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When programming a dyeing machine, a sequence of colours has been established in an attempt to
reduce the effects caused by dye residues on the colours that are subsequently appiied. In this paper
a model is presented that makes it possibie to determine the optimum sequence. Using a
optimisation method, the sequence that minimises the sum of the photocolorimetric differences
between the colours required and those cbtained has been determined. In order to estimate the
change that each colour undergoes due to the presence of residual dye in the dyeing equipment a

computer calculation method has been adopted.

INTRODUCTION

As in other industrial sectors, the textile industry is subject
to a growing demand for improved productivity and
product quality. Competition generated by the process of
market liberalisation is forcing companies to adapt their
prices to international levels, to improve actual and
perceived quality and to provide quick response to
customer requirements.

In fabric manufacture, dyeing and finishing play a
particularly significant part in the perceived quality of the
products designed. In recent years, this segment of the
industry has seen important technological progress in
areas such as spectrophotometry, colorimetry, micro-
electronics and computing. These elements are important
in establishing useful formulae to achieve instrumental
colour matching. However, there are a number of
additional factors that can cause the colour obtained to
differ considerably from that desired, and one of these is
the presence of residues from previously used dyes, which
can contaminate the dyeing equipment.

Dyers receive orders from clients to dye fabrics in sets of
various colours. An ordered list is subsequently made for
the colours that will be successively applied. The choice of
sequence is made by technical personnel on the basis of
the ‘lightness’” and ‘cleanness’ of the colour, and of course
their own experience. This kind of procedure is rather
different from a fully quantitative consideration of the set
of colours as a whole, in order to achieve the best possible
sequence, since for ten colours alone it would be necessary
to consider 10! (i.e. 3 628 800) different sequences.
Consequently quality can be lost through higher levels of
contamination, and costs increase because the equipment
requires more frequent cleaning,

The importance of having a method to find the
optimum colour sequence, and thereby reduce the effects
of contamination, is clear. In this paper we present a
model that makes it possible to quantify the difference

between sets of colours. It also permits the use of
optimisation methods for finding the dyeing sequence
that will reduce the differences between a set of colours
obtained and that desired to a minimum. Finally the
results obtained were presented to experts for their
opinion.

COLOUR MEASUREMENT

Three elements come into play in the definition of a
colour: the energy of the light source, the refraction of the
sample and the perceptual response of the observer.

Of course, it is possible to obtain a reliable measure-
ment of colour through a spectrophotometer. However, a
numerical form must be given to the human sensation of
colour and this must be related to the spectrophotometric
values. One of the most serious problems encountered in
colour measurement is the fact that, in the last analysis, the
human eye is always the ultimate judge. Beyond the
sophistication of instruments or the complexity of the
mathematical formulae applied, there will always, at some
stage of the process, be someone who must look at the
colour and decide whether to accept or reject it.

The first significant advances made towards giving a
quantitative form to the human sensation of colour date
back to 1931, and were made by the Commission
Internationale de l’éclairage (CIE), which established a
trichromatic system for defining colour, and published
three families of curves to cover the entire visible
spectrum and represent human colour vision. Through
custom-designed experiments, it established the standard
observer and also specified the energy spectrum of several
light sources, both daylight and artificial [1,2]. The widely
accepted CIELAB system was used in the present work.

However, the CIE’s system of specification, which is
based on how the eye perceives a mixture of the three
primary colours (red, green and yellow) makes it difficult
to establish quantitative relationships of colour differ-

JSDC VoruMme 112 Decemser 1996 361




ences. The system that is most widely accepted at present
is the opposing-colour system proposed by Hunter. Its
importance resides in the fact that it permits the use of
colour-difference equations.

MODEL

After dyeing a fabric, most of the dyestuff used becomes
an integral part of the fabric, but a fraction remains in the
bath and in the dyeing equipment. The quantity used up
in the process depends upon the type of fibre, the nature
of the dye and operational parameters such as time and
temperature. The unused fraction represents a contamin-
ating element, which affects subsequent dyeing processes.
In other words, the colour of the fabric dyed afterwards
may differ from that desired, owing to the presence of
residues from dyes which have been used previously.
Although, in theory, a new dyeing process is affected by
all the processes carried out before it, in practice it is
enough simply to consider the presence of residues from
the dyeing process which took place immediately
beforehand.

The extent to which residues alter the colour of the
subsequent process (under identical operating conditions)
depends on the colour of the residual material and the
colour of the new dye. From the point of view of the
consequences for the dyeing process, each pair of colours
represents an asymmetric pair. That is why technicians
aim to reduce the consequences by dyeing first of all with
light colours and then with dark.

Given a set of n colours Cy, G;,... C,,, when dyeing with
colour C]- after dyeing with colour C;, colour C} is obtained.
In this paper the absolute value of the difference between
the CIELAB coordinates L}, 4} and bj for the colour C;
obtained and the coordinates L,a;, b, of the desired colour
C; is indicated by the term AC;;. All the AC;; terms taken
together represent the matrix of differences or the costs
matrix.

Each sequence of # colours to be dyed corresponds to a
permutation x of the set {1, 2... n}. Therefore a permu-
tation = = [x(1), (2)... z(n)] defines a sequence of colours
to be used, (1) first, n(2) second, and so on. If !
represents the inverse of a permutation =, then #71(i) is the
position of colour C;in the sequence of colours to be dyed.

The problem of finding a sequence of colours to
produce the minimum difference between the desired
colours and those obtained may thus be formulated as a
problem of so-called ‘combinatorial optimisation’ [3], a
technique that can be used to find a permutation that
minimises the cost function [4] (Eqn 1}

n-1
z2(m)=Y Am(i) m(i+1) (1)

i=1

COLOUR DIFFERENCES

According to the model developed, each colour (; is
affected by the residues of the colour C; previously
applied. The quantity of residues remaining in the
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equipment depends on the equipment itself and the
materials involved; in each case this can be determined
experimentally. The experiments carried out showed
contamination amounted to approximately 1% of the dye
used in the equipment used for the present work. The
procedure used to determine this is described below.

Circular-knit textured polyester fabric was dyed with
disperse dyes (colour C;) using clean equipment, and then
the same type of fabric was dyed with colour C; after
dyeing fabric using colour C;. The equipment used was a
jet dyeing machine at 130°C. The difference in colour C;
between each colour C;and its equivalent colour C; was
determined in eight tests using a photocolorimeter. The
value obtained was found to corresponded, on average, to
contamination of level of 0.985% of the amount of dye
used.

On the basis of the above, the differences between each
colour Cj, obtained with cleaned equipment, and colour
C’j, obtained using contaminated equipment, were
determined, adding the 1% of the formula for the colour
Ci. The following procedure was used to obtain these
differences.

Measurement

— The C;, C,... C, values of the original samples were
measured

— Dyeings were carried out

— Alevel of 1% of each formula was determined in order
to use this as the contaminating factor

Synthesis

— Each sample was dyed, with a 1% allowance corres-
ponding to each contaminating colour included

— Each new value was recorded

Colour differences

- The values of each colour desired were registered as a
standard reference, representing the contaminated
samples of that colour

— The CIELAB values of each colour and the AE values
between the desired colour (standard) and each of the
contaminants were obtained

Table 1 shows a list of the ten colours used and their
CIELAB coordinates, while Table 2 contains the matrix of
colour differences, as determined with the equipment
mentioned.

OPTIMISATION

Once the AC; matrix of differences had been established,
the problem of optimising the relationship arose [1]. In
principle, an exhaustive analysis can theoretically be made
of all the permutations, calculating the cost of each and
selecting the option with the lowest cost. However, this
kind of procedure is generally impractical and impossible
to apply when the number of colours increases. For
example, it might typically take 15 min of computer time
to calculate the optimum sequence for eight colours, but



Table 1 CIELAB values of colours used in
the present study

Tabte 2 Matrix {AC;) of colour ditferences

Colour

no. L a b* 1 2 3 4 5 6 7 8 9 10
1 96.56 —23.07 68.93 1 000 021 007 012 007 020 1.28 0.22 0.05 0.22
2 81.70 4.90 84.71 2 59t 0.00 018 042 038 131 722 118 0.23 1.39
3 57.61 3527 63.59 3 1503 1.98 0.00 062 0.34 1.15 650 0.99 0.16 1.22
4 54.21 46.20 38.64 4 2012 395 031 000 0.08 047 2.34 125 0.08 0.38
5 38.69 52.73 26.16 5 4284 1671 189 0.82 0.00 0.60 3.32 742 055 2.07
6 20.67 20.24 -25.63 6 46.33 28.01 11.66 11.69 5.78 0.00 2.64 8.04 0.65 3.26
7 41.17 1.25 -40.97 7 2138 1436 741 833 4.63 0.17 0.00 0.89 0.06 0.46
8 48.98 -36.38 10.19 8 1469 1149 659 7.72 495 048 1.31 0.00 0.12 0.44
9 20.26 -9.64 -1.32 9 3928 3215 1994 21.00 13.19 1.13 4.77 3.10 D.00 1.29
10 39.47 -3.61 -2.49 10 1686 828 380 438 224 022 1.00 082 0.05 0.00

Table 3 Optimum sequences and comparative costs

Optimum Proposed

No. of Relative Relative Process
colors  Sequence cost (2) Sequence cost {7) time (s)

4 1243 0.94 1234 1.01 <1

5 12345 1.09 12345 1.09 1

6 123456 1.69 123456 1.69 3

7 1235476 4.06 1234567 4.33 19

8 12543876 419 12345678 5.22 115

9 125438769 4.84 123456789 5.34 797
10 12354(10)8769 4.88 123456789(10} 6.63 3926

for nine colours the time would extend to 2 h, and for 15
colours it would be eight centuries!

In this study, the optimum permutation was deter-
mined using a simple branch-and-bound method [5]. The
optimum permutation, i.e. the one that minimised the
value of z(z) in Eqn 1, was obtained for eight colours in
115 s on a 33 MHz 386 microcomputer. Table 3 shows the
optimum colour sequences and the relative costs z
obtained through the optimisation process, as well as the
cost of the sequence proposed by the panel of experts, and
the time necessary to obtain them, with series of between
four and ten colours.

The series obtained with the optimisation algorithm
were presented to the panel of experts for scrutiny. For
some short colour series agreement was 100%. For longer
series there were differing opinions among the different
experts consulted; but they always appeared to consider
the sequence obtained through optimisation to be
suitable. For long series the cost obtained by the optimis-
ation method was lower than that of the sequences
proposed by the experts.

CONCLUSIONS

The proposed model for optimising dyeing sequences
relates the difference between dyed colours to the
sequence of colours used, assigning values in terms of the

difference in colour coordinates. On achieving an opti-
mum colour sequence, in terms of minimising the
differences between the colours obtained and the colours
desired, the quality of the final products is increased.
Furthermore, by reducing the differences between the
colours requested and the colours obtained, there is a
reduction in reprocessing, and this has a positive and
direct impact on costs. In this paper, we have resolved the
problem for up to ten colours, using a method of
combinatorial optimisation. If the number of colours
exceeds ten, more sophisticated methods of combinatorial
optimisation should be used.
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CORRECTIONS

Optimisation of the colour sequence in the process of
fabric dyeing, by L Morales, F Maldonado, R Radillo and
A Ciurlizza
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p.361 The authors’ affiliations are the opposite of those
indicated, i.e. L Morales is at the Universidad
Nacional Auténoma de México, and vice versa.

p.362 Col2,111 The term C;should read AC;;

p.362 Under the heading ‘Optimisationy’, the second line
should read: ‘the problem of optimising Eqn 1
arose. In...".



