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Abstract

Multi-projection walls are often used in advanced virtual reality applications. However, most dedicated hardware
available for these systems is very expensive. Our approach focuses on developing alternative solutions using
inexpensive commodity projectors and cluster computing. Unfortunately, using inexpensive projectors raises in-
teresting problems in terms of color and intensity matching, which need to be approached to ensure reasonable
image quality and precision. Indeed, commodity projectors do not have good color or brightness inter-projection
stability or control. This means that two "identical" projectors (model, lamp life), operating at the same temper-
ature, can present widely different color and brightness output given the same input signal. Our technique uses
graphics card resources to control the output video stream before it reaches the projectors. An inexpensive cam-
era is used to capture the display image. In this way we can identify color variations in the projected image and
then adapt the graphic card’s gamma curve to achieve good color and brightness balance amongst tiles. Visual
inspection shows good results, which can be improved by careful choice of commodity devices.

1. Introduction

In recent years, projection walls were used by many re-
search centers for large scale display applications in virtual
environments. However, many settings still pose consider-
able problems regarding brightness and color balance. Un-
fortunately the human eye is very sensitive to variations in
brightness and color nuances. It can detect subtle differences
in these characteristics. Since each projector has a differ-
ent color gamut, in order to produce a homogeneous multi-
projection display, it is necessary to balance brightness and
color matching across different projector devices in a display
wall.

Photometric correction in projection walls is a common
task, which is usually performed manually by using spectro-
radiometers and visual inspection. However, this is a time
consuming and difficult task which often requires periodic
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re-calibrations, due to normal drift in projector output. Our
approach uses simple low-resolution web cameras to do this
task and get satisfactory results, close to those achievable
by manual operation. Furthermore, web cameras are about
one thousand times cheaper than the more expensive, and
sophisticated spectroradiometers. By collecting display im-
ages using the web camera, is is possible to assess both
color and brightness errors and reduce these, in a few steps
to achieve an homogeneous appearance across the display
mosaic. Since our approach is geared to displays driven by
computers in a cluster, the correction for a given projector is
achieved by changing the gamma curve stored in the graph-
ics card of each node that drives a projector. Moreover, as the
calibration is configured directly on the graphics card, appli-
cations running on the display wall can use this calibration
without any changes or reduction in performance, since the
application is already ported to a distributed environment.

2. Related Work

Many publications dealing with photometric calibration are
very recent [BMY05] [MHTW00] and most of them focus
on intra-projector calibration. Although this approach cre-
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ates a smoother image, it also requires extensive modifica-
tions to the image displaying software which entail severe
reductions in frame rate. Other research [HJPS00] on tiled
projection systems addresses gamut matching. This tech-
nique also uses cameras for image capture but sets the cali-
bration in the projectors. Furthermore, it is recommended to
do a first step color calibration in the projectors although this
creates a device dependent solution which limits its utiliza-
tion. Some more recent work [MR03] resorts to feeding light
inside the projectors, through fiber optics, using one single
lamp and also sharing the diachronic filter. While this solu-
tion is optimal concerning output matching, using a single
lamp creates scalability problems. Moreover small visible
differences remain in the color and brightness of each pro-
jection image.

A non parametric full gamut color matching algorithm
was developed [WHC03] with good results, but this tech-
nique uses data set from colorimeters which are cheaper than
most spectroradiometers. However these are not a commod-
ity device and they are still much more expensive than com-
modity web cameras.

Optimized color gamut equations were developed to work
around the color and brightness non-linear characteristics of
projectors [BE03]. While these might provide good approx-
imations to the color space, the resulting higher order equa-
tions are not very easy to solve. Furthermore, the quality of
the results was not clear since the algorithm was not imple-
mented.

The research project described in this paper does not cover
intra-projection calibrations (the variation that occurs across
the field-of-view of a single projector). This is well covered
in the related work discussed above. Our approach focuses
on compensating inter-projector fluctuations.

3. Problem Tackled

The main problem in multi-projection walls lies in color
and brightness differences across projectors. Even from a
fixed user position it is possible to notice large differences
amongst projected areas, which negatively impairs the user
experience.

As we have seen, different projectors will have different
lamp characteristics both in terms of color temperature and
brightness. Also, lamps age differently in both color and
brightness. This means that neighbor projectors will show
different colors and brightnesses given the same input and
furthermore that even for matched projectors colors will shift
differently. Also, color filter optical properties can vary for
each projector, producing different spectral colors.

Moreover, the screen has some specular amount of light.
To reduce this effect, projection screens usually have several
layers of the same material to increase diffusion and try to
achieve a unity gain. This leads to a prism effect, where re-
fraction of incident light depends on its wavelength and the

relative positions of user and projector. All these issues cre-
ate chrominance variations in the resulting image which are
difficult to overcome.

3.1. Setup

The setup used for the experiments [dAGJ∗05] is a high-
resolution 4x3 tiled rear-projection wall, with a single screen
and low cost projectors (HP vp6100 series digital projec-
tor). Each projector is connected to the video output (nVidia
Quadro FX 3000) of a cluster node also composed of HP
workstations (xw4100 workstations) running Gentoo Linux.
A server (HP xw6200, Linux also) coordinates the cluster
basic operations, such as wakeup and sleep, dispatch and
control applications. Our setup is connected through a dedi-
cated 1 Gigabit network controlled by the cluster server. Fig-
ure 1 shows an overview of the projector support structure.
We developed special calibration tools to ensure projector
alignment and correct positioning of the resulting images on
the screen.

Figure 1: Projector setup and Support structure

The calibration application uses a commodity camera
connected to the server to retrieve raw image information
from the projection grid. The non linearity and interferences
of color and brightness within the projectors are due to the
fact that these use an additional white filter in the color wheel
inside the projectors to enhance brightness. Usually more ex-
pensive projectors for virtual reality applications do not use
this white filter in the color wheel, or they uses dichroic mir-
rors or a three DLP chip setup with static filters - one for
each primary color. Some more specialized high-end projec-
tors [CSB03] or [Chr03] come with a color and brightness
detector inside them. Some manufacturers look for dichroic
mirrors and lamps with the same behavior and physical char-
acteristics, to reduce the photometric calibration problem.

Another important issue regarding the web camera is that
it must support an exposure control to specify a scan fre-
quency lower than the color wheel cycle, otherwise images
will show color artifacts like those shown in Figure 2 in
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which each surface in the mosaic shows a different color.
This is because the colors of the projectors are perceived as
white due to integration in the human eye, but because each
color wheel was in a different position when the picture was
taken, the colors in the image are not those expected. On the
other hand longer exposure times, lead to saturation prob-
lems. Another aspect of the camera is that it is more sensi-
tive to the non lambertian effects of the screen than human
eyes, increasing the hot spot effect. Finally in certain lighting
conditions the camera lenses may create blurred images.

Figure 2: Uncalibrated Multi-Projection Wall

4. Matching Brightness and Colors

Although gamma correction control has been long available
in supercomputer operating systems at device-driver level, in
Linux it has only been fully available since XFree86 release
4.3.0 . Now it is possible to control the gamma curve of the
graphics card by using look-up-tables. Therefore it is possi-
ble to change color values for each pixel before it is sent
to the DAC converters (NÃO NECESSARIAMENTE OS
NOVOS PROJETORES TRABALHAM DIRETAMENTE
DIGITAL SEM A NECESSIDADE DE UM DAC) in the
graphics card. These look-up-tables are available for each of
the three primary colors (RGB).

The first step in calibrating color and brightness is to get
a projection sample in order to fix the projection variations.
To gather projection samples a snapshot of the projection
screen is taken to be analyzed. Since there is a big difference
in brightness, and sometimes in color, inside each projection
area depending on the camera point of view it is necessary to
provide a good measurement in order to average the colors of
each tile in the display mosaic. Also, as the samples of each
projection area are taken at the same time, the camera is not
aligned with the direction of projection in each mosaic. Thus
the brightness changes drastically along the field of view for
each tile. This makes it necessary to estimate the distortion

between the projectors, the screen and the camera. This ap-
proach creates a great flexibility, otherwise having to place
the camera in front of each projection area in the mosaic
would make the operation more complex and cumbersome.

A way used to discover the deformation is by using the
image brightest spot as the focus (ϕ), and then use it as a
parameter to apply over each pixel. As it is also easy to dis-
cover the proportional width of the projection area in the
image (∆w), we can use the cos4(α) rule [Sto01] to decrease
the influence as the pixels move away from the focus. We de-
cided by this approach, because otherwise we had to know
the projection, screen and camera relative positions before
the calibration, making the system less flexible. With our ap-
proach the camera can be used almost immediately, the only
information required being the lens aspect ratio. As our sys-
tem uses a 1:1.2 lens we can use this information to discover
the angular variation. For other systems this constant must
be changed. The equation 1, 2 and 3 provide a good approx-
imation for the characteristic color and brightness values of
each projection surface in the mosaic.

∆ϕ =
√

(x−ϕx)2 +(y−ϕy)2 (1)

V =
size

∑
i=0

RGB∗ cos4(arctan(∆ϕ/(∆w∗1.2))) (2)

v = V/size (3)

The next step is to display the three primary colors, as
shown in Figure 3. The camera stores the tristimulus val-
ues of each individual color. Initial versions used solid white
images to get the tristimulus values, but using the primary
colors yields a better result for the camera, at the cost of
three, instead of one, image projection and processing steps.
This result is justified by greater color saturation in solid
white than in three separate color projections. Indeed sam-
pling solid white images inserted greater measurement errors
that threw off our calibration efforts.

As we calibrate the brightness, the colors shift. This is be-
cause the projector does not haver a linear response to the
input color signals. This error requires more than a simple
1-dimensional lookup table for each color to properly match
color spaces between projectors. Actually it is possible to
see this artifact, by displaying a gray scale ramp, that color
shifts in the gray scale levels. Thus, changing the primary
colors does not affect the brightness values as expected. This
behavior leads to a difficult situation. To overcome this the
calibration algorithm try to maintain the same proportional
level of each color in each projector. As digital projectors do
not have a linear behavior in the primary colors, there is no
practical method to find a possible color gamut common to
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Figure 3: Primary Colors and White Mask.

all projectors, we decided to proceed with a iterative method
looking for the best color and brightness balance amongst
projectors. Since the brightness levels of projectors are al-
ready set to their maximum levels, it is not possible to in-
crease the brightness for calibration. Our system then starts
to decrease the intensity of the saturated color in each pro-
jector, and then the projectors begin to show uniformity in
their color gamut. In the next calibration step, the brightness
of each projection area is averaged and decreased as neces-
sary. Since the displayed colors do not behave linearly as we
change the brightness, it is necessary to re-calibrate at each
step. We usually need two or three steps to achieve good re-
sults. Special projection systems, use the opposite approach,
first adjusting the brightness and then the color values. In
our case, as this procedure severely reduces the projection
brightness, we opted for to use the opposite strategy.

As we have seen, reducing brightness creates a color shift,
which makes it necessary to perform a calibration in the in-
termediate color input levels. Our tests suggested that dis-
cretizing color intensities in up to eight levels provides good
results for the calibration and does not saturate the look up
tables. Using more levels will create problems and prevent
possible user manipulation of the curves. One issue that usu-
ally presents lots of problems is the darkest image setting
(absolute black). This is because digital light projectors leak
some light even in the absence of signal, since the DLP chip
set-up scatters some of the incident light. In these cases we
need increase the brightness of the darker projectors in or-
der to maintain the same black setting across all displays.
It is also important to maintain the lowest overall intensity
level possible, otherwise this setting can result in too bright
an image at the darkest setting.

Applying the above steps reduces the dynamic range of
the projectors, and this significantly impairs the projec-
tion brightness and quality. A good way to mitigate this is
to use intensity–matched projectors, since low–brightness
projectors can impair the whole system. Our experiments

showed that one of the twelve projectors had lower bright-
ness ranges, as can be seen from Figure 3. In order to main-
tain the overall dynamic range of the projection wall we
gave up calibrating that specific projector and are working
towards replacing it at the time of this writing.

5. Software Approach

The application developed for this work is based on a clien-
t/server architecture using sockets for the communication
and XML as protocol. Each node runs a C++ client whose
main purpose is to deal with color and pattern commands re-
ceived from the server. The server gathers information using
the camera and runs their color convergence algorithm. The
server was implemented in Java. Both client and server use
very distinct libraries mainly because C++ APIs are better
suited for interfacing the graphics card drivers while Java
Runtime Environments provide for better camera frame-
works and faster user interface development.

5.1. Server Application

The server is an application that receives connection requests
from the clients run in each node, it is connected to the cam-
era and has a user interface, presented in figure 8, that en-
ables dispatching automatic commands for each node in the
cluster or manual commands for a user-defined calibration.
The application also incorporates pattern commands to use
in a manual geometric adjustment, that can be very useful.
The patterns we commonly use include grid, color-bars, jit-
ter (half-tone), degrade (color-ramp). The system also allows
users to choose the number of grid divisions, making it pos-
sible to adapt the application to different mosaic configura-
tions.

Figure 4: Interface Snapshot

4



5.2. Client Application

The client receives messages to display solid colors or pat-
terns which are read by the camera and used to compute the
modifications in the color curve for each graphics card. All
colors and patterns are generated by OpenGL. The client
also understands message to change the graphics card be-
havior and settings. It implements a look-up-table used for
the modifications, but the messages received by each client
contain only the curve modification parameters, instead of
the whole curve specification, making the procedure quite
fast by avoiding to transmit redundant data.

5.3. Finding projected regions

Each projector is responsible for a portion of the total dis-
played image (mosaic). This portion needs to be correctly
identified. Any failure in finding the right projected regions
might yield significant errors in the following algorithm
steps.

To identify each projection region two snapshots are taken
for each display surface. The first projects solid black and
the second projects solid white in the intended region. Sub-
tracting both snapshots results in a picture that easily identi-
fies the projected region. Unfortunately this approach is not
bullet-proof, due to the white color interference with the en-
vironment. For example, our setup is sensitive to wall reflec-
tions and some camera lens artifacts when the solid white
pattern is shown. Figure 5 shows the ceiling reflection after
the image subtraction operation.

Figure 5: Subtraction Operation

As previously reported, the algorithm does not handle er-
roneous regions very well. This is because the computed re-
gion is used to find the RGB values presented by the pro-
jection area. If pixels outside the projection area are taken
into account, the algorithm might not converge. To extract
each projected region correctly, we try to find the two verti-
cal borders of the region. The vertical borders are obtained

by computing image rows one by one and then analyzing the
neighboring pixels. Each intensity value pair that exceeds a
threshold is taken into account. If the difference between in-
tensity values is low, then the pair is tagged as a false pos-
itive. Figure 6 shows a false positive between rows 20 and
50.

Figure 6: Single Row Intensity Value

The workaround to removes false positives may cause the
region to shrink in size. This effect is more desirable that
dealing with false positives. Indeed, by using the smaller size
region we are assured that every pixel included into the re-
gion is actually illuminated by the same projector we are
trying to find. This allows us to use any pixel included in
the region to compute the corrected RGB values. Figure 7
presents the detection algorithm end result. Notice how the
estimated top left region is smaller that the real projected re-
gion. This is due to the corresponding projector is not work-
ing perfectly, thus the false positive workaround reacts to the
lower intensity values. As we can see from previous figures,
the difference in brightness is quite noticeable and this ad-
versely affects the performance of our calibration procedure.

To finish detection a scan-line algorithm is applied to ob-
tain the pixels inside the borders of each tile in the mosaic.
These pixels are stored for further use in order to compute
color values for future primary color images.

5.4. Procedure

To start the calibration procedure it is important to wait until
the system reaches a stable temperature environment, since
it can change the properties of the projectors and even the
screen. After that the camera must be positioned in such a
way as to cover all the projection area. Usually we get bet-
ter results if the camera is in the same position as the user
point of view. The Java application must be started and the
client application must be dispatched to each node. Then just
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Figure 7: Image Division Obtained by the Application

one click in the interface starts the calibration process. Our
method first detects the projector boundaries and starts to
display the patterns to identify the color variation between
projectors. Usually after a short number of steps (three to
four) the automatic procedure stops, letting the user make fi-
nal adjustments manipulating the gamma curve of each pro-
jection as desired. Finally the calibration can be saved for
future use.

A complete flow diagram of the system is presented in
Figure-8. Current results point to effective use of commod-
ity hardware to build comparatively low cost multi-projector
display solutions.
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6.1. Results obtained

There are some problems that prevent our solution from
achieving a perfect calibration. One of the biggest issues
was the fact that the projectors used have a white area in the
color wheel that creates problems in finding a good equa-
tion to deal with intensities. Also, as we decrease the bright-
ness of each projector we observed big shifts in color values
which create problems in converging to a common stable
setting. Furthermore, typical web cameras have very limited
workable frame rates, which sometimes makes it difficult to
capture a clean image of the projected area because of dis-
parities in display redraw and camera capture frequencies.
Sometimes this results in white strips appearing in the cap-
tured image, which create noise. To solve this problem, as we
can not genlock the camera and projector devices, our soft-
ware captures three images at different instants and merges
them. This is fundamental for our edge detection technique
to work.
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Figure 8: Complete Algorithm Flow

Since each calibration takes some time it is possible to
save the configuration and load it to individual graphics
cards. This is preferable to running the calibration procedure
each time it is necessary to restart the projection wall. This
preload feature solves problems when it is not possible to
calibrate all the system, if there are objects obstructing the
camera view of the screen, such as chairs or tables. further-
more, this setup also helps to detect changes in image quality
due to lamp degradation which usually results in color and
brightness shifts.

The picture 9 shows the visualization of a cultural her-
itage scene (The image displayed is from a monument which
was laser-scanned at 3mm/pixel resolution) with the projec-
tion screen before and after the calibration. Since there is no
overlap between the tiles in the mosaic, it is quite clear in
the picture where each projection ends, making it necessary
to have as good a color matching as possible. Indeed it can
be seen in the image above that there are marked contrasts
between high-intensity and low-brightness projectors, espe-
cially in tiles (1,1) (upper-left) and (4,3). These effects are
considerably mitigated in the image below which exhibits a
better color and brightness homogeneity.
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7. Putting it all together

This research improved the multi-projection wall calibra-
tion. However manual adjustments are still required mainly
because errors arise from projector fluctuations and screen
anisotropic refraction properties. Unfortunately, it was not
possible to have a better evaluation, and compare other algo-
rithms or techniques since our laboratory does not currently
have access to any spectroradiometer or similar devices to
measure the quality of the calibration. Also the projector
in the top left corner, as shown in Figure 1 and Figure 2
had very different brightness and color properties, creating
problems to achieve a good calibration. We are currently re-
placing the projectors which pose the greatest problems, to
achieve better results. A further research step is to test dif-
ferent quality cameras, to discover camera influence in the
calibration, as well as using different kinds of projectors and
display screens. Another reasonable step is the to plug-in ad-
ditional software components to use projector controls in the
calibration. Finally as we also intend to increase overlap and
apply edge blending in the near future using a precise linear
blending, not irregular one that needs automatic edge blend-
ing algorithms, we can predict the color variation between
two neighboring projectors and work the corresponding at-
tenuation functions in the graphics card, thus enabling exist-
ing applications to use this resource without changing any
code.
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Figure 9: Example Display - Colors before (above) and after (below) brightness and color correction
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