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What is a Color Difference?

What is color?
What is the metric describing color differences in 

which color space?
What is the reference ,”ground truth” of color 

differences?
– Spectrofotometer?
– Human?

• Who?
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What is a Color Difference? 

A visual judgement made without interpreting its importance is known 
as a perceptibility judgement:

Perceptibility – “Can I see the difference in Color?” “Is this difference 
in color greater than or less than the difference between members 
of a standard pair?”

Acceptability – “Is this difference in color acceptable?”

We can use a visual colorimeter to perform 
color matches.  A colorimeter can applied 
to detect a difference between the two 
fields.  This is known as just-perceptible 
difference.  



What is a Color Difference?

One limitation of developing a just-perceptible difference based  
quality metric:  The visual differences are too small 
compared to the typical variability of most industrial 
processes.  

This problem could be overcome by increasing the size of the 
tolerances.  This increase is known as a commercial factor.

However, there are many visual judgements to which meaning 
is assigned.  E.g. skin color.  These are judgements of 
acceptability. 



What is a Color Difference?

When color differences are slightly above threshold 
(suprathreshold), perceptibility and acceptability 
measurements are identical.

As the size of the color difference increases, 
acceptability judgements are made that are often 
different from the corresponding perceptibility 
judgement enlarged by a commercial factor. 



Color Difference and Instrumental 
Measurements

When instrumental measurements are made, the 
numbers should predict what the observers see.

That is, the calculated color differences should 
predict visual color differences.

Developing color difference equations seems 
doable.



Color Difference and Instrumental Measurements

How can we predict acceptability?
Can acceptability judgements ever be repeatable 

and reproducible?
Can acceptability judgements from one industry be 

applied to another?  
Color-difference equations are derived using visual 

data.  It is important to know whether the visual 
data are perceptibility or acceptability 
judgements.  



The Objectives of Difference Measurement

To be able to talk meaningfully about tolerance 
limits for color.

To sub-divide difference by Hue, Chroma and 
Lightness.

To be able to map, simulate, and quantify      
human pass / fail judgements.

To quantify metameric differences.
To enable sample-free batch acceptance.



Color Difference Space
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Color Difference can be plotted 
in any three dimensional color 
space. 



An Ideal Color Difference Space

This should –

1. Have natural dimensions for Hue, Chroma and Lightness.

2. Have  perceptually uniform scales, related to increments of  
either perceptible or acceptable difference.
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CIE 1931(x,y)-Chromaticity Diagram

• Three-dimensional color 
space transformed and 
plotted on two-dimensional 
chromaticity diagram.

• a.k.a. xyz chromaticity 
diagram, xyY color space

• Lightness is not shown in the 
diagram (there is no black, 
gray or brown in the diagram).

• What do just-visible 
differences look like in this 
color space ?



CIE 1931(x,y)-Chromaticity Diagram and 
the MacAdam ellipses

The MacAdam ellipses. The axis of 
plotted ellipses are 10 times their 
actual lengths.

xyY Space is Non-Uniform



CIE 1976 u’v’ Uniform-chromaticity Scale 
Diagram

The MacAdam ellipses in 
u’v’ –chromaticity diagram



Chromaticity Coordinates
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Chromaticity Diagrams

• Lack of perceptual uniformity as a function of 
luminance factor 
– e.g. tolerances for a high-chroma dark color 

need to be compressed for a lighter color with 
the same hue and croma

• Applications:
– Plotting of chromaticity 

gamuts of displays
– Evaluation of color 

appereance data concerned 
with chromatic adaptation



CIELAB Color Space

The dimensions are now correct
The scales are much closer to perceptual uniformity.
The transformation from XYZ is complex and Non-linear.
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CIE 1976 L*u*v* is based on a 
CIE u’v’ uniform-chromaticity 
diagram.

CIELAB and CIELUV are 
applicable to all types of 
colored stimuli (e.g. displays 
and textiles)



Color Difference in CIE L*a*b* Space

The dimensions are L*,  a* and b*, so the three dimensions of 
difference are :

∆L*  =  L*Sample - L*Standard

∆a*  =  a*Sample - a*Standard

∆b*  =  b*Sample - b*Standard

Then ∆E =  (∆L*2 +∆a*2 + ∆b*2)1/2 in CIE L*a*b* difference units.



Lightness, Chroma, and Hue Difference

∆L* is already available. ∆C and ∆H differences can 
be calculated from L*, a* and b* differences.

∆C is the difference in Chroma, Sample to Standard, 
i.e. C1 - C2,
where C1 = (a1

2 + b1
2)1/2 , 

and C2 = (a2
2 + b2

2)1/2 . a1

b1C1

C2

a

b



Lightness, Chroma, and Hue Difference

∆H differences are calculated indirectly. Metric Hue Difference 
∆H  is defined as the RMS sum of the total color difference 
∆E  minus that of the Chroma and Lightness differences ∆L 
and ∆C. 

∆ H is thus calculated as : ∆H  = (∆E2 - ∆C2 - ∆L*2)1/2 

E.g ∆E  = 1.52 ∆L  =  0.39 Lighter
 ∆H  = 1.40 Bluer ∆C   =  0.44 duller (or  flatter)

The major component is thus identified as a Hue difference.



L*c*h* vs. L*a*b*

Visual differences (ellipses) can be approximated better using  
∆C*

ab∆H*
ab tolerances, shown in the left figure as the cyan 

rectangles, compared to ∆a*
ab∆b*

ab tolerances (red rectangles) 



Uniform Color Spaces?

Color differences are ellipses, 
not circles

� Color differences are not 
uniform to all directions!



The CIE reference conditions to the CIE color-
diffrence equations

Homogeneous, without  
visual nonuniformities

Sample structure

0 – 5 ∆E*
abSample color-difference magnitude

Minimum, in edge contactSample separation

Greater than 4˚Sample size

ObjectViewing mode

Uniform, neutral gray with 
L* = 50

Surround field

1000 lxIlluminance

D65 simulationIllumination



Viewing Angle

By knowing the size of the sample and its distance from the 
observer, the visual angle of substence (2θ) can be
calculated: 2 arctan(r/d). A 2 cm height sample viewed at 
25 cm subtends 4.58˚.



The Generalized Color Difference Equation by CIE
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Coefficients kE, kL, kC, and kH represent parametric factors 
(usually constants). kE =kL=kC=kH in the CIE reference 
conditions

Coefficients SL, SC and SH represent positional functions that 
correct CIELAB’s lack of visual uniformity. 

(00) defines a year. 
The term ∆V represents visual difference.
∆E Empfindung = literally means difference in sensation



CIE94 Color-difference Formulae
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CIEDE2000

The recent color-difference 
equation recommended by CIE.

Corrects the nonuniformity of 
CIELAB in blue colors and includes 
a scaling factor for CIELAB a* 
scale for improving the 
performance for gray colors.



Other Color-difference Formulas

CMC(l:c)
• Developed 1980 from acceptability color discrimination data by 

MacDonald
• British Standard (BS:6923) for the assessment of small colour

differences and is currently being considered as an ISO standard
BFD(l:c)
• Luo & Rigg derived from several acceptability and perceptibility 

data sets in 1987
GLAB
• Formula for large color differences (12 CIELAB ∆E units)
• Guan & Luo 1999



Future Research in Color Difference Field

• To derive a color difference formula based upon a 
uniform color space, rather than the modification 
of the CIELAB color space

• To derive formulae based on color vision theory, 
rather than the use of empirical approach

• To derive a formula capable of taking into 
account different viewing parameters such as 
size of samples, size of color difference, 
separation, background, luminance level, etc.



Formulae Versus Human Judgement

Very large collections of data are available for testing the 
reliability of perceptibility and acceptability predictions given 
by the various formulae. 

A very simple measure of accuracy is the number of ‘wrong’
decisions made, compared to the majority decision of a 
panel of trained observers. 

On average, a single observer disagrees with the panel 
judgement of acceptability in about 18 % of visual 
assessments . 



Color-difference datasets

Color-difference formulas are based on color-difference 
datasets

Dataset gathering requires enormous amount of work
– For example, in 1984 RIT-DuPont was gathered: 

875 color-difference pairs were evaluated by 50 
observers 
� 44 000 observations!!!



Observer Variability

Brown made experiments with 12 observers

Here are shown the variance of the 
observers from the same color center 

�the repeatability and the reproducibility of 
a single observer is poor

MacAdam had only one 
observer…



Measuring Color Equality

Sample and single standard
– Suitable for color 

equality
– Does the sample and 

standard match?



Measuring Color Equality

Sample and multiple standards
– How and how much the 

sample and standard differ?
– The use of limit standard: 

range of acceptable colors 
are given



Color Differences in Printing and Paper Industry

• In the press room printing is controlled via CMYK-
densities (not color differences)

• The color of a printing substrate (paper), printing 
ink and printing machine affect the final printing 
quality.

• The color of paper and the color of printing ink 
need be in the tolerance limits (approx. 5 CIELAB 
∆E units)
� the same tolerances hold for paper making 



Spectro-photometer in the Press Room

Gretagmacbeth SpectroEye
• Colorimetry

– CIE L*a*b*, CIE L*C*h, 
– ∆E* CIELAB, ∆E*

2000, ∆E*
94, ∆ECMC

• Standard observers: 2˚ and 10˚
• Illumination types:

– D50, D65, A, C, D30…D300, 
F1…F12, User defined 



Visual Evaluations in Printing 

Printing products are made for delivering information 
on a substrate (e.g. paper or cardboard)
– The end user is quite often a human
� human evaluations are relevant

– Several other things are evaluated than color
• waviness, mottling (larger scale uneveness

of printed area), gloss



Visual evaluations

Order samples in increasing order according to given criteria
– Calculate averages and standard deviations for samples
– Results applicable only for a certain case

The scale of samples is given e.g. scale from 1-5 
– worst and best cases (minimum and maximum) and 

possibly samples between
– The task is to evaluate the sample against the given 

scale
– Results can compared to previous experiments



Results of sample evaluation



Reading List and Resources

Internet :
– http://www.cie.co.at/cie/
– http://colorpro.com/info/
– http://www.colourware.co.uk
– http://www.poynton.com
– http://www.colourtech.org
– http://www.cis.rit.edu/mcsl
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