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Color Spaces & Differences

Space: CIELAB, L*a*b*, ∆E*ab

Scales: Munsell Hue, Value, Chroma

Where does the 3D Euclidean geometry come from?
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Implementation

Chromatic adaptation

Computation: hue, lightness, saturation

Derivatives: brightness, colorfulness, chroma



Chromatic Adaptation

CAT02 to reference viewing conditions

CIE illuminant D65, 315 cd/m2

Corresponding colors in XYZ (any observer)



Hue

IPT hue angle

NCS unique hues

27.4°, 89.8°, 162.2°, 
231.3° in IPT

Simple computation



Saturation

u’v’

Excitation purity

Constant IPT h



Why saturation?

Fundamental 
perceptually and 
physically

Shadow series

e.g. DIN system



Lightness

L* “like”

Power function with 
offset

Supported by recent 
HDR data

    

� 

L = 0.98Yg
1
2.3 + 0.02



Lightness

L* “like”

Power function with 
offset

Supported by recent 
HDR data

    

� 

L = 0.98Yg
1
2.3 + 0.02

Relative to luminance at G0 for h and S



G0 Computation

Locus of zero NCS 
Blackness

Converted into Y at G0 
as a function u’v’

Based on earlier gamut 
mapping work



Y of G0 “Tent”

Y of G0

Several h and S

Define L reference

Automatic Helmholtz-
Kohlrausch effect



Evans Terminal Brightness

Evans 1948

From Marshall and Talbot 
1942



Stevens’ Terminal Brightness

Stevens & Stevens 1963

Stevens’ Effect

Brightness with adaptation

Also terminal brightness

J. C. STEVENS AND S. S. STEVENS

Fig. 4 and plotted as diamonds in Fig. 6. The resulting
curve shows the behavior of the "operating point" of
the eye, i.e., how the luminance required to produce a
brightness of 1 bril grows with increasing level of adapta-
tion. The values of the exponent were then deter-
mined from the slopes of the curves in Fig. 4 and plot-
ted as squares in Fig. 6. The values of k were next cal-
culated by setting V/= 1 and raising the intercept value
to the appropriate power given by the curve for F.
These values of k are based on the assumption that
luminance is measured in mL. Finally, the valuesof L1
were estimated by determining approximately what
number of mL would need to be subtracted from each
luminance in order to straighten out the lower end of
each function in Fig. 4. These values of Lo, plotted as
triangles in Fig. 6, are the effective absolute thresholds
under the various levels of adaptation.

It is interesting, and indeed reassuring, to compare
the triangles with the circles in Fig. 6. The circles rep-
resent the average threshold values measured by
Nutting 4 on three observers, with an apparatus not
unlike the one used in the present experiments. A large
white cardboard, illuminated to various known lumi-
nances, was used to "sensitize" the eve, as Nutting
phrases it. In the center was a spot (3 cm square) in-
dependently controlled. Viewing was from a distance of
35 cm. After the eve was fully adapted, the light on the
large field was switched off. The luminance of the spot
was adjusted to be "barely visible at the first instant
of switching off the light of the large field." The three
observers were reported to be in good agreement. Ex-
cept for the two highest points, at 100 and 103 dB,
Nutting's data are certainly in excellent agreement
with the values derived from Fig. 4.

One notes that the top curve in Fig. 4, which we have
been calling the dark-adapted brightness function,
turns down in a manner to suggest that the effective
threshold lies at about 27 dB. This is higher than the
threshold would be if the eve were fully dark adapted.
From the Lo curve in Fig. 6 we can determine that

TA1LE III. Showing the effect of adaptation level on the param-
eters of the brightness equation ,p=k(L-Lo)#. Values were read,
or calculated, from Fig. 6. Decibel values are re 10-1° L. Values of
k are for measurements expressed in millilamberts (ml).

Adaptation
level

dB ml, k a

F dark 10 0.333
40 0.001 9.6 0.334
50 0.01 8.6 0.335
60 0.1 7.2 0.342
70 1.0 5.5 0.355
80 10 3.7 0.38
90 100 2.2 0.41

10( 1000 1.( (.1.1
l110 1 (((( (.26 0.')

Intercept
Lo, at I bril

dlB mnL dB mT,

0 (approx)
30 0.0(101
36 0.0004
42 0.0016
48 0.0079
55 0.032
62 0.16
72 l.5S
84 25. 

40 0.001
40 0.0012
42 0.0016
45 0.0032
49 0.008
5.; 0.032
62 0.16
70 1.0
82 15.8

_ _ _ _ ~ - --------- _ __ : _ . _

14 P. G. Nutting, "1919 Report of Standards Committee on
Visual Sensitometry," J. Opt. Soc. Ami. 4, 55-79 (1920).
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FIG. 7. Brightness functions for various levels of adaptation.
The dashed line shows the terminal brightness locus-the level of
sensation reached when the eye comes into full equilibrium with
the luminance it is viewing.

a threshold of 27 dB characterizes an eye adapted to a
level of about 36 dB. Under the conditions of the ex-
periment, where the eye received 2-sec exposures to
various luminances at intervals of 10 sec, it is probably
not unreasonable to find that the effective level of adap-
tation was near the bottom of the photopic range. (Note,
however, that the evidence for this particular value
rests on only one point-the lowest triangle in Fig. 4.)
In any case it is important to note that an effective
adaptation level of 36 dB has almost no effect on the
parameters k and in the brightness equation (see
Fig. 6). At these low levels of adaptation only the value
Lo is altered bv changes in adaptation level. (We veri-
fied this fact in a separate experiment to be discussed
shortly.)

Table III lists various values of the parameters of
the brightness equation for different levels of adapta-
tion. With the aid of these values the complete formula
for subjective brightness in brils can be written as a
function of luminance for a given level of adaptation.
For example, when the eye is adapted to 1 mL the for-
mula becomes 1= 5.6(L-0.0063) 3 5. The constant
Lo, which in this case equals 0.0063 mL, is of course
negligible for all but very low luminances.

The process of filling in the values in Table III re-
quired interpolations and extrapolations of the experi-
mental data. The extrapolations toward the lower
values in Fig. 6 seem plausible enough, but greater po-
tential uncertainty attaches to the extension of the
curves to adaptation levels above 100 dB. Conse-
quently, the validity of the extrapolations to the higher
levels was tested in a separate experiment discussed
h)elow.

Family of Brightness Functions
Taking the available evidence into account, we can

construct a set of functions showing how apparent
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Terminal Brightness Locus

Fitted to Stevens’ data

Defines maximum 
brightness for each 
adaptation level

Adaptation 
Level (mL)

Adaptation 
Level (cd/

m^2)

k beta L0 (mL) Terminal 
Brightness 

(brils)

Fit Difference Log(abs(diff))

0.001 0.003183 9.6 0.334 0.0001 0.923 0.9206738282 -0.001872599 -2.72755525
0.01 0.03183 8.6 0.335 0.0004 1.81 1.299845821 -0.513828543 -0.289181775

0.1 0.3183 7.2 0.342 0.0016 3.26 2.8264679419 -0.431425085 -0.365094607
1.0 3.183 5.5 0.355 0.0079 5.5 6.6824754699 1.1979396894 0.0784349539
10 31.83 3.7 0.38 0.032 8.86 11.295639052 2.4307608056 0.385742225

100 318.3 2.2 0.41 0.16 14.5 15.338631961 0.8129157371 -0.089954469
1000 3183 1.0 0.44 1.58 20.9 18.880655443 -1.997774648 0.3005464976

10000 31830 0.26 0.49 25.1 23.7 22.084377764 -1.598721634 0.2037728519

-0.102006277 -2.503289572
100 13.38

Normalized 100 1.00

C 8
P 0.65
O 0.81
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Qtbl = 0.60 log10(YW +1)[ ]0.65
+ 0.061!



Brightness

Q = QtblL



Colorfulness & Chroma

C = LS

M = QS



Examples
Some 
NCS 

Samples

Brightness

Chroma
Saturation

Colorfulness



Color Differences

∆h = h2 - h1

∆L = L2 - L1

∆S = S2 - S1

etc.



Color Differences

∆h = h2 - h1

∆L = L2 - L1

∆S = S2 - S1

etc.

∆E



Color Differences

∆h = h2 - h1

∆L = L2 - L1

∆S = S2 - S1

etc.

∆E



Conclusions

Scales ... not spaces

Lightness, saturation, hue ...

... Brightness, colorfulness, chroma

Differences on scales only

MATLAB online



Thank You
Questions ...


