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Abstract

Successful colour management of projection systems
depends on knowledge of their characteristics. In this
study, two typical portable projectors have been charac-
terised. The two projectors are based on different tech-
nologies, Liquid Crystal Display (LCD) and Digital Light
Processing (DLP). Measurements were made with a spec-
troradiometer.

The LCD projector showed good colour additivity. The
luminance difference between the sum of primaries and
white was 0.33% after correction of the black level. The
corresponding value for the DLP projector was 56%. This
is due to a non-filtering segment in the filter wheel.

The inter-channel dependency was calculated. The
LCD projector showed good independence. For the DLP
projector, the additional segment complicates the interpre-
tation of the calculated values.

Measurements of the signal input-output relationship
have been made. The LCD projector showed a power
function response, while the DLP projector showed an S-
shaped response. Neither of these are native responses of
the projectors, so this is probably a deliberate design.

The chromaticity changes of primary colours and grey
depending on the input signal were measured. The chro-
maticity constancy was poor for both projectors. It was
shown that the relatively high black luminance is the dom-
inant reason for this.

The spatial uniformity was surprisingly poor. Mea-
surements revealed uniformities down to 20% and 30% for
the DLP and the LCD projector, respectively.

Our tests showed that both the intensity and the colour
of the background influenced the displayed colour. The
average colour differences were found to be AE },=4.83
for the LCD and AE?,=2.94 for the DLP projector.

1. Introduction

In recent years, rapid advancements for projection sys-
tems have been made. Improved image quality, especially
higher resolution and luminance, along with size and wei-
ght reduction have widened the areas of application outside
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the traditional electronic presentation. Entertainment, ad-
vertising, and information are some new important areas.

Portable projection systems are typically based on ei-
ther liquid crystal display (LCD) or digital light processing
(DLP) technology. The heart of the DLP technology is the
digital micromirror device (DMD); essentially a 2D-array
of fast movable micromirrors. The LCD technology has
been available for many years, whereas the more recent
DLP technology was introduced by Texas Instruments in
1996.

The substantial increase in use of projection displays
makes colour management of different types of projectors
an important issue. For colour management to be possible,
a consistent and standardised method of characterisation
must be established. The International Electrotechnical
Commission (IEC) has started this work and published a
working draft for characterisation of LCD, DLP and cath-
ode ray tube (CRT) based projection systems.! Relevant
information has also been published by Video Electronic
Standards Association (VESA).2

There have been few reported characterisations of LCD
and DLP based projectors.>*> In the present study, an
LCD and a DLP projector were characterised using mainly
the methods suggested by the IEC draft.

The equipment and conditions used in this study are
given in the following section. In Section 3 some key re-
sults are presented and commented, and in Section 4 con-
clusions are drawn.

2. Experimental setup

The two projectors tested in this study were the ASK C6
Compact and the DAVIS DP X16. The LCD projector
from ASK has a panel of three polysilicon LCDs, and ex-
hibits a luminance of 900 ANSI lumens. The DLP pro-
jector from DAVIS is a single-chip DMD, and uses a re-
volving wheel with filters to produce colours. It exhibits a
luminance of 1000 ANSI lumens.

The choice of projection screen will have a large effect
on the colour performance. A standard diffuse screen from
Projecta was used. Using a perfect diffuser as a reference,
the spectral reflectance of the screen at normal incidence
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was measured, see Figure 1. A reflectance larger than unity
indicates that the screen is partially specularly reflecting,
since the reflection coefficient of the screen is substantially
lower than that of the perfect diffuser.

The measurement conditions given below were adopted
from the IEC draft except otherwise noted.

The measurements were performed in a dark room with
standard indoor conditions (temperature/humidity). A min-
imum of one hour warm-up time preceded any measure-
ment and the projector was connected to a line voltage sta-
biliser.

Preset positions of contrast, brightness and other ad-
justable parameters were used. The image diagonal was
set to 102 cm (40 inches) as recommended by Microsoft. ¢
Colour patches of size h/5 x h/5 (h is image height) pre-
pared in PowerPoint were displayed at the centre of the
screen. The distance between the screen and the spectrora-
diometer was about 3/ as recommended by Kwak et al.3

The spectroradiometer used was a PR-650 from Pho-
toResearch.
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Figure 1: Relative spectral reflectance of the screen at normal
incidence compared to a perfect diffuser.

3. Experimental results and discussion

The IEC draft suggests assessment of a total of nine differ-
ent properties for an LCD projector, spectral characteris-
tics and the intensity of the primary and white colours, ba-
sic colorimetric characteristics, inter-channel dependency,
tone characteristics, colour tracking characteristics, spatial
non-uniformity, dependency on background, temporal sta-
bility and viewing angle characteristics. It also gives an
outline of how to present the results. All properties except
viewing angle dependency were measured in this study. A
complete presentation in this paper would be too compre-
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hensive, but the main findings are presented in the follow-
ing sections.

3.1. Spectral and basic colorimetric characteristics

The spectral radiance distributions for full primary colours
and full white are shown in Figure 2. Table 1 shows ab-
solute tristimulus values and chromaticity coordinates for
the same colours and black, and also the correlated colour
temperature for white.
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Figure 2: Spectral radiance distributions for full colours red,
green and blue for the LCD (top) and the DLP projector (bot-
tom). The lines with cross markers represent white.

For the LCD projector the primary colours approxi-
mately add up to white. The luminance difference is 1.8%,
and if we correct for the black level, which contributes
three times to the sum of the primaries and only once to
white, we get a difference of 0.33%, which is comparable
with results found elsewhere.** The difference remain-
ing after correcting for the black level is caused by inter-
channel dependency. However, for the DLP projector the
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Table 1: Absolute tristimulus values, chromaticity coordinates
and correlated colour temperature for white for the LCD (top)
and the DLP projector (bottom).

Colour | X [|Y(cdm®)| Z x y
Red 373.0 226.2 16.21 | 0.6061 | 0.3676
Green | 3574 829.2 84.73 | 0.2812 | 0.6522
Blue 248.4 66.09 1321 | 0.1519 | 0.0404
White | 960.2 1101 1392 | 0.2781 | 0.3188
Black | 7.923 8.413 14.96 | 0.2532 | 0.2688

Correlated colour temperature for white: 8906 K

Colour | X [Y(dm®)| Z x y
Red 181.2 109.1 14.35 | 0.5948 | 0.3581
Green | 3109 561.5 69.08 | 0.3302 | 0.5964
Blue 132.6 77.42 672.5 | 0.1503 | 0.0877
White | 1002 1154 1198 | 0.2988 | 0.3442
Black | 3.982 4.428 5.783 | 0.2816 | 0.3120

Correlated colour temperature for white: 7111 K

corresponding value is about 56% after correction of the
black level. This is due to a non-filtering segment in the fil-
ter wheel which increases the overall system luminance.>
This makes characterisation and colour management more
complicated.

3.2. Inter-channel dependency

A model for the relationship between input data and tris-
timulus values of the displayed colours is defined in Equa-
tion (1).
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The 3 x 3 matrix S gives the dominant relation, and
the 3 x 8 matrix T gives the cross-channel relations among
the primaries. The terms in T contain contributions from
each individual channel (1 st order), from the combination
of two channels (2rld order) and from the combination of
all three channels (3rd order). The prime symbolises that
the values are normalised.

A set of 32 colour patches containing grey levels, pri-
mary and mixed colours were measured to find the inter-
channel dependency using regression as described by the
IEC draft,' and the results are presented in Equation (2).
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The elements in T cp seem reasonable with values
close to unity along the 15t order diagonal. The calcula-
tion was repeated with the black level subtracted from all
measurements. This gave significantly smaller values for
the inter-channel elements than those reported in Equation
(2). The Tpp p matrix is more difficult to interpret. It is
not clear whether the method used here for calculation of
inter-channel dependency is relevant for projectors with a
non-filtering segment.

3.3. Tone characteristics

The relationship between input and output signal was
found for the three primary colours by measuring a set
of 32 patches, equally stepped in PowerPoint, for each
colour. The results are presented in Figure 3. The IEC
draft suggests that the plots should be presented with log-
arithmic scales for the LCD projector, but following Kwak
et al.® our data is shown on a linear scale. Logarithmic
plots are convenient for CRT displays which show a power
function-like response, and although some projectors are
implemented to resemble CRT displays, this is not always
the case.

Looking at Figure 3 we see that the LCD projector has
approximately a power function response. The intrinsic
response of the liquid crystal is S-shaped, so this is inter-
preted as being due to internal processing intended to give
the projector CRT-like tone characteristics. The responses
are dissimilar for the different channels. This means that
the grey scale is not neutral, i.e. a grey colour specified
with equal amounts of R, G, and B, exhibits varying hues
at varying intensity levels. The primaries reach their lumi-
nance maxima before their corresponding the RGB values.
This might imply that the preset brightness is set too high.

We note that for the DLP projector, the curves in Fig-
ure 3 appear to be S-shaped. The DLP projector has a lin-
ear intrinsic signal to light relationship,’ so this is again
a manufactured response. The S-shape response is some-
times implemented in DLP devices since stretching of the
mid-range values gives higher detail contrast.®

3.4. Colour tracking

The chromaticity changes of the primary colours and grey
resulting from different driving levels were found by mea-
suring 8 equi-stepped patches for each primary colour and
grey. The results are plotted in u'v' diagrams.

Both projectors show poor chromaticity constancy for
the primaries, with the LCD projector being the poorer.
This is a common problem for LCD and DLP devices.> °
The chromaticity coordinates drift towards the system
black as the drive signal decreases. The reason for this
is that unlike CRT devices, LCD and DLP devices have
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Figure 3: Output response of the primary colours as a function
of the RGB input level for the LCD (top) and DLP projector (bot-
tom).

relatively high luminance of black. This is caused by leak-
age of light through the LCD cells for the LCD projector, *
and by scattering from the mirrors and the substrate be-
tween the mirrors for the DLP projector.” Subtracting the
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black level from all measurements significantly improves
the chromaticity constancy, as seen in Figure 5. Although
the contribution from the black level dominates, there are
still some small chromaticity changes present after the cor-
rection. Possible explanations may be found in References
4,11, and 12.

As foreseen in the previous section, there is a shift in
the chromaticity coordinates of grey for the LCD projec-
tor. The DLP projector has quite similar channel responses
giving almost constant grey coordinates.

3.5. Spatial non-uniformity

The spatial non-uniformity was considered by displaying
a full white image and measuring the tristimulus values at
25 equally spaced points over the image. The tristimulus
values were converted into Au’, Av', AL*, AC%,, and
AFE?, using the central point of the image as reference.
The average absolute differences are shown in Table 2.

Table 2: Average absolute colour and luminance differences
compared to the centre of the image.

Au' Av' AL* | ACY, | AEX,
LCD | 0.0007 | 0.0017 | 12.88 | 3.474 | 13.97
DLP | 0.0017 | 0.0039 | 19.96 | 2.993 | 20.13

The poorest luminance uniformity of two compared
spots was about 30% for the LCD projector and 20% for
the DLP projector. The luminance uniformity is claimed
by the manufacturer to be to 85% centre-to-corner for the
DLP projector. No such specification could be found for
the LCD projector. There is apparently a disagreement be-
tween the measured and specified uniformity, but indeed
the centre-to-corner specification is very inaccurate. The
best centre-to-corner measurement for the DLP projector
made in this study was 70%, which agrees much better
with the specification.

There may be several reasons for the poor luminance
uniformity. In addition to the inevitable system non-uni-
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Figure 4. Changes in colour coordinates of the primary colours
and grey due to different driving levels for the LCD (top) and
the DLP projector (bottom). The arrows indicate the direction of
change with decreasing driving level.

formity, dirt on the lens, screen irregularities, and wear of
the projector lamp may influence the uniformity. It is also
possible that moving the spectroradiometer for measure-
ments at different places on the screen may give inaccu-
rate measurements (< 10%). Single-chip DMD projectors
as the one tested in this study normally uses an Abbe con-
figuration which images the arc source directly onto the
DMD.!! The uniformity performance of this configuration
is therefore sensitive to changes in the source caused by
wear.

3.6. Dependency on background

The IEC working draft suggests finding the colorimetric
change resulting from different brightnesses of the back-
ground by measuring white on a black background and
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Figure 5: Changes in colour coordinates of the primary colours
and grey due to different driving levels for the LCD (top) and the
DLP projector (bottom) after black correction.

white on a white background. This does not give a full de-
scription of the chromaticity changes, since the chromatic-
ity of a colour patch will depend on the colour of the back-
ground as well as the brightness. The test suggested by
Kwak et al.’ was therefore used in this study. Black, grey,
white as well as medium and full primary colours were
measured on the same set of backgrounds. The average
colour difference AE¥, was 4.83 for the LCD and 2.94 for
the DLP projector. Kwak et al.? found an average colour
difference of 6.10 for an LCD projector. For the DLP pro-
jector the white background gave the largest colorimet-
ric changes (reasonable, since the non-filtering segment
makes white much brighter than the sum of RGB), whereas
for the LCD projector the full green and blue background
in several cases gave larger colorimetric changes than full
white.
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3.7. Temporal stability

The short time temporal stability was tested by measur-
ing full white and medium grey every two minutes for two
hours. Both projectors stabilised after approximately 40
minutes.

3.8. Colour management

The characterisations have shown that it should be pos-
sible to perform colour management for the LCD projec-
tor by employing the calibration model commonly used
for CRT displays.'? This model makes two assumptions,
channel-independence and chromaticity-constancy for the
primaries. These properties were acceptable for the LCD
projector when the black level was accounted for. By us-
ing this calibration model we found an average AE ¥, =3.40
between predicted and measured colour for a set of ten
random colours. This is comparable with results found
for LCD displays,'? and is good enough for most appli-
cations. It is possible that this calibration model may also
be employed for the studied DLP projector by including a
separate channel for the non-filtering segment.

The model described above can be a valuable tool for
colour management of projectors, but it does not consider
colour differences due to spatial non-uniformity and de-
pendency on background. These properties were found
to be significant for both projectors, and a truly success-
ful colour management model would also have to include
these effects.

4. Conclusions and further studies

Two projector systems were characterised in accordance
with the methods suggested by the IEC draft. It is impor-
tant to stress that the screen is part of the system, and that
it is the combination of the projector and screen that was
characterised.

Measurements of full primaries and white indicated
good additivity for the LCD projector. For the DLP projec-
tor the luminance of white was 56% higher than the sum
of primaries. This is due to a non-filtering segment in the
filter wheel which is used to increase the luminance of the
projector.

The inter-channel dependency was calculated. The
LCD projector showed good channel independence, espe-
cially when taking the black level into account. This is in
agreement with the result of the additivity test, which is
an alternative method of testing inter-channel dependency.
The method used for calculation of inter-channel depen-
dency does not seem to be directly applicable to the tested
DLP projector due to the non-filtering segment.

The two projectors showed power function-like and S-
shape responses for the LCD and the DLP projector, re-
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spectively. The intrinsic responses of the projectors are
S-shaped for the former and linear for the latter. The ac-
tual responses therefore seem to be related to deliberate
internal processing.

The chromaticity changes of the primaries resulting
from changes in the input signal were found to be signifi-
cant. It is the relatively high black level that is the domi-
nant reason for this.

Measurements of 25 spots over the image revealed
poor spatial luminance and colour uniformity. The bright-
est and dimmest spot had a uniformity of about 20% for
the DLP and 30% for the LCD projector.

Tests showed that both the intensity and the colour of
the background influenced the displayed colour. A set of
nine colour patches, each patch displayed on the same set
of backgrounds, gave a significant average colour differ-
ence of AE”,=4.83 for the LCD and a more moderate dif-
ference of AE”,=2.94 for the DLP projector.

The characterisations have shown that there is poten-
tial for great improvements of colour reproduction through
colour management.
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