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Abstract

In this paper, we investigate the property of how color channels of
a projector-camera system interact with each other, which is also
called color mixing of the system. We propose a method to de-
scribe this property with a single color mixing matrix for the sys-
tem, rather than a different matrix for every surface point. The ma-
trix is independent of projection surface and ambient light. It can be
measured just like response functions of projector-camera system.
The matrix is helpful for color sensitive applications like radiomet-
ric compensation and scene reconstruction. By decoupling color
channels with the matrix of the system, color images can be pro-
cessed on each channel separately just like gray images. As most
projector-camera systems have broad overlap color channels, it’s
improper to neglect their interactions. We will show the validity
of describing color mixing of the system with a single matrix. In
the end, some experiments are designed to verify our method. The
result is convincing.
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1 Introduction

Projector-camera system has been used in a wide variety of applica-
tions like radiometric compensation [Nayar et al. 2003; Grossberg
et al. 2004; Fujii et al. 2005; Bimber et al. 2005], tiled displays [Ma-
jumder and Stevens 2002; Majumder 2003; Raij et al. 2003],
shadow elimination [Sukthankar et al. 2001; Cham et al. 2003]
and so on. With its extensive usage, many works have been done
to study the properties of such system. The space of camera re-
sponse function was discussed and modeled by [Grossberg and Na-
yar 2003; Grossberg and Nayar 2004]. High-dynamic range imag-
ing methods [Debevec and Malik 1997; Mitsunaga and Nayar 1999]
are designed to measure the camera response function through a se-
ries of images captured with different but known exposures. For
projector, Majumder studied its properties in the work [Majumder
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2002]. The projector response function can be measured directly
using a photometer [Yang et al. 2001; Majumder and Stevens 2002].
However, a photometer is prohibitively expensive as well as hard
to use. Then a method adapted the high-dynamic range imaging
was proposed by [Raij et al. 2003] to measure the response func-
tion using a black-white camera. These methods measured the re-
sponse functions of projector and camera separately. [Song and
Cham 2005] presented a theory for self-calibration of overlapping
projectors and cameras. It doesn’t require any expensive equipment
and may be carried out with low dynamic range camera. Another
method for calibration of a projector-camera system was proposed
by [Juang and Majumder 2007], which measure the response func-
tions as well as the vignetting effect.

Figure 1: Interaction of color channels. Green images with inten-
sity from 0 to 255 (red and blue are always 0) are projected, while
the red and blue channel also increase as a result of color mixing.

The above efforts have made the using of a projector-camera sys-
tem more convenient. But they deal with only gray images or treat
color images simply as gray images for each channel. However, this
assumption doesn’t hold for most cases, as most projector-camera
systems have wide overlapping color channels and the interaction
is significant as shown in Figure 1. To our knowledge, color mix-
ing of a projector-camera system is first addressed by Nayar et al.
in their work [Nayar et al. 2003]. A matrix is used to capture the
interactions of color channels as well as surface reflectance. As a
result, the color mixing matrix varies from point to point. It’s sur-
face dependent and need to be re-evaluated for different projection
surfaces. [Grossberg et al. 2004] used the color mixing matrix in a
similar way. [Fujii et al. 2005] has decoupled color mixing from re-
flectance in their photometric model. However, they didn’t measure
it separately and different mixing matrices were used for different
points in their proposed method.

In this paper, we propose a method to determine a single color
mixing matrix for a projector-camera system, rather than a dif-
ferent matrix for every point. It can be regarded as a property of
the projector-camera system: it is independent of projection sur-
face or ambient light; it doesn’t change dynamically unless system
settings(white-balance, contrast, saturation) change. It’s most use-
ful for color sensitive applications. Take radiometric compensation
for example. With the pre-determined color mixing matrix, only
surface reflectance and ambient light are measured online and the
compensation for color images is just as simple as for gray images.



2 Photometric Model

As our focus is on color mixing of the system, we assume linear
response functions for both projector and camera1, each with three
channels (R,G, B). We use a photometric model similar to [Nayar
et al. 2003; Grossberg et al. 2004; Fujii et al. 2005] with a little
modification.

There are some symbols and functions used in this model. For clar-
ity reason, we try to keep them consistent with the original. They
are listed below:

• PK : projector brightness for channel K.

• CL: camera captured brightness for channel L.

• λ: wavelength of visible spectrum.

• s(λ): spectral reflectance function for a surface point in
viewer’s direction. We assume the reflectance is constant for
each color channel. Similar assumption was also used by [Na-
yar et al. 2003; Song and Cham 2005; Fujii et al. 2005].

• qL(λ): spectral quantum efficiency function for L channel of
camera.

• eK(λ, PK): spectral distribution function for K channel of pro-
jector with input intensity PK .

We start with R channel of projector for example. The irradiance on
the surface point is the sum of projector illumination and ambient
light. The ambient light for the point is denoted by a(λ). Suppose
the projector input intensity is PR, then the radiance of the surface
point in viewer’s direction can be written as:

lR(λ) = s(λ)(eR(λ, PR) + a(λ)). (1)

The radiance of this point is measured with a RGB camera. The
spectral quantum efficiency for the three channels are qR(λ), qG(λ),
qB(λ) separately. As we assume reflectance for each channel is con-
stant, denoted by (AR, AG, AB), the irradiance measured by the cam-
era for RGB channels are:

CR = AR

∫
qR(λ)(eR(λ, PR) + a(λ))dλ

CG = AG

∫
qG(λ)(eR(λ, PR) + a(λ))dλ

CB = AB

∫
qB(λ)(eR(λ, PR) + a(λ))dλ. (2)

We make an assumption that the spectral distribution function of
projector is stable for R channel, which means:

eR(λ, PR) = PRwR(λ), (3)

where wR(λ) is spectral response function for R channel of projec-
tor. We will verify this property in Section 3.1. With the assump-
tion, Equation 2 can be written as:

CR = AR

∫
qR(λ)(PRwR(λ) + a(λ))dλ

CG = AG

∫
qG(λ)(PRwR(λ) + a(λ))dλ

CB = AB

∫
qB(λ)(PRwR(λ) + a(λ))dλ. (4)

1We measure the response functions for both projector and camera for
each channel separately, using the method proposed by [Song and Cham
2005]. Assuming identical response function for different channels is not
proper. Particularly, response functions for some projectors vary a lot for
different channels.

The above process is also applicable for G and B channels of pro-
jector. At last, the photometric model of a projector-camera system
at each pixel can be written as:

C = A(VP + F), (5)

where

C =

 CR
CG
CB

 , A =
 AR 0 0

0 AG 0
0 0 AB

 ,
F =

 FR
FG
FB

 ,V =
 VRR VGR VBR

VRG VGG VBG
VRB VGB VBB

 , P =
 PR

PG
PB

 ,
VKL =

∫
qL(λ)wK(λ)dλ ,

FL =

∫
qL(λ)a(λ)dλ .

The matrix A is reflectance of the surface. The vector F shows
the contribution of ambient light. For convenience, the black-offset
of projector is also absorbed by F. The matrix V is called color
mixing matrix which describes the interaction of color channels of
a projector-camera system. We will show how to determine it in
next section.

3 Color Mixing of a Projector-Camera System

In this section, we first investigate the stability of spectral distri-
bution function for projector. This property is fundamental for the
model shown in Equation 5. After validation of the model, we pro-
pose a method to determine a single color mixing matrix for the
system. With the determined matrix, reflectance map of a surface
can be recovered with two images.

3.1 Stability of Spectral Distribution Function

We describe the method to verify stability of green channel at first;
the verifications for red and blue are similar. Two uniform images
are projected with different colors as:

P(0) =

 0
0
0

 , P(1) =

 0
T
0

 .
Applying Equation 2, we have

∆CR = C(1)
R −C(0)

R = AR

∫
qR(λ)eG(λ,T )dλ

∆CG = C(1)
G −C(0)

G = AG

∫
qG(λ)eG(λ,T )dλ

∆CB = C(1)
B −C(0)

B = AB

∫
qB(λ)eG(λ,T )dλ . (6)

If the spectral distribution function is stable as shown in Equation
3, we can get the following ratios:

∆CR

∆CG
=

AR

∫
qR(λ)wG(λ)dλ

AG

∫
qG(λ)wG(λ)dλ

∆CB

∆CG
=

AB

∫
qB(λ)wG(λ)dλ

AG

∫
qG(λ)wG(λ)dλ

. (7)

As the above equation shows, the ratios are independent of projec-
tor input intensities if the spectral distribution function for green



(a) (b)

Figure 2: Stability of spectral distribution function for green channel. The left is the plot of captured data from a reference point with green
channel of projector increasing from 0 to 255; the right is the plot of computed ratios, blue line for red/green and green line for blue/green

channel of projector is stable. To verify this property, a series of
256 images with green level increasing from 0 to 255(red and blue
are always 0) are projected and captured. A reference point is cho-
sen randomly. After excluding ambient light, the captured data for
this reference point is shown in Figure 2(a). We compute the ra-
tios of this reference point for every input intensities of projector.
The result is shown in Figure 2(b). It shows that the ratios do keep
invariant to different projector intensities2, which supports the as-
sumption of stable spectral distribution function for green channel.

Figure 3: The left shows the stable distribution function for red
channel, and the right for blue channel.

The verification for red and blue channels of projector is similar.
The result is shown in Figure 3. With these results, we can say that
the spectral distribution functions for this projector are stable for
all channels. We have verified the stability for both LCD and DLP
projectors, and this property is always satisfied.

3.2 Evaluation of Color Mixing Matrix

From Equation 5, as the reflectance of surface point can’t be de-
termined in advance, there’s no way to measure the accurate color
mixing matrix for the system. Instead, we choose a reference point,
measure the combined result of AV for this point, and take the com-
bined matrix as color mixing matrix for the system. This approx-
cimation is reasonable by considering the fact that the unknown
scales to each row of V , caused by the reference point’s reflectance
A, will be absorbed by relative reflectance of other points. Suppose

2The noise is mainly caused by temporally-varying projector and camera
noise. The plot starts from 50 of projector input. As the camera we use has
low dynamic range, captured data for low irradiance is not accurate.

a reference point P0 is chosen with combined result A0V . For other
points of the surface, we have:

AiV = A
′

i (A0V) i = 1, 2, . . . (8)

Then A0V is used as the color mixing matrix for the system, and the
surface reflectance is described by A

′

i , which is relative reflectance
to the reference point.

To measure the combined result of AV , four images are projected
and captured, first a black image, then a red, a green and a blue in
sequence. Take red channel for example. According to Equation 5,
the captured data for black image and red image is:

C(0) = A(V

 0
0
0

 + F) = AF, C(1) = A(V

 PR
0
0

 + F). (9)

Then the first column of AV can be computed as:

ARVRR =
∆CR

PR
, AGVRG =

∆CG

PR
, ABVRB =

∆CB

PR
. (10)

Similarly, the other two columns of AV are computed with green
and blue images. This method is also used by [Nayar et al. 2003;
Grossberg et al. 2004; Fujii et al. 2005].

3.3 Retrieval of Reflectance Map

With the pre-determined color mixing matrix for a projector-camera
system, the reflectance map of a surface can be retrieved with two
images, one black (0, 0, 0) and one with intensity (PR, PG, PB). By
excluding the ambient light from the captured gray image, we have ∆CR

∆CG
∆CB

 =
 AR 0 0

0 AG 0
0 0 AB

V
 PR

PG
PB

 . (11)

As V is known, we can measure the reflectance for each channel as:

AR =
∆CR

VRRPR + VGRPG + VBRPB

AG =
∆CG

VRGPR + VGGPG + VBGPB

AB =
∆CR

VRBPR + VGBPG + VBBPB
. (12)



4 Experiments

We use a Sony VPL-CX71 projector, a Flea2-14S3C camera. In
our experiments, every scene is captured ten times and the aver-
age result is used to minimize the temporally-varying projector and
camera noise.

4.1 Estimating Color Mixing Matrix

We estimate the color mixing matrix of our system on a colorful
surface as shown in Figure 4. The combined result of AV is re-
trieved for every point of the surface using the method described in
Section 3.2. We choose a white point in the center and use its com-
bined result as the color mixing matrix for our system as shown in
Figure 4.3

Figure 4: Projection surface for evaluation of color mixing matrix.

As the color mixing matrix has been determined, the relative re-
flectance for every point of this surface is computed according to
Equation 8. There are totally 70x70 points. We expect the re-
flectance matrix is diagonal for every point. We take the absolute
value, add them up for every element of A separately, and get a
total reflectance matrix for this surface. Then the total matrix is
normalized by scaling every colum with the corresponding diago-
nal element. The result is

Aaverage =

 1.0000 0.0063 0.0012
0.0119 1.0000 0.0127
0.0046 0.0178 1.0000

 .
The mean error is quite small (In this case, 1.78 percent at most) as
we expect. The computed reflectance map for this surface is shown
in Figure 5 for RGB channels separately.

4.2 Prediction of Camera Output for a Single Point

To predict the output for a point, its reflectance is measured at first
using the method proposed in Section 3.3. Then for a given projec-
tor input, the output for this point can be computed from Equation
5. We compute the camera output of this point for projector inten-
sities from 0 to 255(gray image). For comparison, these images are
also projected and captured with our projector-camera system. We
choose a point from the bottom-left of the projection surface shown
in Figure 4. The comparison between our prediction and real cap-
tured result is shown in Figure 6 for each channel separately. As the
result shows, the prediction matches the real result very well. The
average difference between prediction and real capture is 0.8518
intensity for red channel, 0.4128 intensity for green channel, and
0.4536 intensity for blue channel.

4.3 Prediction of Output Image Based on Known Input

In this section, we try to predict the camera output based on the
known projector input. The prediction is done on both complex col-
ored surface and white wall as shown in Figure 7. The reflectance

3Generally, a white point is chosen to be the reference point, as people
tend to think white point has same reflectance for each channel. However,
this is not restrictive.

(a) Red channel (b) Green channel

(c) Blue channel (d) Combined RGB

Figure 5: Reflectance map for the surface shown in Figure 4.

Figure 6: Prediction of camera output for a single point for R, G,
B channel with projector intensity increasing from 0 to 255.

maps for the two surfaces are retrieved as before. The reflectance
map for the colored surface is similar to the map shown in Figure 5.
The reflectance map for the white wall is shown in Figure 8 for
green channel; red and blue channels are similar. Note that the in-
put to projector is a uniform gray image, and the wall is white with
equal reflectance for every point. However, the relative reflectance
varies from point to point, peak in the center and attenuation along
the radial direction. This is because the reflectance map absorbs the
vignetting effect of the projector-camera system.

With projector input intensity (100, 200, 100), the real captured re-
sult and our prediction on both surfaces are shown in Figure 9. The
difference maps for each channel are shown in Figure 10. The mean
errors of RGB channels between prediction and real captured re-
sult are (0.4133, 0.8466, 0.3838) intensities on colored surface, and
(0.3228, 0.9495, 0.5008) intensities on white wall. We have good
reason to neglect these small errors, because of the temporally-
varying projector and camera noise. We have verified the predic-
tions for many other projector inputs. The results are quite alike, so



(a) (b)

Figure 7: Prediction of camera output on a colored surface(a) and
a white wall(b). The two images are taken with projector intensity
(220, 220, 220).

Figure 8: Reflectance map of green channel for the white wall
shown in Figure 7(b).

we don’t show them repeatedly here.

4.4 Radiometric Compensation

In this section, we illustrate the using of color mixing matrix in
radiometric compensation. For radiometric compensation, the de-
sired camera output is given; projector intensities for each point are
then evaluated based on the desired output and surface reflectance.
The calibration is the same as before by projecting two images.
With the recovered reflectance and ambient light, projector input to
produce the desired output C can be computed as:

P = V−1(A−1C − F). (13)

First, we try to create uniform gray outputs (80, 80, 80) and
(160, 160, 160) on a white wall. The result is shown in Figure 11.
Note that the compensation image overflows in the corners for out-
put intensity 160 because of strong vignetting effect. This problem
has been addressed by [Ashdown et al. 2006; Grundhofer and Bim-
ber 2008], and we don’t cover it here. We also test on color surface.
The result is shown in Figure 12.

No accurate difference maps are provided for comparison, as radio-
metric compensation requires accurate geometric mapping between
projector points and camera points. In our experiments, we use a
simple projective transformation for the mapping. Even on planar
surface, noticeable displacement of pixels can be detected as a re-
sult of camera distortion.

(a) (b)

(c) (d)

Figure 9: Prediction for projector input intensity (100, 200, 100).
The left shows the real captured data, and the right shows our pre-
diction.

(a) Difference map of colored surface for RGB channels

(b) Difference map of white wall for RGB channels

Figure 10: Difference map between prediction and real captured
data multiplied by 120 for both the projection surfaces with input
intensity (100, 200, 100).

5 Conclusion and Future Work

We have investigated the color mixing property of a projector-
camera system in this paper, and presented a method to describe
this property with a single matrix. As our experiment shows, it’s
independent of surface reflectance, it keeps identical for every sur-
face point, and it doesn’t change dynamically unless system set-
tings change. It simplifies the projector-camera system, and makes
the using of such system more convenient, as color images can be
processed just like gray images for each channel separately by de-
coupling with this matrix firstly.

This work has a future extension for system with multiple projec-
tors and cameras by measuring the color mixing matrix for every
pair of projector and camera. A foreseeable usage is for multi-
projector display. As luminance uniform for such applications has
been studied a lot, chrominance can also be considered by integrat-
ing the color mixing of the system and a better visual result can be
expected.



(a) Desired camera output (80, 80, 80)

(b) Desired camera output (160, 160, 160)

Figure 11: Creating uniform gray image on white wall. left: pro-
jection without compensation; middle: compensation image; right:
projection with compensation image.

(a) projection surface (b) original image

(c) uncompensated result (d) compensation result

Figure 12: Compensation of color image on color surface.
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