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Abstract.After presenting an overview of color spaces, more details about the 
device-independent and perceptually linear CIE color spaces are given. The 
advantages and disadvantages of existing color distance algorithms (∆E76, 
∆E94 and ∆E2000) are also introduced. Finally, we present the results of our 
research about the human perceptionof colors where we have compared the 
results of the experiments with the existing color distance algorithms, which 
helps us to locate the parts of the spectrum where results of the latest standard 
∆Е2000 do not correspond to human’s perception of color differences. At the 
end we propose a formula that locates the part of the spectrum where 
improvements in the standard should be done. 

1 Introduction 

Human visual system has always been interesting through the history. In the 16th 
century were initiated the first attempts about human perception to be represented as a 
formula (the first color models). With the development of the modern technology, 
TVs and computers, perception of colors became interesting also for the computer 
science. 

2 Color spaces 

A color space is a notation by which we can specify a color, i.e. the human 
perception of the visible electromagnetic spectrum. The choice of the color space can 
be a very important decision thatcan dramatically influence the results of the 
processing. The knowledge of the various color spaces can ease the choice of the 
appropriate color space.[1] 

2.1 Classification of the color spaces 

In those areas where aninterest aboutcolor spaces exists, such as in physics, 
engineering, computer science, artificial intelligence, psychology and 
philosophy,there are defined many differentcategorizations of the color spaces. 
However, one of most accepted is the following categorization[2]: 
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• HVS (human visual system) based color spaces include the RGB color space, the 
opponent color theory based color spaces and the phenomenal color spaces. These 
color spaces are motivated by the properties of the HVS. 

• Application specific color spaces include the color spacesadopted from TV 
systems (YUV, YIQ), photo systems (KodakPhotoYCC) and printing systems 
(CMY(K)) 

• CIE color spaces are spaces proposed by the International Commission on 
Illumination (CIE) and havesome properties of high importance like device-
independencyand perceptual linearity (CIE XYZ, Lab and Luv) 

All of the mentioned color spaces in the categorization have advantages and 
disadvantages, for each of them exist applications for which they are more suitable for 
usage. CIE color spaces as device-independent, perceptual linear color 
spaceswhichare suitable for computing color distances and because of that CIE color 
spaces are a subject of interest in this paper. 

2.2 CIE XYZ 

CIE standardized the XYZ values as tristimulus values that can describe any color 
that can be perceived by an average human observer (the CIE 1931 standard 
colorimetric observer). These primaries are unreal, i.e. they cannot be realized by 
actual color stimuli. This color space is chosen in such a way that every perceptible 
visual stimulus is described with positive XYZ values. A very important attribute of 
the CIE XYZ color space is that it is device independent. Every color space that has a 
transformation from the CIE XYZ color space can also be regarded as being device 
independent. The CIE XYZ color space is usually used as a reference color space and,  
as such,is an intermediate device-independent color space.[2,3] 

2.3 CIE !∗#∗$∗ and CIE !∗%∗&∗ 

In 1976 the CIE proposed two colour spaces (CIELuv and CIELab) whose main 
goal was to provide a perceptually equal space. This means that the Euclidian distance 
between two colours in the CIE '∗(∗)∗/CIE е '∗*∗+∗ color space is strongly 
correlated with the human visual perception[2]. To achieve this property there were 
two main constraints to take into account: 

• chromatic adaptation 
• non-linear visual response 

The main difference between the two color spaces is implemented in the chromatic 
adaptation of the model. The while the CIE е '∗*∗+∗color space normalizes its values 
by the subtraction of the white point.The transformation from CIE XYZ to CIE 
'∗*∗+∗is performed with the following equation: 
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The tristimulus values B0,/0, D0 are those of the nominally white object-colour 
stimulus. 

The transformation from CIE XYZ to CIE Lab is performed with the equation: 
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3 Color distance 

Color distance algorithms are designed to quantify the color differences as 
perceived by the human visual system. The paired comparison test amongsets of 
colors guidelines the wayabout how people perceive the color differences in the areas 
of interest. Next, the color distance algorithms are used to quantify the perceived 
differences and compare them to the guideline.[5] 

3.1 ∆E76 

This formula called ∆E76 (∆HIJ) deemed a difference or ΔE of 1.0 to be the 
smallest difference perceivable by the human eye. The formula is the Euclidian 
distance between two points in the '∗(∗)∗ color space. [4] 

 
∆HIJ = ∆'∗K + ∆(∗K + ∆)∗K 
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3.2 ∆E94 

It was soon discovered that this equation had itsshortcomings. These shortcomings 
were as a resultbecauseit was nottaken into consideration that the human eye is 
moresensitive to small color differences in some regions ofthe color wheel and less 
sensitive in others. This meansthat a ΔE of 1.0 could be a small visible difference 
inone area of the visible spectrum (i.e. dark blue colors)and a large visible difference 
in another area (i.e. lightpastel type colors).[4] 

The CIE revised the formula by introducing the ΔE94formula in 1994. This 
formula uses the '∗L∗ℎ∗ color spacefor calculating color distance.  
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This equation has two sets of coefficients. The kcoefficientsare also known as 
parametric factors andrefer to effects influencing color-difference judgment. The S 
coefficients account for color space lack of visualuniformity. 

3.3 ∆E2000 

Although ΔE94 formula matched closer to the color difference perception of the 
human eye, it still lacked some accuracy in the blue-violet region of the color space, 
which lead to the release of the ΔE2000 formula in 2000. This formula contains a so-
called rotational term for the blue-violet region to address the shortcomings of the 
ΔE94 formula. Since this equation has a deficiency in the blue-violet region a 
correctional or rotational factor was added. This corrected formula is known as the 
ΔE2000 equation: 
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It can be seen from this equation that the '∗L∗ℎ∗ has been transformed into '@L@U@. 
How the '∗L∗ℎ∗values are transformed into this new notation has been explained in 
detail. The ΔE2000 formula has five corrections to '∗(∗)∗: a lightness weighting 
function (QRSR); a chroma weighting function (QTST);a hue weighting function 
(QVSV); an interactiveterm between chroma and hue differences for improvingthe 
performance for blue colors; and a factor (XY) forrescaling the '∗(∗)∗ a* axis for 
improving performancein the areas ofthe grey colors.[4] 

3.4 CMC 

In 1984 the CMC (Color MeasurementCommittee of the Society of Dyes and 
Colorists of Great Britain) also developed an equationthat is based on the '∗L∗ℎ∗ 
color space. This equation takes the various color sensitivities of the human visual 
system into consideration and a ΔE of 1.0 under CMC gives the same visual 
difference in all regions of the color-wheel. 
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The SR, S] and SV are the main weighting factors forlightness, chroma and hue. The 
two factors l and c areconstant and are defined by the user and weight theimportance 
of lightness and chroma relative to the hueof the measured color.[4,5] 

4 Research 

In this section the focus will be on the psychological analysis of the human 
perception. The analysis is done through an experiment performed on multiple 
observers who compare colors of numbered sets of colors. The aim of the experiment 
was to get a clear picture for the human’s perception and the results will be analyzed 
in the following sections of the paper.  

4.1 Defining tests 

For humansit is harder to evaluate similarity of two colors with a value (like the 
formula results) and also it is easy to find that the color A is more similar to the color 
B than some other color C. Knowing this, the tests are defined like set of test colors 
that observers need to order by their similarity with a referent color. 

One test is defined by a referent color and four test colors (similar with referent 
color).Referent colors are selected so that they cover the whole color spectrum. The 
LCH color space is used for defining the test colors, because with the LCH it is easy 
to generate fewcolors similar with the referent color. It is done by simple 
modifications of one or more color space coordinates. 

Referent color R (LCH) is defined with mean Chroma C=60, with luminance L ∈ 
{25, 50, 70} and with hue 12≤H≤348 (with step 12). As aresult, 45 referent colors and 
test colors for each of them were defined. 

4.2 Software developed for testing 

To provide an easy way for testing the observers with the previously defined tests, we 
developed a software. The software is actually a survey with 45 ‘questions’, i.e. each 
question is a form where one reference color and its test colors are displayed (Fig. 1). 
Observers’ task is to reorder the test colors by their similarity with the reference color. 
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Fig. 1.– Example form with displayed reference color (top) and four test colors (bottom) 

When the observer finishes with all tests the results are stored for further analysis. 
As a part of the software there is module with integrated ColorMinelibrary that 

have implementation of color distance algorithms∆E76, ∆E94, ∆E2000 and ∆CMC. 
With this module, all the distances between reference colors and their test colors are 
computed.These results are also stored and will be compared with the observers’ 
results in the next sections. 

4.3 Testing 

The experiment was run by 20 observerswith ages between 25 and 40 years. It is 
important to notice that experiment was run on the same computer, with identical 
luminance of the monitor and with the same view angle for each of the observers. 
This was done in order to avoid side effects and gain reliable resultsas much as 
possible with the existing equipment. 

As a result of the experiment there are obtained 20 vectors for each of the 45 tests. 
Vectors represent the order of the test colors by similarity with the referent color for 
each of the observers. Also we get all the distances computed by the color distance 
algorithms. 

Table 1. 

  T1 T2 T3 T4 

 3 1 2 4 

 3 1 2 4 

 3 1 2 4 

 3 1 2 4 

 1 3 2 4 

 2 1 3 4 

 1 3 2 4 
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 3 2 1 4 

 3 1 2 4 

 2 1 3 4 

 3 1 2 4 

 4 2 1 3 

 3 1 2 4 

 3 2 1 4 

 3 2 1 4 

 2 1 3 4 

 2 3 1 4 

 3 2 1 4 

 2 1 3 4 

 1 2 3 4 

∆E76 15.5658 9.9084 9.9085 15.566 

∆E94 7.3529 3.7609 3.7607 7.3532 

∆E2000 8.264 4.2981 4.2094 7.7991 

∆CMC 9.1638 4.7735 4.7734 9.1641 

 
In Table 1.aregiven the results of the test for the reference color with L=50, C=60 

and H=12. In the top of the table are given the results of the experiments and at the 
bottom are calculated the results of the color distance algorithms. 

5 Analysis 

In this section are described the processed and analyzed results from the 
experiment.  

5.1 Computing the distance 

In order to be able to compare the experimental results with the results obtained 
from the color distance algorithms, we need to summarize the results for each of the 
tests and transform the values to be ready for comparison. 

If we mark as _̀ ј the vector’s values of the results of each of the tests, where 1 ≤
b ≤ 45 stands for the referent color and 1 ≤ ј ≤ 4 stands for the appropriate test 
color, than _̀ ј is a value between 1 and 4 and this value represent the distance between 
the reference and the test color. Than c`d is the “distance” between the reference and 
the test color and can be computed with Equation 1: 
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Equation 1 

c`d = Lefe + LKfK + Lgfg + LPfP	
Lh = \i*jk k`d = l , l ∈ 1,2,3,4 , k`d ∈ _̀ d	
fe = 0.1; 	fK = 0.2; 	fg = 0.4; 	fP = 0.8 

Lhisthe number of the elements in the set equal to k, while fh is a weight factor 
that multiplies the appropriate numberLh(where Le represents the number of times 
that color was chosen as a first closest color, then LKis the number of times that color 
was chosen as a second closest to the reference color, etc.). 

5.2 Comparison with existing algorithms 

These results can easily be compared with results from other algorithms. Because 
each algorithm returns a value specific for the algorithm, ex.∆E=4 is not the same in 
∆E94 and ∆E2000. This means that values from different algorithms cannot be 
compared directly. But what we can do is to compare the order of the distances, for 
example, “Are the closest colors in one algorithm, also closest in the other 
algorithms?”. 

We present the results for the reference color R7 (L=50;C=60;H=156) inTable 2., 
where in first row are given the results from the experiment and in the other rows are 
given the other results obtained by the corresponding algorithms for calculating color 
differences. 

Table 2. 

EXP 7.8 5.7 2.9 13.6 

∆E76 8.4338 9.2884 2.6902 15.4658 

∆E94 4.0564 3.986 1.3314 6.4737 

∆E2000 3.7861 3.751 1.2655 5.4634 

∆CMC 3.7642 4.0321 1.149 6.6328 

 
Than a check matrix can be created with the matches of values that are in the same 

order like the experimental results. In Table 3.can be seen the check matrix for R7. 

Table 3. 

∆E76 û û ü ü 

∆E94 ü ü ü ü 

∆E2000 ü ü ü ü 

∆CMC û û ü ü 

 
After an analysis of the check matrix for each referent color, we found that the 

experimental results are most similar with the results from ∆E2000. But we also found 
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that there are still some deviations of the ∆E2000 results with ‘our’ experimental 
results. 

Table 4. 

H= 12 36 60 84 108 132 156 180 204 228 252 276 300 324 348 
L=50 û û ü ? ? ü ü ü ü ü û û ü ü ? 
L=25 û û ü ü ü ü ü ü ? ? û ? ü ü û 
L=75 û ü û ü ü ü ? ? ü ü ü û ? ü û 

 
InTable 4.are summarized check matrices of comparisons between experimental 

and ∆E2000 results. With “ü” is marked the case when the experimental and ∆E2000 
results are fully matched, with “?”, if most of the results are matched (2 or 3) and “û” 
if most of the results are not matched, for a given referent color. 

If we get that matches marked with “?” are acceptable (if you check the results 
there are only small differences in this cases), than we can make conclusion that 
∆E2000 results don’t match the experimental results in the range of −12 ≤ U ≤
60	and	252 ≤ U ≤ 276, also we should notice that this is reliable only when very 
similar colors are compared ('e = 'K; 	52 ≤ Le, LK ≤ 60;		 Ue − UK ≤ 20). 

5.3 Multi-dimensional scaling 

Multi-dimensional scaling (MDS) is a technique that is used for virtualization of 
results from comparisons made before. By a virtualization of the experimental and 
∆E2000 results we could easy see the difference. 

A matrix with distances q` for the referent color X` and its test colors computed 
with ∆E2000 is shown by the equation: 

М` =

∆Еst,st ∆Еst,Y1
∆ЕY1,st ∆ЕY1,Y1

∆Еst,Yu ∆Еst,Y2 ∆Еst,Yv
∆ЕY1,Yu ∆ЕY1,Y2 ∆ЕY1,Yv

∆ЕYu,st ∆ЕYu,Y1
∆ЕY2,st ∆ЕY2,Y1
∆ЕYv,st ∆ЕYv,Y1

∆ЕYu,Yu ∆ЕYu,Y2 ∆ЕYu,Yv
∆ЕY2,Yu ∆ЕY2,Y2 ∆ЕY2,Yv
∆ЕYv,Yu ∆ЕYv,Y2 ∆ЕYv,Yv

 

This matrix is used as an input for the MDS, which returns output of 2D 
coordinates for all 5 points, i.e. for the referent color and for the test colors. 

On the other hand,a virtualization of the experimental results is more complicated, 
because there are no distances defined between test colors. The easiest way that solves 
this problem is to replace these distances with the appropriate ∆E2000 distances. 
Other important thing that should be done is to normalize experimental distances with 
the ∆E2000 distances. That is done by using the equation: 

∆ЕstYw = xbj∆yKWWW + 	
x(z∆yKWWW − 	xbj∆yKWWW ∗ cstYw − xbj{

x(z{ − xbj{
 

xbj∆yKWWW = min
e~h~P

∆ЕstYw	
x(z∆yKWWW = max

e~h~P
∆ЕstYw	

xbj{ = min
e~h~P

cstYw	
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x(z{ = max
e~h~P

cstYw 
MDS results can then be easily compared visually. 

	
 

Fig. 2.– Visualization with MDS of R1 referent color and its test colors 
a) ∆Е2000 b) experimental results 

5.4 Analysis results 

As a result of the experimentconductedabout human’s color perception and 
analysis, we made a conclusion that ∆Е2000 gives the best results of all existing color 
distance algorithms and also the distance calculated by this algorithm, in most of the 
cases, matches with the human’s perception. 

Regarding the analysis, human’s perception doesn’t match with the ∆E2000 results 
in some parts of the color spectrum i.e. −12 ≤ U ≤ 60	and	252 ≤ U ≤ 276. 
Because of the conditions in which the test colors were generated, we can guarantee 
that previous conclusion is correct only if 'e = 'K; 	52 ≤ Le, LK ≤ 60;		 Ue − UK ≤
20. 

If we summarize all these conclusions, then ∆Е2000 can be improved with the 
equation: 

∆ЕKWWW@ = Ä] ∆HKWWW , ÄiÅ	
'e = 'K

Ue − UK ≤ 20
52 ≤ Le, LK ≤ 60

∆HKWWW, ÄiÅ	ikℎÇÅ	\(ÉÇÉ

 

The function Ä] would make correction of the ∆Е2000 results regarding the 
experimental results. To be able to define the Ä] function that would make correction, 
additional research is required, especially in the part of color spectrum where 
experimental and ∆Е2000 results mismatch. That would be aim of our future works. 

6 Conclusion 

In this paper we have classified the known color spaces, presented the uniform CIE 
color spaces that are suitable for computing color distance because of their linearity 
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with human’s perception. We have also presented the existing color distance 
algorithms with their advantages and disadvantages. 

With the research we have got more familiar with the human perceptionof colors. 
We have compared the results of the research with the existing color distance 
algorithms, which helped us to locate the parts of the spectrum where results of 
∆Е2000 doesn’t seem to correspond to human’s perception of color differences. 

At the end with the quasi formula we have located the part of the spectrum where 
improvements in the standard CIE ∆Е2000 should be done, which should be a subject 
of further research in this direction. 

References 

1. Symon D'O. Cotton, “Colour, colour spaces and the human visual system”, School of 
computer science, University of Birmingham, Birmingham, England, B15 2TT, 1995 

2. Marko Tkalcic, Jurij F. Tasic, “Colour spaces - perceptual, historical andapplicational 
background”, University of Ljubljana, Faculty of Electrical Engineering Trzaska 25, 1000 
Ljubljana, 2003 

3. Noor A. Ibraheem, Mokhtar M. Hasan, Rafiqul Z. Khan, Pramod K. Mishra, 
“Understanding Color Models: A Review”, Department of Computer Science, Faculty of 
Science, Aligarh Muslim University, Uttar Pradesh, India, 2012 

4. Martin Habekost, “Which color differencing equation should be used?”,International 
Circular of Graphic Education and Research, No. 6, 2013 

5. Scott Millward, “Color Difference Equations AndTheir Assessment” 
 


