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Abstract

Traditionally, a user has positioned himself/herself to be
in front of a display in order to access information from
it. In this information age, life at work and even at home
is often confined to be in front of a display device that is
the source of information or entertainment. This paper
introduces another paradigm where the display follows
the user rather than the user being tied to the display. We
demonstrate how steerable projection and people tracking
can be combined to achieve a display that automatically
follows the user.

1. Introduction

Displays are a dominant aspect of our life at work and at
home today, with the proliferation of computers,
televisions, game consoles and other information and
entertainment devices. Current office design, work-style,
and even living room design are driven largely by the
need to be in front of afixed display. How will our style
of functioning and the design of our working and living
spaces change if displays are not tied to specific devices
or surfaces? Is it possible for a display to appear on an
appropriate surface depending on where the user is? In
this paper, we introduce this notion of a user-following
display and present one method to realize such adisplay.

We propose steerable projection as away to emancipate a
display from fixed devices or surfaces. Figure 1 shows a
device called the Everywhere Displays projector (ED-
projector) [6] which integrates an LCD projector and a
computer-controlled mirror to steer a display on to any
surface in an environment. As an image is steered on to
different surfaces, it has to be pre-corrected for oblique
projection distortion, as discussed in [6]. As seen in
Figure 1, a steerable camera is also combined with the
steerable projector. The camera can be used to recognize a
user’s hand gestures and to allow user interaction with the
projected display as discussed in [4]. While previous
papers [6,4] have presented the steerable projection and
vision-based interaction aspects of the ED-projector, this
paper focuses on how a user-following display can be
achieved with the ED-projector.

We define a user-following display as one that appears on
an appropriate surface in an environment, at the
appropriate size, shape, and orientation, depending on the
position of a user in the environment. While there are

other interesting aspects such as adapting the resolution
and colors of the display, depending on the user’ s position
and the current display surface, we restrict ourselves here
to the issue of appropriately positioning the display.

Figurel. Everywhere Displays projector: a) projector
with rotating mirror; b)detail of a complete
prototype with an integrated pan/tilt/zoom camera.

There has been significant amount of previous research in

augmenting reality and creating large-scale displays using

projected images[7, 9, 12]. However, the issue of a user-

following display has not been addressed. The work that

comes closest is [8] where cameras are used to track a
user and a computer that is close to the user is

automatically activated. Our work is unique in combining

steerable projection with people tracking. Here, the user-

following display can appear on virtually any surface.

A user-following display system based on the ED-
projector should: () have a model of the environment
(especially, all the displayable surfaces); (ii) track the
position and orientation of the user in the environment;
(iii) dynamically select a display surface based on the
position of the user; (iv) determine the orientation, shape,
and size of a display zone on the selected surface; (v)
choose the appropriate projection parameters for the
selected display zone (including focus and zoom of the
projector, orientation of the mirror, and the image pre-
warping transformation); and (vi) project the image using
these parameters. |mportantly, the selection of the display
zone should ensure that the user does not occlude the
steered projected display.



There are several challenges in realizing such an
automatic user-following display. Some of these include
model update, discovery of display surfaces, dynamic
calibration/state update of the projector-mirror system,
and determination of head orientation and field of view of
auser. While we continue to work on these issues, in this
paper we present a first version of a user-following
display that relies on pre-calibration of display
surfaces/zones.

2. A Pre-calibration Based Method for User-
Following Displays

Figure 2 shows an overview of our proposed method for
user-following displays. A camera-based tracking system
dynamically determines the position of a user in an
environment. Multiple cameras are used to cover a large
environment. We use camera calibration parameters [10]
to map the image location of a user to world coordinates.
A search for an appropriate display zone is then
performed over a set of pre-specified display zones. A
pre-calibration procedure for each display zone yields the
projection parameters and the homography [1] that warps
an image so that its projection is aligned with the display
zone. Once a display zone is dynamically selected based
on user tracking, the corresponding parameters drive the
projection system resulting in a display that follows the
user.
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Figure2. Overview of pre-calibration based method
for a user-following display.

21 Environment modeling and pre

calibration
The user-following display system maintains a 3D model
of its environment. Figure 3 shows an example VRML

model of a lab environment, built using measurements
made in the lab. Possible display zones in the
environment are identified beforehand. Figure 3 shows
several pre-specified display zones. The system stores the
world coordinates for each display zone. When a user
specifies a display zone, he or she also performs a
projector calibration procedure. Currently, we provide the
user with a graphical interface to control the orientation of
the ED-projector’s mirror, and the zoom and focus of the
projector. The user projects a rectangular calibration
pattern on the display zone. This pattern is not aligned
with the display zone due to oblique distortion. The user
then uses the graphical interface to align the vertices of
the projected rectangle with the vertices of the display
zone. In this paper, we assume quadrilateral planar
display zones.
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Figure3.A 3D environment model with specified
display zones (dashed lines indicate a display zone
on the opposite face of the object).

The mapping between the original image coordinates of
the rectangular pattern and the image coordinates after
alignment with the display zone specify the homography
for pre-warping any image to appear in the display zone.
After this calibration procedure, the system stores the
homography parameters as well as the focus, zoom, and
orientation parameters of the ED-projector corresponding
to the specified display zone.

2.2 User Tracking

In this version of the user-following display system, we
adopt a real-time camera-based head tracking technique to
determine the position of the user in the environment. The
head tracking technique is based on motion, shape, and
flesh-tone cues. Similar head tracking approaches have
been reported in [3,5,11]. We first perform a differencing
operation on consecutive frames of the incoming video
and threshold the result. A morphological closing
operation then removes noise and fills up small gaps in
the detected motion regions. A standard contour-tracing
algorithm then vyields the bounding contours of the
segmented regions. We then smooth the contours and
compute the orientation and curvature along the contour.

We then analyze the shape of each contour to check if it
could be a head. We look for curvature changes



corresponding to a head-neck silhouette (concavities at
the neck points and convexity at the top of the head) with
the head pointing up and for the circularity of a head
shape. We then check for sufficient flesh-tone color
within the detected head region by matching the color of
each pixel within the head contour with a model of flesh
tone colors in normalized r-g space. This technique
detects multiple heads in real time. In the current system,
wetrack asingle user in the environment (see Figure 4).

Figure4. lllustration of camera-based head tracking

Once the head region is detected in an image, we estimate
the corresponding position of the head in world
coordinates by making several assumptions. We assume
that the user is upright and that the approximate height of
the user is known. Using camera calibration parameters
derived from the procedure in [10], we find the
intersection of a line from the optical center through the
detected centroid of the head in the image plane with a
horizontal plane at the assumed height of the user’s head.

2.3 Display Zone Selection

After estimating the user location in an environment, we
select a display zone by searching over the set of pre-
determined display zones (see Section 2.1), based on
some constraints. The display zone selection policy
depends on the application, and is typically driven by
knowledge of the position and orientation of the user. We
have implemented a simple policy in this version of the
system. The center of azone should be at least 2 feet from
the head location and no more than 12 feet away. The line
from the head location to the center of a display zone
should be less than 45 from the normal to the display
zone. This line should also be less than 45 degrees in tilt
and 90 degrees in pan from the viewing direction of a
user. Within these constraints, the display zone that is
closest to the user is selected.

While we are working on estimating head orientation, a
user’s viewing direction is not directly estimated in our
current system. The system maintains a history of head
tracking information and assumes the user's angle is
aligned with the direction of motion. The constraint on the
tilt angle is enforced assuming a horizontal viewing
direction for the user. Determining a user's head

orientation or gaze is an active area of research (see, [2]
for example).

2.4 Occlusion detection

An important consideration is that the user should not be
in the way of the projection for the selected display zone.
Therefore, after selecting a display zone as described in
Section 2.3, the system performs an occlusion check. To
do this, the projector has to be calibrated in 3D. We
perform such calibration as an additional step during the
display zone calibration procedure described in Section
2.1. This procedure is very similar to the camera
calibration procedure described in [10]. In camera
calibration, a set of known points in the real world are
matched with their corresponding locations in the
camera’s image plane. The projector calibration
procedure records the real-world coordinates of a set of
projected points with their known locations in the
projector’s image plane. The computation of projector
parameters is then identical to the computation of camera
parametersin [10].

Figure5. Detection of occlusion of a display zone. In
this situation, the occlusion check results in the
selection of the upper display zone over the lower one.

To detect occlusion, we check for intersection between
the frustum from the optical center of the projector to the
vertices of the display zone and a box defining the
bounding volume of a user (see Figure 5). If occlusion is
detected, the next best display zone is selected (see
Section 2.3).

3. Resaults

We implemented a user-following display system in a
24'x20' lab with a height of 9 feet. A single ED-projector
is placed towards the middle of the room closer to one of
the longer walls. From this position, the ED-projector is
able to hit most of the surfaces in the room except on the
wall behind it. We use two cameras, each tracking the
user over a different part of the room. We defined more
than 30 display zones in this environment on various
surfaces such as desks, filing cabinets, walls, whiteboards,
and the floor.



Figure 6 shows examples from a sequence where the
display (picture of a cartoon face) follows the user as he
moves around the environment. The image to the left of
the figure indicates the path taken by the user (in red).
The upper part of the image shows the camera that tracks
the user as he walks along this path. During the sequence,
the display moves across seven different zones on the
walls, the four filing cabinets, and the desk. Four of these
are shown in the images to the right of Figure 6,
corresponding to the marked positions on the path.

One of the limiting factors in our system is that the ED-
projector’s mirror takes about 5 seconds to precisely
switch between surfaces. We are currently able to rapidly
move the display across different zones on a large single
surface such asawall. Here, we keep the mirror static and
zoom the projector out to cover the whol e surface.

4. Conclusions

We have presented the concept of a user-following
display and realized such a display using steerable
projection and camera-based tracking. The method
presented here involves a significant calibration overhead.
However, this one-time overhead is acceptable and
practical in anumber of application environments.

Several steps can be taken to improve the effectiveness of
the system presented here. These include precise mirror
motion to ensure continuous steering between surfaces,
tracking with stereo cameras to more accurately
determine the 3D location of the user, and tracking of the
orientation of the head. A significant research challengeis
to build a system that performs dynamic self-calibration
and display zone selection instead of relying on pre-
calibrated display zones.

Position 3.
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Fig.6. Example sequence illustrating the user-following display. Left: An image of the environment showing the path
followed by a user. The tracking camera is seen at the top. Right: Four images showing how the display moves to
different zones depending on the user’s position (corresponding user positions are marked in the image on theright).



