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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



CHAPTER 1. INTRODUCTION 6

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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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
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My exploration in this thesigs basel on the Flashlight metaphpwhich is extended
to involve the entire physical environmemialso createénteractiontechniques talleviate
the disadvantages of the Flashlight metaphor, and experimentally invessgatieiéince

on user performance.

2.2.2 Input Techniques

Different input techniques have been explored to interact with handheld projectors.
These techniques have different pros and cons, and are suited to different applications

and scenarios.

Pointing using the Prector

For the Projected Desktop and the Flashlight metapher,ntost straightforward
technique is to emulate mouse operations (mostly pgirdnd clicking) utilizing the
cursor displayed in the projected image center and a pushbutton on the projector.
Beardsley[13] and Raskar et a[93] used the poinrandclick input to operate standard
desktop applications such as a web browBegufe 2.6). Rapp et al[90] also support

basic draganddrop operations using potandclick in their system.

Figure 211: ZoomrandPick widget.(image from[44])
Thesepointing-basedechniqus aredirectly compatible with traditinal mouse input,
therefore require least learning effort for users. However, precise freehand pointing is a

difficult task due to hand jitter, as reported by Myers ef&l] in their empirical study
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comparing a set of freehand pointing devices, and as observed in many laser pointer input
systemg75, 82] To address this problem (and the problem of pixel wastags@sssed

in section2.2.7), Forlines et al[44] designed an interéige widget called ZoorandPick

(Figure2.11) . By introducing a Aidead zoneodo within
not affect the cursor position, and allowing the user to zoom in on areas of interest

accurate target selections can be made.

Direct Touch

Another way to interact with the projected information is by direct touching on the
projection surface, as if on a tousbreen.The Hotaru systenil09]t r acks t he use
finger by attaching a LED marker to it. The usem use the finger on top of the

projection surface to annotate documents, rotate objects, and transfer files between

devices Figure2.12).

Figure2.12: Finger touch inption projection surfacg¢images fom [109])

Direct touch input can achieve a much higher precision tizet is possible with
freehand pointing. It also enables operations that are not necessarily inside the projection
region Finally it offers a tighter connectioretween the interface and the physical world.
However given the constraint of reachability, direct touch is only applicable to-small
scale local operations on surfaces that are near the user. In the floating window metaphor
as used i109], it also causes confusions aboig tieference frame when the window is

moving.



CHAPTERZ2. RELATED WORK 23

On-Devicelnput

Researchers have also explored augmenting the handheld projection devices with

additional input channels to provide more interaction possibilities. Blasko ¢2G4l

embedded their simulated wrsbrn projection display with a touedensitive pad to

support a set of cursorless widggts] for functions such as zoomingé panning. Rapp

et al. [90] used a wheel on the projector to perform zooming operations. Other
possibilities include adding a joystick to control the cursor, or using the stylus input

currently available on PDAs. When augmenting the projector with additional input
channel |, speci al attention needs to be paid

projected information to the device itself.

My explorationin this thesiscombines pointing using the projector and direct touch
using a passive pen, and creagerich interactionvocabularybased orthem for both

single and multiuserscenarios

2.3 Applications and Scenarios

As a device that is both mobile and sharable, the handhme]dcpor can support
applications and scenarios that are difficult or impossible to achieve using traditional
mobile or situated devices. In this section we dissosseapplications and scenarios that
have been experimented or envisioned by researchierst of these works are in the

stage of proebf-concept prototypes rather than functional systems.

2.3.1 Personal Information Processing

The most straightforward application scenario is to use the handheld projector as an
extension of traditional PDAs teiew and process personal information. The user can
temporarily convert the physical environment around imiorkspacesto manage

personal information almost anywhere. TI8potlight Navigation prototype [90]
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supported basic personal applications such as a contact book, a calendar and a notebook.

Blaskoet al.[20] implemented a stock information brosvsapplication as a tebed for
their wristworn projection interaction techniques. The Hotaru sysfg@®] supports

viewing and annotation of digital mapgSigure2.12).

2.3.2 Interacting with the Physical World

The abiity to project information in arbitrary physical spaces blurs the boundary
between virtual information and the physical world. The handheld projector provides new
possibilities for the user to interact with the physical environment around.

The projectorcan be used to overlay auxiliary information on physical objects or
regions, and create a user experience similar to that created by augmented reality (AR)
systems[5, 8, 14, 25] However, compared with tradition&R systems that display
information on se¢hrough heagmounted displays (HMD)57, 122, 131]or handheld
displays [83, 121] that are designed for singkeer s on experience,
augment ed3]sueparted by jaddheld projectors display information that can be
viewed by multiple people, therefore can better support collaborative applications. On the
other hand, seeing overlaidfanmation directly on the physical surfaces instead of
through display instruments results in a more natural experience, and avoids attention
division for the user. Finally, utilizing direct touch input techniques discussed in section
2.2.2 the usemight directly add and edit the overlaid information (e.g. annotations of
physical objects) on the physical surfaces, instead of relying on indirect techniques such
as in Patel et a|83].

Teller et al.[115] used theirsoftware flashlighto overlay metadata in the form of
text or geometric informationFgure 2.8) in the environment. They desbed the
scenario that construction workers use the projected information to depict hidden
infrastructure (e.g. electric mains or plumbing inside walls), access instructions, or

display diagrams of planned construction. Beardsley et[H3] also discussed

t

h e
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applications such as projecting a map of éimn@ironment served by a fuse box onto the
fuse box itself, and letting the user to select a location on the projected map to highlight
the appropriate fuse that serves the locatkigufe 2.13). Raskaret al.[93] depicted a
warehouse scenario, in which the user locates items about to expire (red circles) and

annotates some of them (larger whiiecles). These annotations can also be accessed

later by other userg-igure2.14).

Figure2.14: Warehouse scenarifimages from[93])

In addition to outputting information into the physical environment, researchers have
also explored taking information from the emoriment as input.

Beardsley et al[13] presen using the projected cursor to select a physical region of
interest similar to the hotdnddrag region selection operation using a mouse in desktop
applications Figure 2.15). The selected region cahein be used as input to the system.

For example, an attached camera can capture the visual appearance of the region and

perform computer vision processing such as object recognition or text translation.
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Raskar et al[93] used a camera attached to the handheld projector to copy image
texture from one physical surface and paste it onto another suifagere 2.16).
Although they developed this technique merely to work around the technical limitation
that their system cannot project on arbitrahaped surfaces, this conceptually provides
the possibility to seamlessly transform information betwéenphysical and the virtual
form, and transfer physical information between places. For example, the user may take a

snapshot of a physical poster, and later on post a virtual version of it in another place.

Figure2.15: Sekcting a physical region of intere@tmages fron{13])

Figure2.16: Copying and pasting image textures between surfécesges fron{93])

2.3.3 Interpersonalnformation Exchange

Given the sharability of the projection display created by handheld projectors, they
are naturally suited to support interpersonal communications, which is difficult to achieve
with traditional handheld device$he Hotaru systerfil09] suppors simple nteraction
between multiple projectors. File transfer between devices can be made by either finger

touch or overlapping the projection imagégy(ire2.17).
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(a) By finger touch (b) By overlapping projections
Figure2.17: Information exchangbetween projectorgimages fron{109])

On the other hand, usauthored information may be left in the physical environment
to faciitate asynchronous interpersonal communication. Raskar @3dlalso described
in their warehouse scenario how annotations are used to cooatesrinformation

between a manager and an employegure2.14).

In this thesis] explorea variety of applications and scenarios of handheld projector

usage, which includkut are not limited téhethreeareas above.

2.4 Related Research Areas

In this Sectionwe briefly summarize other research areas that are related to or have

implications on handheld projector interaction.

2.4.1 Handheld Device Interaction

Given the increasing popularity of haredth devices in recent years, extensive
research has been conducted on various techniques to interact with them. Researchers
have thoroughly investigated gestlr&sed interaction techniqufst, 59, 60, 76]text
ertry technique$79, 90, 110, 135]multimodal interactionf92, 96, 113, 131]Jand so on.

Specifically, several visualization and interaction techniques were explored to
overcome the shortcoming of the smaiked display and interaction space on handheld

devices. ZoneZooni98] and City Lights[135] supported zooming visualizations and
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interfaces to maximize space utilization. Hgld ] is an efficient technique to visualize

the locations of ofscreen objects. Collapse-Zoom [12] allows the user collapse
irrelevant content to make space for important informatibm.particular, several
researcherfdl, 61, 116, 130have explored using positiontracked handheld device to
provide a window to aalrger virtual workspagesimilar to the Flashlight metaphor we
employed in our research. Howevel these solutions can only alleviate but not
eliminate the limitation of small handheld displays. By embedding projectors in handheld
devices, the displayna interaction space will no longer be limited by the size of the

device itself.

2.4.2 Projectionbased Interaction

In addition to handheld projector interaction, researchers have also explored rich
interaction in a physical environment enabled by sitlate steerable projectors.
Pinhanez and colleagues present the Everywhere Displays 85e86] which used a
mounted steerable projector combined with a computer vision system to transform any

surface in a room into an interactive intedaigure 2.18). They have applied their

system in a retail store scenafld0].

Figure2.18: Everywhere Displaygimages from wwwesearch.ibm.com/ed)

Dietz et al.[33] use multiple projectors to create interactive public displays tatgete
at persuading people. They also supported implicit interaction depending on the distance

between the user and the projected disgiggg and Reh§42] use multiple pragctors
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to alter the appearance of an artistods canve
Lee et al.[69] present a technig for projecting content onto movable surfaces that
adapts to the motion and location of the surface using a mounted projector.

Empirical studies were also conducted to investigate the user experience and
performance with projectichased interaction. \ida et al.[120] reported a Wizaradf-
Oz study on wuserso6 preference praectorbaded e c t ma t
augmented environment. Podlaseck et [87/] st udi ed peopl eds react
interfaces projected ontofférent realworld objects.

The use of handheld projector provides similar affordances like those provided by the
above projectiofbased systems, but avoids instrumenting the environment, therefore is

more suited to ubiquitous usage.

2.4.3 CollaborativeNork

Computer supported cooperative work (CSCW) has been extensively explored by
researchers. These collaborations between people can happen either -lacatezb

setting, or across time and location intermediated by computing systems.

Co-locatedCollaboration

Co-locatedcollaborativegroupware has been widelgvestigatedin other settings,
especially with shared displagsich aswalls [22, 54, 62, 106pr tabletors [114, 13,
138]. Huang and Mynat{58] used sempublic displays to support docated group
members to maintain awareness and collaborate. Morris et al. explored different
strategies of control mechanism in applieas on shared tabletop displdy®], and also
multi-user coordination pizies for co-located groupware in gener@0]. Simon[106]
studied the firsperson experience and usability ofloocated interaction in a projection
based virtual environment. Shoemaker and Inkf@#b] also explored techniques to

present private information in a 4ocated single display groupware (SDG) bgagion.
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Inkpen and colleagues studied-logated collaborative entertainment for ad{it4] and
children[59].

Similarly, we may achieveco-located collaboration and communication between
people by sharing a handheld projection display, or by interaction between several

hardheld projectors, each owned by a user.

Asynchronous @llaboration

Researchers have also explored collaboration between people at ditierest
Edwards et al[36] present Bayou, an infrastructure to support the construction of
asynchronous collaborative applications. Weng and Gerh24i] studied the use of
annotations in supporting asynchronous collaborative writing, and Cadiz §£7al.
studied the role of web annotations in asynchronous collaboration around documents.
Pregui@ et al.[88] present research otlata management support for asynchronous
groupware. Ganoe et aJ48] used collaborative public displays to support activity
awareness in asynchronous distributed work. Sakamoto and Ky«@0jaalso explored
integrating support for both synchronous and asynchronous communication in
cooperative work.

Similarly, with the ability to leave information and annotations in (egsical
environment, handheld projectors can effectively transform the environment into a shared

conduitto support asynchronous communication and collaboration.

2.4.4 Augmented Reality

Augmented reality (AR)5] is a variation of Virtual Reality (VR)96]. Instead of
completely immersing the user inside a synthetic environment as in virtual reality,
augmented reality superimposes virtual objects and informafi@n or composite with

the real world.
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Most augmented reality systems make use oftlserigh head mounted displays
(HMD) [57, 122, 131]to overlay information while the user is observing the physical
world through themRigure 2.19). Researcherf83, 121]have also experimented using
cameraerhanced handheld devices as displays to create a lightweight indirect augmented

reality experienceHigure2.20).

Figure2.20: Handheld augmented realifymage from[83])

Applications of augmented reality includes assisted medical surgptje$08]
instructions for manufacturing and repf88, 107] annotations of physical objects and
environment$37, 97, 99] robot teleoperation34, 67]and entertainme80, 72, 76]

The handheld projector can also be used to overlay information in the physical
environment, as discussed in sect@B8.2 The sharable display created by handheld
projectors supports collaborative applications better, compared with conventional AR

devices that are designed typically for singirson use.
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2.4.5 Publicand SocialGames

Computer games that involve social ieion between players have attracted
researchers in recent years as an artifact to investigate social behaviors mediated by
computing. Researchers have studied social games both played on the 85 eued in
the real world17, 24] and those¢hatinvolve both[43].

Specifically, Social games played on mobile devices have become popular recently as
entertainment and as a raseh topic. A notable example is Md@3], a locatiorbased
game for mobile phones launched in Japan. The players collect virtual items depending
on their locationsand trade them with other players to complete collections while they
are moving outside. Researchers have studied similar lodzdieed mobile gamg$, 15]
that people play while doing something else, and observed many interesting social
interaction patterns from the playg9, 31] Benford et al[16, 18] also investigated
how uncertainty and error i n |l ocation can i
strategies.These games are played exclusively on mobliésices, hence the game
experience is only understood by the players but not surrounding spectators. In particular
Bell et al.[15] reported that player behaviors appeared strange to other people around and
drew unwanted attention.

On the other hand, a fewesearchers havalso experimented with games and
interactive entertainment usirsgfuated largealisplays in public space&ames played on
these public displays are visible to all people in the spaog mightseamlesshplend
into public space experienceSchminky[95] is a multiplayer game played on PDAs.

The game was deployed in a caféfor one week, with a public display showingcte s
network that resulted from game playing. MobiLefl®1] is an entertainnté system

that allows people to use mobile phones to vote for music video clips to be played on a
public display. FishPongl32] is a ballandpaddle style game played on a tabletop

di splay using augmented coff eePublicdisplay desi gn.
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games have also seen their egemce as commercial products, especially those using
projected displays that people can interact using their bodies, such as the GéstureFX

system ywww.gesturetek.com/gesturefx/introduction.jphp

In addition to those discussed here, many other games that aim at pervasive
experiences in the real world have been explokdgerkurthet al. provides a more

detailed review73].

Given thespecialaffordances of handheld projecs, gamepplicationssupported by
them could combine thattributesandadvantagesf both mobile social games and public

display games, and create a unique game experience for players and spectators.


http://www.gesturetek.com/gesturefx/introduction.php

Chapter 3

Prototype Platform and Mechanism

With the ability to project information, a handheld device can surmount the
limitations of its small internal screen by creating a larger display on an external surface.
Furthermore, i f the projectordés position an
could change the displayed information accordingly, and create an illusion of exploring
large workspace embedded in the physical environment as if using a flashkitptire
1.3b, ©. By doing so, the displagnd interaction space can be expanded to cover almost
an entire physical environment, and support interaction concepts not possible on
traditional desktop or handheld devices.

Building on these unique affordances, develop a handheld projector interacti
prototype as the research platform for all our following work. The system emaloys
Flashlight metaphor, in which the projected image reveals a portion of a \aryel
workspacethat is stationary on the projection surfadéultiple workspace can ke
embedded in the physical environment. To enrich the interaction possibilities and
leverage human ability to perform bimanual tasks, a passive paiuded to write/draw
on the surfacesIn this chapterwe describe the concepts and implementatiohthe
platform system, as well as techniques to interactively defimdkspacs in a physical

environment.

34
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3.1 Basic Concepts

The central concept of our interaction scheme is a flashlight metaphor. The image
projected on a physical surface by the handipetjector reveals a portion of a large
virtual workspacethat is situated on the surfacEiqure 3.1c). When the projector is
moved, the projected image content changes accordingly to reflect the change of the
projected region relative to theworkspace By doing so, we create an illusion of
exploring a stationaryworkspacerelative to the physical surface. When multiple
workspacs correspond to different physical surfacegre 3.1d), this results in a user
experience of looking around in a dark room with a flashlight. For the sake of simplicity,
we refer tothe physical projection surfageorresponding to these virtual workspaess

s ur fhareaftes O

(b) System in use.

B spaces

(c) Flashlight metaphor (d) Multiple workspaces

Figure3.1: Prototype platform and basic concepts
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Virtual objects such as pictures, documents and folders can be contained in the
workspaces To indicate the attention point of interaction, a crslsasped cursor is
positioned at the center of tipeojected image. The cursor can be freely moved across
different workspacs by pointing the projector. The cursor size scales according to the
distance between the projector and the surface, so as to maintain a relatively constant
visual size for the usetJsing the cursor and two buttons attached on the projector, the
user can interact with theorkspaceand the virtual objects. A passive penusedto
draw and perform local interactions. The system responds when the pen tip is touching a

surface.

3.2 Hardware Platform

We use a Mitsubishi E PK10 Pociguwe3d®R)y. oj ect or
The projector weighs about 1 pound, and has a resolution 800>600 pixels. We augmented
the projector with ahandle and two buttong (h e  p rtiiggea roytton fandthe
S e ¢ 0 ntdpalutgon)AAn integrated stand enables placing the projector on the table in
a comfortable projection angle. The passive pen is made from a whiteboard marker with
the tip replacedoy plastic, and without any electronics embedded. Passive reflective
markers attached to the projector and the pen enable tracking by a Vicon-basesta
tracking systemvww.vicon.com) which provides &lof (position + pose) information
for both the projetor and the pen at millimeter precision at up to 120Hz. The projector is
connected to a 2.4GHz Pentium 4 PC, which produces the projection image and handles
the interaction.

The Vicon tracking system enables us to track the gimjeand the perwith high
precision and low latency in a relatively small region. However, we anticipate upcoming
wireless location tracking systems suclsash as indoor GPR17] or TrackSendé8],

possibly combined with orprojector sensors such as tilt sensors, will soon enable such
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tracking more cheaply and ubiquitously, so as to allow our designs to be widely deployed

in thenear future.

3.3 Image Generation and Correction

The proj ect orisGepresenet bya prbjectino mMatrik that describes the
transformation between a 2D point on the
the 3D world.Eachworkspacas represented as a 3D plane that describes theplaeaar
surface it correspond®, and the valid region of thevorkspace(represented as a
rectangle) that information and interaction must reside within. At each frame, using the
projector model, thevorkspacemodek, and the current position and pose of the projector
acquired from théracking systema linear system is solved to calculateich workspace
the projector is pointing at, and the exact position and shapkeoprojected image
region The system then decides what information to project and warps the image
accordinglyto canpensate for the distortion caused by-oothogonal projectionHigure

3.2).

image projected image observed

Figure3.2: Display mechanism.

For clarity, we define the local X, Y and Z axes of the prtogjeas inFigure 3.2.
Certain interaction techniques are associated with rotating the projector along some axes.
The projector is calibratetbeforehandby detecting correspondences between 2D

image pointsand 3D projection pointasing standard computer vision techniq{#s],
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while theworkspaces can be definédalibrated)interactively during use, as described
later in Section 3.4 To decide whether the pen is being used, siistem checks the
distance between the pen tip and the surfaces. The pen is active when its tip is less than
3mm from a surface and falls within a vahdrkspace

We usethe dynamic recursive low pass filtelescribed by Vogel and Balakrishnan
[119] to reduce the input jitter caused by hand movement and tracking noise without

noticeable lag.

3.4 WorkspaceDefinition Techmgues

When entering a new environment, the user first defiveekspace corresponding to
the physical surfaces in that environment. Any f@anar surface can be potentially
defined into aworkspace e.g. walls, tables, boards, or multiple surfaces physical
object. To define avorkspacethe system needs to collect two pieces of information: (a)
the 3D plane that approximates the surface; (b) the valid region woitkgpace

Depending on the reachability of the surface and the precision needdtefor
workspacethe user may choose to definearkspaceeither using the projector or using

the pen.

3.4.1 Defining a Workspace using the Projector

To define a newworkspace the projector projects a set of concentric quadrangles,
each notated with texbdicating the desired side length of it, ranging from 1mm to 100m
(Figure 3.3a). These quadrangles stay static relativeabtal distort alog with the
projected image region, just like being projected byadinary nonrectified projector.
The userods task is to point to the surface
make the quadrangles appear as upright squares. At the same time, the user can enlarge

the squares by pressing tBecondary butin, or shrink them by pressing theimary
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button in order to roughly match the displayed sizes of the squares to those suggested by
the notations. Alternatively, the user may also move the projector towards or away from
the surface to finely adjust thespiayed sizes. Once satisfied, the user pressed the two
buttons together, and the surface plane of theweskspacas defined accordingly.

Then the user defines the valid region by sketching the four border lines of the
rectangle. Pressing down and holgitheprimarybutton, the user starts to sketch the top
border line using the cursor. Releasing the button finishes the line. Similarly, the user
then sketches the remaining border lines in the order of right, bottom and left, and the
valid region of theworkspaces defined accordingly. The sketched border line segments

do not have to form a closed rectangle.

(b) Defining the surface.

(c) Defining valid region (dotted las added for illustration purposes only)

Figure3.3: Defining aworkspacausing the projector.
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We now explain the internal mechanism for this definition procedure. In the surface
plane definition stage, the system assumetsttigasurface plane is always perpendicular
to the Z axis of the projector (namely the optical axis) with a fixed distance D from the
project or 6 sFigorp34). Yirubl squaees argrajectédonto this imaginary
plane with physical sizes indicated by the text notations, and centered at the point that the
projectorb6s Z axis intersects the plane. Sir
plane is updated along with the projector, th@grted squares stay static relative to the
projection image on the real surface, and distort along with the projection image. By
making the displayed quadrangles squares, the user effectively makes the imaginary
plane parallel to the real surface to befinled. Pressing thprimarysecondary button
increases/decreasesile, moves the i maginary plane al ong
results in changes in the sizes of the projected squares on the real surface. By the time the
displayed size matches thadicated by the notation, the imaginary plane matches the
real surface exactly. Pressing the two buttons together locks the position of the imaginary

plane, and defines it to beasorkspace

|an¢
agi”ary :
im

Figure3.4: Internal mechanisrfor definingworkspaceausing the projector
After the workspaceis defined, the rectangle of the valid region is calculated by
fitting a straight line to each of the border lines the user sketches.
This procedure is applicable to virtually all ngedanar sirfaces present in the

environment, except the rare cases when the user cannot possibly point the projector
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perpendiculdy to it, such as a screen hanging in the air above the user. The accuracy of
this procedure is | imitttidomyoft hthaseqwar eud®
sizes. However, the definition error is negligible if the user only needs to interact with the
workspaceusing the projector, especially when the surface is far from the user. In order

to use the pen on the surface, a moeeige definition is required, which can be achieved

using the pen itself.

3.4.2 Defining a Workspace using the Pen

When the surface is within physical reach, the user can definedhespaceusing
the pen. To do so, the user sketches the four border dintheworkspace(Figure 3.5),
similar to the region definition stage using the projector. Instead of using the projector
cursor, the user sketches the border lines using the pen tip touching the.stgaio,
the user uses th@imarybutton to indicate start and end points of each border line. After
border lines are sketched, both the surface plane and the valid region are defined
accordingly in a single step.

Since the pen tip is tracked in 3D, tinéernal mechanism is simply fitting a plane to
all the pen tip points collected during the sketching. The valid region calculation is the

same as that in the definition procedure using the projector.

Figure3.5: Defining aworkspacausing the pen.

(dotted lines added for illustration purposes only)
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These two definition techniques can be used in combination to efficiently define
multiple workspacesand accommodate different surface characteristics. For example, to
preciselydefine a large wall, the user may first define the wall plane using the pen, and
then use the projector to define the border lines that are not reachable by the pen. These
techniques can also be used to revise an existargspace by simply respecifyingthe
relevant partsThesedefinition techniques aravailableto the user ira special workspace
definition mode as opposed to the normaiteractions described in Chapter Bhe
workspace definitionmode is automatically in effect when a user entersea n
environment, or can be triggered usingrassingmenu(described in Chapter 4t any

time by the user.

Enabled bythe Flashlightinteraction metaphor and the ability to dynamically define
workspaces in various physicahvironmentsour prototype f@tform can support karge
variety of interaction techniques and applicationgildng on thisplatform we explore
interaction techniques and usaggenariodusing a single handheld projector in the next

chapter.



Chapter4

Interactionusing aSingleHandheld

Projector

Although someprevious research exists on interactive handheld projgdtdr<4, 90,
93], there has not been a systematic exploration of the design space of handheld projector
interactiontechnques Most of the existing techniques are either application specific, or
still relying on conventional moudie operations, which may not be suited to the
characteristics and affordances of handheld projedtosder forthe handheld projector
to be usable as a generahd flexibleinteraction mediuniike the desktop computea
vocabulary of generic interaction techniques needs to be developed, just as the WIMP
(window, icon, menuand pointing device) scheme was evolved anthe standard for
deskbp GUI. As higherlevel applications are to be explored on handheld projectors,
these basic techniquesould serve as building blocks thabuwd be readily used in
combination to create fluid user interfaces. To achieve this goal, w@itiny upon the
platform described in Chapt& in this chaptewe explore the design space of interaction
techniques using a single handheld projector, aimingugporting a large variety of
potential applicationssome of which demonstrated in our exploratibrusage scenarios
While designing these techniques, we deliberately consathelr exploit the special

characteristics and affordances of the handheld proje2iotheotherhand, the ability to

43
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project and annotate in a physical environment offers tlsilpdty to augment physical
objects with overlaying informatiorAlthough thesetechniques are designed for using a
single projector at one timeseveralmulti-person scenariosan also be supported by
sharing the viewing experience, or communicatingnelssonously using the physical

environment as a conduit.

4.1 Design Principles

In our exploration, we are guided by the following goals:

Generic interaction schemes

Instead of designing for specific applications, we aim for a set of generic techniques
tha would be useful for any handheld projector application. Depending on the scenarios,
users could combine these ldewel interaction techniques to establish higlesel

dialogs that are suited to the context.

Applying reatworld protocols

Since the inteaction spacesare integrated into the physical environment, we adopt
protocols that people already use to interact with the physical world and other people
where applicabl e, such as moving towards

to block otler people from seeing private information.

Division and integration between projector and pen

To leverage the different affordances of the projector and the pen, we deliberately
assign tasks that are more global and coarse to the projector, and locet@sd fasks
to the pen. However, where appropriate we also exploit concurrent bimanual interaction

with both devices.

an
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Supporting multiple people
Although we focus on the case where only one user operates the projector at a time,

the sharability of projeed information naturally encourages multiple people to view and

work with it. Our designs attempt to accommodate multiple people where possible.

4.2 Interaction Techniques

In the following sectionswe describe techniques for interacting witlorkspace

after they are defined.

4.2.1 ProjectorOnly Interactions

Using the projector alone, the user can perform tasks that focus on browsing and

organizing information.

Virtual Object Manipulation

The basic manipulation of virtual objects is similar to that deaktop GUI. A click
of theprimarybutton selects the object at the cursor position. Holdingtingary button
the user can move the object around by moving the cursor. Releasprintaey button
releases the object. The object can be seamlessly dneither within the same

workspaceor between differenworkspaces

Figure4.1: Moving and rotating objects with prajer.
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In addition, the user can rotate the projector along-&iZ (effectively by rotating
the wist) to rotate the captured object. Moving and rotating can be performed
simultaneouslyFigure4.1). Since the orientation of the object is consistently mapped to
that of the projector, the objectstayd i gned with the wuserés view
moved across differeworkspacesor when the user walks around therkspace On
the other hand, the user can efficiently position and rotate the object to accommodate

ot her peopleds perspectives.

Crossing Widgets

Interactive widgets are used to trigger commands and adjust parameters. To provide
robustness against the relative lack of precision oflise pointing with the projector,
which could be worsened by a physical butttink action, we aim aa set of widgets
that alleviate the requirement of precise cursor positioning and kcltoks. We adopted
the concept of crossiAgased widgetf2, 4] in our projector interactioto achieve facile

interaction.

Size

I +
Transp;_r&_—___‘

(b)

a
1 CprAdjust IE ! <
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(a)

(a) Crossing menu (b) Crossing sliders
Figure 42: Crossing widgetgarrows show the crossing path).
A contextsensitive menu is triggered by pressing skeeondary buttanHolding the
button, the usenses the cursor to cross a menu item to activate it, and crossing the menu
in the opposite direction deactivates the item, as suggested by the green amgseaf ed

the menu Figure 42a). Releasing the button executes the currently active item, and
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dismisses the menu. Hierarchical menus are also supported by crossing the items in
different layers sequentially

Crossing based sliders are used to adjust continuous parameters. Crossing the slider
activates it, and then the sliding block moves to match the cursor movement parallel to
the slider. The parameter value changes accordingly. Note that instead ohgredabi
slider block, the user can cross anywhere on the slider to directly dial the block to that
position. Crossing the slider in the opposite direction locks the slider block. Using sliders
arranged in a row, multiple parameters can be adjusted in smwon$ manner. In this
case, the previously active slider is locked once another slider is activated. If the user
does not want to change some of the parameters, s/he simply moves tharoursdrthe
corresponding sliders to avoid activating thelaigure 42b illustratesusing crossing
sliders to adjust the size and transparency of an object. Incidentally, crossing sliders are
also used as scrollbars for scrollable objects such as documents or passhiths.

By associating different sliders (or groups of sliders) with different menu items, we
provide a fluid way to adjust many parameters in a single continuous sequence of
crossing actions without need for numerous butiorks.

These interactive idgets automatically move and scale, so that they always stay
inside the projected image. Hence the user can operate the widgets using local
movements, while reposition them within/betwermorkspacesusing more global
movements, without need for a mode teli Tracking menug40] provide similar
affordances to operate and reposition a widget with a single pointer. However, since our
design takes into account the projected image region, the result is a more implicit and less
intrusive mechania . I n addition, it smoothly accommod
physical environment. Because the size of the projected image is proportional to the

distance between the usdreficethe projector) and the surface, scaling the widgets
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accordingly resu#t in approximately the same visual size and the same amount of hand
movement to operate the widgets.

When invoked, the widget also adjusts its orientation (07 907 180°or 270} to
accommodate the userds view angjécterattlmtccor di n

moment.

Resolution Gradation and Information Granularities

A unigue characteristic of using a handheld projector is that the local image
resolution changes depending on the distance between the projector and the surface.
When the projector oves closer to the surface, the same amount of image pixels is
distributed in a smaller region, resulting in a higher local resolution. This naturally
mat ches userod6s experience of viewing physice:
low-resolution dsplay region to overview theorkspace while coming closer, the user
focuses on a small but higksolution region to acquire details. This resolution gradation

spontaneously happens in an implicit continuous manner.
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Figure4.3: Proximity adjusts information gratarity.
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In addition to image resolution gradation, dynamic resolution can be applied to the
semantics of information. A virtual object may switch between different information
granularities when the distantetween the user and the surface changes.-ldigh
information is displayed when the user is far from the surface, and detailed information is
displayed when the user comes closer. This is realized by calculating the area ratio
between the virtual objedtself and the projected image region, which effectively
measures how many image pixels are distributed to the object, given the total amount of
pixels of the projector is fixed. This also results in a switch of information granularities
while scaling theobject.Figure4.3 illustrates a city map switching between granularities

when the user moves.

WorkspaceOveaview

Since the projector usually displays only a portion ofwiloekspaceat one time, the
user may occasionally have difficulties in navigating werkspaceand locating a virtual
object. To assist navigation, pressingth buttons together triggers an overview panel
showing a miniature of the currewbrkspace(Figure4.4). Like the interactive widgets,
the panel moves and scales with the projected image region. When miovadlifferent

workspacethe content of the panel switches to overview the newly emtesddpace

Figure4.4: Workspaceoverview panel.
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Flick Gesture

Depending on theurrently selected object a Afl i cko gesture to t
acts as a shortcut to frequently used menu commeeidied to it To make the flick
gesturethe user quickly rotates the projector along itax¥s to the left or right and then
back againFigure4.5a). To inform the user about the shortcut, the corresponding menu
item is marked with a gestuieon (Figure 4.5b). Figure 4.5c illustrates using a flick
gesture to page up/down in a document, Biglire 4.5d illustrates using it to switch
between functions (magnifying, increasing contrast, and querying information) for a
multi-functional magic lens. Incidentally, in the information query mode, the information
text rotates along with the magic leqsoviding a way to adjust the text orientation to
accommodate different view angles, either for different people, or for the same user at
different timesWe choose t@nly employ this flick gesture because of its simplicity, and
do not further pursue loér possible gestural interactionghich are beyond the focus of

this research.

i~

(a)

(a) Gesture trajectory.

(c) Turning pages. (d) Switching lenses.
Figure4.5: Flick gesture.
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Personal Folder

A personal folder contains the virtual objeetsth which the user may want to
interact. Through a menu command,sthpersonal folder can be accessed in any
workspaceand the objects inside it can be dragged intavibidkspaces

Depending on the usage scenario, these virtual objects might be stored in the

handheld device (personal data), in devices in the environjcantext data), or both.

4.2.2 Pen and Projector Interactions

Using the passive pen along with the handheld projector, the user can draw pen inks
in workspacs, annotate on virtual or physical objects, and perform local interactions
more precisely.

Although most of the pen techniques described below do not necessarily require
holding the projector (the projector could be put down on a table, or not used at all in an
i e yferse e 0 s c e n a inimos) caseasers wil hadd phe prajector with the non
dominant hand to set the display/interaction context, and use the dominant hand to
perform pen interactions. Therefore these -pased techniques are described as

bimanual interaction techniques.

(a) Drawing on a surface. (b) Annotating a virtual object.

Figure4.6: Pen interaction on surfaces.
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When the pen tip touches the surface, a pen stroke can be drawworkispaceor
on a virtualobject fFigure 4.6). Neighboring strokes are grouped into ink. Ink can be
moved, rotated, scaled (using a crossshder) and closed (using a crossimgnu) just
like other virtual objects. The pen does not have to reside inside the plojeage
region to draw, hence the user may make HAbl i
workspaces or make fAsecret notesod when s/ he does
being written.

In order to annotate on a remote virtual object thautsod physical reach, the user
can use the projector cursor to capture and drag the object to a closer location while
holding theprimary button and then annotate on it using the pen. To avoid jittery inking
caused by the movement of the hand holdingtheoj ect or, t he obj ect 6s
once the user starts writing. Incidentally, when the object is too large to be displayed
completely by the projector, this enables the user to temporarily pin down the object with
the pen and move the projectorbdmwse it. Once the user finishes the annotation, s/he
releases therimary button and the annotated object flies back to its original position, as
if it is springloaded. This provides an efficient way to annotate virtual objects scattered
around a larg physical environment, without the need to walk around or rearrange the

objects.

Figure4.7: Annotating physical objects.
Utilizing the functionality of drawing invorkspacesthe user can also annotate static

physica objects in the environment. Depending on the relationship between the physical
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object and thevorkspacethe object may be annotated in three different ways: (a) on the
surface of the object, when the surface has been defined imtorkspace This appies

to relatively large objects with neptanar surfaces, such as a box or a computer. (b)
Over the object, when it forms part oharkspace This applies to flat objects attached to
other surfaces, such as a poster or a brand. (c) Around the objectitwhatrudes from

a workspace This applies to relatively small objects that stay on top of atbdaces,
such as a toy on the table, or a switch on the Wagure4.7 illustrates.

The pen can alsbe used to perform local interactions with a virtual object, which
enables precise control that is difficult to achieve with the projector cufgpire 4.8
illustrates using the pen to operate the angsbased scrollbar of a document. Note that
the pen does not have to act inside the projected image. Once the user activates the
scrollbar, s/he can focus the projector on the document and scroll it using the pen,
without paying visual attention to the dget any more. Complete eygee operation of
the widget is also possible if the user has become sufficiently familiar with its position.

This enables the user to focus on the information content rather than the interface.

Figure4.8: Using the pen to scroll a document.

Although we describe these pbased techniques as bimanual interactions, they may
also be used for multiser interaction where one user controls the projector to set the

context, and another uses the pe perform the actions.
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4.3 Usage Scenarios

Utilizing the interaction techniques described, various user scenarios can be
supported. Instead of focusing on specific applications, we categorize these scenarios by
the generic interaction patterns, bothvien the user and the system, and between

different people.

4.3.1 SinglePerson Usage

The capability to easily and quickly defimeorkspace anywhere enables the user to
temporarily convert the physical environment around imiorkspacesto manage
persoml information Figure4.9). Depending on the environment, theserkspacesan
take various for ms, such as wall s, Theabl es,
dynamic image size and resolutiaf the handheld projector readily accommodates
interacting on surfaces of different sizes and distances. The possible large scale of the
workspacesupports tasks that are difficult on a traditional handheld device with limited
display and interaction spa, such as managing a personal album, browsing a map, or
annotating a large document. When the user leaves the environment, s/he closes the
workspacs using a menu comman@nd takes away the processed information along
with the device.

Spatial memory cahelp the user to efficiently organize information, especially when
multiple workspace are available. For example, in an office room the user may place
different groups of information on different walls, and designate the ceiling as a recycle
bin. By doirg so, the user can easily locate the information, and use coarse hand
movement (possibly eydsee) to organize the information between wallaking this
particularsituationas an examplenoving a virtual object upwarmito the ceilingmeans

Asend t o tothecugecahdalmdstacts as a gestutike command.
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(a) Managing photo albun(b) Replyingto an Email (c) Interacting on the back of a seat.

Figure4.9: Single user snarios.

4.3.2 Synchronous MultPerson Usage

Our techniques can also support communication between multiple pétgpéewe
focus on the case where one main user controls the projector and shows the information,
while other peopldook atthe informationand use the pen to communicate. Scenarios
that involve use of multiple projectors togetlaeeexplored inChapter 6

Given the mobility and lightweight interactions of the handheld projector, it is
particularly suitedfor casual ad hoc collaborations. Similar to the skugler scenario,
people can temporarily annex their physical environmentiaikspacs to support their
communication. Even a simple taskkdi showing information to others can utilize
different interactions depending on contekiglre4.10). Note that privacy concerns may
arise when the main user needs to process personal informatigihthatoes not wish
other people to see. In this case, moving close to the surface results in a small display
region, which can be blocked from others usi

Multiple people can also use the pen to facilitate communications. A blanicavall
be turned into a virtual whiteboard to support brainstormiigufe 4.11a). People can
also collaboratively annotate a virtual object (e.g. editing a document) or a physical
object.Figure 4.11b illustrates two people discussing about a physical poster. When the

main user is far from others (e.g. a teacher in a classroom), s/he can use the projector to
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pass on a virtual writing pad (or any othatwal objects) to them and let them write on it
(Figure 4.11c). Once the main user releases the button, the writing pad flies back to
him/her with the notes made by other people. This provides aneetfisiay to collect

comments from people in a large environment.

(@) Main user holds the projector, showing a picture for both people. (b) Showing
presentation slides, with the projector on the table and using the pen to switch slides.
(c) Main u®r positions and orients the document to accommodate the other person.

Figure4.10: Synchronous mukuser scenarm

(a) Virtual white board. (b) Discussing a poster. (c) Passing a writing pad.

Figure4.11: Pen usagen synchronousnulti-user scenar®
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4.3.3 Asynchronous MultPerson Usage

Instead of closing thavorkspace whenthe userleaves, s’/he may alsdet the
informationstayin the physical environment to facilitate asynchronous communication.
When another user enters the environment, s/he can use the projector to retrieve
information left by others. Thus, the handheld projector serves as an information conduit
between people acrosme.

Provided the ability to define any nealanar surface into workspacethe user can
leave pen inks and paste informatiamost anywhere in the physical environment.
When another user comes into the environment latercathese the projectoo tetrieve
the information left in the environment by the other peofffegure 4.12). The
relationships between physical objects in the environment and the virtual information can
be tweway. The virtualinformation may serve as annotations and auxiliary information
for a physical objectRigure4.12c), or the physical object may serve as a proxy to attract

attention to the virtual informatiorFigure4.12a, b).

Figure4.12: Information left in the environment.

(a) Virtual flyer on a physical bulletin board.
(b) Note written on a deskc) Error icon on brokenavice.
The concept of overlaying information in physical environments has been explored in
augmented reality application8, 14, 25] However, our ability to easily define

workspacesand author the overlaying information on the fly may result in casual
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asynchronous communication between users. Multiple peopie aisa create a rich
information environment through asynchronous collaboration, similar to collaborative
information sharing on public displaj®2, 49] This scenao also includes the case that

a single user leaves reminders to him/herself for future use.

4.3.4 Game Usage

The affordances of the system also open up design options for gaige® 4.13
illustrates a mockup of a shooting game. With the guidance of stereo sound effects
suggesting the positions of virtual enemies, the player uses the projector to spot and shoot
at them. Other game scenarios are possible, such as using the pen as a gestural input
device to cast spells, as if using a magic wand. The player can dynamically define the
physical game environment, and exploit the physical layout of the environment to
diversify the game experience. The result is an alternate game setting that can be

deployedvirtually anywhere.

Figure4.13: Shooting game.

4.4 User Feedback

In order to collect some early informal user feedbackour designswe asked five

male graduate studentsaged between 20~3Gp try the prototype system.aEh
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participant was shown the interaction amorkspacedefinition techniques, and asked to

freely and extensively try out the techniques and functionali@esn our current focus

on evaluating the basic interaction techniques rather than the varages scenarios, the

participants attended individually and mostly under sheyle user scenaridach trial

session lasted 460 mi nut es. We observed participant
interviewed them about their opinions and suggestions, and insstaarios they would

use the system.

All participants easily understood the flashlight metaphor and the presence of
multipleworkspace . Their first i mpressions of the sy
They did not show or express any difficulties éaining the interaction techniques. The
overview widget was found to be especially helpful. Though one participant raised the
concern of possible fatigue resulting from moving the projector all the time, nobody
actually reported fatigue during the trialrpels. Although no participants had prior
experience with crossing interfaces, the crosbiaged widgets were broadly welcomed.

They felt that these widgets not only greatly reduced the problem of jittery input, but also

saved time in performing compleyerations. All participants were enthusiastic with the

ability to leave virtual annotations in the physical environment. They were particularly
excited about the i1 dea of |l eaving fAsecreto
hol ographso in fairy tales.

The main complaints relate to the technical limitations of the system, such as display
jitter, having to manually adjust the projector's focus, and the limited working area of the
tracking system. Another concern is that because only part efdhespaces displayed,
sometimes the user may lose the interaction context, such as when browsing a menu with
deep hierarchy, or performing a flick gesture. One possible solution is to let the context

temporarily move with the projector in certain situations.
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The participants made suggestions for improvements. Two participants expressed the
desire to incorporate handwriting recognition to input text. Some participants suggested
adding more input channels on the projector, such as a small keyboard or joystick, as
present on cell phones. One user asked for the ability to write in the air using the pen.

The patrticipants also conceived many scenarios in which they would use the system,
e.g. taking notes, browsing and editing large documents, giving presentations,
collaboratively working with others, looking up for conterelated instructions, and

entertainment.

4.5 Discussion

Although wedid not takea formal iterative user centered desigrocesswe carefully
considered the particular characteristics of our systenmwieking design choices. For
example, we believe that two physical buttons on the projector provide sufficient input
bandwidth for the interfac&iven that the handheld projector is todmstantly moved
inthe 3D space,atdh at t he u stierriscfacusediorstiiegiojectdon instead of
the projector itself, wasuspect that additional buttons could add unnecessary complexity
from both physical ergonomics and ease of comprehension perspectives. The adoption of
crossing interfaces instead gboint-andclick interfaces was motivated by the
observations that freehand pointing in 3D space is somewhat imprecise.

In the scenario of asynchronous communication between people, the user needs to
discover the information posted in the environment prglo This may be supported in
various ways. When the user is seeking information about a physical object, s/he would
actively browse around it with the projector. On the other hasdrs may leverage
physical object®f special meanings 0 attract peopledbs attenti ol
e.g. a bulletin board with both physical and virtual posters on it, or a small object

deliberately left on the desk. Automatic reminders provided by the system may also help,



CHAPTERA4. INTERACTION USING ASINGLE HANDHELD PROJECTOR 61

e.g. when the user emgethe environment, visual arrows or audio notifications could
guide him/her to check for information updat®ghen theprojector can be uniquely
identified by the system, e.g. with embedded RFID,-specific information caalsobe
accessed without ned to log in.

Our system provides some affordances similar to augmented reality (AR) systems
(e.q.,[83]), such as annotating physical objects. However, the use of a handheld projector
makes our system more appropriate for collaborative applications, compared with AR
devices which are designed typically for singkrson use. Our system also eliminates
the need fot h e s ypsor knawdedge of the environment, which is essential for
similar systems using situated projectors such as Everywhere Difgay6]

The Flashlight metaphor underlying aateraction designs means that the usdy
sees a portion of theworkspaceat one time. Thisnteraction stylecreates both pros and
cons. On the advantage sitlee ability to choose what and where to display provides the
user control over thevorkspacs. Therefore we can avoid the information overload
problem wellknown in ubiquitous computing0], when information is all over the place
and overwhel ms the user hdtiplageopk aré present, thiFur t her
also avoids disturbing other people with irrelevant information, and supports privacy for
personal informationThese can be further facilitated by filtering the information to be
displayed accordintp the specific userfahe projectorHowever,not seeing information
outside theflashlight (display window) may create navigation difficulties for the user,
although alleviated by the workspace overview featwe designed The loss of
interaction contexsurroundinghe curent display window may also result in temporary
confusions. For lowelevel tasks such as target pointing, the user performance may
degrade when the user does not know the exact position of theliafgedit is revealed
by the display windowIn orderto gain a deeper understanding of hawe Flashlight

metaphor affects user performances on generic interaction tasks, in the next chapter we
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investigate and createpaedictivemodel for target pointing tasks under such a metaphor,

i.e., iPeephole Pointiny



Chapter 5

Modeling PointinglTasksunder Flashlight
Metaphor

As illustrated in Chapter 3 and et Flashlight metaphor plays an essential role
throughout our handheld projector interaction design. By moving the projector (hence the
flashlight), theuseris able to view and interact wittwvorkspace that are larger than
which could be displayed by the projector aterSimilarly, researchers have explored
using spatially tracked physical di spl ays
workspaceg[41, 61, 130] therefore overcoming thamherentlimitation of the small
display size embedded handheld devices. In general, the Flashlight metaphor refers to
physically moving a spatially aware display that aassadisplay window to reveal
different parts of the virtuakorkspacewhichis stationary relative to the physical world
(Figure 5.1). Other terms used by researchers to refer to this interaction stidelanc
APeepHl3D]aendd A S p[@0}.IGiven the value of itk metaphor for interactive
handheld projectors armmtherhandheld devices in general, it mportant to understand
how it affects wuser sd a ledpdcialiwpeninfmrmatienrist or m
initially residing outsidethe Flashlight (or peephole) region. These understasaily

provide valuable insights for future designs utiigzithe Flashlight metaphor.

63
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(a) Concept.

(b) Usinga spatially aware PDAimage from[130])  (c) Using a handheld projector.
Figure5.1: Generalized Flashligl{Peepholenetaplor.
As a first step in this directionnithis chapter we study user performance in pointing
tasks i a fundamental building block for hightavel interactionsi where the
flashlightpeepholedisplay needs to be moved to reveal the targethn ot ed las fPeep
P o i n thereaftedBased on theoretical analysis we propose a quantitative model for
peephole pointing, and experimentally validate it. Our work considers how user
performance is affected by the size of the display and the presence or absence of prior

knowl edge of the targetés | ocation.
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51 Background: Fittsod Law

Fi tt q39]isl beoadly accepted to model aimpdinting tasks in general. The
movement timel needed to point to a target of widtfiand at distance (or amplituda)

can be expressed as:

~

T=a+ blogzgeé +co (1)
cW =
wherea and b are empirically determined comsits, andc is 0, 0.5 or 1 (details
discussed in MacKenzig’0]). The logarithmic termogz(A/W+c) is referred to as the

Index of Difficulty ID) ( measured in fAbitso) [@fshotvhe t ask
that Fittsd | aw also applies to the case t he
withWset as the width of the area cursor. Res
model twe and threaedimensional targets8, 50, 51, 71]

Al 't hough Fittsé | aw has been proved highl
pointing tasks, it is unclear whether it applies when the target may be outside the initial
display region. Furthermore, it is likely that theesof the display also influences the task
performance. We aim at developing a model for target acquisition performance in this

peepholgointingsituation, which incorporates the display s&@ addition toA andW.

5.2 Problem Setup

Our present works one step towards providing a theoretical foundation and empirical
data that can guide the design of interfaces utilizingfldehlight metaphorWe sought
to obtain an understanding of the factors that affect peephole pointing performance, and

developa quantitative model that characterizes such belgvior
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Figureb.2: Problemsetupof peephole pointing.

For the sake of simplicity, we choose to study a-dingensional pointing task, with
the canstraint imposed by the target only in the direction collinear to the pointing motion.
This is an idealized representation of real world pointing tasks, and is also the behavior
t hat Fittsd | aw originally modeibbenswithn pr act
infinite height Figure5.2).

The following tems are used throughout this chapter

Workspacethe entire space in which the targets can reside. Only a portion of the
workspace is visible and agssible at any given time.

Display Windowa window that can be moved within the workspace. The workspace
region within the display window is visible and can be accessed by the user.

In practice, the shape of the display window may vary depending orettheedand
the purpose, and could be a rectarjgle 130] circle [90] or arbitrary quadranglas in
our handheld projector systerdlowever, in our study, because the targets are 1D, we
choose to make the display window 1D as well. The display window has a finite size
along the direction collinear to the pointing motidmit conceptuallyextends infinitely
along the direction perpendicular to the pointing motion, just as the targets do. By doing

so, we maintain the 1D nature of the task. Using a 2D display window may impose
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unintended 2D constraints on the movement, sodyg the region within the display
window is accessible.

A typical pointing task in this scenario consists of first moving the display window to
reveal the target (if it is not inside the initial display window already), and then move the
cursor to actuayireach it. Three parameters characterize such a task:

A’ distance between the initial cursor position and the center of the target.

Wi width of the target.

ST size of the display window.

whereAandWar e variabl es i ncl umwehdeSismniqgueltee Fi t t s ¢
peephole pointing, and thus needs to be incorporated into our model. In the case of a 1D
display window,Sis defined as the width of the display window, collinear to the pointing
motion.

We also consider a few other factorsthaymaa f f ect t he wuser 6s perf.

Prior knowledge of target location

When the target is not initially visible, whether the user has knowledge about the
target location could affect the amount of effort required to search for the target, and in
turn influene the task performance. The prior knowledge may come from previous visits

to the target, or from techniqusatvisualizeoff-screen targets such as H§ld].

Cursor controlmechanism

Researchers have explored two mechanisms to control cursor position in these
situations:

1. Caupled cursor the cursor position is fixed with respect to the display window
(typically in the center). Moving the display window also moves the cursdhe
workspace. Thus the display also serves as a pointing device, and requires only one input

to operate. This mechanism is usedhys(in the projectotonly interactioncase)as well
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as some previousandheld projector systen80], where a dedicated pointing device is
not available or preferable.

2. Decoupled cursortthe cursor position is controlled by a dedicated pointing device
that is different from that controlling the displa wi ndowo s position.
scenario is where the user moves the display window using théamemant hand, while
controls the cursor using the dominant hand. The cursor pointing device can move
independently of the display window, but is sensed @riien within it. This mechanism

has been utilized on PDAs and handheld screens, usiiytuafor pointing[116, 130]

5.3 ProposedModel

Building upon existing research, we perform a theasét@nalysis of peephole
pointing, and develop a tentative model for movement time that incorpévatéandS.

In general, a peephole pointing task consists of two stagesMiingng theDisplay
window to reveal the targeh¢ted asMD), and therMloving the Cursor to hit the target
(noted asMC). Note that this distinction is made more in terms of the cognitive process
rather than necessarily the actual dynamics of the input device movements. In the coupled
cursor case, there is no physical distinctiaiween moving the display window and
moving the cursor. Even in the decoupled cursor case (e.g. using a stylus on a PDA), the
user maychoose to rest the stylus (and the hand holding it) on the screen when the screen
is moving. In this case the corsis roughly synchronized with the display window until
the user sees the target and stops the display window. The user will then adjust the cursor
within the display window. Cognitively, the stylus moves in the reference frame defined
by the display windw, rather than by the world. On the other havi®, andMC may in
practice also overlap in time, and thus may not have a clear boundary. Nevertheless, we

feel this conceptual distinction is useful in framing our analysis.
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Depending on whether the user hasor knowledge of the target location, the

performance oMD andMC can differ:

5.3.1 Without Prior Knowledge (Case 1)

When the user does not know the target locatMB, requires searching for the
hidden target with the display windowigure5.3a). (Here we arassuminghat the user
knows which direction to search foandleavethe morecomplexcase that involves
uncertaintyof the target direction for future investigationsnhfortunately, to the best of
our knowledge, there is no existing model for this type of searching. (Prior research on
visual searcli128] mainly focused on identifying a target among several distracters, with
both target and distracters visible all the time, which is fundamentally different from our
task). However, intuition and observations during our pilot studies suggest thahé¢he
required forMD (Twp1) should increase a& increases, since a longer distance requires
more time to search througfiypi should also decrease &sincreases because: (1) a
larger display window reaches the target earlier, resulting in a shorteh skstance; (2)

a larger display window makes it easier to visually identify the target; (3) the user tends
to move the display window faster when it is larger, with less concern of missing the
target (observed in both pilot study and formal experiméfit)h these considerations,

we positthalfyp:p| ausi bly foll ows aA&dlX tsd | aw rel at

OA ~
TMDl = a'Dl + bDl lOQZ%S_ + 08 (2)

whereap; andbp; are constants that depend on the device and task settingjsa@gd
0.5 or 1 &ccording to[70]). We neglectW in this equation asV does not impose a
significant movement constraint in thdD stage, especially véam W is considerably

smaller thart.
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(@)

(a) Moving the display windowMD).

(b)

(b) Moving the cursor (MC)
Figure5.3: Peephole pointing without prior knowledge of thegeiocation.

Once the target is revealed, the user moves the cursor to reach theM@y@tigure
53 MCi s a standard pointing task that <can
width is W, andthe effective target distan@® is the distance between the target and the
current cursor position. In the ideal situatidfiC starts once the target is revealed in the
display window, and the cursor is residing at the center of the display windowtamé¢he
(which is always true in the coupled cursor case), teis between$- W) / 2 (i.e.,
target fully revealed) ands@+ W) / 2 (i.e., target barely revealed), with an averag@af

However, in practice, due to limits of reaction time, the usdroftién overshoot the
display window beforeMIC starts. Since in th&ID stage the user tends to move faster
with a larger display window, this overshoot is likely to be larger with a larger S. Further,
in the decoupled cursor case the cursor may have #vposr negative offset (with a

mean of zero) from the center of the display window, depending on the previous action,
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the way the pointing device is held etc. Considering the somewhat unpredictable nature
of these factors, we assume the mean value otffieetive target distance ag=kS,
wherek; is some constant coefficient (because of overshodking, likely smaller than

1/2). Therefore the average time needed@ris

Ok S ~
TMCl :a01 +bCl |ng%l—+C8 (3)
cW =
whereac; andbc; arethe Fitte | aw par amet er sisOf @5rordt hi s

For the ease of mathematical derivation, we chadsebe 0O for both Eq. (2) and (3)
(which is the equi val enc e[39),fthenttdiabmoeemenyg i n
time is:

T:L :TMDl +TMCl
=ay, + by, Iogzéaeg§+ ac, +b, Iogz%/lvsg

o ~bDl o ~bC1

aA a
:aD1+|0926’e—8 +a01+|0925W8 +bg, log, k,
cS+ cW +

= (@, + 8, + b, 10g, k;) + log,, (A 5 O beoyy-e: ) (4)

Becauselyp; describes searching without knowing the target location, which is more
difficult than pointirg to a visible target (described Byci), we expect thabp; > bes,

resulting in a negative relationship betw&sndT;.

sett

al f
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5.3.2 With Prior Knowledge (Case 2)

(@)

(a) Moving the display window (MD)

(b)

(b) Moving the cursor (MC)
Figure5.4: Peephole pointing with prior knowledge of the target location.
When the user already knows about the target location (such as from spatial memory
of previous visits)MD is not truly asearching action, but a planned motion towards the
target to cover it with the display windowiQure5.4a). This is essentially the behavior
of an area cursor, al so mod eh andl Buxtoyj64]Fi t t so6 |
whereW is set to be the width of the area cursor. Althoughythsed a point target in
their experiment, the relationship should still hold when the target width is considerably
smaller than the area cursor. The only difference is that here the user does not see the
target until it is revealed by the display windamd prior knowledge is used to guide the

initial movement. Ths we have:
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()

aA 0
Tyupz =ap, +hp, |092868— +CO
C =

Similar to case IMC is a typical pointing action with target widil and effective
target distancé\' being the distance between the target and thesist cursor position
(Figure5.4b). However, herd\' is caused by the spread (distribution) of display window
positions resulting fronMD. MD is a rapid approximate pointing task towards the target
without initial visual cues, therefore has an opemop (o Abal listico)
some extent. Several researchi@ls 78, 123]have investigated the spread of endpoints
from such an action. They showed that (in the 1D case) the position of the en&points
can be approximated byremrmal distributionN (Xo, ), where the mean valug is the
center of the target, and the standard devialierfA, f being an empirically determined
constant. Therefor@' = | X - Xp|, and from the property of normal distribution we know

the mean vale Aj=s./2/p = fA\/2/p =k,A, Wherek,=f,/2/p iS a constant coefficient.

(Again, in the decoupled cursor case, the offset between the cursor and the center of the

display window is averaged out in the mean). Thus,

~

Q

(6)

ak,A
Tucz =8¢, + b, log, @2 -+c
cW
Similarly, we choose = 0 for both Eqg. (5) and (6), and the total movement time
T, =Typz + Tyeo
o A~ o k AN
=ap, +hy, |ngge_8+ ac, +be, Inggaz_g
¢S+ W =

o A ~Pp2 o A ~bc2
B 4AD AAQ
_aDz+|ogza'3‘S_Q +acz+|092%WQ +be, log, k,

= (85, *ac, +Dc, 10g, k;) +log, (A= 5 ey ez ) (7)
Summarizing case 1 and 2 (Eq. (4) and (7)), we have

T =a+log,(A»S W ) (8)
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wherea, ba, bs, by are constants that depend on devicetasll property, anta = bs

+bw (ba, bs, bw> 0). An alternate expression of Eq. (8) is

T=a+log, (AS’ bs/Daypy ~Bu /O )bA

by /ba &4

bs/ba a8
0

o

l- OOy
o
>

=a+log,

o ) o
(/)EID

>

"%9?‘5’20

-n

ooy,

(et n=by/b,, b=b,)

nrr>
- OO

=a+log,

Q)
[-O:00

o A o A,.,~
:a+b%ﬂogzges—8+ - n) Iogzgwgg 9)

wherea, b andn (0 <n < 1) are empirically determined constants that vary depending
on the device and task property. Specificatigescriles the relative importance &fin
terms of impact on movement time, compareito
Given the similarity between Eq. (9) and

Difficulty for peephole pointing with a display window of size S as:
aAg aAg
IDs =nlog,ee-0+(1- n) |0926§/Vo (10)
cS+ cW =

|l nspired by the widely IIDFIeng(A/r\N+é.)dweYLamriation
propose a variation of Eq. (10):
OA ~ o A ~
IDg = nlogzge— +18+ - n) Iogzge— +18 (11)
cS =+ cW =

SO as to guarantd®s is positive, especially whe8 > A, which is valid in practie.

Eq. (11) also suggests that
im 1D = (1- n)log, & +13 (12)
S = cW =

since the task becomes a standard pointing task when the display window is infinitely
| ar ge, mo d e | e dg. (hOy doési nbtthavé thit desirable Bproperty as it
approachesD whSE B .
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Note that Eq. (8) may also be equivalently expressed as

aAd as gd
T= a+b lo + (- n)lo
i gzg%O - g, gm@
or T= a+b§1logzawo+(1 n)Iog 8"§ @3

with a slightly different definition ob andn (0 <n < 1), while keeping the signs of

ba, bs, and by. Similar to Eqg. (11), we may generate two other candidate variations:

3A asS .0
ID; =nlo +1 +(1- n)lo 1 14
928% 0 1- n) ggw 0 (14)

aA .0 aW .6
ID. =nlo +10+ (- n)lo +1 15
s gzg‘w 0 (1- n) gzgeg 0 (15)

Eq. (14) is reasonable given its similarity to our derivation of Eq. (4) in case 1.
However,itdoesnmo regress toSYPitEgd (a®w) whahisfies
property, but does not have an intuitive interpretation. In addition, Eq. (11) ibeldsO
when A = 0, which is intuitive since the required movement is completely eliminated.

Neither Eqg. (14) nor Eq. (15) satidiéhis requirement.
Nevertheless, we will use our experiment data to verify each variatitDsofEQ.

(10), (11), (14), (15)) and determine which model best fits the data.

5.4 Experiment Setup

5.4.1 Apparatus

We close to simulate #8ashlightpeephole displaon a desktop monitor (3i8ch,
1600 x 1200 pixels)Higure 5.5). The entire screen represents the workspace, with only
the region corresponding to the display window revealed, and the rest (virtually)dnaske
in bl ack. A WacomE I ntuos2 tablet (12 x 18

simulate theflashlightpeephole display on a desktop computer rather than using a
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spatially aware handheld device was to ensure the most reliable and highest quality
possible input and output devices, and to enable the abstract 1D display window in our
experiment. This prevents our results from being confounded by tracking errors and other
performance limitations of current spatially aware handheld disgisgserthelesshased

on this current work, testing our model under various realistic situations would be

desirable to further generalize our findings.

(a) Coupled Cursor. (b) Decoupled Cursor.

Figure 5.5: Experiment Setup.

5.4.2 Techniques

Two techniques are investigated:

Coupled cursor(Figure 5.5a): a stylus is used to control the position of both the
display window andhe cursor when held over the tablet. The cursor, displayed as a
crosshair, always stays at the center of the display window.

Decoupled curso(Figure55b ) : a Wac omE p u-dokinamtehdndcan n t he
be moved on the tablet to control the position of the display window. The dominant hand
holds the stylus used to control the cursor position, independent of the display window.
Although the user is fre@tmove the cursor outside the display window and still able to
see it, the system only responds to the stylus tap (for selecting the target) when the cursor

is inside. To simulate the real world scenario of using a stylus on a moving PDA (as in
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[130]), a thin board is glued to the bottom of the puck and moves with it. The user can tap

the stylus on the board, and rest the stylus hand on it while moving the puck.

5.4.3 Task

A reciprocal 1D pointing task is used, in which both theply window and the
targets are ondimensional, vertically extending to the border of the screen. In each
sequence of trials, the participant selects two egudth targets back and forth in
succession. The distance between the targets is set acdortiegexperiment condition,
while the exact positions of them are randomized for each sequence, so as to prevent the
participant from guessing the target position. Within the same sequence the target
positions remain unchanged across the trials. At thginbimg (first trial) of each
sequence, the position of the first target is displayed as a red X, in order to guide the
participant to move the display window toward it and reveals the first target. However,
before the display window actually moves over thd X, the display window is rendered
only as a wireframe silhouette without revealing the content inside. This is to prevent the
participant from seeing the second target if the display window happens to pass it. Once
the display window reaches the r¥dit reverts to its normal appearance, and the first
target is revealed. The participants can then use the cursor to select it (by tapping the
stylus), and immediately starts to search for (if not already inside the display window) the
second target. Thposition of the first target provides a cue as to which direction to
search. For example, if the first target lies in the left half of the screen, the second target
will always be to its right (but not necessarily in the right half of the screen), and vice
versa.

After selecting the second target, the participant moves back to select the first one,
and so forth. Note that unlike a conventional reciprocal pointing task, where all trials in a
sequence are essentially equivalent, in our task the first grimindamentally different

from the others in the sequence. The first trial (i.e. the first pointing action from the first
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target towards the second target) represents poiwihgut prior knowledgéapart from

the directional cue discussed above) andireg extensive searching, but in all following
trials the participant has already gained knowledge about the target location from
previous selections. This provides us a way to cover both conditigrsoofknowledge

of target locationn a single sequee.

The participant must successfully select the target before s/he can proceed to the next
trial. Once the target is selected, its color turns from green to gray, and a short beep is
played to indicate success.

Becausewe are only interested in the movem along the horizontal axis, we
constrained the cursor to be always vertically centered on the screen. The input area of
the tablet is cropped to provide a 1:1 contfisiplay gain. All buttons on the puck and the
stylus are disabled.

We measured the cqietion time (including possible error correction time), and the

number of errors made in each trial.

5.4.4 Design

A fully crossed withinparticipant factorial design was used. Independent variables
were target distancg (128, 256, 512, 1024 pixels), ¢gt widthW (8, 16, 32, 64 pixels),
display window sizé& (32, 64, 128, 256, 512 pixels)rsor control mechanisiftoupled,
decoupled), angrior knowledge of target locatiofyes, no). The range &, W andS
values covered both typical and extreme (8gW) scenarios.

Each participant used both cursor control mechanisms, within which, three
consecutive blocks were performed. Within every block, each combinatidyVétndS
were tested for one sequence of trials. The presentation order of theseat@nbiwas
randomized within each block. We chose to have only 2 trials in each sequence, in which
the first trial (i.e., pointing from the first target towards the second target) represents

pointing without prior knowledgeand the second trial (i.e.,toening from the second
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target to the first target) represents pointivith prior knowledgeso that we have equal
numbers of data points for both conditions. We evenly randomized the movement
direction (left or right) in the first trial (the second tres the reverse direction), in order

to prevent the movement direction frormbaunding with theprior knowledgdactor. An

input error was counted when the participant taps outside the target. Participants were
asked to keep the error rate under 4%irdureach block. 20 practice trials were
performed before each cursor control condition started.

As a baseline, each participant also performed a standard pointing task, with the
entire workspace always visible (i.e. the display window is infinitely larJdje
participant used the stylus to control the cursor. A similar experiment structure was used
for the baseline task, keeping all factors but the display windowSsiEach participant
performed the peephole pointing task using two different cursoratanechanisms plus

the baseline task, with the order of the three counterbalanced across participants.

5.4.5 Participants

12 righthanded volunteers, agediB3, participated. The experiment lasted about 1.5
hours for each participant. Participants wenmeairaged to take breaks between blocks.

Participants did not receive monetary compensation.

5.5 Experiment Results

5.5.1 Movement Time

For the peephole pointing task, the overall average movemenfTti;m@118 msT
increases monotonically @sincreases, r&d decreases monotonically\&&or Sincreases,
as suggested by our proposed model. An analysis of variance showed that all these effects
are statistically significanp&.001). Pakwise means comparisons also showed that every

condition ofA, W, or Sis significantly different from the otherp<£.001).
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There was a significant main effect foursor control mechanisn(F; 11 = 55.4,
p<.001), with mean times of 1884 ms fooupled cursorand 2351 ms fodecoupled
cursor. Different cursor control mechanismsesult in different behaviors, and in turn
different performance. However, the trend tlzaupled cursorperforms faster than
decoupled cursoshould not be regarded as a general conclusion, since it may depend on
the specific device used. For example,might expectoupled cursoto become slower
if we used the nodominant hand puck to control the cursor rather than the dominant
hand stylus.

There was also a significant main effect fioior knowledge of target positioffr; 1=
491, p<.001),with the fist trial (without prior knowledgeof each sequence averaging
2562 ms, while the second trialvith prior knowledg® averaging 1674 ms. As a
comparison, for the baseline task, there is no significant differénge=2.14,p = .171)
between the two tals. Therefore we conclude that the performance difference between
the two trials in the peephole pointing task is indeed caused by the knowledge of target
position, rather than a practice effect.

There were significant interactions foarsor control mekanismx prior knowledge
(F1,11= 4.83,p = .050),S x cursor control mechanisrtF,44= 32.8,p < .001), andS x
prior knowledggF4 44= 89.5,p<.001). In particularShas a larger effect ohwhen there
is no prior knowledge of the target locatiofigure 5.6). This canbe explained that
without prior knowledgeMD is a pure searching task that relies heavily on the visual
feedback in the display window, while with prior knowledg® has a more ballistic
nature, for which the display window plays a less important role. However, the effect of
prior knowledgedecreases aS increases. Whei® is small, only a small amount of
information is revealed in the display window, so any prior knowledge of the target
location would add considerable information and significantly benefit the task

performance. AsS becomes larger, the additional information gained from prior
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knowledge becomes smaller, resulting in less performance gain. Eventually Svhen
approaches infinitythe task becomes a standard pointing action, and the effect of prior
knowledge is eliminated, as shown by the lack of significant difference between trials in

the baseline task.

4000 Prior Knowledge
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S
Figure5.6: Movement time by display windogize and prior knowledge.
There was a significant main effect for block numberTo(F,,,= 18.7, p<.001),

indicating learning between blocks.

5.5.2 Errors

An error occurred when the user tapped outside the intended target. The overall
average error rat@as 3.5%. The factors that significantly affected the error rate include:
cursor control mechanisiti; 1;= 7.50,p=.019) with 2.9% errors fatoupled cursoand
4.1% errors fodecoupled cursgrpossibly caused by the coordination skills required for
bimanual input;,W (F333= 27.3,p<.001), where the error rate increased\édecreases,
because of the increased task difficulty, &4 44= 2.65,p=.046). The error rate is
lowest (2.4%) whers = 32, largest (4.4%) whe®= 512, and roughly 3.5% for adther

conditions between. This is an interesting and somewhat counterintuitive phenomenon,
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which may be because users became-oaezful with a tiny display window, and over

relaxed with a huge display window. No significant interaction exists betwegeiachors

for error rate.

D Cursor Control Prior a(ms) b (ms/bit) n R2
S Mechanism | Knowledge | Estimate | Std. Err. | Estimate | Std. Err. | Estimate | Std. Err.

2AG AAG Counled Yes 444 46.9 316 12.1 0.304 0.0302 | 0.900
Nog.g5 gt (- Miogagy © up No 561 115 652 295 0533 | 0.0363 | 0.868
Decounled Yes 615 65.8 437 16.9 0.441 0.0306 | 0.897
(Eq.10) P No 782 139 796 35.6 0.575 0.0363 | 0.873
o o Counled Yes 171 46.2 382 13.2 0.376 0.0281 | 0.923
nlogZS‘e5+18+ (1- n)log, &2 +18 2 No -168 108 843 31.0 0.606 0.0287 | 0.906
GRS s Yes 175 63.4 548 18.1 0.515 0.0260 | 0.924

(Eq. 11) Decoupled
No -143 128 1040 36.7 0.646 0.0275 | 0.913
o o Counled Yes -244 67.3 707 26.3 0.625 | 0.00974 | 0.913
mogzseg +18+(1- ) logzg‘evsV +13 P No 697 160 1276 62.6 0.720 0.0150 | 0.891
&> = v Yes -259 96.9 899 37.8 0.679 0.0120 | 0.905

(Eq. 14) Decoupled
No 737 187.3 1524 73.1 0.738 0.0152 | 0.902
A G W5 Yes -84 65.8 743 54.2 0.454 0.0268 | 0.897
Mog:Ry +10+ (1 Miogzg +10 Coupled No 942 205 1948 169 0341 | 00241 | 0.780
Yes -276 112 1189 92.1 0.380 0.0238 | 0.845

Decoupled
(Eq. 15) No -1176 255 2514 210 0.321 0.0221 | 0.775

Figure 57: Summary of model fitting results.

5.5.3 Model Fitting

We fit the movement timé@ to the four candidate formulations (Eq. (10), (11), (14),

(15)) of IDs using leassquare regressin. Since bothcursor control mechanismand

prior knowledge of target locatioaffect T, we break down the data into four categories

according to these two factors, and fit them separakéfyire 57 shows the parameter

estimates and standard errors for those estimates. The last column providesaives

for the regression.

Eqg. (11) has the best fit with experiment data in all 4 categories, Rfitiways

greater than 0.9Fgure 58). In addition, Eq. (11) has several desirable properties as

discussed earlier. Therefore our model for peephole pointing is best represented as:

T=a+ b@logzae— +1o+ - n)log,
¢S

aA

"%9?’3’;’

+1

-'f-'c%%’z

(16)
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wherea, b andn (0 <n < 1) are empirically determined stants that may vary

depending on the device and task.
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Figure 58: Model Fitting of Eq. (11).
(horizontal axisiDs; vertical axis: movement time (ms) )

As a baseline, we also fit the data to the three variations of stahda Fi t t s 0
law: ID =log,(A/W +1), ID =log,(A/S+1), andID =log,(S/W +1), which all yield
averageR? under 0.66. This further confirmed the advantage of our proposed model
which yielded significantly better fits.

In particular,n describs the relative importance of display window s&m terms of
impact on the movement time. Compared @oand b, which reflect mainly the
performance of the device or user grongaptures more of the essence of the task itself.

As anexample Figure 59 compars the n values betwee the four categories we fit to.

n Coupled Cursor Decoupled Cursor
With Prior Knowledge 0.376 0.515
Without Prior Knowledge 0.606 0.646

Figure 59: n values under different conditions.
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For bothcursor control mechanism# is smaller when there is prior knowledge
about the target location, indicating a lesser impac®. dfhis is validated by the data
trend we analyzed in the previous sectionwdeer,n is larger in thedecoupled cursor
condition than in theoupled cursorcondition. The fact that the stylus needs to be inside
the display window to be responsive imposes an additional motor constraint rel&ted to
while this constraint does noxist in the coupled cursor case. This may explain the larger
impact of S in the decoupled cursocondition. Further, the difference aofcaused by
cursor control mechanisns smaller without prior knowledge since the searching
behavior that accounts fohé majority of the task effort is mainly a cognitive process,
relatively independent of the control mechanism. When prior knowledge becomes
available, the cognitive aspect of the task is reduced and the motor control aspect
dominates, which is more vulndia to influences of the control mechanism.

In addition, Eq. (16) shows that wh&Mbecomes sufficiently large (e.g. wh&r» 2A,
the target is inside the initial display window), the benefit of further enlarging it becomes
marginal. For example, enlargiigfrom 2A to 4A only results inDgs decreasing by 0.26
versus 0.7 when S changes fromA/4 to A/2. This can also be observed from the trend
in Figure 5.6: the relationship curve becomes flatterSasicreases, and will eventually
convergeaSY P, at which point the action becomes
suggests t hat t he movemersyD,t i mal ifdaaltleodws b yF
unsurprising good fit of the¥=08%eline task p

5.6 Discussion and Implicains

One interesting observation about our model is its mathematical similarity to the very

first model for 2D pointing tasks, suggested by CrossmdB2]:

T=a+ blogzgeV% + 18+ clogzges + 18 (WandH are target width and height respectively),
¢ - ¢ -
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which can be reformulated to resemble Eq. (16). This model suggests dnatH affect

T independently. However, better models for 2D pointing tasks have been developed later
on [2, 54, 78] which more properly address the strong interaction found bet\Wesard

H. In our task, the somewhat separable stagd#&ndMC make it more appropriate to
tackleSandW separately in the model, as supported by its goodhmaith experimental

data.

As we discussed, the parametecaptures in large the nature of a given peephole
pointing task, and is less influenced by the device used. Thus to analyze behavior under a
particular setting, we may first acquire thevalue (bytheoretical analysis or empirical
study), and make design decisions according to it. In general, atargsans we need to
focus on increasing the display size (or virtual size, such as using a Fighgye
visualization); while a smallen suggests we should endeavor to enlarge the interface
components (or enlarge their effective width, such as by dymédigniexpanding the
targets as the cursor approaches them.

In our experiment, we dealt with cases that the user has either no prior knowledge of
the target location, or negerfect knowledge of it (all participants expressed they could
remember very well the target location during the second trials). Howavpractice
there are many cases that lie between these two extremes. For example, the user may
obtain partial (or Asoft 0) IlsareerwtargetbgWe t hr o u ¢
expect the resulting performance also lies somewhere between thesegowsa studied.

How exactly the performance varies with the amount (and format) of the information
available is worth further investigation.

During the experiment we observed different strategies employed by participants to
search for the targets. Someopte moved the display window at a more or less constant
speed within each trial, until they saw the target and stopped the display window. Some

others first moved the display window in a quick movement, hoping to get a glance of the
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target, and then backick to it. This strategy might provide some benefit with large
display windows, but was not always successful when the display window was small. In
the latter case, the participant might have to revert to the first strategy after an initial
failure to find the target, resulting in performance loss. Analysis of the movement logs
indicates 32.1% of the trials involved some amount of backtracking of the display
window, including cases of either the intentional quick movement strategy, or an
unintentional oveshooting. The number of backtrackings decreas&sb@somes larger.
Regardless of the variety of the strategies, our model is general enough to account for the
data. However, it is worthwhile to consider how one might accommodate these strategies
when degning flashlightpeephole interfaces, for example making the interface
components more fAglanceabl eo.

It is worthwhile to note that thdecoupled cursomechanism is a typical example of
asymmetric bimanual actiof52], where the nowlominant hand performs coarse
movements and sets the reference frame, within which the dominant hand performs fine
movements and perations. Analysis of the movement logs revealed that the cursor
resides inside the display window for 88.0% of the movement time on average. The
instant movement velocity of the cursor (calculated every 0.1 sec, relative to the display
window) has a meanf 65.7 pixels/sec versus 223.9 pixels/sec for the display window
(absolute). These both conform to the asymmetric work division pattern between the non

dominant and dominant hands.

The peepholepointing model is a first step towards a comprehensive rnstateding of
the Flashlight metaph@ effect on user performance of fundamental interaction tasks.
Many obvious further investigations could be conduatettie same directigrsuch agor
crossing, steering, or 2pointing tasks. Validation of the modets various devices is

also important. However, guided by the oWegoal of the thesijghat isto explore and
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set the groundwork of a board spectrum of research aspects of handheld projector
interaction, we chose to leave further pursuit in this dioecfor future explorations
(discussed in Chapter 8). On the other havelhave so far investigated interacgavith

a singleFlashlight (i.e.a singlehandheld projectyr Given the envisioned prevalence of
handheld projectors in the future, as well las sharable viewing experience created by
them, it is natural to consider how multiple handheld projectors can be used
simultaneously and interact with each other. Supported by this, multipteai®d users

could enjoy more powerful viewing experiences#y exchange informatiowith each

other, and engage in collaborative and sod@ativities Thus, in the next chapter we

explore interaction techniques and usage scenarios using multiple handheld projectors.



Chapter6

Interaction using Multiple Harleeld

Projectors

The largesized displays generated by handheld projectoasurally afford multr
person viewing and thus have the potential to suppoiibcaied collaboration. In
particular, when each user has a handheld projector, the interactivityebepr@ectors
can result in a rich design space for muler interaction.Building upon our
explorations on singl@rojector interactions in Chapter,4ve sought to explore how
multiple handheld projectors are to be used together to support tideraetween users.
Although many current handheld or portable devices have the ability to exchange data
with other devices via wireless connections, the interaction required to facilitate such
exchange often requires cumbersome and explicit authentigatbmeduresAlthough
such procedures are generally unavoidable when devices (and their users) are not
physically coelocated, they may be unnecessary if we can design interaction that exploits
the user and device 4docality to facilitate connectivity andollaboration.Researchers
have explored ctocated collaboration between people using shared displays on tabletops
[104, 126, 129hnd walls[22, 54, 62, 106]Becausehe workspace is shared between alll
users, information exchange and mulsier operations can be easily realized. However,

these shared displays are not portable for ubiquitous use, and every user shares the same

88
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view of the workspace. Private and personalizedormation are not easily
accommodated, and global confli¢8] may occur,inwhch one wuser 6s act.
the entire shared display and disrupts other users.

In contrast, the use of multiple handheld projectors may open up a novel interaction
paradigm for cdocated users, in which they can share the same physical display and
interaction space, while at the same time individually creating and controlling parts of the
overall virtual display with theiown projectors. In thischapter we explore the design
space of multuser interaction using multiple handheld project@&spandingfrom the
singleprojector interactiontechniqueswe described inChapter 4, we develop @&
additional set of interaction concepts and techniquesgecifically suitmultiple users
working in a shared physical space, each using their own projé@ttese @signs could

enablea varietyof multi-user usage scenariasillustrated in our explorations.

6.1 Multi-ProjectorPrototypeOverview

Extending thesingle handheld projectqrototype described in Chapter @ir multi-
projector prototypeuses two Mitsubs hi E PK10 P o cHigaré 6.1lD.r o) ect o
Similarly, each projector is augmented with two buttons for input (primary button for
selection and operations, and secondary button for triggering menus), and can be easily
handled and moved using one hand. Two passive pens are included for writing on
surfaces. Both the projectors and the pengraoked by thesameVicon motiontracking
system, providing 6-dof (position + pose) information at millimeter precision. Both
projedors are connected ta same2.4GHz P4 PC, which produces the images and
handles the interaction.

Again, the flashlight metaphors usedas the basis fahe interactiors (Figure 6.1a).

The image projecteby each projector reveals a portion of a large workspace stationary

on the projection surface. When the projector is moved, the projected image content
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changes accordingly, as if the projector is used as a flashlight to explore in darkness.
Multiple workspaces can be associated to different physical surfaces in an environment,
such as walls, tables, and bulletin boards. The workspaces are shared among the
projectors. Different projectors may reveal different (or overlapping) regions of a

workspace simulme ous | y. I n addition, each projector

be personalized depending on which user is using it.

(b) Handheld projectors. (c) System in use.

Figure6.1: Multi-projector prototype.

Tracking and calibration inaccuracies may result in slightly imperfect image
alignment in overlapping projection areas. To avoid unpleasant double images, we
provide the option to blank out one projector ie thverlapping area, and let the other
projector handle the display for both. We expect that advances in computer vision and

calibration techniques will solve this problem in the long run.
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Two users, each having their own projectors and pens, can intathdhes system
simultaneously. The system architecture aiso scalable to support three or more
projectorsisers. Each user is identified by a unique color, which is reflected by the
cursor displayed by the projector, and the marks drawn by the pen.tWditbuttons,
each user can independently manipulate virtual objects using the cursor, and trigger
commands using crossiased widgetsas described in Chapter ¥ this chapter we
explore techniques to support interactions that involve multiple us®irsilar to the
single projector techniques described in Chapter 4, these-umsaltiinteractions are
designed a® genericvocabulary to demonstrate the capabilities of multiple handheld
projectorsHow these interactions will be combined, switched betwaad semantically
interpreted will depend on the particular applications that utilize them, which are beyond

thefocusof this chapter.

6.2 InteractionConcepts andechniques

6.2.1 Ownership & Access Control

Each object in the workspaces may either havewreership (accessible by all users),
or be owned by a particular user. In the latter case, the owner of the object hasroill co
over it. How other users can interact with it is determined by its access level, which is
one of the following:

Public: The object is visible to all users (i.e. all projectors will display it), and all
users can operate on it. Any object without an owner is implicitly public.

SemiPublic: The object is visible to all users, but only operable by its owner.

Private: The objectis visible and operable only by its owner. It is not displayed in
ot her usersodé projectors.

The ownership and access level of an object is indicated by the flags on the top right

and top left corners of the object, respectivétig(re 6.2). The color of the ownership



CHAPTERG. INTERACTION USINGMULTIPLE HANDHELD PROJECTORS 92

flag matches that of the owner, and the color of the access flag indicates the access level:

green for public, yellow for senpublic, and red for privataVe choose to use colors to

indicateboth the ownership andhe access level for the sake of simpligityhich works

well for a small number of userShould we need to scale the system to include a larger

number of peoplewe may employtherways todifferentiatethe owners such as textual

IDs to avoid confusionThe owner can cycle through the access flag levels by crossing it

from outside the object to inside while holding the primary button ddvate that the

term fAvisibleo used within thisnthesticegss | evel
sense, since other users can still peek at the object when it is being viewed by its owner.

To completely hide the objectds content, t |
crossing it. The object will then be shown as a blank frame ins owner 6s Vvi ew,
invisible to other projectors. Hi ding an ob

manner implies setting its access level to private.

Figure6.2: Object with flags.

6.2.2 InformationExchange

Exchanginginformation between users is a common task in raur interaction.
Compared with current handheld devices, which rely on indirect procedures, in our
system allinformation exchanges can be achieved by direct manipulation using several

techniqies each suited to different situations:



