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DECLARATION OF NATHANIEL E FRANK-WHITE

I am a Records Request Processor at the Internet Archive. I make this declaration
of my own personal knowledge.

The Internet Archive is a website that provides access to a digital library of Internet
sites and other cultural artifacts in digital form. Like a paper library, we provide
free access to researchers, historians, scholars, and the general public. The Internet
Archive has partnered with and receives support from various institutions,
including the Library of Congress.

The Internet Archive has created a service known as the Wayback Machine. The
Wayback Machine makes it possible to browse more than 450 billion pages stored
in the Internet Archive's web archive. Visitors to the Wayback Machine can search
archives by URL (i.e., a website address). If archived records for a URL are
available, the visitor will be presented with a display of available dates. The visitor
may select one of those dates, and begin browsing an archived version of the Web.
Links on archived files in the Wayback Machine point to other archived files
(whether HTML pages or other file types), if any are found for the URL indicated
by a given link. For instance, the Wayback Machine is designed such that when a
visitor clicks on a hyperlink on an archived page that points to another URL, the
visitor will be served the archived file found for the hyperlink’s URL with the
closest available date to the initial file containing the hyperlink.

The archived data made viewable and browseable by the Wayback Machine is
obtained by use of web archiving software that automatically stores copies of files
available via the Internet, each file preserved as it existed at a particular point in
time.

The Internet Archive assigns a URL on its site to the archived files in the format
http://web.archive.org/web/[ Year in yyyy][Month in mm][Day in dd][Time code in
hh:mm:ss]/[Archived URL] aka an “extended URL”. Thus, the extended URL
http://web.archive.org/web/19970126045828/http://www.archive.org/ would be the
URL for the record of the Internet Archive home page HTML file
(http://www.archive.org/) archived on January 26, 1997 at 4:58 a.m. and 28
seconds (1997/01/26 at 04:58:28). The date indicated by an extended URL applies
to a preserved instance of a file for a given URL, but not necessarily to any other
files linked therein. Thus, in the case of a page constituted by a primary HTML file
and other separate files (e.g., files with images, audio, multimedia, design
elements, or other embedded content) linked within that primary HTML file, the
primary HTML file and the other files will each have their own respective extended
URLSs and may not have been archived on the same dates.

Attached hereto as Exhibit A are true and accurate copies of browser screenshots of

the Internet Archive's records of the archived files for the URLs and the dates
specified in the attached coversheet of each printout.
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7. Attached hereto as Exhibit B are true and accurate copies of the Internet Archive's
records of the archived files for the URLs and the dates specified in the following
table.

Folder | URL

001 https://web.archive.org/web/20060504013848/http://www.research.ib
m.com/ed/movies/SIGGRAPHO1.avi

002 https://web.archive.org/web/20051218051417/http://www.research.ib
m.com/ed/movies/siggraph%20bluespace.mov

8. Attached hereto as Exhibit C are true and accurate copies of the Internet Archive’s
record of the archived files for the URLs and the dates specified in the attached
coversheet of each file

9. I declare under penalty of perjury under the laws of the United States of America
that the foregoing is true and correct.

DATE: August 30, 2023

Nathaniel E Frank-White
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EXHIBIT A



https://web.archive.org/web/20041013055749/http://www.time.com/time/covers/1101041011/gadgets/6.ht
ml
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https://web.archive.org/web/20040607145440/http://www.research.ibm.com/ed/ed_siggraph01.htm
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https://web.archive.org/web/20060524013342/http://domino.research.ibm.com:80/comm/research_people.n
sf/pages/pinhanez.pubs.html
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https://web.archive.org/web/20041013055749/http://www.time.com/time/covers/1101041011/gadgets/6.ht
ml
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https://web.archive.org/web/20040607151511/http://www.research.ibm.com/ed/ed_publications.htm
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https://web.archive.org/web/20040603112520/http://www.research.ibm.com:80/ed/index.htm
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EXHIBIT C



https://web.archive.org/web/20050410210449/http://www.research.ibm.com/ed/publications/ubicomp01.pdf
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The Everywhere Displays Projector:
A Device to Create Ubiquitous Graphical Interfaces

Claudio Pinhanez

IBM Thomas Watson Research Center
P.O. Box 218, Yorktown Heights, NY 10598 -USA
pi nhanez@is. i bm com

Abstract. This paper introduces the Everywhere Displays projector, a device
that uses a rotating mirror to steer the light from an LCD/DLP projector onto
different surfaces of an environment. Issues of brightness, oblique projection
distortion, focus, obstruction, and display resolution are examined. Solutions to
some of these problems are described, together with a plan to use a video
camera to allow device-free interaction with the projected images. The ED-
projector is a practical way to create ubiquitous graphical interfaces to access
computational power and networked data. In particular, it is envisioned as an
alternative to the carrying of laptops and to the installation of displays in
furniture, objects, and walls. In addition, the use of ED-projectors to augment
reality without the use of goggles is examined and illustrated with examples.

1 Introduction

Ubiquitous computing envisions a world where it is possible to have access to
computer resources anywhere and anytime to the data and services available through
the Internet [1]. Since most of currentsoftware and Internet data is designed to be
accessed through a high-resolution graphical interface, to truly ubiquitously compute
today users need devices with reasonable graphical capabilities. This means carrying
laptops everywhere, wearing computer graphics goggles, or installing monitors and
displays on the surfaces of spaces and objects, such as desks, fridges, and entrance
doors. Or, simply, to resignto the low-resolution displays of mobile phones or PDAs.

In this paper we explore an alternative approach to create ubiquitous graphical
interfaces. Our idea is to couple an LCD/DLP projector to a motorized rotating mirror
and to a computer graphics system that can correct the distortion caused by oblique
projection. As the mirror moves, different surfaces become available to be used as
displays. Also, we plan to employ a video camera to detect hand interaction with the
projected image using computer vision techniques.

Our target is to develop a projection-based system that creates interactive displays
everywhere in an environment by transforming a surface into a projected “touch
screen.” Such an Everywhere Displays projector can be installed, for example, on the
ceiling of a space, to provide a generic computer interface to users in that
environment (see Fig. 1).
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Fig. 1. Using the Everywhere Displays projector to create displays on different
surfaces in an environment.

For example, an ED-projector can be installed in a meeting room and be used not
only to project images on the walls but also to create individual displays for each of
the participants of a meeting. Instead of today’s meeting tables populated by
bunkering personal laptops, a small set of ED-projectors can be shared by the
participants to access their personal data, but easily reconfigured to allow teamwork.
For instance, two people can be paired together to work on a sub-problem using a
display projected in front of them while the other participants keep discussing the
main themes using a display projected on the wall.

Moreover, ED-projectors have the ability to provide computer access in public
environments without the risk of equipment being broken or stolen. Instead of
carrying a computer, PDA, or phone everywhere, users can simply request a computer
display, maybe by making a gesture to an overhead camera, and receive the projected
image on a surface near their location. For example, an ED-projector in a store can
transform pieces of white cardboard attached to shelves into interactive displays with
product information. Unlike traditional kiosks, there is no need to bolt monitors and
computers to the floor.

In other words, we are proposing a shift in the display paradigm, which ceases to
be regarded as a device to be installed in an environment, or carried along by a user
and becomes a service provided by a space, like electric power or phone lines. But
like any innovation ED-projectors not only solve a problem but also create a new set
of applications. For instance, if information about location and identity of objects in
an environment is known, an ED-projector can be used as a device to augment reality
without requiring users to wear goggles. It can lead a visitor to its destination in a
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Fig. 2. Current prototype of the Everywhere Displays projector (left) and the projector being
used in an office-like environment (right).

building by directly projecting arrows on the floor; or project information directly
onto the objects being assembled in an industrial plant. The ED-projector enables a
computer system not only to augment a physical space with information but also to
“act” in that environment and its users by projecting light patterns and symbols on
objects and people.

This paper describes our current prototype of the Everywhere Displays projector
and the technological solutions used in its implementation. We also demonstrate
applications for different scenarios and examine new interaction paradigms for
humaneomputer interaction that might emerge from the pervasive use of ED-
projectors.

2 The Everywhere Displays Projector

The Everywhere Displays projector, or simply ED-projector, is composed of an
LCD/DLP projector and a computer-controlled pan/tilt mirror. The projector is
connected to the display output of a host computer that also controls the mirror. The
left-side picture of Fig. 2 shows a prototype of an ED-projector built with an off-the-
shelf rotating mirror used in theatrical/disco lighting, connected through a DMX
network to the host computer.

In the configuration shown in Fig. 2-left, the projector’s light can be directed in
any direction within the range of approximately 60 degrees in the vertical and 230
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Fig. 3. Perception of contrast: global brightness (left); local brightness (middle); and a
photomontage simulating the perceived contrast (right).

degrees in the horizontal. When positioned in the upper corner of a room (such as
shown in Fig. 1), this prototype is able to project in most part of the two facing walls,
half of the two adjacent walls, and almost everywhere on the floor.

Figure? also shows the current prototype of the ED-projector in use in an office-
like environment. The top-right of Fig.2 shows the ED-projector helping
collaborative work. Notice the projector on the right upper corner of the picture and
the angle of the rotating mirror used to direct the light onto the wall. The bottom-right
picture of Fig.2 shows the same surface being used to project the picture of an
artwork as decoration for the room. Both photos were taken under normal office
lighting conditions.

ED-projectors are feasible today due to the technical advances in two areas: video
projectors and computer graphics engines. Current LCD/DLP projectors are able to
create images that have enough contrast to be seen even when lights are turned on.
Fast and cheap computer graphics engines are necessary to correct for the distortion
caused by oblique projection. This and other implementation issues are discussed in
the following sections.

21 Brightness and Contrast

Projecting images in a brightly lit room is possible because the human vision system
perceives brightness and contrast locally. Consider a white wall in an environment
with normal lighting: if no image is projected, subjects would describe the brightness
of the wall as “white.” However, if a white and black pattern with sufficient
brightness is projected on the same wall (typically 5 to 10 times brighter than the
normal lighting), viewers perceive the white projected pattern as “white” and any
neighboring area receiving only the ambient light as “black” [2].

Figure3 exemplifies this mechanism in a situation where the ED-projector is used
to create projected labels on white Styrofoamcups. The left picture of Fig. 3 shows
the global brightness as “collected” by a photographic camera. In this picture, ambient
light illuminates all the cups although the third cup of the top shelf also receives the
projection of the pattern shown in the middle picture of Fig. 3. In the left image the
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Fig. 4. Using a virtual computer graphics 3D world to correct the distortion caused by oblique
projection by simulating the relationship in the real world between the projector and the
projected surface.

projected pattern is barely visible because the photographic camera, unlike the human
eye, equalizes the brightness globally. The camera takes in account the large black
background of the shelf and compresses the range of brightness differences of the
pattern projected on the cup into a few shades of white.

However, as shown in the middle of Fig. 3, there is enough local difference in
brightness on the projected pattern to allow its clear perception if only local lighting is
considered. In particular, notice that the black “OK” lettering corresponds to the white
surface of the cup reflecting just the ambient light. Since human vision adjusts to
local contrast, the resulting perceived brightness is more like the photomontage
shown in Fig. 3-right where the projected pattern is clearly discernible.

Our first prototype employs a 1200 lumens LCD projector that has proved to have
enough brightness and contrast to project images on the surfaces of an office room
with the lights on. Although we have not conducted experiments to determine the
perceived brightness and contrast, in typical home and office conditions a white
pattern projected by our prototype is approximately 10 times brighter than its
surroundings and, therefore, enough to create the illusion of contrast.

The second prototype we built employs a 3000 lumens LCD projector, enabling
sharper contrast for most projected surfaces. In particular, the increase in brightness
improved significantly the quality of images projected on horizontal surfaces such as
tables and desks. Since such surfaces tend to be orthogonal to the sources of ambient
light, the specular component of their reflected light is brighter than non-horizontal
surfaces such as walls. However, with a 3000iumen projector even the extra
brightness provided by the specular light is overshadowed by the projection light.
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Fig. 5. Correction of oblique distortions: (left) the typical result of the oblique projection of
a pattern on a surface; (right) the projection of the distorted pattern (top-right) creates a
projected image free of distortion (bottom-right).

22 Correcting for Oblique Projection Distortion

When projection is not orthogonal to the projected surface, the projected image is
distorted. In fact, as shown in Figs 1 and 2, in most cases the ED-projector is used to
create displays on surfaces that are not orthogonal to the projection direction. To
correct the distortions caused by oblique projection and by the shape of the projected
surface (if not flat), the image to be projected must be inversely distorted prior to
projection. In general, this distortion is non-linear and is computationally expensive to
correct, involving the selective compression and the expansion of the original image.

We have developed a simple scheme that uses standard computer graphics
hardware (present now in most computers) to speed up this process. Our method
relies on the fact that, geometrically speaking, cameras and projectors with the same
focal length are identical (as observed in [3, 4]). Therefore, to project an image
obliquely without distortions it is sufficient to simulate the inverse process (i.e.,
viewing with a camera) in a virtual 3D computer graphics world.

As show in Fig. 4, we texture-map the image to be displayed onto a virtual
computer graphics 3D surface identical (minus a scale factor) to the real surface. If
the position and attitude of this surface in the 3D virtual space in relation to the 3D
virtual camera is identical (minus a scale factor) to the relation between the real
surface and the projector, and if the virtual camera has identical focal length to the
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projector, then the view from the 3D virtual camera corresponds exactly to the “view”
of the projector (if the projector was a camera). Since projectors do the inverse of
viewing, i.e., they project light, the result is a projection free of distortions.

In practice we use a standard computer graphics board to render the virtual
camera’s view of the virtual surface and send the computed view to the projector. If
the position and attitude of the virtual surface are correct, the projection of this view
compensates the distortion caused by oblique projection or by the shape of the
surface. Of course, a different calibration of the virtual 3D surface must be used for
each surface where images are projected in an environment.

An example of the results of the process is depicted in Fig. 5. In a typical situation
of oblique projection, the pattern shown in the top-left is projected without any
correction, resulting in the bottom-left image of Fig. 5. After calibration of the virtual
3D surface and camera parameters, the projection of the rendered image (top-right)
creates a projection free of distortion (bottom-right).

So far we have experimented only with projecting on planar surfaces. The
calibration parameters of the virtual 3D surface are determined manually by simply
projecting the pattern shown in Fig. 5 and interactively adjusting the scale, rotation,
and position of the virtual surface in the 3D world, and the “lens angle” of the 3D
virtual camera. This process typically takes between 10 to 20 minutes but we are
currently working on its automation using techniques similar to [5].

Another simple technique to correct for distortion on planar surfaces is simply to
distort the texture to be projected by a homography [6]. In this case, calibration is
obtained by interactively grabbing with the mouse each corner of the projected pattern
and moving it to the desired location on the surface. Alternatively, the homography
can be embedded to the graphics board projection matrix [3]. Unlike the previous
approach, homographies work only for planar surfaces.

2.3 Focus

We currently use a LCD projector where focus and zoom parameters can be remotely
controlled by computer commands issued through the serial port. However, another
problem with oblique projection is that it is not possible to put all areas of the
projected image simultaneously in focus. Fortunately, current commercial projectors
have a reasonable depth of focus range, enough to maintain decent focus conditions in
most cases. We have succeeded in projecting on surfaces with up to 30 degrees of
inclination in relation to the projection axis without significant degradation of focus.
However, the problem becomes more severe as the distance between the projected
surface and the projector decreases.

24 Display Resolution
One problem with the techniques described above to correct oblique distortion is that

it creates displays with resolutions that are smaller than the projector’s resolution. As
can be seen in Fig.5, the distortion correction process has to fit an irregular

Amazon Ex. 1007.0030



Figure 6. Change of volume for identical internal angles.

quadrangular into the 4:3 viewing area of typical displays. The result is that a
considerable amount of display area is lost in the process.

In our prototypes we employ 1024x768 XVGA projectors However, due to the
loss of display area created by the distortion correction process, we have observed
that the obtained resolution corresponds approximately to VGA, i.e., 640x480 pixels.
This estimation takes in account that in the process of rendering the distorted image
some pixels of the original image are compressed into single pixels of the projected
image.

Other factors also influence the perceived resolution, among them the angle of
projection and the texture of the projected surface. In the case of extreme angles of
projection (<20 degrees), we have observed in some cases that while the center of the
image is in focus, the area near the edges are somewhat blurred. This blurring is less
visible if the projected image has less detail Similarly, projecting onto textured
surfaces such as carpets introduces a high frequency spatial component on the visual
field, contributing to decrease the perceived resolution because of interference
patternsWe are currently starting research aiming to determine how much perceived
resolution is lost when projecting on surfaces of different colors, specular
components, and textures.

25 Obstruction and Glare

Unlike LCD displays, the use of projectors as graphical displays face the problem of
having the projected image being obstructed by people or moving objects in the
environment. This was, in fact, one of our major concerns in the start of this project.
However, our experience has shown that obstruction is far less common than we
anticipated, particularly when the projector is positioned in the upper corner of a room
(as shown in Fig. 1). Although we initially tried to position the projector on the center
of the ceiling, the corner placement proved to be much more effective, mainly
because in this situation the projection cone tends to be closer to the wall and
therefore less prune to be intercepted by human beings.

Anothe reason for the relative lack of obstruction is the fact that oblique
projection cones are smaller than orthogonal projection cones. To see this, consider
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the two projection cones C and C' with identical bases and internal angle (i.e., lens
configuration) and heights hand h', as shown in Fig. 6. Since the loci of all vertices
of pyramids of equal base and internal angle is a spherel, it’s easy to see that the
h' =c.h.sina , where c is a constant smaller than 1 that depends on the geometry of
the orthogonal pyramid C .

Since the volume of the pyramid is proportional to the product of the area of the
base B by the height of the pyramid, V =1/3Bh, we obtain that the volume of the

two pyramids are related by:
V'=V.c.sing

For instance, if the angle of oblique projection & is 30 degrees, the volume of the
oblique pyramid is less than half the volume of an equivalent orthogonal pyramid.
Since the projection cones of oblique projections are smaller than those of orthogonal
projections, we should expect a similar reduction in the likelihood of obstruction.

Similarly, the positioning of the projector on the ceiling, above human heads,
contributes decisively to avoid glare and direct staring to the bulb of the projector.
Again we see here a benefit of oblique projection that allows this placement of the
projector on the ceiling. Although most commercial projectors today have some
mechanical or electronic device to correct for keystoning (typically less than 10%),
this correction does not allow the positioning of the projector sufficiently high to
avoid glare. In the office-like experimental setup of our environment, however, glare
happens only in very unusual situations such as when the user is sitting on the floor.

3 Making the ED-Projector Interactive

The current prototypesS of the ED-projector include the functionality to project on
different surfaces a 512x512 portion of the interactive desktop display of the host
computer. The user can interact in real-time with this projected desktop using mouse
and keyboard.

We are now starting to explore the interaction with the projected surface without
the need of users having to manipulate input devices. In other words, we would like to
have the projected display behaving as if it was a “touch screen,” making the ED-
projector a system easily usable in public spaces or in hazardous environments. The
goal is to have the user interact by moving her hand over the projected surface, as if
the hand was a computer mouse (See Fig7); and by moving the hand rapidly towards
the surface, to generate a “click” event. We are currently investigating the use of a
pan/tilt video camera that is controlled by the computer so it has a complete view of
the projected surface (depicted in Fig. 2, installed on the top of the ED-projector).

To track the position of the hand over the surface, we are considering the
development of variations of the traditional background subtraction techniques used
in computer vision [7]. However, unlike those cases, we have a situation where the

1 This is the 3D equivalent of the known geometric property that for any two distinct points on
a circumference, all triangles formed by the two points and one third point belonging to the
arc between them have internal angles of the same size.
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Fig. 7. Examples of interaction with the projected display by hand.

projected background changes significantly and abruptly over time. To overcome this
problem, we are exploring two alternatives: the use of two synchronized cameras in a
stereo configuration as in [8] and a method based on the estimation of the projected
background of the image.

The second method explores the fact that although the projected background
changes, what is being projected is known to the system. Therefore, if the patterns of
light reflection are known for the projected surface, it is possible to estimate how the
projected image will look like when seen by the camera. In other words, we are
investigating whether we can calculate the expected background based on the surface
reflectance characteristics (together with the camera influence on them) and the image
being projected.

The detection of “clicking” events seems to be quite more complicated. To detect a
fast movement of a hand or finger towards the projected surface, we need some
estimation of the distance of the hand to the surface. Although we plan to experiment
with stereo vision to solve this problem, we are considering a simpler scheme based
on the measurement of the width of the shadow created by the hand. As seen in
Fig. 7deft, the obstruction of the projected light by the user’s hand creates a black
shadow, in this case to the left of the hand. As the hand gets closer to the surface the
shadow decreases in width, especially in the area near the fingers. Our plan is to track
the size of this shadow and use it to estimate the hand-surface distance.

A word of caution has to be made about using DLP projectors with standardvideo
cameras. Since DLP projectors project eachRGB separately, capturing the projected
image with a camera normally results on images showing only one or two of the light
components. The only way to overcome this problem, it is necessary to synchronize it
with the projector and to increase the exposure time of the camera so it integrates all
color components.
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4 Using ED-Projectors in Ubiquitous Computing

The ED-projector is a generic input/output device that has been designed for use in
multiple applications. These applications can be basically classified in two classes.
The first class corresponds to the creation of interactive displays that provide
computer access from surfaces of objects, furniture, walls, floor, etc. The second class
of applications deals with typical augmented reality applications: the ED-projector
can be used to point to physical objects, show connections among them, attach
information to objects, and to project dynamic patterns to indicate movement or
change in the real world. This section covers the applications in ubiquitous
computing; the next section explores the uses of ED-projector as a tool to augment
and affect reality.

41 Ubiquitous Access to Computational Resources and Information

The ED-projector is a tool that can create a high-resolution graphical interactive
display to access computational resources, personal information, and the web. In this
regard, it can be seen as a device that realizes the aspirations of ubiquitous
computing [1] without the encumbering carrying of laptops or wearing of video-
goggles. Since it can be installed on the ceiling of environments, it does not require
the use of batteries or wireless links, eliminating two key problems of current laptops.
And, unlike PDAs and phones, it does not require a change in most of today’s
interaction paradigms since it can provide access through a high-resolution (VGA, at
least) display.

Fig. 8 depicts an example where a desktop application is moved around a room,
being available in different surfaces that correspond to different uses of computer
access. First, the display is laid on a desk, then moved onto a whiteboard, and finally
projected on the wall besides the whiteboard. Notice that the display, in this last
position, can be easily consulted while the users are scribbling on the whiteboard.

Similar applications can be created for professional environments such as hospitals
where space is tightly constrained and there are restrictions on what can be carried by
people. For example, a single ED-projector in an infirmary can provide on-demand
computer access to nurses and doctors, freeing them from carrying laptops around. In
another scenario, ED-projectors can substitute TV sets in patient rooms: although they
can still be used to project TV images on the wall, they also enable computer access
to data and communications from the patient’s bed, without any need to move and
connect equipment in the vicinity of the patient.

4.2 Collaborative Work

Video monitors, LCD screens, and PDAs are designed for individual use of
computers. The only tool currently easily available for collaborative work with
computer applications are LCD projectors, normally mounted on rooms to project on
one of the walls, creating a ‘“stage” effect for presentations. This configuration is
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Fig. 8. The ED-projector moving a desktop application to the top of a table, to a whiteboard,
and to a wall on the side of the whiteboard.

awkward for collaborative work since it creates a single point of attention and
distracts people from looking at each other.

There has been a significant amount of HCI and design work to provide computer
access to tables (for some examples, see [9, 10]). The ED-projector is clearly a device
that enables this kind of interactive work, with the advantage that the resource can be
easily moved to walls, adjacent tables, etc., allowing easy reconfiguration of a
meeting space for different functions and teamwork styles.

Similarly, ED-projectors can be used in school classrooms. Instead of having a row
of workstations with video monitors, the teacher can use ED-projectors to reconfigure
the classroom for individual, group, or whole class activities. In day-care centers and
kindergartens the device enables the use of walls and floors for education and
entertahment, with the advantage of no infant contact with heavy or breakable
objects.

There are many other similar applications in professional activities where
teamwork is needed. Typical examples are surgery rooms, today crowded by arrays
and arrays of bulk monitors displaying information and video imagery, and
monitoring vital signs. A set of ED-projectors seems to substitute such configuration
with the advantage that vital information can be easily brought in close proximity to
nurses and physicians for detailed inspection or interaction.
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4.3 Computer Access in Public Spaces and Hazardous Environments

The ED-projector can also be used to provide computer and information access in
spaces where traditional displays can be broken or stolen, or create hazardous
condifions, such as in public spaces or areas subject to harsh environmental
conditions. Examples of spaces in the first category are waiting areas of transportation
facilities such as subway stations and airports. The ceiling mounting of the ED-
projector protects it against vandalizing, while the mirror allows easy change on
where information is projected. This last feature is particularly important for this kind
of environment where the cost of installing or reconfiguring equipment tends to be
very high.

We also envision the use of ED-projectors in factory areas where normal electric
devices are not allowed due to the potential risk of sparks, or simply because the
environment itself contains hazardous elements to computers (such as water). The
ED-projector can be encased in glass or other transparent material and still be able to
create a useful display on such areas.

Another example of a “hazardous” environment is a home kitchen. By installing an
ED-projector, and without the risk of spills, falls, or short-Circuits, the kitchen user
can access information, watch TV or surf the web, follow recipes, or simply set and
control cooking time.

4.4 Bringing Computer Access to Disabled People

The ED-projector also permits an interactive display to be brought to the proximity of
a user without requiring the user to move. In particular, the ED-projector can facilitate
the access and use of computers by people with locomotive disabilities. For instance,
it can project an interactive display on the sheet of a hospital bed without creating the
risk of patient contact with any device. The patient, in this case, can interact with the
display by simply using his hand and use it to search for information, call doctors and
nurses, or to obtain access to entertainment.

5 Augmenting Reality with ED-Projectors

Ubiquitous computing research tends to focus on the issue of how computer resources
can be spread through physical environments so computer and network access
become seamless. However, an important consequence of embedding computers to
physical environments is that it becomes easier to connect the computer to functions
and knowledge that are specific of that space. A computer installed on the wall of a
library is a natural candidate to manage the information about the books in that space,
where they are located, and even how people are using them.

All this information about the environment can be provided to users. For instance,
if the computer in the library knows where the books are located, it can help a user to
find them. So far such applications have been explored in the context of augmented
reality, mostly through the use of semi-transparent goggles [11, 12]. However,

Amazon Ex. 1007.0036



Fig. 9. Augmented reality applications of Everywhere Displays: (1) an electronic phone
directory is projected close to the phone; (2) the database corresponding to a file cabinet is
accessed directly from the top of the cabinet; (3) a localization system points to the position of
an object; (4) a notification of the arrival of an urgent e-mail is silently projected on the wall;

(5) an emergency sign projected on the floor directly points to the nearest exit.

goggles not only are heavy and cumbersome, but they also require the fast and
accurate tracking of the user’s head to be effective.

We are exploring the use of the ED-projector in such environments. Unlike in
previous works with static projectors [9, 10, 13], the rotating mirror expands the reach
of projector to almost the entire room. It also enables the augmented reality image to
follow an object around an environment (as long as there is a mechanism to track it).
In the rest of this section, we examine augmented reality scenarios using the ED-
projector.

51 Bringing Information to a Physical Location

Most applications of augmented reality are concerned with the virtual attachment of
information to places and objects in the real world. Among such applications, we
have been experimenting with the ED-projector to bring information to the physical
location where the information is used or needed.

Figure9.1 shows a simple example where a phone directory is projected close to a
phone device, so it becomes easy to search and inspect information about the person a
user needs to call. In an ideal situation, the simple act of picking up the phone could
trigger the display of the directory on that surface. Figure 9.2 exemplifies another
situation where a database application accessing a list of files is projected on the top
of the file cabinet that contains those files. In this situation, the user can search the
computer database using any kind of complex query, obtain and refine answers, and
use the results to find the corresponding files in the cabinet.
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5.2 Navigation, Tagging, and Localization of Resources

ED-projectors are ideal devices to support user navigation through an environment.
For instance, by installing an ED-projector in a corridor it is possible to project
information on any wall, door, or area in the floor. Moreover, if the intent is to
provide directions for visitors, an ED-projectorbased system has the advantage that
no device needs to be given or worn by the visitor. Fig. 9.5 shows an example
application where the projector is used to signal the direction of an emergency exit on
the floor.

In a physical environment where the position of objects or components is known to
the computer, it is possible to use an ED-projector system to visually point to an
object’s position or to tag it with relevant information, without requiring the user to
wear or carry any kind of device. Fig. 9.3 shows an example where the ED-projector
responds a verbal request for the position of an object (a digital camera) by directly
pointing to the location of the object in the room. The system could follow by
displaying a checkout list near the object that would allow the user to update the
information about the item just by touching the projected checklist. Similarly,
information about the digital camera or instructions for its use could have been
displayed on the same area.

Unlike systems based on goggles, it is possible to have similar applications in
public spaces. As shown in Fig. 10, a ED-projector can be used in a store to provide
information about specific items, help people to find products, point to special
promotions and sales events, and even provide entertainment for small children. All
that is required is a set of white or light-colored surfaces where the information is to
be projected.

53 Affecting People

The ED-projector can also be used as an actuator device to affect the people
occupyirg a physical environment. If the system has information about the position of
people, it can project light patterns that indicate possibilities or constraints to their
movements and actions. For example, the projector can create an “electronic
doormat” that helps the control of a line of people. It can indicate, directly on the
floor, that the user should not move ahead by projecting, for instance, a red line. If the
user keeps moving, the red line can follow him, and maybe increase in size or blink to
stress the required human response.

Another application is the delivery of notification of important events to people,
anywhere, and without the disruptive use of sound. Figure 9.4 shows a simple
exampt of an e-mail notification being displayed on a wall close to where a user is
working. Of course this scenario is only feasible if the identity, position, and head
attitude of the user is known.

In many ways, the ED-projector is one of the first devices that allow a computer
system to seamlessly act on the physical world we inhabit. It creates a harmless
“robotic arm” of light that can affect people in multiple ways. Although sound and
speech have been explored in the past as computer actuators in physical spaces, the
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Fig. 10. Example of use of the ED-projector in a store.

ED-projector is unique in its possibilities of creating local, pinpointed ways for a
computer to act on people.

6 Conclusion and Future Work

The main purpose of this paper is to present the ED-projector, a device consisting of a
rotating mirror deflecting the light of a LCD projector. Although building on the
previous research on interactive projected surfaces [9, 10, 14, 15], we believe that the
introduction of the rotating mirror produces a very unique device. First, it allows a
single I/0 device to have multiple uses in the same environment and to dynamically
create new displays as needed. An ED-projector can provide computer access to a
user in one moment, project a notification of e-mail arrival in the next, and, in the
case of an emergency, be used to direct people to exits. Second, an ED-projector
creates a simple way for a computer to act on the objects and people in a physical
environment, truly integrating computer actions to the real world.

The basic components for building an ED-projector are easily available. We have
shown in this paper that the technology for correcting for oblique projection problems
is simple and easy to implement. More research is needed, however, to make the
calibration of the projector a simple process and certainly a lot more on the vision-
based system for hand interaction with the projected image. Those problems,
however, seem to be within the scope of currently known vision techniques.

The most exciting research is, in our view, on the new paradigms of human-
computer interaction afforded by the concept of everywhere displays. Here we are
proposing a scenario where ubiquitous computing happens without carrying displays
around or installing them on furniture and walls. Unlike most of the current thinking
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that looks into devices that can be carried by users, we are suggesting that graphical
interactive displays can be a service provided by a space.

While initially we are expecting to support the current desktop paradigm, there is
no reason to confine interaction to a rectangular frame like current monitors are
forced to do. A possible avenue to explore is to consider the tangible interaction
paradigm proposed by Ishii [16], but realize it without wiring or modifying the
objects used for interaction. For example, a paper cup on a table can be easily
transformed into a volume dial by simply projecting a scale around it with a “volume”
label and responding to any rotation of the object by a user.

Finally, what kinds of collaboration can happen between human beings and
computer in the moment that computers have the ability to point and affect objects
and people in the real world? Kitchens and stores are particularly exciting scenarios to
explore these novel concepts. We can also see situations, such as the control of a line
of people mentioned above, where computers become devices able to act on people in
the physical world. We are planning to explore further all these new paradigms for
humaneomputer interaction that appear as a result of the introduction of ED-
projectors in realenvironments.
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Abstract

How can interactive computer interfaces be created
anywhere in a space without wiring or modifying objects
or people? We propose using steerable projector-camera
systems employing computer vision to realize such
“ steerable interfaces.” In this paper, we illustrate the
potential of the new kinds of applications enabled by
steerable interfaces and discuss the challenges imposed
on computer vision through the presentation of four
application prototypes: a collaborative assembly task
coordinator; a multi-surface presentation viewer; a
ubiquitous product finder for retail environments; and an
interactive merchandise shelf.

1. Introduction

The main goa of our research is to create devices
capable of realizing the ubiquitous computing (ubicomp)
vison of everywhere computer access and seamless
integration of computers with the real world [1]. However,
unlike the most commonly proposed devices that have to
be either worn or carried by the user (such as cell phones
or PDAS), or embedded in the environment, we are
investigating devices that can create interactive displays
with minima physica change to the user or to the
environment.

In this context, using projectors to create interfaces
becomes a natural candidate, especially when combined
with cameras and computer vision systems able to directly
detect user interaction with the projected surface. The
combination projector-camera is thus able to create
projected interfaces on most planar surfaces without
requiring any modification on it.

However, if the goa is to provide multiple points of
seamless computer access in an environment, it is not
practical to install pairs of projector-cameras facing every
possible surface. Even in the unlikely case that projectors
become extremely cheap, installation of these devices will
gtill be costly. Even worse, any change in the
configuration of the environment will require re-
installation and re-wiring of many devices.

To cope with those problems, we have been advocating
the use of steerable projected interfaces[2, 3], referred in
this paper simply as steerable interfaces. Steerable
interfaces can be created, for example, by fitting a pan/tilt

mirror into a LCD projector and combining it with a
pan/tilt/zoom camera.

We have described the basic structure of the vision
systems used in our prototypes in previous
publications[4, 5]. In this paper we focus on four
different application prototypes that explore the potential
of steerable interfaces. These applications employ vision
systems that detect point-and-click interaction, toolbar
scrolling, and simple user activity recognition. However,
unlike traditional vision-based interfaces, these vision
systems are required to work seamlessy on distinct
surfaces under very different observation angles and
lighting conditions. They also have to cope with the
changes in the pattern of user interaction caused by
moving the interface to a new surface, which alters the
relative size and orientation of the gesture to the interface.
In some ways, these applications require computer vision
systems much more robust and adaptable to contextual
changes than currently used vision systems.

This paper presents these new computer vision-based
applications that are only possible due to use of steerable
projectors and cameras. As we present these applications,
we analyze and discuss the challenges created by steerable
interfaces to computer vision and the ways we have
addressed them. We conclude by suggesting possible
ways to improve the performance of steerable vision
systems.

2. Reated Work

Deviceless interaction with projected images based on
video processing was pioneered in the 1980s by
Krueger [6] in systems that often used a backlit white
background to simplify segmentation. Real-time static
background segmentation became a reality in the 1990s,
notably in the ALIVE system[7] and the technique has
been a cornerstone of most segmentation work in vision-
based gesture recognition.

However, only alittle of that work has attended to the
problems of segmentation in the context of a projected
display. Because the projected image drastically changes
the appearance of the hand, we tend to agree with
Hardenberg and Berard [8] in that background subtraction
does not give reliable results in the presence of strong
projected images.

Different proposals have been made to use hand or
body gestures to interact with the projected images. In
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general, gesture-based interaction methods tend to fall into
one of two categories: either variations of a point-and-
click paradigm[8, 9] or application-specific pose or
motion gestures[10]. Both these approaches have
disadvantages. While the point-and-click approach is
often not well suited to hand pointing due to limited
resolution and the lack of a natural “click”, alarge number
of application-specific gestures makes interfaces complex:
users have to learn and execute these gestures largely
without feedback, as discussed in [11].

3. Computer Vision for Steerable Interfaces

The applications described in this paper use a deviceto
create steerable interfaces called the Everywhere Displays
projector (ED-projector) [2]. Figure 1 shows a prototype
of this device, made of off-the-shelf components. a LCD
projector, a pan/tilt mirror used in theatrical lighting, and
avideoconference pant/tilt/zoom camera.

The system is currently run on two different computers,
one responsible for the application software and the
projector software; the other controlling the positioning of
the camera and runs the computer-vison system
responsible for detecting user interaction. The projector
software stores and manages the calibration parameters to
correct the distortion caused by oblique projection as well
as the projector focus and zoom parameters. In the current
implementation, these parameters are determined
manually as described in [2].

Our methods to detect user activity involve the
interpretation of the path of the user’'s hand. Because the
projection can radically change the appearance of objects
moving through it, appearance-based techniques were
ruled out. Instead motion is detected by looking at the
differences between adjacent images in the video stream.
Hands are tracked by looking for fingertips in the filtered
motion data. Candidate fingertips are identified based on
shape and evaluated using spatial heuristics such as
orientation, distance from the user’'s body, and the
previous fingertip locations.

To build an interface, application designers assemble
“widgets’ that specify areas where users can interact.
Each type of widget responds differently to the user's
motions. A touch widget looks for an in-pause-back
motion of the hand. A continuous motion widget reports
the relative location of a fingertip in one or two
dimensions. The system can also track objects of distinct
colours. As we see, our system employs traditional
computer vision methods in the implementation of the
basic widget set (see [4] for details).

Most real-life vision interface systems incorporate the
vision system as a module that is hard-coded to operate
under a fixed set of circumstances. Our system, on the
other hand, requires the application to send the vision
system a description of the user interfface as a

Figure 1. Prototype of the ED-projector.

configuration of widgets (describing what the interface is).
Based on these specifications, the vision system assembles
a set of image processing components that implement the
interface, sharing computational resources when possible.
To change the interaction, a new interface description can
be sent to the system at any time.

The system, described in detail in[5], aso provides
for the deployment of an interface onto different real-
world planar surfaces. Like Zhang et al.[12], we
dynamically map the interactive interface based on the
four corners of the contour of the surface. However, in our
system the parameters of the surfaces where the interface
can be redized are represented and referenced
independently of any particular interface. These include
the size, location and perspective distortion within the
image and characteristics of the physical environment
around that surface, such as the user's likely position
while interacting with it. When the application requests an
interface to be activated on a particular surface (that is,
defines where the interaction should happen in the
environment), the system retrieves the surface parameters
and propagates them through the assembly of image
processing components that implements that interface.

By explicitly decoupling the information describing the
characteristics of where an interface happens in an
environment, i.e., surface-specific information, we enable:
(2) the porting an application to a new environment where
the interaction surfaces could be different; (2) the use of
one surface by multiple applications; and (3) the use of the
same interface on multiple surfaces.

4. Applications Using Steerable I nterfaces

Steerability considerably expand the potentia of
projected interface systems by making them devices much
more adaptable to environmental changes, especially
when compared to embedded displays and monitors. For
example, if the furniture of an office is rearranged, it is
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Figure 2. The M&M picture assembly task: a) choosing a color; b) “clicking” a bucket after getting the M&Ms;
c) placingthe M& Ms on the highlighted areas; and d) “finger painting” to reveal the complete picture.

necessary to rewire monitors and, many times, remove and
reinstall embedded displays. Instead, if a steerable
interface system is used, adaptation is simply a matter of
recalibrating the position and parameters of the interactive
surfaces by software.

However, the addition of steerability to a projected
interfface system goes beyond easy and flexible
deployment of interfaces on different surfaces. It aso
enables a new set of applications that explore more direct
connections to real-world objects. In particular, it alows
the creation of augmented reality applications where
information about objects is projected directly onto or
around them, freeing the users from the inconvenience of
wearing head displays and cumbersome input devices and
avoiding the difficulty of registering the computer
generated imagery to the real-world view.

The possibilities opened up by the use of steerable
interfaces to create different and exciting applications
come with a price. On the display side, there are issues
such as reduction of perceived resolution, constraints on
environment brightness, and occlusion, as discussed
in[2].

4.1. Collaborative Assembly Task Coordinator

Steerable interfaces can augment reality without
requiring users to wear goggles or other cumbersome
devices. To demonstrate this premise, we developed for a
the Emergent Technologies Exhibit of SIGGRAPH'01 a
whimsical demonstration of a system that uses steerable
interfaces to coordinate a collaborative assembly task. In
this prototype application, the object to be assembled is a
picture made of 3,000 M&M’s (multi-colored sugar-
coated chocolates) where each M&M s regarded as a
pixel of the picture. Each user contributes to the task by
placing 10 to 15 pixels. Here is a description of the main
characteristics of this application:

Context: acollaborative assembly task in afactory.

Application Goal: to guide users to find the components
to be assembled and to help placing them in the
appropriate position.

Technology: the application uses an ED-projector
overlooking the assembly area. The vision system
implements widgets that detect touch events and that
report continuous motion of the user’s hand on a surface.

Interaction: as the user enters the environment, she is
asked to touch a picture projected on a board to activate
the system. The system responds by projecting an
instruction asking the user to go to the selection area. The
interface is then steered towards a table. Figure 2.a shows
this table as it is transformed into an interactive menu for
color selection. The user simply touches the color of his
choice to select it. Then the user receives a projected
instruction prompting him to look for a highlighted
bucket. In Figure 2.b, the system highlights the bucket that
contains the M&M’s of the selected color and provides
additional information on how many M&M'’s to extract
from the bucket. The interface also includes a touchable
button, where the user indicates that the retrieval of
M&Ms is completed. When this button is touched, the
system projects on the bucket an instruction telling the
user to walk to the picture board. In Figure 2.c, the system
is pointing to the exact places on the picture board where
the M&M’s should be placed. After the M&Ms are put in
place, the user can signal the end of this task by touching a
button projected on the side of the picture board. The user
is then invited to wave her hand over the surface to
progressively reveal the rest of the picture being built (see
also the video, from the system’s camera point of view, at
http://www.research.ibm.com/peopl e/p/pinhanez/downl oa
d/videol.avi).

The computer vision system faced many issues in this
application. The first difficulty involved the interactive
menu for color selection. As shown in Figure 2.3, this
menu presented a choice among 18 buttons, arranged in a
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Table 1: Performance of the vision system (130 users)

SUCCESS fase false
positives negatives

Entrance 88% 9% 3%
select board 94% 2% 4%
buckets 55% 33% 12%
board (place) 91% 8% 2%
board (paint) 80% 2% 18%
total w/o buckets 89% 6% 5%
total 81% 12% 7%

grid configuration closely juxtaposed to each other.
Correct selection was possible because the system looked
for the complete gesture of touching and not simply by the
presence of the hand in a particular spot. Therefore, the
user could select a color in the top row without triggering
the buttons on the rows below. As we see here, simple
tracking without gesture recognition is often insufficient
to implement even basic projected interfaces.

A second major challenge for the vision system was to
realize the bucket interface dialog onto the many different
buckets. At the time of this demonstration, the automatic
mapping of configurations of widgets onto surfaces
described in section3 was not implemented, so each
interface had to be painstakingly mapped to each surface
that realized it. In fact, the difficulties experienced during
this demonstration were a major factor to develop the
description-based interface system described in section 3..

More than 650 novice users participated in the
collaborative assembly task demonstration. Considering
that the vision system and the projection system were
integrated only weeks preceding the exhibition, the
combined system worked remarkably well. As shown in
Table 1, a sample with 130 consecutive users with 621
button touch events (touching gestures or false detections)
yielded correct detection of touching gestures in 81% of
the events, with 12% false negatives and 7% fase
positives. If the bucket events are excluded from the
count, the performance exceeds 89%.

The buckets yielded a high number of errors for several
reasons. The biggest problem was that while picking
M&M'’s from the bucket, the user often partially or
completely occluded the display with their head or back,
accidentally triggering the button projected on the bucket.
A possible way to handle this is to include in the vision
system improved methods to distinguish between the
shapes of hands and other body parts. Currently, the
system only looks for fingertip-shaped patterns on the
motion image. However, if view-based methods are used
to identify body parts larger than a fingertip, the apparent
shapes can vary dramatically from surface to surface due
to the different relative positioning of camera.

Although we choose to use the M&Ms placement task
to demonstrate steerable interfaces in augmented reality, it

Figure 3. Anywhere presentation viewer.

should be evident the applicability of this technology in
real-world assembly tasks and similar augmented reality
scenarios.

4.2. Anywhere Presentation Viewer

Another important area of applications of steerable
interfaces involves the access to desktop applications from
different surfaces. A typical scenario occurs when people
assemble in an office or meeting room to review
electronic documents. According to the number of
participants and their roles, documents are preferably
viewed by individuals on monitor-like displays, by large
groups of people on vertical screens, or by asmall number
of people in configurations that better facilitate
collaborative work such as the one shown in Figure 3.

Trying to address these problems, we developed a
presentation viewer that can move to different surfaces:

Context: office or meeting room.

Application Goal: to create a viewer for presentations
that can be accessed on walls or tables to facilitate
collaborative work.

Technology: an ED-projector overlooks the working area.
The vision system utilizes only touch widgets; the
interfaces are dynamically defined by the application and
mapped automatically onto the calibrated surfaces.

Interaction: using a touch-screen LCD monitor, the user
selects through an icon a surface in the environment to
launch the application. The presentation is projected on
the selected surface, topped by buttons allowing the users
to select the next, the previous, or the first dlides, or to
dismiss the viewer. The viewer can be moved to other
surface by selecting the corresponding icon on the LCD
monitor.

This application clearly demonstrates the need of a
vision system that can automatically map any application
interface onto any given surface. In real offices and
meeting rooms, tables move to different areas, walls are
set up and removed, etc. Easily coping with these
environmental changes is an essential feature of the vision
system here.
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A difficulty with this application, particularly in
collaborative scenarios such as the one depicted in Figure
3, is that the context invites multi-user interaction. If that
is the case, buttons have to respond to activation patterns
from different directions corresponding to where each
user is positioned relatively to the interface. Such ability is
not currently supported by our system: it assumes that all
touch widgets in an interface are accessed from the same
direction. Supporting multi-directional access requires
either tracking and differentiating multiple fingertip paths
simultaneoudly, which is currently very error prone, or
monitoring the location of every user. In the second case,
the vison system may use contextua information
provided by an environmental user positioning tracking
system. We are also evaluating more sophisticated hand
path representation and recognition methods.

4.3. Ubiquitous Product Finder

Computerized access to information in public spaces
such as malls and stores has been primarily deployed
through kiosks. A major advantage of using virtual display
systems such as the ED-projector in such spaces is that
they can be installed on the ceiling, thereby preventing
accidental damage and discouraging vandalism and theft.

We are exploring such ubicomp applications in public
spaces in the context of retail environments. The first
application developed in this framework is a system to
help customers to find products in a large store. A major
requirement for this application is ubiquity, i.e., the
product finder has to be easily accessible from anywhere
in the store. Another requirement is that it has to be simple
to learn and use.

Figure 5 shows a conceptual view of the ubiquitous
product finder. ED-projectors are installed in every aisle,
and small white boards placed in strategic locations on the
shelves. These boards can be easily moved to different
positions to respond to marketing and customer needs. A
large table is place at the entrance to the store (on the right
side of Figure 4). On it, an enlarged, intuitive-to-use
version of the interface is projected aiming to make
customers acquainted to the system. Signage boards are
hung up from the ceiling or placed on top of the shelves,
allowing the system to project directions to the product
requested by the customer or to display advertisements
when the system isidle.

A full-scale version of this application has not been
deployed yet. Here, we describe a laboratory prototype of
the system we have built and tested.

Context: alargeretail environment.

Application Goal: to help customers everywhere in the
store to find products by pointing directly to where they
arelocated.

Technology: (laboratory prototype) an ED-projector is
mounted on the ceiling. A table with a wooden red dlider

Figure 5 Concept of ubiquitous product finder.

Figure 4. Prototype of ubiquitous product finder.

is used for projecting a larger introductory version of the
product finder interface. Two smaller foam boards,
visually similar to the table with the dlider, are placed on
the walls representing the smaller replicas of the same
interface used in other areas of the store. The vision
system is able to detect touch events, hand position and
movement over the foam boards, and the position of the
wooden slider relative to the table.

Interaction: the product list is projected on the product
finder table located at the entrance of the store. The user
can move the wooden red slider on the left of the table to
find a product as illustrated in Figure 4.a. As he does this,
the product list projected to the right of the dider scrolls
up and down mirroring the motion of the dider. Once the
user touches the “where” symbol on the right, arrows
guiding the user to the location of the highlighted product
are projected on signage boards hanging from the ceiling
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as illustrated inFigure 4.b (see aso video at
http://www.research.ibm.com/people/p/pinhanez/downl oa
divideo2.avi). Alternatively, the user may initiate the
product finder from the foam boards at other locations of
the store by touching the boards as shown in Figure 4.c.
This action triggers the system to project the product
finder interface onto these foam boards as shown in Figure
4.d. In the wall version, the user dides his finger up and
down a red velvet strip to scroll the product list (see
http://www.research.ibm.com/people/p/pinhanez/downl oa
d/video3.avi).

Our laboratory prototype of this application currently
does not address two important issues present in real
stores. First, we use a camera-based user tracking system
(based on [13]) to detect proximity to the foam boards. If
a user is close to one of them, we aim the ED-projector
camera to the board surface and, without projecting any
information, wait for the user to “call” the system by
touching the board. This is not a practical solution in real
store where multiple customers may be close to different
foam boards at the same time. We envision here the use of
an array of steerable cameras that can be dedicated
exclusively to monitor the foam boards. The second issue
is the inability of the system to help more than one
customer at atime. In particular, if many boards share an
ED-projector, we may have situations where users will
have to wait for their turn to use the product finder. The
severity of this is yet to be tested in a real-world
deployment, but we expect that customers may tolerate
reasonable waiting times as the situation is similar to when
they consult an information desk or a sales assistant.

The flexible structure of our computer vision system
simplified significantly the implementation of the
laboratory prototype. To detect the movements of the
wooden dlider of Figure 4.a, a widget to detect linear
movements of blocks of solid color was implemented. In
the case of the foam boards, fingertip tracking is used to
determine its position on the velvet strip as shown in
Figure 4.d. Switching between the two different widgetsis
accomplished by the application simply sending the vision
system the description of the appropriate interface.

We initially had some difficulties with the interaction
on the velvet strip. After scrolling through the list and
finding the desired product, users move away to touch the
“where” button on the right, sometimes causing unwanted
scrolling before they exit the tracking region. We solved
the problem heuristically, ignoring quick motions after a
pause that immediately exit the tracking region

This problem is common to many gesture-based
interfaces. the segmentation of continuous gestures into
distinct “phrases’. In our case the problem is simplified
somewhat by using the spatial adjacency of gestures to
interaction widgets. As with the problem of continuous
speech, there is some amount of “co-articulation” that

affects the ends of adjacent phrases, complicating their
recognition. Gestural phrasing has been an issue for many
years but, despite many different proposals (such as[14]),
itisstill largely unsolved.

4.4. Interactive Clothing Bins

Another application developed in the context of aretail
environment uses a checkerboard arrangement of bins
containing women's pants and projectable surfaces as
shown in Figure 6. It explores steerable interfaces as a
way to augment the functionality of everyday objects and
furniture. In this particular application, the system detects
user interest with the product in a particular bin and
automatically brings information designed to assist the
customer.

Context: aretail environment.

Application Goal: to assist customers interested in a
product by displaying information about it.

Technology: an ED-projector is aimed at the clothing
bins. In our particular implementation, the system is
unable to project an image large enough to cover all
projectable surfaces on the bins. Instead, it selects groups
of juxtaposed surfaces and steers the interface towards
them according to the user hand’'s position, i.e., the top
parts of the bins, the bottom part of the bins, etc. The
vision system can detect user activity in each of the
clothing bins and touch events. No surface contains any
sensor or wire. A camera-based user tracking system
(similar to [13]) is used to determine the position of the
user relative to the clothing bins.

Interaction: When the user is at a distance from the bins,
a circulating series of advertisements for women’s
clothing are projected on the panels, trying to attract
customers to the area. When the user approaches the bins,
the display is changed to advertise the store’s credit card
and special promotions. Once the user starts examining
pants in a bin, information pertaining to the pants in that
bin is displayed in the proximity of the bin. Additional
interactive panels are projected allowing the user to find
information about similar pants styles, to check the size
chart, or to check whether the desired size and color is
available in stock (see demonstration video at
http://www.research.ibm.com/people/p/pinhanez/downl oa
divideo4.avi).

The major difference between this application and the
ones previoudy examined is that this system proactively
tries to engage and help the customer. By recognizing user
activity in a particular bin (by simple hand tracking) and
interpreting it as an interest in the products stocked there,
the application takes the “liberty” of augmenting the
environment with information. This example clearly
demonstrates the potential of steerable interface systems
to create new models of interaction by directly engaging
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people while they execute everyday activities in the real
world. Since application interfaces can be created on areas
very close to where the activities are happening, user
attention can be more easily grabbed. This kind of
engaging application involving physical objects cannot be
easily implemented with traditional embedded displays
such as monitors or kiosks.

This example aso shows how computer vision
methods and algorithms for recognition of human activity
and behavior can be used for the development of
applications with steerable interfaces. Our system
determines user interest in a particular bin by detecting
long duration hand movements within the bin. The
performance achieved with this simple measurement is
adequate for a research prototype but we clearly see
opportunity here for more sophisticated methods of action
and behavior recognition.

5. Improving the Performance of the Vision
System of a Steerable Interface

By decoupling the functional definition of the interface
from the specification of its location in the physical
environment and in the camera image, the ED-projector
vision system supports a great deal more flexibility than
most vision-based interaction systems. This flexibility
requires significant  architectural complexity to
dynamically realize an efficient recognition process from
the task and surface descriptions.

Up to this point, our efforts have mostly concentrated
on developing this flexible internal architecture [5], while
the interaction widgets themselves have been
comparatively simple. We are now beginning to
concentrate on developing widgets that are capable of
supporting more interesting interactions. This work is
proceeding along several dimensions.

People have difficulty seeing the exact shape of a
moving object, so natural gestures most often consist of a
sequence of motions and static poses, where a hand
movement is followed by a static pose, possibly followed
by another movement, and so on[9]. In order to recognize
hand poses, it will be necessary to either incorporate
techniques to recognize shape in the sparse and noisy
motion data or to incorporate hand segmentation
techniques that do not rely on motion. However, as
mentioned above, to avoid problems caused by the change
in appearance of the user’s hands as they pass through the
projected image, the current interactions have al been
based on detection and analysis of motion in the video
stream. One possible alternative is to use a segmentation
method that uses knowledge about the image being
projected, the physical surface where the interfaceis being
projected on, and how they interact, so that it can estimate
the appearance of the projection to the camera. By using
techniques such as those presented in[15], it may be

Figure 6. Interactive clothing bins.

possible to estimate the appearance of the projection in
the digitized video stream. This will aso alow
interactions to take place in the presence of a changing
projection, such as a projected video clip.

Interestingly, the flexibility provided by computer
vision alows interactions that are more abstract than the
manipulative hand gestures implemented to date. One line
of investigation concerns intentional control actions that
the user takes with parts of the body other than their
hands. These include interactions where whole body
movements such as waves or jumps are used to control the
interaction [16].

In addition to extending the gesture recognition
capabilities of the system, we feel performance can be
significantly improved by enabling the system to adapt to
its current context. There are several areas where
adaptation may be important. For instance, the current
widget set requires information about the expected size
and orientation of the user’s hand. By making better use of
user tracking information and observing user movements
as they approach a widget, it is possible to determine this
type of information automatically.

Every person moves with different rhythms and
patterns. When users interact with a system using physical
devices like a keyboard or mouse, the device standardizes
and masks many of these differences, but because our
vision system directly senses and interprets a user's
movements, it can be sensitive to them. Techniques
similar to [17] can allow adaptation to an individual user’s
movement patterns.

One constraint on any interaction system is that it be
able to respond to the user smoothly and in a timely
manner. For a vision-based system thisimpliesit runsat a
sufficiently high frame rate. Research with other
interaction methods [18] has shown that tracking rates on
the order of 10 Hz and response times less than 200ms are
needed for a system to feel comfortable, except in the case
of manipulation of virtual objects. If the frame rate falls
below what is required to support these response times
there are severa trade-offs that can be adjusted to
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compensate. For example the incoming resolution may be
reduced, trading off accuracy for speed. We are exploring
techniques to do this automatically.

6. Conclusion

We have shown in this paper how possible ways to use
computer vision in applications based on steerable
projected interfaces. Our basic approach involves using
motion data to identify the user’s hand and path analysis
to identify touch events, hand movement, and simple
manipulative actions.

A major factor enabling the development of three of
the prototype systems was the application-driven dynamic
definition of interfaces and their automatic mapping to
any surface known by the vison system. With this
architecture (defined in detail in[5]), surface and
viewpoint-specific characteristics are abstracted from the
development process of the application.

Some shortcomings of the current system and
challenges for computer vision have also been identified
as a result of our work developing these applications. In
general, projected interfaces limit the use of appearance-
based techniques. Also, steerability requires gesture
recognition algorithms to be viewpoint independent or, at
least, adaptable to new viewpoints if basic contextual
information is provided. Gesture segmentation based on
spatial location and greater use of contextual information
such as user position contributed to the success of the
system. As the complexity of the underlying widgets
increases, a challenge will be to ensure that the additional
complexity does not spill over to affect the application
developer or the end user.

Finally, in this paper we demonstrate that ubicomp
applications can be implemented based on the steerable
interface paradigm. The extension that this paradigm will
become a mgjor part of the ubiquitous computing reality
substantially depends, in our view, on the development of
adequate and robust computer vision systems that satisfy
the constraints imposed by projection and steerability.
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Abstract

This paper presents a device that creates ubiquitous interactive
graphics in a real world environment without the need for
pre-wiring surfaces or requiring users to carry or wear any special
devices. Called the Everywhere Displays projector, or
ED-projector, this device employs steerability as the key principle
to achieve the promise of ubiquitous computing and augmented
reality. The ED-projector uses an LCD projector with a steerable
mirror to project graphics onto any pre-caibrated surface, while
warping the projected image to correct for oblique distortion.
Three different methods to determine this warping function are
given. To sense user interaction with the projected image, the
ED-projector employs a pan/tilt/zoom camera and a motion-based
computer vision system to track the user's hand and touch-like
gestures. We propose a sygem software structure that ties together
steering, display, and sensing. Three implemented applications
demonstrate the notion of ubiquitously “painting” the real world
with interactive graphics, in the context of a futuristic office, an
augmented assembly task, and a ubiquitous computer game. The
observation of hundreds of users performing the assembly task
suggests that the traditional desktop paradigm is inadequate for
ubiquitous interaction and that new conceptual widgets and
interaction paradigms must be devel oped.

Keywords: ubiquitous computing; augmented reality; gesture
recognition; interactive projections; ubiquitous games.

1 INTRODUCTION

The extraordinary success of computer graphics technology in
recent years has been responsible for the creation of amazing new
worlds in movies, interactive computer games, and virtual reality
(VR) environments. However, this very success poses the question
of when the real world, where we live and work, is going to be as
rich with imagery and information as movies and games today .

This paper describes technology that can be used to
ubiquitously augment, correct, and enhance reality. Although the
ultimate goal is to create interactive pixels anywhere in a space as
seamlessly as it happens in movies (thanks to CG specid effects),
this particular work focus on how to “paint” interactive graphics
on the surfaces of an environment without requiring any kind of
fixed display devices, specia wiring of surfaces or the use of
encumbering headsets.

The system described here is based on a new device, the
Everywhere Displays projector (ED-projector), composed of a
steerable projection system and a pan/tilt camera. A prototype of
the projection system has been built using a pan/tilt mirror that
directsimagery generated by a standard L CD projector. To capture
user interaction with the projected graphics, the images gathered
by the camera are processed using computer vision techniques. In
the current prototype, it is possible to determine the user’'s hand
position in referennce to a surface and to detect ssimple, touch-like

gestures, effectively mapping the user's hand gestures into
mouselike events.

For instance, we have developed a computer game, called
“Fro...og!"”, where a computer generated image of a frog initially
appears “sitting” on the side of a file cabinet (see Figure 1). If a
player tries to catch it, the vision system detects the player’s hand
approaching and then shows an image of frog jumping (see
Figurel). This is followed by moving the image of the frog to
another surface, for instance the top of a table by appropriately
steering the mirror. All this happens in an environment under
normal lighting conditions, ultimately creating the illusion that the
frog jumps around the space to avoid being caught by the player.

Our goal's, however, go beyond transforming the real world into
a magical entertaining place. In particular, we envision the
creation of seamless interfaces to devices on surface of walls and
everyday objects such as tables, chairs, couches, doors, cabinets,
and carpets. Currently, only very “special” surfaces such as TVs,
monitors, and projected screens support the creation of computer
graphics, and usually require external devices such as mice and
joysticks to make them interactive. In our paradigm, any surfaceis
regarded as generic support for interactive graphics. By projecting
imagery and detecting user interaction with a camera, it is possible
to transform every surface into avirtual touch-screen.

These ideas have been explored in three application prototypes

Figure 1. Trying to catch a projected frog.
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described in the paper. The first in an attentive/interactive office
space.The second isin the context of augmenting the environment
of an assembly task by projecting interactive graphics directly
onto the surfaces of the objects involved. Ultimately we aim to
realize Mark Weiser’'s paradigm of ubiquitous computing (see [1])
without having to change the fabric of the world by embedding
touch-screens on every surface. The thir application is the
ubiquitous computer game “Fro...og!".

This paper starts by comparing our approach and solutions with
previous work, followed by a description of the technology used in
the prototypes we have built. Although initia ideas on the
ED-projector have been reported in a previous publication [2], this
paper presents the device comprehensively including mathematical
formulation, computer vision based interaction, and three
implemented applications. Specificaly, this paper describes the
mathematical formulation of the method for correcting oblique
distortion and presents two new calibration methods for the first
time. Further, in this paper we describe an integrated, working
computer vision system that we implemented to track hands and
detect touches, as well as a way to structure the interface to
application software. While [2] ellaborates only on conceptual
mock-ups, this paper describes three implemented applications
using the ED-projector, followed by a discussion of how novice
users — in one case, more than 600 of them — have experienced
and interacted with the application prototype. We conclude by
examining other applications that can take special advantage of the
ED-projector and discuss the challenges these new interfaces and
applications create for HCI research.

2 RELATED WORK

In his seminal paper that defined the field of ubiquitous computing,
Weiser [1] envisoned computers embedded everywhere
— ubiquitous and transparent. In his view, interaction with
computers would be accomplished both through direct
mechanisms linking sensors and actuators and by the widespread
presence of cheap interactive screens (referred as “pads’)
embedded on the surfaces of walls, furniture, and objects. Since
the publication of that paper, different devices and methods to
implement the functionality envisioned for Weiser's pads have
been proposed. In general, those devices and methods can be
divided into four categories: head-mounted, portable, embedded,
and projection-based.

A good survey of the current research on head-mounted devices
and their uses in ubiquitous computing is provided by Barfield and
Cauddll [3], describing both wearable computers and the more
traditional approach of off-body computer power. We see two
main challengesin this approach First, in order to really connect to
the physical world, it is hecessary to precisely register the position
and attitude of the head of the user with the environment in real
time. An examination of the state-of-art of the research in the area
shows that this is currently achievable only in very constrained
environments (see, for example, Raskar et d. [4]).

The second challenge with head-mounted methods for
ubiquitous displays is that they do not work well in socia contexts
and collaborative tasks. If multiple users are looking at the same
surface (for instance, a whiteboard), it is necessary to render
exactly the same graphics on each user's head-mounted display
simultaneously. This creates considerable difficulties in terms of
accomodating different resolutions, rendering speeds, etc. of
different brands and models of head- mounted displays. In practice,
it is very hard to guarantee that all participants are seeing exactly
the same images.

The second method being studied to create ubiquitous displays
utilizes portable devices such as laptops, PDAs, and mobile

phones. Like head-mounted displays, portable devices do not work
well in social and collaboration tasks (except in very unusual
conditions such as in multi-player games [4]), and are a nuisance
to carry and power.

The third method involves embedding screens or similar
interaction devices into the objects themselves, as proposed
initially by Weiser [1] and more recently by Ishii [5]. However,
even if screens became extremely cheap, this approach requires a
widespread change in the way everyday objects are manufactured
and installed. Power and network access (or wireless bandwidth)
has to be provided to even the simplest object in a home or
workplace. In other words, this approach requires a drastic change
of the very fabric of thereal world.

Our approach follows the fourth method of creating ubiquitous
displays that is based on projection devices. Interestingly, the use
of projectors to change and augment reality was pioneered by
media artists such as Tony Ourdler [6] and Michael Naimark [7].
The use of projectors to access computers have been initialy
proposed by Bolt [8] and Wellner [9]. Recently, more radical
applications of projectors have been proposed by Morishima et
d. [10] that enhance the face of an actor, and by Raskar et al. [11]
to change the color and texture of real objects such as vases and
architectural models. Although our system does not currently track
moving surfaces as in the former example, or project onto 3D
objects as the latter, it can clearly incorporate both features in
future versions.

Deviceless interaction with projections was pioneered by
Krueger [12], using camera-based systems to detect the users
hand and body. The fact that most vision techniques put strict
constraints on lighting conditions and on the background surfaces
has restricted the use of these systems to entertainment
applications such as Keays and McNeil’s metaField [13]. To avoid
lighting constraints, Omojola et d.[14], Ju[15], and the RED
project at Xerox Parc[16], among others, embedded sensors on
the surface where the images are projected. As in the embedded
approach described before, the widespread adoption of
sensor-loaded surfaces requires a dramatic change in the objects of
the real world. Underkoffler and Ishii [17] and Rekimoto[18] used
visual tags to detect the position and the identity of the objects on
a surface and to overlay the interaction based on these attributes.
To avoid the need of tagging all objects in an environment as in
those two cases, a possible option is the use of object recognition
techniques (such as those described by Schiele and Crowley [19]).
However, those techniques currently work only in very
constrained situations. We believe, though, that incorporating
object recognition capabilities into our system is an important
direction to follow, and we plan to do so forspecific applications.

Vision-based gesture recognition has received a great deal of
attention in recent years[20], but only a little of that work has
attended to the problems of gesture recognition in the context of a
projected display. Because the projected image drastically changes
the appearance of the hand, most approaches to hand detection are
based on either background subtraction or motion (frame-frame
differencing). Our experience agrees with that of von-Hardenberg
and Berard [21] in that background subtraction does not give
reliable results in the presence of strong projected images.

Gesture-based interaction methods tend to fall into one of two
catagories: either variations of a point-and-click paradigm [21, 22]
or application-specific pose or motion gestures [23]. Both these
approaches have disadvantages. The point-and-click approach is
often not well suited to hand pointing due to limited resolution and
the lack of a natural "click". On the other hand, a proliferation of
application-specific gestures will make for a complex gestura
interface that a user will have to learn and execute largely without
feedback, as discussed by Kjeldsen in [24].
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Figure 2. Diagram of the components of the ED -projector.

Figure 3. Prototype of the ED-projector: &) ED-projector
without the camera mounted; b)a detail of a complete
prototype, including the pan/tilt camera.

A major difference between our approach and the cited work on
the use of projection-based devices to create ubiquitous interactive
displays is steerability. By directing the projection and vision
subsystems to a relevant position, it is possible to create new
“interactive” surfacesin a space without any hardware installation,
addition, or change. Unlike Raskar et a. [25], who use mirrors to
increase the resolution of multiple-projector installations, we steer
the image from a projector to realize interactive displays
everywhere in the workspace. By doing so, we opportunistically
use the surfaces of the objects present in the environment. We
believe that steerability is a key feature that creates a real
aternative to realize the promises of ubiquitous computing.
However, it has constraints and technical challenges of its own,
such as obstruction, oblique distortion, and surface texture
interference. These issues are discussed in the next section where
solutions to some of these problems are proposed.

3 THE ED-PROJECTOR

Our approach to ubiquitous interactive graphics uses a device
— the Everywhere Displays projector (the ED-projector) — that
can steer graphic displays onto any surface and can also sense user
interaction with these steered graphical displays. The ED -projector
is composed of an LCD projector, a computer-controlled pan/tilt
mirror, and a pan/tilt/zoom camera. The projector is connected to
the display output of a host computer that also controls the mirror
and the camera (see Figure 2). The video output of the camerais
sent to a digitizer board in the host computer where the imagery is
processed, as described later.

Figure3 shows a prototype of the ED-projector built with
off-the-shelf components — a rotating mirror used in
theatrical/discotheque lighting, a standard LCD projector, and a
pan/tilt camera. The projector’s light can be directed anywhere

within a cone defined by approximately 60 degrees in the vertical
axis and 230 degrees in the horizontal axis. The camera has a
maximum vertical viewing range of 88 degrees and a horizontal
range of 249 degrees, and is thus able to view the projected
displays asthey are steered around.

In general, a projector needs to be able to project a white
pattern approximately 10 times brighter than its surroundings to
create the illusion of contrast. Our current prototype employs a
3000 lumen projector, which we have found to be sufficiently
bright in typical home and office lighting conditions to provide
good contrast in the projected displays. Of course, the perceived
brightness and constrast is heavily dependent on the color and
material of the projected surface. Although our best resultsinvolve
projection on white surfaces, we have also obtained good results
projecting on carpets, black objects, and even transucent backlit
surfaces. However, highly textured surfaces such as natural wood
and surfaces with high reflectance are, in general, less suited for
projected displays.

The three main issues with the ED-projector are 1) correction
of the projected image to compensate for distortion due to oblique
projection and surface characteristics; 2) sensing the user
interactions with the projected displays; and 3) a system software
structure that enables applications to easily define interactive
display surfaces. These issues are discussed in detail in the rest of
this section.

3.1 Correcting the Projected Image

Standard LCD projectors are designed to project light in a
direction orthogonal to the projected surface. In the ED -projector,
the pan/tilt mirror can deflect the light to multiple surfaces in the
room, but most of the times the projected surface is oblique to the
direction of projection. The result is adistorted image.

To correct the oblique projection distortion, we pre-warp the
image to be projected to compensate for the distortion. It is always
possible to correct the projected image, as long as the projected
surface does not have a geometry that occludes the cone of
projection (see[2] for details). However, the process of warping
the image normally uses only a fraction of the projector’s image
plane, causing loss of resolution. We will discuss this issue later;
first, we address the problem of determining the warping function
that corrects the oblique distortion.

Although there are many different ways to determine and
implement the warping function, it is important to use a method
that allows fast computation. We choose to implement it using 3D
computer graphics hardware to texture map the images to be
displayed onto a mesh in 3D space. If the mesh is appropriatdy
warped and/or positioned in 3D space and the virtual camera
correctly positioned, the projection of the resulting rendered image
isfree of distortion.

The basic structure of the problem, in the case of planar
surfaces, is illustrated in Figure4. We dart by defining the
application plane, a coordinate system where images to be
projected are positioned within the area of a rectangular mesh M,
and the projector image plane, the coordinate system associated
with the LCD matrix of the projector. We also define a projected
surface to be the real world surface on to which images are
projected. In addition, we have the camera image plane, the
coordinate system associated with the CCD matrix of the camera.

The goal is to define a transformation H from the application
plane into the projector image plane so the transformation that
maps the support mesh M into the projected surface is the identity
I, and, therefore, appears free of distortion from an observer
orthogonal to the projected surface. Since the process of projecting
the image can be modeled as a projective transformation P (as

Amazon Ex. 1007.0055



Figure 4. The transformations between the application plane,
the projector’s image plane, the camera’s image plane and the
projected surface.

observed in[26, 27]), we can represent the relationships among
the planes as matrices in planar homogeneous coordinates,
I=PH . Since H and P are projective transformations and
therefore invertible, we obtain:

H=pP!

Similarly if Pg¢is the projective transformation between the
camera image plane ad the projected surface, and H, is the
transformation from the application plane to the camera image
plane, we have | = PH, . Although thereis no easy direct way to
compute the projection function P, we developed three different
methods to determine the actual value of H for a given surface. Of
course, H and H, are different for each planar surface in an
environment.

1% method: Using an Equivaent 3D Virtual CG World

This method, first escribed in[2], is based on the fact that,
geometrically, projection is the inverse of cameraviewing. So, itis
possible to model the projection by simulating the camera view by
rotating, scaling, and viewing the support mesh M in 3D space.

Given the n mesh points in 2D projective space,
m=[m m’ 1, 1£i£n, let M be the matrix of al n points,
M =[m/m}...mi]. This mesh can be “positioned” in the XY
plane of the 3D space by multiplying it by the matrix

K:id)]-(l-l
€0 0 0 €0 o0 .. 0V
€001y €1 1 .. 1Y

We can then simulate the proces of projecting the mesh as the
inverse of the process of “viewing” the appropriately positioned
mesh in 3D space. That is,

P'™M =PRRSSTTRKM

where R,R,,R, are rotation matrixes in 3D homogeneous
coordinates, S,S, are scae matrixes, T,,T, are translation
matrixes, and P; isthe 3" 4 projective matrix with focus
point f. Since H = P!, weobtain

H=PRRSSTTRK

Notice that all the matrices that compose H, with the exception
of K, correspond to standard projection parameters of computer
graphics boards. Therefore, to implement this method it is only
necessary to determine these individual parameters, load them into

the hardware, and command the graphics board to render the
scene.

To determine the projection parameters for a given surface we
start by texture mapping a calibration pattern to the mesh M.
Starting off with default values for the projection parameters that
render the mesh on the center of the projector image plane without
warping (i.e, H»1 ), we iteratively change each of the
projection parameters until the projection of the pattern on the
projected surface is observed to be identical to the original mesh.
We then record these parameters and reload them whenever the
ED-projector is aimed at that surface. Although conceptualy
simple, this iterative process of determining the right projection
parametersistypically very time consuming.

2" method: Manual Determination of Corresponding Points

This and the following method are based on the fact that projective
transformations can be completedly determined if the
corresponding coordinates of four points in each 2D projective
space are known (as shown by Faugeras [28]).

In this method, four points g =[a&* &’ 1], i =1,2,3,4, are
directly rendered on the projector image plane. We then iteratively
move these points over the projector image space with a pointing
device such as a mouse until their projections overlap the location
of four known points on the projected surface, h =[hb* b’ 1],
i =1,2,3,4. For greater accuracy, we can choose these four points
to be the corners of the mesh M.

It is easy to see that if the projected points are aligned with the
projected  surface  points  then PA=B , where
A=[al & a a;] and B=[b] by b b/]. By computing the
pseudo-inverse,

PA=B® PAA =BA'® P =BA" (AA")"

Since H =P!, we obtain H = AA (BA")™. To implement
this procedure, we simply construct a warped mesh M¢in 3D
projective space by computing M¢=KHM , texture map the
image to be projected on it, and use the graphics engine to render
itinrea time.

As we see, the calibration procedure of this method is quite
simple and fast, requiring only a few minutes for the manual
adignment of the four projected points. Although similar to the
method proposed by [29], here the use of the 3D mesh M and the
computer graphics hardware yields much faster rendering speeds.

3" method: Using a Camera and a Paper Pattern

In this method, we employ the ED-projector camera so we can
avoid any manua calibration procedure. In[30], Yang et a. have
proposed a method to automatically determine the warping
function using a projector/camera pair. Unfortunately, their
approach requires precise 3D calibration of the relative attitude of
the camera to the projector and, in practice, a considerable
baseline distance between them. In particular, it does not work
with the ED projector that aligns the projector and the camera axis
as much as possible to avoid user’s obstruction of the camera’s
view.

Instead, we propose here amethod that employs a paper pattern
positioned on the surface to be calibrated so it is aligned with the
desired coordinate system. No relative 3D or 2D calibration is
necessary, athough we assume that the camera has been
positioned in such a way that it has a complete view of the
projected surface. Under these conditions, we can define a
projective transformation P¢ between the camera image and the
projected surface (see Figured4). This transformation can be
determined automatically by processing an image of the pattern
and extracting the camera image coordinates of the corners,
¢ =[c*c¢ 1, i=1,2,3,4. Assuming the coordinates of the
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Figure 5. Difficulties faced by the vision system: a) the user's
hand is partially hidden by the strong projection; b)the
interactive surface is occluded by the user's shoulder as he
moves to gather objects from inside a bucket.

Figure 6. Detecting a touch: a) camera view of an interaction
with a bucket; b image difference data; c) overlay of search
region (square), button active area (circle), and the fingertip
template shown at the pointing location.

pattern corners to be identical to the mesh M in application space,
bh =[b* bk 1, i=1,2,3,4, we obtain P& =B, and computing
the pseudo-inverse,

Pe=BC" (cCT)”

To complete the computation of the transformation H, it is
necessary to determine the correspondence between the projector
and the camera image planes. This can be done by projecting a
pattern with four non-colinear points rendered on the projector
image plane d =[d*d¥ 1, i=1,2,3,4, and obtaining four
points on the projected surface, ¢ =[g & 1], i =1,2,3,4. Then,
by image processing the image of the pattern, it is possible to
determining the coordinates of its four corners on the camera
imageplane, f =[f* f¥ 1], i=1,2,3,4.

Since E=f{ e, e] e;j] corresponds both to the projection
of D=[df d, dj d}] by the projector, PD=E, and to the
captured image of the pattern, P& = E, we obtain PD =P¢ .
Computing the pseudo-inverse, we obtain P=P$D"(DD')*
and therefore

H=DD'(PEDT)"

As in the previous method, this transformation is implemented by
computing awarped mesh M¢= KHM .

One problem with all these three distortion-correcting methods
is that they project displays with resolution lower than the
projector’s resolution. The distortion-correction process normally
fits an irregular quadrangle into the 4:3 viewing area of typical
displays. A considerable amount of display area, and thus
resolution, is lost in the process. We have employed standard
1024x768 XV GA projectors in our prototypes. Due to the loss of
display area created by the distortion correction process, the final
display resolution has approximately corresponded to VGA, i.e,,
640x480 pixels.

3.2 Sensing Interaction on Any Surface

To support the ability to interact on any surface we use a pan/tilt
camera feeding custom image processing and gesture recognition
engines. This process has been detailed in another publication [31],
but will be outlined here for completeness.

Image processing in this domain is both simplified and made
more difficult by the strong light of the projected image. It is
simplified in the sense that the lighting environment is very
consistent because the dynamic range of the projection swamps all
but mgjor changes in ambient light. It is made more difficult
because the appearance of the user's hand can be severely
distorted asit passes through the projected image (see Figure 5.8).

Although parts of the hand can be hard to detect in a static
image, by looking at the differences between adjacent images in
the video stream, we can still detect the shape of a moving object
as shown in Figure 6.a and b.The use of motion for segmentation
instead of background subtraction techniques (such as [32]) also
makes it easier to accommodate the variability in the projected
image caused by the texture of the surface it is projected on. This
motion mask forms the basis of subsequent image understanding.

To provide interaction in a flexible and consistent manner we
use the notion of interface widgets. Each widget generates
computer or application events in response to a particular user
motion in a region of the image. We currently use three types of
widgets: buttons that respond to touch-like motions; dliders,
1-dimensiona tracking regions, and touch pads, which are
2-dimensional tracking regions.

These three widget types rely on tracking the user’s fingertip.
Convolution template matching is used to find fingertip candidates
in the motion mask image described above. The candidates are
evaluated using spatia clustering and domain specific heuristics,
such as the distance from the user, to determine the best estimate
of whether there is a fingertip in the image and where it is
currently pointing. The trgjectory created by this point over a
sequence of video frames is examined by each widget to determine
when it should trigger an event.

Touch pad widgets smooth the fingertip trajectory and map it
into the touch pad coordinate system. Motion events are only
generated when the fingertip is within the touch pad’s torders.
Sliders are simply a 1-dimensional version of touch pads.

Buttons, however, are more complex widgets. What buttons
attempt to detect is when a surface in the environment is touched.
Inferring the distance of the fingertip to the surface using the
shadow proved to be difficult and unreliable. Fortunately, people
tend to interact with real-life buttons by moving in a characteristic
forward/pause/backward pattern, and this seems to carry over well
to projected buttons. Our implementation of buttons takes
advantage of this movementpattern.

To determine when a user has touched a button we look for a
roughly linear sequence of fingertip locations that persists for
250ms or longer, with speed within a set range, that either ends or
begins with a pause (i.e. the fingertip template did not find a match
in the motion mask). A button generates its event when the pause
in such a tragjectory occurs within it (see Figure6.c). In other
words, we are looking for the user's fingertip to travel in one
direction for ¥ second and stop within the button, or start moving
from the button and move in a consistent direction for % second.
These approximations for the motion of a fingertip in the moments
before and after it touches a button seem to be universal: almost
every button touch either starts or ends that way. Interestingly
though, many button touches only have one or the other of these
motions. Of course, adjustments are needed in the case of people
with tremors or other motor disabilities.
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Figure 7. Process of creating an interactive surface on atable.

One of the interesting problems in this domain occurs when
users occlude buttons as shown in Figure5.b. Our experiments
with users, even novices, have shown that they naturally avoid
obstructing the projection if they are attending to it, but they are
quite bad at staying out of the way when they are working with the
physical world instead. Buttons have inherent resistance to
triggering in these types of situations because any motion must
pass several tests before it generates an event. It must resemble a
fingertip for several frames; during that time it hasto travel with a
consistent direction and velocity and stop within a button. Such a
sequence sometimes occur as a result of a chance combination of
errors, contributing to a somewhat higher false positive rate for
some buttons, particularly those which the user occludesfor a
period of time rather than just passes through.

By using both the shape of the moving region as well as an
analysis of its trajectory, this touch detection method gives far
better accuracy than using either one alone. Because it relies
directly on image data, rather than building an explicit model of
the hand, it is computationaly efficient enough to run at high
frame rates on standard hardware.

Widgets can be combined in various ways in order to perform a
complete interaction with the user. However, configurations of
widgets are defined independently of the surface where they are
used. That is, if an application interface using a set of buttonsis
moved to different surfaces, it is not necessary to define each
button for each surface. Instead, the location of awidget within the

cameraimage is determined at run time by appropriately mapping
the configuration onto the camera image plane. In this case the
surface refers to a set of camera parameters. These parameters,
like those of the projector, have to be calibrated in advance. In
particular, the calibration process has to determine the
transformation H, between the widget coordinate system and
the camera image (as shown in Figure4). Calibration of surfacesis
performed using methods analogous to the 2nd and 3rd methods of
projection calibration, although information about the expected
location of the user, and the size of their hand, has to be obtained
during an extra, specia calibration step (see [31]for details).

3.3 Integrating Displaying and Sensing

The two preceding sections described the techniques and
subsystems that provide the display (output) and sensing (input)
functionality of the ED-projector. This section discusses the
integration of these separate subsystems in a manner that affords
application development and human interaction. One of our
primary objectives here is to enable a specific user interaction to
occur on any calibrated surface in a room without requiring the
customization of this interaction for every surface. Thisleadsto a
clear separation of the abstract definition of an interaction from the
actual surface upon which it occurs.

Our widgets are constructed using the standard Model View
Controller (MVC) design pattern structure [33]. In our case, the
projector subsystem is responsible for rendering the view, while
the vision subsystem provides the controller input events. The
definition layer of Figure7 shows the separation of the display and
interaction areas that are reponsible for the definition of the view
and the interaction respectively. Display and interaction will often
overlap as shown by the square overlapping buttons on the right of
the display area. Provision is also made, however, for alowing
interaction to occur in a region where nothing is displayed, as
shown in the large rectangular region on the right of the
interaction area. Notice that the display area here corresponds to
the mesh M of the application plane decribed before (see aso
Figure 4).

Every interaction surface in a physical space is named and
initially calibrated by the projection and vision subsystems
yielding the transforms H and H, respectively. H corrects the
projected image while H, provides the tansformation to the
camera image, for a specific surface as described in the prior
sections. Figure 7 demonstrates the flow of definitions for display
images and interaction data (widget data) from the definition layer
to the mapping layer. During run-time, the system software
automatically maps (through the warping functions H and H,)
the definition layer data into the projected image and the camera
view associated with the current surface. The result is a projected
image that generates application events when user gestures occur
in the areas defined in the camera view, as shown in the
integration layer of Figure?7.

4 PAINTING WITH INTERACTIVE
GRAPHICS

To better understand how to use projected interactive graphics and
how usersrelate to them, we have designed and implemented three
application prototypes using the ED-projector. In the first
application, an office space is augmented with dynamic wall papers,
visua notifications of messages, and computer access from
multiple surfaces. The second prototype explores an assembly task
where the instructions are projected directly onto the surfaces of

the objects involved in the task. The third prototype is the “catch

the frog” game described in the introduction to this paper.
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Figure 8. Uses of the ED-projector in an office application:
a)to create dynamic wallpapers; b)to provide silent
notification of e-mail; and c) to create a computer desktop on
aworking surface.

4.1 An Office Application

The first prototype application in which we have deployed the
ED-projector is a futuristic personalized and context-aware
workspace. The workspace has an 8 by 10° footprint and
incorporates several sensors for measuring ambient lighting,
temperature, humidity and noise level. Users and visitors to the
workspace wear active badges that facilitate presence detection
and identification. The desk chair is equipped with a pressure
sensor connected to a wireless micro-controller, which detects if a
person is sitting in the chair. This environment incorporates an
ED-projector, strategically located to maximize coverage of the
workspace. In this setting, we have used a non-interactive version
of the ED-projector to facilitate greater personalization of the
environment and to free its users from the confines of the desktop

displays.

The presence of an ED-projector in the office tranfigures the
space into an extended graphical display and enables the user to
have a favorite painting on a wall, receive important notifications
on surfaces that catch their attention, or use atabletop as a display
when collaborating with a colleague (see also the video figure).
Figure 8.a shows an example of a dynamic wallpaper aeated by
the ED-projector. The user can similarly have a virtual window
that is connected to a live webcam looking at her favorite scenery
(effectively making it a window office) or monitoring her child at
home. The ED-projector can automatically switch to aneutral, less
personal image when a co-worker comes to the office, based on
the active badge.

Figure8.b illustrates an urgent notification to the user
appearing on a surface close to the user’'s current location. Here,
the smart office detects that the user is seated at the desk and steers
the notification right to the surface of the desk. By determining the
position of the user, the system is assured that the user will see the
urgent message without having to rely on the traditional sound
aerts which tend to be disruptive to people working in a shared
environment.

Another example of the utility of a steerable display is seen in
Figure 8.c where two colleagues have created a computer desktop
display on the working surface of their choice. Here, interactive
capabilities, provided by a camera system, are planned to be
incorporated to facilitate collaborative work.

4.2 Augmenting an Assembly Task

The ED -projector can be seen as a device for augmenting reality —
a beam of light that can add information on to real world objects
by highlighting them, adding text or images, flashing etc. For
example, the ED-projector can show the user an object they are
searching for, or indicate the procedure for an assembly task, and
even whereto place a part in an assembly.

We developed a prototype assembly task to highlight these
themes of augmented reality and interaction anywhere. In this
prototype application, which was experienced by hundreds of
novice users in a major technical exhibition, the object to be
assembled is a picture made of M&M’'s (multi-colored
sugar-coated chocolates) where each M&M is regarded as a pixel
of the picture.

The theme of interactivity anywhere is demonstrated several
times in this prototype application (see also the video figure).
Figure 9.a shows a white fabric on a table transformed into an
interactive menu for color selection. The user simply touches the
color of his choice to select it. Figure9.b shows a “clickable’
button appearing on a paint bucket that contains the M& M’ s of the
selected color. Figure 9.b and ¢ highlight the augmented reality
and user assistance aspects of the system. In Figure 9.b the system
highlights the bucket that contains the M&M’s of the selected
color, and also provides additiona information on how many
M&M’sto pick. In Figure9.c, the system points the exact places
on the picture board where the M&M’s should be placed.
Figure9.d shows another combination of interaction and
augmented reality: the user moves her hand over the surface to
interactively reveal the rest of the picture being built.

More than 650 people participated in this augmented assembly
over 6 days and completed 4 different M&M pictures. Considering
that the vision system and the projection system were integrated
for the first time only in the weeks preceding the exhibition, the
combined system worked remarkably well. A sample with 130
consecutive users with 621 button touch events (touching gestures
or false detections) yielded correct detection of touching gestures
in 81% of the events, with 12% false negatives and 7% false
positives. If the bucket events are excluded from the count, the
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Figure 9. The M& M picture assembly task: a) choosing a color; b) “clicking” a bucket after getting the M&Ms; ¢) placing the M&Mson the

highlighted areas; and d) “finger painting” to reveal the complete picture.

performance exceeds 89%. A detailed account of the reasons why
buckets yielded more errorsis given in [31].

The experiment also reveadled that users are readily able to
relate to the notion of steerable interactive graphics. We aso
observed the value of the projection creating a shared experience
between the users and the people observing the demo: in many
cases, users learned the interaction process by first watching other
users; and frequently, observers helped users suggesting what to
do next. As mentioned before, a major advantage of projection
over gogglesis precisely this“socia” nature of projection.

An interesting observation is that our users were less hesitant to
interact with the fabric-covered interactive color selection
menu (Figure 9.a) and the M&M placement board (Figure 9.c,d)
than with the paint buckets (Figure 9.b). When they went to a
bucket to pick up M&M's, many of them did not realize that they
had to click the big “done” button on it (see also Figure 6.3). We
had expected that, since this was the third occasion for touch
interaction in the demo, users would quite naturally press the
button on the bucket as instructed. Most of the time, this was not
the case. To help the users in that situation we often gave them
verbal instructions such as “Click the bucket,” aiming to make
clearer that there was, in fact, a button on the bucket.

4.3 “Fro...og!”

The ED-projector’s unique characteristic of being able to quickly
move the projected image to different surfaces is being explored in
a computer game for young children. In this game, called
“Fro...og!”, an image of a frog is projected on a surface.
Whenever the child tries to touch the frog, the camera detects her
approach, and the frog “jumps’ to another surface, that is, the
projector moves the image to awall or the top a chair.

Figure 1 shows two pictures of a user playing with the current
prototype of “Fro...og!”. The basic ideaisto define surfaces in the
environment where the animated frog can jump to. Whenever the
user's hand approaches the frog, the next surface is randomly
chosen, and an image of the frog jumping in that direction is
briefly shown. After landing on the new surface, a simple
animation of the frog jumping up and down is projected, so it
becomes easier to find the frog in the environment.

In the next development phase of this game we plan to
integrate it to a system that tracks the position of multiple children
in the room, so the frog can jump to surfaces which are far from
most players. Tracking is also particularly important to avoid

projecting the frog directly onto the players which, in this scenario,
can easily break the illusion of the game.

5 DISCUSSION

Having shown how we implemented a working prototype of an
ED-projector and deployed it in three different applications, it is
interesting to explore other possible applications and scenarios,
and discuss how to design efficient interfaces for them.

5.1 Other Applications

We see two classes of applications of the ED-projector to create
ubiquitous interactive graphics. The first involves the creation of
computer interfaces anywhere, while the second deas with
augmented reality in avariety of public and private spaces.

In the first class of applications, we regard the ED-projector as
a generic input/output device that can replace, in many situations,
current displays and interactive devices by creating computer
desktop-like interactive displays on non-tethered surfaces. For
example, a desktop application can be projected directly on any
surface, as previoudy suggested by Welner[9] and as
demonstrated in subsection 4.1 . Unlike the interactive whiteboard
described in[34], the projected application can be easily moved
around the room, for instance, from a whiteboard on the wall to
the top of a desk for more detailed reading. Similarly, the
ED-projector can be used © bring information to the physical
location where it is used or needed. For example, a database
application managing reports can be projected on top of the file
cabinet with hard copies of the reports.

In the second class of applications the ED-projector can
augment reality by pointing to physical objects, showing
connections among them, and projecting patterns to indicate
movement or change in the real world. The prototype assembly
task described in subsection 4.2 is a typica example of this class
of applications. Another example applies to a library in which
directions are provided to a user looking for a book by projecting
arrows on the floor, walls and shelves, and finally by highlighting
the desired book.

Steerable graphics produced by the ED -projector can also aid in
collaborative work by providing large displays on convenient
surfaces, and allowing easy reconfiguration of meeting spaces for
different functions and teamwork styles, in similar ways to the
office project described in subsection 4.1 .

The ED-projector can also be used to provide computer and
information access in environments where traditional displays are
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difficult to install, secure, or maybe unsafe to operate, such as
public spaces and areas subject to harsh environmental conditions.
The device also permits an interactive display to be brought to the
proximity of auser, eliminating the need for the user to approach a
traditional, fixed display. In particular, the ED-projector can
fecilitate the access and use of computers by people with
locomotive disabilities. For instance, it can project an interactive
display on a hospital bed sheet without requiring the patient to
contact any device.

We also see the ED-projector as a potential enabler of a new
generation of games where interaction happens not in the virtual
world but in the physical world such as the “Fro...og!” game
described above. Unlike games based on phones and portable
computers[4], the wuse of the ED-projector provides
high-resolution displays where characters and fantastic objects can
move from surface to surface, creating a game that surrounds the
players. Using video input, various user actions can be detected
depending on the game needs, for example, hand gestures, body
movements, foot action, and/or facial expressions. Above dl, a
single ED-projector installed on the ceiling of a living room or an
arcade, using just software commands, can completely reconfigure
the space to create different games according to the interests, age,
and motor skills of the players.

The scenarios examined so far are chiefly concerned in creating
ways for humans to command computers and/or obtain
information. However, we see the projecting of interactive
graphics ubiquitously as a way to provide computer agents the
ability to “reach and touch” the real world and the people that
inhabit it. By using projected patterns, it is possible to make
computers not only interact with people, but act and coordinate
them. For instance, a computer agent can control people in a line
by projecting red lines and green arrows around the people on the
line. A steerable projector system is, thus, able to create a “body”,
composed of light, for an agent. From this perspective, we may be
creating an interface to the real world for computers.

5.2 Human Interface Issues

As foreseen by Weiser [1], ubiquitous interactive graphics do not
seem to follow the standard paradigm of interaction based on the
desktop metaphor. In our M&M demonstration, we had the
opportunity to observe more than 650 novice users experiencing a
scenario of true ubiquitous computing, in the context of an
assembly task. On one side, we observed that they quite naturally
accepted the idea of augmenting reality with information directly
projected on objects. Moreover, we saw they naturaly change
their body’s position to minimize problems like the shadow of

their arms and body over the board. People seemed not only to

accept projected graphics naturally but also to compensate for its
limitations.

However, when trying to click a button, the users almost
always applied pressure onto the projected surface with their
fingers. Also, whenever a button touch was not detected by the
vision system, the most common reaction was to press again with
more pressure and, if still not successful, using the whole hand
instead of a finger. It seems that people expect buttons, even
virtual buttons, to react to pressure and not to touch, and to fail if
enough pressure is not applied on them.

This observation clearly illustrates the limitations of the
hand-as-a-mouse paradigm used in the M&M demo. Although it is
easer for users to relate the ubiquitous experience to their
everyday contact with desktop interfaces, the metaphor proved to
be misleading to the true nature of the interface. Unlike a mouse
that has appropriate haptic feedback for clicking gestures,
touching a projected button is devoid of feedback movement.

Similar observations prompt us to believe that a new paradigm for
interaction with projected screens must be developed, with new
kinds of widgets, tuned for the natural capabilities and limitations
of projection and gesture-based interaction, just as the point and
click paradigm is tuned for the characteristics of a physical mouse.
Touch-screen-like interactions do translate better to the projected
interface domain. Although our widgets are not based on surface
contact, the widgets we have found useful so far (buttons, scroll
bars and touch pads) are all based on motions people naturally
make when touching.

One of the exciting aspects of thiswork isthat it is an excellent
environment to explore more adventurous gesture-based
interaction styles. By giving the user feedback as to what gestural
interactions the system is expecting and where in the environment
they may be peformed, the cognitive load on the user can be
reduced. Without such feedback a user would have to memorize
what amounts to a set of complex dance steps to simply use a
gesture-based interface.

Thisinvestigation of new human-computer interface paradigms
is even more important in the case of multi-user interaction.
Unlike desktops, wearable computers, or PDASs, projected
interactive graphics naturaly allow many users to simultaneously
interact with an application. Although the applications we have
developed so far are al single-user, it seems clear multi-user
interaction will soon became an important area of research.

Another intriguing question is related to the different degrees of
difficulty experienced by users when interacting with graphics
projected on different supporting objects. Clicking a paint bucket
seems to be harder to accept then clicking a table. Of course the
design of our system and the simplicity of our experiment allow us
neither to definitively state that the phenomenon does happen nor
to draw conclusions about its causes. However, one hypothesis is
that people seem to attribute different interactive capabilities to
projected interactive graphics according to the nature of the
surfaces themselves. Are the paint buckets “functionally fixed”,
that is, if something looks and acts like a paint bucket, is it less
likely to be perceived as something else — namely, a touch-screen?
We are currently preparing a study to determine the validity of this
hypothesis.

Finaly, our research so far has addressed only visual input and
output. A promising area of research seems to be the application of
the concept to steerability of other stimuli such as sound, using,
for instance, the audio spotlights described by Pompei [35]. What
kind of interfaces and applications can be created by a full
multimodal steerable system?

6 CONCLUSION

This paper describes a new method and device for creating
ubiquitously interactive graphics on non-tethered surfaces. We
have shown three different methods to determine the warping
function that corrects for oblique projection distortion and a
computer vision system that tracks the user's hand over the
projected images and detects touch-like gestures. We have also
implemented three applications that realize ubiquitous computing
concepts such as everywhere computer access and augmented
reality. Based on the experience of running the M&M demo with
hundreds of novice users, we have aso detected a need to
re-examine the current interaction paradigms, and possibly,
investigate and propose new ones.

We see this work as an important contribution to realize the
vision of ubiquitous computing, without asking people to wear
headsets or wiring the surfaces of everyday objects. However, we
do not advocate projection-based solutions as a panacea for
ubiqutious applications: in many cases, it is more desirable and
efficient to use head-mounted displays. A good anaogy is to
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compare headsets and projectors to Walkmans and stereo sound
systems. Walkmans are unsurpassable as a way to provide music
when people are moving around or in public spaces such as trains
and airplanes. They are very effective in creating a persona
experience, albeit not able to create socid interaction. Similarly,
we keep loving stereo systems because they render music to a
whole space, nurturing a collective experience that is attached to
the space itself. We see similar advantages and limitations when
comparing headsets and steerable projectors as a way to render
interactive graphics onto the real world.
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Abstract

How can interactive computer interfaces be created
anywhere in a space without wiring or modifying objects
or people? We propose using steerable projector-camera
systems employing computer vision to realize such
“ steerable interfaces.” In this paper, we illustrate the
potential of the new kinds of applications enabled by
steerable interfaces and discuss the challenges imposed
on computer vision through the presentation of four
application prototypes: a collaborative assembly task
coordinator; a multi-surface presentation viewer; a
ubiquitous product finder for retail environments; and an
interactive merchandise shelf.

1. Introduction

The main goa of our research is to create devices
capable of realizing the ubiquitous computing (ubicomp)
vison of everywhere computer access and seamless
integration of computers with the real world [1]. However,
unlike the most commonly proposed devices that have to
be either worn or carried by the user (such as cell phones
or PDAS), or embedded in the environment, we are
investigating devices that can create interactive displays
with minima physica change to the user or to the
environment.

In this context, using projectors to create interfaces
becomes a natural candidate, especially when combined
with cameras and computer vision systems able to directly
detect user interaction with the projected surface. The
combination projector-camera is thus able to create
projected interfaces on most planar surfaces without
requiring any modification on it.

However, if the goa is to provide multiple points of
seamless computer access in an environment, it is not
practical to install pairs of projector-cameras facing every
possible surface. Even in the unlikely case that projectors
become extremely cheap, installation of these devices will
gtill be costly. Even worse, any change in the
configuration of the environment will require re-
installation and re-wiring of many devices.

To cope with those problems, we have been advocating
the use of steerable projected interfaces[2, 3], referred in
this paper simply as steerable interfaces. Steerable
interfaces can be created, for example, by fitting a pan/tilt

mirror into a LCD projector and combining it with a
pan/tilt/zoom camera.

We have described the basic structure of the vision
systems used in our prototypes in previous
publications[4, 5]. In this paper we focus on four
different application prototypes that explore the potential
of steerable interfaces. These applications employ vision
systems that detect point-and-click interaction, toolbar
scrolling, and simple user activity recognition. However,
unlike traditional vision-based interfaces, these vision
systems are required to work seamlessy on distinct
surfaces under very different observation angles and
lighting conditions. They also have to cope with the
changes in the pattern of user interaction caused by
moving the interface to a new surface, which alters the
relative size and orientation of the gesture to the interface.
In some ways, these applications require computer vision
systems much more robust and adaptable to contextual
changes than currently used vision systems.

This paper presents these new computer vision-based
applications that are only possible due to use of steerable
projectors and cameras. As we present these applications,
we analyze and discuss the challenges created by steerable
interfaces to computer vision and the ways we have
addressed them. We conclude by suggesting possible
ways to improve the performance of steerable vision
systems.

2. Reated Work

Deviceless interaction with projected images based on
video processing was pioneered in the 1980s by
Krueger [6] in systems that often used a backlit white
background to simplify segmentation. Real-time static
background segmentation became a reality in the 1990s,
notably in the ALIVE system[7] and the technique has
been a cornerstone of most segmentation work in vision-
based gesture recognition.

However, only alittle of that work has attended to the
problems of segmentation in the context of a projected
display. Because the projected image drastically changes
the appearance of the hand, we tend to agree with
Hardenberg and Berard [8] in that background subtraction
does not give reliable results in the presence of strong
projected images.

Different proposals have been made to use hand or
body gestures to interact with the projected images. In
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general, gesture-based interaction methods tend to fall into
one of two categories: either variations of a point-and-
click paradigm[8, 9] or application-specific pose or
motion gestures[10]. Both these approaches have
disadvantages. While the point-and-click approach is
often not well suited to hand pointing due to limited
resolution and the lack of a natural “click”, alarge number
of application-specific gestures makes interfaces complex:
users have to learn and execute these gestures largely
without feedback, as discussed in [11].

3. Computer Vision for Steerable Interfaces

The applications described in this paper use a deviceto
create steerable interfaces called the Everywhere Displays
projector (ED-projector) [2]. Figure 1 shows a prototype
of this device, made of off-the-shelf components. a LCD
projector, a pan/tilt mirror used in theatrical lighting, and
avideoconference pant/tilt/zoom camera.

The system is currently run on two different computers,
one responsible for the application software and the
projector software; the other controlling the positioning of
the camera and runs the computer-vison system
responsible for detecting user interaction. The projector
software stores and manages the calibration parameters to
correct the distortion caused by oblique projection as well
as the projector focus and zoom parameters. In the current
implementation, these parameters are determined
manually as described in [2].

Our methods to detect user activity involve the
interpretation of the path of the user’'s hand. Because the
projection can radically change the appearance of objects
moving through it, appearance-based techniques were
ruled out. Instead motion is detected by looking at the
differences between adjacent images in the video stream.
Hands are tracked by looking for fingertips in the filtered
motion data. Candidate fingertips are identified based on
shape and evaluated using spatial heuristics such as
orientation, distance from the user’'s body, and the
previous fingertip locations.

To build an interface, application designers assemble
“widgets’ that specify areas where users can interact.
Each type of widget responds differently to the user's
motions. A touch widget looks for an in-pause-back
motion of the hand. A continuous motion widget reports
the relative location of a fingertip in one or two
dimensions. The system can also track objects of distinct
colours. As we see, our system employs traditional
computer vision methods in the implementation of the
basic widget set (see [4] for details).

Most real-life vision interface systems incorporate the
vision system as a module that is hard-coded to operate
under a fixed set of circumstances. Our system, on the
other hand, requires the application to send the vision
system a description of the user interfface as a

Figure 1. Prototype of the ED-projector.

configuration of widgets (describing what the interface is).
Based on these specifications, the vision system assembles
a set of image processing components that implement the
interface, sharing computational resources when possible.
To change the interaction, a new interface description can
be sent to the system at any time.

The system, described in detail in[5], aso provides
for the deployment of an interface onto different real-
world planar surfaces. Like Zhang et al.[12], we
dynamically map the interactive interface based on the
four corners of the contour of the surface. However, in our
system the parameters of the surfaces where the interface
can be redized are represented and referenced
independently of any particular interface. These include
the size, location and perspective distortion within the
image and characteristics of the physical environment
around that surface, such as the user's likely position
while interacting with it. When the application requests an
interface to be activated on a particular surface (that is,
defines where the interaction should happen in the
environment), the system retrieves the surface parameters
and propagates them through the assembly of image
processing components that implements that interface.

By explicitly decoupling the information describing the
characteristics of where an interface happens in an
environment, i.e., surface-specific information, we enable:
(2) the porting an application to a new environment where
the interaction surfaces could be different; (2) the use of
one surface by multiple applications; and (3) the use of the
same interface on multiple surfaces.

4. Applications Using Steerable I nterfaces

Steerability considerably expand the potentia of
projected interface systems by making them devices much
more adaptable to environmental changes, especially
when compared to embedded displays and monitors. For
example, if the furniture of an office is rearranged, it is
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Figure 2. The M&M picture assembly task: a) choosing a color; b) “clicking” a bucket after getting the M&Ms;
c) placingthe M& Ms on the highlighted areas; and d) “finger painting” to reveal the complete picture.

necessary to rewire monitors and, many times, remove and
reinstall embedded displays. Instead, if a steerable
interface system is used, adaptation is simply a matter of
recalibrating the position and parameters of the interactive
surfaces by software.

However, the addition of steerability to a projected
interfface system goes beyond easy and flexible
deployment of interfaces on different surfaces. It aso
enables a new set of applications that explore more direct
connections to real-world objects. In particular, it alows
the creation of augmented reality applications where
information about objects is projected directly onto or
around them, freeing the users from the inconvenience of
wearing head displays and cumbersome input devices and
avoiding the difficulty of registering the computer
generated imagery to the real-world view.

The possibilities opened up by the use of steerable
interfaces to create different and exciting applications
come with a price. On the display side, there are issues
such as reduction of perceived resolution, constraints on
environment brightness, and occlusion, as discussed
in[2].

4.1. Collaborative Assembly Task Coordinator

Steerable interfaces can augment reality without
requiring users to wear goggles or other cumbersome
devices. To demonstrate this premise, we developed for a
the Emergent Technologies Exhibit of SIGGRAPH'01 a
whimsical demonstration of a system that uses steerable
interfaces to coordinate a collaborative assembly task. In
this prototype application, the object to be assembled is a
picture made of 3,000 M&M’s (multi-colored sugar-
coated chocolates) where each M&M s regarded as a
pixel of the picture. Each user contributes to the task by
placing 10 to 15 pixels. Here is a description of the main
characteristics of this application:

Context: acollaborative assembly task in afactory.

Application Goal: to guide users to find the components
to be assembled and to help placing them in the
appropriate position.

Technology: the application uses an ED-projector
overlooking the assembly area. The vision system
implements widgets that detect touch events and that
report continuous motion of the user’s hand on a surface.

Interaction: as the user enters the environment, she is
asked to touch a picture projected on a board to activate
the system. The system responds by projecting an
instruction asking the user to go to the selection area. The
interface is then steered towards a table. Figure 2.a shows
this table as it is transformed into an interactive menu for
color selection. The user simply touches the color of his
choice to select it. Then the user receives a projected
instruction prompting him to look for a highlighted
bucket. In Figure 2.b, the system highlights the bucket that
contains the M&M’s of the selected color and provides
additional information on how many M&M'’s to extract
from the bucket. The interface also includes a touchable
button, where the user indicates that the retrieval of
M&Ms is completed. When this button is touched, the
system projects on the bucket an instruction telling the
user to walk to the picture board. In Figure 2.c, the system
is pointing to the exact places on the picture board where
the M&M’s should be placed. After the M&Ms are put in
place, the user can signal the end of this task by touching a
button projected on the side of the picture board. The user
is then invited to wave her hand over the surface to
progressively reveal the rest of the picture being built (see
also the video, from the system’s camera point of view, at
http://www.research.ibm.com/peopl e/p/pinhanez/downl oa
d/videol.avi).

The computer vision system faced many issues in this
application. The first difficulty involved the interactive
menu for color selection. As shown in Figure 2.3, this
menu presented a choice among 18 buttons, arranged in a
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Table 1: Performance of the vision system (130 users)

SUCCESS fase false
positives negatives

Entrance 88% 9% 3%
select board 94% 2% 4%
buckets 55% 33% 12%
board (place) 91% 8% 2%
board (paint) 80% 2% 18%
total w/o buckets 89% 6% 5%
total 81% 12% 7%

grid configuration closely juxtaposed to each other.
Correct selection was possible because the system looked
for the complete gesture of touching and not simply by the
presence of the hand in a particular spot. Therefore, the
user could select a color in the top row without triggering
the buttons on the rows below. As we see here, simple
tracking without gesture recognition is often insufficient
to implement even basic projected interfaces.

A second major challenge for the vision system was to
realize the bucket interface dialog onto the many different
buckets. At the time of this demonstration, the automatic
mapping of configurations of widgets onto surfaces
described in section3 was not implemented, so each
interface had to be painstakingly mapped to each surface
that realized it. In fact, the difficulties experienced during
this demonstration were a major factor to develop the
description-based interface system described in section 3..

More than 650 novice users participated in the
collaborative assembly task demonstration. Considering
that the vision system and the projection system were
integrated only weeks preceding the exhibition, the
combined system worked remarkably well. As shown in
Table 1, a sample with 130 consecutive users with 621
button touch events (touching gestures or false detections)
yielded correct detection of touching gestures in 81% of
the events, with 12% false negatives and 7% fase
positives. If the bucket events are excluded from the
count, the performance exceeds 89%.

The buckets yielded a high number of errors for several
reasons. The biggest problem was that while picking
M&M'’s from the bucket, the user often partially or
completely occluded the display with their head or back,
accidentally triggering the button projected on the bucket.
A possible way to handle this is to include in the vision
system improved methods to distinguish between the
shapes of hands and other body parts. Currently, the
system only looks for fingertip-shaped patterns on the
motion image. However, if view-based methods are used
to identify body parts larger than a fingertip, the apparent
shapes can vary dramatically from surface to surface due
to the different relative positioning of camera.

Although we choose to use the M&Ms placement task
to demonstrate steerable interfaces in augmented reality, it

Figure 3. Anywhere presentation viewer.

should be evident the applicability of this technology in
real-world assembly tasks and similar augmented reality
scenarios.

4.2. Anywhere Presentation Viewer

Another important area of applications of steerable
interfaces involves the access to desktop applications from
different surfaces. A typical scenario occurs when people
assemble in an office or meeting room to review
electronic documents. According to the number of
participants and their roles, documents are preferably
viewed by individuals on monitor-like displays, by large
groups of people on vertical screens, or by asmall number
of people in configurations that better facilitate
collaborative work such as the one shown in Figure 3.

Trying to address these problems, we developed a
presentation viewer that can move to different surfaces:

Context: office or meeting room.

Application Goal: to create a viewer for presentations
that can be accessed on walls or tables to facilitate
collaborative work.

Technology: an ED-projector overlooks the working area.
The vision system utilizes only touch widgets; the
interfaces are dynamically defined by the application and
mapped automatically onto the calibrated surfaces.

Interaction: using a touch-screen LCD monitor, the user
selects through an icon a surface in the environment to
launch the application. The presentation is projected on
the selected surface, topped by buttons allowing the users
to select the next, the previous, or the first dlides, or to
dismiss the viewer. The viewer can be moved to other
surface by selecting the corresponding icon on the LCD
monitor.

This application clearly demonstrates the need of a
vision system that can automatically map any application
interface onto any given surface. In real offices and
meeting rooms, tables move to different areas, walls are
set up and removed, etc. Easily coping with these
environmental changes is an essential feature of the vision
system here.
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A difficulty with this application, particularly in
collaborative scenarios such as the one depicted in Figure
3, is that the context invites multi-user interaction. If that
is the case, buttons have to respond to activation patterns
from different directions corresponding to where each
user is positioned relatively to the interface. Such ability is
not currently supported by our system: it assumes that all
touch widgets in an interface are accessed from the same
direction. Supporting multi-directional access requires
either tracking and differentiating multiple fingertip paths
simultaneoudly, which is currently very error prone, or
monitoring the location of every user. In the second case,
the vison system may use contextua information
provided by an environmental user positioning tracking
system. We are also evaluating more sophisticated hand
path representation and recognition methods.

4.3. Ubiquitous Product Finder

Computerized access to information in public spaces
such as malls and stores has been primarily deployed
through kiosks. A major advantage of using virtual display
systems such as the ED-projector in such spaces is that
they can be installed on the ceiling, thereby preventing
accidental damage and discouraging vandalism and theft.

We are exploring such ubicomp applications in public
spaces in the context of retail environments. The first
application developed in this framework is a system to
help customers to find products in a large store. A major
requirement for this application is ubiquity, i.e., the
product finder has to be easily accessible from anywhere
in the store. Another requirement is that it has to be simple
to learn and use.

Figure 5 shows a conceptual view of the ubiquitous
product finder. ED-projectors are installed in every aisle,
and small white boards placed in strategic locations on the
shelves. These boards can be easily moved to different
positions to respond to marketing and customer needs. A
large table is place at the entrance to the store (on the right
side of Figure 4). On it, an enlarged, intuitive-to-use
version of the interface is projected aiming to make
customers acquainted to the system. Signage boards are
hung up from the ceiling or placed on top of the shelves,
allowing the system to project directions to the product
requested by the customer or to display advertisements
when the system isidle.

A full-scale version of this application has not been
deployed yet. Here, we describe a laboratory prototype of
the system we have built and tested.

Context: alargeretail environment.

Application Goal: to help customers everywhere in the
store to find products by pointing directly to where they
arelocated.

Technology: (laboratory prototype) an ED-projector is
mounted on the ceiling. A table with a wooden red dlider

Figure 5 Concept of ubiquitous product finder.

Figure 4. Prototype of ubiquitous product finder.

is used for projecting a larger introductory version of the
product finder interface. Two smaller foam boards,
visually similar to the table with the dlider, are placed on
the walls representing the smaller replicas of the same
interface used in other areas of the store. The vision
system is able to detect touch events, hand position and
movement over the foam boards, and the position of the
wooden slider relative to the table.

Interaction: the product list is projected on the product
finder table located at the entrance of the store. The user
can move the wooden red slider on the left of the table to
find a product as illustrated in Figure 4.a. As he does this,
the product list projected to the right of the dider scrolls
up and down mirroring the motion of the dider. Once the
user touches the “where” symbol on the right, arrows
guiding the user to the location of the highlighted product
are projected on signage boards hanging from the ceiling
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as illustrated inFigure 4.b (see aso video at
http://www.research.ibm.com/people/p/pinhanez/downl oa
divideo2.avi). Alternatively, the user may initiate the
product finder from the foam boards at other locations of
the store by touching the boards as shown in Figure 4.c.
This action triggers the system to project the product
finder interface onto these foam boards as shown in Figure
4.d. In the wall version, the user dides his finger up and
down a red velvet strip to scroll the product list (see
http://www.research.ibm.com/people/p/pinhanez/downl oa
d/video3.avi).

Our laboratory prototype of this application currently
does not address two important issues present in real
stores. First, we use a camera-based user tracking system
(based on [13]) to detect proximity to the foam boards. If
a user is close to one of them, we aim the ED-projector
camera to the board surface and, without projecting any
information, wait for the user to “call” the system by
touching the board. This is not a practical solution in real
store where multiple customers may be close to different
foam boards at the same time. We envision here the use of
an array of steerable cameras that can be dedicated
exclusively to monitor the foam boards. The second issue
is the inability of the system to help more than one
customer at atime. In particular, if many boards share an
ED-projector, we may have situations where users will
have to wait for their turn to use the product finder. The
severity of this is yet to be tested in a real-world
deployment, but we expect that customers may tolerate
reasonable waiting times as the situation is similar to when
they consult an information desk or a sales assistant.

The flexible structure of our computer vision system
simplified significantly the implementation of the
laboratory prototype. To detect the movements of the
wooden dlider of Figure 4.a, a widget to detect linear
movements of blocks of solid color was implemented. In
the case of the foam boards, fingertip tracking is used to
determine its position on the velvet strip as shown in
Figure 4.d. Switching between the two different widgetsis
accomplished by the application simply sending the vision
system the description of the appropriate interface.

We initially had some difficulties with the interaction
on the velvet strip. After scrolling through the list and
finding the desired product, users move away to touch the
“where” button on the right, sometimes causing unwanted
scrolling before they exit the tracking region. We solved
the problem heuristically, ignoring quick motions after a
pause that immediately exit the tracking region

This problem is common to many gesture-based
interfaces. the segmentation of continuous gestures into
distinct “phrases’. In our case the problem is simplified
somewhat by using the spatial adjacency of gestures to
interaction widgets. As with the problem of continuous
speech, there is some amount of “co-articulation” that

affects the ends of adjacent phrases, complicating their
recognition. Gestural phrasing has been an issue for many
years but, despite many different proposals (such as[14]),
itisstill largely unsolved.

4.4. Interactive Clothing Bins

Another application developed in the context of aretail
environment uses a checkerboard arrangement of bins
containing women's pants and projectable surfaces as
shown in Figure 6. It explores steerable interfaces as a
way to augment the functionality of everyday objects and
furniture. In this particular application, the system detects
user interest with the product in a particular bin and
automatically brings information designed to assist the
customer.

Context: aretail environment.

Application Goal: to assist customers interested in a
product by displaying information about it.

Technology: an ED-projector is aimed at the clothing
bins. In our particular implementation, the system is
unable to project an image large enough to cover all
projectable surfaces on the bins. Instead, it selects groups
of juxtaposed surfaces and steers the interface towards
them according to the user hand’'s position, i.e., the top
parts of the bins, the bottom part of the bins, etc. The
vision system can detect user activity in each of the
clothing bins and touch events. No surface contains any
sensor or wire. A camera-based user tracking system
(similar to [13]) is used to determine the position of the
user relative to the clothing bins.

Interaction: When the user is at a distance from the bins,
a circulating series of advertisements for women’s
clothing are projected on the panels, trying to attract
customers to the area. When the user approaches the bins,
the display is changed to advertise the store’s credit card
and special promotions. Once the user starts examining
pants in a bin, information pertaining to the pants in that
bin is displayed in the proximity of the bin. Additional
interactive panels are projected allowing the user to find
information about similar pants styles, to check the size
chart, or to check whether the desired size and color is
available in stock (see demonstration video at
http://www.research.ibm.com/people/p/pinhanez/downl oa
divideo4.avi).

The major difference between this application and the
ones previoudy examined is that this system proactively
tries to engage and help the customer. By recognizing user
activity in a particular bin (by simple hand tracking) and
interpreting it as an interest in the products stocked there,
the application takes the “liberty” of augmenting the
environment with information. This example clearly
demonstrates the potential of steerable interface systems
to create new models of interaction by directly engaging
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people while they execute everyday activities in the real
world. Since application interfaces can be created on areas
very close to where the activities are happening, user
attention can be more easily grabbed. This kind of
engaging application involving physical objects cannot be
easily implemented with traditional embedded displays
such as monitors or kiosks.

This example aso shows how computer vision
methods and algorithms for recognition of human activity
and behavior can be used for the development of
applications with steerable interfaces. Our system
determines user interest in a particular bin by detecting
long duration hand movements within the bin. The
performance achieved with this simple measurement is
adequate for a research prototype but we clearly see
opportunity here for more sophisticated methods of action
and behavior recognition.

5. Improving the Performance of the Vision
System of a Steerable Interface

By decoupling the functional definition of the interface
from the specification of its location in the physical
environment and in the camera image, the ED-projector
vision system supports a great deal more flexibility than
most vision-based interaction systems. This flexibility
requires significant  architectural complexity to
dynamically realize an efficient recognition process from
the task and surface descriptions.

Up to this point, our efforts have mostly concentrated
on developing this flexible internal architecture [5], while
the interaction widgets themselves have been
comparatively simple. We are now beginning to
concentrate on developing widgets that are capable of
supporting more interesting interactions. This work is
proceeding along several dimensions.

People have difficulty seeing the exact shape of a
moving object, so natural gestures most often consist of a
sequence of motions and static poses, where a hand
movement is followed by a static pose, possibly followed
by another movement, and so on[9]. In order to recognize
hand poses, it will be necessary to either incorporate
techniques to recognize shape in the sparse and noisy
motion data or to incorporate hand segmentation
techniques that do not rely on motion. However, as
mentioned above, to avoid problems caused by the change
in appearance of the user’s hands as they pass through the
projected image, the current interactions have al been
based on detection and analysis of motion in the video
stream. One possible alternative is to use a segmentation
method that uses knowledge about the image being
projected, the physical surface where the interfaceis being
projected on, and how they interact, so that it can estimate
the appearance of the projection to the camera. By using
techniques such as those presented in[15], it may be

Figure 6. Interactive clothing bins.

possible to estimate the appearance of the projection in
the digitized video stream. This will aso alow
interactions to take place in the presence of a changing
projection, such as a projected video clip.

Interestingly, the flexibility provided by computer
vision alows interactions that are more abstract than the
manipulative hand gestures implemented to date. One line
of investigation concerns intentional control actions that
the user takes with parts of the body other than their
hands. These include interactions where whole body
movements such as waves or jumps are used to control the
interaction [16].

In addition to extending the gesture recognition
capabilities of the system, we feel performance can be
significantly improved by enabling the system to adapt to
its current context. There are several areas where
adaptation may be important. For instance, the current
widget set requires information about the expected size
and orientation of the user’s hand. By making better use of
user tracking information and observing user movements
as they approach a widget, it is possible to determine this
type of information automatically.

Every person moves with different rhythms and
patterns. When users interact with a system using physical
devices like a keyboard or mouse, the device standardizes
and masks many of these differences, but because our
vision system directly senses and interprets a user's
movements, it can be sensitive to them. Techniques
similar to [17] can allow adaptation to an individual user’s
movement patterns.

One constraint on any interaction system is that it be
able to respond to the user smoothly and in a timely
manner. For a vision-based system thisimpliesit runsat a
sufficiently high frame rate. Research with other
interaction methods [18] has shown that tracking rates on
the order of 10 Hz and response times less than 200ms are
needed for a system to feel comfortable, except in the case
of manipulation of virtual objects. If the frame rate falls
below what is required to support these response times
there are severa trade-offs that can be adjusted to
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compensate. For example the incoming resolution may be
reduced, trading off accuracy for speed. We are exploring
techniques to do this automatically.

6. Conclusion

We have shown in this paper how possible ways to use
computer vision in applications based on steerable
projected interfaces. Our basic approach involves using
motion data to identify the user’s hand and path analysis
to identify touch events, hand movement, and simple
manipulative actions.

A major factor enabling the development of three of
the prototype systems was the application-driven dynamic
definition of interfaces and their automatic mapping to
any surface known by the vison system. With this
architecture (defined in detail in[5]), surface and
viewpoint-specific characteristics are abstracted from the
development process of the application.

Some shortcomings of the current system and
challenges for computer vision have also been identified
as a result of our work developing these applications. In
general, projected interfaces limit the use of appearance-
based techniques. Also, steerability requires gesture
recognition algorithms to be viewpoint independent or, at
least, adaptable to new viewpoints if basic contextual
information is provided. Gesture segmentation based on
spatial location and greater use of contextual information
such as user position contributed to the success of the
system. As the complexity of the underlying widgets
increases, a challenge will be to ensure that the additional
complexity does not spill over to affect the application
developer or the end user.

Finally, in this paper we demonstrate that ubicomp
applications can be implemented based on the steerable
interface paradigm. The extension that this paradigm will
become a mgjor part of the ubiquitous computing reality
substantially depends, in our view, on the development of
adequate and robust computer vision systems that satisfy
the constraints imposed by projection and steerability.
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Abstract

When computer vision is combined with a steerable
projector, any surface in an environment can be turned
into an interactive interface, without having to modify or
wire the surface. Steerable projected displays offer rich
opportunities and pose new challenges for interaction
based on gesture recognition. In this paper, we present
real-time techniques for recognizing “ touch” and “ point”
gestures on steerable projected displays produced by a
new device called the Everywhere Displays projector (ED-
projector). We demonstrate the viability of our approach
through an experiment involving hundreds of users
interacting with projected interfaces.

1. Introduction

Most displays today are tethered to special devices
such as monitors. Projectors make it possible to display on
any surface, but are static and typically tied to one
designated surface in an environment. We have developed
anew device called the Everywhere Displays projector [9],
or ED -projector, that uses a computer-controlled mirror to
steer a projected display on to any surface in an
environment, while correcting for distortion caused by
oblique projection. With the ED-projector, any surface can
become a display and everyday objects can be enriched
with information without having to wire them.

This ability to steer projected displays introduces the
challenge of interacting naturally with such displays. If
steerable displays could actually become steerable
interfaces, it is possible to bring computer access to where
the user is located or wherever the user desires. Indeed, an
entire environment can act as the output device of an
invisible computer to which a user’s natural gestures and
actions are the input. This lends another dimension to the
vision of ubiquitous computing [12].

The ED-projector is composed of an LCD projector, a
computer-controlled pan/tilt mirror, and a pan/tilt/zoom
camera. The projector is connected to the display output of
a host computer that also controls the mirror and the
camera. The camera is steered to observe the projected
display. Figure 1 shows two prototypes of ED -projectors

built with off-the-shelf components — rotating mirrors
used in theatrical/discotheque lighting, steerable cameras
and LCD projectors.

The use of projection systems to augment reality has
been demonstrated by researchers in many different
situations [7, 8, 10, 11, 13, 14, 16]. However, these
systems were constrained to a fixed projector that could
only project information on a limited area of an
environment. Projected images can become interactive by
using avision system to detect the users' hand gestures [2],

Fig. 1: Two prototypes of the Everywhere Displays
projector.

moving objects [11], or the users’ body position [6].

In this paper we document our first attempts at
interacting with displays produced by the ED-projector.
Usersinteract with the projected displays by touching them
with their hands. These hand gestures are recognized by a
computer vision system attached to the steerable camera of
the ED-projector. Gesture recognition poses new
challenges in the context of projected displays as the
appearance of the user’s hand changes drastically as it
moves through the projection, and the projected light
overwhelms the inherent color of the surfaces.
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Fig. 2: Steps followed by each user when placing the M&W’s in the SIGGRAPH’01 demo: a) the entrance panel is
touched to start the process; b) a color is selected; c) the bucket containing the selected color is projected upon and
the “done” button bucket is touched after the M&M’s are picked up; e) the user places the M&M’s on highlighted
pixels; e) finger-painting to reveal the full image; and f) a “yes” button is touched after all interaction is done. (c&e

from system camera)

2. An experiment on interaction with

projected displays

We designed an experiment to both demonstrate and
test the concept of transforming ordinary surfaces into
interactive touch-screens. The experiment, which engaged
hundreds of users in an augmented reality assembly task,
was conducted in the Emerging Technologies area of the
computer graphics conference, SIGGRAPH’01. As in any
assembly task, each individual contributes to the assembly
of an object by executing specific parts of the assembly
process. In keeping with the theme of entertainment at our
venue, we chose the assembled object to be a 60x50
picture made of M&M2l's (multi-colored sugar-coated
chocolates) where each M&M s regarded as a “pixel” of
the picture. Figure 3 shows an example, based on a portrait
by Van Gogh.

In the front of our experimental spaceisatable; on the
table lies a flat transparent Plexiglas board coated with
double-sided transparent stick tape. This board is used as a
mounting “canvas’ for the M&M’s and after assembly, as
the hanging support for the pictures. On the back walls of
the space are shelves with unlabeled buckets, each
containing one of the 18 different colors of M&M’s used.

L«“M&M"” isaregistered trademark of Mars, Inc..

Each bucket is covered with paper of different color and
texture. Two other surfaces are also used for projection: a
painter's palette mounted on an easel and a wood board
first covered with oneinch thick foam and then topped
with white fabric. On the surrounding walls are completed
M&M pictures, giving users a notion of the final goal of
the assembly task.

2.1 Theuser experience

As the visitor arrives in the space, she sees the image
of an M&M projected on the painter's palette with the
instruction “Touch to begin”, as shown in Fig. 2a. When
the visitor touches the M&M “button,” the system
responds by projecting an arrow onto the palette and a
message inviting the visitor to “Come in.” The ED-
projector is then steered towards the foam-covered-board
where images of different colored M&Ms are projected
along with the invitation “Pick a color” (see fig. 2b). Here,
the user can select which color to place in this iteration by
simply touching the M& M of the desired color.

As soon as the system detects the user selecting the
color she wants to place, it projects a message on the foam
covered-board, asking the user to get a certain number of
M&M'’s from a highlighted can. The ED-projector then
rotates the mirror so it highlights the bucket that contains
the M&Ms of that color. It displays the message “Get n”,
(where n is the number of M&Ms to be picked up from the
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bucket) on the bucket’s frontal face. In addition, a button
with the word “done” on it, i.e., an image of an M&M
underlined by a pointing finger (see Fig.2c), is aso
displayed on the can. After retrieving the appropriate
number of M&M’s from inside the bucket, the visitor has
to touch this “done” button to communicate that the
picking has been completed (Fig.2c). Immediately
afterward an instruction to “ Go to the table” is projected on
the bucket and the ED-projector is redirected to the
Plexiglas board.

Fig. 3: A picture made of M&M’s

The ED -projector then indicates the precise location
where the M&M’'s should be placed (Figs.2d) by
projecting an image of the target locations on the canvas. It
aso displays the instructions “Place the M&M’s’, and
“Done ?” and an M&M button bbeled “yes’. After the
user places the M&M’s, she communicates the end of her
action by touching this button. At this point, the user is
invited to “Finger paint.” The vision system tracks the
position of the user’'s hand and fills in circles of the
appropriate color in the vicinity of the fingertip,
interactively completing the picture (Fig. 2e). At any time
the user can stop this activity by touching the “yes” button
to the right of the image (Fig. 2f). The system times out
after 40 seconds and shows the complete image to the user.

3. Gesture recognition for user input

A user’s interactions with the Everywhere Display are
detected with a single pan/tilt/zoom camera that is steered
to follow the projected image. A vision system examines
the video stream for user actions and generates events for
the application software. The camera is located adjacent to
the mirror assembly so that the camera's view of the user’'s
hand interacting with the display is generally occluded
only if she occludes the projected image itself, a situation

that is apparent to the users and which we assume she will
quickly correct.

The user interface is composed of individua
interactive components (widgets), similar to the way
current GUIs are composed of scroll bars, buttons, menus
and te like. Each widget provides a basic type of
interaction, such as triggering an event or controlling the
value of a parameter. A widget need not have a visible
representation on the display. Just as with current
interfaces, when the task changes the set of active widgets
changes as well. For insights into the design philosophy of
the user interface see[5].

The vision system makes no attempt to model the
user’'s activity. Instead it examines portions of the video
stream for image events that indicate auser has interacted
with a widget, and generates an application event in
response.

We have implemented two types of widgets for this
system: a button the user touches, and a tracking region
where the location the user is pointing at is determined. In
both cases the vision system first determines when and
where the user is pointing. For buttons it then looks for a
button touch motion in the trajectory of the pointing
fingertip. For tracking it passes the fingertip position
through a transfer function similar to that described in [4]
to obtain a pleasing pointing dynamics, and translates to
the coordinate system of theregion.

3.1 Pointing Detection

Detecting the user’s hand in the context of an ED -
projector presents several challenges. For one the
appearance of the user's hand changes drastically as it
moves through the projection. This makes techniques
based on color or appearance unusable. Similarly,
techniques based on background subtraction often give
unreliable results, as the projected image can conpletely
overwhelm the inherent color of the moving surface.
Hence, many of the techniques used in other gesture
recognition systems [15] will not work with projected
displays.

Even though the appearance of an object will change
as it moves across a projected image, it will create a region
of changed pixels that retains the basic shape of the
moving object (see Figs. 4a and 4b). Therefore each video
frame is subtracted from the frame before it, and noise is
removed with computational morphology.

When people reach out to touch or point at something,
they use a variety of hand shapes, but almost invariably
there is afinger that extends further than the rest by some
amount leading the way. We assume this fingertip
provides the most accurate estimate of where a user is
pointing.
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Fig. 4. a) Camera view of an interaction with a bucket; b) image difference data; c) overlay of search region
(square), button active area (circle), and the fingertip template shown at the pointing location.

We find fingertip-like shapes by convolving a
fingertip template (Fig. 5) over the difference image using
a matching function tuned so that the gray level in the
template determines the desirability of finding a changed
pixel at that location, and changed pixels in black regions
of the template are penalized more severely than
unchanged pixelsin the whiteregions. If the template does
not match well anywhere in the image, we assume the user
is not pointing.

The fingertip template is deliberately kept short so that
it will match fingertips that extend only slightly beyond
their neighbors and will match fingertips within a wider
range of angles. As a result the template often matches
well at several points in the image. We resolve between
these hypotheses by using the “fingertip” furthest from the
user.

This approach supports a tracking rate between 5 and
30 frames/second on a 500 MHz workstation for a
320x240 image, depending on the size of the search region
and the size of the fingertip template (as determined by the
expected size of the user's hand).

3.2 Button Touch Detection

A button touch event is defined to occur when a
fingertip is in the vicinity of a button, travels away from
the user to a point within the button and then returns
toward the user. Button touches are detected by examining
the hand trajectory for several specific patterns that
indicate this type of motion. If more than one button is
present in a configuration, and thereis any ambiguity about
which has been touched, only the button furthest from the
user is allowed to generate an event.

This algorithm works very well on interactions where
the user is asked to touch one button at atime. Importantly,
it also resists generating an event when the user’s hand
moves through a button on the way to or from another
location. The algorithm can fail when the user touches
several buttons without retracting their hand, or “flies’
their finger around in the image before touching a button.

Notice that although our vision system was built to
recognize the touching of a button, the image of a button

tends to elicit from the user a slightly different gesture, the
pressing of the button. We will address the consequences
of thisdifference | ater.

3.3 Calibration

For each surface where the user will interact with the
display, the vision system requires knowledge about the
location and size of the user's hand.  While this
information could be inferred dynamically from the shape
and motion of the changed region, to keep the
implementation simple we obtain it during calibration by
sizing and rotating a hand icon to match the image of the
hand. This approach assumes that the user will approach
the interaction area from a consistent location each time.
In practice this assumption worked well for most surfaces,
but failed often for others.

During calibration we also show the system the
location and size of buttons and tracking regions. A search
region is identified for each surface in order to help the
system ignore extraneous movement in the image and
speed response (see Fig. 4c).

The optimal recognition behavior varies from surface
to surface, depending on the requirements of the task. For
example on the selection screen (Figure 2b) false positive
button presses are very disruptive to the demo, while false
negatives, where the user must press again, are less
disruptive. Conversely on the buckets of M& Ms the false
negative rate is “naturally” higher because the user's
pointing behavior is less consistent. Here false positives
are less disruptive to the demo, while false negative results
make the problem worse.

Several parameters can be used to adjust the inherent
tradeoffs in the recognition system to match these desired
characteristics. In the case of the selection screen we have

2

Fig. 5: Fingertip template.
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the system emphasize a good fingertip template match,
which has the effect of lowering the false positive rate, but
increasing the false negative rate. For the buckets, we
place less emphasis on a good template match, as users
tend to point at the can buttons from a wide range of
orientations. We also ensure the search region extends
well above the button so that when the user reaches into
the can for M&Ms the trgjectory is more likely to fly
through the button and not stop inside.

All calibration informetion for a surface is saved in a
configuration file that is loaded each time the display
switchesto that surface.

4. Experimental Results

During the 6days of SIGGRAPH ’01 more than 650
people went through our demo and 4complete M&M
pictures were composed. The camera video stream was
recorded onto tape and the users’ selections were logged.

One objective of the SIGGRAPH experiment was to
use the large number of subjects to help determine the
main issues associated with the usage of projected
displays, which could then be explored more deeply in
controlled studies.  Since most of our users were
confronting a novel interaction paradigm, we were not shy
of giving them instruction as needed.

A problem that we detected early on was the 2 to 9
second delay required to move the ED -projector’s mirror
and adjust focus between surfaces. Even the fastest
transitions seem to be perceived as too long by the users of
the system. The problem seems to be exacerbated by the
lack of familiarity with the application, and by not
knowing on which surface of the environment the display
would appear next.

To minimize the perceived delay, the interaction was
changed so that the user always received some information
about what to expect next before the time-consuming
mirror movement. For instance, after the user touched the
“Done” button on a bucket (see Fig. 2¢), the instruction
“Goto thetable” wasimmediately projected. Although this
helped to alleviate some of the anxiety, confusion and
frustration we observed before the change, the delays were
still uncomfortably long.

Considering that the vision system and the projection
system were integrated for the first time only in the weeks
preceding the exhibition, the combined system worked
remarkably well. A sample with 130 consecutive users
with 621 button touch events (touching gestures or false
detections) yielded correct detection of touching gestures
up to 81%, with 12% of false negatives and 7% of false
positives, as shown in table 1. If the buckets are excluded
from the count, the performance exceeds 89%.

The buckets yielded a high number of errors for
several reasons. The biggest problem was that while
picking M&M’s from the bucket, the user often partialy or
completely occluded the display with their head or back.

Success falsepositives false negatives

Entrance 88% 9% 3%
select board 94% 2% 4%
buckets 55% 33% 12%
board (place) 91% 8% 2%
board (paint) 80% 2% 18%
total w/o buckets 89% 6% 5%
total 81% 12% 7%

Table 1: Performance of the vision system (130
users).

The user’s motion in such situations sometimes triggered
false positives for the button projected on the bucket.

Some fal se negative errors were due to the fact that the
system was tuned to detect a straight, forward, out-and-
back touch motion and the user sometimes assumed
otherwise. For example, when picking a color, some users
would fly their hand over several buttons, then press one
with a vertical motion that was not readily visible to the
camera. Others tried to wave their hands through the
buttons or made similar non-touching actions. The later
problem seemed particularly acute on non-standard
interaction surfaces like the buckets.

The assumption that a user will not interact with an
occluded button held true for most interactions, but there
was one instance when it was repeatedly violated. After
picking out their M&Ms from a bucket, a user would often
begin to walk toward the table, then realize that they had
not touched the “Done” button. Returning to the bucket
they would occlude the projection (and camera) with their
head or back just before they arrived, but they still
continued to reach out and touch the now dark bucket.

Finally, we credit the high number of false negatives
during finger painting to the reduced frame rate when
simultaneously tracking over a large area and detecting
touch events. Occasionaly the brief interval when the
finger was inside the button would fall between video
frames.

Either when trying to click a button on the hard
surface of the Plexiglas board or the soft foam board, our
users almost always applied pressure to the projected
“buttons.” When a button touch was not detected by the
vision system, the most common reaction was to try to
press again with more pressure. Other common reactions
were to use the whole hand instead of a finger, and to
change the touch motion to awave or some other action.

To reduce the excessive pressure users would often
apply to the surfaces, we changed the wording of the
instruction from “Press to begin” to “Touch to begin”
(Fig. 7a). Although this helped somewhat, it seems that
people expect buttons, even projected buttons, to react to
pressure.

Users also seemed to react differently to the various
surfaces on which the display was projected. Our users
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looked more tentative interacting with the fabric-covered
soft board and, especialy, the buckets than with the
painter’s palette in the entrance and the Plexiglas board on
the table. We often had to tell users to “Click the bucket”
after picking out the M&Ms, while interaction with the
more traditional surfaces came naturally. Are buckets
expected to be less interactive than tables? Our experience
at SIGGRAPH suggests an interesting hypothesis. people
seem to attribute different interactive capabilities to
surfaces transformed into touch-screens according to the
nature of the surfaces themselves. If true, this observation
may have implicationsin avariety of areas, e.g. [3]

5. Conclusions

The ED-projector introduces a new concept:
projecting an interactive display onto arbitrary surfacesin
the environment. This technology can be used as a generic
input/output device that can replace, in many situations,
current displays and interactive devices. Instead of being
limited to a fixed display, an application can now move to
wherever it is needed in the environment, such as a phone
book by the phone, or a database of papers by the file
cabinet. Computer and information access can be provided
in spaces where traditional displays can be broken or
stolen. An interactive display can also be brought to the
proximity of a user without requiring the user to move. In
particular, the ED-projector can facilitate the access and
use of computers by people with locomotive disahilities.
For instance, it can project an interactive display on a
hospital bed sheet without patient contact with any device.

Projected displays aso enable a new set of
applications where a computer acts on the physical world,
amost like a robotic arm made of light. These applications
can use the ED-projector to point to physical objects, show
connections among them, and project patterns to indicate
movement or change in the real world. The experiment
described here is an example of this class of applications.
We aso see the Everywhere Displays projector as a
potential enabler of a new generation of games that happen
not in the virtual world but are projected into the physical,
everyday world where we live [1].

In this paper, the viability of the ED concept was
demonstrated in an experiment where we guided severa
hundred first-time users through an assembly task. The
experiment was too simple to enable us to draw definitive
conclusions about how people react to a system that
transforms everyday surfaces into touch-screens. However,
it has alerted us about somre limitations of the technology
and has suggested guidelines for the design of such
applications. For example, it is evident that the switching
time between surfaces has to be either shortened or filled
with some sort of user feedback.

The analysis of our errors in detecting user input
points out many ways in which we can improve the
performance of the vision system. It has become clear that,

like in many other computer vision systems, domain
knowledge is essential to obtaining good performance.
This might include knowledge of where the user is located
during the interaction, what types of activities she is likely
to perform outside the context of the interaction, and what
types of errors are more or less disruptive to the
interaction.

Some of the most interesting research concerns what
interaction mechanisms are best suited for a display
projected on an arbitrary surface. Is a “button” the right
metaphor for interaction? As we demonstrated, we can
detect button-pressing actions with reasonable accuracy,
even with a single camera, but is this the right paradigm
from the user’s point of view for a widget that detects the
hand position, not pressure? How can more flexible and
expressive hand gestures play a role in these interfaces?
Should other body gestures and natural actions by the user
also play arole?
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