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Several different sets of weighting functions are, or have been, in routine use in colour-measurement
systems employed in industry to represent the same pairings of illuminant and observer. Exactly the
same inputs to different weight-sets purporting to represent the same pairing give, often significantly,
different outputs (e.g. colour-difference reports), leading to confusion, arguments between suppliers
and their customers, and loss of faith in the capabilities of systems. The extent of variation between
weight-sets is exemplified by those employed, at some time, by some of the major system suppliers to
represent TL84. The practical effect of these variations is examined and a recommendation is made
to use the weight-sets in ASTM E308-96. The relevant content of E308-96 is summarised and means
of determining whether E308-96 weights are installed in a system are given. Tables of E308-96
weighting functions for CIE illuminants A, Dgs; and F11 (T1.84) are appended.

RECOMMENDATION

The Society’s Colour Measurement Committee strongly
recommends that, wherever possible, all illuminant/
observer weighting functions used in both quality control
and colour-matching applications be those contained in,
or calculated according to the methods of, the American
Society for Testing and Materials (ASTM) E308-96
‘Standard Practice for Computing the Colors of Objects by
Using the CIE System't.

Background to the recommendation

It has been brought to the attention of the Committee [1]

that:

(a) There exist several sets of weighting functions for each
of several commonly used illuminant/observer com-
binations.

(b} Insome cases the differences between the weight-sets
are significant (e.g. those used to represent the
spectral power distribution of Philips Color 84 lamps
(TL84, P-designated quality) and the 2° and 10°
observers).

(c) Various suppliers of colour-measurement systems
have chosen to use different sets of weights and some
suppliers have altered their choices on one or more
occasion, so that the sets currently installed in any
system depend on the supplier, date of supply and
any updating which may have occurred.

(d) Where the potential for metamerism exists (that is, in
all cases other than where there is a spectral match),
the use of different sets of weights for nominally the
same illuminant/observer combination can, in colour-
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TCopies of ASTM E308-96 may be obtained from: ASTM (address at the
end of this paper, email: service@astm.org) or its European office
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difference work, give significantly different results.
Different sets can, in colour-matching applications,
yield significantly different formulations that, after
application, produce significantly different colours.

The Committee feels that, in a situation in which there
exist more than one set of weights for any illuminant/
observer pair and in the absence of clear guidance as to
which to use, there is obvious potential for confusion.
Hence, it recommends that, wherever possible, the sets of
weights given in ASTM E308-96 be used.

In making this recommendation, the Committee is not
passing judgement regarding the set of weights, for any
pairing, that best accords with visual assessments. Given
the variations inherent in assessor responses and
introduced during lamp manufacture, that would require
a large programme of experimental work. The limited
number of experiments of which the Committee is aware
indicate that results derived using E308-96 weights
correlate at least as well with visual assessments as those
determined using any other sets. In addition, the E308-96
sets are based on sound and consistent modelling
principles and are readily available [2,3].

CAUSES AND EXTENT OF DIFFERENCES
BETWEEN WEIGHT-SETS

There are two causes of a difference between weight-sets.
The first, which applies to all sets, is differences in the
mathematical model used to derive the weights from
available tabulations of illuminant and observer data. The
second applies only when tabulated illuminant data are
not available and measurements have to be made to
determine the spectral power distribution of the source
(‘real” light) that the illuminant is to represent. The
measurements may be made on different specimens of the
source (with the variations attendant in manufacturing)
and with different instruments (with different measuring
intervals and bandwidth, for example).
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Table 1 Sums of some weighting functions for TL84/2 and TL84/10

Set Wy Iw, W,  IWox  IWigy EWiz
ACS 89.790 100.000 58.830 94700 100.000  60.860
Datacolor 99.557 100.000 61.336 102.986 100.000  63.028
F11 (E308-96) 100.962 100.000 64.351 103.861 100.000 65.607
ICI 102.897 100.000 65988 102.894 100.000  65.627
Macbeth 99.601 100.000 61.294 102.998 100.000 62.745

The extent to which each of these factors has
contributed to the variations in the TL84 sets is unknown,
but at least five significantly different sets have been used.
The first was derived by ICI shortly after the proposal for
adoption of TL84 by Marks and Spencer was made. It was
installed in the systems supplied by Instrumental Colour
Systems, one of the precursors of Datacolor International.
The other precursors, Applied Color Systems (ACS) and
Datacolor itself, determined another two sets of weights,
Macbeth produced a fourth, and the definition of the
Commission Internationale de I'Eclairage (CIE) for its
recommended illuminant F11 provides the fifth, adopted
by ASTM.

Table 1, which shows the sums of the weights (ZWy,
IWy, ZW; and Wy x, Wy, ZWg z for the 2° and 10°
observers respectively) for 20 nm interval data, evinces the
extent of the variation.

PRACTICAL IMPLICATIONS OF
DIFFERENCES BETWEEN WEIGHT-SETS

The practical effect of the variations is shown in Table 1. This
is demonstrated by an experiment in which a bluish-grey
shade of medium depth (with reflectances synthesised
using a mixture of CI Disperse Yellow 54, CI Disperse Red
60 and CI Disperse Blue 56) was computer-matched using a
raft of 18 disperse dyes taken in combination three at a time.
The matchings were made under Dg5/10 (E308-96).
Formulations yielding AE(CMC(2:1)) > 0.1 were rejected
because they are unlikely to be of interest to the practical
dyer.

For the remaining formulations, metamerism was
calculated using two sets of weights to represent TL84/10,
namely F11 (E308-96) and the ICI set. In a given dyehouse,
it is likely that only one set of TL84/10 weights would be in
use. Those formulations for which AE > 1.0 under both sets
of TL84/10 weights were eliminated because they would
probably be rejected in a dyehouse whichever (single) set of
weights were current.

With these restrictions applied, 204 formulations
remained. Some of them were within a metamerism pass/
fail (P/F) limit of AE = 1.0 under both TL84/10 weight-sets,
whilst the others passed under the ICI set but not under
the E308-96 set or vice versa. The distribution of the
differences between the metamerisms under the two sets
of weights provides an indication of the practical
implications of the disagreement between the two weight-
sets.
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In assessing the seriousness of these implications, it
should be remembered that:

(a) It simulates not just the distribution of results from
computer matching in practice but also gives a good
indication of the extent to which discrepant results
will be obtained when physical dyeings — the results of
attempted real matchings — are measured for colour
difference for P/F decisions.

(b) The results were obtained using the ICI weight-set
which, of those in Table 1, is that arguably in closest
agreement with the E308-96 set. The use of any other
than the ICI set would almost certainly have yielded
more and greater differences.

The results were analysed by looking for those
formulations that exhibit one or more of the following
properties:

(a) A clear change in the overall colour difference under
the two sets of TL.84/10 weights (| A(AE) [ = 0.4).

(b) If an arbitrary P/F limit of AE = 1.0is assumed, a clear
change in decision can be seen between the two sets
(AE < 0.8 under one setand AE > 1.2 under the other).

(©) A clear change in one or more of the components (AL,
AC and AH, here denoted in general ACo) of colour
difference (| A(ACo) | = 0.4).

iv) A clear change in the sign of one or more components
(ACo = 0.2 under one set and ACo £ -0.2 under the
other).

The results are shown in the Venn diagram (Figure 1) from

which the more important conclusions to be drawn are:

(a) Of the 204 formulations, 139 (68%) show significant
change in one or more parameters relevant to
decision-making in practical colour matching.

(b) Twenty-six (13%) show a clear change in P/F decision
(one of the decisions must, therefore, be wrong).

(c) One hundred and six (52%) show a clear change in at
least one of the components of AE (of these, the
majority {82) include a clear change in AH, often the
most critical component in practice).

(d) Thirty-four (17%) show a clear change in the sign of
one or more components of AE (one of the indicated
component differences must, therefore, be quali-
tatively incorrect).

Table 2 illustrates the results for a formulation for which
predicted metamerism data indicate one of the clearer



Clear change Clear change
in AE inz one Co
Clear change (laiaB)1204)  (IAaACO) |2 o_4&
in P/F status, lear change
fimit AE = 1.0 in sign > one Co
(AC0 = 0.2/AC0 < —0.2)

(AE<0.8/aE212)

Figure 1 Venn diagram illustrating results of computer-matching
experiment (total population: 204 formulations)

Table 2 Colour-difference output exemplifying that obtained in
colour-matching experiment

lluminant AE AL AC AH

Dgs/10 (ASTM E308) 0.03 000 002 0.02

F11/10 (ASTM E308) 0.54pass -0.27 -0.32  0.34 redder
TL84/10 (ICh) 1.82fail -052 -0.78 -1.56 greener

changes in both P/F decision and the qualitative nature of
AH. It shows very clearly that, had only the ICI weights for
TL.84/10 been available (with a metamerism P/F limit
restricting printing of formulations to those with, say, AE
< 1.0), a potentially good recipe (under E308-96 F11/10)
would not have been printed.

RELATIONSHIP BETWEEN ASTM E308-96
AND CIE RECOMMENDATIONS

In its publications 15.2 [4], S001 [5] and S002 [6], the CIE
displays standard tables of the colour-matching functions
[X(A), ¥(A), 2(A) and X19(4), §10(4), Z10(A)] for the CIE 1931
Standard (2°) and 1964 (10°) Supplementary Standard
Observers respectively. The publications also include
tables showing the relative spectral power distribution
[5(4)] of each of a number of illuminants, including CIE
Standard Illuminants A and Dy, and the Recommended
llluminant F11, which is known to be a good repre-
sentation of TL84 (although the CIE has never admitted
it).

The sum of the products, at each wavelength interval
(AA), of the relative power of the chosen illuminant, the
relevant observer function and the measured reflectance
{0 < R(A) < 1) yields the tristimulus values (X, Y, Z or Xy,
Yio, Zyp) that are the starting point for virtually all the
colorimetric calculations used in quality control and
matching of colours (Eqn 1, given for the 2° observer, the
corresponding equation for the 10° observer being
obtained by substituting ,o(4) for ¥(A), etc.):

X = kZ(R(A)S(A)F(A)AL)
Y = KZ(R(A)S(A)F(A)AL) M
Z = kKE(R(AS(A)F(A)AL)

where k = 100/(R(S(A)y(A)AA)) is a constant of normal-
isation.

The values in the CIE tables are given at wavelength
intervals of 1 and 5 nm over the ranges 300-830 nm
(observers) and 380-780 nm (illuminants). In industrial
practice, however, instruments measuring at 10 and 20 nm
intervals are prevalent and many of them, especially those
measuring at 20 nm intervals, do not read across the
whole of the wavelength ranges given in the CIE tables.

Given the CIE tables, it would seem, in theory, easy to
calculate illuminant/observer-weighting functions for
intervals of 10 and 20 nm for any required range. In
practice, however, a number of choices have to be made
during the mathematical modelling of the weights and
(quoting from ASTM E308-96) ‘the CIE has eschewed the
role of preparing [the relevant] tables’.

Consequently, values of the weighting functions for
various combinations of interval and range have been
calculated by making different choices, leading to
incompatibility not just between weights for different
intervals and/or ranges but sometimes between those for
the same interval and range.

The primary objective of ASTM E308-96 is to unify
practice in calculating weights, regardless of interval and
range, and hence to eliminate the differences in results
that arise from systems adopting different modelling
assumptions.

ASTM E308-96 IN SUMMARY

Table 3 lists the tables contained in ASTM E308-96. The
following is a simplification of its main recommendations
relevant to calculating weights, given only to illustrate the
principles. (It is not adequate for computation.)

The root assumption of E308-96 is that the CIE 1 nm
interval data (not included in E308-96) form the basis of all
calculations. To obtain weights for 1 nm intervals, the data
in CIE 5001 and 5002 are substituted in Eqn 1.

For all other intervals, it is necessary to know whether
or not the measured spectral data have been corrected for
dependence on bandwidth (or ‘bandpass’).

For present purposes, we may consider bandwidth to
be the wavelength range (relevant to a nominal
wavelength of measurement) over which half or more of
the maximum flux in the range is collected. The accuracy,
and hence the compatibility, of tristimulus values obtained
by measurement is significantly improved by including
correction for bandwidth-dependence.

Some instruments collect radiant flux, at each nominal
wavelength of measurement, with an approximately
triangular distribution (centred about the nominal
wavelength) and with bandwidth approximating the
measurement interval, as shown in Figure 2 (for a 20 nm
interval instrument). For instruments complying
reasonably well with the model in Figure 2, the correction
for bandwidth may be applied in the instrument (or in its
dedicated software), or it may be included during the
calculation of tristimulus vales. E308-96 gives data suited
to either case.
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Table 3 List of tables in E308-96

Table Parameter

interval (nm) Range (nm)

1and2
3and4
S5andb6

X(A), ¥(4), 2(2) and X;0(4), y1o{A), Zio{A) 5
S(A) for, inter alia, A, Dgg and F11 (TLB4) 5
2°, 10° weights for, inter alia, A, Dgs and F11 (TLB4) 10,20

380-780
380-780
360-780

Bandwidth

Flux, arbitrary scale
—h

f ! l
500 510 520

Wavelength, nm

Figure 2 Size/shape distributions of flux collected by an instrument
(measuring at 20 nm intervals) ideally fitting the madel described in
the text

Other instruments do not adequately comply with the
model. For these, it is necessary that the correction be
applied by the instrument or its software, and E308-96
provides data that assume it to have been made. (Such
instruments differ from the mode! in various ways and to
various extents, making it impossible for a publicaticn
such as E308-96 to provide post-measurement corrections
for them all.)

Having determined whether spectral data are corrected
for bandwidth, E308-96 recommends calculation of
weights for any illuminant/observer pairing as follows:

{a) For 5 nm interval data, regardless of correction, use
Tables 1 or 2 and 3 or 4 (according to the illuminant
and observer required) but, for uncorrected data,
optimise the weights using the methods described by
Stearns and Stearns [7] and Venable [8].

(b) For 10 and 20 nm data, select the appropriate part of
Tables 5 if the data have been corrected or Tables 6 if
they have not.

DETERMINING WHETHER A SYSTEM
INCORPORATES ASTM E308-96 WEIGHTS
To comply fully, the illuminant/observer weights in a
colour-measurement system must be calculated according
to the relevant provisions of E308-96, summarised above,
and use bandwidth-corrected or uncorrected weights, as
appropriate to its instrument.

Compliance, or the lack of it, may be determined by
interrogating the system’s supplier. Depending on the
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capabilities of the system, compliance for any illuminant/

observer may be verified by:

(a) Outputting the relevant weights and comparing them
with the values in the relevant table in Appendices A
or B in this paper or in E308-96 (Appendix A or Tables
5 of E308-96 if correction for bandwidth is applied
prior to calculation of tristimulus values and
Appendix B or Tables 6 of E308-96 for systems in
which bandwidth-correction is not applied prior to
calculation of tristimulus values).

(b) Inputting (from the keyboard) a uniform reflectance
of 100%, outputting the relevant tristimulus values
and comparing them with the sums (not the white-
point values) given in the relevant table in Appendices
A or B orin E308-96.

For compliance, the results should coincide to two decimal
places (regardless of whether the wavelength range of the
instrument is the same as that in the relevant table).

CONCLUSION

Several versions of E308 have been published in the last
few years. Users should be aware that only E308-96 is
current. The problems caused by the multiplicity of
weight-sets in use were first brought to the attention of the
Committee in 1992 [1] but the publication of this
recommendation was delayed pending stability in E308.
In the meantime, E308-96 has been adopted by so many
organisations worldwide (including the main system
suppliers) that it has become almost a de facto international
standard.

The recommendation to use E308-96 is included in ISO
105 (Textiles — Tests for colour fastness of textiles and
leather, part J01, general principles for measurement of
surface colour).

It is emphasised that, whilst this paper has
concentrated on the different weight-sets for TL84/10,
multiple sets exist for most other illuminant/observer
combinations. Our recommendation covers all such
pairings that are included in E308-96. Guidelines for
standardising practice for the determination of weight-
sets involving illuminants (and/or observers) for which
data are not given in E308-96 are being prepared by
ASTM.

The Committee is not aware of any similar attempt at
standardising weights. The ASTM deserves praise for
tackling a very difficult task. The utility of colour-
measurement systems will be significantly enhanced
wherever they are adopted.



The Committee is extremely grateful to ASTM for its co- Table 5.1 Contd
operation during the preparation of this recommendation

and its permission to print such extensive extracts of E308- :Na"‘;:'
engt
%. (hm) Wy Wy Wz
REFERENCES 530 1.210 6.320 0.305
1. I'Smart, Unpublished communication to K | Smith (1992). 540 2.313 7.599 0.162
2. HSFairman, Col. Res. Appl., 10 (1985) 159. 550 3.735 8.571 0.075
3. HSFairman, Col. Res. Appl., 20 (1995) 44. 560 551 9.219 0.036
4. CIE Publication 15.2, Colorimetry, 2nd Edn (CIE: Vienna, 1986). 570 7.573 9.456 0.021
5. CIE Publication 5001, Colorimetric illuminants (CIE: Vienna, 1986). 580 9.718 9.224 0.017
6. CIE Publication 5001, Colorimetric observers (CIE: Vienna, 1986). 590 11,583 8.543 0.013
7. ElStearns and R E Stearns, Col. Res. Appi., 13 (1988) 257, 600 12.706 7.547 0.010
8. W H Venable, Col. Res. Appl., 14 (1989} 260. 810 12.671 8.360 0.005
620 11.347 5.061 0.002
630 9.010 3.716 0.001
APPENDICES A AND B 640 6.551 2.559 0.000
Appendices A and B contain tables replicating those parts 650 4.345 1.639 0.000
660 2.626 0.971 0.000
of Tables 5 and 6 of ASTM E308-96 relevant to CIE 670 1457 0.533 0.000
illuminants A, D¢s and F11 (TL84). These have been 680 0.794 0.289 0.000
extracted, with permission, from the Annual Book of ASTM 690 0.408 0.147 0.000
Standards icht A , Society for Testi d 700 0.207 0.075 0.000
an gr s, copyrig menc:an ociety for Testing an 710 0109 0.039 0.000
Materials, 100 Barr Harbor Drive, West Conshohocken, PA 720 0.056 0.020 0.000
19428-2959, USA. For illuminants other than these it is 730 0.029 0.010 0.000
necessary to refer to E308-96 itself. ;gg 8‘8(1); g'ggg g'ggg
The numbering of the tables in the Appendices is 260 0.004 0.001 0.000
consistent with that in E308-96. Each of the appendices 770 0.002 0.001 0.000
contains 12 tables, one for each combination of CIE 780 0.001 0.000 0.000
illuminants A{DGF/F 11 (TL84), the CIE 1931/1964 observers Check sum  109.84 100.000 35.584
and 10/20 nm interval data. White point  109.850 100.000 35.585

Users must ensure that they refer to the appropriate
table(s) in the relevant appendix.

Appendix A These tables (E308-96 Tables 5.1-5.4, 5.17-5.20 and

5.33-5.36) are relevant if the spectral data are corrected for Table 5.2 liluminant A, 1931 observer, 20 nm

dependence on bandwidth before calculation of tristimulus values interval
(extracted, with permission, from the Annual Book of ASTM
Standards, copyright American Society for Testing and Materials) Wavelength
(nm) Wy Wy Wy
360 0.000 0.000 —0.001
Table 5.1 Illuminant A, 1931 observer, 10 nm 380 —0.002 0.000 ~0.008
interval 400 0.020 0.000 0.088
420 0.614 0.017 2.944
Wave- 440 1.812 0.118 9.121
length 460 1.982 0410 11.430
(nm) Wy W, W, 480 0.889 1.204 7.444
500 0.023 3.720 3.035
520 0.902 9.446 1.095
360 0.000 0.000 0.000 540 4.619 15187 0.314
370 0.000 0.000 0.001 560 11.082 18.429 0.070
380 0.001 0.000 0.005 580 19.472 18.411 0.031
380 0.005 0.000 0.021 600 25.292 15.107 0.018
400 0.017 0.000 0.083 620 22 531 10.092 0.005
410 0.070 0.002 0.333 640 13.195 5.145 0.000
420 0.272 0.008 1.309 660 5.312 1.954 0.000
430 0.644 0.027 3.144 680 1,564 0.566 0.000
440 0.924 0.061 4.635 700 0.402 0.145 0.000
450 1.036 0.117 5.461 720 0.107 0.039 0.000
460 1.017 0.209 5.838 740 0.027 0.010 0.000
470 0.779 0.362 5.128 760 0.007 0.002 0.000
480 0.428 0.618 3.639 780 0.002 0.001 0.000
490 0.160 1.039 2.332
500 0.024 1.802 1.513 Check sum 109.852  100.003 35.586
310 0.059 3.091 0.962 White point  109.850 100.000 35.585
520 0.428 4.756 0.533
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Table 5.3 llluminant A, 1964 observer, 10 nm

interval

Wave-

length

(nmj) Wiox Wio,v Wioz
360 0.000 0.000 0.000C
370 0.000 0.000 0.000
380 0.000 0.000 0.000
390 0.002 0.000 0.008
400 0.025 0.003 0.110
410 0.134 0.014 0.615
420 0.377 0.039 1.792
430 0.686 0.084 3.386
440 0.964 0.156 4,944
450 1.080 0.25% 5.806
460 1.006 0.424 5.812
470 0.731% 0.696 4919
480 0.343 1.082 3.300
490 0.078 1616 1.973
500 0.022 2.422 1.152
510 0.218 3.529 0.658
520 0.750 4.840 0.382
530 1.642 6.100 0.211
540 2.842 7.250 0.102
550 4.336 8.114 0.032
560 6.200 8.758 0.001
570 8.262 8.988 0.000
580 10.227 8.760 0.000
590 11.945 8.304 0.000
600 12.746 7.468 0.000
610 12.337 6.323 0.000
620 10.817 5.033 0.000
630 8.560 3.744 0.000
640 6.014 2.506 0.000
650 3.887 1.560 0.000
660 2.309 0.911 0.000
670 1.276 0.499 0.000
680 0.666 0.259 0.000
690 0.336 0.130 0.000
700 0.166 0.065 0.000
710 0.082 0.032 0.000
720 0.040 0.016 0.000
730 0.020 0.008 0.000
740 0.010 0.004 0.000
750 0.005 0.002 0.000
760 0.003 0.001 0.000
770 0.001 0.001 0.000
780 0.001 0.000 0.000

Check sum 111.146 100.000 35.203
White point  111.144 100.000 35.200

Table 5.4 llluminant A, 1964 observer, 20 nm

interval

Wavelength

{nm) Wio.x Wio v Wig 2
360 0.000 0.000 —-0.001
380 -0.009 —0.001 -0.041
400 0.060 Q.005 0.257
420 0773 0.078 3.697
440 1.800 0.304 9.755
460 1.971 0.855 11.487
480 0.718 2.146 5,785
500 0.043 4.899 2.321
520 1.522 9.647 0.743
540 5.677 14.461 0.198
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Table 5.4 Contd

Wavelength

(nm) Wiox Wio.v Wiz
560 12.445 17.474 0.005
580 20.554 17.584 -0.003
600 25.332 14.896 0.000
620 21.571 10.080 0.000
640 12.179 5.068 0.000
660 4.668 1.830 0.000
680 1.324 0.513 0.000
700 0.318 0.123 0.000
720 0.075 0.029 0.000
740 0.018 0.007 0.000
760 0.005 0.002 0.000
780 0.001 0.001 0.000
Check sum  111.145 100.001 35.201
White point  111.144 100.000 35.200

Table 5.17 llluminant Dgs, 1931 observer,
10 nm interval

Wavelength

(nm) Wy w, W

360 0.000 0.000 0.001
370 0.002 0.000 0.010
380 0.006 0.000 0.026
390 0.022 0.001 0.104
400 0.101 0.003 0477
410 0.376 0.010 1.788
420 1.200 0.035 5765
430 2.396 0.098 11.698
440 3.418 0.226 17.150
450 3.699 0.417 19.506
460 3.227 0.664 18.520
470 2.149 0.998 14.137
480 1.042 1.501 8.850
490 0.333 2164  4.856
500 0.045 3352 2.802
510 0.098 5.129  1.6802
520 0.637 7.076 0.791
530 1.667 8.708 0.420
540 2.884 9.474 0.202
550 4.250 9.752 0.086
560 5.626 9.419 0.037
570 6.988 8.722 0.019
580 8.214 7.802 0.014
590 8.730 6.442 0.010
600 9.015 5.351 0.007
610 8.492 4.263 0.003
620 7.050 3.145 0.001
630 5124 2.113 0.000
640 3.516 1.373  0.000
650 2.167 0.818  0.000
660 1.252 0.463 0.000
670 0.678 0.248 0.000
680 0.341 0.124 0.000
690 0.153 0.055  0.000
700 0.076 0.027 0.000
710 0.040 0.014 0.000
720 0.018 0.006 0.000
730 0.009 0.003  0.000
740 0.005 0.002 0.000
750 0.002 0.001 0.000
760 0.001 0.000  0.000
770 0.000 0.000 0.000



Table 5.17 Contd Table 5.19 Contd

Wavelength Wavelength
{nm) 1% W, W (nm) W W, w,
780 0.000 0.000  0.000 520 1.070 6.907 0.544
530 2.170 8.089 0.278
Check sum 95.049  99.999 108.882 540 3.397 8.668 0.122
White point  95.047 100.000 108.883 550 4732 8.855 0.035
560 6.070 8.581  0.001
570 7.311 7.851  0.000
580 8.291 7.106  0.000
590 8.634 6.004  0.000
600 8.672 5079  0.000
, 610 7.930 4,065  0.000
Table 5.18 lliuminant Dgg, 1931 observer, 620 6.446 2.999 0.000
20 nm interval 630 4669 2042 0000
640 3.085 1.290  0.000
Wavelength 850 1.859 0.746 0.000
(nm) W, W, W, 660 1.056 0.417  0.000
670 0.570 0.223  0.000
680 0.274 0.107  0.000
360 —-0.001 0.000 -0.005 690 0.121 0.047 0000
380 —0.008  0.000 -0.039 700 0.058  0.023 0.000
420 2.542 0.071 12.203 720 0.012 0,005  0.000
460 6.333 1.316 36.334 740 0.003 0001 0000
480 2213 2933 18.278 750 0.001 0.001  0.000
500 0.052 6.866 5.543 760 0601 0.000  0.000
520 1.348 14108 1611 270 0.000 0000  0.000
560 11.301  18.863  0.068
580 16.256 15455 0.025 Check sum 94.809 100.000 107.307
600 17.933  10.699 0013 White point  94.817  100.000 107.304
620 14.020 6.277  0.003
640 7.057 2743  0.000
660 2.527 0.927  0.000
680 0.670 0.242  0.000
700 0.140 0.050  0.000
720 0.035 0.013  0.000
740 0.008 0.003  0.000 .
760 0.002 0.001 0.000 ;‘gl:\l;?;::wlglummant Degs, 1964 observer,
780 0.000 0.000  0.000
Check sum 95044 100.001 108.882 Wavelength
White point  95.047  100.000 108.883 (nm) Wiox Wiy Wiz
360 —-0.001 0.000 -0.007
380 -0.043  -0.004 -0.200
400 0.378 0.035  1.667
Table 5.19 llluminant Dy, 1964 observer, 420 3.138 0.320 14.979
10 nm interval 440 6.701 1.104  34.461
460 6.054 2.605 35.120
Wavelengh 500 007 88%r so%
(nm) Wiox oy Wiz 520 2183 13844  1.031
540 6.801  17.327  0.229
360 0.000 0.000  0.000 560 12,171 17.153  0.002
370 0.000 0.000  0.000 580 16.465  14.150 -0.003
380 0.000 0.000 -0.002 600 17.230  10.118  0.000
390 0.008 0.001  0.033 620 12.872 6.012  0.000
400 0.137 0.014 0.612 640 8.248 2.593 0.000
410 0.676 0.069 3.110 660 2.126 0.832 0©.000
420 1.603 0.168 7.827 680 0.544 0.210 0.000
430 2.451 0.300 12.095 700 0.105 0.041 0.000
440 3.418 0.554 17.537 720 0.023 0.009 0.000
450 3.699 0.890 15.888 740 0.005 0.002 0.000
460 3.064 1.290 17.695 760 0.001 0.000 0.000
470 1.933 1.838 13.000 780 0.000 0.000 0.000
480 0.802 2520 7.699
490 0.156 3226 3.938 Checksum 94.811  99.999 107.303
500 0.039 4320 2.046 White point  94.811  100.000 107.304
510 0.347 5621  1.049
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Table 5.33 llluminant F11, 1931 observer, Table 5.34 Contd
10 nm interval

Wavelength
Wavelength (nm) Wy Wy W
{nm) Wi Wy Wz
560 7.174 18.775  0.162
360 0.000 0.000 0.000 580 9.760 7.999 —0.002
370 0.000 0.000 0.000 600 26.160 14.828 0.015
380 0.001 0.000 0.002 620 30.433 14.217  0.008
390 -0.005 0.000 -0.022 640 1.969 0.627  0.000
400 0.059 0.002 0.281 680 0.344 0.113  0.000
410 0.097 0.003 0.463 680 0.080 0.028  0.000
420 0.024 -0.004 0.087 700 0.034 0.012 0.000
430 2.687 0.128 13.207 720 0.011 0.004 0.000
440 3.952 0.237 19.705 740 —0.001 0.000 0.060
450 1.471 0.177 7.819 760 0.000 0.000 0.000
460 1.328 0.274  7.6821 780 0.000 0.000 0.000
470 0.723 0.295 4.685
480 0.448 0.803 4.044 Check sum 100.962 100.000 64.351
430 0.326 1.905 4458 White point 100.962 100.000 84.350
500 0.020 1.104 1.005
510 0.006 0.499 0.121
520 -0.012 0.244 0.038
530 -0.155 0.163  0.037
540 8.983 26.955 0.483
550 10.520 26.054 0.291
560 0.993 1.348 -0.007
570 1.084 1.283 0.002 Table 5.35 llluminant F11, 1964 observer,
580 6.717 6.191 0.011 10 nm interval
590 8.697 6590 0.010
600 6.188 3.669 0.005
610 27072 13415  0.009 Y::q‘;e'e”gm » W ”
620 13.847 6.329  0.003 10X 0. 0z
630 4.003 1.614  0.000
640 0.864 0.335 0.000 360 0.000 0.00¢  0.000
650 0.541 0.203  0.000 370 0.000 0.000  0.000
660 0.301 0.111 0.000 380 0.000 0.000 0.000
670 0.096 0.035  0.000 390 -0.010 -0.001  —0.044
680 0.046 0.017  0.000 400 0.099 0.010  0.451
6390 0.028 0.010  0.000 410 0.182 0.019 0.829
700 0.014 0.005 0.000 420 0.098 0.003 0415
710 0.018 0.007 0.000 430 2.796 0.372 13.964
720 0.002 0.001 0.000 440 4103 0.625 20.873
730 0.000 0.000 0.000 450 1.534 0.388 8.310
740 0.000 0.000 0.000 460 1.314 0.554 7.586
750 0.000 0.000 0.000 470 0.681 0.578  4.498
760 0.000 0.000 0.000 480 0.343 1.380 3.625
770 0.000 0.000 0.000 490 0.176 2955  3.789
780 0.000 0.000 0.000 500 0.009 1506 0773
510 0.034 0.564 0.074
Check sum 100.964 100.002 64.358 520 0.005 0.257 0.028
White point 100.962 100.000 64.350 530 -0.145 0.170  0.027
540 10.852 25.656  0.283
550 12.320 24.661 0.148
560 1.096 1.274 -0.010
570 1.157 1.214  0.000
580 7.036 5.881 0.000
Table 5.34 llluminant F11, 1931 observer, 580 8.982 6.382  0.000
20 nm interval 600 6.204 3.628  0.000
610 26.264 13.321 0.000
Wavelength 620 13.228 6.279  0.000
(nm) W, w, w, 830 3.797 1.631 0.000
640 0.794 0.329 0.000
650 0.481 0.192  0.000
360 0.000 0.000 0.000 660 0.264 0.104  0.000
380 —-0.008 0.000 -0.038 670 0.084 0.033 0.000
400 —0.073 -0.006 -0.381 680 0.038 0.015 0.000
420 1.561 0.062 7.606 690 0.023 0.009  0.000
440 6.149 0.384 30.772 700 0.011 0.004  0.000
460 2.422 0.422 13794 710 0.014 0.005  0.000
480 0.938 1.995 8.635 720 0.002 0.001 0.000
500 0.129 2294  3.297 730 0.000 0.000  0.000
520 -0.611 -0.646 —0.159 740 0.000 0.000  0.000
540 14.491 40.892 0.642 750 0.000 0.000 0.000
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Table 5.35 Contd Table 6.1 Contd

Wavelength Wavelength
(nm) Wiox Wiy Wz (nm) Wy Wy W
760 0.000  0.000  0.000 440 0.942 0059 4710
770 0.000  0.000 0.000 450 1039 0113 5454
780 0.000  0.000 0.000 460 1043 0205 5.969
470 0.790 0353 5209
Check sum 103.866 100.000 65.629 480 0.416 0608 3.602
White point 103.863 100.000 65.607 490 0148 1012 2277
500 0.016  1.748  1.493
510 0.028  3.047 0.963
520 0.388 4778  0.505
530 1187  6.345  0.305
Table 5.36 llluminant F11, 1964 observer, 540 2288 7.625 0157
20 nm interval 550 3702 8594 0.071
560 5484 9255 0034
570 7.562  9.496  0.020
Wavelength 580 9.739 9.265 0.018
(nmy) Wiox Wiy Wz 590 11.644 8567 0.013
600 12.811 7563 0010
360 0.000 0000 0.000 610 12782 6365  0.004
380 -0.016  -0.002 -0.072 620 11.460 5076  0.002
400 0.004 -0.006 -0.070 630 8.991 3.689  0.001
450 1742 0207 8545 640 6536 2543  0.000
480 0722 3297 7.710 670 1405 0514 0.000
500 0.043 3310 2674 680 0.780 0283  0.000
=20 _0644 —0E90 —0.157 690 0.388  0.140  0.000
540 17.324  38.846 0.376 700 0.200  0.072  0.000
=60 8355 15868 0075 710 0.106  0.038 0.000
580 10.221 7.635 -0.011 720 0.054 0.020  0.000
800 25881 14619  0.000 730 0.028  0.010  0.000
620 29.246 14139 0.000 740 0.014 0.005  0.000
640 1788 0630  0.000 750 0.007 0002 0.000
660 0282 0098 0000 760 0003 0001 0.000
680 0.066 0025  0.000 770 0002 0001  0.000
00 0026 0010 0000 780 0.001 0.000  0.000
720 0.008  0.003 0.000
760 0.000 0000 0000 White point 109.850 100.000 35.585
780 0000  0.000 0.000

Check sum 103.861 99.998 65.607
White point 103.863 100.000 85.607

Table 6.2 Illuminant A, 1931 observer, 20

nm interval
Appendix B These tables (E308-96 Tables 6.1-6.4, 6.17-6.20 and Wavelenath
6.33-6.36) are relevant if the spectral data are to be corrected for g
dependence on bandwidth during calculation of tristimuius values (nm) Wi Wy w2
(extracted, with permission, from the Annual Book of ASTM
Standards, copyright American Society for Testing and Materials) 380 0.000 0.000  0.000
380 0.013 0.000 0.080
400 -0.026 0.000 -0.123
420 0.483 0.009 2.306
Table 6.1 illuminant A, 1931 observer, 10 440 1.955 0108  9.637
nm interval 460 2.145 0.385 12257
480 0.848 1119 7.301
Wavelength 500 -0.112 3247 2727
(nm) Wy w, W, 520 0.611 9.517 1.035
540 4.407 15.434 0.274
560 10.804 18.703 0.055
360 0.000 0.000  0.000 580 19.601 18.748 0.034
370 0.000 0.000 0.001 600 26.256 15.233 0.018
380 0.001 0.000  0.005 620 23.285 10.105  0.003
380 0.004 0.000 0.018 640 12.853 4.939 0.000
400 0.017 0.000 0.081 660 4.863 1.784 0.000
410 0.057 0.002 0.272 680 1.363 0.485 0.000
420 0.246 0.007 1.178 700 0.359 0.129 0.000
430 0.660 0.025 3.214 720 0.100 0.036  0.000
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Table 6.2 Contd

Table 6.4 llluminant A, 1964 observer, 20

nm interval
Wavelength
(nm) Wy Wy w Wavelength
(nm) Wiox Wiy Wiz
740 0.023 0008  0.000
760 0.006 0002  0.000 360 0.000  0.000  0.000
780 0.002 0001 0.000 380 0.007 0000 0.037
400 -0.016 0000 -0.088
Checksum 109.849  99.998 35584 420 0691  0.066 3.226
White point 109.850 100,000 35.585 440 2025 0285 10.278
460 2158 0796 12345
480 0.642 2043  6.555
500 —0.160  4.630  1.966
520 1284 9668 0721
Table 6.3 lluminantA, 1964 observer, 10 ggg éggg 1;?2; _gg;
nminterval 580 20.755  17.800  0.004
600 26325 15129 —0.001
Wavelength 620 22187  10.097  0.000
(hm) Wiox Wiy Wiz 640 11.816  4.858  0.000
660 4221 1643 0000
680 1154 0452  0.000
360 0.000 0000  0.000 700 0282 0109  0.000
870 0.000  0.000  0.000 720 0.068 0026  0.000
380 0.000  0.000  0.000 740 0.017  0.007  0.000
390 0.002 0000  0.007 760 0.004 0002  0.000
400 0018 0002 0078 780 0.001  0.000  0.000
410 0118 0012 0540
420 0372 0038  1.760 Checksum 111.144  99.998 35.201
430 0.686 0082  3.574 White point 111.144  100.000 35.200
440 0982  0.154 5.024
450 1094 0255 5876
460 1024 0414 5882
470 0.747 0688 5.023
480 0326  1.073  3.236 Table 6.17 llluminant Des, 1931 observer,
490 0.061 1589 1926 10 nm interval
500 0.008 2397 1.129
510 0189 3503 0.638
520 0.717 4857 0377 Wavelength
530 1.617  8.096 0205 (nm) Wy Wy W,
540 2823 7290 0.100
550 4206 8116  0.028 360 0000 0000  0.000
560 6177 8799 -0.003 70 0002 0000 0009
570 8285 9039  0.001 380 0006  0.000 0.029
580 10218 8758  0.000 350 0016 0000 0077
590 12041 8350  0.000 200 0097 0003 0460
600 12850  7.492  0.000 410 0311 0008 1477
610 12441 6337 0.000 40 1164 0033 5581
620 10872 5025 0000 430 2400  0.092 11.684
630 8.604 3753  0.000 440 3506 0221 17.532
640 5951 2469 0.000 450 3.756  0.413 19.729
650 3846 1537 0.000 460 3.208 0662 18.921
660 2259 0.691 0000 470 2141 0973 14.161
670 1242 0485  0.000 480 1001 1508 8730
680 0643 0250  0.000 490 0293 2107 4623
690 0.324 0126 0.000 500 0028  3.288 2769
700 0160  0.062  0.000 210 0054 5122 1584
710 0.078  0.030  0.000 220 0ssl 7082 0736
720 0.039 0015  0.000 230 1668 8833 0421
730 0019  0.007  0.000 240 2860 9472 0191
740 0010 0004 0000 550 4257  9.830  0.081
750 0005 0002 0.000 560 5632 9446 0.034
760 0.002 0001  0.000 =70 5960 8709 0.018
770 0.001 0001  0.000 280 5344 7901  0.015
780 0.001 0000 0.000 590 8.676 6357  0.009
Checksum 111.143  99.999 35201 g?g 2120 PRl ol
White point 111.144  100.000 35.200 620 219 3149 0001
630 5049 2070  0.000
640 3502 1370  0.000
650 2112 0794 0000
660 1229 0454  0.000
670 0658 0240  0.000
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Table 6.17 Contd Table 6.19 Contd

Wavelength Wavelength
(nm) Wy Wy W, {nm) Wiox  Wiov  Wgs
680 0.331 0.120 0.000 420 1.660 0171 7.868
690 0.142 0.051 0.000 430 2.377 0.283 11.703
700 0.074 0.027 0.000 440 3.512 0.549 17.958
710 0.039 0.014 0.000 450 3.789 0.888 20.358
720 0.016 0.006 0.000 460 3.103 1.277 17.861
730 0.009 0.003 0.000 470 1.937 1.817 13.085
740 0.005 0.002 0.000 480 0.747 2.545 7.510
750 0.002 0.001 0.000 480 0.110 3.164 3.743
760 0.001 0.000 0.000 500 0.007 4.309 2.003
770 0.001 0.000 0.000 510 0.314 5631 1.004
780 0.000 0.000 0.000 520 1.027 6.896 0.529
530 2.174 8.136 0.271
Check sum 95.047 100.001 108.882 540 3.380 8.684 0.118
White point  95.047 100.000 108.883 550 4.735 8.903 0.030
560 6.081 8.614 ~0.003
570 7.310 7.950 0.001
580 8.393 7.164 0.000
590 8.603 5.845 0.000
600 8.771 5110 0.000
Table 6.18 llluminant Dgg, 1931 observer, 610 7.996 4.067 0.000
20 nm interval 520 6.476 2990  0.000
630 4.635 2.020 0.000
Wavelength 640 3074 1275  0.000
(hm) W, W, w, 650 1814 0724 0.000
660 1.031 0.407 0.000
670 0.557 0.218 0.000
360 0.000 0.000 0.000 680 0.261 0.102  0.000
380 0.040 0.000 0.187 690 0.114 0.044  0.000
400 —0.026 0.004 -0.120 700 0.057 0.022 0.000
420 2.114 0.041 10.065 710 0.028 0.011 0.000
440 7.328 0.411  36.235 720 0.011 0.004  0.000
460 6.815 1.281 39.090 730 0.008 0.002 0.000
480 1.843 2.797 16.753 740 0.003 0.001 0.000
500 -0.219 6.291 4.727 750 0.001 0.000 0.000
520 1.003 14463 1532 760 0.000 0.000  0.000
540 5723 19509 0.314 770 0.000 0.000  0.000
560 11.284 19.106 0.058 780 0.000 0.000 0.000
580 16.548 15.600 0.027
600 18.528 10607 0.013 Check sum 94.813  99.997 107.304
620 14,397 6.240  0.002 White point 94.811  100.000 107.304
640 6.646 2.540 0.000
660 2.290 0.842 0.000
680 0.574 0.208 0.000
700 0.120 0.043 0.000
720 0.034 0.012 0.000
740 0.007 0.003 0.000
780 0.001 0.000 0.000 Table 6.20 llluminant Dg;, 1964 observer,
780 0.001 0.000 0.000 20 nm interval
Check sum 95.046 99.998 108.883
White point  95.047 100.000 108.883 Wavelength
(nm) Wiox Wiy Wiz
360 0.000 0.000 0.000
380 0.003 -0.001 0.025
400 0.056 0.013 0.199
Table 6.19 llluminant Dgs, 1964 observer, 420 2.951 0280 13.768
10 nm interval 440 7.227 1.042 36.808
460 6.578 2534 37.827
480 1.278 4.872 14.226
E’:;")e'e“gth Wy Woy Wi 500 0259 8438 3254
; " : 520 1.951 14.030 1.025
540 6.751 17.715 0.184
360 0.000 0.000 0.000 560 12.223 17.407 -0.013
370 0.000 0.000 —0.001 580 18.779 14 210 0.004
380 0.001 0.000 0.004 600 17.793 10.121  -0.001
390 0.005 0.000 0.020 620 13.135 5.971 0.000
400 0.097 0.010 0.436 640 5.859 2.389 0.000
410 0.616 0.064 2.808 660 1.901 0.741 0.000
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Table 6.20 Contd Table 6.34 llluminant F11, 1931 observer,
20 nm interval

Wavelength

(hm) Wiox Wiy Wiz Wavalength
(nm) Wy W, W,

680 0.469 0.184  0.000

700 0.088 0.034 0.000 360 0.000 0.000 0.000

720 0.023 0.008 0.000 380 -0.014 -0.001 -0.076

740 0.005 0.002  0.000 400 0.100 0.005  0.509

760 0.001 0.000 0.000 420 0.256 -0.001 1.093

780 0.000 0.000 0.000 440 8.207 0.419 40.877
460 1.559 0.623 9.228

Check sum 94.812 100.001 107.306 480 0.600 0.507 8.258

White point  94.811  100.000 107.304 500 1.524 7107  4.371
520 -5.081  -14.004 -0.965
540 20.536 58.821 1.039
560 3.973 7.524 -0.034
580 9.894 9.370 0.032
600 24.253 13.848 0.011
620 37.637 17.208  0.009

Table 6.33 llluminant F11, 1931 observer, 640 —4.377 -2.270 -0.002

10 nm interval 660 2.164 0.978 0.001
680 —0.411 -0.200  0.000
700 0172 0.075  0.000

Wavelength 720 —0.025 -0.012  0.000

{nm) Wy wy W, 740 0.006  0.003 0.000
760 —0.001 -0.001 0.000

360 0.000  0.000 0.000 780 0.600  0.000 0.000

370 0.000 0.000 0.000

380 0.001 0.000 0.005 Check sum 100.962 99.999 64.351

390 —0.009 0.000 -0.048 White point 100.962 100.000 64.350

400 0.061 0.002 0.291

410 0.107 0.003 0511

420 -0.205 -0.014 -1.044

430 2.800 0.130 13.758

440 4.264 0.251 21.231

450 1.277 0.164 6.849

460 1.367 0.280 7.848

470 0.695 0.255 4.495

480 0.435 0.754  3.956

490 0.341 2.083 4.778

500 —0.004 1.088 0.792

510 0.007 0.469 0.054

520 =-0.001 0.229 0.032

530 -0.925 —2.067 0.000

540 9.613 29.254 0535

550 11.438 28.030  0.300

560 0.196 ~0.895 -0.031 Table 6.35 llluminant F11, 1964 observer,

570 0.602 0.870  0.002 10 nm interval

580 7.021 6.565 0.012

500 247 2617 000K Wavelength

610 29.903 14812 0.010 () Wox Wy Wz

620 13.567 6132 0.003

630 3.446 1.329  0.000 360 0.000 0.000  0.000

640 0.630 0.240 0.000 370 0.000 0.000 0.000

650 0.534 0.199 0.000 380 0.001 0.000 0.004

660 0.297 0.110 0.000 390 -0.019 -0.001 -0.088

B70 0.084 0.031 0.000 400 0.102 0.011 0.460

680 0.043 0.016  0.000 410 0.196 0.021 0897

690 0.028 0.010 0.000 420 -0.134 -0.028 -0.756

700 0.013 0.005 0.000 430 2.908 0.381 14.502

710 0.020 0.007 0.000 440 4.426 0.666 22492

720 0.001 0.000  0.000 450 1.33¢ 0355 7327

730 0.000 0.000 0.000 460 1.348 0.566 7.783

740 0.000 0.000 0.000 470 0.657 0.513 4313

750 0.000 0.000  0.000 480 0.329 1316 3.53%

760 0.000 0.000 0.000 4380 0.176 3.206 4.053

770 0.000 0.000 0.000 500 -0.006 1.464 0.581

780 0.000 0.000 0.000 510 0.039 0.510  0.020
520 0.015 0238 0.024

Check sum 100.964 100.005 64.354 530 -1.070  -1.951  0.005

White point 100.962  100.000 64.350 540 11.643  27.854 0.327
550 13.374 26.520 0149
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Table 6.35 Contd Table 6.36 {lluminant F11, 1964 observer,
20 nm interval

Wavelength
(nmy) Wi x Wiy Wi 2 Wavelength

(nm) Wio x Wio v Wiy 2
560 0.159 -0.660 -0.023
570 0.674 0.822  0.000 360 0.000 0.000 0.000
580 7.362 6.226 0.000 380 -0.029 -0.005 -0.142
590 9.374 6.653  0.000 400 0.181 0.026 0.869
600 4.309 2.597  0.000 420 0.414 0.018 1.729
610 29.0M1 14710 0.000 44Q 8.515 1.220 43.348
620 12.930 6.080 0.000 480 1.544 0.977 9.002
630 3.263 1.353  0.000 480 0.319 1.693  7.470
640 0.571 0.232 0.000 500 1.873 8.341 3.484
650 0.473 0.187  0.000 520 ~5.992 13547 -0.739
660 0.261 0.103  0.000 540 24.601 55948  0.625
670 0.073 0.029 0.000 560 4.494 7.060 -0.051
680 0.036 0.014  0.000 580 10.526 8.885 0.014
630 0.023 0.009 0.000 600 24.099 13702 -0.004
700 0.010 0.004  0.000 620 36.033 17.112 0.001
710 0.015 0.006 0.000 640 -4.279 —-2.247  0.000
720 0.001 0.000 0.000 660 2.026 0.952  0.000
730 0.000 0.00c  0.000 680 -0.397 -0.198  0.000
740 0.000 0.000  0.000 700 0.155 0.072  0.000
750 0.000 0.000  0.000 720 -0.025 ~0.013  0.000
760 0.000 0.000  0.000 740 0.006 0.003  0.000
770 0.000 0.000 0.000 760 —0.001 —~0.001 0.000
780 0.000 0.000  0.000 780 0.000 0.000  0.000
Check sum 103.869 100.006 85.608 Check sum 103.863 99.998 65.606
White point 103.863 100.000 65.607 White point 103.863 100.000 65.607
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