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ABSTRACT

We use a direct greyscale matching paradigm to examine the role
of hue, brightness and luminance in the construction of greyscale
images. Observers matched iso-luminant and iso-saturated,
coloured  patches by adjusting the grey-level of
achromatic patches; they did this in three experimental set-ups:
single-patch, two-patch, and multiple-patches. The latter were
presented as cartoon-like images and abstract equivalent.
Most observers assign similar grey level values to all colours in
the single-patch case, but show a marked hue-dependency in
two-patch  and multiple-patch conditions (cartoon and abstract
images). This indicates both that matches for our complex images
could be predicted from two-patch settings, and that scene
content does not play a role in determining grey settings. The
hue-dependency of the Helmholtz Kohlrausch effect is not a
strong predictor of performance for patches, but it might play
a role in  observer settings in more complex spatial
configurations.
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1. INTRODUCTION

Each year millions of greyscale reproductions of colour images
are made. The majority of these are produced by removing the
chromatic information, which leaves a greyscale made by
encoding the achromatic colour variable based on luminance (Y)

ot brightness (B).

While luminance is a photometric value (with standardized visual
units - cd/m?), brightness is defined as “[an] attribute of a visual
sensation according to which an area appears to emit more or less
light” [1]. At constant luminance, the brightness of a colour
increases with its saturation; this phenomenon is known as the
Helmbholtz-Kohlrausch  (H-K) effect, and has been reported
to have a strong hue-dependency [1]. Although this effect is not
seen in all observers [2], it has been incorporated into recent
colour appearance models [3], as well as colour-to-greyscale
algorithms [4], and is assumed to occur independently of the
spatial layout of colours.
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While encoding colour as luminance is the method used in most
printers and photocopiers, one problem with this approach is
how to make greyscales for images that contain iso-luminant
edges and/or borders in a way that preserves the image content?
In this paper we investigate this problem directly. Rather than
looking for computational — solutions (e.g. contrast-encoding
methods such as [5]) we ask how human obsetvers solve the
problem.

To do this we instruct observers to match iso-luminant, iso-
saturated coloured patches by adjusting grey patches in different
stimulus configurations: single-patch images (see Figure 1), two-
patch images (see Figure 2), complex cartoon images with more
than 5 colours (Figure 3) and abstract versions of the latter (see
Figure 4). We evaluate the raw luminance settings of observers
and analyse the results by comparing them to predictions from
luminance encoding, and other encodings that incorporate
the hue-dependency of the H-K effect (shown in Figure 1).

2. MATERIALS AND METHODS

All experiments were performed in a darkened room with the
observers seated 1 metre from the monitor generating the stimuli,
with a fixed head position. All observers were screened for colour
deficiencies and had normal, or corrected to normal, visual acuity.
For the single- and two-patch studies we used 5 and 7 observers
respectively. All the 5 observers that took part in the single-patch
study also took part in the two-patch study. For the
complex images we used a pool of 5 different observers.

In each condition a complex checkerboard background with
randomly assigned luminance values (in the range 5 to 55 c¢d/m?)
surrounded the stimulus; this was done to avoid contrast or
crispening  effects. The observers were asked to adjust
the greyscale patch (see Figure 2) to match the appearance of
the coloured patch as closely as possible by only adjusting the grey
level. In the experiments involving more than one patch
(see Figures 3, 4 and 5), the observers were additionally
asked to reproduce in grey levels the observed colour-differences
between the patches. These instructions preclude observers from
making a luminance match (or brightness match) when more than
one patch is present. The grey patches were initially assigned a
random luminance from the full displayable range of the monitor
(approx. 0 to 80 cd/m?). The obsetvers then used a response box
to adjust the grey-level with increments of 5 ¢d/m? (coarse
adjustment) and 0.5 cd/m? (fine adjustment).

2.1 Preliminary experiments

A total of 16 different colours were used in the experiment. These
were initially sampled from an iso-luminant, iso-saturation, hue-
circle in the CIELuv colour-space (saturation = 0.05), then
transformed to monitor-dependent RGB values via a calibration
matrix (all resulting colours had a luminance of 20 ¢d/m?. To
realise a sensation luminance match [8] the observers
then adjusted each colour to match a 20 cd/m?2 achromatic patch
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in a flicker photometry (results were averaged over 3 settings).
The patches were then displayed in a 4x4 grid and observers
were allowed to adjust the saturation of each patch until no
individual patch stood-out (results were averaged over 5 trials). As
a result each observer had an individual dictionary of 16 colours
that were iso-saturated and iso-luminant uniquely for them.

In the one-patch experiment observers made 6 adjustments
for each of the 16 colours. In the two-patch experiment a subset
of 8 colours were used so that each colour could be displayed
next to each of the others without requiring observers to make
too many compatisons; each comparison was repeated 6 times
with an equal left-right balance. For the complex stimuli, and their
abstract equivalents, we firstly coloured the cartoon images in
colours that roughly corresponded to the natural appearance of
the scene elements (e.g. the sky was blue, the sand yellow, and
the grass green). For each colour we then found the closest match
(in terms of hue-angle) from within the observers’ colour
dictionary, and replaced the original colour with its iso-
luminant, iso-saturated equivalent. FEach of the 5 observers
matched 12 images (6 original, and 6 abstract).

3. ANALYSIS AND RESULTS

3.1 Data cotrrection

In each experiment we record the luminance of the grey level set
to match a given colour patch. These luminance settings are then
corrected by subtracting the luminance of the colour patch that
has been matched; this is done to take into account the varying
sensation-luminance  settings of different observers. In
these shifted-luminance wunits a value of zero indicates
that the luminance (cd/m?) of the grey patch matches that of
the colour patch.

3.2 Model fitting

We test the null hypothesis that observers assign grey levels
equally to all hues, versus the hypothesis that different hues are
assigned different grey-levels. To do this we test the fit of a hue-
dependent sinusoidal model:
L = a1 + axsin(x) + aszcos(x), (Equation 1)
against the null hypothesis that L. = a1, where L is the observer
luminance setting, x is the hue angle and parameters a1, a2 and a3
are determined by linear regression [7]. Note that we choose a
sinusoid since the resulting function has to be periodic (as hue is
angular) and we found that adding higher frequency terms did not
provide any improvement in data-fitting.

Using regression diagnostics we can test whether including hue-
varying terms gives a significant improvement to the model. In
addition to linear regression we also use an ANOVA analysis to
test the null-hypothesis that all means are equal (which is
equivalent to testing whether I. = a1 provides a good fit).

For the complex stimuli, as well as analysing the raw luminance
values, we recast the experiment as a pair comparison. In
this framework we record each time a given patch is assigned a
higher luminance value than every other patch in the same image.
Thus we obtain a 16x16 matrix which records in entry (47) how
often colour 7 is assigned a higher luminance than colour ;. From
this matrix we estimate the underlying Thurstone [6] scale values.

3.3 Results

In the one-patch experiment 4 out of 5 observers made grey level
settings that were not significantly different from a constant value
(p>0.1), ie. settings for different hues were not significantly
different from one another. Similarly, 3 of those 4 observers
showed no improvement in the fit of a sinusoidal model over a
simple linear shift model (p>0.1); see Figure 6 for the settings of
Observer 2 (other observers show similar settings). Only one
observer showed a significant hue-dependency in their settings.

In the two-patch experiment all 7 observers showed a significant

hue-dependency. This was seen both in the results of the
ANOVA (p<0.001) and in the significantly improved fit of a
sinusoidal over a simple model (p < 0.001); see Figure 7 for the
settings of Observer 2 (other observers show similar settings).

In the complex images observers showed a high variability
in their luminance settings, and as a result no hue dependency
was apparent. When we applied the Thurstone scaling
analysis, we found that the derived scaling factors provide a
significantly better fit to the pair-comparison data than the null
hypothesis that all the colours are equal (p<<0.001). This holds
true for both the original, and abstract forms of the images (i.e.
there is no effect of context). Figure 8 shows the scaling factors
derived over all observers.

A comparison of Figures 6, 7 and 8 shows that while variability is
high in the one-patch experiment, it is much lower for the two-
patch experiment and the scaling factors derived from
the complex images. The shapes of the curves are also very
similar, suggesting similar underlying mechanisms driving the
results.

4. DISCUSSION

The results of the one-patch experiment are consistent with the
findings of Yaguchi et al. [3], who find three different types of
observers: those who show no H-K effect, those who show a
complex effect, and those who show a simple effect. We find two
types of observer, although our analysis is likely to group the
complex and simple effects together as both are deviations from
the model that there is no difference between mean settings.
Unlike eatlier studies, we find that observer behaviour changes
significantly when we increase the number of patches in the
scene. For 3 of the 4 observers whose ANOVA results suggest no
hue-dependency for single patches, a significant hue-dependency
appears in the two-patch experiment. This suggests that future
models of the H-K effect might need to take into account
the spatial arrangement of image patches.

The results of the complex images show that observers find
it hard to repeatedly assign similar grey when there are many
colours present in the scene. The analysis of the pair comparison
data, however, suggests that the H-K effect still has a strong
influence over which colours tend to be made brighter or darker
than other colours.
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Figure 4: Example display for the complex stimulus
configuration. Each separate greyscale region was adjusted
to match the corresponding coloured region. Stimuli were
balanced for left-right presentation.

Figure 1: Estimate of the hue-dependency of the Helmholtz
Kohlraush effect. We used Nayatani's Helmholtz-
Kohlrausch model to predict the luminance that would
match an iso- luminant, iso-saturated hue-circle (20 cd/m?,
saturation = 1in CIELuv space). The x-axis shows the hue
angle of a colour, while the y-axis shows the predicted
luminance match.

Figure 5: Example stimulus for the complex stimulus
abstract-configuration. The image to the left of this figure
has identical colour content to the right of Figure 3, with the

Figure 2: Example stimulus for the one-patch conditions. spatial configuration being altered.

Individual patches subtended 1.5 degrees of visual angle,
with a vertical spacing of 2 degrees visual angle between
target (upper) and matching (lower) stimuli. Observers were
asked to match the coloured stimulus as closely as possible.
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Figure 3: Example stimulus for the two-patch condition (see Figure 6: Shifted luminance settings (see text) plotted
Figure 1 for true dimensions). Obsetvers were asked to against hue angle for the 2nd Observer. Error-bars
match the coloured stimuli and the difference between indicate the standard error.

them.
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Figure 7: Shifted luminance settings plotted against hue-
angle for the 2nd Observer in the 2-patch experiment.
Error-bars indicate the standard error.
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Figure 8: Thurstone ranking, derived from all
observer settings in the complex-image configuration,
plotted as a function of hue angle. Error bars indicate
standard errors for the scale values.



