Synthetic reflectance curves by additive mixing

CJ Hawkyard
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A method of producing a reflectance curve for a given set of CIE tristimulus values, based on additive
mixing of red, green and blue primaries, is described. Smooth data representing colours having good
colour constancy are obtained. The method is computationally efficient, even when a large number of

data points is required.

INTRODUCTION

In a previous paper it was pointed out that there are many
different ways of calculating reflectance curves
corresponding to physical samples with identical
tristimulus values [1]. The one first envisaged for the
UMIST project was based on the definition of reflectance
in Eqn 1 over a range of wavelengths [2]:

Reflectance (%)= Reflected light , 15 (D
Incident light

The resulting curves are smooth, even when the light
output of the source has sharp peaks and troughs, as with
a fluorescent lamp of the mercury vapour discharge type.
This fact was tested by measuring the spectral power
distribution (SPD) of the light reflected from a barium
sulphate tile and a green fabric illuminated by a ‘daylight’
lamp in a matching cabinet with a Bentham
telespectroradiometer (TSR) [3], and dividing the two
power distributions as above. The result is shown in
Figure 1.

The situation is similar on a colour monitor, the power
distribution of the light emitted being ‘spiky” at the red
end of the spectrum, as has been already pointed out [1,3].
[t was argued that if the power distribution of the colour
on screen was divided by the power distribution of the
screen white, the result would be a smooth curve, as with
the reflected light. This was also tested with the TSR, and
again found to be true, as shown in Figure 2. The curves in
Figure 2(c) were derived from measurements taken with
the TSR of light reflected from a green textile and of light
emitted from the display of the same colour on a
calibrated colour monitor (Eqn 2):

Synthetic reflectance = Power of screen colour, 1 2)

Power of screen white

If the on-screen colour is regarded as a surface colour
under illuminant Dg;, then the screen white should match
Dﬁs.

It should be remembered, however, that colours and
whites displayed on the CRT screen consist of light from
glowing red, green and blue phosphors. The light we see

consists of an additive merging of the three primaries. The
screen white, for instance actually consists of red, green
and blue lights added together. The additivity of the
Hitachi monitor was tested over a range of colours and
was found to be excellent [3,4].
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{a) SPDs of light reflected from barium sulphate (B} and green fabric (A)
{b) Reflectance curve derived from SPDs in (a}
{c) Retlectance curve measured with spectrophotometer
Figure 1 Smooth reflectance curves obtained using Eqn 1 for
physicat standards
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(a} SPDs of screen white (B) and screen green (A)
{b) Synthetic reflectance curve derived from SPDs above
{c) Comparison of curves in Figures 1{b) and 2(b)

Figure 2 Analogous curves to Figure for screen colours

The drawbacks as far as the generation of synthetic
reflectance curves by this method is concerned are:

(a) At the red end of the spectrum there are wavelengths
with hardly any light being emitted; in these regions
dividing the two power distributions will be very
inaccurate

(b) Not many workers will have equipment available to
measure power distributions.

AN ADDITIVE METHOD BASED ON

ITERATION
The above drawbacks caused the additive approach to be
temporarily abandoned for the Shademaster system [5],
but eventually interest in it revived. In the case of the
subtractive approach, any cyan, magenta and yellow
primaries can be used, coupled with an iterative routine to
obtain the correct concentrations to achieve a match to the
CIE tristimulus values required [1]. The same line of
argument applies to additive mixing. Thus any red, green
and blue primaries can be used, and an iterative routine
used to ‘home in’ on the correct XYZ values.

In the subtractive method an algorithm was devised to
obtain reasonable first estimates of the colorant
concentrations [4]. No such algorithm is necessary in the
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additive situation as long as red, green and blue primaries
are chosen. This is because the CIE system itself is based
on additive mixing, in this case the ‘supersaturated’ red,
green and blue stimuli, X, Y and Z respectively. The first
estimates of the amounts of the red, green and blue
primaries selected are therefore the X, Y and Z values
being matched.

The sum of the separate amounts of red, green and blue
lights must be divided by the white corresponding to the
sum of the primaries at maximum intensity for each
wavelength. This process is similar to the procedure
described above for screen colours. The X, Y and Z values
used as first estimates must allow for the illuminant, and
so the values are divided by X,,, Y, and Z,,, the tristimulus
values for the illuminant. This is another use of the von
Kries transformation used in CIELAB [6,7].

The first estimate of the synthetic reflectance curve is
therefore obtained as follows. Synthetic reflectance (R,) at
wavelength 1is given by Eqn 3:

R. = PRNX/Xo + PG Y/ Yo + PBN Z/Z,
PRy + PGy + P(Bn

3

with similar expressions for the other wavelengths 2, 3,
ete., where P(R), P(G}) and P(B) are the powers of the red,
green and blue primaries, the subscript numbers
indicating the wavelength concerned.

CHOICE OF PRIMARIES

It can be assumed from the comments on the screen
phosphors above that the SPDs (also known as spectral
energy distributions) must be smooth for all three
primaries. They need not be real lights, and so the first
ones to be tried were lights having power distributions of
the same shape as the CIE colour matching functions ¥, i
and z (Figure 3). The green and blue lights with these
distributions will be quite saturated, but not the red,
because of the hump’ in the blue region of the x curve.
The chromaticities of these primaries are given in Table 1,
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Figure 3 CIE colour matching functions



Table 1 Chromaticity coordinates of

XyZ primaries

X Yy
Red (x} 0.463 0.365
Green (y) 0.402 0.510
Biue (2} 0.145 0.067

Table 2 Sixteen point data for the CIE colour matching

functions
Wavelength
(nmy) X y z Total
400 0.34 0.03 1.47 1.84
420 3.52 0.37 16.67 20.56
440 6.59 1.06 33.72 41.37
460 5.19 2.21 29.90 37.30
480 1.39 4.35 13.23 18.97
500 0.09 7.90 3.74 11.73
520 2.03 13.06 1.04 16.13
540 6.47 16.49 0.23 23.19
560 12.10 17.09 0 29.19
580 17.39 14.89 0 32.28
600 19.28 11.28 ) 30.56
620 14.69 6.83 ¢ 21.52
640 7.41 3.08 0 10.49
660 2.63 1.03 0 3.66
680 0.7 0.27 0 0.98
700 017 0.06 0 0.23
Total 100.00  100.00 100.00 300.00

and since the 16 point data for the colour matching
function is rarely quoted, this is given in Table 2 (to two
decimal places).

The ¥ data therefore becomes the SPD of the red
primary P(R), the y data becomes the SPD for the green
primary P(G) and the z data becomes the SPD of the blue
primary P(B). The sum of the three primaries at each
wavelength corresponds to the white produced by mixing
them. Eqn 3 then reduces to Eqn 4:

_ JE] .X/Xo +]}1.Y/Y0 +Z_1 .Z/Zn

Rs (4)
X1 Y1 +21

and similar equations for the remaining wavelengths.

Thus, from Table 2, reflectance for light at 400 nm can be

expressed by Eqn 5:

_0.34X/X6 +0.03Y/Yo +1.472Z/Z,
1.84

Rypo (5)

Another possible choice of primaries would be to use
the weighting factors for a standard illuminant. These are
given in tables in most colour physics textbooks [8].
However, this produces the same result as using the data
in Table 2, as is shown below (Eqn 6):

_Pixn X/ Xe + Pun Y'Y + Pi 2. Z/Z,

Py +y1 +21)

R (6)

Since Py, the power of the illuminant in question at
wavelength 1, is a common factor above and below the
line, it can be omitted, and so Eqn 6 reduces to Eqn 4.

However, any set of red, green and blue primaries
could be used, not just those based on the colour matching
functions, and several other sets have been considered, as
will be indicated later.

THE ITERATIVE PROCEDURE

In order to explain how the iterative routine proceeds, let
us consider a saturated blue-green having X = 20, Y = 30,
Z = 40 for Dys (109 illumination. Values from Table 2 are
inserted into Eqn 5

0.34x20 0.03x30 . 1.47 x40
94.84 100 107.39
1.84

=0.3414 (or 34.14%)

Raon =

and the reflectances at the other 15 wavelengths are
calculated in the same way; all 16 values are given in Table
3.

The tristimulus values are then calculated using the
weighting factors for D¢ (10°), and the result is:

X = 2552
Y =27.60
Z =36.88

Comparing these with the target values of X = 20, Y = 30,
7 = 40, it will be seen that the X value produced is too
high, whereas the Y and the Z values are too low. The
differences (AX, AY and AZ) are then calculated as follows;

AX =2552-20 = +552
AY = 27.60 -30 = -2.40
AZ = 36.88-40 = -312

The procedure for calculating the reflectance values is
then repeated, but the target XYZ values are replaced by
amended values X’ , Y and Z* ,such that:

X =20-AX=20-552=1448
Y =30-AY =30+240=3240
7 =40-AZ =40+3.12=4312

The effect on Eqn 4 is simply to replace X, Yand Zby X" , Y’
and Z’ . The iterations are continued in this manner until
AX, AY and AZ are all less than a chosen limit, e.g. 0.01. In
the present case this occurs after a further 41 iterations, at
which stage:
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X =-1340
Y =+45622
Z = +4718

and the reflectance values are given in Table 4.
The calculated CIE tristimulus values are:

X =20.010
Y = 29.991
Z =39.999

The iterative procedure is illustrated in Figure 4.

The valuesof X, Y* and Z’ represent the amounts of the
chosen red, green and blue primaries (in this case the %,
and z primaries) required to match the target colour (X =
20, Y = 30, Z = 40). The fact that the X’ value is a negative
number simply shows that the gamut of the primaries is
small, as indicated by the area of the triangle in Figure 5.
Only points inside the triangle have X’ , Y and Z’ all
positive. A matrix-type conversion could be used to
calculate the values of X , Y’ and Z’ , but reflectance values
would not be obtained [3].

The critical factor in terms of generating the synthetic
reflectance curve is not whether the values of X' , Y* or Z’
go negative, but rather whether the reflectance values
themselves do. Thus when an orange colour with X = 25,
Y =20, Z = 5 was tested, it produced negative reflectance
values at 480 and 500 nm. A curve with all positive values
could be obtained for the orange if the SPD of the red
primary was changed, however. This was the case if the X

Table 3 First estimates of reflectance data (X = 20, Y= 30, Z= 40)

Wavefength  Reflectance Wavelength  Reflectance
(nmy) (%) (nm) (%)

400 34.14 560 26.30

420 34.36 580 25.21

440 34.50 600 24.38

460 34.58 620 23.93

480 34.43 640 23.71

500 32.24 660 23.60

520 29.30 680 23.58

540 27.58 700 23.55

Table 4 Synthetic reflectance data for blue-green (X = 20,
Y =30, Z=40)

Wavelength  Reflectance Wavefength Reflectance
{nm) {%) (nm) (%)

400 33.45 560 27.03

420 34.24 580 18.38

440 35.06 600 11.87

460 36.63 620 8.26

480 42.19 640 6.51

500 52.04 660 5.56

520 46.47 680 5.51

540 36.47 700 5.26
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Synthetic relectance curve

Predicted XYZ
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Figure 4 lterative procedure for tristimulus match prediction by
additive means
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Figure 5 Gamut of xyz primaries on the chromaticity chart

data were replaced by a red light having the SPD given in
Table 5 below, the curve exhibiting only one maximum.
Clearly there is much scope for experimentation with
different red, green and blue primaries to obtain a
maximum gamut of positive reflectance curves.

One interesting outcome of this additive method occurs
when the target tristimulus values meet the criterion of
Egn 7:

X/Xo = Y/Yo = Z/Zo (7)

Under these circumstances Eqn 3 reduces to Eqn 8:

R, = X/Xo PR + P(G)y + P(B)y)
p(R)!l + P(G)n + P(B)n

= X/X, 8)



Tabie 5 SPD of alternative red primary

Wavelength Power Wavelength Power

(nm) (abitrary units) {nm) {abitrary units)
400 0 560 14.60
420 o] 580 20.98
440 0 600 23.26
460 0 620 17.72
480 0 640 8.94
500 0 660 3.17
520 2.45 680 0.86
540 7.81 700 0.21

60
S
8 40}
©
3
b 20 O Predicted
o« ® Synthetic

400 500 600 700

Wavelength, nm

Figure 6 Synthetic and predicted curves

Table 8 Toray matchings to synthetic data for targets (Dgs/10°)

Table 6 Recipe for exhaust application of reactive dyes to
cotton

Commercial dye (Zeneca)  Cl Reactive Concentration (%)
Procion Yellow H-E6G Yellow 135 0.0496

Procion Yellow H-E4R Yeliow 84 0.0426

Procion Turquoise H-A Blue 71 0.7943

Table 7 Predicted reflectance data

Wavelength  Reflectance Wavelength  Reflectance
{nm) {%) {nm) (%)

400 22.352 560 25.162

420 28.878 580 17.909

440 33.742 600 12.177

460 39.148 620 10.106

480 46.327 640 9.602

500 49.130 660 7.197

520 46.057 680 5.429

540 37.970 700 13.120

where R,, is the reflectance at wavelength n.

Thus for the equal energy light source, when X, = ¥, = Z,
= 100, the value of X (and Y and Z) becomes the
reflectance value. For example, it X = Y = Z = 21, the 16
synthetic reflectance values will all be 21%. The same
applies for Dg; (10 when the tristimulus values being
matched are X = 21(94.83/100), Y = 21 and Z = 21(107.3%/
100).

This property of the synthetic reflectance curves
generated by the additive method causes the predictions
to be very colour constant for neutral colours.

TESTING THE SYNTHETIC DATA

The data for the blue-green standard used in the example
above were submitted to staff at Zeneca, Manchester, with
the request for a matching recipe. They found that the

Match for  Match for Commercial
Colour X Y Zz subtractive additive match
Blue 13 15 30 Yes Yes Yes
Palegreen 55 656 50 @ 2 Yes
Yellow 60 60 10 P b b
Pale
Pink 63 57 63 ° b b
Lilac 15 15 35 Yes Yes Yes
Burnt orange 25 20 5 Yes No data® Yes
Biscuit 40 40 20 Yes Yes Yes
Blue-green 20 30 40 No No No
Navy 25 25 7 No No No
Black 42 44 48 @ a Yes
Brown 7 7 5 Yes Yes Yes
Grey 17 18 195 Yes Yes Yes

a Commion to both
Commion to all three

¢ Synthetic data was subsequently obtained by changing the data for the red
primary

colour was too saturated for their database of disperse
dyes on polyester, but a match was obtained with reactive
dyes on cotton. The recipe is given in Table 6, as is the
predicted reflectance curve (Table 7). The synthetic and
the predicted data are shown in Figure 6.

The predicted CIELAB AE* values for the recipe were:

~Dys (109 0.00
~A(19) 1.29
~TL84(109 1.69.

COMPARISON OF THE SUBTRACTIVE AND
ADDITIVE METHODS

In order to compare the two methods of producing
synthetic reflectance curves, tristimulus values for twelve
colours of varying hue and lightness were selected. No
physical samples with these tristimulus values existed or
were necessary, as is indicated by the round numbers in
Table 8. The colours were devised with the aim of
providing a broad range of hue, chroma and lightness.
Synthetic reflectance data were then calculated by both
the subtractive and additive iterative methods, and the
data sent to Toray plc, Bulwell, Nottingham. This
company is well equipped with automated laboratory
dyeing and dispensing machines. The twelve pairs of data
sets were typed into Toray’s ICS match prediction system,
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which includes a Macbeth 2020 Plus spectrophotometer,
and dye formulations for disperse dyes on polyester were
obtained.

The extra constraint of attempting to match the shape
of the reflectance curves precisely caused some preblems,
the main one being that four dyes were often necessary,
rather than the normal three. Two of the twelve colours,
the saturated blue-green (X = 20, Y = 30, Z = 40) and the
dark navy (X = 2.5, Y = 2.5, Z = 7) could not be matched
with disperse dyes on polyester, and there was no point in
doing separate matchings for the yellow, pale pink, pale
green and black as the additive and subtractive synthetic
curves were almost identical, and the dye formulations
would have been the same.

Since in most instances the selection of dyes was not
what would normally have been used in the commercial
situation, it was also decided to carry out a third series of
dyeings using commercially acceptable dye combinations.
Details of targets and matches are given in Table 8.

The criterion for a successful match used by Toray was
to within 1.2 Marks & Spencer MS89 colour-difference
units. Table 9 provides details for the blue standard, as an
example of the ten colours successfully matched.

The synthetic curves, and the reflectance curves of the
dyed matching polyester samples, as measured by the
Macbeth 2020 spectrophotometer, are shown in Figures 7—
9. Table 10 lists the tristimulus values and chromaticities of
all the Toray dyeings, measured on UMIST’s Spectraflash
500. The Dy CMC(2:1) colour differences to the target
values are also given. These results show that Toray
achieved excellent matches to both types of synthetic data.

CONCLUSIONS

The two methods of calculating synthetic reflectance
curves for colours with known CIE tristimulus values
described have both proved suitable for commercial
dyeing purposes. The data obtained by the subtractive
match prediction route are more undulating in nature, but
no more difficult to match than the smoother additive
data. The gamut of matches achievable by the second
method can be increased by altering the choice of
primaries employed.

Table @ Matches for blue standard

IHuminant
Type of
Colour match Dgs A TlLs4
Blue 12 Subtractive 0.09 0.15 7.21
Blue 20 Additive 0.35 0.10 0.43
Blue 3¢ Commercial 0.35 2399 032

a Dianix Yellow ACE 0.031%

Dianix Red ACE 0.187%

Palanil Brilliant Blue BG-CF 0.890%
b Dianix Yellow ACE 0.040%

Dianix Red ACE 0.097%

Dianix Blug ACE 0.336%

Palanii Brilliant Blue BG-CF 0.235%
¢ Dianix Yellow ACE 0.044%

Dianix Red ACE 0.0476%

Dianix Blue ACE 0.487%
d Redder

Table 10 Tristimulus values of matchings (Dgs/10°)

AE from target

Colour X Y Zz X 1% CMGC (2:1}
Blue 1 13.328 15.382 31.054 02230 0.2574 0.42
Blue 2 13.513 15576 31.411 02234 0.2575 0.54
Blue 3 13.180 15.201  30.851 0.2225 0.2566 0.45
Palegreen2 57.641 68466 52.299 0.3231 0.3838 0.93
Palegreen3 55552 65863 50.315 03235 0.3835 0.41
Yellow 63.346 63.181 10.183 0.4634 0.4622 1.01
Pale pink 65560 58.797 64.826 0.3465 0.3108 0.97
Lilac 1 15269 15218 36.110 0.2293 0.2285 0.56
Lilac 2 15126 15.124 36.177 0.2277 0.2277 0.60
Lilac 3 15,524 15438 36.432 0.2304  0.2291 0.63
Orange 1 25.446 20.343 5.156 0.4995 0.3993 0.29
Orange 3 25.373 20.258 5.094 0.5002 0.3994 0.30
Biscuit 1 40.496 40.300 20.001 0.4018 0.3998 0.54
Biscuit 2 40.980 40.820 20.329 0.4013 0.3997 0.52
Biscuit 3 41.317 41.350 20.661 0.3999 0.4002 0.42
Biack 2 4.038 4.271 4.707 0.3126 0.3270 0.47
Biack 3 4.161 4.368 4,787 0.3125 0.3280 0.25
Brown 1 7.140 7.162 5171 0.3666 0.3678 0.34
Brown 2 7.041 7.024 4.998 0.3693 0.3685 0.24
Brown 3 7.210 7.232 5172 0.3676 0.3687 0.44
Grey 1 17.702 18.695 20.454 0.3114 0.3288 0.78
Grey 2 17.340 18.313 20.0#1 0.3113  0.3288 0.70
Grey 3 17.388 18.413 20.128 0.3109 0.3292 0.57
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Figure 9 Additive synthetic standard and commercial match

The additive method has the following advantages
over other methods:

(a) The curves produced are smooth, not undulating, as is
often the case for the curves generated by the
subtractive method [1]

(b) Their colour constancy is good, particularly for neutral
colours

(c) Any set of red, green and blue primaries, real or
imaginary, may be used

4) The number of data points may readily be increased
above 16 without utilising excessive amounts of
computer memory.

This research was made possible by the programming
expertise of Mr Stuart Reyner (UMIST). Thanks are also

due to Mr K Smith of Zeneca Colours and Mr I Charnock
of Toray for their assistance in match predictions and
dyeings, and for their permission to publish the results.
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LETTER

Synthetic reflectance curves

From Roy S Berns

After reading the two recent articles by Hawkyard [1,2],
two issues became apparent. The first concerns the need
for iteration, while the second relates to colour constancy
and the practice of using synthetic spectra as input to
computer colorant formulation. The use of iteration to
generate reflectance factor spectra seems unnecessary. It is
possible to define three synthetic colorants where their
spectral properties obey Eqn 1.

Rll =C'1Rk,max (l)
where reflectance factor is scalable by ¢;. When the
colorants have Gaussian spectral distributions, their “tint
ladder’ is shown by Figure 1. This defines the system as
additive, similar to CRT displays. The tristimulus values of
each primary are defined by Eqn 2:

Xho =K [ 1R} %2 02 @
and in similar fashion for Y and Z. If a D¢ match is
desired, the spectral power distribution of Dys is used for
S,. Normally ASTM tristimulus weights are used.

Assuming the three colorants add together inde-
pendently to form mixtures, tristimulus values of any
mixture can be calculated from a knowledge of scalars by
Eqn 3:

X X rlnax X rznax X amx Cl
Yi= lenax sznax Yranax )
Zz
Z }nax Z %nax Z inax €3 (3)

386 JSDC Vorume 110 DEeceMBER 1994

1.0 —

o
)

Reflectance factor

0.2

0 e | |
400 500 600 700
Wavelength, nm

Figure 1 ‘Tint ladder’ for additive primary

In order to generate a synthetic curve for a desired set of
tristimulus values for Dy, the matrix is inverted (Eqn 4):

-1

€1 Xxl‘nax X Iznax X?nax X
1 2 3
€ |= Ymax Ymax Ymax Y (4)
c 1 2 3 V4
3 Zmax Z max Z max

Erom the scalars, the synthetic curve is generated (Eqn 5):
| 2 3
RA _ClRl,max+CzRﬂ.,max+63Rl,max (5)

Note that iteration is not required. This synthetic curve is
input to the formulation software. For example, suppose



the three colorants are Gaussian functions with half-
height bandwidths of 125 nm, centred at 440, 540 and 603
nm as shown in Figure 2. Using the ASTM tristimulus
weights for Dy; and the 1964 observer, the tristimulus
matrix becomes that shown in Table 1, while the inverse
matrix is shown by Table 2.

The synthetic curve for X = 20, Y = 25, Z = 30 is shown
in Figure 3 by the solid line. Because these additive

Reflectance factor

| |
400 500 600 700
Wavelength, nm

Figure 2 Additive primaries

Table 1 Tristimulus matrix

440 nm 540 nm 603 nm
X 19.71 49.48 69.24
Y 19.86 73.50 56.29
zZ 95.97 28.30 2.69
Table 2 Inverse matrix
440 nm 540 nm 603 nm
X 8.14x 1073 -9.61 x 1073 1.07 %1072
Y -3.12x 1072 3.49 x 102 -8.20 x 104
Z 3.79%x 102 -2.44 <1072 -2.72x 1073
0.3 ~
Vd
0.2 7
e

Reflectance factor

01— Three colour
~— — ~ Three colour + white
0 | '
400 500 600 700

Wavelength, nm

Figure 3 Synthetic reflectance factor spectra

colorants have low reflectance factor at 700 nm, the
resulting curve is atypical of real dyes and pigments. One
can select different peak wavelengths or add a fourth
colorant. A spectrally non-selective white can be
introduced where its concentration is determined by the
luminance factor of the aim tristimulus values. (This is
similar to graphic arts grey-component replacement.) By
subtracting the tristimulus values of this scaled white,
concentrations are determined for this modified set of
tristimulus values. The spectral reflectance factor is
reconstructed by the following equation for the above
example where ¢, is equal to 0.01Y (Eqn 6):

1 2 3
R:l = ClR/l,max +62Ri,max + C3Rﬂ,mﬂx + O‘ZSRLW]‘“E (6)

The synthetic curve is the dashed line plotted in Figure 3;
this curve is more similar in appearance to that obtained
with real colorants.

This additive method was used successfully to form-
ulate the Colorcurve system with colorant formulation
software that required a reflectance standard [3]. It was
not used as a colorant selector. This was determined by the
colourist.

Having shown that one can generate realistic spectra as
input to formulation software without using iteration, the
more important issue becomes whether one should do so.
Clearly, by changing each primary’s spectral shape,
bandwidth, peak wavelength and the amount of white,
curve shapes of almost any spectral characteristic can be
generated. What are the criteria for selecting a curve shape
or the spectral properties of the colorants used to generate
it? This is critical because the colourist will likely select the
formulation that minimises metamerism between the real
colorant mixture and the synthetic curve. After all, the
most important principle in formulation is to attempt to
generate a spectral match so that metamerism is avoided
[4,5]. However, if the synthetic curve has unwanted
perceptual qualities, such as a grey colour viewed under
daylight, turning greenish when viewed under cool white
fluorescent, then matching the synthetic curve makes little
sense. Hawkyard pointed out that his synthetic curves
had good colour constancy. I could not find any
quantitative evidence in his articles to support this claim.
Furthermore, colour constancy was not an explicit
selection criterion for his primaries (synthetic colorants).

What is required is to derive a set of primaries that lead
to colour constant spectra. I addressed this problem in the
past where I generated colour-constant spectra when
viewed under multiple illuminants [6]. These spectra
would correspond to colorants with narrow absorption
bandwidths and thus would be difficult or impossible to
reproduce with real dyes and pigments. As a
consequence, matches to these colour-constant spectra
may not retain the standard’s colour-constant properties.

I believe that the concept of generating synthetic curves
as input to computer colorant formulation should be
abandoned. In its place updated formulation software
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should be adopted that facilitates tristimulus input, with
an index of colour constancy as one of the colorant
selection criteria. This way no one can be misled that they
have a ‘good’ formulation because metamerism is
minimised between the formulation and the synthetic
curve as shown in Table 6 of Hawkyard’s article [1]. This
calculation is inappropriate unless the synthetic curve has
some a priori desirable attributes. An index of colour
constancy (CCI) is straightforward to calculate as shown
below and does not require a standard (Eqn 7):

CCI=\/(L’;365—L;\)2+(a;)65—a;)2+(b;365—b;)2 (7)

where the subscripts refer to CIELAB parameters
calculated for illuminants Dg; and A (or any two
illuminants). Formulations are ranked by their indices of
colour constancy. Chromatic adaptation transformations
with higher accuracy than CIELAB can also be used, as
well as partitioning the index into hue, lightness and
chroma.[7].

The only reason for requiring the reflectance factor of
the standard is to give a good starting value before
iteration. The Newton-Raphson method (so called
‘influence matrix’) is notoriously prone to converging on
local minima. A Levenburg-Marquardt or simplex
method could be used in its place. One can also treat real
colorants as these theoretical colorants (assuming
additivity) to give a reasonable set of starting con-
centrations.

ROY S BERNS
Munsell Colour Science Laboratory, Rochester, NY, USA

The author replies

As [ stated in my paper [2], there are many ways,
including the 3 x 3 matrix method, to produce reflectance
curves for a given set of tristimulus values. The iterative
routine 1 described may sometimes be longer than the
matrix method [8], although in some cases iterative
routines can be computationally more efficient than
matrix manipulation for solving sets of simultaneous
linear equations [9].

In this case they produce very different curves for the
same three primaries. The iterative curve is less
undulating and more colour constant than the curve
produced by the matrix method. This is probably due to

the technique of dividing by the white (sum of the three
primaries) and the incorporation of a von Kries type factor
to allow for different illuminants. This forces a horizontal
reflectance curve to be produced for XYZ target data that
is proportional to the illuminant XYZ, in which case there
are no iterations.

It is a trivial matter to set limits on the curve produced
to avoid negative reflectance values, or those outside the
reflectance values of the white substrate.

In order to demonstrate the point I have carried out a
matrix calculation and compared it with the iterative
method using the same RGB primaries. The target XYZ
was X = 20, Y = 25, Z = 30 for Dy (10°. Using the red,
green and blue primaries shown in Figure 1, the curves
generated by the two methods were as shown in Figure 2.
The tristimulus values, along with CIE L*a*b*, hue angle
and chroma, for the two curves were then calculated, and
the data are given in Table 3. The hue angles under the
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500

Wavelength, nm

Figure 1 Light sources

M lterative reflectance curve
O Matrix reflectance curve

Reflectance, %

ol ] 1 |

400 500 600

Wavelength, nm

700

Figure 2 Comparison of reflectance curves; X = 20, Y =25, 7= 30;
Dgs. 10°

Tabie 3 Colour constancy of interative and matrix curves

Curve  llluminant X Y Z L a b he c*
lterative Dgs 20 25 30 57.01 -17.28 -4.77 195.4 17.9
A 204 227 9.87 5481 -2093 -8.83 202.¢ 227
TL84 201 24.2 18.0 56.27 -20.67 —-6.12 196.5 216
Matrix Degs 20 25 30 57.01 -—17.28 —4.77 1954 17.9
A 232 227 104 54.72 845 —11.11 232.7 14.0
TL84 226 231 177 55.21 —4.82 -7.28 236.5 8.7
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three illuminants, Dgs, A (tungsten) and Philips T1L84,
along with the chroma values, show up the superior
colour constancy of the iterative curve.

The additive synthetic method produces curves
smoother than those normally achieved with trichromatic
mixtures of dyes, but they can be matched closely when
the number of dyes is increased to four or more [2]. Until
recently it was almost unheard of in the dyeing industry
to attempt an exact match to the reflectance curve of the
standard, normally a physical one. In order to achieve this,
it is necessary to use the same colorants on the same
substrate as the standard.

Likewise, it is not viable, or necessary, for dyers to
attempt to match synthetic reflectance curves exactly.
Synthetic curves can be matched in a similar fashion to
real curves, provided the colour is within the gamut
achievable with the colorants available for the substrate
concerned. This would equally apply if, say, a standard
consisting of a bright shade dyed with basic dyes on
acrylic fabric were to be matched with vat dyes on cotton.

Synthetic reflectance curves, and reflectance values as
non-physical standards, have been in use in the UK for

about two years. The concept of defining a standard by its
reflectance data has become viable due to the introduction
of spectrophotometers of the dual monochromator type,
which have excellent inter-instrument agreement. The
more colour constant the curve being matched, real or
synthetic, the better. Consequently colour communication
is increasingly being carried out by numbers.
CJHAWKYARD
Dept of Textiles, UMIST, Manchester, UK
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