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Abstract. In this paper, a novel approach that allows color compen-
sated projection on an arbitrary surface is presented. Assuming that the
geometry of the surface is known, this method can be used in dynamic
environments, where the surface color is not static. A simple calibration
process is performed offline and only a single input image under refer-
ence illumination is sufficient for the estimation of the compensation. The
system can recover the reflectance of the surface pixel-wise and provide
an accurate photometric compensation to minimize the visibility of the
projection surface. The color matching between the desired appearance
of the projected image and the projection on the surface is performed
in the device-independent color space CIE 1931 XYZ. The results of
the evaluation confirm that this method provides a robust and accurate
compensation even for surfaces with saturated colors and high spatial
frequency patterns. This promising method can be the cornerstone of a
real time projector-camera system for dynamic scenes.

Keywords: Photometric compensation · Dynamic surface · Projector-
camera system · Augmented reality · Reflectance estimation · Calibra-
tion

1 Introduction

The emerging technology of projector-camera systems is used in a wide range of
applications such as augmented reality, education, cultural heritage and inter-
active art installations. The ability to project on arbitrary surfaces expands the
limits of common multimedia and breaks new ground in human-computer inter-
action. Over the last decade, a significant amount of research has been done in
the field of smart projection and various methods have been proposed for pho-
tometric and geometric compensation in projector-camera systems. However, a
system that is able to compensate for complex dynamic surfaces still remains an
open issue. The main reason is that the compensation of such a system highly
depends on the projection surface. Thus, the majority of the proposed methods
calibrate the system for a given surface. If the surface is not static, then the
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system has to be recalibrated for the new surface. This leads to solutions that
cannot be applied in real time and cannot handle a dynamic environment.

In general, the physical characterization of a surface requires to measure its
spectral reflectance. However, obtaining such spectral data requires the use of
special equipment such as a spectrophotometer or a spectral camera. This is
not feasible in the majority of applications and, in addition, it is impractical to
perform a significant amount of measurements for each surface.

The main contribution of this work is a robust and accurate photometric pro-
jector compensation method that can be adapted to changes on the projection
surface. For this purpose, we propose a novel calibration method that does not
require the projection of any calibration pattern and is entirely performed offline.
Once, the system is calibrated, a single input image of the projection surface
under reference illumination is sufficient for estimating the compensation. The
offline calibration consists of two different procedures. The first one is to build
the surface reflectance estimator using a small training set and least square data
fitting. For the training set, pairs of RGB camera values and spectral reflectances
are required. Thus, capturing, with the camera, a single image of a surface that
has color patches with known reflectances is sufficient. The second procedure
requires the measurement of the spectral responses of the RGB projector pri-
maries. If this is not provided by the manufacturer, it can be easily obtained
using a spectroradiometer. Despite requiring the use of special equipment, it has
the main advantage that it is performed only once for each projector.

Once the offline calibration is achieved, the proposed method performs the
color matching between the desired appearance of the projected image and the
result of the projection on the surface in the independent color space CIE 1931
XYZ. Using the estimated surface spectral reflectance, the RGB values of the
projector that would produce the desired image appearance are calculated.

It should be noted that since this paper focuses on the photometric compen-
sation, it is assumed that the camera-projector correspondence has been already
performed as a pre-processing step. The geometric compensation is a well studied
problem. For the purposes of this research, the structured light technique pro-
posed in [18] and applied in [12] was used for the mapping between the projector
and camera pixels.

2 Previous Work

There is an increasing interest in the projector-camera systems due to their
wide application range. Therefore, over the last decade, numerous methods for
photometric and geometric compensation have been proposed in the literature.
These methods can be separated by whether they consider the projection surface
static or dynamic.

Nayar et al. [13] proposed a compensation method which is based on an offline
calibration that estimates the parameters of their radiometric model. The main
drawback of this method is that it requires the projection of 260 images and the a
priori knowledge of the camera’s response function. Grossberg et al. [7] improved
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this radiometric model and presented a calibration process that requires the pro-
jection of only 6 images. Even though this method provides promising results, it
is only applicable in static environments since every time the projection surface
changes, the projection of the calibration images has to be repeated. Bimber
et al. [4] introduced the concept of smart projectors which use cameras to cap-
ture information about the environment. They provide a compensation method
for projecting on arbitrary surfaces. However, their rather simple radiometrical
model is not able to compensate for the complex nonlinearities in a projector or
camera.

Ashdown et al. [3] proposed a compensation method that is content-
dependent. The compensation image is calculated according to the values of
chrominance and luminance that the system can produce. In other words, the
desired appearance is fitted to the available gamut. However, CIELUV was used
as the perceptually-uniform color space, which is well-known for its poor uni-
formity. Moreover, this approach requires a set of calibration images for each
surface. Law et al. [9] introduced a perceptually based method for modifying
the appearance of a surface. In their work, the physical surface is separated into
patches of uniform color and an optimization process computes the compliant
appearance which is the most perceptually similar to the desired appearance.
This approach requires the surface to be composed of uniform color patches
and has a considerably high time complexity that can be up to one hour for a
complex scene.

Recently, Grundhofer [8] proposed a method that does not require projector
or camera calibration. The pixel-wise mapping from projector to camera colors
is generated by a sparse sampling of the projector’s color gamut and a scattered
data interpolation. In addition, an optional offline optimization step scales locally
the input image, maximizing the achievable luminance and contrast while still
preserving smooth input gradients, in order to avoid out-of-gamut artifacts. One
of the main disadvantages of this approach is that it requires a considerably big
set of images (125) in order to perform the necessary color mapping.

A different approach to photometric compensation is based on the acquisition
of the light transport instead of projecting calibration images ([17], [14]). The
use of the inverse light transport provides new possibilities for analyzing and
canceling complex effects such as interreflections that cannot be compensated in
a traditional photometric compensation. However, obtaining the light transport
of the scene is a highly time-demanding operation that can take more than one
hour. In addition, the time complexity of inverting the light transport is another
constraint that limits the method to static scenes.

Besides the aforementioned methods that are limited to static surfaces, there
are some methods proposed in the literature that can handle dynamic surfaces.
Fujii et al. [6] presented a coaxial projector-camera system in order to avoid
the problem of continuous geometrical mapping in a moving environment. Their
radiometric model is similar with the one in [7] and the system can adapt to
a moving surface by capturing a single frame instead of performing full recali-
bration. However, in order to achieve this, the surface reflectance is treated as a
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constant within each camera band. This is a very strong assumption and it is not
valid for the majority of surface colors. Furthermore, the nonlinearities in projec-
tor and camera responses are considered to be negligible and the authors suggest
an extra pre-calibration of the devices in order to be taken into account. Amano
and Kato [2] introduced a coaxial system that uses a model prediction controller
in order to change the appearance of a surface and was later expanded in [1].
This method requires a calibration procedure and the reflectance estimation suf-
fers the same constraints as in [6]. Moreover, due to the use of the controller,
the output requires several frames in order to be stabilized.

Park et al. [15] followed a different approach and introduced a system that
continuously projects a special embedded pattern image, which allows the
radiometric and geometric compensation on a dynamic surface. The embed-
ded information used for the compensation can be encoded in the pattern either
temporally or spatially. As a result, there is a tradeoff in this method between
the information that can be hidden in the embedded pattern and the visibility of
the pattern. Unfortunately, according to their results, the compensation starts
to become acceptable only when the pattern can be perceived by the viewer.

3 Methodology

In Section 3.1, the photometric model proposed in this paper is presented. Then,
the calibration procedure of the system is separated in two parts. The first one
(Section 3.2) is to build the surface reflectance estimator that takes a single cam-
era image as an input. The second part (Section 3.3) describes the linearization
and calibration of the devices. Finally, once the calibration procedure has been
performed offline, the compensation image can be computed online as described
in Section 3.4.

3.1 Photometric Model

As it is well known, the camera and the projector are devices with non-linear
responses. In a digital camera the relation between the RGB values and the
illuminance impinging on its sensor, can be adequately described by a gamma
function. Thus, the RGB values of the camera have to be linearized before any
transformation in a linear color space, such as CIE 1931 XYZ, is performed.

Ec = αc (Cc)
γ + βc (1)

where Ec is the measured illuminance, Cc the camera color channel, αc is a scalar
that simulates the gain in the camera and βc represents the offset due to noise.
The subscript c denotes a single camera channel. Each camera channel should
be addressed individually since the gain is not always identical in each channel.

The non-linear response of a projector is, usually, more complex and cannot
be represented by a gamma function. However, since it is still monotonically
increasing by increasing channel value, it can be inverted. The relation between
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the channel input value Cp and the corresponding output luminance Lp(λ) emit-
ted by the projector can be represented by a non-linear function pp(). The result
is modulated by the spectral response qp(λ) that is unique for each primary of
the projector. The subscript p denotes a single projector channel.

Lp(λ) = pp (Cp) qp(λ) (2)

where λ is the wavelength in the visible range of the spectrum.
The spectral illuminance I(λ) that is reflected by a single point on the pro-

jection surface towards the direction of the camera can be formulated as follows:

I(λ) = (L(λ) + S(λ)) r(λ) (3)

where L(λ) is the total luminance emitted by the projector, S(λ) is the luminance
of the ambient light in the room and r(λ) is the spectral reflectance of the surface
point.

The illuminance, Ec in (1), measured by the camera, which has a spectral
response for each channel qc(λ), is given by:

Ec =
∫

(L(λ) + S(λ)) r(λ) qc(λ) dλ (4)

Instead of working with the device-dependent digital values provided by the
camera, as it is usually done in the literature ([13], [7], [6], [15]), we choose to
perform the appearance matching in the device-independent color space CIE
1931 XYZ. By doing so, the matching becomes more accurate and the system
more flexible since it is easier to replace the camera with another one. Therefore,
the reflected illuminance of a point on the projection surface is described by its
XYZ values. In other words, the spectral response of the camera is replaced by
the CIE 1931 2o Standard Observer as follows:

X =
∫ 780nm

380nm

(L(λ) + S(λ)) r(λ) x̄(λ) dλ (5)

where x̄(λ) is one of the three CIE color matching functions. In a similar way as
(5), Y and Z are given for ȳ(λ) and z̄(λ), respectively.

3.2 Reflectance Estimation

As can be seen in (5), it is essential to know the spectral reflectance of the
surface in order to calculate the XYZ values of the light reflected on it. Since
this information is not provided, we propose a reflectance estimator that takes as
an input a single camera image. All the below procedure is performed pixel-wise.

Assuming that {λt}81t=1 are uniformly spaced wavelengths in the interval [380,
780] nm, the camera response of (4) can be expressed in its discrete form as:

(x1x2x3)
T = x ≈ WT

L r (6)
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where r = (r(λ1), . . . , r(λ81))T ∈ R
81×1 is the discrete spectral reflectance,

WL = LW ∈ R
81×3 corresponds to light source weighted response functions,

L ∈ R
81×81 is the diagonal matrix formed by the illumination vector of the total

light impinging on the surface l = (l(λ1), . . . , l(λ81))
T and W = [s1s2s3] ∈ R

81×3

is the matrix of the camera responses, where sc = (sc(λ1), . . . , sc(λ81))T is the
response function of each channel.

The aim of this section is to build a reflectance estimator using a training set
and least squares data fitting. Let x ∈ R

k be a sensor measurement corresponding
to a known spectral reflectance r ∈ R

n. In our case, k = 3 and n = 81. The
training set composed of m different reflectances is:

{(x1, r1) , . . . , (xm, rm)} ⊂ R
k × R

n (7)

The least squares minimization problem that minimizes the empirical loss
can be written as:

argmin
Cr∈Rn×N

m∑
i=1

‖Φ(X)CT
r − M‖2F (8)

where ‖.‖F denotes Frobenius norm and the rows of matrix M contain the
m reflectance vectors of the training set M = [r1 . . . rm]T ∈ R

m×n. Φ(X) =
[Φ(x1) . . . Φ(xm)]T ∈ R

m×N is the feature map of N features and the solution
Cr can be now written as:

CT
r =

(
Φ(X)T Φ(X)

)−1
Φ(X)M (9)

The estimation of the reflectance is provided by the following equation:

r̂ = CrΦ(x)T (10)

A third degree feature map was selected for fitting the data since through our
experimentation it was found that it provides the most accurate results without
over-fitting the data. Feature maps of up to fourth degree were tested.

Φ(X) = (1, x1, x2, x3, x
2
1, x

2
2, x

2
3, x1x2, x1x3, x2x3,

x3
1, x

3
2, x

3
3, x1x2x3, x

2
1x2, x

2
1x3, x

2
2x1, x

2
2x3, x

2
3x1, x

2
3x2)T (11)

The training set for the reflectance estimator can be easily obtained by cap-
turing an image of a surface that is composed of m uniform patches with known
reflectance under reference illumination. The patches ideally should be Lamber-
tian but small specularities do not affect significantly the compensation, as can
be seen in the results.

3.3 Device Characterization

The characterization of a projector requires spectroradiometric or colorimetric
measurements of the light emitted by the device. In order the RGB-to-XYZ
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transformation and the nonlinear transfer function for each primary color chan-
nel to be derived, a color ramp should be measured separately for each primary
color channel. Using a spectroradiometer and measuring the radiance emitted by
the device while increasing the value of each channel separately, one can obtain
the spectral responses of Fig. 1(a). This figure shows the output of the projector
given by (2), which consists of the spectral response of each channel weighted
by a factor. As illustrated in Fig. 1(b), this weighting factor is not linear.

(a)

(b) (c)

Fig. 1. (a) The spectral radiance emitted by a projector while increasing the input
value of each channel individually. With blue, green and red is marked the radiance of
the corresponding color channel. (b) The non-linear function of the weighting factor
with respect to the projector channel value. (c) The gamma response function of the
camera.

The nonlinearity of the camera can be estimated by acquiring an image of
a target, such as the Macbeth ColorChecker [11], which has surfaces of varying
optical density, under reference illumination. By plotting the optical density as
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a function of the camera values, the gamma function of the camera, as it is
expressed in (1), can be derived (see Fig. 1(c)).

3.4 Photometric Compensation

The photometric compensation should create an image that once projected on
the surface would produce the desired appearance. The device-dependent RGB
values of the projector and the camera should be transformed to a device-
independent color space in order to make this match feasible. In this work, the
CIE 1931 XYZ color space was selected. Thus, the reference camera image should
be transformed to the CIE XYZ color space. Since this is a linear transformation
the RGB values of the image should be first linearized by taking into account the
gamma function that was obtained during the camera characterization. Then,
the transformation can be performed by using a linear transformation matrix M
that depends on the reference illumination of the projector.

⎡
⎣X

Y
Z

⎤
⎦ = M

⎡
⎣Rlinear

Glinear

Blinear

⎤
⎦ (12)

In case the sRGB model is assumed for the reference image, a common trans-
formation matrix M that corresponds to the illuminant D65 can be used:

M =

⎡
⎣0.4124 0.3576 0.1805

0.2126 0.7152 0.0722
0.0193 0.1192 0.9502

⎤
⎦ (13)

However, under this assumption, the XYZ values obtained should be trans-
formed to the corresponding XYZ values under the reference illumination of the
projector, using a color constancy transform, such as CAT02 [5].

The light emitted by the projector can be approximated by the sum of its
individual primaries. Even though this additivity property requires the indepen-
dence of the projector’s color channels, it provides an adequate estimation of the
projector’s output, as can be seen in our results. Thus, the total light emitted
by the projector can be formulated as follows:

E(λ) = a qr(λ) + b qg(λ) + c qb(λ) (14)

where qr(λ), qg(λ) and qb(λ) are the spectral responses of the color channels of
the projector and a, b and c their weighting factors that depend on the input
value (see Fig. 1(b)).

Taking into account (14) and (5), the XY Z values of the projector on the
projection surface are given by:

X =
∫ 780nm

380nm

(a qr(λ) + b qg(λ) + c qb(λ)) r(λ) x̄(λ) dλ (15)
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Y and Z are similarly given for ȳ(λ) and z̄(λ), respectively. Once the surface
reflectance r(λ) is estimated and the desired XY Zdesired values of the reference
images are calculated, the emitted light of the projector that would produce the
same XY Z values is computed. According to (15) it is sufficient to estimate the
weighting factors of (14) since the spectral responses of the primaries are known.
The ambient light of the room S(λ) is considered negligible but it can be taken
into account in case it is measured.

Matching the above XY Z values with the desired ones leads to the following
3 × 3 system:

⎡
⎣a

b
c

⎤
⎦ =

⎡
⎣Xr Xg Xb

Yr Yg Yb

Zr Zg Zb

⎤
⎦

−1 ⎡
⎣Xdesired

Ydesired

Zdesired

⎤
⎦ (16)

where

Xc =
∫ 780nm

380nm

qc(λ)r(λ)x̄(λ)dλ (17)

and c = r, g, b. Yc and Zc are similarly given for ȳ(λ) and z̄(λ), respectively.

4 Experimental Results

After describing the details of the calibration process, some of the achieved
compensations on demanding surfaces are illustrated. Finally, the quantitative
evaluation of the results is concluding this section.

4.1 Characterization

The camera-projector system that was used in this paper is composed of a Nikon
D90 dSLR camera and a DLP projector Christie F1+. The resolution of the
camera was set to 2144 × 1424 pixels while the resolution of the projector was
set to its nominal 1400 × 1050 pixels. Even though the available single-chip
DLP projector has a considerably complex characterization process [16] and the
channel additivity assumption does not stand completely for this projector as
can be seen in Fig. 2(a), the compensation results presented in the following
section state that the proposed model can still describe the system.

For the characterization of the devices, a Minolta CS-1000 spectroadiometer
was used. The projector was characterized by measuring the emitted radiance
for 18 uniformly distributed values in each color channel (Fig. 1(a)).

The reflectance estimator was built using the patches of the ColorChecker
and 18 different uniform color sheets that were captured by the camera and their
reflectances were measured by the spectroradiometer. Using only the 24 samples
of the ColorChecker was not sufficient for providing accurate reflectance esti-
mation in a wide variety of projection surfaces. However, by simply adding 18
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(a) (b) (c)

Fig. 2. (a) The spectral relative radiance of the white color and the sum of the indi-
vidual color channels.(b) Estimated and measured reflectance of yellow patch. (c) Esti-
mated and measured reflectance of purple patch.

additional patches, this small training set (42 pairs in total) was sufficient to pro-
vide accurate compensations even for surfaces with colors that were not included
in the training set, as can be seen in the results. It should be noted that some
specularities that were present in the color sheets do not affect dramatically
the result. In order to evaluate the reflectance estimation, the reflectances of
the color patches on the first surface in Fig. 4 were measured. The results for
the yellow and the purple patch are shown in Figs. 2(b) and Fig. 2(c). Their
corresponding CIE 2000 color difference [10] ΔE00 between the measured and
estimated reflectance under the illuminant D65 was 1.64 and 8.24 units, respec-
tively. Obviously, the reflectance of the surface cannot be considered constant
within each projector and camera band as assumed in [6] and even small spectral
differences introduce perceptible errors.

4.2 Compensations

A common problem while projecting on an arbitrary surface is that some colors of
the initial image might not be reproducible. Thus, in the literature the majority
of the proposed methods perform compensations on surfaces that are not satu-
rated and the transition from one color to the next is very smooth because the
human visual system is less sensitive to such low spatial frequencies. However,
one of the goals of this paper is to compensate for complex surfaces without sig-
nificantly constraining their context. In Fig. 4 (first row, first column), a surface
that is composed by many colorful patches with strong edges and the resulting
compensation for two different input images is presented. The compensation was
tested on two images of characteristic difficulty. The first one is very vivid while
the second one quite achromatic and of high contrast (see Fig. 3).

In case the projection surface moves or changes (e.g. moving object/projector)
the compensation breaks and introduces dramatic artifacts even for a small dis-
placement of the projection surface. The proposed method can adapt to the new
surface by only capturing a new image under the reference illumination of the



Photometric Compensation to Dynamic Surfaces 293

Fig. 3. The image 1 (left) and the image 2 (right) projected on a white surface

Fig. 4. From left to right: First row: The projection surface. Second row: Image 1
before compensation. Third row: Image 1 after compensation. Fourth row: Image 2
before compensation. Fifth row: Image 2 after compensation.

projector. This is illustrated in the second column of Fig. 4 (second and fourth
row), where the projection surface has been changed while the compensation has
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remained the same with the one of the first column. Finally, the robustness of the
proposed method was tested on considerably complex surfaces with high spatial
frequency that make the compensation extremely challenging. The results on
such a surface are presented in the third column of Fig. 4.

4.3 Evaluation

In order to evaluate quantitatively the performance of the proposed method,
the mean S-CIELAB color difference [19] between the compensated image pro-
jected on a colored surface and the reference image projected on a white surface
was computed. This evaluation concerns image appearance. Hence, widely used
measures such as RMSE, PSNR or even CIELAB differences are not appropri-
ate since they do not take into account any spatial information. The evaluation
results for a typical monitor (72 dpi) viewed at 18 inches are presented in Table 1.
It should be noted that the slight misalignement of the images due to small

Table 1. The mean S-CIELAB difference according to the desired appearance

Image 1 Image 2

Non-compensated Compensated Non-compensated Compensated
Surface 1 30.9 16.2 16.1 10.4
Surface 2 16.0 12.2 11.7 8.7
Surface 3 17.1 11.8 10.7 8.9

movements of the camera increases noticeably the color differences. However,
the improvement using the proposed compensation is still visible.

5 Conclusions

A novel method for the photometric compensation in a projector-camera system
is proposed, which enables the projection on an arbitrary surface. More impor-
tantly, this new approach estimates the reflectance of the projection surface using
a single input image and can be used for applications where the projection sur-
face is dynamic such as in the case of a moving object. In contrast with previous
attempts in dynamic environments, it can compensate for surfaces with vivid col-
ors and high spatial frequencies that are easily perceived by the viewer. Future
work will seek to implement it in a real time system for dynamic scenes in order
to make real time compensation on humans and moving objects feasible. More-
over, the desired appearance match will be applied in a color appearance model
so that the compensation can be driven by the human visual system instead
of being driven by the capture of the camera, as it is currently made. Finally,
the number and variety of colors used as the training set for the reflectance
estimation will be further examined.
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