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The factors affecting the instrumental measurement of
colour differences are reviewed. For most types of sample
the performance of modern instruments is more than ade-
quate provided that sufficient care is taken. Problems may
arise with metameric pairs and fluorescent samples. The
main source of error lies in the colour-difference equations,
this is quite separate from errors due to the instrument.
Problems associated with visual assessments are discussed.
The use of a panel of three observers will produce more
reliable resufts and may be preferable under certain circum-
stances.

INTRODUCTION

This paper aims to give a brief review of problems occurring
in the estimation of colour differences whether by instru-
mental or visual methods. Most of the problems mentioned
are well known, but are often forgotten. It is all too easy to
averlook some factor completely, or possibly to decide
{correctly) that one particular factor is not important under
one particular set of circumstances, but then {wrongly) to
ignore the same factor under changed circumstances. It is
suggested that what follows could usefully be used as a check-
list from time to time by anyone engaged in the assessment
or measurement of colour differences.

Selecting Samples for Inspection

In any form of quality control, it is essential that the samples
selected are representative of the whoie product. It is all
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too easy to make very careful measurements on a small
piece of material cut from the end of a much larger piece
and assume that the measurements refer to the whole piece,
ignoring end-to-end and side-to-side variations for example.
No general rules can be given which ensure satisfactory samp-
ling. Obviously the whole piece cannot be measured and spot
checks should be made from time to time to see that the
chosen method of sampling is still satisfactory. For example,
there is no need to make measurements at various points
across a piece if side-to-side variation is negligible, but
changed circumstances may result in such variation becoming
more marked, possibly consistently, possibly at infrequent
intervais. These comments apply equally to instrumental
measurements and to-visual assessments.

INSTRUMENTAL MEASUREMENTS

The performance of modern photoelectric tristimulus color-
imeters and spectrophotometers should be more than
adequate for the measurement of small differences between
non-metameric pairs of non-fluorescent samples. However,
great care must be taken in several respects. Obviousty,
the areas measured must be representative as discussed
earlier.

Nature of Surface

Particularly with textile samples, problems can arise because
of the nature of the surface. A satisfactory method of
presenting the samples to the instrument must be found by
trial and error. Effort expended in preliminary checks is
likely to be repaid many times over. Speed of measurement
is often very important, but the reliability of the measure-
ments must be at least adequate. In any case it will generally
be found that a method can be arrived at which is satis-



factory from a reliability point of view and reasonably quick
as well. Factors to be considered include the number of
thicknesses of material, direction, background and pressure
applied to the surface,

Checking the Performance of Instruments

This topic has been discussed at length recently [1]. Any
instrument must be standardized at suitable intervals using
white (or sometimes white and black) standards. Routine
checks suggested by the instrument manufacturer should
always be carried out. The performance should be checked
periodically using a set of sampies having known reflectance
or tristimulus values, such as the set of ceramic tiles avail-
able from British Ceramics Research Association. The results
of such checks can be used to assess the absolute accuracy
of the instrument, but this is rarely critical for colour-dif-
ference measurements. Changes in the results from
time to time are probably much more important and should
be investigated. For example, significant changes for very
low values might be due to faulty standardization with the
black standard. Changes in reflectance values at one wave-
length with an abridged spectrophotometer could indicate a
fault in a particular filter. A few repeat measurements should
also be made occasionally using production samples to check
that the method of presentation of the samples is still satis-
factory.

Choice of llluminant, etc.

With some instruments results can be obtained for different
ifluminants and standard observers. For samples which are to
be used in daylight, lliuminant D65 and the 10° observer
are probably the best chaice, but liluminant C and the 2°
observer are also likely to be satisfactory, certainty for non-
metameric pairs. Inclusion of the specular component of
the reflected light is not likely to matter for textile samples,
but, for glossy paint surfaces, exclusion of the specular com-
ponent is likely to give results in much better agreement
with visual assessments. The most important point is to
standardize such factors and to ensure that the standard
conditions are indeed being used.

Metameric Pairs

For metameric pairs misleading results may be obtained from
a photoelectric tristimulus coiorimeter if the absolute ac-
curacy of the instrument is not adequate. Even using a very
accurate spectrophotometer, the results obtained cosrespond
to what would be seen by a standard observer viewing the
samples under a standard illuminant. Real observers will
differ from the standard observer, and light sources,
particularly fluorescent tubes, will differ from the ‘itluminant’
used by the instrument. (In this context the ‘illuminant’
used by the instrument is represented by a set of numbers
used in the calculation of the tristimuius vafues and should
not be confused with the actual light source in the instru-
ment). Hence, metameric pairs, which match according to
the instrument, may not be a satistfactory match when
inspected.

Fluorescent Samples

Fluorescence may arise by absorption of radiation in the near
u.v. and emission in the visible region, or by absorption in
the visible region and emission at longer wavelengths in the
visible region. Correct measurements can only be obtained
if the light source actually used in the spectrophotometer
to illuminate the samples has the same energy distribution,
in the near u.v. as well as the visible region, as the illuminant
under which results are required. Even if the source in the
instrument is claimed to be correct, it is difficuit to check
that this is so and any instrumental results for fluorescent
samples are best treated with caution.

Colour-difference Equations

If all due precautions are taken, as indicated above, instru-
mental measurements of colour differences should be rep-
roducible. However, the final stage is to calculate a AF
value from a colour-difference equation and the equation
may well not correspond very closely with visual assess-
ments. Hence repeat measurements for a pair of samples may
well produce almost identical AF values, but the AE value
may not correspond to the difference seen. For two pairs
of samples it is quite possible for one colour-difference
equation to indicate that the first difference is the larger,
while another colour-difference equation indicates that the
second difference is the larger, even though the AF values
are calculated from the same measured tristimulus values.
Such discrepancies are entirely due to defects in the equa-
tion and have nothing to do with the instrumental measure-
ments.,

In summary, the performance of modern instruments is
more than adequate for routine colour-difference measure-
ments, but considerable care must be taken to ensure reliable
measurements, this care is largely a matter of using common
sense to avoid possible pitfalls and does not mean that rout-
ine measurements cannot be made rapidly. Even if the
measurements themselves are reliable AF values calculated
from them are no better than the colour-difference equation
used.

How good the colour-difference equations are is outside
the scope of this paper, but it should perhaps be stated that
the best equations represent the cumulative results of many
years work and attempts to modify them on the basis of
inadequate evidence, for instance by setting separate toler-
ance limits for each direction about each colour centre,
could well make the situation worse, not better.

It is difficuit to assess the accuracy of such limits, but
some idea can be gained by considering tolerance ellipses
and ellipsoids calculated from the same experimental data
by different methods or different workers.

For example, Kuehni [2] has published tolerance ellipses
(in x, y chromaticity space) for the Davidson and Ereide [3]
data. The semi-major {a) and semi-minor (b) axes for nine
sets are given in Table 1, together with the corresponding
values calculated by Alder {4]. For set B, the b values differ
by 50%. Similar or larger disagreements for either a or b are
to be found for all the other sets.

TABLE 1

Davidson and Friede Data — Calculations by
Kuehni (1) and Alder (2)

Set a a, b, b, (@ix10%
B 84 77 30 19
D 60 50 13 19
F 49 106 14 14
H 72 62 32 47
K 73 104 33 57
N 64 40 31 4
P 82 23216 30 30
R 78 113 42 42
S 44 77 29 25

For the Kuehni Metropoiitan data [5], Kuehni has pub-
lished two different sets of tolerance elfipses [26], and the
a and b values are given in Table 2 together with the corres-
ponding values calculated by Khalili [6]. Again the agree-
ment is very poor.
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These examples only concern chromaticity discrimina-
tion. McDonald [7] has calculated discrimination ellipsoids
from his data using four different methods. The results for
the lightness tolerance (L) for the first ten sets are given in
Table 3. Again the different methods of calculation give
vastly different results. Since the results are expressed in
AN(50} units, it is clear that many of the values are far too
high.

TABLE 2

Kuehni Data — Calculations by Kuehni (1 and 2)
and Khaliti (3)

Set a; & as by by by (il X 10%
A 93 70 111 3B 19 26

B 116 81 70 51 22 42

cC 116 80 80 70 20 28

E 93 29 3 41 24 25

F 122 28 87 70 17 29

G 113 48 59 35 16 23

H 93 24 145 51 19 48

I 105 35 50 44 25 37

J 105 36 45 56 27 40

It must be emphasized that in each case the values being
compared result from different methods of treating the
same experimental data. Repeat experiments for the same
colour centres might well give even more discrepant results.
Furthermore, the results for each colour centre include
between 270 and 600 visual assessments.

it is clear that the problem of determining the tolerance
limits in individual directions about a particular centre is
far more difficult than is generally supposed.

TABLE 3

McDonald Data — McDonald Calculations of Light-
ness Tolerances

Set Ly L, Ly Ly (AN(50) units)
1 6.2 4.8 4.5 4.9

2 8.2 7.1 7.3 414.0

3 117.3 1841 8.0 289

4 11.2 8.7 6.7 46.4

5 11.2 6.4 6.5 6.4

6 5.7 5.3 6.3 10.3

7 9.4 5.8 5.6 10.5

8 8.2 6.4 6.5 6.9

9 12.2 7.9 7.9 9.8

10 90.0 7.7 7.6 37b.2

Use of Computers

Modern colour-measuring instruments are often linked

directly to a digital computer or microprocessor. This has
many advantages. Caliculations are obviously much simpler,
calibration is much easier and errors in data transmission
are virtually eliminated. Computers are extremely reliable
and it is all too easy to assume that resuits from the computer
must be correct., However, mistakes in programming are
very easy to make and hard to eliminate. Typical programs
may contain many different possible pathways le.g. cal-
culation of tristimulus values using different illuminants,
different observers, etc., etc.}, and it is difficult to check all
the possibilities. Furthermore, if a program is altered in any
way, the desired changes may be brought about, but the
changes may have unforseen effects on other parts of the
program. In practice, checks on the program should be made
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wherever possible, but results should be treated with some
caution. Any occasional odd results should be taken as a
symptom of a possibly more serious program fault and
should be investigated.

FACTORS AFFECTING VISUAL ASSESSMENTS

Conditions Used for Assessments

In general more reliable resuits will be obtained if condi-
tions, such as lighting, background and size of sample, are
standardized. 1t is easy to underestimate differences if only
small samples are available. Lighting is obviously most
important with metameric pairs of samples. Metamerism
is most likely to be detected if a pair is inspected under
several sources. Tungsten light, TL84 and WWD in com-
bination are particularly useful in this respect. For a meta-
meric pair of samples, differences between real daylight and
«artificial daylight’ may cause problems. For samples treated
with fluorescent brighteners it is important that the light
source contains the correct proportion of u.v. radiation.

Observers

Since about 8% of the male population suffers from some
form of defective colour vision, personnel engaged in critical
colour assessment should be tested with, for example, the
[shihara charts. Assuming ‘normal’ colour vision, there may
still be marked differences between assessments by dif-
ferent observers particularly for metameric pairs and obser-
vers of very different ages. Even for non-metameric pairs
there is considerable evidence [B] that errors in assessing
the size of small colour differences will often exceed half
the difference. Hence disagreements between observers are
common and very often are due to ‘real’ differences rather
than any bias or deliberate awkwardness on the part of one
of the observers. The extent of agreement or disagreement
between different observers/colourists can be quantified in
various ways [8—10]. In the Davidson and Friede experi-
ment [3]1 the observers (experienced colourists) were asked
whether the samples were commercially acceptable matches
to the standards and simple calculations show [9] that the
decisions of individual observers were wrong in at least 17%
of the cases. For the MacDonald experiments {(10] the
corresponding percentage was 13. To some extent the results
are misleading [10]. Obviously for a sample exactly on the
tolerance limit the percentage of observers accepting the
sample as a match is 50% and half of the colourists must
give the ‘wrong’ result.

Attempts [8] to analyse the results of these and similar
experiments suggest that, for a given difference of about the
size normally just tolerable, about 15% of the observers will
see the difference as more than 50% larger than average while
another 15% will see the difference as more than 50% smaller
than average. Hence, when disagreements between observers
occur in practice, it should not be assumed that one or other
of the abservers is being deliberately awkward. From the
above discussion it is clear that genuine disagreements must
occur relatively frequently.

The estimates of errors in visual judgements referred to
above are based mainly on the results of work involving
experienced colourists, but the comments are not intended
in any sense as an attack on the capabilities of such people.
There is no doubt that visual judgements of inexperienced
observers are much less reliable. Similarly, AE values from
colour-difference equations can be very unreliable — the
choice between visual and AE methods is very much a case
of choosing the lesser of two evils.

Use of More than One Observer
If visual methods are to be used there is one way in which
the reliability of the results can be significantly improved.



Basicafly, random errors in any type of measurement are
reduced by a factor of \/n if the average of n measurements
is used. Thus using the mean of three observers instead of
one, the errors should be reduced by a factor of \/3 ie. 1.7,
Obviously, three observers cannot be used in all cases,
for economic reasons, but the possibility of using a panel
of three observers for critical judgements, say for certain
colours or customers known to give problems, should be
explored, particularly by smaller organizations. If the maj-
ority view is to be accepted in pass/fail situations, in many
cases only two assessments will be required. {Only two
assessments will be required in those cases where the first
two observers agree). The improvement in the results is
likely to be better than that which would be obtained using
the best colour-difference equation, without the need for
any capital expenditure. It is important however, that in
any work in which repeat assessments are made, that obser-
vers are not aware of any previous results; subjective esti-
mates of any kind are notoriously open to unwanted infl-
uences. Partiy far the same reason, single assessments by each
of three different people are likely to be much more effec-
tive than three repeat assessments by the same person.

Methods Used in Published Work

Various methods of visual assessment have been used in
studies related to cofour-difference equations and some
doubt exists as to the soundness of the methods. For
example in the Davidson and Friede [3] study referred to
earlier, the observers were asked to assess each sample as to
its commercial acceptability as a match to a standard colour.
After completing the assessment of one set of samples the
experiment was then repeated using a second set of samples
around a secend standard and so on. In analysis of the
results it is commonly assumed that the tolerance limit used
by the observers was the same for the different sets. How-
ever, Davidson and Friede state that | M Godlove pointed
out that part of the scatter (on plots of % acceptance against
AE) was due to an effect of the average size colour dif-
ference in a series on the size of coiour difference in that
series accepted in 50% of the observations. Where the average
colour difference for the series is larger, the size of colour
difference considered acceptable is also larger. Davidson and
Friede appear to have accepted Godlove's claim and
‘corrected’ their results accordingly. Since the observers were
experienced colourists, such an effect might well have occur-
red in other work. The Morley, Munn and Billmeyer study
{11] was different in that the observers were asked to place
each colour difference into one of six categories: | — no
difference, Il — just noticeable difference, Il — noticeable
difference, IV — fairly large difference, V — large difference

and Vi — very large difference. Again, however, the samples
were viewed one set at a time.

If experienced colourists modify the size of difference
considered to be acceptable according to the average size
of colour difference in a set, then it seems certain that
relatively inexperienced observers will, for example, modify
the size of difference considered to be ‘fairly large’. If all
the differences in a set are relatively smatl!, the largest dif-
ference is likely to be” judged to be in category V or Vi,
whereas the same difference in a set of relatively large dif-
ferences might be judged to be in category IH or IV. In
short, there will be a marked tendency to spread the resuits
out over all six possible categories. Thus, any analysis of such
results which assumes that the visual scale is the same for alt
sets may be seriously in error. It is hoped to develop this
peint more fully in a later paper.
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DISCUSSION

Mr | Gailey — (J & P Coats Ltd, Paisley, Rénfrewshire):

The position would seem to have been reached where pass/
fail formulae are equal to observer parel results and better
than that of the single observer. Would the next step not be
to continue to accumulate instrumental data and use that
to improve the pass/fail formula?

Mr Rigg:

| agree that the best formulae are probably better than
the visual results of a single observer. | am not aware of any
evidence that the formulae are equal to observer panel
results. Accumulation of instrumentai data together with the
corresponding visual assessments will certainly be useful,
but as shown in my paper, great care must be taken if the
pass/fail formula is to be altered.
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