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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. 
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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.  



CHAPTER 1. INTRODUCTION                  4 

 

 

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]) 
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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. 


