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The recent trend towards miniaturization of projection technology indicates that
handheld devices will soon have the ability tojpct information onto any surface, thus
enabling interaction and applications that are not possible with current handheld devices.
This opens up an emerging research area on interaction using handheld projectors. With
the ability to project informatiora handheld device can surmount the limitations of its
small internal screen by creating a larger information display on an external surface. By
doing so, the display and interaction space can be expanded to cover almost an entire
physical environment. Laeg amounts of data can be displayed, a rich interaction
vocabulary can be supported, and multiplelazated people can share the viewing
experience at the same time.

In this thesis,| investigate research issues involved in the desigplementation,
and user performance and behavioegarding the usage ahteractive handheld
projectos. | create a handheld projector interaction prototype platform, and explore
interaction concepts and techniques to support both single anduseidinteraction
using one or several handheld projectbedso empiricallyinvestigatethe user behaviors
relatedto handheld projector usage, in terms of both quantitative interaction performance

with pointing tasks, and qualitative social behaviors émaérge froma game application.



This work is a multi-facetedinvestigation on handheld projector interaction, and will
provide the groundwork for future research and development of interactive handheld

projectors.
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Chapter 1

Introduction

Handheld devices are becomimgreasinglyubiquitous in our daily life: PDAs and
cell phones help us manage personal informatiatess information resources,
communicate with others, and entertain ourselves almost anywhbe. rapidly
improving computation, storage, and communication capabilities enable tasksyand
applications traditionally reserved for desktop computershtti ento these handheld
devices which can be easily carried and used in various environmétuaever, the
small form factor that makes them so appealing is also a significant limitation in that the
resulting small sizesf the embedded screenmke it dfficult to display large amounts
of information, enable rich interactions, or support multipldamated users viewing the
information. As more and more advanced activities emerge on handheld devices, the
shortage of display and interaction space alsmimes more remarkable.

A possible solution to this small screen limitation of handheld devices may lie in
recent advances in projection technology, which have seen projectors become smaller,
lighter, cheaper, and require less powdggrel.1). Given this trend, it is reasonable to
expect that within a few years projectaveuld be carried in a pocket or embedded in
other mobile devices such as cell phones and PDAs. With the ability to project
information a handheld device can surmount the limitations of its small internal screen

by creating a larger information display on an external surféigeirfe 1.2). By doing so,
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the display and interaction spacancbe expanded to cover almost an entire physical
environment. Large amounts of data can be displayed, a rich interaction vocabulary can
be supported, and multiple -bacated people can share the viewing experience at the
same timeln addition, the abilif to project information in the physicahvironmenimay

create arexperienceéhat blendghe virtual and the physical worldSherefore, handheld
projectors could more easily support advanced activities that are difficataditional
handheld devicesis well as creating new applications beyond those on current handhelds

and desktops.

Figurel.1l: Miniaturized projectors.

(images from www.aboutprojectors.comyw.symbol.com, www.electronidab.com)

Figurel.2: Envisioned handheld projector usafimage fromwww.microvision.com
As a promising new technology thaas the potentidb become prevalent in the near
future, handheld projectors open up an emerging relsearea on how pet® may

perform interactions using them. Given the new input/output affordances apaostible
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mobile usage scenari@habledby handheld projectors, traditional techniques designed
for desktop computer interaction are unlikely $oit them. New paradigmsand
techniques need to be designed and evaluatedpimost handheld projector interaction,
both for a single user and for multiple users located in the same physical environment. On
the other handi is important to investigate how the usage of handpetgectorswill
affect user s 6 abi | i twhile anterdcingbwveth anobileo devices and
communicating with other peoplen a social settingThese findings would guide the
design and development of future handheld projector applications.

However, haing only started tattract researchems recent yeardhandheld projector
interactionhasvery muchremained an uninvestigated amaviously. This thesis aisat
an exploration of researclissues involved in the design, implementatiomdauser
performance and behaviorsgardinginteractive handheld projector usage achieve
this goal,l employed a mulifaceted research methodology that integrateoretical
analysis, creative design, technical development, ot quantitative ath qualitative
user studies My current work isa multi-facetedinvestigation on handheld projector
interaction, and willprovide the groundworkor future research and development of

interactive handheld projectors.

1.1 Outline

In Chapter 2, | firsteview previous relevant researitiathelps gui@ my exploration
on handheld projector interactidnstartmy researctwith the design and implementation
of a general handheld projector interaction prototype sysissd as my research
platform (Figure 1.3), reported in ChapteB. By changing and warping the projected
i mage according to ftrdcked hyraovjcean@wwovicangommo v e me n t
motion capture systena Flashlight me t ia @datedin which the projected image

reveals a portion of a largeirtual workspacehat is stationary on the projection surface.
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The user can use the cursor in the center of the projection image and/or a passive pen
provide input to the systeml.also develogechniques for the user to interactively define
workspacs in a physical environment. The platform is genarad flexibleenough to
experiment a large variety of interaction designs and applicationsalanesearchn this

thesis ishasedon it.

markers for tracking
N

T

top button

(a) Handheld projector. (b) System in use.

e
—Q

(c) Flashlight metaphor.
Figure1.3: Handheld projectoprototypeplatform.

Thebasic case of handheld projector interaction is when a single projector is used for
interaction. In Chapte4, | develop a set of interaction techniques to support interaction
using a single handheld projector. These techniques cover general opersdéfuhgar
various handheld projector applications.q, object manipulation and parameter

adjustment), and can be combined to establishelnigivel dialogs that are suited to the
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context. These designs take account of the special characteristics amidra#s of
handheld projectors (such as the dynamic image resolution determined by the projection
distance), and provide a generic interaction vocabulary that could be widely applied by
future researchers and designérm@so explore pebased and bimarl interaction along
with a handheld projector. Finally, investigate several usage scenarios that can be
supported by using a single handheld projector at a time, including-pegen usage,
synchronous and asynchronous mp#rson usage, and gamsage.

Given handheld projectorsodé unique affordan
to quantitatively investigate s e r s 6 p e r feoarianrdenactien tasks ushtigem
As a first step in this direction, in Chaptet experimentally sidy target pointing tasks
under the Flashlight metaphor, in which the workspace is partially and dynamically
revealed by a moving display window (Flashlight). The Flashlight metaphor is employed
throughoutmy handheld projectointeraction design and gys a central role ithe
interaction style In order to focusmy investigation on the influence of the metaphor
itself rather than the performancetbé prototype system, the experimestconducted on
a desktop computer simulating the flashlight rpbatar with abstract 1[pointing tasks.
Results reveathat pointing time is inversely correlated with the size of the display
window, in addition to beingffectedby target size and distandgoropose and validata
new quantitative model to predictgge t i ng poi nting ¢t i[38ktg extend
incorporate the display window size. This study has importaplications to the design
of handheld projector interfacegs well ago other interfaces that utilizéhe Flashlight
metaphor, such as Peephole interactic®] on spatially aware displays

With the vision of handheld projawrs embedded in every mobile device, it natyral
leads tohow they interact witteachother when cdocated. In Chaptes, | explore the
design space of multiser interaction using multiple handheld projectbrexpand the

singleuser interactiomlesignsin Chapter6 to support multiple users working in a shared
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physical space, each using their ohandheldprojector.A set of interaction concepts
and techniqueare developed to specifically support interaction between users such as
ownership & acces control, file exchangeand linkage between objects. Special
emphasigs on ad hoc composition of multiple projectiogeningup new possibilities
suchasthe blendingof multiple personated views. | also investigate techniques and
concepts to syport privacy and independent work, which is crucial when handheld
projectors are to be used in public spac@sth these designs daily interpersonal
communication tasks such as exchanging contacts and scheduling meatinge c
largely simplified.This work unleasbésthe power of handheld projectors to suppoH co
located interpersonal interaction, in contrastraditional handheld devices which are
almost exclusively singteser devices.

Handheld projectors create a considerably different experieocgparing with
current handheld devices. In particuldwe multiuser characteristiadescribed in Chapter
6 and the serpubl i ¢ di splays created by projector
social behaviors around mobile devices.GQhapter7, | investigate social interaction
patterns emerging from handheld projector usagé a specific casestudyi public
games.Public ©cial games played on mobile devioaspublic displayshave become
popular in recent yeatsothas entertainment and as a reskdopic.| designand deploy
a lightweight adhoc multiplayer game Flashlight Jigsaw which leverages the
affordances of handheld projectorSuch a gamenight encourage ctocated multi
player gaming in public spaces, enable tighter relationshipsebetithe game and the
physical world, and offer an interesting experience for spectaiosgnulated setup of
the game vasdeployed ina shared lab space and a public atrium for two weeks in total.
Through interviews supported by observations and systegs loexplored the
experiences and behaviors of players and spectatorslso investigated the

interrelationship betweethe gamend the spacesis deployed in. The research resulted
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in findings regarding game play, communication, social interac8pectatorship, and
space and location around such a garmeause these findings to develop design
implications for futurehandheld projectogameswhich could provide insights for other
social applications of handheld projectors, and also psbitial games in general.

In summary, this thesisxplores several aspects of handheld projector interaction
within a systematic research framewoik contribue the groundwork for handheld
projector interaction research includitgchnical devapment, interaction desigmiser
performance modelingas well as empirical study and evaluation of such a novel
interactiontechnology A prototype system provesthe platform for exploring various
interactions and applications for handheld projectoos.béth singleuser and multuser
usages, generic interaction techniqaescreated as the basic vocabulary for handheld
projector interfaces suited to a wide range of applications; and Heyedr usage
scenariosare explored, whicldemonstraté how the affordances of handheld projectors
might support better user experiences wilhiousactivities. The quantitative model for
pointing tasks under thidashlight interaction metaphor suppia deeper understanding
of user performance using handheld pcopes as a new interaction style, and the
deployment and qualitativ&udyof handheleprojectorsupported public games opsaump
insights on how such a novel interaction technology affect social behaviors between
people in real life.ln Chapter8, | provide a more detailedummariation of these
contibutions and discusslimitations of the work as well aslirections for future

exploration.



Chapter 2

RelatedWork

In this chapterwe review previous relevant reseatbht helps guide our exploration
on handheld projector interactiomhe chapteis structured as followdn Section 2.1, we
first present an overview ofarioustechnologies thagénable miniaturization of projectors,
followed by image processing techniques to compensate for projactement These
advancesnake the development ahteractive handheld projectors possible. SecHdéh
introduces interactiometaphors and input techniquaviouslyexplored for handheld
projectors. Section 2.3 looks applications andusage scenarios exgrimented or
envisioned bypreviousresearchers. In Sectidh4, we summarize otheelatedresearch
areas that have implications asur research, such dsandheld device interaction,

projectorbased interactiogugmented realitygndpublic social ganes

2.1 Supporting Technologies

In this section we first provide a background of the projection technologies that
enable miniaturized projection devices. Then we discuss the approaches used to correct

the projected image when a handheld projector is moyélebuser.
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2.1.1 Projection Miniaturization

Three technical approachésve been employetb miniaturize projection devices:
utilizing LED light sources with conventional projection technology; stedaser beams
to produce the projected image pixetjgentially; andgeneratinglaser projection by

diffractionthrough hologram patterns.

LED Light Source Projector

The most mature technology up to date tteat reduce the siz#f projection devices
is by using LightEmitting Diodes (LED) as the light sae to replace traditional lamps
(typically fluorescent bulbs) used by current mainstream projectors. The recent rapid
improvement in LED performance has made LE&»ed illumination possiblg6]. The
small size of LEDs immediately enables compact projector designs that were not possible
with traditional light sources. In addition, LED light soas provide advantages such as
immediate projection readiness, long running time, and swift switichExamples of
current products employing this technology inclule Mitsubishi Pocket Projector and
the Samsung Mini ProjectadfFigure 2.1). These projectors typically have a size that can
fit in peopleds pal m, and evali66]lalso exploredu n d

using a specially designesllimatorto improve the brightness of LED peators.

(a) Mitsubishi Pocket Projector (b) SamsungMini-Projector
Figure2.1: LED light source projectors.
(images fromvww.masternewmedia.orgk.gizmodo.com
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Although thelight source component can be effectively downsized, conventional
projectors that typically utilize Digital Light Processing(DLP) technology include
another central optical componenta micremirror array that comprises of typically
millions of mirrors.By rapid repositioning of the mirrors, different intensities for each
color channel are created. The large number of moving parts involved in the mirror array
makes further miniaturization difficult. Keeping the projection in focus is also a

challengewhen the projector is constantly moving as in the handheld scenario.

LaserSteering Projector

Instead of generating all the pixels at one time as in DLP projectors, people have also
explored steering a single laser beam (or a-dmeensional laser laen array) to
sequentially generate the pixels one by one (or line by line). This technology is analogous
to the function of the Cathode Ray Tube (CRT) technology used in desktop monitors,
replacing the CRT electron beams by visible laser beams. The naibeving parts
needed to steer the laser beam is minimal compared with DLP -migmr arrays,
therefore the optical components of the projector can be significantly downsized. Because
of the high convergence of laser beams, the projected image stgysederdless of the
projection distancelhis technology is becoming increasingly popular in the recent years.

Based on this technologthe Laser Projection Display (LPD) prototyfr®m Symbol
Technologied112] usestwo orthogonally movig mirrors to steer the laser beam. The
size of the LPD engine is approximately 6.6cm x 4.6cm x 2.3Similarly, the 7mm:
thick Microvision SHOW handheldprojector (www.microvision.com is capable of
producing a 106nch image at DVD resolutiorfFigure2.2) Other research in this aspect
includes Hernandefb3], who used a DC motor to steer a @i@mensional laser beam
array; Zalevskyet al. [134], who used spatial light modulation (SLM) to steer the laser

beam tihough amplitude modulation.
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(a) Optical Layout

(b) Symbol LPDPrototype (right) (c) Microvision SHOWhandheld projector

Figure2.2: LaserSteering Projectar

(images fromvww.symbol.comwww.itechnevs.nej

Hologram Laser Projector

An alternativeway of generating projection images with laser is through hologram.
The hologram laser projector uses laser light sources in conjunction with a phase
modulating micredisplay on which a hologram pattern, ®thhan the desired image, is
displayed. The patterns are calculated such that, when the-dmsplay is illuminated by
coherent laser light, the diffraction of the laser results in the formation of the image

(Figure 2.3a). Since the image is formed entirely by diffraction, the system does not
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involve any moving parts such as the moving mirrors used in DLP or-d&ssing
projectors. Therefore its size can be even further reduced.

The PVPro diffractivetechnology Wwww.lightblueoptics.com developed by Light
Blue Optics enables a singt®lor hologram laser projector prototype with the size of a
matchbox, and can be readily embedded into mobile deviigsré 2.3b). One of the
key challenges to produce a hologram laser projector is th¢imealkalculation of the
hologram pattern to be displayed. See Catlal. [26] for an approach to reduceeth

computational complexity of the hologram generation algorithm.

microdsplay

(a) Projection mechanism (b) PVPro prototype

Figure2.3: Hologram laser projectofimages fromwvww.lightblueoptics.com

2.1.2 Image Corretion

With the above projection technologies available, it is possible to make handheld
projection devices thatan creatdarge display spaces virtually anywhere. However,
holding and moving the projector by hand also means the relative angle and position
between the projector and the projection surface are constantly changing, which will
result in unfavorable keystone distortion. On the other hand, it is impossible to use the
projector itself to point to something in the projecteantent since the imagds

simultaneously moving with the projector. Therefore the first key issue is to produce a
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stabilized and distorticfree projection image that is stationary relative to the projection

surface, regardless of the projectords moven
Sukthankaret al. [89, 111] present the first attempt in using computer vision

technology to automatically correct the keystone distortion of a static projector. The key

idea is to prevarp the image sent to th@ojector in such a way that the distortions

induced by the arbitrary projectecreen geometry are precisely negated. The perspective

transform between two arbitrary planes (in this c#ise projector image plane and the

projection screen plane) can bgpeessed by the equations below (in homogeneous

coordinates)45]:

OXW~ o ~0x~ Ox~
20 Ak P PEXg  AXQ
BWo=ad, Ps Pscey 6=HaX 6

2wl & p p B2 A0
by whichpoint(X, Y) on the projector plane is mappedptint (X, y) on the screen plane
(w is an arbitrary multiplier). The transformman matrixH (subject to an arbitrary scale
factor), called the homography, uniquely defines the transform between the two planes.
The homography matrid can be determined by as few as fguairs of point
correspondence. By prearping the projection inge byH™, the perspective distortion

can be effectively negate&igure2.4).

Source image frame Projected image frame (inferred)

Figure2.4: Image correction using projectecreen homographgimage from[89])
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Although this work was aimed at correcting distortion for a static projector in the
application of projeted presentation, the spirit of pnaarping the projection image by
the projectoiscreen homography remaitiee same in all subsequent works (sucho),
including those which correct the image dynamically for handheld projei8is
Depending on the application scenarios and supporting technologies, researchers
employed different approaches to extract this homography.

One way to recover the projectecreen homography is to use camera to
automatically detect the projected image frame and the projection surface frame, using
image processing technigues. The homography can then be calculated from the
correspondences between the vertices of the two frames. Suktlearstal11] used a
static camera to detect the boundary of the projectoees, which is assumed to be an
uniformly lit object with visible edgeBeardsley et al[13] attached a camera to their
handheld projector prototype, and detected visual markers attached on the projection
surface. This approach relies on either special visual characteristics of the projection
surfae, or attaching visual markers to the surface, therefore cannot easily support
ubiquitous use in arbitrary environments.

Raskaret al. [93] also &plored embedding wireless tags in the environment and in
physical objects, which transmit both their identities and geometries to a handheld
locationaware projector through radio frequency signals. The homography can then be
computed from the geometry tfie tags. This approach provides hglecision image
correction, and can also handle projecting on objects with complex geometries (non
planar or multiplanar). However, the dependence ongméedded tags again precludes
it from ubiquitous use

If the projector has been fully calibrated, the projestween homography can also
be determined frontrackingthe position and orientation of the projector relative to the

projection surface. This approach does not requireinppéementing the environment
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with markers or tags, thereforaight be more suited to ubiquitous usBor example,
Rappet al.[90] embedded orientation sensors in their handheld projector to recover the
transformabn and correct the image accordingiWith the rapid improvement of
portableand lightweightlocation sensing technologiesuch as indoor GP§L17] or
TrackSense (computer vision approach based on structured light pati@dhsjt is
reasonable to anticipate thigackingbased approach willobecome ubiquitously
deployablen thenear future.

Other applications of thesémage correction mechanismisiclude supporing
projection on cwed or multiplanar surface$4, 6, 100] using multiple projectors to
create a seamless display on arbitrary surfd6e®91], and eliminang shadowsor

blinding lights for the speakém projected presentatiofid8, 113]

In summaryalthoughthe projector miniaturization and image correction technologies
are nottechnically matureyet, they have provided sufficient suppdiar developing a
research prototypewith which we can start to explore and experiment with handheld

projector interaction techniques and scenarios.

2.2 Interaction Metaphor and Input Techniques

In this section, we intragce somenteraction metaphors and input techniques that
have beerpreviously explored forinteractive handheld projectorsBecausehandheld
projector interaction research is still in the early stage, these metaphors and techniques

are all of exploratoryature, and leave much space for more systematic investigations.
2.2.1 Interaction Metaphors

Floating Window

The simplest metaphor is to use the handheld projector to directly project the content

typically displayed on the embedded screen on handheld dewiitkout any attempt to
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compensate the projector movememhe user sees a floating window wherever the
projector is pointing at, which is essentially an enlarged version of the traditional
embedded screen. The Hotaru sys{@@9] (Figure 2.5) implemented this metaphor by

using astaticmounted projector to simulate displays projected from PDAs tracked by a
stereo camera. The system also allows users to annotate, rotate and transfer files by

touching the projected displaysth fingers.

Figure2.5: Floating window metaphor (Hotaru systerfijnage from[109])

The floating window metaphor is independent of the physical surface to be projected
on, therefore lightweight to implement. Conventional handheld applcatcan be
directly projected to create a better viewing experience. However, the effective
interaction space is stildl l' i mited by the pi
that the floating window is clutched with the projector makes it irsipés to use the
projector itself as a pointer for interaction. Therefore, the system has to depend on
additional input for pointing operations, eithigy direct touch on the projectiofiL09],
difficult to contrd when the projection is constantly moving; using apointing device

(e.g.stylug on thehandheldd e vi ce, whi ch di vfrothéhedispldwe user 6s
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Projected Desktop

Leveraging the image correction techniques introduced in Seztlod the handheld
projector can also be used to display a stabled@stdrtionfree virtual desktop inscribed
within the projection image. Conventional desktop applications can then be directly
migrated onto the projected desktop. By displaying a pointer at the center of the
projectords image pl dame, crmaomvedmernetctdofy tcloet pr
movement across the stabilized desktop image. With direct pointer control and a button
on the projector, all standard mouse interactions in a WIMP interface are pdsigjbie.
2.6 shows the projected desktop metaphor illustrated 3y 93] in which the user uses

the projected cursor to perform mouse operations with a web browser.

Figure2.6: Projected dsktop metapho(images fron]13])

Since thisinteraction metaphor is directly compatible with desktop GUI, the learning
efforts required are minimal to users. However, in order to render the entire desktop
within the projected image, lots of image pixels are wasted, as shown by the red regions
in Figure2.6. This pixel wastage is aggravated if we require the pointer (displayed at the
center of the projection image) to be able to traverse the entire desktop, which means the
desktop cannot exceed a gea of the projected image. This compromises the merit of
the large display space created by the handheld projector. Forlineq4et] alleviated

this problem (and the jittery input problem) by designing the ZamwhPick widget,
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which supports fluid local zooming. On the other hand, the projected desktop metaphor
restict s the projectords movement wdgdteddhen a s ma
desirable affordances provided by the handheld projector as a mobile device that can be

freely moved in 3D space.

Figure2.7: Flashlight medphor.

Flashlight

Going one step further from the projected desktop metaphor, the flashlight (also
known as spotlight) metaphor expands the interaction space of the handheld projector to
the entire physical environment. The projected image reveals arpoftia large virtual
workspacethat is situated on the projection surfaéég(re 2.7). When the projector is
moved, the projected image content changes accordingly to reflect the change of the
projectedregion relative to thevorkspace By doing so, an illusion is created as if the
user is exploring a stationavyorkspaceattached to the physical surface. Especially, if
multiple workspace are associated with multiple physical surfaces, the result sera u
experience of looking around in a dark environment with a flashlight. This metaphor is
conceptually similar to thearious resear@s on peephole displaygll, 61, 116, 130]
work, which supporboth browsing andnteracting with a large virtualorkspaceusing

spatially aware displayDirectly projecting on physical surfaces results in a tighter
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coupling between thevorkspaceand the physical emonment, in contrast tdisplaying
on handheldscreens used peghole display research

Teller et al.[115] first implemented aoftware flashght prototype as one example
application of their posaware devices. They used a portable projection system
augmented with position listeners to overlay matarmation onto surfaces or objects of
interest Figure 2.8). The system was developed purely for viewing information, and did

not provide a wayor userinteracton.

(b) Information overlay

Figure2.8: Software flashlight(images fron{115])

Rapp et al[90] presentSpotlight Navigationusing a handheld projector embedded
with orientation sensors to produce a circidhaped spotlight to explore and interact
with projected dataRigure2.9). Simple inteactions such as draapddrop and semantic

zooming are supported. The user can also use the projected cursor to draw virtual inks on
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the wall. They developed a tremor cancellation module to smooth the inks drawn by a

jittery hand.

Figure2.9: Spotlight Navigation(image from[90])

Blaské et al. [20] used a staticallynounted projector to simulate a wrigbrn
projection display that suppor® spotlight techniqueto reveal different portions of

information by wrist movementgigure2.10).

Figure2.10: Spotlight Techniqueimage from[20])

The flashlight met aphor makes full use
creates much larger displaspaces thamwhat is possible with the projected desktop
metaphor. On the other hand, it breaks the boundary between the virtual information and
the physical environment, and results in a new design space. However, because the user
only sees a portion ahe workspaceat one time, it brings up the possibility that the
interaction context is lost at some point. It also raises challenges for the users to

efficiently navigate through theorkspacesnd interact with currently ocreen content.

of



