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Abstract

Today, the primary use of projection technologjoiscreating large flat displays
that provide a shared viewing experience for priedéiems or entertainment
applications. While research projects have explateel powerful ability for
projected light to create illusions that can reghajr perception and our
interaction with surfaces in the environment, viaw of these systems have had
success in terms of commercial and consumer adopRart of this limited
adoption can be attributed to the lack of pradtizah the cost-of-operation due
to the complexity of installation and reliability execution. Often these systems
require expert knowledge to perform system setup aalibration between the
projected image and the physical surfaces to madsetillusions effective. In this
thesis, | present a technique for inherently addibgect location discovery and
tracking capabilities to commercial projectors. SThis accomplished by
introducing light sensors into the projection asea then spatially encoding the
image area using a series of structured light peteThis delivers a unique
pattern of light to every pixel in the projectossreen space directly encoding the
location data using the projector itself.

By unifying the image projection and location trentktechnologies, many of the
difficult calibration and alignment issues related interactive projection and
projected spatial augmented reality applications ba eliminated simplifying
their implementation and execution. Furthermore,cbgating a hybrid visible
light and infrared light projector, a single calibon-free device can perform
invisible location tracking of input devices whilemultaneously presenting
visible application content. | present a detailegatiption of the projector-based
location discovery and tracking technique, a desiom of three prototype



implementations, and a demonstration of the effenogss of this simplification
by re-implementing, and in some cases improvinghupeveral location-sensitive
projector applications that have been previouslyeceked using external
calibration and tracking technologies.
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1: Introduction

The earliest known drawing capturing the idea ofgmting a drawn image onto a
wall was created by a man named Johannes de Fontdd&0. The sketch was
of a monk holding a lantern behind a transluceatvitg of the devil. The light
from the lantern passing through the translucemdatv would have created a
rough replication of the drawing on the wall. Thbugude, this drawing became
the basis and inspiration for countless inventorsr ahe following centuries
involved with development of optics, light sourcesnd image rendering
technologies that have shaped the modern videeguosj Today, projectors have
become part of our daily lives in classrooms, bessnpresentations, movie
theaters, and consumer televisions. Projectors lmemme a staple display
technology in the contemporary world of visual naedind computing.

Today, the most common use of projection technolegyo create
physically large displays on flat surfaces providen shared viewing experience
that can accommodate a large number of simultanebssrvers. This usage
makes it ideal for giving presentations or enteitaj an audience. However,

using projectors to create flat passive displaysiilar to other display



technologies such as liquid-crystal displays (LCERhd plasma displays is
perhaps the simplest use of projection technolofy.unique property of
projection is that the desired image is not visitnjelooking at the device itself
but rather by looking at the light that is refleti@nd diffused off of a surface of
our choice. Unlike LCD or plasma technologies whdsplay size and shape are
rigidly determined by the manufacturer, projectare capable of rendering
images on a wide range of surfaces as selectdaebsnd user and place very few
constraints in terms of display surface locatioajenal, shape, or size.

However, with this versatility comes the respongipbbf positioning and
orienting the projector in a manner that is appedprfor the application. Modern
projectors have little or no knowledge of their piwal relationship to surfaces in
the environment. While certain assumptions have lbeade in projector designs
to make them slightly easier to use in the mostrnom applications, projectors
are still quite naive and the vast majority of theponsibility for proper set up
falls upon the shoulders of the end user. Even dimseprocess is complete, the
resulting image is passive. There is no way toraaedirectly with the projected
image. Input must be accomplished using some atheice such as a mouse,
keyboard, or game controller which provide relaiiveut and control data. When
using touch sensitive surfaces, the projection esysimust be given some
knowledge about the location and orientation of phgected image relative to
the sensing surface. Furthermore, researchersdewxaoped a host of visionary
applications exploring how projected light can ksedi to create illusions that
reshape and alter our perception of surfaces irethironment that reach well
beyond simply creating a large display. Howeveke litouch input, these
applications require knowledge of surface locatioektive to the projected
image. Often, this information is manually entergdo the system by a

knowledgeable user.



Research Summary and Components

This dissertation presents a technique that endmeectors with the inherent
ability to discover the location of photosensitolgects within the image area. By
doing this, we can greatly simplify the implemematand execution of these
location-sensitive projector applications. Thisacomplished using a technique
developed in partnership with my colleagues at Miishi Electric Research Labs
(MERL). There are four major components of thissegsh work presented in this
dissertation:

First, a novel method of performing projector-basechtion discovery

using embedded light sensors is developed.

Second, a prototype exploring techniques for irgirgpthe speed and

reducing the perceptibility of patterns is develbpe

Third, a prototype for a hybrid visible and infrdriégght projector capable

of simultaneously providing visible application ¢ent and invisible

location tracking is developed.

Fourth, a series of conceptual applications dematisgy the possibilities

provided by a high-speed projector are presented.

Before describing the details of this work, | woudldst like to present to the
reader examples of related work in projector apgilns from the human-
computer interaction and computer graphics comnasitThis description of
visionary applications defines the landscape incWhihis work applies and will
hopefully illustrate the value in simplifying thenplementation and accessibility
of such projects. The relevance of these applicatto my specific contributions
will be highlighted throughout the paper as thadebf this work are described.



Location-Sensitive Projector Applications

As mentioned previously, one basic application mégg knowledge about the
location of the projected image is for direct,ilrsitu, interaction with projected
content. Products from Mimio (mimio.com), SMART Teologies
(smarthtech.com), and Polyvision (polyvision.comg axamples of after-market
devices that can be added to a projection systetma¢& the location of an input
stylus and map the input to pixel locations in Bocated projected image. These
products require a tracking technology to discoaed update the location of
either the user’s finger or an instrumented styM#hile the actual tracking
technology varies, they all require a manual catibn process where users are
asked to tap a series of marks to find the cormdpoce between the tracking
data and pixels in the projected image. Devices tlke Diamond Touch table
from Mitsubishi Electric Research Labs [Dietz, 2)0%mart Skin from Sony
CSL [Rekimoto 2002], the Frustrated Total Interfgflection Multi-Touch
system from New York University [Han, 2005], theubaLight [Wilson, 2004]
system, PlayAnywhere [Wilson, 2005], and the Plakmnipulator Display
[Rosenfeld 2004] use a variety of techniques taktran-instrumented human
hands supporting multiple simultaneous touchestipl@lsimultaneous users, and
area touching creating extremely rich touch inpufaces. However, once again,
these systems require a manual calibration ussimiar set of controlled sample
touches to align the tracking data with the imagdditionally, the physical
relationship between the projector and the interacsurface must remain rigid
for the illusion to be compelling. This level ofnsivity toward alignment and
calibration often results in significant increasassystem cost and operation
complexity. The technique presented in this dissiemn offers a simplification

that can dramatically reduce this cost and overhead



Because projection technology does not share mdnthe physical
constraints on display size, shape, or materialressged by other display
technologies such as cathode ray tubes, liquidalrgssplays, or plasma screens,
researchers have found it to be an attractive ngto exploring applications that
reach well beyond 2-dimensional touch input. TalgiBits [Ishii, 1997] and
Augmented Surfaces [Rekimoto, 1999] are examplesdigital workbench
applications that create extremely rich table-tofgraction experiences by using
instrumented, location-tracked objects, placedhm image area to interact with
projected content. The appearance of these objactsstill be augmented with
projected content even though they have been placedop of the primary
display surface. The llluminated Clay project [Rjp2002] takes this concept
even further by allowing users to sculpt and shifyeedisplay surface with their
hands. This is accomplished by using deformablesri@d$ such as clay or sand.
In this system, a high-speed 3-dimensional lasanrser acquires the updated
geometry and the projected overlay responds acauglsdiallowing the users to
see contour changes or run simulations based onslitape of the surface.
However, these systems also relied on either mapluggical alignment of the
projector to the tracking system or used a stractuollection of sample points,
similar to touch calibration, to perform softwaraskd alignment. The technique
presented in this dissertation offers that abilityperform automatic calibration
and alignment.

By leveraging the ability to easily create phydicalarge displays,
researchers have used projectors to change tharapge of entire walls in a
room transforming the environment to better suit tieeds of a task as described
by [Raskar, 1998]. The VideoWindow system [BellGoi®89] is a wall-sized
display system that is designed to give the appearshat a room extends into
another space creating the illusion of a sharedartalecollaboration experience.
Teleport system [Gibbs, 1998] is a similar techggldout provides motion



parallax cues to improve the illusion. The Caveohated Virtual Environment

(CAVE) [Cruz-Neira, 1993] is an extension of thisncept to include every wall

as well as the floor and ceiling to provide a fullymersive experience of being
in a virtual environment. The Focus+Context disp]Bpudisch, 2001] takes a
different approach and combines a physically lapgejected image with a

strategically placed high-resolution display cnegta variable resolution surface.
This provides support for a large immersive exper@gewhile also supporting a
high level of detail in a small work area. However these illusions to work,

both of these systems require precise alignmenthefprojected images and
knowledge about the location of the viewer's pahtview. Again, these have
relied on accurate manual physical positioningh& projector and expertise in
the system software to ensure all the componergs aigned to create a
compelling effect.

Unlike other display technologies, projection doeg impose physical
borders or boundaries around the visible imageis s made it an attractive
candidate for creating tiled and overlapped displ@lyi, 2000] describes a system
that utilizes large arrays of projectors (8-24)airiiled configuration to create a
single high-resolution display wall. Accomplishitigs requires extremely precise
alignment among the projected images such thatpviibended together at the
edges, they merge into a single high-quality sessnitisplay. Often, building
high-resolution displays from many lower resoluticommercially available
projectors is a far more economical solution thagating a single high-resolution
custom projector, particularly if the surfaces aregular or curved [van Baar,
2003; Raskar, 2003]. Some multi-projector applaradi do not stitch the images
to create a larger display, but instead overlaprttegges entirely to create layered
content. Examples of such systems include polarigedeoscopic projected
displays, increasing the brightness of the imaigét ffield display, and dynamic
shadow elimination [Sukthankar, 2001]. Dynamic sivaelimination, sometimes



referred to as virtual rear-projection [Summet, Z0Gimulates the shadow-less
appearance of a rear-projected display by using éwamore front-projected
images and computer vision techniques to identié/lbcation of a user’'s shadow.
The system then fills in the shadows created byprogctor with the light from
another projector at an un-occluded vantage pdime. 3D TV project [Matusik,
2004] uses a large array of projectors alignedht dame area on a lenticular
screen to create a large-scale multi-user auteedeopic display by
approximating the light field passing through tkatface. The MultiView system
[Nguyen, 2007] uses overlapped projection and nedfiective film to provide a
perspective correct view for each person in a videmferencing system
preserving accurate eye contact and gaze whichsivawn to be important for
establishing trust in social collaboration taskenitar to the previous projector
applications, aligning multi-projector displaysafien an exclusively manual and
physical process. One previous approach to thisl@no in this domain has been
to use computer vision feedback mechanisms capdbdehieving high-quality
results without human involvement [Wallace, 20053skar 1999]. However,
these algorithms tend to be highly-specialized asda result are typically
application and system specific.

Another property that is unique to projection tedlogy is that the optical
path of the projected light can be folded and realed through the use of mirrors.
The Everywhere Displays project [Pinhanez, 200Hsua computer controlled
pan-tilt mirror placed in front of the projectioens allowing the image to be
placed on many surfaces throughout the environmaher than simply being
confined to a static area. Using knowledge aboaitgrometry of surfaces in the
room relative to the projector, these steerablgeption systems can transform
registered surfaces into displays providing logasensitive information.
However, registering surfaces requires system é&speto manually enter room

geometry.



The Shader Lamps work [Raskar, 2001] takes a stegy &drom the
domain of flat displays and explores how spatiailydulated light can be used to
alter the appearance of complex 3-dimensional sesfaBy using the projector as
a sophisticated illumination tool combined with aktd knowledge of the
location, geometry, and reflective properties @& tibject, it is possible to change
the apparent surface colors and material properfiésgs technique can be
combined with a six degree of freedom tracker &ate the illusion of painting on
handheld objects using only projected light [Badhaipyay, 2001]. Though the
object geometry must be manually entered or acquiseng a scanning device, it
does not need to be updated so long as the oljexttideformed. However, the
registration of the projector pose must be carefudl-entered when either the
projector or the object is moved. Similarly, thissvalso done manually using a
projected cursor to enter calibration points amplieed detailed system expertise.

These products and research projects demonstraténdtv projection
technology can be used to create rich interactimgerences and illusions that
reach far beyond simply projecting a physicallyg&adisplay. This is the power
gained from endowing the projection system withwigalge about its orientation
and the image location relative to the display atefor the location of objects
placed within the projection area. To achieve thef$ects, all of these systems
require a calibration process where the correspmelbetween the features of
interest in the physical world and the project@tseen space is entered. Without
an accurate registration, these illusions will b@tcompelling or effective.

In nearly all of systems described above, this espondence was
accomplished through a manual calibration procgssdlly in the form of asking
the user or system developer to register the locaif projected markers relative
to some other tracking technology. In many cades,drocess can be extremely
lengthy, tedious, error prone, and requires expedwledge of the system.
Additionally, re-calibration may be necessary ieewery small changes occur to



the projection setup. As a result, the practicaditghese projector applications is
severely undermined causing adoption to remain tmspite their visionary
interaction techniques and obvious utility.

In this dissertation, | present a technique of gidime projector itself to
perform location discovery and tracking of photastwve objects without the
need for an external tracking technology. By umifyithe image projection and
location tracking, we are able to eliminate thedheobtain the correspondence
between the tracking data and the projection images significantly simplifies
the implementation and execution of many of the memcial products and
research projects described above. In the followBagkground and Approach
section, | will introduce the foundation concegtattthis technique is built upon
and discuss its relationship to other current apghes to the same problem. | will
discuss the first prototype implementation thatsuae unmodified consumer
projector to perform low-speed location discoveng alemonstrate the projector
applications for which it is useful. Then, | willrgsent two additional
implementations that | developed that represenerdiht approaches toward
achieving rapid location discovery sufficient famt@ractive tracking and the
corresponding applications that they simplify. salbriefly discuss a system
developed by my collaborators which optimizes e concept to achieve very
high-speed location tracking. However, this abiliiymes at expense of image
projection transforming it into a purely motion dking system which places it
slightly outside the goals of this work. Lastly,ptesent a series of concept
applications that would be enabled by a projectdh vintegrated interactive
tracking.
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2. Background and Approach

A modern multimedia projector can be described ra®lactrically addressable
spatial light modulator whose working volume isidel by the frustum of light

emanating from the projection lens. The modulatanthe light within this

volume occurs in a plane that is perpendiculah&dptical axis of the projector.
This plane is divided into a grid of discrete rewp called pixels, which the
projector is able to independently vary in intepsand color. If a flat diffuse

surface is intersected with this volume paralleth® grid plane, we get an image.
However, the modulation of pixels does not necdgsareate an image that is
coherent to a human observer. In the early 19&%sarchers in the range finding
community began exploring how projecting highlyustured patterns onto non-
planar surfaces combined with a camera can be wsedickly acquire scene
geometry. These structured light patterns, typycadular grid or stripe patterns,
uniquely encode position information for each pixelthe projection image.

Decoding these patterns as seen by the cameradpsovhe correspondence
between the projector pixels and camera pixels. lido@d with knowledge about
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the camera pose relative to the projector, thiglgwrrespondence map becomes
an index of ray intersection pairs, and the geoynetrthe surface can then be
calculated using triangulation [Posdamer, 1982; i@ep 1996]. By
synchronizing high-speed projection with a highnfearate camera, researchers
have demonstrated the potential to create a ne&-8D scanning system [Raskar,
1998].

While the ability to perform 3-dimensional scen@tcae is not essential
to most of the projector applications describethm previous section, the ability
to find the correspondence between the projectgelpiand objects in the
physical world to an external location discovegiiing technology is essential.
As a result, we are able to use the same structigietdpatterns to encode each
pixel to quickly identify the location of objects terms of the projector’s screen
space. The approach presented in this dissertdbes so without the use of a
camera. This is accomplished by embedding indiVidight sensors at the
locations of interest in the target surface. EagihtIsensor then detects the pattern
of light it receives from the projector yieldingettpixel location of that sensor,
which is then reported back to the computer for usean application. By
embedding the photo-sensing device directly ineoghojection surface or target
object, the location data needed for the applicatidescribed previously can now
come from the projector itself rather than exterimalation discovery/tracking
system. As a result, it eliminates the need toadiscthe correspondence between
the location data and the projection image sineeptiojector-based location data
inherently matches the pixel coordinates in thggated image. Projector-based
location discovery and tracking simplifies the ieplentation of these systems by
removing the need for an external tracking systemd aimplifies usage by

removing the need for correspondence discovery.
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Automatic Projector Calibration

Previous approaches to simplifying the constructaomd implementation of
complex projector applications have predominangiled on computer vision
techniques. While there are a few instances ofr@pproaches toward automatic
projector calibration that do not use a cameray tire relatively limited in their
capabilities.

For example a few commercial projectors includeseento either detect
the direction of acceleration due to gravity oredethe length of the support legs
[Wood 2005]. These provide the projector with a sugament of pitch which
corresponds to a certain degree of vertical kegsuistortion in the projected
image given a number of assumptions about the tatien of surfaces in the
room. These sensors provide an automatic-keystomeation mechanism that is
likely to produce an undistorted image in a typidalsiness presentation
environment. However if these assumptions are tadlathen the automatic-
keystone correction will be incorrect.

In more sophisticated location-sensitive projeapplications, the vast
majority of work on automatic calibration has foedson computer vision
techniques. Since projected imagery is a visiblediom, using a camera to
provide feedback about the location of the imaga isatural choice. In some
systems such as [Rekimoto, 1999; Wilson, 2005], mder vision is already in
use as the object tracking and recognition teclgyl®hus, using a vision-based
automatic calibration technique would be an effitiase of existing resources.
Other projects, such as [Wallace, 2005; Raskar9l19%ave elected to add a
camera system solely for the purposes of calilbmaditd projector alignment. This
has been shown to be reasonably successful inrcegalications, especially in
multi-projector stitching applications where subgdialignment accuracy can be
achieved by carefully analyzing the aliasing efeat straight lines on a known

surface or by utilizing a pan-tilt-zoom camera syst[Bimber 2005]. Cameras
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also have certain geometric similarities to pragciwhich make it an attractive
pairing of technology. In theory, camera-basedbecation also does not require
that the display surface or objects to be augmentastentially easing
implementation. However, in practice, specializagist[Rekimoto, 1999; Wilson,
2005] or light-emitting dots [Yotsukura, 2002] arecessary to reliably locate and
track objects using vision techniques unless tlemeds very simplistic [Raskar,
2001]. A number of systems which use computer wmidior tracking require
specialized near infrared (IR) illumination/refletly [Han, 2005; Wilson, 2005]
to achieve good performance and IR filters to eleé interference from visible
projected content. To use the camera system famatic calibration, these IR
filters must be physically removed.

These adaptations highlight one of the largest wesdes in computer
vision-based calibration — feature recognition &adkground separation. While
computer vision algorithms have advanced signifiyaaver the past 40 years,
the ability to segment and properly identify un-augmted objects still remains an
open problem. Similarly, uncontrolled lighting catnehs and surfaces of varying
or unknown reflectance can be difficult for computesion systems. This is one
reason controlled IR illumination and uniform retignce surfaces are frequently
employed to achieve robust and accurate visiorkitigc Even when conditions
are ideal, the recognition algorithm must stilltbeaked and adjusted for image
distortion and object geometry [Wilson, 2005], whimay vary greatly between
individual system implementations or even amonded#t objects within a
single system. By using an embedded light sengmoaph, points in a projection
surface which may not be distinguishable by a canoan be tracked without
issue. As will be described in more detail latensors can be embedded slightly
beneath the top layer of a uniform surface to discdhe locations of visually
featureless points. Embedded light sensing uses loodl illumination at each
sensor and each sensor can adapt to its own lggleinditions independently.
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Additionally, it would be possible to employ ligkensors that use modulated
light communication which eases the issue of sigegimentation even further.
Another disadvantage of camera-based calibration the added
computational and bandwidth costs. The data raie fa camera is equal to
number of pixels bits per pixelx frames per seconand the data must typically
be analyzed at the pixel level to perform accutedeking and recognition. For
example, a 640x480 resolution 8-bit camera capjuBO frames per second
generates over 70Mbits/sec of data and still mespiocessed by a high-speed
PC to perform vision processing. That same dataaaiild support tracking over
120,000 light sensors simultaneously in the sanx430 area at 30Hz. The data
would be processed locally at each sensor usirayvecbst microcontroller in a
manner somewhat similar to distributed computatiéor. example, the camera-
based automatic calibration system described inllpNee, 2005] is able to color
calibrate and align an impressive 24 projectoresysto create a single seamless
display. However, the process requires nearly 1futes and utilizes a pan-tilt-
zoom camera system that can focus on various phatte screen. In contrast, a
grid of color sensitive light sensors could achisimilar results in seconds.
Camera-based tracking also has difficulty in dwéitg with respect to the
number of objects that can be simultaneously trdckeacking large numbers of
objects becomes difficult as object density appneacthe limits of the camera
resolution and ambiguity of object identity alsocreases. Projector-based
tracking supports an unlimited number of light sess whose location and
identity are discovered in constant time. The tmeeessary to broadcast location
data from the projector is a function only of tlesalution of the projector and is
independent of the number of sensors being tradkélae projection area is very
large, more than one light sensor may reside wighgingle pixel without issue.
Additionally, identity is inherent to the sensorathcollected the data. As
described earlier, the bandwidth requirements fandmitting sensor location
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back to the host computer are minimal. Howevethef bandwidth is unavailable,
it can be compressed or processed locally at thgosdocation.

While computer vision approaches to automaticqmtor calibration and
alignment have certain advantages, it typically esmat the cost of increased
complexity and algorithmic challenges. By placiight sensors in the projection
area, many of the difficulties related to compuiesion are avoided entirely.
Additionally, the correspondence between trackiatacand the projected image
is inherent, further simplifying system implemendas. Further discussion on
performance scalability differences between canbassed tracking and projector-

based tracking can be found@owmparison to Computer Vision Approaches

Structured Light

The structured light patterns used in this work aréime-multiplexed binary
Gray-coded stripe pattern introduced to the rangdirfg community in 1984
[Inokuchi, 1984]. However, the history of Gray cosiequences reaches several
centuries back. The naming credit belongs to Fi@Grky, a researcher at Bell
Labs, who was granted a patent in 1953 [Gray, 18&3the application of the
sequences in communications. However, these codes mentioned as early as
1550 by a mathematician named Cardan as the soltdi@ puzzle called the
Chinese Ring PuzzleThe puzzle itself dates back to tH& &ntury AD [Gardner,
1986]. The Gray-code patterns are a variatiomefasic binary patterns used by
[Posdamer, 1982], which is a sequence of black wiite patterns that
progressively divide the projection area along aris into smaller and smaller
regions using binary division. To resolve batndy coordinates, this sequence
is run twice, once horizontally and once verticalllhe Gray-coded variation
improves upon this by ensuring that the stripe blanies never occur in the same
location ensuring that the Hamming distance betvweradjacent regions is only

one providing signal stability in spatial encodiagplications. This prevents the
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catastrophic decoding error that might occur inidgp binary division if a
photosensor were to straddle a division boundarg digh order bit. The end
result of this property is that Gray-coded pattdmmst the error from boundary
events to +/- 1 pixel. It also increases robustmagssnst noise and defocusing of
the image, an important aspect when projecting saotéaces that are oblique to
the focus plane. These binary patterns also haveD@og(n)) relationship
between the necessary number of patterns to uyigueelode each pixel and the
number of pixelsn. Specifically, due to their axis aligned natute humber of
patterns necessary isogx(width) + logy(heigh) . Every pixel in an XGA
resolution projector (1024x768) can be uniquelyntdeed with only 20 binary
patterns. Further, this approach scales nicelyfuture technologies with vastly
higher resolutions. For example, only 60 binary ges would be necessary to
resolve the entire continental United States tdimméter accuracy. To resolve
each pixel in a 32x32 pixel area requires 10 pastelhe Gray-coded binary

pattern sequence can be seen in Figure 1.
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Figure 1. This set of horizontal and vertical Gray-coded binary patterns (top)
are sequentially projected (bottom) to discover the x and y pixel coordinates
of each sensor.

While a number of other structured light patteraséhbeen created [Salvi,
2004], these variations in coding strategies haaegely been to optimize
performance in the range finding domain when utiiza camera. Thus, these
variations employ spatial neighborhood and colonsg&ity not typically
available in point sample photo-sensors or to miménartifacts resulting from
surface folding. As a result, many of these pattesire not applicable to this
approach. Of the applicable alternatives revievileere was no pattern variation
that provided an obvious improvement over a bin@rgy-coded pattern when
using a discrete pixel projector. Everary Gray-codes which use grey levels or
colors to shorten the sequence length by increabimgiumber of bits per image

do so at the cost of decreasing the ease of clyrssgmenting the coded patterns.
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Binary patterns provide the highest level of robast against signal interference
and support a wider variety of transmission stiaegwhich will be discussed
later.

In [Sugimoto 2005], researchers explored projectstguctured light
patterns to transmit arbitrary data to photoseresitibjects within the projection
area. This context of use was to provide remotérobcommands to toy vehicles,
but the concept could be expanded to allow visllght communication to a
variety of objects within the projection area. Tlisomewhat similar to a visible
light version of [Nii 2005]. However, arbitrary @atransmission has difficulties
in scaling up in region density due to data cohuptresulting from sensors

landing on discrete region boundaries.
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3: Projector-Based Location Discovery

In the first prototype implementation of projectmased location discovery [Lee,
2004], we explored applications that can be implaee using low-speed or one-
time location discovery using an unmodified comnarprojector. The refresh

rate of most commercial projectors is 60Hz, or @lict images per second.
When using binary patterns, this translates to i6djf location data per second
per pixel. While projector resolutions vary, a cooanmmage resolution is 1024
pixels wide by 768 pixels tall sometimes referrechs XGA (eXtended Graphics
Array) resolution. Since the number patterns nesgs® uniquely encode each
pixel using binary patterns islogy(width) + logy(heigh) , the number of

patterns required is 20, 10 horizontal patternsHhdertical patterns, resulting in
a minimum location discovery time of approximat@B88ms, or 1/8 of a second,

with a 60Hz projector. In practice, we prefix tloeation encoding sequence with
an all white and an all black pattern to provideaagnchronous start bit and allow

each sensor to acquire an appropriate threshotd fev decoding the following
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Figure 2. Screen calibration application for project-based location discovery

location bits. We also use a following stop bibaling dynamic bit timing rather
than fixating on 60Hz. When lighting situations af#ficult, gathering more
samples per bit can also help filter out noise.

Perhaps the simplest application of locating pomthe projection area is
to locate the four corners of a rectangular tasgeéen. Then the image can be
projected to precisely match the boundaries otahget surface, shown in Figure
2. This is accomplished by pre-warping the imageetebnically such that when
projected, the result is a seemingly undistorte@dgen matching the physical
boundaries of the display. This warping transfosntalled a homography and is
computed using the four coordinate pairs from the fembedded light sensors.
The homography matrix is bound to the orientatibrih@ sensors. Even if the
optical path is folded using a series of planarong the matrix will automatically
rotate and flip the image as needed to maintairoiitsntation relative to the
display surface, Figure 3. The resulting effedhis illusion of a fully functional
display which has been simulated using projectgict lon a passive surface. The
surface can be made of very light-weight maten@hsas wood, medium density
fiber (MDF), foam core, or even stretched canvasesk light-weight simulated
displays can be used in applications where it wéelghhysically or economically

prohibitive to use real displays. Similarly, a dengrojector can be used to
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Figure 3. Location discovery of sensor continues to work even under very
shallow projection angles (top) and when the optical path is folded using a mirror
(bottom).

simulate multiple small screens simultaneouslyrehy creating several "picture-
frame"-like displays that can be haphazardly scadt®n a bookshelf, mantle, or
desk. The basic geometric relationship of surfacdbe environment can also be
captured by temporarily placing sensor frames oskslefloors, and walls for
multi-surface projection applications such as therffwhere Displays project
[Pinhanez, 2001].

The instrumentation of the target surface can e seFigure 4. We used
optical fibers to channel the light energy from leaorner to a sensor board,
which then relays the data to a host PC. The dpfiiser is made of toy grade

plastic and costs just a few cents per meter. Becaach fiber is only 1mm in
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Figure 4. Top: A rear view of the instrumented target surface showing the
optical fibers and sensor package. Bottom: an 8-channel and 4-channel wired
sensor packages and a single wireless RF sensor tag.

diameter, they minimize the physical presence ef sensor at the projection
surface. Additionally, fibers allow the use of aaincentralized electronics
package placed in a convenient location regardiésscreen size or geometry
simplifying surface instrumentation. The fibers arstalled at each corner such
that the tip lies just beneath the front white soef of the screen. This hides any
visual evidence of the fiber, seen in Figure 2, als provides a light diffuser
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that helps bounce the light into the fiber evewexty shallow projection angles.
This prototype was able to provide successful looadliscoveries even when the
projection angle was less than 2 degrees, Figurgefd. This loosens the

constraint on projector pose, and provides theitakib create shallow front-

projected displays using commodity commercial priges without the need for

specialized optics.

Since this prototype had a wired USB connectioth®o PC, both power
and bandwidth were available to stream sensoralaathe connectiorAn early
prototype of a wireless tag as well as an 8-seasdr4-sensor wired package can
be seen in Figure 4. The number of light sensorevalepending on the desired
application. The bandwidth and power requiremeritshe sensors are easily
supported using contemporary wireless technologies.

Applications of Projector Based-Location Discovery

Examples of applications which use four sensomefne a quadrilateral include
display simulation as described above, overlaymdyaigning multiple projectors
onto the same screen for stereoscopic projectionsting image brightness,
dynamic shadow elimination [Sukthankar, 2001], arehting a 3D TV [Matusik,
2004]. By performing location discovery sequenyidtlr each projector, we can
co-align as many projectors as the application aelmauickly and accurately as
shown in Figure 5. The sensors do not necessaailg o be used to define the
boundaries of the image but simply define pointstamed within the
overlapping image area to find the correspondereteden each projector. When
used in this manner, more than four sensors cauoskd to acquire a best-fit
solution resulting in sub-pixel alignment accura8ymilarly, this technique can
be applied to multi-projector stitching applicagorBy positioning sensors in a
regular grid, projector stitching becomes a simgiension of single-display

warping. In Figure 5, two projectors are stitchemjether using a surface
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Figure 5. Multi-projector applications: image layering (top)
and image stitching (bottom)

containing six sensors (one in each corner andaeedhpair at the midpoints of
the top and bottom edges). Each non-overlappingfetojectors is patterned
sequentially, warped, and then blended. This stitgclechnique easily scales to
larger numbers of projectors and can also be apphienon-planar surfaces such
as a planetarium assuming the curvature of theesdseknown in advance.

Touch calibration can also be done with just foemsors since the same
homography used for single display warping can $sduo map 2-dimensional
tracking data to the projected image. However, moft@ving more than four
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Figure 6. A commercial calibration-free interactive whiteboard system.

sensors is useful for both sub-pixel calibratiod aobustness against placement
of the projection area. In these applications,s®esor location is typically used
solely for touch calibration and the projected imagmains unwarped. For
automatic touch calibration to be successful therest be a known physical
relationship between the sensors and the touchnoémipy. Touch surfaces such
as the Diamond-Touch table and electronic whitedegstems from SmartBoard
and Polyvision, where the tracking technology isegmated into the display
surface, can provide a known physical relationsbifhe light sensors. However,
attached devices such as the Mimio tracking systemld not benefit greatly
from embedded light sensing without permanent liasian of the locator, or
using specialized calibration tags. To prototypectocalibration, we installed 8
fiber sensors into a Diamond-Touch table — 4 fibareach corner of the touch
sensitive area and 4 fibers in the interior of $keasing area defining a rectangle
inset by 10 cm on each side. This allowed the Draunbouch table to either
perform image warping to match the projected imgigectly to the touch sensing
location data or calibrate the touch location datan un-warped projected image
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Figure 7. Auto-calibrating Shader Lamps - appearance augmentation using
projected light

that may be entirely contained within the touchsssgarea. A major commercial
interactive whiteboard manufacturer has licenses tiachnique and released a
new line of self-calibrating electronic whiteboayktems shown in Figure 6. This
manufacturer elected to embed 16 or more fibemsutitrout their whiteboard to
ensure a high probability that any usefully largejgcted image would
encompass at least 4 points. The locations of ithers relative to the touch
sensing surface is discovered at the factory aed 8tored in the whiteboard
system memory. This allows an end user to begaracting with the image from
a newly positioned projector immediately after ebautomatic touch-calibration
period.

Shader Lamps [Raskar, 2001] is a method for usigegted light to
dynamically decorate physical objects. Surface uted, material properties,
illusion of movement, and different lighting condits can all be simulated with
projected light. However, this illusion requiresrexnely accurate registration of
the projected image onto the physical surfaces @o elfective. This was
previously achieved through a tedious manual po&esting 15-20 minutes and
must be entirely redone if either the model or @ctgr is moved or adjusted even
slightly. We reconstructed a demo from the Shadenphs work using projector-
based location discovery and embedded light sensbsvn in Figure 7. The
gray model car is given a new paint job, a sunraof] hubcaps. Eight optical

fibers are embedded at key registration pointsratdhe model, connected to an
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Figure 8. Using photosensitive RFID tags and a handheld projector to point,
select, and digitally annotate physical objects that have been visually
augmented.

8-sensor board shown in Figure 4. These registrgi@nts are used to discover
the projector pose with respect to the physical ehodiven knowledge of the
model geometry and sensor locations.

In the RFIG (radio frequency identification and gesiry) tag project
[Raskar, 2004], this technology was used in theebiggment of a hand-held
projection system that used structured light prtapecto discover the location of
wireless photosensitive RFID tags, Figure 8. Thistam combined a small
portable projector, an RFID reader, and a camertrdoking objects and surfaces
at interactive rates allowing the projector to Isedias a real-world pointing and

annotation device. The photosensitive tags scaltterédhe environment can be
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scanned to discover both their identity and locatibhe handheld projector can
then interact with these tags and manipulate tha dantained within them in a
spatially aware manner. One possible usage scerddrithis system is in
warehouse inventory control environments, where @ker could use the
handheld projector to point at, highlight, selestd annotate RFIG tags attached
to boxes on a shelf. The annotations and neighloorthacation data are stored
locally on the tags so that they can be recalléer lay another worker using a
similar handheld projection system. The second etovwould scan the RFIG tags
for their data and locations and then highlightedadations would be projected
directly onto each tagged object indicating actitmbe taken by the worker or
indicate if the boxes had been moved. While thatioas of tags were discovered
using projector-based location discovery, intex&ctmovements and pointer
tracking were accomplished using a camera and Nysastinct grounding
markers. The 60Hz refresh rate of a standard comateprojector was not
sufficient to perform full screen tag tracking ateractive rates. However, as
alternative projection applications become increglyi common, the demand for
novel projector designs will increase. For thisjecg | developed a micro-
projector prototype, shown in Figure 9, to dematstrthe feasibility of small
handheld projectors. This fully functional projectbas a total volume of
approximately 1 cubic inch and a 640x480 resolutioth a 60Hz refresh rate.
Commercial prototypes of micro-projectors have jusgun to emerge as of the
writing of this dissertation such as Symbol's Lag®pjection Display (LPD)
[Whittenberg, 2007], Microvision’s PicoP projectiddicrovision, 2008], and 3M
Micro-projector [Hunter, 2008]. Other projector ftypes | have built, described
later, optimize for other factors such as non-Vgsiight and higher frame-rates
allowing projector-based photo sensor tracking radgve rates in a visually

acceptable manner.
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Limitations and Discussion

It is important to note that when the warping isi@electronically, the projected
image must be resampled at a lower resolution tuiease proper physical
alignment. As the magnitude of warping increashs, resulting image quality
decreases. This degradation primarily impacts ¢aéability of small text and the
appearance of fine lines, though larger fonts andges maintain a reasonable
appearance. Image filtering does improve appearaihdewn-sampled video, but
we are ultimately subject to the physical limitagoof the projector and the
inherent resolution loss due to down sampling.sitpossible to perform the
warping process optically rather than digitallyeréby avoiding resampling of the
image. However, such units require six-degree eédom manipulation of the
optical elements which causes them to be prohditiexpensive and impractical
for widespread use. Pan-tilt-zoom capabilities dobke used to locate target
displays and zoom in to preserve pixel density, these devices can also be

expensive and complex.
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Figure 9. Miniature handheld projector prototype.

While the Gray-code pattern sequence used in thisotype yielded
robust performance, there are a few modificatidrag tould be made to further
improve the quality of the demodulation of the lkoma data. This prototype uses
a simple threshold to determine the value of eaicfidim each pattern. However,
a more robust approach would be to project eadenpatollowed by its inverse
and then determine the value of each bit baseti@ditference in the intensity of
light between each pattern pair. The disadvantagehat this doubles the
patterning time. If this time cost is unacceptatdesmall improvement can be
gained by selecting a better threshold level. Whiteacceptable threshold was
obtained by averaging the sensor output from awlailie pattern and an all black
pattern, this midpoint makes the assumption thatlidght sensor has a linear
output response. To help control for non-lineaiitythe sensor, a pixel-size
checkerboard pattern and its inverse provides sssnpéar the midpoint grey-
level response of the sensor. Averaging these aiwes, would provide a slightly

better threshold level for demodulating the locaipatterns.
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In this first prototype, | focused on core implertaion issues and
explored applications that can be simplified usithgs technique with an
unmodified commercial projector. The issues inctugattern sequence protocol,
location demodulation, sensor packaging, fiber coptistallation, homography
calculation, and image warping. The applicatiorscdbed thus far have involved
target surfaces whose physical relationship to graector remains relatively
static. A one-time location discovery is neededtfa initial setup to create the
illusion and re-discovery is necessary only if theplay surface or projector is
moved. One cause for the static nature of the dssml applications is the low-
frame rate of commercial video projectors prohifgtisupport for interactive
tracking of photosensitive objects. Additionallypnuodified projectors can only
render patterns using visually distinct color valwehich are visible to human
observers. These patterns tend to be distractidgpanduce visual strain on a
human observer when presented at 60Hz. In the deogrsiementation, | develop

a prototype that addresses both of these issues.
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4: Projector-Based Tracking

Inspired by my previous work, Summet began rougplaation of tracking a
single sensor in [Summet, 2005]. Summet experietentith low-resolution
geometric patterns in an effort to detect the dioacof sensor movement. The
pattern was composed of a hexagonal ring dividemsmaller regions, each with
a unique light encoding, and was placed arounddtkeovered location of the
sensor. This provided a method of detecting smaltements by decoding which
area the sensor had entered and then re-centdenpgattern over the predicted
sensor location. Due to its geometric nature, ghttern was relatively large,
required a complex encoding scheme due to numbeeighboring regions, was
not robust to inter-region sensor placement, wdg alole to coarsely resolve the
detected offset, and resulted in extremely frenecal activity that distracted
from other projected content.

In the second implementation, | expanded upon teei@us prototype and

adopted a similar incremental tracking approachweéier, | use different
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tracking patterns to address the issue of pattisihiity, encoding simplicity and
robustness, higher tracking rates, and higheripasitresolution. To explain how
this is accomplished, | must first briefly describ@v consumer grade projectors

work.

Anatomy of a Projector

With only a few exceptions, most modern video prtges have three major
components: a bright light source, a device to naiduthe light to create an
image, and optics to scale the resulting image ardisplay surface. The current
dominant light modulation technologies used in frgmojection systems are
liquid-crystal display (LCD), liquid crystal on mibn (LCOS), scanned beam
laser displays, and Digital Light Projection (DLR§chnology from Texas
Instruments. There are many properties of DLP teldgy that make it attractive
for projector-based location discovery and trackamyl thus we have focused
most of our attention on this technology. Howewetre general concept of
projector-based location discovery and tracking wohtinue to apply regardless
of future display technology. In some cases, a Eniming technique could be
used to discover the location of light sensors.weleer, this would require frame
synchronization with the projector.

Digital Light Processing refers to consumer videojgction devices that
use a Digital Micro-mirror Device (DMD) for light adulation. A DMD is a very
high-density array of computer controllable micigsc mirrors that can be
directed either to reflect light away from, or tawathe projection optics creating
black and white pixels respectively. Each mirrorresponds to a single pixel in
the projected image. To create grey pixels, eaaghomiapidly moves back and
forth faster than 50,000 times per second usinglsepwidth modulation (PWM)
style encoding. The actual performance of the DMiran remains confidential

but is speculated to be significantly faster. Tluenan visual perception system
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then interprets these high-frequency flashes ofingrduty cycles as varying
levels of gray. To create color, a rotating coldreel is placed in front of the light
source to rapidly cycle between red, green, and bght. The DMD processes
each separate color channel of the source imageseglly. Typically, the color
wheel spins at either two or three times the bafesh rate of the video signal of
60Hz. The human vision system then integratesrtages together to create the
appearance of a single color image [Yoder, 1997]hil§V some recent
implementations of DLP technology have greater stjghtion, this still remains
the basic approach for single DMD chip projectdisere are two key features of
DLP technology that make it attractive for locatidiscovery and tracking
approach presented in this thesis: the very higerp@al frame rates for binary
images and the ability to modulate invisible nedrared (IR) light. Since DMDs
utilize physical mirrors, DMDs are able to modul&tequencies of light that fall
outside the visible spectrum unlike liquid-cryst@chnologies. My second
prototype utilizes the pulse-width modulation enogdof light intensity from a
modified commercial projector to reduce the penbdpy of the tracking patterns.
Exploring the high-speed and infrared capabilittdssDMDs using a custom
DMD-based projector was done in the third impleragah and is described later

in this dissertation.

Low-Perceptability Tracking Patterns

The high-contrast location discovery patterns usedhe previous prototype
created a brief but rather caustic visual expegefl¢hile short infrequent bursts
is less of an issue for some applications, a cahstaeam of flashing patterns to
perform location tracking presents a significanahikty issue. The pure white
and black patterns used in [Lee, 2005; Summet, P@elbvered a data stream to
each light sensor in a manner analogous to an amplimodulation (AM)

transmission. The amplitude modulation correspdadke difference in white, 1,
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and black, 0, intensities and the effective carfrequency is the cumulative
frequencies found in the bandwidth of light emittedthe projector. With such a
wideband carrier in the visible light spectrum amdnodulation rate of 60Hz,
these patterns are manifested as high-contrask-blad-white stripes which are
easily visible by a human observer. One solutiothi® problem is to remove the
low-frequency components, either temporally or iglsit To do this we can use a
higher frequency modulated (FM) data transmissemnique rather than a slow
AM transmission. In other words, rather than usegtesence or absence of light,
we can use rapid light flashes at different frequesito encode each bit resulting
in a less caustic visual experience. To accomphsh | take advantage of the
pulse-width modulation color rendering used in cameral DLP projectors to
achieve a FM transmission alternating between erafrequencies of 180Hz and
360Hz. The result is a tracking pattern that appéarbe solid gray to a human
observer but in actuality contains rapidly chandgiogation data detectable only
by a light sensor. The data modulation rate s@ithains 60Hz, but our human
vision system is not able to detect a differencéwben the two carrier
frequencies thus making the modulation impercegtibl

To achieve the FM transmission described abovesnioved the color
wheel from an InFocus X1 DLP projector, which camsaan 800x600 pixel
(SVGA) resolution DMD. This creates a gray-scaldyqorojector, and flattens
the original color space into a single luminositmension. If we select two colors
that have similar DMD duty cycles, they will appéabe identical shades of grey
to a human observer but may be rendered using difigrent signal patterns
which are detectable by a light sensor. Specificalpure bright red color and a
medium gray color when rendered by the modifiedgmtor have an identical
grey appearance to the human eye, but are manifastea 180Hz signal and a

360Hz signal respectively, Figure 10.
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Figure 10. Frequency modulated pattern transmission using two colors

By using these two colors, | can hide the trackpatierns in what appear
to be solid gray squares. In this implementatibve, gray regions retain a very
slight perceptible flicker. This is an artifactrotuced by the projector’s internal
color processing system managing the transitiowdst the two colors resulting
in a minor deviation from the carrier frequenciesween frames. As a result, the
transitions appear momentarily brighter or darkanteither base color. However,
the flicker is very subtle and is not likely to lenoticeable visual distraction
when performing a task.

Achieving Interactive Tracking Using 60Hz Refresh R  ate

As described earlier, the number of Gray-coded riginstterns necessary to
resolve the location of a light sensor to a simk&! in a projection area is bound
by log(number of pixels Thus, an SVGA (800x600) projector requires 20
images yielding a maximum update rate of 3Hz u§idgz modulation. We can
improve upon this update rate by using an initidl-$creen location discovery
step followed by localized tracking using smallattprns. Once we discover the
absolute position of each sensor, we can projeatilemtracking patterns over

their locations to obtain incremental offsets. Sarapatterns require fewer
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divisions to resolve down to a single pixel. Theref we can acquire incremental
offsets much faster than absolute positions. Addéily, small, localized tracking
patterns liberate the rest of the projection aceapplication content.

In this implementation, | use square axis-alignedcKking patterns
centered over each sensor that subdivides the inedt@pace horizontally five
times and vertically five times using Gray-coded BMary patterns. This creates
a 32x32 unit grid centered over the previous sadhjgeation of the sensor. Once
the offset is found, the tracking pattern is thenacentered over the updated
location. The number of subdivisions for the lozadl tracking patterns was
chosen primarily for its even division into 60Hz2NMing anx-y coordinate pair
update rate of 6Hz. Finer or coarser tracking pasteould be selected for speed
and accuracy depending on the needs of the tapgétation. However, there is a
limitation on the minimum number of divisions a fiarlar implementation can
support due to system latency. Since incremensgking uses the most recent
location offset to reposition the tracking pattethe location data must be
decoded and propagated through the entire feedbapkbefore the next set of
patterns can begin projecting. In this implementatithe average loop time was
approximately 60ms which corresponds to 3-4 fraate60 frames per second.
Since | only use 10 frames per tracking updateatanty of 4 frames is a
substantial increase to the overall sensing timkarde portion of this latency was
caused by task scheduling within the operatingesystf the host PC and is not
inherent to the tracking technique. This latencynes for the graphics pipeline
that renders the patterns and the communicatioglipgthat return the data from
the sensors to the software application.
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Figure 11. A handheld surface containing optical sensors and a touch sensitive
surface is tracked using project-based tracking. The location data is then used
to project content that matches the surface movements simulating an ultra-
lightweight tablet display at low-cost.

To prevent this latency from severely impacting tteeking rate, | take
advantage of the Gray-coded patterns ability resale x and y offsets
independently. This axis independence allows mesw an interleaved tracking

technique. This effectively pipelines the trackingerations allowing me to
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transmit the tracking patterns for one axis whilaitimg for the result from the
other axis to propagate into the tracking pattesfinare. Since the feedback
latency is less than 4 frames and the patterning for a single axis is 5 frames, |
can retain 100% utilization of the projector’s ey capability. The end result is
a tracking update rate of 12Hz alternating betweach axis. It is important to
note that though | was able to find a reasonabletisa using grouped Gray-
coded patterns, feedback latency places a sulata@otstraint on the usage of
alternative patterns that may utilize recent serndata to improve tracking
performance. Tracking algorithms that require instaeous or near instantaneous

feedback from sensors are not likely to be exedetalpractice.

Localized Pattern Size and Shape

The size and shape of the localized tracking patgrlay a critical role in
determining the range of movements supported lsytthicking technique. If the
sensors move outside of the tracking pattern bausslavithin the sampling
period, the sensor will become lost requiring d-$oteen sensor re-discovery
process. This requires a momentary interruption360secs in the
implementation) of an application’s projected comt@nd thus should be avoided.
The size, shape, and sample rate of the localiaddrps determine the maximum
sensor velocity the system can continuously traitkoumt error.

| have described the tracking patterns thus fareaslving to an offset
within a 32x32 unit grid using five horizontal patts and five vertical patterns.
In the simplest implementation, this grid mightroapped to a 32x32 pixel area
in the projected image. This may provide an actsptaoverage of movements
for applications that primarily focus on trackingjects in the image plane or
tracking single sensors. However, if the distaneevben the sensors and the
projector is allowed to change substantially, aedixpixel dimension of the

patterns will result in a wide variation in the nmaxm supported tracking
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velocity in terms of meters per second. This captodlematic and confusing to
the user, for example, when moving surfaces thanaant to be hand-held such
as a simulated tablet, shown in Figure 11.

For these applications, | use a fixed physical gizdhe tracking patterns
to maintain a consistent maximum tracking velocégardless of distance from
the projector. This is accomplished by using thevikm geometry of the display
surface and the currently observed locations ofctireers. Using fixed physical
dimensions also maintains the relative size ofttheking patterns with respect to
the physical display as well as the projected aunt&dditionally, it produces a
variable pixel accuracy behavior based on distaAsehe display moves farther
from the projector, the tracking patterns will strin pixel space resolving down
to a single pixel. As the display moves closerhe projector, the pixel density
increases making pixel-perfect alignment less irtgmirand the accuracies of the
tracking patterns reduce accordingly.

The shape of the tracking patterns | use in thigl@mentation are simple
squares aligned to the image plane of the projettae this shape because of the
axis-aligned nature of the Gray-code patterns. gdted shapes could be used to
permit a higher range of movement in one particdiaection for applications
such as a projected slider widget. Similarly, aetstrof pattern geometries could
be used to track specialized sensors that havactedt or expected ranges of
movement for application specific tasks or intamacttechniques. However for
general purpose tracking in two-dimensions, a shajple a greater degree of
radial symmetry, allowing a similar freedom of mment in any direction, is

more appropriate.

Motion Modeling

It is possible to soften the maximum supportedkirag velocity constraint by

modeling the motion of the sensors to predict Yyik&iture locations. Since
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physical motions exhibit a high degree of temparahtinuity, recent motion
history can be used to generate a strong predictidikely positions in the near
future. The model | use consists of a moving awerad recent velocity,
acceleration, and jerk (derivative of accelerati@)mbining these values and the
most recent sampled position, we can calculatebagime path for the sensor and
then center the tracking pattern accordingly. Faataly, the predicted locations
do not need to be exact since the tracking patt®easch over an area giving the
system a relatively large acceptable margin ofreBg using a motion model, we
can adjust the locations of the tracking patteondramatically increase the range
of movements the system can successfully track. mibgon constraint is then
moved to the third derivative of position, jerk.eTlmodel can be made to include
further derivatives or otherwise be made more cemplHowever, in our
exploration this simple model provided a good bed¢ahetween the coverage of
the motions used in these test applications anckitrg errors due to mis-
prediction. Mis-predictions are an inherit risk aify predictive model, since no
model can accurately account for all the complegitf the physical world or the
intentions of the user. Motion models can be setkeind tweaked to adjust the
balance between freedom of movement and trackiilgréa. The appropriate

balance will be application and implementation sjpec

Tracking Loss Strategies

Tracking loss can occur for several reasons inopdixceeding the supported
motion constraints, model mis-predictions, and watrror unavailable tracking
data. In some cases, circumstances may allow tterayto reacquire the sensor
from a momentary tracking loss through chance. Hewneaf a sensor is identified
as being conclusively lost, a fallback strategynexessary to re-discover the
sensor locations. This may be triggered manualgudph user input, or by a pre-

defined timeout for lack of sensor data, or pogsgignaled by a sequence of
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erratic improbable offsets (sometimes a symptomintérference). There are
several options that can be employed for recovelasg sensors, each having
their own advantages and disadvantages with no clegice as to which is the
best overall behavior for all applications. In ttgsction, | describe recovery
strategies when tracking only a single sensor. Uftiple sensors with a known
geometric relationship are tracked simultaneouklg, information can be used to
make informed predictions and will be discusseerlat Occlusion Detection and
Behavior

The simplest option is to perform a full screercdigery process to search
the entire projection area for lost sensors. Thevrdade is that the entire
projection area becomes gray, interrupting any gated application content.
However, the upper bound on the recovery time cara® short as 1/3rd of a
second assuming the sensors remain in the prajeatea. If the conditions of use
result in relatively infrequent sensor loss, thizynbe a reasonable strategy and is

the one | use in the current implementation.
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Figure 12. lllustration of the sensor location estimation process when dealing with 0, 1,
and 2 unavailable sensors.

Another approach described in [Summet 2005] is nowgthe tracking
patterns around the last known valid location unttontains the sensor again
shrinking back to normal size after the correcatamn has been discovered. This
has the benefit of searching only a small regiothefprojection area yielding a
potential recovery time shorter than 1/3rd of aosécas well as causing a
minimal amount of obstruction to any projected eomt However, the upper
bound on the recovery time is determined by thevgrdunction and may result
in an average performance substantially longer thartime needed to perform a
full-screen discovery. Additionally, the expansiand contraction increases the
visual saliency of the tracking patterns, which rpayentially be more distracting
and detrimental than a momentary gray screen. mdtarely, historical or
statistical approaches can be employed to deterpriolgable locations of a lost

sensor. However, these techniques also suffer frogh upper bounds on
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recovery time and increased visual saliency cabgddenetic pattern movement.
Preferable behavior will likely depend on the apgtion, usage environment, and

the specifics of the implementation.

Occlusion Detection and Behavior

In addition to reducing the perceptibility of theadking patterns, FM based
transmission also improves our ability to detechsse occlusion over our

previous AM based transmission. In an AM transmissit is often impossible to

distinguish the difference between signal loss anldng sequence of ‘0’ bits.

When using FM, the lack of either carrier signaingies that the connection has
been lost. Additionally, the FM technique uses vergrrow band carrier

frequencies when compared to the white and blaggem™M transmissions used
in our prior work. This makes it easier to filteutointerference and reject
corrupted bits. These properties allow us to deteclusions and other signal
errors on a per-bit basis providing highly robushévior. When using projector
based tracking for interactive surfaces, sensolusmms may occur frequently.
Per-bit detection of signal loss allows an occlasio occur at any point in the
tracking period without resulting in a tracking ltme due to corrupted data.
Though reasonably robust detection of signal l@ssle accomplished with AM
transmission using trailing check bits [Summet 300%s additional data reduces

the overall update rate and does not guaranteetete

To properly demodulate an FM transmission typicakguires either
analog filtering electronics or sufficient compuipower to perform real-time
signal processing. However, these substantiallyease the cost and complexity
of the sensor design. In this implementation, laisemple software demodulation
scheme that tracks signal amplitude and edge couhit®ugh a crude

approximation of proper FM demodulation, it can hen on a low-cost
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microcontroller with minimal external componentddras worked effectively in
our explorations. A transmission error is definesl aa sudden drop in signal
amplitude, insufficient signal amplitude, or invhkedge count. These errors are
able to flag signal loss due to occlusions or leguhe projection area and some
limited forms of signal interference. The carrieeqfuencies of 180Hz and 360Hz
generate 6 and 12 edges respectively every framedpévalid edge counts
(using a +/- 1 margin) are converted into 0’s aiswihile invalid edge counts are
flagged as errors. These error flags are tranginitéek to the host computer with

the decoded bit string.

Once we are able to reliably identify these trassion errors, we must
decide what policy to use in the behavior of tlaeking patterns when the sensor
location is unavailable. One policy is to simplgahrd the data and reuse the last
known valid position of the sensor. The resultiffga is that the tracking pattern
does not move if an occlusion occurs. When trackmdgvidual sensors, this may
be the most appropriate policy. In our exploratiae, informally observed that
many occlusions occur when the user is attempbnigteract with other objects
rather than moving the sensor itself, such as pgrat the projected content,
drawing on the touch sensitive surface, or justkimgl in front of the projector.
Thus, the likelihood that a sensor remains statiorturing an occlusion is
reasonably high. If we are tracking multiple sesssimultaneously in a known
geometric configuration, such as the simulatedetadgbplication shown in Figure
11, we can use the displacement of the availalviese to generate an estimated
location of any occluded or off-screen sensors.hWaispect to the execution of
this estimation technique, there is no functionédfecence between sensor
occlusion and a sensor moving out of the projecéicea. Thus, for the purposes
of explanation, | will describe this process in tantext of a tablet exiting the

projection area as illustrated by Figure 12.
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In Stage 1, all sensors are visible by the projeatw no estimations are
necessary. If one sensor moves outside of theqtimjearea, Stage 2a, we store a
snapshot of the last valid locations for all foensors and then measure the
displacement of the three tracked sensors. Thaseffset values can be used to
calculate the top six values in a 3x3 affine transf@tion matrix, t1. The
estimated location is then the last valid locavbthe lost sensor multiplied by t1,
Stage 2b. This affine transform encapsulates w@éinsl rotation, scale, and skew
providing a very strong estimate of the lost sesslmcation. Though tracking
may be impossible if the estimated location is iolet®f the projection area, this
estimated point can still be used to preserve goengtry of the projected content.
When a second sensor is lost, Stage 3a, anotheslertais taken of all four
sensor locations (tracked or estimated) at the wineisappearance. Then the
displacement of the remaining two sensors fromrthiespective snapshot
locations is used to generate another transfornHt®vever this transform is
significantly simpler than t1 encapsulating onlyotwimensions of translation,
one degree of rotation, and one degree of scalexpscted, the strength of the
estimation becomes progressively weaker as we feaver sensors to compute
the transformation. If an additional sensor is lastl we are left with a single
actively tracked sensor, we are limited to only atpj the translation of the
geometry to motion-match the remaining corner. 3¢reen must be brought back
into the projection area at a similar orientatibthe tracking patterns are to re-
acquire the lost sensors. In our exploration, wenébthis occlusion behavior to
be effective at estimating sensor locations undgicél usage. However,
performing complex movements when tracking datasdarce will cause the
estimations to be incorrect. If this occurs, a-fdieen discovery or another

fallback strategy described Tracking Loss Strategieaust be performed.
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A closer look at Stage 3b shows that final estichdbeation of the first
lost sensor is actually the result of two transfations, t1 and t2, from the last
known valid location. This is significant because testimation error of each
transform is compounded defining a relationshipveen likelihood of estimation
error and the order in which a sensor was lost.ithadhlly, you can see in Stage
3b that we specifically transform a stored snapshtiie estimated location rather
than calculate the final estimated value dynamycading t1 and t2. The reason
for doing this is because we are not guarantedwhte LIFO ordering of sensor
loss and re-acquisition. Otherwise, we could simplglement a matrix stack for
each lost sensor and push and pop matrices ascheddevever, when LIFO
ordering is not maintained, matrices may have taléeted or modified in the
middle of the stack. Using location snapshots sinplthe implementation and
accounting tasks required to support non-LIFO onderof sensor loss and

reacquisition.
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Figure 13. Magic Lenses using only a projector (top) and with a high-resolution
display (bottom)

Applications of Projector-Based Location Tracking

In addition to supporting the set of applicatiomatded by low-speed projector
based location discovery, interactive motion tragkallows the simulation of
fully functional and interactive tablet-like hanéid displays. As before, we

project onto a rectangular surface containing aptgensors in each corner,
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shown in Figure 11. A homography is computed frbwn $ensor locations to pre-
warp projected content to fit the physical bounelsiof the tablet. | also added a
touch-sensitive surface allowing the user to irdedirectly with the projected
content. A user can use their finger or a stylusreate free-hand drawings, take
notes, or interact with a graphical user interfaceh as a webpage just they
would with a tablet PC. This effectively allows theeation of fully functional
tablet-like surfaces that are very inexpensive &atjh only slightly more than a
typical clipboard. If high speed projection is dahle, a light sensitive pen could
also be tracked using the projector eliminating tieed for the added touch-
sensitive surface. By displacing the display tedbapng it is possible to reduce
costs by using a few ceiling mounted projectorsitoulate hand-held displays in
a private work environment or public space such asuseum where tablets may
be given to visitors. If the surfaces are damafged, or stolen, they can be easily
replaced at minor expense. An environment suchrasdical office might use a
very large number of these surfaces to physicabyage information similar to
clip boards or file folders with the benefits ofngputerized tablet displays, but
without the additional cost or weight. Though tlefprmance of this prototype is
far from being able to render modern tablet PColals, improved engineering
could reduce this performance gap making this hleiand practical alternative
in some application scenarios.

Magic Lenses [Bier, 1993; Ishii, 1997; Ulmer, 1p%te an elegant
technique for allowing users to easily explore wwmensional data sets
containing multiple layers. For example, geograpghinformation system (GIS)
data contains aerial photographs, street datat@braphy information and a
hand-held surface could be used to physically amdhchically explore different
layers of the data. They can be also be used &tecteansparent/translucent tools
or visual filter lenses. We can use the projecacgn outside the boundary of the
moveable surface to display one view of the mapa dehile the inner area
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provides a window into an alternative view, Figur® To explore a different

region of the map, the user can simply move théasarover the new area of
interest. Alternatively, we can easily substitute tpassive white projection
surface with a high-resolution LCD display creatmgnoveable version of the
Focus plus Context display [Baudisch, 2001]. We fme optical sensors to

discover and track the corner locations of the L&l modify the displayed

content accordingly. In addition to allowing theeu$o choose an alternative view
of the data as described before, the high-resoludisplay also provides a much
greater level of detail than the projected imagethis implementation, | used an
SVGA InFocus X1 projector and a tracked Toshibatdgm M200 tablet PC,

which provided a 10:1 ratio in pixel density.

Though these applications thus far have been destrusing a single
display surface, a projector can easily simulateéentban one moveable display
simultaneously, Figure 14. Each surface is trackddpendently and the content
for each display is warped appropriately. Additibnebecause both displays are
tracked using the same projector, the geometratiogiship between the displays
is also readily available. This information canused to adapt the content of the
two displays for display interactions such as selkénting display spanning or
intelligent transferring of objects between scre@fsckley, 2003; Hinckley,
2004; Rekimoto, 1999; Streitz, 1999].

This technique can also be used to track individgadsors, Figure 15.
These sensors are packaged in black foam-board etiadpucks” that can be
manipulated in a physical manner on a whiteboardigital workbench. These
input points can then be used to define the endsnotilti-handed physical input
tool such as a map measuring tool, similar to {Jst®97; Ulmer, 1997], or to
physically manipulate control elements in a plagniask or simulation (e.g. a

particle flow system), similar to [Ben-Joseph, 2000



Figure 14. Location sensitive multi-display interaction. The projected arrows
reflect the direction and distance to the other surface.
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Figure 15. Physical input “pucks” for use in a mapping tool or interacting with
a simulation.
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5: Hybrid Infrared-Visible Light Projection

The previous tracking implementation used an offshelf projector which
encoded pixel locations using visible light patgerhis resulted in tracking
patterns that could be seen by human observeralandconsumed a portion of
the projection area reducing the number of pixetslable for application content.
While the previous work had success in reducingoéreeptability of the tracking
patterns using high-frequency visible light patggrthe long term goal was to
create a projector capable of projecting both Vésiimages for application content
and invisible infrared images for location discgvemnd tracking. This would
allow the location tracking to occur without theetis awareness and would not
interfere with application content. In this sectidrdescribe a proof-of-concept

implementation of such a device.
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Figure 16. Two views of the hybrid projector output: a
test pattern seen in infrared (top) and a visible light
image (bottom)

Creating the Hybrid Infrared and Visible Light Proj  ector

As mentioned earlier in th&natomy of a Projectiosection, one of the primary
components of a typical modern projection system ligight light source. At the
time of the writing of this proposal, the vast nréjo of commercial projection

systems use Xenon or Metal-Halide gas bulbs whieh gh-output, wide
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spectrum, visible light sources. However recentlye to reasons of cost, size,
power efficiency, and life span manufacturers hlaggun to explore high-output
light emitting diode (LED) arrays as an alternativght source. While still
relatively new to the market, this approach alldewer cost, more compact,
cooler running, lower maintenance, and simpler guoyr designs. LED
illumination has been most successful thus far ear-projection television
systems, but as the technology improves it is @likeplacement for the costly
fragile gas bulbs currently used in front projeetidevices. LEDs also have the
advantage that they can be manufactured to emigredn, and blue light as well
as non-visible infrared (IR). Color images can beated by electronically cycling
each group of LEDs on and off rapidly in synchramyh the DMD rather than
use a mechanical spinning color wheel. Similaryoling between LED colors,
we can use an LED light source to project bothblésand non-visible IR images
using a single projector as shown in Figure 16.

The light source is composed of 24 high-outputbleslight red LEDs and
24 high-output near infrared LEDs shown in Figure Because the goal was to
only create a proof-of-concept device, we did raygét color support in this
implementation. However, a commercial manufactweunld add a fourth IR
color group to the RGB color arrays used in thexisteng design. A
microcontroller is used to rapidly switch each groof LEDs on and off. A
culminating lens is placed directly in front of th&D array to focus the light
onto the DMD. Despite the semi-banded layout of tk® array, this optical
configuration yielded reasonably even illuminatigith only moderate vignetting.

To spatially modulate our light source, | used aDMith a 1024 by 768
array of mirrors. This is part of the DMD Discovefyd00 Kit from Tyrex
Services that allows binary images to be sent fadA€C via a USB 2.0 connection

to the mirror array. Due to the limitations of tdevelopment kit, 1 could only
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Figure 17. Top: Inside the projector A) LED light source B) culminating lens
C) DMD device and D) projection lens. Bottom: light source of 24 red
(clear) and 24 infrared (dark) LEDs

send 180 binary images per second. While thisribdéow the capabilities of the
DMD itself, it allows us to explore the principlé the approach.

The projection lens and component housing usedhiggrototype were
taken from an InFocus X1 DLP projector. This siried the implementation as it
allows us to reuse the mountings and lens system & commercial projector

providing the necessary physical relationship betweach component to ensure
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proper optical alignment. A view of the componantsde our prototype is shown

in Figure 17.

Invisible Location Discovery

Once we have a functioning projector prototype bépaf emitting both visible
and infrared images, we can use a series of Grdgecbinary patterns to discover
the locations of sensors without the user’'s awa®ne

The light sensors we use are Vishay 56KHz IR remsivThese are low-
cost receivers frequently used in remote contr@se benefit of using a
modulated IR light is that it reduces interfereriicean ambient IR sources and
increases the effective range.

Due to the nature of wireless communication, tleikers have a built-in
automatic gain control (AGC) which governs how muble incoming signal
should be amplified before it is interpreted astdlgnformation. This important
feature allows the receiver to continue working gendy in the presence of
ambient noise and varying signal strength. Howetrex, AGC can accidentally
interpret long uninterrupted transmissions of drgét signal as background noise
resulting in de-amplification of the data streantiluthe signal is lost. To mitigate
this behavior, we modulate the 56 KHz carrier wdueing the tracking period
with an alternating data pattern of “01010101...”2aKHz. This prevents the
ACG from accommodating and ensures our IR signdll d detected by the
receiver. To spatially modulate the amount of htieach pixel location receives,
we use our DMD. The projector can operate in amédpep mode broadcasting
location data without the need for feedback from $lensors. It is worth noting
that the DMD is not a perfect modulator. A smallcamt of IR light still escapes
even when the mirrors are set to reflect light adfvayn the lens. This is caused
by back-scattered light within the projector hogsand other limitations of the
DMD development kit. We observed that the ACG witthe IR receivers would
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periodically detect this signal leak causing thesses to misinterpret the location
data resulting in tracking instability. It would Ip®ssible to create IR receivers
with a software controllable gain to eliminate gmifacts resulting from erratic

AGC behavior.

On the sensor side, we use a PIC microcontrolléndk for the presence
of the 2 KHz data signal to determine location.rndgsa series of 20 gray coded
binary images, we can resolve the location of Redceiver to the nearest pixel
in a 1024x768 area. The DMD kit we are using isatég of rendering 180 binary
images per second allowing up to 6 location sampkessecond. Our actual
performance is slightly less due to synchronizatowerhead. As mentioned
before, a production DMD unit with dedicated higleed memory buffers is
capable of rendering more than 50K binary imagesspeond which could yield
over 2500 location updates per second. In praat@mufactures would want to
use the majority of the DMD duty cycle to creatsibfie light images rather than
perform location tracking. However, it would be pide to achieve 60Hz
tracking using less than 2.5% of the DMD duty cydlecation discovery could
be performed in less than 400 microseconds betwael visible frame providing
seamless real-time input interaction with the ptgd content with negligible
impact on the visual quality of the image.

The core concept of an infrared projector is notahoDynamic Infrared
Scene Projectors (DIRSP) have existed for a fewsyabeveloped primarily for
military thermal imaging applications. Becausetltd reflective nature of DMD
chips, they can be used to modulate very long wadered light creating
artificial thermal scenes [Lane, 1998]. In the nmoiitary domain, the Smart
Light System [Nii, 2004] was a very-low resolutiti projector prototype which
uses an LED array to directly generate pixels iae phnojected image. While
optically simple and offers the ability to projdotv-resolution images at very
high-speed, it does not easily scale to arraysaoong millions of pixels. The
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Figure 18. Tracking the location of a hand-held surface containing four IR
receivers (top) and then projecting visible application content onto that surface
to simulate an active display(bottom).

prototype | developed is the first to attempt gfharesolution hybrid infrared and
visible light projection.

A hybrid infrared and visible light projector grbatsimplifies sensor
tracking over the previous prototype by eliminatitige issues related to
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incremental tracking such as pattern size, speedyery from tracking loss, and
interleaved updates. Since location discovery isuging over the entire

projection area in the non-visible spectrum, therao interference with visible

application content and no instability in trackidge to a failed incremental
update. Similarly, pattern projection is once againopen-loop process - location
data can be broadcasted without requiring feedfrack sensor locations.

This prototype device successfully demonstrateisalsingle projector can
be used to discover the locations of sensors platéde projection area using
non-visible infrared light as well as project vigibapplication content. By
unifying the location tracking and projection teology into a single device we
can greatly simplify the implementation and exemutiof many interactive
projected applications. By performing the locataiacovery process using non-
visible light, we can track objects without the ts&nowledge, preserve 100% of
the projection area for application content, anarce the entire projection area
for sensors eliminating the issues related to mergal tracking discussed earlier.
Since this prototype is limited in frame rate, the purposes of demonstration,
we simulate the output of a commercially manufadusystem by coupling it
with another projector to assist in displaying bisi application content. This
coupling can be done with either a half-silveredrarito align the two projection

frustums or using existing software techniques.
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Figure 19. Top: A stylus with a light sensing tip (insert) user to interact with a
rear-projected display. Bottom: a stylus with a focusing lens mounted on the
tip (insert) for distant pointing on non-planar and discontinuous surfaces.

Applications of Hybrid Projection

The simulated display shown in Figure 18 is accoshpd by simultaneously
tracking four sensors, one placed in each cornad,then warping application

content to fit the defined quadrangle. This allosvta simulate an active display
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on a light-weight, low-cost surface. By adding adio sensitive film to the hand-
held surface, we can simulate tablet-pc like irdtoa [Lee 2005].

Since the entire projection area is available fopligation content, the
user now has an unobstructed view of the projeategige allowing precise
interactions using a stylus input device with diigensor on the tip. These light
pens can be used on both front and rear-projestiofaces without the need for
calibration. Additionally, an unlimited number ofems can be used
simultaneously without any impact on the ambigoitystylus identity or tracking
time. By placing a focusing lens on the tip of gtglus, the stylus becomes a
short distance pointer on front projected displdysth of these prototypes are
shown in Figure 19. The geometry of the displayfasi@ does not need to be
known and pointer tracking continues to work eviethe surface is non-planar
and discontinuous. This is difficult or impossilddeaccomplish using alternative
tracking technologies. By inherently coupling thheage data with location data,
we can discover the pixel location of sensors desggnificant distortions and
modulations to the optical path.

Long distance pointing technologies such as thaddoho Wii controller
utilize external IR LED emitters and an integrateldb-tracking IR camera
(manufactured by PixArt Imaging) for tracking. Themmitters must be placed in
proximity to the display and is not sensitive tspday size resulting in a relative
pointing system. An IR capable projector can plaodtiple IR dots directly
within the projected image without obscuring apgiion content creating an
absolute pointing system as well as support maayia|y distributed IR dots or
complex patterns such as 2D barcodes or AR tag$o[H899] allowing 3D
recovery of the camera position and automatic scrédentification in a multi-
screen environment.

By embedding sensors into small objects, we caik rgeractive physical
widgets on a table top surface similar to [Rekimb®99, Ullmer 1997]. Multiple
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sensors in a single physical widget can be useltiect rotational orientation and
also perform Shader Lamp techniques [Raskar 20@Ljrther reaching
applications include location dependent data dglividNii 2005, Sugimomto
2005] and real-time range finding [Cotting 2004Y. @ojecting the patterns in IR
light combined with an IR camera it is possiblecapture depth data of a user’s
face or body in real-time without the user’'s awasmn

As mentioned before, a production DMD unit would bapable of
inserting the tracking patters between each visibdene providing seamless
interactive input in exchange for minor impact omage brightness. The design
modification necessary to support this rich seindéractive capabilities on all
LED-based, DLP projection systems currently contimgnarket would be very
small. Even existing DLP projectors would be capaiflpresenting these patterns
in visible light at sufficient speed to be impertiele. Projecting each pattern
followed by its inverse would eliminate non-unifatynin light distribution
providing a uniform appearance. Thus, many of thagplications could be

supported with a slight firmware change.
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6: High-Speed Motion Tracking

My co-authors Raskar, et. al. at MERL, exploredaaation of this work which

sacrifices visible image projection for the sakeaghieving very high-speed
location discovery. The approach is quite simpse a collection of infrared LED
illuminated slide projectors where each projecededicated to a single Gray-
code pattern shown in Figure 20. By using 8-10 ature projectors in a co-linear
stacked configuration combined with high-speed LHEDmination, they were

able achieve very rapid spatial encoding along raylsi axis. This approach
demonstrated the potential of achieving trackinggaas high as 20KHz using
high-bandwidth IrDA (Infrared Data Association) eaeers. This implementation
also demonstrated some of the advantages provigedibg modulated light for

transmit location data. As a result, this trackaygtem was very robust against a
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wide variety of indoor, outdoor, and dynamicallyadging illumination. By
exploiting the epipolar geometry between emitters|tiple projectors of known
displacement can obtain 2-dimensional and 3-dinoerasilocation data. This
simply involves triangulating the sensor positiosing two or more projection
units. While the approach shows promise as a gatealternative to current
motion capture technologies, the loss of visibdatliprojection transforms it into
a pure location tracking technology. As a resultbefng an external tracking
technology, it does not provide any significant aabages to the location-
sensitive projector applications described earkwever, it does have a number
of advantages over camera-based motion capturensysivhich is discussed in
Comparison to Computer Vision Approachddis projection-based location
tracking technology does overcome some of the fraate limitations we
encountered in our prototypes. Thus, for the pupasf exploring supported
interaction techniques, we did explore combiningsthspace labeling projectors
with a visible light projector to mimic the effee#i performance of a
commercially manufactured tracking projector. Undoately, the stability and
resolution of the prototype available to us was suificient to create spatially
augmented reality applications. This instabilitynea primarily from improper
optical alignment of the lenses in the prototype, lbw-contrast ratio provided by
the film slides, and the erratic automatic gaintcarbehavior of the IR receivers.
All of these contributors could be addressed wilinthler engineering effort.
However, doing so was outside the scope of thisediation work. Thus, an
alternative tracking technology was used to prgetyhigh-speed concept
applications.



Figure 20. Top: co-linear stacked space-labeling projector Bottom: compound
receiver tag.
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7: Foldable Interactive Surfaces

Since we are projecting on passive surfaces, therras do not need to be either
rigid and or rectilinear. They can be flexible @ehdable. Many of the displays
we see in hand-held devices today are small LCplalys of fixed shape and size.
In this respect, they are insensitive to the usesirds and the needs of an
application. Ideally, we would like displays thaé can dynamically reshape or
resize to suit our desired usage, similar to thg wa might read a newspaper, or
simply so that we are able to fit a large displatp iour pocket. In this section, |
explore this concept of interactive foldable digglaand create a number of
working prototypes.

Emerging technologies such as electronic papeoagahic light emitting
diode (OLED) displays are expected to provide scmegree of flexibility.
However, current prototypes remain quite rigid anel typically rectilinear. This

prevents them from becoming truly foldable in teese that we think of paper as
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Figure 21. Foldable display shapes (left to right): newspaper, scroll, fan, and
umbrella.

being foldable. Additionally, performing input omuch flexible displays is an
entirely separate technological hurdle. Projectgutial augmented reality
explores the use of passive display surfaces wapgearance is augmented with
image projection. This allows us to combine theifidity and minimal weight of
plain paper or fabric with the dynamic content dalitzes of a computer display
creating a coherent and fully functional user eigrexre. This is somewhat similar
to the approach used by PaperWindows, which exgloreeraction techniques
with sheets of paper as if they were digital digpla]Holman 2005].
PaperWindows focused mostly on flat paper inteoactechniques in a tabletop
environment and relied on a high-cost Vicon moti@tking system for location

discovery.

Tracking

Due to the limited performance provided by the DMiscovery kit, this
exploration utilized a camera based approach tolate the behavior that would
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be achievable using high-speed projector-baseditrigc In fact, using a camera-
based approach introduced algorithmic complexiied geometric limitations
that would not have been present using projecteeddocation discovery. The
camera used in this exploration is an integratedtianotracking camera
manufactured by PixArt technologies. This cameranast widely accessible in
the Nintendo Wii remote. Camera is capable of fragkup to four points
simultaneously with a spatial resolution of 1024 188 at 100Hz. While it is
upsampling from a lower resolution sensor, the e)xgecifications remain
confidential. However, when using bright light soes the upsampling is quite
good. Four points are sufficient to match contentooplanar surfaces or
reconstruct the orientation of non-planar surfack&nown geometry [Horaud
1989]. Since IR blob tracking is done automaticaflyhardware on the remote,
this is a very low-cost, easy to implement solutibat provides high-resolution,
low-latency tracking. However, camera based tragkias its limitations in terms
of the number of distinct points that can be rdjigbacked simultaneously, the
inability to provide point identity, and requiresanual calibration with the
projected image for alignment. This can increase dbmplexity of supporting
more complex foldable geometries. In contrast, gqutojr-based tracking does not
have such limitations. A large number of points bartracked with unambiguous
identification and without the need for calibration

The LEDs in the display surface run for several reousing a small
rechargeable battery pack. Since infrared LEDs emt-visible light, the LEDs
appear as small black dots 5mm in diameter. The d.EBn also be placed

beneath a translucent surface to hide their vistedence entirely.

Foldable Shapes

In this section, we will present four foldable despdesigns. This is, of course,

not an exhaustive list. However, we believe thegspnt a number of expansion
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and collapsing behaviors likely to be used in ddgipfoldable display. For each
description, please refer to Figure 21 for an ilatson and Figure 22 for images

of the working prototypes.

One of the most common formats in which we intevath large sheets of printed
material is a typical newspaper. Sometimes refetoealk the broadsheet format,
these large sheets of paper are folded in halfcadist and then again horizontally
allowing a variable visual area ratio of 4 to 1.diktbnal folds can be added to
further increase the magnitude of variability isual area. In our prototype, we
use two folds to support viewing half a page upwo full pages side-by-side.

The user can gracefully increase or decrease #vang area simply by unfolding

or folding the display. The presence or absencdradking points cues the

computer to which faces are currently visible. Tinage is warped for each face
of the surface such that when projected, the corgppears undistorted even if

the surface is not held perfectly flat.

While less common today, possibly due to the mecharsupport that must
accompany each document, large printed material ovae transported and
viewed in the format of scrolls that could be uted! This allowed individuals to
not only customize the amount of visible area, &lab the location of that area
within a long document — hence the concept of 1oy a window in a typical
GUI environment. By creating a digital display dtwe can change the size and
aspect ratio of the viewable area quickly and gaskposing more of the
application content. This design can also be ce#dpnto a relatively small form

factor for storage.
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Figure 22. Foldable display prototypes at various stages of expansion (top to bottom):
newspaper, scroll, fan, and umbrella
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Folding fans are perhaps one of the best examjplasdevice that must be very
large in surface area to be effective, usable ®y/ltand so that the other hand is
free to perform a task, and collapsible for easyagfe in a pocket. Coincidentally,
these properties are also desirable in a mobifdajigechnology. As a result, this
design may be one of the most practical for foldab$plays in a mobile scenario.
In this prototype the ratio of display area frorfully expanded to fully collapsed
configuration is approximately 20 to 1 ranging fra®0 square inches to a small
strip. The elongated strip can be used to disptajus messages, rolling text, or
progress bars similar to a portable music playemé&folding fans designs allow
full 360 degree expansion creating a circular @gphrea. The fan format can
either be used in full or partial expansion to véng amount of screen area
desired. While we used a pleated folding fan fas firototype, folding fans can
also be composed of parallel slats resulting inearly planar display surface

minimizing distortion.

Another common example of expanding and collapsintprge surface is a
parasol or umbrella. These surfaces can frequéetiyperated by one hand using
spring loaded designs and can produce a very lsugace area very quickly.
Depending on the culture of origin and intendedppse, umbrella and parasol
designs vary from parabolic bell shapes, to coniwahearly planar. Distortions
due to non-planar surfaces can be compensated tbeigeometry is known
before hand. An umbrella design may perhaps ndttéenost ideally suited shape
for interactivity due to the central perpendicutaiumn of the handle. However,

the surface area change ratio is very dramatic mgaikipotentially attractive for
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certain applications and lends itself to rotatiomg@ut. The handle also provides
an optically adequate location for a projection aracking device for true

mobility [Hashimoto 200

Orientation Sensitivity

Since we have tracking data of points on the sarfacthe purposes of projection,
we can also use that orientation information tgger different behaviors in the
display surface. The following behaviors are iftated in Figure 23, and images
of the working prototypes are shown in Figure 24.

While we can display content on one side of thedble surface, we can
also detect when the display has been flipped basetle visibility of LEDs and
motion modeling. This allows us to create doubtikedi display surfaces by
projecting different content on each side. Flippitige surface in different
directions can trigger different behaviors. Forrapée, flipping left and right may
switch between documents. Continuously flippingone direction may step
forward or backward through a sequence pages \iitpjng up and down might
take the user to the table of contents and thexinelgpectively [Chen 2007]. It is
also possible to react to more subtle tilting mogatrof the surface altering the
view depending on the angle at which is it helde W¥fer to this as a simulated
lenticular display. In a multi-user tabletop scémathis tilting behavior may
correspond to the implicit privacy use of the doemtn For example, a display
placed flat on the table can be considepedlic since it is visible to all users
while picking up the display and tilting it suchatlonly you are able to see it can
trigger a private display state. Similarly, tilting the display awaych that
everyone except for you can see the content cggetrianexcludedstate possibly
used for presentations or game scenarios when plagers know something
about you that you do not.
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Figure 23. Orientation sensitivity behaviors (left to right): double-sided display
surfaces can react differently depending on the direction they are flipped, simulated
lenticular can change the document view depending on the angle of viewing in a
hand-held display, or a tabletop scenario where tilt angle may correspond to
different privacy states: private, public, excluded.

In addition to reacting to vertical tilting, we cafso respond to horizontal
rotation allowing the system to be aware if a digpk being used by only one

person, is being shared, or has been passed toeanter. This may be useful if
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Figure 24. Orientation sensitivity prototypes: (top) double-sided flip direction, (middle)
vertical and horizontal simulated lenticular in a hand-held surface, and (bottom) a
tabletop scenario where tilt correlates to different privacy states.

partners are working on a shared task but havertitj specialties or interests
warranting different views of the material. The rguh state would contain a
summary or transitional view helpful in supportil@mmunication between

partners.
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Figure 25. Interactive foldable display

While it would be possible to have the system réaein additional degree
of rotational freedom as well as three degreesawfstational movement, having
such complex display behavior would be highly amaiion dependent. For
example, six degree-of-freedom display tracking Mobe appropriate for
creating a view portal into a virtual 3D environrheat unnecessary for many 2D
GUIs.

Interactivity

By tracking additional dots over those embedded ihe display surface, we can
track a stylus for input shown in Figure 25. We addutton to the stylus to
activate the LED providing a passive method of ctatg clicking and dragging.
The additional point only appears during mouse d@wvents. This technique
provides an easy way to obtain interactivity on @ilthe surfaces described
including their double-sided variants. While it p@ssible to support multiple

cursors, using a camera based approach may beutlifiue to segmentation
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reasons. However, projector-based tracking woutmvamany cursors to be used

simultaneously without ambiguity.
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10: Comparison to Computer Vision

Approaches

As described in thBackground and Approackection, exploration in the area of
location-sensitive projection has generally releed manual alignment in static
applications or an external tracking technology foteractive applications.
Previous approaches toward automating this regmtrawvith the surface or
calibration with the tracking system have predonglyafocused on computer
vision techniques. Since projected displays aresible medium and share many
geometric similarities to a camera, computer vis®m@n attractive approach to
the problem. In fact, a camera-projector pair piesi a number of very
sophisticated capabilities such as detailed rangediny, radiometric
compensation or enhancement, and passive inpungeNghile particularly well
suited for camera-projector pairs, these applioatiee outside of the scope of this
discussion. This discussion applies only to thes wdecomputer vision techniques
to identify and track the locations of instrumentdyiects. While this may seem to

severely limit the relevance of this discussiorfist, very few robust vision-
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Figure 26. Scalability comparisons between camera-based and projector-based tracking
for computational effort (left) and multi-point tracking (right).

based tracking systems available today fall outsfdéis scope. Computer vision
provides the theoretical potential to identify amndck un-instrumented objects
passively. However, in practice, reliable trackisgonly possible with objects
that are highly regular in features or shape, tdggeh high-contrast markers, or
respond to specialized illumination. General objestognition and tracking
remains an open research problem in computer vision

One of the primary differences between camera arujegqior-based
tracking is that camera-based tracking is able tihizel passive markers and
features. Having unique colors, shapes, or visingrkings are sufficient to
identify and locate objects. No active tags or reeslon the objects are necessary
where as projector-based tracking requires actieas@s and feedback
communication with the projection system. This @métedly a significant
disadvantage of projector-based tracking. Howetlegre only a few domains
where completely passive computer vision systenve lh@en widely successful
in using passive markers such as barcode scarotingna keying, face tracking,
and optical character recognition. Even in thesenalns, the recognition

algorithms must be heavily crafted toward eachiappbn and a large number of
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constraints are placed on the image capturing psocEor example, a face
tracking system will not readily work for trackingars on a highway.
Performance is highly dependent on environmentaiditions. Insufficient

background separation, uncontrolled illuminationemtation, surface reflectivity
and partial visibility all can severely impact rgoition performance. Reliable
recognition and accurate location tracking of pas$eatures is only possible in
heavily controlled circumstances. Passive marké&s auffer from two other
limitations: 1) they must be large enough to bensbg the camera which
increases the minimum physical size of objects dadreases the maximum
number of objects that can be simultaneously trdekel 2) markers are typically
also visible to human observers which can intervatk the application.

To work around these performance issues and sma&tions, active tags
using light emitting diodes (LED) are often empldy® provide a distinctly
colored, bright, point light source to the camerais significantly eases the
segmentation and location tracking of small markevghen very high
performance is needed from a camera-based motgkitig systems, this is the
approach typically employed. This is also the noamshparable to projector-based
tracking both in terms of instrumentation and tragkperformance. Optically,
projector tracking is the exact reverse. Instefaskgeral active markers emitting
light toward a central receiver, we have severdivaamarkers receiving light
from a central emitter.

In scenarios where instrumentation of the surfacebject is acceptable,
projector-based tracking provides a number of athges over camera-based
approaches with respect to resolution, speed, poumt, and point identity. Since
computer vision algorithms often have to look aergvpixel in the image to
determine if it belongs to an object of intereee tomputational effort typically
scales linearly with camera resolution. This cqgoggls to a linear increase in
tracking latency. Projector-based tracking usesy®oaled binary patterns to
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encode each pixel in the image and the number ttérpa necessary to do so has
a logarithmic relationship to screen resolutiorgufé 26. Thus, projector-based
tracking scales much more easily to very high tgsms with far less impact on
computational effort and thus overall speed pertoroe. For example, only 60
patterns would be necessary to resolve the entirtinental United States to
millimeter accuracy. The limiting factor in speesidetermined by how quickly
the projection display technology can present theary patterns. DMD
technology has already demonstrated the abilitypriesent well over 50,000
binary patterns per second. Thus, extremely higiedphigh-resolution motion
tracking is achievable using contemporary dispéphhology.

Since each sensor is responsible for decodingnitslocation, the already
minimal computational effort is distributed at easénsor and unambiguous
sensor identity is available with the returned ddthis allows the projector to
simply broadcast the location data in an open-lo@mner independent of sensor
count. In contrast, computer vision approachesesuffom point ambiguity
particularly as large numbers of points enter ttens. While some identity can
be transmitted using blinking tags, the speed atlwthis data can be transmitted
is limited by the frame rate of the camera and duasaddress the ambiguity
issue when large numbers of points are visible. dbiéity of computer vision
techniques to resolve each point reliably is sigaiitly reduced as the number of
simultaneous points approaches the number of piretee camera image, see
Figure 26. Thus, projector-based tracking will pdav much more reliable
performance in applications requiring unambigualentity and/or large numbers
of points.

Even when comparing against active markers for catbhased tracking,
projector-based tracking is still more robust aghibackground complexity,
surface reflectivity, and irregular illuminationntérference from light sources

which mimic the light from active markers may bercoon and confuse camera
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systems. However, interfering light sources whidmio the Gray-code patterns
of the projector are far less likely, especiallytire presence of predetermined
start and stop patterns. Such sources would lilgdyperate erroneous data
incongruous with the data reported from other senalbowing an easy method of
detecting invalid data. Additionally, projectordeal tracking lends itself to the
use of modulated light transmission, such as remotatrol infrared
communication, much more than current camera-bisduhologies. This further
increases the robustness to light inference. iftaré camera design incorporates
integrated high-speed demodulation of light soyrdéss could reduce this
performance gap dramatically increasing the peréomre attainable from a
camera-based tracking system. But, such a desiguriently only theoretical.

Furthermore, if the application combines the lamatilata with projected
imagery, using the projector to provide both lomatdiscovery and application
content is an inherent simplification that elimemtthe need for an external
tracking technology and any related calibrationcpss. While not solely related
to performance scalability, it is a noteworthy athege of this approach. A
tabulated summary of the feature comparisons predeim this section are
presented in Figure 27.

It is worth mentioning that a hybrid approach cob&lcreated by placing
a camera adjacent to the projector and retro-teéfleanarkers on the target
surface. The same Gray-code patterns could begbedj@llowing the camera to
see flashes from each reflective marker represgritiir location. This would
ease the segmentation and resolution limitationsomhputer vision as well as
minimize surface instrumentation. However, regtiactive makers would have
a visible instantiation, would be subject a minimwsire to be effective, and

would not provide marker identity.
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%

Figure 27 . Tabulated comparison of features between Camera tracking and Projector

tracking
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11: Error Modeling of Moving Sensors

Previous work exploring the use of Gray-coded hinpatterns for spatial
encoding have made the assumption that the sampbiig remains stationary
during the presentation of the entire sequencas d$sumption is valid for some
applications using low-speed, location discoveryscdbed earlier in this
dissertation. However, it is not valid for the iatetive applications involving
moving surfaces or moving styli. Thus, analysistieé error introduced in
encoding behavior of a non-stationary sampling tgosiwould be useful for
understanding the limitations of tracking performoan

Since attempting to physically move the sensor itierdnt rates and
empirically measuring the tracking performance lbbee® impractical at higher
speeds, | can use a mathematical simulation of agnplata that would be
obtained from moving a sensor along a known patbutih a presentation of
Gray-coded binary patterns. This simulation allavgsto vary velocity, origin,
path geometry, and bit depth providing a structurehner to analyze tracking
performance. A simulation was created in Matlataafensor moving through a
sequential presentation of Gray-coded binary patestarting with the highest
order bit.

In the first simulation, | analyze linear sensorvament. The velocity of

the sensor was gradually increased from 0% to 100%he pattern width per
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digitization period. For example, a velocity of 086rresponds to a stationary
sensor and a velocity of 100% indicates that ths@emoved across the entire
projection area within one Gray-code patterningetior one digitization period.
The origin of movement was randomized to obtain en@alistic performance
measures but was bounded to ensure the sensor woulexit the digitization
region during the digitization period. Offset ernmas defined as the decoded
simulated sensor data minus the midpoint of pasitibthe motion (ideal) divided
by the total pattern width. The choice of the ideasition is somewhat subjective,
being the midpoint, starting point, or end pointnebtion. But in this case, this
did not affect the results significantly. The patieg depth was 32-bits. The
offset errors for the simulation can be seen iuf@28. As expected, the size of
the error increases proportionately with velocithe normalized view, which
divides the error by the size of the sensor moveyrsrows a fairly consistent
offset error of approximately 40%. The skewed dstion of points in the
normalized plot is an artifact of the normalizatimmocess from the original data
samples. An interesting property of the error gt ttihe variance of the offset is
quite small. It is consistent with the directiomtion. Thus for a given velocity,
the expected error falls into a relatively smalhdow that could be modeled and
then compensated in software, further increasirgiracy. The striation in the
data points occurs as the velocity of the sensgmbeto shear across a higher
order Gray-code pattern causing an additionalrbitre

In the second simulation, | analyze sinusoidalseemrmovement which
may be slightly more representative of real worldtions in interactive
applications. The phase and frequency were vadewdver a wide range possible
motion. Again, the offset error is defined as th&tance between the decoded
location and the midpoint of the motion (t=0.5)ided by the pattern width. The
patterning depth was 32-bits. The amplitude ofrttterement is one pattern width.
A sensor velocity of 1 represents when the frequesfcmovement reaches 1
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cycle per digitization period. The offset errore ahown in Figure 29. As
expected from the previous simulation, the err@reases proportionately with
sensor velocity. As before, the mean motion eisaapproximately half of the
movement in a period. Though not reflected in gicd, at lower frequencies the
data exhibits the same low-variance offset as Wwasvs in the linear movement
simulation. However, once the sensor movement geziceeds the digitization
period, it moves back and forth too quickly for tB@ay-code patterns to be
meaningful and the decoded location becomes random.
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Figure 28. Offset encoding error of a sensor moving linearly in a Gray-coded projection area
relative to the total pattern width (left) and normalized to the size of the movement (right).

Figure 29. Offset encoding error of a sensor moving sinusoidally in a
Gray-coded projection area.
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12: Summary and Conclusion

Research work within the human-computer interactmel computer graphics
domains have explored the powerful capability ptigen technology has to
transform the functionality of surfaces throughamir environment. These
applications include interactive white boards, cataponal worktables, large
scale immersive environments, spatially augmengsdity, variable resolution
displays, and hand-held projection. However, aiiag these concepts remains
complex and costly largely due to the precise catibn, alignment, and tracking
issues involved in generating a compelling intevacexperience. As a result,
these ideas have had difficulty in achieving widead adoption outside of the
labs that originally created them.

While previous attempts to solve this problem gsoomputer vision
techniques have had some success, the projected-basation discovery and
tracking system presented in this dissertationrefn alternative solution that
provides a number of significant advantages. Thm@ach discovers the location
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of photo sensors placed in the projection areaguairseries of structured light
patterns that uniquely encode each pixel in a ptigje area. The result is a robust,
scalable, low-cost, high-speed method for locatimtovery and positional input
using a projection system.

This work covered three implementations that exqaordesign
considerations of both the sensors and projectorparticular, methods of
increasing speed and reducing the visibility ofckiag patterns. The first
implementation explored slow-speed applicationspobjector-based location
discovery using an unmodified projector. These igppbns include screen-
calibration, multi-projector stitching or alignmerdgutomatic touch calibration,
and the Shader Lamps methods. The second impletnoengxplored techniques
for increasing tracking speed through the use afeimental tracking patterns and
a reduction in pattern perceptibility through fregay modulated transmission of
Gray-code patterns from a modified projector. Thigrk also included
algorithmic considerations of tracking pattern betmand surface modeling to
accommodate sensor motion and occlusion. The apiolits enabled by this
prototype include tablet-PC simulation, physicalgimalenses, moveable focus
plus context displays, and tangible input deviddse third implementation was a
proof-of-concept hybrid visible and infrared lightojector able to provide both
full screen location discovery patterns and fulleen application content. This
allowed a seamless experience for interactive egiptins such as multi-stylus
input, distant pointing on non-planar discontinuausfaces, and multi-display
identification. The last component of this disseota explored concept
applications that would be enable by high-speedeption such as interactive
foldable displays, multi-sided displays, and sinedia lenticular lenses.
Throughout this work, each step of added capabilias demonstrated within
relevant application concepts. In total, over @fie classes of projector
applications are either simplified or improved uptmough the use of this
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technique. In cases where performance was limitedtd access to development
resources, expected performance was simulated ariegternal tracking device.

When using a projection technology to track theatmn of light sensors
and display visual application content on intergesurfaces, occlusion becomes
a key issue. Like any projection system, handsheartlies positioned between the
projector and the surface will result in shadovirs.these areas, not only will the
application content be lost but also the trackimfporimation. Thus for an
interactive system where hands and body are likeebe in close proximity to the
surface, it is beneficial to consider projector celments that will minimize
occlusion. Example solutions for vertical surfagesuld include shallow-front
projection, which uses either specialized lensesuored mirrors to reduce image
throw distance reducing the amount of shadow c&stabproximate object.
Alternatively, multiple projectors at different dag, similar to [Sukthankar,
2001], reduces the impact of occlusions throughumddncy. If a rear projected
configuration is possible, this removes the usamfthe optical path avoiding the
occlusion problem entirely providing an unintermgbtinteraction experience. In
horizontal table-top configurations, severe ocduasitend to be less common due
to the natural orientations of the hand and bodgtylus would be typically held
at an angle such that application content is&sible at the pen tip. This would
also mean that tracking data is also availablaéeatip. However, if higher quality
experiences are required, similar strategies df@hamultiple, or rear projection
configurations could be employed.

Since this work first began in 2004, this techeigor projector-based
location discovery and tracking has been licensedi$e within two commercial
products with nearly a dozen other inquiries frormmpanies exploring
applications of projection technology in advertginmmersive environments,
stereoscopic movies, theatrical lighting productioteractive art, and televisions.
While there are several near term applicationshid technique relevant today,
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many of the more exciting interactive projectiorplgations are still emerging.
Over the next 5-10 years, the need to combine imtatracking with image
projection will become increasingly essential tonpuiting experiences. Within
the research community, over 20 publications rdlate motion tracking,
interactive paper, immersive displays, ubiquitowsnputing, and augmented
reality have referenced this work or its derivasivA larger number of individuals
are able to explore novel concepts in this domarthéring the state of research
using the capabilities provided by the techniquespnted in this thesis.
Integrated tracking of light sensors in projecteystems enables a large
number of interactive display applications and peguthe cost of executing
existing research concepts. As projection technotmmtinues to evolve in terms
of brightness, size, resolution, and affordabilitihe ability to augment the
appearance of objects and surfaces in our envirohmid become increasingly
ubiquitous. This may come in the form of microjpmion in our mobile devices,
or as computing spaces where image projection avighed as a service, or
perhaps in some other form. In these scenariogoitld then be possible to
simply carry within our pockets a surface for refieg an image rather than the
display technology itself. This material could ght-weight, flexible, collapsible,
or even disposable radically changing the mannerhich we live with displays.
Rather than carry the bulky rigid rectilinear sada we tolerate today, it would
be possible to summon interactive displays of amgpe or size on arbitrary
surfaces in our environment at our convenienceilitaise needs of the application.
These surfaces may vary from a small handheld adigitap unfolded from a
pocket, to large conference table augmented wodtbesupporting multiple
people simultaneously, a community billboard-liketgs display in a busy
workplace, or a creating a temporary digital notel mn the bus stop bench.
While this does not quite capture the mid-air hodqpic displays portrayed by
science fiction films, it would be capable of prwig a very similar experience.
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Future Work
The interactive prototypes presented in this diaten were limited in terms of

tracking speed performance relative to potentiafopeance offered by today’s
commercial Digital Micro-mirror Device projectorsWorking with Texas
Instruments to develop a full speed, high perforceaprototype or integrating
this technique in the upcoming generations of DlBjgetors is definitely of
significant interest. Some progress has been mwtte technical visits and
conversations with the engineering staff, but thigltimately a business decision.
Such inherent support for motion tracking with patjon system would greatly
benefit the progress of research in this domain #mel development of
applications.

Once the hardware tracking capabilities are rgadvailable, there
becomes a need for software toolkits that can sakentage of the location data.
Commercial hardware platforms such as the MicroSaftface or the Perceptive
Pixel display provide software APIs that take thistfsteps toward enabling rich
geometric manipulation of application widgets antbiaction objects. However,
these toolkits are generally limited to two-dimemsil manipulations of data.
When projecting onto moving surfaces in 3 dimensjoseveral additional
degrees of freedom are added to the movement atortcbn of the displayed
content and the captured input on the surfacesiléiy the number of control
points may be quite large. For our own developnmnposes, we have made
small toolkit written in Microsoft C# and DirectXof rendering content onto
moveable projected displays tracked using four ggoilowever, this toolkit is
quite limited allowing only simple 2D and 3D geomyetendering. There is room
for significant improvement and further developmeduich a toolkit would be a
necessary component in creating a generally usaplddorm for spatially

augmented reality displays.
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Conclusion
By unifying the image projection and location trencktechnologies, many of the

difficult calibration and alignment issues related interactive projection and
projected spatial augmented reality applications ba eliminated simplifying
their implementation and execution. Using eithghkspeed projection or hybrid
visible and infrared light projection, a single ibahtion-free device can perform
invisible location tracking of photosensitive inpdeévices while simultaneously
presenting visible application content. In thissdigation, | have presented a
detailed description of the projector-based locatidiscovery and tracking
technique, a description of three prototype impletatons, and a demonstration
the effectiveness of this simplification by re-irapienting, and in some cases

improving upon, several location-sensitive projectoplications.
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