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Abstract

Experiments were carried out to investigate the simultaneous colour contrast effect on a self-
luminous display using colour matching method. The goals of this study were to build a new
visual dataset and to extend CAM16 to include the simultaneous colour contrast effect. Five
coloured cubes together with six familiar objects were studied. A total of 325 test/background
combinations were displayed on a calibrated display. Two functions based on CAM16 for
predicting lightness and hue contrast effects were successfully developed in this study. The
model was verified using two data sets, i.e., one was collected in this study including all the
familiar objects and two was generated by Wu et al. The present study shows promising results
that the contrast effect can be successfully integrated into a colour appearance model.
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1 Introduction

Colour appearance model is used to describe the perception of human colour vision, i.e.,
predicting the colour appearance under a very wide range of viewing conditions. Over the
decades, models have been proposed by various works (Hunt, 1982). The CIE recommended
CIECAMO2 in 2002, which is widely used as a universal colour model for scientific researches
and industrial applications (CIE, 2004a). Recently, CAM16 was proposed to overcome some
mathematic problem in CIECAMO02 and had a simpler structure (Li et al., 2017). It is in the
process to replace CIECAMO2 in the CIE.

Simultaneous colour contrast effect and chromatic adaptation are two important visual
phenomena for colour appearance model to predict (Luo et al., 1995; CIE, 2004b). Chromatic
adaptation refers to the human visual system to adapt to the overall colour and intensity of the
illumination to maintain an approximately colour constancy appearance under different
illuminants. Meanwhile, simultaneous colour contrast effect causes a shift of colour appearance
related to the surrounding colour, and the effect is usually studied in a target-background
paradigm (Wu et al., 2004; Wu et al., 2006a; Wu et al., 2006b; Gao et al., 2014). The latter
effect has not been modelled by any colour appearance model.

In the previous studies, a series of psychophysical experiments were carried out to investigate
the chromatic adaptation using memory colour matching method on a display (Zhu et al., 2018).
In this study, the same experimental method was used to study the simultaneous colour contrast
effect. Since, the centre patches in target-background paradigm was replaced by images of 2-
D objects in this study (Smet et al., 2014; Liu et al., 2014). According to previous research, the
contrast effect on chroma is very small and partly affected by both the lightness and hue (Gao
et al., 2014). The main goal of this study is investigating simultaneous colour contrast effect on
hue and lightness (Smet et al., 2011; OLKKONEN et al., 2004; VURRO et al., 2013). The results
were used to derive simultaneous contrast function based on CAM16 colour appearance model.

2 Experimental

The experiment was conducted on a calibrated EIZO-CG243W display (size: 24.1") in a
darkened room. The adapting field on display was set to 6500K and 23 cd/m2 (L" =50).
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Observers sat 60 cm away from the display. The experiment was divided into two parts to
investigate the lightness contrast and hue contrast respectively.

2.1 Experiment 1: simultaneous colour contrast effect on lightness

In the first part, five cubes showing pure (unitary) red, yellow, green, blue and neutral grey were
selected, as shown in Figure 1. Eleven luminance levels of background (L"= 0, 10, 20, 30, 40,
50, 60, 70, 80, 90 and 100) were selected taking L" =50 as the reference. The interface on
display was divided into two parts, left and right. Figure 2 shows the experimental setting. The
order of left-right arrangements was randomised. One part always included a fixed cube
presented on a background of L" =50, and the other part had a test cube on test background
with a particular L™ value. Observers adjusted the lightness of the test object via a keyboard in
CIELAB L’ scale to match that of the reference cube until they look visually the same, the AL"
between each pixel and the mean L’ of the whole image was remained. In addition, the hue and
chroma of the cubes were fixed, the colour coordinates of that are shown in Table 1. Thirty-two
normal colour vision observers (17 males and 15 females) took part in the experiment. In total,
1,760 matches were accumulated, i.e., 5 cubes x 11 luminance levels x 32 observers.

L

Pure red Pure yellow  Pure green Pure blue Neutral grey

Figure 1 — Images of the five cubes used to perform memory colour matching

(b)

Figure 2 — Experimental setting. (a) Experimental situation; (b) Operational Interface.

Table 1 — Colour coordinates of the cubes used in the lightness contrast experiment

CIELAB Red Yellow Green Blue Neutral grey
a 29.0 5.2 -26.4 -10.3 0.4

b’ 3.4 28.9 12.9 -27.7 -2.3

h 29.2 29.3 294 29.5 2.3

C’ 6.7 79.7 154.0 249.6 279.6

2.1.1 Observer variation

Mean Colour Difference from the Mean (MCDM) was calculated to represent the observer
variation of the result. The overall MCDM value was found to be 2.1 and 3.2 of AE"sa» units for
intra- and inter- observer variation respectively, which were comparable to similar studies.
Figure 3 shows the average MCDM of each object for characterizing the inter-observer
variations.
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Figure 3 — The average MCDM of each object for characterizing the inter-observer variations

2.1.2 Average results of each colour

The adjusted results were calculated in CAM16 colour space. The result was plotted by AJ'%-r
vs AJ'v, where AJ'v-r was the lightness differences between test against background and the test
against reference background (L™ =50). The differences in lightness AJ'v represents the visual
lightness shifts between the results of test/background and the test/reference (L =50). Figure
4 shows the average results of the five objects adjusted by the observers, the colour coding
scheme of the dots corresponding to the target colour of the series, i.e., Pure red, Pure yellow,
Pure green, Pure blue and Neutral grey. It can be seen that a clear relationship was clearly
discerned for all colour centres.
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* Pure red Pure yellow ¢ Pure green ¢ Pure blue e« Neutral grey
Figure 4 — The average results of the five objects adjusted by the observers

2.2 Experiment 2: simultaneous colour contrast effect on hue

In the second part, ten objects including six familiar objects (Red apple, Sky, Green pepper,
Eggplant, Banana and Tomato) and four coloured cubes from the first part (Red, Yellow, Green,
Blue) were selected. Figure 5 shows the images of the familiar objects. Each object was against
three backgrounds differed in size (7°, 15° and 25°) together with no background (the whole
screen is grey, as a reference ). Also, each size of background was set to eight colours (h + 45,
h £ 30, h+20 and h + 10; where h is the CIELAB hue angle of the object).

Sixty normal colour vision observers (26 males and 34 females) took part in the experiment.
And the colour of each object was matched by 20 observers. After one minutes’ adaptation,
observers viewed a grey image of one object with a particular size of coloured background and
adjusted the chroma and hue of the object to match their memory colour using a keyboard in
CIELAB space (as for cubes, only adjusted the hue of the objects). The lightness was fixed to
remain the image information (texture and gloss). Figure 6 shows the experimental setting. In
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total, 5,400 matches were accumulated, i.e., 10 objects x 3 sizes of background x (8 coloured
backgrounds + 1 no background) x 20 observers.

Hoed @

Red apple Green pepper  Eggplant Banana Tomato

Figure 5 — Images of the six familiar objects used to perform memory colour matching

(b)
Figure 6 — Experimental setting. (a) Experimental situation; (b) Operational Interface,
background: 7°, 15°, 25°.

2.2.1 Observer variation

Mean Colour Difference from the Mean (MCDM) was calculated to represent the observer
variation of the result. The overall MCDM value was found to be 2.0 and 2.5 of CAM16 AE'ja»
units for intra- and inter- observer variation respectively, which were comparable to similar

studies. Figure 7 shows the average MCDM of each object for characterizing the inter-observer
variations.

Average MCDM in AE},
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Objects
Figure 7 — The average MCDM of each object for characterizing the inter-observer variations

2.2.2 Average results of each colour

As mentioned earlier, taking test/grey background (no background) as a reference, the
differences in hue angle Ah'y, representing the visual colour shifts between the results of
test/background and the test/grey background (reference). The differences in hue angle Ah's-r
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was the colour differences between coloured background and target colour (the result of
test/grey background). All the parameters were calculated again using CAM16.

The hue metric differences AH'v and AH'v.rwere determined from the hue angle differences Ah'v
and Ah'st, using Equation (1) to make the same visual scale as the lightness and chroma
differences for all the combinations. The hue contrast has not been considered in the CAM16,
so the model is expected to give a poor performance. Taking the results of cubes as an example,
Figure 8 shows the average results of the four cubes adjusted by the observers, the colour
coding scheme of the dots corresponding to the size of the backgrounds, i.e., 7°, 15° and 25°.
It can be found that a sinusoidal relationship was discerned, and the size of the background
had little impact on the results. So the modelling was based on all the data of three size of
backgrounds described in Section 3.1.

05 . [ Ah
AH =2x(CC,) sm(—j (1)
2
where Csand C2 are the CAM16-UCS chroma.
4
AH',
143
0 ® [ d‘: an
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L] so
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* Background=7° ¢ Background=15° ¢ Background=25"
Figure 8 — The average results of the cubes of unitary hues

3 Modelling the simultaneous contrast effect in CAM16

The model was based on the data of cubes to modified the CAM16. In the computation, lightness
contrast is performed first and then followed by the hue contrast. Figure 9 shows the flow chart
of the modelling. Note that chroma contrast effect was not studied. From the Gao et al.’s results
(Gao et al., 2014), they concluded that the chroma effect is much smaller than the lightness
and hue contrast effect, and chroma effect is partly affected by both the lightness and hue. So,
it is not studied here.

XYZr\bu‘r'. Lightness Hue J‘;n'ml‘:l'l = Jeamie + M ,j\r"ri|.-|
CAM16 » Contrast —u Contrast —i — CAMI16 XYZ redict
XYZysgrouna Function Function Roredicc = Neamie ¥ A predicr

Figure 9 — The flow chart of the modelling

3.1 Lightness simultaneous contrast effect

To reveal the contrast effect, the visual results were expressed as each test/background
combination. A hyperbolic function was fitted and give accurate prediction to the data, as given
in Equation (2):

, 9.17
S s = 5 e o~ 580 2)
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Figure 10 shows the curve of the lightness contrast function with a clear trend, i.e., a darker
background will make target brighter. The data were used to test CAM16 original and refined
models, and the results showed that the lightness contrast function improved R from 0.12 to
0.98 and reduced prediction error (AJ’) from 5.91 to 0.95. Note that CAM16 already included
function to consider the lightness contrast effect, but it does not work well.

15

r
AJ predict

A‘-’ﬂh—r

-80 0 80
+ Data —Modelling

Figure 10 — The curve of the lightness contrast function fitted the data

3.2 Hue simultaneous contrast effect

A sine function was well fitted to consider both the size and hue of the background. Each
equation modelled the contrast effect by showing a transition at the turning point of zero
(representing the lightness or hue composition of the target). In its both sides, the sign of colour
difference changes from negative to positive. The trend was modelled by a sigmoidal function,
as given in Equation (3):

AHI — 0.0833XAHlb_rXe—O.O(Hx(AH‘b_,)Z (3)

predict

Figure 12 shows the curve of the hue contrast function. The data were used to test CAM16
original and refined models, the results showed that the hue contrast function improved R from
0.00 to 0.67 and reduced prediction error (AH') from 1.5 to 1.2. Note that CAM16 does not
consider hue contrast effect so that R was equal to zero. Thus, by hue contrast, the model
shows a big improvement.
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Figure 11 — The data points and prediction results of the hue contrast function
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3.3 Testing the refined model

Both contrast functions were added to CAM16 to form a refined model. The model was verified
using two data sets, i.e., one was collected in Experiment 2 including all the familiar objects
and the other was generated by Wu et al. using the magnitude estimation method on patches.

3.3.1 The data of the familiar objects collected in Experiment 2

Figure 12 shows the predictive performance of the refined model to fit the familiar objects
collected in Experiment 2. It can be seen that the data were very scatterd, but the model predicts
the trend to some extent. The colour difference of prediction is 2.09 of AH' units. This implies
that the memory colour is stable and quite exempt from the influence of contrast effect. Thus,
the contrast effect is influenced by the familarity of the objects to a degree.

4

. ' " AH'=2.09

-4
-60 ] 60
—Refined model - Data of familiar objects

Figure 12 — The predictive performance of the refined model to fit the familiar objects collected
in Experiment 2

3.3.2 The Wu et al.’s data (Wu et al., 2004; Wu et al., 2006b)

The Wu et al.’’s data were obtained from a series of psychophysical experiments. The
experimental settings were under well controlled conditions and the testing colours were
selected carefully. The results showed a clear trend with high reliability. It is also used here as
an independent test dataset. Figure 13 shows the predictive performance of the refined model
to fit the Wu’s data. It can be found that the model predicts well to the trend both in lightness
and hue. The colour differences of prediction were 2.45 of AJ' units and 0.83 of AH' units
respectively.

20 4

AJ' =2.45 S AH' = 0.83

.20 -4
-60 0 60 -60 0 60
—Refined model - Wu's data —Refined model - Wu's data

(@) (b)

Figure 13 — The predictive performance of the refined (a) the lightness contrast and b) hue
contrast model to fit the Wu’s data

In general, the model predicts contrast effect accurately, but the extent of the hue contrast is
very much depending on the experimental technique, i.e., a much smaller effect was found from
those based on familiar objects with a long-term memory. This implies that the objects selection,
experimental technique could have a big impact on hue contrast effect.
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4 Conclusion

Two functions based on CAM16 for predicting lightness and hue contrast effects were
successfully developed in this study. The model was verified using two data sets, i.e., one was
collected in this study including all the familiar objects and two was generated by Wu et al. It
gave accurate prediction to the lightness visual results. For hue contrast, it was found a
consistent trend. However, the function predicts too low contrasts for the familiar objects by
memory matching. This implies that there is a clear colour contrast effect but that is influenced
by the familiarity of the objects to a degree, i.e., the memory colour is stable and quite exempt
from the influence of contrast effect.

The present study shows promising results that the contrast effect can be successfully
integrated into a colour appearance model.
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