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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, ] O’'Halloran
National Physical Laboratory
Teddington, Middlesex, TW11 OLW

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 by 24 members of the NPL Spectrophotometry and
Colorimetry Club showed considerable variations in the accuracy achieved in
industry.

The objectives of the technically based studies are:

. to identify how current industrial practice can be improved.
to identifyv and quantify the sources of measurement errors in industry.
. to further identify and quantify the least understood sources of error in

national measurement instruments.

This report is an analvsis of the spectral data collected during the Spectrophotometry
and Colorimetry Club intercomparison, with the aim of identifying the causes of the
inadequate agreement between colour 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% of
measurements to agree to within 0.5 CIELAB units.

2. WORK PROGRAMME

This investigation was carried out in 3 steps.

Step1l  Recalculation of colour data from all participants using ASTM weighting
functions (Ref 3). This minimises the effect of differences in spectral
interval and bandwidth. The improvements in agreement between NPL
and participants are quantified.

Step 2. Recalculation of colour data using NPL white tiles as reference standards.
This converts all participants’ data to the scales of absolute diffuse
reflectance and radiance tactor used by NPL. The improvements in
agreement with NPL are again quantified.

Step 3. Analysis of the following spectral reflectance errors:

Gloss trap error
Specular beam error
Photometric scale error
Wavelength error

The investigation was carried out by a working group of the participants in the NPL
Spectrophotometry and Colorimetry 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 confidentiality 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 AE
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 AE 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. The means
for all participants are, from Table 1 pages 2, 3,7, 8, 12, 13:

] Specular excluded | Specular included 0°/45°
glossy yellow (.60 0.25 0.23
matt yellow 0.37 0.32 -0.08

Data are in CIELAB units AE for CIE Standard Illuminant D65 and the CIE 10°
Standard Observer.

By comparison, corresponding figures for the white tiles are, from Table 1 pages 1, 2,

6,7,11,12

Specular excluded | Specular included 0°/45°
glossy white 0.00 0.05 0.03
matt white 0.01 0.05 -0.03

Thus, the improvements in agreement due to use of a common method of calculating
colour data vary from tile to tile but can be as much as several tenths of a CIELAB
unit.
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4. RECALCULATION OF COLOUR DATA USING NPL CALIBRATED
WHITE TILES AS THE REFERENCE STANDARDS

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
reflectance and 0°/45° 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,
12 :

Specular excluded | Specular included 0°/45°
glossy white 0.40 0.29 0.33
matt white 0.48 0.29 0.74

For tiles of lower reflectance the improvement is smaller, for example from Table 1

pages 1, 3,6,8,11,13

Specular excluded

Specular included

0°/45°

glossy red

0.06

0.02

0.07

matt red

.09

0.06

0.20

Data are in CIELAB units AE for CIE Standard Illuminant D65 and the CIE 10°
Standard Observer.

The improvements to be gained from using the same scales of diffuse reflectance and
spectral radiance factor are several tenths of a CIELAB unit for some tiles, in
particular white tiles or other tiles of high reflectance.
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5. GLOSS TRAP ERRORS

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, K, when a glossy material is
measured against a matt white standard. The maximum possible value of K,
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
specular 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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7. PHOTOMETRIC SCALE ERRORS

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 0°/45° geometry these
differences are given for both the matt and glossy tiles. For the specular included
and specular excluded geometries, the differences 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 analysed 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.
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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 seen for typical results in figures 1 and 2. The wavelength error can be

calculated from the formula
— AR
A= /d_R
dA

where AR 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
2.8 nm.

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 carry out a complete analysis of wavelength error
because for many participants it is often difficult to separate wavelength errors from
other sources of error.

A new method for readily isolating wavelength errors is required. As the majority of
colour measuring spectrophotometers now use diode array detectors the method
needs to be easy to use with these instruments.
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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 0°/45° 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
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Recalculation and Renormalisation of Colour Data

All units are CIELAB differences AE* from NPL for CIE Standard Iluminant
D65 and the CIE 10° Standard Observer.

First row “Initial”

Second row “ASTM"”

Third row “Normalise”

Fourth row “Initial - ASTM"

Fifth row “ASTM - Norm

These are the colour differences between data
as supplied by participants and NPL.

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

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.

This is the arithmetic difference between data
in the first row and data in the second row. It
represents the improvement in agreement
between participants and NPL due to the use
of the ASTM method of calculating colour
data.

This is the arithmetic difference between data
in the second row and data in the third row. It
represents  the improvement in agreement
between  participants and NPL  due to
renormalisation of the reflectance data using
the NPL white tiles as reflectance standards.

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.

13
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Table 2
Gloss Trap Errors

K, 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 K, could not be calculated for participant 2 as spectral data for the
mirror were not returned.
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NPL Report COEM 2

Table 3

Specular Beam Errors

K, 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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133

Specular Beam Error Coellicients K3

: Participant Nao A 20 14 15 L12] [ a 19 9 18 LA 4 T 21 10 12
Wavelanglh
360 -0 392
365 | ‘
aro 0333 ‘
375 o
anag 0287 0,483 \ 0149 0.156
385 . 0i29] 0is2
390 0230 0355 D583 : L0145 0.152
355 - - i i o A 0.137|  0.154
4p0| o028 016 0GB 0188l OIIT| 0256 0137 0185 0482 0089 0335 0509 0.154|  0.i61
A5 25 0.142 0.157
450 o079 oo D23} 0146| -D2BA| 0205 D156 0141 0.5648 0.145| 0.158
a5 = x e — 0.152|  0.i61
420 007, OOsA| DO 0172 D25 0172] 0133 -0075 0255 -0411| -0D049| 0278 G545 0412 0.136| 0.161
425 = 0.149| 0.163
430 0078 0062 0O mm] 0234 onasl 0921 0224 0535 041 0.143|  0.169
435 o ST b 0.143| 0.163
440 0068 0060 -DO64] 00N 0220 0| -09i8| D061 -D1B2| -0.387| 000D0| -D254] 0512 043i 0.141| 0.164
445 Py i) e ) 0.i45| 0.162
450| 0066|0057 0053 0079 o204l 02| 003 0.8 | D47 -p.408| 0.147| 0.163
455 : = : = Ce= x==1| I 0.149|  0.167
460) 0065 0054 0045 O0GB| 0182 0099 0010 -D0SB| 0207 -0374| 0043 0241|0484  .0.427 __| 0144l 0.165
465 o e 255 - i 0.44i| 0.160
470| 0058 D058 D044 0065 0185 0083 0108 0.162 0483|0413 ~ 0.138] 0.i56
= 3 0.157
0.157
0.153
0.157
0.157
0.155
0.151
0.150
0148
0.143
0.140
0.139
0.137
0.132
0.138
0.137
0.133
0132
0.130
0.128
0.126
_ 0. : 0122
_ 585 = i ) Il e =] = 0098/ 0117
580 0075 -DO3E| -0 -0042)  -D123| 0040 -0.084] _oz2n 0444 {0091 0118
585 ' L [ ‘ [ 0099] 0117
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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.
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NPL Spectrophotometry and Colorimetry Club

Reflectance Errors, R - R(NPL. Tiles ~ Specular Included Geometry
Type a a a a a a a a b b b b b b b C c 8
Tile Sell EHO3 | EJ93 | EK93 | EK93 | EH93 | EH53 | EHS3 | EJ93 | EK93 | EJ93 | EHO3 | EH93 | EHO3 | EJ93 | EHO3 | EKD3 | EK93 | EK93
Tie |LabNo| 8 20 14 15 50 6 3 19 g 18 A 4 7 21 2 10 12 13

400 nm M| Whi| 048 | 055 | 028 | 030 | 060 | -551 026 | 085|172 |-081| 162 | 022 | 041 | 551 | 053] 154 | -0.76
MGry| 022 | -031 | 025 | 002 | 025 | -2.07 024|039 | -037]| -026| 052 | -126| 028 | 144 | -0751 097 | 133
MiBIk[ 012 | 017 | 007 | D12 | D15 | -041 012 | -024 | 016 [ 018 | 024 | -1.11 | 003 | 024 | -039| 1.15 | 3.03
440nm M W] -040]-035] 028 [ooa [ o6l [-068[ 022 [ -079] 010 | -0B9| -124| 041 ] -050] 008 | 231 | 0521 118 | 028
MiGry| 008 | -D10] 030 | 020 | 031 |-016| 022 | -033 | 007 | 0.05 | 048 | -009 | -139 | 0.18 | 0.0B | 081 | 063 | 0.98
MiBIk| 010 | 007 [ 003 | 002]| 016 | 008 | 010 | 008 | -015| Gal | 011 | 0.0B | -1.04 | -008 | -011 | 043 | 098 | 3.07
480nm M Whi] -042 | -041 | 026 | 001 | 073 | 063 ] 024 | 087 | 031 | 002 -129] -011] 026] 016 ] 083 | 061 | 003 [ 023
MiGry| 012 [ D11 [ 030 [ D21 | 034 | -009| 026 | -040 | D03 | 002 | -060 | 007 | -126 | 023 | -041 | 083 | 051 | 08D
MBIk | 011 | -006| 001|002 016 | 008 | 012 | -009 | 012 | 0.34 | 0.06 | 0.08 | 085 | -0.07 | -020 | -040 | 091 | 3.01
520nm Mt Whi| 033 | -044] 019 [-018] 060 [-068] 014 | -089] 050 | 093] -1653] 014] 010 ] 018 | 025 ] 047 | 086 | 023
MGry| 010 | -017] 023 [ 012 [ 029 |-014] 019 |-04a] 010 | 002 | 062 | 000 | -106] 022 | 0711 0851 042 | 073
MtBIk[ 011 | -005] 000 | -002| D16 | 009 | 0.10 | -0.09 | -0.09 | 035 | 0.08 014 | 088 ] -0.08 | -0.27 | -0.42 | 086 | 281
560nm Ml Whi[ -037 [ -042 [ 015 [-023] 052 [ -064 ] 010 [ -0B7 [ 040 [ 099 151 ] -036| 002 | 015 | .003] 0681 078 | 009
MiGry| 013 | -021 | 024 | 012 | 027 [-011 ]| 018 | -038| 0.10 | -0.01 | 059 | 003 | -1.18| 025 | -0.71 | -084 | 033 | 031

MBIk | 012|004 | 001 | 001 | 015 | 0.09 | 0.08 | -005| -008 | 039 | 010 | 0.17 095 | 0.01 |-024 | -038 | 082 | 2.7 |
600nm Mt Wh| -036]-037[ 018 [-014] 045 [-057[ 013 [-083[ 045 ] 093] -141]-044] 022 | 019 ] 000 | 0621 078 | .026
M Gry| 011 [-019] 022 | 013 [ 025 | 011 | 0.19 [ -041 [ 0.08 | 0.01 | -056 | 002 | -100| 013 | -076 | -088 | 028 | 0.07
MUBIk| 011 | -003 | 00O | 00D | 0.14 | 0.09 | 0.10 0.06 -0.07 | 0.40 015 | 0.18 | -0.86 [ -0.08 | -025 0,37 0.70 | 265
640nm Mt Whi[ -028 [ -034 | 019 [-016 [ 041 [ -055] 012 [-077] 038 | -088] -144 | -049] 048 | 012 | 001 | 048] 077 1 011
MiGry| 015 | -019] 026 | 014 [ 023 [ -007 | 020 | -036 [ 0.11 | 0.03 | -049] 001 | -082 | 017 | -068 | -084 | 0.22 | 0.09
MtBlk| 011 | -003] -001 [ 000 | 013 | 008 | 008 | -0.05| -0.05 | 0.37 | 0.15 | 0.17 | -0.83 | -0.02 | -026 | -0.38 | 0.61 | 2.63
680nm Mt Wh| -019 ] 029 [ 024 [ -010] 046 [-051 [ 015073 060 | 072]-138] 048] 071 | 021 | 017 ] 0631 075 | .020
MiGry| 016 | -015] 025 | 014 [ 027 | -008| 020 | -037] 019 | 001 | -047 | 012 | -088| 004 | .081 | -086 | 014 | 014
MiBlk| 010 | -0.02 | 0.00 | -001 ]| 014 | 007 | 008 | -008 | -0003| 033 | 014 | 020 | -0.B4 | -010| 038 | D43 | 052 | 252
~720nm MI Whi| -017 | 028 ] 018 | 021 060 012 033 | 094 102 ] 078 | 043
M Gry| 018 | -0.16 | 0.22 | 009 -0.09 | 0.19 0.14 | -0.90 101 | 008 | 000
M Blk|[ 008 | -004 | -0.05 | -0.10 0.01 | 0.04 | 021 [ 085 ‘052 | 036 | 238
Average MI Whil -023 ] -038] 022 [ 014 055 [ -1.15] 015 [ 068 ] 024 | -100] -133] -013] 017 | 618 ] 108 ] .061] 093 | 019
MiGry| 014 | -018] 025 | 013 | 028 | -032 ]| 020 | -087 | 002 | 003 | 051 | 008 | 1.10| 018 | -032 | -085 | 040 | 046
MiBlk| 011 | -006 | -002 | -003] 015 | 002 | 009 | -008] -010[ 033 | 012 | 0.16 | -002 | -005| -019 | 041 | 077 | 276

Table4 Page1of4
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NPL Spectrophotometry and Colorimetry Club

Reflectance Errors, R - R(NPL) Matt iles Specular Excluded Geometry
Type a8 a | a a a a a b b b b C _d _8 ] ]
Tile Sel] EK93 | EK93 | EH93 | EJ93 | EHO3 | EH93 | EH93 | EK93 | EH93 | EH93 | EJO3 | EK93 | EJ93 | EJ93 | EH93 | EKG3
Tile |LabNo| 14 15 ] 20 [ 3 3] 9 a 5A 18 12 19 21 2 13
A00nm M W] 033 | -040| 049 | -075| -532 | 018 | D02 | -1.05] 163 | -100| -1.90| 397 | -017 | -1.09] 541 | 327
MiGry| 031 | 002 023 | 041 | 203 | 022 | 003 | -045| 053 | 030 | 043 | 161 | -025] 282 | 124 | -0.16
MiBk| 007]-015] 01w | -023]-038] oo7 | 004 | -024] 021 | 0.14 | 0,15 | 053 | -0.06 | -0.83 | 0.20 | 250
“A40nm Mt Whil 033 | -0D3 | 033 | -057 | 031 ]| 022 | 026 | -011] -045] -132 | -101] 305 | -0.76 | -188] 222 | 317
MGyl oar o7 fo1a|-020] ooal o023 o017 | -015| 008| -055| 000 | 110 | -060| -143 | -004 | -0.18
MiBik| 004 [ -006] 008 ] -012] 008 | 0.07 [ 007 | -0.14] 005 | 0.08 | 0.28 | 041 | 019 -087 | -0.11 | 280
480nm M Whif 033 [ -0o5] -038]-060] -028[ 017 | 036 [ 012 [-006[-140[-101] 257 | -084] -031 ] 0.68 | -345
MGry| 032 | 018 [ 013 | -018]| 000 | 021 | D22 | -0.03| -008 | -066 | -001 | 103 | -062 | -1.09 | -057 | -0.25
MBIk [ 0041 -007] 008 | -010] 007 | 006 | 008 | -012] 007 | 0.06 | 031 | 034 | 017 | -073 | -023 | 276
520nm Mt Whil 022 [ -024]-030] -060]-035] 010 [ 028 [ 030 [ 010 -164 ] -103] 225 | -072 | -241] 0.12 | -342
MGyl 027 [ 010 | 012 [ -022] 004 015 | 019 | 0.05 | 0.01 | -067 | -0.02 | 092 | -066 | 034 | -0.85 | -033
MiBIk|-003] -008] D10 | -009 | OCOB | D05 | O0B | -00OB| 013 | 0.06 | 0.32 | 0.30 -013] 019 ] -0.29 277 |
560nm M WHJ 019 [ -028] -030[ -058] -033] o04 [ 029 | 022 [ 030 -1.65] -1.08] 204 | -085] 242 1 -0.15 | -357
Mt Gry| 025 | 0.09 | 015 | 027 | -003] 013 | 019 | 0.03 | 0.06 | -0.65 | -0.03 | 0.84 | -0.70 | 0.18 | -0.86 | -0.69
MiBIk[-004]-007] 010 | 0081 008 | 005 | 0.08 | -009] 0.16 | 0.09 | 0.36 | 027 | -0.13 | -0.14 | -0.22 | 2.67
600nm Mt Whif 020 [-019]-034]-051]-030] 002 ] 017 [ 027 |-054]-150]-100 194 | -081] -213] -0.15 | -3.84
MiGry| 023 | 010 | 013 | -026 | -002| 014 | 0.17 | 0.01 | 0.01 | -059 | -003 | 0.79 | -0.76 | -0.18 | -0.90 | -0.82
MBIk|-004]-005] 009 |-008] 007 | 002 | 006 | -007 | 0.16 | O.11 | 037 | 026 | -0165| -029 | -025 | 264
== TETTiTTE R T = =1
640nm Ml Whil 021 ] -022]-023]-056] -029 ] 0.00 [ 0.10 | 0.18 | -0.51 | -1.59 | -0.96 | 1.85 | -0.87 | -2.46 | -0.13 | -390
M Gry| 024 | 012 | 017 [ -026 | 0,00 [ 015 | 0.14 | 0.04 | 0.01 | -063 | -001 | 0.78 | -0B6 | 025 | -0.81 | -1.04
MiBIk|-004 ] -007] 009 | -008] 006 | 001 | 005 | -004| 016 | 015 | 035 | 026 | -028 | -0.15 | -0.26 | 260
= === = =
680nm Mt Whif 028 | -013]-012[-048] -020] 005 [ 016 [ 043 | 046 [ -151 | -080] 195 | -063 | -092 ] -030 | -4.36
MiGry| 022 | 009 [ 019 | -024] 000 | 0.15 | 016 | 0.11 | 015 | -048 | -001 | 0.74 | -1.07 | 298 | -096 | -118
MiBlk|-004 | -007| 008 | -005] 004 | 0.03 | D.O6 | -002 | 0.1B | 0.12 | 0.32 0.24 | -0.52 | -0.61 037 | 2568
720nm M Whi| 016 | -026 [ -0.10 [ -057 [ -0.31 | -0.04 -0.22 1.69 -4.93
M Gry| 020 [ 007 [ 021 [ -027 | 000 | 0.16 0.22 0.67 115
Mi Blk | -0.09 | -0.15 | 0.07 | -0.09 | -0.01 | -0.02 0.21 ~ 0.20 245
Average MI Whi] 026 [ -020] -018 ] -058] -085] 00B | 021 | 004 | -091 ] -146] -1.10] 237 | -071] -1.70] 086 | 377
MGry| 026 | 010 [ 016 | -026 | -024 | 017 | 016 [ -005| 009 | -055 | -007 | 095 | -069 | -097 | -047 | -065
MiBik|-005]-009] 009 |-010] 001 ] ood4 ] oo6|-010] 015 [ 010 | 031 | 031 | 020 -049 | -0.19 | 265
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NPL Spectrophotometry and Colorimetry Club

Reflectance Errors, R - R(NPL) Matt Tiles 0/45 Geometry
Type b b b b b b b b b b
Tile Setl] EK93 | EK93 | EJ93 | EJ93 | EH93 | EK93 | EJ93 | EH93 | EK93 | EK93
Tile LabNo| 14 13 20 17 4 9 19 1 12 11
400 nm Mt Wht| 345 126 | 224 229 145 | 2.69 278 | 242 1.33 0.46
MtGry| 107 | -040| 074 068 | 0.17
MtBIk| 020 | -066 | 0.00 | 0.07 | 0.03
440 nm Mt Wht| 2.16 1.64 1.78 | 0.74 1.57
M Gry| 069 | 019 [ 070 | 059 | 037 . |
Mt BIk | 000 )
480nm Mt Whil 224 [T 141 J 195 ] 119 ] 142 198222 127 1.71 | 099
MiGry| 064 | 007 | 067 | 044 | 036 | 051 | 034 | 035 | 0.38 | 0.34
MiBIk| 008 | -019 | 005 | -0.14 | 0.11 | -003 | -0.05 | -0.02 | -0.01 | -0.01
520 nm Mt Wht| 235 1.68 219 0.18 1.72 2.15 2.26 1.36 1.71 1.14
Mt Gry| 070 | 021 081 046 | 047 0.61 053 | 0.62 047 | 042
MtBIk| 009 | -017 ] 009 | -0.16 | 0.17 | 0.00 | 0.01 003 | -0.01 | 0.02
560 nm Mt Wht] 224 1.69 2.32 0.99 190 | 224 2.49 1.45 1.38 0.92
Mt Gry| 0.65 030 | 080 | 068 | 050 | 066 | 052 | 069 | 0.47
MtBIk| 006 | -013 | 0.11 | -019 ] 018 | 0.00 | 002 | 0.01 | -0.03 ] 0.01
Mt Wht 215 | 226 | 0.71 186 | 233 | 251
640 nm Mt Wht| 2.06 2.24 2.30 0.18 1.67 2.06 | 2.37 1.29 1.92 I 0.84
MtGry| 059 | 023 | 079 | 056 | 043 | 058 | 056 | 0.65
MtBIk| 008 | -026 | 0.14 | 0.06 | 0.04 | -002 | 0.07 | 0.04
680 nm Mt Wht] 2.00 | -056 | 2.31 019 | 2.04 1.75 | 253 | 0.98 1.86 | 0.64
MtGry| 065 | -053 | 059 | 057 | 058 | 053 | 065 | 0.72 | 0.92 | 0.65
MtBIk| 009 | -036 | 0.13 | 0.11 017 | 0.00 | 0.14 0.10 | 0.1 0.07
720 nm Mt Wht 027 | 236 | 040 059 | 083 | -0.06
Mt Gry -022 |1 082 | 047 040 | 052 | 0.49
Mt Blk -026 | 038 | 0.17 0.18 | 0.18 | 0.12
Average Mt Wht| 2.34 1.31 2.19 0.77 170 | 217 | 2.41 . )
MtGry| 070 | 001 | 074 | 0.60 | 043 | 061 | 054 | 054 ) )
MtBIk| 009 | -028 | 012 | -005]| 013 | -002 | 003 | 0.01 J j
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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 and 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%) than the 4% 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 reflectanice R of the sample is to be measured. The
reflectances R, of the matt white standard and the mirror M must be known.
Instrument readings, p, p, and p,, are taken from the sample, white standard
and mirror respectively. To simplify the equations the assumption is made
that the error in p, is small compared with the value of p, , which is usually the
case.

For matt materials, the gloss trap error and specular beam error are both zero.
In industrial instruments cither the sample or the standard can be glossy or
matt. To allow for any combination of glossy and matt, factors o and B have
been introduced which equal 1 for a glossy surface and 0 for a matt surface. o

is used to give the factor (1 or () for the sample and B is used for the white
standard.

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

Ru:&. Rt

P
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In the presence of an error this becomes

N.—Perrnr
Ra=- o R;
pr—el’l"or
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Appendix
Notation
Subscripts a sample
t standard
m mirror
g gloss trap
S specular beam

Note:

sample reading, p, standard reading
absolute diffuse reflectance of sample, %
absolute diffuse reflectance of standard, %

absolute specular reflectance of reference
mirror, %

absolute reflectance of specular (glossy)
component of reflection from sample or
standard (for a glossy tile, plastic or paint the
specular reflectance is about 4%)

Readings and absolute reflectances vary with
wavelength
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Appendix
Gloss Trap Error - Specular Excluded Geometry

A calibrated mirror of reflectance M gives a reading of Pgm
which is an error reading. If there were no gloss trap error
Pgm Would be zero. The scaled error corresponding to the
glossy component of a tile, paint or plastic is

4
Absolute diffuse reflectance of a sample
Py — AP
_ 94 .
R, = R.
P; ~ BPy,

Where o,3 =1 fora glossy surface
o, =0 fora matt surface

If py4<<p,this approximates to

F?azpa R1+k2BBf o
o O,
where 5= —pi‘l R,
oF

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

Specular Beam Error - Specular Included
Geometry

A calibrated mirror of reflectance M placed at the
sample port gives a reading p..,

A matt white tile of reflectance R, placed at the sample
port gives a reading p,

If there were no specular beam error, the mirror would

give a reading y

o =
t Rt

thus the error in the mirror reading e, is given by

M
em:psm_pt.ﬁ

t
for a specular component of about 4% from a typical
glossy sample the scaled error in the specular beam is

_ 4
es-—M

M
Psm ~ Py E
t
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Appendix
Specular Beam Error Continued

The absolute reflectance of a sample, applying a
correction is

R . S R where o,B=1 for a glossy sample
a { where a,p=0 for a matt sample
Pe,

if e,«p,this approximates to

(
R_= Pa R, + k., B Eﬁ x
o -

POsm A

o, M

where k, = 4

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

45



