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Abstract images. More importantly, observers are sensitive to these

We introduce a novel technique for performing radiometric
compensation for a projector-camera system that projects
images onto a textured planar surface, which is designed to
minimize perceptual artifactsvisibleto observersaccording
to a model of the human vision system. A projector-camera
system has previously been proposed for projecting images
onto an arbitrary surface using radiometric compensation,
however the dynamic range of a projector is physically lim-
ited there are some textures that cannot be compensated
correctly. Also, human eyes are sensitive to artifacts in-
troduced in thisway. Our technique is designed to provide
compensated images with perceptually less noticeable ar-
tifacts while preserving enough brightness and contrast in
the output. We devel op an optimization framewor k based on
a perceptually-based physical error metric to minimize per-
ceptible artifacts in the final compensated images by com-
pressing the contrast of the input images.

1. Introduction

Recently, a variety of novel projected display systems have
been developed, such as immersive display systems [20],
large seamless display systems [21, 22, 1, 2, 3, 4], and
shadow elimination for multi-projector displays[23].

Besides these efforts, several radiometric compensation
methods have been proposed to allow projection of images
onto arbitrary surfaces, such as surfaces with their own tex-
tures [25, 13, 15]. These methods are designed to relax
the severe requirement of conventional projection display
systems which require high quality screens for projection.
These efforts make the projection system significantly more
convenient and useful.

Unfortunately, because the dynamic range of the projec-
tor is physically limited, the radiometric compensation sys-
tem will encounter difficulties when the output of the pro-
jector saturates. The saturation of output will cause cut-off
and result in perceptible artifacts in the final compensated

artifacts.

What needs to be emphasized here is that, although it is
reasonable to assume that the dynamic range problem can
be solved by improving the dynamic range of the projector
or using multiple projectors, such as [15], it may result in
higher financial cost or make the radiometric system overly
complex. We want our radiometric compensation system to
remain low-cost and simple. We therefore develop aradio-
metric compensation projection system that can minimize
perceptible artifacts caused by the limited dynamic range
of the projector while preserving the photometric quality
(brightness and contrast) of input images. Our basic princi-
pleisto properly compress the contrast of the input image
based on the properties of the human vision system.

Relevant to our radiometric compensation problem, sev-
eral methods have been devel oped to acquire brightness uni-
formity in a multi-projector display system. In[1, 3] the
brightness uniformity across and within multiple projectors
is achieved by matching the brightness of each pixe into a
spatially-uniform dynamic range which is the most limited
one of all the projectors, which causes significant loss of
photometric quality of the input image because of the se-
vere compression of contrast.

On the other hand, a method named PRISM [2] is de-
signed to achieve brightness uniformity while preserving
enough brightness and contrast by mapping input images
into a properly smoothed spatially-varying dynamic range
of the projector. PRISM exploits the property of the hu-
man vision system that human eyes are not so sensitive to
smooth brightness variation. 1t should be noted that, al-
though PRISM is a method that incorporates properties of
the human vision system, it relies only on the spatially-
varying dynamic ranges of multiple projectors and has no
regard for the contents of input images.

In contrast to PRISM, we want to develop a method that
incorporates more details about the human vision system.
When an input image is being projected, we simulate the
perception of a human observer based on the properties of



the human vision system. Note that this simulation depends
not only on the dynamic range of projector but also on the
contents of input images, and it requires better understand-
ing of the human vision system.

The properties of the human vision system have been
taken into account in some other research areas. For in-
stance, in order to display high-dynamic-range (HDR) im-
ages [17] on a conventional display device such as a moni-
tor, a projector, or aprinter etc., a great number of methods
[7, 11, 6, 16, 10, 26] have been proposed and these efforts
are generaly described as tone mapping or tone reproduc-
tion methods. Some of these methods, such as [7, 10, 26],
are based on visibility matching or some computational
model of the human vision system. For instance, in [26]
tone mapping is based on a multi-scale model of adaption
and spatial vision.

Besides these tone mapping methods, some computa-
tional models of the human vision system have been de-
veloped such as [24, 12]. These models are usually used to
evaluate the perceptual differences between images or used
asimage quality metrics.

Recently, a perceptually-based physical error metric for
accelerating realistic image synthesis has been proposed
[14]. Given an input image, a corresponding image called
the threshold map is computed based on a computational
model of the human vision system. This threshold map can
correctly predict the perceptual threshold for detecting arti-
facts of scenefeatures. After the computation of thisthresh-
old map, images can be compared directly in the physical
luminance domain, while still accounting for the properties
of the human vision system.

In this paper, we develop a radiometric compensation
system that can project images onto a textured planar sur-
face. In previously proposed radiometric compensation sys-
tems there are some artifacts in the final compensated im-
ages caused by the physically limited dynamic range of the
projector. Thiswill result in a severe problem because hu-
mans are sensitive to these artifacts. Our system is designed
to cope with this problem.

2. Our Proposed Method

Our system is designed to provide compensated images
with less noticeable artifacts while preserving the photo-
metric quality of the input image. To provide compensated
images with less noticeable artifacts, we compress the con-
trast of the input image to avoid the cut-off caused by the
physically limited dynamic range of the projector. To pre-
serve the photometric quality of the input image we need
to keep the contrast compression scalar closeto 1. We re-
gard this as an optimization problem and our basicideaisto
properly compress the contrast of the input image based on
the properties of the human vision system. Note that, those

artifacts where human eyes are sensitive will result in sig-
nificant errors. We develop an optimization framework by
incorporating a perceptually-based physical error metric to
take account of the properties of the human vision system.

In this section we first state some assumptions. We then
introduce two calibration procedures. a simplified radio-
metric model based on the mode developedin [25] toillus-
trate the idea of radiometric compensation, and a calibra-
tion procedure between the physical luminance domain and
the pixel value domain which is necessary for computing
the perceptually-based physical error metric. After that, we
describe the perceptually-based physical error metric, and
propose our optimization framework.

2.1. Assumptions
We assume:

1. 8-hit gray-scaleimages

2. Planar Lambertian projection surfaces
3. No ambient illumination
4

. A singleglobal scalar value a to compress the contrast
of the input image

5. Linear response properties of the camera

In this paper, we only consider the achromatic artifacts
in the compensated images, because the human vision sys-
tem is more sensitive to luminance variation than to chromi-
nance variation [18, 19, 5]. We will cope with chrominance
artifactsin the future. We assume that we have aplanar sur-
face for projection because geometric calibration is not the
focus of this paper, and we aso ignore specular reflectance
and ambient illumination. We use a spatially-uniform scalar
to compress the contrast of the input imagein our optimiza-
tion framework. Spatially-varying scalars will be consid-
ered in the future when accounting for errors caused by lo-
cal discontinuities. We assume that the camerawill be cal-
ibrated independently. We have found that the response of
our camera is approximately linear so we do not consider
any nonlinearity in this paper.

2.2. System Calibration

Our radiometric compensation system, which is similar to
the system used in [25] is shown in Figure 1. We use
a Sanyo PLC-XP45 projector with a native resolution of
1024 x 768 pixels. The camerais a Sony DXC-9000 with
aresolution of 640 x 480 pixels. The images through the
cameraare captured by aMatrox Meteor Il frame-grabber.
Because we concentrate on the radiometric compensa-
tion part, our geometric calibration part isvery ssmple based
on the assumption that we project images onto a planar sur-
face. We project severd straight lines and find some point



Figure 1: Our projector-camera system.
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Figure 2: The simplified dataflow pipeline of a projector-
camera system

correspondences to compute the homography between the
image plane of the projector and that of the camera.

In this radiometric compensation system, we desire the
compensated result image to be exactly the same as the in-
put image. Our compensation algorithm is based on the ra-
diometric model developed in [25]. A simplified dataflow
pipelinefor aprojector-camerasystemis shownin Figure 2.

Because we only consider the specia case of projecting
gray-scale images, the radiometric model of the whole sys-
tem can be simplified and represented by using a per pixel
non-linear monotonic response function. For a given pixe,
we have:

Clx,y) = H(I(z,y)) @

where I(z,y) isthe input gray-scale image to be projected,
and C'(z,y) isthe image captured by the camera, H stands
for the radiometric correspondence between I(x,y) and
C(z,y). If the response function H can be determined, we
can achieve any desiredimage C'(x, y) by projecting acom-

pensation image instead of I(z,y). That is, to acquire the
correct input image I(z,y), we compute a compensation

image by:

I(z,y) = H '(I(z,y)) @

where I(x,y) isthe compensation image. If we project this
compensationimage I(z,y), then ideally the final compen-
sated image captured by the camerawill be:

I(z,y) = H(I(z,y)) ©)

We use a similar calibration procedure as described in
[25] to determine this response function H. We use a sim-
ilar calibration procedure as described in [25] to determine
this response function H. We project a set of 256 uniform
gray patterns with their gray levels ranging from O to 255,
and record the corresponding images captured by the cam-
era. This procedure resultsin a per-pixel radiometric corre-
spondence between I (z,y) and C(z, y).

We then introduce the calibration procedure between
the physical luminance domain and the pixel value domain
which is necessary for computing the perceptually-based
physical error metric. Because the perceptually-based phys-
ical error metric (which will be described in Section 2.3)
which incorporates the properties of the human vision sys-
tem has to be computed in the physical luminance domain,
given an input image, we have to transform its pixel values
to physical luminance values. We determine this correspon-
dence by a simple calibration procedure.

Similar to the radiometric calibration we project severd
flat patterns then capture them by the camera and simulta-
neously we use a spectroradiometer to record the physical
luminance. Note that, because we focus on the correspon-
dence between the pixel values on the camera plane and
their corresponding physical luminance, for simplicity we
assume the response of the camerais spatially uniform. We
use a high quality screen for projection and thiswhole cali-
bration procedure is implemented in a dark room.

Thiscalibration procedurefinaly gives usthe correspon-
dence between pixel values on the camera plane and phys-
ical luminance values. Then we can compute the thresh-
old map using the threshold model which will be described
in Section 2.3. The details about the computation of the
threshold map are described in [14] and are beyond the
scope of this paper.

2.3. A Perceptually-Based Physical Error Met-
ric
We incorporate a perceptually-based physical error metric
proposed in [14] to account for the properties of the human
vision system.
Given an input image, a corresponding image called the
threshold map (we denote it T'(z, y), and describe it in the



next section) is computed based on athreshold model which
incorporates the three main properties of the human vision
system that human eyes are not very sensitive to those scene
features with high background illumination levels, high spa-
tial frequencies, and high contrast levels. These three prop-
erties are called threshold sensitivity, contrast sensitivity
and visua masking.

Threshold sensitivity is generally specified using a
threshold-vs-intensity, or TVI function [10] which de-
scribes the threshold sensitivity of the human vision system
depending on the background luminance. The TVI thresh-
old for a given uniform background of luminance L is the
minimum luminance increment A L such that atest spot in
the center of luminance L + AL can be detected by an ob-
Server.

The contrast sensitivity function, or CSF [26], represents
the sensitivity of the human vision system to the range of
spatial frequencies found in complex images. The human
vision system is most sensitive to scene features with spa-
tial frequenciesin the range of 2to 4 cycles per-degree (cpd)
of visual angle and drops off significantly at higher and
lower frequencies. This property is generally modelled as
the result of spatial processing of the frequency patterns by
multiple bandpass mechanisms. Each mechanism processes
only asmall band of spatial frequenciesfrom the range over
which the visual system is sensitive.

Visua masking [9] is the property of the human vi-
sual system by which image features with high contrast
will dominate over lower-contrast featureswith similar spa-
tial frequencies and orientations. This compressive non-
linearity results in further elevation of threshold with in-
creases in the contrast of the pattern.

These three main properties of the human vision system
have been incorporated in the perceptually-based physical
error metric we use. Given an input image, a luminance-
dependent threshold is computed from the TVI function.
Contrast sensitivity and visual masking are used as eleva-
tion factors to the luminance-dependent threshold. Imple-
mentation details are described in [14].

2.4. Optimization Framewor k

Based on the radiometric model and the perceptually-based
physical error metric, we present our optimization frame-
work. First, we describe our definitions of variables as fol-
lows.

1. (z,y): coordinates on the camera plane
2. I(x,y): inputimage which is to be projected

3. R(z,y): image captured by the camera when the pro-
jector is projecting a uniform white pattern at full
power (level 255.)

4. Rmaz: the global maximum of R(z,y).

5. O(z,y): fina compensated image measured by the
camera O(z,y) ranges from 0 to R(z,y) based on
the assumption that the ambient light can be ignored.

6. T'(x,y): the threshold map computed by the threshold
model described in Section 2.3.

Let us assume that we have an ideal projection surface
with no texture (pure white.) In this case, we can assume
that for al =z and y we have R,,ax = R(z,y). Then we
compute O(z, y) as.

Rmax
255

O(z,y) = I(z,y) x 4

When the projection surface has some texture, we have:

al(x,y) Rmax /255,
(I (2, y) Runax /255 < R(,y))

O(z,y) =

R(z,y),

(otherwise)
©)

where a is aglobal scalar. Note that, because the dynamic
range of projector is physically limited some regionsin the
output image O(z, y) with pixel values greater than R(x, y)
will be cut off. If we usethe global scalar o to compress the
contrast of input image I (x, y) we need to find agood value
of a that minimizes cut-off errors while remaining close to
1 (no contrast compression) as possible.

We assume that when I(z, y) Rimax /255 changes by less
than the threshold value, that is, the change is in the range
[-T(x,y),T(z,y)], observerscannot distinguish thediffer-
ence. When we use a global scalar « to compress the con-
trast of inputimage I (z, y), the errors caused by the limited
dynamic range of projector will be:

0,
(a({ehlflzez — 7(,)) < R(w,y))
ear(xay) =
(a( gl — T(2,y)) = R(z.y))",
(otherwise)
(6)

wheree,, istheerror caused by artifacts because of thelim-
ited dynamic range of the projector. Note that, because the
threshold map must be computed in the luminance domain,
to compute T'(x, y) wefirst transform I (z, y) Rmax /255 to
the luminance domain, compute the threshold map using the
threshold model, then transform it back to pixel values. We
use the correspondence between pixel values on the cam-
era plane and physical luminance values described in Sec-
tion 2.2 to implement this transformation. Another thingwe
haveto point out isthat, based on the Weber’s law, when the



input image is compressed by a global scalar «, the corre-
sponding threshold T'(x, y) will changeto T'(z,y)/c.

We aso have to preserve enough contrast in the input
image. The photometric quality degradation caused by the
contrast compression can be described as:

ede = (1 —a)? @)

where eq evaluates the photometric quality degradation of
the input image caused by contrast compression.
Then our final error metric becomes:

E= //(ear(x:y) + Aede)dzdy ®

where E isthefina error metric, and theintegration domain
isthewholeinput image. A isaconstant parameter that can
make [ [ear(z,y)dzdy ~ [ [Aeqedzdy. With X chosenin
this way we have found that the global scalar turns out to
be stable, and subjective evaluations from several observers
have indicated that this method compensates effectively for
non-uniform surface texture.

We can then calculate the optimal global scalar o by
minimizing E. We use this optimal scalar « to compress
the contrast of the input image, then compensate this com-
pressed image using our radiometric compensation method.
The resulting compensation imageis:

j(l‘,y) = Hil(aI(x,y)Rmax/255) (9)

Because our method permits artifacts in the final com-
pensated images where humans are not very sensitive
we can produce compensated images with relatively high
brightness and contrast.

3. Results

An example input image that we wish to display is shown
in Figure 3. In this image, those regions with high lumi-
nance, high spatial frequencies, or high contrast such as the
castle and the trees have relatively high threshold values.
Namely, human eyes are not very sensitive to these regions.
Figure 4 shows the textured screen for projection. Because
we only consider projecting gray-scale images, there is no
color in our textured screen. Figure 5 shows the uncompen-
sated image. We can see that the input image is modul ated
by the spatially varying albedo of the screen. The compen-
sated result image without contrast compression is shown
in Figure 6. There are some significant artifacts in the fi-
nal compensated image because in these regions the output
of the projector saturates. Thisis a severe problem because
human eyes are very sensitive to these artifacts.

Figure 7 shows the threshold map used in our method.
Note that, the threshold values have been adjusted for dis-
play. We can see that those regions with high luminance,

high spatial frequencies, and high contrast have relatively
high threshold values. For instance, the region of the trees
has low luminance but the threshold value is elevated be-
cause of its high spatial frequencies.

Figure 8 shows the compensated image which has its
contrast compressed by our method. The globd scalar « is
0.5678. We can seethat the perceptible artifacts are reduced
significantly while the photometric quality is preserved.

4. Conclusionsand Future Work

We have focused on a severe limitation of radiometric com-
pensation systems, namely that artifacts are produced in the
final compensated images by the limited dynamic range of
the projector.

We have developed an optimization framework to solve
this problem based on a threshold modd of the human vi-
sion system. Our technique has shown that if input images
can be compressed properly based on the properties of the
human vision system we can achieve compensated images
with perceptually less noticeable artifacts while preserving
reasonable brightness and contrast in the input images.

In future work we will implement radiometric compen-
sation of color images and develop an optimization frame-
work that accounts for the chromatic sensitivity of the hu-
man vision system. Our method may also be extended to a
framework which includes localized scalars and more fac-
tors such as offset to account for ambient light, error caused
by local discontinuities, spatiotemporal sensitivity and vi-
sual attention [8] to generate better compensated images.
We also need to accel erate the computation of the threshold
map to make our framework easy to deploy.
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Figure 3: The desired input image

Figure 4: The textured screen

Figure 5: The uncompensated image.

Figure 6: Compensated image without contrast compres-
sion. We can see that there are some artifacts that cannot be
compensated correctly because the limited dynamic range
of the projector.

Figure 7: The threshold map

Figure 8: Compensated image with contrast compression.
Thevalue of the contrast compression scalar a is0.5678, as
determined by our framework. We can see that the percepti-
ble artifactsin thefinal compensated image are significantly
reduced, while preserving the photometric quality of thein-
put image.



