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The recent trend towards miniaturization of projection technology indicates that 

handheld devices will soon have the ability to project 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 information, a 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. Large amounts of data can be displayed, a rich interaction 

vocabulary can be supported, and multiple co-located people can share the viewing 

experience at the same time.  

In this thesis, I investigate research issues involved in the design, implementation, 

and user performance and behaviors regarding the usage of interactive handheld 

projectors. I create a handheld projector interaction prototype platform, and explore 

interaction concepts and techniques to support both single and multi-user interaction 

using one or several handheld projectors. I also empirically investigate the user behaviors 

related to handheld projector usage, in terms of both quantitative interaction performance 

with pointing tasks, and qualitative social behaviors that emerge from a game application. 



 

iii  

 

This work is a multi-faceted investigation 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 becoming increasingly ubiquitous in our daily life: PDAs and 

cell phones help us manage personal information, access information resources, 

communicate with others, and entertain ourselves almost anywhere. Their rapidly 

improving computation, storage, and communication capabilities enable many tasks and 

applications traditionally reserved for desktop computers to shift onto these handheld 

devices, which can be easily carried and used in various environments. However, the 

small form factor that makes them so appealing is also a significant limitation in that the 

resulting small sizes of the embedded screens make it difficult to display large amounts 

of information, enable rich interactions, or support multiple co-located users viewing the 

information. As more and more advanced activities emerge on handheld devices, the 

shortage of display and interaction space also becomes 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 power (Figure 1.1). Given this trend, it is reasonable to 

expect that within a few years projectors would 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 surface (Figure 1.2). By doing so, 
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the display and interaction space can be expanded to cover almost an entire physical 

environment. Large amounts of data can be displayed, a rich interaction vocabulary can 

be supported, and multiple co-located people can share the viewing experience at the 

same time. In addition, the ability to project information in the physical environment may 

create an experience that blends the virtual and the physical worlds. Therefore, handheld 

projectors could more easily support advanced activities that are difficult on traditional 

handheld devices, as well as creating new applications beyond those on current handhelds 

and desktops. 

    

Figure 1.1: Miniaturized projectors.  

(images from www.aboutprojectors.com, www.symbol.com,  www.electronics-lab.com) 

 

Figure 1.2: Envisioned handheld projector usage. (image from www.microvision.com) 

As a promising new technology that has the potential to become prevalent in the near 

future, handheld projectors open up an emerging research area on how people may 

perform interactions using them. Given the new input/output affordances and the possible 
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mobile usage scenarios enabled by handheld projectors, traditional techniques designed 

for desktop computer interaction are unlikely to suit them. New paradigms and 

techniques need to be designed and evaluated to support handheld projector interaction, 

both for a single user and for multiple users located in the same physical environment. On 

the other hand, it is important to investigate how the usage of handheld projectors will 

affect usersô ability and behavior while interacting with mobile devices and 

communicating with other people in a social setting. These findings would guide the 

design and development of future handheld projector applications.  

However, having only started to attract researchers in recent years, handheld projector 

interaction has very much remained an uninvestigated area previously. This thesis aims at 

an exploration of research issues involved in the design, implementation, and user 

performance and behaviors regarding interactive handheld projector usage. To achieve 

this goal, I employed a multi-faceted research methodology that integrates theoretical 

analysis, creative design, technical development, and both quantitative and qualitative 

user studies. My current work is a multi-faceted investigation on handheld projector 

interaction, and will provide the groundwork for future research and development of 

interactive handheld projectors.  

1.1 Outline 

In Chapter 2, I first review previous relevant research that helps guide my exploration 

on handheld projector interaction. I start my research with the design and implementation 

of a general handheld projector interaction prototype system used as my research 

platform (Figure 1.3), reported in Chapter 3. By changing and warping the projected 

image according to the projectorôs movement tracked by a Vicon (www.vicon.com) 

motion capture system, a ñFlashlightò metaphor is created, in which the projected image 

reveals a portion of a larger virtual workspace that 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 to 

provide input to the system. I also develop techniques for the user to interactively define 

workspaces in a physical environment. The platform is general and flexible enough to 

experiment a large variety of interaction designs and applications, and  all research in this 

thesis is based on it.  

        

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

 

(c) Flashlight metaphor. 

Figure 1.3: Handheld projector prototype platform. 

The basic case of handheld projector interaction is when a single projector is used for 

interaction. In Chapter 4, I develop a set of interaction techniques to support interaction 

using a single handheld projector. These techniques cover general operations useful for 

various handheld projector applications (e.g., object manipulation and parameter 

adjustment), and can be combined to establish higher-level dialogs that are suited to the 
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context. These designs take account of the special characteristics and affordances 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 designers. I also explore pen-based and bimanual interaction along 

with a handheld projector. Finally, I investigate several usage scenarios that can be 

supported by using a single handheld projector at a time, including single-person usage, 

synchronous and asynchronous multi-person usage, and game usage.  

Given handheld projectorsô unique affordances and interaction styles, it is important 

to quantitatively investigate usersô performance with generic interaction tasks using them. 

As a first step in this direction, in Chapter 5 I experimentally study 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 

throughout my handheld projector interaction design and plays a central role in the 

interaction style. In order to focus my investigation on the influence of the metaphor 

itself rather than the performance of the prototype system, the experiment is conducted on 

a desktop computer simulating the flashlight metaphor with abstract 1D pointing tasks. 

Results reveal that pointing time is inversely correlated with the size of the display 

window, in addition to being affected by target size and distance. I propose and validate a 

new quantitative model to predict targeting pointing time, extending Fittsô law [39] to 

incorporate the display window size. This study has important implications to the design 

of handheld projector interfaces, as well as to other interfaces that utilize the Flashlight 

metaphor, such as Peephole interaction [130] on spatially aware displays.    

With the vision of handheld projectors embedded in every mobile device, it naturally 

leads to how they interact with each other when co-located. In Chapter 6, I explore the 

design space of multi-user interaction using multiple handheld projectors. I expand the 

single-user interaction designs in Chapter 6 to support multiple users working in a shared 
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physical space, each using their own handheld projector. A set of interaction concepts 

and techniques are developed to specifically support interaction between users such as 

ownership & access control, file exchange, and linkage between objects. Special 

emphasis is on ad hoc composition of multiple projections, opening up new possibilities 

such as the blending of multiple personalized views. I also investigate techniques and 

concepts to support privacy and independent work, which is crucial when handheld 

projectors are to be used in public spaces. With these designs, daily interpersonal 

communication tasks such as exchanging contacts and scheduling meetings can be 

largely simplified. This work unleashes the power of handheld projectors to support co-

located interpersonal interaction, in contrast to traditional handheld devices which are 

almost exclusively single-user devices. 

Handheld projectors create a considerably different experience comparing with 

current handheld devices. In particular, the multi-user characteristics described in Chapter 

6 and the semi-public displays created by projectors are likely to influence peopleôs 

social behaviors around mobile devices. In Chapter 7, I investigate social interaction 

patterns emerging from handheld projector usage with a specific case study ï public 

games. Public social games played on mobile devices or public displays have become 

popular in recent years both as entertainment and as a research topic. I design and deploy 

a lightweight ad-hoc multi-player game, Flashlight Jigsaw, which leverages the 

affordances of handheld projectors. Such a game might encourage co-located multi-

player gaming in public spaces, enable tighter relationships between the game and the 

physical world, and offer an interesting experience for spectators. A simulated setup of 

the game was deployed in a shared lab space and a public atrium for two weeks in total. 

Through interviews supported by observations and system logs I explored the 

experiences and behaviors of players and spectators. I also investigated the 

interrelationship between the game and the spaces it is deployed in. The research resulted 
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in findings regarding game play, communication, social interaction, spectatorship, and 

space and location around such a game. I use these findings to develop design 

implications for future handheld projector games, which could provide insights for other 

social applications of handheld projectors, and also public social games in general.  

In summary, this thesis explores several aspects of handheld projector interaction 

within a systematic research framework. I contribute the groundwork for handheld 

projector interaction research including technical development, interaction design, user 

performance modeling, as well as empirical study and evaluation of such a novel 

interaction technology. A prototype system provides the platform for exploring various 

interactions and applications for handheld projectors. For both single-user and multi-user 

usages, generic interaction techniques are created as the basic vocabulary for handheld 

projector interfaces suited to a wide range of applications; and higher-level usage 

scenarios are explored, which demonstrated how the affordances of handheld projectors 

might support better user experiences with various activities. The quantitative model for 

pointing tasks under the Flashlight interaction metaphor supplies a deeper understanding 

of user performance using handheld projectors as a new interaction style, and the 

deployment and qualitative study of handheld-projector-supported public games opens up 

insights on how such a novel interaction technology may affect social behaviors between 

people in real life. In Chapter 8, I provide a more detailed summarization of these 

contributions, and discuss limitations of the work as well as directions for future 

exploration. 
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Chapter 2 

Related Work 

In this chapter, we review previous relevant research that helps guide our exploration 

on handheld projector interaction. The chapter is structured as follows: In Section 2.1, we 

first present an overview of various technologies that enable miniaturization of projectors, 

followed by image processing techniques to compensate for projector movement. These 

advances make the development of interactive handheld projectors possible. Section 2.2 

introduces interaction metaphors and input techniques previously explored for handheld 

projectors. Section 2.3 looks at applications and usage scenarios experimented or 

envisioned by previous researchers. In Section 2.4, we summarize other related research 

areas that have implications on our research, such as handheld device interaction, 

projector-based interaction, augmented reality, and public social games.  

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 moved by the user.  
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2.1.1 Projection Miniaturization 

Three technical approaches have been employed to miniaturize projection devices: 

utilizing LED light sources with conventional projection technology; steering laser beams 

to produce the projected image pixels sequentially; and generating laser projection by 

diff raction through hologram patterns. 

LED Light Source Projector 

The most mature technology up to date that can reduce the size of projection devices 

is by using Light-Emitting Diodes (LED) as the light source to replace traditional lamps 

(typically fluorescent bulbs) used by current mainstream projectors. The recent rapid 

improvement in LED performance has made LED-based illumination possible [56]. The 

small size of LEDs immediately enables compact projector designs that were not possible 

with traditional light sources. In addition, LED light sources provide advantages such as 

immediate projection readiness, long running time, and swift switch-off. Examples of 

current products employing this technology include the Mitsubishi Pocket Projector and 

the Samsung Mini Projector (Figure 2.1). These projectors typically have a size that can 

fit in peopleôs palm, and weight around one pound. Kanayama et al. [66] also explored 

using a specially designed collimator to improve the brightness of LED projectors. 

 

             

            (a) Mitsubishi Pocket Projector.                    (b) Samsung Mini -Projector. 

Figure 2.1:  LED light source projectors.  

(images from www.masternewmedia.org, uk.gizmodo.com) 
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Although the light source component can be effectively downsized, conventional 

projectors that typically utilize Digital Light Processing (DLP) technology include 

another central optical component - a micro-mirror 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 

challenge when the projector is constantly moving as in the handheld scenario.  

Laser-Steering 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 one-dimensional laser beam 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 number of moving parts 

needed to steer the laser beam is minimal compared with DLP micro-mirror arrays, 

therefore the optical components of the projector can be significantly downsized. Because 

of the high convergence of laser beams, the projected image stays sharp regardless of the 

projection distance. This technology is becoming increasingly popular in the recent years. 

Based on this technology, the Laser Projection Display (LPD) prototype from Symbol 

Technologies [112] uses two orthogonally moving mirrors to steer the laser beam. The 

size of the LPD engine is approximately 6.6cm x 4.6cm x 2.3 cm. Similarly, the 7mm-

thick Microvision SHOW handheld projector (www.microvision.com) is capable of 

producing a 100-inch image at DVD resolution. (Figure 2.2) Other research in this aspect 

includes Hernandez [53], who used a DC motor to steer a one-dimensional laser beam 

array; Zalevsky et al. [134], who used spatial light modulation (SLM) to steer the laser 

beam through amplitude modulation.  
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(a) Optical Layout. 

 

   (b) Symbol LPD Prototype (right).                (c) Microvision SHOW handheld projector. 

Figure 2.2: Laser-Steering Projectors. 

(images from www.symbol.com, www.itechnews.net) 

Hologram Laser Projector 

An alternative way of generating projection images with laser is through hologram. 

The hologram laser projector uses laser light sources in conjunction with a phase 

modulating micro-display on which a hologram pattern, rather than the desired image, is 

displayed. The patterns are calculated such that, when the micro-display 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 laser-steering 

projectors. Therefore its size can be even further reduced. 

The PVPro diffractive technology (www.lightblueoptics.com) developed by Light 

Blue Optics enables a single-color hologram laser projector prototype with the size of a 

matchbox, and can be readily embedded into mobile devices (Figure 2.3b). One of the 

key challenges to produce a hologram laser projector is the real-time calculation of the 

hologram pattern to be displayed. See Cable et al. [26] for an approach to reduce the 

computational complexity of the hologram generation algorithm.  

               

(a) Projection mechanism.   (b) PVPro prototype. 

Figure 2.3: Hologram laser projector. (images from www.lightblueoptics.com) 

2.1.2 Image Correction 

With the above projection technologies available, it is possible to make handheld 

projection devices that can create large 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 projected content, since the image is 

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

surface, regardless of the projectorôs movement.  

Sukthankar et 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 pre-warp the image sent to the projector in such a way that the distortions 

induced by the arbitrary projector-screen geometry are precisely negated. The perspective 

transform between two arbitrary planes (in this case, the projector image plane and the 

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

coordinates) [45]: 
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by which point(X, Y) on the projector plane is mapped to point (x, y) on the screen plane 

(w is an arbitrary multiplier). The transformation matrix H (subject to an arbitrary scale 

factor), called the homography, uniquely defines the transform between the two planes. 

The homography matrix H can be determined by as few as four pairs of point 

correspondence. By pre-warping the projection image by H
-1
, the perspective distortion 

can be effectively negated (Figure 2.4). 

 

Figure 2.4: Image correction using projector-screen homography. (image from [89]) 



CHAPTER 2. RELATED WORK                  14 

 

 

Although this work was aimed at correcting distortion for a static projector in the 

application of projected presentation, the spirit of pre-warping the projection image by 

the projector-screen homography remains the same in all subsequent works (such as [92]), 

including those which correct the image dynamically for handheld projectors [13]. 

Depending on the application scenarios and supporting technologies, researchers 

employed different approaches to extract this homography.  

One way to recover the projector-screen homography is to use a camera to 

automatically detect the projected image frame and the projection surface frame, using 

image processing techniques. The homography can then be calculated from the 

correspondences between the vertices of the two frames. Sukthankar et al. [111] used a 

static camera to detect the boundary of the projection screen, which is assumed to be an 

uniformly lit object with visible edges. Beardsley 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 

surface, or attaching visual markers to the surface, therefore cannot easily support 

ubiquitous use in arbitrary environments. 

Raskar et al. [93] also explored embedding wireless tags in the environment and in 

physical objects, which transmit both their identities and geometries to a handheld 

location-aware projector through radio frequency signals. The homography can then be 

computed from the geometry of the tags. This approach provides high-precision image 

correction, and can also handle projecting on objects with complex geometries (non-

planar or multi-planar). However, the dependence on pre-embedded tags again precludes 

it from ubiquitous use. 

If  the projector has been fully calibrated, the projector-screen homography can also 

be determined from tracking the position and orientation of the projector relative to the 

projection surface. This approach does not require pre-implementing the environment 
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with markers or tags, therefore might be more suited to ubiquitous use. For example, 

Rapp et al. [90] embedded orientation sensors in their handheld projector to recover the 

transformation and correct the image accordingly. With the rapid improvement of 

portable and lightweight location sensing technologies such as indoor GPS [117] or 

TrackSense (computer vision approach based on structured light patterns) [68], it is 

reasonable to anticipate this tracking-based approach will become ubiquitously 

deployable in the near future.  

Other applications of these image correction mechanisms include supporting 

projection on curved or multi-planar surfaces [4, 6, 100], using multiple projectors to 

create a seamless display on arbitrary surfaces [6, 91], and eliminating shadows or 

blinding lights for the speaker in projected presentations [28, 113]. 

In summary, although the projector miniaturization and image correction technologies 

are not technically mature yet, they have provided sufficient support for developing a 

research prototype, with 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 introduce some interaction metaphors and input techniques that 

have been previously explored for interactive handheld projectors. Because handheld 

projector interaction research is still in the early stage, these metaphors and techniques 

are all of exploratory nature, 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 devices, without any attempt to 
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compensate the projector movement. The user sees a floating window wherever the 

projector is pointing at, which is essentially an enlarged version of the traditional 

embedded screen. The Hotaru system [109] (Figure 2.5) implemented this metaphor by 

using a static mounted 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 displays with fingers. 

 

Figure 2.5: Floating window metaphor (Hotaru system). (image from [109]) 

The floating window metaphor is independent of the physical surface to be projected 

on, therefore lightweight to implement. Conventional handheld applications can be 

directly projected to create a better viewing experience. However, the effective 

interaction space is still limited by the projectorôs resolution. On the other hand, the fact 

that the floating window is clutched with the projector makes it impossible to use the 

projector itself as a pointer for interaction. Therefore, the system has to depend on 

additional input for pointing operations, either by direct touch on the projection [109], 

difficult to control when the projection is constantly moving; or using a pointing device 

(e.g. stylus) on the handheld device, which divides the userôs attention from the display.   
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Projected Desktop 

Leveraging the image correction techniques introduced in Section 2.1.2, the handheld 

projector can also be used to display a stable and distortion-free 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 

projectorôs image plane, movement of the projector can directly control the pointerôs 

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 possible. Figure 

2.6 shows the projected desktop metaphor illustrated in [13, 93], in which the user uses 

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

    

Figure 2.6: Projected desktop metaphor. (images from [13]) 

Since this interaction 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 Figure 2.6. 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 quarter of the projected image. This compromises the merit of 

the large display space created by the handheld projector. Forlines et al. [44] alleviated 

this problem (and the jittery input problem) by designing the Zoom-and-Pick widget, 
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which supports fluid local zooming. On the other hand, the projected desktop metaphor 

restricts the projectorôs movement within a small space and angle, therefore negates the 

desirable affordances provided by the handheld projector as a mobile device that can be 

freely moved in 3D space.  

 

Figure 2.7: Flashlight metaphor. 

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 a portion of a large virtual 

workspace that is situated on the projection surface (Figure 2.7). When the projector is 

moved, the projected image content changes accordingly to reflect the change of the 

projected region relative to the workspace. By doing so, an illusion is created as if the 

user is exploring a stationary workspace attached to the physical surface. Especially, if 

multiple workspaces are associated with multiple physical surfaces, the result is a user 

experience of looking around in a dark environment with a flashlight. This metaphor is 

conceptually similar to the various researches on peephole displays [41, 61, 116, 130] 

work, which support both browsing and interacting with a large virtual workspace using 

spatially aware displays. Directly projecting on physical surfaces results in a tighter 
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coupling between the workspace and the physical environment, in contrast to displaying 

on handheld screens used in peephole display research. 

Teller et al. [115] first implemented a software flashlight prototype as one example 

application of their pose-aware devices. They used a portable projection system 

augmented with position listeners to overlay meta-information onto surfaces or objects of 

interest (Figure 2.8). The system was developed purely for viewing information, and did 

not provide a way for user interaction. 

 

(a) Prototype. 

 

(b) Information overlay. 

Figure 2.8: Software flashlight. (images from [115]) 

Rapp et al. [90] present Spotlight Navigation, using a handheld projector embedded 

with orientation sensors to produce a circular-shaped spotlight to explore and interact 

with projected data (Figure 2.9). Simple interactions such as drag-and-drop 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. 

 

Figure 2.9: Spotlight Navigation. (image from [90]) 

Blaskó et al. [20] used a statically mounted projector to simulate a wrist-worn 

projection display that supports a spotlight technique to reveal different portions of 

information by wrist movements (Figure 2.10).  

 

Figure 2.10: Spotlight Technique. (image from [20]) 

The flashlight metaphor makes full use of the projectorôs display capability, and 

creates much larger display spaces than what 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 of the workspace at 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 the workspaces and interact with currently off-screen content. 
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My exploration in this thesis is based on the Flashlight metaphor, which is extended 

to involve the entire physical environment. I also create interaction techniques to alleviate 

the disadvantages of the Flashlight metaphor, and experimentally investigate its influence 

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 Projector 

For the Projected Desktop and the Flashlight metaphor, the most straightforward 

technique is to emulate mouse operations (mostly pointing and clicking) utilizing the 

cursor displayed in the projected image center and a pushbutton on the projector. 

Beardsley [13] and Raskar et al. [93] used the point-and-click input to operate standard 

desktop applications such as a web browser (Figure 2.6). Rapp et al. [90] also support 

basic drag-and-drop operations using point-and-click in their system. 

 

Figure 2.11: Zoom-and-Pick widget. (image from [44]) 

These pointing-based techniques are directly compatible with traditional 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 et al. [81] in their empirical study 
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comparing a set of freehand pointing devices, and as observed in many laser pointer input 

systems [75, 82]. To address this problem (and the problem of pixel wastage as discussed 

in section 2.2.1), Forlines et al. [44] designed an interactive widget called Zoom-and-Pick 

(Figure 2.11). By introducing a ñdead zoneò within which the projector movement does 

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 touch-screen. The Hotaru system [109] tracks the userôs 

finger by attaching a LED marker to it. The user can use the finger on top of the 

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

devices (Figure 2.12). 

 

Figure 2.12: Finger touch input on projection surface. (images from [109]) 

Direct touch input can achieve a much higher precision than what is possible with 

freehand pointing. It also enables operations that are not necessarily inside the projection 

region. Finally it offers a tighter connection between 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 in [109], it also causes confusions about the reference frame when the window is 

moving. 
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On-Device Input 

Researchers have also explored augmenting the handheld projection devices with 

additional input channels to provide more interaction possibilities. Blaskó et al [20] 

embedded their simulated wrist-worn projection display with a touch-sensitive pad to 

support a set of cursorless widgets [21] for functions such as zooming and 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, special attention needs to be paid not to distract the userôs attention from the 

projected information to the device itself.  

My exploration in this thesis combines pointing using the projector and direct touch 

using a passive pen, and creates a rich interaction vocabulary based on them for both 

single- and multi-user scenarios.  

2.3 Applications and Scenarios 

As a device that is both mobile and sharable, the handheld projector can support 

applications and scenarios that are difficult or impossible to achieve using traditional 

mobile or situated devices. In this section we discuss some applications and scenarios that 

have been experimented or envisioned by researchers. Most of these works are in the 

stage of proof-of-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 to view and process personal information. The user can 

temporarily convert the physical environment around into workspaces to manage 

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

Blaskó et al. [20] implemented a stock information browser application as a test-bed for 

their wrist-worn projection interaction techniques. The Hotaru system [109] supports 

viewing and annotation of digital maps (Figure 2.12).  

2.3.2 Interacting with the Physical World 

The ability 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 projector can 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 traditional AR systems that display 

information on see-through head-mounted displays (HMD) [57, 122, 131] or handheld 

displays [83, 121] that are designed for single-person experience, the ñprojected 

augmented realityò [13] supported by handheld projectors display information that can be 

viewed by multiple people, therefore can better support collaborative applications. On the 

other hand, seeing overlaid information 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 user might 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 al. [83]. 

Teller et al. [115] used their software flashlight to overlay metadata in the form of 

text or geometric information (Figure 2.8) in the environment. They described 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 al. [13] also discussed 
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applications such as projecting a map of the environment 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 location (Figure 2.13). Raskar et al. [93] depicted a 

warehouse scenario, in which the user locates items about to expire (red circles) and 

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

later by other users (Figure 2.14).   

 

Figure 2.13: Augmentation of a fuse box. (images from [13]) 

 

Figure 2.14: Warehouse scenario. (images from [93]) 

In addition to outputting information into the physical environment, researchers have 

also explored taking information from the environment as input.  

Beardsley et al. [13] present using the projected cursor to select a physical region of 

interest similar to the hold-and-drag region selection operation using a mouse in desktop 

applications (Figure 2.15). The selected region can then 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 surface (Figure 2.16). 

Although they developed this technique merely to work around the technical limitation 

that their system cannot project on arbitrary-shaped surfaces, this conceptually provides 

the possibility to seamlessly transform information between the physical 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. 

 

Figure 2.15: Selecting a physical region of interest. (images from [13]) 

 

Figure 2.16: Copying and pasting image textures between surfaces. (images from [93]) 

2.3.3 Interpersonal Information 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 devices. The Hotaru system [109] supports simple interaction 

between multiple projectors. File transfer between devices can be made by either finger 

touch or overlapping the projection images (Figure 2.17). 
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                             (a) By finger touch.                         (b) By overlapping projections. 

Figure 2.17: Information exchange between projectors. (images from [109]) 

On the other hand, user-authored information may be left in the physical environment 

to facilitate asynchronous interpersonal communication. Raskar et al. [93] also described 

in their warehouse scenario how annotations are used to communicate information 

between a manager and an employee (Figure 2.14).  

In this thesis, I explore a variety of applications and scenarios of handheld projector 

usage, which include but are not limited to the three areas above.  

2.4 Related Research Areas 

In this Section, we 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 handheld devices in recent years, extensive 

research has been conducted on various techniques to interact with them. Researchers 

have thoroughly investigated gesture-based interaction techniques [56, 59, 60, 76], text 

entry techniques [79, 90, 110, 135], multimodal interactions [92, 96, 113, 131], and so on.  

Specifically, several visualization and interaction techniques were explored to 

overcome the shortcoming of the small-sized display and interaction space on handheld 

devices. ZoneZoom [98] and City Lights [135] supported zooming visualizations and 
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interfaces to maximize space utilization. Halo [11] is an efficient technique to visualize 

the locations of off-screen objects. Collapse-to-Zoom [12] allows the user collapse 

irrelevant content to make space for important information. In particular, several 

researchers [41, 61, 116, 130] have explored using a position-tracked handheld device to 

provide a window to a larger virtual workspace, similar to the Flashlight metaphor we 

employed in our research. However, all these solutions can only alleviate but not 

eliminate the limitation of small handheld displays. By embedding projectors in handheld 

devices, the display and interaction space will no longer be limited by the size of the 

device itself.  

2.4.2 Projection-based Interaction 

In addition to handheld projector interaction, researchers have also explored rich 

interaction in a physical environment enabled by situated or steerable projectors. 

Pinhanez and colleagues present the Everywhere Displays project [85, 86], which used a 

mounted steerable projector combined with a computer vision system to transform any 

surface in a room into an interactive interface (Figure 2.18). They have applied their 

system in a retail store scenario [110]. 

 

Figure 2.18: Everywhere Displays. (images from www.research.ibm.com/ed) 

Dietz et al. [33] use multiple projectors to create interactive public displays targeted 

at persuading people. They also supported implicit interaction depending on the distance 

between the user and the projected display. Flagg and Rehg [42] use multiple projectors 
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to alter the appearance of an artistôs canvas and guides the artist to construct the painting. 

Lee et al. [69] present a technique 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 projection-based interaction. Voida et al. [120] reported a Wizard-of-

Oz study on usersô preference of object manipulation techniques in a projector-based 

augmented environment. Podlaseck et al. [87] studied peopleôs reactions to user 

interfaces projected onto different real-world objects. 

The use of handheld projector provides similar affordances like those provided by the 

above projection-based systems, but avoids instrumenting the environment, therefore is 

more suited to ubiquitous usage.  

2.4.3 Collaborative Work 

Computer supported cooperative work (CSCW) has been extensively explored by 

researchers. These collaborations between people can happen either in a co-located 

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

Co-located Collaboration 

Co-located collaborative groupware has been widely investigated in other settings, 

especially with shared displays such as walls [22, 54, 62, 106] or tabletops [114, 136, 

138]. Huang and Mynatt [58] used semi-public displays to support co-located group 

members to maintain awareness and collaborate. Morris et al. explored different 

strategies of control mechanism in applications on shared tabletop displays [79], and also 

multi-user coordination policies for co-located groupware in general [80]. Simon [106] 

studied the first-person experience and usability of co-located interaction in a projection-

based virtual environment. Shoemaker and Inkpen [105] also explored techniques to 

present private information in a co-located single display groupware (SDG) application. 
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Inkpen and colleagues studied co-located collaborative entertainment for adults [74] and 

children [59]. 

Similarly, we may achieve co-located collaboration and communication between 

people by sharing a handheld projection display, or by interaction between several 

handheld projectors, each owned by a user.  

Asynchronous Collaboration 

Researchers have also explored collaboration between people at different times. 

Edwards et al. [36] present Bayou, an infrastructure to support the construction of 

asynchronous collaborative applications. Weng and Gennari [124] studied the use of 

annotations in supporting asynchronous collaborative writing, and Cadiz et al. [27] 

studied the role of web annotations in asynchronous collaboration around documents. 

Preguiça et al. [88] present research on data management support for asynchronous 

groupware. Ganoe et al. [48] used collaborative public displays to support activity 

awareness in asynchronous distributed work. Sakamoto and Kuwana [100] also explored 

integrating support for both synchronous and asynchronous communication in 

cooperative work.  

Similarly, with the ability to leave information and annotations in the physical 

environment, handheld projectors can effectively transform the environment into a shared 

conduit to 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 information upon or composite with 

the real world.  
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Most augmented reality systems make use of see-through head mounted displays 

(HMD) [57, 122, 131] to overlay information while the user is observing the physical 

world through them (Figure 2.19). Researchers [83, 121] have also experimented using 

camera-enhanced handheld devices as displays to create a lightweight indirect augmented 

reality experience (Figure 2.20).  

     

Figure 2.19: See-through HMD. (images from [5]) 

 

Figure 2.20: Handheld augmented reality. (image from [83]) 

Applications of augmented reality includes assisted medical surgeries [7, 108], 

instructions for manufacturing and repair [38, 107], annotations of physical objects and 

environments [37, 97, 99],  robot  teleoperation  [34, 67] and entertainment [30, 72, 76].  

The handheld projector can also be used to overlay information in the physical 

environment, as discussed in section 2.3.2. The sharable display created by handheld 

projectors supports collaborative applications better, compared with conventional AR 

devices that are designed typically for single-person use. 



CHAPTER 2. RELATED WORK                  32 

 

 

2.4.5 Public and Social Games 

Computer games that involve social interaction 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 internet [35] and in 

the real world [17, 24], and those that involve both [43].  

Specifically, Social games played on mobile devices have become popular recently as 

entertainment and as a research topic. A notable example is Mogi [63], a location-based 

game for mobile phones launched in Japan. The players collect virtual items depending 

on their locations, and trade them with other players to complete collections while they 

are moving outside. Researchers have studied similar location-based mobile games [9, 15] 

that people play while doing something else, and observed many interesting social 

interaction patterns from the players [29, 31]. Benford et al. [16, 18] also investigated 

how uncertainty and error in location can influence the game experience and playersô 

strategies. These games are played exclusively on mobile devices, 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 few researchers have also experimented with games and 

interactive entertainment using situated large displays in public spaces. Games played on 

these public displays are visible to all people in the space, and might seamlessly blend 

into public space experiences. Schminky [95] is a multi-player game played on PDAs. 

The game was deployed in a café for one week, with a public display showing the social 

network that resulted from game playing. MobiLenin [101] is an entertainment system 

that allows people to use mobile phones to vote for music video clips to be played on a 

public display. FishPong [132] is a ball-and-paddle style game played on a tabletop 

display using augmented coffee cups, designed as an ñicebreakerò game. Public display 
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games have also seen their emergence as commercial products, especially those using 

projected displays that people can interact using their bodies, such as the GestureFXÊ 

system (www.gesturetek.com/gesturefx/introduction.php).  

In addition to those discussed here, many other games that aim at pervasive 

experiences in the real world have been explored. Magerkurth et al. provides a more 

detailed review [73]. 

 

Given the special affordances of handheld projectors, game applications supported by 

them could combine the attributes and advantages of 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
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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, if the projectorôs position and pose information is available, the system 

could change the displayed information accordingly, and create an illusion of exploring 

large workspaces embedded in the physical environment as if using a flashlight (Figure 

1.3b, c). By doing so, the display and 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, we develop a handheld projector interaction 

prototype as the research platform for all our following work. The system employs a 

Flashlight metaphor, in which the projected image reveals a portion of a larger virtual 

workspace that is stationary on the projection surface. Multiple workspaces can be 

embedded in the physical environment. To enrich the interaction possibilities and 

leverage human ability to perform bimanual tasks, a passive pen is included to write/draw 

on the surfaces.  In this chapter, we describe the concepts and implementations of the 

platform system, as well as techniques to interactively define workspaces in a physical 

environment. 
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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 handheld projector reveals a portion of a larger 

virtual workspace that is situated on the surface (Figure 3.1c). When the projector is 

moved, the projected image content changes accordingly to reflect the change of the 

projected region relative to the workspace. By doing so, we create an illusion of 

exploring a stationary workspace relative to the physical surface. When multiple 

workspaces correspond to different physical surfaces (Figure 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 to the physical projection surfaces corresponding to these virtual workspaces as 

ñsurfacesò hereafter. 

                                 

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

                            

          (c) Flashlight metaphor.                                           (d) Multiple workspaces. 

Figure 3.1: 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 cross-shaped cursor is 

positioned at the center of the projected image. The cursor can be freely moved across 

different workspaces 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 user. Using the cursor and two buttons attached on the projector, the 

user can interact with the workspace and the virtual objects. A passive pen is used to 

draw and perform local interactions. The system responds when the pen tip is touching a 

surface. 

3.2 Hardware Platform 

We use a MitsubishiÊ PK10 Pocket Projector to prototype our system (Figure 3.1a). 

The projector weighs about 1 pound, and has a resolution 800×600 pixels. We augmented 

the projector with a handle and two buttons (the primary ñtriggerò button and the 

secondary ñtopò button). An 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 replaced by plastic, and without any electronics embedded. Passive reflective 

markers attached to the projector and the pen enable tracking by a Vicon camera-based 

tracking system (www.vicon.com) which provides 6-dof (position + pose) information 

for both the projector 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 projector and the pen with high 

precision and low latency in a relatively small region. However, we anticipate upcoming 

wireless location tracking systems such as such as indoor GPS [117] or TrackSense[68], 

possibly combined with on-projector 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 the near future. 

3.3 Image Generation and Correction 

The projectorôs optical model is represented by a projection matrix that describes the 

transformation between a 2D point on the projectorôs image plane and its projection in 

the 3D world. Each workspace is represented as a 3D plane that describes the near-planar 

surface it corresponds to, and the valid region of the workspace (represented as a 

rectangle) that information and interaction must reside within. At each frame, using the 

projector model, the workspace models, and the current position and pose of the projector 

acquired from the tracking system, a linear system is solved to calculate which workspace 

the projector is pointing at, and the exact position and shape of the projected image 

region. The system then decides what information to project and warps the image 

accordingly to compensate for the distortion caused by non-orthogonal projection (Figure 

3.2).  

 

Figure 3.2: Display mechanism. 

For clarity, we define the local X, Y and Z axes of the projector as in Figure 3.2. 

Certain interaction techniques are associated with rotating the projector along some axes. 

The projector is calibrated beforehand by detecting correspondences between 2D 

image points and 3D projection points using standard computer vision techniques [45], 
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while the workspaces can be defined (calibrated) interactively during use, as described 

later in Section 3.4. To decide whether the pen is being used, the system 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 valid workspace. 

We use the dynamic recursive low pass filter described by Vogel and Balakrishnan 

[119] to reduce the input jitter caused by hand movement and tracking noise without 

noticeable lag.  

3.4 Workspace Definition Techniques 

When entering a new environment, the user first defines workspaces corresponding to 

the physical surfaces in that environment. Any near-planar surface can be potentially 

defined into a workspace, e.g. walls, tables, boards, or multiple surfaces of a physical 

object. To define a workspace, the system needs to collect two pieces of information: (a) 

the 3D plane that approximates the surface; (b) the valid region of the workspace. 

Depending on the reachability of the surface and the precision needed for the 

workspace, the user may choose to define a workspace either using the projector or using 

the pen. 

3.4.1 Defining a Workspace using the Projector 

To define a new workspace, the projector projects a set of concentric quadrangles, 

each notated with text indicating the desired side length of it, ranging from 1mm to 100m 

(Figure 3.3a). These quadrangles stay static relative to and distort along with the 

projected image region, just like being projected by an ordinary non-rectified projector. 

The userôs task is to point to the surface to be defined, and adjust the projector pose to 

make the quadrangles appear as upright squares. At the same time, the user can enlarge 

the squares by pressing the secondary button, or shrink them by pressing the primary 
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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 the displayed sizes. Once satisfied, the user pressed the two 

buttons together, and the surface plane of the new workspace is defined accordingly.  

Then the user defines the valid region by sketching the four border lines of the 

rectangle. Pressing down and holding the primary button, 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 the workspace is defined accordingly. The sketched border line segments 

do not have to form a closed rectangle. 

               

                   (a) Projected pattern.                        (b) Defining the surface. 

 

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

Figure 3.3: Defining a workspace using the projector. 
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We now explain the internal mechanism for this definition procedure. In the surface 

plane definition stage, the system assumes that the surface plane is always perpendicular 

to the Z axis of the projector (namely the optical axis) with a fixed distance D from the 

projectorôs optical center (Figure 3.4). Virtual squares are projected onto this imaginary 

plane with physical sizes indicated by the text notations, and centered at the point that the 

projectorôs Z axis intersects the plane. Since the position and orientation of the imaginary 

plane is updated along with the projector, the projected 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 be defined. Pressing the primary/secondary button 

increases/decreases D, i.e., moves the imaginary plane along the projectorôs Z axis, and 

results in changes in the sizes of the projected squares on the real surface. By the time the 

displayed size matches that indicated 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 be a workspace. 

 

Figure 3.4: Internal mechanism for defining workspace using the projector 

After the workspace is 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 near-planar surfaces present in the 

environment, except the rare cases when the user cannot possibly point the projector 
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perpendicularly to it, such as a screen hanging in the air above the user. The accuracy of 

this procedure is limited by the userôs subjective estimation of the squaresô shapes and 

sizes. However, the definition error is negligible if the user only needs to interact with the 

workspace using the projector, especially when the surface is far from the user. In order 

to use the pen on the surface, a more precise 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 define the workspace using 

the pen. To do so, the user sketches the four border lines of the workspace (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 surface. Again, 

the user uses the primary button 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, the internal 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. 

 

Figure 3.5: Defining a workspace using 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 workspaces, and accommodate different surface characteristics. For example, to 

precisely define 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 existing workspace, by simply re-specifying the 

relevant parts. These definition techniques are available to the user in a special workspace 

definition mode, as opposed to the normal interactions described in Chapter 4. The 

workspace definition mode is automatically in effect when a user enters a new 

environment, or can be triggered using a crossing menu (described in Chapter 4) at any 

time by the user.  

 

Enabled by the Flashlight interaction metaphor and the ability to dynamically define 

workspaces in various physical environments, our prototype platform can support a large 

variety of interaction techniques and applications. Building on this platform, we explore 

interaction techniques and usage scenarios using a single handheld projector in the next 

chapter. 
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Chapter 4 

Interaction using a Single Handheld 

Projector 

Although some previous research exists on interactive handheld projectors [13, 44, 90, 

93], there has not been a systematic exploration of the design space of handheld projector 

interaction techniques.  Most of the existing techniques are either application specific, or 

still relying on conventional mouse-like operations, which may not be suited to the 

characteristics and affordances of handheld projectors. In order for the handheld projector 

to be usable as a general and flexible interaction medium like the desktop computer, a 

vocabulary of generic interaction techniques needs to be developed, just as the WIMP 

(window, icon, menu, and pointing device) scheme was evolved into the standard for 

desktop GUI. As higher-level applications are to be explored on handheld projectors, 

these basic techniques would serve as building blocks that could be readily used in 

combination to create fluid user interfaces. To achieve this goal, and building upon the 

platform described in Chapter 3, in this chapter we explore the design space of interaction 

techniques using a single handheld projector, aiming at supporting a large variety of 

potential applications, some of which demonstrated in our exploration of usage scenarios. 

While designing these techniques, we deliberately consider and exploit the special 

characteristics and affordances of the handheld projector. On the other hand, the ability to 
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project and annotate in a physical environment offers the possibility to augment physical 

objects with overlaying information. Although these techniques are designed for using a 

single projector at one time, several multi-person scenarios can also be supported by 

sharing the viewing experience, or communicating asynchronously 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 

that would be useful for any handheld projector application. Depending on the scenarios, 

users could combine these low-level interaction techniques to establish higher-level 

dialogs that are suited to the context. 

Applying real-world protocols 

Since the interaction spaces are integrated into the physical environment, we adopt 

protocols that people already use to interact with the physical world and other people 

where applicable, such as moving towards an object to see details, and using oneôs body 

to block other 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 local and precise tasks 

to the pen. However, where appropriate we also exploit concurrent bimanual interaction 

with both devices. 
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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 projected 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 sections, we describe techniques for interacting with workspaces 

after they are defined. 

4.2.1 Projector-Only 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 in a desktop GUI. A click 

of the primary button selects the object at the cursor position. Holding the primary button, 

the user can move the object around by moving the cursor. Releasing the primary button 

releases the object. The object can be seamlessly moved either within the same 

workspace, or between different workspaces.  

   

Figure 4.1: Moving and rotating objects with projector. 
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In addition, the user can rotate the projector along its Z-axis (effectively by rotating 

the wrist) to rotate the captured object. Moving and rotating can be performed 

simultaneously (Figure 4.1). Since the orientation of the object is consistently mapped to 

that of the projector, the object stays aligned with the userôs view angle, even when it is 

moved across different workspaces, or when the user walks around the workspace. On 

the other hand, the user can efficiently position and rotate the object to accommodate 

other peopleôs perspectives.  

Crossing Widgets 

Interactive widgets are used to trigger commands and adjust parameters. To provide 

robustness against the relative lack of precision of free-hand pointing with the projector, 

which could be worsened by a physical button-click action, we aim at a set of widgets 

that alleviate the requirement of precise cursor positioning and button-clicks. We adopted 

the concept of crossing-based widgets [2, 4] in our projector interaction to achieve facile 

interaction. 

                               

                    (a) Crossing menu.                                   (b) Crossing sliders  

Figure 4.2: Crossing widgets (arrows show the crossing path). 

A context-sensitive menu is triggered by pressing the secondary button. Holding the 

button, the user uses 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 and red edges of 

the menu (Figure 4.2a). 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 of grabbing the 

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 a continuous 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 the cursor around the 

corresponding sliders to avoid activating them. Figure 4.2b illustrates using 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 presentation slides.  

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 button-clicks. 

These interactive widgets 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/between workspaces using more global 

movements, without need for a mode switch. Tracking menus [40] 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 mechanism. In addition, it smoothly accommodates the userôs movement in the 

physical environment. Because the size of the projected image is proportional to the 

distance between the user (hence the projector) and the surface, scaling the widgets 
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accordingly results 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 (0°, 90°, 180° or 270°) to 

accommodate the userôs view angle, according to the orientation of the projector at that 

moment. 

Resolution Gradation and Information Granularities 

A unique 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 moves closer to the surface, the same amount of image pixels is 

distributed in a smaller region, resulting in a higher local resolution. This naturally 

matches userôs experience of viewing physical spaces. From afar the user has a large but 

low-resolution display region to overview the workspace, while coming closer, the user 

focuses on a small but high-resolution region to acquire details. This resolution gradation 

spontaneously happens in an implicit continuous manner. 

  

  

Figure 4.3: Proximity adjusts information granularity. 
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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 distance between the user and the surface changes. High-level 

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 object itself 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 the object. Figure 4.3 illustrates a city map switching between granularities 

when the user moves.  

Workspace Overview 

Since the projector usually displays only a portion of the workspace at one time, the 

user may occasionally have difficulties in navigating the workspace and locating a virtual 

object. To assist navigation, pressing both buttons together triggers an overview panel 

showing a miniature of the current workspace (Figure 4.4). Like the interactive widgets, 

the panel moves and scales with the projected image region. When moved into a different 

workspace, the content of the panel switches to overview the newly entered workspace.  

 

 

Figure 4.4: Workspace overview panel. 
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Flick Gesture 

Depending on the currently selected object, a ñflickò gesture to the left or the right 

acts as a shortcut to frequently used menu commands related to it. To make the flick 

gesture, the user quickly rotates the projector along its Y-axis to the left or right and then 

back again (Figure 4.5a). To inform the user about the shortcut, the corresponding menu 

item is marked with a gesture icon (Figure 4.5b). Figure 4.5c illustrates using a flick 

gesture to page up/down in a document, and Figure 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 lens, providing a way to adjust the text orientation to 

accommodate different view angles, either for different people, or for the same user at 

different times. We choose to only employ this flick gesture because of its simplicity, and 

do not further pursue other possible gestural interactions, which are beyond the focus of 

this research.  

 

                      

                (a) Gesture trajectory.                             (b) Gesture icons in a menu. 

          

            (c) Turning pages.                                            (d) Switching lenses. 

Figure 4.5: Flick gesture. 
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Personal Folder 

A personal folder contains the virtual objects with which the user may want to 

interact. Through a menu command, this personal folder can be accessed in any 

workspace, and the objects inside it can be dragged into the workspaces.  

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

handheld device (personal data), in devices in the environment (context 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 workspaces, 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 

ñeyes-freeò scenario), we suspect in most cases users will hold the projector with the non-

dominant hand to set the display/interaction context, and use the dominant hand to 

perform pen interactions. Therefore these pen-based techniques are described as 

bimanual interaction techniques. 

 

           

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

Figure 4.6: Pen interaction on surfaces. 
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When the pen tip touches the surface, a pen stroke can be drawn in the workspace or 

on a virtual object (Figure 4.6). Neighboring strokes are grouped into ink. Ink can be 

moved, rotated, scaled (using a crossing-slider) and closed (using a crossing-menu) just 

like other virtual objects. The pen does not have to reside inside the projected image 

region to draw, hence the user may make ñblindò notes while viewing other portion of the 

workspaces, or make ñsecret notesò when s/he does not want other people to see what is 

being written. 

In order to annotate on a remote virtual object that is out of physical reach, the user 

can use the projector cursor to capture and drag the object to a closer location while 

holding the primary button, and then annotate on it using the pen. To avoid jittery inking 

caused by the movement of the hand holding the projector, the objectôs position is frozen 

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 projector to browse it. Once the user finishes the annotation, s/he 

releases the primary button, and the annotated object flies back to its original position, as 

if it is spring-loaded. This provides an efficient way to annotate virtual objects scattered 

around a large physical environment, without the need to walk around or rearrange the 

objects. 

     

Figure 4.7: Annotating physical objects. 

Utilizing the functionality of drawing in workspaces, the user can also annotate static 

physical objects in the environment. Depending on the relationship between the physical 
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object and the workspace, the object may be annotated in three different ways: (a) on the 

surface of the object, when the surface has been defined into an workspace. This applies 

to relatively large objects with near-planar surfaces, such as a box or a computer. (b) 

Over the object, when it forms part of a workspace. This applies to flat objects attached to 

other surfaces, such as a poster or a brand. (c) Around the object, when it protrudes from 

a workspace. This applies to relatively small objects that stay on top of other surfaces, 

such as a toy on the table, or a switch on the wall. Figure 4.7 illustrates. 

The pen can also be used to perform local interactions with a virtual object, which 

enables precise control that is difficult to achieve with the projector cursor. Figure 4.8 

illustrates using the pen to operate the crossing-based 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 widget any more. Complete eyes-free 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.  

   

Figure 4.8: Using the pen to scroll a document. 

Although we describe these pen-based techniques as bimanual interactions, they may 

also be used for multi-user interaction where one user controls the projector to set the 

context, and another uses the pen to 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, both between the user and the system, and between 

different people.  

4.3.1 Single-Person Usage 

The capability to easily and quickly define workspaces anywhere enables the user to 

temporarily convert the physical environment around into workspaces to manage 

personal information (Figure 4.9). Depending on the environment, these workspaces can 

take various forms, such as walls, tables, floors, seatbacks, or even the userôs lap. The 

dynamic image size and resolution of the handheld projector readily accommodates 

interacting on surfaces of different sizes and distances. The possible large scale of the 

workspaces supports tasks that are difficult on a traditional handheld device with limited 

display and interaction space, such as managing a personal album, browsing a map, or 

annotating a large document. When the user leaves the environment, s/he closes the 

workspaces using a menu command, and takes away the processed information along 

with the device. 

Spatial memory can help the user to efficiently organize information, especially when 

multiple workspaces 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 doing so, the user can easily locate the information, and use coarse hand 

movement (possibly eyes-free) to organize the information between walls. Taking this 

particular situation as an example, moving a virtual object upward onto the ceiling means 

ñsend to recycle binò to the user, and almost acts as a gesture-like command.  
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(a) Managing photo album. (b) Replying to an Email. (c) Interacting on the back of a seat. 

Figure 4.9: Single user scenarios. 

4.3.2 Synchronous Multi-Person Usage 

Our techniques can also support communication between multiple people. Here we 

focus on the case where one main user controls the projector and shows the information, 

while other people look at the information and use the pen to communicate. Scenarios 

that involve use of multiple projectors together are explored in Chapter 6. 

Given the mobility and lightweight interactions of the handheld projector, it is 

particularly suited for casual ad hoc collaborations. Similar to the single-user scenario, 

people can temporarily annex their physical environment into workspaces to support their 

communication. Even a simple task like showing information to others can utilize 

different interactions depending on context (Figure 4.10). Note that privacy concerns may 

arise when the main user needs to process personal information that s/he does 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 using the userôs own body. 

Multiple people can also use the pen to facilitate communications. A blank wall can 

be turned into a virtual whiteboard to support brainstorming (Figure 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 other virtual 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 an efficient way to collect 

comments from people in a large environment. 

 

     

(a) 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 user positions and orients the document to accommodate the other person. 

Figure 4.10: Synchronous multi-user scenarios. 

   

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

Figure 4.11: Pen usage in synchronous multi-user scenarios. 
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4.3.3 Asynchronous Multi-Person Usage 

Instead of closing the workspaces when the user leaves, s/he may also let the 

information stay in 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 across time.  

Provided the ability to define any near-planar surface into a workspace, the user can 

leave pen inks and paste information almost anywhere in the physical environment. 

When another user comes into the environment later, s/he can use the projector to retrieve 

the information left in the environment by the other people (Figure 4.12). The 

relationships between physical objects in the environment and the virtual information can 

be two-way. The virtual information may serve as annotations and auxiliary information 

for a physical object (Figure 4.12c), or the physical object may serve as a proxy to attract 

attention to the virtual information (Figure 4.12a, b). 

       

Figure 4.12: Information left in the environment. 

(a) Virtual flyer on a physical bulletin board.  

(b) Note written on a desk. (c) Error icon on broken device. 

The concept of overlaying information in physical environments has been explored in 

augmented reality applications [8, 14, 25]. However, our ability to easily define 

workspaces and author the overlaying information on the fly may result in casual 
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asynchronous communication between users. Multiple people may also create a rich 

information environment through asynchronous collaboration, similar to collaborative 

information sharing on public displays [22, 49]. This scenario 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 games. Figure 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 

deployed virtually anywhere. 

 

Figure 4.13: Shooting game. 

4.4 User Feedback 

In order to collect some early informal user feedback on our designs, we asked five 

male graduate students, aged between 20~30, to try the prototype system. Each 
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participant was shown the interaction and workspace definition techniques, and asked to 

freely and extensively try out the techniques and functionalities. Given our current focus 

on evaluating the basic interaction techniques rather than the various usage scenarios, the 

participants attended individually and mostly under the single user scenario. Each trial 

session lasted 40-50 minutes. We observed participantsô behaviors, and informally 

interviewed them about their opinions and suggestions, and in what scenarios they would 

use the system. 

All participants easily understood the flashlight metaphor and the presence of 

multiple workspaces. Their first impressions of the system were unanimously ñvery coolò. 

They did not show or express any difficulties in learning 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 trial periods. Although no participants had prior 

experience with crossing interfaces, the crossing-based widgets were broadly welcomed. 

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

saved time in performing complex operations. All participants were enthusiastic with the 

ability to leave virtual annotations in the physical environment. They were particularly 

excited about the idea of leaving ñsecretò notes, since this reminded them of ñmagic 

holographsò 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 of the workspace is 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 participants 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 context-related instructions, and 

entertainment. 

4.5 Discussion 

Although we did not take a formal iterative user centered design process, we carefully 

considered the particular characteristics of our system when making design choices. For 

example, we believe that two physical buttons on the projector provide sufficient input 

bandwidth for the interface. Given that the handheld projector is to be constantly moved 

in the 3D space, and that the userôs visual attention is focused on the projection instead of 

the projector itself, we suspect that additional buttons could add unnecessary complexity 

from both physical ergonomics and ease of comprehension perspectives. The adoption of 

crossing interfaces instead of point-and-click 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 previously. 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 hand, users may leverage 

physical objects of special meanings to attract peopleôs attention for information update, 

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, 
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e.g. when the user enters the environment, visual arrows or audio notifications could 

guide him/her to check for information updates. When the projector can be uniquely 

identified by the system, e.g. with embedded RFID, user-specific information can also be 

accessed without needing to log in. 

Our system provides some affordances similar to augmented reality (AR) systems 

(e.g., [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 single-person use. Our system also eliminates 

the need for the systemôs prior knowledge of the environment, which is essential for 

similar systems using situated projectors such as Everywhere Displays [85, 86]. 

The Flashlight metaphor underlying our interaction designs means that the user only 

sees a portion of the workspace at one time. This interaction style creates both pros and 

cons. On the advantage side, the ability to choose what and where to display provides the 

user control over the workspaces. Therefore we can avoid the information overload 

problem well-known in ubiquitous computing [60], when information is all over the place 

and overwhelms the userôs attention. Furthermore, when multiple people are present, this 

also avoids disturbing other people with irrelevant information, and supports privacy for 

personal information. These can be further facilitated by filtering the information to be 

displayed according to the specific user of the projector. However, not seeing information 

outside the flashlight (display window) may create navigation difficulties for the user, 

although alleviated by the workspace overview feature we designed. The loss of 

interaction context surrounding the current display window may also result in temporary 

confusions. For lower-level tasks such as target pointing, the user performance may 

degrade when the user does not know the exact position of the target before it is revealed 

by the display window. In order to gain a deeper understanding of how the Flashlight 

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

i.e., ñPeephole Pointingò.  
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Chapter 5 

Modeling Pointing Tasks under Flashlight 

Metaphor 

As illustrated in Chapter 3 and 4, the Flashlight metaphor plays an essential role 

throughout our handheld projector interaction design. By moving the projector (hence the 

flashlight), the user is able to view and interact with workspaces that are larger than 

which could be displayed by the projector at once. Similarly, researchers have explored 

using spatially tracked physical displays as a ñpeepholeò to navigate through larger 

workspaces [41, 61, 130], therefore overcoming the inherent limitation of the small 

display size embedded in handheld devices. In general, the Flashlight metaphor refers to 

physically moving a spatially aware display that acts as a display window to reveal 

different parts of the virtual workspace, which is stationary relative to the physical world 

(Figure 5.1). Other terms used by researchers to refer to this interaction style include 

ñPeepholeò [130] and ñSpotlightò [90] . Given the value of this metaphor for interactive 

handheld projectors and other handheld devices in general, it is important to understand 

how it affects usersô ability to perform interaction tasks, especially when information is 

initially residing outside the Flashlight (or peephole) region. These understandings will 

provide valuable insights for future designs utilizing the Flashlight metaphor. 
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(a) Concept. 

         

   (b) Using a spatially aware PDA. (image from [130])       (c) Using a handheld projector. 

Figure 5.1: Generalized Flashlight (Peephole) metaphor. 

As a first step in this direction, in this chapter we study user performance in pointing 

tasks ï a fundamental building block for higher-level interactions ï where the 

flashlight/peephole display needs to be moved to reveal the target, noted as ñPeephole 

Pointingò hereafter. Based 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 

knowledge of the targetôs location. 
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5.1 Background: Fittsô Law 

Fittsô law [39] is broadly accepted to model aimed pointing tasks in general. The 

movement time T needed to point to a target of width W and at distance (or amplitude) A 

can be expressed as: 
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W

A
baT 2log                                            (1) 

where a and b are empirically determined constants, and c is 0, 0.5 or 1 (details 

discussed in MacKenzie [70]). The logarithmic term ( )cWA +/log2  is referred to as the 

Index of Difficulty (ID) (measured in ñbitsò) of the task. Kabbash and Buxton [64] show 

that Fittsô law also applies to the case that the cursor is an area while the target is a point, 

with W set as the width of the area cursor. Researchers have also expanded Fittsô law to 

model two- and three-dimensional targets [3, 50, 51, 71]. 

Although Fittsô law has been proved highly successful in modeling conventional 

pointing tasks, it is unclear whether it applies when the target may be outside the initial 

display region. Furthermore, it is likely that the size of the display also influences the task 

performance. We aim at developing a model for target acquisition performance in this 

peephole pointing situation, which incorporates the display size S in addition to A and W.  

5.2 Problem Setup 

Our present work is one step towards providing a theoretical foundation and empirical 

data that can guide the design of interfaces utilizing the flashlight metaphor. We sought 

to obtain an understanding of the factors that affect peephole pointing performance, and 

develop a quantitative model that characterizes such behaviors.  
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Figure 5.2: Problem setup of peephole pointing. 

For the sake of simplicity, we choose to study a one-dimensional pointing task, with 

the constraint 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 

that Fittsô law originally models. In practice, the targets are displayed as ribbons with 

infinite height (Figure 5.2). 

The following terms are used throughout this chapter:  

Workspace: the entire space in which the targets can reside. Only a portion of the 

workspace is visible and accessible at any given time. 

Display Window: a 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 on the device and 

the purpose, and could be a rectangle [41, 130], circle [90] or arbitrary quadrangle as in 

our handheld projector system. However, 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 motion, but conceptually extends 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, since only 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 actually reach it. Three parameters characterize such a task: 

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

W ï  width of the target. 

S  ï  size of the display window. 

where A and W are variables included in the Fittsô law equation, while S is unique to 

peephole pointing, and thus needs to be incorporated into our model. In the case of a 1D 

display window, S is defined as the width of the display window, collinear to the pointing 

motion. 

We also consider a few other factors that may affect the userôs performance: 

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 influence the task performance. The prior knowledge may come from previous visits 

to the target, or from techniques that visualize off-screen targets such as Halo [11].  

Cursor control mechanism 

Researchers have explored two mechanisms to control cursor position in these 

situations: 

1. Coupled cursor: the cursor position is fixed with respect to the display window 

(typically in the center). Moving the display window also moves the cursor in the 

workspace. Thus the display also serves as a pointing device, and requires only one input 

to operate. This mechanism is used by ours (in the projector-only interaction case) as well 
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as some previous handheld projector systems [90], where a dedicated pointing device is 

not available or preferable. 

2. Decoupled cursor: the cursor position is controlled by a dedicated pointing device 

that is different from that controlling the display windowôs position. One possible 

scenario is where the user moves the display window using the non-dominant hand, while 

controls the cursor using the dominant hand. The cursor pointing device can move 

independently of the display window, but is sensed only when within it. This mechanism 

has been utilized on PDAs and handheld screens, using a stylus for pointing [116, 130]. 

5.3 Proposed Model 

Building upon existing research, we perform a theoretical analysis of peephole 

pointing, and develop a tentative model for movement time that incorporates A, W and S. 

In general, a peephole pointing task consists of two stages: first Moving the Display 

window to reveal the target (noted as MD), and then Moving the Cursor to hit the target 

(noted as MC). 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 distinction between moving the display window and 

moving the cursor. Even in the decoupled cursor case (e.g. using a stylus on a PDA), the 

user may choose to rest the stylus (and the hand holding it) on the screen when the screen 

is moving. In this case the cursor is 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 window, rather than by the world. On the other hand, MD and MC 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 has prior knowledge of the target location, the 

performance of MD and MC can differ: 

5.3.1 Without Prior Knowledge (Case 1) 

When the user does not know the target location, MD requires searching for the 

hidden target with the display window (Figure 5.3a). (Here we are assuming that the user 

knows which direction to search for, and leave the more complex case that involves 

uncertainty of the target direction for future investigations). Unfortunately, to the best of 

our knowledge, there is no existing model for this type of searching. (Prior research on 

visual search [128] 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 that the time 

required for MD (TMD1) should increase as A increases, since a longer distance requires 

more time to search through. TMD1 should also decrease as S increases because: (1) a 

larger display window reaches the target earlier, resulting in a shorter search distance; (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 experiment). With these considerations, 

we posit that TMD1 plausibly follows a Fittsô law relationship with A and S:  
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where aD1 and bD1 are constants that depend on the device and task setting, and c is 0, 

0.5 or 1 (according to [70]). We neglect W in this equation as W does not impose a 

significant movement constraint in the MD stage, especially when W is considerably 

smaller than S.  
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(b) Moving the cursor (MC). 

Figure 5.3: Peephole pointing without prior knowledge of the target location. 

Once the target is revealed, the user moves the cursor to reach the target (MC) (Figure 

5.3b). MC is a standard pointing task that can be modeled by Fittsô law, where the target 

width is W, and the effective target distance A' is the distance between the target and the 

current cursor position. In the ideal situation, MC starts once the target is revealed in the 

display window, and the cursor is residing at the center of the display window at the time 

(which is always true in the coupled cursor case), then A' is between (S - W) / 2 (i.e., 

target fully revealed) and (S + W) / 2 (i.e., target barely revealed), with an average of S/2.  

However, in practice, due to limits of reaction time, the user will often overshoot the 

display window before MC starts. Since in the MD 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 a positive or 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 of the effective target distance as SkA 1=¡ , 

where k1 is some constant coefficient (because of overshooting, k1 is likely smaller than 

1/2). Therefore the average time needed for MC is 
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where aC1 and bC1 are the Fittsô law parameters for this setting, and c is 0, 0.5 or 1. 

For the ease of mathematical derivation, we choose c to be 0 for both Eq. (2) and (3) 

(which is the equivalence of the original form of Fittsô law [39]), then total movement 

time is: 
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Because TMD1 describes searching without knowing the target location, which is more 

difficult than pointing to a visible target (described by TMC1), we expect that bD1 > bC1, 

resulting in a negative relationship between S and T1.  
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5.3.2 With Prior Knowledge (Case 2) 
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(a) Moving the display window (MD). 
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(b) Moving the cursor (MC). 

Figure 5.4: 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 a searching action, but a planned motion towards the 

target to cover it with the display window (Figure 5.4a). This is essentially the behavior 

of an area cursor, also modeled by Fittsô law as reported by Kabbash and Buxton [64], 

where W is set to be the width of the area cursor. Although they used 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 window, and prior knowledge is used to guide the 

initial movement. Thus we have: 
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Similar to case 1, MC is a typical pointing action with target width W and effective 

target distance A' being the distance between the target and the current cursor position 

(Figure 5.4b). However, here A' is caused by the spread (distribution) of display window 

positions resulting from MD. MD is a rapid approximate pointing task towards the target 

without initial visual cues, therefore has an open-loop (or ñballisticò) characteristic to 

some extent. Several researchers [51, 78, 123] have investigated the spread of endpoints 

from such an action. They showed that (in the 1D case) the position of the endpoints X 

can be approximated by a normal distribution N (X0, ů), where the mean value X0 is the 

center of the target, and the standard deviation ů = fA, f being an empirically determined 

constant. Therefore A' = | X - X0 |, and from the property of normal distribution we know 

the mean value AkfAA 222 ===¡ pps , where p22 fk = 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, 
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Similarly, we choose c = 0 for both Eq. (5) and (6), and the total movement time 
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Summarizing case 1 and 2 (Eq. (4) and (7)), we have 
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where a, bA, bS,, bW are constants that depend on device and task property, and bA = bS 

+ bW (bA, bS,, bW > 0). An alternate expression of Eq. (8) is 
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where a, b and n (0 < n < 1) are empirically determined constants that vary depending 

on the device and task property. Specifically, n describes the relative importance of S in 

terms of impact on movement time, compared to W.  

Given the similarity between Eq. (9) and Fittsô law, we can define the Index of 

Difficulty for peephole pointing with a display window of size S as: 
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Inspired by the widely preferred variation of Fittsô law:( )1/log2 += WAID , we can 

propose a variation of Eq. (10): 
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so as to guarantee IDS is positive, especially when S > A, which is valid in practice. 

Eq. (11) also suggests that  
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since the task becomes a standard pointing task when the display window is infinitely 

large, modeled by Fittsô law. Eq. (10) does not have this desirable property as it 

approaches - Ð when SŸÐ.  



CHAPTER 5. MODELING POINTING TASKS UNDER FLASHLIGHT METAPHOR            75 

 

 

Note that Eq. (8) may also be equivalently expressed as 
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with a slightly different definition of b and n (0 < n < 1), while keeping the signs of 

bA, bS,, and bW. Similar to Eq. (11), we may generate two other candidate variations: 
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Eq. (14) is reasonable given its similarity to our derivation of Eq. (4) in case 1. 

However, it does not regress to Fittsô law when SŸÐ. Eq. (15) satisfies this regression 

property, but does not have an intuitive interpretation. In addition, Eq. (11) yields IDS = 0 

when A = 0, which is intuitive since the required movement is completely eliminated. 

Neither Eq. (14) nor Eq. (15) satisfies this requirement. 

Nevertheless, we will use our experiment data to verify each variation of IDS (Eq. 

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

5.4 Experiment Setup 

5.4.1 Apparatus 

We chose to simulate a flashlight/peephole display on a desktop monitor (19-inch, 

1600 x 1200 pixels) (Figure 5.5). The entire screen represents the workspace, with only 

the region corresponding to the display window revealed, and the rest (virtually) masked 

in black. A WacomÊ Intuos2 tablet (12 x 18 inch) is used for input. The decision to 

simulate the flashlight/peephole 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 displays. Nevertheless, based 

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 and the cursor when held over the tablet. The cursor, displayed as a 

crosshair, always stays at the center of the display window.  

Decoupled cursor (Figure 5.5b): a WacomÊ puck held in the non-dominant hand can 

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 free to move 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 



CHAPTER 5. MODELING POINTING TASKS UNDER FLASHLIGHT METAPHOR            77 

 

 

[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 the display window and the 

targets are one-dimensional, vertically extending to the border of the screen. In each 

sequence of trials, the participant selects two equal-width targets back and forth in 

succession. The distance between the targets is set according to the experiment 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 the beginning (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 the red 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 red X, it 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. The position 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 trial is fundamentally 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 pointing without prior knowledge (apart from 

the directional cue discussed above) and requires 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 conditions of prior knowledge 

of target location in a single sequence. 

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.  

Because we are only interested in the movement 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 control-display gain. All buttons on the puck and the 

stylus are disabled. 

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

number of errors made in each trial.  

5.4.4 Design 

A fully crossed within-participant factorial design was used. Independent variables 

were target distance A (128, 256, 512, 1024 pixels), target width W (8, 16, 32, 64 pixels), 

display window size S (32, 64, 128, 256, 512 pixels), cursor control mechanism (coupled, 

decoupled), and prior knowledge of target location (yes, no). The range of A, W and S 

values covered both typical and extreme (e.g. S < W) scenarios. 

Each participant used both cursor control mechanisms, within which, three 

consecutive blocks were performed. Within every block, each combination of A, W and S 

were tested for one sequence of trials. The presentation order of these combinations was 

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 knowledge, and the second trial (i.e., returning from the second 
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target to the first target) represents pointing with prior knowledge, so 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 trial has the reverse direction), in order 

to prevent the movement direction from confounding with the prior knowledge factor. An 

input error was counted when the participant taps outside the target. Participants were 

asked to keep the error rate under 4% during each 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 large). The 

participant used the stylus to control the cursor. A similar experiment structure was used 

for the baseline task, keeping all factors but the display window size S. Each participant 

performed the peephole pointing task using two different cursor control mechanisms plus 

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

5.4.5 Participants 

12 right-handed volunteers, aged 18ï33, participated. The experiment lasted about 1.5 

hours for each participant. Participants were encouraged 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 movement time T is 2118 ms. T 

increases monotonically as A increases, and decreases monotonically as W or S increases, 

as suggested by our proposed model. An analysis of variance showed that all these effects 

are statistically significant (p<.001). Pair-wise means comparisons also showed that every 

condition of A, W, or S is significantly different from the others (p<.001).  
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There was a significant main effect for cursor control mechanism (F1,11 = 55.4, 

p<.001), with mean times of 1884 ms for coupled cursor and 2351 ms for decoupled 

cursor. Different cursor control mechanisms result in different behaviors, and in turn 

different performance. However, the trend that coupled cursor performs faster than 

decoupled cursor should not be regarded as a general conclusion, since it may depend on 

the specific device used. For example, we might expect coupled cursor to become slower 

if we used the non-dominant hand puck to control the cursor rather than the dominant 

hand stylus. 

There was also a significant main effect for prior knowledge of target position (F1,11 = 

491, p<.001),with the first trial (without prior knowledge) of each sequence averaging 

2562 ms, while the second trial (with prior knowledge) averaging 1674 ms. As a 

comparison, for the baseline task, there is no significant difference (F1,11 = 2.14, p = .171) 

between the two trials. 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 for cursor control mechanism x prior knowledge 

(F1,11 = 4.83, p = .050), S x cursor control mechanism (F4,44 = 32.8, p < .001), and S x 

prior knowledge (F4,44 = 89.5, p<.001). In particular, S has a larger effect on T when there 

is no prior knowledge of the target location (Figure 5.6). This can be explained that 

without prior knowledge, MD is a pure searching task that relies heavily on the visual 

feedback in the display window, while with prior knowledge MD has a more ballistic 

nature, for which the display window plays a less important role. However, the effect of 

prior knowledge decreases as S increases. When S 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. As S becomes larger, the additional information gained from prior 
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knowledge becomes smaller, resulting in less performance gain. Eventually when S 

approaches infinity, the 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.  

 

Figure 5.6: Movement time by display window size and prior knowledge. 

There was a significant main effect for block number on T (F2,22 = 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 rate was 3.5%. The factors that significantly affected the error rate include: 

cursor control mechanism (F1,11 = 7.50, p=.019) with 2.9% errors for coupled cursor and 

4.1% errors for decoupled cursor, possibly caused by the coordination skills required for 

bimanual input; W (F3,33 = 27.3, p<.001), where the error rate increases as W decreases, 

because of the increased task difficulty; and S (F4,44 = 2.65, p=.046). The error rate is 

lowest (2.4%) when S = 32, largest (4.4%) when S = 512, and roughly 3.5% for all other 

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

relaxed with a huge display window. No significant interaction exists between any factors 

for error rate. 

IDS 
Cursor Control 

Mechanism 

Prior 

Knowledge 
a (ms) 

 

 

 

b (ms/bit) 

n 

n 
R

2 

Estimate Std. Err. Estimate Std. Err. Estimate Std. Err. 

ö
÷

õ
æ
ç

å
-+ö

÷

õ
æ
ç

å

W

A
n

S

A
n 22 log)1(log

 

 

(Eq. 10) 

Coupled 
Yes 444 46.9 316 12.1 0.304 0.0302 0.900 

No 561 115 652 29.5 0.533 0.0363 0.868 

Decoupled 
Yes 615 65.8 437 16.9 0.441 0.0306 0.897 

No 782 139 796 35.6 0.575 0.0363 0.873 
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(Eq. 11) 

Coupled 
Yes 171 46.2 382 13.2 0.376 0.0281 0.923 

No -168 108 843 31.0 0.606 0.0287 0.906 

Decoupled 
Yes 175 63.4 548 18.1 0.515 0.0260 0.924 

No -143 128 1040 36.7 0.646 0.0275 0.913 
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(Eq. 14) 

Coupled 
Yes -244 67.3 707 26.3 0.625 0.00974 0.913 

No -697 160 1276 62.6 0.720 0.0150 0.891 

Decoupled 
Yes -259 96.9 899 37.8 0.679 0.0120 0.905 

No -737 187.3 1524 73.1 0.738 0.0152 0.902 
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(Eq. 15) 

Coupled 
Yes -84 65.8 743 54.2 0.454 0.0268 0.897 

No -942 205 1948 169 0.341 0.0241 0.780 

Decoupled 
Yes -276 112 1189 92.1 0.380 0.0238 0.845 

No -1176 255 2514 210 0.321 0.0221 0.775 

Figure 5.7: Summary of model fitting results. 

5.5.3 Model Fitting 

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

(15)) of IDS using least-square regression. Since both cursor control mechanism and 

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

according to these two factors, and fit them separately. Figure 5.7 shows the parameter 

estimates and standard errors for those estimates. The last column provides the R
2
 values 

for the regression. 

Eq. (11) has the best fit with experiment data in all 4 categories, with R
2 

always 

greater than 0.9 (Figure 5.8). In addition, Eq. (11) has several desirable properties as 

discussed earlier. Therefore our model for peephole pointing is best represented as:  
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where a, b and n (0 < n < 1) are empirically determined constants that may vary 

depending on the device and task. 

 

Figure 5.8: Model Fitting of Eq. (11). 

(horizontal axis: IDS ; vertical axis: movement time (ms) ) 

As a baseline, we also fit the data to the three variations of standard Fittsô 

law: ( )1/log2 += WAID , ( )1/log2 += SAID , and ( )1/log2 += WSID , which all yield 

average R
2
 under 0.66. This further confirmed the advantage of our proposed model 

which yielded significantly better fits. 

In particular, n describes the relative importance of display window size S in terms of 

impact on the movement time. Compared to a and b, which reflect mainly the 

performance of the device or user group, n captures more of the essence of the task itself. 

As an example, Figure 5.9 compares the n values between 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 5.9: n values under different conditions. 
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For both cursor control mechanisms, n is smaller when there is prior knowledge 

about the target location, indicating a lesser impact of S. This is validated by the data 

trend we analyzed in the previous section. However, n is larger in the decoupled cursor 

condition than in the coupled cursor condition. The fact that the stylus needs to be inside 

the display window to be responsive imposes an additional motor constraint related to S, 

while this constraint does not exist in the coupled cursor case. This may explain the larger 

impact of S in the decoupled cursor condition. Further, the difference of n caused by 

cursor control mechanism is smaller without prior knowledge, since the searching 

behavior that accounts for the 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 vulnerable to influences of the control mechanism. 

In addition, Eq. (16) shows that when S becomes sufficiently large (e.g. when S > 2A, 

the target is inside the initial display window), the benefit of further enlarging it becomes 

marginal. For example, enlarging S from 2A to 4A only results in IDS decreasing by 0.26n, 

versus 0.74n when S changes from A/4 to A/2. This can also be observed from the trend 

in Figure 5.6: the relationship curve becomes flatter as S increases, and will eventually 

converge as SŸÐ, at which point the action becomes a standard pointing task. Our model 

suggests that the movement time follows Fittsô law as SŸÐ, validated by the 

unsurprising good fit of the baseline task performance to Fittsô law (R
2
 = 0.976). 

5.6 Discussion and Implications 

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

first model for 2D pointing tasks, suggested by Crossman [32]: 
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which can be reformulated to resemble Eq. (16). This model suggests that W and H 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 between W and 

H. In our task, the somewhat separable stages of MD and MC make it more appropriate to 

tackle S and W separately in the model, as supported by its good match with experimental 

data. 

As we discussed, the parameter n captures 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 the n value (by theoretical analysis or empirical 

study), and make design decisions according to it. In general, a larger n means we need to 

focus on increasing the display size (or virtual size, such as using a Fisheye [47] 

visualization); while a smaller n suggests we should endeavor to enlarge the interface 

components (or enlarge their effective width, such as by dynamically expanding the 

targets as the cursor approaches them [77]).  

In our experiment, we dealt with cases that the user has either no prior knowledge of 

the target location, or near-perfect knowledge of it (all participants expressed they could 

remember very well the target location during the second trials). However in practice 

there are many cases that lie between these two extremes. For example, the user may 

obtain partial (or ñsoftò) knowledge through visualizations of off-screen targets. We 

expect the resulting performance also lies somewhere between the two cases we 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. Some people 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 backtrack 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 overshooting. The number of backtrackings decreases as S becomes 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 designing flashlight/peephole interfaces, for example making the interface 

components more ñglanceableò. 

It is worthwhile to note that the decoupled cursor mechanism is a typical example of 

asymmetric bimanual action [52], where the non-dominant hand performs coarse 

movements and sets the reference frame, within which the dominant hand performs fine 

movements and operations. 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 mean of 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 peephole pointing model is a first step towards a comprehensive understanding of 

the Flashlight metaphorôs effect on user performance of fundamental interaction tasks. 

Many obvious further investigations could be conducted in the same direction, such as for 

crossing, steering, or 2D pointing tasks. Validation of the models on various devices is 

also important. However, guided by the overall  goal of the thesis, that is to 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 direction for future explorations 

(discussed in Chapter 8). On the other hand, we have so far investigated interactions with 

a single Flashlight (i.e. a single handheld projector). Given the envisioned prevalence of 

handheld projectors in the future, as well as the 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, multiple co-located users 

could enjoy more powerful viewing experience, easily exchange information with each 

other, and engage in collaborative and social activities. Thus, in the next chapter we 

explore interaction techniques and usage scenarios using multiple handheld projectors.  

 



88 

 

Chapter 6 

Interaction using Multiple Handheld 

Projectors 

The large-sized displays generated by handheld projectors naturally afford multi-

person viewing and thus have the potential to support co-located collaboration. In 

particular, when each user has a handheld projector, the interactivity between projectors 

can result in a rich design space for multi-user interaction. Building upon our 

explorations on single projector interactions in Chapter 4, we sought to explore how 

multiple handheld projectors are to be used together to support interaction between 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 authentication procedures. Although 

such procedures are generally unavoidable when devices (and their users) are not 

physically co-located, they may be unnecessary if we can design interaction that exploits 

the user and device co-locality to facilitate connectivity and collaboration. Researchers 

have explored co-located collaboration between people using shared displays on tabletops 

[104, 126, 129] and walls [22, 54, 62, 106]. Because the workspace is shared between all 

users, information exchange and multi-user operations can be easily realized. However, 

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



CHAPTER 6. INTERACTION USING MULTIPLE HANDHELD PROJECTORS                       89 

 

 

view of the workspace. Private and personalized information are not easily 

accommodated, and global conflicts [80] may occur, in which one userôs action affects 

the entire shared display and disrupts other users. 

In contrast, the use of multiple handheld projectors may open up a novel interaction 

paradigm for co-located 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 their own projectors. In this chapter, we explore the design 

space of multi-user interaction using multiple handheld projectors. Expanding from the 

single-projector interaction techniques we described in Chapter 4, we develop an 

additional set of interaction concepts and techniques to specifically suit multiple users 

working in a shared physical space, each using their own projector. These designs could 

enable a variety of multi-user usage scenarios as illustrated in our explorations. 

6.1 Multi -Projector Prototype Overview  

Extending the single handheld projector prototype described in Chapter 3, our multi-

projector prototype uses two MitsubishiÊ PK10 Pocket Projectors (Figure 6.1b). 

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 pens are tracked by the same Vicon motion tracking 

system, providing 6-dof (position + pose) information at millimeter precision. Both 

projectors are connected to a same 2.4GHz P4 PC, which produces the images and 

handles the interaction. 

Again, the flashlight metaphor is used as the basis for the interactions (Figure 6.1a). 

The image projected by 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 simultaneously. In addition, each projectorôs view of the workspace may also 

be personalized depending on which user is using it.  

 
(a) System concept. 

 

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

Figure 6.1: 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 in the overlapping 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 interact with the system 

simultaneously. The system architecture is also scalable to support three or more 

projectors/users. 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. With two buttons, 

each user can independently manipulate virtual objects using the cursor, and trigger 

commands using crossing-based widgets, as described in Chapter 4. In this chapter, we 

explore techniques to support interactions that involve multiple users. Similar to the 

single projector techniques described in Chapter 4, these multi-user interactions are 

designed as a generic vocabulary to demonstrate the capabilities of multiple handheld 

projectors. How these interactions will be combined, switched between, and semantically 

interpreted will depend on the particular applications that utilize them, which are beyond 

the focus of this chapter.  

6.2 Interaction Concepts and Techniques 

6.2.1 Ownership & Access Control 

Each object in the workspaces may either have no ownership (accessible by all users), 

or be owned by a particular user. In the latter case, the owner of the object has full control 

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. 

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

Private: The object is visible and operable only by its owner. It is not displayed in 

other usersô 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, respectively (Figure 6.2). The color of the ownership 
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flag matches that of the owner, and the color of the access flag indicates the access level: 

green for public, yellow for semi-public, and red for private. We choose to use colors to 

indicate both the ownership and the access level for the sake of simplicity, which works 

well for a small number of users. Should we need to scale the system to include a larger 

number of people, we may employ other ways to differentiate the owners such as textual 

IDs to avoid confusion. The owner can cycle through the access flag levels by crossing it 

from outside the object to inside while holding the primary button down. Note that the 

term ñvisibleò used within this access level context is not to be interpreted in the strictest 

sense, since other users can still peek at the object when it is being viewed by its owner. 

To completely hide the objectôs content, the owner can toggle the visibility flag by 

crossing it. The object will then be shown as a blank frame in its ownerôs view, and 

invisible to other projectors. Hiding an objectôs content using the visibility flag in this 

manner implies setting its access level to private. 

 

Figure 6.2: Object with flags. 

6.2.2 Information Exchange 

Exchanging information between users is a common task in multi-user interaction. 

Compared with current handheld devices, which rely on indirect procedures, in our 

system all information exchanges can be achieved by direct manipulation using several 

techniques each suited to different situations: 


