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Daltonization methods are used to automatically improve color images for color-deficient people. A com-
parison of different daltonization methods, however, is still left undone. We propose a visual-search
method to evaluate daltonization methods by assessing behavioral performances of the attentional
mechanism through the analysis of accuracy and response time data. Firstly, we show that the visual-
search methodology can indeed be used to evaluate daltonization methods. Secondly, we argue that a
combination of natural images and Ishihara images is needed to highlight differences between the
daltonization methods. Our results indicate that the investigated daltonization methods can be ranked
from highest to lowest as following: Firstly, the method proposed by Kotera; secondly, the method pro-
posed by Fidaner et al.; thirdly, the method proposed by Huang et al.; and lastly the method proposed by
Kuhn et al.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

A significant part of our society faces challenges in differentiat-
ing colors like for example the elderly or the color-deficient. Con-
sequently, these groups face obstacles where colors are used as
communication tool or information carrier – like for example in
geographical or public transportation maps. Daltonization meth-
ods have been proposed to help the color-deficient by enhancing
color contrast in natural images and/or information graphics.

However, a broad survey comparing and ranking daltonization
methods, if they work and how good they perform, is still left
undone. Also, there is not one standardized method to compare
different daltonization methods.

We introduce the behavioral paradigm to evaluate daltoniza-
tion methods in this paper. By analyzing accuracy and response
time data from a visual-search experiment, we can compare and
rank the individual methods. In our proposed experiment, we use
images associated with visual-search tasks aimed to retrieve color
information from the images. Observers are asked to complete the
tasks by pressing answer keys on a keyboard, after which response
time and correctness of the answer are recorded. We discuss in this
paper, (i) if individual daltonization methods show a statistically
significant difference in accuracy and/or response time; (ii) if and
how these differences can be used to rank daltonization methods;
(iii) what types of images work best for the proposed methodology,
including natural and Ishihara images.
2. Background

The human visual system (HVS) of a normal-sighted person can
distinguish between millions of different colors under certain
viewing conditions. Cones, which are photoreceptors on the retina
of the human eye, contain pigments that are sensitive to light of
different wavelengths: So-called S-, M, and L- cones filter light of
short, medium and long wavelengths [1, Chapter 2,2, Chapter 6].
This is also known as trichromacy [1, Chapter 5,2, Chapter 6].

For people with color vision deficiency (CVD), however, either
the sensitivity of the cone pigments is slightly shifted in compar-
ison to normal-sighted people (anomalous trichromacy), or certain
cone pigments are missing (dichromacy) [3, Chapter 4,2, Chapter
6]. This leads to a decreased ability to differentiate certain colors,
and/or not being able to perceive certain colors at all. Surveys sug-
gest that about 8% of the male population are color-deficient [4].
CVDs along the red–green axis are most common [3, Chapter 4,2,
Chapter 6]: In deutan anomalous trichromats, the sensitivity of
the M-cones is shifted; in deuteranopes, the M-cones are missing
completely. The respective terms for deviations in L-cones are pro-
tan anomalous trichromats and protanopes. CVD tests are used to
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identify CVDs, and/or categorize these CVDs according to type and
severeness. Commonly used CVD tests include, for example, the
Ishihara test [5], the Hardy-Rand-Rittler (HRR) test [6], the Farns-
worth D15 test [7], the Lanthony D15 desaturated test [8] or the
anomaloscope [9].

Daltonization methods are automatic image enhancement
methods that improve visual experience for color-deficient people
[10–16]. This is often done by increasing color contrast between
confusion colors, i.e. colors that look different for the normal-
sighted but (close-to) identical for the color-deficient. Anagnos-
topoulos et al. [10] cited a daltonization method proposed by
Fidaner, Lin and Ozguven that translates color contrast of confu-
sion colors into lightness contrast. This is done by simulating the
color of each pixel in the original image Iðx; yÞ0, as a 3-by-1 vector,
using a CVD simulation method in sRGB resulting in the simulated
color Iðx; yÞP for protanopes and in the simulated color Iðx; yÞD for
deuteranopes respectively. Secondly, the error difference Iðx; yÞE
is computed by subtracting the simulated color from the original
color. Finally, the error Iðx; yÞE is added to the original color
Iðx; yÞ0 in order to obtain the daltonized color Iðx; yÞdalt by distribut-
ing it according to the matrix below that is optimized for
protanopes:

Iðx; yÞdalt ¼ Iðx; yÞ0 þM � Iðx; yÞE ð1Þ
1 For interpretation of color in Figs. 2, 3 and 10, the reader is referred to the web
version of this article
where M ¼
0:0 0:0 0:0
0:7 1:0 0:0
0:7 0:0 1:0

2
64

3
75 ð2Þ

Kotera’s daltonization method [16] shifts the hue of confusion
colors in order to become better visible after daltonization. It rein-
troduces lost spectral information for dichromats to the original
image by a k hue shift that is determined through a cost function
evaluating visibility for dichromats on the one hand, and visual
gap between the original and daltonized image on the other hand.
All calculations take place in pseudo-spectral subspaces of the LMS
cone space, which are three-dimensional for the image steps repre-
senting normal-sighted and two-dimensional for the image steps
representing dichromatic color vision. The basic idea of the follow-
ing daltonization methods is that of maintaining, respectively
optimizing the distance between so-called key colors. The dal-
tonization method proposed by Huang et al. [17] uses a Gaussian
Mixture Model (GMM) to group key colors in the original image,
and optimizes the difference between the original key values and
their simulations through the symmetric Kullback–Leibler (KL)
divergence, a measure for dissimilarity between distributions. It
produces non-deterministic image results, i.e the resulting dal-
tonized images have different colors given the same input image
and input variables for the algorithm (cf. Fig. 10). This is caused
by the properties of the Gaussian Mixture Model (GMM), which
creates different models for different runs of the GMM, as the
author explains [18]. Kuhn et al. [19] proposed a daltonization
method that uses mass-spring optimization on a quantized subset
of key colors from the original image in CIELAB color space. By
defining the inverse of the distance between original daltonized
colors as mass, the system promises natural colors for the color-
deficient. However, the resulting daltonized image remains in the
reduced color space of dichromats.

In order to evaluate these daltonization methods, we have to
somehow access the throughout subjective and internal sensation
of color image perception. One way is through behaviorism, where
psychological theories are founded on observable events [20, Page
14]. The goal of behaviorism is to make internal subjective pro-
cesses empirically measurable by creating sensible stimuli that
cause a measurable reaction in the observers [20, Page 14].
Methodologies used in behavioral science include visual-search
tasks, in which a target stimuli is presented among so-called dis-
tractors that differ in either shape, color, size and/or texture, etc.
[21]. The performance of the attentional mechanism is measured
by recording and evaluating the response time of the observations,
and whether or not the observer has answered correctly. Behavioral
experiments can benefit the field of color imaging. In a previous
paper [22], for example, we show how a task-based visual-search
method can be used to compare daltonization methods on infor-
mation graphics and geographic maps.

Daltonization methods should also be evaluated in the light of
universal design, which is defined as design that enables a pro-
duct’s usage for the greatest extent of user groups without any fur-
ther adjustment for any of the specific groups [23]. One principle of
universal design is equitable use, i.e. identical or equivalent func-
tionalities for both normal-sighted and color-deficient observers
[24].

3. Method and implementation

In a preliminary study [25], we presented a method to access
behavioral performance of the human visual system (HVS) con-
nected to the attentional mechanism. Observers are asked to com-
plete visual-search tasks based on retrieving color information
from images. For the data analysis, response times (RTs) and accu-
racies are measured. In this paper, we show that measuring the
behavioral performance of the HVS for different daltonization
methods can be used to evaluate, compare and rank them.

The experiment is based on a number of images that are orga-
nized in different sets, motives, variants, and versions as repre-
sented by Fig. 1.

1. Images are grouped into sets according to similar information
content like for example images of wrestlers, Ishihara plates,
colored powders (cf. Fig. 2a–c), etc. Each set is associated with
a common visual-search task, whose goal is to retrieve color
information from key elements in the image. The task takes
form of a statement like ‘‘The wrestlers have jerseys of different
color hues” or ‘‘There is a number in the [Ishihara] image”, etc.
Each task exists in two formulations: The first of which
addresses color differences (‘‘The wrestlers have jerseys of dif-
ferent color hue”), whereas the second addresses color similar-
ities (‘‘The wrestlers have jerseys of the same color hue”).

2. Each set contains at least one and up to four different motives
with similar image content (cf. Fig. 2d–f) in order to span as
many as possible of the image quality classification attributes
proposed by Pedersen et al. [26] with minor adjustments for
the color-deficient: predominant color1 hue/s (red, yellow,
green, cyan, blue, magenta and/or multicolored), protan/deutan/
tritan/normal color contrast, overall lightness and saturation,
memory colors like skin color (African, Asian and/or Caucasian),
sky-blue and/or grass-green, uniform colored/neutral areas, color
transitions, fine details, and busyness. I.e. there are images that
are neutral, colorful, bright, dark, blurry and/or sharp, etc. Table 1
shows an overview over all 13 sets, their associated tasks and the
22 motives. Sets 1–10 contain natural images, whereas sets
11–13 contain Ishihara plates.

3. Different motive variants have been created in order to mini-
mize confounding bias. Key colors, i.e. colors of key objects
and/or areas carrying relevant color information with respect
to the associated task, have been altered manually for each vari-
ant in Adobe Photoshop CS6. In general, only the hue of these
key colors has been changed, while preserving both chroma
and lightness. Each motive exists in up to three different
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Fig. 1. Image data base structure visualized as tree.
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variants representing different degrees of difficulty for color-
deficient and normal-sighted observers: (a) A variant with
different colors (Diff.Col.) (cf. Fig. 3a), in which the chosen key
colors are easy to differentiate for both normal-sighted and
color-deficient observers equally. (b) A variant, in which the
key colors are changed to confusion colors (Conf.Col.) (cf.
Fig. 3b) that are easy to differentiate for normal-sighted but dif-
ficult to differentiate for color-deficient observers. Confusion
colors have been identified and verified with the help of the
color-deficiency simulation methods proposed by Brettel et al.
[15] and Kotera [16]. Confusion colors have been adjusted for
different CVDs, i.e. along the axis blue–green–gray–red for
protan, along green–gray–red–purple for deutan, and along
violet–gray–yellow–green for tritan CVDs [3, Chapter 5]. And
(c) a variant with same colors (SameCol.) (cf. Fig. 3c), in which
the key colors are identical for both normal-sighted and color-
deficient observers. Each variant has a unique and unambigu-
ous answer with respect to the task associated with the
superordinate set, i.e. the answer is either true or false. Some
motives have only a Conf.Col. and SameCol. variant depending
on the statement. This concerns mostly images with statements
connected to color naming – ‘‘There is green powder in the image”,
and the Ishihara plates – ‘‘There is a number in the image.”

4. The daltonized image versions for each of the Conf.Col. and
SameCol. variants serve as target stimuli in the experimenta-
tion. We chose the methods proposed by Fidaner et al. [10],
by Kotera [16], by Kuhn et al. [19], and by Huang et al. [17]
(cf. Fig. 3d–g). Lastly, we included a control color-to-gray
method, which can be thought of as ‘‘worst case” scenario (cf.
Fig. 3h, called the Dummy method). The original version of each
variant without daltonization is also defined as one version of
the image.

Once the image data base is defined, it can be used for
the Visual-Search Daltonization Evaluation Method (ViSDEM)
(cf. Fig. 4): (i) The statement related to a random set is presented
on the screen. (ii) After a fixation screen is shown for 500 ms, the
first target image of the set is presented. The observer is asked to
answer as quickly and as correctly as possible, whether he/she
agrees or disagrees to the statement for the target image. (iii)
The program records the response time (RT) and whether or not
the observer has answered correctly to the task. The target images
presented in the experimentation are randomized by motive, vari-
ant, version, and task formulation in order to avoid multiple biases.

We expect certain observations for the behavioral data:

1. If the presented experimental design works correctly, we expect
differences in behavioral performance between the original
non-daltonized variants for normal-sighted and color-deficient
observers. (i) We expect similar response times and accuracies
for the Diff.Col. variants for both color-deficient and normal-
sighted observers. (ii) In contrast, we expect higher response
times and lower accuracies for the Conf.Col. variant of color-
deficient than of normal-sighted observers. This is because
color-deficient observers are supposed to make more mistakes
or need more time in distinguishing the colors in the original
Conf.Col. variants.

2. Optimal daltonization methods should lead to improved behav-
ioral performance of color-deficient observers for the Conf.Col.
variant. More precisely, the higher the accuracies and the lower
the response times the better the daltonization method. More-
over, a good daltonization method does not decrease behavioral
performance of normal-sighted people in the light of universal
design.

The statistical methods for the analysis of the visual-search data
were identical to the ones used in a previous article [27]: Namely,
the computation of the accuracy confidence intervals with the
Wilson interval score [28], the analysis of the accuracy data with
the unpaired v2 test and the paired student-t test [29, Chapter 8],
the analysis of the response time data with the Mood’s median test
[30, Pages 394–399]. Furthermore, we plotted the results of the
response time (RT) data as a box plot, in which the median RT is
indicated by a red line, and the confidence interval of the median
is represented by a notch computed using a Gaussian-based
asymptotic approximation [31]. The visual-search method was
implemented with PsychoPy2 [32], and multiple Python libraries
were used for the statistical data analysis, namely the NumPy,
the Matplotlib, the SciPy, and the Pandas libraries [33–36].

Every observer was asked to take each of four different CVD
tests: the Ishihara test, the HRR test, the Farnsworth D15 test
and the Lanthony desaturated D15 test. Especially, the HRR test
was used to investigate type and severeness of the CVD, and the
Farnsworth D15 test and Lanthony D15 test was used to confirm
the results of the HRR test. A separation between anomalous
trichromats and dichromats, however, was not possible with the
applied CVD tests, which would require an anomaloscope. There
were 25 observers in total, 10 with normal color vision, and 15
with some sort of deutan CVD. According to the HRR test, 9 obser-
vers showed signs of strong, 4 observers showed signs of medium,
and 2 observers showed signs of mild deutan CVD. We focused on
deutan color deficient observers in this paper because they make
up about 75% of all color-deficient people [3, Chapter 3].

We conducted the experiments on two PCs running Windows 7
with identical setups and calibrations. They were calibrated with
Eye-One Match Pro to fit a medium white, a gamma of 2.2 and
an illuminance of 120 lux. The surrounding lights were D50-like
fluorescent lights dimmed to ca. 200 lux (resulting in a color
temperature of 4230 K) for the CVD tests, and dimmed to ca.
30 lux (4411 K) for the experiment. The luminance of the table



Fig. 2. Top: Examples of different sets in the image data base, the corresponding visual-search task, and the corresponding correct answer. Bottom: Examples of different
motives within one set of the image data base.
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for the CVD tests was about 38 cd
m2 measured with a Minolta CS 100

spectroradiometer under a 45� n 0� viewing angle.

4. Results and analysis

4.1. Analysis of the variants

The variant accuracies for deutan color-deficient observers can
be seen in Fig. 5a: The Diff.Col. variant with 0.91 (from 174 obser-
vations), the Conf.Col. variant with 0.74 (from 256 observations),
and the SameCol. variant with 0.87 (from 250 observations). Like-
wise, the variant accuracies for normal-sighted observers can be
seen in Fig. 5b: The Diff.Col. and the Conf.Col. variants with both
0.99 (from 104 and 158 observations), and the SameCol. variant
with 0.93 (from 152 observations). The statistical analysis of the
variant data supports the general validity of the experimental
design (cf. Table 2a and b): (i) The accuracy of the Conf.Col. variants
is statistically significantly lower than the accuracy of the Diff.Col.
variants for deutan color-deficient observers as expected. In con-
trast, there is no statistically significant difference between both
variants for normal-sighted observers. This observation supports
the assumption that the correct confusion colors have been chosen
for the Conf.Col. variants. (ii) The accuracy of the Diff.Col. variant
for deutan color-deficient observers is statistically significantly
lower than the accuracy of the Diff.Col. variant for normal-
sighted observers as expected. This indicates that the HVS’ atten-
tional mechanism of the color-deficient has a slight empirical dis-
advantage compared to the normal-sighted as discussed in a
previous paper [37]. (iii) For deutan color-deficient observers, the
accuracy of the SameCol. variant is significantly different from
the Conf.Col. variant, but not from the Diff.Col. variant. In contrast,
the accuracy of the SameCol. variant is statistically significantly
lower than both the Diff.Col. and the Conf.Col. variants for
normal-sighted observers. Some normal-sighted observers might
have interpreted color lightness differences of the SameCol. vari-
ants as color hue differences.

As is common for the analysis of response time data, only the
RTs of correct observations have been considered [38–40]. Only
the median RT of the SameCol. variant is statistically significant
higher than the Conf.Col. variants for deutan color-deficient obser-
vers (cf. Fig. 5c and Table 2c). Some color-deficient observers might
consciously use more time on images that appear similar. The RTs
for normal-sighted observers do not give any meaningful feedback
(cf. Fig. 5d and Table 2d).



Table 1
Overview of the sets, the associated statements, and descriptions about the motives in
the sets. Also, the table contains information whether the confusion colors are
difficult for protan (Prot.), deutan (Deut.) or tritan (Trit.) color-deficient people.

Set Motives Confusion
colors

Statement

1 Wrestlers in
colored jerseys

Prot./
Deut.

The wrestlers have jerseys of
different color hue

2 Berries and fruits
in front of foliage

Prot./
Deut.

The berries/fruits have a different
color hue as the leaves in the
background

3 Two people with
colored tops

Prot./
Deut.

Both people wear tops of different
color hue

4 Couple with roses Prot./
Deut.

At least one rose in the image has a
different color hue

5 Colored chalk roses
on concrete

Prot./
Deut.

The chalk blossom has a different
color hue from its painted stem

6 Colored chalk
hearts on concrete

Prot./
Deut.

Some of the chalk hearts have a
different color hue

7 Colored powders Prot./
Deut.

Some of the powder in the boxes is
green

8 Paprikas Prot./
Deut.

At least one paprika has a different
color hue than the other

9 Feather in front of
foliage on the
ground

Trit. The feather has a different color hue
than the leaves in the background

10 Bird and frog in
front of foliage and
grass

Trit. The animal has a different color hue
than the plants in the background

11 Ishihara plates#13
and #20

Prot./
Deut.

There is a number in the image

12 Ishihara plates#17
and #21

Prot./
Deut.

There is a number in the image

13 Ishihara plates#22,
#23, #24 and #25

Prot./
Deut.

There is a number in the image

Fig. 3. Example images of different variants of a motive
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4.2. Analysis of individual sets

A detailed analysis of the Conf.Col. variants in each set reveals
how evenly the sets measure behavioral performance. The accura-
cies for deutan color-deficient observers show huge variances
between the different sets (cf. Fig. 6a). Most differences are related
to the distinction between natural, sets 1–10, and Ishihara sets,
sets 11–13. The natural sets have a statistically significant higher
accuracy than the Ishihara sets (cf. Fig. 7). It is difficult to create
natural images with confusion colors only, while preserving the
overall color naturalness of key objects in the images, whereas Ishi-
hara images are specifically designed for being unreadable for the
color-deficient. In contrast, accuracies of normal-sighted observers
are very homogeneous throughout all sets as expected (cf. Fig. 6b).
4.3. Analysis of individual daltonization methods for deutan color-
deficient observers

Only the data from the Conf.Col. variants are relevant for the
analysis of the individual daltonization methods since these vari-
ants contain confusion colors that manifest the biggest problems
for color-deficient observers. The accuracies of the individual
methods for deutan color-deficient observers can be ranked from
highest to lowest (cf. Fig. 8a): The Kotera method with 0.89, the
Fidaner method with 0.82, the Huang method 0.77, the original
version with 0.74, the Kuhn method with 0.73 and the Dummy
method with 0.10. All accuracies are obtained from 256 individual
observations. The statistical analysis allows segmentation in four
distinct groups (cf. Table 3a): (i) The Kotera method has the highest
accuracy compared to all other methods including the original.
(top) and versions of the Conf.Col. variant (bottom).



Fig. 4. The workflow of the proposed method: At first, the statement related to the set and the answer key options are shown. Secondly, the target image is presented. The
objective is to answer as quickly and as accurately as possible. Thirdly, the program moves on to the next target image, after response time and correctness are recorded.

Fig. 5. Accuracy (top) and response time data (bottom) grouped by variants. All original versions of each variant are collapsed.
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Table 2
Statistical analysis of the accuracy data (2a and b) and response time data (2c and d)
between the individual variants. All original versions of each variant are collapsed.
Statistically significant values are emphasized in bold.

Conf.Col. SameCol.

(a) p-Values of the v2 test for deutan color-deficient observers
Diff.Col. 5:4� 10�6 0.18

Conf.Col. x 1:5� 10�4

(b) p-Values of the v2 test for normal-sighted observers
Diff.Col. 0.76 0.02
Conf.Col. x 2:6� 10�3

(c) p-Values of the Mood’s median test for deutan color-deficient observers
Diff.Col. 0.45 0.27
Conf.Col. x 0.04

(d) p-Values of the Mood’s median test for normal-sighted observers
Diff.Col. 0.10 0.36
Conf.Col. x 0.42
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(ii) The second highest accuracy can be observed for the Fidaner
version, which is higher than all other daltonization methods and
the original except for the Huang method. (iii) In contrast, dal-
tonization with the Huang and Kuhn methods does not lead to
increased accuracies compared to the original. And (iv) the Dummy
method has the lowest accuracy as expected, which supports the
general validity of our experimental design.

Considering Section 4.2, it makes sense to analyze the results in
groups of natural (cf. Fig. 8c) and Ishihara images (cf. Fig. 8d) as
well. The overall ranking for ‘‘natural images only” is very similar
to the ranking obtained for both image groups combined, at the
same time as the statistical significant differences become less
clear (cf. Table 3b). The Kotera method has still the highest accu-
racy, and the Huang and the Kuhn methods do not increase accu-
racy in comparison to the original. However, the Huang and the
Kuhn methods actually improve behavioral performances as com-
pared to the original ‘‘Ishihara images only” (cf. Table 3c). This is of
no surprise because many daltonization methods focus on the
improvement for especially these types of images.

The response time data is somewhat insignificant (cf. Fig. 8b).
Only the median RT for the Kotera method is statistically signifi-
cantly higher than the original and the Fidaner method (cf.
Table 3d). However, we expected a lower median RT for the Kotera
method because of its higher accuracy. The Kotera method often
creates unnatural colors in natural images, which might lead to
Fig. 6. Accuracy data for the Conf.Col. variants
higher RTs as pointed out by Bramão et al. [39]. But in general,
no further conclusion for the evaluation of daltonization methods
can be drawn from the response time data.

4.4. Analysis of individual daltonization methods for normal-sighted
observers

The ranking of the daltonization methods according to accura-
cies for normal-sighted observers is somewhat different (cf.
Fig. 9a): The original and the Fidaner method with 0.99 each, the
Kotera method with 0.97, the Huang method with 0.88, the Kuhn
method with 0.77, and finally the Dummy method with 0.03. All
accuracies have been computed from 158 observations. The statis-
tical analysis reveals four distinct groups (cf. Table 4a): (i) The
Fidaner and Kotera methods have close to optimal accuracies.
However, since the accuracy for the original is already high, it
would be virtually impossible to increase accuracy. (ii) The Huang
method decreases accuracy in comparison to both the original and
the Fidaner and Kotera methods. (iii) Again, the Kuhn method has a
lower accuracy than any other daltonization method and the orig-
inal. Both the Huang and Kuhn methods, which intend to enhance
images for the color-deficient, seem to have the side effect of
decreasing behavioral performance for the normal-sighted. (iv)
The Dummy method has the lowest accuracy, which is in accor-
dance with our prediction and supports the general validity of
our experimental setup.

Analyzing natural and Ishihara images individually gives only
one additional insight (cf. Fig. 9c and d): The Huang method per-
forms slightly better on ‘‘Ishihara images only” than on ‘‘natural
images only”, whereas the Kuhn method still decreases behavioral
performance for both image types (cf. Table 4b and c).

Again, the response time data does not give any relevant feed-
back (cf. Fig. 9b and Table 4d) as observed for deutan color-
deficient observers before.

5. Discussion

In the following discussion, we focus on the analysis of ‘‘natural
and Ishihara images combined”. We argue that relying on both
image types is important. First of all, color distributions are very
different for Ishihara and natural images: In the former, uniform
color areas are separated by clear edges; in the latter, color transi-
tions, color gradients and noise are more present. Consequently,
some daltonization methods work best for natural images, whereas
of the original motives grouped by set IDs.



Fig. 7. Accuracies for deutan color-deficient observer.
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others work best on the Ishihara plates. A combination of both
image types for the analysis allows the coverage of as many differ-
ent types of images as possible. This is valid since the analysis from
the previous section confirms that the overall ranking order of the
daltonization methods is very similar for both natural and Ishihara
images only. At the same time, we chose more natural images than
Fig. 8. Accuracy (cf. a, c and d) and response time data (cf. b) grouped by daltoniza
daltonization method are collapsed.
Ishihara images because natural images are more present in daily
life. This allows us to emulate behavioral performance in day-to-
day situations. Finally, the accuracy differences for natural images
are more subtle because natural images do not have as clearly
defined confusion colors as the Ishihara images. Thus, a higher
number of data points is required in order to obtain statistical sig-
nificant differences. Daltonization methods provide balanced color
image enhancement for the color-deficient being cost-efficient,
easy to implement and intuitive to use as discussed in a previous
paper [41]. Also, a daltonization method that performs well in
the light of universal design increases behavioral performance for
the color-deficient, at the same time as it does not decrease behav-
ioral performance for the normal-sighted.

According to these premises, the chosen daltonization methods
are ranked as following: (1) the Kotera method, (2) the Fidaner
method, (3) the Huang method, and (4) the Kuhn method. The
ranking reveals good and bad daltonization strategies: (i) The
Kotera method can produce somewhat unnatural colors: Leaves
turning blue, a yellow tint in images that have areas of uniform col-
ors/gray (cf. Fig. 3e), etc. However, this did not seem to influence
behavioral performance negatively. (ii) The Fidaner method is orig-
inally optimized for protanopes, but it turns out to be quite effec-
tive for deutan color-deficient observers as well. Indeed, protan
and deutan confusion colors are very similar [15]. Also, the Fidaner
method uses protan and deutan CVD simulations respectively in
order to compute the error image. The algorithm could be
tion methods for deutan color-deficient observers. All Conf.Col. variants of each



Table 3
Statistical analysis of the accuracy (3a–c) and response time data (3d) between the individual daltonization methods for deutan color-deficient observers. All Conf.Col. variants of
each daltonization method are collapsed. Statistically significant values are highlighted in bold.

Fidaner Kotera Kuhn Huang Dummy

(a) Paired student-t test p-values of ‘‘natural and Ishihara images combined”

Original 1:1� 10�3 9:1� 10�7 0.59 0.41 4:3� 10�43

Fidaner x 0.01 7:9� 10�4 0.03 1:1� 10�54

Kotera x x 6:8� 10�8 2:6� 10�5 6:7� 10�64

Kuhn x x x 0.16 6:0� 10�42

Huang x x x x 7:9� 10�49

(b) Paired student-t test p-values of ‘‘natural images only”
Original 0.06 0.04 0.10 0.34 2:3� 10�43

Fidaner x 0.66 1:9� 10�3 8:7� 10�3 1:1� 10�49

Kotera x x 3:0� 10�4 4:9� 10�3 4:6� 10�52

Kuhn x x x 0.46 2:4� 10�38

Huang x x x x 2:0� 10�43

(c) Paired student-t test p-values of ‘‘Ishihara images only”
Original 3:5� 10�3 2:2� 10�8 0.03 2:7� 10�4 6:4� 10�4

Fidaner x 4:4� 10�4 0.21 0.77 8:5� 10�8

Kotera x x 7:7� 10�06 2:7� 10�4 3:2� 10�13

Kuhn x x x 0.02 6:2� 10�6

Huang x x x x 1:2� 10�7

(d) Mood’s median test p-values of ‘‘natural and Ishihara images combined”
Original 0.39 4:3� 10�3 0.35 0.20 0.20

Fidaner x 0.04 0.88 1.00 0.41
Kotera x x 0.37 0.35 0.69
Kuhn x x x 0.88 0.66
Huang x x x x 0.68

(a) Accuracies of “natural and Ishihara images
combined”.

(b) Response times of “natural and Ishihara images
combined”.

(c) Accuracies of “natural images only”. (d) Accuracies of “Ishihara images only”.

Fig. 9. Accuracy (cf. a, c, and d and response time data (cf. b) grouped by daltonization methods for normal-sighted observers. All Conf.Col. variants of each daltonization
method are collapsed.
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Table 4
Statistical analysis of the accuracy (4a–c) and response time data (4d) between the individual daltonization methods for normal-sighted observers.
All Conf.Col. variants of each daltonization method are collapsed. Statistically significant values are highlighted in bold.

Fidaner Kotera Kuhn Huang Dummy

(a) Paired student-t test p-values of ‘‘natural and Ishihara images combined”
Original 1.00 0.18 1:3� 10�9 3:9� 10�5 1:4� 10�111

Fidaner x 0.18 1:3� 10�9 1:3� 10�5 1:4� 10�111

Kotera x x 1:4� 10�7 1:6� 10�3 6:4� 10�98

Kuhn x x x 4:8� 10�3 7:9� 10�47

Huang x x x x 6:9� 10�65

(b) Student-t test p-values of ‘‘natural images only”
Original 1.00 0.18 1:3� 10�7 6:1� 10�5 3:6� 10�82

Fidaner x 0.18 1:3� 10�7 2:1� 10�5 3:6� 10�82

Kotera x x 1:1� 10�5 2:5� 10�3 3:2� 10�70

Kuhn x x x 0.07 6:0� 10�35

Huang x x x x 1:7� 10�44

(c) Student-t test p-values of ‘‘Ishihara images only”
Original nan nan 3:3� 10�3 0.32 7:8� 10�31

Fidaner x nan 3:3� 10�3 0.32 7:8� 10�31

Kotera x x 3:3� 10�3 0.32 7:8� 10�31

Kuhn x x x 6:4� 10�3 4:0� 10�13

Huang x x x x 2:9� 10�25

(d) Mood’s median test p-values of ‘‘natural and Ishihara images combined”
Original 0.73 0.23 0.03 0.56 0.17
Fidaner x 0.23 0.08 0.56 0.17
Kotera x x 0.33 0.45 0.17
Kuhn x x x 0.29 0.17
Huang x x x x 0.17

Fig. 10. Examples of the non-deterministic aspect of deuteranopia daltonization using the Huang method.
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improved for deutan color-deficient observers by using a different
error distribution matrix M in Eq. (1):

M ¼
1:0 0:7 0:0
0:0 0:0 0:0
0:0 0:7 1:0

2
64

3
75:

Other improvements have been proposed as well [10,11].
(iii) The non-deterministic aspect of the Huang method could be
solved by running the algorithm multiple times and choosing the
image version with the highest log-likelihood [18]. However, the
Huang method has the tendency to map confusion colors, whose
differences are perfectly visible for normal-sighted people, to
colors that become identical even for normal-sighted people
(cf. Fig. 10f). Also, the interpolation of the daltonized image is
not always as smooth as the authors claim (cf. the background
color in Fig. 10b, d and e and the face color in Fig. 10f). (iv) Lastly,
the differentiation of colors in the Kuhn images are significantly
reduced for normal-sighted people since they lie within the
reduced color gamut of the color-deficient (cf. Fig. 3f). Thus, the
increased contrast of confusion colors compares to a decrease in
general color contrast for the normal-sighted.

In future work, we will check if the results of our proposed
method echo in a psychometric scaling experiment based on the
law of comparative judgment proposed by Thurstone [42]. We will
use a pairwise comparison experiments [43, Chapter 8] investigat-
ing naturalness, pleasantness, general preference, etc. Then, we
will analyze the correlation between preference and behavioral
performance. However, a psychometric scaling experiment would
require significantly more comparisons since each daltonized ver-
sion has to be compared to each of the remaining versions. Thus, a
psychometric scaling experiment would be much more resource-
intensive.

6. Conclusion

We proposed a behavioral method to evaluate daltonization
methods based on the visual-search paradigm for natural images
and Ishihara plates. We could show, on the one hand, that the
accuracy data reveals statistically significant differences between
individual observer groups and the investigated daltonization
methods. On the other hand, the response time data does not help
in the analysis of the individual daltonization methods. The Kotera
and Fidaner methods perform best among the chosen methods
since they manifest improvement in behavioral response for the
color-deficient and no deterioration for the normal-sighted. More
so, the Kotera method leads to the best, improvement for deutan
color-deficient observers. The Huang and the Kuhn methods are
ranked lowest among the chosen daltonization methods. They do
not manifest improvement in behavioral response for the color-
deficient, but deterioration for the normal-sighted. More precisely,
the Kuhn method leads to the most deterioration for normal-
sighted observers. With this paper, we present a proof-of-concept
for our proposed method. In future work, we will evaluate more
daltonization methods with more observers including protan
color-deficient observers.
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