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ABSTRACT

The color is a very important asset when comes the time of interacting with other people and the ambient world,
where the color may turn into the message itself. As known, about 5% of the people all over the world suffer from
colorblindness, also formally called color vision deficit (CVD). It is clear that this visual impairment compromises
the way those people see and interpret their surroundings and the visual messages they receive continuously. This is
particularly relevant not only for those who need to correctly interpret the traffic lights — and recall that color blind
because  people  see  reds and greens  in  the  same way —, but  also for  those who use  the web for  leisure  and
professional purposes daily. With this critical problem in mind, this paper proposes a new algorithm to adjust those
colors that shed confusion on dichromate people (deuteranopes and protanopes). This algorithm takes advantage of a
simple formula that operates on the HSV color space. The implementation of the algorithm was made by using web
compliant languages, which confirm the appliance viability on web, which contributes to achieve a more inclusive
visual communication. The final goal is the integration on system with the ability of performing the recoloring
automatically images and text  blocks,  providing a better  accessibility to the web pages to the CVD people,  so
reaching a more ergonomic design.
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INTRODUCTION

The people perceive each color of the visible spectrum  as a mixing of three primary colors: red, green and blue. So,
those without anomalies in the perception of color are called as trichromats. Those with some sort of color vision
deficit (CVD) are called CVD people or colorblind people. Depending on their disability (Birch, 2001), these CVD
people are classified as follows:

Anomalous trichromacy

This is the weakest anomaly of color vision in CVD people and the most common. Anomalous trichromats see the
colors  of  the  visible  spectrum,  though  with  some  degree  of  distortion.  The  distortion  is  the  result  of  the
malfunctioning of some sort of cones (Pokorny, Smith and Katz, 1973), (McIntyre, 2002). There are three types of
anomalous trichromacy: protanomaly (or red-weak vision because the L-cones have been affected), deuteranomaly
(or green-weak vision because the M-cones are not functioning properly)  and tritanomaly (or blue-weak vision
because the S-cones are not working fully) (Sharpe, Stockman, Jagle and Nathans, 1999).
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Dichromacy

Dichromats have only two principal color channels (i.e., a 2D domain) functioning properly. The third color channel
does not exist because the corresponding cones are not functioning at all. Depending on the type of non-functional
cones,  we  have  three  possible  dichromatic  anomalies:  protanopy  (non-functional  L-cones),  deuteranopy  (non-
functional M-cones) and tritanomaly (non-functional S-cones). This impairment is quite limitative for the impaired
people, because they only see two different hues (yellow and blue, in the deuteranopy or in the protanopy cases;
greenish blues and red, in the tritanopy cases). The other colors are seen as dingy brownish colors (Horst Scheibner,
1998).

Monochromacy

This is the most severe vision anomaly in the universe. The affected people possess gray scale vision, but some of
them can see grays with a touch of blue. That is, the color domain of monochromats is 1D (Alpern, 1974).

About 5% of the world population (8% of the universe of men) have some sort of color vision deficit, that is, some
degree of color blindness. This imposes significant restrictions on the way those people see the environment they
live. For example, some people see reds and greens in the same way, which may be risky for those who drive on the
road, in particular at the spot of transit lights. Usually, these people learn to overcome color troubles in the streets or
on the road, distinguishing confusing colors of transit lights through their relative positions.

Being aware of these circumstances, some researchers have developed significant efforts to minimize this problem
somehow. In particular, some recoloring algorithms for still images, and not so much for video images, have been
proposed  in  the  literature.  In  this  paper,  we propose  another  recoloring  algorithm that,  unlike  most  of  others,
operates on the HSV color space. 

The main contribution of this algorithm lies in the simple formula used in the recoloring of images, in particular still
images found over the web. The recoloring algorithm presented in this paper only applies to the two major classes of
dichromats, that is, deuteranopes and protanopes, because they see colors in a similar manner.

BACKGROUND

RGB Color Model

The primary colors of the RGB model are the red (R), the green (G) and the blue (B). In the display devices, the
value of the parameters R, G and B varies between 0 and 255. So, the represented colors are achieved by mixing
different amounts of the primaries, concerning (R, G, B) = (0, 0, 0) to the black color and (R, G,B) = (255, 255, 255)
to the white color. The other colors are gotten by specifying amount of R, G and B, all of them in the domain  
[0, 255]. So, this means that the RGB color space is the cube [0, 255]  [0, 255]  [0, 255].

The main disadvantage of the RGB model is that it is not intuitive enough when we intend to change the color of
some element existing in an image. For example, it is not straightforward to change a saturated yellow to a lighter
yellow. This lack of intuitiveness of the RGB color model originated the appearance of the called ”phenomenal
color spaces“  (Tkalcic and Tasic, 2003), namely: HSL (hue, saturation, luminosity), HSV (hue, saturation, value)
and the HSI (hue, saturation, intensity). These models were developed from the Munsell Color System (Munsell,
1907),  which is close to how human beings perceive colors  intuitively,  being all  of them resultant  from linear
transformations of the RGB color space.

HSV Color Model

The HSV color space can be obtained by means of a linear transformation of the RGB color space. Being it a
phenomenal color space, we can define colors in a more intuitive manner than in the RGB (Ford and Roberts, 1998)
color space. Hues (H) are property which distinguishes the green from the yellow or from the blue. The vividness of
a color increases with its saturation (S), distinguishing the vivid colors from the grayish. The value (V) has to do
with the lightness or darkness of a color.
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Figure 1. Color Models generated through the Processing language. (a) RGB; (b) HSV; c) HSL.

The HSV model represents colors as triplets (H, S, V ), where H  [0º, 360º], S  [0, 1] and V  [0, 1]. This color
space is geometrically a cone (Figure 2a), where the hues the hue vary with the angle measured around the axis of
the cone, the brightness varies along the cone axis, being the black color at the apex and the white color at the center
of the cone base, increasing the saturation with the distance to the cone axis. Sometimes, the value parameter is also
called brightness, so this color space is referred often as HSB instead of HSV (Smith, 1978), (Travis, 1991).

HSV Color Model

Similar  to the HSV color  space,  on this  color  space,  every  color  is  represented  as  a triplet  (H,  S,  L),  where  
H  [0º, 360º], S  [0, 1] and L  [0, 1]. However, unlike HSV, the HSL color space attains the chromatic maximum at
the midpoint of the grayscale L = 1/2, not when L = 1. As a consequence, geometrically, the HSL color space is a
double cone with coincident bases, so the white color is at one of the apexes and the black color is at the other apex.

Note that there is another color space, called HSI, that is congruent with the HSL color space (Gonzalez and Woods,
1992), but they are obtained from RGB using distinct linear transformations.

RELATED WORK

As noted above, the recoloring images allow to CVD people to distinguish confusing adjacent regions of an image.
That is, the recoloring methods works as a color contrast technique in order to offer an individual a better perception
and understanding about the image contents.

Recoloring  for  anomalous  trichromats.  The  recoloring  algorithms  for  anomalous  trichromats  essentially  are
corrective algorithms of the color distortion, since these people see all color of the visible spectrum (Ichikawa et al.,
2004), (Yang et al., 2004), (Wakita and Shumamura, 2005). Martin et al. used a homomorphic model of the human
color  visual  system  (Martin,  Keller,  Rogers  and Kabrinsky,  2000),  previously outlined  by Faugeras  (Faugeras,
1979),  which matches  the human perceptual  structure  and reflects  the  physiology of  the sight.  Ichikawa et  al.
designed an algorithm to for anomalous trichromats in order to get a better contrast of the background in web pages
(Ichikawa et al., 2003), (Ichikawa, et al., 2004). Ro and Yang introduced a visual accessibility technique within an
MPEG-21 framework (Yang, et al., 2004), encompassing both the dichromacy and anomalous trichromacy, which as
later extended by Yang et al.  (Yang, Ro, Wong and Lee, 2008). In the meanwhile, Yang et al. proposed a color
compensation method based on error  score of the FM-100 test  (Yang,  Ro, Wong and Lee,  2005).  Wakita  and
Shumamura proposed a framework to recolor documents with the purpose of applying it to web pages (Wakita and
Shumamura, 2005). This framework makes usage of three goal functions, but it takes too much time even for a short
set of colors.

Recoloring for dichromates. In respect to dichromats, the recoloring algorithms essentially replace some colors by
others because those people are not able to see certain colors (Yang and Ro, 2003), (Yang, et al., 2005), (Rasche,
Geist  and Westall,  2005a,  2005b),  (Jefferson  and Harvey,  2006, 2007),  (Huang,  Tseng,  Wu and Wang,  2007),
(Anagnostopoulos,  Tsekouras,  Anagnostopoulos and Kalloniatis,  2007),  (Jinmi Lee,  2008),  (Kuhn, Oliveira and
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Fernandes, 2008),  (Doliotis, Tsekouras, Anagnostopoulos and Athitsos, 2009),  (Liu, Wang, Linjun, Xiuquing and
Xian-Sheng,  2009),  (Wang,  Liu and Hua,  2009,  2010),  (Machado and Oliveira,  2010),  (Jinmi Lee and Santos,
2010a, 2010b). Yang and Ro combines the HSI color model with some CMY values in the process of remapping
unseen  colors  to  the  visible  color  spectrum of  dichromates  (Yang  and Ro,  2003).  Iaccarino  et  al.  proposed  a
algorithm which works in a similar color space - the HSL (Iaccarino, Malandrino, Del Percio and Scarano, 2006).
Also Ching and Sabudin opted by a color space from the same family to outline their own solution  (Ching and
Sabudin, 2010). The algorithms due to Huang et al. work in the HSV and CIELab color spaces altogether (Huang et
al., 2007),(Huang, Wu and Chen, 2008), (Huang, Chen, Jen and Wang, 2009); in particular, they use the histogram
equalization in the CIELab color space as a way of reinforcing the contrast of mapped colors, trying at the same time
to  preserve  the  naturalness  of  colors  as  much  as  possible  by  leaving  the  saturation  and  lightness  unchanged.
Jefferson and Harvey based their recoloring algorithms on the W3C criteria (Jefferson and Harvey, 2006, 2007), in a
way inspired in the work of Brettel et al. (Brettel, Vienot and Mollon, 1997). Also inspired in the work of Brettel et
al.  (Brettel, et al., 1997), Anagnostopoulos et al. proposed a recoloring method especially adapted to protanopes
(Anagnostopoulos, et al., 2007), having Doliotis et al. (Doliotis, et al., 2009) developed still further this work later.
In the last few years, a number of algorithms based on disparate approaches have emerged in the literature, as it is
the case of neural networks (Ma, Gu and Wang, 2006), matrix similarity (Ma, Gu and Wang, 2008), and fuzzy logic
(Jinmi  Lee and Santos, 2011).

Recoloring for monochromats. With the exception of the algorithms due to Rasche et al.  (Rasche, et al., 2005a,
2005b),  recoloring  algorithms  for  monochromats  are  almost  inexistent  in  the  literature,  possibly  because  the
monochromacy is a rare visual impairment among world population. However, there can be used the algorithms
concerning the color-to-gray conversion.

In short, the focus of the first algorithms was on the changing of color in images to provide a better perception to
those people with some degree of visual impairment. The time spent by the algorithms was not a priority concern,
neither their specific applications. With the increment of multimedia contents on web, the attention has shifted to get
faster methods, including the recoloring in video.

THE SHRINKINVERSE ALGORITHM

Recoloring Function

The ShrinkInverse algorithm has been designed for the major two families of dichromats, i.e., deuteranopes and
protanopes, mainly because of the following:

§ Deuteranopy and protanopy are the most common visual impairments in dichromats;
§ Unlike tritanopes, deuteranopes and protanopes see colors in a very similar way;
§ The dichromacy is quite disabling.

The ShrinkInverse algorithm proposed in this paper makes usage of the HSV color space to carry out the recoloring
procedure. So, firstly, the color of the pixel is converted from RGB to HSV.

Then, the colors too dark (light less than 20%) or little saturated (less than 30%) becomes darker. These colors are
gray tones or colors quite dark. Diverting them to the area of the darker colors allows to assign more contrast to the
image and, simultaneously, release the rest of the color domain to the remaining colors.

Considering the other colors, the ones on the domain of hues [50º, 160º] remain unchanged - the yellows and the
greens. The yellows are seen correctly and the greens are seen in a more faint, but without too much away to its
original nature. In addition, there are mainly in the green environments from nature, so the way they are seen is not
completely unsuitable.

The colors which hues is out of that domain [50º, 160º] are mapped as follow, consisting of the strategy in two steps:

1. To stretch the interval [160º, 410º] into the interval [160º, 300º];

2. To invert the hues, by symmetry, relative to the center of the interval.
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The step 1 is performed in order that the colors more close to 160º becomes more compacted than the ones near
410º. The compression factor starts from the value of 0.2 and is increased until it reaches the value of 0.35. This
tactic provides that the blues becomes more compacted than the reddish colors, because that area integrates the
pinks/magentas,  reds  and  oranges,  a  domain  with  much  more  diversity,  which  leads  to  the  need  of  more
differentiation.

In order to augment that differentiation from the colors of the reddish zone (pinks/magentas, reds and oranges) it is
performed the step 2, in which is executed an inversion of the distribution of the hues in the new target domain
[160º, 300º].

Figure 2. Schema representing the step 1. Area A: The colors are shrunken and pushed to the right
section of the Area B, where the colors are also shrunken and pushed to the left section of the domain

of the Area B. The colors of the Area C remains unchanged.

After the first step, the blues are distributed from 160º onwards, then appears the mapped violets, magentas, reds
and,  at  last,  the  oranges  near  300º.  However,  the  deuteranopes  and  protanopes  perceives  much  better  the
differentiation in hues between 160º and 240º, then from 240º to 300º. So, by inverting the position of the mapped
hues, the discrimination between the reddish colors is improved. Besides, the colors near 300º are seen (by the target
people) as a very strong blues, while the really blues are seen in a lighter way.

This recoloring is applied not only to colors like pink, red and orange, i.e., colors that are normally mistaken by
greens, but also to blues. The idea is to remap blues into blues and the magenta, reds and oranges, also into blues,
but different. This is achieved but compressing the blues into a small area, leaving the remaining part of the blue
area to the reddish colors (pinks, reds and oranges).

The recoloring is done by only re-mapping the hue (H) for some colors and the value (V) for other colors; the
saturation (S) remains always unchanged. That is, we end up having the following trivariate recoloring functions:

(1)

The hue remapping function ρ(H) is as follows:

(2)

where

(3)

and
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(4)

The value changing function μ(V ) is as follows:

(5)

The hue remapping function (2) works as inversion operation after a shrink process for the angular interval [160º,
410º ≡ 50º]. The shrink process is performed by the function (3) and the inversion operation is made by the function
(4).

The Recoloring Algorithm

The recoloring algorithm here proposed in based on two concepts: ” shrink” and ”inversion” operations. So, taking
these two concepts, let us call it ShrinkInverse algorithm. The shrink is expressed in line 10 of Algorithm I, while
the inversion of hues performed by the symmetry with respect to 230º, appears on lines 12 and 14 of Algorithm I.

Algorithm 2 iterates  on all pixels of an nm image, calling then the  PIXELREMAP procedure (Algorithm I) that
remaps every single from the range of colors to map. It is clear that the re-mapping of any hue requires the previous
conversion of the (R, G, B) values to their corresponding (H, S, V ) values, and vice-versa, as expressed in lines 2
and 18 of Algorithm I.

Algorithm I: ShrinkInverse Recoloring Algorithm for a Single Pixel

1: procedure PIXELREMAP(R,G,B)

2: Convert the (R, G, B) to (H, S, V)

3: if (V < 50) || (S < 30) then

4: V  0.5  V
5: else

6: if (H  50) then

7: H  H + 360

8: end if

9: if H [160º, 410º] then

10: H  160 + 0.2  H + 0.1415  (Abs (160 - H) / 250) H
11: if (H < 232) then

12: H  230 + Abs(H - 230)

13: else

14: H  230 - Abs(H - 230)

15: end if

16: end if

17: end if

18: Convert the (H, S, V) to (R, G, B)

19: end procedure

Note: R,G,B [0,255]; H [0,360[; S [0,100]; V [0,255]

Algorithm II: ShrinkInverse Recoloring Algorithm for a n  m Image

1: procedure IMAGEMODIFY(R,G,B)

2: for  i=1  n do

3: for  j=1  n do

4: (R, G, B)  components R, G, B of pixel (i, j)

5: PIXELMODIFY(R,G,B)

6: end for

7: end for

8: end procedure
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EXPERIMENTAL RESULTS

Setup

In terms of hardware and software set, all experiments and testing were carried out using:

§ An Intel Core 2 Quad CPU Q9550 with 4G RAM;
§ An 64-bit Microsoft Windows operating system;
§ Javascript programming language in order to run the ShrinkInverse algorithm on HTML5 web browsers.

In particular, the ShrinkInverse algorithm has been designed and implemented for deuteranopes and protanopes. As
argued above, this was so because deuteranopy and protanopy are not only the most frequent cases of dichromacy,
but also because they see all the colors in a similar manner. It is also worthy noting that our experiments and testing
have focused only on still images.

Comparative Analysis

In order to compare our algorithm with others found in the literature, we thought reasonable only compare it with
those two due to Iaccarino et al. (Iaccarino, et al., 2006) and Ching and Sabudin (Ching and Sabudin, 2010) for the
following reasons:

§ They are also applied to deuteranopes and protanopes;
§ They also use a phenomenal color space to remap hues;
§ They are the two most recent  algorithms, among the few which use a phenomenal color space in the

recoloring process.

Time Performance

Apart the ShrinkInverse algorithm, we also implemented those algorithms due to Iaccarino et al. (Iaccarino, et al.,
2006) and Ching and Sabudin (Ching and Sabudin, 2010) within the setup described above. We have used a dataset
of about one hundred 250180 and 580434 images to measure the average times taken those three algorithms, as
shown in Table 1.

As shown, our algorithm is around 30% slower than Ching-Sabudin algorithm, but and 30% faster when compared
to the algorithm due to Iaccarino and colleagues. In a way, this is so because the ShrinkInverse does not perform any
pre-processing step as happens in Iaccarino et al. algorithm to calculate the ‘red pixels’ and ‘green pixels’ of each
image, before starting the recoloring procedure itself. The algorithm due to Ching and Sabudin is faster because,
before the conversion of the pixels from RGB to HSV, there are excluded all the pixels which red value is greater
than  the  green  and  the  blue  values.  In  this  way,  around  of  third  of  the  total  of  pixels  are  not  converted  and
reconverted. This explains the speedup of 30%, though it is due to leaving out an important part of the color domain.

Table 1: Average time spent by the algorithms in recoloring 250180 and 580434 images.

Algorithm 250180 images 580434 images

Iaccarino et al., 2006 0.136 seconds 0.823 seconds

Ching and Sabudin, 2010 0.076 seconds 0.387 seconds

ShrinkInverse 0.110 seconds 0.611 seconds

The performing time depends on the used browser. The times presented on the table 1 are extracted, using the IE 11.
However they can be significantly lower (50% to 70%), using the Firefox 27.

Comparative Recoloring

Before proceeding any further, let us say that we had also to implement the simulation algorithms proposed Brettel
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et al.  (Brettel, et al., 1997). This is a very important requirement to realize how deuteranopes and protanopes see
colors in images. This understanding of how deuteranopes and protanopes see colors also led us to use images with
high chromatic diversity, as those shown in Fig. 3, during our experiments and testing.

Figure 3. Recoloring flowers for dichromats (no CVD), deuteranopes and protanopes.

As known, deuteranopes and protanopes see yellows and blues in a correct manner and the greens in a downfallen
way. This is illustrated in Fig. 3(a) and means that these colors must remain unchanged after the recoloring a given
image, yet deuteranopes and protanopes see greens with less saturation and lightness. Note that these dichromats do
mistake reddish colors, including pinks and oranges, with greenish colors.
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Fig. 3(b) depicts the images recolored by the algorithm due to Iaccarino et al. (Iaccarino, et al., 2006). As observed,
in respect  to deuteranopes and protanopes, this recoloring technique does not enhance that much the chromatic
diversity of the image in relation to the image without recoloring. Besides, this algorithm does not hold the colors in
the range of reds. The appliance of this algorithm leads to images very similar with the original, so it not provides a
clear improvement.

Figure 4. Recoloring strawberries for dichromats (no CVD), deuteranopes and protanopes.

Fig. 3(c) shows images recolored by the algorithm introduced by Ching and Sabudin (Ching and Sabudin, 2010).
Unlike Iaccarino et al. (Iaccarino, et al., 2006), this algorithm retains the vivid yellows, but the images recolored in
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this manner look too yellowish and the details are not differentiated, since the reddish colors were mapped into
yellow, and the yellow presents a low domain of diversity. Besides, most greens are now mapped into blues, what
implies that deuteranopes and protanopes can no longer see greens, which is a color that they see, although less
saturated.

Visual results produced by the ShrinkInverse algorithm are shown in Fig. 3(d). Although the original image has no
blue, we can guarantee that this color remains unchanged as well the yellows and greens. Since the confusing colors
in the range of reds, those color are remapped to the range of blues. As observed in Fig. 3 and Fig. 4, the images
recolored by the ShrinkInverse algorithm retain a clean visual appearance because, with a clear enhancement of the
way the flowers and the strawberries are seen by deuteranopes and protanopes. It is notorious the improvement on
the discrimination of the details of the images, . As a margin note, the images of flowers shown in Fig. 3 and the
images of strawberries depicted in Fig. 4 can be produced within a HTML5-compliant browser.

CONCLUSIONS

In all  the situations that deuteranopes and protanopes face daily, it  seems much more significant to be able to
distinguish between reds and greens - as necessary  to correctly interpret the transit signage - than between any other
two colors of their narrower visible spectrum. Besides the meaningful of reddish colors is not found by that target
people.

Taking  this  into  consideration,  we have  designed  and  implemented  a  recoloring  algorithm for  dichromats  that
enables to distinguish between reds and greens unambiguously, without changing the saturation and lightness of the
original colors. Additionally, as the reddish hues are not seen, the vividness of those colors is represented through
the blue color, one of the only two hues seen by the deuteranopes and protanopes. Recurring to this artifact, it was
possible to recover part of the visual expressiveness of the scenes.

The time performance tests presented above include the time taken to load images in memory. But, if we consider
that images are already in memory, we easily draw to the conclusion that the ShrinkInverse algorithm runs at a real-
time rate, what makes it adequate not only for recoloring still images in web pages, but also for recoloring video
applications. For example, the pictures of flowers and strawberries used in this paper are recolored in about 30 ms,
what means that each one of them can be recolored 33 times per second, clearly above the barrier of 24 fps (frames
per second) that establishes a real-time standard.
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