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This paper evaluates the gamut expansion ratio on a six-primary display by conducting a
psychophysical experiment involving real objects. However, no six-primary display was used in this
article; it was based on the simulated and virtual RGBCMY display. We first introduce the algorithm
for simulating the six-primary display that consists of three stages: (1) colour separation, (2) code
condensation, and (3) white point estimation. To ensure that we identify the most suitable gamut
expansion ratio for the human perception of the colours of objects, our experiments featured
pineapple, loquat, wax apple, peach, plum, carambola, and guava fruits through saturated colours on
a monitor. Subjects were asked to identify their preferences for the colours that they observed. Our
results show that the most suitable perception range for real objects is from 1.2 to 1.4.
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Introduction
Recent advancements in display devices have led to the development of wide-gamut devices. These
devices typically extend the display colour gamut using two techniques: (1) by improving the purity of
RGB primaries, and (2) by adding more colour primaries other than RGB. With the rising popularity
of multi-primary technologies, some companies have also launched corresponding display devices and
technics [1-3]. Accordingly, this paper also focuses on the multi-primary colour display technique.
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Given their wider gamut, multi-primary display devices can reproduce most colours found in
nature. Some previous studies have identified the gamut of natural colours. Pointer used four
databases containing 36 hue angles and sampled each degree of lightness at 16 levels to define 4,089
colours in the range of natural colours [4]. Moreover, he updated the range of surface colours [5]. In
1999, Tajima et al. collected a total of 49,672 natural colours from the natural world and developed
them into a standard object colour spectra (SOCS) database [6]. In 2004, Tajima et al. compared the
SOCS data with the Pointer’s surface colour set and identified only small differences between them
suggesting that both can serve as reliable gamuts of natural colours [7]. However, Tajima et al. also
showed that the range of natural colours is wider than that originally defined by Pointer or the SOCS
database, thus suggesting that the colour gamut of nature requires further update and refinement [89]. Figure 1 shows the gamuts of object colours as defined by Pointer, the SOCS database, the sRGB
and the AdobeRGB, which are the largest colour ranges in normal RGB displays. The gamut of the
colours of objects in nature is wider than that of these displays.

Figure 1: The gamuts of the SOCS database, Pointer’s data, the sRGB, and the AdobeRGB colour spaces.

Multi-primary techniques can extend the display gamut further, but this becomes complicated in
terms of signal control. Conventional six-primary colour conversion applies various constraints in the
transfer of RGB input values to six-primary signals [10-12]. In general, this process enhances the
purity of cyan (C), magenta (M), and yellow (Y), but reduces their luminance. This colour mismatch
phenomenon was also observed in the early days of cross-media reproduction. Reproducing a colour
from one device to another often requires the luminance of the colours to be modified. As an example,
converting a larger colour gamut to correspond to a smaller colour gamut is a technique known as the
gamut reduction algorithm. Research on mathematical calculation methods to this end [13-16] has led
to the description of an ideal gamut boundary description, for cross-media reproductions from a
colour gamut in a CRT (Cathode ray tube) or LCD (Liquid crystal display) monitor to that in a cyan,
magenta, yellow, or key/black printer. This approach yields the best perceptual performance that most
closely matches real objects on each device [17].
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Gamut mapping techniques have recently been applied to conversion between images and multiprimary displays. Since the colour gamut has increased with the evolution of display devices, research
on gamut extension algorithms has also grown; examples here include the gamuts of printers and
high-definition television systems [18], the enhancement of whole-colour images, application to film
[19-20], and the wide colour gamut specifications of the International Color Consortium profiles, such
as scRGB [21] and xvYCC [22].
With regard to the application of gamut mapping techniques, many studies have indicated that
gamut mapping that adjusts lightness (i.e., luma) and the chroma in the CIELCh colour space is
effective. Furthermore, research has shown that people prefer simultaneous gamut mapping
modulation of lightness and chroma with a fixed hue [23-26].
In our six-primary system described here, we chose a combination of normal RGB and CMY
primary colours [27]. The conventional colour reproduction architecture of CMY is based on the
Neugebauer model [28], which shows that the given reflectance consists of an overprint of the primary
colours and secondary colours as well as a three-colour overprint. Our six-primary system is also
inspired by this model, simultaneously simulating six primaries on a display device. Therefore,
Neugebauer’s colour separation method is an important issue here. We also use the under colour
removal (UCR) and grey component replacement (GCR) methods in our six-primary algorithm. The
combined UCR/GCR method solves the problem of superimposition in halftone screens by
determining the amount of black to display from the specific amounts of CMY colours. Given that the
characteristics of the display comprise the colours obtained from the additive colour mixing method,
we determine the amount of white as a parameter by adding these three channels. By using this
parameter, we can simulate the CMY channel that is would be added to the display.
In this study, we aim to find a suitable colour boundary of real object colours in a six-primary
display. Although our multi-primary display system is close to the preferences identified in human
perception, we had general images such as portraits and outdoor scenery for its assessment. Hence,
we had not confirmed whether the same enhancement ratio for colour expansion is pertinent to
natural objects with saturated colours.
Given the above, we evaluate object colour preference for a six-primary display simulated in a
conversional RGB display because there is no physical six-primary display with RGB and CMY colours
combined. We used images of real fruits as stimuli to obtain a suitable enhancement ratio for the
colour reproduction of natural objects, as fruits are suitably representative of the colours of objects in
nature.

Method
Colour primaries
We constructed a hypothetical six-primary system based on data describing RGB LED lamps. We
measured the spectral distribution of the RGB LEDs (Stanley Electric) by using a Konica Minolta CS1000A spectroradiometer, and calculated the CIE1931 (x,y) chromaticity coordinates of the RGB
primaries. Complementary colours were set at the intersection point of the line starting from one
primary colour through the D65 white point to that connecting the other two primary colours. The
expansion ratios of the original complementary colours to the newly defined primaries of cyan,
magenta and yellow colours were 1.4, 1.2, and 1.1, respectively. Figure 2 shows the scheme plot of
complementary and primary colours.
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Following the above, we optimised the RGB/CMY luminance ratio based on Yang et al.’s principle
[29]. The white point we defined was D65, but the luminance ratios of RGB and CMY were set to 1:1.5
to avoid losing the luminance balance in our six-primary system.

1.1

Y

1.4

1.2

M
Figure 2: The relationships between complementary and primary colours with their expansion ratios.

Colour separation
Our colour separation method that we use is based on the UCR/GCR method described above. We
derive a brightness-adjustable RGB-to-RGB/CMY colour separation model to generate RGB-toRGB/CMY data for different brightness levels, p, ranging from 0.0 to 1.0 at intervals of 0.1. Our model
is described as follows: Figure 3 shows the flowchart design of our six-primary algorithm.

RGB

Grey

Second primary

Brightness

Dominant colour

sorting

extraction

extraction

enhancement

enhancement

Figure 3: Colours separation flowchart.

In the RGB sorting step, we sort the RGB values and obtained the maximum, middle, and minimum
values of R, G, and B. These correspond to H, E, and L, respectively, in Equation 1.

𝐻 = 𝑚𝑎𝑥(𝑅, 𝐺, 𝐵)
{ 𝐸 = 𝑚𝑖𝑑(𝑅, 𝐺, 𝐵)
𝐿 = 𝑚𝑖𝑛(𝑅, 𝐺, 𝐵)

(1)

In the grey extraction step, we define L as a grey component and Lc as the complementary colour to
L. In the second primary extraction, we define the CMY values. If H is equal to L, the colour is
achromatic; otherwise, Hc, Ec, and Lc the complementary colours of H, E, and L, respectively can be
described using L and Lc, as shown in Equation 2. The H′, E′, L′, and H′c, E′c, L′c represent the new
results of the RGB and CMY values, respectively.
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𝐻 ′ = 𝐸 ′ = 𝐿′ = 𝐿
𝑖𝑓 𝐻 = 𝐿 𝑡ℎ𝑒𝑛 { ′
𝐻𝑐 = 𝐸𝑐′ = 𝐿′𝑐 = 𝑝 ∙ 𝐿
𝐿𝑐 = 𝐸 − 𝐿
𝐻 ′ = (𝐻 − 𝐸) + 𝐿 + 𝑝 ∙ 𝐿𝑐 |
otherwise {
𝐻𝑐′ = 𝑝 ∙ 𝐿
𝐸 ′ = 𝐿 + 𝑝 ∙ 𝐿𝑐
|
𝐸𝑐′ = 𝑝 ∙ 𝐿 + 0.5 ∙ 𝑝 ∙ (𝐻 − 𝐸)
𝐿′ = 𝐿
′
𝐿𝑐 = 𝑝 ∙ 𝐿 + 𝐿𝑐 + 0.5 ∙ 𝑝 ∙ (𝐻 − 𝐸)

𝑖𝑓 𝐻 = 𝐿 𝑡ℎ𝑒𝑛 {

(2)

𝐻 ′ = 𝐸 ′ = 𝐿′ = 𝐿
𝐻𝑐′ = 𝐸𝑐′ = 𝐿′𝑐 = 𝑝 ∙ 𝐿

𝐿𝑐 = 𝐸 − 𝐿
𝐻 ′ = 𝐻 − (1 − 𝑝) ∙ 𝐿𝑐 |
otherwise {
𝐻𝑐′ = 𝑝 ∙ 𝐿
𝐸 ′ = 𝐿 + 𝑝 ∙ 𝐿𝑐
| ′
𝐸𝑐 = 0.5 ∙ 𝑝 ∙ (𝐻 + 𝐿 − 𝐿𝑐 )
𝐿′ = 𝐿
𝐿′𝑐 = 𝐸𝑐′ + 𝐿𝑐

(3)

Code condensation
Although the colour gamut resulting from the above is wide, its brightness is lower than that of a
normal RGB system. Therefore, we apply brightness enhancement in the next step, for which we add
p×L to each of the complementary primaries, where p is the brightness enhancement factor. The
relationship between the RGB/CMY primary colours and the p-factors is illustrated in Figure 4. When
the p-factor increases, there is an increase in luminance in the CIE 1976 L*a*b* colour space.
The last issue to be resolved is that the addition of cyan, magenta and yellow colours results in a
significant chroma reduction. Therefore, we add a step to enhance the dominant colours, where we
replace Lc with p×Lc in H and E in the parts of the dominant colours; further, we replace 0.5×p×(H-E)
in the Lc and Ec parts. We can then simplify Equation 2 can then be simplified to yield Equation 3 by
substituting Lc+L for E:

Figure 4: Three-dimensional graph showing the relationship between RGB/CMY primary and p-factors in the
CIE 1976 L*a*b* colour space.
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White point estimate
Finally, as part of our model, we must provide a white point mapping, because the sampled white
point is D65, which corresponds to (Y, Cb, Cr)=(235, 128, 128) in the eight-bit xvYCC colour space
[22]. If we map the white point of our p = 0 sub-gamut to the sRGB white, it is much darker than
normal RGB displays. On the contrary, if we choose p = 1, we obtain a substantial mismatch between
the six-primary display and the sRGB standard gamut. Through optimisation analysis, we find that p
= 0.25 is the most appropriate value here; thus, to ensure the balance, we use a p = 0.25 white point
versus the sRGB white. Using this value of p, the volume of the full 3D six-primary display gamut
volume is 168% of that of the sRGB in CIE 1976 L*a*b* colour space.
Estimating the expansion ratios of complementary colour primaries
We then examine the expansion ratios suitable for natural objects. We attempt to redesign the
expansion ratios of the CMY colour primaries. Note that we don’t change the expansion ratios of CMY
individually, but at the same rates. To simplify the calculation and avoid image colour dependencies,
the expansion ratios were modified from 1.0 to 2.0 at intervals of 0.2.
Optimisation method using the gamut mapping method
While it is well known that clipping or nearest sampling methods are often used, for cross-media
reproductions from a larger gamut to a smaller gamut, these methods cause many expanded colours
to be mapped to the same colours even though they originally have different brightness and saturation
levels. Therefore, we use our own unique gamut mapping method that maintains the relative
positional ratio of each colour between the two colour gamuts. Using this approach, we can map the
expanded colours onto the AdobeRGB gamut without experiencing any clipping.
Figure 5 shows the scheme of our proposed gamut mapping algorithm. Based on the above, this
algorithm was applied to the lightness-chroma plane of the CIELCH colour space. We preserved the Y
(i.e., luma) channel to simulate the L (i.e., lightness) channel, subtracting 128 from both the Cb, and
the Cr channels to simulate the a*, and b* channels, respectively, in the CIE 1976 L*a*b* colour space.
The conversion from CIELCH to CIE 1976 L*a*b* is defined as follows.
Y
235
𝐏𝐨𝐮𝐭
𝐏𝐢𝐧
𝑃𝐴 (Destination)
𝑃𝑚
125.5

𝐏𝐦𝐀

𝐏𝐦𝟔𝐩
𝑃6𝑝 (Source)

16

Figure 5: Scheme of theCproposed gamut mapping method.

6

http://www.aic-colour.org/journal.htm | http://www.aic-color.org/journal.htm

ISSN 2227-1309

Journal of the International Colour Association (2017): 18, 1-17

𝐿=𝑌
{𝐶 = √(𝐶𝑏 − 128)2 + (𝐶𝑟 − 128)2
𝐻 = 𝑡𝑎𝑛−1 (𝐶𝑟 − 128⁄𝐶𝑏 − 128)
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(4)

In Figure 5, the blue and red lines show the calculated colour gamut and the six-primary displays,
respectively. In the figure, we define the midpoint of the luminance range as Pm along the y-axis.
Because luminance Y in the YCbCr colour space ranges from 16 to 235, we identify Pm as 125.5 (i.e., the
midpoint between 16 and 235). Furthermore, PA and P6p denote the most saturated points, i.e., the
cusp in a AdobeRGB monitor and the six-primary gamut, respectively.
Any given cusp at any given hue angle can be derived from the nearby primary colour cusps of R, G,
B, C, M, or Y. In Equation 5, t can be considered an interpolation coefficient derived from the Cb and
Cr values of the two initial six-primary colours (Cb1, Cr1) and (Cb2, Cr2), respectively.

𝑡 = (𝐶

𝐶𝑏1 ×tan(ℎ)−𝐶𝑟1

𝑟2 −𝐶𝑟1 )−tan(ℎ)×(𝐶𝑏2 −𝐶𝑏1 )

(5)

The calculation of the cusp value YCbCr can be used by the two initial six-primary colours (Cb1, Cr1)
and (Cb2, Cr2) as well as t, which are computed as follows:

𝑌 = 𝑌1 + (𝑌2 − 𝑌1 ) × 𝑡
{𝐶𝑏 = 𝐶𝑏1 + (𝐶𝑏2 − 𝐶𝑏1 ) × 𝑡
𝐶𝑟 = 𝐶𝑟1 + (𝐶𝑟2 − 𝐶𝑟1 ) × 𝑡

(6)

where Pin indicates the arbitrary input colour point from the six-primary gamut; thus, the
saturation ratio of to its cusp can be represented as Cratio=Pin⁄P6p.The shapes of Adobe RGB and the
six-primary gamut were sufficiently close enough here. Furthermore, the saturation value of Pout can
be represented as Cout=Cratio×PA. Also, Pm6p is located on the line connecting Pm and P6p; thus, Pm6p is
defined as follows:

𝑃𝑚6𝑝 = 125.5 + 𝐶𝑟𝑎𝑡𝑖𝑜 × (𝑃6𝑝 − 125.5)

(7)

Similarly, the PmA can be represented as follows:

𝑃𝑚𝐴 = 125.5 + 𝐶𝑟𝑎𝑡𝑖𝑜 × (𝑃𝐴 − 125.5)

(8)

Finally, the output luminance Yout can be obtained as follows:

𝑌𝑜𝑢𝑡 = 𝑃𝑚𝐴 + (𝑌𝑚𝑣(6𝑝) − 𝑃𝑚6𝑝 )

(9)

However, this display also considers the characteristics of visual perception in the lightness–
chroma plane. Thus, as shown in Figure 6, we divide the entire gamut into four regions, where the
centre of these regions has a lightness level of 50% and a chroma level of 50%.
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Y
235

I

III

II

IV

125.5

16
C

½C
Figure 6: The four regions in the L-C plane.

To determine the parameters of Y and C, we conducted a psychophysical experiment to
simultaneously adjust values along the Y (i.e., lightness) and C (i.e., chroma) axes values in these four
regions by judging 10 stimuli and identifying the colours perceived best. According to results of an
assessment involving 12 subjects, the average values of the parameters of Y for each region were 1.01,
0.953, 0.944, and 0.900, while those of parameters of C for each region were 0.988, 1.021, 1.012, and
0.957.
Given the above, the new output luminance Yn_out and output chroma Cn_out can be written as
follows.

𝑌𝑛_𝑜𝑢𝑡 = 𝑌𝐼 × 𝑌𝑜𝑢𝑡 + 𝑌𝐼𝐼 × 𝑌𝑜𝑢𝑡 + 𝑌𝐼𝐼𝐼 × 𝑌𝑜𝑢𝑡 + 𝑌𝐼𝑣 × 𝑌𝑜𝑢𝑡

(10)

𝐶𝑛_𝑜𝑢𝑡 = 𝐶𝐼 × 𝐶𝑜𝑢𝑡 + 𝐶𝐼𝐼 × 𝐶𝑜𝑢𝑡 + 𝐶𝐼𝐼𝐼 × 𝐶𝑜𝑢𝑡 + 𝐶𝐼𝑣 × 𝐶𝑜𝑢𝑡

(11)

Experiment
After transforming the colour stimuli into our six-primary environment, we conducted a
psychophysical experiment to determine the relationship between the effects of colour enhancement
and human perception. Figure 7 shows a flowchart of our experiments.

Camera
preparation
&
Colour chips
creation

Colour gamut
definition

Creating
stimulus

Six-primary
transformation

Optimised
Gamut
mapping

Psychophysical
experiments

Figure 7: Flowchart showing our psychophysical experiment.
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Experimental device settings
For our visual evaluation experiments, we used an EIZO monitor (CG242W) with the AdobeRGB
colour gamut. We calibrated this monitor based on the measurement data from 500 colour patches
covering the full ranges of the monitor gamut by using an Eye One spectrocolorimeter.
We then prepared images captured by three cameras. Our goal was to compare the differences in
image characteristics depending on camera type. Cameras 1 and 3 were traditional digital cameras, a
Canon S95 and a Sony Cyber-shot DSC-T100, whereas camera 2 was a mirrorless SLR (Sony NEX-7).
The white balance of each camera was set manually by focusing on a white patch on the Eizo monitor
corresponding to D65 white. To examine the gamut of each camera, we displayed five colour patches
— the three primary colours red, green, and blue, and white and black — at the center of the monitor
photographed it. The image files (using the RAW format for each image) were then obtained from
each camera. Following this, we displayed each image on the same Eizo monitor and measured the
CIE(x, y) chromaticity coordinates with a Konica Minolta CS-1000 spectroradiometer. Figure 8 shows
the gamut of each camera and the Eizo monitor. The gamut of the colours was smaller than that of
AdobeRGB, indicating the limitations of colour reproduction.

Figure 8: The gamut of each camera and the Eizo monitor in CIE(x,y) chromaticity diagram (left) and CIELAB
colour space (right).

Experimental stimuli
As shown in Figure 9, we used seven fruits with saturated colours as experimental stimuli:
pineapple, loquat, wax apple, peach, plum, carambola, and guava. To avoid the influence of
background or surrounding colours during the visual experiment, all images were taken in an entirely
white environment containing a white plate and a white table. Even though a grey background is often
used in visual evaluations, we used white for ours because food and fruits are more commonly placed
on white tables.
According to past researches, a suitable appearance of an object usually depends on its colour,
shape, and surface [30]; thus, we fixed the latter two variants to determine the colour boundary that
the observers could best perceive. All images were taken under the same lighting conditions with a
fluorescent lamp that simulated D65 white.
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Figure 9: The seven stimuli (first row from left to right: pineapple, loquat, wax apple and peach; second row
from left to right: plum, carambola and guava).

We then transformed all images into the six-primary colour space by using the Equation 2. Figure
10 shows an example of the transformation. We adjusted the gamut expansion ratio of yellow, cyan,
and magenta simultaneously, preparing images with ratios ranging from 1.2 to 2.0 at intervals of 0.2.
The original represents the camera’s RAW file. We used six stimulus images for each fruit for a total of
42 total images for each camera.
1.2

Original

1.6

1.4

2.0

1.8

Figure 10: Stimuli in the original sRGB (i.e., the leftmost) and the expanded six-primary stimuli.

We conducted psychophysical experiments to determine the preferable expansion ratios of our sixprimary display. As shown in the schematic Figure 11, the psychophysical experiments were conducted
in a dark room containing an Eizo monitor. All subjects sat on a chair and looked directly at the
monitor at a distance of 30cm.

EIZO monitor

Subject
Figure 11: Psychophysical experiment set up.

Figure 12 shows an example of the interface of the monitor. The background colour was set to
Munsell colour N7. As shown in the figure, two images were presented side by side. The visual angle of
each stimulus was 32.13° × 25.36°. Furthermore, two “Better” buttons and an “Undo” button were
10
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located at the bottom of the screen. Note that the size of the monitor was 24.1 inches, its resolution
was 1920 × 1200, and the aspect ratio was 16:10.
We used a paired comparison method for evaluation. The subjects were instructed to identify the
stimulus that they found most attractive. Note that none of the subjects observed the original stimulus
until he/she had conducted the psychophysical experiment. After three minutes of dark adaptation,
and one minute of light adaptation, the subjects chose the stimulus they preferred by selecting the
“Better” button under the corresponding stimulus. They repeated this procedure for each combination
of the expansion ratio, for one image with six ratios, and without repetition, i.e., 15 (6 × 5 ⁄ 2)
combinations; each pair was presented randomly. If the subjects were unable to make a decision, they
were allowed to press the “Undo” button to skip the given pair; however, the skipped combination was
presented again later in the experiment; thus, judgments for all combinations were eventually
obtained.
When the subjects completed the combinations for a given image, the next set of images was
presented to them. They saw the same pairs of images taken by the three cameras in the three separate
sessions.
Ten subjects (six male and four female), participated in the experiment, each with normal colour
vision and visual acuity, or a corrected visual acuity of approximately 1.0. The ages of the subjects
ranged from 22 to 30 years old.

Figure 12: Interface of the psychophysical experiment.

Results and discussion
The evaluation of our results followed Case 5 of the Law of Comparative Judgment identified by
Thurstone [31]. The value of the psychological scale between stimuli A and B was simplified as shown
in Equation 12 below. In Case 5, as the correlation of ρAB was zero, and that of √𝜎𝐴2 + 𝜎𝐵2 was one, we
could only directly refer to the Z values according to the difference between subjects to evaluate the
image quality.

𝑆𝐴 − 𝑆𝐵 = 𝑍𝐴−𝐵 √𝜎𝐴2 + 𝜎𝐵2 − 2𝜌𝐴𝐵 ∙ 𝜎𝐴 𝜎𝐵
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Figure 13: Psychophysical results of each stimulus for the three cameras – S95 (top), Nex (middle),
and T100 (bottom).
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Figure 14: Gamut expansion results of psychophysical experiment.
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Figure 13 shows the preferences of all subjects. The ratios here range from 1.2 to 2.0, corresponding
to each fruit from left to right, whereas the error bars show the 95% confidence intervals across the
population.
Figure 14 shows the preferences of all subjects for each fruit. The vertical axis shows the degree of
preference of subjects, represented as a Z-score. The higher the Z-score, the higher the preference for
the given fruit. In each plot, as with Figure 14, from left to right, the ratios range from 1.2 to 2.0, with
the last set representing the original results. The results correspond to each fruit imaged by each of the
three cameras, with S95, Nex, and T100 represented in blue, red, and green colors, respectively. The
error bars in each plot for each ratio show 95% confidence intervals of our psychophysical
experiments.
ANOVA results
For each camera used for each stimulus, we perform a one-way analysis of variance (ANOVA) to
determine if the camera specification influenced the overall results. For each expansion ratio, we
calculated an F-value for each of 1.2, 1.4, 1.6, 1.8, and 2.0 as (F(2,18) = 0.430, p > 0.05), (F(2,18) =
0.768, p > 0.05), (F(2,18) = 1.509, p > 0.05), (F(2,18) = 1.343, p > 0.05), (F(2,18) = 0532, p > 0.05),
and (F(2,18) = 0.154, p > 0.05), respectively, and found no statistical differences among the cameras.
This clearly showed that if the stimuli were due to differences in colour among cameras in terms of
different colour gamuts and sensitivities, this did not seriously affect the results.
For each camera, we then determined if there were significant differences among the expansion
ratios. Our results yielded (F(5,36) = 17.630, p < 0.01), (F(5,36) = 8.356, p < 0.01), and F(5,36) =
16.196, p < 0.01) for the S95, Nex and T100 cameras, respectively. These results indicate that the level
of “attractive” changes based on the perception of colour changes in the stimuli produced by all
cameras.

Post-hoc results
As all our experiments involved the same subjects and expansion ratios, we used Tukey’s post-hoc
test to determine if there were significant differences in a given ratio. For camera S95, the original, 1.8
and 2.0 reached their levels of significance at ratios 1.2 and 1.4 with p < 0.05; however, for the Nex
camera, there was a significant difference only at ratio 1.2 with p < 0.05; similarly, ratios 1.2 and 1.4 in
the T100 camera had significant differences with p < 0.01. By taking the intersection of these three
results, we determined that the expansion ratio was approximately situated at 1.2 – 1.4. Significant
results in the original also indicated that it is necessary to develop a multi-primary display, because
the colour expansion caused subjects to prefer the perceived content.
There were significant differences among all fruits that, however, occurred at different ratios. For
the pineapple, with ((5,12) = 8.152, p < 0.01), a preference at a ratio of 1.2 was much higher than those
at 1.8, 2.0, and the original. For the loquat, there were significant differences between preferences at
ratios of 1.2 and 1.4 and those at 1.8, 2.0, and the original; the F value was F((5,12) = 27.492, p <
0.01). For the carambola, only 1.4 had significant differences with ratio 2.0 and the original, with
F((5,12) = 11.614, p < 0.01).
The wax apple, peach, and guava, except at 1.2 and 1.4, had significant differences among one
another, and their F values were F((5,12) = 30.166, p < 0.01), F((5,12) = 45.658, p < 0.01), and
F((5,12) = 28.451, p < 0.01), respectively. Finally, for the plum, our results stood out in that the
original and the ratio 1.2 recorded significant differences in preference with the others, i.e., F((5,12) =
14.444, p < 0.01).
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Although we found significant differences in many results of the paired comparisons, there were
small differences in the optimised ratios among the stimuli. Since yellow was directly affected by the
expansion ratios, the subjects were inclined to choose the higher ratio when observing fruits that had
them; however, fruits containing some green and red colours were not directly affected by the
expansion ratios; here, the subjects hesitated to choose between ratios 1.2 and 1.4. Finally, plum is a
dark-blue fruit; thus, the effect of colour expansion was marginal.
In general, the subjects preferred the original or only slightly enhanced stimuli in choosing suitable
ratios; we conclude that too much expansion leads to counter-effect productive results.
From the relationships in each ratio for each fruit, given that they often had no significant
differences between ratios 1.2 and 1.4, and given that some objects have low or moderate saturation
levels in nature, the suitable ratio for multi-primary expansion is 1.3.
As shown in Figure 15, we can also view this trend for each ratio via a box plot; here, the figure
shows the box plot of psychophysical statistical values for each ratio from all stimuli in all cameras.
The upper and lower values of each box plot in each ratio were 75% and 25%, while the error bars were
at the maximum and minimum psychophysical values from all psychophysical values, respectively.
Palmer et al. showed that people prefer objects containing brighter colours to those containing
darker ones [32]. Many researchers have also shown that factors such as gender, race, and progressive
technologies slightly affect the preferences and memory of the colours of objects [33-35].

Figure 15: A box plot corresponding to each ratio.

Some studies have shown that when observers watch objects in nature, their preferences and
memories of the hue and brightness are at the same levels as the originals; but in saturation, they are
prone to a more saturated perception [36-37]. This is also the reason why many manufacturers use a
wider gamut of backlight components to replace the traditional display [38-39]. Our findings for the
preferences for ratios are consistent with those results.
Even though we used the images of fruits, our results agree with those of past research on
preference using various images and objects. This implies that we can apply our findings to other
natural objects. However, the subjects in this experiment knew the original fruits, and hence
experience and memory might have influenced the results. Further investigation using familiar as well
as unfamiliar stimuli is necessary to obtain more generalised suitable expansion ratios.

15

http://www.aic-colour.org/journal.htm | http://www.aic-color.org/journal.htm

ISSN 2227-1309

Journal of the International Colour Association (2017): 18, 1-17

Chang et al.

Conclusions
In this paper, we proposed a six-primary RGBCMY wide-gamut system developed by ourselves and
a CMY colours expansion algorithm based on modified GCR/UCR method by considering the
complementary colours expansion algorithm. Using a paired comparison experiment, we determined
suitable expansion ratio for fruits to be preferable in terms of vividness and found some significant
relationships between colour enhancement and preference in wide-gamut systems. Images taken by
all three cameras that we used were equally preferred by the subjects. We found that a suitable ratio
for expansion is about 1.3 (Range from 1.2 to 1.4) in general.
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