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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 accumulate a new
visual dataset and to extend CAMI6 to predict the simultaneous
colour contrast effect. Five coloured targets together with a neutral
grey were studied. A total of 132 test/background combinations
were displayed on a calibrated display. Twenty normal colour vision
observers performed colour matching in the experiment. In total,
2,640 matches were accumulated. The data were used to accurately
model the lightness and hue contrast results. The model was also
successfully tested using two independent datasets.

Introduction

A colour appearance model (CAM) is a mathematical model
that is used to predict the perceptual aspects of human colour vision
under various viewing conditions, i.e., the appearance of a colour
does not in accord with the corresponding physical measurement of
the stimulus source [1]. Various colour appearance phenomena,
such as chromatic adaptation, luminance range effect, Hunt effect,
Stevens effect, Helmholtz-Kohlrausch Effect, and simultaneous
contrast effect can be predicted by a colour appearance model [2].
Colour appearance phenomena are related to human perception and
the mechanism is complex. Various colour appearance models have
been developed. However, the common visual phenomenon,
simultaneous colour contrast, has not been considered, in which the
appearance of a colour is affected by the surrounding colour.
Previous investigations have shown that the appearance of colour
considered moves toward the opposite colour of the surrounding
colours, following the opponent colour theory [3-4]. And the effect
is usually studied in a centre-surround paradigm, also called
test/background paradigm [4-6]. The phenomena are illustrated in
Figure 1, (a) lightness contrast, a darker background induces a
colour to appear lighter; (b) hue contrast, a red background induces
a colour to appear bluish; (c) colourfulness contrast, a colourless
background induces a colour to appear more colourful. The colours
of the (‘X’) in each diagram are the same. The pattern in the shape
of the double crosses in Figure 1 was also used in the present
experiment.

This effect was modelled in Hunt94 [7-9] colour appearance
model, which was the first relatively comprehensive colour
appearance model. It predicts a wide range of visual phenomena,
including the simultaneous contrast effect to some extent. However,
the model did not predict well to the visual results because chromatic
contrast has not been taken into consideration. Until 1997, CIE first
recommended CIECAMO97s [10]. This was superseded by
CIECAMO2 [11] and it has been widely used. More recently, a new
CIE technical committee JTC10 was formed to recommend the
recently published CAM16 [12].
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Most of the colour appearance phenomena are predicted by
CAMI16. However, the prediction for the simultaneous contrast
effect is not satisfactory because of the poor predictions provided by
the Hunt model. For example, the model gave a poor predictive
performance for Wang et al.’s dataset [13-15]. This paper describes
a psychophysical experiment to accumulate a new visual dataset,
which can be used to extend CAM16 to predict the simultaneous
colour contrast effect.

(a)

(b)

(c)

Figure 1. Simultaneous colour contrast effect, the colours of the crosses in
each diagram are the same. (a) lightness contrast; (b) hue contrast; (c)
colourfulness contrast.

Experimental

The experiment was conducted on an EIZO-CG243W display
(size: 24.17, luminous level: 125 cd/m?) in a darkened room. The
display passed various tests. Typically, it had a uniformity of 0.91
AE"a between the middle and the other 8 surrounding regions on the
display. It was characterized using a GOG model, which gave a
mean AE'w of 0.72 to predict the 24 colours on X-rite 24
ColorChecker target.

Observers sat at a distance of 80 cm away from the monitor.
They were asked to adapt in a darkened room for 1 min viewing a
grey background (CCT: 6500K, luminance level: 23 cd/m?, L™: 50)
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on the display. A double crosses image (see Figure 1) was presented
on the display and the observers then adjusted the lightness, chroma
and hue of the test cross on the right via a keyboard in CIELAB
colour space to match the colour of the reference cross on the left
until they looked the same. Once the observer confirmed the well-
matched colour, the next randomly generated combination was
presented, and so on. The background on the left was fixed (CCT:
6500K, luminance level: 23 cd/m?, L*: 50), and the colour of the
background on the right changed.

The experiment was divided into two parts to investigate the
lightness contrast and hue contrast respectively. Figure 2 shows the
experiment setting. Figure 2a shows experimental situation, Figure
2b shows operational interface of lightness contrast experiment
designed via Matlab GUI, Figure 2¢ shows operational interface of
hue contrast experiment designed via Matlab GUL

(b) ()
Figure 2. Experimental setting. (a) Experimental situation; (b) Operational
interface of lightness contrast experiment; (c) Operational interface of hue
contrast experiment.

Six target colours (Red, Yellow, Green, Blue, Magenta,
Neutral grey) were selected considering the colour distribution in
hue circle. The L*, C*aw, h*as and L (cd/m?) values of the target
colours are given in Table 1. Figure 3 shows the coordinates of target
colours in CIELAB a"b” plane. It can be seen in Figure 2 that the
reference combination on the left always has a mid-grey background.

Table 1. The CIELAB coordinates for the 6 target colours.

Target colour L C'ab h'ap L (cd/m?)
Red 50.0 30.0 7.4 23.1
Yellow 50.0 30.0 79.9 23.1
Green 50.0 30.0 139.5 23.1
Blue 50.0 30.0 236.4 23.1
Magenta 50.0 30.0 301.9 23.1
Neutral grey 70.0 3.0 293.9 231

For studying the lightness contrast effect, six series of colours
Red, Yellow, Green, Blue, Magenta, Neutral grey were prepared for
matching. The test ‘X’ of each coloured target ‘X’ (Red, Yellow,
Green, Blue, Magenta) was against seven grey backgrounds differed
in lightness (L" of 0, 20, 40, 50, 60, 80, 100). While test ‘X’ of
neutral grey was against eleven grey backgrounds differed in
lightness (L* of 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100). Table 2
shows the CIELAB values of the backgrounds in the six hue series.
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This results in a total of 46 combinations for each observer, i.e., 5
targets x 7 backgrounds + 1 grey target x 11 backgrounds.

40 b

=0
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Figure 3. The target colours plotted in CIELAB a’b" plane.

Table 2. The CIELAB coordinates for the background colours to
study the lightness contrast effect

R Y G B M Grey
L’ 0 0 0 0 0 0
L / / / / / 10
L's 20 20 20 20 20 20
L' / / / / / 30
hw=2939 Ls 40 40 40 40 40 40
C'av=3 L's 50 50 50 50 50 50
L7 60 60 60 60 60 60
L's / / / / / 70
Ls 80 80 80 80 80 80
Lo [ / / / / 90
L'v1 / / / / 100

Table 3. The CIELAB coordinates for the background colours to
study hue contrast effect

R Y G B M

h'; 2474 3199 195 1164 1819

h> 2874 3599 595 1564 221.9

hs 3074 199 795 1764 2419

hs 3224 349 945 1914 256.9

h's 3374 499 1095 2064 271.9

~ he 3524 649 1245 2214 286.9

oo h7 224 949 1545 2514 3169

hs 374 1099 1695 2664 331.9

he 524 1249 1845 2814 346.9

W 674 1399 1995 2964 1.9

h'y 874 1599 2195 3164 219

W2 1274 1999 2595 3564 61.9

his 1874 2599 3195 564 121.9

éf5_0 M4 5939 2039 2039 2939 293.9
=3  (grey)

For investigating the hue contrast effect, five series of colours
(Red, Yellow, Green, Blue, Magenta) were prepared for matching.
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Test ‘X’ of each target ‘X’ was against 13 backgrounds only differed
inhue (" + 180, h"+ 120, A"+ 80, h* £ 60, h* +45, h" £ 30, h™ + 15,
where h" is the CIELAB hue angle of the target; they all had L* of
50, C"a of 30) together with one neutral grey. Taking ‘Red’ target
as an example, Figure 4 plots the CIELAB coordinates of
background colours for ‘Red’ colour centre. Table 3 shows CIELAB
coordinates of the backgrounds in the five hue series. This results in
a total of 70 combinations for each observer, i.e., 5 targets x 14
backgrounds.

Twenty normal colour vision observers participated in the
experiment including ten males and ten females. In total, 2640
matches were accumulated, i.e., [S target colours x (13 coloured
backgrounds + 7 grey backgrounds) + 1 target colour x 11
backgrounds + 21 repeats] x 20 observers.
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Figure 4. The colour distribution of background colours for ‘Red’ target in
CIELAB a*b* plane.

Result & Discussion

Observer variation

Mean Colour Difference from the Mean (MCDM) were
calculated to represent the observer variation of the result. Table 4
summarizes the MCDM values. All colour differences were
calculated using CAM16-UCS colour space. The intra-observer
variation describes the repeatability between the single observer’s
two repeats while the inter-observer variation describes the
consistency between all observers. The overall MCDM was found
to be 2.9 AE s (total colour difference) and 2.4 AE a» (chromatic
colour difference, without lightness component) for inter-observer
variations. The intra- observer variations are 1.3 AE s and 1.1
AEa». The degree of observer consistency is considered to be highly
satisfactory.

Table 4. MCDM values for characterizing the inter- and intra-
observer variations.

Inter Intra
AE’jap 2.9 1.3
AE’ap 2.4 1.1

Modelling the lightness Simultaneous Contrast
Effect in CAM16

To reveal the contrast effect, the visual results were expressed
as each test/background combination. The reference background on
the left was always set to the neutral colour of L" =50, the differences
in lightness AJ'y represents the visual lightness shifts between the
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results of test/background and the target/reference (target/L” =50).
The differences in lightness AJ’»« was the lightness differences
between test background and target colour (the results of target/L"
=50).

Figure 5 shows the plot of AJ’, against AJ s for all the six
series of target colours, the colour coding scheme of the dots
corresponding to the target colour of the series, i.e., Red, Yellow,
Green, Blue, Magenta and Neutral grey.

30
AJ', .
0 L]
) AdYy,
‘ R=0.99
AJ'=1.70
-30
-80 0 80

—Modelling «+R Y «G «B M = Grey
Figure 5. The plot between the visual lightness difference, AJ', plotted against
the AJ’»+ between the test background and target colour for all colour
combinations.

Figure 5 shows a clear trend, i.e., a darker background will
make centre brighter. The trend was later modelled by a sigmoidal
function, as given in Equation (1).

16.0067 (1)

A= 00240 % ATy, 249

ce ™
0.0837+e

The model was fitted by minimizing the colour difference
between visual colour shift (4/%) and AJ . (Equation (1)) using a
root mean square. The fitted sigmoidal function is also plotted in
Figure 5. It can be seen that the model fitted well to all the data
points, having a lightness difference of 1.70 and a correlation
coefficient of 0.99.

Modelling the Hue Simultaneous Contrast Effect in
CAM16

As mentioned earlier, taking target/grey background as a
reference, the differences in hue angle A%, representing the visual
colour shifts between the results of test/background and the
target/reference (target/grey background), were calculated. The
differences in hue angle A% s were the colour differences between
coloured background and target colour (the result of target/grey
background). All the parameters were calculated using CAM16-
UCSs.

The hue metric differences AH"y and AH -+ were determined
from the hue angle differences A%’y and Ak s, using Equation (2) to
make the same visual scale as the lightness and chroma differences
for all test/background combinations. Figure 6 shows the AH’,
plotted against AH s, for five series of target colours.

AH:zx(clcz)o-Ssin(%h) 2

where C; and C> are the CAM16-UCS chroma.
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It can be seen that the results show a clear relation of sine
function. Based on the data, hue simultaneous colour contrast was
modelled as given in Equation (3).

2
AH',, = 0.4408 x AH', , x 000X (A ) 3
A sine function was well fitted to consider the hue of the
background, also plotted in Figure 6. The equation modelled the hue
contrast effect by showing a transition at the turning point of zero
(representing the hue composition of the target). In its both sides,

the sign of colour difference changes from negative to positive. It
had an R 0of 0.95 and AH’ of 1.52.

15
AH,
l.".‘ ’
%:‘ \
TNy A,
. - R=10.95
. AH' =1.52
-15
=60 V] [&14]

—Modelling ¢« R Y «G «B «M
Figure 6. Hue difference, AH’, of the visual colour shifts plotted against the
AH’s.t between test background and target colour (the result of target/grey
background), for all colour combinations.

In this section, the lightness and hue contrast effects were
successfully modelled by Equation (2) and Equation (3). Both were
integrated into CAM16, called CAM16cc here. In the computation,
the background and target colour information need to be inputted.
The lightness effect (AJ«) will be calculated before the calculation

of hue effect (AH ’cc). Figure 7 shows the flow chart of the modelling.

Note that chroma contrast effect was not studied. From the Gao et
al’s results [6], 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.

XY Z i Lightness Hue
= CAM16 =+ Contrast Contrast
XY Zackground Function Fun(.:tion

i
»
| Jeamicee = Teamis + A

XYZ —— CAM16 <

predict 4 h , i
heamieee = Neamie + Ah'ee

Figure 7. The flow chart of CAM16cc.

Verifying the model by previous datasets

The model was also verified using two independent datasets,
i.e., one was generated by Wang et al using the magnitude
estimation method on patches (only hue contrast) and two was built
by Wu et al. using the colour matching method with a small field of
view (both hue and lightness contrast). The data were obtained from
a series of large-scale psychophysical experiments. The
experimental settings were under well controlled and the testing
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colours were selected carefully. The results show a clear trend with
high reliability.

Table 5. The predictive performance of CAM16cc model in
terms of AJ’ (or AH’).

Dataset Wang | Wu | Present
Num. of target 30 10 6
General Num. of background 3 19 20
Information Num. of observer 10 9 20
Num. of estimate 90 174 132
Lightness AJ’ / 5.03 1.70
CAM16cc
Hue AH’ 3.35 | 3.72 1.52
Refined e AH 3.11 | 0.77 /
CAM16¢cc ;
scaling | g9 | 015 |
factor

Table 5 shows the predictive performance. In general, the
model predicts well to the trend but the extend of the effect is
depending on the experimental conditions, e.g., a much larger effect
was found from those set to a large field of view (FOV). This
implies that the contrast effect is dependent upon the experimental
conditions to a great extent, especially the hue contrast. Thus, the
former hue contrast model was modified by multiplying a constant.

io Prediction of Wang et al.'s data

AH'=3.11

—Refined model - Wang's data

Prediction of Wu et al.'s data

AH'=0.77

-5

-60 0 60
—Refined model - Wu's data

Figure 8. The prediction performance of refined CAM16cc to fit (a) the Wang et
al. ’s data and (b) the Wu et al. ’s data.

Table 5 and Figure 8 also shows the predictive performance
after modification which improved significantly. The size of FOV
in the Wang et al. ’s experiment was similar with the present study,
while that in the Wu ef al. ’s experiment was much smaller. Thus,
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the coefficient of Wang et al. is closer to one, and that of Wu et al.
was closer to zero. The relationship between the magnitude of the
contrast effect and FOV of the background require further study.

Conclusion

Visual experiments were carried out to investigate the
simultaneous colour contrast effect on a self-luminous display using
colour matching method. The goal is to accumulate a new visual
dataset and the data can be used to extend CAM16 to accurately
predict the simultaneous colour contrast effect. Five coloured targets
together with a neutral grey were studied. A total of 132
test/background combinations were presented. Twenty normal
colour vision observers participated in the experiment. In total,
2,640 matches were accumulated.

The results clearly showed that the lightness of the test colour
decreased with the lightness of the background colour. And the
direction of the hue contrast was in the opposite direction to the
background colours and followed the opponent-colour theory. Also,
the hue contrast was enhanced when the background colour is close
to the target colour.

The results were used to extend CAM16 to predict colour
contrast effect, including a sigmoidal function for lightness contrast
effect and a sine function for hue colour contrast. The model was
well fitted to the visual data, since the errors of prediction were AJ’
and AH’ were 1.70 and 1.52 respectively. Two large-scale
independent datasets were also used to test this new model,
including Wang et al.’s and Wu et al.’s data. The model predicts
well to the data but a systematic discrepancy was found for each
dataset due to different viewing conditions. By simply multiplying
a constant to the function for each dataset, the accuracy of prediction
improved greatly. This implies that there is a clear trend of contrast
effect, but the viewing condition has an impact on the magnitude of
the effect.
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