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In a previous work, we empirically analysed the so-called “relevant colours” in paintings. These relevant 
colours describe the number of colours that stand out for an observer when glancing at a painting. On 
average, 19 relevant colours were identified, enabling reliable segmentation of colour images via a 
small palette of colours. The purpose of this study was to analyse how observers with different colour 
deficiencies (specifically, 11 deuteranopes, 11 protanopes, 3 deuteranomalous and 4 protanomalous 
observers) perceive the most representative colours in paintings. To achieve this, a set of painting 
images was presented to these observers. They were instructed to mark those areas within the image 
that contained a relevant colour via a mouse. The observers visually scanned the entire painting and 
selected pixels belonging to relevant chromatic areas. The study included 20 images from the Prado 
Museum in Madrid, Spain. The results revealed that, as expected, the average number of relevant 
colours identified by all observers was relatively small, consisting of only 9 colours. This number was 
lower than the average number of colours found for observers with normal colour vision in the earlier 
study and reveals that dichromatic observers experience a degradation in their mental impressions 
of the observed paintings. Nevertheless, the results indicate that there is almost no difference in the 
number of relevant colours obtained between the two types of colour vision deficiencies; deuteranopes 
seem to be able to use more relevant colours than protanopes need for the same painting (10 and 8 
relevant colours, respectively). By analysing the segmentation of pictorial scenes with relevant colours 
identified for each painting as colour seeds, we inferred how colour-deficient observers perceive and 
communicate much of the critical chromatic content in a painting. Through maximizing communicative 
effectiveness and minimizing the cognitive load, our results assess the colour information retained by 
anomalous observers, indicating that they lose approximately 20% of the representational content 
compared with normal observers.

Visual perception involves the interpretation of visual cues and information and is usually described in terms 
of three main processes, encoding, selection, and decoding, which ultimately lead to a motor action and/or a 
cognitive decision, such as a perceptual response1,2. Differences in these processes underlie the impairment 
in chromatic diversity developed by dichromats and, of course, in the colour discrimination capabilities of 
the observers with colour vision deficiencies3–6. However, the colour perception of dichromats when they are 
observing complex images such as paintings, either for their spatial or chromatic complexity, has not yet been 
extensively analysed. Recent studies7 have begun to explore the colour perception of dichromats when observing 
complex images like paintings. Compared with normal observers, perceived gamut differs, but what is the colour 
perception of a painting from the perspective of the dichromats themselves? Therefore, how is colour perception 
of paintings affected by inherited colour vision deficiencies? Within the restricted colour gamut perceived by 
defective observers, are dichromatic observers able to extract the relevant colours that describe paintings (i.e., 
their mental representations)?

In a seminal paper from 2010, it was found that the average number of perceptually distinct surface colours 
was estimated as much smaller than that based on counting methods8. Nevertheless either the process of how 
relevant colours (those that are more representative or attract more attention in an image) are selected by 
observers nor how they are coded and decoded in the visual cortex is currently well understood. In previous 
works9,10, we introduced the concept of “relevant colours” of an image, which allowed us to estimate the number 
of colours that an observer would perceive as prominent in a glance at the image. These relevant colours 
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enable us to evaluate not only the discernible colours that are chromatically distinct in the scene but also the 
colour palette of the image. The relevant colour concept was psychophysically confirmed recently11, and it 
was demonstrated that those colours are consciously used by observers with normal colour vision when they 
visualize the spatio‒chromatic content of colour images. In addition, each original image can be segmented 
based on its corresponding relevant colour set, which describes the colour palette of the painting and leads to 
efficient quantization12.

Colour vision deficiencies, including dichromacy and anomalous trichromacy, have been extensively 
investigated in the field of vision science. The reviewed studies encompass various aspects, such as the impact 
of natural scene colour distributions on perceived chromatic diversity10,12, estimation of discernible colours 
for colour-deficient observers4,13, the role of coloured lenses in colour discrimination14–16, the use of complex 
scenes and Munsell samples in predicting chromatic changes, spatial visual function in anomalous trichromats, 
and saliency-based image correction for observers with colour vision deficiencies. Investigating the impairment 
of colour discrimination in dichromacy, Linhares et al.17 revealed that estimates based solely on the number of 
discernible colours do not fully capture the perceived chromatic diversity in natural scenes. By considering the 
actual distributions of colours, dichromats can discriminate a greater percentage of colour pairs than anticipated, 
highlighting the beneficial influence of colour distributions in natural scenes. Perales et al.4 estimated the number 
of colours perceived by individuals with colour vision deficiencies via models that simulate the appearance of 
stimuli. The findings demonstrate a significant reduction in the number of discernible colours for dichromats. 
Anomalous trichromats, on the other hand, retain some of the colour discriminability that is lost in dichromats, 
with the level of impairment varying depending on the specific anomaly.

Other authors18–20 have also shown that dichromats can use different basic colour terms and have a different 
pattern of colour preference than do trichromats, with a preference for yellow and a weaker preference for 
blue. The preferences were more affected in individuals who lacked the cone type sensitive to long wavelengths 
(protanopes) than in those who lacked the cone type sensitive to medium wavelengths (deuteranopes). The 
relationship between colour preference and colour naming revealed that colours that are easier to name are 
preferred by those observers with colour vision deficiencies, providing insight into how dichromats would 
experience aesthetics. In addition, inherited red–green colour vision deficiency affects approximately one in 
twelve men of European descent, impacting tasks such as foraging, detecting blushing, or breaking camouflage. 
However, its effect on real-world vision is less clear. The results from Foster and Nascimento21 have shown 
that individuals with red–green deficiency lose only a small amount of information compared with those with 
normal colour vision, with factors such as large lightness variations, small redness–greenness differences, and 
uneven surface colours helping to minimize the impact.

The objective of this study is to obtain a comprehensive dataset of relevant colours observed in different 
colour images with varied spatio‒chromatic content on the basis of the experiences of individuals with colour 
vision deficiencies. Determining and analysing these relevant colours will allow us to compare the perception 
of colour palettes among colour-deficient observers and those with normal colour vision. In addition, potential 
applications in image compression can be exposed after the amount of information retained by anomalous 
colour observers is estimated.

Compared with individuals with normal colour vision, colour-deficient observers clearly have a restricted 
range of perceived colours. However, the extent of chromatic information they are missing remains uncertain22, 
as they do not have the original image with all its colours to be aware of the potential loss of information (unless 
the deficiency occurred at a specific point in their lives). The previous work by Tirandaz et al.12 demonstrated 
that observers with normal colour vision are efficient at quantizing coloured images by reducing the number 
of colours in paintings to a small subset they deem relevant. Estimating the mutual information between each 
original image and its quantized representation based on relevant colours was sufficient for that purpose. 
Nevertheless, in the current work, the results will be influenced in two ways: first, by the amount of information 
or resources required to encode the signal (due to the use of the relevant colours paradigm), and second, by 
the loss of fidelity introduced during reconstruction (as the experiment is conducted with observers who have 
anomalous colour vision). The rate-perception distortion theory23,24 will be used to untangle that interconnection. 
We will assume that the set of all colours from a simulated colour vision deficiency (CVD) image is the “true” 
probability function and that the set of relevant colours obtained from anomalous observers is the “perceived” 
probability function. How “relevant” are the colours selected by colour-deficient individuals compared to the 
relevant colours chosen by individuals with normal colour vision? Does the palette of relevant colours from 
individuals with normal colour vision align with that of anomalous observers for the same image? This study 
aims to explore the visual similarity between colour palettes and the information shared by both sets of colours.

Figure  1 shows the set of test images used in the experiment. The images were selected because of their 
intricate spatio-chromatic content and realistic nature. They represent a subset of previously used representational 
paintings, for which observers with normal colour vision estimate their relevant colours9.

Results
Number of relevant colours
Figure 2 shows the number of relevant colours (NRC) found for all observers and paintings. The global NRC 
average found in the experiment was 9 ± 2 colours. This is a 53% reduction in comparison with the 19 ± 5 
previously reported for normal observers11. Interestingly, the expected reduction in the number of colours found 
was accompanied by a similarly low standard deviation in comparison to normal colour vision.

The comparison between different CVDs is shown in Fig. 3, where the number of relevant colours is plotted 
separately for the deuteranope and protanope observers and the deuteranomalous and protanomalous observers. 
For protanopes, the NRC is slightly lower but does not appear to be significant compared with the average. 
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Deuteranopes obtained a slightly higher NRC (although not on average) due to paintings 5, 8, and 12. These 
differences are reduced among deuteranomalous and protanomalous observers.

Efficient representation of colour images by relevant colours
Figure 4 shows the estimated mutual information between each image in Fig. 1 and its quantized representation 
by relevant colours. The data are for each of the 20 paintings averaged for all individual observers; the boxplot 

Fig. 2. Number of relevant colours. Estimated average of the number of relevant colours for all observers and 
paintings used in the study (error bars represent 1 SD).

 

Fig. 1. Montage of images of conventionally representational paintings in the Prado Museum28, adapted from 
Nieves et al.10, Fig. 1, licenced under CC BY 4.0 (the colour gamuts of each of these images are illustrated in 
Fig. 4 from Tirandaz et al.12).
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on the right summarizes the global results for all observers and paintings. The mutual information values varied 
between a minimum of 1.3 bits (for painting number 2) and a maximum of 2.2 bits (for paintings number 4 and 
13). Apart from those differences, all estimated mutual information values were similar, and a global average of 
approximately 1.75 bits was obtained. The value of mutual information obtained for colour-deficient observers is 
thus lower than that obtained from approximately 2.2 bits for normal observers (see Fig. 2 on Tirandaz et al.10). 
This means that, on average, colour-deficient observers lose 26% of the representation by relevant colours used 
by normal observers for the same image dataset.

Figure 5, which analyses MI values per anomaly, shows how the mutual information on average is slightly 
greater in deuteranopes (1.8 bits) than in protanopes (1.7 bits), whereas for anomalous trichromats, there is no 
difference in the mean values (1.7 bits for deuteranomalous and protanomalous).

The previous results show, as expected, that observers with colour vision deficiencies lose information during 
image observation. However, the percentage of loss does not seem very large, at least compared with the severity 
of the deficiency. To illustrate this loss of relevant information in some way, the images in Fig.  1 have been 

Fig. 4. Information from relevant colours. Mutual information for each painting averaged across observers. 
The right plot shows the global average mutual information for all observers and paintings (the central mark 
indicates the median, and the lower and upper edges of the box represent the 25th and 75th percentiles, 
respectively; the whiskers extend to the most extreme data points that are not considered outliers).

 

Fig. 3. Number of relevant colours from colour anomalies. Estimated number of relevant colours for (left) 
Deuteranopes and Protanopes observers and (right) Deuteranomalous and Protanomalous observers. The 
horizontal lines represent the average number of relevant colours for each kind of anomaly.
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segmented by relevant colours. That is, taking the relevant colours as seeds, it is possible to find the nearest pixels 
to a relevant colour for each image and assign that colour to them. Representing each image in this way provides 
an idea of the mental representation that each observer would have of the images10,11.

Figure 6 shows examples of the distribution of original colours in a*b* and the selected relevant colours, 
as well as the original image number 8 (one of those with the greatest variety of colours). To provide valuable 
insights into the effectiveness of the segmentation process in preserving information and capturing colour 
diversity from the original images, we computed the normalized preservation of mutual information between 
original and experimentally segmented images12. The approximately uniform colour space CIELAB was divided 
into cubic cells whose side length was a multiple of the smallest discriminable step, and colorimetric arguments 
were then used to assign the colours of a scene to those cells. From each set of observer-selected relevant colours, 
a colour palette was extracted and applied to the painting by assigning relevant colours to areas occupied by 
pixels close to those colours. A look-up table was built for each image, calculating the distance between every 
pixel in the original image and the colours in the table. The closest match determined the new relevant pixel 
colour10.

The results in Fig. 7 show that, first, the representation of images by relevant colours effectively preserves 
most of the information, leading to a surprisingly good representation despite theoretical colorimetric 
considerations (as the previous figures above have shown), except for image number 7 and protanope observers, 
which preserved the MI to 60%. In contrast, images such as those 4 and 10 had high representational values of 
approximately 90%. Second, deuteranope observers obtained slightly better preserved MI values (approximately 
82% on average) than did protanopes (75% on average). The differences for anomalous trichromats are even less 
relevant, with a preserved MI of approximately 78% on average for both kinds of anomalies.

Interplay of mutual information, redundancy, and rate-distortion theory in colour vision 
deficiencies
Now, within the above results, how efficient is an anomalous observer in processing space-colour information 
compared with a normal observer performing the same task? How does this efficiency vary on the basis of the 
complexity of the observed stimuli? Rate-distortion theory24, a cornerstone of information theory, serves as a 

Fig. 5. Information from relevant colours and colour anomalies. Mutual information for each painting 
averaged across observers. The upper row corresponds to deuteranopes and protanopes, whereas the lower 
row corresponds to deuteranomalous and protanomalous observers. On the right-hand side of every plot, the 
global average mutual information for all observers and paintings is shown (the central mark indicates the 
median, and the lower and upper edges of the box represent the 25th and 75th percentiles, respectively; the 
whiskers extend to the most extreme data points that are not considered outliers).
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Fig. 6. Quantized segmentation of images by relevant colours. Image representations are for (left side) 
segmented images by relevant colours and (right side) simulated CVD images for painting no. 8 in Fig. 1. The 
first and second rows represent deuteranope and protanope observers, while the fourth and fifth rows represent 
deuteranomalous and protanomalous observers. In the central column, the distributions of colours in the 
CIE a*b* colour plane are shown with both the original colours and the relevant colours selected by some 
observers. CVD simulations were generated using the Machado et al. model34 with d = 20 nm for deuteranope 
and protanope examples, and d = 8 nm for deuteranomalous and protanomalous examples. The original full 
colour image is also shown at the centre for comparison. (Images and plotswere generated using MATLAB, 
R2023b, MathWorks, https://www.mathworks.com/).
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profound framework for understanding the interplay between complexity and accuracy in systems tasked with 
representing, processing, or transmitting information. At its core, rate-distortion theory explores the balance 
between the rate R—the amount of information or resources required to encode a signal—and the distortion 
D—the loss of fidelity introduced during reconstruction. This trade-off is encapsulated by the function 
R(D), which delineates the minimum information rate needed to achieve a desired level of distortion D. As 
distortion decreases (or fidelity increases), the required rate inevitably grows, reflecting the rising complexity 
of representation. This principle mirrors the dynamics of complexity and accuracy measurements in signal 
processing, vision, and imaging.

In terms of the rate-distortion theory, let us consider a colour-deficient encoder, denoted as fn, which encodes 
a sequence of colour Xn. As illustrated in Fig. 8, the resulting encoded sequence Yn is then fed to a decoder, 
represented by gn. The decoder outputs a sequence X̂′n, which represents the most relevant colours in a scene. 
Thus, it is reasonable to address the following question: what is the best rate R to achieve for distortion at max 
D? That is, if the target distortion of a colour-defective lossy compressor is D, what is the best method for 
compressing the data?

On the one hand, the resources—whether computational, informational, or biological—required to process 
or represent data are represented by the complexity Iq (M ; W ), which is given by the information rate

 
Iq (M ; W ) =

∑
M,W

p (m) q (M) log
q (M)
q(W )  (1)

where the observer represents the intended meaning M by W, using an encoder q (M). If useful communication 
is preserved, W must contain some information about M (i.e., complexity must be greater than zero). In this case, 
complexity is computed as the mutual information between each original colour image and its corresponding 

Fig. 8. A schematic overview of rate–distortion theory tailored to the relevant colour paradigm. An observer 
needs to refer to original colours Xn (associated with the original image on the left-hand side). To achieve this, 
the observer applies a probabilistic rule fn to encode a sequence of colours Xn. The resulting encoded sequence 
of colours Yn is fed to a decoder gn, which produces a set of relevant colours X̂′n in place of the actual colour 
Xn (represented here on the segmented image on the right-hand side of the figure). This process hinges on the 
perceptual distortion that arises from substituting Xn for X’n. By selecting the relevant colour X̂′n, the observer 
reduces the uncertainty in the communication of the true colour, an effect quantified, on average, by the 
accuracy and complexity linked to the process. (Images were generated using MATLAB R2023b, MathWorks, 
https://www.mathworks.com/), and text andgraphical elements were added using GIMP 2.10.36,  h t t p s : / / w w w . 
g i m p . o r g /     ) .    

 

Fig. 7. Normalized preservation of mutual information between original and experimentally segmented 
images for (left) deuteranopes and protanopes and (right) deuteranomalous and protanomalous observers. 
The box plots close to each panel represent the global averages for the corresponding observers and paintings 
(the central mark indicates the median, and the lower and upper edges of the box represent the 25th and 75th 
percentiles, respectively; the whiskers extend to the most extreme data points that are not considered outliers).
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relevant colour image derived from CVD observers, which is essentially the same as mutual information in 
previously presented results.

On the other hand, how well a system performs a given task or reconstructs the original information is 
quantified through the accuracy, which is inversely related to the cost of misunderstanding or distorted meaning. 
Thus, the accuracy Iq (W ; U) is directly related to Shannon’s mutual information I(M;U) as

 
Iq (W ; U) = I (M ; U) − Eq

[
D

(
M̂

)]
 (2)

where Eq

[
D

(
M̂

)]
 is the Kublack–Leibler divergence, which is indicative of distortion. By minimizing 

distortion, we can maximize the accuracy (i.e., informativeness) quantified by Iq (W ; U) . Accuracy is computed 
as the mutual information between each theoretical CVD image and each of its corresponding relevant colour 
images.

Figure  9 shows the results for the obtained information plane (i.e., accuracy versus complexity) for the 
communication of relevant colours by deuteranopes (left) and protanopes (right) observers. Accuracy in this 
context refers to how closely the segmented and compressed images (perceived by an ideal colour-deficient 
observer) match the original images in terms of perceptual quality. For a given complexity, high accuracy indicates 
that the segmented images closely resemble the theoretical segmentation, demonstrating effective preservation 
of perceptual details. Although, to the best of our knowledge, no established benchmarks for accuracy and 
complexity levels are directly applicable to our data, accuracy and complexity values within the range [1–2.5] 
have been found25. Our results in Fig. 9 are around those values and suggest that deuteranope observers achieve 
slightly higher accuracy for higher complexity values. In contrast, protanope observers cover a wider range of 
low complexity values, reaching lower values (below 1.42, which is the minimum for deuteranopes). In the high 
complexity range, there do not seem to be differences between the two types of observers. The figures show the 
linear fits with a 95% confidence interval, indicating that the slopes are almost the same and less than one for 
both types of observers.

Discussion and conclusions
The visual system employs various mechanisms to encode colour information in a way that prioritizes the most 
informative aspects and reduces redundancy, ensuring efficient transmission of colour information to the brain. 
A person with normal colour vision already must pay a ‘cost’ in terms of lost information when observing a 
scene owing to the inherent structure of the human visual system (finite number of photoreceptors in the retina 
and a limited number of nerve cells at the optic nerve exit, creating a bottleneck). Nevertheless, the human 
visual system has proven to be efficient in perceiving complex images10,12 It is logical to assume, therefore, that 
if this holds true for a normal observer, the cost for an anomalous observer undertaking the same perceptual 
task would be much greater. Limiting factors in the amount of information to process are now compounded by 
restrictions on the types of photoreceptors available, depending on the severity of the anomaly or the decrease in 
discriminative capacity for less severe anomalies.

We inferred how colour-deficient observers communicate the most relevant colours that appear in a painting. 
The distribution of relevant colours confirms, as expected, that observers with colour vision deficiencies miss 
colour information available to normal trichromatic observers when viewing a painting. Nevertheless, our 
analysis provides support for the notion that those deficient individuals retain the most relevant colour content 
of the observed painting, which aligns with the compression of information imposed by a particular CVD. 

Fig. 9. Communication of relevant colours by (left) deuteranopes and (right) protanopes observers. Every 
point represents the accuracy (on the x-axis) versus complexity (on the y-axis) for all observers. A linear 
regression of the data is shown, with 95% confidence intervals highlighted in red, to better illustrate the general 
trends.
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Compared with normal observers, these observers lose approximately an additional 20% in the representation of 
images by relevant colours. That 20% corresponds to about 0.5 bits which correspond to a reduction of about 30% 
in the number of distinguishable colours. Overall, our results are consistent with and almost exactly like those 
of Foster and Nascimento21, who reported that information is only slightly reduced in red–green colour vision 
deficient observers compared with normal trichromatic observers. Of course, those predictions were made for 
natural scenes, not paintings. But as demonstrated by Montagner and colleagues22, paintings and natural scenes 
share many statistical chromatic properties. Certainly, the MI range we found for protanopes and deuteranopes 
appears slightly lower (approximately 1.2–2.2 bits) than the MI values reported for clustering methods in the 
findings of Tirandaz et al.12, which extend up to 3 bits. Interestingly, the number of relevant colours and the 
mutual information values did not differ substantially between dichromats and anomalous trichromats, which 
is somewhat surprising. This would suggest that despite their differences in the underlying colour perception 
mechanisms, the ability of these observers to encode chromatic information in a meaningful way remains 
strikingly similar. This finding may provide insights into compensatory processes or shared strategies employed 
by colour vision-deficient observers to interpret complex visual scenes. As noted by Zhaoping and Geisler26, 
protanopes and deuteranopes are expected to have significantly higher thresholds in the long-wavelength region 
than trichromats. Their predictions suggest that, for trichromats, wavelength discrimination at short wavelengths 
is mediated by the protanopic/deuteranopic system and that at long wavelengths, it is mediated by the tritanopic 
system (see Fig. 7 in Zhaoping and Geisler26). Thus, colour discrimination in the long-wavelength region relies 
on the combined activation of L and M cones, whereas short-wavelength discrimination depends on S cones, as 
L and M cones are weakly responsive and covary significantly in that region.

Addressing spatial visual function in individuals with anomalous trichromacy, Doron et al.27 reported an 
intriguing advantage for colour-deficient individuals in detecting objects camouflaged in grayscale figures. 
This enhanced ability to perceive objects in visually challenging environments may contribute to the relatively 
high prevalence of colour-vision polymorphisms in humans28 focused on image correction techniques 
specifically designed for observers with colour vision deficiencies. Unlike previous approaches that primarily 
adjust insensitive colours, this study emphasizes the importance of saliency in the visual attention of colour-
deficient observers. The reduced set of relevant colours linked to CVDs in our study highlights the disparities in 
saliency areas between colour-normal and colour-deficient individuals, emphasizing the need for tailored image 
correction methods that consider salient regions.

In the work by Tirandaz et al.12, we already demonstrated that quantization based on relevant colours was 
an efficient process. However, that study only involved observers with normal colour vision. What are the 
implications of a similar task now being performed by observers with a colour vision deficiency? On one hand, 
the process of selecting relevant colours in the image is an encoding process by the encoder (i.e., an observer) 
that limits the amount of information or resources required to encode a signal (the rate or the number of selected 
colours, just as it did with observers with normal colour vision). On the other hand, the decoding process by the 
observer not only involves the loss of fidelity introduced during reconstruction but is also further affected by the 
fact that the observer is colour defective, and this means that the decoding (i.e., distortion) will be impacted in 
an additional way. Twomey et al.29 and Gibson et al.30 also confirmed extensive variation in the demand to speak 
about different regions of colours, with the regions of greatest demand correlating with the colours of salient 
objects. Thus, colour terms tend to reflect how often speakers need to refer to different colours, and similar 
to how different colours require different needs from speakers, our work has proven that different paintings 
(i.e., complex spatio-chromatic sets of colours) demand different communicative needs from individuals with 
colour vision deficiency. By applying information-theoretic models, Zaslavsky and colleagues31,32 have shown 
that languages adapt their colour categories to maximize communicative success within their perceptual limits 
emphasizing how communicative need—shaped by the cultural and environmental contexts of speakers—plays 
a crucial role in shaping colour naming systems. Remarkably, our complexity and accuracy values, as shown in 
Fig. 9, fall approximately within the same range reported by Zaslavsky et al.25 This alignment suggests that our 
results are consistent with the theoretical landscape of complexity-accuracy trade-offs. However, it is important 
to note that the paradigm used by Zaslavsky et al. (optimal colour languages) is fundamentally different from 
ours (relevant colours), highlighting the novelty of our approach. These are examples about a unified account 
of how biological, cultural, and cognitive factors influence the way humans categorize and name colours. It is 
plausible to assume that observers with colour vision deficiencies would follow the same communicative success.

Methods
Image datasets
We used a set of colour images (Fig. 1) that contained representational paintings from the Trecento era to the 
Romantic era. These images portrayed a variety of subjects, such as rural landscapes, indoor scenes, still life, 
portraits, and historical events. Provided by the Prado Museum33, the images were encoded in 24-bit RGB format 
and ranged from 6,520,320 to 9,682,560 pixels per image. On average, each image contained approximately 
1.3 × 105 unique colours within the dataset’s bit resolution12.

The physiological-based model of Machado et al.34 was used to simulate colour vision deficiencies. The 
simulation operator adapted from Machado et al.34, Eq. (24), was applied to each original colour image to emulate 
the perception of both dichromats and anomalous trichromats. Within this model, colour vision deficiencies can 
vary from mild to severe depending on the amount of shift found in the peak sensitivity of the photopigments; 
we have used five different degrees of severity levels corresponding to 4 nm, 8 nm, 12 nm, 16 nm, and 20 nm, 
although two degrees of severity (d = 8 and 20 nm) are shown in this work.
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Observers
Adult observers with colour vision deficiencies were selected, provided that their visual optics allowed 
comfortable viewing of a computer screen. The observers were classified according to the results of the 
anomaloscope (OCULUS HMC-Anomaloskop USA), widely regarded as the most accurate test for categorizing 
colour vision deficiencies35. The study was approved by the Research Ethics Committee of the University of 
Granada (2198/CEIH/2021) and all research was performed in accordance with its relevant guidelines; 
in addition an informed consent was obtained from all participants and/or their legal guardians. The use of 
corrective glasses by the participants, if they had them and/or used them in their daily lives, was irrelevant for 
this study. All the participants (29 observers) were offered the opportunity to undergo colour vision tests such 
as the Ishihara test or the Farnsworth arrangement test (none of which are invasive) to determine their colour 
vision conditions. A total of 11 deuteranopes, 11 protanopes, 3 deuteranomalous observers and 4 protanomalous 
observers participated in the experiment (all men, except one deuteranomalous woman).

Procedure
PsychToolbox3 software36 was used to display the images for the experiment. The participants were seated 70 cm 
away from a self-calibrated Eizo Colour Edge CG277 27-inch monitor. This monitor automatically calibrates 
itself via a built-in sensor. The size of each image was adjusted to a maximum width of 35 cm and a maximum 
height of 26.5 cm. Each subject (wearing their glasses, if required) observed a set of colour images displayed on 
the screen. During the experiment session, the observers’ task was simply to freely gaze at the scene and use the 
mouse to click on a single location to indicate that, in their judgment, exhibited a relevant colour in the painting. 
However, the definition of a “relevant colour” was left ambiguous, allowing participants to select as many colours 
as they desired11. The presentation order of the 20 images shown in Fig. 1 was randomized for each observer. 
All forward computations were performed by averaging 25 pixels around each selected pixel. Each scene was 
displayed for a maximum duration of 60 s, but if the participant completed their selection task before that time, 
they could press a key to proceed to the next image. The subsequent scene appeared after a 1.5 s interval. If the 
participants became fatigued, they were allowed to pause the session at any time and to resume later. The spatial 
locations selected by the observer for each image, along with the RGB digital values of those locations, were 
automatically stored.

Data analysis
The statistical descriptors employed encompassed the colour distribution of the CIEL*a*b* colour components 
of the obtained relevant colours. Additionally, the colour volume was computed, which represented the palette of 
available colours within one image and the coverage of the overlap between the distribution of relevant colours 
(for each observer and painting) and the original gamut of colours.

Distortion, communicative needs, and complexity relationships
An upper limit on the rate of information transmission for any channel, defined by its entropy, was established as 
a fundamental principle by the information theory, setting a physical boundary on transmission rates for systems 
such as the brain37–39. Extending this concept to human performance offers a framework for understanding the 
representation of sensory input, perception, and behaviour. For single-dimensional variations, the estimated 
channel capacity averages about 2.5 bits, while multidimensional object identification appears unrestricted by 
simple channel capacity37,38. Mutual information quantifies shared information between variables, indicating 
their dependence39. In visual processing, a high mutual information suggests strong relationships, helping the 
visual system identify patterns and objects40. Rate-distortion theory explores the balance between compression 
efficiency and reconstruction quality23,41, underpinning efficient data compression algorithms. Together, mutual 
information and rate-distortion optimize visual processing: mutual information supports scene representation, 
and rate-distortion balances compression with quality40,42. Our study focuses on colour image compression and 
thus examines trade-offs between compression rate and image quality, particularly for colour vision deficiencies.

Estimating mutual information
For a randomly selected pixel from an image, its RGB values a = (R,G,B) can be treated as a single observation 
of a trivariate discrete random variable A. This variable is characterized by its probability mass function p. The 
entropy H(A) of A quantifies the uncertainty associated with A and is defined as43

 
H (A) = −

∑
a
p(a)p(a) (3)

where a spans the gamut of possible pixel values. The entropy is expressed in bits when the logarithm is computed 
using base 2. Thus, for two images represented by random variables A1 and A2 with respective probability mass 
functions p1 and p2, the mutual information I(A1; A2) measures the shared information between A1 and A2

43. 
It is defined as

 I (A1; A2) = H (A1) + H (A2) − H(A1; A2) (4)

where H(A1; A2) denotes the joint entropy of A1 and A2. A straightforward way to estimate p involves dividing 
the colour space into a finite number of bins and counting the frequency of occurrences within each bin. 
However, this naive approach often introduces bias, particularly when the sample size is limited43. To address 
this, a bias-corrected entropy estimator proposed by Grassberger can be employed instead38. Using this method, 
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estimates of the mutual information I(AO; ARC) were obtained, where AO represents the original RGB image and 
ARC corresponds to its quantized representation using relevant colours.

Data availability
The images of the paintings analysed in this study are available at  h t t p s : / / w w w . m u s e o d e l p r a d o . e s / e n / t h e - c o l l e c t i 
o n /     . The software for estimating mutual information is available at https://github.com/imarinfr/klo. The software 
for designing and implementing the experiment is available at http://psychtoolbox.org/.
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