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1 Introduction

Modern trends of printing smaller collections 

and unique products require from print shops a 

higher degree of adaptability and speed in color 
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Abstract

Unlike the human visual system, image-cap-

turing devices, e.g. scanners and digital camer-

as, are unable to accommodate to di!erent light 

sources. In consequence, a number of chromatic 

adaptation transforms (CATs) are used in color 

acquisition, display and rendering processes. In 

this research, a comparison between two mod-

els – Bradford and CMCCAT2000 – and two 

illumination source pairs – D50-D65 and D65-

A – was conducted using 8190 color patches. 

"e results showed that the color di!erences 

obtained with the Bradford method were low-

er than with CMCCAT2000 for both imple-

mented illumination source pairs. "e Brad-

ford method also proved to be more suitable for 

most patches.

 

Keywords: chromatic adaptation, CAT, Brad-

ford CAT, CMCCAT2000, color di!erences.
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sample preparation and #nal product printing. 

A widespread use of graphical so$ware has also 

increased expectations of textile designers and 

small companies. Customers almost always re-

quire the very same color sample, i.e. its hue, be 

printed both on paper (hard proof) and viewed 

on computer monitor (so$ proof) before ren-

dered on a textile substrate. "is task, however, 

requires mastering a complex set of operations, 

since discrepancies among sample colors on pa-

per, computer screen and substrate frequently 

occur. "e use of chromatic adaptation models 

can be of great help in dealing with such prob-

lems, as described below. 

Color is a result of human perception of light re-

%ected from the surface in visible spectrum be-

tween 380 nm and 780 nm. Unlike the human 

visual system, which is capable of color adapta-

tion to a wide range of lighting conditions, im-

age-capturing devices, e.g. scanners or digital 

cameras, in general do not have the ability to 

adapt to the light source. 

"e latter suggests that transforms between 

colors captured under certain lighting condi-

tions (source colors) and colors displayed un-

der di!erent viewing conditions (destination 

colors) play a crucial role in color appearance 

models as well as in color reproduction. Such 

transformations from source to destination 

colors are called chromatic adaptation trans-

forms (CATs).

2 Theoretical part

"e majority of present CATs are based on a 

modi#ed form of the von Kries model [1, 2, 3], 

which is a simple linear transform between the 

CIE tristimulus values (XYZ) of colors observed 

under di!erent light sources. "e model is based 

on an independent gain regulation of three sen-

sors in the human visual system (S-short, M-

medium and L-long) [4].

Bradford CAT was developed and published 

by Lam (1985) [5] and is based on empirical 

data. "e model enables transformation from 

a source to a destination reference illuminant, 

where color appearance is preserved. "e Brad-

ford method that is also implemented in Adobe 

Photoshop is considered by many experts as one 

of the best methods [6]. 
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2.1 Izračun bradfordske kromatične prilagoditve
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 procedure

Equations (1)–(6) show computation procedure 

for Bradford CAT [5]. 

Step 1: Transformation from XYZ to Bradford 

sharpened cone functions RGB (Equation 1).

"e matrix for the Bradford method is(Equation 

2)

Step 2: Transformation from reference RGB to 

destination R’G’B’ values(Equations 3–5)

R
w
G

w
B

w
 and R

w
’G

w
’B

w
’ are values computed from 

XYZ of the reference and test illuminant.

Step 3: Transformation from adapted R’G’B’ to 

destination X’Y’Z’ values (Equation 6) where 

(Equation 7).

It was found out that the reversibility of CM-

CCAT97 (based on a modi#ed Bradford mod-

el used in CIECAM97s color appearance mod-

el (CAM)) is unreliable and that the model was 

derived by #tting only small data sets. As a re-

sult, Color Measurement Committee accept-

ed CMCCAT2000 model [7, 8], where the pow-

er function was removed, yet the model was 

still completely reversible and #tted all availa-

ble data sets. In comparison with CMCCAT97, 

the degree of adaptation term of this model also 

includes L
AR

, i.e. the luminance of the reference 

adapting #elds. 

 procedure

"e computation procedure for CMCCAT2000 

follows below.

Input data [9]:

– tristimulus values under the reference illu-

minant: XYZ (obtained for each pixel of the 

processed image);

– tristimulus values of the white point under 

the reference illuminant: X
wr

Y
wr

Z
wr

;

– tristimulus values of the white point under 

the adapting illuminant: X
w
Y

w
Z

w
;

– luminance of the reference and adapting illu-

minant (cd/m2): L
A1

, L
A2

.

Output data:

corresponding tristimulus values under the 

adapting illuminant: X
c
Y

c
Z

c
.

Step 1: Calculate the inner RGB values of each 

pixel of the reference image (Equations 8–11).

Step 2: Calculate the degree of adaptation 

(Equation 12), where parameter F is a response 

    
G

G' = G'
w
–––

    
G

w  

    
B

B' = B'
w
–––

    
B

w
 

R
w
G

w w
 predstavljajo izračunane vrednosti za belo svetlobo, 

R
w

G
w w

G v  ciljne vre-

Z :

 X'   R'Y

 Y'  = M
B

   G'Y

 Z'    B'Y 

 

  
    

M
B

 =  

    

-

-

-

-

2.2 Izračun CMCCAT2000
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for viewing conditions (F=1 for average sur-

round, F=0.8 for dim- and dark-surround). If 

D >1 or < 0, set to 1 or 0, respectively [10]. For 

complete adaptation D=1 and for no adapta-

tion D=0.

Step 3: Calculate the adapted RGB values [8] 

(Equations 13–15) where (Equation 16).

Step 4: Calculate the corresponding tristimulus 

values (Equation 17) where (Equation 18).

Generic CAT consists of the following consecu-

tive steps [6]:

1. Calculation of CIE tristimulus values X
1
Y

1
Z

1
 

for the #rst viewing conditions (VC
1
),

2. conversion of X
1
Y

1
Z

1
 to L

1
M

1
S

1
 (cone excita-

tions),

3. incorporation of information about VC
1
 us-

ing the chromatic adaptation model to pre-

dict adapted cone signals (L
a
M

a
S

a
) and

4. reversal of the process for the second viewing 

conditions VC
2
 to determine L

2
M

2
S

2
 and con-

version to CIE X
2
Y

2
Z

2
 values.

Equation (19) shows an example of transfor-

mation from the CIE tristimulus values XYZ 

to LMS cones responsivities using linear ma-

trix multiplication [6]. "is transformation or a 

similar one is common to all chromatic adapta-

tion and color appearance models that are com-

patible with the CIE colorimetry.

(Equation 19)

It therefore follows that individual matrix values 

include, apart from coe&cients for each sensor 

type (LMS), also a conversion between the CIE 

tristimulus values XYZ and LMS (Equation 19). 

"e main goal of this research was to evalu-

ate the performance of the basic linear Brad-

ford CAT and CMCCAT2000 by calculating 

the color di!erences of prints using two del-

ta E calculation equations and to determine 

which method is more suitable for a larger 

number of patches. Illuminants D50, D65 and 

A were used. D50 is a standard illuminant for 

color measuring in graphic arts, while D65 is a 

standard illuminant used in textile, paper and 

color industry. Illuminant A is light emitted by 

still widely used tungsten bulbs.

3 Experimental

"e test chart with 8190 color patches (Figure 

1) was prepared in Argyll, an open source, ICC-
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compatible color management system. Prints 

were made using an inkjet printer Canon 

W8400pg and Heavy Weight Semi Glossy Pho-

to Paper. Full spread patches are distributed ac-

cording to the default or chosen algorithm. "e 

default algorithm (Optimized Farthest Point 

Sampling – OFPS) optimizes the point locations 

to minimize the distance from any point in de-

vice space to the nearest sample point. 

A$er a few days of color stabilization, meas-

urements with the instrument GretagMacbeth 

Spectrolino Spectroscan were performed. "e 

CIE standard tristimulus values (XYZ) were 

calculated from Equations (20)–(22).

S(λ) … relative spectral power distribution 

R(λ) … spectral re%ectance

x
–

(λ), y
–

(λ), z
–

(λ) … red, green and blue color-

matching functions

k … normalizing factor; for a perfect white re-

%ector (Y = 100) k can be calculated from 

Equation (23).

Moreover, three di!erent CIE standard illumi-

nants – A, D50 and D65 (Figure 2) – and a CIE 

standard colorimetric observer (2º) (Figure 3) 

were used in XYZ calculations. 

"e transformation from an XYZ source color 

[X
S
 Y

S
 Z

S
] to a destination color [X

D
 Y

D
 Z

D
] 

was accomplished according to Equation (24) 

where:

X
D
 Y

D
 Z

D
 destination color

X
S
 Y

S
 Z

S
 source color 

[M] transformation matrix

In the study, two CATs were compared: Brad-

ford (BFD) and CMCCAT2000 (CAT00). CM-

CCAT2000, in addition to the basic matrix, 

also includes some nonlinear transformation 

factors and a degree of adaptation. Parameter 

F was 1 (average surround), luminance of refer-

ence and adapting illuminant (cd/m2): L
A1

 and 

L
A2

 were 100; therefore, the computed D was 

0.94.

"e scheme of work is outlined in Figure 4. To 

calculate the color di!erences (delta E) between 

the reference (XYZ values generated directly 

from the measured spectral data) and the chro-

matic adaptation-transformed values, the es-

tablished ΔE*
ab

 [11] as well as the newest ΔE
00

 

[12] formulas were implemented. All calcula-

tions were performed using the program Octave 

3.0.0 [13].
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Figure 1: Sample of test chart made by Argyll.
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4 Results and discussion

"e equation ΔE*
ab

 is based on the distance be-

tween two colors without using any correction 

factors, while ΔE
00

 includes lightness, chroma 

and hue correction terms. Consequently, all the 

obtained ΔE
00

 values are higher than the ΔE*
ab

 

values. Prior to the analysis, each sample was 

categorized according to the magnitude of its 

delta E value into one of the four groups: 0–1 

(color di!erence undetectable by a human eye), 

1–3 (small color di!erence between two patch-

es) [14], 3–6 (perceivable di!erence) or >6 

(large di!erence). "e number of patches be-

longing to each group was a direct indication 

of the quality of the corresponding CAT/illumi-

nant pair combination: the higher the number 

of low delta E (0–1, 1–3) patches, the better the 

performance of that model.

Figure 5 shows the average color di!erences 

ΔE*
ab

 and ΔE
00

 when using two CATs – Brad-

ford CAT and CMCCAT2000 – and two illu-

mination source combinations – D65-A and 

D50-D65. "e mean values of obtained color 

di!erences calculated with ΔE*
ab

 are, as dis-

cussed above, higher than when applying the 

ΔE
00

 formula.

"e smallest average color di!erences are gener-

ated with both of the D50-D65 CATs, followed 

by D65-A. Illuminants D50 and D65 are both 

very close to each other in the CIE chromatic-

ity diagram (Figure 6) and also have a similar 

spectral power distribution (Figure 2), which 

explains the obtained lowest delta E values. 

Since Bradford CAT exhibited the best perform-

ance, its appropriateness was to be tested for 

predicting a larger number of colors. 

Figure 7 shows that the Bradford method trans-

form from D65 to A predicts better a larger 

number of samples compared with the CMC-

CAT2000 with the average ΔE*
ab

 < 4. "e color 

di!erences < 3 were obtained with approximate-

ly 4,000 samples in case of the Bradford method 

and only 1,304 in case of CMCCAT2000. "ere 

were more than 1,000 samples characterized by 

having extremely low color di!erences (ΔE*
ab

 < 

1) when applying the Bradford method.  

When computing color di!erences using the 

D50-D65 illumination source pair (Figure 8), 

the Bradford method proved more successful 

X k ∑ S(λ R(λ x–(λ
 

Y k ∑ S(λ R(λ y–(λ

  

Z k ∑ S(λ R(λ z–(λ  

S(λ -

be 

R(λ
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k = –––––––––––––

   ∑ S(λ y–(λ

Figure 3: "e CIE standard observer (2°) color-matching functions. 

Figure 2: Spectral power distribution of A, D50 and D65.
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for ΔE*
ab

 < 1, while CMCCAT2000 was slight-

ly better for 1 < ΔE*
ab

 < 2. "e color of a large 

number of samples was predicted quite accu-

rately in both cases, since the calculated average 

color di!erences were here much smaller than 

with the D65-A transforms (Figure 7).

5 Conclusion

Raw spectral data make it possible to calculate 

the CIE tristimulus values (XYZ) under vari-

ous illumination sources. One of the major ad-

vantages of using CATs is their ability to trans-

form the CIE tristimulus values obtained under 

one illumination source into the XYZ values re-

lated to a di!erent illumination source in cas-

es when spectral data are unavailable. "e best 

method is the one giving the smallest color dif-

ferences between the calculated XYZ values 

from spectral data and the adapted XYZ val-

ues. When compared to CMCCAT2000, Brad-

ford CAT exhibited better performance, since 

the observed color di!erences were found to be 

lower regardless of the illumination source pair 

used. "e Bradford method is also more appro-

priate for describing a greater number of color 

patches than CMCCAT2000.

"e research demonstrated the importance of 

chromatic adaptation models and color man-

agement in general for graphical designers as 

well as for printers who print on paper, textile 

and other materials, since correct implementa-

tion of a particular chromatic adaptation mod-

el can signi#cantly improve the #nal product 

color quality and consequently, customer satis-

faction. 
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Figure 5: "e average color di!erences obtained with two di!erent illumination source pairs and CATs; BFD-

Bradford, CAT00-CMCCAT2000, dEab-ΔE*
ab

, dE00-ΔE
00

.

Figure 6: CIE x, y 1931 diagram (CIE Chromaticity diagram).
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Figure 7: "e number of color patches according to ΔE*
ab

, predicted 

with Bradford CAT and CMCCAT2000 obtained with the illumi-

nation source pair D65-A; BFD-Bradford, CAT00-CMCCAT2000, 

dEab-ΔE*
ab

.

Figure 8: Number of color patches according to ΔE*
ab

, predicted with 

Bradford CAT and CMCCAT2000 obtained with the illumination 

source pair D50-D65; BFD-Bradford, CAT00-CMCCAT2000, dEab-

ΔE*
ab

.
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