped installations are typically not interac-
tive, nor is the content generated in real time. Therefore, projection mapping should
not be considered a form of AR.

SAR offers an alternative to 2D projection mapping. A 3D model of the projection
surface can be created in CAD, and the projection content created for the 3D model.
Later, SAR can be used to calculate the projector locations. This approach provides

several advantages over projection mapping. Projected content needs to only be

(b)

Figure 2.11: (a) Creating a map of a building from a projector location. (b) The Final
artwork projected onto the building. Images courtesy of Cindi Drennan, Illuminart.
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created once for the scene, regardless of how many projectors are used. This also
makes the process of adding projectors trivial, since the system calculates what each

projector needs to render based on the projector calibration.

2.3.2 The CAVE

The Cave Automatic Virtual Environment (CAVE) [CSD93] is an immersive vir-
tual reality environment where perspectively correct graphics are projected onto the
walls, floor, and in some cases the ceiling. The user stands in the room and looks out
into the virtual world. The CAVE uses similar display technology as SAR. However,
while SAR projects directly onto physical objects of interest, the projection screens
comprising a CAVE are simply surfaces on which to view a virtual environment;
windows into a virtual world. Caves project view dependent graphics, so the world
appears correct from the point of view of the user. This limits the number of users
able to use a CAVE simultaneously, although some systems time-multiplex multiple
points of view using active shutter glasses. By contrast, SAR systems project scene
dependant graphics. SAR functions independently from users, making collaboration
with large groups possible. View dependent projections are only required for ef-
fects such as specular reflections and transparency. The virtual window metaphor
of CAVEs also affects the type of interaction possible. Interaction in a CAVE is in-
herently action at a distance, since the objects of interest exist only in the virtual
world beyond the projection screens. Physical handles and props can be used to aid

interaction, but there is still a disconnect between user and virtual objects.

2.3.3 Displays in the Environment

The previous sections have looked at displays that change the appearance, or the
user’s perception of, the physical world. This section looks at displays that are em-

bedded into the environment, but do not augment other objects.
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Much research has been conducted into exploiting the ubiquitous presentation
screen for interactive uses in scenarios such as meetings. Due to the size of these
screens, interaction research has focussed on action-at-a-distance, such as through
the use of laser pointers [ONO01] for interacting with projected information. Shadow
Reaching [STB07] takes advantage of shadows cast by the user for interacting with
the display, rather than using pointing devices. Myers et al. [Mye+02] evaluated
selection performance with several different styles of laser pointers, as well as tap-
ping the projection screen, and using a mouse. The results showed that tapping the
projection screen was the fastest and most accurate technique, followed by using a
mouse, with the laser pointer the slowest. However, this experiment used a smart-
board for the projection surface. The results may change as the screen gets larger
and the user has to move in order to reach the entire area. Larger displays that
require the user to move about the environment has been shown to increase user
performance [BNBO7]. However, the user will still need to be able to interact with
the display from a distance. For these tasks, techniques such as Ninja Cursors [KI08]
can be used. Ninja Cursors provide multiple cursors on screen, controlled simulta-

neously by the user. The user simply uses the closest cursor to their target.

The Fog Screen [Rak+05] is an interesting spatial display that has the ability to
display computer generated information in “mid-air”. This is accomplished by cre-
ating a thin curtain of water vapour, which can then be projected onto. The display
can be made interactive by tracking the user’s hands. The Sphere [BWB08] (Figure
2.12) is a touch-screen display device shaped as a sphere. It supports multi-touch
interaction across the surface of the device. Compared to a standard touch-screen
panel, it allows multiple users to interact with the device from any angle. This pro-
vides unique interaction properties. For example, two users can each work on a side

of the display in a collaboration task, without disturbing one another.
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Figure 2.12: The Sphere provides a touch-sensitive display on the surface of a sphere.
Image courtesy of Hrvoje Benko.

2.4 Tangible User Interfaces

This section provides an overview of research into Tangible User Interfaces (TUI)
and physical input devices. The key aspect of the systems described in this section
is the fact that interacting with the system involves manipulating physical objects.
This physicality makes TUI research particularly applicable to SAR, due to the fact
SAR systems also feature physical objects to be manipulated by the user.

Graspable and tangible user interfaces were introduced by Fitzmaurice, Ishii,
and Buxton [FIB95] as a user interface paradigm where the interaction with a com-
puter system is performed through physical handles. These handles can be attached
to virtual objects, and manipulating the physical handle affects the attached virtual
object. For example, physical handles could be attached to the corners of a virtual
object. Moving the handles would resize the virtual object. This concept is taken
further in the implementation of the metaDESK [UI97]. The metaDESK brings the

common Desktop Graphical User Interface (GUI) metaphor back to the physical
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desktop, with a projector used for graphical output. Its user interface consists of

physical analogues to common GUI widgets. These include:

* Lenses to replace GUI windows,

Phicons, a tangible replacement for icons,

Trays, which store several items, as a replacement for menus,

Phandle, which act as handles for tasks such as resizing, and

Instruments, which are special purpose devices to replace specific GUI controls.

The goal of tangible user interfaces is to create a more natural way of interacting
with the system. Hinckley et al. [Hin+94] demonstrate this in their research into a
prop-based user interface for neurosurgical visualisation. Their system allows neu-
rosurgeons to manipulate medical images through the use of tracked props held in
their hands. A doll’s head is used to orient the 3D scan of the patient’s brain, and a
“cutting plane” tool is used to select a plane on which to slice the model and form an
image of the scan. The Luminous Room [UUI99] provides another demonstration of
how TUI systems can present more natural interaction techniques. The Luminous
Room supports several TUI applications. Illuminating Light is a rapid prototyping
tool for optical engineers. Physical handles representing optical components such as
lenses, mirrors, lasers, etc. are placed on a desk and tracked with a camera system.
Virtual light rays are projected onto the table, along with additional information
such as path lengths and angles of intersection. Users modify the optical path by
moving the physical handles. The authors note the benefit to users of this direct ma-
nipulation approach and its similarity to working with actual optical components.
Another application, Seep, presents a TUI enabled fluid simulation projected onto a
table. Users can interrupt the fluid flow simply by placing objects onto the table. A

camera detects their presence and modifies the simulation accordingly.
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Urp [UI99] is a TUI based application for urban planning. Users can preview
urban designs by positioning model buildings in the work area. Urp extends the
TUI paradigm by exploring special purpose physical tools. A ruler is adapted to
take measurements between objects. The user selects the objects to be measured by
pointing at them consecutively. An interesting aspect of this technique is the differ-
ence between the visual metaphor (a ruler), and the physical interaction (pointing).
Shadows cast by buildings can be previewed at different times of day. The time
is set using a physical analogue clock. Here, the visual metaphor matches the in-
teraction technique. Finally, Urp allows reflections to be simulated. A transparent
wand is used to point at buildings, which causes the projections to change as if the
building was glass, and reflections are cast onto surrounding objects. Again, the
physical appearance of the tool gives hints to the user of its function. Illuminating
Clay [PRIO2; Ish+04] is a TUI application for landscape analysis. Where previous
TUI applications have allowed the user to work with physical tools on a desktop,
[Numinating Clay allows designers to sculpt the landscape with their hands. A laser
scanner captures the surface geometry, which is used to drive simulations such as

water flow and erosion.

HandSCAPE [Lee+00] facilitates measuring tasks in a similar way to how mea-
suring is accomplished in the real world. A digital tape measure is fitted with an
orientation sensor, allowing the system to know which direction the tape measure is
pointing. Measurements can then be made relative to a known location in 3D. uses
for HandSCAPE include collecting measurements during excavations, or to aid in

modelling interior environments.

The Tango is a unique hand-held, spherical input device which has pressure sen-
sors embedded in its surface and accelerometers inside [Pai+05]. The Tango was
designed for interaction with 3D environments presented on a desktop PC. The

pressure sensors are used to recognise the user’s grip [KP08], which can be used

37



to manipulate virtual objects or perform gesture based input. A 3D modelling sys-
tem with tactile feedback has been created by attaching the Tengo to a Phantom*
haptic device [PKCO8].

2.5 Tracking

This section gives a brief overview of approaches for tracking the location of peo-
ple and other objects in the environment. Most interactive SAR systems will need
to track the position and orientation of objects in order for the projections to ap-
pear correctly on their surfaces. In addition, tracking users makes it possible to
produce view-dependent projection effects. This section focuses on tracking ap-
proaches that are most related to the work presented in Section 7.2, and is not an ex-
haustive overview of tracking technologies. Several surveys have explored tracking
technologies in detail, including work by Meyer, Applewhite, and Biocca [MAB92],
Bhatnagar, who focuses on systems suited for use with HMDs [Bha93], and Welch
and Foxlin [WFO02].

Several approaches to tracking objects involve the use of cameras, such as web-
cams. Rasmussen et al. present blob tracking algorithms which use colour alone to
tind the orientation, scale and position of markers in a variety of lighting conditions
[RTH96]. Brusey et al. [BP0OO] further explored using colour alone for tracking and
found that there are certain objects and colour combinations that are indistinguish-
able when combined. ARToolkit [KB99] allows tracking of printed fiducial markers,
such as the marker shown in Figure 2.13 with six degrees of freedom. ARToolkit
has become ubiquitous in AR systems, with several projects improving upon the
techniques used, such as ARToolkitPlus [WS07]. The downside to approaches such
as ARToolkit is the need for the entire square marker to be visible. If part of the

marker is occluded by the user or another object, the tracking fails. Random Dot

4http://www.sensable.com/haptic-phantom-omni.htm
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Markers [US11] uses fiducial markers comprised of randomly placed dots. The ad-
vantage of this approach is several of the dots can be occluded and the object can
still be tracked. An improvement of this approach [UM11] allows the surface of the
fiducial marker to be bended and folded. Not only will the object continue to be
tracked, but the shape of the deformed surface can be reconstructed. Mohan et al.
use a camera to detect small optical tags from a distance using Bokeh-code [Moh+09]

to find active markers with unique identification.

/home/michael/code/libwcl/examples/artoolkitplus/.libs/lt-artoolkitplus

J/home/michael/code/libwcl/examples/artoolkitplus/.libs/lt-artoolkitplus

<

(a) (b)

Figure 2.13: (a) ARToolkit and ARToolkitPlus detect square fiducial markers in camera
images (ARToolkitPlus marker shown). (b) Computer graphics rendered on top of a
detected marker.

One of the difficulties in using cameras for tracking in a SAR environment is that
the projections are constantly changing the appearance of the environment. The
changes in brightness cause difficulties in selecting appropriate camera exposure
settings, making it difficult to track fiducial markers. Chapter 7 of this disserta-
tion describes an improvement of blob tracking techniques using an adaptive active

marker.

An alternative to visual-spectrum markers is to use markers that rely on Infra-
Red (IR) light. IR markers have been created using invisible tapes [NKY08; NKY05],

paints and inks [PP04], and light emitting diodes[Ras+07]. Commercial systems
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such as those from Vicon®, IOTracker® and OptiTrack” all leverage IR light with
retro-reflective markers, as shown in Figure 2.14. These systems incorporate several
calibrated cameras to triangulate the 3D position and orientation of rigid marker
sets. IR light is more suitable for SAR systems as the tracking performance is not
affected by the projected graphics. The downside is the need for specialised equip-

ment, such as IR cameras.

Figure 2.14: Tracking systems such as those from Optitrack use retro-reflective mark-
ers to track the position and orientation of objects.

2.6 Industrial Design

Industrial design is a multidisciplinary process which involves all aspects of bring-
ing a physical product from initial concepts, through to market. Several methodolo-

gies formalise the industrial design process, including Pugh’s Total Design Model [Pug91]

Shttp://www.vicon.com
®http://iotracker.com
“http://www.naturalpoint.com/optitrack
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and Pahl and Beitz’s model of design [PBW84]. Both of these models are iterative

processes, which typically include the following broad, iterative steps:

1. Market. This step includes market analysis to determine whether there is a

need for the product.
2. Specification. This step involves developing the requirements for the product.

3. Concept Design. This step involves generating ideas to meet the requirements,
creating concepts that embody these ideas, evaluating, and selecting the most

promising of these.

4. Detail Design. In this step, the concepts that were selected from the previous

step are developed further to finally create a finished product design.
5. Manufacture. This step involves actually manufacturing the product for sale.
6. Sell. This step involves marketing and selling the final product.

This dissertation is most concerned with improving the concept design phase
of the industrial design process. Using CAD and design applications to express
conceptual ideas is common place, as is creating physical mock-ups to assess the
viability of a concept. It is most important for the designer to quickly evaluate many
concepts, as this will lead to a better final product.

The appearance of material finishes is an important aspect of the physical mock-
up. Designers use paint and inks to colour and annotate their mock-ups. A disad-
vantage with this approach is when changing a design, either a separate mock-up
needs to be constructed or the initial mock-up must be re-painted. Although clay
and polymer plasticine are able to change shape continuously, this is not possible
once painted. The painted surfaces become less malleable.

SAR can greatly improve this process, by projecting material finishes directly

onto design prototypes. SAR can also make use any preliminary concept sketches,
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textures and design ideas that are created in the early concept stage. SAR pro-
vides the ability not only to generate a new appearance, but also present the initial
sketches by projecting them directly onto the physical models. This functionality is
provided by the SAR system and intended to maximize the visual information and

presentation to the designer.

2.6.1 Prototyping Interactive Components

In addition to prototyping the physical form of products, creating and testing in-
teractive controls is an important part of the design process. Hare et al. [Har+09]
investigated physical prototyping with varying degrees of flexibility early in the de-
sign process. They found that for initial exploration of an idea, simple paper based
prototypes are suitable. However, higher fidelity prototypes are necessary if specific
feedback is required, especially for interactive components.

Several toolkits have been created to aid in developing interactive controls, with
varying degrees of fidelity and flexibility. Phidgets [GF01] combines a set of physi-
cal devices, including switches, rotary dials, servos, etc. which can be connected as
needed to a controller board. A selection of these components is shown in Figure
2.15. A software interface abstracts the hardware, so that programs using Phidgets
can be written in a similar way to standard GUI programs. iStuff [Bal+03] is an-
other toolkit for building physical user interfaces. The unique feature of iStuff is the
concept of a Patch Panel. Applications using iStuff have a set of inputs and outputs,
and a particular hardware configuration will have a set of input and output devices.
The Patch Panel allows applications to be configured to specific hardware configura-
tions without having to modify the application logic. This is analogous to the patch
panels in early telephone exchanges, where signals were routed in different ways
as required. The Calder Toolkit [Lee+04a] also provides a set of components for in-

tegrating with early design prototypes, in order to test usability early in the design
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process. Components include analogue dials, button sets, joysticks, tilt sensors, and
LED arrays. These components communicate with the host computer using wireless

or wired connections, making them suitable for handheld and portable designs.

E
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Figure 2.15: A selection of Phidget components. From left to right, a servo and con-
troller, analogue slider, rotation sensor, and light sensor.

While both Phidgets and the Calder Toolkit simplify the process of constructing
physical interfaces, there is still some wiring required, and the components still need
to be assembled into the physical prototype or enclosure. This reduces the ability
for designers to quickly modify the layout of controls. Pushpin computing [LBP05]
addresses this issue. The system consists of a foam substrate that provides power
and ground connections via two insulated back-planes, and a set of modular inter-
active nodes. The nodes are attached to the substrate and receive power using two
pin that connect to the power and ground planes. The nodes communicate wire-
lessly using infra-red light. The main benefit of this system is that the layout of the
nodes can be changed rapidly, simply by moving them around as needed. However,

the considerable downside to Pushpin Computing is the need for the purpose built
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substrate. This makes it difficult to place the nodes onto existing design prototypes.
The peer-to-peer IR communication mode also inhibits the construction of complex
curved surfaces.

Nam [NamO05] combines a sketch based concept exploration program, a set of
physical user interface widgets, and a projected tabletop SAR system. The goal
of the system is to improve physical user interface design by taking advantage of
sketching, a skill already widely used by designers. Designers can sketch their de-
sign, and then attach physical buttons to the sketch to test interactivity, as shown in
Figure 2.16(a). In addition to testing directly on the sketch, the buttons can be fitted
to physical prototypes and evaluated using the SAR system, such as the prototype
shown in Figure 2.16(b). Again, the main drawback of this system is the difficulty

in reconfiguring the controls.

(b)

Figure 2.16: (a) Attaching physical widgets to a user interface sketch, (b) a physical
prototype with attached buttons and projected display. Images courtesy of Tek-Jin
Nam.

DisplayObjects [AV(09] does away with physical controls entirely. Instead, the
interface is projected onto design prototypes. The user’s finger is tracked, allowing
them to adjust the layout of the controls with their hands. The main drawback to
DisplayObijects is the use of 2D projection, limiting the complexity of interfaces that

can be constructed. In addition, the controls themselves are not interactive, reducing
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the ability to test the usability of control layouts.
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Tool Virtualisation and

Physical-Virtual Tools

This chapter introduces Tool Virtualisation with Physical-Virtual Tools (PVT), a new
user interface paradigm for spatial augmented reality systems. PVT user interfaces
address the characteristics of SAR, described in the previous chapters, by construct-
ing user interfaces from physical tools. These tools are augmented with extra in-
formation by the projection system. This is invaluable in a large scale SAR system,
where there is no fixed location suitable for a traditional user interface. As part of
the paradigm, two continua have been developed for assessing the complexity of
PVT user interfaces.

This chapter begins by describing the Physical-Virtual Tools concept, and dis-
cussing how it can be applied when developing interactive SAR systems. Following
this, the Within System Tool Virtualisation Continuum (WS-TVC) and Inter-System Tool
Virtualisation Continuum (IS-TVC) are introduced, with a discussion of how they can
be used when building applications. Existing SAR user interfaces are evaluated and
placed on the continua for comparison. Chapters 4, 5, and 6 present SAR applica-

tions featuring PVT user interfaces.
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3.1 Physical-Virtual Tools

As previously mentioned, SAR requires physical objects to project onto. Unlike
HMD and hand-held devices, it is not possible to draw an object in ‘mid air,” or
display menus and other information at a predictable location on the image plane
of the display. Users of SAR systems benefit from an unencumbered view of the
physical world, and are free from having to wear or hold the display device. SAR
systems require new user interface techniques that make the most of the physical
nature of the projection system. With these concerns in mind, SAR user interfaces
should be based around physical tools manipulated by the user. The user interacts

with objects in the system through these tools.

Physical-virtual tools build on both tangible user interface research and the use
of props in virtual reality systems. Like props, PVT take advantage of the man-
ual dexterity of humans, and of proprioception cues to enhance virtual interac-
tion [MFS97]. Physical interaction techniques are a compelling choice for SAR user
interfaces. Due to the nature of projection technology, SAR is best applied in do-
mains where physical objects are important. While the keyboard and mouse is
ubiquitous for desktop PCs, these input devices are not suited to large, immersive
SAR systems, where users are free to move around and experience the augmen-
tations from different angles and positions. Except for very large, building scale
SAR systems, users are able to touch and interact directly with physical objects
and the augmented information projected onto them. Virtual reality research has
demonstrated many benefits of being able to touch objects in a virtual environment.
Hoffman et al. [Hof+98] has shown this enhances the realism of virtual experiences.
Experiments by Ware and Rose [WR99] have shown that using physical handles for
virtual objects improves the ability of the user to perform manipulations such as
rotations to virtual objects. Other experiments have shown that interaction tech-

niques that make use of users’ proprioception lead to better performance [MFS97].
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Several studies have also demonstrated the benefits of two handed interaction tech-
niques [BM86; KBS94; LZB98]. While these experiments focussed on VR applica-
tions, the results support the decision to investigate physical interaction techniques
for SAR. SAR does not inhibit users” sense of proprioception, since they are still
able to see the physical world. SAR also frees the user’s hands from having to wear
equipment or hold the display, making them available for more complex bi-manual

interaction techniques.

PVT user interfaces differ from props and previous TUI research in several im-
portant ways. Most importantly, PVTs are specifically designed tools for performing
certain interaction tasks with a system. Props, on the other hand, are typically phys-
ical stand-ins for virtual objects [SPS01]. They may be metaphors for the virtual ob-
jects, such as using a doll’s head to control a medical imaging application [Hin+94].
In the same vein, the physical icons [UI97] of TUI systems serve as physical ana-
logues to standard GUI controls [UI97], or are physical handles to other virtual
constructs [FIB95]. The physical design of props and TUI handles are not always
specifically designed for particular interactions in mind. Two exceptions are the
time and distance tools of Urp [UI99], which uses a clock and ruler to control these

aspects of the system.

In both TUI and prop based systems, additional state information and GUI con-
trols are shown at a fixed location on a display, or projected on to a table-top. This
approach works well for VR systems and table-top TUI applications. However, this
approach is unsuitable for large immersive SAR systems, as the user may need to
interact with the system from many different locations, or multiple users could in-
teract simultaneously. For these reasons, information that would usually be placed
in a traditional GUI is instead projected onto the tools in a PVT system. This places
information close to where the user is currently working, avoids the need for addi-

tional screens, and supports multiple users without any extra effort.
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3.1.1 Virtualising Tools

Projecting state information onto tools allows the possibility for tool virtualisation.
Tool virtualisation is the overloading of one tool with a number of functions and
attributes. For example a pen can be overloaded with a number of different colours
and tips. In the case of a physical pen the ink cartridge and the tip of the pen may
be replaced. A virtualised tool has information, such as the current state of the tool,
projected onto it. For example, the tip of a stylus can have the current colour pro-
jected onto it. Or, the active mode of a multi-purpose tool can be conveyed to the
user by changing the tool’s appearance. This is similar to the approach taken with
the Virtual Tricorder [WG95], where the entire visual appearance, including shape,
is modified depending on the task. The Virtual Tricorder aims to be the sole inter-
action device for the VR system. By contrast, a PVT only has its surface appearance
changed, not the shape. Rather than using a single tool for all interaction, a set of

tools is provided based on the tasks the user will need to accomplish.

3.1.2 Tool Design and Selection

When designing user interfaces, the designer needs to make compromises between
having many single purpose tools and a single tool that is used for all interaction.
An example from the ‘real world” are the tools used by a mechanic. A standard
toolbox would include a set of wrenches, one for each size bolt. The toolbox would
also include a shifting spanner; a single tool that can be used on any bolt. These tools
are shown in Figure 3.1. Choosing to use the shifting spanner over a fixed wrench
is a trade-off. On one hand, the shifting spanner is more flexible, and the mechanic
would only need to carry one tool no matter what the task. The shifting spanner
can be used when the bolt size is unknown. On the other hand, a shifting spanner
has poorer performance overall. The large adjustable head prevents the tool being

used in tight spaces which would not affect a fixed ring spanner. The mechanism
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Figure 3.1: A mechanic can choose between several single sized wrenches, or a shifting
spanner which works with any size.

could move during use, causing the spanner to slip off the bolt or damage the part.
Additionally, if the mechanic is working with many different sized bolts, the time
taken to adjust the spanner would hinder their efficiency. The mechanic owns both
types of tool so the best one can be chosen for each situation.

The same trade-off exists in the virtual domain, such as a virtual drawing appli-
cation. The developer could provide separate pens for each colour. The user can
choose a colour by picking up a particular pen. SMART Technologies' provides this
functionality in their smart-board products. Alternatively, a single pen could be pro-
vided, with the user selecting the colour through the user interface. This is typically

how an artist interacts with drawing applications such as Adobe Photoshop? with a

http://smarttech.com
Zhttp://adobe.com
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tablet input device. Again, this is a trade-off between many specialised tools and a

single, multi-purpose tool.

SAR systems project information and graphics onto physical objects. Interactive
SAR systems are suited to direct manipulation of this information using physical
interaction techniques. Physical-virtual tools need to be designed for the specific
types of interactions required for each application. Like the wrenches scenario, there
is a trade-off between having few multi-purpose tools and many specialised tools.
SAR systems require several tools with different physical designs, because different
form factors are better suited to certain interactions. For example, for out of arms
reach operations such as pointing, a laser pointer style grip is most suitable, but a
pen is better for annotation directly on an object.

The approach proposed in this dissertation is to combine tasks that use similar
interactions onto a single tool, with each tool designed to physically support a spe-
cific type of interaction. SAR can then be used to convey tool state information to
the user by changing the appearance of the tool. Consolidating the tools in this man-
ner reduces the cognitive load associated with having a large, complicated tool set,
and the time taken to physically change tools. However, the benefits of having tools
tailored to certain tasks is preserved. SAR improves on this, as state information is

available where the user is currently working, directly on the surface of the tool.

3.2 The Tool Virtualisation Continua

As part of the PVT paradigm, two continua have been developed to aid application
designers when developing PVT user interfaces. These provide a mechanism for
meaningfully assessing and comparing PVT systems.

The Within System Tool Virtualisation Continuum compares the level of task over-

loading for tools in a single application. Application designers can use this contin-
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uum to aid in the development of the tools required for a system’s user interface,
by comparing the different complexities of the overloaded tools. Suppose a selec-
tion of different physical tools are available for the application architect to choose
from or design themselves. Based on the complexity of tasks and the application,
the number and styles of physical tools with appropriate attribute overloading will
be determined. In the case of designing a SAR-based PVT, the continuum provides
a means of determining which tools would have the most complex virtualisation.
When designing the physical shape of the tool, the ability to display virtual infor-
mation on the tool itself needs to be taken into account.

The Inter-System Tool Virtualisation Continuum compares the entire sets of tools
between systems. This helps the designer to understand to what extent a toolkit of
a system virtualises its tools compared to other systems, and to gauge the relative
complexities of their user interfaces.

Each Tool Virtualisation Continuum (TVC) has been developed specifically for

SAR user interface designers. The two continua aid designers in:

1. developing user interface toolkits for SAR applications; in particular, assessing
application requirements in terms of the TVC will help designers to decide on

the number and nature of tools required,

2. quantifying and ranking the level of virtualisation of the set of tools in one

application, and
3. comparing the complexity of user interfaces between applications.

The following sections describe the two continua for classifying and comparing
individual tools used in SAR systems, for comparing the systems that make use of
these tools, and how application designers can use the TVC to help when designing
SAR applications. In particular, the TVC help to determine the number of tools

required, and the nature (physical shape) of these tools.

53



3.2.1 Within System TVC

The Within System TVC (WS-TVC) helps designers of SAR applications to make
decisions on the number of tools required for an application, and the physical nature
of these tools. The continuum considers two factors: tasks and attributes. A task is
the physical interaction required to achieve a goal. For example, the act of drawing
a predefined shape on an object. Each task can have zero or more user changeable
attributes. Selection is an example of a task requiring no attributes. In the shape
drawing example, attributes may include fill colour, stroke colour and style, and

shape geometry.

Designers can use the WS-TVC when deciding on the number and type of tools
required for a system. The designer must first define the tasks and attributes for
each task the system will support. Tasks that contain similar types of interaction
are suitable for consideration for overloading on a single tool. For example, virtual
spray painting and a laser pointer both involve pointing at an object, and therefore
would require a tool with a similar form factor. These two tasks are ideal for consol-
idation onto a single tool. When deciding whether to have a separate task, or add
an attribute to an existing task, the designer should look at the interaction required
to complete the task. If the two potential tasks require identical interactions, then
a single task should be used, and an attribute added. For example, ‘drawing red’
requires identical interaction from the user as ‘drawing blue’, so a single ‘draw’ task

should be added with a colour attribute.

The WS-TVC is shown in Figure 3.2. It contains two axes. A tool’s position on
the x-axis is defined by the number of tasks a tool has been overloaded with, and
its position on the y-axis is defined by the number of attributes for the task with
the most attributes. The x-axis tells the designer the relative burden of the tool.
There is more cognitive load required in swapping the active task, and recalling

the active task as the number of tasks a tool supports increases. In addition, the
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Within-System Tool Virtualisation Continuum

© Dynamic Shaderlamps Brush

E Neurosurgical Visualisation Props

Mean Tasks Per Tool
N

Urp Clock

X Other Urp Tools

0 1 2 3 4 5 6 7

Number of Tools

Figure 3.2: The Within System Tool Virtualisation Continuum, showing the positions
of several tools.

physical design of the tool will be less ideal for any particular task as the number
of supported tasks increases, as the design must accommodate different kinds of
interaction. The y-axis places design constraints on the physical tool, since as the
number of attributes increases, more information must be shown simultaneously,
requiring a larger projection area.

This leads to the two competing factors on placing a system on the continuum,
number of physical tools verses the number of attributes and tasks overloaded on each
physical tool. In the case of the pen, there are a number of standard attributes that
can be overloaded including colour, line thickness, and tip shape. The tip shape is
good example of how the continuum allows the developer to decide between two
factors. On the one hand, virtually overloading a single physical pen with different
tool tips requires fewer physical tools to accommodate all tasks, while on the other
hand drawing with different tip shapes on the pen feels different to the user. The

developer must make a design decision on the best outcome for the system based
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on the requirements given to them. Virtual pens can do different actions to physi-
cal pens, such as line patterns, gradient line colours, automatic straightening, and
automatic arrowheads.

The above pen example describes different attributes for a single physical tool
that had the same basic functionality, a hand-held drawing instrument. However,
the tool could also be overloaded with completely different tasks. For example the
pen device could also perform selection tasks. There are many different modes of

performing selections, such as: select, copy, paste, duplicate, cut, or resize.

3.2.1.1 Usingthe WS-TVC

Once a designer has decided on the base number of tools, they should be placed on
the WS-TVC and evaluated. As a tool’s position in the x-axis increases, the designer
should consider adding another tool with a different physical design. The new tool
should be designed for a subset of the original tool’s supported tasks. As a tool’s
position on the y-axis increases, the designer should consider adding another tool
with an identical physical design to remove the need for some of the attributes. For
example, changing from a ‘predefined shape’ tool with geometry and fill colour
attributes, to separate tools for each geometric shape, so each tool only requires the

colour attribute.

3.2.2 Inter-System TVC

Where the WS-TVC compares the individual tools that make up a system, the Inter-
System TVC (IS-TVC) is used to compare the relative complexity of user interfaces
among different systems. The IS-TVC, shown in Figure 3.3, illustrates the transition
in the x-axis from a single virtualised tool responsible for all user input to having
dedicated tools for each task, and on the y-axis the transition of mean number of

tasks per tool from a single task to every task mapped onto each tool.
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Inter-System Tool Virtualisation Continuum

¥ Dynamic Shader Lamps
EIndustrial Robot Programming
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Mean tasks per tool
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Number of Tools

Figure 3.3: The Inter-System Tool Virtualisation Continuum. Several applications
have been placed on the graph.

The increase in the y-axis is an increase of cognitive load of a total system. On
average, each tool is required to support more tasks, and as such requires a more
complicated mental mapping when changing tasks. While an increase in the x-axis
increases the complexity of physical workspace to support more physical tools. This
increase in complexity would impact the size and organisation of the workspace to

accommodate the tool set and the time required to physically change tools.

3.2.2.1 Using the IS-TVC

IS-TVC allows one to compare the complexity of the user interface between systems
and visualise their relative cognitive load and complexity of physical workspace.
The complexity of a user interface increases as the system moves away from the
origin of the graph. Systems in the lower left of the IS-TVC would have less complex
user interfaces. While moving into the upper right of the continuum would have

the most complex user interfaces. Currently most systems would be towards the
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left hand side of the continuum but spread vertically. TUI research is exploring the

regions more to the right of the continuum.

3.3 Assessing Existing SAR User Interfaces

This section revisits some of the interactive SAR systems outlined in Chapter 2, and
assesses their user interfaces in the context of the TVC. Many of the applications
discussed previously have no tool based user interface. Often there is no user inter-
face at all, with the system responding to the user’s actions or other events in the
environment [Sch+08; PI01; Sug+08]. Other systems allow interaction with virtual
objects, such as projected buttons using the user’s hand or finger [Por+10a; Por+10b;
Zio+10; Sim+12]. SixthSense [MMO09] also utilises the user’s hands for gesture based
control. It is difficult to assess these applications in the context of the TVC, since they
either have no user interfaces, or do not use tool based input. The number of sys-
tems described in this section is therefore limited. However, the selection illustrates
how the PVT concept can be applied to existing systems.

Several SAR systems utilise a tracked stylus for user input without augmenting
the stylus with extra information [ZV06; Byu+07]. Since there is no information pro-
jected onto the stylus, and in these applications the stylus is used for a single task,
the stylus would be placed at (1, 0) on the WS-TVC. Since each of these applications
have a single tool for interaction, they would each be placed at (1, 1) on the IS-TVC.
Dynamic Shader Lamps [BRF01] provides a tracked paintbrush for digitally paint
onto physical objects. This tool has two tasks: painting and colour selection, with a
single attribute: the active colour. Therefore the paintbrush can be placed at (2, 1)
on the WS-TVC. Dynamic Shader Lamps as a whole would be placed at (1, 2) on the
IS-TVC.

Tangible user interface based systems are more suited to comparisons against
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the TVC, since their user interfaces are comprised of physical objects. However,
the TUI systems shown in Section 2.4 do not project onto the tools themselves. Urp
[UI99] is a TUI system for evaluating and designing urban environments. Urp’s user
interface is comprised of five tools: clock, distance, reflection, wind, and camera.
This system is a good example of having many single purpose tools. As such, it is
placed at (5, 1) on the IS-TVC, with each tool receiving a score of (1, 0) on the WS-
TVC. Similarly, each of the tools in The Luminous Room [UUI99] would be placed
at (1, 0) on the WS-TVC. The position on the IS-TVC depends on how many objects
are in use at a given time. The prop-based neurosurgical visualisation presented
Hinckley et al. [Hin+94] features two single purpose tools with no visualisations.
Therefore, this system would be placed at (2, 1) on the IS-TVC, and each tool placed
at (1, 0) on the WS-TVC.

As this section demonstrates, existing SAR and TUI systems do not consider the
tools that comprise their user interfaces as projection surfaces. This forces additional
information to be placed elsewhere on other surfaces in the environment. The fol-
lowing chapters present richer PVT user interfaces, exploring the higher regions of

the TVC.
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Digital Airbrushing

The previous chapter introduced Physical-Virtual Tools as a technique for building
user interfaces for SAR. This chapter introduces the first example PVT system, Dig-
ital Airbrushing.

Digital Airbrushing, shown in Figure 4.1, is a SAR system that allows a designer
to freely create and preview different designs for the finish of physical prototypes.
Designing the surface properties has been the focus of previous SAR applications;
Dynamic Shaderlamps [BRF01] provides a paint brush for painting physical objects
with projected light. SixthSense [MMO09] implements an action-at-a-distance finger
painting application. WARP [Ver+03] provides a desktop user interface for selecting
different materials. The motivation for digital airbrushing is to develop a tool that
fits in with existing design processes, using natural interaction techniques that take
advantage of existing skills. To that end, Digital Airbrushing uses a two handed
interaction technique that allows the designer to paint onto physical objects, using a
stencil in a similar way to how an artist uses a real airbrush. The designer can create
digital textures and annotations for design artefacts directly onto matching physical
models. Objects and tools are tracked in 3D space, but not the users themselves.

Status information is projected onto the tools, allowing the user to move around
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(b)

Figure 4.1: (a) The user stencils paint onto the car using the airbrush tool. (b) The
result of the paint operation.

freely while still being able to interact with the system.

4.1 Airbrushing in the Real World

Airbrushing allows artists to create impressive artworks on any number of objects,
from canvas, to the side of a car. Digital Airbrushing aims to replicate the techniques

artists use in the real world. Airbrush artists require precise control of paint flow
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(b)

Figure 4.2: Airbrushing in the real world. (a) Example French Curve stencils used
by designers. (b) An example artwork created with airbrushing and stencils. Image
courtesy of Ry Wilkin, www.are-why.com.

in order to mix colours and create a variety of effects. This is often accomplished
through the use of stencils, which serve to mask areas of the work from receiving
paint. In the physical world, designers rely on a variety of different shaped stencils,
such as French Curves, depending on the task at hand (Figure 4.2(a)). Stencil artists
take this approach to the extreme, creating highly specific, single use stencils, such
as the cat stencil used in Figure 4.2(b). In addition to simple masking, the use of
stencils gives an artist fine grained control of the paint, allowing them to create
gradients and other effects. This is illustrated with the range of colours in the arrow

at the top left of Figure 4.2(b).

4.2 Airbrushing with Physical-Virtual Tools

Digital Airbrushing aims to bring the techniques used by airbrush artists into the
digital domain using spatial augmented reality. The user interacts with the system

using a PVT based user interface, consisting of three tools: The Stencil, Airbrush, and
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Stylus. The physical appearance of the Airbrush and Stylus tools were designed by
industrial design students, Coby Costi, Ahmed Mehio, Benjamin Hill, and Timothy
Grisbrook. This section discusses the tools developed for this system, the tasks they

are used for, and how the system relates to the TVC introduced in Chapter 3.

4.2.1 Stencil Tool

The Stencil Tool, as shown in Figure 4.3, is a physical board the user holds in their

non-dominant hand. The stencil tool serves three main functions:

¢ Stencilling for the airbrush. This task has two attributes: the stencil shape and
whether the stencil is normal or inverted. A French curve projected onto the

tool is shown in Figure 4.4(a).

¢ The physical base on which stencils are drawn, as illustrated in Figure 4.4(d).

Here we can consider the stencil shape being drawn as an attribute.

¢ Command entry. The tablet is used to change attributes for other tasks through
buttons and controls projected onto it. The number of attributes can therefore
be considered as the sum of attributes for the other tasks. Figure 4.4(b) shows
the colour wheel used for paint colour selection. Figure 4.4(c) shows the stencil

selection menu.

The default function for the Stencil tool is the paint stencil. A stencil shape is
projected onto the board, masking areas from the paint. It operates in two modes:
either the stencil shape masks the paint, or the entire tool is the mask, with the stencil
shape acting as a hole allowing paint to pass through. The appearance of the tool
changes depending on the stencil mode.

One of the advantages of using a PVT with SAR! is that a single physical tool can

be used for any number of stencil shapes. A set of geometric shapes is provided, as

1This would also be possible with video see-through HMD based AR using props.
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Figure 4.3: The Stencil tool

well as straight edge and French curve shapes. Using the tool in this way allows the
user to interact with the system in a similar way to how an artist would use a real
airbrush. For example, painting while slowly dragging the stencil over the object
will vary the amount of paint areas of the surface receive over time. The result of
this is a gradient effect from no paint to dense coverage. This effect can be used to
blend different paint colours, in the same way gradients are created with physical
paint (see Figure 4.2(b)).

In addition to the shapes provided, the user is able to create custom stencil
shapes while the system is running, as shown in Figure 4.4(d). New stencils can
be created by drawing onto the tool with the airbrush. An outline of the shape is
projected onto the tool as it is being drawn. When a closed loop is detected, the

previous stencil is replaced with the custom one, with the appearance of the tool
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Figure 4.4: The stencil tool in use. (a) Stencil mode with stencil shape masking paint,
(b) choosing paint colour, (c) stencil selection menu, (d) drawing a custom stencil.

reverting to stencil mode. This offers the user more flexibility, as they can create a
stencil shape for a specific situation.

A physical stencil tool gives the user passive haptic feedback against the object
being painted and when drawing stencil shapes, providing a more natural experi-
ence. An alternate approach is to use dedicated tools for each stencil shape. The
shape of each tool would precisely match the stencil. However, a single physical
tool with projected virtual shapes allows greater flexibility. This is a trade off be-
tween multiple physical tools that precisely match the task, and a single tool that
can approximate all stencils. Virtualised stencils allow additional functionality to be
provided. For example, it would difficult to allow the user to draw custom stencils

at runtime without virtualisation of the stencil shape.
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The stencil tool also acts as a Personal Interaction Panel (PIP) [SG97] user inter-
face for controlling other aspects of the system. The stencil tool is virtualised by
placing the user interface controls onto the same physical board the user is already
holding, rather than providing another device for the interface. The user can quickly
change the state of the system without having to turn away from the work area or
put the tools down. The menu is used by pressing four buttons, which are always
visible on the side of the tool, with either the airbrush or stylus. The menu allows
the user to change the paint colour, select from a set of predefined stencil shapes,
create their own stencil shape, or invert the stencil. This menu can be seen in Figure
4.4.

In general, this command entry task allocated to this tool makes it difficult to
place in the continuum, as the position depends on a specific application. However,
if the classification is restricted to the airbrushing application, the tablet would re-
ceive a rank of (3, 6). In this context, the tablet is closest to a single virtual tool, as
it supports the greatest number of tasks. In theory a PIP could support any user

interface controls that appear on a traditional desktop.

4.2.2 Airbrush Tool

The Airbrush, shown in Figure 4.5, is a ray-gun shaped device held in the user’s
dominant hand, suited for at-a-distance interaction techniques. The tool was inten-
tionally designed with a large flat area for projection, allowing for more overloaded
tasks and more complex attributes to be shown. Projecting information onto the tool
allows the user to know the state of the tool without having to look away from the
current task.

The Airbrush is used for the following tasks:

e airbrushing onto objects. This task has several user changeable attributes:

paint colour, spray angle, brush hardness (shown in Figure 4.6), and paint
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Figure 4.5: The Airbrush Tool.

flow,

e virtual laser pointer, this task has a single user changeable attribute: The colour

of the laser dot,

¢ drawing custom stencils on the tablet, this task has no user changeable at-

tributes, and

¢ command entry on the PIP, this task also has no user changeable attributes.

When placed on the WS-TVC, this tool receives a rank of (4, 4). As this tool
has a high task rank, the appearance of the tool is modified depending on the ac-
tive task. In airbrush mode, an arc is projected onto the tool filled with the current
paint colour. As with a physical airbrush, the further one holds the airbrush away
from the spray surface, the wider the painted area. The angle of the arc represents
the spray angle of the brush when painting. This representation allows the user to
quickly see the brush mode. When painting, the top of the tool lights up with the
paint colour, indicating a paint operation is in progress. This gives the user feed-
back that they are painting, even if the user has the device pointed away from any
objects. In laser pointer mode, the projection onto the device changes to an arrow

pointing towards the tip of the tool, indicating laser pointer mode. Laser pointer
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Figure 4.6: (a) Hard edge airbrush mask. (b) Soft edge airbrush mask. (c) Airbrush
result using a hard edge mask. (d) Airbrush result using a softer edge mask.

mode is activated through the PIP, but this could be changed to a button on the tool.
Separate tools could have been provided for each of these functions; however as the
form factors of the tools would be similar, the functions are combined onto a single
virtualised tool. Command entry can be considered a special case, as it is always
active. There is no need to change the appearance of the Airbrush during command

entry, because this feedback is already shown on the Stencil tool.
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4.2.3 Stylus

Annotation directly onto objects is supported through the use of the Stylus tool, as
shown in Figure 4.7. The Stylus is an easy to hold pen-like device that requires
minimal pressure of the user’s grip to hold and manipulate. While it is possible to
use this system with only the airbrush, the stylus is provided for tasks where the
pistol grip is less suitable, such as annotation directly onto an object. The Stylus is

used for the following tasks:

¢ Annotation onto design artefacts. This task requires a single attribute: the

colour of the pen.
¢ Drawing custom stencils on the tablet.

¢ Command entry on the PIP. Again, this task also has no user changeable at-

tributes.

As the stylus is meant to be held with a pen-like grip, it has a much smaller
area for projection at one end of the tool. The pen colour is projected onto this
area. While the information projected onto the airbrush changes when painting is
in progress, this is unnecessary for the stylus. The user activates annotation mode
by touching the stylus to the object. No changes to the projected information are
required, since the user is made aware of the change in state through passive haptic
feedback; the fact that they can feel the stylus touching the surface of the object is
enough. Examples of annotation are shown in Figure 4.8.

Note that two of the tasks supported by the Stylus are also supported by the
Airbrush. This ‘doubling up” was chosen so the user could work with whatever
tool they are currently holding, and so two users can work at the same time with
different tools.

The stylus tool can be placed on the WS-TVC at (3, 1). The low attribute rank is

important for this tool. It is designed to be held in the hand like a pen, and therefore
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Figure 4.8: (a) User annotating an object using the Stylus tool. (b) The annotation
result.

can only provide a small area for projection. As the system grows more complex,
more attributes would be added, such as line style and thickness, increasing the
attribute rank. Eventually there will be too many attributes and another tool would

need to be added, taking over some of the functionality.

4.3 Modelling Paint

The airbrushing algorithm has been developed to produce a similar paint effect to

a physical airbrush. Conceptually, the paint leaves the airbrush in a cone shaped
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volume. The hardness of the paint edges can be controlled to produce hard or soft,
feathered edges. In addition, the intensity of the paint hitting the surface can be
controlled by varying the distance between the brush and the surface. Up close, a
smaller intense circle with hard edges is produced. From further away, the paint is
less intense, with softer edges over a larger area.

Airbrushing is implemented in two steps. The first step calculates which parts of
the object are hit by the paint. The second step then uses this information to update
the texture image that is projected onto the object. The first step is implemented
on the Graphics Processing Unit (GPU) using an OpenGL Shader Language (GLSL)
shader. The scene is rendered to a Framebuffer Object (FBO) from the point of view
of the airbrush. Rather than rendering colour information, the shader writes object
IDs and UV texture coordinates at each pixel. The code for the fragment shader is

shown in Listing 4.1.

uniform float AirbrushAngle;
uniform float objectID;
uniform float textureSize;

void main() {
// Red and green values store UV coordinates
gl_FragColor.r = gl .TexCoord[0].x;
gl_FragColor.g = gl _TexCoord[0].y;

// Calculate the intensity of paint and store in B value

float screenDistance = length(gl_-FragCoord.xy — vec2(textureSize/2,
textureSize /2));

float a = 1.0 — (screenDistance/AirbrushAngle);

if (a > 0.0)

gl_FragColor.b = a;
// Pixel out of bounds, clear the wvalues
else

gl_FragColor.rgba = vec4(0.0);

// Alpha value stores the Object ID
gl_FragColor.a = objectlD;

Listing 4.1: Encoding paint data into FBO

Once this data has been written to the FBO, it is read back into main memory.
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The program then iterates over this data, updating the textures for each object hit

by paint. Pseudocode for this process is shown in Listing 4.2.

glBindTexture (GL.TEXTURE 2D, FBO—>getColorbuffer());
glGetTexImage (GL.TEXTURE2D, 0, GLRGBA, GLFLOAT, FBOData);
textures[0]—>use () ;
for (unsigned int i=0;i<FBO—>getWidth ()+*FBO—>getHeight () *4; i+=4) {
float u = FBOData[i];
float v = 1 — FBOData[i+1];
float intensity = FBOData[i+2];
int objectID = (int) mFBOData[i+3]);

if (intensity > 0.001) {
if (objectID != previousID) {
textures[previousID]->done () ;
previousID = objectID;
textures[objectID]—>use () ;
}
//update the texture
textures[objectID]->paintCircle (3, u, v, brushColour, intensity);

Listing 4.2: Processing FBO and updating textures

The sizes of the FBO and texture images effect the quality of the paint result, and
also has a great effect on the performance of the system. Reading back and iterating
over the data in the FBO is a slow process. In practice, a 64x64 pixel FBO, with
1024x1024 pixel texture images results in acceptible image quality without adversely

affecting the framerate of the system.

4.3.1 Implementing the Stencil

Stencil shapes are represented as 3D geometry. This allows the system to take ad-
vantage of OpenGL's stencil buffering functionality. During the first phase of the
paint algorithm, the stencil shape is rendered to the stencil buffer. This creates a
mask in the shape of the stencil, correctly transformed based on the tracking data of
the airbrush and stencil tools. The scene can then be rendered as described, with the

stencil having the effect of masking data being written to the FBO. The mode of the
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stencil can be changed simply by changing the operation of the depth test. Figure

4.9 shows three examples of painting with different stencil masks.

(e) (f)

Figure 4.9: Three different stencil shapes, and results of airbrushing using them. Sub-
figures (b) and (f) show the stencil acting as a hole for paint to pass through, where as
(d) shows the result of the stencil shape acting as the mask.
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4.4 Painting With Quimo

Quimo [Maa+12] is a white malleable material, produced as sheets, that can be
moulded with the hands to produce low-fidelity physical prototypes of design arte-
facts, such as the car shown in Figure 4.10(a). The utility of Quimo can be enhanced
by using SAR to project images onto the design mock-ups. The goal of Quimo was
to provide the ability of using SAR technology early in the design process. The
Quimo project was a group collaboration between myself, Ewald Maas, and Ross
Smith. This section describes my contributions to the project, which focussed on in-
tegrating Quimo into the digital airbrushing system, allowing designers to use the

system earlier in the design process.

4.4.1 Painting on Quimo Prototypes Without a Virtual Model

Digital Airbrushing, as described in the previous sections, requires a 3D geometric
model of the object being painted. It is important for the virtual model to closely
match the physical version to produce a compelling paint effect. This requirement
limits how early in the design process the system can be used, as 3D virtual models
are not created early on in the design process. However, with some modifications,
Digital Airbrushing can be used with Quimo, without an underlying virtual model.

Rather than using precisely matching 3D geometry, a bounding box texture map
that encompasses the Quimo model is used. The physical object is placed inside
this volume, and the designer paints as normal. The nature of projected light en-
sures the virtual paint is placed in the correct location on the object, even without
a corresponding virtual model. Figure 4.11 shows how the textured bounding box,
when drawn from the point of view of the projector, correctly maps digital paint
onto the mock-up. This works well when the bounding box closely fits the sculpted

model, but projections do not align as well if the bounding box is significantly larger
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(b)

Figure 4.10: Creating a Quimo prototype. (a) A sheet of Quimo sculpted into the shape
of a car. (c) The result of airbrushing onto the Quimo prototype.

than the model. The Quimo model also cannot be rotated without a 3D model, as
the projected light would appear to move on the surface. Figure 4.10(b) shows the
result of airbrushing on the car prototype. Using the same texture map, the paint
could also be applied to a CAD model of the design at a later stage of development.
However, the goal of this technique is to preview different material properties early

in the design process, before CAD models have been created.
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Figure 4.11: Left: The virtual bounding box, drawn from the point of view of the
projector. The location of the physical mock-up is shown inside the bounding box.
Right: The projected textures map correctly onto the physical mock-up.

4.4.2 Simultaneous Physical and Virtual Modelling

The previous section described how a Quimo model can be used with Digital Air-
brushing without a 3D model. However, Quimo sheets can be constructed with
embedded fiducial markers [Maa+11]. This allows a matching 3D model of the ma-
terial to be constructed in real-time as the designer sculpts. The system also supports
cutting the material into pieces. By utilising this information, Digital Airbrushing
can be used in a more natural design setting, as the user can move, bend, and cut
the material as needed, with the SAR projections “sticking” to the surface as it is
deformed. An example of this technique is shown in Figure 4.12. Here, an approxi-

mately A4 sized Quimo sheet is painted with the airbrush system. The sheet is then
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cut into several pieces and moved about, as shown in Figure 4.12(a). The projected
paint is correctly projected onto the pieces in the same way as if a sheet of paper was
painted with physical paint. Figure 4.12(b) shows how the paint is projected even

as the Quimo sheet is folded.

(b)

Figure 4.12: Deforming the Quimo material with projected images attached to mark-
ers. (a) Sheet of Quimo with projected images. (b) Folding material into a cube shape.

4421 Deformable Surface Implementation

A naive approach to implementing the deformable surface would be to simply treat
each fiducial marker as a tile that can be painted. However, the reliability of the
tracking is reduced by the low contrast in the images obtained from the camera us-
ing the embedded markers. This is exacerbated by the user obscuring the camera’s
view of the markers with their hands or tools. This results in a projected image that
flickers and is unusable to the designer.

To overcome this, the entire sheet is treated as a deformable polygon mesh, with
vertices placed between each fiducial marker. The position of each vertex is de-
termined by its neighbouring markers. During tracker updates, each visible marker
contributes a position for each vertex it affects. These positions are then averaged for
each vertex to obtain its final location. This approach means there are four markers

that can contribute to each of the inner vertices, two markers for each edge vertex,
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with the corners the only vertices without this redundancy. If the types of deforma-
tion supported is constrained, redundancy can be added to these markers by using

more distant neighbours.

4.5 Summary

Building on the methodology presented in Chapter 3, this chapter has demonstrated
new user interaction techniques for SAR, exploring the middle to mid-high region
of the WS-TVC. Three physical tools have been developed, overloaded to provide
four logical tools. The prototype application, Digital Airbrushing, can be used by
industrial designers to aid them in the design process. A two handed technique
allows a designer to digitally airbrush onto an object using of a semi-virtual stencil
for masking areas from the paint. The designer is able to annotate 3D models by

drawing on a physical mockup with a stylus.
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Augmented Foam Sculpting

This chapter describes Augmented Foam Sculpting, a PVT based application allow-
ing industrial designers to create 3D CAD models of design prototypes by sculpting
foam. SAR is used to project visualisations onto the foam to aid the designer during
the sculpting process. The chapter begins by outlining the motivation for apply-
ing SAR in this way, and how this new modelling technique fits into existing de-
sign practices. The functionality of the system is described in detail along with the
visualisations developed to enhance the modelling process. The system’s current
limitations are discussed, and potential solutions to these limitations are proposed.
Finally, results from both a system performance analysis and expert review are pre-

sented.

5.1 Physical Models in the Design Process

As described in Section 2.6, industrial design typically involves an iterative process
where the designer progresses from hand drawn sketches (Figure 5.1(a)), through
to handmade physical mock-ups (Figure 5.1(b)), to CAD models (Figure 5.1(c)) and
high fidelity prototypes, before arriving at the final design (Figure 5.1(d). The aim
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(b)

AR

(0) (d)

Figure 5.1: As the design process progresses, designers move from working with (a)
hand drawn sketches, to (b) hand crafted mock-ups, through to (c) CAD models, and
(d) the final product.

of Augmented Foam Sculpting is to combine physical mock-up creation with CAD
modelling into a single process. The CAD model is created in real time as the de-
signer sculpts the physical version. The designer physically sculpts a design pro-
totype from foam using a hand-held hot wire foam cutter. This technique was in-
spired by working with industrial design students on the tools presented in Chapter
4. Both the foam and cutting tool are tracked, allowing the system to digitally repli-
cate the sculpting process to produce a matching 3D virtual model. The system
is able to playback the actions of the designer actions for additional tasks, such as

training.
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Augmented foam sculpting allows designers to create 3D models of designs with
traditional techniques already in use in the design process, and can be integrated
with little change in existing workflows. Constructing mock-ups and prototypes
by carving light weight Styrofoam with a hot wire foam cutter is a common tech-
nique for industrial designers. Physical prototypes are used to aid the designer in
developing ideas and design concepts. Designers are also able to find problems
with designs that are difficult to identify without a physical mock-up. Once these
mock-ups have been evaluated, and key design decisions made, they are used as
a basis for CAD models. Previous work has investigated reverse engineering the
CAD models from physical mock-ups [HC03]. This process involves scanning the
object and processing the resulting point cloud to produce a usable model. Aug-
mented foam sculpting completely removes the need for this step, as the 3D model
is generated while the sculpting is taking place. Virtual models created with the
foam cutter are often less complex than the scanned model compared to commercial
laser scanners, as vertices are only added where a cut occurs. This results in edges
that are much better defined. This is beneficial if the design features movable parts
such as hinged joints, because the designer does not have to spend time “cleaning

up” the 3D model in CAD software.

Augmented foam sculpting also provides new abilities and more flexibility dur-
ing the design phase. The designer can save versions of the CAD model at differ-
ent stages of sculpting, allowing them to explore several ideas in the digital realm,
based on a single physical mock-up. The foam model is enhanced by projecting
information onto it. Using the digital airbrushing system presented in Chapter 4,
the designer is immediately able to paint onto their newly sculpted mock-up, or
to annotate on the object indicating changes for future versions, or clarifying design
features. The paint textures created can be saved with the model for future reference.

Furthermore, SAR can be used to instruct the user how to produce a specific model.
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Two visualisations have been developed to support this instructive process: Cut An-
imation, which projects cutting paths onto the object, and Target Visualisation, which
colours the foam to illustrate areas to be removed. SAR can also be employed to
test different materials by lighting the foam mock-up with projected textures. Many
more visualisations could potentially be incorporated into this system. Therefore,
the visualisations presented in this chapter provide a foundation of visualisations

which could be extended in the future.

Figure 5.2: The Augmented Foam Sculpting System

5.2 Existing Approaches

3D modelling has been a common focus of AR and VR research. Spray Modelling

[Jun+04] offers an intuitive way of developing 3D models. While traditional appli-
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cations require the user to create a model through explicitly adding and modifying
polygons, Spray Modelling allows the user to build up 3D models by spraying vir-
tual material onto a base mesh, in a similar way to how an artist sculpts with clay.
SKETCH [ZHHO6] uses a stylus based interface. A user builds a 3D model by suc-
cessively drawing and refining an object from different angles. ModelCraft [Son+06]
also uses natural interaction for annotating and changing 3D models. Paper or rapid
prototype models are printed with special patterns. A user annotates changes for the
design using special pens that track their position on the object’s surface. A gesture
based command system allows the user to specify changes for the 3D model. This
is a simple, intuitive interface, but the user cannot directly modify the 3D model.
Augmented Foam Sculpting builds on the idea of mimicking physical tools for 3D

modelling.

Surface Draw [SPS01] allows a user to sculpt 3D models in a VR environment.
The user defines a path for a surface through the motion of their hand. The motiva-
tion for developing Augmented Foam Sculpting is similar to that of Surface Draw.
While their process is additive, Augmented Foam Sculpting uses a subtractive pro-
cess where geometry is removed from an existing object. In addition, Augmented
Foam Sculpting system benefits from a physical object, where as Surface Draw is a

completely virtual system.

Digital Foam [STP08] is a unique input device using conductive foam that is ma-
nipulated by the user’s hands. As the foam is compressed, the resistance through
the foam changes. This change is measured by an array of sensors. The user manip-
ulates 3D models by gesturing into the foam, such as pinching. The main difference
between digital foam and Augmented Foam Sculpting, is Augmented Foam Sculpt-
ing has the user sculpt a physical piece of foam to create a 3D model, where as
Digital Foam is a computer input device allowing gestures as a means of modelling

in a traditional CAD environment. [lluminating Clay [PRI02] is a system that allows
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the user to sculpt a landscape with clay. A ceiling mounted laser scanner captures
the height of the clay to produce a depth map. Visualisations are then projected
onto the clay. The main limitation of this system as a modelling tool is it can only
create height maps of the surface. Augmented Foam Sculpting can be used to create

arbitrary 3D objects.

5.3 The Modelling Process

As previously mentioned, Augmented Foam Sculpting (see Figure 5.2 for the phys-
ical setup) allows a designer to create 3D models using traditional sculpting tech-
niques and tools already used in the industrial design process. The user begins with
a block of Styrofoam of known dimensions, and uses a hot wire foam cutter to re-
move pieces of foam to produce the design artefact. Both the foam and the cutting
tool are tracked with six degree of freedom (6DOF) sensors. The system digitally
replicates the sculpting as a series of Constructive Solid Geometry (CSG) [LTH86]
Boolean difference operations. The geometry removed from the digital model is the
same as what is removed from the physical foam. The end result is a physical foam
design artefact and a matching 3D virtual model that can then be the basis for further
work in a traditional CAD environment. This ties in with existing industrial design
processes, where a CAD model is often created based on a physical prototype. The

foam mock-up can immediately be used within a SAR system.

The Augmented Foam Sculpting approach fits in well with current design tech-
niques. Previously, designers would sculpt mock-ups to test design ideas, then
model these in a CAD package, or use a 3D scanner to obtain geometry from the
mock-up. In the system presented here, 3D modelling is combined with sculpting.
The user does not have to work within the confines of a CAD user interface, and can

more freely articulate their design ideas.
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To create a model, the user first enters the dimensions of the foam block so an
initial virtual model can be created. This model is then projected at a known location
on the workbench. The user places a tracking sensor anywhere on the foam, and
places the foam over the projection. The system records the offset from the tracker
to the foam. This allows the user to quickly change pieces of foam without having
to perform a time consuming calibration process at startup. This calibration step is
described in more detail in Chapter 7. The user can then create the virtual model by

sculpting the foam.

5.3.1 Performing CSG Operations

Sculpting is modelled as a series of CSG Boolean difference operations on a start-
ing triangle mesh. The system begins recording the wire path through the foam
when a line segment representing the cutting wire intersects with a bounding box
of the foam. The position of the line segment is recorded at regular intervals as it
passes through the foam. The interval chosen limits the resolution of the resulting
geometry. However, in practice, the minimum possible value is dictated by the per-
formance of the tracking system. 3mm interval was been used for the prototype
system. This value was chosen after experimentation, and is limited by the accuracy
of the tracking system. When the line segment leaves the bounding box, the cut is
complete, and the recorded points are used to modify the 3D geometry.

Once a cut has been made, a volume suitable for the CSG operation must be
generated from the cut path. The actual path of the wire forms the main surface of
the volume (Figure 5.3(b)). Four new vertices need to be added at positions outside
the foam. The position of these additional surfaces is not important, as long as they
fall outside the foam volume. The first and last recorded line segment are used
to calculate the location of the new vertices. A direction vector for the position of

the new vertices is calculated from the centre of the foam to the average between
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(a) (b)

(0) (d)

Figure 5.3: Generating cut geometry and performing CSG operations. The foam is
represented as a box in the system (a), the path the foam cutter takes as it moves
through the foam is recorded (b). From this path, a volume is generated suitable for
the CSG operation (c). The CSG operation is performed, removing a section of foam
from the virtual model (d).

the four points of the line segments. The direction vector is used to place the new
vertices away from the original line segments and outside the foam geometry, using

the algorithm described in Listing 5.1.

In the pseudocode depicted in Listing 5.1, Offset is simply a number large enough
to ensure the new vertices will be outside the foam. This value does not need to be
calculated for each cut, as the physical dimensions of the cutting tool limit the maxi-
mum size of cuts. Based on the size of the cutting tool, the prototype developed uses
a value of 100mm. Once these vertices have been calculated, they are used to create

the remaining walls of the cut volume. Figure 5.4 shows a 2D cross section of how
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void calculatePoints(Vertex slv2, Vertex slv2, Vertex s2vl, Vertex s2v2)

{
Vertex Pavg = (slvl + slv2 + s2vl + s2v2) / 4

Vector Direction = Pavg — FoamCentroid

Vertex NPO = slvl + (Direction=Offset)
Vertex NP1 = s1lv2 + (Direction*Offset)
Vertex NP2 = s2vl + (Direction*Offset)
Vertex NP3 = s2v2 + (Direction*Offset)

Listing 5.1: Calculating new vertices for the cut volume

the new vertices are used to create a 3D triangle mesh, particularly the side walls.
The final product of this construction is an enclosed 3D volume suitable for CSG
operations (Figure 5.3(c)). A Boolean difference operation is performed, simulating
the volume of foam that was removed by the cutting tool (Figure 5.3(d)). The new
foam geometry matches the foam within the limitations of the tracking system, and

is used for further sculpting operations.

Figure 5.4: Cross section of generated cut geometry

The system makes use of the CGAL [CGA11] library to perform CSG calcula-
tions and to generate 2D texture coordinates for models. During testing, the library
often raised errors when performing CSG operations. These errors were found to be
caused by jitter in the tracking system causing adjacent vertices to overlap. To cope

with this, an adaptive resampling technique was implemented. A CSG operation is
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attempted, and if it fails the cut points are resampled at a higher minimum distance.

The distance is incremented at 1mm intervals until the cut succeeds.

5.3.2 Handling Difficult Cuts

Augmented Foam Sculpting functions correctly with concave cuts with several curves.
The algorithm will generate correct cut geometry even if the cut path passes through
the centroid of the bounding box. The degenerate case is if the user attempts to re-
move more than half the foam in a single cut. Here, Direction must be reversed so the
correct section of geometry is removed. By assuming the designer wishes to keep
the portion of foam holding the tracking sensor, this condition can easily be tested
for. If the location of Pavg is closer to the tracking sensor than Centroid, then the
direction vector must be reversed. In practice, this rarely occurs, since the physical
size of the foam cutter usually prevents such drastic cuts from being made.

The CSG operation may fail for extremely concave shapes due to the way side
walls of the cut geometry are generated. The centroid calculated for the side walls
can be outside of the cut path, causing an invalid surface to be constructed. A sim-
ple modification to the algorithm using a more advanced triangulation technique
[KKT90] would resolve this problem. This scenario is illustrated in Figure 5.5. In
testing, this has not been an issue, as users generally make small, rather than dras-
tic, complex cuts into the foam.

As the entire cut through the bounding box is recorded, cuts into small, concave
areas will be modelled correctly. This is because the user must remove the foam
cutter from the bounding box without touching the physical foam. However, the
system will generate invalid cut geometry in cases where the path through the foam
crosses itself. A future iteration of this software would contain a modified algorithm
to swap vertices that cause the path to cross itself before performing the Boolean

operation. This would result in the correct cut being performed.
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Figure 5.5: Highly concave cut paths (left) cause invalid geometry to be constructed
(centre). In this scenario, side walls should be triangulated as shown (right)

5.4 SAR Visualisations

While the modelling system itself can function without any video output, the us-
ability of the system can be greatly increased through the use of SAR. The follow-
ing section describes the visualisations that have been implemented to enhance the
system: Cut Animation, Target, and volumetric texturing. In addition to these visu-
alisations, sculpted objects can be used in the digital airbrushing system described
in Chapter 4. All of these visualisations are projected onto the foam and updated in

real time as the user sculpts.

5.4.1 Cut Animation

Cut Animation (Figure 5.6) displays the cuts required to reproduce a model, one
after the other. This visualisation can be used for instruction. For example, an expert
can use the system to produce an object, with the system recording the cuts made.
The cuts can then be played back to a novice user, instructing them how to produce
the object. The Cut Animation technique can guide the designer to reproduce any
of the previously saved versions of a design.

This visualisation projects lines representing the path taken by the cutting tool
through the object. The cut to be made is animated, illustrating the technique used

to make the cut. This aids the user in understanding how to produce the model. The
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Figure 5.6: Animating the path for a cut by projecting onto the foam

line is animated such that the cut appears at the start and moves through the object.
The user follows the lines to make the cut, and the system then moves to the next
cut. This process continues until the model is complete.

The visualisation is implemented using two framebuffer objects and GLSL shaders.

The rendering process consists of three stages:

1. The foam is rendered as normal to a FBO. This captures both the colour and

depth information of the foam.

2. Geometry representing the cut through the foam is drawn to another FBO.
However, the FBO is only written to if the current fragment depth is similar to
the depth recorded for the foam at the same pixel location. This ensures that
cuts are only drawn on the surface of the foam, and prevents self occlusion of

the cut geometry for complex paths.

3. The two FBO are combined in a final shader. Here, the foam is drawn to the
projector. However, for fragments containing the cut, the cut is drawn instead.

This has the effect of superimposing the cut path on top of the foam geometry.

By increasing the number of cut points drawn over time, the path the cutting

tool took through the foam is animated, illustrating to the user how the cut should
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be made. This approach is quite flexible, and much less computationally intensive
than if intersection points between the foam and cut path were calculated. As the
visualisation only involves drawing the path as geometry, it can handle complex cut

paths with many curves.

5.4.2 Target

Target (Figure 5.7) visualises the sections of foam that must be removed from the
foam to match a target 3D model. This visualisation would also be useful to create

a modified version of an earlier design mock-up.

Figure 5.7: Target Visualisation onto foam block, inset: target model. The area of the
foam encompassing the target cup is visualised as blue, indicating less foam needs to
be removed. The outer areas of the foam are red, indicating larger amounts of foam
need to be removed to match the target.

This visualisation represents sections to be removed as a colour gradient pro-
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jected onto the foam. Green areas on the foam indicate that no more cutting is re-
quired. The remainder is coloured using a gradient from red to blue. Red indicates
a large area should be removed, and blue indicates that only a small area needs to
be removed. There are potential problems in using red, green, and blue as the sole
indicators for this visualisation in the case of users who are colour-blind. In these
cases, the visualisation could be modified to use a gradient from black to white, or
use a different combination of colours.

As with Cut Animation, this visualisation also utilises depth information to gen-
erate the colour gradient. The scene is organised with the target 3D model placed
inside the bounds of the foam. Two FBO are used to individually record the depth
information of the foam and target model. The two depth textures are then utilised
in a fragment shader. For each fragment, the two depths are compared. If the foam
depth is greater or equal to the target no more foam should be removed. Otherwise
the colour is mixed between red and blue, depending on the difference in depths.
Due to the non-linear nature of the depth buffer, the differences in recorded depths
are very small. To achieve a reasonable colour blend, the mix value is multiplied
by a constant. The value of this constant varies depending on the distance from
the projector. In testing, a value of 0.005 was found to be an appropriate constant.

Pseudocode for the fragment shader is shown in Listing 5.2.

void main ()
{
/* discard empty fragments =/
if (foam == 0)
discard;
if (foam >= target)
output GREEN;
else
{
mixValue = (target — foam) + dConst;
output mix (BLUE, RED, mixValue)

}
}

Listing 5.2: Fragment Shader for Target Visualisation
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Figure 5.8: The demonstration projector setup. The projector is mounted on a tripod,
projecting over the top the the chair and onto the desk. The computer and tracking
system is placed on the left of the desk.

All calculations for this visualisation are performed from the point of view of
the projector. This limits the use of this visualisation to single projector systems,
as the colour calculated for a single point on the foam will be different depending
on the location of the projector. In the prototype, the projector was placed low and
positioned over the user’s shoulder, as shown in Figure 5.8. This positioning made
the point of view of the user similar to that of the projector. This limitation can be
resolved by performing calculations from the point of view of the user. The resulting
gradient texture can be re-projected from the point of view of the projectors, such
that each projector displays the same colour for each point on the foam. However,

the current system does not track the user.
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5.4.3 Volumetric Texturing

The SAR projection system is also used to project different textures and information
onto the foam while the system is in use. The wireframe (Figure 5.9) of the 3D model
is projected onto the foam during the sculpting session. This allows the designer to

easily verify that the generated 3D model matches the physical version.

Figure 5.9: A user sculpts into the foam, with the wireframe projected onto the physi-
cal model.

While the wireframe is useful for verifying the correctness of a generated model,
it can be distracting to have projected all the time. Augmented Foam Sculpting sup-
ports projecting 3D textures onto the surface of the foam, with the designer having
the ability to switch to the wireframe as needed. 3D volumetric textures are ideal for
Augmented Foam Scupting. The position of the fragment in 3D space can be used

directly, without needing to generate a 2D texture map. Texture map generation is
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a computationally expensive process, and would need to be recalculated each time
a cut is made in the foam. In addition, it would also be difficult to generate a map
in such a way that 2D textures could be reused on multiple models, as they would
have drastically different geometry. 3D textures will continue to look correct even
as many cuts are made in the foam. In addition, compelling 3D textures simulating
complex materials can be generated procedurally. Procedural textures reduce the

system’s video memory requirements, as texture images are not required.
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Figure 5.10: Projecting a 3D procedural wood texture onto the foam

An example is re-texturing the foam as wood using a 3D procedural texture
(Figure 5.10). The texture is implemented as a GLSL shader, using the approach
described by Rost [Ros06]. Rost’s approach includes a view-dependent component
for more realistic specular highlights. Specular highlights were removed from the

shader as the user’s position is not tracked in the system. The wood appearance
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also remains consistent as cuts are made, giving the illusion that pieces of wood are
actually being removed. New textures and materials are easily added through the

pluggable GLSL shader system.

5.4.4 Painting the Prototype

An important requirement for this system is that once the designer has finished
sculpting a design artefact it can be used for later stages of the design process, in-
cluding use in standard CAD packages. However, by extending the Digital Air-
brushing system presented in Chapter 4, a system allowing iterative design entirely

in the SAR domain has been created.

One major limitation of Digital Airbrushing is the need for 3D models of the
design artefact before the designer is able to paint. Previously, models were created
using standard 3D modelling software, which was a time consuming process. Using
the cube-map texturing technique partially overcomes this, but the objects cannot
be moved while the system is running. Augmented Foam Sculpting addresses this
by allowing the designer to sculpt a design, and have the 3D model immediately
available for further work. The designer is immediately able to airbrush onto and

annotate their design.

First, 2D texture coordinates are generated for the object. Texture map generation
is only performed when requested by the designer, as when changing modes, rather
than continuously as cuts are made. Multi-texturing is used to provide both a paint
and annotation layer. These textures can be saved to disk independently, along with
the 3D model using common file formats for later use. A designer can then use these

to produce a high quality ray traced render of their design using existing software.
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5.5 Evaluation

This section describes the evaluation of the Augmented Foam Sculpting system.
The 3D geometry generated by Augmented Foam Sculpting is compared to that of
a commercially available laser scanner. The performance of the system is discussed
in terms of both model accuracy and computational complexity. In addition, a dis-

cussion of an expert review is provided.

5.5.1 Quality of 3D Models

A common workflow for industrial designers is to use a 3D scanner to produce
a digital model of a design mock-up for use in CAD software. Industrial design-
ers have many physical tools and materials to work with when producing models,
and the Augmented Foam Sculpting system replicates only one of these tools. The
system is not yet a complete replacement for traditional workflows. However, com-
paring the quality of 3D models generated with the system to those generated by
a commercial 3D scanner is important. To compare, a simple foam sculpture with
many small, concave cuts was created. This model was then scanned with a Polhe-
mus FastSCAN! handheld 3D laser scanner. The results of the sculpting and scan
are shown in Figure 5.11.

Augmented Foam Sculpting has the advantage that faces are only added to the
model where a cut is made. Depending on the sculpture, this can produce a vir-
tual model with far fewer polygons compared to the output from the FastSCAN,
which produces a high polygon model with uniform vertex density. In the example
in Figure 5.11, the Augmented Foam Sculpting system generated a mesh containing
684 triangles, where as the laser scanner’s output contained 81,925 triangles. Aug-
mented Foam Sculpting also captured the sharp edges of the cuts more accurately

than the soft edges from the scanner.

Thttp://www.polhemus.com/?page=Scanning_Fastscan
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Figure 5.11: Comparison of physical foam model (left), Augmented Foam Sculpting
(centre), laser scanned model (right)

The quality of the digital models is limited to the quality of the tracking system
used. The tools and foam are tracked with six degrees of freedom, using a Polhemus
Patriot magnetic tracking system. In practice, the magnetic tracker suffered from
interference introduced by the metal casing of the foam cutting tool. In addition,
the foam sculpting tool uses a battery for heating the cutting wire. Electric current
flows through the body of the foam cutter, which causes additional interference.
This reduced the quality of the generated 3D models, as they do not always match
the physical version. The spatial resolution of the projection system has no effect on
the model resolution. It does however affect the quality of the visualisations, and
therefore the ability for a designer to precisely match a target model. At the time
this work was developed, a magnetic tracker was all that was available. An optical

tracking system would greatly improve the performance of the system.

It is worth noting that both the FastSCAN and the Augmented Foam Sculpting
prototype implementation use a magnetic tracking system. Therefore, both systems
introduce some inaccuracies due to tracker drift and interference. The current pro-

totype also introduces a small amount of error during the calibration phase.
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Figure 5.12: Calculation time for CSG operations as geometry size increases

5.5.2 System Performance

Augmented Foam Sculpting requires many CSG operations to be performed during
the sculpting process. The complexity of the foam geometry generally increases as
more cuts are made. The CSG operations must be completed quickly so the user
is not left waiting for an operation to complete before continuing to sculpt. The
system was tested using blocks of foam approximately 100x100x118mm in size, with
random cuts made into the foam. With blocks of this size the mean cut size was 55
triangles, and mean CSG calculation time was 1466ms. However, this time varies
greatly depending on the complexity of both the cut and foam geometry. The graph
in Figure 5.12 illustrates the increase in time as the geometry complexity grows. The
spikes in the graph can be attributed to the system resampling and reattempting
to perform the CSG operation in the event of CGAL raising an error. In general,
users only experience a short delay between cuts. The system frame rate is 60Hz.
However, the prototype is a single threaded application, causing the video updates

to pause while CSG operations are calculated. Augmented Foam Sculpting uses
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CGAL, a popular computational geometry library. The CSG algorithm, as described
by [LTHS86], has aspects that can be executed in parallel, as most of the time is spent
intersection testing each triangle with every other triangle. Overcoming the current
performance issues would require writing a new multithreaded CSG algorithm. It
may also be possible to implement the algorithm with CUDA?, taking advantage of
the massively parallel nature of current GPUs. These solutions, while desirable for

a production system, are beyond the scope of this research prototype.

5.5.3 Expert Review

The system was demonstrated to a group of final year undergraduate and honors
students from the Louis Laybourne Smith School of Architecture and Design at the
University of South Australia. The system and visualisations were demonstrated,
with students able to make cuts into the foam. This was followed by an open ended
discussion to gain feedback on the system.

The student response to the system was quite positive. The most compelling as-
pects of the system from their point of view included the real time update of the
virtual model during the carving process and the ability for the system to help in
planning foam cutting. One student noted “the ease in which a CAD model would
be produced, through manual labor and the freedom to possibly carve foam accu-
rately without the need for templates”, another noted the system “will help with
any planning of foam cutting, making errors more unlikely”.

While this chapter has focused on a workflow that moves from foam sculpting
into CAD, students commented that they also work in the other direction. Some-
times, they use foam sculpting as an inexpensive alternative to 3D printing. In this
scenario a lot of their time is spent in planning and producing stencils to cut against

to produce a physical version of the CAD model. The system supports this work-

Zhttp://www.nvidia.com/object/cuda\_home.html
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flow through the Cut Animation and Target visualisations. The addition of an algo-
rithm to automatically generate a list of cuts needed to produce a specific 3D model,
rather than playing back a previously recorded session would allow the system to

completely replace the current process of producing stencils manually.

Several students stated they would like to see new tools integrated into the sys-
tem. In particular, students would like to see a rasp or the ability to sand the model,
as these tools would allow much finer modifications to be made than what is possi-
ble with the cutting tool. Another tool suggested was a soldering iron, which would
provide the ability to put holes and other patterns onto the surface of the foam.
One student suggested a more realistic physical simulation, taking into account the
properties of the foam. For example, if the cutting wire is held at a constant po-
sition during a cut, the area of foam around the wire would begin to melt away.
The students also stated they would like to have the ability to have high resolution
textures projected onto the models. The quality of the images projected onto ob-
jects is limited by the resolution of the projector, and the distance between the object
and projector. This limitation can be reduced by using more projectors closer to the

object, which would provide a higher spatial resolution.

5.6 Summary

This chapter has presented a new PVT technique, Augmented Foam Sculpting for
generating 3D models using traditional tools for foam sculpting, already in use by
industrial designers. By using the tools that designers currently use, designers do
not have to change their workflow to begin using the system. By using foam blocks
and a physical cutter, users benefit from the passive haptic feedback the objects pro-
vide, and the users can create 3D models with an intuitive bimanual interaction

technique. The foam cutting tool is an example of a highly specialised tool, used
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for a single task: cutting through a piece of foam while simultaneously simulating
the cut operation on a virtual model. No customisable attributes are available to
the user. Therefore, this tool would receive a rank of (1, 0). Using SAR in this way
allows extra information to be projected onto the objects as they are sculpted. Aug-
mented Foam Sculpting takes advantage of this ability to visualise how to produce
target models from foam, either by changing the colour of the surface to represent
areas that should be cut away, or by "playing back’ cuts from a previous session.
The projector is also used to display the wireframe of the 3D model, or 3D volu-
metric textures such as wood grain onto the foam, as it is being sculpted. Although
industrial design was the focus when developing the system, augmented foam cut-
ting could be used in other areas. The system would support any domain requiring
physical objects with matching 3D models, or where 3D models are created from
hand sculpted designs, for example the computer animation and visual effects in-

dustry.
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SAR User Interface Techniques for

Room Size Modelling Tasks

This chapter presents a set of SAR tools to aid in interior architecture work such
as kitchen design. An example SAR design application, BuildMyKitchen' has been
developed in consultation with architect Steve Kelly from the University of South
Australia’s School of Architecture and Design. In developing BuildMyKitchen, new
user interface tools and techniques have been created. BuildMyKitchen'’s user in-
terface is comprised of physical-virtual tools that support the designer in both the
design process and designer/client meetings. The tools that comprise the user inter-
face of BuildMyKitchen are shown in Figure 6.3. The tasks supported by the tools
are: Cabinet Layout, Design Presets, and Modifying Finishes. While these techniques
have been developed in the context of kitchen design, they can easily be generalised
for use in other application domains and address important interaction issues for
SAR systems, such as interaction techniques for room size environments and the

lack of virtual projection surfaces.

! An earlier version of this work [MT13] used the name “PimpMyKitchen”, a name inspired by
the television programme “Pimp My Ride”, which involves customising and improving cars.
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This chapter makes the following contributions to SAR research:

¢ Cabinet Layout. Physical-virtual tools that allow designers to specify dimen-
sions and distances in a room size SAR environment. These techniques have
been optimised for a range of physical movements from floor level to over-
head structures, as most Virtual Environment (VE) interaction techniques are

designed for the user to be in a single posture, standing or sitting.

* Design Presets. PVT user interface techniques based on a “colour swatch”
metaphor for saving and loading preset designs in a SAR environment. These
have been developed to allow both the designer and client to quickly access

previous developed designs without the need for external technology.

* Modifying finishes using a “magic touch” metaphor based user interface tech-

nique for modifying attributes of the final design.

¢ BuildMyKitchen. This application represents an example exploration of how
SAR can be used as part of the design process for interior architecture projects,

and serves as a concept demonstrator encapsulating the ideas of the new PVT’s.

This chapter is structured as follows. Firstly, the motivation for exploring the
use of SAR for interior architecture is described. The remainder of the chapter de-
scribes the functionality of BuildMyKitchen, and shows how the system improves
the design process for both the architect and client. This application provides the
motivation for the specialised PVT’s presented in this paper. The chapter describes
the new user interface tools and techniques developed to support room size mod-

elling tasks, and how they can be generalised for use in other application areas.
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6.1 Motivation

The motivation for investigating the use of SAR in interior architecture stems from
the difficulty and complexity of this design process. SAR allows full scale white
replicas (walls, cabinets, and large appliances) to provide a flexible and understand-
able environment to convey large scale designs. In the case of a kitchen design
process, clients currently go through several steps with the designer. Firstly, the
client will meet with the architect to discuss their requirements. Different lifestyles
are suited to different kitchen designs, and the architect takes these requirements
into consideration during the design process. Following this discussion, measure-
ments of the available space are taken, and an initial design is created. This design
is presented to the client through 2D plans and 3D rendered images on a computer.
Based on these images, the client and architect discuss changes to the design. An
additional task for the client is to decide on material finishes, appliances, door han-
dles, etc. To aid in this process, kitchen builders have large showrooms with several
finished kitchens. Even still, the client usually will not be able to truly visualise their
new kitchen until the final installation in their home.

A key motivating goal of BuildMyKitchen is to enhance the understanding and
decision making ability of the client. While architects are accustomed to visualising
the end result from plans and CAD drawings, the client does not usually possess
these skills. Even with high quality 3D renders, it can be difficult for the client to
envision the scale of the final product. BuildMyKitchen makes it possible to pre-
view designs at 1:1 scale early in the design process. Furthermore, using physical
blanks for the kitchen cabinets provides a more intuitive environment than what is
possible with a standard computer. This helps not only in deciding on the visual
design of the kitchen, but also the functionality of the layout. For example, Figure
6.1 shows a design flaw in a completed kitchen. Here, the dishwasher door is ob-

structed by the door to the pantry. To access the dishwasher, the pantry door must
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Figure 6.1: A design flaw in a completed kitchen, where the dishwasher door and
pantry door collide. Damage can bee seen on the pantry door.

be completely closed. Even a slight opening is enough to knock the dishwasher, re-
sulting in damage to both the appliance and the door. These kinds of problems are
difficult to predict when looking at a 3D render. Previewing the kitchen at 1:1 scale,
with physical mock-ups can help in detecting these kinds of problems. Using SAR
allows the projected content of the physical mock-ups to be changed quickly, mak-
ing iterating the design easier. This ability becomes even more important given the
rise in popularity of self-install flat-pack kitchens, where there is no trained architect

and limited opportunities to preview the design before construction commences.

Another motivating goal is to provide designers and architects with tools to ma-
nipulate and visualise designs on a 1:1 scale. While these professionals are quite

capable of visualising designs from drawings in full scale, SAR provides a new
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medium to explore designs. Discussions with professional architects [Tho+11] in-
dicate SAR provides an extra dimension to the design process. To facilitate the ma-
nipulation of designs in-situ of the SAR environment and not force the designer
to make all their changes in a desktop CAD system, new tools and techniques are

required beyond the current state of the art for SAR environments.

6.2 BuildMyKitchen

As previously mentioned, BuildMyKitchen was developed to support the early de-
sign process of kitchens and designer/client meetings. To support an architect when
developing the initial kitchen design, blanks (white simple shaped light weight 3D
projection substrates) representing the cabinets are placed in an environment of the
shape and size of the target kitchen. One blank is shown in Figure 6.2. The archi-
tect decides on the basic layout of the kitchen by moving the cabinet blanks into the
desired locations. The prototype workflow involves the following tasks. Architects
tirst block out key positioning decisions, such as doors and major appliances, to op-
timise the efficiency of the kitchen, and then work on the next level of detail. Once
the blanks are in position, the architect can focus on the layout of the cupboards,
drawers, and other components. Some of these components will need to be resiz-
able, depending on the vision of the architect; some, such as appliances, have set
dimensions.

The second intended use case for BuildMyKitchen is during meetings where
both the architect and client are present. The goal of these meetings is to come
to an agreement on the layout of the kitchen, and for decisions regarding material
finishes and component selection to be made. There are an overwhelming number
of possible combinations of appliances, materials, handles, etc. Rather than have

the client select from such a large number of choices, BuildMyKitchen allows the
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Figure 6.2: An example Cabinet Blank.

client to select from and customise a set of “preset” designs. These presets are cre-
ated beforehand by the architect using their experience and design sense. The client
chooses a preset on which to base their design and is then able to customise it using
a smaller set of options. This set of options is also put together before hand by the

architect.

6.3 Cabinet Layout

A key task for the architect is to decide on the layout of components placed into the
cabinets, such as cupboards, drawers, and appliances. As previously mentioned,
some of these components, such as appliances, have fixed dimensions that need to
be accommodated. Others will be set by the architect based on their design exper-
tise. Some components do not require a specific size, and the component can simply
make use of whatever space is available. For example, evenly sizing the height of a

set of drawers to make use of the entire height of the cabinet.
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Figure 6.3: The tools that comprise the BuildMyKitchen user interface.

In addition to components in the cabinets, other design features also need to

have dimensions set by the architect. These include:

* Bench thickness. Different benchtop materials are manufactured to different
thicknesses. The architect may also choose a specific thickness for the bench-

top.

¢ Kickboard height. The kickboard is the inset material at the base of the cabinet.
Choosing the height of the kickboard requires a tradeoff between a functional

kickboard and maximum cupboard space.

¢ Kickboard inset. The inset is the amount the kickboard is set in from the face
of the cabinet. Commercial kitchens often have deep insets so workers do not

kick cabinets with their feet.

* Bench overhang. The overhang is how much the benchtop overhangs the rest

of the cabinet.
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¢ Component spacing. The component spacing is the horizontal and vertical
space between components, such as adjacent cupboard doors. Older kitchen
designs often have large spaces between components, resulting in smaller doors,
where as modern designs tend to maximise the size of the doors, making it

easier to see into the cupboards when the door is open.

To accommodate these requirements, BuildMyKitchen automatically places and
sizes components according to their properties. This is done using the following

basic component types:

¢ Containers. A container contains zero or more other components, and is re-
sponsible for arranging them either vertically or horizontally according to the

space available.

* Doors and drawers. A door is placed into the cabinet with the handle either to
the left or right. Drawers have the handle placed horizontally, centred at the

top of the component.
* Appliances, such as dishwashers and ovens.

¢ Blank spaces, used for filling an area in the layout.

Drawers, doors, and spaces are able to have preferred dimension set. When lay-
out out a cabinet, containers will try to give components their preferred size. Ap-
pliances have dimensions that cannot be altered by the architect, so they are given
priority over other components. As containers can be nested, any layout can be
produced using the right combination of containers and components. Producing
the final layout is a recursive process, with each container allocating space to its
children. The algorithm shown in Listing 6.1 produces a horizontal layout. Verti-
cal layouts are produced in the same way, adjusting component heights instead of

widths.
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void Container::resize(float w, float h, float padding, Vector topLeft) {
int elasticCount = 0;
float availableSize = w;
foreach (PanelComponent+* component, mContents) {
if (component—>hasPreferredWidth () )
availableSize —= component—>getPreferredWidth () ;
else
elasticCount ++;

availableSize —= (mContents.size () —1) * padding;
wcl:: Vector currentTopLeft = topLeft;
foreach (PanelComponent* component, mContents) {
if (component—>hasPreferredWidth()) {
if (elasticCount > 0) {
component—>resize (component—>getPreferredWidth (), h,
padding, topLeft);
topLeft.x += component—>getPreferredWidth () + padding;

}
else {
component—>resize (w / mContents.size (), h, padding,
topLeft);
topLeft.x += w / mContents.size () + padding;
}
¥
else {
component—>resize (availableSize / elasticCount, h, padding,
topLeft);
topLeft.x += availableSize / elasticCount + padding;
}

Listing 6.1: Algorithm for producing a horizontal cabinet layout

6.3.1 Creating a Cabinet Layout

The architect starts with a cabinet blank with no components added to it. They can
then add components to the layout using a simple keyboard interface. As compo-
nents are added, the system automatically arranges the components to fit the avail-
able space. Figure 6.4 shows four different layouts on the same cabinet. Once the
necessary components have been added, the architect can move on to specifying di-
mensions to the components, as shown in Figure 6.5. For example, drawers used to
store saucepans will need to be wider and deeper than drawers used to store cut-

lery. At a higher level, the architect can experiment with the overall kitchen layout
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by moving the cabinet blanks into different positions in the room.

(d)

Figure 6.4: Example cabinet layouts.

6.3.2 Resizing Using The Two-Handed Resizing Tool

The two-handed manipulation tool has been developed for performing operations
such as resizing components of the kitchen. The tools consists of two identical halves
which are held in each hand. To resize a component, the user places each half of the
tool against opposite edges of the component to be resized, and adjusts the distance
between their hands until the desired size is obtained. This is an intuitive gesture,
and is a similar motion to how people estimate and communicate distances in the
real world.

This tool is used exclusively for resizing. Therefore, it is placed at (1) on the X axis
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Figure 6.5: (a) A user resizes the height of a drawer, and (b) the thickness of the bench
top.

of the WS-TVC. Resizing in BuildMyKitchen has a single user definable attribute:
the snapping mode. The user is able to choose between snapping to Imm, 5mm, and
10mm intervals when resizing. In addition, when a set of common dimensions are
used in kitchen design, the user can choose to snap to the nearest preset dimension.
The snapping mode is conveyed to the user by projecting this information onto both

halves of the tool. The current dimension is also projected onto the tool, allowing
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the architect to precisely set dimensions with little effort. With these two items in

mind, the tool is placed at (2) on the Y axis of the WS-TVC.

Resizing components on the surface of the blank is accomplished by placing each
half of the tool on opposite edges of the component to be resized. The architect
resizes the component simply by changing the distance between the two halves.
Resizing the kickboard inset and the benchtop overhang is a more difficult problem,
because the physical cabinet blank does not match the virtual geometry. Resizing
these components is accomplished by placing one half of the tool on the component
to be resized, such as the front of the bench overhang, and the other on the top
of the cabinet. A line is projected onto the cabinet blank indicating the amount of
overhang. The architect changes this dimension by dragging the tool along the top

of the cabinet.

6.3.2.1 Resizing Wand

In addition to the resizing tool, a Resizing Wand, as shown in Figure 6.6, is also pro-
vided. This was added after experimenting with resizing kickboard components.
As the kickboard is near the floor, using the resizing tool requires kneeling down,
which quickly becomes uncomfortable. The resizing wand can be used instead of
one half of the resizing tool, allowing resizing kickboard properties from a more
comfortable stance. This type of tool could be extended to specifying a range of
dimensions outside the user’s reach, such as cabinets over benchtops and lighting
tixtures on the ceiling, but these techniques require further evaluation against cur-

rent out of arm reach VE interaction techniques.
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Figure 6.6: Resizing the Kickboard Inset using the Resizing Wand and one half of the
Resizing Tool.

6.4 Design Presets

While the cabinet layout process would be conducted exclusively by the architect,
previewing and modifying kitchen designs is a process that involves the client.
Rather than giving the client a ‘blank canvas’, they would instead be working with
designs created earlier by the designer. These Design Presets can be a starting point

from which the client can decide on their own design.

6.4.1 SAR Swatches

To facilitate loading and saving kitchen designs, BuildMyKitchen makes use of SAR

Swatches. SAR Swatches are based on a metaphor adapted from the colour swatches
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used to choose paint colours. A SAR Swatch is a small board, and a 3D render of
a kitchen design is projected onto the board. Clients can quickly evaluate different
designs by holding several in their hands at once. SAR Swatches are also related
to Tangible Bits [Ish08], in that the digital information is represented as a physical

object.

The client can preview one of the designs simply by placing a swatch onto the
cabinet. Doing this causes the kitchen design shown on the swatch to be loaded
onto the cabinet blanks, and the client can experience the design at 1:1 scale on the
physical surfaces. The other side of the swatch is used for saving designs. A new
design can be saved to a swatch by placing it upside-down on one of the cabinets.
The projected visualisation swatch will change, indicating the system is asking for
confirmation (Figure 6.7(b)). To confirm the save operation, the user simply slides
the swatch to the right. This motion will save the current kitchen design to the
swatch, with the visualisation projected onto the other side of the swatch updating
accordingly. The number of swatches is only limited by the number of physical
swatches constructed for use; theoretically we could have thousand of swatches.

They are uniquely identified by the tracking system.

SAR Swatches provide a good example of the tradeoff between several physical
tools and a single tool. Rather than individual swatches, designs could instead be
previewed one at a time on a PIP style device. The PIP could then be placed in the
load area and the kitchen selected would be loaded. Alternatively, a tool for pre-
viewing could be removed entirely, and instead the user would only view designs

on the full sized mock-up.

SAR Swatches were chosen because they have several advantages compared to
the alternatives described above. Firstly, swatches allow the user to compare differ-
ent designs simultaneously. This can improve their ability to choose a design. For

example, when comparing two designs, the client may decide they prefer one de-
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(b)

Figure 6.7: (a) Comparing one design with another using a SAR Swatch, (b) saving a
new design to a SAR Swatch by placing the swatch on the cabinet, and sliding right.

sign overall, but with the door handles from another design. This realisation would
be difficult to come to if only one design could be seen at a time. Using several phys-
ical tools also makes it easier to quickly flick through several different designs in a
more natural way than using a menu. Finally, SAR Swatches adapt a device already
in use in interior design: the paint colour swatch. Kitchen swatches extend this to

storing several aspects of the design on a single swatch.
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SAR Swatches are interesting to consider because these tools are the first pre-
sented in this dissertation where the primary role is to hold information, not ma-
nipulate elements of the design. However, previewing a design on the swatch can
be considered as one task, loading a design on the prototype as another, and saving
the current design to the swatch as a third task. Each swatch has a single parameter:
the kitchen design it is storing. Therefore, each SAR Swatch can be placed at (3, 1)

on the WS-TVC, indicating that each tool is used for a single, simple task.

6.4.1.1 Generalising Swatches

Swatches solve the problem of loading and saving data in a SAR environment in a
way that is specifically suited to the nature of SAR. Text input is difficult in large
scale SAR environments because there is no logical location for a keyboard. How-
ever, for the kinds of industrial design applications discussed in this dissertation,
the data to be saved is often visual in nature. Therefore, there is no need for the user
to enter filenames. Instead, they can access the data in a visual manner. This is ac-
complished through the use of PVT. The physical SAR Swatches are treated like any
other object in the SAR environment, and have virtual information projected onto
them. The user is able to refer to and access data in a visual manner, and does not
have to concern themselves with text entry. This simplifies the user interface by re-

moving the keyboard, which may not have a logical location in a SAR environment.

6.5 Modifying Finishes

The final use for BuildMyKitchen is to allow the client and architect to modify one of
the presets in order to arrive at the final design. The client is able to select from sev-
eral options to customise the following aspects of the design: materials (for surfaces

such as benchtops, doors, kickboard, and splashback) and fixture designs (such as
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handles, power points, and taps).

There are of course infinite possible combinations of features. However, at this
stage of the design, the number of choices is deliberately limited by the architect.
Just like the kitchen presets, the designer makes available a set of options that will
work together, based on their design experience. The client is able to customise their
kitchen based on a smaller number of choices, rather than allowing every possible

combination.

(b)

Figure 6.8: (a) A user changes the colour of the cabinet doors using the stylus, (b) a
finished kitchen design.
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A Magic Touch metaphor is used for the modifying finishes tool, as this greatly
simplifies the user interface. To select different options, the user taps the surface
of the cabinet blank with the Stylus. The system cycles through the choices one
at a time. The process is exactly the same for door handles and such. For these
small items a selectable region is defined around the projected texture. In the case
of a finish being replicated in more than one location as with a handle, the sys-
tem changes all occurrences to match the selected style. For example there might
be different sizes of handles for different sized doors; therefore, the change would
modify the style of all the handles but with the correct sized handles for each occur-
rence. This mode of selection is acceptable because the number of choices is small.
In the demonstration system between five and ten options are loaded for each of
the changeable components. In addition, this task is fundamentally exploratory in
nature. The client is interested in experimenting with different designs, and does
not need to load specific finishes at this stage. However, if there were many choices,

an alternate system, such as a pie menu displayed with a PIP could be employed.

Reusing the Stylus for BuildMyKitchen demonstrates how the complexity of a
physical-virtual tool depends greatly on the application where it is used. Here, the
tool is used for a single task: changing a property of the kitchen. This task has no
attributes. While the single tool is used to change all the properties of the kitchen de-
sign, the active property is not an attribute of the tool. The property being changed
simply depends on what the user touches with the Stylus. Therefore, the Stylus is
placed at (1, 0) on the WS-TVC for the BuildMyKitchen application.

6.6 Summary

BuildMyKitchen is an example of many specialised or single purpose tools. The

demonstration system developed provides four kitchen swatches, a Stylus, and a
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two handed resizing tool. Additional swatches could easily be added, but this
would quickly become unmanageable, since the user would not be able to hold all
of them at the same time. Therefore, BuildMyKitchen would be placed at position
6 on the X axis of the IS-TVC, indicating the system uses many tools. The mean
number of tasks for each tool is 2.33, indicating that the tools are not heavily virtu-
alised. The final position for BuildMyKitchen on the IS-TVC is (6, 2.33), showing a
user interface that is comprised of many simple tools.

This chapter has described an investigation into using SAR for kitchen design
and interior architecture. New user interface techniques for SAR are presented.
A demonstration SAR design application, BuildMyKitchen, embodies these tech-
niques. This chapter has discussed PVT-based tools and techniques developed for
the application, and how they can be generalised for use in other application do-

mains.
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Software Support for Spatial

Augmented Reality

This chapter describes several aspects of the software and support infrastructure
that have been developed through the course of this research. A new software
framework, LibSAR has been developed specifically for SAR research in collabora-
tion with fellow researchers Markus Broecker and Benjamin Close. This work also
forms part of a provisional patent [Mar+12a]. This chapter describes my contribu-
tions to this framework. In addition to LibSAR, this chapter describes approaches
for tracking the user’s fingers using an active red /green/blue (RGB) Light Emitting
Diode (LED), and how this hardware can be used to provide visual feedback to the
user when interacting with virtual projected controls. I developed the software as-
pects of this system, with fellow researcher Ross Smith developing the hardware.

Therefore, the details of the marker hardware are omitted from this chapter.
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7.1 A Reusable, Modular Software Framework for SAR

Throughout the last four years of SAR research in the Wearable Computer Lab at the
University of South Australia, a new software framework has been written specifi-
cally for SAR research applications. Initial investigations used pre-existing software
libraries such as OpenSceneGraph!. OpenScenegraph provides a great deal of built-
in functionality, including support for a variety of different image and geometry
formats and a high performance scene-graph data structure. However, it became
apparent that this approach was not suitable for a SAR research environment for

the following reasons:

¢ Libraries such as OpenSceneGraph place constraints on software and algo-
rithm design, such as abstracting the graphics library and requiring the use
of a scene-graph structure. This limits the ability to quickly prototype proof
of concept applications, as the researcher has to make the new algorithm “fit”

into the scene-graph.

* The SAR research applications under development typically only required a
small number of virtual objects to be drawn. This reduced the need for com-
plex scene-graph architectures, which are best suited to dealing with large

numbers of objects.

¢ Although libraries such as OpenSceneGraph provide comprehensive libraries
of functionality to the researcher, there is still a significant amount of standard
code that needs to be written for each SAR application. This includes config-
uring projector outputs, building the scene-graph structure, and dealing with

hardware such as cameras and other peripherals.

A new software framework, LibSAR was developed to overcome these limita-

tions. LibSAR has been written in C++ and runs on Linux operating systems. The

!http://www.openscene-graph.org
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systems presented in this dissertation have all been developed using different ver-
sions of LibSAR. In addition to addressing the problems listed above, the library

was designed to meet the following requirements:
1. Support multi-projector SAR environments.

2. Abstract the hardware setup so that SAR applications can be developed with-
out having to account for certain hardware configurations. For example, while
the system supports multiple projectors, this should be transparent to the SAR
application. Researchers should be able to write SAR applications that work

with any projectors, and any particular hardware configuration.
3. Provide direct access to the GPU and graphics library if needed.
4. Allow larger applications to be built up from smaller components.
5. Provide support for cameras and other hardware.

6. Provide class abstractions for common resources for SAR applications, includ-

ing images, 3D geometry, OpenGL textures, Framebuffer Objects, videos, etc.

7.1.1 Runtime Architecture

To meet these requirements, LibSAR separates application logic from common tasks
that need to be performed for any SAR application. The application flow of a simple
SAR system is shown in Figure 7.1. This kind of application begins with initialisa-
tion steps, which load resources, configure the hardware and graphics system, and
set the projection and view matrices for a calibrated projector. At this point, the ap-
plication enters the “main loop”, which involves repeatedly updating the program
state and rendering to the projector.

LibSAR substantially changes this application model, as shown in Figure 7.2.

Application logic is separated out into Modules, which will be described in detail in
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Main Loop

Load Resources Handle User Input

Configure Update Program
Hardware State
Set Projection/

Figure 7.1: A typical system flow for a graphical application

Section 7.1.2. This separation makes running several modules at the same time on
a single system possible, allowing complex systems to be built up of several simple
modules. The initialisation part of the LibSAR’s flow is similar to the basic applica-
tion described above, with the addition of a step to initialise each module. The main
loop of LibSAR allows each module to process all user input and to update their
internal state. The render step is executed for each projector and module. The sys-
tem configures the projector’s calibration parameters before each module renders.
This allows modules to be written without being concerned with particular pro-
jector configurations, and allows a module to work with any number of projectors
supported by the computer hardware?. For example, Figure 7.3 shows the LibSAR
system running, configured as a six projector video wall. The module displaying
the content is simply drawing a textured rectangle for each projector. The calibra-
tion matrices ensure each projector renders the correct region on the rectangle. This

idea is further illustrated in Section 7.1.5.

7.1.2 Application Modules

The LibSAR runtime is responsible for handling tasks that are common to all SAR

applications, such as configuring projectors and other hardware. Actual application

2The actual number of projectors that can be used is limited by both the graphics hardware and
the X Server configuration. Due to limitations with available hardware, the software has only been
tested with up to eight projectors.
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Figure 7.2: The system flow of LibSAR, allowing for multiple applications running
simultaneously with multiple projectors.

logic is contained inside Modules. When executing, a module has full control of the
system, including the OpenGL state. As LibSAR does not know about the possible
functionality of a module (a module represents a current research problem), as few
restrictions are placed on modules as possible. The task of writing SAR applications
is simplified, as the researcher does not have to concern themselves with complex
scene-graph structures and libraries.

In order to provide this functionality, LibSAR requires that modules implement

the following interface:

class Module

{
public:
virtual void init() = 0;
virtual void update(unsigned int timestamp) = 0;
virtual void draw(const Projector= p)=0;
virtual void handlelnput(const SDL_Event& event) = 0;
¥

Listing 7.1: LibSAR’s Module interface

129




The init function is called once during system startup, after the graphics system
has been configured. This function allows modules to initialise any resources re-
quired, such as textures. The update and handlelnput functions are called once each
pass through the LibSAR’s main loop. The handlelnput function provides access
to user input from the mouse and keyboard. The update function allows modules
to update their internal state. The draw function is called once, per projector, each
pass through the main loop. Any rendering a module requires is placed into this
function. Additions to this initial Module interface by Markus Broecker allow for

inter-module communication.

7.1.3 Post Processes

In addition to application modules, LibSAR provides Post Processes. Post Processes
manipulate a projector’s back-buffer before it is projected, which makes a variety of
effects possible, including projector blending, colour correction, etc. Like Modules,
LibSAR provides a framework for post processes to be loaded and configured at

runtime. To accomplish this, Post Processes implement the following interface:

class PostProcess {
public:
PostProcess (Projector& p, OptionList options);
virtual void init() = 0;
virtual void process() = 0;
virtual “PostProcess();

Listing 7.2: LibSAR’s PostProcess interface

A Post Process object processes a single projector’s frame buffer. Multiple ob-
jects are created if the same process needs to be applied to several projectors. This
approach simplifies the interface substantially, as a Post Process object only needs
to be concerned with a single projector. Several objects can be configured with dif-

ferent parameters, such as different colour profiles for each projector. The system
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configures the projector’s viewport parameters before the process function is called,
allowing Post Processes to focus on their algorithm, without having to handle pro-
jectors.

Post Process objects are loaded during system initialisation. Each projector main-
tains a list of Post Process objects that are associated with it. During the main loop,
the process function for each object is called sequentially. This allows Post Processes

to be “stacked” to combine effects.

7.1.3.1 Post Process Example - Projector Blending

Figure 7.3: LibSAR configured as a six projector video wall. The StaticMask post
process is used to blend the edges of each projector’s image.

This section shows how the Post Process framework can be used to implement
static projector blending. Projector blending algorithms, such as those presented
by Stuerzlinger, and Bimber and Raskar [Stu99; BR05] calculate alpha masks for
each projector. Alpha masks such as these only need to be generated once, and can

be used to blend projected images, regardless of what is displayed. A StaticMask
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class can be written to post process a projector’s image with an alpha mask after all

modules have rendered to the projector. The class is defined below:

class StaticMask : public PostProcess {
public:
void StaticMask::init () {
string filename = mOptions. find ("Mask" )—>second ;
Abstractlmage+ image = resourceManager.getlmage (filename);
mTexture = new graphics:: Texture(image);

}

void StaticMask:: process() {
graphics :: ScreenQuad sq;
glEnable (GL.BLEND) ;
glBlendEquationSeparate (GLFUNC_ADD, GLFUNCADD);
glBlendFuncSeparate (GLZERO, GLSRC_.COLOR, GL.ONE, GLONE);
mTexture—>bind () ;
sq.draw () ;
mTexture—>disable () ;
glDisable (GL.BLEND) ;

}

StaticMask ::” StaticMask () {
delete mTexture;
}

Listing 7.3: The StaticMask class

The init function looks for the name of the file to load from the list of configura-
tion options for the post process. It then loads this file to an OpenGL texture. The
process function uses OpenGL’s blending functionality to render the alpha mask to
the projector’s viewport. Blending can be accomplished using a StaticMask object
for each projector, independently of what has been rendered by modules. Figure 7.3
shows the result of applying the StaticMask Post Process to configure a six projector

video wall.

7.1.4 Cameras

Cameras are important for many SAR applications, allowing information about the

world to be captured. SAR applications need to be able to access images from cam-
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eras, without having to be aware of any particular hardware configuration. Camera
support is integrated into LibSAR in two layers. The first provides hardware ab-
straction for a variety of camera types, and the second provides higher level access

of cameras to Modules. This section describes LibSAR’s camera support.

7.1.4.1 Hardware Abstraction

LibSAR implements a camera abstraction to provide a consistent interface for sev-
eral types of cameras, including USB, Firewire, and Point Grey GigE cameras®. The
portion of the Camera interface is shown in Listing 7.4. Subclasses of Camera im-

plement this interface for specific camera types.

class Camera {
public:
virtual void startup() = 0;
virtual void shutdown() = 0;
virtual void update() = 0;
virtual CameralD getID () ;

virtual void setConfiguration(const Configuration &c) = 0;
Configuration getActiveConfiguration () ;

std :: vector<Configuration> getSupportedConfigurations () ;
Configuration findConfiguration(Configuration partialConfig);

virtual void getCurrentFrame (unsigned char* buffer, const
ImageFormat& format) const;

virtual bool hasParameters() const;
virtual CameraParameters getParameters() const;
virtual void setParameters(const CameraParameters& p);

Listing 7.4: The Camera interface

This class provides access to images from a camera in a variety of formats. Differ-
ent cameras use different image formats natively, such as RGB, or YUV. Image con-
version occurs if necessary, so Camera can return images in the format requested.

Camera calibration parameters are also provided.

3http://www.ptgrey.com/products/grasshopper2/grasshopper2_gige_camera.asp
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Camera objects are created from a factory class. So that LibSAR applications can
be hardware agnostic, the Camera Factory automatically detects all cameras avail-
able to the system. Cameras can then be acquired based on required configuration
parameters, such as resolution or framerate. The factory class will then search avail-
able cameras for one that meets the requirements, and return one if found. Alterna-
tively, cameras can be loaded by an ID. However, this requires LibSAR systems to

have more knowledge of the hardware configuration.

7.1.4.2 Camera Access for Modules

The LibSAR runtime provides access of cameras to modules. The reason for this is
because many modules may need to access the same camera, and therefore should
receive exactly the same camera image during the update phase. Different mod-
ules may need images in different formats. LibSAR needs to function correctly with
many different cameras, and modules should not be concerned with particular cam-
eras; they should simply access whatever cameras are available.

Cameras are loaded at runtime based on an XML configuration file, such as that

shown in Listing 7.5. All of the configuration parameters are optional, including the

device ID.

<Camera name="logitech">
<Config key="DeviceID">/dev/videoO</Config>
<Config key="Width">640</Config>
<Config key="Height">480</Config>
<Config key="Framerate">30</Config>
</Camera>

Listing 7.5: Describing cameras in an XML file

Once cameras are loaded, modules can access them by name. For example, a
module can obtain access to the camera named “logitech” using the code shown in

Listing 7.6.
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void init(const OptionList& options) {
camera = mSystemManager.getCamManager () . getCamera("logitech");
1

Listing 7.6: Obtaining a camera in a module’s init function

7.1.5 Example Application

This section demonstrates how LibSAR can greatly simplify the task of writing a
SAR application. The example application will project a television onto a physical
box, with a video stream from a camera shown on the box. The result of running this
module is shown in Figure 7.4. The module is implemented as a class that extends

from Module. The class definition is shown in Listing 7.7.

Figure 7.4: Result of running the TV module. A textured 3D model is projected onto
a blank white box. The video stream is captured from the attached webcam and dis-
played on the TV.
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class TV : public Module {
public:
TV(const std::string& name, SystemManager& sysMgr) ;
virtual “TV();
virtual void update(unsigned int timestamp);
virtual void draw(const Projectorx p);
virtual void init(const OptionList& options);
private:
wcl::Camera* camera;
unsigned char+ buffer;
graphics :: Texturex tvTexture;
graphics :: Texturex videoTexture;
geometry :: Geometry+ tv;

Listing 7.7: Example Module: The TV class

7.1.5.1 Module Initialisation

The init function, shown in Listing 7.8, loads all resources the module will need. The

Camera Manager is used to obtain a handle for a camera that will be used for the

video stream. A Texture object, which abstracts OpenGL textures, is created for the

camera’s video stream. The 3D model is loaded by the Resource Manager, as is the

texture used for the TV’s appearance.

void TV::init(const OptionList& options) {
camera = mSystemManager . getCamManager () . getCamera () ;
buffer = new unsigned char[camera—>getFormatBufferSize () |;
Configuration ¢ = camera—>getActiveConfiguration () ;
image = new image:: BufferedIlmage (c.width,
c.height,

image :: Abstractlmage : : RGBS, buffer);

videoTexture = new graphics:: Texture (image) ;

ResourceManager& resMgr = mSystemManager . getResMgr () ;
tv = resMgr.getGeometry ("tv.obj");
tvTexture = new graphics:: Texture (resMgr () . getlmage("tv.bmp"));

Listing 7.8: Initialising the TV Module
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7.1.5.2 Updating

The update function is responsible for updating the video texture with the latest
frame from the camera. The utility libraries provided by LibSAR allow this to be

accomplished with just two lines of code, as shown in Listing 7.9.

void TV::update(unsigned int timestamp) {
camera—>getCurrentFrame (buffer , Camera::RGBS) ;
videoTexture—update (image) ;

Listing 7.9: Updating the TV Module

7.1.5.3 Rendering

The draw function renders the TV to the configured projectors, and is shown in List-
ing 7.10. First, the TV geometry is rendered using the texture image. Following
this, an additional polygon is rendered to display the video feed from the camera.
This illustrates one of the benefits of LibSAR. Developers can simplify their work
by making use of the functionality provided by the library and runtime. However,

direct access to the graphics library is available if required.

7.1.5.4 Discussion

While it is difficult to formally evaluate a large software framework such as LibSAR,
the TV module illustrates the benefits of LibSAR. The module is free to focus on
application logic, and does not have to handle any specific hardware configuration.
All that the module requires is an available camera. The library greatly simplified
the task of loading 3D geometry and textures.

Rendering was simplified by using the Geometry class provided by the library.
However, direct access to OpenGL was also available for rendering the video stream.
In addition, the draw function did not have to deal with specific projector configura-

tions. As the projector parameters are set before draw is called, the module can focus
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void TV::update(unsigned int timestamp) {
tvTexture—bind () ;
tv—>draw () ;

videoTexture—>bind () ;

glBegin (GL.QUADS) ;

glTexCoord2f (GL.TEXTURE1, 0,0);
glVertex3f(161.8058, 240.9763, 102.5 );

glTexCoord2f (GL.TEXTURE1, 1,0);
glVertex3f(—101.9348, 240.9763, 102.5 );

glTexCoord2f (GL. TEXTURE1, 1,1);
glVertex3f(—101.9348, 27.8879, 102.5);

glTexCoord2f (GL.TEXTURE1, 0,1);
glVertex3f(161.8058, 27.8879, 102.5);
glEnd () ;

Listing 7.10: Rendering the TV

on rendering what it needs to, and can assume the projector is already configured.

This also allows modules to function correctly with any number of projectors.

7.2 Finger Tracking with an Active Marker

This section explores the idea of using an adaptive Red, Green, Blue light-emitting
diode (RGB LED) in place of a passive colour marker for a vision based tracking
solution specifically for SAR environments. While this dissertation is primarily con-
cerned with interaction using physical tools, finger tracking is important for tasks
such as interacting with virtual controls.

Our fingertips are one of the most sensitive parts of the human body, the dis-
tribution of the primary motor cortex is pictorially represented on the Cortical Ho-
munculus diagram [MHO07] . We use our fingers to feel textures, test the temper-
ature and perform fined grained manipulation tasks. The dexterous nature of our
tingers make them an obvious choice for interactions in SAR environments. Attach-

ing a passive coloured marker to the index finger allows the finger’s position to be
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tracked and used as a gateway between the physical and virtual worlds. This sec-
tion advances the marker’s functionality further by making it possible to actively
change colour. This provides more robust tracking and visual feedback directly on
top of a user’s fingertip. The colour light sensor is also positioned directly above the
fingertip to capture the environmental light of a SAR system which is used to adapt

the marker to changing conditions in real-time.

The novel active marker allows its own colour appearance to be altered in real-
time to avoid conflicting environmental lighting conditions. By incorporating a
colour light sensor that can capture the surrounding environmental lighting con-
ditions, an optimal marker colour can be chosen and applied to maximise the per-
formance of the tracking system. This approach is particularly useful for SAR envi-
ronments where the projected light interferes with the perceived colour of passive
markers. The coloured light of the marker is also used to present visual feedback
on the top of the user’s fingertip to provide a combined input/output device for a

virtual-physical interface.

Previous research used a blob-tracking system [Tay07] with a passive coloured
marker to allow the designer to use their fingers to interact with a physical-virtual
dashboard prototype [Por+10a]. This approach was successful but suffered from a
few limitations. Firstly, the orange marker would not track well when the projected
imagery was also orange. A workaround required selecting orange for the marker
colour and avoiding using orange in the projected images. Although this was suc-
cessful, the approach restricts the flexibility of the projection environment. The per-
formance of tracking a passive coloured marker also deteriorates with changing am-

bient lighting; recalibration is required when the room lights are turned on and off.

The active marker described in this section overcomes these limitations. Two
styles of active marker were considered: Infra-Red (IR) and visible light. IR markers

are particularly useful for creating invisible markers that the human eye can not see.
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Figure 7.5: Adaptive marker being tracked. The colour of the RGB LED is automat-
ically selected based on the colour of the projected light that is detected on the inte-
grated colour sensor.

Alternatively, light in the visible spectrum can be used to provide a tracked marker.
An advantage of visible light is the marker can be used for two functions. Firstly, it
is used to capture a 3D position allowing interactions with the system without spe-
cialised cameras. Secondly, the active coloured marker can be used to provide visual
feedback when operating interactive physical-virtual controls. Figure 7.5 shows the
adaptive marker prototype capturing the colour of the red projected light and se-

lecting blue as an optimal tracking colour.
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7.2.1 Colour Selection and Tracking Strategy

The tracking software previously employed [Tay(07] was modified to support an
active, adaptive marker. The integrated colour sensor is used to sense the colour
being projected onto the marker. The goal is to select the opposite of this colour for the
LED. To achieve this, the detected colour is converted to the Hue/Saturation/Value

(HSV) colour space.

Figure 7.6: The HSV colour space places hues on a colour wheel.

HSV places hues at specific locations on a virtual colour wheel, as shown in
Figure 7.6. The opposite colour will be the hue 180° from the detected colour. The
LED on the marker is set to this colour. For example, if the light falling on the
sensor is mostly green, then magenta will be chosen for the tracking colour. The
cameras capture the finger tip marker, and colour segmentation (thresholding) is
performed to separate the marker from the background. Using these images, the

tracking software calculates the 3D position of the marker.
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7.2.2 Visual Feedback Technique and Applications

The primary application for the active visible light marker is to support interactions
in a SAR environment. Traditional buttons commonly use an internal light to illu-
minate the top surface when depressed. This provides an intuitive form of visual
teedback to indicate the operation has been successful. When operating the com-
bined physical-virtual buttons in a SAR environment (Figure 7.7(a)) the illuminated
button press can be difficult to display when the user’s finger is on the projection
surface (Figure 7.7(b)). For this scenario, the visible light of the active marker can
be leveraged to provide interactive feedback that is incorporated with the function
of virtual buttons. For example, Figure 7.7(c) shows a physical-virtual button in its
inactive state where the button is red. When the system registers a button press the
colour of the active marker can be altered to indicate a successful button press with
clear visual feedback (LED changes to red as shown in Figure 7.7(d)).

There are also other applications that can leverage the finger mounted active
markers functionality. Tabletop systems such as the Diamondtouch [DLO01] or Mi-
crosoft PixelSense* allow complex multi-user interactions on their surface. Using a
tingertip active colour marker the same feedback technique can be used to provide
additional information to the user. A slider could also leverage a similar function-
ality where the intensity of the LED is used to represent the current value of the

slider.

7.2.3 Performance Evaluation

Another function of the adaptive marker is to improve the performance of track-
ing compared to a static colour marker. This section compares the performance of
both static and dynamic markers in a SAR environment and identifies a number of

scenarios where the static colour markers fail in comparison to the adaptive marker.

*http://www.microsoft.com/en-us/pixelsense/default.aspx
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Figure 7.7: Interacting with a passive marker obscures feedback provided by the pro-
jection (a, b). The tracking colour can be used to replace this feedback (c, d).

The passive marker is shown in Figure 7.9 and the active marker used for evaluation
is shown in Figure 7.5. A summary of the results of this evaluation is depicted in

Figure 7.10.

7.2.3.1 Experimental Setup

A tabletop SAR environment was created with two projectors, two cameras, and a
white projection surface on the table. One projector was used to project a crosshair
on the marker, and another to project the SAR information onto the table. The two
cameras were positioned above the table surface and used for tracking the marker

at 15 frames per second. The tracking software was calibrated to maximise the per-
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Figure 7.8: The projected images used for the colour palette and changing ambient
light tests (a), the orange-green test (b), and the dynamic projection test (c).

formance for each marker. The passive marker performed best with more ambient
light (room lights on), and the active marker operated best with less ambient light
(room lights off). Both the adaptive marker and orange passive marker were sub-
jected to four test conditions: colour palette, changing ambient light, orange-green,
and dynamic projection. Each condition was performed five times for each marker
type. During each test, the system ran for two minutes and the marker was moved
at a speed ranging from approximately 20-400cm per minute. The total number of
frames processed and the number of frames where accurate tracking was obtained
were recorded. The performance of each marker type was measured using the per-
centage of tracked frames per test condition. For the sake of the experiment, “accu-
rate” tracking simply means the crosshair was positioned over the marker, and not
elsewhere on the projection surface. As the tracking software used was developed
elsewhere [Tay07], a robust performance evaluation was not conducted. Instead,
the differences in performance between the active marker and passive marker were

measured. For this task, the simplified accuracy definition was sufficient.

7.2.3.2 Colour Palette Test

In this condition, a colour palette consisting of 16 colour tiles was projected onto
the table. During each test, the marker was moved around the palette, covering all

tiles. The goal of this condition was to evaluate how well both markers tracked with
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different coloured backgrounds and to test the performance cost of the adaptive

marker changing colour as it moved across the palette.

Results: The adaptive marker was accurately tracked 87.97% of the total frames,
where as the passive marker was tracked 46.52% of the time. This gives a good
baseline of the relative performance of the two marker types. The adaptive marker
is able to modity its colour based on what is being projected onto it. In testing, many
of the missed frames for the adaptive marker were during the transition from one
colour to the next. The reason for this is the latency in the camera system; the tracker

would look for the new marker colour in camera images before the change occurred.

7.2.3.3 Changing Ambient Light Test

This condition used the same colour palette as the previous condition, but with
the ambient light changing throughout the test. The room lighting was cycled on
and off every twenty seconds. The goal of this condition was to measure how well
each marker type tracks in situations with changing ambient lighting beyond their

optimal configurations.

Results: The adaptive marker also performed much better in this condition than
the passive marker, achieving tracking 92.05% of the time compared to 42.38%.
The tracking of the adaptive marker was actually better for this condition. This
is because when the room lights were turned on, the projected background became
washed out, resulting in the marker changing colour less often. The passive marker
performed worse. This is because as a passive device, good ambient lighting is
needed to segment the image. Tracking failed when the ambient light was off. An

active marker is less susceptible to changes in ambient light.
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Figure 7.9: Passive marker tracked in a projected SAR environment.

7.2.3.4 Orange-Green Test

This test compared the passive fingertip marker (orange in colour) and the adaptive
marker when the projected background has a high percentage of orange. The pur-
pose of this is to point out a specific case where the passive marker does not work

and the adaptive marker is advantageous.

Results: The adaptive marker tracked 90.67% of the time in this condition; the
passive marker only tracked 33.16% of the time. As expected, this condition resulted
in the lowest performance for the passive marker, as the background contained a lot
of orange, the same colour as the marker. This shows the flexibility of the active

marker, as it works in a larger variety of projected light conditions.
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7.2.3.5 Dynamic Projection Test

This condition used a streaming video clip as the background to provide large varia-
tions in the colour of the projected light. The goal of the test was to measure the per-
formance of the both markers under constantly changing conditions. Both marker
types received the same section of video.

Results: Both the adaptive and passive markers obtained their highest perfor-
mance in this condition; tracking 96.32% and 47.60% of the time, respectively. The
adaptive marker once again performed much better than the passive marker. The
higher scores overall can be attributed to the video clip containing many more
darker shades of colours, making it easier to segment the markers from the back-

ground.

7.2.4 Discussion

Tracking Performance
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Figure 7.10: Comparison of Tracking Performance between Adaptive Marker and Pas-
sive Marker.

The results of the evaluation reveal much higher performance from the adaptive
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marker compared to a passive coloured marker. One reason for this is the adaptive
marker emits light. This makes it less susceptible to poor or changing ambient light-
ing conditions. This can be seen from the ambient light test where the performance
of the passive marker suffered while the adaptive marker continued to operate cor-
rectly. Secondly, the marker is able to change its colour, making it much easier to
segment from the background. This can be seen in all the tests, in particular the
“Orange-Green Test” that has a large percentage of orange projected light where the
passive marker had its lowest performance. For both the active and passive mark-
ers the cameras captured at 15 frames per second, this could be increased with more

sophisticated camera hardware.

7.2.4.1 Limitations

Another limitation of the current implementation is the colour light sensor and the
LED are close to each other but not in identical locations. Given the separation it
is possible that when moving through a projected light area, the colour light sen-
sor and LED are exposed to different environmental light conditions. Our current
implementation has a 3mm gap between the two lenses. This limitation has not af-
fected operations, but would be a consideration for fine grained manipulations that

have dynamic projected images.

7.2.4.2 Alternate Colour Selection Strategies

The colour selection strategy developed and tested uses an integrated colour sensor
on the marker. However, other techniques are possible. This section describes two
additional strategies that could be implemented on an adaptive colour marker.
Least Common Colour: The cameras’ images could be processed and the least
commonly occurring colour found. The least common colour is a good candidate for

the marker colour. As with the light sensor approach, the colour could be updated
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every frame, accounting for lighting changes or moving objects in the environment.
The downside to this approach is the colour chosen for tracking may match the
background near the sensor.

Random Selection: This strategy cycles through all possible LED colours. At
each iteration, both the LED and tracking software are configured to a new colour,
with the colour changing each frame. This technique would work most of the time,
as the colour is constantly changing. However, eventually a similar colour to the

background would be chosen, and tracking would fail until the colour changed.
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Conclusion

This dissertation presents several significant and original contributions to the field
of spatial augmented reality interaction. The interaction techniques advance the
state-of-the-art for SAR user interface design. The research has explored how and
where SAR can be applied to the industrial design process to improve the workflow
for designers with three demonstration applications, which embody the tools and
techniques developed.

The contributions presented in this dissertation can be summarised as the fol-

lowing:

¢ Physical-Virtual Tools, a methodology for creating SAR user interfaces, and

two continua to aid in designing and comparing PVT user interfaces.

¢ Digital Airbrushing, a two handed PVT technique for applying finishes and
designing paint jobs for products using similar techniques to real airbrushing,

and a description of algorithms to implement this technique.

¢ Augmented Foam Sculpting, a technique that allows designers to produce 3D
digital models by sculpting with foam, taking advantage of tools and tech-

niques already in use by industrial designers.
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¢ PVT techniques for architecture and interior design tasks, and a demonstration

application, BuildMyKitchen, which embodies these techniques.

¢ A description of a model software framework designed specifically for build-

ing SAR systems.

¢ Improvements to existing techniques for tracking the user’s finger with visible
marker, and techniques for using the tracking marker to provide user feedback

when interacting with virtual controls.

This final chapter summarises each of these contributions, describes limitations
with the work developed, and ends with a look towards future directions for SAR

research and applications.

8.1 Physical-Virtual Tools

Physical-Virtual Tools is a novel framework for constructing interactive SAR sys-
tems. User interfaces are comprised of physical tools the user interacts with to ac-
complish their tasks. The physical design of each tool should be tailored to specific
kinds of interaction. A core benefit of a PVT user interface is that the tools are also
surfaces for projecting information. Rather than requiring an additional computer
monitor or projection area, all of the information required by the user is projected
onto the tools the user works with. Projecting onto tools also allows for a meaning-
tul overloading of the tasks a tool supports. The active task and relevant settings are
conveyed to the user through the tool’s appearance.

Two continua for measuring virtualisation and task overloading of tools in vir-
tual environments were presented. The WS-TVC compares individual tools used
in a single system. It features two axes: task rank and attribute rank. Application

designers can use this continuum to aid in making decisions regarding the number

152
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Figure 8.1: The tools presented in this dissertation placed onto the WS-TVC.
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Figure 8.2: The applications presented in this dissertation placed onto the IS-TVC.

and physical design of the tools required for a system. The tools presented in this

dissertation have been placed on the WS-TVC, illustrated in Figure 8.1. The IS-TVC
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is used to compare the relative complexity of user interfaces among multiple sys-
tems. This two axis continuum considers the number of tools in a system, and the
mean number of tasks per tool. This dissertation has described how the WS-TVC
can aid designers when designing systems. The applications presented in this thesis
are placed on the IS-TVC, illustrated in Figure 8.2.

In the future I would like to investigate whether general optimal numbers of
tools and levels of task overloading exist. The TVC allows the complexity of tools
and systems, but it remains to be seen whether there is, in general, an optimal level
of task overloading. This would further aid application designers, as the continua

would be divided into “acceptable” and “unacceptable” regions.

8.2 Digital Airbrushing

Digital Airbrushing is an interactive SAR system built using the PVT paradigm,
which improves common tasks for designers at early stages of the design process.
This system allows the designer to annotate 3D models by drawing on a physical
mock-up. The designer can also paint with an airbrush, using a stencil to mask out
areas in a similar way to how an artist would use a real airbrush. Three physical
tools have been developed for this application. Each tool has a form factor suitable
for different tasks. Future enhancements to Digital Airbrushing would include a

more accurate paint simulation, and to extend the system with different tools.

8.3 Augmented Foam Sculpting

Chapter 5 has presented a new technique, Augmented Foam Sculpting, for generat-
ing 3D models using traditional tools for foam sculpting, already in use by industrial
designers. By using the tools that designers currently use, designers can more easily

adapt their workflow and begin using the system. By using foam blocks and a phys-
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ical cutter, users benefit from the passive haptic feedback the objects provide, and

the users can create 3D models with an intuitive bimanual interaction technique.

The use of SAR enables the projection of extra information onto the objects as
they are being sculpted. This ability has been used to visualise how to produce tar-
get models from foam, either by changing the colour of the surface to represent areas
that should be cut away, or by "playing back’ cuts from a previous session. The pro-
jector is also used to display the wireframe of the 3D model, or a wood grain texture
onto the foam, as it is being sculpted. Although the target application domain for
Augmented Foam Sculpting is industrial design, the technology could be used in
other areas. The system would support any domain requiring physical objects with
matching 3D models, or where 3D models are created from hand sculpted designs,

for example the computer animation and visual effects industry.

In the future I would like to extend this system to support extra tools. For ex-
ample, it is not possible to add small grooves or indents into the foam using only
the hot wire cutter. However, other tools such as a hot tip iron could be modelled
using CSG, in a similar way to the cutter. I believe there is much more potential for
SAR visualisations to improve our system, and will look towards new functionality
and visualisations. I would also like to modify the algorithms that generate the cut
geometry to address the limitations described in the paper, making the system more

robust.

8.4 SAR for Interior Architecture

Chapter 6 presented investigations into using SAR for kitchen design and interior
architecture. The prototype SAR design application, BuildMyKitchen, was pre-
sented, and how it improves the design process for both architects and their clients

was discussed. BuildMyKitchen features a PVT based user interface. The chapter
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discussed PVT-based tools and techniques developed for the application, and how
they can be generalised for use in other application domains.

Future extensions of BuildMyKitchen could allow functional analysis of kitchen
layouts. For example, showing the available storage space once appliances, plumb-
ing, and other components are in place. Designers could optimise the functional lay-
out by having the system highlight the predicted use of areas of the design, based
on data on the client’s actual usage patterns. In addition to these analysis tasks,
the graphics system utilised could also be improved. This would allow accurate
previews of lighting configurations, based on photometric models of actual light

tittings.

8.5 Software Support for SAR Systems

The software framework developed though the course of this research greatly im-
proves the ability of researchers to develop and assess SAR applications and re-
search. The architecture described in Chapter 7 can be applied to other platforms
and programming languages as required. Perhaps the best indication of the ben-
efits of the techniques described in this dissertation is the fact that the software is
now in use by several researchers inside the Wearable Computer Lab and in larger
collaborations with other groups, such as Intel [CMT10].

While the software implementation is ready for use now, there is still work to be
completed. One of the most pressing issues is the need for better integration with ex-
isting CAD systems. For SAR to truly be integrated into industrial design processes,
the data interchange pipeline must be further developed and refined. Another area
to be addressed is running a single SAR application across several computers. The
hardware currently in use in the Wearable Computer Lab allows for eight projector

outputs per computer. However, the requirements for large room or building sized
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SAR environments demand greater numbers of projectors. Efficiently distributing

workloads between several hosts is still to be investigated.

8.6 Active Marker for SAR Tracking

The tracking system presented in Chapter 7 incorporates a colour light sensor and
RGB LED. The sensor is used capture the environmental light, so that a contrast-
ing colour can be used for LED marker. This optimises the contrast between the
marker and environment, improving the performance of the tracking algorithm. To
compare the performance of this system, it was tested and compared to a passive
coloured marker in four conditions. All four test conditions highlight the benefits
of the active marker. Techniques for how the visible spectrum active marker can
be further leveraged to provide visual feedback when operating virtual buttons are
described. This is advantageous since the “click” operation of a virtual button can

be seen directly on top of the user’s finger when operating occluded controls.

8.7 Future Directions & Final Comments

This dissertation has focussed on bringing SAR to industrial design and architecture
domains. However, the technology presented can be put to use in many other areas.
Manufacturing and maintenance would benefit from augmented tools. For exam-
ple, a technician could be directed to a specific bolt to be removed from a piece of
machinery using arrows and a distance measure projected onto the tool. Additional
information could be given to the user such as nut sizes, tension, etc. Training sce-
narios could also benefit from SAR. Directions for performing a task could be given
by projecting onto both the work area and tools.

SAR technology also has the potential to revolutionise theatre and interactive

art. Through the course of my research I have worked on two interactive theatre
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projects. Half Real uses SAR technology to track actors as they move about on stage.
Actors interact with a virtual world that is projected onto the set. Audience mem-
bers control the flow of the story. A show such as Half Real would simply not be
able to be produced without SAR technology. Half Real is described in detail in Ap-
pendix A. The second show, entitled If There Was A Colour Darker Than Black I'd Wear
It (BLACK)), utilised SAR technology alongside more traditional visual effects, such
as lighting, silk flames, and smoke machines. One of the effects created for BLACK
is shown in Figure 8.3. Where Half Real pushed SAR towards its limits, BLACK
used the technology sparingly, alongside projection-mapped art and other media.
This work hints at perhaps a more realistic future for SAR in theatre: as another tool
available to the creative team. The biggest challenge facing SAR in theatre is the

need for user interfaces and authoring toolkits that can be operated by non-experts.

Figure 8.3: BLACK uses a combination of SAR, smoke machines, and traditional the-
atre lighting effects to create the illusion of a burning car. Image courtesy of Lachlan
Tetlow-Stuart.

158



The algorithms and hardware technology that make SAR possible have reached
a level of maturity that means SAR can be deployed today. The key challenge is
identifying niches where SAR can be applied and be truly useful, and continuing to
research new ways of interacting with these systems. This dissertation has success-
tully identified areas of the industrial design domain where SAR can be put to use.
However, many more possibilities still remain. I look forward to continuing to both
push the state of the art in the lab, and take proven technologies and put them to

use in interesting, unique ways into the future.
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Spatial Augmented Reality in Theatre:
A Case Study of Half Real

This appendix presents a case study of the development of Half Real, an interactive
theatre experience which features extensive use of SAR technology. I was respon-
sible for developing the SAR projection system and integrating it with the ZigZag
voting system. This work has previously been published at the International Sym-

posium of Mixed and Augmented Reality in 2012 [Mar+12b].

A.1 Introduction

Who killed Violet Vario? That is the question posed to the audience of Half Real, an
interactive theatre show where the audience votes on how a murder investigation
proceeds. Half Real utilises SAR [BRO5] technology to immerse the actors in a pro-
jected virtual world (Figure A.1). This use of SAR represents a departure from the
simple video projection that has been used in performance art in the past. Half
Real’s projection system represents the set as a 3D environment. Actors are tracked

in real time, allowing the projected content to react to actors’ movements, and for
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virtual projected items to appear attached to actors. Half Real also takes advantage
of this technology to support interactivity. The show puts the audience in control,
voting on the path the story will take using wireless controllers.

This appendix provides a description of the technology used and how this tech-
nology made the production possible. It also discusses the lessons learned in de-
veloping a SAR system for performance art. The remainder of the appendix is as
follows: first, a brief discussion of previous work relating to audience interactivity,
real-time procedural visual content for performance art, and spatial augmented re-
ality is presented. Section A.3 describes the SAR system developed for the show,
how the stage is mapped as a 3D environment, and how projected content is cre-
ated. Next, Section A.4 discusses the interactive aspects of Half Real, and how the
technology was used to support this. Section A.5 describes how actors were tracked
on stage throughout the show, and how this tracking data was used to drive the pro-
jected content. This appendix ends with an overview of the implementation details,
discuss lessons learned from the production, and conclude with a look to the future

of using SAR in performance art.

A.1.1 Creative Goals and Intentions

Half Real is the third theatre work created by The Border Project which employed
the audience interacting via the ZigZag controller system!. The Zigzags allow an
audience to collectively make decisions to affect how the performance unfolds. The
previous works (Trouble on Planet Earth and Escape from Peligro Island) were both
inspired by the ‘choose-your-own-adventure” genre of books. In these works, the
audience was able to choose the decisions of the protagonist, allowing them to nav-
igate a pre-rehearsed narrative tree of possibilities.

Half-Real is a departure from the audience controlling narrative. Instead, the

thttp:/ /matthewgardiner.net/art/ZigZag
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Figure A.1: Half Real merges live action with a virtual world

performance is an experience where the audience “investigates” a narrative world
with the goal of determining which of three suspects murdered character Violet
Vario. The aesthetic and mode of the work referenced contemporary gaming within

the thriller genre, such as Heavy Rain?. The audience had three ‘levels’ to inves-

thtp: / /www.heavyrainps3.com
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tigate. The first was to investigate three pieces of evidence and their associated
events; the second was to investigate two of the three suspects further (eliminating

one); and the final was to interpret one of the characters’ recent nightmares.

Half Real had some clear objectives for its video system design:

1. To integrate a GUI into the represented place on stage, embedded within the
dramatic action of the scene. In previous interactive works, the narrative
world was paused, and a vote sequence would occur where the options were
posed to the audience, a screen would display the GUI options for the audi-
ence’s choice and the vote would occur. For Half Real, the goal was to integrate
the GUI within the visual world occupied by the performers, and for the GUI
options to appear at the point an investigative pathway emerged dramatically

in the scene, and remain present until the point of the vote.

2. As the narrative investigations continually jumped location, time, and some-
times into a characters dream or fantasy, a video system was required that
could easily represent a vast multitudes of spaces with minimal changes to the

physical space.

3. To assist in representing a diverse range of characters. As Half-Real had a
cast of three performers (mirroring the three suspects to be investigated), the
production sought a different theatrical language to represent the many minor

characters from the key suspects.

4. To create a design that was sophisticated and intricate, but which was also

highly tourable and easy to set up.
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A.2 Background

Half Real was inspired by previous performances and art installations that employ
projection. The work by Naimark [Nai05] reprojects a captured physical environ-
ment onto a white painted version. Be Now Here used a similar technique to recreate
an outdoor public plaza. Dance productions such as Glow [Chu06] and Mortal En-
gine [Chu08], use camera based tracking to generate projected animated content in
real time based on the dancers’ movements and the soundtrack. Half Real builds
upon this concept by using 3D tracking and a 3D projection environment. Half Real
also combines procedurally generated content with pre-made video to enhance the
performance and support interactivity. Audience interactivity has previously been
implemented using camera based techniques. Maynes-Aminzade et al. [MPS02]
demonstrate how computer vision can detect audience movements to control a vir-
tual paddle in a game of pong, and how laser pointer tracking on a projection screen
can be used for large scale interactive systems. Motion Swarms [Ngu+06] uses im-
age processing techniques to produce a particle system based on audience move-
ments. This particle system is then used to control a virtual beach ball. One of the
main limitations of these systems is that it is difficult to identify and respond to the
actions of an individual audience member. Maynes-Aminzade et al. however note
that this is not necessary for many types of interaction. The illusion of interaction is
what is important from the audience’s perspective. Rather than use computer vision
techniques for broad audience participation, Half Real gives each audience member
a physical controller. This allows much more fine grained control of the interactivity
than other techniques.
Half Real uses a spatial augmented reality system based on Shader Lamps [Ras+01]

to project perspectively correct virtual content onto the physical set. Previously
Shader Lamps has been used to create physical cartoon dioramas [RZW02] and life

size immersive environments [Low+01] which can be modified in real time by the
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user [RLO1]. Superficially, the Half Real set is similar to the Cave Automatic Virtual
Environment (CAVE) [CSD93]. However, where a CAVE provides an immersive vir-
tual environment to the users inside the CAVE, the Half Real set provides a virtual
environment for the audience. The actors placed in the virtual environment are part

of the illusion.

A.3 The Stage as a 3D Environment

Projectors are becoming more and more popular in performance art. In the past,
projectors have been used for image projection and video playback. Whether they
are used to project onto flat screens, or more complex objects on stage, 2D content

has been created and used. This approach suffers from two main drawbacks:

1. The projected content is created for a specific projector. This makes it difficult
to add additional projectors later in development, as new content needs to be

created specifically for the new projector location.

2. Setup requires a tedious process of placing projectors in the correct locations,

aligning them precisely, and performing keystone correction.

The approach taken in Half Real is fundamentally different. The entire set is
modelled as a 3D scene (Figure A.2(a)), and SAR technology is used to illuminate the
set. Rather than creating unique content for each projector, the content is created for
the scene. This approach requires a 3D model of the set to be created. However, 3D
models are becoming more common to aid in tasks such as pre-production lighting
design.

The 3D scene based approach taken for Half Real provides several advantages

over 2D:
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(a) (b)

Figure A.2: The 3D model of the Half Real set (a), and physical version with projected
textures (b).

1. Projected content needs to only be created once for the scene, regardless of

how many projectors are used.
2. Projectors can easily be added as required.

3. Scenes can be previewed in 3D pre-production, before the physical sets have

been built. This is similar to visualisations made in lighting design software.

4. Pre-show setup is much simpler. The projectors only need to be roughly placed,
and the SAR calibration algorithm will calculate what content will be projected

from each projector.

The use of a real-time spatial augmented reality system also brings new possibil-
ities to the creative team. Tracking systems, cameras, and other sensors can be used
to track actors” movements and other actions. Projected content generated proce-
durally, rather than pre-rendered video and animation, can be created to react to
the data coming in from these sources. This enables much more dynamic projection
effects to be created. In addition, because the projected content is controlled by a
computer system, rather than using simple video playback, the performance does

not need to follow a linear path. Half Real takes advantage of these possibilities by
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tracking actors, using procedurally generated projected content, and an interactive

performance where the audience votes on the direction the story takes.

A.3.1 Creating Content

Once a 3D model has been created for the set, content can be authored. Texture maps
for the 3D objects are used as guides, and the content to be projected is created in
standard animation software.

Treating the entire set as a projected virtual world creates challenges for both
content creators and live actors. As the walls are projected onto from the front,
the actors inevitably cast shadows onto the walls. Ceiling height in venues meant
high projector locations could not be used. Previous research [Sum+05] has shown
that users are able to cope with shadows introduced in projected environments, al-
though users prefer systems utilising dual projectors to eliminate total occlusion.
However, instead of trying to reduce shadows, Half Real embraces the interplay
between the live action and the virtual world. Virtual characters are rendered as sil-
houettes rather than realistic people. Actors’ movements on stage were developed
to enhance the effect given by their shadows.

Projecting content onto the walls and floor caused problems with content cre-
ation. For example, a bold, bright colour on the floor reflects onto the walls. Scenes
that look good on a standard computer monitor could look dark and bland when
projected, due to the limited colour gamut and brightness of the projectors, and am-
bient light. The interplay between projected light and stage lighting also caused
problems. Stage lighting is necessary for the live actors, but drowns out the virtual
environment. Actor blocking, projected content, and lighting design were iterated
simultaneously to achieve the best balance. In some instances the best approach was
to modify the projected content so that it, rather than stage lighting, could illuminate

the actors. This is shown in Figure A.3.
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Figure A.3: Stage lighting could drown out the projected images, particularly when
actors needed to be close to the walls. In some cases, using the projectors to light
the actors was necessary, and the projected content was modified to allow this. These
images show the original content (a), and the modifications made to light the actor (b).

A.4 Interactivity in Half Real

Half Real is a live murder mystery theatre production, with the investigation con-
ducted by the audience. At key points during the show, the audience votes on how
the investigation proceeds. This results in each performance being unique, with the
audience seeing only a part of the story. The whole story contains approximately 4x

the material as is seen in any single performance.

Half Real’s interactivity created a unique context for the audience, where they
shifted from being spectators to participants. The inclusion of the dynamic GUI
within the dramatic action, coupled with the ZigZag voting sequences, created a
more informal mode than traditionally experienced during a performance. The
audience was extremely aware of its collective decision making during the work.
At the point of voting, the audience were given a permission to “interact”, be it
through conversing with nearby members, observing what other people choose on
their ZigZag, or vocally respond when their preferred choice was lost by one per-

centage point.

Choices that were extremely close or extremely divergent were often the most
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Figure A.4: The voting graph of Half Real. Vertices represent scenes, and edges repre-
sent audience votes.

fascinating, as the audience often became vocal in the manner they might be at a
sporting match or playing a board game with friends. This participatory aspect of
the performance altered the audience behaviour traditionally associated with mod-
ern theatre — where an audience quietly receives the creative authorship of play-
wright or director. Half-Real allowed the audience to playfully engage with the
meta-theatrical context of a group democratically deciding what they’d like to see

happen next, and also activated the audience to define what kind of theatrical expe-
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rience they would have through their collective decision-making.

The interactivity also provided the audience with a “portrait” of their assump-
tions (i.e. who the killer was), with each node was a “litmus test” of the audiences
suspicions, and each subsequent choice sought to build upon the audiences previ-

ous selection.

A.4.1 Show Structure

To accommodate this interactivity and variation, the computer system represents
the show as a Directed, Acyclic Graph (DAG), shown in Figure A.4. Each vertex is
a scene, with audience vote results represented as edges. From the audience and
actors’ perspective, some scenes in the graph are duplicates. This means that some
scenes can be seen in different orders. However, as the vote sequences into and out

of particular instances of scenes are different, this looping is “unrolled” into a DAG.

The show is roughly structured into four acts. During each act, the story branches
out as the audience decides which paths to take, before converging back to the start
of the next act. The first act allows the audience to discover the origin of three pieces
of evidence. Here, the suspects are introduced. In act two, the audience is able to
investigate two of the three suspects in more detail. In act three a single charac-
ter is investigated. Act four requires the audience to vote on who they believe was
the murderer, based on the evidence uncovered in their investigation. During each
scene, key pieces of evidence are uncovered. When this occurs, a vote option ap-
pears in the environment, attached to either the evidence or the character associated
with the evidence. At the end of each scene, a voting sequence occurs to decide how

the investigation proceeds.

195



A4.2 Voting

Each audience member votes using a ZigZag. The ZigZag is a remote control style
device without buttons. Instead, the device contains a three axis accelerometer, three
red/green/blue LEDs, batteries, and an Xbee® wireless module that handles the
wireless communication to and from the computer system. The computer system
coordinates the tallying of votes, and initiation of voting sequences. At the begin-
ning of a voting sequence, the LEDs in the ZigZag begin flashing. The audience
then has ten seconds to cast a vote. As the ZigZag is rotated, the colour of the LEDs
changes to match one of the vote options, as shown in Figure A.5. After ten seconds
have passed, the current colour is locked in and the vote is cast. A random seed
minimises communication timing collisions between the 200 ZigZags. The vote re-
sults are then tallied and shown to the audience through the projection system. At
the start of the show, a short tutorial on the devices was presented, before a “lesson”

vote, that did not affect the path through the story.

(a)

Figure A.5: Audience members vote by orienting the ZigZag to select a colour, either
red (a), green (b), or blue). Colours correspond to vote options that change colour at
the beginning of a vote sequence.

Shttp:/ /www.digi.com/xbee/
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A.5 Actor Tracking

A major advantage of representing the set as a 3D scene, rather than simply treating
the walls and floor as 2D projection surfaces, is that virtual objects can be placed
relative to any 3D location. This ability was used in Half Real to pin virtual infor-
mation, such as vote options, to actors during the show (Figure A.6).

Actor tracking was implemented using a Microsoft Kinect*. The Kinect was cho-

sen for the following reasons:

1. The Kinect operates in the infra-red spectrum. Therefore, tracking is not af-
fected by changes in the projected images or stage lighting, which would affect

visible light cameras.

2. Actors were not required to wear or carry sensors or fiducial markers, which

would be unsuitable for a theatre performance.

3. The Kinect is quite a robust tracking system, making it particularly suitable to

theatre.

4. The set of Half Real was small enough for the Kinect to be able to track almost

the entire area.

5. The Kinect is inexpensive and readily available, so the hardware could be re-

placed if necessary while on tour.

The main downside to the Kinect is that it could not be used to track props on
the set. It was not possible to project explicitly onto objects the actors carried or
moved during the show. Skeletal tracking was not performed, as this would require

a calibration step that would interrupt the performance.

*http:/ /www.xbox.com/en-US/Kinect
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Figure A.6: A vote option attached to an actor

A.5.1 Attaching Information to Actors

The Kinect and the 3D scene representation provided accurate position information
of actors as they moved about the space. However, like any SAR environment,

virtual information had to be projected onto the available physical surfaces, such
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as the walls of the set. The 3D actor positions needed to be translated to a suitable
location on the walls behind them. This position needed to give the illusion of the
virtual information being attached to the actors.

Half Real uses a ray-casting algorithm to calculate a suitable location for attached
content. A ray is cast from the audience location, through the actor’s location, and
onto the wall behind them. This position was then adjusted to accommodate smooth
transitions between the left and right walls. In addition, the location information
from the Kinect was averaged over the most recent 30 frames. This gives the moving
virtual information a visually appealing slow-in, slow-out animation effect. It also
greatly reduced jitter when actors moved close to the range of the Kinect’s tracking
distance.

Like any projection system, view dependent rendering effects only appear cor-
rect from a single viewpoint. For Half Real, an ideal audience viewport was chosen
at centre-stage, approximately 1/3 back from the front row. This location was cho-

sen to give a good visual effect for the majority of the audience.

A.5.2 Identifying Actors

While the Kinect is quite good at tracking people, it is not able to reliably iden-
tify them. Actors enter and exit the set many times throughout each performance
of Half Real. Having actors tracked without interrupting the performance was an
important goal when developing the projection system. Therefore, an explicit iden-
tification process could not be used. Instead, through the course of blocking during
rehearsals, catch areas were identified in each scene. These catch areas are regions
on the set that an actor would always walk through during the scene. Once the
tracking system registered an actor passing through a catch area, that actor was as-
sociated with the correct virtual information.

In addition to catch areas, dead areas that never associated tracked objects in the
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system were needed. The set of Half Real was not simply a static scene, it contained
a door and window that actors could use and walk or climb through, and a chair
that was moved about on stage. The detection algorithm in the tracker would some-
times incorrectly register these objects as actors. By marking these areas as “dead
areas”, the system would ignore these objects when associating virtual information.
As with catch areas, the dead areas were specifically defined for each scene, as in
some scenes actors moved into the range of the window or door when the virtual

information needed to appear.

A.6 Implementation Details

The show control system consisted of two subsystems. The Voting System, which
managed the ZigZag devices and voting sequences, and the Projection System, which
managed the virtual environment and actor tracking. This section describes the im-

plementation details of these systems.

A.6.1 Projection System

The projection system ran on a single computer containing an Intel Core i7-2600
CPU with 8GB of RAM. Two Nvidia Geforce GTX560 graphics cards drove the pro-
jectors and the operator screen. The projection software was implemented using
our SAR software framework, written in C++ using OpenGL. The software ran on

Ubuntu 11.04 Linux.

A.6.1.1 Resource Management

Half Real’s projected content consisted of images, video files, and procedurally gen-
erated content, such as the vote options. In all, 38GB of assets, mostly video, were

used during the show. A “level loading” approach was used to manage these as-
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sets. Each scene was described in an XML file, which listed the assets required for
the scene. A content manager was responsible for freeing data no longer required
and loading new assets if required. Assets that were needed in consecutive scenes
were reused, rather than reloaded. This approach was chosen due to the interactive
nature of the show. The next scene, and therefore the assets required, would not be
known until the audience voted. This meant that loading and unloading assets at

predefined times was not possible.

A.6.2 Pre-show Calibration

A pre-show calibration process is required for both the projectors and the Kinect.
The projectors are calibrated using the algorithm described by Raskar et al. [Ras+01],
which finds the intrinsic and extrinsic parameters of the projectors. This process in-
volves finding landmarks on the set with a projected crosshair (Figure A.7). This
process takes approximately 2-3 minutes per projector, and only needs to be per-
formed when the projector locations change, such as moving to a new venue.

Once the projectors are calibrated, the Kinect must also be calibrated. By default,
the Kinect returns 3D locations as a distance from the Kinect. A coordinate space
transform must therefore be calculated to bring the Kinect’s tracking data into the
world coordinate space of the projection system. This calibration process involves
finding crosshairs projected on the floor with the Kinect’s visible light camera. 3D
coordinates are obtained for these points from the Kinect and the transform can be
calculated. Again, this process must only be performed if the projectors or Kinect

are moved.

A.6.3 Decoupling the Kinect

During rehearsals, a software bug inside the OpenNI framework was discovered

that caused the projection software to crash intermittently. As the scenes in the
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Figure A.7: The operator performs projector calibration by marking points on the set
with a projected crosshair.

show are made entirely of projected artwork, the set would go dark if the software
crashed. This was unacceptable for a live performance. The Kinect interface was

rewritten to decouple the Kinect from the projection software.

The solution implemented involved two processes running simultaneously. The
tirst process, tracker, handled interacting with the Kinect hardware via OpenNL
This process was run in a shell script that restarted the process whenever the soft-

ware bug was encountered and the process crashed.

The second process was the main projection system. It accepted data from the
Kinect via a TCP connection. This connection was automatically re-established as
required. This solution resulted in a robust projection system. If the tracker process

crashed, tracking would stop for approximately ten seconds, with the performance
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continuing regardless. Virtual information would be reattached to actors once track-

ing restarted, based on their last known location.

A.7 Summary

Half Real provides a case study in using spatial augmented reality in live theatre,
enabling more dynamic projected content, and audience interactivity. Half Real suc-
cessfully completed a tour of regional South Australia, before playing a three week,
sold out season as part of the Melbourne Festival in 2011. This achievement can be
seen as proof the technology and software developed was a success. However, as
with any production there are lessons learned and room for improvement.

One of the major issues that had to be overcame was reliability and robustness.
In Half Real, if the projection software crashed, the stage went dark. The system
had to function correctly day after day, for extended periods of time. Decoupling
subsystems was one of the most important factors in making the system robust. For
example, it was important that the projection system kept running if the tracking
system stopped responding. Another issue was sequencing content to be projected
in each scene. The projection system used XML files for each scene. This effectively
meant there was one scene description for the projection, and another for lighting
and sound. In the future, the flexibility of the system could be improved by mak-
ing it interoperable with existing stage management software, such as QLab’, which
would reduce the duplication, and make modifying the sequences of projected con-
tent much easier.

While Half Real has made an important step in using SAR for interactive per-
formance art, there are many more possibilities to be explored. For example, using
projectors to simulate physical light sources, such as follow spot lights that automat-

ically track the actor. Or, using the projectors to project directly onto the actors in

Shttp:/ /figure53.com/qlab/
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order to change their appearance. I would like to extend the technology developed
for Half Real to create much more sophisticated dynamic projection environments

for performance and interactive art into the future.
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Attachments

A number of additional materials are provided to support this dissertation.

B.1 CD-ROM

The attached CD-ROM provides electronic copies of the following materials:

* demonstration videos of the applications presented in this dissertation,
¢ an electronic copy of this dissertation in portable document format (PDF), and

¢ an archive of all the current author publications to date (PDF).

B.2 Internet

The information provided on the CD-ROM can also be accessed online, along with

updates to this project, from the following website:

¢ http://www.20papercups.net/phd-thesis
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