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Abstract — The anaglyph 3-D method is a widely used technique for presenting stereoscopic 3-D
images. Its primary advantage is that it will work on any full-color display (LCDs, plasmas, and even
prints) and only requires that the user view the anaglyph image using a pair of anaglyph 3-D glasses
with usually one lens tinted red and the other lens tinted cyan (blue plus green). A common imagequality problem of anaglyph 3-D images is high levels of cross-talk – the incomplete isolation of the
left and right image channels such that each eye sees a “ghost” of the opposite perspective view. An
anaglyph cross-talk simulation model has been developed which allows the amount of anaglyph crosstalk to be estimated based on the spectral characteristics of the anaglyph glasses and the display. The
model is validated using a visual cross-talk ranking test which indicates good agreement. The model
is then used to consider two scenarios for the reduction of cross-talk in anaglyph systems and finds
that a considerable reduction is likely to be achieved by using spectrally pure displays. The study also
finds that the 3-D performance of commercial anaglyph glasses can be significantly better than handmade anaglyph glasses.
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1

Introduction

The anaglyph 3-D display technique dates back to 1853
when it was developed by William Rollman.1 The technique
involves the presentation of the left and right perspective
images in complementary color channels of the display –
usually with the left perspective image stored in the red
color channel and the right perspective image in the blue
and green color channels. To see the anaglyph 3-D image,
the observer wears a pair of glasses fitted with color filters
in front of each eye – usually red for the left eye and cyan
(blue plus green) for the right eye. The color filters act to
separate the components of the presented anaglyph 3-D
image so that the left perspective image is only seen by the
left eye, and the right perspective image is only seen by the right
eye, and hence the observer can see a stereoscopic 3-D image.
Anaglyph 3-D has several limitations in terms of the
quality of the presented 3-D images – particularly the inability
to produce accurate full-color 3-D images (since color is
used as the separation or multiplexing technique), binocular
rivalry2,3 (sometimes known as retinal rivalry) (because each
eye sees a different color), and often the presence of high
levels of cross-talk (also known as crosstalk or cross talk).4
Despite the availability of stereoscopic 3-D display technologies which offer much higher-quality 3-D presentation
(e.g., polarized and active shutter glasses), anaglyph continues to be used today in a wide range of applications because
it will work with any full-color display and the glasses are
very cheap and commonly available, whereas polarized and
active shutter 3-D methods require specialized equipment
which may not be available to the user. The anaglyph 3-D
technique is also seeing high levels of usage because of the
current high level of interest in 3-D technologies generally.

Given the continued widespread use of the anaglyph
3-D technique, there is value in efforts to improve the
image-quality of this technique. This paper concentrates on
the 3-D image quality metric of cross-talk which can be
defined as the “incomplete isolation of the left and right
image channels”5,6 such that one eye can see a ghost image
from the other channel. Cross-talk is one of the main determinants of 3-D image quality7 and stereoscopic viewing
comfort.8,9
Although there is very little literature on the perceptual effects of cross-talk in anaglyph 3-D images, there is a
good body of work on the perceptual effects of cross-talk in
other stereoscopic 3-D display technologies. Cross-talk has
been found to “strongly affect subjective ratings of display
image quality and visual comfort” in an active-shutter
stereoscopic display.10 Cross-talk was found to “significantly
degrade viewing comfort” in a polarized projected 3-D display.8 Cross-talk has also been found to have “a detrimental
effect on the perceived magnitude of depth from disparity
and monocular occlusions” using a mirror-stereoscope display.11 Studies have found cross-talk levels of 5–9% can significantly affect visual comfort and image quality.8,10 Our
own anecdotal evidence indicates that anaglyph 3-D images
are similarly adversely affected by cross-talk.
Several methods have been proposed for improving
the perceived quality of anaglyph 3-D images: applying
cross-talk cancellation to reduce the perception of ghosting
due to cross-talk,12 registering the parallax of foreground
objects,13 using different primary color combinations,14 and
using different algorithms to calculate the RGB values of
the anaglyph image.15–18 This paper uses the technique of
optimizing the spectral curves of the display and/or glasses
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as a way of reducing anaglyph cross-talk,4,19 which is different but complementary to the improvement techniques
listed above.
In particular, this paper describes the validation of a
cross-talk simulation model which can be used to predict
the cross-talk performance of anaglyph 3-D glasses when
used with various full-color displays. The availability of an
accurate cross-talk simulation model allows a better understanding of anaglyph cross-talk to be gained and also allows
the investigation of new techniques which might offer lower
cross-talk without needing to perform physical testing.
The test set of anaglyph glasses used in this study provides a good range of cross-talk values over which to validate
the cross-talk simulation model (as will be seen in Sec. 4.3).
The glasses test set is rather unique in that it can also be
used to test another hypothesis. The test set consists of a
selection of commercially sourced anaglyph 3-D glasses and
also a number of “hand-made” glasses. The hypothesis is
that “hand-made” glasses will have inferior 3-D performance compared to that of commercial anaglyph glasses.
Despite the widespread availability of anaglyph 3-D
glasses, there will still be circumstances when a user may not
have a pair readily available, and to solve this situation there
are several sources which recommend constructing a pair of
anaglyph 3-D glasses using some simple parts that may be
available around the home – notably using colored “cellophane”a plastic wrap20–23 for the red and cyan filters, or
using marker pens24–27 and clear plastic sheet to construct
the color filters. Anecdotal evidence indicated that handmade anaglyph 3-D glasses would suffer from poor 3-D
performance by exhibiting high levels of stereoscopic crosstalk. Visual testing and simulation have been used to verify
this hypothesis and validate the cross-talk simulation model.
The analysis is conducted across a broad selection of
display devices in order to generalize the results.

2

l max

SR =

z e(l)g (l)bm (l) - b(l)g dl
R

(2)

z e(l)g (l)bm (l) - b(l)g dl
R

(3)

z e(l)g (l)bm (l) - b(l)g dl

(4)

R

l min
l max

LL =

L

l min
l max

LR =

R

L

l min

CL = LL/SL

(5)

CR = LR / SR

(6)

C = CL + CR

(7)

where S is the signal intensity (e.g., intensity of the image
intended for the left eye as seen at the left eye position, and
similar for the right eye); e is the normalized photopic spectral sensitivity of the human eye 28 as illustrated in Fig. 3(a);
g is the spectral transmission of the left or right eye filters of
the glasses; m is the emission spectrum of the appropriate
color channel(s) of the display monitor; b is the emission
spectrum of the black level of the display; L is the leakage
intensity (intensity of the image intended for the left eye as
seen at the right eye position, or vice versa); C is the crosstalk at each eye (or combined) and usually expressed as a
percentage; λmin and λmax describe the wavelength range –
for the human eye the range of visible light sensitivity is
approximately 400–700 nm; and subscripts L and R refer to
the left-eye channel and right-eye channel, respectively. In
a conventional red/cyan anaglyph, L will refer to the red
channel and R will refer to the cyan (blue plus green) chan-

Cross-talk simulation

The cross-talk simulation used in this study builds on past
work conducted by the authors and earlier collaborators.4,14,19 The program uses spectral data from the displays
and glasses in combination with a cross-talk simulation
model to estimate the presence of 3-D cross-talk when anaglyph 3-D images presented on emissive full-color displays
are viewed using anaglyph 3-D glasses.
The program uses the following cross-talk simulation
algorithm:
l max
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L

L
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Although the term “cellophane” is commonly used to refer to any colored plastic wrap, in many countries it is a registered trademark of
Innovia Films, Ltd., UK.

FIGURE 1 — Illustration of the process of anaglyph cross-talk simulation
used in this project.
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nel, but other color variations are possible (e.g., blue/yellow
or green/magenta14).
There is no requirement to use a calibrated device to
measure m and b – the only requirement is that the same
device and scaling is used between measurements. Additionally, S and L can be in arbitrary units because they are
only used as a ratio in Eqs. (5) and (6).
This anaglyph cross-talk simulation algorithm is illustrated in Fig. 1 for the example case of a red/cyan anaglyph.
Firstly, (a) the emission spectrum of red channel of the display, (b) the spectrum of the red filter of the glasses, and (c)
the human-eye spectral sensitivity are multiplied to obtain
(e) the spectrum of the intended signal seen by the left eye,
and similar for the right eye. The spectrum of the leakage
seen by the left eye is obtained by multiplying the spectrum
of the blue plus green channels of the display, the spectrum
of the red filter of the glasses, and the human eye spectral
sensitivity. A similar process is used to determine the righteye leakage. The luminance of each of these signals is obtained
by integrating the resulting curves, which is illustrated by
the bottom row (f) of this figure. The cross-talk percentage
is obtained by dividing the leakage luminance by the signal
luminance for each eye as set out in Eqs. (5) and (6). A very
similar process would be used if different anaglyph color
primaries were used.
The cross-talk performance of anaglyph glasses can
vary quite widely from one pair of glasses to another and
between different displays. The cross-talk simulation program can very quickly provide an estimate of cross-talk performance across a very large number of combinations of
glasses and displays – a process that would be extremely
time-consuming and logistically difficult if performed with
physical displays and glasses. Another advantage of using a
cross-talk simulation program is that it can be used to estimate the cross-talk performance of new or theoretical filters
or displays without needing to perform physical testing.
Since the last paper on this topic,14 the simulation program, has been updated to use a more recent model of the
human-eye spectral sensitivity28,29 and optimized to significantly increase the speed of operation.

TABLE 1 — Register of tested displays.

from previous studies.4,14 Table 1 lists the displays used in
this study.
The “Glasses IDs” and “Display IDs” used here correspond to the identification series first started in Ref. 19 and
continued in Refs. 14 and 4 and are consistent among these
studies.
It should be noted that particular care must be exercised when measuring the spectrum of the displays in order
to minimize measurement error due to the measurement
technique. In the case of the PDP and CRT monitors, their
impulse-type operation can create synchronization issues
with the sampling period of the sensor. Although all of the
tested displays have some time-varying light output, PDP
and CRT have the most variation. Long integration times
should be used to minimize the effect of the time-varying
light output. In the case of PDPs, another factor to consider
is the presence of an automatic brightness limiter (ABL)
which reduces the intensity of high-brightness scenes (to
reduce power consumption). Full-screen test charts should
not be used in order to avoid triggering the ABL, which
would otherwise affect the measurement of the relative balance of the red, green, and blue color channels. The test
charts should therefore be limited to a small portion of the
screen, against a black background. The sensing head of the
spectroradiometer should also not be placed too close to the
surface of the screen such that the spatial separation of the
color subpixels would be detected by the sensor.

3.2
3

Experimental method

The cross-talk simulation model was validated using a fourstep process.

3.1

Spectral emission of displays

The spectral-emission properties of a selection of displays
(LCD, PDP, CRT, and LED DLP)b were measured using an
Ocean Optics USB2000 spectroradiometer and also obtained
b

LCD = liquid-crystal display; PDP = plasma-display panel; CRT = cathode-ray tube; LED = light-emitting diode; DLP = digital light processing,
which uses a digital micro-mirror device (DMD); CCFL = cold-cathode
fluorescent lamp.
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Spectral transmission of glasses

The 12 pairs of anaglyph glasses tested in this study are
listed in Table 2. The selection of glasses consists of three
commercial pairs, three pairs constructed using marker
pens, and six pairs constructed using colored plastic wrap
(“cellophane”). This selection of glasses provided a wide
range of cross-talk values which was useful for validating the
cross-talk simulation model.
The three pairs of marker pen anaglyph glasses were
constructed by using red/blue pairs of marker pens purchased from retail outlets. The marker pens were used to
draw red and blue filter samples on a fresh sheet of overhead transparency film. The overhead transparency film
used had good clarity and optical performance, in keeping
with its manufacture for use in an optical projection application.

TABLE 2 — Register of anaglyph glasses tested in this study.

FIGURE 2 — The visual test target used during the anaglyph cross-talk
visual ranking tests.

3.4

The “cellophane” glasses were constructed from three
different brands of red and blue sets of colored plastic wrap
purchased at retail outlets. Each brand of wrap was used to
construct two pairs of anaglyph glasses; firstly, with a single
layer of plastic film in each eye (red in one eye and blue/cyan
in the other eye), and, secondly, with two layers of the plastic
wrap.
The optical spectral transmission of the anaglyph filters were measured with a Perkin Elmer Lambda 35 spectrophotometer.
It should be noted that some of the hand-made glasses
have some non-ideal optical properties other than their
spectral transmission performance – specifically, the clarity
of the lens [which degrades the modulation transfer function (MTF)], dispersion, and variability of the ink density.
The marker-pens tend to have a considerable amount of
variability of ink density (across the filter and from filter to
filter) due to the manual way in which the ink is applied.
Glasses 3DG81, 3DG84, and 3DG85 have the worst clarity
of all the glasses making the image soft focused.

3.3

Cross-talk simulation

The spectral data from the displays and glasses was processed using the anaglyph cross-talk simulation program
described in Sec. 2. This provides a cross-talk percentage
estimate for both filters of every pair of glasses when used
with each display – in this particular project a total of 96
values.

Visual ranking

The cross-talk performance of the various anaglyph filters
were visually ranked to allow a comparison with the crosstalk simulation results. The glasses listed in Table 2 were
mounted in similar white frames, ordered randomly, and
each observer was asked to rank the glasses from lowest
cross-talk to highest cross-talk whilst looking at the test
graphic (see Fig. 2) presented on each target display (from
Table 1). Five observers (labeled Ob1 to Ob5) took part in
the visual ranking tests. Each observer was provided with a
randomly ordered stack of glasses. The observers were
asked to compare two glasses at a time using the test graphic
and to place the glasses on the table in front of them with
the lowest cross-talk glasses on the left to the highest crosstalk on the right. Each observer made multiple passes
through the set of glasses in front of them, comparing two
glasses at a time using the test graphic, to sort the glasses
into the correct order, and finally confirm that the glasses
were in the correct order. Each observer performed separate sorting tasks for the red and cyan filters across each of
the four displays, so that each observer performed eight
sorting tasks. The room was dimly lit to reduce the likelihood
of ambient light or frame luminance affecting the results.30
The visual validation test was conducted on the basis
of the relative ranking of the cross-talk performance of the
glasses because the human-visual system is not accurate at
determining absolute measurement of brightness (known as
“lightness constancy”),31 whereas the human-visual system
is usually very good at performing relative brightness comparisons.
The test target used in this study (Fig. 2) allows two
types of cross-talk comparison to be performed. In the case
of a validation test with the red filters: Firstly, the relative
brightness of the leaked cyan rectangle relative to the
brightness of the passed red rectangle will give one indication of the cross-talk level, and, secondly, the relative brightness of the center white square relative to the brightness of
the passed red rectangle will also give an indication of cross-
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FIGURE 3 — Spectral plots of (a) human-eye spectral sensitivity, (b) the emission spectrum of the red channel of the tested displays, (c)
the emission spectrum of the green channel of the tested displays, (d) the emission spectrum of the blue channel of the tested displays,
(e) red filter of the tested “cellophane” glasses, (f) cyan filter of the tested “cellophane” glasses, (g) red filter of the commercial and
marker-pen glasses with the human-eye response also indicated, and (h) cyan filter of the commercial and marker-pen glasses with
human-eye response also indicated. The plots are shown vertically stacked with the same horizontal axis to allow easy comparison
between different plots of the same color range.

talk level. It is usually easier to use the first method to compare glasses with low cross-talk levels and the second
method for mid-to-high levels of cross-talk. The observers
were briefed accordingly, but were free to use whichever
method they found easiest.
The observers were asked to try to only consider crosstalk differences between the glasses and ignore other optical
differences such as relative brightness, relative clarity, and
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variability of the filter pigments. The marker pen filters usually had a high level of pigment variability. Some of the “cellophane” filters had very poor clarity and softened the image
considerably. Several of the observers commented that it
was difficult to compare cross-talk levels between two filters
which had vastly different clarity, particularly when the
cross-talk levels were seemingly close, which may lead to
ranking error.

4
4.1

Results
Display spectra

The spectra of the four sampled emissive displays are shown
in Figs. 3(b)–3(d) for each of the three color channels. The
three curves for each display have been scaled such that the
maximum of the three curves for each display is normalized
to one. It can be seen that there is a considerable variation
between the spectral curves of different displays for each
color primary. This is due to each of the displays using very
different light-generation and modulation techniques.
When considering the anaglyph performance of various emissive displays, of key importance is the amount of
light emitted in the “out of band” areas for each color channel. For example, a green color primary would ideally only
emit light in the approximate range 500–570 nm, but as can
be seen in Fig. 3(c), most of the displays output a significant
amount of light outside this range. More light output in the
out-of-band areas for each color channel will contribute to
higher levels of anaglyph cross-talk – this is considered further in Sec. 4.3.
FIGURE 4 — Illustration of the results of the cross-talk simulation of the
12 sets of glasses across the four tested displays for (a) red filters and (b)
cyan filters. The commercial anaglyph glasses are plotted in dashed red.

4.2

Glasses spectral transmission

The spectral transmission of the glasses tested in this study
are shown in Figs. 3(e)–3(h). The spectral transmission of
the hand-made “cellophane” glasses are shown in Figs. 3(e)
and 3(f). The spectral transmission of the commercial anaglyph glasses and the hand-made marker-pen glasses are
shown in Figs. 3(g) and 3(h).
The spectral performance limitations of the “cellophane” glasses are clearly evident in Figs. 3(e) and 3(f). In
an ideal pair of anaglyph glasses, the filters should pass the
intended color band and block the unwanted color bands,
with the blocking of the unwanted channels being the most
important. For example, with a red filter, it should pass the
red part of the spectrum (roughly 590–700 nm) and block
the blue and green parts of the spectrum (roughly 400–570
nm). With most of the “cellophane” glasses, it can be seen
that the unwanted color ranges are not well attenuated.
Referring to the plots of the red filter of 3DG80, 3DG81,
and 3DG84 in Fig. 3(e), it can be seen that these filters do
not provide very much attenuation of wavelengths from 400
to 570 nm (the blue and green areas of the visible spectrum)
which will result in significant leakage and therefore high
cross-talk. This can be compared with the spectral performance of the red commercial filter 3DG88 in Fig. 3(g), which
has very low transmission in the blue-green wavelength
range. The marker-pen filters shown in Figs. 3(e) and 3(f)
also show a similar insufficient attenuation in the 400–570nm range which will also point to poor cross-talk performance. The cross-talk performance of the glasses will be
discussed further from a simulation standpoint below.

4.3

Cross-talk simulation

The cross-talk simulation program results for the 12 sets of
anaglyph glasses (three commercial pairs and nine handmade pairs) are shown in Table 3 for each of the four displays. The simulation program calculates the cross-talk for
the left and right eyes separately, as shown in the table, and
in addition provides an estimate of overall cross-talk (the
sum of the cross-talk value from the left and right eyes).
Table 3 has been sorted from lowest mean overall cross-talk
to highest mean overall cross-talk.
The cross-talk simulation program results for the separate red and cyan filters for each display are also illustrated
in Fig. 4. This figure allows an inter-display comparison of
the relative performance of the different filters across different displays to be easily seen. The horizontal axis of both
of these plots is shown on a logarithmic scale because it
reduces the bunching of the results on the left-hand side of
the plots, and the human-visual response has been described
as having a logarithmic-like response to light over a limited
range.32,33
With reference to Fig. 4, it can be seen that the rank
order of the simulated cross-talk of the tested filters is
mostly the same from one display to another as illustrated
by the mostly non-intersecting line segments. A few crossovers do occur, and these will be caused by the differences
between the shapes of the spectral curves of the different
displays and the way these interact with the different shaped
spectral curves of the filters.
With only a few exceptions, the simulation predicts
that the commercial anaglyph filters will offer substantially
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TABLE 3 — Cross-talk calculation results of the four displays.
The lowest “overall cross-talk” for each display has been
highlighted in rich green. “Overall cross-talk” of less than 15
has been highlighted in light green. The highest “overall
cross-talk” for each display has been highlighted in orange.

Some of the cross-talk simulation values presented in
Table 3 are greater than 100% (i.e., the worst performing
filters) – the reader might at first think this is impossible,
but this can occur with anaglyph cross-talk because the blue
and green channels combined (one eye) have a much higher
luminance than the red channel (the other eye).
It can be seen from Fig. 4(a) that the red filter of 3DG83
has a predicted cross-talk performance very close to that of
the commercial filters; however, the cyan filter of 3DG83
has quite poor predicted cross-talk performance. Additionally, both of these marker-pen ink filters have high ink-density variability which degrade the visual quality of the glasses
as a whole.

4.4

Visual ranking and validation

The visual ranking experiment involved 40 separate crosstalk ranking tasks across five observers, 12 pairs of glasses
(two filters in each pair of glasses), and four different displays, resulting in 480 separate observations. The results of
the visual ranking experiment are illustrated in Fig. 5. The
glasses ranking results for each display, observer, and filter
color combination are plotted against the corresponding
simulated cross-talk ranking for that display and filter color.
A line segment joins the visual ranking with the simulated
ranking for each pair of glasses.
When plotting the ranking results, we had the option
of showing the ranking observations with an equal spacing
between observations; however, this would give an unrealistic equal visual emphasis on ranking observations regardless
of how close or disparate the cross-talk is between those
particular filters. We therefore decided to plot the results on
horizontal axis values which correspond to the simulated
TABLE 4 — Example of the ranking representation technique used in Fig.
5 for Observer 2 ranking the cyan filters on LEDDLP1.

lower cross-talk than the other filters. With the better performing glasses (the commercial glasses), the simulation
also points to some big differences in cross-talk performance from one display to another – for example, the simulation predicts that the commercial glasses will provide much
lower cross-talk when used with LCD15 than the other displays, for both filter colors.
The simulation also predicts a good spread in the
cross-talk performance of the selection of test filters used in
this study – which in turn will aid in the validation of the
simulation algorithm.
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FIGURE 5 — The results of the cross-talk visual validation experiment compared to the simulated rankings. The red filter results are shown
on the left column, and the cyan filter results on the right. The results for each display are plotted per row. The ranking results for each
of the five observers are each plotted against the corresponding simulated ranking. The ranking of the commercial glasses are indicated
in dashed red.

Woods and Harris / Using cross-talk simulation to predict the performance of anaglyph 3-D glasses

311

TABLE 5 — Results of the statistical analysis of the visual ranking results.
The table shows the correlation data for each of the display, observer, and
filter-color combinations, and also the average correlation for each
observer using the Spearman’s rank correlation (rs) technique as
described in Sec. 4.5. (1 indicates good agreement, 0 indicates poor
agreement).

cross-talk values for each pair of glasses. This plotting technique provides more visual emphasis on ranking errors
which have greater simulated cross-talk differences than
ranking errors between filters which have small simulated
cross-talk differences. We believe this plotting technique
allows a more useful analysis of the data.
This process is further illustrated in Table 4 for one
observer, display, and filter-color-combination ranking test.
The first two columns show rank order as calculated by the
simulation program vs. the rank order as seen by the observer.
Line segments have been shown between columns 1 and 2
to illustrate the quality of the comparison. Unity separation
between ranking observations has been used in these first
two columns. Columns 3 and 4 change the unity spacing of
the observations to a spacing corresponding to the calculated cross-talk values. The values illustrated in columns 3
and 4 are then used to generate Fig. 5 – in this specific
example observer Ob2 of Fig. 5(h).
The horizontal axis of Fig. 5 is shown on a logarithmic
scale because the eye has a logarithmic-like response to
light. The use of a logarithmic scale also reduces the bunching of the results on the left-hand side of the plots.
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In cases where the observer was unable to distinguish
any difference between different filters (i.e., they looked to
have the same amount of cross-talk), observers were allowed
to group those glasses together. Glasses that have been
grouped together by an observer are plotted with the same
horizontal axis value (using the mean of the corresponding
simulated cross-talk values).
The commercial glasses results are plotted in dashed
red, whereas the hand-made glasses are plotted in solid blue
– thus allowing the commercial glasses to be easily identified. This also highlights the better performance (lower
cross-talk) of the commercial glasses.
Referring to Fig. 5, in cases where the visual ranking
agrees with the simulated ranking, the line segments are
vertical and do not intersect. In cases where the visual and
simulated rankings disagree, there will be a cross-over of the
line segments.
In general terms, the validation results, as depicted in
Fig. 5, agree very well with the cross-talk simulation ranking
results. Across all of the tests, a high proportion (66%) of the
observations were ranked perfectly. It can be seen from the
figure that ranking errors (indicated by crossing line-segments) rarely occurred across large simulated cross-talk
value differences. The vast number of ranking errors occurred
between filters with very similar values of simulated crosstalk. These results are statistically analyzed in the next section.
We should note that the visual ranking tests were only
conducted within each display and not between displays.
The cross-talk simulation results of Table 3 and Fig. 4 do
indicate that LCD15 is expected to provide noticeably lower
cross-talk than the other displays when using the commercial glasses. This scenario was tested visually using red filter
3DG88 and LCD15 could be seen to have significantly
lower cross-talk than PDP15, CRT30, and LEDDLP1 as
predicted by the cross-talk simulation model; however, this
test was only conducted informally and hence this aspect has
not been validated in this particular study.

4.5

Statistical analysis

The quality of agreement between the visual ranking and
the simulated ranking was assessed using the Spearman’s
rank correlation35 technique. The Spearman’s rank correlation is often used in biological statistics when one or more
of the variables in a dataset consist of only ranks, as is the
case with the human-visual ranking of cross-talk of anaglyph
glasses as described in Sec. 4.4. The Spearman rank correlation (rs) values were calculated for all of the visual validation observations across each display, observer, and filter
color combination, and these are presented in Table 5 along
with the average correlation for each observer.
The average rs value for each observer was calculated
as the mean of the eight correlation results for each observer
(across four displays and two filter colors). The results of

TABLE 6 — Simulated improvement in anaglyph cross-talk performance
by the use of theoretical “brick-wall” color filters as compared to the best
real-world filters tested in this study.

observer three differed the most from the other four observers and also differed the most from the simulated rankings.
Despite the authors’ initial concern about the difficulties of validating the cross-talk simulation results using the
visual validation experiment, the plots of the results (Fig. 5)
and the statistical analysis (Table 5) provide a high level of
confidence in the accuracy of the cross-talk simulation algorithm. It can be seen in Table 5 that 78% of the ranking tests
have an rs value of 0.9 or better, and 18% have an rs value of
0.99 or better.
The plotting technique used in Fig. 5 provides good
insight into the visual validation results. The technique
works very well with this relatively small number of observers
but would not work well with a larger number of observers.
For a larger number of observers, it would be better to focus
solely on the statistical analysis.

5

Discussion

Given that we have established a high level of confidence in
the accuracy of the anaglyph cross-talk simulation model,
we can now use the model to predict the performance of a
number of anaglyph cross-talk scenarios we would not otherwise be able to physically replicate. Let us consider two such
scenarios.

The first scenario is to consider the performance of a
pair of anaglyph glasses which have a theoretical “brickwall” filter performance (i.e., 100% transmission in the pass
region and 0% transmission in the blocking region). It will
not be possible to physically test “brick-wall” filters in reality
because they only exist in theory, but we believe that these
simulation results will provide an indication of the absolute
limit of lowest cross-talk performance achievable by optimization of the glasses alone. Table 6 lists the simulated anaglyph cross-talk performance of the four tested displays with
simulated theoretical “brick-wall” anaglyph filters shown in
comparison to the best tested filters for each display. The
cut-off wavelength of the “brick-wall” filters were optimized
for the least cross-talk for each display at 5 nm intervals and
are indicated within square brackets on Table 6.
The simulation results indicate that even with a perfect pair of anaglyph glasses, none of the displays were able
to exhibit zero cross-talk – this is because most displays output light in out-of-band wavelengths for each of the three
color channels. The average anaglyph cross-talk improvement with perfect glasses across all of the displays was only
29% – the best improvement being 65% and the least
improvement was 2%. The lowest cross-talk achievable with
a perfect filter set was with LCD15 (3.9% for the red channel, and 0.3% for the cyan channel) – but these results are
only achievable in theory. With LEDDLP1, the lowest
cross-talk achieved even with theoretically perfect glasses
was particularly poor at 19.4% red and 7.2% cyan. The red
channel of PDP15 also had a poor minimum cross-talk of
13.9% with perfect glasses. The simulation indicates that on
CRT30 a fairly large reduction of cross-talk is achievable in
the red channel using perfect glasses (65% reduction), but
the actual cross-talk amount would still be fairly high at
5.9% for that eye.
The second scenario considers the cross-talk performance of LEDDLP1. Most LEDs have fairly narrow spectral
emission and very little out-of-band light output. In the case
of LEDDLP1, the half-intensity-width of the red, green,
and blue LEDs are 17, 35, and 24 nm, respectively (which
is good), but there is a lot of out-of-band light output, particularly in the green channel as can be seen in Fig. 3(c). The
authors speculate that this out-of-band light output is due to
the presence of a color-accuracy algorithm within the videoprocessing path of the display which drives the display color
channels based on a mix of the color-channel inputs. Since
LEDs have a very narrow spectrum, they are capable of generating very richly saturated colors, so in order for the image
shown on an LED TV not to be shown with overtly rich
colors it will be necessary to desaturate the image by mixing
the color channels. Unfortunately, this process will be detrimental for anaglyph images because it will lead to cross-talk.
The authors were unable to disable this color-mixing algorithm on LEDDLP1 using the accessible menu options, but
it was possible to calculate an estimation of the three-channel color spectrum of the display as if the color-mixing process was disabled (this has been given the designation
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TABLE 7 — Comparison of the simulated cross-talk performance of
LEDDLP1 with the theoretical LEDDLP2 for the three commercial
anaglyph glasses.

by further improvements to the anaglyph glasses (compared
to existing good quality commercial anaglyph glasses).
With further refinement the anaglyph cross-talk simulation program discussed in this paper could also be used to
simulate and investigate the cross-talk performance of other
wavelength multiplexed 3-D techniques such as Infitec,
Dolby 3D, and Panavision 3D.

Acknowledgments

LEDDLP2) and this can be fed into the cross-talk simulation model.
The cross-talk simulation results for LEDDLP2, as
shown in Table 7, are remarkable – a reduction of cross-talk
by as much as 97%. These simulation results indicate that if
the color mixing was able to be disabled on LEDDLP1, instead
of exhibiting the most cross-talk, it could be exhibiting the
least cross-talk. The simulated overall cross-talk of 1.2% for
LEDDLP2 using the best tested glasses (3-DG88) is 71%
less than even the lowest cross-talk achievable using the
theoretical “brick-wall” filters on LCD15. If this is true, it
will be a notable achievement. Work will continue to physically demonstrate this result.
The results of these two simulation scenarios illustrate
the advantages that cross-talk simulation can provide – not
only in anaglyph 3-D displays but also other stereoscopic
displays. In this case, the simulations indicate that there is
significantly more scope for reduction in anaglyph cross-talk
by the use of more spectrally pure displays than might be
gained from further improvements to the spectral performance of anaglyph glasses.

6

Conclusion

This paper has presented the validation of an anaglyph
cross-talk simulation model which can be used to assess the
improvement of 3-D image quality of anaglyph 3-D images
viewed on emissive displays.
The paper has found that hand-made anaglyph glasses
can exhibit significantly worse cross-talk performance than
the better commercially available anaglyph 3-D glasses.
Hence, the authors recommend using good commercially
available anaglyph 3-D glasses rather than hand-made glasses.
The anaglyph cross-talk simulation program has also
allowed us to explore the possibilities for reducing cross-talk
in anaglyph systems and has found that (a) there is significant scope for reducing cross-talk by using spectrally pure
emissive displays, (b) the choice of anaglyph glasses can
have a significant effect on anaglyph cross-talk levels, and
(c) there is only limited scope for reducing cross-talk levels
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