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Study of Improved Methods for Absolute Colorimetry

Fifth Report

Study of Colorimetric Errors on Industrial Instruments

J F Verrill, P J Clarke, J a'Halloran
National Physical Laboratory

T eddington, Middlesex, TWll OL W

INTRODUCTION

This report covers the third workpackage in the study of Improved Methods for
Absolute Colorimetry.

The first workpackage determined the needs, particularly within industry, for
absolute colour measurements, assessed how adequately the needs are currently
being met and formulated well supported recommendations to direct the future
implementation of improved methods where gaps were identified.

The technical studies which form Workpackages 2 and 3 aim to identify why/in
many cases, the levels of accuracy obtainable in principle through calibration
services and artefacts are not achieved in practice. The intercomparison of colour
measurements carried out b). 2-l members of the NPL Spectrophotometry and
Colorimetry Club showed considerable variations in the accuracy achieved in

industry.

The objectives of the technicall~. l").lsed studies are:

.

to identif~. h()\\. currl'nt inliustrial pr,lctice can be improved.
to identif~. anli lluantif~. thl' s()urces of measurement errors in industry.
to further ilientif~. anti lluLlntif~. the least understood sources of error in
national measurement in~truml'nts.

.

This report is an anal~'sis l)f thl' ~pectral data collected during the Spectrophotometry
and Colorimetr~' Club interc()mp,1ris()n. \\'ith the aim of identifying the causes of the
inadequate a~reement bet\\Ol'l'n cl)I()ur measurements made by UK industry.
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1.

BACKGROUND TO TECHNICALLY BASED STUDIES

A recent intercomparison of surface colour measurements between four European
countries and coordinated by NPL gave spreads of differences in measured values of
greater than 0.5 CIELAB units for about half the measurements (Ref 1). Maximum
spreads were up to 2.2 CIELAB units, which was considered unsatisfactory by all the
participants as the human eye can distinguish between colours which differ by 0.5
CIELAB units. An appropriate long term objective for national laboratories is for
95% of measurements to agree to within 0.2 CIELAB units.

The intercomparison of surface colour measurements between 24 companies
organised as a working group of the NPL Spectrophotometry and Colorimetry Club,
gave a roughly similar level of agreement as the international intercomparison above
for those companies using the best available commercial equipment and having
traceability to NPL (Ref 2). Companies with lower quality equipment and
companies not having traceability to NPL showed much larger divergences. An
appropriate long term objective for industrial laboratories would be 95(>;0 of
measurements to agree to within 0.5 CIELAB units.

2.

WORK PROGRAMME

This investigation was carried out in 3 steps.

Step 1 Recalculation of colour data from all participants using ASTM weighting
functions (Ref 3). This minimises the effect of differences in spectral
inter,"al and band\,'idth. Thl' improvements in agreement between NPL
and participants arl' lluantified.

Step 2. Recalculation {)f c()I()ur dtlt..1 using NPL white tiles as reference standards.
This c()n\.erts tlll p..1rticipi1nts' data to the scales of absolute diffuse
reflectance and r..,Ji..1ncl' t.1ct()r used by NPL. The improvements in
agrel'ml'nt \\'ith 1\.:[")1. ..,rl' i1~..,inl.luantified.

Step 3. Anal~'sis ()f thl' f(}ll(}\\'in.\!; ~rl'(tral reflectance errors:

Gloss trap error
Specular beam errl}r
Photometric sca Il' l'rrl}r
Wa\'elen~th err()r

The investigation was carried ()ut by a working group of the participants in the NPL
Spectrophotometry and C()!orimetry intercomparison of colour measurements under
the supervision of NPL. The members of the working group are all from the
academic world. The other participants in the intercomparison are mainly from
industry. The formation of the working group from academic members was in order
to maintain confidentialit)' and impartiality. Only NPL know the identifications of
all the sources of data, individual participants only knowing the results of their
measurements.
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3.

RECALCULATION OF COLOUR DATA USING ASTM WEIGHTING
FUNCTIONS

The spectral reflectance data returned by participants is at intervals of 5 nm, 10 nm
or 20 nm. The method used for computing colorimetric data from spectral data
varies between participants. In Step 1, the colour data have been recalculated from
the spectral data using a method from ASTM. The colour data have then been re-
compared with NPL data and improvements in agreement quantified.

In Table 1, at the end of this report, the original colour differences in CIELAB L\E
units from NPL are in the rows "Initial". The differences after recalculation are in
the rows "ASTM". The improvements in agreement are in the rows "Initial-ASTM".
The mean values for all participants for the same tile and measurement geometry are
given to the right of the table. By definition, values of l1E are always positive. Thus
figures in rows "Initial" and "ASTM" are always positive. However, differences in
agreement with NPL can be positive or negative. Positive numbers in "Initial-
ASTM" indicate closer agreement with NPL, negative numbers a lower agreement
with NPL.

The improvement in agreement with NPL is greatest for the yellow tiles.
for all participants are, from Table 1 pages 2, 3,7,8,12,13:

The means

Data are in CIELAB units ..lE f()r CIE Standard IIIuminant D65 and the CIE 100
Standard Obser\'er.

B)' comparison, c()rres~"){)nliin~ fi~lIrL'~ f{)r the white tiles are, from Table 1 pages I, 2,
6,7,11,12

Specular excluded Specular included 0°/45°

0.03
-0.03

glossy Wnlte
matt white

II.II( I

11,1) 1

0.05
0.05

Thus, the imt"">f()\.l'ml'nts in ,1hfl'l'ml'nt Jue to use of a common method of calculating
COIOUf data \.af\" ff(\m till' tl\ tilL' but L',ln l"">l' as much as several tenths of a CIELAB.
unit.
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RECALCULATION OF COLOUR DATA USING NPL CALIBRATED
WHITE TILES AS THE REFERENCE STANDARDS

4.

For the measurements, each participant used their own reference white standard.
The sample tiles supplied by NPL for measurement included glossy white and matt
white standards.

In Step 2 all the participants' measurements have been re-normalised using the NPL
white tiles and the corresponding NPL reflectance data as the references for diffuse
reflecta~ce and 00/450 radiance factor. The results are also presented in Table 1. The
colour differences between NPL and participants after re-normalisation are in the
rows "Normalise". The improvements in agreement with NPL are in the rows
" ASTM -normalise".

The biggest improvements in agreement with NPL are for the white tiles. The mean
improvements for these tiles for all participants are from Table 1 pages 1, 2, 6, 7, 11,
1.2

Specular excluded Specular included 0°/45°

0.33
0.74

0.40
0.48

0.29

0.29

-g~~ 

~hite
matt whIte

For tiles of lower reflectance the improvement is smaller, for example from Table 1
pages 1,3,6,8,11, 13

Data arc in CIELAB units olE f(.)r CIE Standard IIluminant D65 and the CIE 100
Standard Obser\.er.

The improvements to be ~ainl'd fr()m usin~ the same scales of diffuse reflectance and
sJ."}ectral radiance factor are sl'\'eral tenths of a CIELAB unit for some tiles, in
particular white tiles ()r othcr till's ()f hi~h reflectance.
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GLOSS TRAP ERRORS

5.

In the specular excluded geometry, the specular beam is absorbed in the gloss trap.
Incomplete absorption gives an error. This may be due to an imperfect design of
gloss trap or to some of the specular beam falling on the integrating sphere wall
outside the area of the gloss trap. The error can be determined using a calibrated
mirror and a matt white reflectance standard. The error measured must then be
scaled to correspond to the lower specular reflectance from a glossy tile. The
method used for the scaling is given in the Appendix.

Table 2 gives the value of the reflectance error, Kz, when a glossy material is
measured against a matt white standard. The maximum possible value of Kz,
corresponding to complete reflection from the gloss trap is 4.0%. The values
returned by participants range from about 0.4% to 0.004%. The reflectance of a
glossy white sample in the specular excluded geometry can be about 90% and for a
glossy black sample in the same geometry about 0.1 %. Thus the effect of gloss trap
error is much larger for dark glossy samples than for light glossy samples. For dark
glossy samples on some instruments the gloss trap error is bigger than the
reflectance value for the specular excluded geometry.

The gloss trap error can determined with a mirror and a matt white reflectance
standard and the error can be removed by applying a correction to the spectral
reflectance data as described in the Appendix.
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6. SPECULAR BEAM ERRORS

In the specular included geometry, the specular component of reflection may not be
collected with the same efficiency as the diffuse component, due to non uniformity
of the integrating sphere. The error associated with the specular beam can again be
determined using a calibrated mirror and a matt white reflectance standard. The
method for determining this error is given in the Appendix. The specular beam
reflectance error coefficient is denoted K:;. Values of K:; for all participants are listed
in Table 3. These range between about 0.4% and 0.04%. For a glossy sample the
specula~ reflectance is usually around 4%. Thus for glossy samples the total
reflectance is never less than 4%, even for a black glossy sample. Thus the reflectance
is always at least 10 times the specular beam error for results from participants.

The specular beam errors can be measured using a mirror and a matt white
reflectance standard and a correction applied to the spectral reflectance data as
described in the Appendix.
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PHOTOMETRIC SCALE ERRORS

7.

Photometric scale errors are defined as being errors due to non linearity of the
detector and errors due to offsets other than gloss trap errors and specular beam
errors.

The spectral reflectance differences between participants and NPL are listed in
Table 4 for the white, mid-grey and black tiles. For the 00/450 geometry these
differences are given for both the matt and glossy tiles. For the specular included
and spe<:ular excluded geometries, the differen<:es are only given for the matt tiles
because of the difficulty of separating gloss trap and specular beam errors.

For white tiles, part of the difference is due to different scales of diffuse reflectance
used by participants. The data therefore must be ana lysed with the results of section
5 in mind. The anomalously large differences for some participants at 400 nm and
440 nm are associated with the use of a uv exclusion filter.

For the black tiles the differences are likely to be caused by dark level errors. They
may be due to an electronic offset or by stray light scattered from imperfections in
the optics. For a few participants these errors are in excess of 1 %. This explains some
of the gross errors in colour data in the first report for this intercomparison (Ref 2).
It is possible to correct dark errors by using a black glass wedge at the sample port to
obtain an optical zero.

'7
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8.

WAVELENGTH ERRORS

NPL carried out a study to look for a correlation between colour data errors and
wavelength errors measured using a holmium tile. No such simple correlation has
been found.

An alternative method, using the cyan tile as a wavelength standard has also been
investigated (Ref 4). Wavelength errors give rise to differences in spectral
reflectance values in regions of rapid change of reflectance with wavelength. These
can be ~een for typical results in figures 1 and 2. The wavelength error can be
calculated from the formula

!1A = ~R
-

dA

where ~ is the difference between NPL and participants reflectance values and
dR/ dA is the slope of the spectral reflectance curve.

From the data for figure 1 it can be deduced that there is a wavelength error of about
2.8nm.

Results from another participant in figure 2 show a cyclic error superposed on a
similar wavelength error. The cause of this is not clear and requires further study.

It has not yet been possible to c.1rr~' ()ut a complete analysis of wavelength error
because for man}" participants it is oftl'n difficult to separate wavelength errors from
other sources of error.

A new method f()r readily i~()It1tin~ \\',l\"L'IL'n~th errors is required. As the majority of
colour measurin~ s~")ectroph()tl)metL'r~ n()\\' use diode array detectors the method
needs to be eas," t() use \\'ith thl'se in~truments.

8
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9. CONCLUSIONS

A comprehensive summary of the sources of error in the NPL Spectrophotometry
and Colorimetry Club intercomparison of colour measurements has been presented.
(Error has been used here to mean the difference between NPL and participants data
values. However, some degree of caution is needed in the interpretation of the word
"error" because for the most accurate colour measurements made in industry, levels
of uncertainties are similar to NPL levels of uncertainty). The results give an
analysis of a typical cross section of instruments in industry and academia.

For participants with the most accurate instruments where errors are a few tenths of
a CIELAB unit no single source of error can be considered dominant. Therefore most
of the errors need to be reduced to achieve an overall improvement in accuracy. The
scales of diffuse reflectance and 00/450 radiance factor underpin all industrial
surface colour measurements and uncertainties need to be reduced to achieve an
overall improvement. A common method of calculating colour data from spectral
data needs to be agreed for international use. The leading candidate, at present, is
the ASTM method.

The first report on the intercomparison (Ref 2) showed that some participants had
gross errors in colour data. Analysis of the spectral data indicates significant gloss
trap errors (Table 2) and large offset errors (Table 4, matt black tile data) for these
participants. These errors could have been revealed by simple tests using a mirror in
the first case and a black glass wedge light trap in the second case. There is a need
for routine maintenance using simple tests which could easily be carried out by the
instrument owners.

Further research is required into the determination of wavelength errors in diode

array spectrophotometry.

This study was concerned primarily with the analysis of spectral data. Further work
is required on the correction of spectral data and the transfer of the methodology to

industry.
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12. TABLES

Table 1

Recalculation and Renormalisation of Colour Data

All units are CIELAB differences ~E* from NPL for CIE Standard IlIuminant
065 and the CIE 100 Standard Observer.

First row "Initial" These are the colour differences between data
as supplied by participants and NPL.

Second row" ASTM" These are the colour differences between
participants and NPL after recalculation of the
colour data by the ASTM method.

Third row "Normalise" These are the colour differences between
participants and NPL after renormalisation of
the reflectance data using the NPL white tiles
as reflectance standards and recalculation of
the colour data by the ASTM method.

Fourth row "Initial -ASTM" This is the arithmetic difference between data
in the first row and data in the second row. It
rCt1rCscnts the improvement in agreement
bct\\'ccn participants and NPL due to the use
{)f the ASTM method of calculating colour
d,l ta.

Fifth row" ASTM -Norm This is the arithmetic difference between data
in thl' second row and data in the third row" It
ret'rl'sents the improvement in agreement
bl't\'"l'en participants and NPL due to
ren<.)rmalisation of the reflectance data using
thl' NPL white tiles as reflectance standards.

Note: In a fe\\' cases therl' .1rl' gaps in the tables. This is because of gaps or
errors in the dat~ recei\'eli from participants which it was not possible
to remedy...
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Table 2

Gloss Trap Errors

~ is the error in the measurement of a glossy sample using a matt white
standard in the specular excluded geometry.

All data are in % reflectance.

Note that wavelength range and spectral intervals vary considerably between

participants.

Values for ~ could not be calculated for participant 2 as spectral data for the
mirror were not returned.
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Table 3

Specular Beam Errors

K3 is the error in the measurement of a glossy sample against a matt white
reflectance standard in the specular included geometry.

All data are in % reflectance.

Note that wavelength range and spectral intervals vary considerably between

participants.

Values for K~ could not be calculated for participant 2 as spectral data for the
mirror were not returned.
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Table 4

Photometric Errors

Data are the differences in reflectance between participants and NPL for
white, mid grey and black tiles for the wavelengths indicated.

All data are in % reflectance.

Note: In a few cases there are gaps in the tables. This is because of gaps or
errors in the data received from participants which it was not possible to

remedy.

35



..c~-u;>
.

I--~.-=.~,...
~u~=:-:
;>

.
I-
-;d-,...
-,....-"'C

..
~I-
-'..)
".)
c:..
r.r.
-J~Z

--.~-

I

~""...:::t:U
J~uCto:

Ua)
.-~~ >

-
I-g0Q

)

"'""'0Q
)

"'0=g-I-~=u~C
/J

ii

.

,
-.-Z--~ ~~

i

36

N
P

L R
eport C

O
E

M
 2..,.

G
I

:0~~ ":!'0O
J

C
O

~C
oo



..0~U>
-.

'--~::-"t:::>
~U~c~>

-.
'--u--~,...
-~,...
-"'C

.
~~-'..)
:)~v:

...J
~Z

-~-...J
~-z-~

I

~
(I:
...::-...~~~gto:

U~'=~~ cn
~.- >

-
l-VE0Q

.)
0~

Q
.)

~~u.
~U
JI-~~u~C
I'l

~
,

aJlffii

N
P

L R
eport C

O
E

M
 2~~.0~f-o

'-to
'-0NQ

j
Q

O
~Q
..



.s:.
~ 0Z.c~-J :! M 0N ,...
- ~ I~ i~

1

'-I

C
\I
- .-.-

38

Ec00C
D

M
, 

qoO
000

M
In'-

1n1n0

"':09

""O
I~

~
,...o

"':00M
O

l
In.-

~
oo~

,...
010:

-0 
91

N
C

'!
'0

0 
.01

N
C

O
O

N
oo~

=
"C

D
~

~

N
P

L R
eport C

O
E

M
 2

1"-1"-1"-
V

-I"-
000

N
aJa.

aJM
-

ooN

N
tD

-
N

"!M
99'-:

c:-~
~

C
D

~
~

.-~C
\I

,...
.-N

~-..,.
C

')
N=.c 

2:'~
1

$:<
'00

---~
~

~

a>
01C

O
...a>>4: rI~C

\I
It).-~M.-

I

00>
1"-0
0 

oi
!

~
I

0'

-0~00>

1~
0

I-I

[-,[0;,

iO
j

~00;0
I

00;0

~Q
I

:Efa
~ ~--0r")Q

Jbt)
IU

~





NPL Report COEM 2

APPENDIX

INTEGRATING SPHERE GLOSS TRAP AND SPECULAR BEAM ERRORS

For most dielectric (non metallic) materials such as ceramic tiles, paints or
plastics the glossy component of reflection (specular component) is about 4%
of the incident light and does not vary strongly with wavelength.

The gloss trap error is due to not all of the specular beam being absorbed by
the gloss trap in the specular included geometry. The specular beam error is
due to -the specular component of reflection being collected with a slightly
different efficiency from the diffuse component because of non uniformities of
the integrating sphere.

The two errors are best determined by taking readings from a calibrated
mirror an~ a matt white reflectance standard placed at the sample port of the
instruments. A mirror has a much higher specular reflectance (typically 80% to
90°;;1) than the 4°;;1 for a glossy tile or paint but it has no significant diffuse
component of reflection. Because of the high reflection it gives a very sensitive
test. However, the mirror readings need to be scaled down to correspond
with the specular reflection from a glossy tile or paint. The following
equations give the mathematical theory for the determination of gloss trap and
specular beam errors. The reflectar.ce R., of the sample is to be measured. The
reflectances R of the matt \\'hite standard and the mirror M must be known.

I

Instrument readings, P." P, and Pili are taken from the sample, white standard
and mirror respectively. To simplify the equations the assumption is made
that the error in PI is small compared "'ith the value of PI ' which is usually the
case.

For matt materials, the ~los~ tra~"') error and specular beam error are both zero.
In industrial instruments L'ither thl' sample or the standard can be glossy or
matt. To allo"' for any combinJtion of glossy and matt, factors a and ~ have
been introduced \\'hich equ.111 for ,1 glossy surface and 0 for a matt surface. a
is used to gi\'e the factor (1 ()r ()) for the sample and ~ is used for the white
standard.

In the absence of any error, the equation linking the required value of the
reflectance of the sample, Ro, to the instrument readings is

Rl'

.Rt

40
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In the presence of an error this becomes

pa -error
Ra = .Rt

pI-error

41
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Notation

a
t
m

sample
standard
mirror

gloss trap
specu lar beam

9
s

M of

4

Note: Readings and absolute reflectances vary with

wavelength
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Pgm
-

Pg4

Absolute diffuse reflectance of a sample

R = ~ ~ -a p 94 .R
a 4-P t -~ P 94 L

for a glossy surface

for a matt surface

Where

Pa
Ra kn

~
r3

, ,
, , + a

Pt

Pg4-

Note that when a glossy sample is measured against a
matt white reference standard, ~ = 0 and a = 1. In this
case the error in reflectance measurement is K2.
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Specular Beam Error -Specular IncllJded

Geometry

M theat

If there were no specular beam error, the mirror would

give a reading
MPt. -

Rt

= p
...sm R

t

for a specular component of about 4% from a typical

glossy sample the scaled error in the specular beam is

-Pt

M

Rt
es ~{ P sm -Pt

--
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The absolute
correction is

of a a

where a,~=1 for a glossy sample
where a,~=O for a matt sample

-

PaR a,..."
,..." +

a
Pt

4( Psm-

MPt

Note that when a glossy sample is measured against a
matt white reference standard, ~ = 0 and a = 1. In this
case the error in reflectance measurement is K3.
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