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Instrumental evaluation of

whiteness

Given the importance in most
coloration industries of sensibly
white shades, it is unsurprising
that strenuous efforts have been

made to develop visual and
instrumental means for assessing
whiteness. Roy Hayhurst and
Ken Smith recount the history of
whiteness evaluation, and describe
how the most recent developments
have allowed the instrumental
determination of whiteness to be
made both reliably and, for
practical purposes, absolutely.

Shades that are sensibly white necessarily have
both high lightness and low chroma, and
therefore occupy a very small sub-volume of
total colour space. In virtually all the surface
coloration industries, however, the commercial
importance of white shades is out of all
proportion to the small volume of colour space
they occupy. So it is not surprising that
considerable efforts have been devoted to the
development of methods for the visuai and
instrumental assessment of whiteness.

Percept of whiteness

The percept of whiteness is caused by a
combination of high lightness and lack of
yellowness, vyellowness wusually being
undesirable in whites because it is associated
with product degradation. Lack of yellowness
equates with a surfeit of blueness, the
complimentary stimulus. If two specimens that
are sensibly white differ only in lightness, the
lighter one appears whiter. If they differ only in
blueness, the bluer one appears whiter.

The reflectance curves in Figure 1 exemplify
those of cotton in its grey {unbleached) state

(curve G) and after bleaching (curve B). They
demonstrate that bleaching increases
reflectance across the whole of the visible
waveband but especially at the blue end of the
spectrum. Hence, it significantly increases both
lightness and blueness. There is, therefore, a
large increase in the whiteness of the cotton,
although it still appears to possess the attribute
of yellowness because it is still absorbing more
strongly at the blue end of the spectrum than
elsewhere.

Its whiteness may be further increased by
treating the product with a fluorescent whitening
agent (FWA). These are essentially colourless
substances that strongly absorb energy in the
near ultraviolet (UV} and re-emit it by
fluorescence as visible violet or blue light. They
thus cause a large increase in the apparent
blueness of the specimen and thereby a
significant increase in its perceived whiteness.
The light from a specimen treated with FWA is
no longer entirely reflected over part of the
visible waveband, so that, strictly, we cannot
describe the curve (F in Figure 1) as a
reflectance curve. The correct term is ‘total
spectral radiance factor (TRF) curve’, where
TRF, (A} at wavelength A, is defined as:

Br2) = Bs(A) + B(A) (1)

The subscript T stands for total, S for substrate
(because the energy truly reflected at A is often
that arising, alone, from the substrate) and L for
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Figure 1
Schematic
TRF curves of
cotton in grey
state (G), after
bleaching (B)
and after
treatment
with FWA (F},
also showing
effect of triplet
absorption (T)
on measured
TRF {of

curve F)
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luminescence, which is a collective term for
fluorescence and related phenomena.

Early instrumental
methods

The first instrumental method for the asses-
sment of whiteness was published by MacAdam
in 1934. By 1966, well over a hundred had been
suggested.

For a number of reasons, these formulae are
largely incompatible. Most of them were
developed empirically by correlating instru-
mental measurements with visual assessments
{made by relatively small groups of workers
under Hllumination of different qualities) of limited
ranges of products and types of whiteness.
Although white shades clearly accupy a three-
dimensional sub-volume of colour space, it is
usual for whiteness to be assessed visually
using a one-dimensional scale of standards, or
instrumentally by means of a formula giving a
single-number output. This is a conseguence of
the fact that the colour of a product is often
influenced by the quantity of a specific impurity
in it. Its colour, therefore, usually falls on, or at
least close to, a line that, although it may be
curved in all three dimensions in colour space,
may be subdivided to allow an unambiguous
single-number report of whiteness. Unfortun-
ately, the loci of different products, each with its
own specific contaminant, do not coincide. In
addition, although yellowness is always con-
sidered the antithesis of whiteness, it does not
follow that an increase alone in blueness is
necessarily the preferred deviation towards a
‘better white; assessors in some sectors of
various industries prefer more violet or more
cyan shades of white. These assessors are said
to have, respectively, a red or a green hue
preference, and those who prefer deviation
towards blue alone, a neutral hue preference.
Many ways of assessing whiteness have been
developed that differ in the direction of their hue
preferences, in their relative weightings of the
influences of each of the three dimensions of
colour, and, because they were developed
largely independently, in their scalings.

Most of these formulae have only two things
in common. The first is that they yield a value of
100 for the whiteness, W, of the perfect re-
flecting diffuser. The second is that they involve
only two ot the three dimensions of colour
whereas, for a formula adequately to evaluate
the whiteness of more than a very limited
collection of specimens, it must involve all three.
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Development of CIE
recommendations

In 1872, Ganz confirmed the deficiencies of
existing formulae and proposed a new generic
one, the Ganz linear whiteness formula:

W=DY+Px+Qy+C (2)

This does involve the three dimensions (CIE x, y
and Y) of colour. The coefficients D, P, Qand C
may be varied to adjust the hue preference and
the scaling of the formula, as well as allowing
any combination of illuminant and observer to
be used.

The CIE, wishing to standardise practice,
showed interest in this formula. International
studies on behalf of the CIE indicated that the
coefficient D should be set to unity, Three pairs
of values of the coefficients P and Q were
suggested by Ganz, the choice being deter-
mined by the hue preference desired of the
resulting formula. The coefficient C is then set
such that:

C=Px,+ Qy,

where x,, and y,, are chromaticity coordinates of
the achromatic peint for the chosen observer (2°
or 10°), always under illuminant Dy because
the assessment of fluorescent whites under any
other illuminant is usually irrelevant. In 1982,
however, in the interests of uniformity of
practice, the CIE adopted Egn 2 with the values
of P and @ corresponding only to neutral hue
preference. The CIE whiteness formula is
usually written in the form:

W= Y+800(x,—x)+1700(v,— ¥) (3)

which implies the coefficient C explicit in Egn 2.
The higher the value of W, the higher the
whiteness of the specimen. The perfect re-
flecting diffuser has W = 100, and a specimen
containing FWA may have W > 100. The
difference just perceptible to an experienced
visual assessor is about three CIE whiteness
units.

In the meantime Ganz and Griesser had
suggested a generic formula for the instru-
mental determination of the tint, Ty, of sensibly
white specimens:

Tw=mx+ny+k 4)

The coefficients m, n and k may be varied 1o



allow the formula to imitate different scales for
the visual assessment of tint. Experiments
indicated that, in the chromaticity diagram, lines
of equal tint are almost parallel to that of iy =
466 nm, along which white specimens are
considered to be of approximately neutral
(bluish) hue, and allowed suitable values of the
coefficients to be determined. Alsc in 1982, the
CIE adopted the resulting formula:

Tw = alx, - x) = 650(y, — y) (5)

where a = 1000 for Dgs/2° and 900 for Dgg /10°,
which, again, is a specific version of the generic
formula (Eqn 4) rewritten, this time implying the
coefficient k. For neutral whites, including the
perfect reflecting diffuser, Ty = 0. If Ty, > 0 the
specimen is a greenish white, and if Ty, < Qitis
reddish.

In 1987 the CIE whiteness (Eqn 3) and tint
(Egn B) formula were incorporated in ISO 105-
J02, and in 1889 the whiteness formula, alone,
was written into AATCC test method 110-1989.

The CIE, ISO and AATCC methods all
contain broadly similar caveats. The spectral
power distribution of the illumination of the
specimen in the measuring instrument must
approximate that of Dg5. And, for results to
correlate with visual assessment of specimens
containing FWA, it must do so not just in the
visible waveband but in the UV, too. Specimens
must be sensibly white (the application of the
formula to measurements of 1/1 Standard
Depth blue shades yields W = 300), and the
transformation of measurements to Wand Ty, is
preferred under Dgg/10°. The method yields
reports of W and Ty that are relative, not
absolute, implying that it can be used only to
compare specimens, Even so, it is limited to the
comparison of specimens that do not differ
much in colour or in fluorescence, and they
must be measured on the same instrument at
nearly the same time.

Widening the scope of the
CIE recommendations

The reason for these last three restrictions is
that, although sources have been developed
that closely simulate Dgs, none have proved
suitable for use in commercial instruments.
Available instruments therefore differ in the
extent to which they do, in fact, illuminate the
specimen with energy distributions approxim-
ating Ds5, especially in the relative amounts of
visible and UV irradiation. This difference is not
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encountered only when comparing one mode}
of instrument with another. It also occurs
between instruments of the same model and
even, over a period of time, on a single
instrument because ageing of the light source
alters the balance of visible to UV in it, usually in
favour of the visible. The whiteness of a
specimen containing FWA is a function of its
TRF curve. True reflectance, fg(A), for all
wavelengths, remains the same whatever the
distribution of light striking the surface. But if the
ratio of UV to visible energy in the illumination
decreases, the excitation of the FWA is reduced
and it fluoresces less at visible wavelengths, so
that () (> O) is reduced. Thus, B+(4) de-
creases and a lower value of measured
whiteness results. Gartner and Griesser
measured the whiteness of a stable FWA-
containing specimen on three different models
of spectrophotometer over a period of just over
a year. The maximum difference in whiteness
they found, between instruments at any time,
was about 25 CIE whiteness units. The resuits
from all three instruments drifted lower during
the period by amounts that varied from the
visual equivalent of about two to six just-
perceptible differences.

These observations led Gartner and
Grigsser to develop a method of maintaining the
balance of visible to UV illumination of the
specimen. It consists of placing a filter, virtually
transparent in the visible waveband but opaque
in the UV, partly into the lightpath from the
instrument’s source to the specimen. The
amount by which the filter is interposed is
adjustable, so that the balance of visible to UV
energy striking the specimen can be altered. It
is adjusted, whenever necessary, to give
consistent readings of the whiteness of a stable
FWA-containing reference specimen. Provided
specimens of unknown whitenesses absorb UV
and emit visible energy at wavelengths similar to
those at which the reference absorbs and emits,
their instrumentally evaluated whiteness may
then be compared with a realistic expectation of
consistency, even if they are measured at very
different times.

The method does rot, however, guarantee
that the results will agree with visual assess-
ments. For that agreement, the setting of the
balance of UV to visible in the instrument must
accord with that in Dgs. The correct balance is
achieved by measuring a number of reference
specimens (the whitenesses of which have
been determined on a reference instrument
known to give results correlating well with visual
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assessments), performing linear regression on
the resuiting values of whiteness and using the
results to modify the coefficients of the Ganz
linear whiteness formula (Egn 2). In this way,
provided the balance of specimen illumination in
each is correctly maintained, any number of
instruments, even if they are of different models,
may be made to give sufficiently similar values
for unknown specimens so that, for practical
purposes, each instrument may be regarded as
yielding absolute whiteness values.

The combination of the methods of
adjustable filtration and modifying the co-
efficients of the Ganz formula therefore removes
the restrictions that specimens, to be compared,
be measured on the same instrument and at
nearly the same time. Neither method has yet
been accepted as a standard but the hardware
and software required for their combination
have been widely used in several industries for
some years, generally with good results. Part of
the methodology, however, will be included in
ISO/CD (Committee Draft) 11475.

Triplet absorption

The method of balancing the visible and UV
energy usually demands that the source in the
instrument emit more UV energy than required.
This has largely restricted its application to
instruments with xenon lamps. The results from
instruments that employ pulsed-xenon lamps
can, however, suffer from an effect cailed triplet
absorption, caused by the very high intensity of
the pulse of light. Compared with the true
percentage TRF curve (F in Figure 1), triplet
effects result in falsely low readings at some
wavelengths (curve T), leading to whiteness
values that do not accord with visual
assessment. Most manufacturers of pulsed-
xenon instruments are aware of this problem
and their more recent designs use pulses of
lower intensity to mitigate it.

Conclusion

Given the impoertance in most coloration
industries of sensibly white shades, it is
unsurprising that strenucus efforts have been
made to develop visual and instrumental means
for assessing whiteness. The combination of the
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developments mentioned above now allows the
instrumental determination of whiteness to be
made both reliably and, for practical purposes,
absolutely.

This paper is based on the lecture, Instrumental
evaluation of whiteness, presented by Ken J
Smith at the UMIST/NPL/SDC International
Conference, Colour communication, held from
19-21 April 1995 at UMIST, UK.

Roy Hayhurst and Ken J Smith can be
contacted at Datacolor International, St
George’s Court, Broadheath, Altrincham,
Cheshire, WA14 5UA, UK.




