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Annotated Bibliography/

2 L& Brief Survey of Colour lieasurement in the
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3. The Application of Colour lMeasurement in
meaa a s :
Tolerance oSpecification /Seninar Paper/

Najor manufacturers of colour measuring equipment
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Conduct a comprehensive course on the theoretical
background anc practical application of the ACS

colevr measuring and colorant formulation system
instelled in LTISR LMEHALLA, for experts of the dyehouse

as well as those appointed by the Textile Development

Centre.

Instruct experts of IIISR NEEATTLA in the everyday use
of the ACS system, and with their conperation initiate

the regular application of the gystem within the facory.

Assist the experts of ISR IBEALTA in optimizing the

~a

dyesvuff ranges used in computer cclorant formulation,

Suggest further applications for the instrument within
the factory, e.g. quality control of incoming ayestuffs,
guality control of cdyed goods, etc.

Instruct experis of the Textile Development Centre in

the application of the colour measuring instruments

available at TDC,

Izke recommencations for *the wider application of
insvrumental colour measurement in the Zgyptian
textile indusiry, prircarily that in and around Alexandris

and Cairo,
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The consultant would lile to thanic first of all

-3
Ve

n

e helping him through the firgt difficult steps of

e Recrulitnment O0fficer and s, Je

<t

o)

nis mission: lre L. Lel
Admirnistraiive Assisiant of Project Personrel
ruitment Section, ls. A. ZedniceX and ls, J, Guedon of

Xec
Zxpervs Adninistrziion, Mrs, I, lennel 3riefing Co=Ordineateor
ané the Subgtartive Cficer X», I, liinke of Agro-Indusivies
Sectiorn at UNIDO HQ in Vienna as well zs the UNDP Field
Cffice in Cairo , for their heln, patience and for under-~

? g B~

stending 2’1 the problems a novice in this field might

encounter,

The guicdance and advice of Dr, Roy Nield UNIDO Project
Hanager andé Ir, lzgli Elaref Co-lianager zre -highly appre~
claved, as are the many useful discussions and consultations

“h I, Derex Vyles, UNIDO Consulitant in Dyeing and Finishing,
The views and advices given by Dr, lohamed Zl-Gouroury, merber
of the Board of ICTF end Cheirman of lZgr Spinning ard Weaving

Q

0. 2elped a great deal in giving the mission the final

gnepe it toolk,

I% has been a pleasure to work with so helpful and

envusiasiic colleagues as those zt the Textile Developnment
Centre and in Lisr lehella, especially with ls, Yusr #1lanm,
Zead of Chemical Iabs at T2C anéd Dr, Ahmed lohamed EL Sgid
and lMr, llamdouh Thalil of lisr Spinning and Weaving.

Special thanks are due to lr, Abdel Hamid Ihairalla,
ector 1ill Service Department, TDC, whose untiring help
in preparing for the courses and geminars, collecting material
for <he noves, arranging meetings and giving helpful advise
n mosy everything made the cousuliants work very nuch easier
ané nis stay in Egypt so nmuch more pleasant,
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L Textile Comsolidation Fund - Textile Develomment Centre

Yost of the consultentis activities took place at the TDC
in Alexandria, After a brief first meeting with the chemistry
staff and a visit to the laboratories a preliminary colour
measurenent conswltancy program and guidelines for the best
utilization of existing colour measuring squipment in TDC were
prepared /Annex Noe. l. /. These two documents, approved by the
Project Manager, formed the basis of the consultant’s work
during his mission,

Instrumentation

There are a number of optical instruments at TDC for the
measurerxent of reflectance or transmittence, notably a HUNTERLAB
D 2532 }i/L digital colour difference meter, a HUNTERLAB D 40
reflectometer, a HUNTSRLAB D 16 Manual Glossmeter, a SPINLAB
Model 280 UV meter, an EEL poriable absorbance meter and a
BECEIAN Acculiab IR spectrophotometer,

The instruments are several years old, except for the
BECKIMAN, which is brand new. All are in good working condition.
It was agreed that only the utilization of colour measuring
instruments /i.e. the D 25 and partly the D 40/ would be dis-
cussed, and the other optical instruments measuring attributes
not directly related to colour would be disregarded this time,

Discussions

Digcussions centred around the following mein topics:

- agsessment of the repeatability of instruments;
~ the CIELAB colour order system and colour space;
= characterization of the behaviour of dyestuffs;
~ gtrength comparison of dyestuflis;
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- cclour differences, tolerances, pass/fail and colour
gorting;

- assessment of the repeatability of dyeing;

- cclour calculations,

Pracicael work

Laboratory exercises and measureaments started simultaneously
with the discussions. Measurements were mzde on the D 25 inst-
rument, primarily using the various textile /tow, yarn, fabric/
sanples provided by the comsultanv, Practical exercises for
the TDC staff included sample preparation, instrument celib-
ration, determination of repeatability, accuracy and repro-
ducibility; measurement of concentration series and training
on the interpretation of data,.

The accuracy and the repeatability of the HUNTERLAB D 25
was found to be satisfactory, and it served as a .eference
instrument in checking similiar colorimeters at IZMADYE and
XASR Mehalla mills /see Anmex 2, for data/.

Calculations

It became apparent at the very beginning of the practical
werk, that a programmable pocket calculator was needed to carry
out the necessary colour calculations, The consultant selected
and purchased for TDC a suitable calculator /a Texas Imstrument
58 C/ availahle locally, wrote the necessary programs, and
instructed the staff in using it /see Amnex 3./,

Training

The training course and seminars conducted at TDC will
be discussed under C,




B VISTT OF TEXTILE MITTS

In order to get acquainted with the staftus of the
application of colour science in some of the important
textile dyeing and finishing nills the consultant visited
IZIADYE and MISR BEIDA DYERS Co, in Kafr E1 Dawar, MISR
Spinning and Weaving Co., and EL NASR Spinning, Weaving and
Pinishing Cce in Kehealla EL Xubra. He met experts concerned
with various aspects of the coloration process, surveyed
the colour instruments available in the mills and discussed
several espects of the epplication of colour measurement in
the textile indusiry as well as various theoretical points,

The visit to MISR Spinning and Weaving Co, was
originally supposed to have been much longer, but partly
due to the fact, that the ACS computer colour matching
system was malfunctioning, and partly due to the increased
interest on the part of TDC and several mills in and around
Alexandria for a two week training course conveniently
held at TDC, the stay was finally reduced to one week,

Detailed desription of the information collected
and the conclusions and suggestions made in the mills are
to be found in Anmex No, 4,

C TRAINING COURSE AND SEMINARS

In addition to the informal discussions and instruction
at IDC and in the mills the conswltant gave a lo-day
training course and three shorier seminars,

The lo-day training course on "Introduction to Colour
leasurement in the Textile Industry" was held at the TDC
16=-26 November /see Annex 5,1 for Lecture Notes/. It was,
as the title suggests a comprehensive course mainly for
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people from the industry, who ere involved in some
aspects of colour control in their everyday work, but had
50 far received no formal training in colour science,
There was attendance from MISR Spinning and Weaving Co.,
EL NASR Spimnning, weaving and finishing Co,’, MISR BEIDA
Dyers, MISR RAYON and Polyester, IZIMADYE, in addition

to several attendanits from TDC,

One half=day seminar was given in the MISR mill in
Mehalla /"A Brief Survey of Colour Measurement in the
Textile Industry" - see Annex 5.2 for the seminar paper/
on 2nd December for people not airectly wr ~ing on the
ACS system, but who come across its acti' ‘es in their
work, and should have some general knowleuge on the topic,

A special one~day seminar was given on the l4th
December in TDC on "The Application of Colour Measurement
in Tolerance Specification" /see Amnex 5.3 for the seminar
paper/. It was requested by several experis in milis that

this rather difficult, but very important field of application

be discussed in more detail, There was participation from
all the mills visited, and the discussion following the
presentation of the paper reflected truly how great the
interest was for this =~ as yet not completely solved =
problem of zpplied colour science,

A helf-day seminar was zalso given at the National
Research Centre, Dolki, Cairo on the 20th December on
"The Application of Colour NMeasurement in the Textile
Industry" for the staff of NRC, There was no special

seminar paper, but copies of the previous papers were
distributed.
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V RECOMENDATIONS

Based upon consultations with the Project Manager,
other experts of the UNIDO team and of tie TDC, and
nembers of the Technical Committee the following recommen-
dations could be formulated,/Only those relating to TDC oxr
of a gereral interest are listed below,. For recommendztions
relating to one paricular mill only please refer to Annex 4,/

1.

Se

The program commenced during the consultant’s sfay
should be continued, with special attention given
to the repeatability checks of the newly installed
dyeing machinery,

To meke the large amount of colour calcwlations
easier, after adequate practice with the recent
purchased TT 58 C calculator it should be up-graded
by adding a printer device %o it /available locally/y
or, preferably it should be changed for a TI 59 C
and a printer, The main advantage of the 59 C over
the 58 C is its ability /by using magnetic cards/

to store complicated programs -~ such as the ounes
listed in Annex No, 3. —permanently. The advantages
of a printer device are obvious when large amount of
data are to be handled and recorded, as is the case
with colour measurement,

The purchase of a full computer match prediction
system /like the ACS in NMehalla/ for TDC should be
considered at a later stage. The best solution
would probably be to buy it together with IZMADYE,
and use it as a match prediction centre serving the
textile industry, primarily in the neighbourhood of
Alexandria, Whether to set it up at IZMADYE or at
the TDC is a matter for later consideration, but
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in the consultant’s experience nuch is %o be
gained by setting up the centre in a nill, and run
it by centrel staff /in this case that of the TDC/,

It is recommended, that some experts from TDC
/eventually accompanied by experts from MISR Mehalla/
pay a visit to Hungary where a ceniral colour matching
and measuring system has successfully been in opera~
tion for over 3 years, The visifi can be arranged
througt any official channel, the program in Hungary
will be arranged by the consultant,

TDC should continue their cooperation with textile
mills interested in the application of colour measure-
ment, They can help in standardizing or checking

the existing colour measuring instruments, con-
sulting in the application of the CIELAB system,

and also provide the technical literature, |

Purther visit/s/ by a consultant in colour measure-
ment should be planned well in advance /see also
point 7. below/., His work should include

=~ a training course of lo=~l4 days with practical
exercises on the gpecial problem of colour tolerances;

= laboratory training in the selection of optimal
dyestuff ranges with and without having recourse
to computer match prediction systems;

-~ one=day seminar on up=~to=date colour instrumentation
ir. the textile industry and criteria of selectiong

~ golving special problems in applied colour measure-
ment according to the need of the mills,

The consultant has found it most disturbing that
much of his time has been taken up by activities
which could easily have been performed prior to
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commercing his mission had he possessed the necessary
information, The preparation and organisation of tke
training course and the seminars could also have been
made more effective had the consultant and his counter-
part had the chance to discuss topics, level and interests
of audiance etc. in advance,

It is recormended therefore that UNIDO consider the
introduction of "two-stage missions" whereVer deemed
necessary. These would consist of a short or medium

term mission /1-2 months/ preceded by a shorter /7-lo
days/ preparatory visit., There should be a 1-2 months

long interval between the two to allow the consultant

to make his preparations at home and his counterpart

%0 do the same at the location of the missione It is

the conswWltants firm belief that this way the effective
ness of the field work could be much improved. /The

extra expense of the double air-fare could well be saved
by making the mission that many days shorter, the A
much higher effectivness would surely cover the difference.f




ANEX No, 1,

to Mission Report
EGYPT, 26 October - 24 December 1981
DP/EGY/77/008
by Dr, Robert Hirschler

Pextile Development Centre Colour Measurement
Consultancy Program and

Guidelines for program for the best utilization
of existing colour measuring equipment in TDC,
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TDC Colour Measurement Consultancy Program

2-14 November TDC:

16-26 November

28 Nov = 10 Dec.

12 Dec - 17 Dec

19 Dec - 20 Dec.

Teaching the use of HUNTERLAB instruments,
evaluation of their accuracy and repeat-
ability, fields of application (see guidelines)
Colour calculations: how to use the pocket-
calculator, preparation of written step-by
step instructions.

Discussion on selected topics.
Visits: Mehalla, Isma dyes, Beida dyers.’

T™C: course for invited audiance

(practical dyers) on the application of colour
measurement in the textile industry, including
preparation of lecture notes.

Discussion with TDC chemists on their progress
in using the HUNTERLAB and the calculator.

Mehalla, consultation in the every day use
of the ACS instrument, advanced course in
the theory cf computer colorant formulation,

TDC: evaluation of progress made, discusesion
of problems as required, preparation of
a draft report

Visit to NRC Cairo, discussion with Dr. Bendak
and colleagues on teaching colour theory and
application, also lecture on up-to-date
instrumentation or other required topic.
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Guidelines for program

for the best utilization of existing colour measuring equipment in TDC

as discussed on the 3rd Novembre 1981 by

Mr. Wyles, Mr. Khairallah, Ms, Allam and dr. Hirschler

The main stages for the instruction o the stuff for using their
colour measuring instruments, primarily the HUNTERLAR D25D2M/L digital

colour difference meter are suggested as follows.

1./ Assessment of the repeatability of instruments

The repeatability of the instriments should be checked by measuring
a number of colored tiles /supplied with the instrument/ and a2 number
of textile samples of different colour, in fabric, but also in yarn and

tow form, ten times each, with recalibration of the instruments

after each series of measurement /i.e. before starting to measure the
same samples again/, The Lx, ax, b? C:b Hgb values /thereafter CIELAB
values/ for each measurement are to be calculated by the formulae

given in the Appendix, the average value for the ﬁen measurements and
the difference between each measurement value and the respective average
value /i.e. the delta CIELAB values/ should be calculated. The averages
of these differences indicate then the repeatability, the most easily
understandable single figure being the mean of the DEgb colour differences
for each sample between"average colour" /i.e., average L* a* bx/ and
individual measurement data. It is to be expected that the average DE:b
values be less, than 0.2-0.3, a figure somewhat higher than that guoted

for the most up-to—-date instruments,

Similar measurements can be carried out on theHUNTERLAB Model D4c
reﬁectometer, but the interpretation for the results must be reduced to

comparing the standard deviation for the Y and Z values to those obtained

from the D25D2M/L instrument




Other instruments for measuring aspects /or rather attributes/ of

appearance are the HUNTERIAB D16 Manual Glossmeter, and the SPINLAB
Model 280 U.V. meter, these however are only very vaguely related to
colour measurement, and should be treated separately. Optical instruments
of other types are also available in TDC, notably the EEL portable
colorimeter /it must be emphasized here, that the name is misleading,
this instrument does not measure cdlour, but by using filters of

varying maximum wavelength of transmittance and varying band-width,

it measures values approximating spectral transmittance in regions

of the visible range/,and the iatest, not yet unpacked BECKMAN Acculab
infrared spectrophotometer, which measures spectral transmittance in

the IR region only. This latter is a very valuable analytical instrument,
but,  not being related to the measurement of volour, should be discussed

at another time.
2./ Characterization of the behaviour of dyestuffs

CIEIAB cwlour space can very conveniantly be used for + ac-
terization of the behaviour - as regards build-up prope .
eventuallly colour - of dyestuffs. As a beginning, the concentration
series of vat dyes on cotion yarn brought by dr. Hirschler should be
measured on the HUNTERIAB colour difference meter, and graphs showing
the lines of increasing concentration for each dyestuff shall
be drawn on both a~ - b® and LX - CZb diagrams. The interpretation
of these diagrar.:, the implications of it in the selection of dyestuffs,

establishment of colcur gamuts etc. will then be discussed.




/5/

3./ Strencgth comparison of dyestuffs

The comparison of the dyeing strength of identical, and in some cases
of similar, but not identical, dyestuffs is of major importance in the quality
control of dyestuffs as well as in price negotiations with the supplier. The
best instrument for that kind of work is the reflectance swectrophotometer,
e.g. of the “ype installed in MISR Mehalla. Some approximations can, however
be made on tristimulus instrument of the HUNTER type, and work in this field
should be directed to get the maximum result from the equipment available.
Approximations will be tried on the basis of tristim:lus values /that can be
measured on the HUNTERIAB/ for dyed samples of known strength relation. At
this stage it is not recommended to use transmittance measurement for the
quality uontrol of inccming dyes, but-research in this direction - i.e. the
relationship between transmittance of the dye liquor and colour of the dyed
textile substrate - can be discussed. Herz the results shall be compared to
the ones calculated on a DATACOLOR system in Hungary as well as to those to

be determined in Mehalla on the ACS system.

It must be stressed here, that strength comparison is one of the major,
and for the dyer most easily applicable fields of instrumental colour measument,
important in terms of economy as well as safety /i.e. reproducibility/ of

dyeing in lab or mill,

4./ Colour differences, tolerances, pass/fail and colour sorting

These topics are very closely interrelated, and therefore should be treated
together. They comprise the single most problematic, most difficult field
in industrial colour measurement. The determination of the limits of tolerance
/acceptibility/ is complicated, because these limits depend not orly on the
end use of the product, but also on the colour itself as well as on the
direction of deviation from standard. Here only gu%elines can be given, on the

state—of-the-art, the two major recent contributions by Marks&Spencers and
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J & P Coats, and the very first steps towards research in this field can be

discussed.

5./ Repeatability of dyeing

One very important everyday application of colour measurement is the
quantification of the repeatability of dyeing, for comparison of the performance
of different dyeing machines /be they lab or mill machines/, of various tech-
nologies , dyestuffs of dyestuff combinations. This goes along the lines of
repeatibility assessment of the measurement itself, repeated dyeings taking the
place of repeated measurements fbut for the measurement itself making normally
2-3 repeated readings/. These trials are recommended to be run on all the ne-

equipment to be installed in the near future as well.

6./ Timing
An exact schedule for the above prog?am canrot be given yet. It is hoped,
that it can be accomplished in six weeks, which should be essential to have an
opportunity to discuss all the results. It is suggested, that after a detailed
initial discussion on how to go about each problem, measurements and dyeings
be started right away, and be continued if possible during dr. Hirschler’s

not yet exactly known days away in Mehalla and other places.
7./ Eaquipment

Since the object of these recommendations is first of all to make
maximum use of existing egipment, the program is based on what is already
available at TDC. /Recommendations for future development in instrumentation
will come later./ It is however absolutely necessary to have a small
pocket or desk calculator available, which is capable of handling cube roots,

has minimum 3, but preferably more addressable memories, and can be programmed




in minimum 70, but preferably approx. loo-120 steps. In Western Europe

such a calculator can be purchased for around 50-60 Z. The everyday use
of such a calculator is indispensable in colour measurement, and it is
very useful even in the case of having a computerized instrument, such as

the ACS 600 around.

Anpendix
el B ereeere—
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/dr. Robert Hirschler/

cce? Dr, R, KNield
¥r, D, Wyles
Mr, AJHeXhairalls
Ms, Yussr Allam




AXNEYX Yo, 2,

%0 NMisgion Report

Egypt, 26 October - 24 December 1981
DP/EGY/77/008 '
by Dr. Robert Hirschler

Accuracy of colour measuring instruments

In order to get some preliminary data on the colour
measurnent and colour difference measurement accuracy of
three instruments in use at three different locations, date

were compared from:

HUNTERIAB D 25 D2 M/L at the Textile Development Centre
ELREPHO at IZMADYE
Toyo Seilkl /Hunter type/ at EL NASR, Mehalla,

The results given in Teble 1, show, thét there is excellent
agreement between the TDC and IZMADYE instruments in colour
difference measurement /the average difference between the
Aﬁzb values neasured on five sample pairs is around o,5 unit,
and it is in no case more than 0,7/, whereas the agreement
between NASR Mehalla and TDC resp, IZUADYE is rather poor /the
average differences being 3.3 and 3.4 respectively, with
differences as high as 9,1 and 9.8/.




Table 1,

Comparison of

Accuracy of Different

/2/

the Colour Difference Mezsurement

Instruments

_ TDC Izma Nasr M
Sample Punter Elrepho Toyo feiki/Bunter/
pair 1 2 A 1 2 a 1 2 o
C 1
* ;
L 76.2 74.8 |=0.6{ 77.1 78.3 |-1.2 |76.5 77.8 | -1.3
a2t | w8 3.0 1.8l w40 2.6 | 1.4 1.2 2. 1.7
v | 45.8 44,1 | 1.7 43.8 43.1 | 0.7 149.2 46.3 2.9
A Ey 2.6 1.9 3.6
N ]
L 60.6 58.9 | 1.7 66.0 63.7 | 2.3 |62.3 60.0 2.3
* t
9 a 30.5 27.5 | 1.0} 22.7 22.0 0.7 | 43.9 39.4 4.0
. ]
b 9.5 8.3 | 1.2! 17.6 14.9 16.0 14.1 1.9
* 3.7 3.8 5.0
AEab ] ' . .
oo {
L 40.6 38.7 | 1.9 44.8 42.9 | 1.9]39.1 35.8 3,3
*
,  a 16.2 14.4 | 1.81 9.7 10.2 |-0.5123.2 26.9 3.7
* *
b 11.2 8.6 2.6 13.6 10.9 | 2.7] 9.5 3,° 5.6
*
At 3,7 3.3 7.5
¥ | 49,0 42.5 | 6.5 52.3 46.2 | 6.1 | 48.0 40.7 7.3
*
. a 4.5 6.2 |-1.7] 2.3 3.3 |-i.0l11.0 18.0 -7.0
* *
b 23.4  25.5 | -2.1| 22.3 23.6 |-1.3| 24.9. 12.4 12.5
*
4E 7.0 6.3 16.1
*
L 47.5 47.6 | -0.1| 49.6 49.8 | -0.2 1| 45.9 46.6 -0.7
*
s a 1.8 1.8 10 2.2 2.6 |-0.41 7.8 8.5 -0.7
* *
6.1 6.1 | 0 5.8 5.3 | 0.5| 6.8 6.7 0.1
AE 0.1 0,67 1.0°
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Table 2, shows, that even in "absolute" accuracy /which
can be defined as the difference between the single measured
values rather than beitween the AE values/ the agreement
between IDC and IZMADYE is much better than that between NASR
Mehalla and the other two. This is rather surprising, because
the Hunter type instruments at TDC and NASR Mehalla are very
similar in construction; while the ETREPHO instrument at
IZMADYE is totally different,
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Iable 2,

Comparison of the Colour Mezsurement

Accuracy of Different Instruments$

/4/

*
AEab .
Samples TDC =~ Izma Izma - Nasr Meh, IDC - Nasr Meh.
a 3.6 7.5 7.3
1.
b 3.7 6.4 7.0
a 12.5 21.4 15,0
2.
b 9.8 17.8 13.3
a 8.1 15,2 7.4
3.
b 6.4 19.4 13.7
a 4,1 10.0 6.7
4.
b 5.1 19.3 17.7
a 2.2 6.8 6.2
59
b 2.5 6.9 6.8
average 5.8 13.1 10.11




! ANTNEY No, 3,

to Mission Remnort

Egypt, 26 October = 24 December 1981
DP/EGY/T7/008
by Dr, Robert Hirschler
PROGRANMS FOR COLOUR CALCULATIONS

(2]
.

To enter CIELAB program :into TI 58 C

41—
.

Switch off, then on

2,) Press 2nd Fix 9 2 2nd Op 1 7 \
The calculator will! show 319.19 vhich means, that you

have availatle 320 program steps and 20 data memories.

3. Press 2nd Fix 2
This will make the calculator to display only 2 deci-

mals.

4, Press 2nd C P

This will clear the program

e

5. Press R §T
This will send the program to the first step (000).

6. Press L R N
. This will mark the beginning of "learning' for the
calculator., The display should show 000 00.

7. Enter program steps one by one by pressing the appro-

priate tutton, V¥hen finished:

8. Press L R N

This will mark the end of "learning" for the calculator,
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Check the propram by the following procedure:

9,

12.

Press R S T (to send the prgram to 000)

Press L R N
The display will show 000 76 (for the CIELAEB PROGRAM),

Ry pressing SST (single step) you can check the code
numters (the T wo digits on the right hand side) one
by one. The three digits on the left hand side show
the location (address) vhere the program is standing
at tpe moment, Please remember: anything you do on

the keyboard while the calculator is in the learn

(LRN) mede — you see it ty the particular display;
XXX XX '
address code ~—

will be taken as program instruction, except
§$ €T : single step forvard

3 ST : single step backward

Press L R N
When you finished checking the program, this‘wi}l get

the calculator out of the L R N mode,

117, Correcting programs

13.

To correct any mistakes in the program, (it can only
be done in the L R N mode) step back (by pressing BST
the required numter of times) until you see a correct
code number in the correct address, This means, that
in the display thé first 3 digits correspond to 8n

address (locatiorn) on the program sheet, and the code
numter on the sheet corresponds to the last 2 digits

in the display.

|




14,

15,

. 16,

17.

18.

33

Press the button corresponding to the correct instruc-

tion (what you see on the display).

If you need extra program steps to te insertea (tecause
souwe steps are missing) press
2nd Ins

this will create one space at the next address (and

_move the rest of the program one step forward). This

can be repeated any number of times,

If you want to delete instructions, press

2nd Del
“this will delete the instrucﬁion at the next address
(and close the gap), This can be repeated any number
of times.

If you want to change the instruction at the next
address, simply press the correct tutton, the latest

instruction always replaces the previous ones,

Vhen the program is correct, Press L R N
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IV. Final checking of the program

Make sure the calculater is NOT IN THE L R N MODE!

Display
Press 2nd D' 107.38
Press RCL 18 94.83
Press D 118,10
Press RCL 18 98.04
Enter 44,4 44,4
Press A 0.77
’ Enter 47 47
Press B 0.78
Enter 19.5 | . 19.5
Press C 74,19
Enter 46 46
Press 2r. A’ , 0.%8
Enter 48 _ 48
Press 2r3 B’ 0.78
Enter 21 21
Press 2nd C’ - 1.67
Press RCL 06 ‘ 74,82
Press RCL 07 - 2.96
Press RCL 08 44,13
. Press RCL 09 44,23
Press RCL 11 ] 0.64
Press RCL 12 R - 1.80
Press RCL 13 - 1.67
‘Press RCL 14 2.54

If you have the correct displays every time, and there

is no flashing number (error signal), then the calculator
is correctly programmed for the 2° (1"31) observer and
illuminant C. To calculate CIELAB values follow user'’s

instructions.
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CALCULATION OF C I E L A B VALUES

(TI 58C, program "X,Y,Z2 to CIELAB/13,12.1981)

1./ Selecting illuminant and observer

[
.
~

tne

———————— e ———— T —— - — —— - - ———

Press D for illuminant C and 2O (1931) observer (TDC)

bress 2nd D’ for ill, D,. and 10° (1964) observer (Mehalla)

65

Please remember, this has only to be done once, the calculator

will keep the proper value until you change it,

- e e —— — — ——— ——— - ———— — - — . o o v S - —

1. Enter "= value of X
2. Press A
3. Enter the value of Y

Press B

o
.

5. Enter the value of 2

Press C

[on
.

*
The display will show the value of L . To display any of

CIELAB coordinates, press the following buttons:

Press to display \
*
RCL 01 L
*
KCL 02 a
*
RCL 03 b
KCL 04 c
K ah
T o
RCL 05 Hab




Pirst cail

1. Enter
2. Press
3. Enter
4., Press
5. Enter

6. Press

culate the CIELAB values for the standard, as above:

(st)

A
A
Y (st)
B
Z
C

*
The display will show the value of L (st), Then proceed:

7. Enter
. ¢. Press
Y. I'nter
1C. Press
1'. Enter

12, Press

The display will show the value of 4H

hetween batch
CIYLAB values
Ou to 14, and

number. These

X (batch)
2nd A’
Y (batch)
2nd B’
Z (batch)
2nd C’

and standard

®
ab*
(always batch-standard)

The differences

and the

for both are stored in data registers (memories)

can be displayed by pressing RCL and the appropriate

values should be used with two decimal points, the

second decimal having neclectable visual significance. Thus:

. Press

RCL 01
RCL 02
RCL 03
RCL 04
RCL 05

Display
*

st)

Press
RCL 06
RCL 07
RCL 08
RCL 09
RCL 10

Display

x
L (b)
*x
a (b)
b" (b)
b)
b

*x
Cab(
Hob( )

Press Display

RCL
RCL
RCL
RCL
RCL

00 A(chromaticitmzi

x
11 AL
12 ac”

ab
13 AHr

%
14 aEx

For one standard any :.umber of colour differences with

different batches can be calculated,

7. Lnter

X (batch)

and prescing

the reentry point is

2nd A7,

than continue

us above., Don’t forget to record the necessary values before

proce=dlng with a new batch,
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ANNEX No, 4g
to llission Revnort

Egypty 26 October = 24 December 1981

DP/EGY/77/008

by Dr, Robert Hirschler

VISIT OF TEXTILE MILLS

MISR Spirming and Weaving Co.':

Mehalla E1 Eubra

IZMADYE Dyestuffs and
Chemicals Co,, Xafr El Dawar

MTSR Beida Dyers Co,,

El NASR Spimning and Weaving
and Finishing Co,,
Mehalla E1 Eubra

8 Yovember and also
28 November -~ 2 December

lo November and also
6=7 December.: .

12 Novenmber

1l December




Purpose of the visit: to instruct the staff in the

application of the ACS colour measuring and colorant
formulation system, to give detailed information on the
theoretical bacXground of its operation and to give
general information on the application of such systems
in the textile field,

Persons_met: Dr, Mohamed E=Gouroury, Chairman of

the Board
Mrs, Tomader El-Hawary
A Mr. Mamdouh Khelil
' Dr. Ahmed Mohamed El1 Said

Subjects covered: since the measuring instrument

itself /the SpectorSensor spectrophotometer/ was out of
order, no practical measurements could be done. The
computer part, however, was in good working condition,
so a very detailed instruction and demonstration could
be given on the working principle of the system, with
an in-depth interpretation of the input and output data.
By the demand of the operators the mathematics of
computer colorant formulation was also explained in
great detail., A seminar was given orn colour measurement
/see Annex 5.2 for seminar paper/,and an informal paper
I' on up-to-date colour instrumentation was also presented. )

The general problem in the everyday application
of the ACS system appears to be the reluctancy of people
in ‘the dyehouse in accepting the data given by the
computer. This is exactly the seme situation as that
encountered all over the world where computer colorant
formulation systems have been set up, and it can be
traced back partly to lack of information - and there-
fore lack of confidence = o. the part of the people
who are supposed to use the computed data, and partly
to lack of personal incentive. This ratter is under-
standabtle if we consider the amount of work to be put into




/3/

changing existing sets of recipes or ranges of dyestuffs
for new ones, recommended by the computer,

The staff ¢f MISR Mehalla responsible for operating
the ACS system /parsicularly Mr.Mamdouh Khalil and
Dr. Ahmed Mohamed El Said/ are well trained and eminently
suitable for their job., They need however the full support
of the maragement in introducing their results into everyday
practice. They are able to ccanpute optimized recipes, but
these should be asked for by the workshops and used thereafter,

Specific ‘problems identified

The selection of dyestuffs form among the greet variety
of competitive products is practiced in the form of a "tender",
the use of colour measurement in giving an objective figure
for comparing competitive products should continue along the
lines already started. The problem of "which method of com-
parison to use" on the ACS system has been solved., The dif-
ference between the options available on the ACS system has
been clarified by worked examples, and the consultant
recommended option M /wavelength of maximum absorbance/ for

the comparison of chemically identical dyestuffs, and the
application of match prediction /as opposed to the "strength"
program/ for all other cases.

been discussed in detail, the algorithm used in the com=~
puter program explained on practical examples.

formulae has been discussed. It has been demonstrated that
there is no universally applicable "conversion factor" among
the different formulae, but there is some similarity in the
colour space defined by CIELAB and HunterLab. For university
of practice the application of the internationally accepted
CIELAB system ic strongly recommended.
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missible deviation in colour/ has been raised. This.
question couldn’t be answered by giving definite figures,
since no universally acceptable limits exist, but an
explanation was given on the recommended procedure for
setting tolerance limits, and it was later discussed in -

great detail during the special seminar on tolerances.,

Possibilities for cooperation with TDC

3

The TDC staff should be given ample opportunity to
study and to work on the ACS system, since they are

‘in an excellent position to give this new tehnique

the wide.spread propaganda required for its acceptance
by the Egyptian textilie industry.

The methods for checking the accuracy, repeatability
and reproducibility of bplour measuring instruments
and introduced at TDC should be used for regularly
checking the performance of the ACS instrument, The
two irstruments can be compared to each other as well
since TDC has an optional colour difference program
on their TI calculator for just that,

The repeatability and reproducibility of dyeing
techniques and of pieces of laboratory apparatus
should be compared by repeated dyeing and measure-
ment on the ACS and/or the HUNTERILAB instrument.,

4, Experts from MISR Mehalla should make use of the

up-to-date literature on colour measurement available
at TDC.
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Recommendations

1.

Se

t4

xXperts operating the ACS system should be given
furl cupport from the management in introducing
their results in the workshops. The personnel
tesponsible for ordering dyestuffs and deciding on
recipes should have direct interest .n putting

the extra effort required to change the presently
used dyestuffs and recipes for the more economical
optimized ones.,

In order to popularize the advanfages of the ACS
system operating in MISR Mehalla experts from
other mills should be invited to have first hand
information in i%s operation; also symposia and
other meetings can be organized for participants
from all over the industry. In the consuitant’s
view these meeting need more elaborate preparation
and very careful selection of the participanté SO
that the "message" should reach the right people.

It would be advantageous for experts of the mill to
visit textile finishing factories abroad where
colour measurement is practiced. A visit to the
Colour Measurement and Match Prediction Centre

in Hungary would probably prove very fuitful, and
the consultant can help in making the arrangements.
It is suggested to make it a Jjoint visit with the
staff from TDC

For strength comparison of chemically identical
dyestuffs the M option /Wavelength of maximum
absorbance/ of the ACS system should be used, but
for dyestuffs which are only similar, but not
identical this is not sufficient, here the modified
application of the match prediction program is
recommended.




Remark

It was rather unfortunate, thet the ACS system was
artly out of order all through the consultant’s stay in
Zgypt. Since, however, the experts of MISR Mehalla needed
no practicel training in the operation of the instrument
itself, but rather explenation of the theory behind it and
interpretation of the input and output data, it is the
firm belief of the consultatnt, that no significant loss has
occured due to this misfortune,

'd

Follow-ugv »
9 The staff operating the ACS system should be able to

continue the work on their own, with the recommended co-

operation with the Textile Development Centre,
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Purpose of the visit: to survey sie colour measurement

facilities at IZMALYZE, and comment on their ussge.

Persons met: Chemist Lotfi XKhattab, General Works
Director, Member of the Board

Mr. Abdel Fattah Rezl, Director Techn.3erv.
Dr. Hassan Seaid 'ahamoud, Director of Research

Dr., Moustafa Ibrahim Mohamed, Director of
Quality Control

Eng, Hussein Abdel Salem, Production Menager

Subjects coyered: general information -on IZMADYE, -the

application of colour measuring instruments in general, and
steps recommended for IZMADYE in utilizing the instruments
for match nrediction and quality control,

The genergl problem in the application of colour measure-

ment at IZMADYE 1s the same as that encountred elsewhere

/e.g. in many dyehouses in Europe and in the US4/ viz.

the lack of special training of the staff reguired to run

- their instruments efficiently. It was at the same time pointed
out, that IZMADYE as a dyestuff manufacturer should be ahead
of his customers, just like all the big companies /ICI, Bayer,
ACNA etc./ who have played a leading role in developing
applied colour science to its present level,

Specific problems identified

At the time of the purchase /1974/ one of the best instruments
available, now rather out date, For nearly three years now

it has been out of order due to someh&rdyare failure. The
method used for "match prediction", utilizing fairly simple
mathematics and off-line calculation /on the computer of the
university/ isthat used in Furope more *han a decade ago.
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4 good instrument in.its time /the mid-1960'¢/ by now it
is also rather obsolete., It’s technical performance however
was surprisingly good /see Annes 2, for data/, showing that

1t 1s in a good working condition, well standardized and
well operated.

The values obtained by the instrument are normally )
transformed by the Simon-Goodwin graphicel method into
MacAdam units, and deviaftions between standard and batch
are recorded, but -~ since the ftolerance limits are unknown -

no action follows, the pass/fail decision is based on visual
estimation,.

The graphical method wused has been replaced all over the
world by the application of the CIEIAB system. The RGB
instrumental values cen easily be converted to CIELAB co-
ordinates, and a special program has been written by the
consultant for a TI 58 C calculator doing Jjust that /Annex 3./

Instrumental batch correction

The Production Department woul.d like to have an instru-
mental method for correcting off-shade batches. The p%oblem
was discussed in detail, and the solution based on the
existing instruments was outlined., There was unfortunately
no possibility in the limited time available to maike prac-
tical tests of the method, this remains for an eventual
follow-up visit. '

seems to be in new condition, a good piece of instrument
for solution analysis but unsuitable for colour measurement,
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Recommendations nmade

1. It was emphasized that IZMADYE should be ahead of
the industry using his products in the application of up-
to-date colour control and foraulatin methods, set up
as soou as possible their CCM /Computer Colorant Formulation/
system, and offer a match prediction and formula optimization
service for their customers. This should improve the marketa—
bility of their products, since all major dyestuff manu-
facturers can - and in fact do - offer such services. This
math prediction system could be operated jointly with
TDC as explained below,

2. The staff directly involved in colour control work
should continue their studies in applied colour science,
consult the literature for details and also spend some time
in the MISR Mehalla mill studying the ACS system,

%. Pretema AG should be pressed to repair the instrument,
at the same tTime making enquires about the possibility and
eventual cost of up-grading the instrument into a modera
match prediction system., Simultaneously other manufacturers
of CCM systems /see Annex 6. for names and addresses/ should
be contacted for price and technical information.

The selection of the system should be based on price
as Wwell as service conditions, with aue consideration given
to the possibility of cooperation with the ACS system in
MISR Mehalla,

’

4, Zven when using the existing instruments /the ELREPHC
anlthe PRETEMA/ the internationally accepted CIELAB system
should be used, To perfor:n the necessary calculations a
suitable programmable calculator is needed, preferably one
similar or identical to that used at TDC /a Texas Instruments
58 C or 59 C/ is recommended. The program for converting the
RGB instrumental values to CIELAB coordinates is already
available /Annex 3./.

En
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4, Colour tolerances can be set up by one of the
methods described in <the literature and discussed
during the seminar on the topic /Annex 5.3/. It is
to be expected hcwever, that the introduction of
instrumental methods into mill practice takes several
years of systematic work, so a detailed program
must be made accordingly.

Possibilities for cooperation with TDC

1. For the present TDC staff are able to help IZMADYE
in = regularly checking the performance of the
) ELREPHO instrument,
- purchasing and programming a calculator for
colour work,

2. When the PREMETA /or a new/ match prediction is set

up, TDC can join IZMADYE in operating thc system,
The cooperation here can take several forms, one
would be to install the system at IZMADYE and have
it run by staff from TDC /a similar joint operatircn
works rather successfully in Hungary/. The advantages
for this sort of set-up would be the bétter physical
facilities provided by the mill, and personnal more

' at home in introducing applied science in other mills

" provided by TDC.

Follow=up
There ar . some points, where a follow~up visit by a
consultant in colour measurement is recommended:
- initiation of tolerance work, setting up the detailed
working program:
~ introduction of instrumental methods in the colour
correction of off-shade batches:

- eventual selection of a computerized match prediction
system and proposing a framework for its operation.

e
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Purvose of the visit: to discuss the possibilities
of introducing instrumental colour measurement in the mill,

Persons met: Tr. A.M., El=Borai Chairman

Mr, Roshdy Fouad Yassa.Chemist, Director of
Planning and Prod.Contr.

Subjects covered: topics of the training course to
be organized at TDC, possibilities and necessity of getting

familiar with, and introducing in practice a computer match
prediction system,

General problems identified: .the mill has no colour

measuring instrument, therefore no direct -xperience in
instrumental colour control, Being one of the largest dyers
in the area the application of up-to-date methods in dyestuff
control and recipe prediction is strongly recommended,

Recommendations made:
1., Experts from the mill should begin their education

in colour science, a good first step being the lo-day
course offered at, TDC,

2. The purchase of a computer colour matching /CCM/
system is recommended only after going through the
following preparatory work:

i

- thorough education /possibly in the form of a
scholarship/ of some experts, preferably textile
chemist in the mill in colour science;

- establishing cooperation with TDC, and MISR Mehalla
in the field of colour measurement and match pre-
diction, to give the mill experts possibility to
get first hand experiencei ‘

- introducing optimized dyestuff ranges and recipes
/calculated on the ACS system in Mehalla/ for one
or two of the most important areas at Beida Dyers,
and compare their technical and economic performance
to those used presently.
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Having gone through these stepswill the mill get in
a position to decide on buying their own CCM system
which could well be justified by the Return on In-
vestment figure alone/, or help in setting up or
join in an eventual central match prediction service
in or around Alexandria. ‘

Possibilities for cooperation with TDC

The possibilities at present are outlined above, and
in the future they depend on the mills decision about

the purchase of an instrument or joining in some project
with TDC.

Follow-ug

A follow=-up visit by a corsultant in colour measurement
could be useful after the preparator; steps recommended have
been made, He could then -~ based on the data collected by
the mill - give advice on future action.




Purvose of the visit: to survey the existing colour
measurement instrumentation in the mill and comment on their

usage.

Persons met: Mr., Saad Farid GM Chemical Sectors
Dr. Shawki E]l Bedewi  Directer, Res,Dept,.
Mr. Ali Abou Gebba Research
Mr., Abdel Latif Huseny Research

Mr. Mohammed Nashaat Colour Measurement

Subjects covered: colour instrumentation, performance
. and comparison of instruments, setting up tolerance limits,

significance of chromaticity differences, spectral characteristics
of light sources.,

General problems identified: the laboratory of the mill

is fairly well supplied with colour measuring instruments,
but they are rather out of date: arounc lo years old.

The interpretation of the colour measurement data is
not quite clear, this is not unlike the situation in other
textile mills all over the world.

Specific problems identified:

Lovibond Tintometer: veing a visual instrument it is
. out of date beyond its age, shouldn’t be used in industry.

This is a Hunter-type instrument, seemingly in good
working condition, but a brief checking of its accuracy
/Annex 2./ revealed serious flows. When carefully re-stan-
dardized, it could be a useful piece of instrument.

Toyo_Seiki_/Hunter Type/_ Automatic Reflectometer

At the time of the visit out of order, When in good
working condition, still usefull, but the accuracy and
repeatability should carefully be checked.




—

vone

/14/

The significance of svectral characteristics of

light sources was discussed in some detail, with special
reference to the measuremner and visual assessment of
fluorescent materials, e. g. those treated with an optical
Brightener.

The interpretation of measured values is rather,
problematic. The superiority of the CIELAB system to the
X, ¥ chromaticity coordinatcs or the X, Y, Z tristimulus values
in attaching visual significance tc the measured number was
pointed out,

Tolerance specification was briefly mentioned, since

it was the topic of a one~day seminar, where experts from
NASR were to participate.

Recommendations:

1. The Lovi ond Tintometer - being a viSual instrument -
does not meet today’s standards in repeatability and
accuracy, and should therefore be used only when there
are no stringent requirements in this respect.

2. The Toyo Seiki instruments should be carefully re-
standardized according to the manufacturers’ instruc-
tions, and the repeatability and accuracy of the
instruments should then be checked. The accuracy
compared to a set of colour standards with known
coordinates is expected on the average to be better
/less/ than 24EL, units in the CIELAB system, while
the repeatability should be better than 0.5 units.

%, For all colour calculations the CIELAB system is
preferred, the necessary calculations can be per=-
formed with suitable pocket calculators. TDS can
provide help in selecting and programming one ,
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4, The mill is in a unique position - being situated in
Mehalla - 1o cooperate with MISR Mehalla in colorant
formulation.This can be started immidiately by pre-
paring the necessary calibration dyeings in the labo-
ratories c¢f NASR, and measuring the samples and feeding
the data into the ACS system at MISR Mehalla, The
purchase cf a full match prediction system for NASR
is not recommended, but a spectrophotometer~ preferably
the same ACS SpectraSensor as that in the MISR system =-

with a smaller computer could well be justified at a
later stage.

Cooperation with TDC

TDC can help the mill in standardizing their instruments
and also in introducing the CIELAB system, the purchase of a
suitable calculator and its programming for colour calculations.

Follow up

A follow=-up visit of about one week duration is
suggested to help in starting the cooperation with MISR
as recommended under point 4,
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1. The specification of colour, colour order systems

The Munsell System. Perhaps the best known of al! color-order
systems is the Munsell System (Munsell 1929, 1963; Nickerson
1940, Kelly 1943). Based on the guiding principle of equal visual
perception of small color differences, the Munsell system is both
a collection of samples painted to represent equal intervals of
visual perception of color difference between adjacent samples,
and a system for describing all possible colors in terms of its
three coordinates, Munsell Hue, Munsell Value, and Munsel!
Chroma. These coordinates correspond to three variables com-
monly used to describe color; hue is that quality of color which
we describe by the words red, yellow, green, blue, etc.; value is
that quality by which a color can be classified as equivalent in
lightness to some member of a series of grey samples ranging
from white to black; chroma is the quality which describes the
degree of ditference between a color (which is itself not a white,
gray, or black) and a gray of the same value or lightness.

10 GY
106G
-16/,
/10 18 [f6 ja~/2
10 8G —
' Hue
58 ~
108 3
5 PB o
10,8 %
o/
Hue:  that quality of color which we Figure 1.
describe by the words red,
yellow, green, blue, etc. In the Munsell color-order system, colors are
Value: that quality of col ) arranged by hue in & hue circle, by oulue or light-
e d?-scnb); D t_hor w}u‘(:lhs ness frum top to bottom, and by chroma of sueuwrn
: y e' wor tion according to distance out from the scae of
light, dark, etc., relating the grays making up the center columa.
color to a gray of similar
lightness.

Chroma: that quality which describes
the extent to which a color
differs from a gray of the
same value.

A typical complete Munsell designation is
5 Y 5/6; the location of this designation is shown in the figure,




The samples of the Munsel! Book of Color (Muns:-" *¢Z29) are
usually arranged in planes or pages of constar: n gach
page. samples are arranged by Munselt Value in . . zal &
rection and by Munsell Chroma in the horizontal cacolisi -
scale of grays, with white at the top and black at the bottom, may
be thought of as the “‘trunk’’ of the Munsell color “tree," or as
the zero-chroma column on each page. Each sample carries a
Munsell Notation denoting its position; this notation consists of
three symbols representing the Munsell Hue, Vatue, and Chroma
in that order. Munseii Hue is expressed by a number and letter
combination such as 5 Y or 2 GY where the letters are taken from
the ten major hue names (Hed, Yellow, Green, Blue, Furple, and
the five adjacent pairs of these, e.g., Green-Yellow) and .o
numbers run from 1 to 10. Munsel! Value and Munse!" Chroma
are written after the hue designatior and are separated by a
diagonal line (/).
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_Two outstanding features of the Munsell System contribute
10 its usefulness and wide acceptance. The first is its conform-
ance to equa! visual perception. Within the limits of chroma (6~
'10) set by the samples of the origina! Munsell Book of Color, there
Is very little evidence for deviation from equal steps of percep-
tion in any of the Munsel! coordinates. No other color system is
as good in this respect; the Munselt System is the standard to
which all other systems are compared.

The sccond major advantage of the Munsell System is that its
notation is not linked to or limited by existing samples. Any con-
ceivable color can be fitted into the system, whether it can be
produced with existing colorants or not. In contrast, most col-
lections of physical samples are based on highly colored speci-

mens and could not accommodate a still more highly colored
sample if one were found,




The Munsel! designations of the original, matte finish, Mun-
sell samples were subsequently adjusted somewhat to corract
certain cbvioug errers in the original spacing. The new designa-
tions are knewn as Munsell Renotations, and the revised system
as the Munsell Renotation System (Newhall 1943). Glossy sam-
ples were later painted (Davidson 1957) to whole-number Mun-
sell Renotation designations. The Munsell Renotation System is
related to the results of color measurement for all possible colors
even though they cannot be produced by existing colorants,

The Munsell System was used as the basis of the |SCC-NBS
system for designating color nznes (Kelly 1955), which was de-
veloped as an aid to standardizing the verbal description of color
by names (see also C! .nanis 1965). The published method tells
how to assign an ISCC-NBS name to a color from its Munsell
notation and includes a dictionary of common color names with
tneir ISCC-NBS equivalents. Samples have been painted to rep-
resent the center of each region in Munse!l color space corre-
sponding to an ISCC-NBS name (Kelly 1958, NBS 1965).
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Munsell Chroms

This page from the ISCC-NBS Dictionary of Hues between Dl'l and 5 PB. We hm./e added
color numey (Kelly 1935) shows the 15CC- some corresponding common humes in paren-
NBS name awigned to colors with various theves.

Munsell Values and Chromas, and Munaell
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Other colour systems use other coordinates, and

can mark in colour space the directions corresponding

these, as shown on figure 4. below.

Figqure 4.

SYSTEMS OF THREE-DIMENSIONAL COLOR SPACE

SYSTEM ARRANGEMENT OF ATTRIBUTES | TERMS FOR
USED BY IN COLOR SPACE ~i1TRIBUTES
Designers and white Hue
colorists in
fields such as
interior decora-
ting, product Chroma
packaging. (Saturation)
(Munsell)
Value
(Lightness)
Color formula- H
tors and color ue
chemists in the
creation of
colored products Depth
such as paints,
dves. Brightness
(Ostwald) (Vividness)
ht
Paper machine w ‘te yellow Yellowness-
foremen or tex- g Blueness
tile bleach
plant forem-n, green.i‘./ 4ed Redness-
(Oppenent-colors) / ?ra}/ Greenness
! Lightness '

*_/
blue

|

black

Whiteness of
Whites

Blackness of
Blacks
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2.1 Celour specification

Cclour, as we have juust seen, can by specified
ty three attributes. The advantages of mea sured
values as opposed to visually estimated ones are
obvious, but naturally we would like to have a set
of measured values corresponding to what we see,
i.e. to a visually uniform colour system, such as
the Munsell system described in the precebding chap-

ter.

In the international system of colorimetry/the
CIE cystem, to be explained in some detail later/
the three numbers used are the X,Y and Z tristi-
mulus values, but these do not correlate well to
colour order systems. These quantities can, how-
ever, te converted into new ones (called psychomet -
riec quantities or terms) which give visually appro-
ximately uniform spacing, and are suitatle for toth

quancitiave and qualitative description of colour,

A family of such transformed systems are called
the L,a,l scales, the best known examples being the
. Hunter L,a,b, /Hunterlab/ the Adams-Nickerson
' L,A,B/ANLAB/ and the most recent CIE L*x,z%, bx /CIFE -
1.LtB/ systems. The Hun-erlab was the first one of o .
these scales, and had been widely used, particularly
in the U.S.A, tut other systems have teen found
with better uniformity., The ANLAER system used to
be very popular in Europe, especiaily in the tex-
tile industry, its main disadvantage beeing the
some what complicated mathematics used in the tram-
formation equations. The CIELAB system is nothing
but a very zoog -approximation of ANLAB, with much

simpler transformation equations. /These can be

found in the Appendix./




ANLAB and CIELAB can thus be treated as very
closely related systems, vhat holds true for one,
is valid for the other, the numerical.difference
betwveen the two scales in generally less than
1-2%7 relative. Hunterlzb on the other hand is only

.similar in structure to CIELAB (or AXLAB), the

two systems cannot be used interchangably.

In all L,a,b systems "L" means the lightness
ranging from O to 100 (0 for tlack and 100 for
wvhite), "a" the red-green axis (& for red and -
for green! and "b" the yellow-blue axis (+ for

. yellaow and - for blue), as sketched on the figure

below

CIE 1S76 8 c® b® (CIELAB}

HUNTER L.0. b

L% 16 (V/Ya) V0 16 L:100 ’
va
%2 500L(X/Xe} YL (¥/ Y123 L= W00LV/Yel
% = 200L(V/ Ya) Y2 (2/24Y03 47 e -%y“
Lamited to -
X/Xe, Y/ Yoy T/Ze > Q01 bo RONe- T2
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L;o wheret 1) X,Y, 2 ore Mishwmubus vakits n %
2 Xe, Yo, Zo @6 Wnlimuiis vaiuss for
any duawnanl. For CIE Hiumunant C,
Xo ¢ 68.041, Yo #100.000, Zo o 15403
Fig. 5% The Lab values represent a three-axes opponuntcolors scale system,
bused on the theory that colur is percelved by biack-white (L}, red-green (a) and
yoliow-blue (b) sensations.




The a-b plane can be comsidered as a horizontal
section of the L,a,b space. On it we can illustrate
the chromaticity of colour s/which term means a com-
binatior of chroma and hue/. The principle Munsell

Hnes are illustrated on in the a-b plane on Fig 6.
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Figwre 6~ Loci of principal Munsell Hues in AB diagrum

The a-b plane of the system thus expresses chre-

maticity in terms of redness - greenness and yellow~-
ness - bLlueness, but quantities correspaonding to
Munsell Chroma and Hue (called im the CIELAB system
"C:b metric chroma' and “u&, metric hue angle")
wmedning

can easily be calculated. The geometricalVof these

terms is illustrated below, the equations given in

the Appeniix.
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The similarity between the Munsell and the ANLAB

colour spaces is illustrated on Figure 8.

WHITE
L

$YELLOW

\',nso

BLut - PuRPLE

GREEN .~

L
BLACK
ANLAB SPAGE

Figure 3 Left: Munsell spuce (from ‘A Grammar of Color’:
New York: Reinhold Publishing Co., 1969). Right: ANLAB
space




To summarize: colour can be specified ty t he’
perceptuaily developed Munsell system, or by colour
measurexent values converted into suitable scales,
such as the L,a,b scales. There are several trans=-
formation equations given in textbook and papers,
but the present intern-tion recommendation is CIE-
LAB, and that is the one to te used. Since the
majority of publications had been published tefore
1976, when CIELAB was made the recommended system,

much of the discussion below will be given in ANLAB

terms, of which CIELAB is a very good approxima:ionm.




2.2 The characterization of dyestuffs

The Dyer’s Variables ‘
The dyer’s variables are ‘shade’ and strength, the former bflng
divided into two components, hue and brightness. They differ
from the three variables of other sysiems, ¢.g. Hue, Value and
Chrom: in the Munsell system, by not being the axes of a
colour solid. They cannot be used, therefore, to describe 2
colour in isolation, only to compare two colours that are
themselves similar,

The Vaniable of Hue
Although Uiis is the simplest of the dyer’s variables, it has one
or two unusual features. The most interesting is the fact that
the dyer rarely needs to use more than one hue term from a
total of only four to describe any difference in hge._These fqur
are redder, yellower, greener and bluer, and their interest lies
in the fact that there are four of them and not three, as one
might have expected from the trichromatic theory of colour
vision.
The hues red, yellow, green and blue are known in
psychological circles as ‘unique’ or ‘unitary’ hues in the sense
' that it is possible to choose red, yellew, green and blue hues
“that do not evoke two hue sensations. This cannot be done for
other hues; e.g, every oOrange hue evokes simultancous
sensations of redress and yellowness, every purple, redness and
blueness, etc. Twenty-four colounsts were asked to select from
the Munseli Book of Colour the particular red hye that
appeared neither yellowish nor bluish and similasly for ycllow,
green and blue hues, Their means had ANLAB hue angles of

27, 87, 163 and 254°. It must not be considered a defect o,
ANLAB colour space that these unique hues do not lie on th:
AB axes. It is a well-established, but at present inexplicable.
fact that, if colours of the same saturation are equally spacec
visudly 1o foun a hue circle, the unique hues do not lic
opposite each other ™

The only time a dyer invariably finds it necessary to use
more than one hue term to describe 2 perceived cdour
diffescace is when he is comparing textiles treated with a
fluoi>scent brightener that imparts a purplish cast to the
textile. The dyer is forced to use an unussal term such as
‘purpler’ or ‘violeter’ or preferably to use twe ... s£1sed hue

. terms together, i.e. "the treated sample is brighter, redder and
bluer than the untreated standard’,

In general, however, when sample—standard pairs are .
plotted in the A8 diagramit is imvariably found that, if a .
sample is described as redder, yellower, greener or bluer than
the standard, then its hue angle will be ncarer 0° (360°), 90°
180° or 270°, respectively.

Although a sample described as, e.g, yellower thas ‘
standard will be found to have a hue angle nearer to 90° thar . !
that of standard, the converse is not always true. A sample o ﬂ
high L value with a hne angle of 90° would never be described \
as yellower than a swe.uard whose hue angle was either 85 o1 i
95°, because all these colours would be described as yellows
and onc of the hall-marks of the dyer is that he would never ‘
describe one yellow as yellower than another. Instead, he
would describe the 90° sample as redder than a 95° standard
and green.  .un an 85° stundard. Similar considerations apply
to red, green and blue colours. This convention is, however,
often governed by the commercial name of the dye rather than
the appearance. Most colourists would describe batches of C.i.

Vat Orange 11 as being redder or greener than standard rather
than redder or ycllower because most firms sell this dye as -
Yellow 3R, X
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It is, however, desirable to know the zones to which each
pair of hue terms applies when the dyer is not aware of the
name so as to avoid making wrong deductions from colour-

difference measurement.

Consideration of the AB diagram of Figure © shows how
difficult it is to interpret the nature of the hue corresponding
to a change in the 4 or B components of the total colour
difference. Even if only one changes, e.g. the sample has a
higher A vajue than the standard, this only implies thag the
sample is redder than the standard if both are yellows or biues.
For cther colours, an increase in A would imply the following:

greens — vellower
bluish greens — weaker
reds — stronger,

In practice, all three values are likely to have changed and
hence the correct interpretation becomes much more difficult.

The Variable of Strength

When the LAB values of a series of dyeings of increasing
strength are located in ANLAB space, they fall on a smooth
curve starting at the position of the undyed substrate — a high
L value and 42820, These curves are best studied by
producing three-dimensional models, but the meaning of th.
dyer’s strength variable can be understood by considering firs:
the paosition of strength lines in the LC diagram (Figure $) anc
second, in the AB diagram (Figure 10}, these diagrams reternng

to dyes of different dyeing and chemical classes.
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Figure § - Strengih lines in LC diagram (same dyes as in
Figure 10)
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Figure 4o— Strengih lines in AB diagram




-12 -

Figure 9 shows that incressing sttength causes mainly an
increase in C with yellows, and decrease in L with navy blues
{and equally greys and blacks) and a combination of both with
every other colour, In many cases, dyes yield £ maximum C
vaiue well before the fullest depth has been dyed and beyond
this point an incresse in strength causes o wcrease in C us well
as a continuing decrease in L.

Figure §0shows that in most cases there is a change in hue
with increasing strength and the colorimetric evidence for this
fact, well known to dyers, does not appeat to have been
reported befure, probably because in all the earlier studies the
x,y chromaticity diagram was used and colours of constant
hue plot as curves in this disgram. In the AB diugram,

" however, they are reasonably straight (Figure 8). [t will be
noticed that there is a certain symmetry about the lines in
Figure 4o which suggests that orange and bluish green dyes
build up without change in hue. A similar symmetry has also
been observed for paints made from a white pigment with
increasing amounts of chromatic piginents.

The Variable of Brightness
The dyer’s variable of brightness is most readily described by
defining its opposite, dullness; dulluess is the attribute of
perceived colour which increases when increasing amounts of a
neutral-grey dye are incorporated in a dyeing of a chromatic
dye. The effect on the position of a dyeing in ANLAB space
when it was dulled was first studied by plotting the positions
of sample—standard pairs which a dyer had assessed as being
different in brightness and alse by making dyeings of
chromatic dyes varying by small amounts of a neutral-grey
dye. Although this gave a clear indication of :" - effect of
dullness a much more systematic investigation was made using
the mathesn..tics of computer match prediction in reverse. The
XYZ values of a given percentage of chromatic dye plus
increasing amounts of a grey dye were ‘back-predicted’ and
converted to LAB values, This technique has the additional
advantage of permitting the effect of u theoretically pesfect
neutral grey dye to be studied, i.e. one whose absorption is
independent of wavelengtl,, in the visual part of the spectrum;
all real grey dyes depart considerably from perfection.

The combined strength and dullness cutves for five dyes of
different colours are shown in the LC diagram Figure 14,

Increasing duliness thus corresponds to a decrease in both
lightness and saturation, the ratio between them being
primarily depend.  .a the starting point in the LC diagram.*
It will be noticed, however, that the dullness lines are not in
perfect alignment and this arises from the fact tiat the LC
lines chosen lie in different hue planes. Within the same hue
plane, the dullness lines of the dye of highest lightness must
coincide with those of lower lightness becuuse the latter can be
matched by mixtures of the dye of highest lightness and a
neutral grey. Confirmation that this occurs even when the dye
of lower lightness is homogeneous is given in Figure iL; the
dullness line of C.I. Reactive Green § is thus the dullness—
brightness line of C.1, Reactive Green 11,




The additon of a theoretically perfect neutral grey hadno
eftoton e hue angle for any colours except yellows, where
u shehit increase was observed corresponding (0 the well-known
grecning effect of grey dyes when added to yellow dyes.
However, the effect was significantly less for the theoretical
prey than for real greys, because the colour of all those
examined had a biue component, ie. their hue ungles fell
between 221 and 3057, between greenish blue and violet,

It 1s generally accepted that the addition of a nevtral grey
to s chromatic dye does not increase its strength, so that cach
solid line of Fuygure 41 represents the locus of dyeings of the
sate strength, at least over the range of increasing dullness
wlhiere visual-strength comparisons would be made which White
et al found to be up to ten times a just-perceptible difference,
equivalent 10 about | uun in Figure 1/,

The dullness lines of Frgure M mdicate that mcreusing
dullvess corresponds 10 a deciease in both L and C. It is
theretore vbvious that i a dye s perfectly achromaue, ie. its
strength line lies on the L axis, the theoretical dullness line

' must coicide with the line of increasing strength and
couversely the theoretical brightness line must coincide with
the line of decreasing strength. Theorctically, therefore, a grey
cannot be brghter or duller than u neuteal grey, and with reul
homogeneous grey dyes, which arc never perfectly achromatic,
it is doubtful that the dyer can legitimately use the terr
duller and brighter. There is sume evidence that blueness 10
grey is ulten Jdescribed as brighiness, but it is hard 10 justfy
this practice.

|
Suength ----- Dullngss —— 10 20 c 30 40
A (). Reactive Yellow 2 D ClI. Reactive Violet 1
8 C.!. Reactive Orange 2 E C.I Reactive Green 44 syrenpth -o--- Puliness =——
C C.J. Reactive Red 3 F C.). Reactive Blach 4 ) .
£ C.). Reactive Green 1) G C.I. Reactive Green § [

Figure A4 Sirength and dullness lines in LC diggram .
Figure A% — Sirength and dullness Jines in LC diagram at
constant hue




2.3 Dyestuff selection

In the CIELAB/or ANLAB/ system not only single
dyestuffs in various strengths can be illustrated,
but combinations of various dyestuffs also, Since
-a tw -~dimensional graph is easier to comprelend, .
thun a three-dimensional model, for this purpose
horizontal cross-sections of LAB space (i.e A-B
planes/ are generally used. The third parameter\
flightness, or=-in the ICI system, what they call
the ICI Colour Map - depth/ is fixed at a constant
level, and in this case "brightness" and "chroma"

have the same meaning.

§hade Gamuts

The colour of any two-dye mixture is represented
Ly the locus joining the positions of the two dyes,
These loci are generally curved, especially in the

case of yellow-blue combinatione. The gamut of

colours obtainable with a three-dye mixture is re-
presented by all thosc colours enclosed within the

triangle that is formed by the three loci joining

the three dyes taken in pairs, as can te seen on
Fig 13.
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If we add a fourth dyestuff to the range, the colour

gamut will be enlarged as shown on Fig 14,

+A

2 Rubiw G- .

Figure 14 = A fourth dyestuff added to the gamut
%ﬁlustrated on Fig. 13,

3




By adding other dyestuffs to the range, we can cover
larger and larger areas in the A-B diacrram. ICT Ltd.

uses this approach in illustrating the colour gamut

obtainable at a given depth L, using various dyestuff

ranges., A typical example for Procion MX (reactive)

dyes is shown on Fig. 15.
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Signiticance of Shade Gamuts -

The position in the map of any dye will lie inside the colour gamut area of some three-
dye combinations and outside the gamut of others.

Y fallsinside the colour gamut of a rationalized dye selection, i inclusion then depends
on other Justihications: cost, fastness properties or dyeing properties.

1t it falls outside the colour gamut is inclusion car ¢ justified on the grounds of the
additiona! colour ganiut obtanable. it would, however, only replace completely one of
.ne onginel dyes

1 its colour gamut includes al! the colours obtainable
and
2 itis preferred on cost or techinica! grounds.

If two dyes are justifiably includea for the coverage of .imilar colour areas, one will be
considercd as the tirst cnoice and the other used only for the specific colours neces-
sitating its use. .

Where three dyes giving.primary colours are used to produce a wide shade gamut, and
where browns and drabs are of particular iImporiance, it i1s often convenient 1o break
thus large aree up by introducing a brown or by forn: ng a colour gamut using three dull
shades, e.9. & red brown, ayellow brown and an olive arab or grey as “internal” primaries.

This approach is common practice with vat dyes and improves shade reproducibility by
reducing the importance of weighing errors, gic. This 1s the principle adopted in
 "Matched Pair” system recommended for Qyging polyester/cellulose blenas.

A good example of this approach is atforded by an
examination of the cost of producing green dyeings on
polye..or fibre, using different disperse blue dyes with a
common greenish-yellow dye, The results descrited below
were obtained 10 ¢stablish the techinico-commerci.i position
of Dispursol Green C—~68 (C.1. Disperse Gresn 8}, at the tirne
this dye was being added to the range, but they make the
general point about the brightness/cost rclationship as well as
some specific points about this particular dye,

The approach adopted was to produce a family of
mid-green dyeings, 1. st t e tame dooth and all at the
same hue angle, with a «....un yellow dye (Dispersol
Yellow C-5G) and a number of different ““Liue” dyes
including Dispersol Green C—68. The position of each green
dyeing is shown in the Colour Mup in Figure & The

. brightness of the green dyciig produced depends on the
greenness and brightness of the blue dye used, and is indicated
by the radial'distance (C) from the neutral point,
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Control Depth: a given depth of dyeings, which is the
came for a wide -ange of hues, and defined

by ICI Ltd. by colorimetric methods. These
Control Depth values should correspond to
the internationally u.od ISO Standard Depth
values, although there is no strict correla-

tion between the two sets.,

Control Price: the cost of the amount of dyestuffs necessary

to achieve a given Control Depth,

The 1/1 Control Price of each green dyeing can be
calculated (using UK list prices for the dyes concerned);
these Control Prices are ploited in Figure 4} against the

. measured brightness (C) of the dyeings. It is clear that for the
established blue dyes there is a relationship between the cost
of producing a green dyeing and its Lrightness, the cost
increasing slightly with brightness in the duller greens and
then quize sharply as the limiting brightness from existing
dyes is approached, The position of Dispersol Grean C—6B in
Figure it damonstrates that

lu) this dye produces a green dyeing which is marginaily
brighter than tha brightest green cbtainable with
existing Dispersol dyes, but at much lower cost,

{b) in spite of its outstanding ecoromy for the produg-
tion of bright areens, the dye is not ¢ sensible choice
on cost grounds for the production ¢f dull greens, or
as a gencral purpose hlue for use in ternary recipes,
since other blue dyes are availabi. which are cheager
still for these urnoses,
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Figure 1} = Cost/brightness relationship for green dyaings on
texturized polyester fabric at 1/1 Control Dapth (using the
DispeMol *blue” dyes shown with Dispersol Yeliow C~5G)
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USE OF THE TECHNIQUE TO SELECT DYVES YO
STOCX FOR APARTICULAR CUTLET SEGMINY
All of the foregoing exampes are comparatively simple ones,
chosen to illustrate particular features of this technique. By
an extension of these procestas, however, it is possible to use  +
the method to make an optimum selection of dves to stock
to meet all requirements for a particutar outlet secment. This
may be done for the dyes of a single supplier, by first listing
all the dyes on his range which heve suitable application and
fastness properties for the outlet in question. These can be
plotted in a Colour Map, and the Contro! Price of each
. tehulated. It is then possible 10 muoke a sclection on
cost-effectiveness grounds of the most suitable dyet 10 cover
different colour arezs, and to eliminate a number of dyes
which give no additional gamut cuverage to justify their . )
higher cost. In some instances, of course, the deccisions '
involved are not completely clear cut, For example, 2 bright
greenish-yellow dye will give a lurge extension of gamut
compared with a reddish-yellow dye as the yellow comp-
onent of a trichromatic combination, If it elso has a lower
Control Price, it is clearly the preferred product on a ‘
cost-effectiveness basis. 1f, however, it has 3 higher Control
Price, there i< a judgement to be made about this additiona!
cost in relation 1o the convenience of using one dye for all
purpeoses in place of two dyes. The method will not make
this judgement, butit wil! provide quantitative datu on costs
and gamut coverace which are @ valuable aid in muking this
type of dzcision.

The technique, of course, is equally applicable to dyes
from a!! scurces, provided e necessery dyeings and
measurements are made 10 characterize these products,
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Colcur differences

CIELA® or ANLAB space is widely used for colour speci-,
fication, i.e. for marking the location of colours in colour
space. another important application of colour measurement
is the quantitative description of the difference betvween
two colours. The distance in colour space betwveen two

colours is generally known as the colour difference, and in

. *
the CIELAB system it is designated AE al®

For several decades the major aim of research work in
colour science was the development of a "visually uniform
colour space", in which equal distances in any part of
colour space meant equal perceived difference, Inspite of
the tremendous effcrt put into research, there is still no
"perfect" system, the presently recommended colour differe-
nce formula - that associated with CIELAB space - is just

one of the good approximations,

Colour differences in the CIELAB system can be calcula-
* * * .
ted from AL , Aa and At values (see Appendix), ‘tut a
*
much more useful splitting of AE at is that into differences
) * * *
in metric lightness (DL ), chroma AC abt and hue (AH at:)'
The formulae for caleculating these quantities are given in

the Appendix, and their geometrical meaning is illustrated

on Fig. 19,
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‘Figure 19.

The geometrical representation of colour

differences in CIELAB space

X
AE ab !
Aa* H
At :
AL’t :

*
Ac ab

o
Al ab :

Ja\ g

ab

total colour difference
redness ~ greenness difference
vellowness - blueness difference

Metric lightness difference
metric chroma difference
metriec hue angle differen-e

.wetric hue difference

{not shown on diagramm);




The terms illustrated in Fig 19 need nO‘explination, except
*
for AH ab?

fore not illustrated in the diagram. The reason for this lies

vhich has no exact geometrical meaning, and is there-~

in the nature of colour space given in polar coordinates, i.e.
. . *
in terms of metric lightness, chroma and hue, Lightness (L )
) * . . . . .
and chroma (C ab) are distances in vertical resp. radial direc-

tion, wheree hue is given as ¥° metric hue angle, It is very

difficult to assign visual meaniis to(}Hoab metric hue angle
differences, since it dependson the chroma of the two colours as
well. The Colorimetry Committee of the CIE has therefore decided
to recommend a new tefm for hue difference:lﬁfab s+ which < to-
gether with the lightness and chroma differences ~ would give the

total colour difference as the square root of the sum of squares:

* x 2

*x_ 2 ®
AE - \/(.AL) +oact LYo+ (ar )

“*
This could only be achieved by defining AH ab according to the

following equation:

e
-

% V * x
: AW, = @e” )% - (a

This definition has the advantage of simplicity in caleula-
tion and visual (perceptual) interpretation,, but has the dis-
advantage of having no clear geometrical meaning, It also
follows from the definition, that‘AH*ab is always positive,
and can give no indication as to the direction of hue differcnce.,
Mo st up-to-date instnments ealculate‘AH*ah sc that an arbitvary.

sign if assigned to hue change, e.g. "-" for clockwise and "+°

for anticlockwise.
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It is very simple to interpret hue differences (as well as

brightness = dullness differences for equhl lightness) on an

* * )
a - b diagram, as shown in Fig. 20.

Fig. 20.Co-ordinates of CIELAB color space as sectioned In the hue angle sort
program.
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2.4 Evaluation of the parameters influencing the

colour of dyed and printed textiles

A very important field of application for colour
measurement is the gquantitative indication of the
change in colour due to some change in processing
parameters. In the most detailed paper published so
far on the subject SUMNER describes the effect of

dyehouse variables on the reproduction of dyeings.

The treatment used is best illustrated

by taking as an example the effect of salt

concentration in the dyeing of Procion H

dyes. . . The values of

AE for the different salt concentrations,

obtained from the ANLAB treatment,

were plotted against their respective salt

concentrations (Figure 3 f) the control (80

g 1) being taken as zero. Clearly,

negative values of AE are impossible but

for convenience those values for dyeings

carried out at concentrations in excess of

control were assumed 10 e negative. This

enabled.a continuous curve to be drawn

through zero. By drawing a wngzat 1o the

curve at this point, the gradient of the

tangent becomes an adequate measure of

. the rate of change of AL for smull

changes in the concentration of salt above

and below 80 g 1™, and hence the effect

of such small changes can be evaluated,

By taking care when drawing the curves it 4l . \ ; . :

was found that an adequately high degree T2 40 60 80 W0 0
of reproducibility could be achieved. The Salt concentration (g

results obtuned by applying this treat- Figure 21— Interpretation of ANLAB datw

ment to all the variables for the different h ;
dye mixtures are shown in Tables 4 and if{{;g X{uﬁ:”c;);wemmlwn or Frocior

2. The figures in these tables refer to a
change of 10% from the control con-
ditions, a figure chosen because it rep-
resented in many cases the maximum
variation from the control for which the
tangent gave adequate accuracy. Clearly,
for changes of less than £ 10%, the figures
in the tables need only be multiplied by
the appropriate fraction,

f
L]

AF (ANLAS units)

.
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EFFECT OF CHANGES IN DYEBATH
CONDITIONS

For the reactive dyes (Table 4) the figures
show a marked degrec of consistency
irrespective of the class of dye or of the
particular mixture of dyes.

Because of the con- -

sistency of the results from mixture to
mixture it is possible to use average vaiues
to illustrate the importance of the ditfer-
ent variables. This is done in Figures 22
end 23, where the average effect of a 2
10% change in each variable is presented
in histogram form.

20

"7 It can be seen that, for the reactive

dyes (Figure 22), the important variables
observed as a result of this work are
temperature after the addition of alksli,
cloth weight and the various weights of
dye. It must be remembered that these
effects relate to the dyeing conditions
used and the particular dyes studied. For
example, if the quantity of salt used as
control had been drastically reduced,
changes in salt concentration could have
assumed greater importance or, if the
dyes had been much slower dyeing, then
the effect of time could similarly have
beea increased.

1.5

1.0

AF {ANLAB unhts)

X RO R

2 3 4 5

6

7

R

Figure 22— Average effect of 10% variations in dyebath conditions for reactive dyes

(For key to numbers see Table )

TABLE 4

Reactive Dycs -~ Comparison of the Effect on Tertiasy Dye Mixtuses of 10% Variations in Dycbath Conditions

The figures refor 1o total colour changs, i.e, AL in ANLAB uaits

Variabla .
Dye Mixture NaQl Na,CO, Time befate Time after Tompetature Wiof Vol.of Dys Dys Dye
concn concn sddition of addition of before after cloth dyebath conca concm conca
akali alkal addition  addition Al Yelow Rsd
. of alkali of slkali . only only
Procios MX Mixture! 0.4 0.1 0.1 0.1 0.7 1.2 0.8 1.1 1.2 1.5
Procion MX Mixture2 0.5 Ot 0.1 0.3 0.9 . 09 08 LS 07 16
brocon H  Mixture! 0.5 0.1 0 0.3 0.4 2.0 1.1 0.6 1l 1.0’ 1.3
Procion H  Mixture2 0.5 0.2 0.1 0.3 0.5 2. 1.1 0.7 1.2 1.2 1.3
frocion H-E Mixture ! 02 0.2 0.t 0.2 0.1 0.9 3 03 1.3 1.4 1.4
Procion H~E Mixture 2 0.3 0. 0.1 0.1 0.1 | B 1.3 0.4 1.2 .2 1.4
Procwon H-E Mixture 3 0.3 0.1 0.1 0.} 0.2 0.9 1.3 0.4 1.0 1.3 1.6
Average AE 04 0.1 01, 02 0.3 1.7° ] 0.6 13 1 1.5
Key for Figures 1a 2y i 3 3 4 $ 6 ) ) 9 10 11

raigting Procion MX Mixtures | snd 2

Dys
conca
Blue
only
1.4
1.2
3.1
0.9
1.4
1.4
1.3
1.3

13
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The effects of the dyeing
method and the dyes used also apply to
the disperse dyes (Fig. 23) where again
the important variables from this work 15
are temperature, cloth weight and the :
various dye weights.

1.0

AE {ANLAB units)

. 05

: T34 s 6 7T B e v

Figure 23 - Avezage effect of 10% variations in dyebath conditions for disperse dyes
(For key to numbers see Table 2)

TABLE 2,
Disperse Dyos — Comparison of the Effect on Tartiary Dye Mixtures of 10% Variations in Dyebath Conditions

The figurea refer 10 total colour change, i.e. AE ANLASB units

. Dye mixture Variable . .
Acetic acid Matexil DA-AC Silcolspse 5001 Time Temp. Wtof Vol.of Dye Dye Dye Dys
(80%) concn concn cloth dyesbsth concn  concn concn conca
concn All Yellow Red Biue
. only only only
Dispersol dye Mixture ) 0 0.1 ] 0.1 1.0 1.0 0.3 1.1 1.4 1.4 ‘1.0
Duparsol dye Mixture 2 . 0.1 [} 0 0.1 0.5 0.9 0.1 1.0 1.1 1.2 1.0
Dispersol dye  Mixture 3 0.1 6.1 1] 0.4 0.8 1.2, 0.1 1.3 1.1 1.3 1.1
Avaruge AE 0.1 0.1 1] 0.1 0.8 1.0 0.2 1.1 1.2 1.3 1.0
hey for Figure 23 1 2 3 4 s 6 b) 8 . 9 10 n




It is apparent that the average colour
difference associated wiith a = 10% change
in these major variables is approximately
1.0-1.3 ANLAB  units. In order to
estimate this result, the'variables were
taken one at a time, but obviously, in
practice, it is possible for more than ene
variable to be in error, indeed it is vary
possible that they could all be in error at
the same time. Unfortunately trom the
point of view of simplicity, it is not
possible to add together the AE values
shown in these figures since AE possesses
no directional properties. If the additive
effect of 2 number of variables is
required, it is necessary to split AE down
into its components of AHue, AStrength
.and ABrightness, all of which are direc.
tional. The calculation of the effect of
small changes in the vanables on the

values of these latter three parameters is

carried out in precisely the same way as
for AE (Fig. 21) As an example, the
results of such a computation fora £ 10%
increase in each application variable is
shown in Figure 2%for Procion MX dyes
(Mixture 1).

These results show that if all the

variables are increased by 10% then the |

totai effect is not the sum of the
respective AE values since there are com-

pensating factors.in that the changes are -

not all in the same direction. Although
not strictly true on the basis of colour
physics, it is now possible to obtain a
reasonable estimate of the additive effect
of variables if it is assumed that a

reduction of 10% would sroduce a similar -

change in :he opposite direction and that
there is little or no interaction between
variables. Confirmatior of this was
obtained by carrying ocut a number of

“dyeings where two or three variables were

changed simultaneously. Comparison of
the measured colour differences of these
dyeings from control showed a reasonable
agreement with the arithmetic sum of the
variables taken one at a time. Clearly it is
possible, therefore, to get a reasonable
approximation of the effect of any com-
bination of the application variables, but
for the purposes of the moment only the
maximum effects of £ 2% and £ 10%
changes have been evaluated, i.e. the
unfortunate dyeing when all the errors
combine in the same direction.
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TABLE 3 R
“Robustness’ of Tertisry Mixtures of Dyss (& atculated)

( P:xhnum possible colour changs
The dif- ANLAB units) occurring as 8 result
. Dyesing mixture - 4 i s
ferences. from target which would be (A) Reattive dyes : ° ',"l'ol;' dysing conditions :;f
obtained are shown in Table 3. Although :ocbn MX  Mixture 1 5. 1.0
the chances of the particular combination nﬁiﬁ'.'. x_’fg ::};::: ; :: :?
of variations occurring to produce this Proclon H—E  Mixture 1 57 11
maximum result are remote, nevertheless Procion H—E ~ Mixture 3 6.2 1.3
- . . Procion H Mixture 1 6.2 1.3
the result is interesting in that com- . Procion H Mixture 2 7.7 13
mercial selection of dyes for selling has ’ : ’
produced colours which have an Disperse, ) PPy dves as o
amazingly similar ‘robustness’ to change  +  Duspersol Mixture1l . 4 0.9
in dyebath conditions. Dispenol ;  Muxture 3 5.2 1.0

N.Q. This is the worst poasible result, only observed whea all the .
warisbles change ia s completely sdditive fashion

So far only the calculated effects of
various percentage changes have been
considered. It is interesting to note the
practica! effects which are obtained.
Taking a tertiary mixture of disperse dyes
(Mixture 1) on Crimplene, a series of
dyeings were prepared in which the three
dye variables were all changed by ¢ 10%
in various combinations. After dyeing,
the patterns were measured spectrophoto-
metrically and the various values of AF
from the contro]l were computed. A
description of the mixtures and the AF
values are shown in Table &, It can be
scen that the average effect produced was
1.8 ANLAB units and, since all the
dyebaths used to produce these dyeings
were substantially exhausted at the end
of the dyeing sequence, this variation can
be associated with a change in dye-on-
fibre of approx. + 10% for each of the
dyes in the mixture.

TABLE 4 o,

The Measured Effocts of varying the Individus! Dyes Concentrations, in Disperse Mixture 1, in Pull
_Peemutation by = 10% and * 2.5% (Figuros in Brackets). Quoted ss Total Cowows Difference

from Control (AZ ANLAB units) ‘
Racips AE Recipe ° AE Recipe AE
change change change
Y R B YR B Y R B
) 0 0 0 control 0 -+ 1.4 (0.4) - - 0 1.2 (0.3)
\ + 0 O 1.4 (0.3) o - - 1.5 (0.8) +* + ¢ 1.1 (0.3)
: - 00 1.4 (0.3) + 0 + .12 (04) + + - 232 (0.6)
, 0o + O 1.4 (0.3) + 0 - 1.8 (0.4) + - + 2.0 (0.6)
o - 0 1.4 (0.4) - 0 ¢ 23 (0.6) PR 31 (0.7)
0 0 + 1.0 {0)) .0 - 37 (04) e ¢ ». 11 (0.3)
o 0 - 1.0 (0.3) + + 0 1.6 (08) e - 4+ 17 (0.4)
' 0 + ¢ 3.0 (0.3) + - 0 1.9 (0.5) . - 3.0 (0.8)
0 ¢+ - 2.3 (0.6) - ¢+ 0 3.1 (0.7) ¢+ - - 25 (0.7 ,
Aversgs diference » 1.8 ANLAB units (0.5 ANLAB units)
Y = Dispersol Yellow B—-A 0 = as recipe .
R = Dispersol Red B-3B + = rocipe + 10% (+ 2.5%)

B = Dispersol Blue B=3G «®tecipe — 106~ 2.5%)
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RORFRTS has investigated the effect of some prccess para-
meters in the preparation stage on the final colour of ~he
fabric., He has found that the heat treatment (e.g. during
drying, singeing etc.) of sized cotton yarns hLas significant
effect on the colour in the case of starch-tased sizing agents.
The effect depends both on the time and the temperature of the

heat -treatment, as showvn oa Fig. 25.

AE
20 ®
10
, témperaturery ‘
50 00 150 200 250 100 200 300
Fig. 25. be efiect of heat trcatment following sizing

on the col-ur of cotton fatrics.,
AE total colour difference in ANLAB units
bet ween untreated and treated samples dyed

toget her vith reactive dyes.

a; Effect of temperature of heat treatment

for 50 sec.

t) Effect ¢f time of heat treatment at 160°c.

It is well known, that the temperature of heat-setting has
significant effect on the dye-uptake of polyester fibres during
subsequent dyeing., TFig. 26, shows the effect for polyester
sewing tlread (staple yarn), and Fig. 27, illustrates the same

for polyester fatrics,
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AE
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X r°cl
180 190 200 210 220

0

Fig. 26. The effect of heat-setting temperature (OC) on
the dyeing properties of polyester sewing thread.
AE total colour difference in ANLAB unitc between

control and treated samples.

Ll B SR ]
\
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Fig. 27. The cffect of heat-setting temperature (°c) on
the dyeing properties of woven polyester fabrics

(filament warp, staple weft),
AE total colour difference in ANLAB units between

control and treated samples.

a) samples dyed separately, under identical con-

ditions.

b) samples dyed competitively in the same bath,




On the problem of the color:change during finishing

Textile finishing operstions have the general

purpose of making textiles suleable and or im-

- proving the wearing properties and the sase of

" care of clothing produced with them. One of
.these types of finishes 1is high-grade finishing,
_with which easier care of the textile is achileved.
: It 18 just the classical high—grade finishing

. processes for creasc-resistant or easy-care fi-
nishing which causes, on dyed goods, more or less
grest color changes, which in practice are known
under the te:m "shade change during finishing.”
The taak of the colorist is to coatrol the turn-
out of the dyeing in the dyehouse so that after
the finishing, the fabric can be considered to be
in conforwity with the dyeing sample. Here, the
coloriet has several possible approaches; those
described in the following are used with special
frequency:

a) Estimation of the shade change in finishing:
The dyer estimates the shade change during
finighing and dyes to a dye turnout which he as-
sume¢ will be corrected, in magnitude and direc=-
tion, by the estimated shade change in finishing
which he anticipates. This procedure is the
simplest, but also the most hazardous method.

It presupposes long years of experience,

b) Estimation of the shade change during finish~
ing in combination with a laboratory control
finishing:

The dyer estimates, as in (a), the shade change
during finiehing and dyes to & corrected dye turn~
out. In contrast to (a), however, he controls the
dyeing taking into account the shade change during
finishing, by inspecting after the finishing to

discover if an acceptable conformity with the dye
sample has actuslly been attszined, This inspec~
tion takes place in the following way: the dyer
takes a sample from his dye bath snd finishes it

in the rapid process in the laboratory, according

to the finiening recipe which will also be used

for the dye batch., If the color agreement is ac-
ceptable, the dye batch 1s “intshed; if not, a
correction takes place in the dyehouse.

¢) Comprehension of the shade change during fi-
nishing with rhe aid of a dyehouse sample cor-
rected for shade change during finishing (de-
terninatlon of a theoretical change):

The dyer has, for each color to be finished,
kept back from each dye batch a dyehouse sampie
which, according to his experience to date, takes
the ehade change during fintshing optimally {ato
account, This sample serves as the dye sample.
1f an acceptable color agreement between ruch &
dyehc -ie sample and & dye batch has been uchieved,
then he sesumes that after the finishing of the
batch, an acceptable color conformity to the dye
pattern will result. The shade change during fi-
nishing which contains the color interval dye-
house pattern-dye pattern, i{s designated an ideal
change which 1a to be completed with tne dve batch,

The success of the three methods and the con-
trol of the shade change during finishing depend
on various factors:

== color conceptualization of the colorist:
for mechod (a) and (b) the colorist dyes to s dye
turnout for which there is no direct sample, The
subjecrivity of the color conceptualization of
the colorist thus aignificantly determines the re-
sult,
~- matchability (reproducibility) of the shade
change during finishing in the plaat; each prior
taking into account of the shade change during
finishing — by whatever means — remains without
success it the shade change during finishing in the
plant is not reliably controlled and is there sub-
ject to uncontrollable changes. _

-= matchability (reproducibility) of the shade
change during finishing in the laboratory: the
success of a prior taking into account of the
shade change during finishing by means of a labo-
ratory control finiahing is also dependent upon
how reliably the shade change during finishing can
be controlled in the laboratory. Variations in the
change here are added to chose in the plant, 8o
that, on the whole, the turnout of the finished
batch is not uader control, :

-- transferability between laboratory aand
plant finishing: This transfernbilicy must be
generally graranceed for all meusures where lhe
shade change during fiuishing is to be designed
to be more reliable with the aid of a laboratory
fiulslilng. Otherwise, the turnout in the plaac
will be differeac from that in the laboratory,

80 chit conclustons frow the laboratory curmout
about the plant turnout are not allowable and
will lead to erroncous results, .

2. Statement of the problem .

Froa the discussion thus far, it appeuars, thael
in controlling the shade chuange during finishing
from 8 technical process standpoint, 1its macchs-
bility (reproducibility) plays a4 special role,
For this reason, we studled hiow relisbly the
shade change during finishing can be matched, on
the one hand, in the plant, and, vn the other
hand, in the loboratory, with repeated finishings
of articles of the sawe color, The reproducibi~
lity of the wshade chunge during tinishing was
characterized by statisticul characteristic muy-
nitudes, The visual perceptability and the ace
ceptabllfity of the change ditferences which ap-
pear during repetition of finishing were not in-
terpreted here; rather, che evaluativi was limi-
ted to wtatisticel working out of the aata,

The reproducibilicy of the shade change du=
ring finishing is characterfzed by the mean value
X of the shade change during finishing from the
shage changes of the iudividual repeated batches
(plant finishing) or repated finishings (labora=
tory finishing), and by the mean value confidence
interval q (95% statistical certaincy).
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Reproducibility of the shade change during
finishing in the plant
The reproducibility of the color change during

tintshing in the plant can be demonstrated with
the aild of a viscose finishing. Figure 2 ¢, demon=
strates the contribution of the Jightness change |
(L., cwroma change (AC), and hue change !
(AH), to the color change during finishing, as
well as the total color change (HE. The change
values are shown in "column form'; to the left,
the theoretical change, in the center, the
individual changes of the repeated batches, and to
the right, the mean change X from the indi-
vidual changes of the repeated batches with the
indicated confidence interval q,

We can see that the changes during fi-
nishing of the 6 repeated batches, scatter more
or less in magnitude and direction. The HPight-
ness change end the total color change are espe-
claliy affected; the ~hromd change is less so,
and the hue change is only slightly affected. The
scattering of the . change during finishing 1s
reflected in the size of the confidence interval.

A color change during finishing which is very
different in cirection for the repeated batches
is only explainable in the cases where -~ as here
for the hue -- one only records a minimal change,
and the finishing has thus practically no influ-
ence; color intervals which are very lictle dif-
ferent from zero, can also very easily undergo a
change in sign with very low scatterings, In this
exaomple, however, the relationships are complete-
1y ¢ifferent for the #igxhrness and shromae
cuange, The color differemics are — especially for
the lightness -- greater and nevertheless scatter
markedly in directicn, and of necessity this also
has an effect on the total color change (BL). In
the example described, then, the color change
during finishing can be only poorly controlled with
regard to fightness and chroma of the dyeing.

The unsatisfactory reproducibility of the color
change during finishing also appears from 8 com=
parison of uize and direction of the theoretical
change with the size and direction of the change
of the individual repeated batches. With the
theoretical change, a color shift toward ~ Mghter,

less saturated and bluer color is provided. As
we can see, this change of direction was reproduced
in the three individnqal components lightness,

chromd | and hue only for a single batch (Nr.

S). As far as the magnitude of the change
during finishing 18 concerned, oaly the chroma
and hue change of this batch corresponds approxi-
siately to the size of the theoretical change, ln
the lightaess, the change, with respect to size,
1s above the value of the theoretical change,’

No other repuated batches exhibit chanyge
identical wicn that of the theoretical one.,

The batches Nr. 4 and Nr, 6, with an ap-
proximately equally large total color di{fevence
(4 = 0.8 AN) indeed, as desired, arec \ighter
because of the finishing, but, varying fros the
envisioned goal, are wore saturated, and some-
what redder, This shows that the total color

d-{ference AE 18 not sufficient by itself for the
characterization of the color :hange during fin-

ishing, but a sepsration into the individual differen-

ce> for the lightness (AL), the chroma,
(BC ), and the hue (AH) 1s necessary.

The reproducibility of the color change dur-
ing finishing 1n the plant finishing 1is {llustra-
ted further in Figure 23. Here the mean values .
and confidence intervals of the color change
during finishing are indicated vhich were ob-
tained in the finishing of viscose-substantively
dyed in the color grey, steel blue, brown, dark
brown, and then shaded--with triple repetition,
Here also, from the large confidence intervals it
appears that the color change duriug finishing in
practice--at leas for the textile wmaterial via-
cose ancd ‘.e finjshing process used here-- can
scatter relatively greatly,
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Figuref. Plant finishing of viscose, shade change
during finishing of a color (ancthracice) in dright-
ness, saturation and hue for 6 repeated batches in
comparison to the theoretical shade change of the
dyehouse sample (VF) = dye sample (V).
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Figure 23 Plant finishing of viscose. Mean value
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and hue for 3 repeated batches,
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Causes o the wicertain moprvductbility of
tue colar chwnge during fintshing and con-
clustons for practice

1f one proceeded from the thesls

that the €007 change during finishing
is an indicator for the accuracy of the process
guidunce, then we must ask what process magnitude
in particuler can influence it. In the framework
of this study this question cannot be exhaustively
answered, however. Accordingly, we shasll only
note a few observatlons.

The causes for the uncertalnties could, on the
one hand, be of a technical nature: even for the
exact laboratory finishing, it is, e.g., not
pussible for batches of different color (for the
sampe dye class and method of dyeing), and even for
the same batches, to reproduce the liquor absorp—
tion exactly., Thus it appears that the liguor ab=
sorption of a textile materiasl dyed with dyes of
a dye class, even with identic.  roller pressure
on the pudding machine, can difrec significantly
from color to color,

1f one considers that the liquor sbsorption de-
termines cthe chemical absorption or coating decisive-
ly, then 1t {s understandable that scatterings ap-
prar in the color change during finishing, A fur-
ther—coloristic-~cause of the uncertain reproduci-
bility of cthe color change during finishing is
given by thermochromy, By this we undcrstand the
reversible change of dyes and colors during heating,
The "het" forwm of dyes is, under certain cir-
cumstances so long-lived thar days and hours after
the heat treatment is finished, e.g., condensaticn
ip the finishing, the color can still change, We
observed this case in the finishing of several cot-
ton dyeings (Figure 30).
Cotton, reactively dyed in the colors bright
turquoise, dark turquoise, raspberry, red, rust,
and violet, was finished,.
and after condensation sessured
after 3 hours, 24 hours, 3 days and 10 days;
and the total color change . (4E) cthe ~ |ightness
chunge (BL), the chremad ... (4()
and the hue change . (M) was calculated. As
Figure 30 shows, for the colors bright turquoise,
and violet, thermochromy can be excluded., Tae
other colors, above all the colors raspberry
«nd red, change during storage for up to 24
hours, and thereafter the dye turnout resainsg
unichanged to a very great extent.
lo practice, thermochiromy means that a sample
taken direccly afcer findshing, uunder certain cire
cumstances does not alwaye represcent the same dye
turnout which {8 recorded in the final inspection
ir. che plant or by the cusiomer. 1n the extrewe
cove, this can wean that a finished batch in evalua=~
tion directly after cthe end of che condensativh
stage exhibits o good agreement with the specimen,
but chat during scorage, & color adjusts which can
no longer be considerc. in cunformity with the sam—
ple.

Liquor absorption and thermochromy are variables
which can influence the color change during finishing
uncontrollably in the plant and lsboratory. Accord-
ingly, they must be controiled or inspected. The
color changes wihiich occur for susceptible colors dur-
ing storage in the first period after condensation
can be taken into account by empirical values if,
€.3., directly after a conctrol finishing in the lne-
oratory, one tests whether the dye turnout of the
dye batch sufficiencly takes into account the color
change durtng finishing. Colorimetry can be of
assistance here, since with 1it, in analogy to FPig-
ure 30, oune can estimate what components of the
color ( lightness, <WNTOwma or hue) are to be
piven epecial attention, D
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Figure 30. Laboratory finishing of cotton, Influ-
ence of thermochromy on the turnout of the dye.




3. The problems of tolerance specification

If the color tolerances are based on a study of
the probablc variations in color arising from the manufacturing process,
the tolerances for ¢ach new color have 1o be individually studied, and it
does not matter much what coordinate system is used to express them, so
long as it is defined in terms of a CIE stundard system,

But, if the color tolerances are set purely on the basis of the acceptability
{or objectionablencss) of the variations, from the standard or on the basis
of the perceptibility of such variations, a coordinate system yiclding nearly
uniform color scales, such as the Munsell renotation system

has an advantage. 1f percepti-
bility of the variations is the sole basis, the advantage is obvious. The color
tolerances may be stated directly in terms of size of color difference by
means of those equations. In such a case no special study of tolesances for
cuch new color need be made. All that is required is a specification of the
standard cu... and the number of units of colur difference to be tolerated.

If the color tolerance is o be set on the basis of the acceptability of the
color variations from standard, it is still advantageous to use a coordinate
system yielding nearly uniform color scales. Noticeability of the variations
is a very helpful place to start an analysis of the acceptability of color
variations. In writing color tolerances for textiles, it has usually been found
that a close hue match is imperative, but larger tolerances may be allowed
for variations in lightness anu chroma. Hue variations often carry the
meaning that a wrong dye has been used. A considerable hightness dif-
ference even though easily scen is not objected to by the ultimate consumer
because she sees similar differences all the time caused by uneven illumi-
nation. A chroma difference, even though detectable, is not as objec-
tionable as a hue difference because it indicates only that too much or too
tittle dye as been used. This is not so bad as using the wrong dye; it fails to
give the impression that a gross mistake has been made. Also two colors of
the same hue that are perceptibly different in lightness and saturation still
harmonize, but a perceptible though small hue difference produces an un-

pleasant effect.

The difference between the acceptability and the perceptibility of a color
difference is of considerable importance and care must be waken to distin-
guish between the two in industrial applicatiors. Of course, occasions do
arise when only "'perfect” matches are acceptable; on such occasions the
nonacceptability of a color difference becomes synenymous with the per-
ceptibility of that difference. Frequently, however, industrial applications
call for an estimate of the acceptability of a color difference. Such an esti-
mate cannot be made by any of those color-difference formulus which we
have discussed above and which are intended to predict the perceptibility of
color differences. Thus, it should not come as a surprise that color-dif-
ference formulas fail 1o predict accurately the acceptability of a color dif-
ference.

Nevertheless, as pointed out above, a color-difference formula can be
uscd to advantage to describe established magnuudcs of acceptability in

given directions away from standard. Figure 3{ is a sketch to illustrate
the idea,
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We have plotted a portion of the (L*a*b*)-space
two cross seclions. The upper-left part of Fig. 34 shows a planc of
constant lightness (L*®) and the lower-right part shows a plane of constant
hue (b® = ma* with », = constant). Both planes pass through the point
L.sia,% @.510,%. b.si0,* of the standard color, and the point representing the
achromatic color (gray) of the same lightness as the stundard. Colors which
differ from standard by one just percepuble difference (! j.p.d.) lic on a
sphere in (L*a*h®)-space with its center at the standard (Std). This sphere
1s represented by a circle of unit radius in our plane of constant lightness
and a similar circle in our plane of constunt hue. Colors which differ from
stundard by two just perceptible differences (2 §.p.d.) liec on a sphere of
twice the radius of the first sphere, and in our plane cross sections this
sphere is shown by the circles of twice unit radius. We can continue this
and can readily imagine a series of concentric spheres of increasing size
representing larger multiples of just perceptible coior differences.

A typical example of a gamut of colors with acceprable diffcrences from
standard is illustrated by the hatched areas in Fig. 3 . Let us assume that
our experience has shown that a particular fabric is usually accepted as
“commercial match” to the given standard wien the hue difference
between fabric and stundard did not exceed 1 j.n.d., the chroma difference
did not exceed 2 j.p.d., and the lightness differ.ace did not exceed 3 j.pd.
This empirical information can be converted into a color gamut of
cllipsoidal shape which contains all colors that would be judged as ac-
ceptable duplicates of the stundard. The cross sections of this gamut in the
planes of constant lightness and of constant hue arc the cllipses as shown in
Fig." 3¢,

Chroma

Figure 34, Cross.scctivns through (L%e*b*)-colur space. (Upper-left) plane of conatant
hightness L, (lower-nght) plane of constant hue (V). Concentric circles aroumd xl.mduq colof
(S1) are Juci of constant pereeptibility (1 5.p d. gust perceptible difference), 2 ).pd., 1,pd)
Concentric cilipass (hatched) sre crosy sechons of acceptability ellipsurd.




The main problen of tolerance specification is of course

the determination of the tolerance limits. 1In the example atove

ve assumed to have limits of 1, 2 and 3 just perceptible differe-

nce units in hue, chroma and lightness respectively., Cemnerally
these limits are determined by statistical analysis of a large
nunber of samples around each colour standard, some of vhich
have been accepted as "good commercial matches”, others rejected,
(To establish the limits we need both accepted and rejected sam-
ples.) 1In some cascs "limit sarmples' are cvailatle around the
standard as shown in Fig. 32, these only have to be measured to

aat the instrumental limit values.
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bu this wrrangement, the eye is preseated with sia
standardized color ditlerences (between the target
standard and cach limit standard). The difesence
between sumple and target stundard can be com-
pured with one o7 nore of these,




4.3. Necessary, supertluous, suctessful,
and_unsucvuessful dye corrections

The coloriast has the task of monitoring the
course of production, but Is also responsible
to a great extent for the quallty of the finished
goods, This is empecially true with reference
to the agreement between a4 sample and a cor-
reapondingly produced dye batch. One of the
chief tesks of the colorist, accordingly, i3 ro
decide, in the matching-off, whether a batch I
agrees in color with a sample to the extent
that it can be accepted, i.e., that it can be

II IXI Iv

in-in out-out in-out

released for delivery or finishing. In other out—-in
words: the colorist has to answer the question:
is sufficient sample conformity between the dye
sample of the batch and the reference sample .
achieved or not? ~ f
For the last color correction, with rugard [Egt)
to the matching of f limit, In principle, the %
following fuur cases are Lo be differentiated
{s!:
. i fo ses
. Custe I: The color interval of the Ml sawple l lgure 33. The ur ca
frow the referdnce sumple lies vulside the tion:
wstching of limic for the accepted sample M2, «f last correc
By means of the correction, 1ie color interval
to the reference suwple 1s redoced to the ex- 1: necessary and successful
tent that the resulting sample M2 licvs within
this liwic. II. unnecessary, no harm done
[y
Direction of corrcctiou: outside = .inside ’ III: necessary, unsuccessful
Characterization of the color correction: ) . IV: unnecessary, harmful

necessdry and successtul.

Case Il: The color futerval of the Ml
sumple from the reference sumple lies within
the matehing of f limit for the accepted samples s

2 and after correction, ue a sumple M2, rowsins . . .
witiin chis limic. Table 5. Articles used in

Correction direction: inside - inside the dyehouses investigated

Qiaracterization of the color correction: Article Substrate Processing Fintehing data
superfluous, but no deterioration with respect (fibere form
to the matching off liwit, type) .
Case IIl: The color inturval of the Ml A viscose lining 8ubst. dyes
‘ sswple from the reference samrle lies outsfde . material pad-31g dyeing
the matching ofr limit for the acc:pted sampie
K2 and rewains, after correction, .S sample M2, b Cupram- lining subst. dyes
outside this limit, monium waterial pad-jig dyelng
rayon
Correction direction: ouside - outside
[ 21/2 lintug digpersion dyes
Characterlzation of the color correction: acetare waterial jigger-dyeing
necessdary, but not successful,
b viscose/ lining subst., dispers.,

polysmide material acid dycs, Jig-

ger dyelng

Casc IY: The colur fotervul of the sumple
Ml from the referunce sawpie lies within the
aatching of f limit for the accepted suuple M2,
b cause of the correction, the color interval
‘ 128 #0 much that the resulting sumple M2
wislde of this limit.

E text., outer
mlyester material

dispers, dyes,
winch, HT-winch,
Jet dyeing

irrectlon direction: inside - outside F wool :::::1.1 :;:fﬁ Hﬁ:::ef
- ) s
heracterization of the color correction: dyeing
s ‘uous and, in additfon, deterforutes the K '

8au . with respect to the matching off limlt,




wWith the add of (.. artdcle wpecific watching
orf timlts given in Tuble @, we nuw deterwined how
frequently, in the matching otr of individual arti-
cles A-F, the possible four individuul cases
or correction directions are represented. The
fesulls are to be found t 7 hle P,

The values 0f case ! show Lhe percentages of
the unaccepted samples ML for which a correccion
oy, and fur which this correction
has led o the desired resnlts. These values are
a criterton tor the success ot the last cor-
rection step. The gredt ditterences amony the
articles ure worthy of note:; the most favorable
findings were for article E, with SH,.BX,

The values for case !l show the percent of
the undaccepted ML sumples which did not have to
boe correcied, but whose color interval from the
reterence sewple (V-M?) after the correction
tortunately remained within the matchtag of

llmic, -

"TTlie values ror case LIl informs us of Che percent
Of Lthe unacceptable ML sawples for which a
uorreclion was Decessary, bul was not successful,

The values ©f case 1V slhow the percent of the
unaccepted Ml sawples tor which a correction was
ot necessary and 1o which the color intervals
tu the reterence Sawple (V-M2) were so0 deteriorated
by the correction that they ure greater than the
wutching otf limdic.

It oue torms a ruclo of the neccessary and
suecessful corrections (values of case 1) to all
the necessary corrections (cases I ond I[1I), then
one .1ns the "Chances ol success' tor the
lust uye correction steps undertaken for articles
A-1:

Arcicle A: 81,45
Article B «7.5%
Arcicle C: 80.02
Article D: 71.3%
Arcicle E: 87.0%
Artlcle F: 55.5%

aCruss all
Artticles A=-F; 73,92

The “chance of surcess” is dependent on the
Guality of the matehing off, but also on the cun-
stlency ©f the color process puidance. Let us
conslder the differsncer among the (nadividual
articies, Un the averepe, Lhe clhiunce ts quite
high that in the luat correction - where it was
DueCessuly = one Wil get within the matching oft
wit. This means that the gual-ovrientation
of the corrections Is guod, As the followlng
slivws, however, very often there {s o defoctive *
recognition ot whether the tast corcection 1s
Nucessuly of all,

Erruncous judgments in the sense of the open
guestion posed {n the headiug are the following
decisions:

Table ©. Matching off liwits (cowputacional) of
the volor tatervals V=12 for a tulerance proba-
biltfty of YUi.

article

matchliue off limie V-M2

0,80
1,02 ,
1,53
1,06
tud
123

MTMOoCw>»

*‘ug‘l:?;b all wrcicles

A-F 118

Table }. Porcentage frequency (%) of the 4 possi-
ble correction directions,

Case

Article outside~- inside- outside- instde-
_ inside inside vutside oulslide
A 26,7 64,0 53 4,0
B 9,5 77,9 105 21
C 339 52,5 8,5 51
D 122 780 49 49
E 58,8 324 8.8 -
F 156 7.9 12,5 -

acfusy

all gr-

ticles 235 65,2 83 3,0

A-F




a) the colortst aoes not tecognize that the Ml
sample refused has, with respect to the
reference sample, a color interval V-Ml
which 18 alrcady smaller than the matching
of{ ldalc. Thus, samples are corrected
which already lie "instde”, The number
of these erroneous decistons {s glven from
the numerical sum of cases Il and 1V,
These corrections were superfluous, i,e.,
an ynnecegsary correction expenditure was
mode. On the average ot all articles A-F,
68.22 of such corrections were calculated.
This value corresponds approximately to
the value of 71X which resulty graphically
in pures 5 and 6., The highest value in
Tauble 3 i3 shown by article D, with 82 9%;
the lowest value 1s arcicle E, with 32.4%.

b} The colorist dves not recognize the lack

' of success of the lust correction carried
out and accepts a coloration whose color
interval to the reference sample V-M2 13
greater than the matching off limit. The
colorist releases colorations which are
rot "tnside” but "outside”. In the studies,
the number of these erroneous decleions ie
given by the addition of the numerical
values for cases III and IV. Here we are
dealing with a falsely accepted M2 sample
which can give rise to complaints. On an
average, of all articles A-F, a value of
8.3% resulus.

~

The resulte show the grest uncertainty
with which colur intervals are evaluated in
visual metcliing off, Of the corrections car-
ried out on the whole, on the average, across
arcicles A-F, only about one quarter {(exactly:
23.5%, Table 3) are boch necessury and suc-
cessful; only about a third (exactly: 31.8X)
of all last (ecd additiors are necessary at
all, and about two thirds are superfluvus,

In the article-specific evaluation, the balance
for some articles (e.g., article E) I8 clearly
more favorable, but signiflcantly poorer results
are also recorded (e.g., srticle D), Also with
reference to the "chances of success” for the
lust color correction, article £ turns out to

be the most favoralle.

Since the evaluations were made on coulora-
tions of low saturation and wedk metaincry,
these resulting differcaces between the indi-
vidual articles cannot be caused by saturation
and metomery influences. Causally, they are
rat' attriburable tu the spectfle differences
in the ludlvidual arcvicles with reapect to sub-
strate, processing form or application, and
finishing, as well as persunal matchiling of f
quality.

The protounced weakness 1n separating
sharpaess between the yea/no uwecistions 1n "un-
dcceptavle-acceptable” (s vesponsible for the
larye number of erroneous judyments., It is,
viewed economically, a serfous disadvantape.
1Y one uses, for euch corie...nn alone, &5
minutes ¢f wachine occupancy, with sll the per-
sonniel and epesgy costs, then the vxtent of
the reserves in the dy~ing mill for coat re-
dustion &nd preduction incrusse {s demonstrated.

The surprisingly high number uf tncorructly
fucged M earples cun be exrlutned by the fact
that the viaurl metuhing off cocs not have 2
tenporally constant matohing of f limie, The
acvertabiifty crsiteria for sumple Ml are ooviousiy
sinlticantiy more vipeious thao for the M2
sameles, e longer tne dye process Josts, the

greater 8fe the ocer T ang with reapoct (0 v oaoc
contornley, ™ o fer thdds can et press
Aufes oo, e . He0r G ucttun cota-

clty aad dye qa well o aes of
‘

+
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Co'our snrting (shade sorting)

- .twoorthrez vears, the con-
ept vt ST ur shade sorung has tousd
renewed Interest,

Most cofor sorung uses the 335-box
method. The concept s hused on sub-
diviston of a three-dimensional color
space into equadty-sized “boxes” sur-
rounding a standard color. Each box
iy assigned o three-digit code corre-
sponding to ity distunce from the stin-
durd along three chosen axes. The boy
contuining the standwrd i designated
553 with other boxes ranging from 111 to
999, Severul co-ordmite systems such
as Hunter, Locb and CILE 1978 L*a<b*
are 1n wide use.

When several samples ar: to be com-
pired, each prece v measured and ity
co-ordinates are caleulated. The piece iy
then assigned the code of the box in
which those co-ordinutes tall. General! ) " T
all preces tulling within o box are ;my- Figure 34. Boxes in CIELAB
ceptubly close 1 color for shipping or
cutting together even thoueh all may

or other similar colour space

be noticeubly different frvom standard. used in colour sorting. Colours
Althougli the concept may sound in-

volved, iy practice modern instruments in any one box make one set,
reduce the tusk to phecing a sample for . o

measurement and reading the code Je- . which contains all colours
termined. '

within tolerance for the central
While devetoping

programs o meet the needs of custom- colour of this box.
erstn this area, it was realized that the
concept could be made apphcable w
mongtoring volor yuality ¢ven when
sorting is nut required. The resplt was
the SORT prozram which combines the
spectrophotometric determination of
color codes with the ahility of the color Table 8—Calor Bistribution for Well
systein to store many of these codes and Coutrolled Process
anadyze varnince from lot-to-lot for any
given product,

SORT Code  Fregquancy

In using the SORT program, the user 865 1.
idenuties and posttions samples for ggg g oo
meinurement. The spectrophutometer 6g5 %
transimits the eclor measurement di- rh 18
rectly to the computer where the three- 455 14
Jigitcode is calculuted. The system files 445 ? :
the color code with the jot identitica- 35 :

tion.

Periodically the user may obtain
analyses of color codes in files. For uny T
product produced. u history of colur by Table 9—Color Distribution for

Jotis avarlable. In addion, the system Pooriy Contrulied Process
will report the totil number of §583°5,

h55%, 565's. etc. produced in aspecified SORT Code  Frequency
ume period. 1deally, of course, all oty 874 [ -
would be $33 since that s the color of 875 1 .

the standard. Since they are not, how- £65 2
ever, the distribution of color codes de- ;gg ; .
seribes the consistency of color pro- e 3 Ceewee
Juced. 655 3 eee

A graphical frequency distribution of . 565 4 o

color codes is provided by the systemto gig 57, ::":'
show color uniformity for any product. Hi -3 eecnes
Tuhle gshows atypical distribution for u 455 g ereee
well controlled process and- poud dye 445 4 e
“formulation, Table 9 gives duti which {1‘:; b
should alert production manage ment to '-;“ -;’ g

pour color control fur the product.




4. Light and matter

4.1 Physics and psychophysics of colour: the CIE system

From the purely physica! point of view, the production of color
requires three things: a source of light, an object which it illumi-
nates, and the eye and brain to perceive the color. Alternatively,
the eye may be replaced by a photosensitive detector and
auxiliary equipment which approximate its action in detecting
light. While a light source may be seen directly as having color
without illuminating anything but the eye (the illuminant mode
of viewing; see Evans 1948, Judd 1961), we always refer to
seeing a material sample iluminated by a light scurce (the object
mode of viewing) unless we spedcify otherwise.
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Sources of Light _

Visible light is a form ot energy, part of the family v{hich in-
cludes radio waves and x-rays, as well as ultraviclet and infrared
light. Light can be described by its wavelength, for_ which the
millimicron (M) or nanometer ("\m)is a convenient unit of length.
One nm is 1/1,000,000 millimeter.

;__J-— Visile gt ————st

Infrared _ Rado

3 s 38
ght § é P33 Wt waves
b —
400 500 600 700 '
Wavelengtn, nanomei>ry (nm)
Figure 37. The visible spectrum and its relation (o other kinds

of radistion.

The relation of visible light to the other members of its family
is shown in figure 37. &_ The relative insensitivity of
the eye limits the visible part of the spectrum tQ a very narrow
band of wavelengths between about 380 and 750 nm. The hue
we recognize as blue lies below about 480 nm; green, roughly
between 480 and 560; yellow, between 560 and 590; orange.
between 590 and 630; and red at wavelengths longer than 630
nm. .

Many of the objects we think of as sources of light emit light
which is white or nearly white—the sun, hot metals like the fila-
ments of light bulbs, and fluorescent tamps, among others. Sir
Isaac Newton showed many years ago (Newton 1730), by using a
prism to disperse light into a spectrum, that white light is made
up of all the visible wavelengths.

White
hight

v
Figure 38. Dispersing white light it » spectrum.
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The light from any source can

be described in terms of the relative energy (or amount of light) :

emitted at each wavelength. Plotting this energy against the

waveiength gives the spectral energy distribution curve for the -

light source.
Here we must point out a distinction, in CIE terminology, be-

. tween 2 source and an illuminant. A source is a real physical light

"1

which can be turned on and off and used in real color-matching
experiments. A, B, and C are sources, although B and C are very
seldom used in this way. The spectral energy distribution of a
source is determined by experiment,

. An illuminant, on the other hand, is defmed by a
spectral energy distribution, and it may or may not be possible
to make a source representing it, C!E lilurinant
Desoo - " is an illuminant by definition, rep-
resenting average natural daylight, but there are artificial
sources available duplicating L4500 closely (MclLaren 1965). A
source can be used as an illuminant, as are A, B, and C for calcu-
lating tristimulus values from spectrophotometric data, and in
such cases it is correct to speak of lfluminants A, B, and C.

Source:

Huminant;

v

A physically realizable

light, whose spectral en-
ergy distribution can be
experimentally  deter-
mined. When the deter-
mination is made and
specified, the source be-
comes a staundurd source.

A light defined by a
spectral energy distribu-
tion, which may or may
not be physically realiz-
able as a source. If it is
made available in physi-

cal form, it becomes a
standard source,

T ¥ T ¥

g

8
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600
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Figure 39 Relative spectrul power distributions of CIL standard illuminants A, B.‘C.
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How Muterials Modify Light .

When light strikes an object, one or more things pertinent to
color can happen:

1. Transmission. The light can go through essentially un-
changed. It is said to be fransmitted through the material, which
is described as transparent. If the material is colorless, all the
light is transmitred except for a small amount which is retlected
from the two surfaces of the object.

2. Absonption. In addition to being transmitted, light may be
ab.wrbed or lost as visible light. (If a very large amount of light is
absorbed, we can sense that at least part of it is converted into
heat.) It the material absorbs part of the light, it appears colored
but s stili transparent; if all the light is absorbed, the material is
black and is said to be vpugue,

3. Scuttering. Finally, lig' ! may be scattered when it passes
through matter. It may be reflected, partly in one direction and
partly in another, until ultimately some light travels in marny dif-
ferent directions. The effects of light scatiering are both com-
mon and important, accounting for the blue color of the sky and
the white colors of clouds, smokes, and most white pigments,

1f onlytpart of the light passing through a material is scattered,
and part is transmitied, the material is said to be translucent; if
the scattering is sq intense that no light passes throuwrh the ma-
‘terial (some absorption must be present, too), it is said to be
opaque. The color of the material depends on the amount and
kind of absorption present: If there is no absorption, a scattering
material looks white; 0:herwise, colored.

The alwvrption of light by » Gunsperest, colored
objoct.

Tue scattering of light by a turbid or trsnslucent
malerinl. In such s muteriul, some light is trans-
mitted und some is refiected by scanering.

\\g\w, '
' ——->,

R

In an upuque material, no light is transwitied, but
some is refiectod by scattering,

~

Figure 41,  Theabsorption, scattering, und reflaction of light

in a luyer of piginent
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The Speetrul Characteristics of Materials. From the standpoint
of color, the effect of an object on lighi can be described by its
spectral transmittunce or reflectance curve (for transparent or
opaque materials, respectively; both are needed for translucent
objects). These curves show the fraction of the light at gach
wavelenath transmitted by or reflected from the material, de-
scribing 1Y just as tie spectral energy distribution curve
describes a source of light. The spectral reflectance curves of
several opaque .colored materials are shown on' Fiq. 42, By
comparing these figures with the liue names of the colors of the
spectrum, and noting that colored materials always reflect light
of their own color and (except yellow) absorb other hues, one can
readily develop the ability to recognize colors in a general way
from their spectral reflectance or transmittance curves.

i0eal while
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\ '
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Red E Bwe
100 100
~ / E 700
L Wavelength, nm ':
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E Gray &,
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400 700 »w 400 700
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) °4oo 700
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0 ]
400 700 . 400 700
Wavalength, nm ‘: Wavelengin, mm
: v
1] =
&
.
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Figure 42. Wavsengih, nm .
The spectral reflectance curver of several opsque sulormd laiguate refl as K, hut other suihon (espesully

B
matenats, with their sulor names (Kelly V33, 19531, We Eurupeun) Mady us tie syinbd f




Fiqure 43,
In » spectrophotometer, light is dispersed into
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Spectrophotemetry T

Spectrophotometry, the measurement of the spectral reflect-
ance or transmittance curves of materials, has many uses be-
sides color measurement. We shall describe only spectropho-

- .tometry n the visible region of the spectrum, which we saw on
page 4 to be between about 380 and 750 nm, as carried out on

instruments especially designed or adapted for color measure-
ment. '

Source of Spectrum. The white light from the source in a spec-
trophotometer, often a tungsten filament bulb, is spread out into
2 spectrum by means of a prism or a diffraction grating. A slit is
used to select a small portion of the spectrum to illuminate the
sample. This portion may be between a few tenths and 10 nm
wide, depending on the instrument. The wavelength of the light
passing through the slit is varied, either manually or by auto-
matic scanning, to cover the entire visible spectrum.

u.:camola slit,

ctry). The

imately hromatic by
and used to Jluminate the sample
(in this cketch, wing integrating-sphere geom-

e of the sample is plotted
against the wavelength of the light to give the

fiectunce) curve,

ic (of spectral re-

White or black
sphere cap

Integrating

0/utt, ol./0

Figure 44, Schemutic diagram showing the four CIE standard illuminating and viewing
geometney for reflectance-factor measurements. |
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The CIE standard observer and tristimulus values

The CIE s tem of colour measurement is baced on the
experiment, in which light from a test lamp shines on a
vhite screen and is viewed by an observer. A nearby par:
of the screen is illuminated by light from one or morec
of three lamps, equipped to give light of three widely

different colours, say red [®] » green [@] , and blue {J.

‘The.arrangement is. illustrated in Figure 45.

I3
Sx-A %
\“(\4 Rea [ (1)}

' (-1
Lo »
L 'w o
[y
LT - Blfch T T—— Q?
A%

Test lomp

Pigure 45. An arrvangc .ent producing a large numter
of colours bty mixirg the light from ttree
different coloured lamps..

For convenience, we may rcefer to these as primary ligﬁts.
By adjusting the intensities of these lights, the olserver
can make their comtined colour on the screen match that of

the test lamp, The purpose of the experiment if thig:
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Colors can be np:cified in terms of the three
numbers representing the amounts of the three primary
lights added togéther to make the match; thus the term
"additive colour matching™ is used. For example, a dull

"greenisgh-blue test light might be matched by lo parts

of [®1 : o parts of [@] » and 50 parts of [] .

The amounts of the three primaries, which are the
three numbers describing the test colour, are called the
"tristimulus values" of that colour. If we call the amount
of the red primary C), the amount of the green (:), and
the amount of the blue , the dull greenish-blue test

light can be described by writing down

@ = lo, @ ‘= 4o, and @ = 50.
. .

If the colc'mrs of the three primary lights are quite
different, a wide variety of test colours can be matched
in this way. It was found experime'ntally howe-.ve.r,. that in
no case can all possible test colours be matched with
combinations of any one set of primaries, even if the
spectrum colours are used as primaries. Thus a bright
yellow test light cannot be matched ty any combination of

red and green.

This problem can be overcome in several ways. The
method used by CIE is the use of unreal or imaginary
primary lights, chosen so that their mixtures do match all

possible real colours.

‘.
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It should be emphasized that, despite the use of
the imaginary primaries designated X, Yb_and Z2 trisimulus
values, the CIE sys:em,is very real indeed, for the
amounts of these primaries needed to "match" - that is

to specify - any colour can be calculated easily. R

The first step to do is thg measurement of the
tristimulus values for the spectrum colours, that is
the amounts of the X (red), Y (green) and Z (blue) primaries
needed to match the colour of monochromatic light, taken
from 400 to 700 nm. at very narrov intervals. If the energy
is- the same all through the spectrum, we speak-;bout “an
equal energy spectrum“, and the amounts of X,Y and Z for
monochromatic lights of edJ;I cnergy are designated x, ¥
and z respectively, and are called "spectral tristimulus
values™, We can imagine this experiment by substituting

lamps putting out momochromatic light (we cam call them

"spectrum lamps") for the test lamp on figure 45.

We can plot the spectral tristimulus values as 8
function of wavelength, and get the curves describing tte
colour matching properties of the aver;ge human eye, these '
curves, or rather the data they are derived from give the

definition of the CIEstandard-observer,




T T T Ll i
HLY i
w ’ i
Q 15 !
=} )
—i !
Qg I~ !
> @ ;
o |
W s *
=2 e 10 — £\ !
- : : - A4
= = £72L.Y) TN . .
g @ . X b
- P |
o - '
] & 1
- ® ) \ !
| T 05 T '
- i
- HORY !
e i
© i
H H
- i
C o | ' 1 v
g‘ 400 500 600 700

Wavelength, nm

[ of
.

Figure 46, The CIE standard observer

Spectral tristimulus values for the

equal energy spectrum

- L

Due to the structure of the human eyé, the colour vision
properties deperd to a certain ertend on the angle of viewing
(tbe angular subtense), When it is less th;; 4°, light falls
only on the very centre of.the retina (which is the detector
part in our eyes). This central part - called the fovea =~
‘has colour vision properties, that are different from other
arcas of the retinaf The experiments ty‘vhich the spectral
tristimulus values have been determined had made the measurements
at an angular sulttense of 2°, therefore the system adopted ty
the CIE in 193] is valid only for fields of view not more than

4°, This is the CIF 1931 (2°) standard otserver.

ot eyt e
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Angular sublense = 2 ¢« = 2 arc tan (r/d) \
(Exampte: for d = 25 cm and 2 « = 10° it follows r = 2.194m) \

Viewing distance 25 cm normal to this page RS

T -
CIE 1931 CIE 1964 i
Observer - Observer

ngme 47 Bipartite visual ficlds of diffcrent angular subtense. When viewed normuly «t 2
d:sumcg of 25 cm (=10 inches) the ficlds subtend at the observer's eye 1, 2, 4, and 10 degrees,
The derivation of angular subtensc is indicated at the top of the figure.

For practical purposes viewing conditions corresponding to
the 2° observer are rather inadequate, and in 1964 the CIE
defined a standard observer for 10° viewing, called the CIE
1964 (10°) standard observer; When we giv.e the tristumulus values
we must specify wether it is the 2° (x,Y,2) or the 10° (xlo,

ylo’ -210) system, The difference ltetween the spestral tri§timu1ui=

values for the tvo vieving conditions are illustrated on Fig. 48.
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Tristimulus values

700

Vigveiength (A), am

Tigure 48. Spectral tristimulus values (relative
units) for the 2° (1931) and the 1o0° (1964)

standard olserver.

The spectral tristimulus values refer go the equal
energy snpectrum. The relative amounts are so adjusted, that
vhen wve add them up for the vhole visible range (380-780 nm)
ttey give loo for X, Y and 2. If wve have a light source, which
emits lizht net of equal energy (which is the case for all
practical light sources) wve can still calculate the tri-
stimulus values, but we have to wuultiply the x, vy, z values

with the relative energy distribtution values at ecach wavelength.
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S for every wavelengtl we have S'x, Sy and S.z instead

of just f, ; and 5, and it means, that for light sources other
than equal encrgy the tristimulus valugs-will te different.
They are, however so adjusted, that for V wve alwvays get loo.
Thus the tristimulus values of illuminants A and 065 for

the 2° and 10° observer respectively are the followving:

Il1luminant X Y Z xlo Y10 210
A 109.8 1loo.o 35.5 111.2 1loo.o 35.2
D65 35.1 loo.0 1lo08.8 94.% loo.o lo7.4

~Pristigulus~yvalues-for>¢oloored -odjects

d 3

The calculation of the tr{stimpulus yalues for any coloured
otject (which {s in practice the most important case) follows
very similar linee, Thke only difference is that vhen we calculate
t he trféifmuluS‘values for light sources, we assume a perfect
vhite surface, where its light is reflected from. If we nov
put a surface with reflecting properties ctaracterized lv R
cpectral reflectance factor, the amount of light reaching the
otserver will at any vavelength be R times tte amount reflected
from the perfect white (this comes from the definition rf R itself).
Thus at every wavelength we get from the sample vith a reflectance
R and illuminated bty a source with an energy distribution §
radiation correspcnding to S*R . This will modify the spectral
tristimulus values, and ve get at‘every wavelength SR x,

§.2-y and S-R-z, If we add up all :hese value for the entire
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visible range, wve get for the tristimulus values

X = Z S:Rex
Y= ZS.R-y

~«

7« SS.Rez

This process can te illustrated as showvn omn figure 49,

2 T Xwl41d
S k x R X 3 Ye 1420

/ N Z=511j

Wavelength, nm Wavelength, nm ) Wavelength, nm

CIE Standard Source Object CIE Color-matching CIE Tristimulus values
functions for the
equal-energy spectrum

The CIE tristimulus values X, Y, and Z of a color are gbtained by % The products are summed up for all the wavelengths in the visinla

multiplying together the relative energy $ of a CIE standard light spectrum to give the tristimulus values, as indicated in the diaprmizs,
sousce, the reflectance R (or the transmittance) of the object, and . -

the tristimulus values of the equal-energy spectrum colors %, §, snd C . "
. Wavelength, nm R% Sk 3.Ri S SAy - 83 SAx
400 233 0.00170 0.04 0.00004 0 0.00807 0.19
420 3.0 0.02474 0.82 0.00073 0.02 0.11889 9.8
440 41.7 0.07044 331 0.00524 0.22 0.39846 18.6%
460 50.0 0.067190 3.36 0.01387 -0.69 0.34560 19.79
480 472 0.02222 1.05 0.03234 1.53 0.18908 8.3
500 36.5 . 0.00104 0.04 0.06797 248 0.05724 2.02
520 240 0.01151 027 0.12914 310 0.01423 0.4
540 13.5 0.05560 075 0.18285 2.47 0.00390 0.05
560 78 0.11751 0.93 0.19668 1.55 0.00078 001
580 6.0 0.16822 Y 0.15972 096 - 6 0.00032 0
600 55 0.17845 0.99 0.10624 0.58 0.00014 0
620 6.0 0.14130 085 - 0.08301 0.38 0.00004 0
640 72 0.07381 0.53 0.0:884 021 0 0
660 82 0.02720 022 "0.01007 0.08 0 0
680 7.4 0.00737 . 005 . 000268 002 - 0 0
700 7.0 0.00164 0.01 0.00058 0 0, 0
45

Sun = X = 14.23 Sum = Y = 14.29 Sun = Z = 51

How to calculate tristimulus values from spectral distribution data. Mackinney 1962, otc.) as they are here for CIE IMuminant C. Such
‘The products of the spoctral energy distribution of the illuminant, tubulstions muwt be adjusted s0 that the sum of §7 = 1.000 in
S, and the tristimulus values of the spectrum, %, §, and 1, are tabu- vider for the tristimulus values to be correct. -

Lited in many books (Judd 1952, 1963; OSA 1953; Lardy 1936;
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The chromat1c1ty_d1agram

I any one of the tristimulus values car . . said to be the most
important, itis Y, for this coordinate is the iuminance ’or intensity
of the matching light, equal to the luminous transmittance or
luminous reflectunce of the object. It is usual to describe the

chromaticity of the object, that is, the qualities of its color other
than luminance (such as hue and chroma) by ratios of the iri-
stiiutus values to their sum. These ratics are known as ihe
chromaticity coordinates, x, y, and z Since the sum of the
chromaticity coordinates is 1, they provide only two of the three
coordinates needed to describe the color. One of the tristimulus
values, usually Y, must also be specified.

Color as described in the CIE system can be plotted on 3
chromaticity disgram, usually a plot of the chromaticity coordi-

nates x and y. Perhaps the mort familiar feature of the chroma-
ticity diagram is the horseshi ;: shaped spectrum locus, the line
connecting the points represanting the chromaticities of the
spectrum colors. The chromaticities.of blackbody sources, as
well as of CIE standard Sources A, B, and C, are also shown in
the figure on this page. Locations corresponding to common
* color names are indicated in the similar diagram on page 5%

L

820 -

620
650
/7070 mm

~ o8

If we convert the Y

rristimulus value it
*

the L value of the

CIELAP system. ve ge:

- ————— e G -

is the psychometric e~
valent of luminannce

factor,

=X
X+Y+2Z
y=—JY
X+Y+2z
z=¢_'
- X+Y+Z

These equations define the CIE .
coordinates z, y, and 3, chromasicity

Fi\uve So.

This b the .unous CIE 18] chromasticity dis
gram, showiag the horseshoeshaped spectrum
locus with the spectrum colors identified by their
wavalengths, the locus of blackbody light sources
identified by thelr color temperstures ia K, and
mmmuuucmmmm.«.l.
ad C,




It is important to note that the CIE system is not associated

by that from illuminant to spectrum locus.

with any particular set of physical samples. C-'y incidentally

have sets of samples been produced to iliustr.. = the system.

\ Nor is the :ystem based on ::eps of equal visual perception in
any sense, although many modifications of the CIE system have
been proposed as approaches to equal perception,

An alternative set of chromaticity coordina‘es, dowminant
wavelength and purity, correlate more nearly with the visual
aspects of hue and chroma, aithough their steps and spacing

" are not visually uniform. The dominant wavelength of a color is

the wavelength of the spectrum color whose chromaticity is on
the same straight line as the samp'e point and the illuminant

point. Purity is the distance from illuminant to sample divided

|
:

'!"hc definitions of dominant wavelecgth and
purity are shown uvn this CIE chromaticity dis-
gram,

e

04 600
CiE luminent C

550
70 nm

0.2

480 / -
470 380
. 0 450 ]
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F 4
Figue 54,
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Figure 52. The names of Yarious colours shown ou

the CIFE 1921 chromaticity diagram

Tt is very important to note, that the ¢hromaticity coordinates
and diagram - derived from the tristimulus values - refer alvays to
. o o .
either tha 2° or the lo otserver, there is som’ rence

tetveen the tvo, as shown on figure 53.
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| | ! ‘ ; { . 1931 (x,yv) chrematicity
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V Metumerism

Metamerism is a term usc.! 10 describe the phenomenon of two objects

* having the same apparcn: «. vrunderone set of ubservation conditions and

differing apparent co’ors under another set of conditions,

Two colors look identical to the ..ndard observer for a given illuminant
if they have the same tristimulus values. It is possible that iwo objects with
different reflectance foctor curves have identical urjstimulus values for a
given illuminant. This :s illustrated in Figure 3-11. The two reflectance
factor curves in this figure have identical tristimulus values for the 2°
observer and illuminant C. In daylight they will appear 10 have the same
color to most observers. Ir. ' :ngsten light and certain other light sources,
‘hey will be a mismatch be..use they do not have identical tristimulus
vulues under these conditions anymore.

| /

Al ) ' /

—

e au”

! .
400 500 600 ni 700

Figure 3.1, Reflectunce factor curves of two n.ctauseric dycings with
identical 1% timulus valnes for stundard light source C.

The physiologicw rea:. -« furn. wamertsin s related i - “ae three seusory
processes re s onsible fui solor pe.ception. Tae three proce.ses ure sensi-
uve only to the produsi - . erergy distributivn and reflectance factor in
;hree broad areas of the sne ctrumi und not to specific spectral differences. A
posiuve difference betsw cen two reflectance fac or curves in ane area can
b: compensated for by a negative difference 1 an adjacent area with &
resulting identical response of the senaory recepior to both stimuli,




In. dmly rouunc “colorant formulauon metamcnsm isa very common
difficulty. The fundamental problem is the inability to maich the reflec-
tance factor curve of the standard exactly, because different coloranis
and/or a differrnt substrate are being used..The term *nonmetameric*” is
used for matci-~s with identical rcflectance factor curves. Very ofien a
complete curve match is impossible aua the problem is reduced to finding
the least metameric match possibl. ..ith the colorants available.

The most communly kr. wn type: of metamerism are illuminant
metamensm, observer mewmerism, geometric metamerism, and various
combinations of these. Hluminznt metamerism is the most important one in
daily routine. 1t is of considerable economic importance where two differ-
ently manufacturec parts of a piece ~f merchandise have 1o match under all
iighting conditions. It is important to realize that it is possible for two
objects to have the same color urder two different light sources and still
appear 10 be a mismatch under a third lizht source.

Observer metamerism deals with the fact that areal human observer has
generally somewhat different color matching functions from those that
define the two standard observers. A maich calculated to be a perfect one
ior a standard observer may, therefore, actually look like a mlsmalch l.o a

real observer.
In practical sitvations observer

metamerism can be the cause for arguments between colonsts or buyer and
seller, where one party perceives the stundard and sampic 1o be 4 mutgh
and the other party, charucterized budifTesent color matching functions,
perceives a mismatch.

Mctamerism is probubly best described in terms of the cctor diffesence
exh:bited by the metuameric pair under a given set of conditions, Such a
volor ditference is, however, only meaningful for a set of samples which
match (zero color difference) undzranother set of conditions.

Tie calculation of the degree of metamerism (we call

it index of metamerism, and designate it M™) is best

shown

by an example.

Ve have two samples, 1 and 2, with the following

tristimulus values (notice, tllna: the tristimulus values for the

same sample are differeunt when either the illumipant, or cte

observer (or both) change:

K 'llummont D¢s Muminant A
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We c. summarize the basics of the CIE system by help of
the foll: .g table. Notice, that the reflectance factor is
designated/ﬁ(l) or P(A), and that in the official recocmmendation
there is a constant (k) incorporated in the definition equations
for the tristimulus values, so that the value of Y for the perfect

white will be 100 for every illuminant and both observers.

. CiE STANDARDS OF BASIC COLORIMETRY
" [
5 E
s s
OBSENVERS g
2
: i
1Y) [
ﬁ .-_ ..
y o
CHROMATICITY
DIAGRAMS osr o
’ Y3 o8 o 1) oo os . o
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= @« Des
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FACTOR  8ial, p(r) (8 1r1s 00 1]
3
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VIEWING -/ ", 2°3 g i L 4
CONDITIONS -
4%0 (21 ¢/0 O/0
xs 2 T sl Ko ® hol BIMSIN)Eg)
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In colour measurement and specification we can distinguish

the following four steps:

Measurement of S(X) and R()) physical

Measurement or calculation of

X, ¥, 2 tristimulus values

X, Yy chromaticity coordinates
psychophysical

}d' Por Y dominang wavelgngth,
excitation purity and
luminance {(lightness) factor

Measurement or calculation of

* o

* * *® ’
L,a, b, Cab' Hab CIELAB coordinates psychometric

Visual estimation of

H V/L Munsell coordinates perceptual
Thus: S(X), R()\) . What we measure
X, ¥, 2 Agr ¥/ P, is connected to how we specify

colour by three additive primaries,

* * ‘
:b' L, Cab then it is modified to describe

it in a visually (approximately)

H

uniform manner, to approximate

H v/, C what we see.
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The fact that a systematic relationship exists
between spectra! reflectance ana dyestutf con.
centration is shown in Fig.55 with the example
of a blue dyestutt dyed in several concentrations.
The refiectance R in % is measured as a function
of the wavelength.

Such a curve is plotted automatically in approxi-
mately one minute on a recorchng spectrophoto-
meter. The reflectance, as measured on the
undyed textie, 1s cesignated with 0%. It can be

seen 1n Fig. SSthat the re‘lectance in the yellow -

and red area of the spectrum is reduced strongly
with increasing concentration. it is much smaller
than in the biue part of the spectrum. The re-
fiectea light is primarily biue and for this reason,
the dyeing has & bright blue appearance. Cor-
responding facts are true for the red and yeliow
dyes shown in Fig. 56 and §3, whereby it should
be agoed that in Fig. §P,the high reflectance in
the areas green, yellow and red produces in the
eye Dy additive mixing the impressio: of yellow.
Charactenstically, in each ¢ase the high reflec-
tance of the undyed substrate is chanped only
shghtly in those areas of the spectrum which
have the same colour as ind:cated by the name
of the dyestutt. The retiectance is primarily reduced
in the compiimentiary area of the spectrum.

if one has a dyeing of unknown concentration of

the biue dyestutf in Fig.5% it can be determined

by direct comparison of its reflectance curve with

the set of curves in that il sstration. The measure-

rment of the tota: reflectance curve is nol neces-

sary in this case. it is suHficient 10 measure il

at one wavetength, The wavelength bes! suited for

this purpose s one near the absorption maximum

—for the hiue, this is around 600 nm—because the

individual curves are most distinctly separated in

this area and deviate most strongly from the curve

of the fextile substrate.

The comparison of 8 measured reflectance value

with those of known dyeings is simplified and

more accurate it the refiectance at the chonsen

wavelength is plotted as a funclion of refiectance _
(F1g. 56). To contain 8 large rarge of values with

equal accuracy, the diagram is best plotted in
logarithmic scale for both wxes. The accuracy of
the curve oblained by connecting the plotted
points depends on the number of dyeings prepareg
and measured. .

’
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Refleclance

Fig. 58 Refieciance of the biue dyeing of Fig.fat
600 nm as a function of the concentration (both

axes plotied logaritnmically)

yestuff concentration

600 nm 700
400 500 Waveiength

Fig. 55 Reflectance curves of the concentration
series of a blue dyestutt

g

Refiectance
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| 1
400 500 600 nm 700
Waveiength

Fig. 56 Reflectance curves of the concentration
series of a red oyestut!

Rellectance
(=3

<

400 500 600 nr: 700
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Fig. 57 Reflectance curves of the concentration
serias of a yollow dyestuf!




The concentralion of a dyeing could be deducsd
trom its rellectance in a simple manner and
without the necessity of prepanng severat cali-
pration gyeings, if the same mathematically
cescribabie relationship between concentration €
and reflectance R coutd be found to hold true
for all wavelengths and ail dyestufts, e.g.

A-cmFR) (5)

where A s a constant depending on dyestuff, wave-
iength, substrate and dyeing conditions. F (R)_ is
always the same function of R. Such 8 1uncn0f\
can be getermined on an empirical or & theoreti-
cal basis.

The most commoniy used function 1 (R) is the one
deveioped theoretically by Kubelka and Munk. In
their theory, the optical properties of a2 sample
are described by two values. K 1s a measure of
the light apsorption and S is a measure of the
light scattering. On textiles, K is determined
primarily by the dyestutts and $ only by the sub-
strate. At the wavelength 4 Kuoeika and Munk
calculated the following relationship for the retlec-
tance R ot a thick, opaque sample with the
constants K and S:

K (1-R)?
S 2R )

In this equation R is used as a ratio, e.g. 28%
reflectance as 0.28. According to Beer's iaw, the
absorption constant K is empiricaily nearly pro-
portional 10 the concentration ¢ for the dyestutt.
By using this and including the scattering con-
stant which is, as mentioned before, independent
of the dyestuf concentration in the praportionality
constanti A, the following is obtained:

Ao DoR2 .
C= <R (6)
where A is 8 constant to be determined empirically
which depends upon the factors discussed before,
but not on the concentration. From a measurement
of R on a calibration dyeing of known concentra-
tion, A can be determined and when A is known,
the dyestuff concentration of any unknown dyeing
of the same dyestuft can be determined. Con-
versely, the colorant strength of a dyeing of the
same dyestufl with unknown sirength can be
established by dyeing it in a known concentration
ang determining A. The ratio of the A values of
the standarg and the sample is equal to the rela-
tive strengtn of the sample.

A relationship according to equation (6) would
only be found if the textile substrate, on which
the dyeing is made, would not have an absorption
of its own and if its refiectance curve would be
at R = 100%. In reality every textile substrate
has an absorption K, which is added to the
adsorption K, of the dyestutl. According to equa-
tion (5), the refiectance is determined by the sum
of both:
K+ K, (1=Ry
T o

If Beer's law is introduced again for K, and the
refiectance of the substrate is consicered with:

& _0-R
S 2R,

Instead of dquation (6), the following equation is
obtained:
(1=R? (1=-pPM

AR ®

We are next considering Qualilatively the com-
binatian of two dyestufts on the basis of refiec.
tance curves (Fig.3® by looking at the formation
of a green dyeing by e.g. mixing 1% blue ana 1%
yellow. In the red speciral area, only the biue
dyestutf is absorbing. The green combination
made from 1% blue and 1% yellow has 10 have
the same reflectance in the red speciral area as
that of the 1% blue dyeing alone. Qn the other
hand, in the blue spectral area the curve of the
green dyeing has to be close to that of the 1%
yeliow dyeing, since the blue dyestuff absorbs
very littie there. in the green spectral area, both
blue and yellow atsordb to some degree and the
green combination has to absorb considerably
more than eitner of the single dyestufis. The
reflectance curve of the combination is corre-
spundingly below the curve of each singie dye-
stuff,

/-1%Blue

- 1% Yeliow
o 1% Biue + 1% Yellow
] 1 | -

' 500 nm 700
400 500 O veiengh

Refleclance
)

\
Fig. 59 Refiectance curves of dyeings of a blue
and a yeliow dyestuff and their mixture. (This actu-
ally measured green dyeing is a littie weaker than
expected by theary.)

To express these considerations quantitatively and
at the same time for three dyestulfs 8, b and ¢,
we start from equation (5):
K
— = F (R), 5)
s” (R) 5
This eqguation holos true for ‘the combination
dyeing as well. K, however, is no longer the
constant of absorption of 3 single dyestuff, but that
of the combination, which consists additively of
the absorption constanis of the individual dyestuffs
and of the textile substrate (K = K, + K v K,
+ Ky
Ko+ Ky + Ko+ K '

,.g.. _';_'s;.f__' = F (R) (14)
By assuming again proportionality belween the
constants of absorplion and the dyestuff con-
centrations and including S, which depends only
on the textile substrate, in the proportionality
constant, we obtain:

A'Ca+B-cp+Crcy,+F(R)=F(R) (15)
The constants A, B and C are obtained from thig
equation by measuring the zpsciral reflectance

of primary dyeings of the individual dyestuffs, in
equation (15) e.g. ¢, and ¢, are 1o be set equa!




10 2ero for the prnimary dyeing of dyestutt a, so
that A can be determined as the only unknown,
\Vith the same equation the rellectance curve of
2 gyeing with knOown concentrations can be cal-
cuiated 1n advance. From the reflectance curve
the tristimuius vatues X, Y, Z can be computed.

Calculation of formuies

While in the previous chapter the dyestuff con-
centrations were assumed 10 be known and from
them the reflectance curve and the tristimuius
values ware calculated, the target of computer
dyestuft formulation is just the reverse. The cul-
culation determines the dyestuff concentrations
necessaly 10 prepare a gyeing which has the same
colour 1.e. the same tristimulus values as the
standard.

From all possible methods, those methods which
rely on electromc data processing equipment for
the computation have foung especiz’y wicespread
practical apphication today. The tollowing presen-
tation of computer gyesiuft formulation s, there-
fore, restricted 1o those methods, *

Preparative work

Preparation of primary dyeings of individual dyes.

Computer dyestuff formulation is based on the
determination of dyestuft constants by measure-
ment of primary dyeings of individual dyestufis.
Tne dyeing conditions used in preparing these
primary dyeings should be as close as possible
to the conditions which wil! exist when the match
1s being dyed. No other factor is as important
as this one. The closer ihese conditions agree,

the better the results of computer colour matching
wiit pe.

This is also important it the actual calculations
are not done on a roampany—owned computer,

but €.9. at a dyestutf .uppier, An indiscriminate,

use of primary dyeings trom a dyestuff company
for computer dyestutf formulation 1n a textile plam
leats moshy 1o gisappointing results, For the same
reason, if 15 of hitlie value 10 use the reflectance
Curves of dyestufts, available from most gyestutf
Compames, as primary data.

It the Kubelka-Munk law would be followed
sirnclly, a singie dyeing of each dyestutf in a
medium concentration would be sufficient, Due o
smalier of iarger devialions from the theory, it 1s

useful to dye the dyestutfs in several concentra-
tions. In many cases, satisfactory resulls are
obtained with the following four concentrations:
0.1, 0.5, 20 and 4.0% but, depending on the
colorant strength, other concentrations can be
useq.

Working procedure .

In advance of a more detailed description of the
necessary individual steps, the fotal procedure
for the calculation of a tormula to match a
standard is illustrated in form of a {able below,
whereby the required steps in :he computer methed
are comparea to those in the conventional methogd
without colour measurement,

With computer Conventional

Preparative work:

primary dyeings
Measurement ang
storage of primary

]

Matching of a standard:

Preparation of I
I
|

Colournistic experience

Measurement ot Visual observation of

standarg stangarg

Dyestuff selection Dyestutf selection
Estimation of concentra-

Data input tions based on formula

Caleulation coliection and/or expe-

Qutput of results rience

Dyeing of caiculated
formula
Measurement of dyeing Visual comparison
Correction calculation  Estimation of correction

Dyeing of corrected } Dyeing
formuia

} Tnial dyeing
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Measurement and storage of dyastuff data. The.
retiectance curves of the primary dyeings have to!
be measured with a spectrophotometer or an *
apridged spectrophotometer. Depending on the
aegree of automation, the reflectance vaiues are
either printed, punched, directly fed into the com-
puter or read oft the instrument and jotted down.
16 readings of R values at 20 nm intervals trom
400-700 nm are su*icient, If less tran 16 points
are used, the accuracy is reduccd considerably.
The increase in accuracy when measuring more
than 16 points usually bears no relationship to
the increase in work and computer memory and
to the errors irom other sources. in the choice
of instruments, it has to be considered that the
measunng geometry for the measurement of the
primary dyeings and later of the standards and
strike dyeings should agree as closely as possible.

The measured reflectance vaiues have to be
stored in the computer in a suitable manner,
Depending on the computer and the program,
the storage is accomplished in different ways.

Frequently, the values are punched into cards
manualiy, but it 1s also possible to punch the
values automatically into tape or cards, from which
they are fec into the computer, A program
subroutine caiculates the F (R) values, subtracts
the substrate absorplion and dividges the resulting
values by the concentration, The data is then
stored on magnetic disks, tape or punched cards.

For the individual formula calculation, aepending
on the program, smalier or farger groups of the
stored dyestuffs are read into core.

The primary dyeings have 10 be prepared, meas-
ured and stored only once. The more they ae
used later, the less weighty is the considerable
work necessary in the beginning. tn any case,
since the success of computer dyestuff formula-
tir~ ~epends markedly on the guality of this
initial work, every possible care should be used.

Matching of & standard

Measurement of the standard. The influence \ f
3 measuring error is less disturbing if the instru-
ment used for the measurement of the standards
agrees closely with the one used for measuring
the primary dyeings. On the other hand, since
dyeings of calculated formulas deviate usually
quite noticeably from the standard for several
reasons, small measuring errors are not decisive
in the result of the first dyeing arrd can usually
be lolerated.

Oepending on the computer and the program,
the 16 retiectance values, the tristimulus values
X, Y, d or the filter values Ry, Ry, R; are measured
and fed into the computer,

Dyestulf Selection. The dyestutfs to be used in
the match depend on the fasiness requirements,
the dyeing behaviour in the used equipment, on
the substrate, the costs, the availability and finally
on the possidility of obtesining the desired shade
with them, This requires so many compromises,
which are different in each case, that up to now,
no program is available which considers alf these

R factors etficiently. The knowiedge and exnerience

of a good colourist are, therefors, especially
valuable in the dyestuff selection.

Atter the colourist has reduced the suitable oye-
stuffs, based on the above constraints, to & number
of from 10 to 15, it is possidie 10 have the computer
calculate automatically e.g. ail possible three col-
our combinations. Since 10 dyestutfs lead to 120
and 15 dyestuffs to more than 450 possible combi-
nations, considerable computation time is required.

&

6¢€

Abbreviated appraximations are therefora fre-
quently used to preselect suitable comoinations,
whereby it must be investigated it in this manner
suitable combinations are not dropped prematus
rely. The program final:, sorts ail caiculatea com.
binations and prints only the bestiﬁ?nulas. pased”
on price or degree of metamerism.

Data input. The foliowing information has 1o be
fed into the computer:

Retiectance values of standard

Dyesto - 2
Textile suc ‘0 be used
The result ¢* ng depends on the substrate
ir different v .. on the affinity of the dye-
. Stutfs to the t \aifferent exhaust and penetra.
tion), on the . .\ scattering properlies of the

fiores (fine fibres require a larger amount of dye-
stutt for the same depth than ccarse fibres; a
velvel requires less dyestutf than a flat fabric),
and finally on the absorption of the fibres (their
whiteness). Only the last infiluence can be
considered pasity in computer dyestutt fc-mulaticn
by using, in addition 10 the dyestuft data, also the
F (R) values of the substrate treated in a blind
bath. The other two can only be considered via
the pnimary dyestuff data—in tHe most favourabie
case with 3 factor independent of wavelength and
concentration. —_—-
The dvestufts to be used - ¢ normally 0e1"ii 2
by & number. Tr.. comj . of program himiis the
maximum number of o, -'.ft. 1o De considered
for the match. If the program tanes care of the
dyestutt selection auteatically, 8-10 dyestufis or
more can be choosen. If the program is not
capable of automatic cyestut! selection normally
three dyestufls are used, since the colour space
is three dimensional. To reJuce metamerism,
sometimes a fourth ayestuff is added. If in special
cases only one or two dyestutis are necessary,
the computer will print out the other concentra-
tions as zero, but for the calculation three dye-
stutts are necessary.

Formula calculation, The calculating sequence in
the computer depends, of course, fully on the
program in use, which ¢an consider all special
requirements. The basic scheme most commonly
used is approximately as follows: With an approxi-
me'ive method, the dyestutt conce:..rations of an
initial sclution are determined based on the re-
hectance values,or the tristmulus values of the
standard. ’

This calculating procedure is completely auto-
matic, the user is only interested in the final
result. Basicelly, the calculation can be considered
fo be an imitation of the visual method with
estimation of the formula, dyeing, visual comparis
son, estimation of correction etc. wheieby the
dyeing as well as the other steps have been
replacad by very rapid computation,
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The main stages of computer colorant formulation

can be illustrated by the following chart:

ZYEING MEASUREMENT COMPUTATION
Primary dyeings | - .
R .
n dyestuffs substrate K/S (c)
R(C)n ’
6-12 concentratio
b levels each
Rstandard dyestuff
0 | preselectlon
' c2. [ N J

R (theoretical)
DE Een’ IM h’ costth

[Et dye incﬂ‘ "BEST" tec1pe

—1{8} ‘4EE;EETE- YES _(GoD)

m
l NO
;, c v
IR’ (theoretical)
’ [
DEps Men

[2nd dyeing e

0o .




Explanation of Computer Printout

In printout - the boldfuce porticn
indicates operator input. The lines are
not normally numbered. This was dore
for ease of identification.

Line 1. The operator asks the com-
puter 10 run the match program (MAT
I). The computer prints the versiun
number of the program and asks for the
user number. The user number, which e
supplied by the aperator, lets the com-
puter know which set of correction fac-
tors to apply 10 any reflectance data
which is inputed to the computer. These
factors can represent calibration cor-
rections for more than one spectrophe-
tometer. They can also represent a vi.ri-
ety of calibration conditions for the
same mstrument; i.e., standard refleci-
tance measuring conditions, small area
viewing, transmission calibration, el

Line 2. The operator types in the
name of the color 1o be matched. This is
for record keeping purposes only.

Line 3. The operator lets the compu-
ter know if the reflectance or trunsmie-
sion measurements of the sample to he
matched are coming directly from the
spectrophotometer (S), fromafiie (Fyor
typed in from the keyboard (K).

Line 4. The operator chooses how
many dyes Or pigments he would like 10
see in cach formula (3}, the total numb,
of colorants to be considered (6) and th
identification number (position in a file:
of the substrate 10 be printed (9).

Line 5. This is the name of the file i
which the dyes are stored.

Line 6. The six identification numbers
(position in the file) of the dyes 1o be
considered for the match.

; Line 7. Daylight tolerance (FMCI)
imit.

Line 8. Amount of print paste to be
made—grams, pounds, elc.

Line 9, The operator hus the option Jo
have the computér print out all of the
formulus which maich within the toler-
ance (Line 7) or to sort the formulas to
the five best (least metameric) and five
lowest cost.

Line 10. This line stans the output of
the formulas computed, The colorants
weidentified for each formula. The per-
centage formula as well as the amount
needed to make up 175 units are given.
The predicted color difference in day-
light (DEC), tungsten- (DEA) and fluo-
rescent light (DEF) are given. The cost
of the formula is also computed in what-
ever units desired. In Prntout . ., the
best formula was the last one printed. If
the operator had chosen to sort the for-
mulas (for least metameric) the lust for.
mula would have been printed out first,
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1-RMATI

MAT | VER 002-1023

USER #° 1

2 -> NAME OF TARGET™ PE 2248 - RUST

3 -TARGET %R'S° K
25.019.114.812.311.311.011.712.115.418.326.733.047.062.376.584.4

4 ->-> CLRNT/COMB., FIELD SIZE, & SUB. iDe" 3,8,9
5.FILE NAME* POLYE

6-1D°'S OF COLRNT.® 1,2,4,5,8,7

7 ->>> DEC TOL.*1.
8 -BATCH WEIGHT* 173,
9 -SORT QUTPUT / °N

08-MAY-79

PE 2246 - RUST *
10- COLORANT

1 YELLOW 306

4 RED 105

6 GS BLUE 524
CLEAR

1 YELLOW 306

4 RED 105

7 RS BLUE 603
CLEAR

1 YELLGW 306

5 BS RED 607

6 GS BLUE 524
CLEAR

1 YELLOW 306

5 BS RED 607

7 RS BLUE €06
CLEAR

2 ORANGE 204

4 RED 105

6 GS PLUE 524
CLEAR

2 ORANGE 204

4 RED 105

7 RS BLUE 603
FLEAR

2 ORANGE 204

5 BS RED 607

4 GS BLUE 524
CLEAR

2 ORANGE 204

5 BS RED 507

7 RS BLUE 603
CLEAR

EXTENDER 2018

% AMOUNT
4.2100 7.3674
14.1763  24.8084
50970° 89197
765168  133.9044
48581 85017
11.3866  19.9265
31409 54966
80.6144 141.0751
52292  9.1511
19.8615  34.7577
32595 7042
71.6497 125.3870
55617  9.7330
16.8580  29.5014
23497 41120
752306 131.6535
7.219  12.6344
109583  19.1770
57823  }0.1190
76.0398  133.0696
7.9050 13,8353
6.9019 12,0783
35020  6.1285
816902 142.9579
7.9211  13.8619
13.9364 24,3888
4.2562  7.4483
738863  129.3010
8.2813  14.4922
11.4544 20,0452
30162  5.2783
1351843

77.2482

TR (ACS  system)

‘DEC

0.4

0.l

0.2

0.2

0.4

0.1

0.3

0.0

DEA

5.1

28

2.8

7.3

9.5

23

5.0

0.0

DEF

139

5.8

12.1

6.1

10.5

13

7.8

0.0

cosT

97.88

110.85

91.00

113.83

70.01

91.34

68.79
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5./ The measurement of colour

¥e have seen on p, 47. how spectrophotometers work:
they measure the amount of light reflected by a coloured
aamﬁle compared to that reflected by the perfect diffuser :
/ideal white/. The X, Y, 2 tristimulus vaelues /and from
these the 1¥, &%, b%, C%,, §p CIELAB values/ can be cal-
culated for any illuminant and either of the two standard
observers By the formulae on p. 55, and the Appendix resp.

There is another wey to get the tristimulus values,
and that is the use of special instruments called tri-
stimulus colorimeters, or just colorimeters, These should
not be confused with the simple instruments used in labo-

ratories for the measurement of the transmission of solu-

tions; although these latter are often /wrongly/ called

"colorimeters™; they are, in fact, abfidged apectrophdto-
rneters or absorpion-meters, The working principle of a

tristimulus colorimeter is illustrated in FPigure 6o,

| | Sample ’
o TN
- 0.0 Filters |

Source

Figure 60e-1ns colorimeter, light from a source pauses
through colnred filters onto the sample. The re-
flectance of the sample is measured as it is Numi-
:;‘ted. in turn, by the light pasing through each

ter.
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Source-Detector Response. In Chapter™}.4 we saw that the !
tristimulus values of a sample, that set of three numbers re-
senting its color, can be obtained by combining the samp-

~actral reflectance curve with the spectral energy distribu-
- one of the standard CIE light sources and the response of
CIE standard observe. in the form of the tristimulus values of
the spectrum colors. I we wish to duplicate ti.is same process in
an instrument, we mus* make provision for adjusting the com-
bined response of the source and detector used to equal that of
the combination of one of the CIE standard sources (usually
Source C, daylight) and the tristimulus values of the spectrum
.- Itis usual for this purpose to use glass
filters somewhere in the light beams in the instrument (whether
before or atter the sample makes little difference except for
fiuorescent materials, which should be illuminated directly by
the source selected). The degree to which the instrument read-
ings approximate the true CIE tristimulus values of samples de-
pends on how well these curves are duplicated.

The curves to be duplicated are shown in the figures on page
68, with the actual response curves of a widely used set of
filters (Hunter 1958b). One source of ditficulty in duplicating the
curves lies in the presence of two peaks in the curve for the X
tristimulus value. In some instruments (Glasser 1952, 1955) .
the small X peak is taken to be identical in shape to the Z curve, ¢
but not as high. This procedure has limited accuracy, however

and other instruments use a separate filter to obtain this part
of the X curve. .

N ¥
.
5 i X=1413
= Y=1420
E X R X Z=5111
Wavelengih, nm Wavelength, nm Wavelength, nm - ’
CIf Standard Source * Object CIE Color-matching CIE Tristimulus vaiues
functions for the '
equal-energy spectrum .
F.", C‘ A reminder of the way in which ¢he CIE tristimulus vulunfm T ars obtsined.
GCsl43
. Rm?}
B o Bwas2
X x x = or
Xa)42
Yal43
2e522
' R
L
$ource Fiters Sampie Detactor Colorimeter Reacings
o Tnsumuing Values
Fl"u c Lc
in colurimetry, the trisimulus values or numbens closely relsted lo quired by the CIE system and sketched in the figurs just preceding
them wre obtained from memurements with the invtrument’s re- this vz, It is important (o note, § that #
spoine (Jight source tiaes Blter times delector) supusted 1o that 1e- b difficult w do thie with ubslute sceurscy,

’
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Relative response

400 500 600 700
Wavelength, nm

P r 6 In this Figure, the solid curves are the CIE color-

igure 63. matching functions %, §, and 2. The dashed curves

Mﬂleenenno\vl\:'chﬁ;eyunbedupliuud

in colorimeters

One problem associated with tristimulus colorimeters
is their limited accuracy, as shown in Pigure 63, The other
main disadvantege - as compared to the spectrophotometer =
is the fact, that any one set of /3 or 4/ filters enables
the measurement of the tristimulus values for one illuminant
and one observer only. There are some - very few - tristimulus
instruments with more than one set of filters, but it is
rather compligated to work with these, The spectrophotometer
a8 we have seep,measures the reflectance curve of the sample,
and from the data of one measurement trisfimulus values for

any illuminant and observer can be computed,

Trends in colour instrumentation fu. the 1ndust;x

Colour meaaﬁéement, as we now know 1it, haﬂ its beginning

in the late 1920's, when Professor Hardy of MN.I,T, designed
his classical instrument, later to be known as the General

Electric Hardy spectrophotometer, ' '
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o  The origival model, the
"stovepipe®™ /Pig., 64/ was later replaced by the "new model®
G.E., /Hardy/ Recording Spectrophotometer /Pig.65/ ', that bas
for decades been considered the referee instrument inm colour
weasurement. ' ’

Pigure 64, | ' Pigure 65,

The original model /the »stovepipe"/ The new model GB

General Electric spectrophotometer recording spectro-
photometer

The first tristimulus colorimeters were introduced in
the 1940°’s, thone of the most famous models was the IDL
Color-Eye /Pigure 66./

Pigure 66,

The IDL Medel D1 ColerEye.

]



-72 =

“In spite of 35
years of development however, Professor Billneyer, a well
imown authoritiy in colour instrumentation wrote the following
in a publication of his in 1965: :

"It is clear, that even under the best conditions,
the precision and accuracy of industrial color
measurement is currently barely adequate to meet
‘the demands placed on it." o

What exactly was wroig with colour measurement in the 1960°s?
\

PROBLELS 1960 | SPECTROPHOTOMETER | COLORIMETER

MEASUREMENT SLOW /1-2 min/ -~ | SLOW /1-2 min/

CALCULATION | -

s MANUAL . KANUAL -

CALIBRATION MANUAL MANUAL

PRECISION | R ' '

and ACCURACY |-~ BARELY ADEQUATE | BARELY ADEQUATE
| pETECTION of -

METAVERISY | YES R

PRICE HIGH /e, £ 20,000/ | LOW /c. 2 2.000/

M

The 1970’s are considered the agze of the computer, Well, the
digital revolution hit the colour measuring instruments as
well, and ten years ago the first computer driven, fully

_automatic spectrophotometer, the ECS 40
/Pig. 67/ was put on the market by the Eollmorgen,Corp.

A long line of similarly built instruments followed, each

using 16-33 separate interference filters 'instead of s prism

or a grating monochromator, The most recent éxamples of .

this type of abridged spectrophotometers are the PS-4

of Pretema /Pig. 68/and the RFC 16 of OPTON|

These instruments maxz are much faster, than the older

types of instrument, the typical measuring time beeing

around 45«60 seconds for the older models, and arouud

20 seconds for the FS~4 or RFC 16, '

]




Pigure 67.

The first fully auto-
matic, computer-cont-
rolled spectrophcto-

meter, the KCS 4o

by Kollmorgen

W
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Pigure 68,

The latest model of the Pretema
35-filter spectrophotometer -
the PS=4
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In the eafly 1970’8 yet another novelty appeared on: the
market, the DATACOLOR Tloo spectrophotometer. The most interes-
ting feature of this instrument can be seen in Figure 69: this

was the first spectrophotometer to use a continuous interference

filter wedge instead of separate fillters, o

CONTINUOUS ]
- INTERFERENCE
, FILTER
L SIGNAL 1
111

i _BEPERENCE
| - W - J

‘r | E
CHOPPER

SAMPLE

12 .

TIPS

ELECTRONIC
CO™TROL

Pigure 69. Block diagre= of the DATACOLOR spectrophotometer

The advantages over the conventional abridged /separate
filter/ spectrophotometer are obvious: faster measurement on the
one hand, and the possibility of reading spectral data every lo -
or even every 5 mm if required; The scanning time for 16 points
is 17 sec,
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In 1977 several new instruments working by similar principles
have been marketed, HunterlLab developed their first spectrophoto=-
meter /prior to that time they had manufactured only tristimulus
colorimeters/, the D54P-5 /Figure To/.

Figure To,

The HunterLad D54P=5
spectrophotometer with the
sensor mounted over the

data processor unit

" This instrument uses a rotating continuous filter, the
measuring time is 7 sec. The same optical head is used in a
more elaborate computer set-ﬁp bty Applied Color Systems in their
SpectroSensor, used in the computer match prediction system in
MISR Mehallsa . Similé; rotating filter.is used in the Color Analyser
of IBM, who were the first to develop a spectrophotometes with 0/45°
{lluminating/viewing geometry. DATACOLOR have also improved their
instrument, the 3080 is similar to th original design, but it is

smaller, cheaper and faster /scanning time c. 6 sec./
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The most innovative instrument of the new genmeration is
perhaps the M5 2000 of Kollmorgen | " which is
parketed in Europe under the name Micromatch by Initrumene
tal Colour Systems of GB /|Fiy. HL." with their own soft=-
ware,

‘ Figure 71. The Micromatch spectrophotometer of ICS

Kaytioord |~ o

Microprocessor *
. Display P I

Flash
Fi
oshtube circunt

Grating X 77=2] Electronics
spectirometer NS

Reference

Detector
orrey

Dm'r\ochon ‘ Entronce ! V\
. graling sht B)
Prism Somple

Fa. ¥l MS 2000 BLOCK DIAGRAM

The block diagram /|Fiy,¥2 /shows the ‘optical |
arravgement, The sample 1s illuminated by polychromatic
light, and the reflected ligth is dispersed by a grating
monochromator. There is an arrey of 17 silicone diodes
for the simultaneous detection of 17 separate sigrals =
each from a narrow spectral band. The simulaneous detection
makes it possible to use & pulsed Xénon lamp =a flash =
as the 1ight source, There is also a cheaper version of
this instrument with the same optics, but simplified
electronics, it is sold as a "spectral tristimulus instrument®,
the MC lolo. |




There is one member of the new generation,
which is built along the classical lives.

The DIANO MatchScan 1s a true épectroyﬂ&toneter.Iiﬁq.}B/
with dual beam reversible optics, a grating monochromator
driven by a step motor, with full electronic control. The
scanning time is below lo sec for 16 points, and below 12
sec for 32 points.

Figure 73. DIANO MatchScan

The traditional tristimulus instruments were first equipped
with some celculating facilities, than also controlkd, calibe
rated and driven by microprocessors or desk-top calculators,’

There are also gpecial signal processors for colour
calculations, such as the D25~9 used by Huntellab in their systenms:

colorimeters \

Figure 74. Signal processor for HunterLab
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Iell;_éid the instrument manufacturers succeed in solving the
problems of the 6o0°s?

SOLUTIOES 1980 SPECTROPHOTOMETER | COLORIMETER
¥EASURENENT FAST /4-10 sec/ FAST /6=12 sec/
g;xggmnon _ AUTOMATIC AUTOMATIC
CALIERATION AUTOXATIC AUTOMATIC
PRECISION . EXCELLENT
and ACCURACY EXCELLENT FAIR
DETECTIOK of

® VETAMERISK YES YES?
PRICE ¥EDIUK /€ 15.000 YEDIUL /£ lo.000

, - 20.000/ - 15,000/

Tes, indded, as 1t can be soen i, the table
above, the speed of the measurement makes it possible
{t0 measure the more problematic samples s¥eral timéu. whereas by

electronic control, sutomatic calidbration and improved compo~ -

pedts of the hardware fully satisfactory accuracy and precision
.13 achieved, Intersstingly, the .price of the spectrophotometer

went down, while that of the tristimulus instruments increased,

and it seems that the latter will eventually be réplaced by

thxt new generation of insiruments, the x fast, accurate, elect-

¢t ronically controlled, fully automatic spectrophotometer,

Last year at & colour measuremepnt symposium in Charlotte, ¥N.C,

Max Saltzman . . 'snother leading expert remarked:
"We bave instruments that are far better tban the
samples we prepare for measurements"
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e-colour measuring instruments and

Selecting surfac

monitoring their performance

As 8 result of the widespresu and increasing use of colour-
measuring instruments in recent years it has been considered
by the Colour Measurement Committee that some guidance
to members either using or contemplating the purchase of
such “equipment is desitable. Given below, therefore, is an
outline of the principles 10 be followed in the evaluation of
prospective colour-measuring instruments, and a8 summary
of the factors which should be considered in relation to
monitoring the performance of such instruments once pur-

Instruments for measuring surface colour are broadly

divided into three main types:

(n) reflectance spectraphotometars which employ prisms
or gratings 1o disperse the incident or reflected light

- into its spectral components,

(b) abridged spectrophotometers which employ narrow-
band ftilters or filter wedges to disperse the incident
or reflected ligh.c into its spectral components,

(e} tristimulus colorimeters whicheemploy filters coupled

ABSOLUTE ACCURACY

Absolute accuraty is best ascertained by measuring the
sundard ceramic tiles produced for instrurnental catibration
by the British Ceramic Research Association [1-8]. The
calibration sets consist of a series of 12 tiles, 10 cm X 10 ¢m,
which have been specially selected and match within certain
published tolerances the colour co-ordinates of an originai
master set measured at the National Physncal Laboratory.
The colours are:*

~ Light Grey Yeliow
Medium Grey Light Green’
Dark Grey Dark Green
Maroon Green Blue
Pink Medium Blus
- Brown Dark Blue

The sets of tiles are obrainable in two forms: (¢) uncali-
brated, but supplicd with co.orimetric data relating to the
NPL master measurements; (b) standard, specially calibrated

to light detecting devices and mechanical and/or

slectrical circuitry to produce directly the tristimulus

values X, Y. 2 of the CIE system or some other numeri-
cal specification such as CIELAB L*, a*, b° colour
co-ordinates,

The sbsolute accuracy of the spectrophotometer and
sbridged spectrophotometer is usually higher than that of
the tristimulus colorimeter. On the other hand, for colour-
difference work, the tristimulus colorimeter is often adequate,
being cheaper, usually quicker and simpler to operate and
control, and having good repeatability,

The choice of spectrophotometer or colorimeter is dictated
by the use for which the instrument is intended, The disap-
pointments in the performance achieved in colour measure-
ment are frequently due to failure to evaluate requirements
fully and to ensure that these can be achieved by the chosen
measuring instruments. To obtain the required absorption
coefficients for computer match prediction, and to deal with
metamerism, reflectance measurements at a8 minimum of 16
wavelengths are required. This requires 3 spectrophotometer
or abridged spectrophotometer. However, if the main

,quiromcm is shade passing and sorting of non-metameric
atterns, then the simplicity of the tristimulus colorimeter
becomes attractive,

The main requirements of a good colour-mnsurmg in-
strument are:

(a) High absolute accuracy.

{b) Good repeatability,

(c) Good between-instrument nproduclbihw.

(d) Ease of operation,

Also of importance, but not slways catered for even in
modern instruments, is capability of measuring fluorescent
samples correctly. Instruments which irradiate the specimen
with polychromatic light should be checked to ensure that
heating up of the specimen during measurement does not
cause changes in its reflectance. Finally, the prospective
purchaser should ensure that, if sm. . specimens have to be
measured, the instrumant can be fitted with an sperture
which is small enough yet still retains adequate accuracy and
repeatability; some check should also be made concerning
the availability of sftersales service,

The following tests can be used as the basis for selection
and monitoring of colour measuring instruments: ’

L5

at NPL, The calibrated sets are intended for use in thoss areas
of work where the highest degree of accuracy is required,

To determine the order of the absolute sccuracy of the
instrument under test, it is recommended that an NPL cali-
brated set of ceramic tiles be measured in series at least five
times, removing the tiles between each measurement, and
the resulting colour co-ordinates averaged. The difference
between the averaged colour co-ordinates and the NPL
master values can then be determined, either in terms of
AX, AY, A2, or pmferably in’ the more visually meaningful
CIELABterms AL", Aa°®, Ab*, AE,

For betweemmeent comparisons, the use of an une
calibrated set of ceramic tiles is considered advquate. The
BCRA indicate that even with the most variabie sile, 95%
are expected to be within 1.2 CIELAB units of the master
tile. Such tests for comparing instruments for absoluta
accurscy are especially valuable when a colour-measuring
instrument is being assessed as a possible replacement for, or
supplement 1o an existing instrument,

The detection of systematic deviations between the values
obtained with a panticular instrument and the target values
measured on the orgamzauon $-master instrument is sasier
if thetristimulusor L°,a°,b6° values from the test instrument
are plotted against the mmcr instrument values. Linear
paper should be used for L®, a°, b* plots, but if tristimulus
values are being plotied small mstrumcmal deviations have »
proportionally greater effect on low values and this is lhus.
trated better if the plot is done on log-log paper. Sueh plots
sometimes reveal faults in the zero or 100% setting of the
instrument, or interfering effects such as siray light, specular
component treatmant etc, .
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MEASUREMENT OF MATERIALS OF SPECIFIC IN.
TEREST TO THE USER .
While the ceramic tiies provide an excellent ?nt o_f standards
for comparing instruments, and for daily cahbfat,on checks,
they may not expose measurement problems which may be
encountered when materials with different surface tex_tuns,
such as textiles, are being handied. For this reason, in the
evaluation of an instrument it is necess_ary for samples
of the type likely 1o be measured on th.c instrument to be
assessed in 8 similar way to that described above for the
ceramic tiles. Examples covering the range of surface textures
likely to be encountered in practice should be seloc}ed.

The method suggested is to take at least 10 pairs of sam-
ples, distributed evenly over the colour gamut, and measure
these pairs at least five times, removing the samples from the
insmument after each measurement. From thess measure-
ments, the repeatability of measurement of single samgles
and of measurement of colour differences on the materials
in which the user is interested can be determined. Ropeat-
ability of measurement of single samples can be expressed

-DAILY CALIBRATION AND SETTING-UP PROCEDURES

For day-to-day calib-ation of colour-measuring instruraents it
is normally sutficient to set up the instrumant.to a standard
white tile and black tile, {alternatively a light trap in the
form of a black velvet-lined box is ofien used in placs of
8 black tile). In some of the more sophisticated instrumerts
with computer calibration systems, thess measuraments are
used to compensate for instrument drift. After calibration,
the black and white tiles should be measured repeatediy until
the expected consistency of readings is obtined, indicating
that the instrument is adequately warmed up and stable,

TJo guard against the effects of short-term instrumaent
drift during colour-difference measurement of several samples
against one standard, the standard should be remeasured at
intervals throughout the run.

SHORT-TERM REPEATABILITY

The BCRA ceramic tiles can be used to assess short-term
stability of colour-measuring instruments. It is necassary to
know this in order 10 dewermine hcw often instrument

in relation to the averaged CIELAB L°, a°, b° values of the
mple, as mean values of AL ®, &a°, Ab®, AF.

The offect of sample oiientation on colour mu;ur-z_ment
can easily be determined by measuring the colour ct?-ordmnes ,
of the samgles of the different types of surfaces l!kelv 10 be
encountered st different orientations, increasing in steps of
45 degrees until a full circle has been completed. To simulate
the effect of slight positioning errors, the eﬁe'ct on measure-
ment of 5 degree variation in sample presentation should alfo
be determined. The orientation effects can be expressed in
terms of AL®, &a°, Ab°®, AF with respect to the zero degree
p“l‘:\lo:‘r.u case of measuring instruments with integrating
spheres, measureinent with and without the specular (gloss)
component included can be carried out at several sample
orientations to evaluate the effectiveness of the device for
excluding the specular component, .

FLUORESCENT SAMPLES :

Where itisrequired to measure accurately the colour of fluo'-‘

escent samples, such as certain textile substrates and dyes,
cars should be taken that the instrument under evaluation
can adequately deal with these samples. This means that the
specimen must be irradiated with a source resembling 111,065
a5 closely as possible, both in the visible and u,v. regions,
since, unlike the reflsctanca factors in the cuse of non-
fluorescent specimens, the spectral radiance factors are
dependent on the source used.

It is also important that fluorescent samples should be
iluminated directly with white light so that the fluorescence

can be correctly stimulsted, N

:

PRESENTATION OF DATA

in evaluating a colour-measuring instrument, considsration
should also be given to the form in which the measurement
dsta are presented. It is desirable thet some form of com-
puting device be fitted to spectrophotometers to convert the
refiectance measurements into visually-meangingful terms if
required, e.g. into XYZ values or into CIELAB colour co-
ordinates. Modern spectrophotometers usually have such
equipment incorporated for automatic machine cslibration
and drift control purposs.

In the case of tristimulus colorimeters, consideration
should be given to the type of data required for rapid and
meaningful interpretation of colour<itference attributes,
0.5. AL®, Aa®, AD°; ALightness, AMetric Chroma, AHue;
AHue, ABrightness, AStrength, etc,

calibration procedures must be carried out. Repeat measure-
ments of the tiles are made at short intervals during the
period of interest, The differsnces between sach of the
individual measurements and the average of these measure-
ments should be calculated and the average differencs
expressed in CIELAB terms AL®, Aa® Ab® AF, The time
between the repeat measurements can be varied, depending
on whether the test is designed 10 check short-term or
medium-term repsatability,

LONG-TERM REPEATABILITY :
Tiis BCRA tiles ara invaluable for determining the long-term
stability of colour-measuring instruments. Regular measure-
ment of a set of ceramic tiles is essentia! and will enable
virtually al! instrument faults 10 be detected. However, care-
ful inspection of the results is required. Slight, but significant
changes in the measurements made with an instrument may
ensbie a developing fault 10 be detected at an early stage.
One of the simplest methods of plotting data in order to

check for significant changes is to plot the XYZ or CIELAB
L"a"b" values of each tile versus time on a Cu-Sam chart
[9,10]. In this form of chart the difference between the
current measured value and the first measured value is added
to the value of the previously plotted point, and the resulting
vilue plotted. When good repeatability is being achieved the
result is @ line showing a constant slope. Any significant
change in instrument performance is indicated by a change in

. slope of the plot. The technique makes it easier to detect
signiticant changes in parformance which might otherwise be
obscured by the norma! insignificant ar.d acceptable random
variation which occurs in day-to-~day measurement,
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Recoumended reading:

¥F.

W. Billmeyer and M. Saltzman: The Principles of Color

Technology. Second edition

A MWiley - Interscience publication, John Wiley and Sons
Ltd., New York, Chichester, Brisbane.A Toronto., 1981,

£ 20 (UK) or $ 39.95 (USsA).

This is a very highly recommended book, covering all major
aspects of colour science in a clear, simple manner., It
gives the best introduction to the subject, with a biblio~
graphy of all important American and European text-tooks,

and papers on a vide range of subject.

- B.  Judd and G. Wyszecki: Color in Business, Science and

Industry.
John Wiley and Sons, New York/Lomndom, 1975,
Price: approx. $40.00 (USA).

This is an advanced treatment of colour science, with
much more ma-hermatical detail than "Principles" by
Billmeyer and Sfaltzman., It is, however, the other most
important textbook, for those who wish to get deeper in-

sight into theory it is a must.

G. Kuehni: Computer Colorant Formulation Lexington Books,

D. C. Heath & Co., Lexington, Mass./Toronto/London, 1975,
Price: Approx §$ 20.00 (USA),

This rather brief book (120 p.p.) is the only one publis=-
hed so far on this very important topic, It is mixture

of theory and practice, the author couldn't really make

up his mind about the readership he wrote if for, Still,

for those involved in computer colour matching it is use~

ful,




APPENDIX

Formulae for calcu’atiny CIELAB coordinates frow tristimulus

Valu..... X, Y' Z

Desienirinng
AL WA N

L psychometric lightness
a® roed=areae ANl
b* yollow=blee axis .
c?

wh : psychometr.c chroma
e *. hue angle
ab ——

% X ® A s . . e
oL™, DL_b, Dll‘LJ s Jdiffervaces in recpective quantltles

- -

. DB'”L,; total colous differcace in CLELAL units
u .

X, Y, 2 : CIE tisstimulus values

Yor ¢ ¢ CIE trislimulus vil . on for shesolute white, for. the
1551 1 2° Standard Observgr and

X, =98.041 ; ¥;loo.000; %=118,103

— e —— — -

Illuminant C the respcctive values afe

Formulan

L* = 116(y/ygf/3 - 15 if Y/Y > 0.008856° »
= 902,19 Y/Y if YV, £ 0.00bBSE
X s-";o«',[()'/x ]1/3 -Cs1 \VJ] ' 15 X/X P o.0oBuLb .
@ ) it R T M
= 30005 (x/% ) = ¥/Y)  if x/% € 0.008856 _
L® = zoo&y/yC)’/;‘ -C::/z{)'/"} if 2/¢,) ©.00885¢ , "

11

1557.4 (e/¥g - 2/2,) i€ 2/%2;4 0.008856

< 2] 1/2
[ o]

1O = are tan(L®/a®)

2]
R
]
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Colour is part of our daily life. Man has always been
fascinated by and attracted to colour, and the wish to
measure - to put numbers on - colour is as old as scientific

thinking itself,

Many of the objects we think of as sources of light
emit light which is white or nearly white - the sun, hot
metals like the filaments of light bulbs, and fluorescent
lamps, among others. Sir Isaac Newton was the first to show
many-many years ago, by using a prism to disperse light
into a spectrum, that white light is made up of all, the.
visible wavelengths.

Pigure 1 Dispersing white light into a spectrum

Wavelengih, nm

<.

Figure 2 Hue names of the spectfﬁm colours.
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How Muaterials Modify Light

When light strikes an object, one or more things pertment to
color can happen:

1. Transmission. The light can go through essentially un-
changed. It 1s said to be fransmitted through the material, which
is described as trunspurent. If the material is colorless, all the
light is transmitted except for a small amount which is reflected
from the two surfaces of the object.

2. Absorption. In addition 10 being transmitted, light may be
absurbed, or lost as visible light. (If a very large amount of lightis
absorbed, we can sense that at least part of it is converted into
heat.) it the material absorbs part ot the light, it appears colored

butis stitl transparent; if all the light is absorped, the material is
black and 15 said to be vpuguc.

3. Scattering. Finally, hpht may be scattered when it passes
through matter. It may be reflected, partly in one direction and
partly in another, until ultimately some light travels in many dif-
ferent directions. The etffects of light sca.iering are both com-
mon and important, accounting for the blue color of the sky and
the white colors of clouds, smokes; and most white pigments.,

If only’part of the light passing through a material is scattered,
and part is transmitted, the material is said to be translucent; if
the scattering is so intense that no light passes through the ma-
terial (some absorption must be present, 100), it is said to be
opwque. The color of the material depends on the amount and
kind of absorption present: If there is no absorption, a scattering
material looks white; otherwise, colored.

The scattering of light by s turbid or transluceat
masterial. ko such » material, some light is trans-
nimdndminﬂoddbymiq. :

In an upuyue material, w0 light is transmitted, but
m- refiected by scattoring.

A4
Pigure 3 The ubsorption, nc-umnn, and retlection of light

in ¢ layer of pigmens
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The amount of absorption due to the coloured material

can be calculated from the amount reflected or transmitted
by the object. The gpectral reflectance shows the fraction
of the light at each wavelength reflected from the material.

Reflectance curves characteristic of different colours are

shown in Figure 4, while the principles of measuring reflec-

tance by a spectrophotometer are illustrated in Figure 5.
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Figure b Characteristic reflectance curves of
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achromatic (neutral) and chromatic colours
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Figure 5.

In a spectrophotometer, light is dispened into a
sportnun, mede apprusimately monochromatic by
means of 8 1lit, and used to illuminste the saniple
(in this sketch, using integrating-sphere com.
etry). The reflect of the ple is plottd
against the wavelength of the hght to give the

) " A s (w P vy '] w

fectance) curve,

The specification of cclour

The spectral reflectance curve describes exactly the
physical stimulus reaching our eyes, but doesn’t give us
indication on the colour sensation itself. Colour - as we
see it - can be specified by three numbers. In the most
uidély used colour order system = the MUNSELLAsystea - these
.numbers are called Munsell Hue, Munsell Value and Munaell
Chroma. The meaning of these terms as well as the structure
of the Munsell system is given in Figure 5 below.

Hue:  that quality of color wh. 4, we
describe by the words sed,
yellow, green. blue, etc.

Value: that quality of color which
we describe by the words
light, dark, etc., reluting the
color to a gray of similar
Lightness.

Chroma: that quality which describes
the extent to which a color
differs from a gray of the
same value,

Figure 5
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Ihe CIE system of colour measurement

The link between the physical aspects of colour (the
spectral reflectance curves) and colour order systems deseribing
what ve see 1s provided by the CIE (Commission Internationale o )
de 1'Eclairage - International Committee on Illumination)
system of colour measurement. This is based on the empirical
fact that any colour, 1rrespect1veror its spectral characteris-
tics can be matched by a suitable mixture of 3 primary colours,
e.g. red, green and blue. This phenomenon is the basis of the
colour television, where all colours that we see : __

are’'produced by the mixed light from the red, green and blue

phosphors on the screen.

In the CIE system the primaries are called the X (red),
Y (green) and Z (blue) tristimuius values,

The tristimulus values can be calculated from the spectral
reflectance data, combining them witk data characterizing the
1ight source and the colour vision of the human eye. (Thess
latter can be taken from tables compiled and standardized by
the CIE, )

The ¥ tristimulus value indicates the lightness of the
sampie, but it is very difficult to give visually easily under-
standable meaning to X and Z, Therefore it is more common to..
specify colours by their lightness (Y), and the two chromaticity
coordinates x and y, which are derived from X, ¥ and Z by

X p 4
’ —cmeeacmes and y P wocmscocae
x-x-rxqu X+!+Z‘
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If we plot y vs x in a rectangular coordinate diagram
we get the famous CIE chromaticity diagram illustrated in
Figure 6, Spectrum colours lay on the horseshoe-shaped curve
known as the spectrum locus, and all realizable colours (which
of course are mixtures of spectrum colours) are located within
the boundaries of the spectrum colours. Purples, which are
missing from the spectrum itself, are located on the straight

line connecting the points of spectrum blue and red.
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Figure 6 The names of various colours shown in
the CIE°1931 chromaticity diagram

Unfortunately this diagram is not :...ceptually uniform,
that is the same distance in the various parts of the diagram
is seen as a smaller or greater colour difference, depending

on vhere we are in colour space, There were several attempts
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to transform the X,Y Z system into one with new coordinates, that
will conform better with what we see. Some years ago more than
30 different “colour difference formulae™ were used, and to
achieve uniformity of pfactico, the CIE recommended 2 for

use in various industries. In the textile industry the CIE 1976
L* a* b* (CIELAB in short) is widely used today. The structure -
and the spacing of the CIELAB system is very similar to that

of the Munsell system, and it makes the CIELAB system very

useful in describing colour and colour differences.,

Application of the CIELAB gystem in the textile industiry

Colours can be specified in the CISLAB system by either the
L' a* b* coordinates, or by the metric lightness (L%) metric
chroma (C;b) and metric hue (Hgb) coordinates, which correspond

very well to the same terms in the Munsell system.

2./ The_characterization of dyestuffs

Dyestuffs can be characterized in the CIELAB system by
plotting the colour points of dyeings in a*-b* and L’-C;b
diagrams. "Strength lines"™ are the lines connecting the colour

points of increasing concentrationsof the same dye, as in Fig. 7.
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Strength lines for 12 different dyes in an

Figure 7
x ¥ ¥ *
a -b (right) and an L' -.C_, diagram, The
concentrations increase from the middle outward
and from top to bottom reSpectiveIY. _
. Mixtures of colorants can also be illustrated in an a*- b‘

plot, and that can give great help in dyesiuff selection,

3./ Colour difference measurement

----- CX X g = -

Colour difference measurement can be used to describs

the effect of techpological or process parameters on the final

colour. This technique was use. successfully to describe the

effect (in visual terms) of random variations__iﬂthe most im-
portant process variables in dyeing, as shown in Figure 8,
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- NaCl concentration (1)

- Na2003 cone.

- time before addition

of alkall

- time after addition o

of alkali

- temperature before
addition of alkali

- temperature after
addition of alkali

- weight of cloth

- wolume of dysbath

- dye conc, all

- dye conc, yellow
’ - dye conc, red

- dye conc. blue

Pigure 8 Effect of

fag, T

(2)
(3)

(5)

(6)
(7)
(8)
(9)
(10)
(11)
(12)

IQJALALLLJlL P W U W bbb A A A b )

12345789101121234 57 8910112123457 89101112

10 % variation in dyebath conditions for reactive

@ dyes on cotton. A$ total colour change, B: change in hue,
“strength and brightness. | _

Colour change due to heat treatment following the si;ing
of cotton yarns, and the effect of heat setting on the final
colour of polyester have also been measured,

The colour change due to resin finiéhing can only be dese~

ribed quantitatiwvdy by the help of colour difference measurement,

whereby the thermochromic behaviour of certain dyestvrfq could

also be characterized.
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One of the most difficult problems in dyeing - and
also in colour measurement-is to decide whether a sample is
acceptable or not, is it inside or outside the tolerance
limits as compared to the standard. It is clear, that single
nunber colour differences camot describe the tolerances, since
the limits in various directions in colour épace are not

necessarily equal, as illustrated in Figure 9,

i ~ ’ { constani
Figure 9 Cruss sections through (L%«*b~)<color space. '(ngu-lslt) pline o
li‘:'Mnbs L*; (lowerzright) plane of constant hue (#). Cmccnfm clyclu stound sunda;d co;'w
(S1d) arc Juci of comlant percepiibility (1 ).p.d. Gust pcfu‘p'ublc o.inﬂc_rcnu). 2j.pd. djpd)
Concentric ellipscs (hatched) are crows sections of ucceptability cllipsoid.

It is very difficult, and takes a long time and lot of
work to determine the tolerance limits for instrumental speci-
fication, but once we have these; the answer to that difficult
question "1is this sample pass or fail” can be read off the

colour measuring instrument in & matter of seconds,
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5« Colour scrtin

Another very useful application of instrumental colour
specification is colour (or shade) sorting. Here the saﬁples
from different lots that are supposed to be of the same colour
are sorted into “boxes®, within which every sample i3 considered
to be within tolerance as compared to the central sample for
that particular box., This technique is particularly useful for
sorting into uniform lots prior to cutting anQ making~-up, but
it can also be used for statistical analysis of the production

@ itself,

C ; io red

The most spectacular use of colour measurement is the
calculation of dyeing recipes, known as "computer colour matching®
(CCM) or “computerized colorant formulation" (CCF), Here a
computer is taught’ the behaviour of dyestuffs by preparing a
nunber of calibration dyeings and measuring them on a spectro-
photometer. Then the necessary amounts of dyestuffs to match

. the colour of zny standard are calculated automatically for
all possible combinations of the colorants given to the computer,
The predicted recipe can ﬁe checked in the laboratory, and .
corrected 1f necessary. The greatest advantage of CCM as com-
pared to conventional colour matching is that it 1s possible
to compute several hundred alternative recipes in a matter of

minutes, and select the "best” recipe according tc price, good-

ness of match (colour difference) under daylight and/or artificial
light.
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The main stages of computer colorant formulation

can be illustrated by the following chart:

DYEING MEASUREMENT COMPUTATION

Primary dyeings

R Y
n dyestuffs substrate‘__________4;2;?:;

R(c)n
‘6-12 concentration \
levels each

Rstandard i dyestuff

o .
’ preselection
dc -

1'"¢2000

R (theoretical)
P%Phi_{ftﬁf costth

I‘lst dyeing" "BEST" recipe
— §] DE<€? |
Mem? —2E2—ETOB)

NO

’ 7
CI’ Cz LN )
R’ (theoretical)

[2nd dyeing -
DEps TMen

» L

.
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f Explanation ot Computer Pntout R

In pnintout the buidiuce porta
indicutes vperator input. The hines ur
not pormally aumbered. This was dure
for case of identificalion.

Line 1. The operator asks the com-
puter W run the match program (M2 T
1). The computer prints the versu a
naumber of the progrum and ashs for the
user number. The user number, which ss
supplicd by the uperator, lcts the cum-
puter know which set of correction tas -
tors 10 apply 1o any reflectance datd
which is inputed o the computer. Th: v
factors can represent cahbration (or-
recions for mure than one spectrophe-
tomeier. They cunt also represent a virse
ety of calibraton conditions lor the
saune nsirument: ... standard retlecl-
lance meusunig, wondibons, smalt -3
viewing, lransnussion calibration, ¢

Line 2. The operalor types in i

1-RMAT . .
MAT 1 VER 002-1C23
USERk ¢* ]

2 -> NAME OF TARGET® PE 2246 - RUST

3-TARGET %R'S° K
25.019.114.012.311.311.011.713.115.418.326.735.847.062.376.584.4

4 ~>-> CLRNT.JCOMB., FIELD SIZE, & SUB. 1D¢"° 3,6.9

5 .FILE NAME® PULYE

6-1D*'S OF COLRNT." 1,2,4,5,6.7

7->>> DEC TOL."Y.
8-BATCH WEIGHT® 173,
9-SORT OUTPUT / *N

fname ol lhc‘colur 10 be matched. Thia is O&p&;zz e RuoT EXTENDER 2018 B
for record keeping purposes only. 10 COLORANT % AMOUNT 'DEC Dt DEF  COST
Line 3. The operator fets the compu- 1 YELLOW 306 4.2100 7.3674
ter know if the reflectance of Wansiie. 4 kED 105 14.1763  24.6084
sion measurements of the sample o e 6 GS BLUE 524 5.0970 8.9197
matched are coming directly from the CLEAR 76.51c.  133.9044 L4 sl 139 13033
spectrophotometer (S), froma fuc (Flor 1.YELLOW 306 48581 8.5017
typed in from the heyboard (K. ;;g%:gsg 603 1;?:83 1225&2
ml‘-";‘: 4. 1:“ opst. "‘Wm k’“"“' CLEAR 8061+ 1410751 01 28 58 9788
; yes or pigments he would fihe te
secineuch formula (3), the totabnu ; ;g"";gg&? 13502?‘.23 . 3212.;;
of colorunts 10 be considered (6) unu vin 6 GS BLUE 526 3.2595 5.7042
wentificgion number (postion in u Bilc - CLEAR 71.6497 125.3870 0.2 28 121 11085
of the substrate 10 be printed (9). 1 YELLOW 306 5.5617 9.7330
Line S. This 1s the nanic ui the file -';gg :ESENGJ(’JS lg-g:gg 22??;1,3
which the dyes aie stored. e y
Line 6. The six identification numbers CLEAK 752506 131.6335 02 73 61 9100
(position in the file) of the dyes w0 be 322“;'}%52“ lg-% :92-?-;;3
wn)ldcr‘d fuf the mutch. 6 GS BLUE 524 57323 10.1190
Line 7. Daylight tolcrance (FMCH) CLEAR 76.0398 133.0696 0.4 9.5 10.5 11383
hmit. 2 ORANGE 204 7.9059 13,8353
. 4 RE
Linc 8. Amount of pnnt puste 1o be 7 2&%.{8% 603 ‘;;952;3 12:%3?,
Mlade—grams, puunds, cix. CLEAR 816902 1429579 .01 23 13 7004
‘ Line 9. The vperator has the optonfo 2 ORANGE 204 7.8211 13.8619 ‘
r_mvc the computer print ot all of the S 85 RED 607 13.9364 243888 '
formulas which match within the toler- 6 GS BLUE 524 4.2562 7.4483 c o -
ance (Line 7) ur to sont the formulas CLEAR 73.8863 129.3010 03 5.0 18 91M4
the Tive best (leust metamene) and five 2 ORANGE 204 8.2013  14.4522
Jowest cosl. ? :S KED 607 l;.AS“ 222;52
Line 10. This line sturts the vuiput of et 2 o482 13080 00 00 0D 6879

the tuimuias computed. The colurants
wre dentificd for each forinula. The per-
centage formnula as well as the amount
needed to make up 175 units are given,
The predicted color difference in day-
it (DEC), tungsten (DEA) and fluo-
cswent light (DEF) are given. The cost
ol the lormula is also computed in whal-
ever units desired. In Pnntout |, the
best lorinula was the kst one printed. If
the vperator had choxen v sort the fore
mualas (fur feast metameny) the Last for-
muta would have been printed vut finst,
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1./ Colour difference specification

Any colour can be specified by three numbers: we can
say that our colour vision is three-dimensional. In ‘the
most widely used colour order system (the MUNSELL system)
these three quantities are called hue, value and chroma,
and they can be considered the three axis of colour space.
One of the main advantages of the MUNSELL system is its
perceptual uniformity: the same difference in the coordi-
.nates (the same number of hue, value or chroma skeps) have
the same perceptual significance in any part of the MUNSELL

colour space.

The MUNSELL system was developed on perceptual basis,
but we like to measure quantities by instruments, and that
is true for colour as well., There is an international system
of colour measurement, which specifies‘éﬁiour by three'
easiliy measurable quantities: the X, Y, 2 tristimulus
values of the CIE system. These are usually converted into
chromaticity coordinates, which can be more easily illust-
rated on a plane diagram, this is the famous CIE chromati~
city diagram. The chromaticity coordinates x and y are
calculated by the equations

X
X +Y + 2

Y

g




The chromaticity diagram gives only approximate
indication of the spacing of colours, it is not perceptu-
ally uniform. This means, that equal distances on the
x, y diagram do not represent colour differences which are
seen as egual. This drawback of the CIE system 1s not a
fault of the sycstem itself, it is inherent in the way we
see colours. To illustrate the visual non-uniformity of
the chromaticity diagram we can plot the coordinates of -

MUNSELL colours of equal lightness as in Figure 1,

—~

(] Y Y] [¥) [Q [0 [Y) [Y .
ommegy ¥

Figure 1. Colours of equal MUNSELL value .(5)
plotted on the CIE 1931 chromaticity
diagram.

B e e
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~he x, y diagram were perceptually uniform, the
equal chroma contours (which look in Figure 1 like dis-
torted ellipses) would plot in concentric circles, and
tﬁe constant hue line (ﬁhich for most hues form eroﬁély
curved linéé) would be straight.

MacAdam has run a very detailed investigation to
analyse the colour difference perception properties of
the human eye. He plotted around 25 colour centres the
uncertainty of colour discrimination, which can be re-
garded a very good measure of colour difference perception,
When he connected the.points around the centres which his

observer regarded as equal distances, he got ellipses,

like the one illustrated in Figure 2,

Y T Y Y T T J
0.326 .
0.324 F -
y [*y -
0.322 r L
b : -
. :
0.320 | / ; -
" .
A A A ‘ L A |
X

0.302 0.304 0.306 0.308

Figure 2. Points in the CIE 1931 chromaticity
diagram, which the observer has seen as

equidistant from the centre,




If the x, y diagram were perceptually uniform,
these points would plot as circles around the centre. The
other - maybe even more serious - problem that can be.
deduced from MacAdam’s data is the different sizeséﬁ the

discrimination ellipses as illustrated in the well known

figure (Figure 3).

/‘M\\i

AR
% N

et _1'

7omal - -

08

Figure 3. The famous MacAdam ellipses in the
chromaticity diagram. They should plot as
circles of equal size in a perceptually
uniform system,

From MacAdam’s data several colour difference equa-
tions have been derived. The purpose ¢of these equations
is the transformation of the CIE X,Y,Z or x,y,Y sgstem
in such a way, that the new system be perceptually

uniform.
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o ' DE (MacAdam) = [g”sz' + 29, zoxby ~+ )
: ’i;»” . gzsz + GDY’] e (1) D
' where 949 2912, and 959 are constants whose value
depends on x and y, and G and K are constants
whose value depend on Y. (In this formdla as

in all the following ones through this paper

D designates folour) difference, usually designéted¢4~:"

'In the late 1950's Simon and Goodwin developed a graphical.‘7'
method for the fast calculation of Egn. (4). This method has A
been used quite widely, but today it is considered obsolete."

Figyre 4. illustrates the basic principle.

0202 VrLd

g
19

‘é’/
;‘/
//
M
r/
pg
»
%
LY
|

Figure 4/a A section of » Simen-Coudwin color-difiorsace
chart, illwtrating the calculation of the MacAdam
color dillerence between » standasd with s & -
020, y = 0200, Y = ”.ﬂi.ndaumthi'p g
= 0205,y = 0.J05, und ¥ = 25.0%. N
‘Phis chast, deawn sccording to the values of gy,
214, und g3, for 5 ucar 0.200 and y oear 0.200,is
wed t hind the “uncorrecied” chromaticity differ '
ence between sunple wnd standard. On the origie -
o ual churt, where 1 in. = | MacAdum unit, this L
difference wus 8.0 MacAdam unity for ﬂw m A
culculation, . . , I

L
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bl Standard
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Figure 4/b - -+ The “uncurrected” chromaticity difforence -
) AC is vuw mewused off at the lightaes (V) jevel
of the stundurd on this chant. The “corrected”:
chromaticity ditference is the distance betweeq
thi> puint and the buse ling, hore 9.0 MacAdam
wnits. The totad calor difference is the slant di
tance showu, or 13 MacAdum waits, (To clagify
Uie bt culculution, & rather Jarge color diferencp
wi chosen. Note also that in the original Simog
Goudwin charts, Y is expressed ag & decimal frae
tion—lur cuunple, 0.25 and 0.88~ruther than ﬂ
Pes ceut @ is our convention,) :
!

In the 1960’s the moie and more general use of digital
computers made graphical methods unnecessary, and formulae
were developed, which transformed - or rather tried to
transform - the X,Y,Z system into a bettef one, The formula
developed by Friele, MacAdam and Chickering (sz2e Appendix 1)

is extremely complicated, but it does give better uniformity,

“than the original system. 'In” the USA there was anothe:

formula developed by Hunter, which has been as widely used
as tﬂe FMC (Friele~MacAdam-Chickering) transformation, The
Hunter formula'uses the L, a, b coordinates of the Hunter

systém, which.can be directly measured on HunterLab instru-

ments, or calculated from X, ¥ and Z,

. -




" Colour difference in the Hunter system is calcula:.

; by the Euclidiandistance formula:

DE (Hunter) = /DL2+ Da2+ Db2 /!'5 (¢

2
—

| ThevHunger system has been very popular mostly because
of its simplicity, but its visual spacing is not as good as
that of the most recent CIE recommendataion, the CIELAB
system. The CIE 1976 L*,a*,b* (CIELAB) system is the present
international recommendation, and although it couldn’t be
proved, that its visual spacing is supefior to all other
formulae (e.g. the FMC), this is the one that“has to be |
used to promote uniformity of practice. The formulae for
the calculation of CIELAB coordinates can be found in Appéndix'
23 |

Figure 5 illustrates how well (or in some regions hoﬁ';

poorly) the CIELAB system approximates a perfectly unifo;m"

space.

VALUE 5/ . , L0e50
L]

1% . 5 B) % 0 150 =100}
a® -200 ~150 -i00 -850 . Q 50 00 150
9
Munsell loci of constant hue and chroma plotted in the
CiE 1976 a ‘b’ diagram.

’

MacAdam ellipses plotted in the CIE 1976 a’b* di-
agram, B '

Figure 5




There is no simple relationship between the various
colour difference formulae, we cannot say, that one or the
cther is "bigger" or "smaller", because the relatioﬁghip
ié different for different colours. In Appendix 3 we have
tabulated some colour difference values for 5 pairs of

samples in HunterLab, CIELAB and FMC-II units.

To conclude this brief description of colour difference
‘formulae we must emphasize, that there is no didect -evidence
for any colour difference formula to be "better" than | |
another one. To work in an international system, however,
the recommendation of the International Committee on

Illumination (CIE) i3 the use of the CIELAB system,

2./ Colour tolerances

Perceptibility Versus Aceeptability

Whether ur not one has converted instrumental data to single
culor ditterence numbers, heeding all the warnings, the final
problen in color meusurement is the evaluation of the color
dillereiice in terms ot the ucceptability of the sample as com-
Fared with the standard. It properly selected and prepared limit
slandards are used, this tinal step is made automatically.

11 the hrmits of acceptability are expressed in terms of color-
Uifference numbers, there is a real problem to be faced. Not only
is 1t true that equal color-difterence numbers, in any system of
Calcuiation so far devised, do not correspond to equal visually
perceptible color ditferences, but it is also found that what con-
sututes an acceptable color difference is a statistical phe-
nomenon, That is, not ail people agree on what
the size of a commercially acceptable color difference should be.
Both individual differences in color perception and personal
lustes undoubtedly become important here.

Perhaps the best procedure in cases where customer prefer-
ence appears to be playing a part is to make color measurements
uver O sufliciently long period that an historical record is avail-
able. It the customer 1s at all consistent in the way he accepts or
rejects misteriol, 1tis possible in this way to reach agreement as '
1o what constitutes an ucceptuble color ditference, even if it bears
Mtle relalion 16 whal seern 10 be perceptible differences.
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it 1s important to note here that the basic question of what is
and what 1S not acceptable material must be settled in advance
by apreement between the buyer and the seller. This is only
sound business practice, If instrumental methods are to play a
parl. they must be defined exactly, including the techniques of
measurement, converting the data, plotting or calculating, and
rvatuating the results. This agreement between buyer and seller '
. . qust as much a part of the usefulness of color measuremeht -+
tur purchase specification as are the instruments and computa-
tonal techniques themselves,

Color Toleranees

In the final analysis, the sale and purchase of colored mate- :
rals hinges upon the conformance of the samples to certain L T
color-difference tolerances Let us now cop- '
sider how these tolerances should be set. v

" Color tolerances are, unfortunately, sometimes set in one of
two quite undesirable ways. One is to make the tolerance as
light as possible so long as the vendor can supply satisfactory
matenial. The other is to set ti.e tolerance at the absolute limit

‘ of the alnhty of either the human observer or the instrument to
detect a color difference. Both of these methods have a major
detect in that they do not relate to what is required. If what is re- oo
guired does call for the utmost in control, then this is what must ,
be furnished, but, to use an example from another industry, it :
would be foolish (1o put it mildly) to order stee! bars machined

: 16 a tolerance of a thousandth of an inch to be used as reinforc-

ing rods for concrete. One reason this is not done, among others,
1s the tact that the tighter the tolerance, the higher the price. In
this respect the situation in color measurement is unusual in
that most requirements (until fairly recently) have called for
“exact” matches. In recent years greater understanding on the
part of all involved has resulted in some far more realistic toler. .
ances, especially in the provision of limit standards in the several
dunensions of color space. Where an "‘exact'' match is needed,
an “exact’ match can usually be provided if one is willing to pay
tor o, '

P

The main problem in practical tolerance specification
lies in the experimentally proven fact, that even for the °

same colour the size of the acceptable difference varies

with the orientation, i.e. even in a perceptually uniform - *

4
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iéﬁlour‘space\- where the.pérceptibility ellipsoids Qere
spheres of equal diameter - the tolerénce (hased on aécepti—  
bility) would be greater in one direction - say lightness - ‘
and tighter in another -e.g. hue. That is the reason, why
tolerance limits are represented rather by ellipsoids in
space (or ellipses in a plane diagram) than by some more

symmetrical form. This is shown in Figure 6.

O
Q*
L &
p ‘\\o v
1 L %
o %
t\ ”~
&
V.
222;?;;\\2
/.
Cd < 1

Figure 6. Acceptibility limits (tolerance)
in CIELAB space iﬁ] |
In many practical cases the limits cannot even be
described with an ellipsoid: they can take irregular shapes
as illustrated in Figure 7 (p. 11) for a white sample that

has been treated with a fluorescent brightening agent.




Figure 7 Tolerance limits with_preferred;
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Unfortunately, even for the same end-use the 1imit§‘“ﬂmiﬁ, 

are different in different parts of colour space. Thus Jaeéxé;{ 

has found, that the ratio of the longest and the shortest

‘boundary limits (e.g. for an ellipsoid the ratio of the ;onééé@]

r

P
o

I P
Yy

Tt

and shortest axis) depend on the location of the colourfiﬁ;@q““V'“

colour space. This can be illustrated in an L*-C;b,diagbamQﬁfﬂ;:.

as shown in igure 8.

Metric lightness L*

100

. v y " ¥ n Y
L . max. DE ratios |
white s} ®1.0
yehow X13wls
80+ 8171019 1
Q211023
3 o P
blue ‘
60t 5 1
ofange
! ofange
L o
' hiue
40 1
a X red
s biue
B x X violet b ’
X biue purple M ot ,
zor bluc '
e ® navy. -
biach ' ‘
ol RS -
0 20 40 60 80 100

Figure 8

.Metric chroma C* ., -

longest limit-.-.
shortest limit

in an L*=C* diagram

Max DE ratios (

i




-
. i ‘ : - . n
Pl “ ';‘.“'.‘ Yo

’ We have brlefly listed the maln problems assoc1ated

-,wlth tolerance SPElelcatlon. What 15 than the answer to

_the questlon. how much is acceptlble in CIELAB or FMC o~;l;\5n. -:

Hunter unlts:

4

There is no straight answer to that queStion.11tihas'f’:

to be evaluated individually, for every end-use, for every .

customer, for every colour. The detaled methods of how to

go about setting tolerance limits go far beyond the scope of,;iffff

this paper, but there is a list of up-to-date papers below,‘*;'
wnich contain hints on how to go about_sett;ng toleranbeg-
limits. The final answer cen only be given by those,'wheb_l
are willing to collect a great numper of samplee around eéch
standard colour, measure the individual differeneesAin

a uniform colour space (preferably CIELAB), eveluaté‘thev

results with strict mathematical statistical treatment,-

compare these measured values to visual pass/fail éeciéions,fv ;

and thus establish the acceptibility contours around each
colour. It is a very time-consuming task, but the :éwa:d-isﬁ"
more consistent pass/fail evaluation, less unnecessary reject
and anustified eccepts, in short:better performance in the

dyehouse and in quality control.

Recommended references

Taylor, P.F.: Colour instrumentation in Europe; a colour

grading and sorting system,

Trans. Amer. Soc. Quality Control, 5 (1977-78) 67-90

McbDonald, R.: Industrial Pass/Fail Colour Matching I-II-IIT
J. Soc. Dyers and Colourists 96, 7-9 (f980)

Part I. pp. 372-376; II. pp., 418-433 III, pp. 486~

Jaeckel, S, M. - Ward, C. D.: Practical Instrumenta; Colour
Quality control - the HATRA experience

J. Soc. Dyers and Colourists 92, 10 (1976) "353-363




The Friele-MacAdam-Chickering colour difference formula:

AE(F\!C 1) = [(AC)’ + (aL)re

. Where oo A
-AC = KlACg N and AL = K;AL;
: ACx AN o (PAP +QaQ)
Ac"[( . ) +( b )] and  Ah= ST ym
(@AP — PAQ) __ SaL .
aC,, = —-—_—(P’ Toyw and aly = _—_"—(F FQuin - AS» A
aL =" :.:AL,

K, = 0.55669 + 0.049434Y — 0.82575 X 10— + 0.,5172 X 10-Y?

~ 0.30087 X 10-7Y* '

K = 0.17548 + 0.027536Y ~ 0.57262 X 10~°Y* + 0.63893 X 10-*Y* '
® — 0.26731 X 107y
o T3X 08P + QY
(U + 2730 (P + Q)]
b= 3,098 X 1073(57 + 0,201512)
1 = 0.724X + 0.382) — 0.008Z

0= 048X -+ 137Y + 0.1276Z . - . S T
o N = 0.6367Z

X. ¥ £ being the tristimulus values for either of the two colors constituting .. *
the difference to be evaluated, and 3P, AQ, AS being the Jxllcrcnscal
between the values of £, Q. and § for these twu colors,

. The Hunter colour difference formula:
DE (Hunter) = /DL2 + Da2 + Dbz/}s
where e _
S R ST 7.7 (T 02X-Y) 7.0 (¥~.8472)
L= 10 ﬁ ;  a= ; b=

Y v

[P}
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APPENDIX 2, °

_Formulae for calculating CIELAB coordinates from tristimulus

Desiquaxions -
i
* psychometric lightness
a® o T , red-greenaxis ’ o e
b* . » yellow=-blue axis .
c* ‘ .
ab : psychometric chroma '
e . v hue angle
ab
DL”, chb, Dﬁgb : differences in respective quantities

b = ﬁa”)z +(o") 2] V2 | B

DE:b-: total colour difference in CIELAB units

X, Y, 2 : CIE tristimulus values ' . o0

xo, Yo' Zo : CIE tristimulus values for absolute white, for the
- 1931 CIE 2° Standard Observer and
Illuminant C the respective values are

¥o=98.o41 H Y;léo.boo; 27118.103

Formulae

| o
L

* = 116(v/x)/3 - 16 if /¥ > 0.008856

903.29.¥/¥, , if ¥/¥ & 0.008856 -

x 1/3 1/3] .

a Soo[(X/xo -(Y/!o\ | 1 if x/x°>o.008856
- i &

3893.5 (x/x_ - ¥/¥))  if X/% < 0.008856

p* = 2oo&¥/y°\‘/3 -(z/z;’”] if 2/1,> 0.008856 | ,
1557.4. (¥/¥g = 2/25) -+ %-2/25% 0.008856 ’

o, = arc tan (b*/a*) . | W,
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prmt e Worksheet' 3[& "E.“T"“?*4¢4E;;“,mu

Colour difference measurement and calculation‘

X . ,
woven woollen fabric _ " !

-

Substrate:

Samplevpair ’ Hunter . CIELAB -
L a b ). v at Y J(C:b)
460 (-2 [ 308 [ 3.2 | #4.2 | -4.8 S8 | 46,4
1 Yellow T |Tgew T-24 | 303 [ 304 | 348 [ =30 | uu t | 4u.2
. 1]]5%8_{ 28N | %5 | 234) 606 | 3os| 9.5 | 33
2, Pink T gae {250 65| 25a] 58.9] 2%S| &3 | 28%
a2l 2.8 v2] ] vo.6| 462 ] 442 ] 103
3 Kediftun;H'QTH 16| 5.5 28] 3t | 4wn | 26| ¢
, ligwt ) szl D6} Y] SR 49.01 4.8 2%y 288
-brownm 211 3{.0 4.6 1 14.5 1.2 42.5 .2 25.| 262
4] 40.% .S 4.5 . . ' '
s Gres T il o] Tealene| | il S




N ‘ ) . : APPENDIX 3
Worksheet 3/b
Sample pair Hunter CIELAB PMC - II
" DL pc | DH DE pL* Dc: b DH:b DE: DL DCRG | DCYB DC DE
Yelow ||-07| 04 [ 43 [ 4% Joc | 1.9 | 4.5 |25 |48 |5} |-28 | 4¢ |50
Pink 42| 3.5] o0 | 3.3 " A3 32 0% | 3F [-ud |-ve |-18 ] e | Yo
Reddish ~4.8 {9] 2.0} 28 JL 13] 2.9 . & 319 |-42 |-¢5 |-\~ 1.9 8.9
brown . v
bt ol e2f-oal 4t el s |-2.4] 40 | Fo [-1yy | 88 | Go |l |1heg
Grey -od| 00| 02| 0.2ff-04]| 00 | 00 | 04| 08] 0o | 00| 00| 03




Worksheet 3/c

Worked example of calculating colour differences

Substrate: woven woollen fabric Formula: CIELAB

N R -
zValues for, YELLOW pair; 4 ; 2 .

X T R T

xlx, ~ 0.4s22% 0.4¢949

A o odewy  0.FFRT

, Y | - 4%.0 Yo

. yly, g* Q.H}OOo j o-ﬁgboé':

AR o 0. 18293

z T Y

z/2, S oolesH oI :

__@r)* 0540 | b 0.56232.
oLt I A 4.8

B S 3 S “30 . ..
I bt | ys.s o hhaA
Caw Ged G4.2

aL* -0.6 |

) ‘

4Cq -~ 1.9 |

! * ! :

oMy Y~ *
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ANNEX No, 6,

Yo lission Report

Egypt, 26 October = 24 December 1981

DP/EGY/77/008

by Dr, Robert Hirschler

Major manufaciurers of colour measuring equipment in

Europe and the United Statese.

APPLIED COLOR SYSTEMS INC,

in Europe
DATACOLOR AG

DIANO Corp.

in Europe

GARDNER INSTRUMENTS

in Europe

HUNTER ASSOCIATES Laboratory,

in Europe

IBM Instrument Systems

in Europe

P,0, Box 5800, US Highway Ome
Princeton, N,J. 08540 USA
Erlbriiggerstr,2a, D=43T70 larl
West Germany

CH-8305 Dietlikon = Zurich
Brandbachstrasse lo, Switzerland

8 Commonwealth Avenue Woburn,
llass, 0180l - USA

Pausch Beratung, Eisenbahnstr,28.
D-5657 Haan 1, Vest Germany

P,0, Box 5728, 5521 Landy Lane,
Bethesda, laryland 2o00l4 US4
Hans Grimm LABORTECHNIK
D-8232 Bayerisch Gmain,

Weissbachstr. 19 b, Vest Germany

Inc, 11495 Sunset Hills Road
Reston, Va, 22090, UsSA
BFO =~ Pogtfach 1370

D-6482 BAD ORE, West Germany

System Product Division
looo Westchester Avenue,
White Plains, N.Y. lo6o4
IBM Deutschland Gbml,

DV Branchezentrum, Diisseldorf,
Vest Germany

UsSA
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INSTRUMENTAL COLOUR SYSTEMS 13 Bone Lane, Newbury
Berkshire RG14 5TE, TUX

Macheth division of KOLIMORGEN Corp. Drawer 950,
Iittle Britain Road,
Newburgh, W.Y. 12550 UsA

PRETEMA AG CH=~8903 Birmensdorf-Zurich
Switzerland







