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Abstract. In this article, the authors investigate and study the color
spatial uniformity of projectors. A common assumption in previous
works is to consider that only the luminance is varying along the
spatial dimensions. The authors show that the chromaticity plays a
significant role in the spatial color shift and should not be disre-
garded depending on the application. The authors base their con-
clusions on the measurements obtained from three projectors. First,
two methods are used to analyze the spatial properties of the pro-
jectors, a conventional approach, and a new one that considers
three-dimensional gamut differences. The results show that the
color gamut difference between two spatial coordinates within the
same display can be larger than the difference observed between
two projectors. In a second part, the authors focus on the evaluation
of assumptions commonly made in projector color characterization.
The authors investigate if these assumptions are still valid along the
spatial dimensions. Features studied include normalized response
curve, chromaticity constancy of primaries, and channel indepen-
dence. Some features seem to vary noticeably spatially, such as the
normalized response curve. Some others appear to be quite invari-
ant, such as the channel independence. © 2010 Society for Imaging
Science and Technology.

[DOI: 10.2352/J.ImagingSci.Technol.2010.54.3.030403]

INTRODUCTION

This article presents a study of color spatial nonuniformity
within a projection display. In many applications only a pho-
tometric correction is used within one projector, and it is
shown as being an issue by Majumder and Gopi.!

Color spatial uniformity for projection displays has
been studied by many, notably Kwak and MacDonald” or by
Seime and Hardeberg.” However, it is often considered that
only the luminance is of critical importance, and in most
applications only this aspect is corrected for. The chromatic-
ity shift is often considered as negligible. Moreover, the
analysis of the color shift along the spatial dimensions is
mainly supported by either incomplete or qualitative results.
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This article presents a quantitative analysis of projector
spatial nonuniformity. We based our study on two aspects.

We first define our experiment. We then analyze our
measurements. A conventional two-dimensional approach is
used, which considers the analysis of a projected maximum
intensity patch. Then, we use a global comparison of the
gamuts at different spatial locations to evaluate color
nonuniformity. The second part focuses on the evaluation of
assumptions commonly made in projector color character-
ization. We investigate if these assumptions are still valid
with variation in the spatial dimension.

BACKGROUND AND MOTIVATION

A projection system displaying an image on a screen shows
some color spatial nonuniformities. These nonuniformities
can come from the system properties, such as lens align-
ment, but also simply from the position of the projection
system relatively to the screen. Since the early analyses of
cathode-ray tube (CRT) displays, it has been widely consid-
ered that only the luminance was critically changing alorig
the spatial dimensions.* This is still the assumption made by
many researchers when modeling newer displays, and they
maintain that the chromaticity shift is negligible. compared
with the change in luminance. In this work, we demonstrate
that the chromaticity shift cannot be disregarded, especially
for some modern projection system applications, such as
tiled projection systems, and for color research and experi-
ments linked with the human visual system.

Despite of the studies or tentative works that have
started to examine the color shift along the spatial
dimensions,>” it is still common to consider that the color
varies only in luminance along the spatial dimensions of a
display.® Many proposed correction algorithms only use a
luminance attenuation map, such as the methods used by
Brainard* for CRT monitors and by Majumder and Stevens’
for projectors or multiprojector system corrections.

In all their study of multiprojector systems, Majumder
et al. assessed that the spatial chromaticity shift is negligible
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compared to the luminance shift. However, looking at the
figures presented in the work of Majumder and Stevens,” the
gamut shows a severe shift, which at first seems to be com-
parable to the difference observed from one display to a
completely different one.

While Majumder et al. looked at the projector gamuts
in chromaticity diagrams, Bakke et al® recently proposed a
method for computing the difference between two gamuts in
a three-dimensional (3D) color space. They suggested that a
method using discretized representations of the gamuts can
be used to compute the relative gamut mismatch between
two gamut boundaries. First, a binary voxel structure is cre-
ated for each gamut. The value of each grid position is de-
termined using the following method. If the position is
within the gamut, the value is set to one, otherwise it is set to
sero. Determining the differences between two gamuts can
then be simplified to counting the voxels where the values of
the two gamut representations are different, and multiplying
this count with the volume of the cube represented by a
single discretized position. The resulting number can be di-
vided by the volume of the reference gamut, giving the rela-
tive gamut mismatch.

Besides this aspect and to complete our study of color

nonuniformity, we are interested in the behavior of some of

the characteristics involved in color characterization models
related with the spatial dimensions. Many works have been
carried out in order to characterize the color of projection
displays (i.e., model the relationship between the displayed
color and a given input). These models make different as-
sumptions about the devices in order to establish the most
simple and as fast as possible model. They are usually based
on preexisting knowledge about the technologies utilized in
the displays or determined by empirically investigating the
output of the devices. These assumptions are mainly: spatial
color uniformity (or only a luminance shift), temporal sta-
bility, chromaticity constancy of primaries, independence
between channels, gamma or s-shape intensity response
curve, etc. .

Problems arise when a model is used without verifying
whether these assumptions are true for a specific display
device. Many of these assumptions have been shown to be
reasonably correct for a CRT monitor. > Some studies
have performed analysis on liquid crystal display (LCD)
monitors, ' and a few studies have performed verification
of these hypotheses on p1‘oject0rs.2’3’13_15 With the exception
of Bastani et al., these studies investigate mostly projector
features as defined by the IEC draft.” Here, we extend the
previous works by analyzing the characteristics of several
projection displays along the spatial dimensions. We focus
on checking the validity of the most common assumptions.

EXPERIMENTAL SETUP -

We performed our investigation on three displays, two LCD
projectors of the same model and manufacturer (Sony
VPL-AW 15), and one DLP projector (Projection Design
Action One). They are named LCD1, LCD2, and DLP in the
following. All the displays were used with the default set-
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Figure 1. Locations of the measurements on the screen. The circled inter-
sections are the ones used for the reduced number of measurements.

tings. In order to have accurate measurements, we used the
(CS-1000 spectroradiometer from Minolta (accuracy: lumi-
nance, +2%, x,+0.0015, y,+0.001; repeatability: lumi-
nance, +0.1%, xy,0.0002 for illuminant A). The measure-
ments were done with a dark surround so that no light is
involved except that from the display. A warming up time of
at least 75 min has been used before any measurement to
reach temporal stability. The geometry of the whole system
was basically of the same type that the one used by Kwak
and MacDonald.”

In our first experiment, we used the same kind of ap-
proach as the one described in the TEC draft’ and in the
work of Kwak and MacDonald.> We measured only a full
intensity white image (RGB=[255,255,255]) at 5X5 loca-
tions regularly distributed over the display area (Figure 1),
having positioned the measurement device in front of the
screen at the observer’s position.

In addition to this approach, we were interested in look-
ing at the differences in the gamut volumé of the projectors
and at some features of the projectors along the spatial di-
mensions. We chose to limit the measurement process to 9
spatial positions among the set of 25 because of the time
needed to complete the measurements (Fig. 1). At these po-
sitions, we measured each ramp of primaries and gray, as
well as the entire RGB cube surface with a sampling of
5% 5, considering that the surface of the RGB cube is also
the gamut boundary in an independent color space.

Bakke et al.® showed that the gamut boundary descrip-
tor algorithm suggested by Balasubramanian and Dalal'®
performs well on most data sets when the preprocessing step
is applied with the y parameter equal to 0.2. We have there-
fore utilized this method to find our gamut boundaries. In
order to perform the gamut evaluation, we used the ICC3D
framework."”

A part of our evaluation is performed in CIELAB color
space. We encountered a challenging issue in using this space
since it is based on pointwise colorimetry and we are look-
ing at a spatial display. In the past studies we know, the
luminance was supposed to be at its highest value in the
center of the display and the observer was supposed to look
at the center first. The measurement of a white patch at the
center was used as the reference white. This follows the rec-
ommendation of the IEC draft.” However, considering the
position of the display or the alignment of the lens, the
highest luminance point can be severely shifted from the
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Figure 2. Visualizations of the temporal shift for the DIP and one of the LCD tested projectors. The ordinate
boundaries of these graphs correspond fo the 20% error around the mean for Y and the 1% around the mean
for x and y. One can notice that the DLP is less stable than the LCD. However, both devices appear fo be stable
enough fo be used in normal applications. We can notice that for the LCD projector, there is an opfimal fime

between the warming up time and a overheat time.

center. That can happen for instance when the projector is
made to be used in an office and to project the image on a
wall for presentation, such as the DLP projector we tested.
We therefore decided to use the brightest point of the white
image displayed as reference white. This choice has some
advantages in our case. If we consider the geometry of the
system and the lens alignment, choosing the reference white
at the brightest point is more in accordance with the physical
properties of the device. Since we base our experiment on
colorimetry and we do not attempt to take more human
factors into consideration, we have chosen to use this as our
reference white. Note that in the case of a complex image,
the white point should be the brightest point of the image.
In our experiment, we used only digital uniform patches so
that we can consider the brightest area to be consistently at
the same place (at the measurement spatial resolution
confidence).

In the following, we refer to the measurement of the
brightest white of a projector as the global reference white,
while the local reference white is the white measured at each
location.

TEMPORAL STABILITY

In order to ensure that our measurements at different loca-
tions were significant compared with the normal drift of the
equipment, we performed a temporal stability check of the
projectors we used. We started by performing an evaluation
close to the one proposed in the IEC draft.” We measured a
white full screen patch (full intensity) at regular intervals of
12 min for about 700 min (11 h 40 min). The Y, x, and y
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coordinates are plotted for projectors DLP and LCD?2 in Fig-
ure 2. LCD1 is considered to show the same behavior than
LCD2. We used another range for x and y than the one
proposed in the IEC draft since we could not see any infor-
mation while plotting between 0.25 and 0.35 chromaticity
diagram unit.

It appears that the LCD projector is really stable after
one hour warming up, and for approximately 7 h of use. The
DLP projector varies in intensity from 106 to 118 ¢cd m™2 in
a regular way. The chromaticity values follow the same
pattern.

To complete this evaluation and to have a better idea of
the global temporal stability in normal use, we measured the
primaries and the graylevel at full intensity every 12 min for
the same time and computed the difference from the average
in CIELAB for each color after one hour warming up. Re-
sults are presented in Table 1.

These results confirm what is shown by the graphs. The
LCD is shown to be more stable than the DLP. However,
there is a large maximum shift of the red channel for the
LCD that appears at about 8 h and 10 min after switching
on.

Overall, the stability of these devices is representative of
typical projectors that are currently being used and should
therefore be acceptable for use in our experiment.

ANALYSIS OF THE SPATIAL NONUNIFORMITY

In this section we present and discuss the results we ob-
tained first with the conventional evaluation and second
with the 3D gamut comparison approach.
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Table 1. Temporal stability estimation.

DLP L(D2
R 6 B W Al R G B W Al
AF’, mean 1.29 1.2 0.78 1.17 1.1 0.60 0.33 0.58 0.22 0.43
AF j, mox 2.19 273 1.64 241 219 4.74 1.32 1.83 0.64 4.74
AF  std. dev 0.72 0.66 0.37 0.56 X 0.86 0.25 0.46 0.1 X

Tahle I1. Relative shift in lighiness and chroma at 25 locations for the three tested displays.

Shift in lightness

Shift in Chroma

Lo

Al* ] 2 3 4 5 AC 1 2 3 4 ;

] -8.92 ~4.85 ~1.61 -1.60 -5.55 1 5.09 246 2.29 1.99 249
2 ~7.66 -372 -037 ~0.36 ~5.55 2 4.68 178 1.36 181 197
3 -6.42 ~4.09 0.00 ~0.58 -374 3 353 0.67 000 165 1.56
4 9.9 477 -1.29 -191 ~281 4 2.37 0.40 1.39 1.80 231
5 - -1.02 -378 ~4.64 ~5.84 5 316 341 473 377 191

' 10,

ALY ] 2 3 4 5 AC 1 2 3 4 5

1 ~6.49 -3.43 114 -1.53 -6.09 1 413 3.09 1.26 163 203
2 ~6.63 ~293 0.00 ~090 ~5.96 2 317 2.68 0.00 0.92 1.38
3 . -690 ~2.85 ~0.11 -2.00 ~478 3 167 0.24 1.97 0.66 135
4 -571 ~4.68 -194 -379 -5.89 4 1.60 232 4.44 277 0.78
5 159 ~6.75 ~482 ~6.09 ~9.66 5 318 6.03 5.25 418 276

DLP .

Al* ] 2 3 4 5 AC 1 2 3 4 5

| ~2088 -1672 -1384 ~1440 ~18.14 1 5.97 5.37 547 547 5.9
2 ~2090 -14.79 -1149 ~11.83 ~16.80 2 5.6 485 4.65 4.44 5.40
3 ~19.39 ~11.46 ~6.63 -9.29 ~15.60 3 4.94 3.62 281 3.56 481
4 -18.06 -8.61 ~1.68 ~4.87 ~1263 4 353 170 0.92 241 409
5 1 162 0.00 -1 ~11.58 5 301 031 0.00 218 3.85

CONVENTIONAL EVALUATION

By displaying the white patch and measuring the projected
color at each position, we get an overview of the global
behavior of the display. In Figure 3, we can see the lightness
shift along the spatial dimensions in the left part of the
figure.

This visualization is based on the measurements at 25
locations. The white surround comes from the fact that we
have no information on this part of the displayed area, while
we can interpolate the data inside this rectangle. We can see
that the brightest point is not necessarily in the center of the
screen. The color shift is illustrated in the right part of this
figure. We can see the same effect as the one described by
Kwak and MacDonald,” a shift in the color around the center
of the lens displayed on the screen (i.e., the brightest point).

J. Imaging Sci. Technol.
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The LCDs projectors show a shift from green/cyan to blue/
red as a general behavior from the top left corner to the
bottom right. The DLP shows a shift to the blue from the
top to the bottom. The causes of this shift can be found in
the literature'® and are probably mainly due to lens align-
ment and chromatic aberration.

The results of the quantitative analysis are presented in
Tables II and IIL. The first shows the AL* and AC* relative to
the brightest point. The second shows the AE",;.

The largest AE",, observed are 11.64, 10.17, and 21.71
for LCD1, LCD2, and DLP, respectively. The differences are
significantly above the just noticeable difference from a colo-
rimetric point of view.

For the LCDs, we noticed a maximum lightness shift of
11.27 AE",, units in the bottom left corner for LCD1 and of
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Figure 3. Visualization of the color shift throughout the display. On the left, we show a visualization of the
lightness shift. The maximum lightness is 100 (white), and the minimum (black) is around 79. On the right, hue
and chroma shift are plotied relatively to their spatial position. The position of the circles (red) is the reference,
the crosses (blue) indicate the measured value. The angle of the segment represents the hue shift, and the norm
the chroma shift in the (a*, b*) plane. The reference on the right shows a difference of fen units. ’
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Table 111, Relative shift in CIELAB unit at 25 locations for the three fested displays.

Shift in CIELAB unit

10)

AF, 1 1. 3 4 5

1 926 - 5.24 280 293 753

2 7.89 414 141 181 7.26

3 6.1 441 0.00 1.05 514

4 9.57 5.10 189 1.95 3.68

5 11.64 797 6.05 575 6.64
LD2

AP, 1 2 3 4 5

1 6.80 3.80 170 3.45 7.36

2 © 67T 3.07 0.00 2.82 675

3 7.03 292 197 202 507

4 576 5.44 4.84 4.44 611

5 8.07 7.94 713 8.57 1017
DLP

AF, 1 2 3 4 5

1 2171 17.60 14.88 15.36 19.09

2 21.58 1545 1240 1278 1773

3 19.97 12.00 7.20 9.97 16.36

4 18.52 8.94 192 5.16 1311

5 18.18 792 0.00 1.25 11.97

9.66 units in the bottom right corner for LCD2. The corre-
sponding chroma shifts are, respectively, 3.16 and 2.76. The
maximum chroma shifts for these displays are 5.09 in the
upper left corner for LCD1 and 6.03 at the bottom left for
LCD2, with associated lightness shifts of 8.92 and 6.75. The
DLP projector shows a maximum lightness shift of 20.90
units in the upper left part of the displayed area and 5.68
units in chroma at the same position. The maximum
chroma shift is of 5.97 units in the upper left corner for
20.88 units in lightness.

In some ocations we can clearly see that the lightness
variation is smualler than or equivalent to the chromaticity
shift, such as below the center for LCD2, which shows a AL*
of 1.94 and a AC* of 444 compared to the reference loca-
tion. When we consider the hue shift which is shown in
Fig. 3 on the right, the chromaticity difference from a spatial
coordinate to. another can easily be larger than the lightness
shift, and the hypothesis which considers the color shift as
negligible can be disputed.

3D GAMUT EVALUATION

The reference gamut for each projector was constructed
from the measurement data of the position with the highest
luminance value. Table IV contains the percentage of gamut
Mismatch for each position compared with this reference.

J. Imaging Sci. Technol.
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As we can see, the gamut at some locations can be as
much as 52% smaller than the reference, which is illustrated
in Figures 4(a) and 4(c). The luminance shift is responsible
for a large part of this difference. Compensating for the lu-
minance shift by using the local white point for calculating
CIELAB values still leaves a significant maximum gamut
mismatch of 8.51%, 9.42%, and 9.57% for the three projec-
tors. Figs. 4(b) and 4(d) show the gamuts computed using
the local white point.

This mismatch in relative volume is comparable to the
error introduced when using a strictly convex hull to repre-
sent the gamut of an arbitrarily chosen device, and is greater
than many interdevice gamut differences. In our experiment,
the gamut mismatch between the two LCD projectors (at the
reference position) is 2.75%, giving an intradevice difference

‘ca. 3.4 times larger than the interdevice difference.

The DLP shows large differences in gamut depending
on the spatial location, similar to what we showed in our
analysis of lightness. Compared with the two LCDs, a larger
part of the differences can be explained by the luminance
shift. The remaining gamut mismatch volume mainly con-
sists of the volume that is contained within the reference and
is not a part of the gamut of the other spatial locations,
which is illustrated in Figure 5. This means that there are
effects in addition to the luminance shift which contribute to
the reduction in the gamuts.
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Table IV. Relative gamut mismatch for each position compared with the gamut of the position with the highest luminance. The
gamuts are calculated using the global white point as well as the local white point for each of the nine selected locations.

Gamut mismatch, global white point

Gamut mismatch, local white point

L1
% 1 3 5 % 1 3 5
1 1.3 490 17.08 1 9.57 3.30 572
3 2392 0.00 16.15 3 749 0.00 5.53
5 32.66 9.48 13.50 5 7.90 207 4.09
L(D2
% 1 3 5 % 1 3 5
] 24.84 5.83 19.75 1 9.42 2.48 4.46
3 2018 0.00 18.79 3 6.00 0.00 2.40
5 29.75 11.01 20.82 5 598 1.98 248
DLP
% 1 3 5 % ] 3 5
] 52.36 38.02 41.06 1 8.51 6.86 691
3 4773 18.29 36.28 3 7.96 3.92 6.38
5 4322 0.00 26.93 5 6.62 0.00 4.87

Figure 4. The gamut boundaries for two of the projeciors at the position
with the highest luminance (wireframe) compared with the gamut of the
top left comner (solid and wireframe). CIELAB measurement values were
computed relatively 1o the global white point for (a) and (c), while (b)
and (d) utilizes the white point of each location.

DISCUSSION

Based on our analysis of these results, there appears to be
sufficient evidences to claim that the chromaticity shift has
to be taken into account in some cases. Some applications
might not be affected, while some might suffer seriously
from this fact. It appears important for us to compensate for

J. Imaging Sci. Technol.
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(a)

(b)

Figure 5. While using the white point of each location reduces the dif
ference between the gamuts by compensating for the luminance shif, we
still see some differences between the gamuts.

this problem in at least two situations: while performing
psychophysical experiments for color science purpose with a
projector and while tiling projectors together to build a
multiprojector system.

Related to the choice we made in our experiment by
using the brightest white point as a reference, we found that
the gamut of the position with the largest luminance results
in the largest estimated gamut volume. It is then a logical
choice to use this as the basis for the reference gamut.

Considering the case of a multiprojector system, since
the chroma shifts in two opposite hue directions from the
center of the lens, the area around the overlapping edges will
show two really different colors. Note that even though the
computed chrominance shift is major (we observed some
AC” of about six from one position to another and greater
differences can be found between extreme positions), if we
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consider the spatial content of an image, it is not certain that
the chrominance shift will break the perceived uniformity.

Similarly, the reduction in gamut volume of up to 52%
when using the global white point does not appear to be
indicative of the perceived color capability of the projectors.
However, using the local white point seems to underestimate
the real difference, as is endorsed by the conventional ap-
proach. When we look at the full intensity white patch, the
perceived difference does not seem to be as large as the
measured one. This is due to contrast sensitivity limitation.
Contrast threshold function defines the minimum contrast
required to detect a sinusoidal waveform of a particular
mean and spatial frequency."’ :

Accordingly within a display area the transition is
smooth and spread sufficiently over the distance between
two locations that it is not detected as a large color difference
by the observer.

In order to make a model which fits our perceived color
appearance, we need to consider both more psychovisual
features, such as the color adaptation at the local and at the
global level, cognition and physiology and spatial features
such as contrast sensitivity.

COMMON ASSUMPTIONS IN COLOR
CHARACTERIZATION OF PROJECTORS: A SPATIAL
POINT OF VIEW

In this section we present and discuss the common assump-
tions used in display color characterization. We analyze the
normalized response curves of the displays, the chromaticity
constancy of primaries and the independence between chan-
nels. We use a method described by Bastani et al."” in order
to analyze the cross-channel interaction of the displays. By
keeping the input of two channels at either full or no inten-
sity and varying the input of the third channel, the amount
of channel interaction can be found.

NORMALIZED RESPONSE CURVES
A common assumption in display characterization is to con-
sider the normalized response curve of each channel to have
the same shape. By extension, each channel may have the
same shape as the graylevel response curve. In many com-
mon methods this assumption can reduce the number of
intensity measurements or evaluations that have to be taken
or done. This assumption has been shown to be valid for
CRT monitors but not for LCDs."" For projectors, if we look
at the works of Seime and Hardeberg”" or of Kwak and
MacDonald,” the LCD projector does not appear to fulfill
this assumption, however the DLP studied by Seime et al.>'
seems to show approximately equivalent normalized re-
sponse curves for each channel. Let us note that at least one
LCD projector seems to fit the hypothesis."* However, no
Quantitative data is given in these studies to assess this as-
sumption. The purpose of this section is to evaluate it with
Quantitative data, and to extend the investigation to the spa-
tial dimensions.

In Figure 6 we show the response curve of a normalized
8raylevel intensity ramp at the reference location of the DLP

J. Imaging Sci. Technol.
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Figure 6. Normalized response curve of the DIP projector compared
with the normalized sRGB response curve. The indicator §'is the surface
between both curves x 1000.

we tested, and a normalized sSRGB response curve sampled
as the first curve. The sRGB response curve being the one
used by default in many cases, we used it as a reference.

We propose a simple method to give an indicator of
similarity that consists in the absolute difference between the
integrals (i.e., the surface between both curves). We multi-
plied the surface found by 1000 (to avoid too small num-
bers). We compared the sSRGB and the response curve of our
three projectors and found a & of 4.31, 4.29, and 5.26 for
LCD1, LCD2, and DLP, respectively, which enables us to
relate the following results to something known.

Based on this indicator, we perform three experiments.
First we compute the average and maximum mismatch 5.,
between the intensity response curve of each channel and
the gray level response curve at each position. If there is no
mismatch it can be enough to measure only the gray level
response curve at each spatial location. Results are reported
in Table V. ’

We observe that the centers of the displays are among
the locations with the largest shift between curves for each
display. If we relate these numbers with the one found be-
tween the gray level reference curve and the SRGB curve, it is
possible to consider normalized response curves equivalent
at each location whatever the channel for sRGB accuracy.
However, the mismatch is not negligible for applications that
require high colorimetric accuracy.

Our second experiment consists in computing the mis-
match between each primary at different locations and the
same primary at the reference location. If there is no mis-
match, we could consider that measuring the response
curves at one random location is enough for each primary.
Results are reported in Table VI.

This inference seems to be a valid assumption for DLPs.
However, for the LCDs it is approximately as different as
supposing the display to be sSRGB (which can be an adequate
hypothesis depending on the accuracy one wants to reach).

Our last experiment testing this assumption is to com-
pare response curves at all locations and for all channels
with the reference location gray level normalized response
curve (as it can be measured in some cases for applying a
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Table V. Mismatch hetween the intensity response curves of each channel and the gray level curve, depending on the location on
the screen. The maximum and average mismatches are reported.

Average mismaich

Maximum mismatch

o1
1 3 5 S 3 5
1 0.96 259 261 1 263 3.88 454
3 115 3.00 243 3 257 485 371
5 201 2.64 187 5 287 3.69 342
(D2
1 3 5 1 3 5
1 121 201 224 1 205 330 3.68
3 1.29 215 172 3 276 330 301
5 205 153 131 5 331 3.7 34
DLP
] 3 5 1 3 5
1 143 124 0.98 ] 3.44 316 146
3 1.34 205 101 3 249 403 264
5 262 137 0.84 5 438 282 1.68

Table V1. Mismatch at each location hetween channels for each primary and the channel response curve ot the reference location.

The gray level response curve mismatch is shown os well.

Average mismatch

Maximum mismatch

L(D1
Red Green Blue Gray Red Green Blue Gray
3.02 1.49 1.26 1.7 515 37 340 3.87
L(D2
Red Green Blue Gray Red Green Blue Gray
1.94 2.36 2.02 2.38 3.85 5.50 343 499
DLP
Red Green Blue Gray Red Green Blue Gray
0.48 0.24 0.97 0.57 1.83 0.80 1.67 0.95

classic physical color characterization model). If there is no
mismatch, it is enough to measure only one ramp at a given
location.

We found an average mismatch of 2.13, 2.48, and 1.10,
and a maximum mismatch of 6.29, 8.30, and 3.85 for LCD1,
LCD2, and DLP, respectively.

In average, the difference is not as big as the difference
compared with an sRGB curve, especially for the DLP. How-
ever, the maximum error found in LCDs shows that for this
technology (or at least for these projectors) one can intro-
duce a critical error through this approximation.

More analysis should be performed, especially to find a
just noticeable difference. As a first conclusion, we would
not use this assumption for projectors for accurate color
rendering. However, it seems that within DLP technology,
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one can consider the normalized response curve of a given
channel as invariant along the spatial dimension. If an sSRGB
accuracy is enough for a given application, then it seems that

measuring only one ramp for one projector could be a fea-
sible compromise.

CHROMATICITY CONSTANCY
The assumption of chromaticity constancy is important in
many physical display color characterization models while
performing the colorimetric transform. In this section, we
want to see if the behavior of the chromaticity of primaries
changes with the spatial location.

Figure 7 illustrates the chromaticity values of the ramps
of red, green, and blue for each projector and at different
locations. In these figures the offset has been removed using
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Figure 7. llusiration of the chromaticity constancy for the projectors at different locations, in () for projector
LCD1, in (b) for projector LCD2 and in (c) for the DLP projector. In each figure the x and y chromaticity values
are shown Iwice: once as a regular chromaticity diagram and second in the background of the figure in line

and square versus the ramp digital steps in horizontal oxis

for the chromaticity x and in line and diamond versus

the ramp digital steps in vertical axis for the chromaticity y. For clarity, the chromaticity of the average offset

over the various locations has been used in the graphs.

the local offset (the black at each measurement location). We
can observe slightly better chromaticity constancy for the
DLP projector [Fig. 7(c)] than for the two LCD projectors,
each chromaticity of each ramp at the various levels being
almost identical. The primaries are quite consistent spatially
within the DLP. However, we can observe a slightly different
behavior with the variation in location, especially in the low
luminance red primary along the x axis.
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CHANNEL INDEPENDENCE
An assumption made by several models is that of channel
independence, e.g., that the output of a gray ramp is equal to
the sum of the three R, G, and B ramps. For each projector,
we have plotted the measured gray ramp and compared it
with the computed sum of the individual ramps; see Figure
8.

The lack of additivity we can observe in Fig. 8 is due to
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Figure 8. The luminance of the gray ramp (solid line) compared with the
sum of the individual ramps (dashed line) for the three projectors.

the existence of channel interaction. Bastani et al."” sug-
gested that the amount of interaction for a channel at a
given intensity can be calculated using the formula in Eq.
(1), where L(r,g,b) represents the luminance that is mea-
sured for a specified RGB input. a and b are constant values
for two of the channels, while v is the varying input of the
third channel. Equation (1) defines the interaction for the
red channel. The interactions for the other channels are
found in a similar manner. We preferred this method to the
more complete, but more complex method proposed in the
IEC draft® for visualization purpose;

CIRED(V, a, b)

~ [L(v,a,b) — L(0,a,b)] — [L(v,0,0) — L(0,0,0)]
B 1(255,255,255) — L(0,0,0)

(1)

Figure 9 shows the interaction between the channels for the
three projectors. We can clearly see that the LCDs have much

Red Green Blue
0.1
005
LCD1 o
-0.05 -0.05 —0.05
1y 0.25 05 075 1 % 025 05 0.75 o 0.25 05

0.75 1
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- : -0. -0.1 :
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0 10 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1 1 0.25 0.5 0.75 1

Figure 9. Channel interaction for three displays. The horizonial axis represents the input value of the denoted
channel, while the verfical axis rerresents the calculated interaction value. The solid black line is the interaction

found when the two other channe

s are kept at maximum input value, while the dashed and the dotted lines are

when the a or b, respecfively, is sef to O when computing the interaction metric.
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a and b that gives the

ighest interaction is chosen
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more interaction than the DLP. The LCDs feature quite
similar interaction characteristics, which is unsurprising
given that they are of the same manufacturer and model.

The spatial effect on the interaction is shown in Figure
10 for LCD1 and DLP. We noticed more interaction in the
corners of the image in DLP technology. One factor that
could cause this is the motion of the color wheel being less
synchronized with the micromirrors motion at the corner.
Another possible cause is a lens diffraction effect.

DISCUSSION

To summarize, we can say that the normalized response
curves vary enough with the spatial location to influence
strongly the accuracy of the characterization except for the
tested DLP, where the spatial normalized response curve
seems to be consistent by channel. We confirm previous
studies, which found that LCD projectors have a high degree
of channel interaction and their channel additivity is bad.
However, DLP technology shows more independence, and a
good additivity. The study of the chromaticity constancy
shows as well better performances for the DLP. Considering
the spatial effect, there is limited difference between spatial
locations in terms of channel interaction. We can say that
the independence between channels remains quite invariant
along the spatial dimensions.

To construct a spatial color characterization model, it
may be required to perform measurements at many spatial
locations on the displayed area. However, the number of
measurements could be reduced depending on the display
characteristics. For instance, considering the DLP we tested,
it may be sufficient to evaluate the normalized response
curve for each channel at one location. Or, considering the
interaction between channels stable along the spatial dimen-
sions, it could be sufficient to evaluate the parameters for
some model at only one location.

CONCLUSION AND FURTHER WORK
We have shown that the measured chromaticity shift along
the spatial dimension of a projector is important and that
considering only the luminance to be nonuniform can be a
critical mistake in some applications. Through the analysis
of features, we have shown that most of the color shift, not
induced by the lens system, was coming from the spatial
differences in response curve in LCD projectors and from a
spatial variation in the channel interaction for DLP technol-
ogy. These features will be of major interest for designing a
spatial color characterization model for projectors.
However, considering the image content, it is reasonable
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to think that the perceived uniformity would not be broken
in many cases. Further experiments could be done in this
direction to find what can be considered as perceived spatial
uniformity, including contrast sensitivity limits of the hu-
man vision.

In any case, considering a given application and its re-
quired accuracy and precision, we would recommend testing
each parameter on each different type of projectors involved
in order to choose the best (the simplest corrections that fit
the requirement) color characterization model and the best
spatial correction.

Further work includes performing a more in-depth sta-
tistical analysis of the results and testing more projectors to
improve the significance of the experiment. As a straightfor-
ward continuation of this work, we think it could be of great
interest to utilize a spatial gamut mapping algorithm using a
spatially varying gamut in multiprojector systems.
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