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Abstract

A major problem with interactive displays based on front-
projection is that users cast undesirable shadows on the dis-
play surface. This situation is only partially-addressed by
mounting a single projector at an extreme angle and pre-
warping the projected image to undo keystoning distortions.
This paper demonstrates that shadows can be muted by
redundantly-illuminating the display surface using multiple
projectors, all mounted at different locations. However, this
technique alone does not eliminate shadows: multiple pro-
jectors create multiple dark regions on the surface (penum-
bral occlusions). We solve the problem by using cameras
to automatically identify occlusions as they occur and dy-
namically adjust each projector’s output so that additional
light is projected onto each partially-occluded patch. The
system is self-calibrating: relevant homographies relating
projectors, cameras and the display surface are recovered
by observing the distortions induced in projected calibra-
tion patterns. The resulting redundantly-projected display
retains the high image quality of a single-projector system
while dynamically correcting for all penumbral occlusions.
Our initial two-projector implementation operates at 3 Hz.

1. Introduction

Camera-projector systems have recently been employed for
a variety of applications including the construction of seam-
less multi-projector video walls [3, 4, 8], real-time range
scanning [2] and immersive 3-D virtual environment gener-
ation [5]. These systems typically exploit camera-projector
synergy in two ways: (1) by casting light into the environ-
ment to observe the resulting change in scene appearance;
(2) by modifying the projected images in response to cam-
era input. For instance, a video wall can calibrate off-center
projectors by projecting a known test-pattern from each pro-
jector, observing the keystone distortions in the pattern (us-
ing the camera), and correcting the distortion by appropri-
ately pre-warping the image sent to each projector — so

that each projected image appears undistorted on the dis-
play surface. In a standard video wall, the projectors are
mounted so that the projection areas of adjacent projectors
overlap slightly. Unsightly seams in the overlap zone are
eliminated by precise projector registration and appropriate
blending of the contributions from adjacent projectors.

This paper introduces a new application for camera-
projector systems where multiple front projectors are used
not to increase the display size, but to generate redundant
illumination over the display surface. A multi-projector dis-
play with shadow elimination could provide a good alterna-
tive to expensive rear-projection systems that require spe-
cialized projection surfaces and space behind the screen for
projectors. As shown in Figure 1, the projectors are placed
at extreme angles but oriented so that their projection areas
overlap significantly. By appropriately pre-warping the im-
ages sent to each projector, the system generates a sharp,
keystone-corrected image in the overlap zone. Redundant
illumination makes the display resistant to occlusions: the
content in a partially-occluded region is readable as long
as one projector maintains an unblocked light path. Un-
fortunately, the occlusion still causes a shadow in that re-
gion (visible as a darker patch). This paper describes a sys-
tem that automatically detects and dynamically eliminates
these shadows so that the display surface appears shadow-
free even in the presence of multiple, moving occluders (see
Figure 3).

2. System Overview

The technical challenges involved in building a shadow
elimination system for multi-projector displays fall into the
following three categories. First, the system must accu-
rately align the projected images on the display surface;
poor image alignment creates double-images and keyston-
ing. Second, each occluder can create multiple shadows on
the display surface. Shadows where all of the light sources
are occluded are termed umbral, and those where at least
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Figure 1: An overhead view of the multi-projector display
system. Several projectors (P, P.) are placed such that
their projection areas converge onto the display surface (S).
A camera (C) is positioned so that S is clearly visible in
its field of view. Once the homographies relating P;, C, S
are automatically determined, the projectors combine their
pre-warped outputs to create a single high-quality image on
S. Each occluder in the environment may cast up to one
shadow per projector on the display surface. The shadow
elimination system locates these penumbral occlusions in
the camera image and dynamically adjusts the projected im-
ages to make the shadows disappear.

one light source is unoccluded are termed penumbral. By
definition, the system cannot control lighting within an um-
bra so we strive to avoid umbral occlusions by positioning
projectors so that the display is illuminated from several
different directions. All penumbral occlusions can be cor-
rected by projecting additional light into the region. Obvi-
ously, this light must come from one of the non-occluded
projectors, and the system must determine how to correct
each penumbral occlusion. Third, the system must precisely
adjust projector output to compensate for each occlusion. If
too little light is added, the shadows will remain visible; if
too much light is used, over-illumination artifacts will be
created. The shadow boundaries must be treated carefully
since humans are very sensitive to edge artifacts. As the oc-
cluders move, the system should respond swiftly to changes
in the shadowed region. The following subsections describe
the system and present our solutions to these issues.

2.1. Automatic Multi-Projector Alignment

As shown in Figure 1, several projectors are placed so that
their projection areas all converge onto a single display sur-
face S. The goal is to combine the light from the projectors
to create a single, sharp image on S. Clearly, one cannot
simply project the same raw image simultaneously through
the different projectors; not only does a given point on S
correspond to very different pixel locations in each projec-

tor, but the image produced on S from any single projector
will be distorted (since the projectors are off-center to S).

We assume that: the positions, orientations and opti-
cal parameters of the camera and projectors are unknown;
camera and projector optics can be modeled by perspective
transforms; the projection screen is flat. Therefore, the var-
ious transforms between camera, screen and projectors can
all be modeled as 2-D planar homographies:
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where (z,y) and (X,Y") are corresponding points in two
frames of reference, and 7 = (p1... po)T (constrained
by |[p] = 1) are the parameters specifying the homogra-
phy. These parameters can be determined from as few as
four point correspondences, using the technique described
in [7].

The homography for each camera-projector pair 7%, p,
can be determined by projecting a rectangle from the given
projector into the environment. The coordinates of the rect-
angle’s corners in projector coordinates (x;,y;) are known
a priori, and the coordinates of the corners in the camera
frame (X;,Y;) are located using standard image processing
techniques.*

The display area is either automatically determined us-
ing the camera, or interactively specified by the user. The
former case requires the display surface to be a white, rect-
angular projection screen against a contrasting background.
Such a screen shows up clearly in the camera image as a
bright quadrilateral, and can be unambiguously identified
by the automatic calibration process. The corners of this
quadrilateral fully specify the homography between camera
and screen T ,, and the homography between each projec-
tor and the screen T'p, s can be recovered using the equation:

—1
TPi,s = TC’PiTc,sv

where the homographies on the right hand side of the equa-
tion are all known.

Alternatively, the user can interactively specify the dis-
play area by manipulating the outline of a projected quadri-
lateral until it appears as a rectangle of the desired size on
the display surface. This directly specifies the homogra-
phy between the selected projector and the screen T'p, ; the
outline of the selected rectangle can then be detected in the
camera image as discussed above to determine the camera
to screen homography T+ ;.

The projector-screen homographies T'p, s model the ge-
ometric distortion (keystone warping) that is induced when
an image is projected from an off-center projector P;. This

IHough-transform line-fitting [1] locates the edges of the quadrilateral,
and its corner coordinates are given by intersecting these lines.



distortion can be corrected by projecting a pre-warped im-
age, generated by applying the inverse transform T, fs to
the original image.? Since TgilsTpi,s = 1, one can see
that the pre-warping also aIigns’the images from different
projectors so that all are precisely projected onto S. Ap-
plying the homographies derived from camera images, a
multi-projector array can thus be efficiently configured to
eliminate keystoning distortions and double images on the
display surface.

2.2. Occlusion detection

Rather than locating occluders by tracking objects in the
environment, the system focuses exclusively on detecting
artifacts on the display surface. These can occur for ei-
ther of two reasons. First, uncorrected penumbral occlu-
sions appear as darker regions in a camera image that can
be corrected by projecting additional light into the region.
Second, artifacts may be caused by over-illumination of the
display area, and occur most often when an occluding ob-
ject (whose shadows had been eliminated) moves away sud-
denly. These bright spots are corrected by reducing the light
intensity in the region. Our algorithm makes no assump-
tions are made about the locations, sizes or shapes of oc-
cluders.

Figure 2 illustrates the algorithm. During its initializa-
tion phase (when the scene is occluder-free) the system
projects each presentation slide and captures several camera
images of the projected display. These images are pixel-
wise averaged to create a reference image for that slide,
and this image represents the desired state of the display
(Figure 2, top left). The goal of occlusion detection is to
identify regions in the current image that deviate from this
ideal state. During operation, the system camera acquires
a current image of the projected display which may con-
tain uncorrected shadows. For example, the image shown
in Figure 2 (center left) has two dark regions, correspond-
ing to the two penumbrae cast by one person standing in
front of the display (each projector creates one shadow).

Since the display surface remains static, a pixel-wise im-
age difference between current and reference camera im-
ages can be used to locate shadow and over-compensation
artifacts. To reduce the effects of camera noise and minor
calibration errors, we apply a 5x5 spatial median filter to
the difference image. A negative value in a difference im-
age pixel means that the corresponding patch on the screen
was under-illuminated in the current image. This informa-
tion is represented in terms of an alpha mask (a:), which
when applied to the current camera image, should bring it
closer to the reference image. Alpha values range from 0
(dark) to 255 (bright), and the mask is initialized to 128 at

2In our current system, this pre-warp is efficiently implemented using
the texture-mapping operations available in standard 3-D graphics hard-
ware.

t=0. The use of the alpha mask is described in the next sec-
tion. The alpha mask is updated at every time-step using the
following simple feedback system:

a(z,y) = ar-1(2,y) — v (Li(2,y) — lo(z,9))

where I, is the camera image at time ¢, I, is the reference
image, and -y is a system parameter (set to 0.25 in our im-
plementation). For a static scene, the alpha mask converges
to a stable fixed point in a very short period of time.

A noteworthy point about our system is that all of the
projectors in the multi-projector system use the same alpha
mask for shadow removal, as described in the following sec-
tion.

2.3. Shadow elimination

The alpha mask (described above) integrates the previous
state of the shadow correction, and information from the
current difference image. However, since it was computed
in the camera frame of reference, it must be transformed
into the screen frame of reference before it can be applied;
this is done using the camera-screen homography 7. s dis-
cussed in Section 2.1.

Applying the alpha mask to the current slide is straight-
forward: the warped alpha mask simply replaces the alpha
channel of the slide image. The slide is then pre-warped
for each projector (using its particular screen-to-projector
homography) and displayed.

It is surprising that projecting the same slide from all
projectors correctly eliminates all of the penumbral shad-
ows! This can be explained by the following argument.
Consider the two-penumbra shadow configuration gener-
ated by the two-projector, one-occluder system shown in
Figures 1 and 2 (the result holds for all penumbrae gen-
erated by any number and configuration of projectors and
occluders). From P1’s perspective, the left high-alpha re-
gion falls precisely on the left penumbra (Shadow?2) while
the right high-alpha region harmlessly over-illuminates the
occluder. From P2’s perspective, the left high-alpha region
falls on the occluder (without effect) and the right one cor-
rects for the right penumbra (Shadow1). Thus, both projec-
tors are able to use the same slide to eliminate shadows.

Since we do not have good photometric models of the
environment, projectors or camera, we cannot predict pre-
cisely how much light is needed to remove a shadow. How-
ever, the iterative feedback loop used to update the alpha
mask allows us to avoid this problem: the system will con-
tinue adding light to shadowed regions until the region ap-
pears as it did in the reference image. This approach has
additional benefits. For instance, the system is able to cor-
rect for the fuzzy occlusions caused by area light sources
(e.g., the diffuse shadow created by a hand moving near
the projector) without requiring any explicit model of the
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Multiple projected images are blended into a single multi-projector display.
Bright regions in the compensated slide precisely fill in the darker regions.

This diagram summarizes the occlusion detection and shadow elimination algorithms. The images in the left

column were taken by the system camera during operation. The two penumbral occlusions caused by the person blocking
both projectors are identified and corrected to create a shadow-free display (bottom left). See text for details.

shadow formation process. The drawback to such an iter-
ative technique is that the alpha mask can require several
iterations to converge; in practice, shadows are eliminated
in approximately 3 iterations.

3. Results

The experiments described in this section are based on
the following implementation. Images are acquired using
an NTSC camera (640x480) attached to a PCI digitizer;
the output subsystem consists of two Compagq MP-2800
XGA-resolution (1024 x 768) DLP microportable projec-
tors driven by a dual-headed graphics card; the software
runs on a standard workstation, and image warping exploits
OpenGL texture-mapping primitives. The projectors are po-
sitioned on either side of a whiteboard and the camera is
mounted at an extreme angle to ensure occlusion-free cover-
age of the display surface. The location, orientation and op-
tical parameters of the camera and projectors are unknown.

We evaluated the shadow elimination system on three
criteria: (1) image quality; (2) responsiveness; (3) ease of
use. These experiments are discussed below.

3.1 Imagequality

The primary goal of the multi-projector display system is
to project high-quality images that remain shadow-free in
the presence of occluders. In multi-projector display blend-
ing, any inaccuracies in the homography estimation lead to
misalignment in projected images creating glaring artifacts
such as double-images. Figure 3 shows views of the same
slide projected on single- and multi-projector displays; the
multi-projector display is as sharp as the single-projector
display and the effect of shadows is dramatically reduced.
With dynamic shadow elimination, (Figure 3, right) the re-
maining penumbral occlusions completely disappear.

These qualitative results were confirmed by experiments
comparing our shadow elimination system’s performance
with baseline one- and two-projector systems. A series of
slides were displayed using the three systems, first with-
out occluders and then with static occluders in the scene.
Images of the display region were captured using a tripod-
mounted camera. We computed a sum-squared-difference
(SSD) of the grey-level intensities (over the pixels corre-
sponding to the display region in the camera image) for each
slide pair (with and without occluders). Table 1 summa-
rizes these results. As expected, the (umbra) shadows in the
single-projector display are the major source of error. We
see a significant improvement with two projectors since the



Figure 3: Comparison between different projection systems. Left: in a single projector display, a single occluder creates a
sharp shadow on the display. Center: in this multi-projector display, the outputs from two off-center projectors are blended over
the entire surface to create an equally sharp image; the occluder now creates two darker regions rather than a single shadow.
This is an improvement over the single-projector system since the information in the occluded regions (e.g., the CVPR logo)
is now visible, albeit faintly. Right: the shadow elimination system locates these blemishes and removes them by boosting
the light intensity in those regions. The resulting shadow-free display looks as good as the original image. These results
are also shown in a short video (included in the CD-Rom proceedings) available at http://www.cs.cmu.edu/"rahuls/
Research/Projector/.



Table 1: SSD error between an unoccluded reference
image and the same scene with a person occluding both
projectors. A two-projector display markedly improves the
display by muting the shadows. The shadow-elimination
system removes the remaining artifacts and results in an
almost-perfect image (see Figure 3).

SSD error over entire display

One projector 381.19 x 10°
Two projectors 56.15 x 106
Shadow elimination 21.19 x 108

majority of occlusions become penumbral. Finally, the best
results are achieved when these penumbral occlusions are
actively eliminated.

3.2 Responsiveness

Since our shadow elimination algorithm uses an iterative
technique, we wanted to confirm that the method converges
quickly to a stable value without excessive oscillation or
overshoot. Figure 4 shows a trace of the SSD between the
current and reference images during one such experiment.
As expected, there was no difference between reference and
current images until ¢=3.5, when an occluder was suddenly
introduced into the scene, at which point, the SSD spiked
up. Once the occluder slowed down? (t=4), the shadow-
elimination algorithm was able to reduce the SSD error to
near its original levels. The remaining error is mainly due to
“halo” effects (the occluder’s leading edge created a shadow
while trailing edge created an inverse-shadow). At ¢=11,
the occluder abruptly left the scene, momentarily leaving
inverse-shadows on the areas of the display that were pre-
viously occluded. However, within three iterations, the sys-
tem removed these artifacts and returned to its unoccluded
state.

A benefit of using a feedback system for shadow elimi-
nation (as opposed to a photometric model approach) is that
the system is surprisingly robust. For instance, if one of
the projectors in the multi-projector array fails, the alpha
mask will uniformly increase, and the remaining projectors
will brighten their images to compensate. Furthermore, the
overall brightness of the entire multi-projector array can be
changed simply by adjusting the camera aperture.

3.3 Easeof use

A major concern with multi-projector displays is that they
typically require tedious manual calibration and alignment.

3The current implementation of our system updates at 3 Hz, and cannot
correct for fast-moving occluders.
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Figure 4. A trace of the SSD error (difference between
current and reference camera images over the display re-
gion) during the operation of the shadow elimination sys-
tem. The occluder is introduced at =4 and abruptly removed
at t=11.5. The shadow elimination system restores the ob-
served display intensities in three iterations. The SSD error
is non-zero while the occluder is moving due to system re-
sponse lag.

Ease of use was of particular interest to us because we
wanted to exploit the portability of lightweight (3 Ib) projec-
tors with the goal of deploying the system at a presentation
site within minutes.

The system offers two options for vision-based self-
calibration (in addition to the backup manual alignment).
The first is fully-automatic: when the display surface can
be unambiguously identified in the camera image, the sys-
tem automatically derives the projector-screen homography.
Projector-camera homographies are always derived auto-
matically (by projecting a known test-pattern into the en-
vironment). Thus, in good conditions, the multi-projector
display system can calibrate itself without human interven-
tion.

The second self-calibration mode is semi-automatic, and
is employed when the user wishes to interactively specify a
particular display region. The system observes the user’s se-
lection in the camera image and automatically adjusts pro-
jector homographies so that the image appears in the desired
region. Either calibration mode is significantly faster than
manually specifying the transforms needed to align multiple
projectors.

4. Related Work

The authors are not aware of any prior work in active
shadow elimination for projected displays. Research in



the area of camera-assisted multi-projector displays is be-
coming more popular, particularly in the context of seam-
less video walls [3, 4, 5, 8]. However, none of these have
explored the idea of using multiple projectors to create
redundantly-illuminated displays. A simple feedback sys-
tem, similar to the one presented here, was used by [8] to ad-
just projector illumination for uniform blending in the over-
lap region of a video wall. Shader Lamps [6] employs mul-
tiple projectors to synthesize illumination effects on real-
world objects; that system assumes that detailed 3-D mod-
els of the objects are available, and does not use camera in-
put. The self-calibration techniques used in this paper were
adopted from [7], where they were applied to the task of
automatic keystone correction for single projector systems.

5. Conclusion

We have developed a practical solution to the problem
of shadows on front-projection systems. By redundantly-
illuminating the display area with multiple self-calibrating
projectors, the majority of occlusions become penumbral.
These can be actively corrected by adjusting the output of
the projectors to create a high-quality, shadow-free display.

However, shadow elimination has its price. Our tech-
nique requires multiple projectors, and a significant por-
tion of each projector’s available pixels is wasted since it
falls outside the display surface. Fortunately, microportable
projectors are becoming increasingly affordable and, with
shadow elimination in mind, one can design projectors with
optics that waste fewer pixels while displaying a focused
image on an obliquely-oriented surface.

We are extending the system in the following areas.
First, we are exploring shadow detection as an interface
medium that enables users to interact with a projected dis-
play as if it were a touch screen. Second, we are optimiz-
ing our system so that it will run at frame rate. Finally,
we are implementing a new shadow-elimination algorithm
that removes light from occluding objects in addition to re-
moving shadows. Such a system would enable a presenter
to stand in front of a multi-projector display without be-
ing blinded by any of the projectors; our preliminary re-
sults look very promising. For further details, including
video clips, please see: http://www.cs.cmu.edu/
“rahuls/Research/Projector/.
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