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Foreword 

The number of books on colour which are being published each year is a clear 

indication that the subject is very much alive and that it is being studied in ever- 

increasing breadth and depth. Certainly no one can read this book by Keith 

McLaren without being struck by the vitahty with which he treats his subject 

and by the breadth and depth of his own understanding of it. He takes us from 

Stone Age man to microprocessor robot, and en route deals with the physics and 

chemistry of dyes and pigments, the visual processes by which their colour is 

perceived, the instrumental and computer techniques available to industry for 

the measurement of colour and the prediction of the results of colorant mixture, 

and finally with those knotty problems that have been with us for so long, the 

specification of colour differences and the measurement of colour appearance. 

In aU these fields Mr McLaren writes with the authority born of experience 

and I cannot think of anyone better qualified to cover the subject so effectively. 

After extensive industrial experience in the Dyestuffs Division of Imperial 

Chemical Industries, he moved to Instrumental Colour Systems where he has 

been very actively involved in the development of colour measuring instruments 

and their efficient use by industry. He has been a leading figure in the Society of 

Dyers and Colourists and his contributions to its activities have been recognised 
by the award of the gold medal of the Society and the research medal of the 

Worshipful Company of Dyers. In further recognition of his ‘outstanding contri¬ 

butions to the study of colour fastness and colour measurement of textiles’ the 

Society also elected him an Honorary Fellow in 1970. Internationally, he has 

played a very important part in the work of the Colorimetry Committee of the 

Commission Internationale de I’Eclairage, especially in the discussions leading to 

CIE recommendations on uniform colour spaces and colour difference equa¬ 

tions. At the time of writing this Foreword, he is just completing his two-year 

term of office as Chairman of the Colour Group (Great Britain). 

Now through this book his influence will extend to a still wider audience of 

colour scientists and industrial colourists, to the great benefit of us all. We have 

much to thank him for. 

W D Wright 
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Preface 

Colour has fascinated Man since the dawn of civilisation as it was people of the 

Old Stone Age who painted hfeUke figures of animals in many shades of red, 

yellow, brown and black on cave walls. During the Bronze Age the art of dyeing 

was discovered and since then pigments and dyes have provided most of the 

colours of the man-made world. This world of colour involves many different 

branches of science. 

It is, of course, the chemical structure of the colorant which governs its 

colour which appears as a result of the interaction of light and matter — photo¬ 

physics. Such interactions are also capable of destroying not only the colorant 

(fading) but also textile fibres (tendering). This is the realm of photochemistry. 

Light absorbed by any one of the four pigments in the retina of the eye results 

first in a change in cell potential followed by a signal being sent to the visual 

cortex in the brain — neurophysiology. How the brain interprets these neural 

signals brings us into the realm of psychology and the fusion of this with 

physics, psychophysics, has provided us with a method of measuring the million 

or more colours the eye and brain can perceive. The science of colour measure¬ 

ment has also made it possible to predict how much of which colorants would 
have to be mixed together to match any one of these colours to an accuracy 

which at least equals that of the professional colourist. 

This book gives an overview of all of these scientific and technological aspects 

of colour, but does not attempt to give a comprehensive account of any. The 
number of references which have not been mentioned are many times greater 

than the number which have. 
Many individuals have, directly or indirectly, helped in the writing of this 

book and I would particularly express my thanks to four of them: to the late 

Deane B Judd whose many pubUcations on colour widened my horizons beyond 

those of a colour chemist; to W D Wright without whose encouragement this 

book would never have been started and whose detailed comments after reading 

the original manuscript resulted in many improvements; to my chairman, 

A C Perry who provided me with the opportunity to write it; and to my wife. 

Patience, who converted my badly written manuscript into an acceptable type¬ 

script. 

K McLaren 
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1 
A Brief History of the Development of Colouring 

Matters 

1.1 THE DEVELOPMENT OF PIGMENTS 

The idea of using naturally occurring materials solely on account of their colour 

first arose during the Old Stone Age when Neanderthal man dominated Europe 

between 180 000 and 30000 BC. Towards the end of this period these peoples 

began to bury their dead and the excavation of several of their burial sites has 

revealed that red ochre (anhydrous ferric oxide) had been placed on the cranium 

and breast of the corpse. After Neanderthal man had become extinct, his 

European successor, Cro-Magnon man, used much larger amounts of red ochre in 

burial rites and caves have been discovered where large quantities — several 

hundred kilograms — had been stored. It is generally accepted that Stone Age 

man associated the colour of red ochre with that of life-giving blood and the 

importance of red as a colour is clearly shown by the fact that whenever a 
language has developed to the stage at which colour-names are devised, the first 

is always a word for red (Berlin and Kay 1969). 
Cro-Magnon man, however, made a much more important discovery: the art 

of painting as displayed in the famous cave paintings of Lascaux in the Dordogne 

region of south-western France. Remains of charcoal in the oil lamps used by 

these painters have been carbon-14 dated at about ISOOObc. They blended 

yellow and red iron oxides, soot, black manganese oxide and white porcelain 

clay to give the desired colours and mixed them with cave water which has a 

naturally high calcium content ensuring good adhesion and great durability. 

The paints were then applied to damp, smooth cave walls with brushes made 

from macerated twig tips and bundles of bison hairs to depict deer, horses, 

cattle, ibex and bison (Leroi-Gourhan 1982). 
For the next ten thousand years, no developments concerning pigments and 

paints occurred but with the first civilisations of Mesopotamia and Egypt, artists 

were able to produce a much wider range of colours. The colours most con¬ 

spicuous by their absence from the Cro-Magnon cave paintings were blues and 

greens but both became available to Egyptian painters. The most famous blue 

pigment used by the Egyptians was ultramarine. This was derived from the 

1 



2 The Colour Science of Dyes and Pigments 

mineral haiiyne (sodium/calcium aluminium silicate) which is mainly responsible 

for the colour of the gemstone lapis lazuH, both being mined in Afghanistan in 

4000 BC. Three green pigments were used — terre verte which was derived from 

glauconite (potassium/aluminium/|ron/magnesium silicate), malachite (copper 

carbonate/hydroxide) and chrysocolla (copper siHcate). Bright reds and yellows 

were also missing from the pigments used by Stone Age artists but the Egyptians 

used orpiment (AS2S3) a bright lemon-yellow mineral and realgar (AsS) a bright 

red. They were also the first to make pigments which did not occur naturally — 

white lead (lead carbonate), red lead (Pb304), lead antimoniate (yellow) and, 

most important of ah, Egyptian blue which was made by heating malachite with 
sand, chalk and soda. 

The following Greek and Roman civilisations, though exploiting to the full 

the pigments known to the Egyptians, appear to have added only one of their 

own, the bright red cinnabar (HgS), and it was not until the twelfth century 

that another pigment was produced. This was a blue pigment, indigo, and in 

many ways the history of the development of blue pigments is the most 

fascinating of aU and worthy of special consideration. 

Blue pigments 

We have already seen that natural ultramarine had been in use since 4000 BC and 

that the Egyptians had introduced the cheaper Egyptian blue. Unfortunately, 

however, the art of making Egyptian blue had been lost completely since the 

time of the Romans and was not rediscovered until this century. The expense of 

ultramarine hmited its use to small but important areas in paintings and when 

the dye indigo was first imported into Europe in the twelfth century, its dark 

blue colour and its insolubility in water led to it being used for hundreds of 

years only as a pigment, its major defect being its lack of permanence. In the 

fifteenth century it was augmented by the manufacture of a vitreous pigment 

containing cobalt called smalt but this, although permanent, was coarse and 

lacked intensity. In 1704 a very much better blue pigment appeared which was 

discovered as the result of a lucky accident. Diesbach, a German paint manu¬ 

facturer, made his own aluminium hydroxide which he used to form a lakef 

with the dye cochineal. On one occasion, instead of obtaining a white precipi¬ 

tate, it was blue and the cause was traced to the alum containing an iron salt 

and the caustic potash containing potassium cyanide which reacted to form 

complex potassium ferri-ferrocyanide which was marketed as Prussian blue. This 

is stHl a major pigment though it is only borderline in respect of its permanence. 

Prussian blue was not, therefore, an adequate substitute for ultramarine and 

in the early nineteenth century the French government offered a prize for the 

development of a method of producing it synthetically. Just as the discovery of 

Pmssian blue was serendipitous, so was that of synthetic ultramarine. In 1787, 

t A lake is a pigment prepared by precipitating a soluble dye as a metallic salt or acid 
complex, sometimes in the presence of an inert substrate, the latter forming an integral part 
of the product. 



History of the Development of Colouring Matters 3 

Leblanc developed a process for making soda, one stage being to heat sodium 

sulphate with coal and Umestone. On one occasion a blue encrustation was 

observed on the walls of the furnace. Following extensive research a method of 

manufacturing this blue substance was discovered which turned out to be similar 

in composition to ultramarine whose molecular structure has still not been de¬ 

termined although it is closely related to the zeolites and contains sodium, 

calcium, aluminium, silica, sulphur and oxygen. Synthetic ultramarine then 

became the standard blue pigment for artists but it has one major defect, its 

ease of decomposition by acids which limits its use in paints for protective 
coatings. 

In 1901 another important blue pigment, in dan throne, was discovered acci¬ 

dentally but it will be more convenient to consider its origins in §2.3. 

The latest and undoubtedly the last stage in the search for the ideal blue 

pigment was the result of yet another chance discovery. The dyestuff inter¬ 

mediate phthahmide was made by Scottish Dyes Limited by heating phthalic 

anhydride and ammonia in an enamel-lined cast-iron autoclave. In 1928, several 

batches of phthahmide were found to be discoloured and from these a dark 

blue crystalline substance containing iron was isolated, the iron having come 

from a minute crack in the Uning of the vessel. This compound was remarkably 

stable and was found to have an entirely new stmcture, phthalocyanine. When 

the Iron atom was replaced by copper a bright greenish-blue pigment having 

twice the tinctorial strength of Prussian blue and 20-30 times that of ultra- 

marine was produced. It was marketed as Monastral Blue B by ICI in 1935 and 

has since become the most widely used blue pigment as its only defect is a 

tendency to ‘bronze’, i.e. at certain glancing angles its colour may appear brown. 

Pigments of other colours 
The development of pigments of colours other than blue followed similar lines. 

The early pigments usually possessed certain technical limitations, or were too 

expensive, or were poisonous and they were eventually replaced. Even so quite 

a number of ancient pigments are still important today, though much improved 

in quahty. Among these pigments are white lead, various iron oxides (oclires) 

and carbon black. The number of available pigments increased exponentially 

following the discovery of the first synthetic dye as many of them could be 

converted into lakes: the lake of Perkin’s mauve, for example, was used to print 

the sixpenny hlac stamp of 1868. Other synthetic colouring matters did not 

require conversion into lakes. For example, many azo and vat compounds were 

both dyes and pigments so that today organic pigments outnumber inorganic 

pigments many times over. Few of those in use during the first half the nine¬ 

teenth century were rendered obsolete, however, and they still possess features 

which have never been imitated by organic pigments. 
Until the eighteenth century, the technical properties which an ideal pigment 

had to possess were those making it suitable for artists who inevitably ground 
their own pigments in whichever medium was being used. During that century. 
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however, paints became widely used on structures for decorative and/or pro¬ 

tective purposes and the pigment’s suitability for use in such paints became the 

most important criterion. Pigments which are far too expensive for domestic 

paints, such as cobaltous stannat^ (cerulean blue), are still manufactured for 

artists’ use. Pigments are also extensively used today in printing inks, car 

finishes, stoving enamels and plastics. 

1.2 THE DEVELOPMENT OF NATURAL DYES 

After the technique of weaving had been discovered in about 5000 bc it was 

inevitable that attempts would be made to colour fabrics using the wide range of 

pigments which were available. These early attempts were not particularly 

successful because the pigment particles were merely held mechanically between 

the fibres and were removed by rubbing or flexing and particularly by washing. 

In the fifteenth century pigments were being permanently apphed to fabrics by 

a technique resembhng painting, the pigment being first ground with resin or 

hnseed oil. This technique was quite unsuitable for fabrics in general, however, 

because the coloured areas were stiff and the paint was prone to cracking if 

flexed. By the end of the seventeenth century hnen dyers had discovered how to 

form basic copper acetate inside the fibre which produced green shades free 
from these defects. Later other mineral pigments such as Prussian blue and 

manganese dioxide (which imparted a bronze colour) were formed in situ by 
textile printing methods. 

Bronze Age man, however, discovered a completely new class of colouring 

matters which could be applied to textile fibres with none of the defects which 
hmited the usefulness of pigments: members of this class are called dyes. 

Though which dye was the first to be discovered can only be a matter of 

speculation, it is highly probable that it was one of those occurring in brightly 

coloured flowers which could be extracted by water alone to give a coloured 

solution from which the colour could be transferred to one or more natural 

fibres directly, i.e. by mere immersion. Such dyes are termed ‘substantive’ and 

a hst of those which have been identified on ancient textiles is given in table 1.1. 

These dyes were, however, very fugitive. If exposed to a few hours of bright 

sunshine the colour would have faded completely and washing would also 

Table 1.1 Ancient dyes possessing substantivity. 

Dye Plant of origin Fibre Colour 

Anatto 
Henna 
Safflower 
Saffron 

Bixa Orellana 

Lawsonia alba 

Carthamus tinctorius 

Crocus sativus 

Animal and vegetable 
Animal 
Animal and vegetable 
Animal 

Orange 
Orange 
Red 

Silk — golden yellow 
Wool — orange 
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remove all of the dye. Archaeological discoveries at Mohenjo-Daro on the banks 

of the Indus, however, include pieces of red cloth which have been dated at 

about 1700 BC and the dye used has been identified as madder whose fastness 

properties are excellent even by modern standards. Though by no means com¬ 

parable in importance, the discovery of the madder dyeing method must surely 

rank with the discovery of bronze itself in ingenuity. 

Madder occurs in the roots of Rubia tinctorum as a glucoside which is hydro¬ 

lysed when the dead roots ferment under damp conditions. This process 

generates ahzarin (I). Occurring widely in the valley of the Indus are colourless 
crystals of alum, and Bronze Age man must have noticed the intense red colora¬ 

tion occurring when alum was added to an extract of fermented Rubia roots. 

Bronze Age dyers then discovered that if cotton fabrics were immersed in a 

solution of alum followed by immersion in an extract of wood ash (which is 

alkaline) the fabric could be dyed red by steeping it in a hot solution of ahzarin. 

o 
II OH 

The effect of the treatment with alum followed by alkah was to deposit 

aluminium hydroxide in the fibre which in the dyebath combined with the 

ahzarin to form an insoluble red lake. This pre-treatment is cahed ‘mordanting’ 

and its discovery was crucial to the development of natural dyes because so few 

have any affinity for textile fibres, and most of those which possess some 

affinity gave much faster shades on mordanted fibres. Alum remained the most 

important mordant throughout the whole of the natural dye era but salts of 

other metals were also used to give different shades or better fastness properties: 

for example, iron and copper salts were in use by the first century ad, tin was 

introduced in the seventeenth and chromium in the nineteenth century. 

Until 1869, when ahzarin was synthesised (an event of extreme importance in 

the development of synthetic dyes), madder remained one of the most im¬ 

portant natural dyes for cotton and hnen especiahy when applied by the Turkey 

red dyeing method. This involved up to twenty separate stages of scouring, 

mordanting, dyeing and aftertreating which lasted for a total of about a month. 

Only fibres of the highest quahty could withstand such processing and this fact, 

together with the high fastness obtained, resulted in Turkey red dyed fabrics 

acquiring the reputation of being virtuaUy indestructible. Greece was the centre 

of Turkey red dyeing in the seventeenth century and the methods used were not 

known to the dyers in western Europe. Weavers were therefore forced either to 

import dyed yarns or to send their yarns to Greece for dyeing. The French 

discovered the secrets of this method in the middle of the eighteenth century 

and established Turkey red dyehouses in Rouen and other towns. One stage 
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involved exposing the dyed cloth to sunlight and the area surrounding the site of 

one such dyehouse at MuUiouse-Dornach is still known as ‘La Mer Rouge’. 

The Turkey red dyeing process produces in the fibre a complex of alizarin 

containing both aluminium and calcium, its formula being CaAl(OH)(Az)2 

where Az represents the alizarin molecule (I) minus two hydrogen atoms (Kiel 

and Heertjes 1965). 

From the early beginnings in the Bronze Age, dyers discovered many natural 

dyes from the plant and animal kingdoms — BruneUo hsts about 300 (BruneUo 

1973) but in this brief history mention can be made of only those the author 

considers to be the most interesting, namely indigo, kermes, cochineal, logwood 

and Tyrian purple. 

Indigo 

Amongst the most ancient textiles ever discovered are those which have been 

dyed blue with indigo (II) whose precursor, indoxyl (III), is contained as the 

glucoside mdican in the leaves of two separate species — Isatis tinctoria which 

grows widely in Europe and is commonly called woad and Indigofera tinctoria 

which is indigenous to India. When the dead leaves of these plants ferment, 

indican is hydrolysed to indoxyl which is readily oxidised by air to indigo. This 

OH 

1 
OH 

(IV) 

technique was used by the Ancient Britons to obtain woad which they used to 

stain their bodies. Fermentation also causes reduction of any indigo which has 

been formed to pale yellow leuco-indigo (IV) which is soluble in alkali and 

possesses substantivity for aU natural fibres. Like indoxyl, leuco-indigo is readily 

oxidised by air to indigo and, after immersion in the dyebath, the fibres are 

squeezed and allowed to oxidise in air when the characteristic blue colour is 

formed. The operation of reducing indigo in an alkaUne solution was carried out 

in large vats and this method is termed ‘vatting’. Indigo was the only natural dye 

which required vatting and was one of the few whose fastness properties were 
not improved by mordanting. 

Indigofera leaves contain much more of the glucoside of indican than isatis 

leaves and in India, where indigo dyeing originated, fermentation was not 
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capable of reducing all the indigo formed by air oxidation. The separated indigo 

was therefore vatted by a chemical method using arsenic sulphide (AS2S3) and 

wood ashes. There are no records to indicate how this unusual method was 

discovered. One possibility is that as arsenic sulphide was used as a bright lemon- 

yellow pigment, orpiment (auri-pigmentum), it might therefore have been used 

with indigo to produce green pigments which might have become alkahne 

accidentally, the disappearance of the blue component then being observed. 

Indigo began to be exported from India to Europe in the twelfth century but 

as mentioned in §1.1 it was originally used only as a pigment, the first mention 

of its use as a dye being by Marco Polo at the end of the thirteenth century. It 

was then being used by Venetian dyers but in virtually every other European 

country, including England, its use was bitterly opposed by the woad growers 

and various laws were passed prohibiting its use. This opposition began to 

crumble when the opening of the sea-route to India in the beginning of the 

sixteenth century resulted in greatly increased quantities being available at a 

much lower price. Another factor which undoubtedly helped was that the woad 

dyers preserved the hvehhood of the woad growers, and ehminated the hazards 

associated with arsenic sulphide, by discovering a better method of vatting. A 

woad vat was capable of reducing substantial amounts of indigo and this re¬ 

mained a major method for wool dyeing until it was replaced by the use of 

sodium dithionite in the twentieth century. Cotton dyers, however, abandoned 

the woad vat in the middle of the eighteenth century in favour of the more 

readily controlled ferrous sulphate/hme vat whose high alkalinity was not 
harmful to cotton. 

Indigo was probably the most widely used dye during the natural dye era, 

its importance being indicated by Newton’s use of the word as a colour name. 

The synthesis of indigo in 1880 was another landmark in the development of 
synthetic dyes. 

Kermes 

Kermes is another ancient dye having been used to dye the red capes which the 

Hebrews discovered when they captured the city of Ai in about 1400 bc. It was 

the most widely used red dye for wool and silk, madder being suitable only for 
vegetable fibres. 

The dye was obtained from the dried bodies of the insect Coccus ilicis found 

on various species of oak growing m the Middle East. The colouring matter 

present was kermesic acid (V) which was originally appHed on an alum mordant. 

o 

HOOC II OH 
O 

(V) 
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The word kermes is of eastern origin and is the root oi crimson and the French 

word carmoisine. This strongly suggests that the shade it gave on alum was a 

bluish-red though the colour of the capes discovered at Ai is described in the 

Bible (Josh. VII: 21) as scarlet. Bmnello states that in the Middle Ages only the 

Venetian dyers knew how to produce a scarlet shade from kermes — by 

mordanting with alum and tartar. 
A dye similar to kermes was discovered by Mexican dyers in about 1000 BC. 

This was contained in the bodies of the insect Dactylopius coccus which lived on 

the cactus Rhynchota and was found being used by the natives when the Spanish 

entered the country in 1518. The Spanish began to cultivate it and exported it 

to Europe in 1550 under the name cochineal where it rapidly superseded kermes 

as it contained about ten times as much colouring matter, the glycoside of 

carminic acid in which the -COCH3 group of kermesic acid has been replaced 

by -C0(CH0H)4CH3. 
Cochineal certainly gave crimson shades on an alum mordant but in 1607 

Drebbel acccidentally discovered that salts of tin gave the much coveted scarlet 

shade which also had a significantly higher light fastness. Cochineal dyed on a 

tin mordant resisted the onslaught of synthetic dyes for nearly a hundred years. 

It was used until 1954 to dye the dress uniforms of the Brigade of Guards 

though this owed more to innate conservatism rather than technical superiority. 

Its aluminium lake has been widely used as a food colorant since the Middle 

Ages and is still widely used for such purposes, being one of the few natural food 

colorants which has been subjected to toxicological testing. It has never been 

synthesised on an industrial scale. 

Logwood 

When the Spanish entered Mexico they also discovered that the Mexicans had 

long been using a dye obtained from a tree growing on the shores of Campeche 

Bay. The wood from this tree contained the colourless haematoxylhi (VI) which 

oxidised in air to the red dye haematin (VII). When logwood was first exported 

to Europe, however, there was considerable opposition to its use by the various 

dyers’ guilds on account of its comparatively poor fastness. In England its use 

was even forbidden by an Act of Parliament passed in 1580. However, dyers 

found ways of improving its fastness and by the middle of the nineteenth centuiy' 

OH OH 

(VI) (Vll) 
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it had become one of the most important of all the natural dyes. The shade it 

gave and its fastness properties depended on the mordant used and it is probable 

that it was originally used for purple and violet shades on tin or aluminium 

which are not particularly fast to hght. The improvement which occurred during 

the seventeenth century may well have resulted from its use on an iron mordant 

which gives dark blue shades of a higher Hght fastness than any other natural 

dye. During the latter half of the nineteenth century, chromium became the 

preferred mordant: this also gives dark blue shades which were often ‘topped’ 

with yeUow dyes such as old fustic to give the bloomy black which still cannot 

be imitated by synthetic dyes. 

Like cochineal, it has never been produced synthetically on an industrial 

scale but, unhke cochineal, it is still used industrially as a textile dye. Its main 

use is for the man-made fibres acetate and nylon which is surprising in view of 

the large number of available synthetic dyes. 

Tyrian purple 

Tyrian purple was discovered in about 1500 bc by the Phoenicians who were the 

most prestigious of aU the dyers of antiquity and during the following three 

thousand years it has featured significantly in the development and history of 

several civihsations which flourished on the shores of the Mediterranean — the 

area comprising Palestine and Syria was called ‘Canaan’ which means ‘land of the 

purple’. As well as being historically the most important, it is chemically the 

most interesting of aU the dyes ever discovered (Baker 1974). 

Several moUuscs of the genera Murex and Purpura secrete pale yellow hquids 

which contain the precursors of a number of purple dyes. According to PUny the 

Elder (Bailey 1929) these precursors were extracted from the molluscs by salting 

them for three days followed by boiling in water for ten days, after which the 

wool or silk fibres were immersed for five hours. It was then necessary to expose 

the dyed fibres to Hght when the colour changed through deep yellow, green, 

blue to purple. Different species of molluscs gave shades varying from reddish- 

blue to reddish-purple, the most attractive shade being obtained by dyeing 

initially in a Murex bath followed by a re-dyeing in a Purpura bath. This was 

the process which gave the ‘double-dyed’ cloth frequently mentioned in the 

Bible. 
The amount of precursor present was very small about twelve thousand 

shellfish being needed to obtain two grams which is sufficient for only one 

metre of cloth. The demand was so great that dyehouses were built all over the 

Mediterranean and also on the Atlantic coast of North Africa. Tips of waste shells 

surrounded the dyehouses, some of which were in use for a thousand years. 
One tip around the important purple-dyeing centre of Tarentum in southern 

Italy still exists today in the form of the hill called Monte Testaccio composed 

entirely of Murex shells. 
Purple-dyed cloth was inevitably extremely costly, the price of a double- 

dyed purple wool being over a hundred times greater than wool dyed 

to an inferior bluish-red shade with kermes and indigo. Only the very rich could 



10 The Colour Science of Dyes and Pigments 

therefore afford to wear the purple and in Roman times anyone other than 

royalty wearing a garment dyed with pure purple could be convicted of treason 

and put to death. When the Roman Empire was overthrown by the Turks in 

the fifth century their dyehouses^were destroyed but purple dyeing continued 

to flourish in the Byzantine Empire, especially around Constantinople. All the 

earher dyehouses had to be situated on the coast as only live shellfish were 

suitable for the purposes of dyeing, but in the fourth century a method of using 

dead molluscs was discovered which enabled dyehouses to be built far inland 

where an abundant supply of fresh water existed. One such dyehouse was built 

in the twelfth century in Upper Egypt. With the fall of Constantinople in 1453 

the Byzantine Empire came to an end and the dyeing of Tyrian purple ceased. 

The basic reaction, however, must have been re-discovered many times 

subsequently as two instances are recorded in the literature. In 1685 Cole, 

having heard of someone producing designs on linen garments with ‘some liquid 

substance taken out of a sheU-fish’ experimented successfully, obtaming a bright 

crimson shade which withstood more than forty washings (Cole 1685). Nearly 

two centuries later Lacaze-Duthiers discovered a Minorcan fisherman 

making designs on white garments using the same shell-fish (Lacaze-Duthiers 

1859). 
The constitution of the dye present on authentic specimens of cloth dyed 

with Tyrian purple was established as 6.6' dibromoindigo (VIII) by Friedlander 

between 1906 and 1909 (Friedlander 1906, 1909). 

o 

o 

(vni) 

This discovery has resulted in every textbook, and the authoritative Colour 

Index which will be described in the next section, classifying Tyrian purple as 

a vat dye with the implication that it was apphed to the fibre as leuco-dibromo- 

indigo.f This is somewhat surprising as none of the many descriptions of the 

dyeing method by writers such as PUny the Elder and Pliny the Younger are 

typical of indigo dyeing because the method of extracting the precursor would 

inevitably oxidise any leuco-compound. Even more significant is the fact that 

leuco-indigo is oxidised by air alone whereas exposure to light was an essential 

stage in dyeing Tyrian purple as confirmed by Cole (1685). None of the 

hundreds of indigoid dyes which have been synthesised required photodevelop¬ 

ment either, among them being the isomeride of Tyrian purple, 5.5' dibromo¬ 

indigo, first marketed in 1907 as Ciba Indigo 2R and still being manufactured 

today, its Colour Index number being Vat Blue 35:73060. 

fin 1983 its Colour Index classification was changed from Natural vat dye; 75800 to 
Natural Violet 1:75800. 



History of the Development of Colouring Matters 11 

It was not until the 1960s that studies into the structure of the precursor 

were initiated by Professor Sutherland of the University of Queensland. Working 

with Baker and Duke he identified it as a quinhy dr one-type complex containing 

sulphur which was named tyriverdin (Baker and Sutherland 1968, Baker and 

Duke 1973). This structure has, however, been disputed by Christopherson 
and co-workers who believe that tyriverdin is the addition product (IX). This 

compound yielded dibromo-indigo on exposure to light at 400 nm with a quan¬ 

tum efficiency high enough to suggest that a chain reaction was occurring 
(Christopherson et al 1978). This reaction also generated a mercaptan which 

explains Cole’s statement that exposure to the sun yielded ‘a very strong and 

foetid smell, as if Garlick and Assa Foetida were mixed together’. 

o 

(IX) 

Lacaze-Duthiers (1859) used cloth impregnated with Tyrian purple precursor 

to take photographs and it has been claimed that Alexander the Great used the 

same photoreaction to ensure that his troops did not suffer from sunburn on the 

parade ground. His drill sergeants were issued with impregnated arm-bands and 

were instructed to dismiss the troops as soon as the full purple colour had been 

developed. This is said to be the origin of the phrase ‘Alexander’s Rag Time 

Band’(Beatty 1961). 

1.3 THE DEVELOPMENT OF SYNTHETIC DYES 

The synthesis and manufacture of a purple dye by W H Perkin in 1856 is rightly 

regarded as the start of the synthetic dye era. But this was actually neither the 

first synthetic organic dye to be produced in the laboratory nor even the first 

to be manufactured. The distinction of being the first synthetic organic dye 

belongs to picric acid (X), the simplest dye known. It had been vaguely recog¬ 
nised in the eighteenth century as the yellow colouring matter formed by the 

action of concentrated nitric acid on many organic substances, including skin, 

and was manufactured in 1845 by nitrating phenol which had been isolated from 

coal tar. The manufacturer was the senior partner in the Lyon’s firm of silk 

OH 

NO 

(X) 
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dyers, Guinon, Mamas and Bonnet and silk dyed with picric acid was exhibited 

by the firm at the Great Exhibition in London in 1851. Its major use was in 

combination with blue dyes to give green shades. Although green is the most 

common plant colour, chlorophyll was not a satisfactory dye and virtually all 

green shades were obtained from yellow-blue mixtures until 1846 when a 
homogeneous green dye, lo-kao, began to be imported from China. Lo-kao was 

a glucoside of unknown composition derived from the shrub Rhamnus utilis.'Ho 

combination of vegetable dyes could match the brilliance of lo-kao because all 

blues and yellows tended to be somewhat reddish. Picric acid was, however, a 

bright greenish yellow and by forming Prussian blue within silk fibres dyed 

with picric acid, Guinon was able to match the shade at a fraction of the cost. 

Picric acid is a member of the acid dye class which does not occur in nature. 

The first acid dye, however, was the sodium salt of indigo 5.5' disulphonic 
acid (XI) manufactured by Barth in 1740 by treating indigo with concentrated 

sulphuric acid. It was sold under the name Saxe blue. 

(XI) 
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The second synthetic dye was murexide (XII) which had been synthesised 

by Prout in 1818 who noted its potential as a dyestuff. He made it by treating 

uric acid with nitric acid followed by ammonia but as his source of uric acid was 

the excreta of a boa constrictor then being displayed in London, its manufacture 

was not possible until a more abundant source was discovered. Such a source 

was guano, the dry excreta of sea-birds imported from Peru for use as a fertihser, 

and murexide began to be manufactured in 1853 in MuUiouse and in 1855 in 

Manchester. Its commercial name arose because it was originally believed to be 

identical with Tyrian purple whose precursor was secreted by Murex brandaris. 

It was applied to tin-mordanted wool, mercury-mordanted silk and lead- 

mordanted cotton for about twelve years until it was displaced by the easier- 

to-apply and cheaper dyes derived from aniline, Perkin’s starting material. 

Aniline purple 
Perkin’s discovery of Anihne purple was another of those accidental happenings 

which have so often occurred in the development of colouring matters. Perkin, 
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an eighteen year old assistant to A W Hoffman who occupied the Chair of 

Chemistry at the Royal College of Chemistry, was attempting to synthesise the 

anti-malarial drug quinine by oxidising aniline with acidified potassium bichro¬ 

mate. He obtained a copious black precipitate but observed that if this were 

extracted first with naphtha and then with ethyl alcohol, a purple dye was 

obtained with affinity for silk. The observation that coloured compounds could 

be obtained from aniline was not new as Runge had described them over twenty 

years previously though Perkin was presumably unaware of this. But Perkin was 
the first to recognise that such a coloured compound might be a dye and to 

discover that this was indeed the case. This step which sometimes follows a 

discovery justifies the term invention though, unfortunately, the difference 

is often overlooked (Rattee 1965). Together with his father and brother Perkin 

then established a factory (at Greenford Green in London) for its manufacture. 

When it is realised that he had to work out processes for making nitrobenzene 

from benzene (using sulphuric acid and sodium nitrate as strong nitric acid was 

not available) and for reducing it to aniline which yielded, at most, 2% of aniline 
purple, the magnitude of his achievement can be appreciated. 

Some years later, Heinrich Caro, who we shall later see was one of the great 

figures of the early dye industry, wrote that ‘British inventive genius and enter¬ 

prise created a new era of scientific and industrial progress. This glorious era of a 

formerly unknown union of science and industry was inaugurated by Perkin’s 
discovery of the first aniline colour’ (Caro 1892). 

The structure of the main constituent of aniline purple is believed to be as 

below (XIII). Aniline purple was a basic dye and there was only one natural 
dye belonging to this class - that derived from the shrub Berberis vulgaris which 

was rarely used. Dyers, therefore, had no established methods of applying this 

class of dye and Perkin had to develop them and demonstrate them to potential 

customers, thus beginning the marketing concept of technical service which 

became a standard feature of aU the major successors to Perkin and Sons 

Limited. The dyeing methods he developed were to apply the dye to wool and 

silk from a soap bath and to mordant cotton and Imen with tannin and sodium 

stannate. 

Perkin patented his process (Perkin 1856), the patent being interesting in that 

‘color’ is spelt in the American fashion throughout. The French patent, however, 

was invahd because of a technical error in filing it. We have seen that one firm of 

French silk dyers had already been engaged in the manufacture of picric acid. 

There were, in fact, others: their experience of large-scale processing which 

(xiin 
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Perkin completely lacked resulted in more than one French firm being able to 

offer bulk suppbes of aniline purple before Perkin and Sons. Poirrier of St Denis 

named his product after the lilac-coloured mallow flower which the French call 

‘la mauve’. This appealed strongly to the Enghsh world of fashion and mauve 

became a colour name, the dye becoming better known as ‘Perkin s mauve 

or ‘mauveine’. 

Magenta 
The fact that a commercially successful dye could be produced from aniline 

prompted many others, particularly in France, to try the effect of different 

reagents on aniline. Verguiti, who had erected a picric acid plant in 1855, heated 

impure aniline with stannic chloride and obtained a brilliant bluish-red basic 

dye which was later named after the victory the French had just achieved 

against the Austrians in the second Italian War — magenta (XIV). 

NHj^cr 

(XIV) 

Magenta was much more successful than mauve for two main reasons. The 

most important was that the shade it gave appealed to the world of fashion more 

than the duUer, bluer mauve, indeed the fashion house of Schiaparelli sponsored 

it as ‘shocking pink’. The second was that the yield of magenta was very much 

greater than that of mauve. Perkin and Sons immediately recognised its potential 

and began its manufacture using a method devised by W H Perkin to avoid 

infringing the French patent. 

Magenta was not only a successful dye but was also a valuable intermediate 

because Girard and de Laire in France phenylated the amino groups to varying 

degrees to give aniline blue and imperial violet. These were also basic dyes but 

Nicholson, another graduate from Hofmann’s department at the Royal College, 

applied the sulphonation technique first applied by Barth to indigo, to convert 

aniline blue into the acid dye — soluble blue. By dissolving magenta in sulphuric 

acid and treating it with acetaldehyde, an unstable blue dye was formed which 

Cherpin converted into aldehyde green by treatment with sodium thiosulphate. 

Dyes were also obtained from other starting materials such as phenol and a- 

naphthylamine and in 1858 a reaction was discovered which was eventually to 

yield more dyes than all the others put together. This was the diazo reaction 

discovered by Griess who became an assistant to Hofmann and eventually chief 

chemist at Ind Coope’s brewery in Burton-on-Trent. The first commercially 
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successful azo dye was Bismarck brown (XV) discovered by Martius whilst 

working for Roberts, Dale and Company, dye manufacturers of Manchester. 

(XV) 

It will have been noticed that England and France were the centres of dye 

development at this time. Germany’s contribution consisted of the activities 

of Hofmann, Martius and Griess whilst in England, together with the exploita¬ 

tion in Germany of EngUsh and French discoveries which could not be protected 

by patents because of the lack of effective patent law before the formation of 

the Second Reich. 
Within thirteen years of Perkin’s original discovery it was possible to dye 

every natural textile fibre in a very much wider range of shades with synthetic 

dyes, called ‘coal tar colours’ or ‘anhine dyes’, than with natural dyes. The 

synthetic dyes were also much cheaper and easier to apply so it is therefore 

somewhat surprising to find W H Perkin in his Presidential Address to the British 

Association in 1876 saying that ‘the influence of the so-called aniline colours on 

dye woods etc has been remarkably small’. The reason for this is not hard to 

fmd. All of the dyes discovered up to 1869 were extremely fugitive, a few hours 

exposure to bright sunshine destroying them completely. They could therefore 

only be used for the ephemeral world of fashion: for everyday wear and for 

household textiles, the natural dyes were still essential. 

It should not be a matter of surprise that these early synthetic dyes were 

fugitive because, without exception, they had been produced by methods which 

were conceptually no different from those used by the alchemists in their 

attempts to convert base metals into gold. The state of the theory of organic 

compounds at that time was such that, because the molecular formula of quinine 

was known to be C20H24O2N2, Hofmann and Perkin beheved that if any com¬ 

pound of this formula were synthesised, the odds were that it would be identical 

with it! Unhke the alchemists, however, Perkin and Verguin were lucky as their 

experiments resulted in valuable products being formed which they expoited to 

the fuU. It was surprising enough that brilliantly coloured compounds were 

formed with affinity for fibres — to have expected them to possess good fastness 

properties as well would have been too much. 
An entirely different approach to dye synthesis opened up in 1865, however. 

This was the theory of the ring structure of benzene proposed by Kekule who, in 

spite of his French-sounding name, was a German. This theory had very little 

impact on the progress of chemical research in either England or France but in 

Germany its potential value was immediately recognised and within three years 

it enabled Graebe and Liebermann to establish the structural formula of alizarin, 

the dye which, when appUed by the Turkey red process, was virtually in¬ 

destructible. 
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Alizarin 
Madder had already been the subject of extensive investigation in the early 

nineteenth century, the object being to produce it in a more concentrated form. 

The commercial madder only contained about 4% of ahzarin compared v^ith up 

to 85% of the active agent in commercial indigo. These investigations resulted in 

ahzarin being made in a pure crystalHne form in 1831 and identified as a 

derivative of naphthalene because both products yielded phthaHc anhydride on 

oxidation. It was not, however, a derivative of naphthalene and Graebe and 

Liebermann correctly identified it as 1:2 dihydroxyanthraqumone (I) in 1868: 

in the following year they synthesised it. Their method was, however, entirely 

unsuited for bulk production but within a few months suitable methods were 

independently discovered by W H Perkin and Heinrich Caro. 

Caro was a German industrial chemist who had little academic training but 

who learnt from his manufacturing experience, first with Roberts, Dale and 

Company and, from 1868, with one of the first German dye makers, the 

Badische Anihn und Soda Fabrik (BASF). Amongst his other discoveries were 

induline, eosine, chrysoidine and methylene blue, which clearly estabhshhim as 

one of the greatest geniuses in the early dye industry. Caro’s British Patent was 

filed the day before Perkin’s but the latter acquired the sole manufacturing 

rights in the UK and until 1872 Perkin and Sons were actually producing more 
ahzarin than BASF. 

The success of synthetic alizarin was immediate because it contained very 

much more dye than commercial madder and, moreover, commercial madder 
always contained varying amounts of other polyhydroxyanthraquinones, some 

of which resulted in dull shades being produced. But the trade in madder was 

not destroyed overnight because it took several years before there was sufficient 

manufacturing capacity to meet the world’s needs. In 1880, the UK was stiU 

importing madder at a rate of about 1000 tons per annum. Perkin and Sons soon 

reahsed that their Greenford Green plant could not be expanded to meet the 

demand but to W H Perkin, the idea of building a new factory had no appeal 

whatsoever. Perkin and Sons Limited was therefore sold and W H Perkin devoted 

the rest of his life to organic chemical research. Sir Robert Robinson beheves 

that Perkin was also influenced by his realisation ‘that the circumstances in 

Germany provided the ideal conditions for the most rapid development of this 

industry, the first not merely to be founded on research but needing to be 
continually vitalised by research’ (Robinson 1956). 

The new British factory was subsequently built by The British Alizarin 

Company at Silvertown, London, in 1874, manufacture being transferred to 

Trafford Park in Manchester after the 1914-18 war when it became part of ICL 

Manufacture ceased there in 1972. The early British and French dye-making 

industries reached their zenith in 1874. The scientific approach of the Germans 

and the Swiss together with adequate financial backing led inexorably to 

Germany and Switzerland replacing England and France as centres of the dye¬ 

making industry, the British decline being well illustrated in the following table. 
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Period Patents filed by dye-makers 

British German 

1856-66 141 0 

1866-76 59 0 

1886-1900 86 948 

The British dyestuffs industry, however, was reborn during the First World War 

(Morton 1929) and is still a world leader. 
It should be noted that the synthesis of alizarin was in no way part of the 

development consequent upon Perkin’s discovery of mauve. It was an entirely 

new point of departure and would have occurred at about the same time even 

if none of the earlier synthetic dyes had ever been discovered. Around this time 

another important natural dye, indigo, attracted the attention of chemists. 

Indigo 
Investigations into the composition of indigo began in the eighteenth century 

when Woulfe oxidised it with nitric acid and obtained picric acid (X). In 1826, 

Unverdorben distilled indigo and obtained aniline, whose name is derived from 

the Sanskrit word for indigo — and. Between 1870 and 1878 Kekule made many 

attempts to synthesise isatin (XVI) which had long been recognised as the com- 

(XVI) 

pound obtained when indigo was oxidised under conditions less severe than 

when using nitric acid. Kekule was, however, unsuccessful and the challenge was 

taken up by Adolf von Baeyer who had carried out the experiment of oxidising 

indigo to isatin in 1848 when he was thirteen years old! Baeyer studied 

chemistry under Bunsen and Kekule and came under the influence of Hofmann 

who left the Royal College of Chemistry for the University of Berlin in 1865. 

Baeyer succeeded Liebig as professor of chemistry at Giessen where he trained 

the great majority of the leaders of the German dye industry. He was stiU 

teaching up to his death at the age of 80. He succeeded in synthesising indigo 

in 1878, from o-nitrophenylacetic acid, but this route was completely un¬ 

suitable for manufacture. Although he did attempt to discover more practical 

routes, he was unsuccessful and it was not until 1897 that chemists at BASF 

established a satisfactory process from phenylglycine-o-carboxylic acid, a 

venture which has been estimated to have cost nearly as much as the capital 

value of the company at that time. Although initially priced up to 25% higher 

than the natural product, it was an immediate success. Like madder, natural 

indigo contained various amounts of other dyes which affected the shade. 
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particularly the reddish isomeride indirubin (XVII) whereas the synthetic 

product was much more consistent. 

The effect on indigo plantations in India and in North CaroHna, which had 

been established when it was a British colony, was devastating. The production 

of synthetic indigo or indigotin by BASF in 1900 was equivalent to that from a 

quarter of a milhon acres and BASF were not the only manufacturers, another 

German firm, Meister, Lucius and Bruning having entered the field in 1900 
with a more direct route from phenylglycine. The British government afforded 

some protection by specifying that natural indigo had to be used for naval and 

military uniforms but the effect was only of minor extent because the indigo 

used in the UK in 1913 consisted of 208 tons of natural indigo, 300 tons of 

synthetic indigo made in England and 1194 tons synthetic indigo made in 
Germany. 

Natural indigo was one of the first dyes ever discovered and synthetic indigo 

which is, of course, chemically identical, is still widely used in spite of the 

development of many other blue dyes. Indigo therefore spans the whole dyeing 

era. Recently its main use has been for dyeing cotton yarn to be woven as weft 

with undyed cotton yarn as warp into denim and much indigo was exported to 

China for dyeing the familiar ‘boiler suit’ national dress. In the early 1950s, 

however, Mao Tse-tung banned aU imports of indigo and about 25% of the 

market vanished overnight. Several manufacturers ceased production leaving 

only four plants which could easily meet the requirements of the rest of the 

world. These plants are in Germany, USA, Japan and England. The English 

indigo factory was built in 1908 at Ellesmere Port on the estuarj^ of the Mersey 

by Meister, Lucius and Bruning. It was requisitioned by the government in 1914 

and eventually became part of ICI. In the mid-1960s denim became fashionable 

as ‘blue jeans’ and although there were severe shortages of indigo, no new 

plants were budt. The existing plants are over 50 years old and have been written 

off against tax many times over. This means that no new plant could possibly 

produce indigo as cheaply and, in any case, the fickle nature of the world of 

fashion could suddenly result once again m surplus manufacturing capacity. 

The structural formulae of most of the important natural dyes have been 

determined and confirmed by synthesis in the laboratory. Only one other textile 

dye had a structure which was amenable to synthesis on an industrial scale - 

Tyrian purple - though it was the 5.5' isomeride which was marketed (in 1907) 

as this was easier to make. Its method of apphcation was of course as a con¬ 

ventional indigoid dye and bore no resemblance to the ancient photochemical 
dyeing method. 
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Another naturally occurring colouring matter has been synthesised on an 

industrial scale — j3-carotene (XVIII). This product, and several other carotenoid 

pigments, continued to be used as food colorants, e.g. saffron, annatto and 

paprika, in spite of the availability of synthetic dyes. As various natural extracts 

containing these pigments had been used for centuries, complete freedom from 

any adverse effects could be assumed, unlike many of the synthetic dyes whose 

usage was severely restricted or even completely banned in many countries. 

Synthetic carotenoids were therefore potentially of commercial importance 

and in 1950, (3-carotene was synthesised from acetone in the laboratory 

(Inhoffen 1950). It was marketed in 1954, an industrial route having been 

discovered (Isler et al 1956) and its commercial success has led to several other 

synthetic carotenoids being marketed by the Swiss firm, Hoffmarm la Roche. 

(xviin 

The names of colouring matters: the Colour Index 

All of the natural and synthetic colouring matters so far mentioned have had 

individual names such as Tyrian purple, magenta, etc but towards the end of the 

nineteenth century, new dyes were invariably introduced under a brand name — 

a registered trade mark. When patent cover lapsed, other manufacturers would 

sell an essentially identical product under a different brand name. 
In 1924, the British Society of Dyers and Colouristsf published an index of 

all the colouring matters under the title Colour Index a somewhat misleading 

title as it was a colouring matter or eolorant index. Second and third editions 

have been issued jointly with the American Association of Textile Chemists and 

Coloristsj;, the current edition being up-dated by Additions and Amendments 

issued quarterly (SDC/AATCC 1971). 
Every colouring matter, natural and synthetic, is given a generic name which 

usually indicates the application class, e.g. Pigment Red, Acid Yellow, Vat Blue, 

followed by a serial number. Each entry contains fastness data and the index 

hsts every brand name under which it is marketed. If the chemical constitution 

has been disclosed, this is given under a five-figure constitution number together 

with references to publications including patents. From this point onward, every 

colorant mentioned will be identified by its Colour Index name and, if 

appropriate, its number. 
Manufacturer’s brand names, commonly called commercial names, invariably 

give information of interest to the user. For example. Vat Yellow 1 was first 

-j-Perkin House, Bradford BDl 2JB, England. 
fPO Box 12215, Research Triangle Park, NC 27709, USA. 
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marketed as Indanthren Yellow G, Indanthren being the brand name given by 

BASF to anthraquinonoid vat dyes of very good aU-round fastness properties, 

the letter G indicating that it gave shades which were greener than reddish- 

yeUow dyes which would be designated R, 2R etc or as Golden Yellows. Bird 

has published a detailed account of the large amount of data which have been 

incorporated into brand names (Bird 1945). 

The growth of synthetic dyes 

The development of synthetic dyes can best be appreciated if the relationship 

between the structural formula of a dye and its suitability for various end-uses 

is understood. These topics will be discussed in chapter 3. This chapter will be 

concluded by some statistics concerning the growth of the synthetic dye 

industry. 

The total number of dyes and pigments which have been marketed is about 

10 000 and, of course, this number is only a small fraction of the number 

synthesised in laboratories but not worthy of manufacture. Holbro has said that 

the Swiss firm, Ciba, had synthesised well over 10 000 azo pigments of a particu¬ 

lar type but that only about twelve were ever marketed (Holbro 1962) giving a 

ratio of 1 in 1000. 

The azo class is pre-eminently the one which lends itself to the synthesis of 

large numbers of speculative dyes but even if the overall ratio is 1 in 400 it 
would still mean that dye chemists have synthesised about four milhon dyes. 

In 1965, when the total number of dyes marketed was about 6000, Rattee, who 
holds the Chair of Colour Chemistry at Leeds, estimated the speculative total at 

three milhon (Rattee 1965). The number of dyes synthesised must surely be 

many times greater than aU the other synthetic organic compounds put to¬ 
gether. 

Natural dyes had to be apphed singly. If it were necessary to use two dyes, 

for example when dyeing green shades before the introduction of lo-kao, two 

quite separate dyeing operations had to be carried out. It might therefore be 

thought that the very large number of dyes marketed was partly due to the 

needs of fashion. This, however, is not the case. Synthetic dyes of the same 

dyeing class can be used together in the same dyebath and fewer than ten dyes, 

if used singly and in two- or three-dye combinations, will produce the complete 

gamut of colours possible from the whole range. The reasons for the large 

number of dyes will be discussed in chapter 3. 

In 1960, White of ICI Dyestuffs Division estimated that in the whole world 

there were about 1000 chemists seeking new dyes and he seriously doubted if 

the ‘unsatisfied needs of the textile industry (could) sustain such an army of 

speculative dye chemists’ (White 1960). The annual average number of new dyes 

which were marketed between 1850 and 1982 is shown in figure 1.1 most of the 

data being obtained from the various editions of the Colour Index (McLaren 

1982). The peak of 1974 was due to a sudden influx of Japanese dyes which 

had been discovered over many years but not submitted for entry into the 
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Figure 1.1 New dyes marketed between 1850 and 1982. 

Colour Index until the Japanese government required this as a pre-requisite for 

sale in Japan. Figure 1.1 shows that White’s doubts began to be confirmed 

about ten years later when other factors, particularly the cost of ecological 

testing, began to have an effect. Unfortunately there does not appear to be any 

chance that the growth rate curve will do other than approach zero before the 

end of the century. Since 1974, seven major American chemical companies have 

withdrawn from the dye-making industry (SulHvan 1982). 



2 
The Photophysics and Photochemistry of 
Colouring Matters 

2.1 COLOUR AND CHEMICAL CONSTITUTION 

The first theory relating colour and chemical constitution was put forward in 

1868 by Graebe and Liebermann. This stated that as all known dyes were 

decolorised on reduction, colour was associated with unsaturation. Witt (1876) 

extended this by postulating that all coloured organic compounds must contain 

a group which introduced a potentiahty for colour. These groups he termed 

chromophores and as examples he cited —NO2, —NO, —N=N—, >C=0 and 

>C=C<. This potentiahty was then developed by weak salt-forming groups 

which he termed auxochromes, e.g. —OH, —NH2, —NHR and —NR2, which also 

conferred dyeing properties. 

In spite of its extreme simphcity, Witt’s theory dominated virtually the whole 

of the synthetic dye era. As soon as a new chromophore was discovered, literally 

thousands of compounds containing it and various auxochromes and other 

substituents previously found to be of value, were synthesised and evaluated, 

the promising ones being manufactured. This approach has been aptly described 

as ‘enhghtened empiricism’. Fewer than 25 chromophores have been identified, 

the most recent being that responsible for the colour of the important phthalo- 

cyanine blue pigment mentioned in chapter 1. This provides a perfect example 

of the difference between a discovery and ah invention. Copper phthalocyanine 

was first discovered in 1927 (Diesbach and Weid 1927) but they did not attempt 

to elucidate its structure or its properties. Iron phthalocyanine was then 

discovered independently as described in chapter 1 (Dandridge et al 1929) but 

they found that iron, copper and nickel phthalocyanines were potentially 

valuable pigments — an invention. 

The structure of phthalocyanine was elucidated by a series of brilliant investi¬ 

gations performed by Linstead and his colleagues (Dent et al 1934, Linstead and 

Lowe 1934) and confirmed by one of the earhest apphcations of x-ray analysis 

(Robertson 1935). The structural formula of the metal-free phthalocyanine 

molecule (XIX) is shown below. It contains a strainless sixteen-membered 

central ring exhibiting marked planarity. 

22 
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Phthalocyanine readily forms co-ordination complexes with metals giving 

Cl Pigment Blue 15:74160 (XX) and two naturally occurring pigments — haem 

(XXI), responsible for the red colour of blood and chlorophyll (XXII) the green 

plant pigment (Cl Natural Green 3:75810). 
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None of the early theories could attempt to explain how colour arose in 

organic compounds. An explanation only became possible when it was 

discovered that electromagnetic radiation in the ultraviolet and visible regions 

interacted with organic compounds by a photon being absorbed whose energy 
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promoted an electron into an orbital of higher energy forming an excited state. 

All coloured organic compounds contain carbon-carbon double bonds and these 

are formed by the overlapping of two sp^ hybrid orbitals of each carbon atom to 

form an ordinary carbon-carbon bond called a o bond and a second chemical 

bond called a tt bond. These bonds are molecular orbitals, each being occupied 

by two electrons which, in accordance with the PauU exclusion principle, have 

opposite spins. At the same time as these o- and vr-bonding orbitals are created, 

two other anti-bonding orbitals are also formed designated o* and n* which are 

unoccupied when the molecule is in the dark, in its ground state. Another 

orbital may be involved in colour formation if the molecule contains a nitrogen 

or an oxygen atom in certain positions — this is the orbital occupied by two 
electrons which are not involved in bond formation, i.e. ‘lone pair’ or n (non¬ 

bonding) electrons. Each of these orbitals has a specific energy level and these 

are represented simply by an energy level diagram. 

a* anti-bonding 

n* anti-bonding 

n non-bonding 

TT-bonding 

a-bonding 

Each electronic level has a number of other levels associated with it and these 

will be described later. 
When ultraviolet or visible radiation is absorbed, an n, a or tt electron is pro¬ 

moted to occupy an empty tt* or o* anti-bonding orbital, the wavelength, X, 

of the photon being such that its associated energy is equal to the energy 

difference, AE, between the two levels involved namely 

X = hclAE 

where h is Planck’s constant and c is the velocity of Ught. Transitions to a o* 

orbital can be ignored as the energy required corresponds to radiation in the far 

ultraviolet but a tt or an n electron can be promoted to a tt* anti-bonding orbital 

by visible light. Three such transitions are important as far as colorants are 

concerned: n-TT*, tt-tt* and C-T (charge transfer) A C-T transition occurs when a 

conjugated system contains an electron-donor substituent such as —NH2 or —OH 

and an electron-acceptor substituent such as —C=0 or —NO2. In such cases 

electron promotion is accompanied by an intra-molecular charge transfer causing 

a marked increase in the polarity of the excited state and a marked change in 
chemical reactivity. 

Whenever the energy difference is equal to the energy of visible light, the 

compound has an absorption band in the visible region and has the colour 

complementary to that of the visible hght absorbed. This simple statement, 

without elaboration, occurs in many textbooks but it is totally inadequate, as 
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the colour of a dye or pigment also depends on factors other than the wave¬ 
length of the absorption band. 

Factors affecting colour 

The molar extinction coefficient 

The fundamental method of measuring the intensity of the colour of a com¬ 

pound is to dissolve it in a suitable solvent and to measure the fraction of hght 

transmitted (the transmittance) at the wavelength of the absorption peak. From 

this fraction, the molar extinction coefficient, e, can be calculated from 

e = Ig transmittance/c/ 

where c is the concentration in moles per litre and / the length of the optical 

path in centimetres. The molar extinction coefficient is actually a measure of the 

probability that a photon of the correct wavelength striking the molecule wiU 

be absorbed: if the probability is 100% the molar extinction coefficient is about 

10®. The values for most dyes are about lO'* and these are among the highest 

found in any type of substance. The human eye can readily see the colour of 

an amount as small as 10“^® g or about 10000 molecules. 

Obviously the higher the molar extinction coefficient the better, but a high 

value is by no means essential. If dye A has a lower molar extinction coefficient 

than dye B but costs less to make or has greater affinity, other factors being 

equal, A may be the better choice for marketing, because the lower coefficient 

can be overcome by using more of it. Dye manufacturers do not, therefore, go 

to the trouble of making routine determinations of extinction coefficients, 

though a comparison of the density of a solution against a standard is widely 

used. 

The wavelength of maximum absorption, 

When a single absorption band moves from the ultraviolet into the visible 

spectrum the compound has the colour which is the complementary colour of 

that of the light absorbed as shown in table 2.1. 

Table 2.1 Light absorbed and colour of absorbing compound. 

Light absorbed Colour of compound 

Wavelength (nm) Colour Qualitative Metric hue anglef 

400-440 Violet Greenish yellow 115 
400-500 Blue Y ellow 90 
460-500 Greenish blue Orange 65 
400-620 Bluish green Red 20 
480-520 Green Magenta 360 

560-700 Orange Cyan 215 

600-700 Red Bluish green 195 

I The quantification of hue by its metric hue angle will be described in chapter 11. 
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The early dye chemists regarded the progression from greenish yellow 

through red to bluish green as ‘deepening’ but this is misleading as an intense 

yellow is obviously a deeper colour than a pale turquoise. Such a shift is better 

described as ‘bathochromic’ and ^one in the reverse direction as ‘hypsochromic’, 

these terms being first proposed in 1892. 
In spectroscopy it is common practice to describe a bathochromic shift as a 

‘red shift’ and a hypsochromic shift as a ‘blue shift’ but when dealing with 

colorants these terms should normally be avoided because it seems illogical to 

describe a shift from the violet region of the spectrum to the blue as a red shift, 

for example. 
It is obvious from table 2.1 that certain important colours cannot be obtained 

from a single absorption band, the most important being green. This requires the 

presence of two bands, one in the red and one in the blue-violet. This is much 

more difficult to achieve than single band absorption and in consequence the 

number of homogeneous green dyes and pigments is significantly less than that 

of any other major colour (figure 2,1). Black dyes are also extremely important 

and they require a combination of several broad overlapping bands covering the 

whole of the visible spectrum, the extinction coefficients of the various bands 

being similar. Brown, oUve green and other dull colours also require bands 

covering the whole visible spectrum but in such cases different extinction 

coefficients are essential. It is interesting to note that few organic compounds 

absorb strongly in the far red and hence strong solutions of most dyes appear 

red. 

The width of the absorption band 
The width of the absorption band is of much greater importance than the extinc¬ 

tion coefficient and this is well illustrated by glass containing the rare earths 

neodymium and praseodymium. This is widely used to caUbrate the wavelength 

scale of spectrophotometers under the name ‘didymium glass’, a name which is 

a reminder that at one time didymium was thought to be an element. This glass 

has a very strong absorption band in the yeUow region whose peak is at 580 nm 

but it is only pale blue in colour because the band is narrow, being 30-40nm 

wide at half the height of the peak. Glass containing cobalt has an absorption 

peak at about the same wavelength but because it is about 200 nm v/ide at 

halfpeak, the colour is an intense blue. The absorption bands in table 2.1 are 

of such a width as to give colours of the maximum intensity. 

The profile of the absorption band 

The profile of the absorption band in the visible region is extremely important 

as it governs the chroma of the perceived colour. Chroma is one of the three 

fundamental variables of perceived colour which wUl be described in chapter 7 

but for the present it may be more readily recognised by related terms such as 

saturation, intensity or purity. The maximum chroma possible would be given 

an absorption band(s) whose profile is vertical, and whilst many dyes in 
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Figure 2.1 The number of dyes and pigments of each major colour (from Colour 
Index vol. 5 1982). 

solution do have near vertical profiles, when apphed to a substrate the profiles 

become much less steep with the sole exception of yellows. This seriously limits 

the attainable chroma by causing unwanted absorption. For example, every non- 

fluorescent red dye reduces significantly the amount of red light reflected by the 

undyed textile. 
The commercial impUcations of this are very serious in the two industries 

(colour printing of non-textile materials and colour photography) which are 

based on the subtractive primary colours, yellow, magenta and cyan. AH known 

magenta and cyan dyes absorb surprisingly strongly in the spectral regions where 
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ideally no absorption should occur. High quality colour printing therefore 

requires the use of more than three colours whilst the best negative-positive 

photographic print processes employ a very sophisticated technique known as 

‘integral masking’ to overcome the effects of unwanted absorption (Hunt 1967). 

It is not known why yellow colorants should be comparatively free from this 

defect. The science of light absorption by organic compounds has made it 

possible to predict only the wavelength of the main absorption peak in isolated 

cases, but not peak width or profile. In view of the millions of dyes synthesised, 

however, it is safe to assume that the cause lies in the complexities of electronic 

excitation, a subject which is far from being fuUy understood. 

The spectral refractive index 
Refractive index is of importance only in the case of pigments as it governs the 

extent to which incident light is scattered. With dyes aU of the scattering is 

caused by the substrate. The effectiveness of a white pigment is governed by the 

extent to which its refractive index (ri) exceeds that of the medium in which it 

is dispersed. Calcium carbonate has an Ri of 1.6 and is effective when apphed 

from an aqueous dispersion — whitewash — as the Ri of air is 1.0. The Ri of a 

typical paint medium, however, is also about 1.6 and when calcium carbonate is 

dispersed in such a medium it contributes very httle to the opacity and its use is 

that of an extender or filler. White lead, at one time the traditional white paint 

pigment, has an ri of 2.0 and the technical superiority of titanium dioxide, first 

introduced in about 1916, is due to its higher ri, 2.7. In complete contrast, a pig¬ 

ment can only be effective as a black if its ri is less than that of the medium: 

that of aniline black (Cl Pigment Black 1:50440) for example is 1.4. 

The refractive index of a white or black pigment is virtually independent 

of wavelength, hut if a pigment has an absorption band in the visible region 

this results in the Ri varying according to the wavelength of light used for 

determination — hence the term spectral refractive index. This is a fundamental 

characteristic dependent primarily on chemical constitution and as it cannot be 

altered for a given pigment or be easily determined it has received little atten¬ 

tion. There seems to have been only one systematic investigation — that of 

Cooper who determined spectral ri for sixteen pigments (Cooper 1948). He 

found that when ri was plotted against wavelength, the curve shapes were often 

quite different for pigments of similar colours. For example, Prussian blue had a 

low RI over most of the spectrum with a rapid rise at the extreme red; phthalo- 

cyanine blue, on the other hand, had a pronounced V-shaped curve. Though 

there was little correlation between the shapes of ri and absorption curves, the 

wavelength of any pronounced peak did indicate the hue perceived when a 

surface coating exhibited ‘bronzing’, the metallic lustre that is seen at near- 

glancing angles. This is usually reddish-yellow in colour as many ri curves peak 

in this region: phthalocyanine blue, however, having two peaks at the ends of 

the spectrum, exhibits a purplish ‘bronze’. 
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Examples of electronic excitation 
Lycopene 

Lycopene is the pigment responsible for the colour of ripe tomatoes. It has the 

simplest molecular structure (XXIII) of aU the millions of organic colorants 

because it consists of carbon and hydrogen atoms only and contains no ring 

structure. Its absorption spectrum has a strong, broad band at 480 nm, e= 18 x 

10“^. Witt’s theory fails to explain the colour of lycopene because it does not 

contain any group Witt would have considered to be a chromophore or an auxo- 

chrome. The correct explanation has important implications outside this com¬ 

paratively small group of colorants. 

(XXIII) 

If a paraffin chain contains one carbon-carbon double bond, e.g. 

CH3-CH2-CH2-CH=CH-CH3 

its absorption spectrum contains a strong band at about 165 nm, e= 10^, caused 

by a TT-TT* transition. The presence of a second double bond, e.g. 

CH2=CH-CH2-CH2=CH-CH3 

does not result in a second band appearing because the energy involved in each 

of the two 77-77* transitions is exactly the same: the spectroscopist describes such 

a situation as ‘degenerate’. The intensity of the band is increased somewhat 

however, as the chance of photon capture is obviously greater. If the two doubly 

bonded carbon atoms are separated by a carbon-carbon single bond as in 1.3 

butadiene however 

CH2=CH-CH=CH2 

the situation is now entirely different. The 77 orbitals not only overlap the 

doubly bonded carbon atoms, they overlap the singly bonded atoms as weU, 

reducing the distance between them from what it is in a paraffin chain. The 

effect of this is that the energy required to cause a 77-77* transition is reduced 

(Xmax — 209 nm, e = 2.5 x 10"^) and the presence of additional doubly bonded 

carbon atoms which preserve the alternation of single and double bonds reduces 

the energy required still further. There is in consequence a bathochromic shift, 

and when the number of doubly bonded carbon atoms reaches six, the absorp¬ 

tion peak extends into the visible region. A chain of alternating singly and doubly 

bonded carbon atoms is termed ‘conjugated’, the classic case of course being that 

of the benzene ring. The effect of increasing the length of a conjugated chain 
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on Xjnax is illustrated by the series of j3-apo-carotenals (XXIV) as Xmax increases 

steadily from 413 nm when there are seven carbon atoms in the chain to 508 nm 

when the number is thirteen. 

(XXIV) 

The azo group 
For about 80 years the azo group was thought to provide the strongest evidence 

in support of Witt’s theory and the reasons for this are not hard to find. Every 

known azo compound is coloured: even the simplest, diazomethane (XXV) is a 

yeUow gas. The simple azo compounds are not strongly coloured in either the 

original sense of the term, i.e., the absorption band is in the violet region, or the 

preferred sense, the extinction coefficient is low. The presence of an auxo- 

chrome, however, intensifies the colour in both senses of the term. 

CH^ 
/ \ 

N = N 

(XXV) 

The azo group contains two pairs of non-bonding electrons and one electron 

can be displaced into a tt* anti-bonding orbital by the absorption of visible 

light. In the case of azo-benzene (XXVI) Xj^gx is 440 nm but e is only 5 x 10^. 

Introduction of an auxochrome greatly intensifies the strength of the absorption 

band in the visible — but it is now known that it is not the n-rr* band locahsed 

on the azo group which has been intensified. Figure 2.2 shows the absorption 

spectrum of azo-benzene in methanol. The two broad, strong, overlapping bands 

are due to tt-tt* transitions of the delocahsed electrons of the whole molecule 

and it is these bands which undergo a bathochromic shift when one or more 

auxochromes are present. This band then completely swamps the weak n-rr* 

band and in no commercial colorant is it beheved that such a band makes any 

significant contribution to the colour. 

The azo group is of inestimable value in dye synthesis mainly because it can 

hnk two conjugated systems of benzene or naphthalene rings to form a single 

conjugated whole. The effective length of the conjugated whole can be readily 

extended by the introduction of two or more azo groups. The Colour Index Usts 
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Figure 2.2 Absorption spectrum of azo-benzene in methanol. 

fourteen dyes containing five or more azo groups, the record being held by two 

brown cotton dyes with eight each. The multipUcity of benzenoid rings gives 

ample scope for the introduction of auxochromes .for either modifying the 

colour or, as Witt envisaged, conferring dyeing properties though these two 

effects are not necessarily related as we shall see in chapter 3. 

The mode of action of auxochromes 
To understand the mechanism by which an auxochrome causes a bathochromic 

shift it is necessary to regard the conjugated system as capable of existing in two 

or more electronic structures, i.e. the resonance forms. None of these structures 

describes the molecule as it really is but it may be considered as a hybrid to 

which the imaginary structures contribute. An auxochrome functions by increas¬ 

ing the stability of one or more of the resonance forms and it does so because it 

can retain an electrical charge more readily than a carbon atom can. This 

increasing stability permits the n electrons to move more readily along the 

chromophoric group and this reduces the energy required for excitation. Groups 

which reduce the stabihty have a hypsochromic effect. 

A chromophoric block 
In complete contrast to the effect of the azo group in conjugation preservation, 

an ingenious use for a group which did not link two chromophoric systems into 

a single whole was discovered by the Swiss firm Ciba. The group was trichloro- 

triazine (XXVII) which readily combines with dyes containing amino groups by 
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Cl-C^ 'NC—Cl 

II I 

' I 
Cl 

(XXVII) 

a Schotten-Baumann reaction to give dyes of the general formula (XXVIII). 

It is now impossible to pass from Dye 1 to Dye 2 via atoms which are linked 

alternately by single and double bonds: the two dyes therefore preserve their 
individual conjugations, the triazine ring acting as a ‘chromophoric block’. 

By using it to link yeUow and blue dyes together, valuable green dyes were 

discovered which are stiU marketed, for example. Cl Direct Green 28 :14155. 

Dye 1 — NH—C '^C—NH —Dye 2 
II I 
N 

I 
R 

(XXVIll) 

Recent developments 

The advent of the quantum theory led to major developments in the field of 

the relationship between colour and chemical constitution and several major 

theories have been proposed. Space does not permit an adequate review to be 

given here and the interested reader is referred to the following authors (Coates 

1967, Mason 1970, Griffiths 1976, Dahne and Kulpe 1978, Klessinger 1978, 

Fabian and Hartmann 1980, Griffiths 1981). 

2.2 PHOTOPHYSICAL PROCESSES FOLLOWING LIGHT ABSORPTION 

When an electron has been displaced into a higher orbital, the molecule becomes 

highly unstable because of the energy absorbed. This is surprisingly large — a 

molecule which has absorbed a photon of ultraviolet light at 300 nm, the short 

wavelength limit of dayhght at sea level, has absorbed the same amount of 

energy as if it had been heated to about 1500°C. It must therefore rid itself of 

this excess energy and it can do this in a number of different ways, both physical 

and chemical. In this section we shall consider the photophysical processes in¬ 

volved but before doing so it is necessary to consider in greater detail the nature 

of the electronic states of molecules. 

The solution of the wave equation for the hydrogen atom as formulated by 

Schrodinger gave rise to three parameters which, with a fourth arising from 

Dirac’s relativistic mechanics, are called quantum numbers. Three of these define 

an electronic orbital and the fourth, the spin of an electron in its orbital which 
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can have two values, and +5. The Pauh exclusion principle states that two 

electrons cannot occupy the same orbital if they have the same values for these 

four quantum numbers. The n and tt orbitals of colouring matters contain two 

electrons and these must therefore have opposite spins. The resultant spin 

angular momentum is zero giving rise to a single energy level and each electronic 

state in which all the electrons are paired in spin is termed a singlet, represented 

by So, 1,2,3... > according to the energy level. 
Associated with each electronic energy level are a number of higher levels 

which are defined by vibrational quantum numbers and between each of these 

are a number of quantised rotational energy levels which are conventionally 

represented in the following manner: 

Id 

-v = 4 

^^v = 3 

^-v=2 

=^v= 1 

0 

These levels are equally spaced purely for convenience. In fact as the vibrational 

quantum number v increases, the spacing diminishes until at some level they 

blend into a virtual continuum resulting in a ‘smear’ of energy states. 
In the dark at room temperature, virtually all dye and pigment molecules are 

at the lowest vibrational level, = 0, of the So state and when a photon is 

absorbed, an electron is displaced into a higher orbital giving a singlet state 

Si 2 3...- The quantised vibrational and rotational energy levels associated with 

it are important because they result in a range of wavelengths being capable of 

causing excitation to each orbital. This governs the position and profile of the 

absorption band and the factors involved consitute what is known as the 
Franck-Condon principle, originally devised for diatomic molecules but equally 

apphcable to complex organic molecules. 

The Franck-Condon principle 
When a molecule is in a specific vibrational energy level, the atoms vibrate about 

a mean internuclear distance where wave mechanics predicts the oscillator 

should spend most of its time. The transition of an electron into an anti-bonding 

orbital is much more rapid (about 10“^® s) than the period of vibration of the 

molecule (about 10“^^ s) so that when the molecule enters the excited state the 

mean internuclear distance is unchanged. If this is the same as that of the excited 

molecule in its v = 0 vibrational level, then the most frequent transition wiU be 

from So (u= 0) to Si (z;= 0), which is that requiring the lowest amount of 

energy. This will result in the absorption band having a near vertical profile for 

its long wavelength boundary, a factor which leads to high chroma colours. In 

the case of most dyes and pigments, however, the mean internuclear distances 
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are different for ground and excited states; the most frequent transition is there¬ 

fore to t? = 1, 2, 3 ... resulting in a less steep profile. The frequency to each 

vibrational energy level — which governs the whole profile of the absorption 

Hand — is determined by the vibrational wavefunctions for the two states, 

actually the magnitude of the overlap integral. 

These effects are clearly illustrated in the absorption spectrum of lycopene 

(XXIII) shown in figure 2.3, the most intense band being that corresponding to 

excitation to the v = \ level of the Si excited state. Lycopene and the related 

carotenoid pigments, however, are unusual among colorants in showing such fine 

stmcture as normally only a single peak appears for each excited state. 

The absorption of photons and aU of the mechanisms by which the molecule 

in an excited state loses its excess energy are best illustrated by a detailed energy 

level diagram such as that of figure 2.4. The initial absorption to three upper 

singlet states is shown on the left-hand side, only one photon absorption for 

each state being shown for the sake of clarity. Irrespective of the vibrational 

level reached by the initial absorption, the molecule loses excess vibrational 

energy within about 10“^^ s to occupy the = 0 level. The detailed mechanism 

of this loss is not clearly understood but apparently it proceeds through a series 

of collisions with other molecules rather than in one total interchange of energy. 
The excess energy therefore appears as heat, this radiationless transition being 

Wavelength (nm) 

Figure 2.3 Absorption spectrum of lycopene in hexane. 
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Figure 2.4 Energy level diagram (see text). 

conveniently termed ‘vibrational relaxation’: it is represented by vertical wavy 

lines pointing downwards in figure 2.4. 
When a molecule reaches the u = 0 level of the S2 or higher singlet state it 

undergoes internal conversion to a high vibrational level of the next lowest 

singlet level. This is illustrated by a horizontal wavy line indicating no change in 

energy. The molecule then loses energy again to reach the y = 0 level, the overall 

effect being that, irrespective of the level of the singlet state reached by photon 

absorption, within about 10”“ s the molecule is at the lowest excited singlet 
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state Si, 0. This is the molecular equivalent of a geographical ‘great divide’ 

though there are three paths which the molecule can follow. Each of these wiU 

be described in detail. It is most convenient to start with the two best under¬ 

stood, fluorescence and intersystem crossing, ending with that least understood, 

internal conversion to the ground state. 

Fluorescence 

After a molecule has been at the Si, z; = 0 level for about 10"® s there is a prob¬ 

ability that it will lose its excess energy by a single burst of radiation as the 

electron in the vr* anti-bonding orbital returns to its original orbital. Again the 

Franck-Condon principle is invoked, this time it is the vibrational levels of the 

ground state which govern the profile of the emission band. 

The emission band is centred at a longer wavelength than the absorption 

band, a fact discovered by Stokes as long ago as 1852. The reason for this is 

that part of the energy difference between the So, v = 0 level and the upper 

vibrational level of the Si state is accounted for by the vibrational relaxation 

occurring before and after fluorescent emission. In simple molecules such as 

anthracene, the spacing between the vibrational energy levels of the So and Si 

states is virtually identical and the emission band is a faithful mirror image of the 

absorption band even though the latter has several peaks. In the case of 

fluorescent dyes and brightening agents, however, the emission band is usually 

very much narrower than the absorption band. 

The extent to which the emission band is displaced to longer wavelengths 

depends on the difference in mean internuclear distances of the v = 0 levels of 

the two states and this is never large enough to prevent the absorptioii and 
emission bands overlapping. 

Irrespective of the wavelength of excitation, the profile of the emission band 

is always the same. This explains why an ultraviolet lamp is so effective in reveal¬ 

ing fluorescence even if the main excitation band is in the visible region, as it is 
in the case of dyes which are fluorescent. 

As the emission and absorption bands overlap it is possible for light to be 

emitted at a shorter wavelength than that causing excitation, a phenomenon 

known as ‘anti-Stokes emission’. This can be readily seen from the following 

simphfied energy diagram. The most probable transitions are those shown by 
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solid Unes and that for emission is the shorter indicating less energy therefore 

longer wavelength. The transitions represented by broken lines are not, however, 

forbidden and will therefore occur, though infrequently. In this case the 

emission line is longer indicating a shorter wavelength. 

The technoiogical importance of fluorescence. When the emission band of a 

fluorescent dye hes wholly or partly in the visible region the effect on the 

perceived colour is potentially beneficial giving colours which are of a higher 

brilliance than non-fluorescent colours of the same hue. Many of the early 

synthetic dyes were fluorescent but these were very fugitive and when faster 

dyes began to be discovered at the start of the twentieth century, virtually none 

were fluorescent when dyed on the fibres available at that time. Fluorescence 

first began to be exploited with colourless dyes which absorbed in the near 

ultraviolet region (350-400 nm) and emitted blue light: the effect of this was 
brightening. 

Fluorescent brightening agents. All natural textile fibres reflect somewhat less 

hght at the violet-blue end of the spectrum than in the green-red region and this 

deficiency increases with age when the textile becomes distinctly yellowish. 

This yellowness was originally overcome by ‘bluemg’. This process involves a fine 

dispersion of the reddish-blue pigment, ultramarine, being added to the final 

rinse Hquor both in laundries and in the domestic wash. This reduced the re¬ 

flectance in the green-red region of the spectrum which resulted in the un¬ 

attractive yellowness being replaced by a more acceptable greyness. In 1929, 

Krais found that if bleached flax was soaked in an aqueous extract of the husks 

of horse chestnuts, it appeared whiter or brighter. The extract contained a 

colourless glycoside of 6:7 dihydroxycoumarone which was fluorescent and 
when illuminated by a source containing ultraviolet light, emitted blue hght 

which counteracted the residual yellowness of the fibre without reducing the 

total amount of light reflected (Krais 1929). Unfortunately, however, after only 

a short exposure to dayUght the textile became even yellower than it was before 

treatment so the effect could not be exploited. In 1937 ICI patented the use of 

synthetic colourless, fluorescent dyes — derivatives of 4.4' diaminostilbene 2.2' 

disulphonic acid — for making hidden markings on, for example, banknotes. 

Under an ultraviolet lamp the markings became visible but the value of such 

compounds for brightening white textiles was not realised until 1940 when 

several were patented by the IG and by Lever Brothers. By the end of 1982, 

378 fluorescent brightening agents (fba) had been marketed which are not only 

incorporated into detergents but into white textiles and paper during manu¬ 

facture. These compounds are also termed optical bleaches and fluorescent 

whitening agents. 
Curves illustrating the effect of treating slightly yellowed cotton with a 

blueing agent and with an fba are shown in figure 2.5, The presence of the fba 

increases the total amount of light coming from the textile and this increases the 
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Figure 2.5 Spectral reflectance curves of various cotton specimens. 

brightness as well as eliminating the yellowness. Beyond a certain concentration 

of FBA any further increase in brightness will be accompanied by the introduc¬ 

tion of a distinct hue which is critically dependent on the wavelength of the 

peak of the fluorescent emission. When this is near the violet end of the 

spectrum, the white shade produced has a violet cast or tint which is normally 

described as being redder than a pure white, the more logical term ‘violetter’ 

never having become acceptable. When the emission peak moves towards the red 

end of the spectrum the tint of the white shade passes through a neutral blue 

at about 465 nm to greenish-blue whites, the preferred shade of white varying 
from country to country. 

Fluorescent dyes. Though fluorescent brightening agents are unquestionably 

dyes, it is convenient to restrict the composite term ‘fluorescent dye’ to those 

which possess a strong absorption band in the visible region, i.e. which are 
coloured in the everyday meaning of the term. 

As has already been mentioned, several of the early dyes were fluorescent, 

for example, fluorescein (Cl Acid Yellow 73:45350) which has been, and stiU 

is, widely used to trace the course of underground streams and as a marker at 

sea. Their very low light-fastness on the fibres available at that time, however, 
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limited their usefulness but during the 1940s, Joseph and Robert Switzer found 

that reasonable Hght-fastness was obtained on butylated urea-formaldehyde 

resins which could be ground to form printing inks and paints. One of the most 

useful dyes for this purpose was rhodamine B (Cl Basic Violet 10:45170) 

discovered in 1887. This not only gave brilliant magenta colours on its own but 

by blending with the yellower rhodamine 5G (Cl Pigment Red 81:45160:1) and 

with fluorescent yellow dyes a whole range of greenish-yellow, orange, scarlet, 

red and magenta shades were produced and became widely used under the trade 

name ‘Day-Glo’ for display purposes where their exceptional brilliance was an 
advantage (Ward 1972). 

The combination of a greenish-yellow fluorescent dye and rhodamine B is 

interesting in that the wavelength of the greenish-yellow light emitted by the 

former coincides with tire absorption maximum of the rhodamine and does not, 

therefore, emerge from the mixture. Though this light could have been absorbed 

by the rhodamine it is more likely that there is a direct, radiationless transfer 

of energy from the excited singlet state of the yellow to form the excited singlet 

state of the rhodamine which then fluoresces in the red. 

Many new fluorescent dyes have been synthesised specially for synthetic 
fibres and are used to satisfy the demands of fashion and, much more important, 

to exploit the much greater visibihty of such materials by incorporating them in 

safety clothing. 

Fluorescence is traditionally detected — and exploited in places such as 
discos — by irradiation with ultraviolet light obtained cheaply by passing the 

hght from a low-pressure mercury arc through Wood’s glass. This consists of a 

broad band covering the range 320-400 nm. All fluorescent colorants possess at 

least one absorption band in this region and therefore irradiation is followed by 

fluorescent emission in the visible, preceded if necessary by internal conversion. 

This fact has undoubtedly contributed to the widely held belief, expressed in at 

least one recent textbook, that the brilliance of fluorescent dyes and pigments is 

caused by the ultraviolet component of daylight. Doubts about the truth of this 

assumption, were raised in the author’s mind on seeing posters printed with 

‘Day-Glo’ printing inks during a fog in Manchester in the days before it became 

a smoke abatement area. Their relative brilliance was unimpaired but the yellow¬ 

ness of the fog clearly indicated that the ultraviolet content of the dayhght must 

have been virtually zero. The intensity of fluorescent emission is a product of 

the amount of exciting radiation at each wavelength and the degree of absorp¬ 

tion at the same wavelength. In the case of fluorescent brightening agents there 

is no absorption in the visible region and therefore the whole of the fluorescent 

emission is caused by ultraviolet excitation. In the case of chromatic fluorescent 

colorants, however, the strongest absorption bands are usually those in the 

visible region and the intensity of radiation in the visible region is greater than 

that in the ultraviolet in the case of daylight so that the major part of 

fluorescent emission has been caused by visible light excitation. The negligible 

contribution of the ultraviolet component of daylight is illustrated by the curves 



40 The Colour Science of Dyes and Pigments 

showing the spectral radiance factors (see chapter 9) of a fluorescent orange 

printing ink irradiated with a source resembling dayhght (figure 2.6(fl)) and by 

the same source with the ultraviolet component removed (figure l.SQ))). Such a 

difference corresponds to a perfceived colour difference which is only about 

three times greater than just perceptible. 
The negligible contribution made by the ultraviolet component of dayhght 

to brilliance makes it feasible to apply a transparent coating containing an ultra¬ 

violet absorber to improve the hght-fastness if the ultraviolet region contributes 

significantly to fading on exposure. Such specimens will not appear to be 

fluorescent if inspected under an ultraviolet lamp and the simplest method of 

detecting fluorescence in such cases is to measure the total spectral radiance 

factors using two different sources such as one simulating dayhght and the 

other, a tungsten filament lamp. Total spectral radiance curves are shown in 

figures 2.6(a) and (c). If the specimen is not fluorescent the two curves wiU be 

virtually identical. Some spectrophotometers which employed a single source 

simulating daylight had a yellow filter which could be placed between the source 

and the specimen and this proved to be equally effective. 

The fluorescence of green and blue dyes. Fluorescence is invariably associated 

with yeUow, orange and red colorants and it was not until 1911 that it was 

discovered that many green and blue dyes were fluorescent (Pauli 1911); 

Ramsley (1967) hsts 43 of them. The reason why their fluorescent properties 

escaped detection for so long is as follows. The emission band of all fluorescent 

colorants corresponds to the transition from the lowest excited singlet state 

Si to the ground singlet state So, even if the original excitation was to S2, S3.... 

Such emission peaks are invariably at a wavelength which is about 80 nm longer 

than the absorption peak corresponding to the So“^Si transition. Green and 

blue dyes, however, must have such a band in the red region of the spectrum and 

if they are fluorescent the emission must lie mainly in the infrared. It will not, 

therefore, be detected by inspection under an ultraviolet lamp. 

A substantial increase in brilliance of green shades can, however, be achieved 

by producing them with a combination of a bright blue colorant and a 

fluorescent yellow colorant. Some increases in brilliance of blue shades can be 

obtained by incorporating a fluorescent brightening agent with the colorant. 

The fluorescence of azulene. Of the thousands of molecules whose fluorescent 

emission spectra have been determined, all except one correspond to emission 

from the lowest singlet state Si to the ground state Sq. The exception is the pale 

blue hydrocarbon azulene (XXIX) an isomer of naphthalene into which it is 

(XXIX) 
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Figure 2.6 Spectral radiance curves of fluorescent orange printing ink. (a) Irra- 
diance with source resembling daylight; {b) same source with ultraviolet 
component removed; (c) tungsten filament lamp. 

transformed on heating to 270 °C. Azulene has an absorption band at 682 nm 

corresponding to the Si state and another at 357 nm (S2) and when it is excited 

to the S2 or higher levels, the fluorescence corresponding to S2 ^ So alone is 

emitted and, moreover, if it is excited to the Si state, no emission can be de¬ 

tected (Beer and Longuet-Higgins 1955). The very large energy gap between S2 

and Si might be expected to prevent internal conversion but there are many 

other compounds with similar energy gaps which exhibit normal Si^Sq 

fluorescence. This does not, however, provide an explanation for the absence 

of Si^So fluorescence when excitation is to the Si state. Though of no 

apparent practical importance, azulene provides a fascinating glimpse of the 

simple questions which the relatively new science of photophysics has yet to 
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answer. Another unanswered question is why there is no fluorescent dye in all 

the hundreds of thousands of azo dyes which have been synthesised. 
After this extensive digression into the practical exploitation of fluorescence 

we must return to the main therne and consider the second pathway a molecule 

in the lowest excited singlet state may follow — intersystem crossing. 

Inter system crossing 
When an electron is displaced into a rr* anti-bonding orbital it is unchanged in 

spin and hence the excited states resulting from photon absorption are also 

singlets. One of these electrons, now being the sole occupant of an orbital, may, 

however, reverse its spin. There are now two electrons unpaired in spin and they 

no longer make zero contribution to the spin angular momentum but a contri¬ 

bution which is a vector quantity having the components +1,0 and — 1. This 
produces three energy levels, though in complex molecules these are in¬ 

distinguishable. The resultant electronic state is termed a triplet. It is surprising 

that the highly significant role of the triplet state in the spectroscopy of organic 

molecules only became apparent after the Second World War. 
A transition from a singlet to a triplet state (or its converse) is described as 

intersystem crossing and this is illustrated by the zig-zag line from Si, u = 0 in 

figure 2.4. The triplet state always has a lower energy than the corresponding 

singlet state (the molecular version of ‘Hund’s rule for atoms’) and therefore 

intersystem crossing is to a higher vibrational level. Vibrational relaxation then 

occurs down to the = 0 level in about 10“^^ s at which point the molecule once 

again has three possible paths to the ground state — phosphorescence, slow 

fluorescence or reverse intersystem crossing. 

Phosphorescence. Phosphorescence is similar to fluorescence in that the excess 

energy is lost in a single burst of radiation but it differs in two respects — the 

phosphorescence band being centred at a longer wavelength and its appearance 

being considerably delayed. The first of these differences is apparent from figure 

2.4: the triplet state is always at a lower energy level than the corresponding 

singlet state. The second arises because radiative transitions between singlet and 

triplet states are ‘forbidden’ by the laws of quantum mechanics. This effectively 

prevents the absorption of a photon to give an Sq-^Ti transition but does not 

prevent a radiative transition in the reverse direction, i.e. phosphorescence, but it 

does delay it by periods of up to a second. 

Slow fluorescence. The path of slow fluorescence is not shown in figure 2.4 for 

the sake of clarity but it can be readily traced. The molecule in the Tj, v=0 

state absorbs thermal energy to reach the level of the Si, u = 0 state and one of 

the unpaired electrons then reverses its spin causing an intersystem crossing in 

the reverse direction back to the singlet state which is followed by fluorescence. 

The profile of this fluorescent emission is identical with that of normal 

fluorescence but the indirect route delays its appearance and it is therefore 

termed ‘slow fluorescence’. 
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Either phosphorescence or slow fluorescence was first observed for organic 

molecules in 1895. Wlien fluorescent dyes were dissolved in water, the 

luminescence ceased as soon as the exciting radiation was switched off. When 

gelatin was added before irradiation an afterglow was observed. Parker and 

Hatchard later discovered that both phosphorescence and delayed fluorescence 

occurred after irradiating solutions of eosine (Parker and Hatchard 1961). This 

indicates that delayed luminescence can be expected to occur when fluorescent 

dyes are appUed to substrates such as polymethylmethacrylate and polyacryloni¬ 

trile. Such combinations will cause problems when spectral radiance factors are 

being determined using spectrophotometers which irradiate the specimen with a 

short pulse of radiation from a xenon arc and measure the reflectance and 

emission within a few microseconds. 

Reverse intersystem erossing. This is shown by the zig-zag line from the Ti, 

v=Q) level to an upper vibrational level of the ground state. Another line also 

leads to a higlier vibrational level of the ground state — from Si, v=Q, i.e. the 

third path from the ‘great divide’. Although this involves internal conversion 

rather than intersystem crossing, the two are best considered together as 

radiationless transitions to the ground state. 

Radiationless transitions to the ground state 

Unfortunately the transitions Sj^w^So and Tivvw>So cannot be detected 

directly: all one can do is to determine the quantum efficiency of each of the 

other alternative pathways to the ground state and if these do not sum to 1, the 

difference is a measure of the probability that a radiationless transition has 

occurred. 

The probability that Si'vwSo transitions occur at room temperature in 

organic solvents has been assessed by Calvert and Pitts in their invaluable book 

Photochemistry (Calvert and Pitts 1966). They combined the quantum 

efficiency of triplet state formation Sivwv>Ti, from the unpublished data of 

Lamola and Hammond with the quantum efficiency of fluorescence Si-^ Sq as 

collated by Bowen for a number of hydrocarbons. They concluded that 

radiationless internal conversion from the first excited singlet state to the ground 

state ‘may be a major process for many aromatic molecules’ (Calvert and Pitts 

1966, p. 311). Whether this will apply to colorants or not depends on the 
probability of triplet state formation. If this probability is high, as it is for aceto- 

and benzo-phenone, then the probability that radiationless internal conversions 

will occur will be virtually zero. 
The probability that Tiww>So transitions occur at room temperature can 

only be a matter of speculation. Facts are available only for colourless com¬ 

pounds at the temperature of Hquid nitrogen and the results obtained by 

different investigators are contradictory. Ermolaev and Robinson and Frosch 

concluded that it is a major process whilst Kasha expressed the view that in 

general radiationless transitions in aromatic compounds in rigid solvents at low 

temperatures do not occur (Ermolaev 1963, Robinson and Frosch 1963, Kasha 
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1960). It is not surprising that Calvert and Pitts described the role of radiation¬ 

less transitions as ‘one of the most controversial and significant questions 

currently facing molecular spectroscopists and photochemists’. 

The frequency of photophysical processes in daylight. All of the numerous path¬ 

ways just described lead the molecule back, unchanged, to the ground state so 

that these physical processes are cyclical. It is interesting to consider how 

frequently a dye molecule undergoes such a process when apphed to a textile 

fibre and then exposed to the most intense radiation it is hkely to encounter 

under normal circumstances, i.e. noon summer sunlight. Hemmendinger has 

undertaken the necessary calculations (Hemmendinger 1972) and concluded 

that: 
(а) a molecule, on average, absorbs a photon only once every 15 s; 
(б) if the molecule is neither fluorescent nor phosphorescent, only about one 

molecule in every thousand milhon is in an excited state at any one instant. 

2.3 PHOTOCHEMICAL PROCESSES FOLLOWING LIGHT ABSORPTION 

The photophysical processes which follow light absorption result in the absorbed 

energy being converted harmlessly into heat but the excited states formed 

following absorption can lose their excess energy by chemical reactions resulting 

in a loss of or change in colour. This extremely important phenomenon is known 

as ‘fading’. As tanning of the human skin is only caused by exposure to ultra¬ 

violet light it was natural to assume that it was this component of daylight 

which caused fading and transparent screens containing uv absorbers were 

widely used over shop windows containing knitting wools, for example. These 

were, however, of negligible value and were sometimes replaced by yellow 

screens which absorbed violet and blue light as well. These were somewhat better 

but did not prevent fading during normal periods of exposure in a shop window 

because dyes of only moderate resistance to light are primarily faded by the 

visible light they absorb (McLaren 1955). 

Extensive investigations into the chemical reactions involved in dye fading 

have been carried out but as the mechanisms are both highly specific and 

extremely complex no attempt will be made to summarise them here. Interested 

readers are therefore referred to the excellent comprehensive reviews which have 

been published (Egerton and Morgan 1970, Meier 1971, Griffiths 1972, Bentley 

et al 1974 and Leaver 1980). 

A lesser-known photochemical reaction involving dyed fibres exhibits much 

less specificity though much complexity and this will be reviewed as it forms a 

very interesting chapter in photochemistry. This reaction is the photochemical 

degradation of the textile fibre catalysed by the presence of certain dyes of high 

light fastness, a phenomenon known as ‘tendering’. 
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Tendering 

It win be recalled that one of the landmarks of the synthetic dye era was the 

synthesis of ahzarin (I) and indigo (II). In 1901 Rene Bohn, a Swiss employed 

by the German dye firm BASF, provided a perfect example of the ‘enlightened 

empiricism’ approach of dye chemists. Bohn attempted to make the anthra- 

quinonoid analogue of indigo from the glycine derived from 2-aminoanthra- 

quinone. He obtained a blue compound but when he attempted to vat it the 

expected colour change to pale yellow — characteristic of all the indigoid vat 

dyes — did not occur. Legend has it that he gave vent to his feelings of 

disappointment by putting the beaker down so forcibly that it cracked and the 

blue hquid ran over his white lab-coat. He instructed his assistant to wash it but 

and hour later the ‘stain’ was still there! The product he had produced was a vat 

dye, but of an entirely new chemical class, one characteristic of which being that 

their leuco compounds W'ere not usually pale yellow in colour. The structure of 

this dye is as in (XXX). It was named indanthrone ~ Cl Vat Blue 4:69800. 

When highly coloured automotive finishes were required in the 1950s indanthrone 

was found to have valuable properties and it was marketed as a pigment (Cl 

Pigment Blue 60:69800). 

Dyes of this class had such excellent all-round fastness properties that fabrics 

dyed or printed with them were sold with a guarantee that they would be 

replaced if they faded in use (Morton 1929). It was soon discovered that curtains 

printed with certain of these dyes, which showed no sign of fading when first 

taken down, went into holes on washing, the outhne of the holes corresponding 

exactly to areas of the fabric which had been printed with specific yellow and 

orange dyes. Haller showed, in 1924, that these dyes promoted the formation 

of oxycellulose on exposure to light, this degradation product being soluble in 

hot, alkaline soap solutions (Haller 1924). This phenomenon is usually known as 

tendering (fibre degradation caused by photo-oxidation). In 1929, Schofield 

and Goodyear showed that when cotton dyed with a tendering dye was exposed 

to hght under moist conditions hydrogen peroxide was formed (Schofield and 

Goodyear 1929). 
One of the most surprising features about tendering and non-tendering dyes 

was that activity seemed to be entirely unrelated to chemical structure. Venka- 

taraman (1952) gives an excellent example of this: (XXXI) (Cl Vat Yellow i26: 
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65410) and (XXXII) (Cl Vat Yellow 3 :61725) are both active tenderers and it 

would be reasonable to associate this with the presence of the benzamido 

groups (CgHsCO-NH—) if it were not for the fact that (XXXIII) (Cl Vat Yellow 

13:65425) is a non-tenderer. 

(XXXIIl) 

In the late 1940s, Egerton made a thorough investigation into this phenome¬ 

non and found that it was by no means confined to specific yellow and orange 

vat dyes on cellulosic fibres. Various direct, acid, basic, sulphur, vat and disperse 

dyes of many different colours sensitise the photochemical degradation of 

cotton, viscose rayon, silk, nylon and acetate fibres but only in the presence of 

oxygen, the effect usually being increased in the presence of water vapour. Zinc 

oxide and anatase (Ti02) behave hke sensitising dyes. Egerton confirmed that 

hydrogen peroxide was formed when oxygen and moisture were present and 

found that this was capable of diffusing several millimetres to degrade an undyed 

fibre or to oxidise starch-iodide paper. He also found that the oxidation of 

cellulose by hydrogen peroxide was increased by exposure to light (Egerton 
1948). 

In order to explain the mechanism of hydrogen peroxide formation Egerton 

invoked a theory developed by Kautsky (1938) to explain a photo-oxidation 

effect he had discovered. He absorbed the fluorescent yellow dye, acriflavine, on 

to silica gel and mixed it with silica gel coated with colourless leuco-malachite 
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green. On irradiation in vacuo the acriflavine exhibited both fluorescence and a 

slow fluorescence lasting many seconds at room temperature and the leuco- 

malachite green remained colourless. When he admitted a trace of oxygen into 

the vessel, the fluorescence was quenched and the leuco-malachite green turned 

greenish blue. Kautsky’s explanation was that the energy of an excited acri¬ 

flavine molecule was transferred to an oxygen molecule promoting it into an 

excited state which then diffused over to adjacent leuco-malachite green and 

oxidised it to the bluish green dye, the acriflavine thereby returning to the 

ground state and becoming available for further, catalytic oxidation. 

Photochemists had ignored his theory because experimental evidence that 

excited oxygen had been formed was lacking even though no satisfactory 

alternative mechanism had ever been put forward to explain the facts even by as 

late as 1960 when similar phenomena were observed (Rosenberg and Shombert 

1960). Egerton, however, considered that this was the most likely first stage in 

phototendering and in moist air the second stage would be the formation of 

hydrogen peroxide by a reaction between oxygen in an excited state and water 

vapour (Egerton 1949). He had, however, overlooked the fact that Kautsky had 

stated that the influence of water on the photo-oxidation was an adverse one 

and Bamford also pointed out that there was no evidence that excited oxygen 

can form hydrogen peroxide by reaction with water (Bamford 1949). 

Bamford’s comment was made at a symposium entitled Photochemistry in 

Relation to Textiles organised by the Society of Dyers and Colourists and in 

another paper Bamford and Dewar put forward an alternative mechanism to 

Egerton’s ‘activated oxygen’ theory. They postulated that the dye in an excited 

state reacted with the substrate by a process of hydrogen atom abstraction 

which created a ‘free-radical centre’ which is then attacked by molecular oxygen 

(Bamford and Dewar 1949). We shall see that the conflict between the ‘hydro¬ 

gen abstraction’ theory and the ‘activated oxygen’ theory is probably not 

resolvable. At this symposium Bowen and Livingstone independently drew 

attention to the undoubted importance of the triplet state (Bowen 1949, Living¬ 

stone 1949) whose nature had been finally established only five years earlier 

(Lewis and Kasha 1944). 
The triplet state was expected to be involved in many photochemical 

reactions because, hke the excited singlet state, it is highly reactive, a molecule 

in an excited state possessing two orbitals each containing only one electron, a 

state the organic chemist describes as a di-radical. The triplet state would be 

expected to be much more effective, however, because its lifetime is known to 

be several orders of magnitude longer. The quantum efficiency of dye fading is 

extremely low; if a dye had a quantum efficiency of 1 it would be completely 

faded after less than ten seconds exposure to sunlight (Giles et al 1972). The 

most fugitive commercial dye would require several hours exposure. Bowen 

suggested that this low efficiency might be because of the low probability of the 

triplet state being formed (Bowen 1949). 
Shortly after this symposium, the British Rayon Research Association 

(BRRA) began an intensive study of the fundamental mechanisms involved in 
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tendering. Tendering is a more serious problem with viscose rayon than with 

cotton because the undyed fibre has a lower tensile strength, especially when 

wet. The BRRA beheved that if these mechanisms could be elucidated, methods 

of minimising tendering might be devised. They began their studies with ‘model 

systems’ in which a simple anthraquinone instead of a complex vat dye was used 

as the sensitiser and a simple alcohol instead of complex cellulose as the 

acceptor. This technique was first used by Bolland and Cooper and gave signifi¬ 
cant msight into the mechanism of tendering. The sensitiser in an excited state 

reacted with ethanol to form a semiquinone radical, subsequent reactions with 

oxygen and ethanol leading to the oxidation of the latter (Bolland and Cooper 

1954). Wells showed that this primary process was one of hydrogen abstraction 

and not electron transfer (Wells 1956). Cooper later found that substituted 

anthraquinones can be divided broadly into sensitisers and non-sensitisers 

according to the position of methyl, chloro- and sulphonic acid groups (un¬ 

published, but quoted by Bridge 1960a). 
The most valuable technique introduced by the BRRA was the Nobel Prize¬ 

winning technique of flash photolysis (Norrish and Porter 1949). An intense 

flash of visible and near uv Hght caused the initial formation of excited singlet 

states followed by intersystem crossing to form the lowest excited triplet state 

whose lifetime was long enough to permit an absorption spectrum to be 

obtained by means of a second, much weaker, flash; subsequent ‘analytical’ 

flashes could then be used to measure the rate of decay of the triplet state. Any 

bands appearing after flashing would be caused by excitation from the Ti state 

to T2, T3 etc (which are not shown in figure 2.4) or possibly from a subse¬ 

quently formed radical or radical ion. The first of these studies used liquid 

paraffin instead of ethanol as its high viscosity prolonged the triplet lifetime: the 

sensitiser was tetramethyl-p-benzoquinone. To everyone’s surprise the kinetics 
of the system indicated that the semiquinone radical was being formed from the 

singlet state and not the triplet (Bridge and Porter 1958). 

Although Egerton had found that photochemical degradation of textile fibres 

could be caused by red, green and blue dyes the fact that the majority — and all 

of the technically important tendering dyes — were yeUow or orange in colour 

suggested that a study of their absorption spectra should lead to an explanation 

of the mechanisms involved. It was complicated, however, by the fact that there 

were many non-tendering yellow and orange dyes whose principle absorption 

bands had similar positions and shapes to those of tendering dyes. In 1933, 

Preston observed that tendering dyes had, in addition, another band in the ultra¬ 

violet, i.e. in the 360-400 nm region (unpublished, but quoted by Schofield and 

Turner 1933). In 1954 Cooper observed that sensitising anthraquinone derivatives 
had a shoulder on the long wavelength side of the principle absorption band 

(Cooper private communication). Moran and Stonehill examined the spectra of 

39 anthraquinonoid vat dyes and related compounds and also found that several 

of the active compounds exhibited weak bands in the 400 nm region but that 

none of the inactive dyes did so though they admit these may have escaped 
detection (Moran and Stonehill 1957). 
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One of the first attempts to classify the electronic spectra of complex 

molecules was made by Burawoy who classified the weak, long-wavelength 

absorption bands of compounds containing —CO, —NO, —N=N— and other 

hetero groups as R-bands, which he thought were due to direct transitions from 

the ground state to an excited triplet state (Burawoy 1939). Moran and Stone- 

hill therefore attributed the weak bands they had observed in tendering dyes to 

direct triplet state formation but by 1958 it had become generally accepted that 

the vast majority of these R-bands did not involve the triplet state but were 

transitions to an n-rr* singlet state. In 1960, Bridge expressed the view that such 

a transition would be expected to result in tendering rather than a tt-tt* 

transition for the following reason: when cellulose is dyed with vat dyes there is 

a strong possibility of hydrogen bond formation (Venkataraman 1952, Peters 

and Sumner 1955) and the group in the dye which would be involved is that 

possessing an n electron which if it were displaced into a higher orbital might be 

expected to produce a reaction (Bridge 1960b). 
The subsequent history of the elucidation of the mechanism of tendering can 

best be followed if the two major aspects are considered separately even though 

many of the investigations covered both, i.e. the specific chemical reactions 

occurring and the nature of the excited state involved. 

The chemical reactions causing tendering 
Photochemists, with the sole exception of Egerton, had shown complete 

hostihty to the activated oxygen theory of Kautsky from the date of its 

inception, 1939, until the period 1963-4 when the situation changed dramati¬ 

cally. The cause of the change was the elucidation of the mechanism underlying 
the observation, first made as long ago as 1927, that the decomposition of 

hydrogen peroxide was often accompanied by the emission of red light (Khan 

and Kasha 1963,1964a, 1964b, Foote and Wexler 1964, Corey and Taylor 1964). 

The decomposition resulted in the formation of oxygen molecules in an excited 

state and the red hght was emitted as these molecules underwent a complex 

radiative transition to the ground state (Arnold et al 1964). Molecular oxygen is 

‘somewhat unique’ among molecules containing an even number of electrons in 

that the ground state configuration is that of a triplet. The two excited states 

commonly occurring are both singlets, the one of higher energy (38 kcal) being 

designated ^2, that of lower energy (22 kcal) being designated ^A. 
The connection between this discovery and phototendering is that when 

singlet oxygen generated chemically from hydrogen peroxide was used to oxidise 

a number of organic compounds each of which gave a highly specific group of 

end-products, exactly the same products were obtained using the process of 

dye-sensitised photo-oxidation by gaseous oxygen. Kautsky’s theory was thus 

drawn back into the mainstream of photochemical research and has developed 

at a rapid pace ever since. As Kearns has remarked ‘the range of phenomena, 

reactions and systems in which singlet oxygen is now beheved to be directly or 

indirectly involved is indeed remarkable’ (Kearns 1971). 
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The first proof that some tendering vat dyes generated singlet oxygen when 

exposed to hght in the presence of molecular oxygen was obtained by Griffiths 

and Hawkins (1973). Four yellow/orange vat dyes varying in activity from 

borderhne to severe were irradiatexi in solution and on cotton containing tetra- 

phenylcyclopentadienone (TPC) which reacts extremely readily with oxygen 

to give cis-dibenzoylstilbene (CDS). The most comprehensive data on tendering 
was obtained by Egerton (1947) who exposed specimens of cotton dyed with 

36 vat dyes to sunhght and determined the increase in fluidity, one of the 

standard methods of determining the extent of tendering. Their results are given 

in table 2.2. These studies were later extended by Garston using dyed fibres 

only: his results are given in table 2.3 (Garston 1980). 

Table 2.2 Generation of cis-dibenzoylstilbene by vat dyes exposed to light 
(Griffiths and Hawkins 1973). 

Dye Rank order 
(Egerton) 

Conversion to CDS(%) 

Solution Fibre 

Cl Vat Yellow 2:67300 2 18 36 
Cl Vat Yellow 26:65410 6 94 — 

Cl Vat Orange 9:59700 7 100 14 
Cl Vat Yellow 1 :70600 11 2 4 
Undyed cotton 18 — 4 

Table 2.3 Generation of 
(Garston 1980). 

cis-dibenzoylstilbene by vat dyes exposed to light 

Dye Rank order (Egerton) Conversion to CDS (%) 

Cl Vat YeUow 21:69705 1 58 
Cl Vat Yellow 2:67300 2 50 
Cl Vat Orange 21:69700 5 33 
Cl Vat Orange 9 :59700 7 17 
Cl Vat Yellow 1 :70600 11 10 
Undyed cotton 18 8 
Cl Vat Green 1: 59825 24 8 
Cl Vat Blue 20:59800 — 6 
Cl Vat Blue 12:69840 — 4 

Bentley et al had, however, previously criticised Griffiths and Hawkins’ 

conclusion on the grounds that whilst tendering dyes undoubtedly do produce 

singlet oxygen, it does not necessarily follow that it is thus which actually causes 

tendering. Singlet oxygen production indicates the formation of a long-hved 
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excited state but this could react either with oxygen or with the fibre by hydro¬ 

gen (or electron) abstraction with tendering resulting from the latter rather than 

the former reaction (Bentley et al 1974). These investigators were members of a 

team at Salford led by Phillips who were the first to apply flash photolysis to 

cellulose films dyed with tendering vat dyes. This technique overcomes the 

criticisms often raised by Egerton against the evidence from model compounds, 

namely that they do not simulate the conditions occurring in practice (Egerton 

and Morgan 1971). Davies et al flashed in air cellulosic films dyed with Cl Vat 

Yellow 2:67300 and Cl Vat Yellow 4: 59100 (ranking order of tendering being 

2 and 3 respectively). The spectra they obtained resembled those from the flash 

photolysis of the same dyes in alcohohc solutions which indicated that hydrogen 

abstraction had occurred with Vat Yellow 2 and electron transfer with Vat 

Yellow 4 (Davies et al 1972, 1973a). 

Convincing evidence as to the involvement of singlet oxygen as a cause of 

and not as a by-product of tendering should be obtained by determining if a 

quencher of singlet oxygen protects dyed cellulose against tendering. A very 

effective quencher is furan vapour not only because it reacts very readily with 

singlet oxygen, but also because a reaction in the gas phase would undoubtedly 

be favoured over a reaction at a gas-sohd interface. Davies et al irradiated fabrics 
dyed with Cl Vat Yellow 2 and Cl Vat Yellow 4 in a stream of oxygen with and 

without the presence of furan vapour: no significant protection was given by 

the singlet oxygen quencher which would seem to be proof that singlet oxygen is 

not the cause of tendering with these two dyes (Davies et al 1973b). However, 

other singlet oxygen quenchers have been applied to cotton dyed with Vat 

Yellow 2 which did afford some protection. Garston obtained a 12% reduction 

in degradation using TPC (Garston 1980) and Griffiths and Hawkins found an 

increase in fluidity of only 5-11% when films were impregnated with diazabi- 

cyclo (2,2,2) octane compared with a 22-23% increase in its absence (Griffiths 

and Hawkins 1976). 
Opponents of the singlet oxygen theory argued that there was no evidence 

that singlet oxygen could oxidise cellulose but in their 1976 paper Griffiths and 
Hawkins described experiments which showed that it could, and at a rate com¬ 

parable with that of an efficient hydrogen abstractor. It is somewhat ironic that 

the authors thought that the reaction between singlet oxygen and cellulose was 

most hkely to be one of hydrogen abstraction! Though this paper would seem 

to have removed the last remaining obstacle to the acceptance of singlet oxygen 

being a cause of tendering the authors concluded it with the following pertinent 

comment: ‘it is important in interpreting experimental results that one 

mechanism should not be considered to the exclusion of the other, as has often 

been done in the past’. This view was later endorsed by Garston (Garston 1980) 

and by AUen and McKeUar who added ‘it is doubtful whether the relative 

importance of the “singlet-oxygen” and “hydrogen atom or electron abstrac¬ 

tion” theories of phototendering will be resolved’ (AUen and McKeUar 1980). 

In both mechanisms the dye behaves as a catalyst for phototendering by the 

oxygen in the air. When the singlet oxygen mechanism is operating, the dye 
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returns to the ground state when it transfers its excess energy to an oxygen 

molecule 

^D* + O2 D + XO2)* 

thus becoming available for further singlet oxygen formation until it has been 

destroyed by a secondary photochemical reaction — fading. When tendering is 

caused by direct reaction between the excited dye and cellulose the dye is con¬ 

verted into a semiquinone radical if the reaction is one of hydrogen abstraction 

or into a semiquinone radical anion if the reaction is one of electron transfer. In 

both cases the dye is re-formed by oxidation by atmospheric oxygen though the 

possibility of singlet oxygen being involved cannot be ruled out. 
Different mechanisms have been proposed to explain the formation of 

hydrogen peroxide when cellulose is photo tendered in moist air. If the 

mechanism is one of hydrogen (electron) abstraction, subsequent oxidation of 

the semiquinone radical or radical-ion forms HO2 • radicals which then combine 

H02- + H02-->H202+ 02. 

If the mechanism involves singlet oxygen Egerton and Morgan postulated the 

formation of an ion-pair complex between the dye in its triplet state and oxygen 

3d* + 02-D^.Oi-. 

This then reacts with hydroxyl ions followed by hydrogen ions to give H02- 

radicals 

• D^.02^D^.0H- + 02- 

02- + H^^H02- 

H02- + H02-^H202+02 

(Egerton and Morgan 1971) but this hypothesis has never been substantiated. 

The excited state involved in tendering 
Bridge and Porter’s conclusion that it was the singlet state of tetramethyl-p- 

benzoquinone which reacted in Uquid paraffin was shown in 1968 to have been 

incorrect, one of the transients observed having been wrongly assigned (Wilkin¬ 

son et al 1968). There is now unanimous agreement among photochemists that 

by far the great majority of photochemical reactions are initiated by the triplet 

state of lowest energy. 
The nature of this state, whether it is n-rr* or tt-tt*, would be expected to be 

important because Porter and Suppan found that the photochemical reactivity 

of substituted benzophenones was about ten times greater when the lowest 

triplet was n-rr* than when it was tt-tt*. This displacement of the n electron into 

a 7T* orbital resulted in an electron deficiency on the carbonyl group which pro¬ 

moted hydrogen abstraction or electron transfer reactions. If a tt-tt* transition 

was accompanied by an intramolecular charge-transfer (C-T), the increase in 

electron density on the carbonyl group reduced the reactivity. They assessed 
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the relative reactivities of the n-n*, vr-rr* and C-T states as being 100:10:1 

(Porter and Suppan 1965). This would account for Cooper’s observation that 

sensitising anthraquinone derivatives had a shoulder on the long wavelength side 

of the principle absorption band as if this were due to a weak n-rr* band (which 

is hkely) the lowest triplet would be expected to be n-n*. Schorer and Dorr 

also concluded that tendering dyes did have n-rr* bands at longer wavelengths. 

However, their evidence for tlris was not particularly convincing as the most 

active in their group of active dyes was only rated seventh in Egerton’s list and 
their group also included Cl Vat Yellow 29:68400 and Cl Vat Yellow 31:68405, 
the first greenish-yeUow non-tendering vat dyes to be marketed (Schorer and 

Dorr 1964). Moran and StonehiH’s observation that several active vat dyes had 
weak bands in the 400 nm region, however, does not suggest that the lowest 

triplet state will be n-rr* in character. The reduction in energy on passing from a 

singlet to a triplet state, the so-called singlet-triplet splitting, is always much 

greater for n-n* than for n-n* states so that as an n-rr* band at 400 nm will 

have a higher energy level than the principle n-n* band (at 450 nm or greater), 

the n-TT* triplet must be at a higher energy level than the n-n* triplet. 

Davies et al investigated the spectroscopic properties and photochemical 

behaviour of two of the most active vat dyes. Vat Yellows 2 and 4. Vat Yellow 

2 readily reacted by both hydrogen abstraction and electron transfer according 

to pH but Vat Yellow 4 reacted only by electron transfer (Davies et al 1972). 

Though they originally believed that the first excited singlet state (and therefore 

the lowest triplet) of both dyes was n-n* in character, it is extremely difficult 

to identify the character of an excited state of a vat dye, partly because they 

are usually insoluble in diagnostic solvents and partly because any weak n-rr* 

band is hkely to be swamped by a much stronger n-n* band. Davies, therefore, 

now believes that in the case of Vat YeUow 2 the lowest triplet may have been 

n-TT* which would completely account for its photochemical behaviour. The 

first excited state of Vat Yellow 4, however, was clearly n-n* showing con¬ 

siderable intramolecular charge-transfer character which would explain its 

negligible reactivity towards hydrogen abstraction. Electron transfer to the 

carbonyl group would also be prevented but Davies believes that efficient 

electron transfer occurs to the ring system which intramolecular charge-transfer 

has made electron-deficient (Davies, private communication). 

Two of the three types of triplet state have therefore been shown to cause 

photodegradation and the third, n-n*, would be expected to be involved if 

tendering is ever caused by photosensitised activated oxygen. This is not be¬ 

cause such triplets give a higher quantum yield of singlet oxygen than n-rr* 

triplets - there is no theoretical reason why there should be any difference — 

but because the Hfetimes of n-n* triplets are about one hundred times longer 

than those of n-n* triplets both in solution and in frozen glasses. The lowest 

triplet state is most likely to be n-n* for dyes other than yellows because they 

have at least one n-n* absorption band at longer wavelengths. It is surely no 

coincidence that among the most efficient sensitisers of singlet oxygen are rose 

bengal (Cl Acid Red 94:45440), methylene blue (Cl Basic Blue 9:52015) and 
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rhodatnine B (Cl Basic Violet 10:45170). These dyes are not tenderers solely 

because they will have faded long before fibre degradation has occurred. 

The nature of the triplet state, therefore, does not appear to be critical: a 

dye of high hght fastness is likely to cause tendering if it passes into a long-Uved 

triplet state. Conversely, it will not cause tendering if the lowest excited singlet 

state is deactivated before intersystem crossing to a triplet state can occur as 

Bowen (1949) had predicted or if the triplet so formed is rapidly deactivated. 

There is considerable supporting evidence for this view. In hydrogen abstraction 

reactions Milhch and Oster found that the only acridine dyes which were not 

reduced by allylthiourea on irradiation were those which were not phos¬ 

phorescent, i.e. which did not pass into the triplet state (Millich and Oster 

1959). Dearman and Chan (1965) found that among twenty substituted anthra- 

quinones, those which did not undergo photoreduction were those which did 

not phosphoresce. Garston found that a decrease in tendering activity was 

accompanied by a reduction in the lifetime of the lowest triplet state as the 

existence of these states could not be detected by electron spin resonance in the 
case of the least active yellow/orange dyes they studied (although they did phos¬ 

phoresce) unUke the three inactive blue/green dyes (Garston 1980). Zweig and 

Henderson found that many dyes of different colours and chemical constitutions 

were efficient sensitisers for singlet oxygen with the exception of the four azo 

dyes they investigated — they attributed their inactivity to the ‘exceptionally 

short triplet Ufetime’ (Zweig and Henderson 1975). 



3 
The Application of Colouring Matters 

Colouring matters are conveniently divided into dyes and pigments although, as 

we have already seen, some colorants have been used for both purposes, indigo 

being the classical example. Many synthetic colorants are also marketed as both 

pigments and as dyes. 

Pigments 

The basic definition of a pigment is that it is a colorant in particulate form 

which is insoluble in a medium but which can be dispersed in it to modify its 

colour. Many water-soluble dyes can be converted into pigments by forming 

insoluble metallic salts or lakes, one of the earliest being the formation of the 

aluminium salt of cochineal mentioned in chapter 1. These dispersed particles 

are of a size between 100 and lOOOnm so that if the refractive index at any 

wavelength is substantially greater than that of the medium, light scattering 

will occur in addition to absorption and transmittance. This is the reason why 

there are white pigments but no white dyes — dyes on the fibre do not form 

aggregates nearly large enough to cause significant scattering. Light scattering by 

coloured pigments is sufficient to complicate the calculations involved in 

computer match prediction as we shall see in chapter 12 but it is normally quite 

insufficient to produce the required shades: a paint containing only Prussian 

blue, for example, would have to be sold as a black paint to avoid infringing 

trade description acts. Many coloured pigments have therefore to be mixed with 

about an equal amount of a white pigment to obtain attractive colours. 

Pigments are usually applied by two quite separate methods: 

(a) Surface coatings. This is, of course, the modern term for the traditional 

methods of painting, the pigment(s) being ground into the medium to make a 

paint or a printing ink which is then applied to the surface of the article being 

coloured. 
{b) Mass-coloration. This method of application is used for colouring plastics 

before they are extruded. One of the earliest applications was to add the pig¬ 

ment to a solution of a man-made textile fibre such as viscose or cellulose 

acetate before spinning but by far the most important application today is to 

incorporate the pigment into molten polymer before extrusion. Often the 

55 
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polymer is coloured by a specialist company and extruded in ribbon form 

which is then cut into granules for re-melting and extruding into the shape of the 

final article by the manufacturer. 

Dyes 
With two exceptions which will be discussed later, dyes are applied to textiles, 

paper and leather from an aqueous solution or dispersion. In a dyeing operation 

the material is immersed in a dye-bath or padded with the dye hquor and in 

textile printing the dye is confined to specific areas by being applied as an 

aqueous paste. Once the dye has diffused into the fibre, some mechanism must 

restrict its return to the aqueous phase so that within a reasonable length of time 

the bulk of the dye has been transferred to the fibre. This is the fundamental 

mechanism involved in dyeing and when it occurs the dye is said to possess 

substantivity for the fibre in question. 
There are six different mechanisms which confer substantivity, four chemical, 

and two physical. 

Mordanting 
This was the method widely used during the natural dye era and involved pre¬ 

treatment with metallic salts which subsequently formed additional linkages 

with dye molecules. Today the use of mordant dyes is mainly confined to wool 

using chromium salts which can also be apphed after the dye (after-chroming) 

or with the dye (the metachrome method). The Cl generic name for this class 

of dye is mordant. 

Salt linkage 
Wool, silk and nylon contain amino groups which under acid conditions are 

ionised to give positively charged cations. Dyes containing sulphonic acid groups 

— anionic dyes — are negatively charged and, during dyeing, salt linkages are 

formed 

Fibre-NHg + Dye-SOg ^ Fibre-NHs Dye SO;. 

The Cl generic name of these dyes is acid but if they possess substantivity for 

cellulose, as described next, they are classed as direct. Salt linkages can also be 

formed between the acidic groups in wool and silk and cationic dyes which 

constituted most of the earliest synthetic dyes such as magenta, malachite 

green and methylene blue. Such dyes are termed basic and whilst they were too 

fugitive for wide usage on natural textile fibres, they are much faster on the 

synthetic fibre, acrylic and constitute the major dyeing class for that fibre. 

Hydrogen bonding 

This is the mechanism whereby certain anionic dyes possess affinity for cellu¬ 

lose. The dyes are retained on the fibre by forming hydrogen bonds either with 

the fibre or between individual dye molecules to build up large aggregates which 
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are physically trapped within the fibre pores. Such dyes are termed direct dyes 

and are characterised by having long planar molecules such as Congo red (XXXIV) 

(Cl Direct Red 28:22120) the first direct dye to be discovered (1884). 

NHj 

SOaNa 

N 

SOjNa 

Covalent bonding 
This is a comparatively recent discovery which again illustrates how dye chemists 

can fail to achieve their objective but instead discover something of very much 

greater importance. Stephen, of ICI, had synthesised azo dyes containing tri- 

chlorotriazine (XXXV) in the hope that one of the chloro groups would react 

with the amino groups in wool to form covalent links. These would be expected 

to be much stronger than the reversible salt links formed when wool is dyed 

with acid dyes and such dyes would therefore be expected to be much faster to 

washing. Rattee evaluated these speculative dyes but was not impressed with the 

results obtained and during the subsequent discussion in October 1953 Stephen 

commented that the reaction they were trying to achieve was the Schotten- 

Baumann reaction, familiar to generations of organic chemists. This is really only 

effective under strong alkaline conditions which would ruin wool. 

Cl 

N-'^N 

II I 
Dye—NH—C —Cl 

(XXXV) 

The Schotten-Baumann reaction, however, also occurs with hydroxyl groups 

which are present in abundance in cellulose which is not adversely affected by 

high pH values. Rattee appUed these speculative wool dyes to cotton and one of 

the most important classes of dyes was born, reactive dyes, which were first 

marketed in 1956 under the brand name Procion, exactly a century after 

Perkin’s discovery of mauve. Monochlorotriazine dyes were also found to be just 

as valuable as reactive dyes: the manufacture of these had been patented many 

years earlier by Ciba but they had not realised their enormous potential. Ciba 

could, however, prevent ICI from manufacturing monochlorotriazine dyes whilst 

ICI could prevent Ciba from selling them for cellulosic fibres so, by mutual 

agreement, both firms entered the market with both mono- and di-chloro 

reactive dyes (ICI 1979). Rattee and Stephen were awarded the Perkin Medal of 

the Society of Dyers and Colourists for their invention. 
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Insolubilisation 
This is the mechanism by which the insoluble colouring matter, indigo, was 

dyed. It was rendered soluble in alkahne solution by vatting and once inside the 

fibre it was oxidised back to thevinsoluble product, the microscopic particles of 

dye requiring aggregation by soaping into larger particles if maximum fastness 

was to be achieved. Indigoid and anthraquinoid vat dyes are classed as vat dyes 

and a similar mechanism is involved with sulphur dyes. 
In 1880 the English dye maker. Read Holliday, successfully used the in¬ 

solubilisation method to form insoluble azo dyes within cotton fibres. The 

cotton was first padded in an alkaline solution of /3-naphthol followed by 

immersion in a bath containing a diazotised amine. This became one of the 

major methods of obtaining fast shades on cellulosic fibres, particularly red 

shades which did not feature prominently amongst the vat dyes. The com¬ 

ponents are listed in the Colour Index as Cl Azoic Diazo Components and Azoic 

Coupling Components. 
Other important dyeing methods are based on insolubilisation. In 1863, 

Lightfoot discovered a method of impregnating cotton with aniline and oxidising 

it in situ to form the fast aniline black (Cl Oxidation Base 1; 50440) and this 

technique with other bases became the standard method of dyeing natural furs. 
The discovery of the pigment phthalocyanine blue in 1934 led to a search for 

ways of using it as a dye. Sulphonation gave a blue direct dye of good light fast¬ 

ness but very poor wet fastness (Cl Direct Blue 86:74180) but in 1951 a 

method of solubihsing it by chlormethylation followed by reaction with a 

tertiary base was discovered by ICI. During dyeing or printing, the solubilising 

groups were eliminated and an insoluble phthalocyanine derivative deposited 

within the fibre. Unlike the phthalocyanine blue pigment, this had a bright 

turquoise shade and was the first dye of that shade to have good all-round fast¬ 

ness properties. It had an effect on the world of fashion comparable with that 

of magenta and its brand name, Alcian Blue 8GX (Cl Ingrain Blue 1:74240) 

passed into the vocabulary of designers. Another method of generating an in¬ 

soluble phthalocyanine in the fibre was invented by Bayer in 1953. This was to 

print cloth with a paste containing di-iminoisoindoline (XXXVI) and a copper 

salt: on heating this formed copper phthalocyanine (Cl Ingrain Blue 2 :2 74160). 

It is very surprising that such a complex structure as (XX) is formed so readily 

from such a simple precursor. 

NH 

NH 

(xxxvn 

Solid solution 
Certain dyes, insoluble in water and possessing substantivity for one or more 

hydrophobic fibres, are applied from aqueous dispersions. These dyes are termed 
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disperse dyes and must be of small molecular size to achieve penetration into the 

fibre. It is often necessary to add swelling agents — wrongly termed ‘carriers’ — 

or alternatively to dye under pressure at temperatures well above the boiling 
point of water. 

Two methods of applying disperse dyes to textile fibres without the use of 

water have been developed — transfer printing and solvent dyeing, the first 
being by far the most important. 

Transfer printing. Many disperse dyes sublime and in 1968 a technique was 

perfected by the French textile company Filatures Prouvost-Masurel working in 

collaboration with Ciba and a paper-printing company whereby such dyes were 

first printed on to paper. Polyester fabric was then passed in contact with the 

printed papers througli heated rollers which caused the dyes to sublime and 

dissolve in the fibre preserving faithfully the outline of the print. By 1973, 

transfer printing was being used for about one-fifth of all polyester fabric 

dyeing and its importance was recognised by the award of the Perkin Medal to 
de Plasse in 1977. 

Solvent dyeing. The increasing cost of water and problems with effluents led to 

much effort being devoted to applying disperse dyes from solutions in solvents 

such as perchloroethylene instead of from aqueous dispersions. These have not, 

however, led to any widespread industrial application which is, perhaps, fortu¬ 

nate as no solvent recovery plant can ever be 100% effective and the dangers of 

atmospheric pollution by chlorinated hydrocarbons are well recognised. 

The application of dyes to non-textile substrates 

Dyes are used for colouring many materials other than textiles, the most im¬ 

portant being paper, leather and foods. In paper manufacture the dyes are added 

to the pulp, i.e. a cold-dyeing operation, the dyes being conventional textile dyes 

whose properties and price are suitable for the industry. Hides and skins are 

dyed after tanning by tumbling them in dmms containing dye solutions as hot 

as the leather will withstand. Many dyes have been specially synthesised for 

leather, particularly browns, as the conventional way of dyeing brown shades by 

combination of red, yellow and blue (or black) dyes is not satisfactory, the 

various components penetrating leather to different extents resulting in separa¬ 

tion being apparent on cut edges. 
The use of dyes for food coloration dates back to very early times, madder 

and kermes being used to colour the sugar imported into Europe from Alexandria 

from the twelfth century onward whilst cochineal was probably used even 

earher. Inorganic pigments, including many lead compounds and copper arsenite 

were widely used for colouring sweets until the Adulteration of Food and Drink 

Act (1860) and the PubUc Health Act (1875) required local authorities to 

appoint pubhc analysts and to institute regular samphng procedures in an 

attempt to detect adulterants ‘injurious to health’. Fortunately many of the 

early synthetic dyes were technically superior for food coloration and few were 
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believed to be injurious to health if free from contamination. Thus there was 

virtually no restriction on their use until a government committee recommended 

in 1924 that only colours whose harmless character had been demonstrated 

should be used. The government, however, adopted a much less restrictive 

pohcy: only five synthetic dyes were prohibited and it was not until 1957 that 

the UK followed the practice adopted in the majority of other developed 

countries of having a restricted list of permitted colours, all others being pro¬ 

hibited. Today the EEC permits 11 synthetic dyes and the USA 8. Whilst most 

of these permitted dyes are highly purified textile dyes, one or two have been 

specially synthesised for food coloration, the most important being Allura Red 

(Cl Eood Red 17:16035) which was developed in the USA in anticipation of the 

eventual prohibition of aU other bright bluish reds. Allura Red, however, has 

neither UK or EEC approval as the alternatives have not been banned. For a 

recent, comprehensive review of developments in food colours the reader is 

referred to Walford (1980). 

The fastness properties of dyes 
The fact that dyes varied in their fastness properties had been recognised in the 

eleventh and twelfth centuries when dyers’ guilds, separate from weavers’ guilds, 

were formed in Europe. Dyers were divided into those capable of dyeing the 

faster dyeings - grand teint - and those only permitted to use less fast dyes - 

petit teint. Colbert, Controller General of Finances in France in 1661 is credited 

with being the first to specify a fastness test (boiling in slightly acid water) to 

differentiate between the two but it was du Fay de Cisternay, in 1737, who 

introduced a rational system which recognised the need to test separately for 

hght fastness and for wet fastness. The manufacturers of synthetic dyes devised 

their own tests but it was not until 1914 that standard methods were intro¬ 

duced, the Verfahren, Normen und Typen of the German Fastness Commission. 

The British Society of Dyers and Colourists published a limited number of test¬ 

ing methods in 1934 followed by a much larger number in 1948 and after the 

Second World War the various authorities collaborated under the auspices of the 

European Colourfastness EstabUshment and the International Standards 

Organisation (ISO) so that today the same testing methods are in use throughout 

the world. The complexity of the subject is well illustrated by the fact that the 

current International Standard 105 contains 56 test methods (ISO 1982). These 

are obtainable from the national standardising authority: in the UK this is the 

British Standards Institutionf and the test methods are BS 1006 :1979. 

The basic principle underlying all the tests except that for light fastness is 

to apply a laboratory test method designed to simulate the effects of the 

destructive agency such as washing to a specimen of the dyed textile in contact 

with specimens of several undyed fabrics of different kinds. The effect on the 

specimen is then assessed by comparing the perceived colour difference between 

12 Park Street, London W1A 2BS. 
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the original and the treated specimen with a Grey Scale. This consists of pairs of 

cards painted grey illustrating colour differences increasing from zero (Grade 5) 

to a very large difference (Grade 1). The staining of each adjacent fabric is simi¬ 

larly assessed against another scale in which the illustrated differences are set 

against a reference white card (Fastness Tests Co-ordinating Committee 1953). 

The determination of Hght fastness is inevitably different because there is no 

typical dosage of radiation to which the textile will be exposed during its hfe- 

time: a gown will rarely be exposed to dayhght, a curtain may be hung in a 

south-facing window for several years, whilst an awning will have to withstand 

repeated wetting as well. The method used in the majority of countries is an 

elaboration of that first developed by du Fay de Cisternay. A specimen of the 

textile under test is exposed to daylight or to arc-hght together with eight 

standards — pieces of cloth each dyed with a different dye whose resistance to 
exposure varied from very low to very high. The dyes were selected following a 

comprehensive investigation which showed that the fading rates of dyes on wool 

were least sensitive to variations in humidity and that blue dyes would provide 

a set nearest to the ideal spacing which was that each dyeing would be twice as 

resistant as the one below it (Cunliffe 1930). Standard I shows detectable 

fading after only a few hours exposure to bright sunshine whereas Standard 8 

would require at least two summer months exposure in southern England. The 

specimen and standards are exposed for two periods to produce two degrees of 

fading of the specimen which are defined by the Grey Scale already described 

(Grades 4 and 3) and the Ught fastness of the specimen is the number of the 
standard which fades at the same rate. 

This method for light-fastness determination is not used in the USA. In that 

country, fading lamps have always been favoured over natural daylight and these 

are calibrated using reference fabrics. The most common method of specifying 

light fastness is to give the number of Standard Fading Hours required to 

produce a colour difference visually equal in magnitude to the pair defining 
Grade 4 on the Grey Scale. 

Many of the ISO fastness testing methods are officially specified for leather 

and are also widely used for other substrates such as paper; the light-fastness 

testing method is also widely used for paints and plastics. 

Factors contributing to the growth of synthetic colouring matters 
It was mentioned in chapter 1 that about 10 000 separate synthetic organic 

compounds had been marketed as dyes or pigments since Perkin’s mauve, the 

annual rates at which new dyes have been introduced being displayed in figure 

1.1. About 4000 of these are no longer manufactured anywhere in the world, 

about 800 are pigments and over 350 are fluorescent brightening agents which 

means that no fewer than 4800 dyes are available for dyeing textiles, leather, 

paper and food. It was mentioned in chapter 1 that this large number is in no 

way attributable to the fact that there are at least a milhon colours which are 

perceptibly different. There are in fact several factors, both technical and 
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commercial, contributing to the large number of available dyes. The chief 

factors are listed below. 

{a) Each dye possesses substantivity for only a hmited number of fibres. 

{b) Each fibre can be dyed \Wth dyes of more than one dyeing class. For 

example, ceUulosic fibres - by far the most important in terms of weight dyed 

per annum — can be dyed with the following classes of dye: direct, indigoid 

vat; anthraquinonoid vat; sulphur; solubilised vat; azoic and reactive. Each class 

has certain overall characteristics which make it particularly attractive for certain 

end uses: dyes in the direct class are cheapest and the easiest to apply; reactive 

dyes give the brightest shades; vat and azoic have maximum fastness. 
(c) Within each dye class, individual members vary widely in fastness 

properties, not only in general but specifically: a dye of high light fastness may 

have poor washing fastness and vice versa. 
{d) A factor which is at least as important as all of these is the competitive 

nature of the dyestuff manufacturing and using industries in the capitalist 

countries. This is perhaps best illustrated by what happened in 1956 after ICI 

and Ciba launched the first reactive dyes, the mono- and di-chloro triazinyl dyes. 

Intensive research activity was started by their competitors to discover other 

groups conferring fibre-reactivity which had not been patented. Many attempts 

were successful so that today there are no fewer than fourteen chemically 

different classes of reactive dyes and the total number marketed is over 700. 



4 
The Main Theories of Colour Vision 

The Ancient Greek philosophers were fascinated by colour and put forward 

several theories, some of which were quite bizarre. Plato, for example, suggested 

that an inner fire gave rise to visual rays shooting outward from the eye towards 

an object. Epicurus, however, completely rejected this emanation theory and 

suggested that coloured corpuscles from the object entered the eye. They were 

unanimous, however, in believing that light when pure, was white and this belief 

was universally accepted until Newton’s classic experiments led to the growth 

of colour science. Newton was not, however, interested in developing theories 

and it was not until 1777 that a substantial theory was developed by George 

Pahner the essence of which was that all colours of light are actually composed 

of three primary colours only, red, yeUow and blue and that ‘the surface of the 

retina must be composed of three kinds of fibres, or membranes each analogous 

to one of the three primary rays and susceptible to being stimulated by it’. This 

was published in a book entitled Theory of Colours and Vision but it had no 

impact whatsoever in the development of colour science and its very existence 

only emerged when Gordon Walls was searching for the earliest reference to 

defective colour vision: his account of this makes delightful reading (Walls 

1956). An identical view was subsequently put forward by Thomas Young, 

undoubtedly in complete ignorance of Palmer’s original suggestions, and this 

formed the basis of the trichromatic theory of colour vision whose importance 

to the development of colour science cannot be exaggerated. 

The trichromatic theory 
Young propounded his theory in the Bakerian Lecture he gave to the Royal 

Society in 1801. This lecture was primarily concerned with developing the wave 

theory of light but he concluded it with the following (Young 1802a): 

As it is almost impossible to conceive each sensitive point of the retina to 
contain an infinite number of particles, each capable of vibrating in perfect 
unison with every possible undulation, it becomes necessary to suppose 
the number limited, for instance to the three principal colours, red, yellow 
and blue, and that each of the particles is capable of being put in motion 
more or less forcibly by undulations differing less or more from perfect 
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unison. Each sensitive filament of the nerve may consist of three portions, 

one for each principal colour. 

The concept that there are three principal or primary colours and that these are 

red, yellow and blue was already well estabhshed. Robert Boyle, writing in 1664, 

mentioned that these colours, together with white and black, were those used by 

painters. This concept is sound; the number of different colours obtainable by 

mbcing red, yellow and blue paints is much greater than if any other three- 

colour combinations are used and the increase obtainable by having four or more 

is not particularly great. 
Although there were many studies made and published on the effects of 

mixing pigments, very few experiments were carried out by mixing coloured 

lights and all scientists tacitly assumed that the effects would be similar. But 

seven months after his Bakerian Lecture Young modified his choice to red, green 

and violet ‘in consequence of Dr Wollaston’s correction of the prismatic 

spectrum’ (Young 1802b). Now these happen to be the colours of the three 

hghts yielding the greatest number of other colours in mixtures and the 

recognition of this fact was a step no less important to the development of 

colour science than Newton’s discovery of the true nature of white hght. But, 

strangely enough, this did not occur until fifty years later; Young’s modification 

resulted from a completely false deduction. 
Wollaston (1802) had achieved much greater prismatic dispersion than New¬ 

ton and had observed seven dark hnes in the spectrum. He thought that five of 

these were physical boundaries of the principal spectral colours and said that 

these were not seven, as Newton had claimed, but four — red, yellowish-green, 

blue and violet. Young repeated this experiment ‘with perfect success’ and 

modified his choice of primaries without actually specifying how he chose these 

three from Wollaston’s four. This interpretation of the dark hnes was, of course, 

completely wrong. In 1817 Fraunhofer achieved even greater prismatic 

dispersion, counted 325 lines and showed that they were caused by certain wave¬ 

lengths of light being absorbed by elements in the solar atmosphere. Young also 

contributed another error; he said that ‘within their respective limits the colours 

differ scarcely at all in quality’ (Young 1807). Newton had, however, been 

absolutely right when he said that the spectrum contained ‘an indefinite variety 

of intermediate gradations’ in addition to the well-known seven colours. 

Young reahsed that if his theory were correct a combination of red, green 

and violet colours must cause a sensation of white. The method he used to 

investigate this was to paint red, green and violet sectors on a disc and to spin it 

rapidly enough to ehminate flicker. The best one can achieve by this method, is 

however, a neutral grey. Young also claimed as proof the following (Young 

1807); 

If we mix together, in proportions, any substances exhibiting these colours 
in their greatest purity, and place the mixture in a light sufficiently strong, 
we obtain the appearance of perfect whiteness. 
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It is obvious that this statement must have owed far more to wishful thinking 

than to visual observation as any such mixture must appear as a dark grey 

under any normal viewing conditions irrespective of the light intensity. The 

significant fact is, however, that it shows that Young was also one of the 

scientists who had not reahsed the fundamental difference between mixing lights 
and mixing pigments because the first experiment involved the former and the 

second the latter. The fact that from completely fallacious reasoning he made 

the correct choice must be regarded as astonishingly good luck. 

Helmholtz (1852) was the first to recognise that there was a fundamental 

difference between mixing hghts and pigments which could be explained by the 

estabhshed laws of physics. It can best be illustrated by considering one of the 

most important colour combinations — mixing blue and yellow dyes or pigments 

to produce green colours — though it is amusing to note that Aristotle and 

Leonardo da Vinci claimed that green was a colour which could not be obtained 

by mixing. It has already been mentioned that scientists assumed that the 

empirical laws of colour mixing based on the behaviour of pigments apphed 

equally to mixing hghts and this belief has even persisted up to the present day 

with a training manual for technicians stating that a mixture of yellow and 

blue lights appears green. The simple experiment of mixing yellow and blue 

hghts, however, clearly shows that the only way such a mixture can appear even 

sUghtly greenish is to use either a greenish yellow or a greenish blue: pure 

yehow and pure blue Hghts when mixed in the correct proportion appear white. 

If we consider the spectrum to consist of red, yellow, green, blue and violet 

{R, Y, G, B and V) Hghts then the mechanism put forward by Helmholtz to 

explain the colour perceived when yeUow and blue pigments are mixed together 

is as foUows: 

The yeUow pigment scatters 7?TG and absorbs BV. 

The blue pigment absorbs and scatters GBV. 
When the RY and G Hghts scattered by the yellow pigment faU on a 

particle of the blue pigment, R and Y are absorbed, G is scattered. 
When the GB and V Hghts scattered by the blue pigment fall on a particle 

of yeUow pigment, B and V are absorbed, G is scattered. 
The only Hght which can enter the eye is that which is not absorbed by 

either pigment but scattered by both: the colour of this Hght is green. 

The behaviour of dyes is similar but the light which is not absorbed is not 

scattered by the dye but is transmitted to be scattered by the substrate. Because 

the effects of mixing dyes and pigments are governed by their power to subtract 

certam regions of the spectrum from the incident Hght, this is called subtractive 

colour mixing in contrast to direct light mixing which is termed additive colour 

mixing. 

The ideal subtractive primaries 
The most important practical consequence of this differentiation was the 

discovery that the ideal subtractive prhnaries were not actually red, yellow and 



66 The Colour Science of Dyes and Pigments 

blue. Helmholtz had shown that the ideal additive primaries were monochromatic 

red, green and violet Ughts but a close enough approximation to these can be 

obtained by dividing the spectrum into three portions, the dividing lines being in 

the yellow and blue-green regions, and recombining the components in each 

portion. The colours of the resulting lights are red, green and blue and mixed 

in the correct proportions virtually all the colours which can be obtained with 

dyes and pigments can be matched. As dyes and pigments achieve their colour 

effects by absorption it follows that if three are chosen which absorb only the 

red, the green and the blue spectral regions respectively these will also yield the 

maximum number of colours. The colours of these ideal primaries can be 

deduced as follows. 

(a) The colorant absorbing the red spectral region will absorb neither the blue 

nor green regions and will therefore be bluish-green in colour. The Enghsh 

language does not contain a common word for this hue but the technical term is 

cyan, from the Greek kyanos — a somewhat inappropriate choice as it means 

‘dark blue’. 
ip) The colorant absorbing the green region will absorb neither the red nor 

blue regions and will therefore be reddish-blue in colour. The technical term is 

magenta whose origin was described in chapter 1, §1.3. 
(c) The colorant absorbing the blue region will absorb neither the red nor 

green regions and will therefore be yellow in colour. 

The ideal subtractive primaries are therefore magenta, yellow and cyan. Their 

effects in mixtures are often surprising and unpredictable by those familiar 

with the behaviour of conventional red, yeUow and blue primaries. They can 
best be remembered by realising that the method of derivation means that pairs 

of additive primaries generate the subtractive primaries and that pairs of sub¬ 

tractive primaries generate the additive. 

Additive Subtractive 

red + green ^ yellow 

green 4- blue -> cyan 

blue + red magenta 

yellow + cyan -> green 

cyan + magenta blue 

magenta + yellow ^ red 

A mixture of three additive primaries, of course, gives white whilst a mixture of 

the three subtractive primaries gives black. 

The discovery that the ideal subtractive primaries are not red, yeUow and blue 

but magenta, yeUow and cyan had no effect whatsoever on the choice of dyes 

and pigments used in the dyeing and paint industries or in the colouring of 

plastics. The reasons for this were two-fold. Firstly there are very few magenta 

and cyan colorants of adequate fastness properties and secondly those that do 

exist absorb quite strongly in the regions where, ideaUy, no absorption should 

occur. The resultant colours produced are in consequence, very duU and they are 

only used in those industries where the number of colorants has to be limited 



Main Theories of Colour Vision 67 

to three — the colour printing of paper and colour photography. Conventional 

paper printing augments the magenta, yellow and cyan printing inks with a black 

as the best mixture gives a very poor black and if quality colour printing is 

required then as many as seven process inks plus black may be used. Unwanted 

absorption in colour photography has been overcome by a very sophsticated 

technique known as ‘integral masking’ which is described in Hunt’s compre¬ 

hensive book (Hunt 1967). 
The laws governing additive mixing are fundamental in the sense that they 

describe the way the eye behaves. As long as it was assumed that these were the 

same as those laws believed to be governing subtractive mixing no further 

progress was possible. As soon as Helmholtz had recognised the difference 

between additive and subtractive mixing colour science began to develop very 

rapidly. 
Hermann Gunther Grassmann was a mathematician who devised a theoretical 

framework for colour perception. This suggested that Helmholtz had been wrong 
in claiming that only indigo and yellow were complementary colours (Grass¬ 

mann 1853, 1854); Helmholtz subsequently confirmed experimentally that 

Grassmann was right (Helmholtz 1855). Grassmann also deduced that lights of 

the same colour but of different spectral composition behaved identically in 

mixtures. This led to the concept of colour matching equations which behave 

hke algebraic equations and are the basis of modern colorimetry. Grassmann’s 

achievements are aU the more surprising when it is reahsed that he probably 

never carried out even elementary experiments on colour mixing: this is shown 

by the fact that he believed that the colour of the extreme red of the spectrum 

was the same as that of the extreme violet. This led him to conclude, 

erroneously, that every spectral colour has a complementary spectral colour 

whereas this is not true of the green region between 490 and 570 nm. 

The quantification of colour matching equations was then carried out by 

James Clerk Maxwell who reahsed that this would permit a wholly objective 

method of colour measurement to be devised. Maxwell’s method involved 

determining the amounts of three standardised primary lights required to match 

each part of the spectrum making further visual matching unnecessary. No other 

objective method is conceivable and Maxwell’s method, which is widely used 

today, is the subject of chapter 8. 
AU of these studies were based on the belief that the trichromatic theory was 

correct and they yielded no evidence that this was not the case. There was also 

no simpler theory which could account for these facts and as these are the 

criteria for acceptability in the scientific community, this has remained the only 

theory taught in schools of colour chemistry and dyeing. Largely as a result of 

the influence of Helmholtz’s Physiological Optics (1866, translation 1924) it 

is generally known as the Young-Helmholtz trichromatic theory but Sherman, 

whose fascinating account of this period provided much of the matter referred 

to so far in this chapter, concluded that it would be fairer to call it the Young- 

Helmholtz-Maxwell theory (Sherman 1981). 
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Opposition to the trichromatic theory 
In spite of the overwhelming, though indirect, evidence in favour of the tri¬ 

chromatic theory it was by no means universally accepted. There were two 

reasons for this. The first was that it was beheved to be based on a false premise 

because (Guild 1932): 

Many physicists for some obscure psychological reason persist in stating 
it (the trichromatic theory) in a form which, as they are perfectly well 
aware, is grossly inaccurate, as when they state that any stimulus, what¬ 
ever its physical characteristics (i.e. spectral energy distribution) can be 
matched, as regards the colour it evokes, by a mixture of three other 

stimuli. 

This regrettable practice still occurs as the following quotations show: 

... in order to reproduce a colour, it is necessary to take only three radia¬ 
tions, such as red, a green and a blue, and mix them in the correct pro¬ 
portions [1964]; 

The human observer can match a light of any wavelength by a suitable 
mixture of three ‘primary’ coloured lights [ 1977]; 

In addition to the clear establishment of the proposition that all colours 
can be created by the combination of three spectral stimuli. Maxwell... 
projected a first trichromatic photograph [ 1979]. 

Helmholtz had originally rejected the theory for this very reason: 

If the sensation of yellow by the yellow rays of the spectrum were due 
to the fact that by them the sensations of red and green were simul¬ 
taneously excited, and both working together produced yellow, exactly 
the same sensation must be excited by the simultaneous action of the red 
and green rays; nevertheless by the latter we can never obtain so bright 
and vivid a yellow as that produced by the yellow rays. 

He said that it would only be possible to match the spectral colours if the 

number of primaries was five — red, yellow, green, blue and violet (Helmholtz 

1852) but later he realised that this failure could be explained if each of the 

three cone types (types of retinal receptor) was sensitive to the whole of the 

spectrum (Helmholtz 1866, 1924). The spectral sensitivity curves he deduced 

were broadly similar to those of figure 4.1 which are the most recent (Estevez 

1979, quoted by Hunt 1982). 

The ‘obscure psychological reason’ envisaged by Guild is probably nothing 

more than carelessness in wording. Maxwell had demonstrated that every light, 

including the spectral colours, could be a component of a colour matching 

equation with red, green and blue primaries providing it was permitted to add 

one of the primaries to the light in question. The algebraic nature of colour 

matching equations meant that this amount could be treated as a negative 
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Figure 4.1. Cone sensitivity^ curves. S, short wavelength; M, medium wavelength; 

L, long wavelength. 

number, for example, if 

then 

Q + R = G + B 

q = g + b-r. 

To many physical scientists there is no fundamental difference between Q = 
^ 4. ^ and ^ = G + B V R so they overlooked the fact that in the first 

instance they are not matching the colour of Q but an entirely different colour, 

Q + R. 
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The second, and by far the most important reason why many rejected the 

trichromatic theory was the belief Maxwell clearly expressed in his first paper on 

colour (Maxwell 1856): 

The theory which I adopt assumes the existence of three elementary 
sensations, by the combination of which all the actual sensations of colour 
are produced.... 

An elementary colour sensation is one which cannot be described in terms of 

other sensations. For example the sensation described as purple can be adequately 

described to a person whose native language does not contain a word for purple 

as a very reddish blue or a very bluish red just as the English manage without a 

common word for blue-green. Purple is therefore not an elementary colour 

sensation. But it is impossible to choose three colour sensations which can be 

used to describe all colour sensations: if red, green and blue are chosen, the 

sensation of yellowness cannot be described and if red, yellow and blue are 

chosen that of green-ness cannot be described. The latter statement may cause 

surprise because many people, including Goethe and Brewster, genuinely 

believed that they could perceive both yellowness and blueness in a green: but 

this is only because of the famUiarity with mixing paints. Any lingering doubts 
over this will be dispelled when it is realised that one can select a green shade 

which is neither yellowish nor bluish. 

These four fundamental colour sensations are often called unique or unitary 

hues though a better term is psychological primaries. These are 

(a) a red which is neither bluish nor yellowish: all spectral reds appear slightly 

yellowish; 
{b) a yellow which is neither reddish nor greenish: this occurs at about 

575 nm; 

(c) a green which is neither bluish nor yellovwsh: this occurs at about 507 nm; 

(d) a blue which is neither reddish nor greenish: this occurs at about 465 nm. 

It is significant that as a language develops these are the first hue terms to be 

devised, usually in that order though sometimes a word for green precedes that 

for yellow (Berlin and Kay 1969). 

Dye and pigment technologists recognise the existence of four psychological 

primaries as they need four terms to describe hue differences. This fact was 

often reconciled with the trichromatic theory by claiming that yellowness and 
green-ness are merely different words to describe what is essentially the same 

effect. Support for this view was supposed to be forthcoming from the dye- 

makers suffixes G, 2G, 3G etc which indicate hoXh. greenish blues dirvA yellowish 

reds. This idea is completely fallacious however as it arises from the fact that this 

practice originated in Germany where the word for yellow (gelb) and green 

(griin) have the same initial. 

Another similar fallacy occurred in an authoritative account of defective 

colour vision. It was correctly stated that the discriminations of a normal 
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observer can be classified as light-dark, yellow-blue and red-green but this was 

then described as ‘a corollary of trichromatism’ which it certainly is not. 

There is an important fact about these psychological primaries which is that 

not all of the possible combinations of pairs can be perceived simultaneously 

Combined sensations 

Possible 

redness + yellowness 

yellowness + green-ness 

green-ness + blueness 

blueness + redness 

Impossible 

redness + green-ness 

yellowness + blueness 

These facts are indisputable and clearly any theory of colour vision which 

does not explain them is not necessarily wrong but is certainly incomplete. The 

experimental psychologist Ewald Hering, in 1872-4, therefore developed 

another theory which did explain these facts — the opponent-colours theory 
(Hering 1878, 1964). 

The opponent-colours theory 

Hering postulated that there were three processes involved in the perception of 

colour, each process involving activity (katabolism) or repair (anabolism). One 
of these processes resulted in the sensation of redness if there was an excess of 

activity over repair, green-ness if the balance was in the other direction and 

neither if anabohsm and katabolism were balanced. A second process resulted in 

the sensation of yellowness or blueness or neither whilst the third resulted in a 

sensation of white or black or, when balanced, grey. This theory does explain 

why there are four psychological primaries and why two pairs of hue sensations, 

redness and green-ness, yellowness and blueness cannot be perceived simul¬ 

taneously whereas each member of one pair could be simultaneously perceived 

with either member of the other. The extension to black and white was not 

particularly convincing because most observers would regard grey as a combined 

sensation of blackness and whiteness rather than the presence of neither. 

This theory was completely rejected by the physical scientists, however, 

particularly by the neurophysiologists who were unanimous in believing that 

nerve cells gave an ‘all-or-nothing’ response and denied that any nerve cell could 

exhibit a bipolarity of response. It found favour, however, among those artists 

who were interested m theories of colour vision and with experimental 

psychologists because it was much better at explaining colour perception. In this 

respect it was of greater value than the trichromatic theory in explaining the 

sensations of colourists but as colour technology developed from the physical 

sciences it was never taught: even today it is rarely given comparable weight. 

This prevalent attitude is well illustrated by the fact that Sherman (1981) 

devoted a whole chapter to the physicist Brewster’s bizarre theory of the 

spectrum (Brewster 1834) which was completely disproved by Helmholtz 
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(1852), but did not even mention Hering. The rivalry between the supporters 

of the two theories was comparable to that between the supporters of the wave 

and corpuscular theories of light and heightened by an element of the two- 

cultures’ syndrome. The trichrombtic theory possessed the overriding advantage 

of the stimulus quantification provided by Helmholtz and Maxwell and it was 

not until 1955 that similar quantification was obtained for the opponent-colours 

theory (HuiTich and Jameson 1955). 

The identification of three cone types 
One fact which would have virtually proved the correctness of the trichromatic 

theory was the identification of three separate kinds of receptor in the retina. 

Two kinds had long been established, named after their shapes as rods, of which 

there are about 120 million, and cones, of which there are about 7 million. The 

rods are only involved at very low levels of illumination such as the light from a 

quarter-moon. At these light levels there are no colour sensations - ‘at night aU 

cats are grey’. But the recognition of three different kinds of cone did not occur 

until 1964 when measurements were made on single cones by microprojecting 

a tiny spot of hght from a monochromator through them and into a spectro¬ 

photometer (Marks et al 1964, Brown and Wald 1964). The cones fell into three 

classes with absorption maxima at about 445, 535 and 575 nm. These measure¬ 

ments were a remarkable achievement in view of the minuteness of the cones — 

there are about 150 000 per mm^ in the central fovea, the retinal region devoid 

of rods - the low pigment density and the need to use very weak lights to avoid 

pigment bleaching. 
Another method of cone differentiation is retinal densitometry developed by 

Rushton and his colleagues. A beam of light shone into the eye will be in part 

reflected back by the choroid, a pigmented layer at the back of the eye. If weak 

beams of hght of various wavelengths are sent through the fovea absorption by 

the pigments in the cones occurs so that the composition of the emergent light 

will be different from that of the incident light. By first exposing the retina to 

intense red light the cones containing the pigment whose absorption peak is at 

the longest wavelength will be preferentially bleached and by measuring the 

absorption curve intermittently during regeneration, that due to these cones can 

be determined. Exposure to blue-green light followed by measurement gives the 

absorption curve of the pigment with the next lower X^ax- The curves they 
obtained after having built six different densitometers of increasing sensitivity 

were neghgibly different from those determined by microspectrophotometry. 

They were, however, unable to apply this technique to the cones containing the 

blue-sensitive pigment as these are too few in number (Rushton 1975). 

A third method of identifying the cone mechanisms in man was developed 

by Stiles utilising selective chromatic adaptation (see chapter 11 for a discussion 

on chromatic adaptation) to desensitise one cone mechanism more than the other 

two. By determinmg increment threshold functions the action of the lesser 

adapted mechanism could be ascertained. For an introductory essay and selected 

papers on this somewhat complicated but impressive approach see Stiles (1978). 



Main Theories of Colour Vision 73 

From these and other studies, particularly on observers lacking one or other 

of the cone pigments (see chapter 6) Estevez derived the cone sensitivity curves 

shown in figure 4.1 (Estevez 1979, quoted by Hunt 1982). 

Cone nomenclature 

The three cone types have long been called red, green and blue and it is often 

assumed that this refers to the colour of the monochromatic light causing 

maximum excitation. This is not so in the case of the red cones as the peak of 

the excitation curve hes in the yellow region of the spectrum. Another 
assumption is that suggested by Helmholtz: excitation of only one or other of 

the three cone types would result in one or other of these hue sensations. This is 

also fallacious. Light at the short wavelength end of the spectrum only excites 

the blue cones but although the predominant sensation is that of blueness this is 

accompanied by a degree of redness sufficient to justify a different hue term, 

i.e. violet. At the other end of the spectrum an increase in wavelength increases 

the ratio of red to green cone excitation but the sensation of yellowness which 

accompanies that of redness does not continually diminish. Beyond 700 nm 

the hue does not change and light of these wavelengths causes a sensation of 

yellowish-red. 
These anomahes have resulted in several attempts being made to persuade 

authors and teachers to abandon the terms red, green and blue in favour of long, 

medium and short, a, j3 and X or by 575, 535 and 445 (Xj^ax) but without 

success. In 1982 the most commonly used terminology was still red, green and 

blue and this will be used subsequently, usually abbreviated to R,G and B. 

The identification of opponent-colour mechanisms 

The final proof of the existence of three cone types did not mean the abandon¬ 

ment of the opponent-colours theory, however, because at about the same time 

direct proof of the correctness of the fundamentals of the theory was also forth¬ 

coming. How this came about is best left until the next chapter which will deal 

with the mechanisms of colour vision as presently understood. 
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The Mechanisms of Colour Vision 

The chemical constitution of the photoreceptors 
Night blindness — insensitivity to dim light — is one of the oldest diseases known 
to man and Ancient Egyptian medical papyri contain the recommendation that 

it can be cured by a diet of hver. In Denmark during the First World War night 

bhndness was shown to be a symptom of a deficiency of vitamin A, the concept 

of vitamins having been put forward in 1911, and one of the richest sources of 

vitamin A was Uver. At that time the ways in which the vitamins fulfilled their 

role of being vital for normal health and growth were completely unknown but 

no one suspected them of being directly involved in physiological processes. The 

structure of vitamin A (XXXIV) was established in 1931. The main source of the 

vitamin is the cleavage in the body of (3-carotene (XVIII). 

At this time George Wald began a hfetime’s study of the visual pigments 

which culminated in 1967 with the award of the Nobel Prize for Physiology. A 

personal account of this work is given in Wald (1968). 

The existence of a photosensitive pigment in the retina of a frog was indepen¬ 

dently discovered in 1877 by the physiologists Franz Boll and Wilhelm Friedrich 

Kiihne. BoU noticed that when a frog’s retina was removed in the dark it 

appeared bright red but on exposure to Ught it became yellow and finally colour¬ 

less. Kiihne found that this also occurred with many other animals: in the living 

animal the colour is restored in the dark but not in excised retinas. Wald found 

that this bleaching process generated vitamin A via an intermediate compound 

he termed ‘retinene’ which had formed the visual pigment by combining with a 

protein, ‘opsin’. Morton and his co-workers (Ball et al 1946) then showed that 

retinene was the aldehyde of vitamin A and that combination with opsin was via 

the weU-known Schiff’s base reaction 

74 
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Ci9H27—_ _► visual pigment 

'^lO + Hji N — opsin 
I-1 

the amino group being later found to be the e—NH2 group of lysine (Bownds 
1967). This is, literally, the only simple reaction involved in the visual process. 

In 1960 the International Union of Pure and Applied Chemistry recommen¬ 

ded that vitamin A should be re-named retinol and retinene, retinal. At the same 

time the carbon numbering system in (XXXIV) was introduced, each carbon- 
carbon bond being identified by the lower number. 

Hundreds of visual pigments have since been discovered and they are all based 

on retinal or on dehydroretinal which contains two fewer hydrogen atoms and a 

double bond at position 3. When different visual pigments were first identified 

they were given trivial names such as rhodopsin for the human rod pigment. As 

the numbers increased, however, this method became unworkable and as it had 

been found that adequate identification was given by the retinal involved and 

the wavelength of maximum absorption, this method was adopted instead. 

All pigments based on retinal are now termed rhodopsins whilst those based on 

3-dehydroretinal are termed porphyropsins, the name given by Wald to the first 

such pigment identified in freshwater fishes. As the differences between the 

chromophores are usually insignificant, the term retinal should be taken to 

include both unless otherwise stated: similarly the term rhodopsin should be 

taken to include porphyropsins as well. 

The structure of rhodopsin 

Retinal exists in several cis-trans isomers but all the naturally occurring visual 

pigments are based on the 11-cis isomer: this is not only bent at the cis linkage 

but twisted as well. The only other isomer with a similar configuration is the 

synthetic 9-cis and as this will also combine with opsins to form photosensitive 
pigments, isorhodopsins, Hubbard and Kropf (1958) suggested that the opsin 

contained an accurately formed niche into which these and no other isomers 

would fit. Recent structural studies using the techniques of optical rotatory 

dispersion and circular dichroism have confirmed this and have also shown that 

the configurations of both chromophore and opsin change when the pigment is 

formed (Mommaerts 1969). 

The Xjnax values of all the retinals cover the range 368-381 nm and mere 

Schiff’s base formation with an opsin causes a slight blue-shift but when the 11- 

cis (or the 9-cis) isomer combines with an opsin there is usually a marked red- 

shift, Xnuax values for rhodopsins ranging from 430-569 nm and those for por¬ 

phyropsins from 510-625 nm. There is one intriguing exception; the lacewing 

Ascalaphus macaronius is sensitive to ultraviolet light, its visual pigment is a 

retinal-opsin complex but X^ax is blue-shifted to 345 nm (Gogala et al 1970). 

The porphyropsin formed from a given opsin always has a higher X^ax 

that of the corresponding rhodopsin and this is utilised in a most ingenious way 
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by amphibia, a discovery originally made by Wald in 1945 (Wald 1945). The 

tadpole of Rana pipiens, for example, has three receptors based on porphy- 

ropsin with Amax values of 438, 523 and 620 nm, the 3-dehydroretinal being 

produced by the animal as there are no corresponding carotenoid pigments 

occurring in nature. When it metamorphoses, however, this production ceases 

and the opsins then combine with retinal to form rhodopsins with Xj^ax values of 

432, 502 and 575 nm. Receptors with maximum sensitivity to longer wave¬ 

lengths are better suited to animals living in an aquatic environment as such 

environments contain blue-absorbing and scattering materials, those at shorter 

wavelengths are better suited to land-based animals. 
The red-shift occurring when 11-cis retinene combines with an opsin is a most 

unusual occurrence as nothing comparable occurs between dyes and proteins. 

Two facts must be significant. The first is that if rhodopsin absorption curves 

are plotted on a frequency basis rather than the customary wavelength scale, 

their shapes are virtually identical (Dartnall 1953). The "same is true of the 

porphyropsins though the shape is different (Bridges 1967, Munz and 

Schwanzara 1967). The second is that the X^ax values of rhodopsins are not 
randomly distributed throughout the relevant wavelength range but exhibit 

pronounced spectral clustering around certain wavelengths (DartnaU and 

Lythgoe 1965, Bridges 1965). One theory put forward to explain these facts is 

that of Dartnall and Lythgoe. They postulated that a pair of dipoles which 

might exist only transitorily in the conjugated chain of the retinene portion of 

the molecule may be stabilised by electrostatic attraction to oppositely charged 

atoms in the opsin portion. They consider that twenty pairs of dipoles may be 

involved, each resulting in a different Xjnax- 

The action of light on rhodopsin 
In 1958, Hubbard and Kropf, members of George Wald’s team at Harvard, 

deduced that the only direct effect light has on a visual pigment is that it 

converts the 11-cis isomer of the chromophore into the all-trans form (Hubbard 

and Kropf 1958). Today no evidence has been discovered which calls into 

question this hypothesis. Photoinduced cis-trans isomerisation has been studied 

on compounds as simple as ethylenes, where theory makes definite predictions 

but experiments are very difficult, and on more complex compounds, such as 

stilbenes, where experimentation is easy but theory becomes very complex. The 

mechanisms by which the 11-cis isomer of the chromophore becomes all-trans 

following the absorption of a photon are therefore at present unknown. 

The dark reactions following light absorption 
The study of the dark reactions which follow the formation of the all-trans 

chromophore began with Wald and have continued up to the present day as they 

are surprisingly complex. They can best be summarised as the closed circle 

shown in figure 5.1 the numbers referring to X^ax of bovine extracts in 

digitonin. 
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Figure 5.1. The rhodopsin photobleaching and regeneration cycle. 

Rhodopsin 
hv f 

(500) 

Hypsorhodopsin 
i 

(430) 

Bathorhodopsin 

Lumirhodopsin 

(543) 

(497) 

'V 
Metarhodopsin I 

I 
Metarhodopsin II 

i 

(481) 

(380) 

Pararhodopsin 

f 
N-retinylidene opsin 

Opsin + all-trans retinal 

(456) 

(367) 

(381) 

+ opsin 
^- 11-cis retinal (376) 

dehydrogenase 

11-cis retinol (319) 

isomerase 

dehydrogenase 
-^ all-trans retinol (325) 

The first transformation following the absorption of a photon is cis-trans 

isomerism and this is believed to subject the opsin to considerable strain which is 

relieved with the formation of the various intermediates. Up to the meta- 

rhodopsin I (MRI) stage the hfetimes of these intermediates at body temperature 

are too short to permit detection with conventional spectrophotometers and 

they were originally detected at low temperatures, that of liquid helium (4K) 

in the case of hypsorhodopsin. The X^^ax values clearly indicate that there is no 

progressive opening-up of the retinal/opsin complex with an increasing number 

of secondary bonds being broken as this would result in a progressively blue- 

shift. Instead marked red-shjfts occur at two stages by mechanisms which, today, 

are still highly speculative. 
At the MRI stage, the structure appears to be very similar to that of the 

original rhodopsin in spite of the fact that the retinal moiety is the all-trans 

isomer: it has a lifetime of several milliseconds at body temperature. The con¬ 

version of MRI^MRII results in a considerable opening-up of the complex with 

many secondary bonds being broken. The main evidence for this is the marked 

blue-shift and the increased chemical reactivity. MRU has a lifetime of tens of 

seconds at body temperature. 
The formation of pararhodopsin with its marked red-shift is much less under¬ 

stood, the only suggested explanation being that a change in the shape of the 

opsin occurs which permits the formation of secondary bonds with all-trans 

chromophoric group. In complete contrast to this complexity is the nature of 

the next intermediate, N-retinylidene opsin: this is merely the combination 

involving only the Schiff’s base linkage. 
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It should be mentioned that rhodopsin will be regenerated if any of the 

intermediate products, including all-trans retinal + opsin, are irradiated. At the 

same time some 9-cis pigment (isorhodopsin) is also formed. This method of 

regeneration has been omitted frpm figure 5.1 as it does not occur in the eyes of 

hving organisms under normal viewing conditions. The one exception to this is 

the uv-sensitive pigment of Ascalaphus macaronius which on irradiation forms a 

MRI of Xmax = 480 nm: this does not regenerate in the dark and the only 
known method of regeneration is irradiation by visible light (Gogala et al 1970). 

The generation of the neural signal 
All nerve cells are characterised by there being a potential difference between 

the electrolytes inside and outside the cell which arises from differences in ionic 

concentrations. Inside the cell the concentrations of and the protein anion A 

are higher than outside whilst the converse is the case for Na'^ and Q . When the 

nerve cell is not being excited and A” ions try to diffuse through the 

membrane enclosing the cell following their concentration gradients. In this 

resting state the membrane is most permeable to but the large protein ions 

are held back. The ensuing charge separation converts the nerve cell into a 

battery with the inside being about —70 mV with respect to the outside. 
When a receptor cell is stimulated a change occurs in the ionic permeability of 

the membrane by mechanisms which are by no means completely understood. If 

the permeabihty to Na'^ is increased the potential difference of the membrane 

is reduced to zero, ‘depolarisation’ generating a nerve impulse or ‘action 

potential’. If the permeability to Na"^ is decreased the potential difference is 

increased to about —90 mV, this state being termed ‘hyperpolarisation’. The 

return of ions is achieved by means of so-called ion pumps which are driven 

by the energy generated by the hydrolysis of adenosine triphosphate contained 

in mitochondria inside the cell. 
In the case of aU vertebrate photoreceptors, light causes hyperpolarisation 

and measurements have shown that the absorption of a single photon by one of 

the estimated 3x10® molecules of rhodopsin in a rod cell causes a detectable 

change in the degree of hyperpolarisation. Clearly some extremely powerful 

amplification mechanism is operating and it is generally accepted that the 

opening-up of the rhodopsin following light absorption causes the release of 

some substance which increases the impedance of the membrane to Na"^. One 

hypothesis is that this substance is Ca"^ which then combines with the sites in the 

membrane through which the Na"^ ions pass thus increasing the impedance. 

This is plausible because it attributes to Ca"^ a transmitter function it has long 

been known to possess in muscle and pre-synaptic nerve endings (Hagins 1972). 

A second hypothesis is based on the fact that retinas contain high levels of cyclic 

adenosine monophosphate (cyclic-AMP) and cyclic guanosine monophosphate 

(cyclic-GMP) and that these levels faU on exposure to light. These enzymes are 

thought to control many biological processes, in particular the passage of sodium 

ions through membranes (Bitensky and Gorman 1973). 
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Variations in the intensity of the Hght falling on a cone therefore cause 

corresponding variations in the membrane potential and these were first 

measured on the comparatively large cones of the carp by Tomita and his 

colleagues (Tomita et al 1967). They found that the cones were hyperpolarised 
by light of certain wavelengths and the response curves fell into three classes and 

closely resembled the absorption curves obtained by microspectrophotometry 

thus providing additional confirmation of the correctness of the trichromatic 
theory. 

Tomita et u/’s measurements were not actually the first recordings from 

individual cells in the retina: these had been made by Svaetichin (1953) and the 

importance of this technique is recognised by these potentials being termed S 

potentials. He later found that by changing the wavelength of stimulation these 

potentials could be separated into two distinct classes. The first class generated 

a hyperpolarising response to all wavelengths with no significant differentiation 

between the peaks. These cells are now termed ‘spectrally non-opponent’ and are 

beheved to play a role in the perception of luminosity rather than colour. 

The second class of cell was characterised by giving a hyperpolarising response 

to the shorter wavelengths and a depolarising response to longer wavelengths 

with the loci of maximal responses in either the red and green or the red-yellow- 

green and blue regions of the spectrum. Svaetichin immediately recognised that 

this provided a physiological basis for the major part of the opponent-colours 

theory, that deahng with the perception of hue. He therefore dedicated his paper 

to Hering who had not lived to see his theory vindicated (Svaetichin 1956). This 

discovery had revolutionary implications for neurophysiology as these were the 

first nerve cells which did not give an all-or-nothing response (Grundfest 1958). 
It is interesting to note that Svaetichin originally believed that his recordings 

had actually been made from the cones themselves and had this been true it 

would have invahdated the trichromatic theory, at least for the carp. MacNichol 

and Svaetichin, however, repeated the experiments using a micropipette 

electrode containing a dye which diffused into the cell but not through the 

membrane: the actual cell from which the recordings had been taken was there¬ 

fore stained and could be much more reliably identified by subsequent micro¬ 

scopic examination of a cross section. They found that the recordings had been 

made on horizontal cells (MacNichol and Svaetichin 1958). 
The second class of cell, now termed ‘spectrally opponent’, was then found in 

the lateral geniculate nucleus (lgn) of the rhesus monkey (De Valois et al 

1958), this animal having colour vision characteristics very similar to those of 

humans (Blough and Schrier 1963). The lgn is that area of the brain where the 

optic nerve enters and the ganglion cells in the retina whose output is fed 

directly into the optic nerve were later found to exhibit identical responses 

(Hubei and Wiesel 1960). 
Between the photoreceptors and the ganglion cells is an extremely intricate 

network of bipolar, horizontal and amacrine cells each being linked to an earlier 

and later cell in the chain by junctions called synapses. A chemical transmitter 
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flows across the synapse who rate of flow is governed by the membrane 

potential of the previous cell. 
Synapses are of two different kinds: sign-conserving and sign-inverting. In the 

former case, the membrane poterttial of the second cell mirrors that of the first 

ceU, whereas a sign-inverting synapse causes the second cell to respond in the 

opposite way so that a hyperpolarising response of the first cell causes a de¬ 

polarising response of the second and vice versa. 
Synaptic transmission is only effective over the very short distances between 

retinal cells and an entirely different mechanism transmits a signal from a 

ganglion ceU along the comparatively lengthy optic nerve into the lgn. Ganglion 

ceUs emit electrical impulses and are of two kinds. Phasic cells do not respond 

continuously throughout the period during which the associated cones are stimu¬ 

lated but only either at the onset of stimulation, an ‘on’ response, or, at the 

cessation of stimulation, an ‘off’ response, or both, an ‘on-off’ response 

(Hartline 1938). 
Tonic cells, on the other hand, respond continuously during stimulation of 

the cones at a rate governed by the intensity of the stimulus. Some respond to 

an increase in stimulus intensity with an increase in firing rate, others with a 

decrease. Unfortunately the meaningful on/off nomenclature devised for phasic 

cells is also appUed to tonic ceUs where the meaning is less obvious, an off cell 

merely exhibiting a detectable decrease in firing rate when the stimulus is 

increased. 
A large majority of ganghon cells have opponent inputs from R and G cones, 

one coming from cones in a circular area of the retina, the other from cones 

in the annular surround. CeUs exhibiting aU four possible configurations exist as 

the following observations show. 

G off-surround 

R off-surround 

G on-surround 

R on-surround 

R on-centre 

G on-centre 

R off-centre 

G off-centre 

the R on-centre G off-surround cell, for example, receiving input fromi? cones 

in the centre of its receptive field via a sign-inverting synapse — aU primate 

photoreceptors are off ceUs — and from G cones in the surround via sign- 

conserving synapses. Each of these four types occurs in two forms, one 

exhibiting strong cone-opponency, the other weak. Gouras and Zrenner (1982) 

suggest that the former are involved in the R-G spectrally opponent channel of 

colour vision, the latter mediating luminance. 

The B-Y spectrally opponent channel is different in two major respects. We 

have already seen that there are many fewer B cones in the retina so it is not 

surprising that there are many fewer B-Y opponent ganglion cells and that their 

receptive fields are much larger than those of the R-G ceUs. An unexpected 

characteristic is that they are all B on, Y off cells, the Y input being from R 

and G cones in the same retinal area as that providing the B cone input. 
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The fact that this neural processing occurs in the retina means that it must be 

regarded as an extension of the brain and not merely as a peripheral sensor 

sending signals to the brain. 

Recordings from the visual cortex of the brain 
Signals from cells in the lgn are sent to area VI of the visual cortex which may 

be regarded as a detailed topographical map of the visual field, the area receiving 

signals from the fovea being 10000 times larger than the fovea itself. Area VI 

sends signals to areas 3 and 4 which are primarily concerned with the analysis 

of shape and movement, very few cells being preferentially responsive to colour. 

In 1971, Zeki defined anatomically another area, V4 (Zeki 1971) and in 1973 

he made recordings from 77 cells in eight monkeys and found that each 

responded ‘vigorously to one wavelength and grudgingly, or not at all, to other 

wavelengths or to white light’, there being approximately equal numbers of on 

and off responses (Zeki 1973). 
Further recordings made from 62 cells showed that each was responsive to 

only a narrow spectral region, many having a bandwidth at half maximum of 

between 10 and 20 nm. These covered the whole spectrum and the extra- 

spectral purple region with maximum frequencies at 480, 500 and 620 nm. No 

cells were found which were responsive to yellow light at 560-570 nm, the peak 

of R cone sensitivity (Zeki 1980). It would seem very likely that this is con¬ 

nected with the fact that this is the spectral region of minimum perceived 

saturation or chroma. 

Models exhibiting colour vision mechanisms 
Several such models have been devised of which two are worthy of special 

mention. Gouras and Zrenner (1981) have published a schematic circuit of on- 

and off-centre pathways involving cones, bipolar, horizontal, amacrine and 

ganghon cells. Hunt (1982) has devised a circuit diagram involving linear and 

non-hnear summations and differentiations of cone outputs which provide good 

predictions for loci of constant hue, simple criteria for unique hues and good 

approximations to the Natural Colour System and Munsell schemes for surface 

colours and to data on the appearance of spectral colours. 
There is no doubt, however, that these and other cone-to-cortex circuit 

diagrams will need major revisions as further studies reveal new facets of the 

remarkably complex mechanisms involved in the perception of colour. 

The rivalry between the two main theories ended, of course, as soon as 

spectrally opponent cells had been discovered in the primate lgn. The trichro¬ 

matic theory explained the first stage of the visual process, the opponent- 

colours the second. Such two-stage theories had actually been put forward 

during the controversy (Kries 1905, Adams 1923, Schrodinger 1925, Muller 

1930) and two such theories were used to derive colour difference equations, the 

subject of chapter 10. 
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Defective Colour Vision 

Approximately eight per cent of the male population have impaired colour 

vision which is commonly, but misleadingly, called colour blindness. The 

incidence among females is only about one half of one per cent, the cause of this 

marked difference lying in the genetic mechanism involved, the gene responsible 

for colour blindness being located on the X sex chromosome and is thus 

dominant in the male and recessive in the female. The first detailed account of 

inherited colour vision defects was given by the chemist John Dalton in 1798 

who, together with his brother, could not differentiate colours in the red- 

yeUow-green region of the spectrum and to whom bright red colours appeared 

dark. Thomas Young (1807) suggested that the cause of this defect was the lack 

of the red cone pigment and the defect was named protanopia. Another class of 

red-green confusers did not perceive red colours as being dark and this defect 

was assumed to be caused by the lack of the green cone pigment: this defect was 

termed deuteranopia. A third class appeared to lack the blue cone pigment and 

this class was naturally named tritanopia. In 1952 the widely circulated 

magazine Picture Post pubUshed a confusion chart (see below) designed to detect 

tritanopia (Wright 1952), this paper being a valuable addition to his earlier 

pubhcation (Wright 1946). By applying his technique of retinal densitometry to 

protanopes and deuteranopes, Rushton obtained convincing evidence that this 

explanation based on the trichromatic theory, was correct (Rushton 1975). The 

absence of one or other of the three cone pigments means that instead of 

requiring three additive primaries for colour matching these observers only 

require two and are collectively termed dichromats. As the visual acuity of 

protanopes and deuteranopes is not impaired it is assumed that they have a full 

complement of active cones but that there is only one pigment in addition to 

the B cone pigment. The protanope has only the pigment present in the G cones 

of the normal individual and in consequence the far red of the spectrum appears 

much darker. The deuteranope has only that pigment in the R cones of the 

normal individual. This does not cause any reduction in the relative brightness of 

the green region of the spectrum because of the marked overlap of the R and G 
cone sensitivity functions (figure 4.1). 

Protanopia and deuteranopia each occur in about one per cent of the male 

population; tritanopia is much rarer — 0.002% male and 0.001% female (Wright 

82 
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1952). Because dichromats experience severe difficulty in naming colours 

correctly, they are unlikely to apply for positions involving colour perception. 

At the turn of the century Lord Rayleigh discovered that most observers 

required approximately the same proportion of red and green lights to match a 

given yellow but that some required significantly different proportions. These 

observers were trichromats and they were called protanomalous if they required 

more red than normal and deuteranomalous if the opposite were true. The 

incidence of protanomaly amongst the male population is 1.0%, that of 

deuteranomaly 4.9%. Though their colour vision characteristics are obviously 

different from normal this does not, of necessity, mean that their colour vision 

is defective but in practice this always turns out to be the case as they cannot 

repeat their matches with the same degree of precision as a normal observer 

and their abihty to perceive colour differences between colours of low satura¬ 

tion is impaired. The impairment varies from slight to a severity approaching 

that of dichromacy. Anomalous trichromacy is believed to be caused by the R 

cone pigment having a blue-shifted Xniax (protanomalous) or by the G cone 
pigment having a red-shifted X^ax (deuteranomalous). In either case the absorp¬ 

tion curves will have greater than normal overlap and hence the discrimination 

win be impaired. 

The colour sensations of dichromats 
To an observer with normal colour vision every part of the spectrum appears to 

be coloured. Every dichromat, however, perceives a narrow region as colourless 

(achromatic) and the wavelength of the neutral point can be used to identify 

the type of dichromat as follows: 

Protanopes 490-495 nm 

Deuteranopes 495-505 nm 

Tritanopes 568-570 nm 

(Walls and Heath 1956) 

(Cole et al 1966). 

As the wavelength departs from the neutral point one colour sensation is 

experienced at shorter wavelengths and an entirely different colour sensation at 

longer wavelengths. One fascinating problem has been the identification of the 

sensations experienced by protanopes and deuteranopes. Early advocates of the 

trichromatic theory had no doubts at aU: the hue sensations of protanopes are 

blue and green, those of deuteranopes, blue and red. Supporters of the 

opponent-colours theory, however, explained protanopia and deuteranopia as 

being caused by the loss of the R/G process which would mean that both types 

would perceive the long wavelength part of the spectrum as yellow. It is, of 

course, pointless to ask them what colour sensation they experience: by varying 

the brightness of long wavelength monochromatic light against a constant white 

background responses of red, yellow or green will be obtained. It might be 

thought that this question (of colour sensation experienced) was unanswerable 

but a possibhity hes in the existence of unilateral dichromats, observers 

possessing one dichromatic and one normal eye who can make binocular 

matchings. The wavelength selected using the normal eye should give a valid 
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answer. Most of the evidence from unilateral dichromats seems to indicate that 

their long wavelength sensation is yellow but there is always some doubt that the 

dichromatic eye exhibited typical protanopia or deuteranopia so an un¬ 

ambiguous answer has not yet appeared. 

The identification of colour-defective observers 
In the colorant manufacturing and using industries personnel involved in visual 

colour matching must have normal colour vision and in view of the incidence of 

defective colour vision among males (about one in twelve) some screening test is 

essential (McLaren 1966). Fortunately all this test has to do is to divide the 

population into normal and defective. It is not necessary to know the nature of 

the defect nor its severity as even an anomalous trichromat whose defect is only 

mild will be unable to differentiate between a reddish grey and a greenish grey. 

The method which has withstood the test of time (since 1917) is the set of 

confusion charts devised by Ishihara (1973). Plate No 2 in this reference, for 

example, consists of a figure 8 outhned in bluish red or brown spots against an 

olive-green spotted background which is clearly perceived as an .8 by any 

observer with normal colour vision. The brown spots appear on the left-hand 

side of the figure and these cannot be differentiated from the olive-green back¬ 

ground by protan or deutan anomalous trichromats or dichromats who un¬ 

hesitatingly state that the number seen is 3. No tritan confusion plate is 

included. 
Three precautions are essential. Firstly, the test must be carried out under 

north sky dayUght in the northern hemisphere or preferably under a fluorescent 

lamp conforming to BS 950: Part 1. Secondly, the number of errors an observer 

was permitted to make before being classed as defective was not specified in 

editions 1-14 and in the past many testers would play safe by rejection at the 

one or two error level. This was remedied in the 15th (1960) and subsequent 

editions and any observer making fewer than five errors on Plates 1-21 must be 

classed as possessing normal colour vision. Thirdly, the tester must always 

remember that even if an observer makes seventeen or more errors he (very 

rarely, she) may only be an anomalous trichromat who has never had any diffi¬ 

culty in correctly naming any colour nor has he ever made a bad mismatch. He 

should not, therefore, be told that he is colour blind but that his colour vision 

is not up to the highest standards demanded. During the Second World War 

there were several instances of observers having been rightly rejected for in¬ 

dustrial colour matching against the colours of low saturation in the Ishihara 

plates who have subsequently passed the lantern tests used to test pilots. 

Because of its severity, the Ishihara test is not a suitable screening test for 

those occupations requiring good, but not excellent colour discriminating 

ability, for example, electronic engineering where colour-coded components are 

used. In such cases a test capable of grading the severity of the defect must be 

used and the excellent monograph by Yoke should be consulted (Yoke 1980). 
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Yellowness of vision 

Although not in any way a colour vision defect, variations in yellowness of 

vision can be a major cause of disagreements between colour matchers and there¬ 

fore their degi'ees of yellowness should be determined as a matter of routine. 

The fovea, the central region of the retina involved in critical visual tasks, is 

permeated by a yellow carotenoid pigment, xanthophyll, and the intensity of 

pigmentation varies between individuals from negligible to an extent which 

reduces the amount of light at 460 nm transmitted to the cones by two-thirds. 

A second cause of variations in yellowness of vision is yellowing of the lens 

itself and, unHke the extent of macular pigmentation, this increases with in¬ 

creasing age. Over the normal working life span (16 to 65) differences caused by 

lens yellowing are about twice as great as the variations within any one age 

group which can be assumed to be due to differences in macular pigmentation. 

Though one would expect observers with maximum yellowness of vision to 

be less sensitive to colour differences caused by differences in reflectance at the 

blue-violet end of the spectrum, there is no evidence that this is the case 

providing that the level of Illumination is sufficient to compensate for the 

increased absorption. Significant differences between observers whose yellow¬ 

ness of vision varies only appear when a certain type of colour match is being 

assessed. The first stage of the colour vision process is trichromatic and two 

stimuli which cause the same degree of excitation of each of the three cone types 

will be perceived as identical. If the spectral compositions of the two stimuli 

are the same the match may be termed a ‘spectral match’. If they are different, 

the match is called ‘metameric’ (Ostwald 1923). Spectral matches are therefore 

usually called ‘non-metameric’. The mechanism by which two spectrally 

different stimuli can cause the same degree of excitation of each of the cone 

types can be seen by reference to figure 6.1. The curve is an idealised absorption 

curve for one cone type and the two straight lines are idealised spectral power 

distributions (spd) of the Hght entering the cone from the standard and from the 

batch. It will be seen that over half of the spectral range absorbed by the cone, 

the SPD of the standard is greater than that of the batch but the situation is 

exactly reversed over the other half. The effect on the cone is given by the 

summation of the spd at each wavelength multiplied by the height of the absorp¬ 

tion curve at the same wavelength and it will be readily seen that in this case the 

two different spd will give identical summations. Symmetry was introduced 

solely for ease of understanding: identical summations will be given by a very 

wide (theoretically infinite) range of spd the only essential requirement being 

that the curves cross at at least one point. Identical summations for the other 

two cone types as well will be given by an equally wide range of spd, the only 

essential requirement being a minimum of three crossover points: an analysis of 

124 metameric pairs showed that the average number of crossover points was 4.4 

(Berger and Strocka 1973). As the spd causing identical excitations of each cone 

type are in part governed by the absorption by the lens and the macular pig¬ 

mentation it is easy to see that identical excitations will not occur if there are 
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Wavelength (nm) 

Figure 6.1 The origin of metamerism (see text). 

differences in yellowness of vision and hence the two specimens will not always 

be a match. 
The increase in yellowness of vision with age is well known to dyers and 

many young dyers whose matches are going to be subsequently inspected by an 

older colourist will attempt to allow for this by producing a batch which, to 

them, requires the addition of a small amount of yellow dye to bring it on shade. 

This, of course, will make matters worse if the match is non-metameric because 

aU observers will see that yellow shading is required. Unfortunately, even if the 

match is metameric, this ruse will make matters worse as often as it will succeed 

because the colourist cannot predict, even qualitatively, what differences he will 

see between standard and batch which the older observer sees as a perfect match. 

The reasons for this are as follows. If two specimens are a match to the older 

observer his B cone responses must be identical. If the reflectance curves of these 

specimens are not identical over the spectral region of B cone sensitivity then the 

B cone responses of a younger observer with a lower degree of pigmentation 

cannot be the same: one specimen will therefore appear bluer than the other, 

i.e. will require shading with a yellow. If this specimen is the batch, the ruse will 

succeed but it is just as hkely to be the standard when it will fail. 

Fortunately it is easy to assess the degree of yellowness of vision and if every 

colourist knows his or her degree of yellowness then those differing markedly 
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will realise that arguments are a waste of time. There is no point in trying to 

define the correct degree of yellowness. In practice, the correct degree is always 

that of the observer having the power to accept or reject the batch as a good 
commercial match. 

The determination of yellowness of vision 

The first method for determining the degree of yellowness of vision was 

developed by James Glenn of Sidney Blumenthal and Co. Inc., Shelton, 

Connecticut, USA in 1941 and improved by F T Simon in 1943. This method 

consisted of two 24-step scales of dyed wools, one going from blue to brown, 

the other from violet to yeUow-greenf. 

Figure 6.2 Reflectance curve of alternate areas of the Davidson and Hemmen- 

dinger Color Rule. 

I Obtainable from AATCC, Research Triangle Park, North Carolina, USA. 
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In 1967, Davidson and Hemmendinger produced a similar device using 

painted cards and this version is the one which has been most widely usedf. The 

first scale consists of 21 painted areas varying in steps from violet (A), through 

grey to oHve green (U); the secohd scale varying from blue (1), through grey to 

brown (21). Reflectance curves of alternate areas are shown in figure 6.2. To 

assess the yellowness of vision the observer views the two scales under a 

standard dayhght lamp and selects the pair, one from each scale, which gives the 

closest match. Fifty-nine observers whose ages ranged from 7 to 64 years gave 

matches ranging from E7 for the observer possessing least yellowness to L13 

for the one with the greatest degree of yellowness (Kaiser and Hemmendinger 

1980). 
Once two colourists have seen that each can repeat his/her matches but that 

the choice of each is a mismatch to the other, they reahse the futility of any 

arguments over metameric matches. 

t Obtainable from Munsell Color Co., PO Drawer 950, Newburgh, NY, 12550, USA; Koll- 

morgen (UK) Ltd., Bridgewater House, Sale, M33 lEQ. 



7 
The Variables of Perceived Colour Vision: 
Colour Atlases 

Colour is a word that does not really require a definition and, in fact, the only 

meaningful definition for everyday speech is that it is what we mean when we 

use words such as red, purple, brown etc but not black, grey or white. In colour 

science, however, these last three sensations are regarded as colour sensations in 

their own right and they are differentiated from the former by saying that they 

do not possess the attribute of hue. They are therefore achromatic sensations. 

Hue is therefore the most important variable of perceived colour and it is also 

the least complex as hue is the only term ever used in colour science to describe 

this attribute. It is also a word used in everyday speech with exactly the same 

meaning. 
There are two other independent attributes of perceived colour each of which 

is defined differently by different terms: in this chapter we shall follow the 

definitions in the CIEf vocabulary as far as possible but some are, unfortunately, 

being re-defined or introduced for the first time. 
The first of the two remaining variables is that of lightness which, in the case 

of object colours, is that attribute according to which an area appears to reflect 

diffusely or transmit a greater or smaller fraction of incident light. The last 

variable is the most complex of all and this is well illustrated by the proliferation 

of terms used to describe it. The one most familiar to dyers and pigment tech¬ 

nologists is probably saturation, other terms being intensity,purity andvividness. 

The fact that there are three independent variables of perceived colour 

explains why it is impossible to arrange a random selection of colours in a 

logical order in a dye or paint manufacturer’s shade card. Such a shade card is 

only a two-dimensional array even if arranged in book form. The most logical 

way of ordering colours was actually discovered by the Swedish monk and 

astrologer Sigrid Aron Forsius in 1611, before Newton was born! His array was 

based on a central vertical axis to represent the variable of lightness with black 

at the bottom and white at the top. The hues were arranged around this axis in a 

complete circle. This array has been re-discovered several times, the most impor¬ 

tant being that of the American artist Albert H Munsell. 

Commission Internationale de I’Eclaixage, 52 Blvd. Malesherbes 75008, Paris, France. 
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Munsell colour space 
Munsell illustrated his concept of colour space by painting colour chips which 

were equally spaced in each of the three dimensions. He termed the lightness 

variable Value and one Value step was visually equal to two Chroma steps. This 

word, coined by Munsell, is now adopted (with a small c) by the CIE. The 

complete hue circle was divided into five principal hues red, yellow, green, blue 

and purple with several intermediate hues designated by a mixture of numbers 

and letters, e.g. SYR for orange hues. Munsell had a deep-seated aversion to 

using names of objects, for example orange and violet, as colour names. These 

colour chips were stuck on charts and published as the first colour atlas in 

1915. 
The spacing of the chips was intensively studied by the Colorimetry Com¬ 

mittee of the Optical Society of America and in 1943 the CIE tristimulus values 

(see chapter 8) of ideally spaced chips were published as the Munsell Renotation 

System (Newhall et al 1943), which has been indispensable for the development 

of a method of objectively quantifying the variables of perceived colour. The 

Munsell colour system has thus successfully bridged the gap between art and 

science. 
The current Munsell atlas, sold as the Munsell Book of Color-f, is published 

in two parts, glossy (1488 chips) and matte (1277 chips). For understanding 

the geometrical attributes of colour space, the Munsell Color Tree illustrating 

over 200 glossy chips is ideal: it is shown in plate 1. This logical representation 

of colour space is a three-dimensional Euclidean space expressed in cylindrical 

co-ordinates. The major defect of such an array concerns the illustrations of hue 

differences since two chips on adjacent hue plates illustrate a very large hue 

difference for colours of high chroma but a vanishingly small difference as the 

chroma approaches zero. This is undesirable as there are too few chips illustrating 

high chroma colours which are industrially far more important than those of 

low chroma. 

The OSA-UCS Specimens^: 

To overcome the difficulty posed by the lack of chips illustrating high chroma 

colours the Optical Society of America (OSA) spent thirty years producing a 

series of equally spaced specimens. The basis for this arrangement was a cubo- 

octahedron, a cube whose corners have been cut away by planes passing through 

the centres of the three edges forming each corner. Each of the twelve new 

corners is the same distance from each of its nearest neighbours and from the 

centre of the original cube. If each corner then becomes the centre of another 

cubo-octahedron, any volume can be packed with no spaces remaining. The 
OSA produced 558 specimens located at these positions starting from a neutral 

grey of Munsell Value 6 (Nickerson 1981). 

f Obtainable from The Munsell Color Co., PO Drawer 950, Newburgh, NY 12550, USA and 

The Tintometer Ltd, Waterloo Road, Salisbury, England. 

t Obtainable from the Optical Society of America, 1816 Jefferson Place, Washington DC. 



Variables of Perceived Colour Vision: Colour Atlases 91 

The Natural Colour Systemf 

The term ‘natural colour system’ was coined by Hering to describe the colour 

order system based on his opponent-colours concept which was described in 

chapter 4. This postulated that every surface colour could be described in terms 

of six elementary attributes — whiteness (w), blackness (s), redness (r), green-ness 

(g), yellowness (y) and blueness (b). Experiments carried out at the Swedish 

Colour Centre Foundation showed that observers are capable of making quanti¬ 

tative assessments of these elementary attributes and the basic system was refined 

and quantified so that for every surface colour: (a) the sum of the elementary 

attributes is always 100; (b) the colour can have at the most four elementary 

attributes and (c) the colour can have at the most two chromatic elementary 

attributes and that these cannot be redness and green-ness nor yellowness and 

blueness (Hard and Sivik 1981). The system is published as Swedish Standard 

SS 01 91 00 and is illustrated by a colour atlas containing some 1300 colour 

samples (SS019102). CIE co-ordinates for 16 000 natural colour system 

colour notations are available as SS 01 91 01. 

Chroma Cosmos 5000J 
The major weakness of the systems just described is that only a comparatively 

small number of different colours are illustrated. The Japanese Chroma Cosmos 

follows the Munsell notation but extends the number of colour chips from about 

1500 to 5000 (Birren 1979, Kelly 1981). 

The ICI Colour Atlas§ 
Even 5000 specimens, however, are still only a very small fraction of the colours 

a textile dyehouse might be called upon to produce: the sewing thread firm 

J and P Coats of Paisley, for example, has no fewer than 10 000 colour standards. 

To cater for the needs of industry ICI produced a Colour Atlas which illustrated 

over 27 000 different colours. 1379 of the brightest colours obtainable with 

non-fluorescent light-fast pigments were printed in order on to twelve cards and 

each of these could then be overlaid by one of twenty neutral grey filters. A 

simple letter/number code identified the combination which any other person 

with access to an atlas could then set up (McLaren 1971a). 

The Munsell variables of perceived colour 
The ability of untrained observers to quantify the lightness, chroma and hue 

components of a random collection of ten coloured cards was shown by an 

experiment carried out at an exhibition in 1971 in which 323 observers took 

part. Their estimations showed a surprising degree of precision except in the 

case of the specimen which was dark brown. In this case although the standard 

t Obtainable from the Swedish Standards Institution, Stockholm. 

t Obtainable from the Japan Colour Research Institute, 1-19 Nishiazabu 3-chome, Minato- 

ku, Tokyo 106. 
§ Obtainable from Butterworth and Co. (Publishers) Ltd, Sevenoaks, Kent. 
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deviation of the lightness estimates was the lowest of all, those for hue and 

chroma were over three times larger than the means for the other colours. 

What was even more significant was the fact that a quarter of the observers found 

it impossible to analyse the hde in terms of the four psychological primaries 

while a further 11% reported that it was extremely difficult (Padgham and Rowe 

1973). 

The uniqueness of brown 
After words for the four psychological primary hues have been added to a 

language, the next one is usually a word for the sensation described in English as 

brown (Berlin and Kay 1969) which indicates that this colour has an importance 

greater than those described as orange, grey, purple, etc. 

Objects coloured with dyes or pigments are normally seen in relation to other 

colours and the opposite situation occurs when a stimulus is perceived in isolation 

against a perfectly uniform black background most simply, but not exclusively, 

produced by viewing a light source in a completely darkened room. There are 

certain colour terms which would never be used to describe such a stimulus no 

matter how its spectral composition varied. One such term is grey: a white light 

seen in a dark-room can be reduced in intensity to the point of imperceptibility 

without an observer describing its colour as grey. The sensation of grey is there¬ 

fore confined to related colours and it is only by surrounding a spot of white 

light with a brighter white background that it can be made to appear grey. If the 

background brightness is increased sufficiently it will even appear black. This 

situation, of course, involves related colours. 

The conditions for perceiving a sensation of brown are exactly the same and 

the reader might like to predict what coloured light will appear brown if seen 

against a much brighter white background. Presumably observers who find it 

impossible to describe the perceived hue of a brown in terms of the red, yellow, 

green and blue psychological primaries will not be able to do this. Some of those 

who took part in the Padgham and Rowe experiment estimated that the hue 

appeared to consist of redness and blueness with the latter predominating: these 

observers would be expected to answer ‘purple’. However, the light which is best 

able to evoke the sensation of brown when surrounded by a much brighter white 

is invariably described as orange when seen against a dark background. All the 

colours a normal observer would describe as brown can be matched by super¬ 

imposing a neutral grey filter over one of the orange specimens in the ICI Colour 

Atlas. A comprehensive study into the perception of brown has been made by 
Bartleson (1976). 

The dyer’s variables of perceived colour 

The dyer also recognises three independent variables of perceived colour but 

only one, that of hue, is based purely on observation. As mentioned in chapter 4, 

dyers describe hue differences in terms of the comparatives of the four psycho¬ 

logical primaries — redder, yellower, greener, bluer with one important restriction. 
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This arises if a dyeing has the colour of one of the psychological primaries in 

which case the associated comparative would never be used, e.g. a red would 

never be described as redder than another red. The reason for this is simple: the 

term is ambiguous. The dyer also recognises the validity of the opponent-colours 

theory in that he would never describe a red as greener than another red, for 

example. 

The second variable is used to describe the differences in appearance caused 

by differences in the amount of a single dye on the fibre or of a mixture of 

compatible dyes. This variable is termed ‘depth’, the comparatives being ‘fuller’ 

and ‘thinner’ (Morton 1976). Increases in the amount of dye on the fibre cause 

visual effects which have to be learned and which are not simply related to the 

natural variables of lightness and chroma. For example, increasing the depth of 

a dyeing made with a neutral grey dye only reduces the lightness whereas in the 

case of a bright yellow dye, only an increase in chroma occurs. 
The fastness properties of a dye depend on the depth and to ensure that 

published fastness ratings are comparable ISO issues a set of standard depths 

in eighteen hues together with a number of supplementary standards. These 

were originally chosen by German and Swiss dyemakers in the mid-1930s and 

the basis of the choice is not known but it must have been intuitive as it is not 

possible to define any criteria by which the depth of a yellow dyeing can be 

equated with that of a blue dyeing, for example. 
If two dyeings have the same hue and the same depth they will not necessarily 

match and the difference between them constitutes the dyer’s third variable — 
‘brightness’, the comparatives being ‘brighter’ and ‘flatter’ (Morton 1976). 

Differences in brightness can be eliminated by adding the correct amount of a 

neutral grey dye to the brighter specimen, this having the effect of decreasing 

both the lightness and the chroma. 
The relationship between the dyer’s variables and the Munsell variables will 

be considered in detail in chapter 11. 
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The Measurement of Colour 

The basis of the modern method of colour measurement was outhned in chapter 

4 as it emerged from the fundamental studies of colour vision made by 

Helmholtz, Grassmann and, in particular. Maxwell. If we have a device which 

enables us to mix monochromatic red, green and violet Hghts in any proportion, 

all the colours which can be obtained with dyes and pigments can be matched 

perfectly. Such a match can be represented as a colour matching equation 

Q=R+G+V 

the amounts of each of the four components being implied but not designated 

for simphcity. 

The colours of other monochromatic Ughts, however, cannot be matched but 

each can be incorporated into a colour matching equation if one of the primaries 
is added to it, for example 

Q + R = G+V. 

Maxwell’s vital contribution to colour measurement was to realise that in this 

case the amount of R which has to be added to Q so that the mixture can be 

matched hy G + V can be regarded as a negative amount, namely 

Q = G+ V-R. 

Maxwell also envisaged the possibihty that two of the primaries might have to be 
added to Q, for example (Maxwell 1860) 

therefore 

Q+R+G=V 

Q=V-R-G. 

This approach meant that it was unnecessary to restrict the primaries to red, 

green and violet: colour matching equations could be set up with any three 

reference hghts providing none could be matched by an additive mixture of the 

other two. The only benefit of this extension, however, was the use of a blue 

primary rather than violet as this required much less energy to achieve the same 

94 
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brightness as shown by the curve showing the relative brightness of equal-energy 

amounts of lights at each wavelength (figure 8.5). 

If Q is matched by specific amounts of R + G + B, any other stimulus which 

matches Q, irrespective of its spectral composition, will also be matched by the 

same amounts of R, G and B. These amounts therefore quantify the colour of Q 

irrespective of its composition. 

Colour matching equations behave as though they were algebraic equations. 

For example, the light obtained by passing the light from a tungsten filament 

lamp through a yellow gelatin filter can be perfectly matched by an additive 

mixture of monochromatic red light and green light 

Y = R + G. 

If equal amounts of another hght S are added to both sides of the equation the 

match will stiU hold even though the colour may be entirely different, i.e. 

5+ Y = R + G + S. 

If S is then matched by another hght T, the foUowing equations are vahd 

5+ Y = R + G+T 

and 

T+ Y = R + G + S. 

Finally, if the amount of each of the components of a colour matching equation 

is multiphed by the same factor, the match will still hold providing that the 

factor is not so small that the rods in the retina play a significant part of the 

visual process nor so large as to cause the eye to be dazzled. 
From these facts concerning additive colour mixing Maxwell defined an 

objective method of colour measurement. This is used today and, given the 

present state of colour vision theory, it is not possible to conceive of any other 

method. Maxweh stated that it was first necessary to specify completely these 

additive primaries and that the most satisfactory would be monochromatic red, 

green and blue hghts. The amounts of these primaries which are required to 

estabhsh a colour matching equation with monochromatic lights throughout 

the visible spectrum must then be determined using an instrument presenting a 

spht field to the eye; one half consists of monochromatic light of known 

wavelength, the other half an additive mixture of the three primaries. Provision 

must also be made, of course, to add one of the primaries to the monochromatic 

hght being matched. In the literature these amounts have been given various 

names - excitation curves, distribution coefficients, spectral tristimulus values - 

but the most appropriate is colour matching functions, the term currently 

favoured by the CIE. Once they have been determined the algebraic nature of 

colour matching equations then permits the calculation of the amounts of the 

primaries required to match any stimulus whose spectral power distribution is 

known. These amounts therefore define the colour of any stimulus irrespective 

of its spectral composition and are termed tristimulus values. 
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The determination of the colour matching functions 
In 1858 Maxwell built an apparatus for determining colour matching functions 

which he called a ‘colour box’, the modern term being ‘visual additive colori¬ 

meter’. Maxwell’s wife Kathleen acted as his observer. Subsequent measurements 

were made with ever increasing precision by Konig and Dieterici (1892), by 

Abney (1913) and independently by Guild (1931) and Wright (1928, 1929) in 

the late 1920s. These last two studies were made using markedly dissimilar 

apparatus: Guild used heterochromatic primaries obtained with coloured filters 

whereas Wright used monochromatic primaries at 650, 530 and 460 nm. There 

were significant differences in the caUbration procedures employed as well but 

the algebraic nature of colour matching equations meant that the results could 

be converted to the same set of primaries, 700, 546.1 and 435.8 nm, the last two 
being the wavelengths of prominent mercury lines and therefore easily obtained 

by filtering the Hght from a mercury vapour lamp. These primaries were 

normalised so that equal amounts were required to match a stimulus containing 

equal energy amounts of hght at each wavelength in the visible region. When this 

was done the colour matching functions of the seventeen observers were in such 

good agreement that the CIE, in 1931, could take the means as defining the 

characteristics of an average observer at 5 nm intervals from 380 to 780 nm. 

The method the CIE devised for using these mean values to define a colour 

numerically has been described by one of the pioneers of colour science, 

W A H Rushton (1975), as being 

like the square root of —1 in alternating-current theory [it] gives neat and 
exact answers to calculations by introducing a nearly incomprehensible 
concept of what is really going on. 

Readers interested in the experimental details of this important development 

could not do better than to read the definitive account of Wright (1969) whilst 

those interested in its historical development and in getting a first-hand account 

of the 1931 CIE meeting are referred to Wright (1970, 1981, 1982). The follow¬ 

ing, much shortened account, however, may be adequate. 

The concept of imaginary primaries 

Whilst the mean Guild/Wright colour matching functions could have been used 

in routine calculations, at every wavelength except those of the three primaries, 

one function is negative. The CIE thought that calculations requiring the summa¬ 

tion of positive and negative numbers would be subject to errors and moreover 

the mechanical calculators which had already been built into a recording spectro¬ 

photometer (see chapter 9) would be useless. They therefore decided that routine 

calculations should be carried out using colour matching functions which were 

never negative. This could be done by converting the RGB functions into those 

referring to three imaginary primaries. Mathematically, this was no different 

from converting Guild’s and Wright’s functions into the same RGB functions but 

the actual choice of imaginary primaries was very important. 
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If two stimuli are generated from red, green and blue primaries in which the 

amounts of each differ by the same factor, i.e. 

Stimulus \ = R units of red, G units of green, B units of blue 

Stimulus 2 = nR units of red, nG units of green, nB units of blue 

the untrained observer would describe the two stimuli as having the same colour 

but differing in briglitness. One famdiar with the modern terminology of colour 

science would also say they differed in brightness but had the same hue and the 

same saturation or the same chromaticness. One therefore requires a set of 

three values which will be the same for both stimuh and the obvious set is the 

ratios of the amounts of the three primaries. These are termed chromaticity 

co-ordinates and are given by 

_ R _ G _ B 

+ G + 5 ^ R-\-G-hB 7? + G + 5 

R, G and B being the tristimulus values of the stimuh. HistoricaUy, Guild and 

Wright determined the chromaticity co-ordinates of the spectral colours: in 

those days it was not possible to measure absolute amounts of the primaries 

accurately enough but the ratios could be measured to better than three decimal 

places. 
In 1922 the Optical Society of America devised a set of colour matching 

functions based on the measurements made by Konig and Dieterici and by 

Abney. Troland, chairman of their Colorimetry Committee, put forward an 

extremely valuable method of plotting chromaticity co-ordinates. Up to this 

time they had been plotted as trilinear co-ordinates based on an equilateral 

triangle whose apexes indicated the position of the primaries, a method devised 

by MaxweU for calculating the position of Mght mixtures by the centre-of-gravity 

method. Troland pointed out that it would be very much easier to base the 

method of plotting on a right-angled triangle using only two co-ordinates as 

ordinary graph paper could then be used (Troland 1922), the third co-ordinate 

being redundant asi' + ^ + h = 1. 
The chromaticity co-ordinates of the spectrum corresponding to the RGB 

reference primaries chosen by the CIE are shown in figure 8.1. The maximum 

negative value reached by any co-ordinate is very large solely because of the 

wavelength chosen for the green primary: had this been 510 nm the maximum 

value would have been much smaller. 
Now the position of the spectrum can be specified with reference to any 

other triangle drawn in this diagram and if such a triangle completely encloses 

the spectrum locus, no chromaticity co-ordinate and therefore no colour 

matching function will be negative. The apexes of this new triangle will locate 

the position of the new primaries and as at least two must lie outside the 

spectrum locus they will be imaginary. The triangle should clearly be as close to 

the spectrum locus as possible and it is obvious that this could be achieved in the 
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Figure 8.1 Chromaticity co-ordinates of the spectrum in the rg diagram. 

manner described. Zero amounts of the blue primary are required to match the 

spectrum beyond 660 nm and therefore the locus is a straight line from 660 to 

780 nm. This line, extrapolated from 780 beyond 660 nm, could form the first 

side: it would have the advantage of eliminating the B calculations for all wave¬ 
lengths longer than 655 nm. The second side could then be the straight line 

joining the ends of the spectrum, the loci of mixtures of monochromatic red and 

violet hghts, the purple Hne. This side would then have to be extrapolated 

and the third side could then be drawn tangential to the spectrum locus. 

The CIE adopted the position of the first side, but rejected that of the second 

in favour of a device originally suggested by Schrodinger (1920) and elaborated 

in a very impressive paper by Judd (1930). It is possible to locate this side so 

that the imaginary primaries at both ends have zero luminance. This procedure 

has the extremely valuable consequence that the luminance of any stimulus is 

then quantified by the tristimulus value referrring to the third primary. How 

this was achieved can best be understood by a geometric approach devised by 
Blakey and Landon (1978). 

Figure 8.1 is a two-dimensional diagram quantifying hue and saturation and 

in figure 8.2, the third dimension, luminance, is introduced orthogonal to the 
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chromaticity plane. The relative luminances of the amounts of the primaries 

required to match the equal-energy spectrum were 1 (red), 4.4907 (green) and 

0.0601 (blue). These are shown by the heights of the columns, but not to scale 

for clarity. Luminances are additive so that the hne joining the tops of the two 

columns quantifies the luminance of equal-energy amounts of mixtures of the 

two lights. If the line joining the top of the ‘green’ column and the tops of the 

other two are then extrapolated to cut the plane of the chromaticity diagram, 

the hne joining these two points is termed the alychne. Points lying on this line 

represent imaginary lights because it Hes wholly outside the spectrum locus and 

these imaginary hghts, also have zero luminance. If two of the primaries are 

located on the alychne then the whole of the brightness of any stimulus is 

quantified by the tristimulus value corresponding to the remaining primary. The 

importance of this cannot be exaggerated. The first side cuts the alychne at X 

in figure 8.3 and the third side of the triangle was located to pass near the 

spectrum locus more or less arbitrarily and its intersection with the other two 

sides located the other two imaginary primaries Y and Z. 
The CIE then calculated the colour matching functions of the standard 

observer in terms of these XYZ primaries at every 5 nm from 380 to 760 nm to 

five places of decimals.. These have now been interpolated and extrapolated to 

every one nanometre from 360 to 830 nm to twelve places of decimals although 

virtually aU industrial requirements are met by calculation at 20 nm intervals 

from 400 to 700 nm to four places. 
The composition of the stimulus reflected from a surface depends not only 

on its reflectance at each wavelength but also on the composition of the light 

falling on it. The CIE therefore defined three illuminants A, B and C representa¬ 

tive of the light from a tungsten filament lamp, direct sunlight and overcast 
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Figure 8.3 The origin of the XYZ imaginary primaries (see text). 

daylight. These were defined in two different ways which reflected divergent 

views as to how standards should be defined. Guild was adamant that a source 

should be defined in such a way that it could be set up in any standards 

laboratory: this would mean defining filters by their chemical composition. He 

also beheved that routine colour measurement would be carried out using visual 

colorimeters which would also require realisable light sources. Priest, for the 

USA, however, was equahy convinced that colour measurements would be made 

by calculation from reflectance curves and therefore that illuminants would have 

to be defined by their spectral power distributions. The inevitable compromise 

occurred — illuminants A, B and C were defined in both ways and later the CIE 

differentiated between them by referring to the lamp/filter combinations as 

sources and the spd as illuminants. The American view as to how the nascent 

technology of colour measurement would be carried out prevailed and sources 

A, B and C were rarely set up which is fortunate as it has now been found that 
when they are, sources B and C do not have the spd of illuminants B and C 

(BiUmeyer and Alessi 1981). Illummant B was rarely used: the spd of illumi¬ 
nants A and C are shown in figure 8.4. 
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Figure 8.4 Spectral power distributions of CIE illuminants. 

The calculation of tristimulus values 
Tristimulus values are calculated from spectral reflectance factors, i?(X), 

covering at least the range 400-700 nm. These factors express on a 0-1 scale the 

reflectance at each wavelength as a decimal fraction of that reflected by a 
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perfect reflecting diffuser identically illuminated. (Note: until 1969 the standard 

of reflectance factor was freshly smoked magnesium oxide.) At each wavelength 

interval, R(X) is multiphed by S(X), the relative spectral power distribution of 

the iUuminant and by each of the three colour matching functions x(X), y(X) 

and ^(X). Three summations are then made over the chosen range 

X = kY.R(X) S(X)x(\) 

Y = kY.R('X)S(\)y(X) 

Z = k'£R(X) S(X) z(X) 

The scahng factor k has to be introduced because otherwise the summations 

would depend on the wavelength interval chosen. This is given by 

which means that the Y value of the perfect reflecting diffuser and therefore of 

the iUuminant used in the calculations is always 100.0. 

The 10° observer data 

The angle subtended by the spUt field in Guild’s and Wright’s colorimeters and 

that used in the determination of the V(X) curve was 2°, somewhat smaUer than 

that of a 20 mm diameter disc held at arms length. This was considered desirable 

because of a phenomenon caused by macular pigmentation (see chapter 6). Any 

stimulus of extreme spectral energy distribution, such as mixtures of mono¬ 

chromatic primaries, which fiUs a field of at least 10° appears non-uniform. The 

non-uniformity consists of a spot, the so-caUed MaxweU spot, with an Ul-defined 

boundary and a diameter of about 4° which differs in colour from the rest of the 

field and which does not remain in the same place. A field size of 2°, however, 

appears perfectly uniform. As the MaxweU spot is caused by macular pigmenta¬ 

tion it foUows that strongly metameric matches (see chapter 6) such as those 

made in a visual additive colorimeter wUl be different for the major part of a 

large field than for the 4° centre. As industrial colour matching invariably 

involves field sizes much greater than 2° the CIE, in 1964, pubhshed colour 

matching functions for a 10° observer. This was based on experimental work 

carried out by StUes and Burch (1959) and by Speranskaya (1959) in which a 

total of 67 observers matched monochromatic lights from approximately 390 to 

830 nm with additive mixtures of monochromatic hghts subtending a 10° field 

in which the centre 4° region was either ignored or masked off. The CIE trans¬ 

formed these mean data to derive .Xio(X), yio(X) and Zio(X) colour matching 

functions, the resultant Y^q tristimulus value alone quantifying brightness but 

not luminance as this term today is confined to calculations made using 
the 2° data. 

For most industrial purposes the 10° observer data is preferable and not only 

because visual matching is normally carried out with specimens subtending an 
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angle greater than 10° to the eye. The 2° Y value is a measure of luminance and 

in 1924 the CIE had developed a method of quantifying luminance based on the 

relative brightness of equal energy amounts of light of each wavelength, the 

F(X) curve, figure 8.5. It was obviously essential that both measures should give 

exactly the same values but in order to do this ‘some fiddling had to be done 

with the actual relative luminances of the RGB stimuh’ (Wright 1970). In 1949, 

however, it was realised that the early data were excessively low at the violet 

end of the spectrum by a factor of over ten times at 400 nm (Judd 1949, 1950). 

For various reasons, mainly practical, the CIE decided not to change either F(X) 

or y (X) and as the 10° data are free from this error this is another reason why 

they should normally be used. The only exceptions are when critical colour areas 

subtended an angle of less than 4° to the eye, for example, high visibility 

clothing, road signs and colour photography: in such cases the 2° observer data 

have been found to correlate better with visual observations where metamerism 

is involved in spite of its short wavelength error. 

Dluminant D65 
lUuminant C was based on measurements of daylight in the visible region and 

was completely satisfactory until fluorescent brightening agents became 

industrially important in the late 1940s. Then the fact that it was significantly 
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Figure 8.5 Relative brightness of equal-energy amounts of lights of each wave¬ 

length between 400 and 700 nm. 
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lower in the ultraviolet region than dayhght resulted in it being augmented by a 

series of D illuminants. Measurements over the range 330-700 nm made at 

Enfield (Middlesex), Rochester (New York) and Ottawa showed that the spectral 

composition of daylight depended on its colour temperature, the place being 

unimportant (Judd et al 1964). From the mass of data obtained, spd extrapo¬ 

lated to 300 and 830 nm were calculated for several colour temperatures of 

which the most important was that at approximately 6500 K, the exact value 

depending on the value adopted for the constant c^ in Planck’s radiation law. 

Its SPD is shown in figure 8.4. 
Unfortunately the CIE could not adopt the dual approach of 1931 when a 

physically realisable source and a table of data were established. Only the latter 

was possible in 1966 and the CIE differentiated between the two by using the 

term illuminant for data and source for a realisable light: source C and 

illuminant C both exist but D65 is only an illuminant. It is ironic that whereas 

source C was available but rarely needed, source D65 is necessary but seems 

unlikely ever to be realised in a form suitable for incorporating in a spectro¬ 

photometer and the problems this has caused will be discussed in the next 

chapter. 

Three-band lamps 
Although fluorescent lamps were introduced just before the Second World War, 

they were rarely used as illuminants in colorimetry mainly because their colour 

rendering properties left so much to be desired that objective quantification was 

unnecessary. The exception was the lamp covered by BS950: Part 1 which 
simulated dayhght closely enough to suffice for most purposes. In 1975, 

however, a new generation of fluorescent lamps arrived based on the rare-earth 

phosphors used in colour television. These lamps were characterised by a high 

proportion of the emitted light bemg in three narrow bands in the red, green and 

blue spectral regions, figure 8.6. Such a spectral power distribution gave a 

luminous efficiency as high as the most efficient fluorescent lamps but with 

very much better colour rendering though not as good as that given by lamps 

conforming to BS 950: Part 1. Three-band lamps, however, had a marked effect 

on many metameric matches which were acceptably close under conventional 

sources as we shall see in chapter 10. 

The xy chromaticity diagram 

The colour matching functions, x(X), y(X) and z(X), are also the tristimulus 

values of the equal-energy spectrum and therefore at each wavelength the 

chromaticity co-ordinates are given by 

X y z 
X =- y —- z =-. 

x+y+z x+y+z x+y+z 

These are not merely the co-ordinates of the equal-energy spectrum: as they are 

ratios they apply to any energy value. They are, of course, always plotted in a 

right-angled triangle and, given the mathematical orientation of the founders of 
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Figure 8.6. Spectral power distribution of a typical three-band fluorescent lamp 

(Philips Colour 84). 

the CIE system, it was inevitable that x should be plotted against y though 

there is no colorimetric reason for so doing. Uyterhoven (1938) plotted y 

against z and Adams (1942) favoured x against z but the xy diagram became 

universally adopted, the hypotenuse being omitted for clarity. The 10° observer 
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diagram is shown in figure 8.7, that for the 2 observer being very similar in 

shape but with marked displacements of certain wavelengths. 
From the locations of two stimuli, m and n, two variables of perceived 

colour can be quantified. The wavelength where the line from D65 through m 

cuts the spectrum locus (550 nm) is the dominant wavelength (X^j) of rn- The 
wavelength where the extrapolated line from D65 through n cuts the spectrum 

locus (490 nm) is the complementary wavelength {\) of n. The excitation 

purity of m and n is the fraction of the distance out towards the spectrum locus/ 

Figure 8.7 Xjo, Vio chromaticity diagram. 
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purple line from D65. As the Y value quantifies the lightness of a surface colour, 

xy Y values are therefore much more suitable than XYZ values for quantifying 

appearance and, in consequence, they were more widely used. They are today, 

however, being replaced by CIELAB values which are better still as we shall see 

in chapter 11. 



9 
Colour Measuring Instruments 

9.1 REFLECTANCE SPECTROPHOTOMETERS 

A reflectance spectrophotometer is basically an instrument for measuring the 

amount of light reflected from the surface of an opaque specimen at a number 

of wavelengths throughout the visible spectrum as a fraction of that reflected by 

a white standard identically illuminated. This fraction is termed the reflectance 

factor (CIE definition). For many years the white standard was a block of 

magnesium carbonate on which had been deposited a layer of magnesium oxide 

obtained by burning magnesium ribbon. This was assumed to reflect all the 
incident light but was subsequently found to reflect only between 97 and 98%: 

moreover it was difficult to prepare consistently and had only a limited life. The 

CIE therefore recommended that from January 1, 1969 the absolute standard 

should be the perfect reflecting diffuser whose reflectance at every wavelength 

is 100%. Such a surface does not exist, of course, but working standards chosen 

for stability and ease of use can be calibrated in terms of the perfect reflecting 

diffuser. 

If a beam of light is shone on such a surface the reflectance factor at every 

angle is the same. This is represented for a beam at 45° by the goniophotometric 

curve shown in figure 9.1(fl). At the other extreme a perfect mirror surface 

would reflect all the light at —45°. The surfaces of objects coloured with dyes or 

pigments usually fall between these two extremes and if there is a significant 

specular (often termed ‘regular’) component then the illuminating and viewing 

conditions are critically important. Goniophotometric curves of two such 

surfaces are shown in figures 9.1(h) and (c), the radial distance of the curve from 

the centre of the specimen being proportional to the reflectance factor measured 

in that direction. The illuminating and viewing conditions are important because, 

even if the object is highly coloured, if specular reflection occurs it occurs at the 

surface of the medium before selective absorption by the colorant can occur — 

highlights are therefore white unlike those from a metallic surface which have 

the same colour as the metal itself. 
The fraction of the incident light which is specularly reflected at the surface 

of a medium whose refractive index is n is given by the Fresnel relationship 

(n —l)^/(n + 1)^. 

108 
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Figure 9.1 Goniophotometric curves of (a) the perfect reflecting diffuser;(h) egg¬ 

shell finish paint; (c) high-gloss paint. 

The refractive index of a typical paint medium and of most plastics etc is about 

1.54 so that if the specular component is included during measurement the 

reflectance at each wavelength will be raised by about 4.5% above that obtained 

when the specular component is excluded. The reflectance at the blue end of the 

spectrum of a high gloss yellow paint will therefore be raised from, say 1 to 5.5%, 

that at the red end from, say 80 to 84.5%. 
For colorimetry the CIE has defined four different illuminating and viewing 

conditions. 

(fl) 45°jnormal (abbreviation, 45jO). The specimen is illuminated by one or 

more beams whose effective axes are at an angle of 45 ±2° from the normal to 

the specimen surface. The angle between the direction of viewing and the normal 

to the specimen should not exceed 10°. The angle between the axis and any ray 

of an illuminating beam should not exceed 8°. The same restriction should be 

observed in the viewing beam. 
(h) Normal(45° (abbreviation, 0145). The specimen is illuminated by a beam 

whose effective axis is at an angle not exceeding 10° from the normal to the 

specimen. The specimen is viewed at an angle of 45 ±2° from the normal. The 

angle between the axis and any ray of the illuminating beam should not exceed 

8°. The same restriction should be observed in the viewing beam. 

(c) Diffuse (normal (abbreviation djOj. The specimen is illuminated by an 

integrating sphere. The angle between the normal to the specimen and the axis 

of the viewing beam should not exceed 10°. The integrating sphere may be of 

any diameter provided the total area of the ports does not exceed 10% of the 
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internal reflecting sphere area. The angle between the axis and any ray of the 

viewing beam should not exceed 5°. 
(d) Normal I diffuse (abbreviation, Ojd). The specimen is illuminated by a beam 

whose axis is at an angle not exceeding 10° from the normal to the specimen. 

The reflected flux is collected by means of an integrating sphere. The angle 

between the axis and any ray of the illuminating beam should not exceed 5 . 

The integrating sphere may be of any diameter provided the total area of the 

ports does not exceed 10% of the internal reflecting sphere area. 

In the case of d/0 and 0/d geometries the permitted off-set of up to 10° allows 

the insertion of a gloss trap in the sphere wall at the angle corresponding to 
the mirror reflectance of the incident beam (0/d) or of the viewing beam (d/0) to 

minimise the effect of any specular component. These options are conveniently 

termed spex if the gloss trap is inserted (specular component excluded) and 

SPINC (specular component included) if the sphere wall is continuous in this 

area. 
Though it would appear that there are six different illuminating and viewing 

geometries, and spectrophotometers based on most of them are commercially 

available, there are, in effect, only three. This is because the Helmholtz reciprocity 

principle states that the reflectance is the same if the directions of illumination 

and view are interchanged. Though the values obtained with any of these viewing 

geometries are spectral reflectance factors as defined by the CIE, they are 

invariably called reflectances especially today as a modern spectrophotometer is 

usually associated with a visual display unit of limited area. The CIE definition 

of reflectance, however, is the ratio of reflected to incident radiant flux and is 

given the symbol p. Thus only the values obtained using a 0/d spinc geometry 

are reflectance values even though identical values are given by a d/0 spinc 

geometry. Reflectances are invariably expressed as percentages for convenience 

but it is essential to remember that they must be divided by 100 before beginning 

any colorimetric calculation. 

The CIE also recommends that the value obtained whenever the angle of view 

approaches 0° should be termed a spectral radiance factor and given the symbol 

j3 in accordance with the radiometric quantity radiance but this would seem to 

be unnecessary when objects are not fluorescent. When they are, however, the 

term reflectance should not be used because in one region of the spectrum only 

part of the light coming from the specimen has been reflected while part has 

been emitted as a result of the fluorescence mechanism. The values obtained for 

fluorescent specimens should therefore be termed spectral radiance factors and 

subdivided where appropriate into a reflected radiance factor and a fluorescent 

radiance factor. If the measurements have been made with a spectrophotometer 

based on a 0/d geometry, however, the values are neither spectral reflectance 

factors nor spectral radiance factors according to the strict CIE definitions: 

fluorescence prevents all of them being reflectance factors and none are radiance 

factors because the angle of view is 27r steradians instead of 0°. The only per¬ 

mitted term would appear to be reflectometer values which the CIE recommends 
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for any values obtained from an instrument measuring reflectance factors. 

However, this term does not seem to have often been used. 

The choice of viewing geometry 

The effects of the three basic viewing geometries on the spectral reflectance 

factors of specimens which are not matte can be quite marked as is shown by the 

tristimulus values and chromaticity co-ordinates of the yellow standard ceramic 

tile (see later) which are given in table 9.1. 

Table 9.1 Tristimulus values and chromaticity co-ordinates (2°/D65) of a glossy 
yellow tile measured using three different viewing geometries. 

Geometry X Y Z X y 

0/45 57.19 62.65 12.48 0.4322 0.4735 

0/d (SPEX) 55.50 60.75 12.19 0.4321 0.4730 

0/d (SPINC) 59.44 64.91 16.88 0.4209 0.4596 

It is interesting to note that the tristimulus values are not lowest for the 0/45 

geometry as one would expect. An efficient gloss trap appears to exclude more 

of the specular component than the 0/45 geometry. 
As professional colourists usually try to prevent the specular component 

entering the eye it is axiomatic that most measurements made with integrating 

sphere instruments should be made in the spex mode but there are two excep¬ 

tions. Unfortunately the efficiency of the gloss trap varies quite markedly 

between instruments so that if it is desired to minimise the variations between 

instruments - in setting colorimetric specifications, for example - spinc is 

preferred as this has been found to halve the variations (Billmeyer and Hemmen- 

dinger 1981). The second is in computer match prediction where experience has 

shown that more accurate predictions result if all measurements are made in the 

SPINC mode and the Saunderson correction is applied as described in chapter 12. 

The main advantage of 0/45 and 45/0 geometries lies in on-line colour 

measurement as these geometries are much less sensitive to slight displacements 

of the specimen away from the aperture. Orientation sensitivity can be eliminated 

by complete annular irradiation at 45°. Another advantage claimed for these 

geometries (Alman and Billmeyer 1976) is that they avoid the variations in 

spectral radiance factors caused by the paint used to coat the sphere wall having 

a lower reflectance at shorter wavelengths. Whilst this is completely unimportant 

if specimens are not fluorescent it can result in the surprising consequence that 

the factors may be higher for matte specimens if the specular component is 

excluded. The reason for this is that the reduction in sphere wall area by the 

gloss trap minimises the error. In practice, however, these effects are trivial 

compared with those caused by source variations which will be considered later. 
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The evolution of the recording spectrophotometer 
Before 1928 spectrophotometry required the operator to adjust the intensity of 

monochromatic light falling on a reference white so that it matched that reflected 

by the specimen being measuredpwavelength by wavelength. This was an opera¬ 

tion requiring several hours and gave values lacking in precision. It was therefore 

a major advance when, in that year, the first automatic recording spectrophoto¬ 

meter (figure 9.2) was built by A C Hardy who occupied the Chair of Optics and 

Photography at the Massachusetts Institute of Technology (Hardy 1929). It 

employed a beam of white light directed alternately on to the specimen and the 

reference white, in both cases normal to the surface. This ‘double beam’ approach 

has since been characteristic of all precision instruments though it is claimed that 

modern precision electronic techniques have rendered it unnecessary (Stanziola 

et al 1977). The light reflected at 45° was passed through a single-prism mono¬ 

chromator and a shutter driven by a servo motor reduced the amount of light 

reflected by the reference white to equal that coming from the specimen as the 

wavelength of the illumination varied from 400 to 700 nm. The servo motor was 

coupled to a pen-recorder so that a reflectance curve was plotted, the measurement 

time being 2\ minutes. 45/0 and 0/45 geometries were consequently specified 

by the CIE in 1931 but in the following year Hardy redesigned the instrument. 

Monochromatic hght replaced white light because the 2\ minute scanning time 

caused so much heating of the specimen that the reflectance factors of many 

were therefore changed. The 0/45 geometry was also extremely sensitive to 

specimen orientation if it had a surface structure (e.g. most textiles) so this 

Figure 9.2 The first recording spectrophotometer. 
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was replaced by a d/0 geometry (Hardy 1935). This instrument, affectionately 

known as the ‘Hardy’, was marketed by the General Electric Company of 
the USA and for twenty years it was the dominant instrument. Strangely enough, 

d/0 and 0/d geometries were not recognised by the CIE until 1967. 

The return to white light irradiation 

The optical path of the 1932 ‘Hardy’ had become a liability in the late 1940s 
when fluorescent brightening agents (see chapter 2, §2.2) were extensively 

marketed. In this instrument monochromatic light illuminated the specimen 

and the amount reflected was measured as a fraction of that coming from the 

reference white. If a specimen was fluorescent, however, the light from the 

specimen did not always have the same wavelength as incident light though the 

recording device assumed that it did. To solve this problem, spectrophotometers 

had to revert to Hardy’s 1928 design of illuminating with white light and passing 

the reflected/emitted light through an analyser. 
Although a new model of the ‘Hardy’ in which the scanning time was reduced 

to 1 minute was introduced (Pritchard and Holmwood 1955) this did not 

include the ‘reversed optics’ option which was only announced in the 1970s. By 

this time, however, the dominance of the ‘Hardy’ had been successfully challenged 

by the introduction of a number of abridged spectrophotometers. In these the 

specimen was irradiated with white light and the light from the specimen was 

passed sequentially through between 16 and 38 narrow-band interference filters, 

an arrangement which considerably reduced the number of moving parts especially 

as balancing the two beams was done electronically and not by a servo miotor. 

Experience eventually showed that measurement at sixteen wavelengths was 

adequate. This took about 30 seconds, still long enough, however, to affect true 

values by surface heating (McLaren 1978a). 
The current generation of spectrophotometers was introduced independently 

by three American manufacturers in 1976, and featured advances in electronics 

and optics but also some unconventional approaches such as interference wedges 

and reflectance grating monochromators, silicon-photodiode detectors, logarith¬ 

mic photometric scales and pulsed xenon illumination (Christie and McConnell 

1977, Kishner 1977, Billmeyer and Rich 1978, Stanziola et al 1979, Rich and 

Billmeyer 1979). A reasonably detailed comparative evaluation has also appeared 

(Billmeyer and Alessi 1981). The most important feature of each of these 

instruments is that the measurement time is only a few seconds so that the 

surface heating problem has been entirely eliminated. 

The problem of sources for the spectrophotometry of fluorescent specimens 

When specimens are not fluorescent the spd of the light source in the spectro¬ 

photometer is relatively unimportant providing that there is sufficient at all 

wavelengths for precise and accurate measurement of black velvet. This is 

because the ratio of the light reflected from the specimen to that reflected from 

the white standard is independent of the amount of light at each wavelength. If 
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specimens are fluorescent, however, the total spectral radiance factor at wave¬ 

length X in the emission region is critically dependent not only on the amount 

of light of wavelength X but also on that at every wavelength causing excitation. 

Total spectral radiance factors are therefore only valid for the source used in 

measurement and as appearance in daylight is usually the most important, the 

source must resemble daylight as closely as possible, not only in the visible 

but also in the ultraviolet as well. It will be recalled that illuminant D65 was 

established because illuminant C was deficient in this region. 

Close simulation of illuminant D65 turned out to be very much more difficult 

than was expected by the CIE when illuminant D65 was established. This has 

only been possible, for example, by splitting the beam from a xenon arc, applying 

different filters to the components and recombining (Gundlach 1977) making a 

source which was totally unsuitable for incorporation in a spectrophotometer 

for industrial use. The methods used by instrument manufacturers to simulate 

illuminant D65 have therefore, of necessity, been much less sophisticated. In 

order to see how consistent they have been, the author measured a white fluores¬ 

cent plastic specimen and cards printed with six ‘Day-Glo’ printing inks on five 

post-1970 spectrophotometers employing simulated D65 sources and the d/0 

SPINC geometry. The variations between instruments were determined by 

selecting the one giving the highest radiance factor, designated H (it was not 

always the same instrument) and calculating the colour difference in CIELAB 

units between the radiance factors given by H and the other four designated 

A, 5, C and Z) randomly. The results are shown in table 9.2 and the spectral 

radiance curves for one of the specimens in figure 9.3. 

Table 9.2 Colour differences caused by instrument variations; for details see text. 

Fluorescent specimen 

Colour difference (CIELAB units) 

HIA H/B HjC HID 

Ciba-Geigy plastic No. 12 1.1 2.6 2.9 5.4 

Lunar yellow 5.4 9.4 4.1 5.9 

Arc chrome 4.3 9.2 6.9 9.6 

Blaze 6.5 11.2 12.6 10.7 

Fire orange 4.9 9.8 7.8 8.3 

Neon red 7.6 10.7 10.4 11.3 

Magenta 7.2 8.7 9.7 9.0 

Although it was not possible to repeat this investigation with non-fluorescent 

specimens, other much more extensive comparisons (Billmeyer and Hemmen- 

dinger 1981) clearly indicate that inter-instrument variations would be less than 

one-tenth of these. This must mean that the cause lies in the differences in 

SPD of the light falling on the specimen during measurement. 
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Figure 9.3 Spectral radiance curves of fluorescent orange printing ink measured 

on five different spectrophotometers using sources simulating illuminant D65. 

This lack of precision means that a problem will arise if fluorescent colours 

are specified by setting permitted areas in the xy diagram and minimum Y values 

as was done successfully by the CIE for coloured light signals in the 1930s. The 

problem is that some specimens may be well within the limits when measured on 

one commercially available spectrophotometer but well outside on another. The 

production of a standard source for the spectrophotometry of fluorescent 

specimens is today the most outstanding problem in applied colorimetry. The 

CIE has published a method of evaluating the closeness of any source to illuminant 

D65 (CIE 1980) but this requires knowledge of the spd of the source, informa¬ 

tion which is rarely available to the spectrophotometer user in industry. 

The most promising solution to this problem, though unfortunately only in 

the long term, is that proposed by Clarke (1980) and Clarke and McKinnon 
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(1982). They point out that the greatest difficulty lies in matching the spd of 

D65 in the ultraviolet region, particularly below 370 nm. Most critical colour 

judgements, however, are made under daylight corning through window glass 

which attenuates the spd in this region. The resultant spd can be easily simulated 

by passing the light from a tungsten-halogen lamp through a multi-component 

filter made from readily available glasses. Clarke and McKinnon have therefore 

proposed that iUuminant D65 should be augmented by illuminant/source ID65 

(ID, interior daylight) as source ID65 would, of course, be entirely suitable for 

incorporating in a spectrophotometer. 

Another project which will be helpful to the spectrophotometer manufacturer 

is the production of a set of fluorescent reflectance standards currently under 

development by the Commission of the European Communities. 

The processing of spectrophotometric data 

The output of the ‘Hardy’ consisted of a reflectance curve, originally from 400 

to 700 mn, the 1955 model going down to 380 nm. The fundamental method 

of calculating XYZ values from such a curve, which was described in chapter 7, is 

known as the weighted-ordinate method because calculations could be simplified 

by weighting, i.e. by pre-multiplying each colour matching function by the spd 

of the selected illuminant. This method, however, took far too long in pre¬ 

computer days for routine use and a very much quicker method — the selected- 

ordinate method — was devised. In this method, three sets of wavelength intervals 

were chosen, either 30 or 100, one set resulting in the product .x(X) ^(X) being 

constant the other two sets giving constant values for y (X) ^(X) and z(X) ^(X). 

One had only to sum the reflectance factors at the selected wavelengths and 

multiply by a constant to obtain X, Y ox Z (Hardy and Pineo 1932). Hardy 

devised a simple manual integrator with wavelength indicators for illuminants 

A, B and C and also connected his spectrophotometer to three mechanical 

adding machines so that the three summations were made automatically. In 

1949 this method was replaced by a more sophisticated ball-and-disc integrator 

(Davidson and Imm 1949). In the early 1960s spectrophotometers were inter¬ 

faced to conventional card or tape punches so that the reflectance values could 

be fed into an off-line computer which could use the weighted-ordinate method. 

In 1965 a spectrophotometer was interfaced to an analog computer so that the 

analog equivalents of reflectance values at each of seventeen wavelengths were 

automatically entered into the computer (Cutler 1965). In 1969, Varian Associ¬ 

ates (USA) and Instrumental Colour Systems (UK) independently interfaced 

spectrophotometers to digital computers thus setting the pattern for the future 

(McLaren and Perry 1979), the only subsequent modification being the replace¬ 

ment of the bulky minicomputer by a small microprocessor. A modern spectro¬ 

photometer will display XYZ values or any of the derived values to be measured 

in the next chapter within a few seconds of pressing the MEASURE button. 

The advent of the microprocessor has markedly reduced the time required 

for calibration. Before 1969 this would often take over fifteen minutes but 

once spectrophotometers had been interfaced to digital computers the time was 
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reduced to that necessary to measure a white tile and a black tile whose absolute 

reflectance factors had been input into the computer’s memory. All subsequent 

measurements could then be automatically corrected to refer to the perfect 

reflecting diffuser. 

The advent of the microprocessor, however, has not been entirely beneficial. 

Some instruments display XYZ values with no indication as to which observer 

data or illuminant has been pre-programmed. This omission can easily be rectified 

by the manufacturer but there is another disadvantage which cannot. Once the 

reflectance factors have been obtained, XTZ values and any derivatives can then 

be calculated for various illuminants. This is highly desirable if the specimen is 

not fluorescent but if it is the displayed values are not reflectance factors but 

radiance factors and the only valid calculations are those using the spd of the 

light falling on the specimen during measurement. The instrument manufacturer 

cannot suppress any invalid values, however, because it is not always possible to 

deduce that a specimen is fluorescent by inspection of its radiance factors. 

Naturally if any exceed 100% it must be fluorescent but many fluorescent 

specimens wdl not even reach this value. 

The concept of numerical standards 

Physical standards inevitably change over long periods of time even if stored 

under ideal conditions between periods of use. The long-term precision of 

modern spectrophotometers, however, is such that it has become feasible to 

measure a standard as soon as it has been prepared and to store the data for 

subsequent use instead of remeasuring the standard. Marcus found that for 

periods of up to 719 days, the colour difference between a measurement and the 

stored data was of the same order of magnitude as the impermanence of paint 

standards (Marcus 1978). 

It is, however, essential to monitor the precision of the instrument continu¬ 

ously by measuring physical standards of known permanence once a week and 

ensuring (a) that there is no systematic drift in L*C*h values (see next chapter) 

and (b) the average colour difference between each measurement and the stored 

data is appreciably less than the tolerances permitted in manufacture. The ideal 

physical standards are the British Ceramic Research Association (BCRA) tiles. 

The BCRA tiles 

In 1965 the BCRA was approached by the Colour Measurement Committee of 

the Society of Dyers and Colourists with a view to the production of a set of 

physical standards of absolute permanency in several colours. One thousand sets 

of twelve tiles were marketed in 1968 together with an abridged version of the 

calibration data obtained by the National Physical Laboratory on the Master 

Standards and estimates of the variations of individual standards against these 

(Clarke and Samways 1968). Experience has shown that the tiles which are 

most effective for monitoring — and also for revealing differences between 

instruments — are the yellow, maroon and dark blue. During 1983 supplies of 

these tiles became exhausted and they were replaced by a similar set known as 
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Ceramic Colour Standards Series Ilf. These included two. pairs of colour differ¬ 

ence tries, one pair exhibiting a spectrally simple difference, the other a more 

complex but not metameric difference. 

9.2 TRANSMITTANCE SPECTROPHOTOMETERS 

Most reflectance spectrophotometers can be used to measure the transmittance 

of transparent solids or solutions upon which all the calculations possible for 

surface colours (described in the next chapter) can be performed. The most 

important function of a solution spectrophotometer is, however, its use in 

analysis and for this purpose the modern abridged spectrophotometer is value¬ 

less because measurements are only made at every 20 nm, the bandpass being at 

least 10 nm. For analysis, a complete scan is essential and this should include as 

much of the ultraviolet and infrared as possible: the narrower the bandpass, the 

better. The uses of absorptiometry in chemical analysis are outside the scope of 

this book but there are two applications of transmittance measurement which 

should, perhaps, be briefly mentioned as they were developed using the Hardy 

spectrophotometer. 

The determination of strength 

If a single dye is involved and the path length is the same then the Beer-Lambert 

law reduces to the simple relationship that the logarithm of the reciprocal of the 

transmittance T, expressed on a 0-1 scale, is linearly related to the concentration 

of dye in solution. Lg(l/r) is termed density or absorbance and a special cam 

could be fitted to the Hardy which plotted density as a function of wavelength. 

If two solutions contain the same amounts of the same commercial dye then the 

strength of the batch expressed as a percentage of that of the standard is given 

by 

Ig (l/7")batch 
-X 100 
Ig (1/^)standard 

the density being measured at the wavelength of maximum absorption. These 

values are used to indicate the relative strengths of different brands of the same 

dye e.g. Red B200 is twice as strong as the standard brand usually designated 

Red BS. The reciprocal of this value multiplied by 10 000 is often used in 

strength comparisons, e.g. 

1/200 X 10 000 = 50 

therefore Red B200 is stronger 50:100 than Red BS. 

f Obtainable from British Ceramic Research Association, Queens Road, PenkhuU, Stoke-on- 
Trent, England. 



Plate 1 The Munsell Color Tree 



Plate 2 The CIELAB a*b* diagram. 
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Dye identification 

The shape of the transmittance curve of an aqueous solution of a dye depends 

on three factors: (a) the chemical identity of the dye; (h) the pH of the solution 

and (c) the concentration. The variable of pH can be easily controlled and as it is 

completely impracticable to control the concentration of pure dye it is extremely 

fortunate that the effects of this variable can be easily eliminated. The Beer- 

Lambert law states that the density of a solution is equal to the product of an 

absorptivity fl(X) which is a wavelength-dependent function of the dye, the path 

length b and the concentration of dye c 

ig(i/r) = fl(X)hc. 

It therefore follows that 

Ig lg(l/r) = lgfl(X) + lgh +lgc 

so that as only the absorptivity is wavelength-dependent, the shape of the 

lglg(l/r) or log-density curve is independent of the concentration and the 

path length and is governed solely by the absorptivity of the dye. If the log- 

density curve of an unknown amount of dye A at a given pH is plotted on 

transparent graph paper it can be superimposed on the curve of any other 

amount of dye A at the same pH. 

If a family of curves of known dyes at two or three controlled pH values is 

built up then determining the log-density curves of any unknown single dye at 

the same pH values will permit identification. 

9.3 TRISTIMULUS COLORIMETERS 

Because the first spectrophotometers were very expensive, somewhat slow and 

required highly skilled staff for successful operation there was a ready market for 

a cheaper, faster, easier-to-use instrument. This need was met by the tristimulus 

colorimeter which was designed to respond to spectral distributions of light in 

the same manner as the human eye. This was achieved by adjusting the spectral 

response of a photodetector so that it was spectrally equivalent to the CIE 

Standard Observer colour matching functions. This adjustment was usually 

achieved with three, or sometimes four, filters. 

The first commercial instrument was developed by Hunter when he was at 

the National Bureau of Standards (NBS) in Washington (Hunter 1940) and in 

1952 he established Hunter Associates Laboratory Incorporated to manufacture 

and market tristimulus colorimeters; many other manufacturers subsequently 

entered this field. Whilst the absolute accuracy of tristimulus colorimeters left 

much to be desired, for comparing two specimens using one or other of the 

colour difference equations to be described in chapter 10 they served a very 

useful need, providing rapid and precise measurements at a relatively low cost. 

Today, however, spectrophotometers are just as fast and as easy to use and have 



120 The Colour Science of Dyes and Pigments 

the important advantage of being able to deal with metamerism which the 

tristimulus instrument could not handle as it could only duplicate a single 

observer-illuminant combination. It is therefore probably obsolescent as far as 

fully equipped colour laboratories are concerned (Billmeyer and Hemmendinger 

1981) though it may find new fields where colour difference measurement for 

quality control is of value and the price differential attractive. As such laboratories 

are outside the scope of this book no detailed account of tristimulus colorimeters 

will be given. 



10 
The Quantification of Colour Differences 

If two specimens have the same tristimulus values they will be a perfect match 

to the appropriate standard observer when viewed under the appropriate source 

and viewing geometry. Conversely if any tristimulus value is different they will 

not match and the overall difference will be at least a rough measure of the 

perceived colour difference between them. The overall difference is easily 

quantified by regarding the XYZ values as co-ordinates in a Euchdean colour 

space. The difference is then the distance between standard and batch in this 

space which is given by the appUcation of the Pythagoras theorem to three 

dimensions 

AE= [(AX)^ + (Ar)^ + (AZ)^]°-® 

where A signifies ‘difference in’ and E is the initial letter of the German word 

‘empfindung’ meaning sensation. It was soon realised, however, that the above 

equation was not satisfactory as some colour differences which were perceptu¬ 

ally equal in size gave A£’ values varying by 30:1. Since the mid-1930s more 

effort has been devoted to solving the problem of quantifying colour differences 

than was involved in the development of the 1931 CIE system of colour 

measurement which started with Maxwell. Between 1936 and 1976 over 20 

colour difference equations or formulae - the terms are synonymous - were 

developed. Only some of the highlights will be mentioned here and for a compre¬ 

hensive survey the reader is referred to McDonald (1982). 

The solution of the problem required a number of pairs of specimens exhibit¬ 

ing colour differences which were perceptually equal: their xy Y values were 

then subject to mathematical transformations either to produce a more uniform 

colour space, or by some other method, to obtain the same values of AE". The 

problem was attacked in two parts with equally spaced coloured lights being 

used to quantify differences in chromaticness and equally spaced surface colours 

to quantify differences in chromaticness and lightness. 

Chromaticness differences 
Mathematical transformations of the xy values of equiluminous lights were first 

used by Judd to derive a uniform chromaticity-scale (ucs) diagram by making a 
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linear or projective transformation of the xy diagram (Judd 1935). Several 

others were produced of which that of MacAdam (1937) became the 1960 

CIE-ucs diagram, the transformation equations being 

u = 4x/(— 2x + \2Y + 3) 

v=6yl{-2x+\2Y+3). 

The second set of equally spaced visual data was obtained by MacAdam (1942) 

using an ingeniously designed colorimeter in which, by turning a single control 

knob, the colour of one half of a 2° field was varied along a straight line oriented 

in any direction in the xy diagram, its luminance being held constant. The field 

was surrounded by a brighter area resembling source C so that the matching 

field had the appearance of coloured surfaces and not that of lights. The other 

half of the field lay on the same straight line and had the same luminance. The 

standard deviations of the settings at various orientations were determined and 

extensive auxhiary experiments showed that a just perceptible difference was 

about three times as large as the standard deviation. The standard deviations fell 

closely on ellipses surrounding each point studied and these are shown, enlarged 

ten times for clarity, in figure 10.1. Each of these ellipses can be represented by 

the equation 

gniA^f + '^gi2 dx dy + g22(dyf ='^ 

where dx is the difference between the x co-ordinate of the eUipse centre and 

any point on the ellipse, dy is the corresponding difference in the y co-ordinates 

and gii, gi2 and ^22 are metric coefficients. MacAdam (1943) published three xy 

diagrams showing contour Hues of constant metric coefficient from which the 

MacAdam ellipse at any xy value could be plotted. The distance of a specimen 

in relation to the distance of the eUipse in the same direction then gave the 

chromaticness difference which could be combined with any lightness difference 

to give AE. The geometry of such a colour space is not Euclidean but 

Riemannian and its apphcation only became a practical proposition in 1968 

when Simon and Goodwin devised charts for different regions of the xy diagram 

in which hnear distances represented chromaticness differences in MacAdam 

units. Other charts were devised for incorporating any lightness difference, the 

Union Carbide Company in the USA providing sets of these charts to any 

interested party free of charge. 

The most important colour difference equation based on MacAdam elMpses 

resulted from a very sophisticated theory of colour vision developed by Friele 

which was based on the Muller two-stage theory mentioned in chapter 4. This 

could be used to predict the size, shape and orientation of the MacAdam ellipses 

and the predictions were remarkably close (Friele 1961). Collaboration with 

MacAdam (1966) and Chickering (1967) resulted in two equations, FMC-1 and 

FMC-2, the latter containing a function to vary the size of the ellipse according 

to the Y value: this became the most popular equation in the USA in spite of the 

fact that Friele and MacAdam always preferred FMC-1 (MacAdam 1969). 
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0,8 

Figure 10.1 The MacAdam ellipses (enlarged ten times). Each point on an ellipse 

represents a colour whose difference from the colour at the ellipse centre is three 

times larger than just perceptible. 

Lightness differences 

It was known in 1920 that measured luminance, the precursor of the CIE 

1924 L(X) curve, could not be converted into the equally-spaced Munsell 

0-10 value scale by a hnear transformation. Several non-linear transformations 

were developed from the simplest 

J^0.S 

(Priest et al 1920) to the most complex 

r = 1.2219 F - 0.23111+ 0.23951F® - 0.021009 + 0.0008404 F^ 
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which was devised by Judd in connection with the Munseii renotation studies 

mentioned in chapter 7 (Newhail et al i943). 

The square-root function was used in the coiour difference equation which 

defined the NBS unit of colour difference (Hunter 1942) which for many years 

was a widely accepted yardstick for colour difference assessments though the 

generahsation that ‘differences of 1 NBS unit or less can usually be disregarded 

in commercial transactions’ (Judd and Wyszecki 1975, p. 318) was never 

justified. It was also used extremely effectively in 1948 by Hunter who was able 

to market a tristimulus colorimeter in which electronic circuitry applied a 

square-root function to the RGB signals thus giving directly units of a uniform 

colour space (Hunter 1948). This anticipated by nearly thirty years the arrival 

of the microprocessor. 

The Judd polynomial was used in the very important ANLAB equation whose 

origins are most conveniently considered in the next chapter. Most other investi¬ 

gators, however, considered that the scatter of the visual assessments of lightness 

differences was too great to warrant such a complicated equation especially as it 

was inverted, i.e. it gave Y instead of Vy. Some investigators therefore devised 

cube-root approximations, the first being that of Ladd and Finney (1955), from 

which various cube-root equations emerged. 

The target: uniformity of practice 

At the start of the 1960s there were many different equations being used with 

no possibility of accurate interconversion of colour difference units. In a praise¬ 

worthy attempt to achieve uniformity of practice the CIE extended the 1960 

ucs diagram into three dimensions by incorporating a cube-root uniform light¬ 

ness scale to give the CIE 1964 U*V*W* colour space and colour difference 

equation. This, unfortunately, failed because applications in industry showed 

that it was less reliable than other equations (Berger and Brockes 1966) and in 

1967 the CIE recommended that three other equations be compared with CIE 

1964 (Wyszecki 1968). These equations were: 

{a) the cube-root formula of Glasser et al (1958) which had been modified 

by Reilly; 

(b) the MunseU renotation formula (Godlove 1951) which is more appropri¬ 

ately covered in the next chapter; 

(c) FMC-2. 

Data for such a comparison had been obtained by Davidson and Friede (1953). 

About 12 000 individual judgements of the acceptability of 287 batches of 

carpet yarn dyed to match nineteen standards were made by eight professional 

shade passers. By plotting A£’ against the number of times each batch had been 

rated ‘pass’ expressed as acceptability (%H) Davidson and Friede saw that the 

scatter of the points was lowest for MacAdam’s original equation (MacAdam 

1943) combined with a lightness difference component based on MunseU value. 

As they also published the xy Y values for all specimens and the %A for aU 

batches these data could be used to compare other equations such as those 
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recommended for study by the CIE. Such a comparison was made by McLaren 

who was chairman of the Colour Measurement Committee of the Society of 

Dyers and Colourists. This body also wished to achieve uniformity of practice 

but felt that this would only occur if the equation recommended could be 

shown to be one of the most reUable. Instead of merely relying on the visual 

assessment of scatter, however, he determined the correlation coefficients 

between AE and %A, the results being given in table 10.1. 

Table 10.1 Correlation coefficients from 287 batch/standard pairs 

around 19 colour centres assessed on about 12 000 occasions by eight 

assessors. 

Equation 

Correlation coefficient 

(absolute) 

tFMC-2 0.62 

Simon-Goodwin 0.58 

ANLAB 0.58 

t Cube-root 0.58 

fMunsell renotation 0.55 

tCIE 1964 0.54 

FMC-1 0.46 

f Recommended for study by the CIE in 1967. 

Although these results seemed to show that nothing better than a MacAdam 

ellipse equation had emerged since 1953, unfortunately the difference between 

0.62 and 0.54 was not significant at the 10% level so that no equation could be 

recommended on the grounds of reliability (McLaren 1970a, b). At this time, 

however, Jaeckel and his co-workers at the Hosiery and Allied Trades Research 

Association in Nottingham were obtaining additional data of the same type and 

when these were combined with the Davidson and Friede data for 5-95% accept¬ 

ability, differences of greater significance were obtained, table 10.2 (Jaeckel 

1973). 
A correlation coefficient of 0.67 was significantly better, at the 1% level, 

than 0.61 so that it was reasonable to recommend any of the cube-root 

equations or ANLAB on the grounds of greater reliability. The committee chose 

ANLAB in spite of its not being one of those recommended by the CIE mainly 

because it was much more widely used in the UK: it had been used, for example, 

to define the spacing of the Grey and Staining scales used in fastness testing 

mentioned in chapter 3. Another reason was the fact that there were three cube- 

root formulae of equal rehability and no convincing reason for believing that the 

one chosen by the CIE was in any way preferable. In 1971 the ANLAB equation 

was adopted by the textile committee of the International Organisation for 

Standardisation, ISO/TC38/SC1, for development as an ISO recommendation. 
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Table 10.2 Correlation coefficients from 775 batch/standard pairs 

around 31 colour centres assessed on about 40 000 occasions by 

8-32 assessors. 

Equation 

Correlation coefficient 

(absolute) 

Cube-root (Glasser) 0.671 

Cube-root (Morton) 0.670 

t Cube-root (Glasser-Rehly) 0.666 

ANLAB 0.664 

NBS 0.640 

t FMC-2 0.610 

Hunter 0.605 

tCIE 1964 0.588 

FMC-1 0.445 

f Recommended for study by the CIE in 1967. 

At the 1973 meeting of the CIE Colorimetry Committee MacAdam proposed 

that the CIE should publish a recommendation based on ANLAB but using a 

cube-root function instead of the Judd polynomial. As such a space could not 

have associated with it a ucs diagram the committee also agreed to modify the 

1960 uv diagram by making u =u and v = 1.5p following Eastwood’s studies 

(Eastwood 1973) and to extend it into three dimensions as the 1960 diagram 

had been extended into the CIE 1964 U*V*W* space, the same lightness co¬ 

ordinate being used for the cube-root and ucs spaces. The committee’s initial 

proposals were pubUshed in 1974 (Wyszecki 1974) and at its meeting in 1975 

the following were estabhshed as CIE recommendations: 

(a) CIE 1976 L*u*v* colour space and colour difference formula (CIELUV) 

which incorporated the uv chromaticity diagram; 

{b) CIE 1976 L*a*b* colour space and colour difference formula (CIELAB). 

Because two equations were recommended the CIE admitted ‘that the original 

attempt to unify current practice of colour-difference evaluations on a single 

colour-difference formula has again faded’ (CIE 1978). This was, however, 

inevitable because CIELAB, which was known to be one of the most rehable 

equations for quantifying the differences between surface colours, could not 

have associated with it a ucs diagram and such a diagram was essential for those 

industries concerned with additive mixtures of coloured lights such as television. 

It was conceivable, of course, that CIELUV might have been equally or even 

more rehable for surface colours but by 1975 no comparisons had ever been 

made and the need for uniformity of practice in this area had become extremely 

urgent. A survey carried out by the Inter-Society Color Council of the USA in 

1973 had revealed that no fewer than thirteen colour difference equations were 

being used, the most popular, FMC-2 being used only by a minority (31%). 
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The CIELAB equation is as follows 

= 116(r/y„)^'^-16 if F/y„> 0.008856 

but 

L* = 903.3(r/r„) 

a=^ = 500[/(X/X„)-/(7/r„)] 

h=<= = 200[/(r/7„)-/(Z/Z„)] 

if F/y„< 0.008856 

where 

/(X/X„) = {X/X„y'^ if XjXn > 0.008856 

but 

fiXlX„) = 7.787(X/X„) + 16/116 

fiY/Y„) = {Y/Y„y'^ 

if XIX„ < 0.008856 

if Y/Y„ > 0.008856 

but 

/(r/yj = 7.787(F/7„)+16/116 

f{ZlZn) = {ZlZ„y'^ 

if y/y„< 0.008856 

if Z/Z„ > 0.008856 

but 

/(Z/ZJ = 7.787(Z/Z„)+16/116 if Z/Z„ < 0.008856. 

The reason why tristimulus ratios, e.g. X/X„, are used is in connection with the 

quantification of colour appearance and will be discussed in the next chapter 

as wiU the conversion of a*b* into values quantifying the variables of perceived 

colour-chroma, C* and hue, expressed as an angular measure, h. 

The use of a linear function for ratios equal to or less than 0.008856 is to 

overcome the defect of all cube-root functions: L* goes negative at low Y values 

and significantly distorts A£’ values. This modification (Pauli 1976), however, 

may cause hue angles to be as much as 35 in error (McLaren 1980). 
When apphed to the data used for table 10.2, the CIELAB equation gave a 

correlation coefficient of 0.672 and this proven reliability undoubtedly played 

a large part in its widespread adoption by the industries concerned with surface 

colours. The textile industry, for example, decided to develop CIELAB rather 

than ANLAB as an ISO recommendation in 1974: it is now part of ISO Standard 

105. Fortunately (for the protagonists of CIELAB) CIELUV has not been found 

to be more rehable. Four studies have shown no significant differences between 

CIELAB and CIELUV (Robertson 1977, Kuehni 1977, Pointer 1981, McLaren 

1981) whilst one showed that CIELAB was significantly more reliable (Lozano 

1977). 

The quantification of metamerism 
We saw in chapter 6 that two specimens having different reflectance curves 

could produce identical excitations of the R, G and B cones and would there- 
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fore appear to be a perfect match. Such specimens are termed ‘metameric’. The 

degree of metamerism is normally assessed subjectively by inspection under 

different sources but in 1971 the CIE pubhshed an objective method, the 

Special Metamerism Index: Change in Illuminant which was updated in 1982 

(CIE 1982). If the tristimulus values of two specimens under D65 are identical, 

i.e. X1—X2, Yx — Yj and Zi =Z2, the index is simply the colour difference under 

the specified test illuminant. If they are not identical then ‘a suitable account 

should be taken of this failure’. Physical specimens which are a ‘good com¬ 

mercial match’ will rarely have identical values and a simple but reliable method 

of allowing for this is to multiply the tristimulus values of the second specimen 

under any illuminant by XxjX^, YxlY2 and Z1/Z2 respectively under D65 

(Brockes 1970). 

Lamps specially suited for detecting metamerism 

In 1974 Thornton calculated the wavelengths of the crossover points of 

metamers and found them to be centred on 448, 538 and 612 nm. He then 

claimed that a three-band lamp whose emission bands were at these wavelengths 

would have the desirable property of preserving matches made in daylight 

(Thornton 1974). This reasoning was later shown to be false as the crossover 

points of nearly a thousand metamers generated from three-dye combinations of 

twelve dyes were distributed over the whole spectrum and only 1.5% had points 

in the region of these wavelengths (Ohta and Wyszecki 1977, McLaren 1978b). 

Such lamps are in fact particularly effective for detecting metamerism as many 

UK dyers found to their cost when the Philips three-band lamp — Colour 84 — 

was installed in a large department store (Colour Measurement Committee 

1976). Thornton also reasoned that a three-band lamp whose emission peaks fell 

between these wavelengths would be an effective metamer-detector and such a 

lamp is marketed by Westinghouse as ‘Color-Match’. It is extremely unhkely that 

any metamerism between a pair of specimens which are an acceptable match 

under dayUght, Colour 84 and Color-Match will ever cause any problems. The 

SPD of these two lamps could therefore be used to calculate CIE metamerism 

indexes; specimens specially prepared to illustrate extreme metamerism will 

have maximum indexes up to 15 and matches with a maximum index of less 

than 2 have never been found to cause customer complaints on the grounds of 

metamerism. 

The alternative definitions of metamerism 

Specimens A and B on the frontispiece to the second edition of Principles of 

Color Technology (Billmeyer and Saltzmann 1981) will be considered by 

colourists to be an excellent example of the metamerism occurring in practice 

as distinct from those examples deliberately prepared to illustrate extreme 

metamerism. This is because in dayUght they are a very close match to most 

observers but B is much darker than A under tungsten light and very much 

hghter under the Philips three-band lamp. Colour 84. 

A colour physicist, on the other hand, would probably deny that they were 

metamers according to the CIE definition of the term which is ‘spectrally 
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different radiations (colour stimuli) that result in the same psychophysical 

colour’, the latter being defined as ‘characteristics of a colour stimulus consisting 

of three values such as three tristimulus values’. It has been shown mathemati¬ 

cally that if identical tristimulus values are given by non-identical reflectance 

curves they must cross in at least three points (Stiles and Wyszecki 1968): the 

curves of A and B, however (figure 10.2) cross in only one point. An index 

which quantified metamerism according to the CIE definition of the term 

Figure 10.2 Reflectance curves of non-psychophysical metamers. 
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should therefore give A and B zero rating. Applying the multiplicative correction 

just described to allow for the fact that Xx^X2, ^2 andZiV^Z2 (D65), the 

CIE Special Metamerism Index rates A and B as 2.3 (iUuminant A) and 6.0 

(Colour 84) and no other method of overcoming the complications arising from 

non-identical tristimulus values dnder D65 gives a zero rating. The CIE index 

therefore quantifies metamerism as understood by the colourist rather than as 

defined by the CIE. 

In computer match prediction, the subject of chapter 12, any prediction 

which does not yield a reflectance curve identical with that of the target shade 

will yield a metameric match as defined by the CIE, i.e. with three or more 

crossover points. Matches with fewer than three crossover points, such as A and 

B, are quite common when the traditional (visual) method of colour matching is 

used and the colorants used to colour the batch are not identical with those 

present in the standard. As far as industry and commerce are concerned there is 

no need to differentiate between the two types of metamerism but the question 

then'arises as to whether another term such as ‘match constancy’ should be used 
to cover both types. There are, however, some reasons against such a course: 

{a) the term ‘metamerism’ was coined by Ostwald in 1923 to describe the 
visual phenomenon, not the psychophysical (Ostwald 1923); 

(b) definitions by authorities other than the CIE, e.g. the British Standard 

Institution (BS 4727) and the Society of Dyers and Colourists are based on the 

visual phenomenon; 

(c) the term is so firmly entrenched that if any other was considered pre¬ 

ferable, the chances of it being widely adopted are negligible. 

On balance, therefore, it seems that the term metameric should continue to be 

used for both phenomena: when it is necessary to differentiate between them 
the terms psychophysical metamers and non-psychophysical metamers could be 
used. 

Apart from the major difference between psychophysical and non-psycho¬ 

physical metamers, however, there are many other differences of opinion, 

especially among colourists and these have been highlighted (Rodrigues and 

Besnoy 1980). This has been followed by the American Inter-Society Color 

Council widely circulating a questionnaire in which 44 pointed questions on the 

subject have been asked: it will be interesting to see what the outcome will be. 

One thing that is certain, however, is that a shade which is green in daylight but 

brown under tungsten Hght must not be described as metameric as this term 

should only be appHed to a pair of stimuh. Such a single specimen has a very low 

degree of colour constancy and this will be discussed in the next chapter. 

The reliability of ANLAB and CIELAB 

Although the correlation coefficient between M and %A is an adequate method 

of ranking colour difference equations on the grounds of reliability, this does 

not indicate whether the most reliable would be reliable enough for single¬ 

number shade passing. This technique is to set a single value of M against which 
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all subsequent pass/fail decisions are made, the value chosen depending solely 

on the allowable tolerance for the particular end use. As a correlation coefficient 

of 0.67 corresponds to a goodness-of-fit of only 44.9% this would seem unlikely 

but it is not possible to predict what value would be sufficient: another criterion 

was therefore developed. 

The Svrong decisions’ criterion 

When a number of assessors, ostensibly working to the same tolerance, have 

made repHcate pass/fail decisions the correct decision must be that of the 

majority of assessments and all the opposite decisions must be wrong. Wrong 

decisions are by no means caused solely by the inability of an assessor to make 

the same decision on every occasion: individual assessors may have a personal 

tolerance which is different from the corporate tolerance. These different 

causes were clearly revealed in a study carried out by McDonald in which eight 

assessors made five separate pass/fail decisions on each of 640 batches dyed 

against 54 standards. A pair of grey-dyed yarns indicating the company’s 

tolerance was in the field of view at all times. He found that whilst the range of 

wrong decisions as judged against the corporate decision was from 10.2 to 

16.4%, it was only from 4.0 to 10.9% when judged against the assessor s personal 

tolerance. The most lenient assessor had a pass rate of 41%, i.e. the batches 

passed by the observer were, on average, passed on 41% of the total assessments 

and the most severe had a pass rate of 66% (McDonald 1980a). 
Instrumental wrong decisions are assessed by setting a low pass/fail value of 

A£’ and comparing the instrumental decision with the majority visual decision. 

This value is then increased stepwise and the procedure repeated until the 

minimum number of wrong decisions has been obtained. 
Visual wrong decisions occurring in the Davidson and Friede study were 

17.1% and using the optimum pass/fail value for the ANLAB equation (1.3) 

the instrumental wrong decisions were greater, 20.2% (McLaren 1970a, b). This 

suggested that it would be prudent to assume that single-number shade passing 

using the most reliable equation developed by 1969 would not be viable. The 

CIELAB equation was later found to give virtually the same number of wrong 

decisions. Instrumental shade passing had, of course, been successfully used for 

many years by setting colour-specific pass/fail values but the single-number 

objective was still a possibility: if the colour-specific pass/fail values varied 

systematically according to the position of standard in ANLAB, space methods 

could be devised for modifying AE” values accordingly. 

The development of optimised equations, 1971-83 

The first attempt to do this was made by McLaren in 1971. He took each of che 

nineteen colour sets in the Davidson and Friede data, fitted the best curve to 

%AIAE and predicted the AE value corresponding to 50%A, i.e. the pass/fad 

boundary. These values varied from 0.57 to 2.27 and were found to vary syste¬ 

matically with the hghtness, chroma and hue angle of the standard. The 
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technique of multiple linear regression enabled a factor to be devised which 

modified /tsE accordingly and this reduced the number of wrong decisions to 

15.7%, i.e. less than visual which proved to be a promising start. 

The results of this approach were presented at the Helmholtz Memorial 

Symposium on Color Metrics hdld in Holland in 1971 (McLaren 1971b) and 

every subsequent even-dated year saw the publication of another equation 

optimised against one or more data sets. Each one of these gave fewer wrong 

decisions than visual when applied to the Davidson and Friede data even if that 

data was not used for optimisation (Kuehni 1972, McDonald 1974, McLaren 

1976, Friele 1978, McDonald 1980b). Three of these will be referred to specific¬ 

ally: ^E{Mcf, JPC79 and M and S/ICS. 

i^EiMcf 
Many dyehouses using colour-specific pass/fail values of ANLAB AE found that 

it was often necessary to set a separate, lower value for Ahue. McLaren therefore 

determined the optimum values for /, c and h in the ANLAB equation 

^E= [(/AL)^+ (cAC)2 + (/2A7/)2]'>-5/(1 +0.02 C) 

where the divisor was the positional modifying factor devised by McDonald 

(1974). Four sets of acceptability data were used including that of Davidson and 

Friede and the optimum values were 

/ = c=l h = 2. 

This gave 12.5% wrong decisions when apphed to the Davidson and Friede data 
(McLaren 1976). 

JPC79 

At the end of 1976, McDonald prepared 640 matches around 55 colour centres, 

the match distribution being similar to that of 567 routine dyeings submitted for 

assessment during a one-month period. These were assessed five times by eight 

professional shade passers and some of the results have already been mentioned. 

From the colorimetric data of the batch/standard pairs, McDonald fitted 

elhpsoids to define pass/fail boundaries whose axes were oriented along 

lightness, chroma and hue planes and whose dimensions were optimised to 

minimise instrumental wrong decisions. The length of the chroma semiaxis 

increased with increasing chroma, and that of the lightness semiaxis with 

increasing lightness. McDonald also found that the optimum length of the hue 

semiaxis also increased with increasing chroma but that this also depended on 

the hue angle of standard. At the same chroma the optimum hue semiaxis 

dimension varied by as much as 50% according to the hue angle though when 

colours near the achromatic axis were involved, better agreement with visual 
data occurred by making the hue axis equal in length to the chroma axis. 



Quantification of Colour Differences 133 

Equations were then devised for calculating Aif in relation to the size of the 

ellipsoid at the position of standard in ANLAB space which gave only 11.5% 

instrumental wrong decisions against the Davidson and Friede data (McDonald 

1980c). 
During this period the dyehouse manager at J and P Coats had been record¬ 

ing his pass/fail decisions on routine dyemgs, and the batch/standard pairs were 

measured. After a two-year period data on 8454 matchings around 599 colour 

centres became available for optimisation studies. The severity and precision of 

this observer were known to be witliin the range of the eight used in the earlier 

study. Because his assessments covered a very much wider range of colours this 

data permitted the effect on the optimum size of the hue semiaxis to be de¬ 

termined with much greater precision and optimum ellipsoids were therefore 

fitted to this data. Equations were then derived which enabled the lengths of the 
hghtness, chroma and hue semiaxes to be calculated from the L, C and 

values of standard. A colour difference was then calculated by determining how 

far a batch was from the standard m relation to the distance of the ellipsoid 

surface in the same direction. 
This formula gave 11.5% wrong decisions when apphed to the Davidson and 

Friede data and 9.7% when applied to the J and P Coats data based on 617 

batches (23 or the original 640 were not available for measurement). This 

latter figure is not only less than the average 13.2% wrong decisions; it is less 
than the wrong decisions made by the most reliable of the eight observers 
(10.2%) and only just outside the range of wrong decisions which occurred when 

the visual data were treated as though they came from a panel of eight observers 

repeating its assessments five times, namely 5.4-9.5%. 
This formula had, however, been computed for ANLAB50 co-ordinates and 

unit values represented the particular J and P Coats tolerance used (equal to a 

lightness difference of 1.7 CIELAB units). In order to make it more universally 

applicable, two modifications were necessary. 
The first modification was to use a scaling factor of 43.909 for the ANLAB 

equation as this gives virtually the same values as CIELAB: in particular when 

Y = 100.00, L = 100.00, when 7=0, Z, = 0. The second modification was 

required to scale the size of AEjpc79 units: several alternatives were considered 

and the eventual choice was to make the average optimum pass/fail value in the 

Davidson and Friede data 1.0 units (McDonald 1980b). 

The final JPC79 equation is as follows, the lengths of the ellipsoid semi¬ 

axes being given by 

SAi^ = 0.08195L/(1 + 0.01765T) 

SAc= 0.0638Cl(l +0.0131C) +0.638 

SA fj—tx SA(^ 

where t = 1 if either Cstandard or Cbatch is less than 0.638. Otherwise 

t = 0.36 + 10.4 cos(/i®+ 35)1 
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unless is between 164 and 345, when 

r = 0.56+ 10.2 cos (/z°+168)1 

A^jpc79 = [{^LISAl f + WSAcf + {^HlSAnf ] 

Mand Si ICS 
The approach of Taylor (1977) and Smart (1977) was basically similar to that of 

McDonald, i.e. to define microspaces in which the distance element was linearly 

related to the acceptability of a colour match. As additional data became avail¬ 

able the equations defining these microspaces were ‘fine-tuned’ to give better 

agreement with visual assessments. This approach is still continuing (as of May 

1983) and publication would be premature as long as the possibility of further 

modifications still exists. 

The reliability of the optimised equations 
By 1980 the pioneering studies of Davidson and Friede had been augmented by 

many others giving a grand total of over 100 000 assessments made by over 100 

professional shade passers involving more than 10 000 batches assessed against 

standards of over 800 different colours. Details of these studies are given in 

table 10.3. 

Table 10.3 Sets of acceptability and perceptibility data. 

Set 
No. of 
standards 

No. of 
batches 

No. of 
assessors Reference 

D and F 19 286 8 Davidson and Friede 
(1953) 

HATRA 12 589 24 Jaeckel (1973) 
K/M 13 289 10/16 Kuehni (1971a, b) 
JPC 169 169 169 8 — 

JPC 617 55 617 8 McDonald 
(1980a, b, c) 

JPC 8454 599 8454 1 McDonald (1980c) 
MMB 19 518 20 Morley et al (1975) 
ISCC 6 179 26 Kuehni and Marcus 

(1979) 

The visual wrong decisions in these studies varied from 13.1 to 24.2% so that 

the best method of indicating the performance of any equation is to calculate 

% instrumental minus % visual wrong decisions. The more negative the 

difference, the greater the rehability of the equation. The differences resulting 

from the use of five equations are shown diagramatically in figure 10.3. 
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Figure 10.3 Reliability of various equations in quantifying perceived colour 

differences. 

From figure 10.3, the conclusion can be drawn that CIELAB is not reliable 
enough for single-number shade passing but all three optimised equations are. 

h.E{Mcy should not be used because although figure 10.2 shows that it is 

comparable in reliability with the other two optimised equations it must be less 

effective as only the overall colour difference, AE", is modified. Its simplicity is 

of no significance today. 
JPC79 has been successfully used in three dyehouses in the UK and in West 

Germany whilst M and S/ICS has been equally successful in about 70 dyehouses 
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in the UK, West Germany, Israel, Australia and South Africa. Whilst both of 

these equations are quite complicated this is no longer a disadvantage as far as 

industrial applications are concerned because even the cheapest colorimeter has 

a built-in microprocessor which is capable of handling both equations. 

The perceptibility/acceptability controversy 
It is generally accepted that if the size of the perceived colour difference 

between A and B is the same as that between A and C, B and C will not 

necessarily be given the same acceptability rating as matches against A if the 

colour difference is near the assessor’s pass/fail boundary. In particular, if the 

colour difference between A and B is mainly one of hue and that between A and 

C is mainly hghtness and/or chroma, B is more likely to be rejected. The hue 

difference weighting factor of 2 in Aii(A/c)^ would seem to support this. What is 

much more controversial is whether any bias on the part of assessors making 

acceptability decisions is important when ranking equations for reliability 

because the CIE policy is to pubbsh recommendations only for perceptibility 

assessments permitting different tolerances to be given to AT*, AC* and A//* 

for ‘different practical applications’. This, of course, only permits the shape of 

the equal-acceptability ellipsoid to be changed: it does not allow for the greater 

variation which is the size of the ellipsoid in different parts of colour space. 

Whilst it is true that the CIELAB equation was developed because the 

ANLAB equation was one of the most reliable for quantifying acceptability, 

CIELAB was also the most reliable when applied to the only perceptibility data 

available in 1976 as shown in table 10.4 (Morley et al 1975). It is therefore 

encouraging to see from figure 10.3 that all three optimised equations are sub¬ 

stantially better than CIELAB when assessed against this perceptibility data and 

against another set, ISCC. 

Table 10.4 Regression coefficients against the MME per¬ 
ceptibility data. 

Equation Regression coefficient 

CIE {\916)L*a*b* 0.721 
ANLAB 0.721 
CIE (1976) L*u*v* 0.706 
Cube-root (Glasser) 0.684 
Hunter 0.684 

EMC-2 0.677 

EMC-1 0.669 
NBS 0.631 
CIE (1964) [/*F*lf* 0.610 
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The most recent research (not pubUshed at the time of writing, February 

1983) has shown that JPC79 can be modified to make it even more rehable for 

quantifying perceptibility by doubling the weighting given to any lightness 

difference component. Textile shade passers seem to be more tolerant of hght- 

ness differences than equally perceptible differences in chroma or hue. For 

making pass/fail decisions of course, such an equation would require a different 

weighting to be given to the hghtness difference, a possibility envisaged by the 

CIE for CIELAB. 

The CIE has published guidehnes so that aU researchers attempting to 

produce colour spaces more uniform or colour difference equations more 

rehable than CIELAB/CIELUV will design their experiments in a co-ordinated 

way (Robertson 1978). Whilst these guidelines cannot be faulted the time scale 

for completion must be very long as step 1 is restricted to five colours only: even 

ten times this number did not permit McDonald to deal adequately with the 

quantification of hue differences (McDonald 1980c). It is possible that this 

latest development could considerably shorten the time required for the CIE to 

achieve its ultimate objective. 

JPC79 colour space 
JPC79 colour space is not Euchdean but Riemannian as was the space associated 

with the original MacAdam eUipse equation. Whilst it is possible to calculate the 

shortest distance, or geodesic, between two points in such a space which would 

be a measure of the perceived colour difference distance between them, there 

would seem to be no point in so doing as AE" can be calculated so easily once the 

ellipsoid around the position of standard has been defined. As far as colour 

appearance is concerned, a physical model is essential and as this cannot be 

constructed for a three-dimensional Riemannian space, CIELAB may well 

represent the practical limit of uniformity in a colour space. 

Shade sorting 
If a large number of pieces have been dyed to match the same standard but 

many are too far away to be commercially acceptable, a cheaper alternative to 

batch correction is shade sorting. This operation groups together only those 

batches which can be used together, e.g. as adjacent panels in a garment, without 

the difference between them being unacceptable. 
The method of sorting is to plot the position of each batch in colour space 

and to insert (mathematically) a block into the resultant cloud of points, the 

block being of such a size and shape that no two batches in the block will 

exhibit an unacceptable colour difference. The first widely used system em¬ 

ployed a rectangular solid whose faces were aligned parallel to L, a and b planes, 

but in 1977 a more efficient solid was used whose faces were aUgned parallel to 

L, C and h. This owed its superiority to the fact that the hue dimension could be 

reduced to allow for the colourists’ bias against hue differences. These early 

systems were based on one or other of the Lab spaces so the size of the solid had 
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to vary according to the colour involved if maximum efficiency was to be 

obtained. 
The development of optimised equations has made it possible to use the same 

size of sohd for all colours and this solid could be a cube. A shade sorting system 

has so far only been developed for the M and S/ICS colour difference formula 

and in this system the cube has been replaced because it suffers from a defect 

which makes for inefficiency. If the maximum permissible difference between 

any two batches in the same group is, say, two units then this is the diameter 

of the cube. Batches lying at the corners of the cube will be one unit from the 

batch at the cube centre. Every other batch which is also only one unit from the 

centre and which should therefore be placed in the same group will, however, be 

placed in one of six other groups as will batches which are only 0.58 units away 

but which lie in the direction of a face centre. The number of groups into which 

a given number of batches will be sorted is therefore much greater than is 

necessary and this is always undesirable. 
The most efficient shade sorting solid would appear to be a sphere but this 

suffers from the defect that’ whichever method of close-packing is adopted 

(cubic or hexagonal) there will be a significant space between adjacent spheres 

and batches falling in these spaces will not be sorted. The ideal sorting sohd 

must therefore be such that any number can be’ close-packed with no spaces and 

its volume for a given diameter must be the greatest possible. This solid is the 

truncated octahedron but as it possesses six square and eight hexagonal faces 

writing a sorting program would be somewhat difficult. The next best solid, 

however, presents no problems. This is the rhombic dodecahedron (rd) which 
results from generating on each cube face a square pyramid whose apex lies at 

the centre of the next close-packed cube (Smart 1977). Whereas the cube has 

only 36.8% of the volume of a sphere of the same diameter as the diagonal of 

the cube, the rd has 47.7%. This increase means that on average rd sorting will 

result in 23% fewer groups, a very significant increase in sorting efficiency. 

Colour difference measurement in fastness testing 

The final stages in a fastness test, described in chapter 3, involve the visual 

estimation of colour differences, that between the original and the tested 

specimen and that between an adjacent fabric present during the test and a 

specimen of the untreated fabric. The magnitudes of the differences are evaluated 

against two scales illustrating liglitness differences. The scale for assessing the 

effect on the specimen, commonly called the ‘grey scale’, consists of five (or 

nine) pairs, one member of each pair being a medium grey. 
The second member illustrating grade 5 is identical, those illustrating grades 

4-5 to grade 1 being increasingly lighter. The scale for assessing the degree of 

staining, commonly called the ‘staining scale’, also consists of five (or nine) 

pairs, the reference member being white and the second members being in¬ 

creasingly darker. The spacings were originally defined in ANLAB 40 units but 

the CIELAB values are given in table 10.5, the bracketed grades being optional. 
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It is obvious that the visual assessment stage could be replaced by colour 

difference measurement but direct conversions, e.g. if a tested specimen has 

changed by 3.4 CIELAB units its grey scale rating is 3, are seriously in error 

because of the non-uniformity of CIELAB space. An optimised equation has 

been developed for assessing the degree of staining and another for assessing the 

effect on the specimen is being developed. 

Table 10.5 Spacing of scales used in fastness testing. 

Scale 
L * value of 
reference Grade ^E (CIELAB units) 

Grey scale 39.6-42.8 5 0 
(4-5) 0,8 
4 1.7 

(3-4) 2.5 
3 3.4 

(2-3) 4.8 
2 6.8 

(1-2) 9.6 
1 13.6 

Staining scale <1:93.9 5 0 
(4-5) 2.3 
4 4.5 

(3-4) 6.8 
3 , 9.0 

(2-3) 12.8 
2 18.1 

(1-2) 25.6 
1 36.2 

Instrumental assessment of staining 
The colour difference in CIELAB units between a specimen of the untreated 

adjacent fabric and that involved in the fastness test is converted into the 

staining scale rating (ssr) by means of the equation 

SSR = 7.05 — 1.43 In (4.4 + AE’ci^LyvE) 

and the conversions given in table 10.6. 

Instrumental assessment of the effect on the specimen 

Visual assessments in fastness testing are assessments of perceptibility not 

acceptability and it has already been mentioned that doubling the weighting 

given to any Hghtness difference component makes the JPC79 equation more 
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Table 10.6 Conversion of calculated SSR values to 

reported ratings. 

Calculated SSR Reported SSR 

>4.87 5 

4.86-4.25 4-5 

4.24-3.75 4 

3.74-3.25 3-4 

3.24-2.75 3 

2.74-2.25 2-3 

2.24-1.75 2 

1.74-1.25 1-2 

<1.25 1 

reliable for quantifying perceptibility. This evidence actually came from a pre¬ 
liminary study into the use of optimised equations for assessing the effect on the 

specimen in fastness testing. This study involved only 25 pairs of specimens and 

a more extensive investigation is nearing completion at the time of writing 

(Febmary 1983). 



11 
The Quantification of Colour Appearance 

We saw in chapter 7 that the only logical array of a random selection of colours 

is one based around a central vertical axis with black at the bottom and white at 

the top and that such an array, equally spaced in each of three dimensions, had 

been produced by Munsell. The configuration of XYZ space is, of course, quite 

different but that of xy Y space is closer by having a central vertical achromatic 

axis which accounts for its popularity. Most of the colour difference equations 

developed up to 1976 used the distance element in a three-dimensional 

Euclidean space and one of the most important was the ANLAB space whose 

derivation is worthy of special mention. 

The Adams chromatic value diagram 

In 1923, Adams developed a colour vision theory in part based on Hering’s 

theory but differing from it by postulating that the differencing mechanisms 

which produced the chromatic sensations were between the R and G cones to 

give the red/green response and between the B and G cones to give the yellow/ 

blue response (Adams 1923). In 1942 he tested his theory against the Munsell 

colours. In the xy diagram colours of the same MunseU chroma plot as ellipses 

and the size of the ellipse for a given chroma is about four times larger at value 1 

than at value 9. Adams reasoned that if his theory were correct, plotting 

functions of X-Y to represent R-G cone responses and Z-Y to represent B~G 

cone responses should result in colours of the same Munsell chroma plotting as 

circles of the same radius irrespective of the lightness. Before doing this, how¬ 

ever, he made two important modifications. 
The first modification was to overcome a defect of the xy diagram in quanti¬ 

fying appearance. A white surface appears white under D65 and A if the 

observer has become chromatically adapted to each illuminant in turn: 

chromatic adaptation will be considered in detail later in this chapter. The 

position of such a surface is not, however, the same as shown in figure 8.7. 

Adams therefore divided each tristimulus value by that of the illuminant which 

is perpetuated in the CIELAB equation - X/X„, YjY^ and Z/Z„. These ratios are 

identical for all achromatic colours and each will therefore be located in the 

same position irrespective of the illuminant used. 

141 
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The second modification was to assume that the function which converted 

Y values into a uniformly spaced Munsell value scale, Yy= Y^'^, should also be 

apphed to X and Z values to give the chromatic values and Vy. He then found 

that by plotting (Vx~Vy) against OA x (V^ — Vy) colours of the same Munsell 

chroma did plot reasonably close''to circles whose radii did not change much at 

different Y values (Adams 1942). The spacing of the Munsell colours was, in 

fact, so good that the infrequent inconsistencies were later used in the develop¬ 

ment of the Munsell renotations described in chapter 7. 

ANLAB colour space 
In 1944, Nickerson and Stultz modified the Adams chromatic values by using 
the Judd polynomial and introduced a correctly-scaled lightness co-ordinate, 

0.23 Vy. The resulting colour difference equation was then scaled with a factor 

of 42 so as to make unit colour differences about the same size as the NBS 

unit (Nickerson and Stultz 1944). 
In 1952 Glasser and Troy proposed changing {V^— Vy) to (Hj,— Vf) so that 

the hue order became the same as that in the xy diagram (Glasser and Troy 

1952) and, later, the three components were given the symbols L, a and b 

following Hunter’s earher use of a and (Hunter 1942). The space subsequently 

became widely known as ANLAB. 
Though the subtractions (Vx—Vy) and {Vy-^Vy) were used by Adams 

because they are the mathematical representations of the inhibitory nerve 

connections (synapses) in the retina postulated in his theory of colour vision, 

when they are combined with Vy they produce a colour space with exactly the 

same configuration as that of Munsell space. In chapter 10 we saw that the 

L*a*b* co-ordinates of CIELAB space were obtained by merely applying 

simpler functions to XfX^, Y/Y^ and Z/Z„. In consequence CIELAB space has 

the same configuration as Munsell space but two valuable advantages: 
(a) the calculation of the co-ordinates is very much simpler; 
(b) although the Munsell colours were equally spaced in each of three 

dimensions, the spacing in each dimension was different, e.g. at chroma 5, one 

value step was visually equal to two chroma steps and to three hue steps 

(Nickerson 1936). The corresponding spacings in CIELAB space are more 

nearly equal. 
The co-ordinates of Munsell space, however, are cylindrical, L*a*b* co¬ 

ordinates are Cartesian but they can be readily converted into the cyhndrical 

co-ordinates L*C*h using the equations 

Cft =[(«*)"+(6*)"]°-^ 

hab = arctan b*la* 

the latter being appropriately expressed on a 0-360° scale with the a*+ axis 

being at 0° (360°) as shown in figure 11.1. The subscript ab was incorporated 

by the CIE to differentiate between CIELAB and CIELUV {L* is common to 

both) but as CIELUV is rarely used for object colours it will be omitted for 
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L 
White 

Figure 11.1 Cartesian and cylindrical co-ordinates of CIELAB space, 

clarity. The asterisk is also often omitted for the same reason. Plate 2 illustrates 

the a*b* diagram which is destined to replace the xy chromaticity diagram 

(figure 8.7) in the case of object colours for many purposes. The colours 

represent those of maximum hghtness at each position, i.e. it is a bird’s-eye 

view of CIELAB space. 
The most important use of these co-ordinates is in partitioning any colour 

difference into its three components and deriving the terms which would 

normally be used to describe them. The lightness difference is simply Lbatch~ 

-^-STANDARD and can be described as lighter if positive and darker if negative. 

The chroma difference is simply Cratch ~ ^standard and can be described 
as stronger if positive and weaker if negative. These definitions are included in 

the latest CIE vocabulary. 
Quantifying and qualifying the hue difference component, however, is more 

complex and may account for the surprising fact that although Lab equations 

have been widely used in the USA since about 1950 the virtues of cylindrical 

co-ordinates were not appreciated until they became part of the CIELAB recom¬ 

mendation in 1976. The reason for this may date back to the pioneering days 

when Nickerson derived an index of fading based on the change in Munsell 
co-ordinates - AfT, AF, AC. These differences, suitably scaled were then 

summed (Nickerson 1936). This equation, however, is based on a complicated 

non-Euchdean geometry but in 1951 Godlove derived a method of using the 

Euchdean distance element expressed in cylindrical co-ordinates (Godlove 

1951): this was the Munsell renotation formula recommended for study by the 
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CIE in 1967. In 1951, however, the conversion of xy Y values into HVC involved 

interpolations in three dimensions which made it quite impracticable. This 

comphcation, however, could be avoided by ‘steering clear of cylindrical co¬ 

ordinates’ (Judd and Wyszecki 1975, p. 316) and this is exactly what happened. 

Godlove introduced a cosine te^rm to allow for the fact that a given difference 

in hue angle represents a much larger perceived hue difference for high chroma 

colours than for low chroma colours. A much simpler method was, however, 

devised independently in Germany and in the UK in the early 1970s when 

ANLAB was being developed as a national standard. The combined hue and 

chroma difference, HjC, is given by 

(Ai//C)2 = {,^Ef - {ALf. 

As AC can also be calculated (Cbatch “ ^’standard) these two can be 
represented as the hypotenuse and one side of a right-angled triangle. The re¬ 

maining side then represents the hue difference, AH, in the same units and 

independent of the value of C 

{AHf = {AHlCf-{ACf 

(Strocka 1971). 

Alternatively 

{AHf = {AEf - {ALf - {ACf 

(Cooper and McLaren 1973a), this version becoming part of the CIELAB and 

CIELUV equations. 
Hue differences can be quahfied by rotating the chroma axis through the 

position of batch in the direction which minimises the angular displacement. The 

hue associated with the first axis to be crossed during such rotation will then 

often indicate the perceived hue difference. This method, however, fails if the 

hue of the standard is the same as the indicated hue difference since to describe, 

for example, a red as redder than another red is meaningless. This weakness was 

overcome by Taylor who suggested including the hue associated with the second 

axis to be crossed in brackets: tlien one of the terms is always meaningful 

(McLaren and Taylor 1981). 

The method of partitioning used in the USA before the value of cylindrical 

co-ordinates was appreciated was to report AL, Aa and Ab. The last two were 

often accompanied by hue difference terms 

a + redder b + yellower 

a — greener b — bluer 

but this tended to imply that the only possible difference other than lightness 

was that of hue. Even if there was no hue difference but a chroma difference, 

this would be indicated by one or usually two hue difference terms. 
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The dyer’s variables of perceived colour 
Whereas the variables of lightness, chroma and hue are natural variables in the 

sense that they can be deduced introspectively by viewing coloured surfaces 

without any knowledge of how the coloured effects have been produced, the 

dyer’s variables are based on the effect on appearance caused by variations in 

dyeing, the most important being the amount of dye applied to the fibre. In¬ 

creasing the amount of a single dye (or a compatible mixture) causes an increase 

in depth and the depth lines of a representative selection of dyes are shown in 

the L*/C* diagram in figure 11.2(a) and in the h/C* diagram in figure 11.2(6). 

Figure 11.2 Depth lines of typical dyes. (1) Cl Reactive Red 11; (2) 
Cl Direct Red 1; (3) Cl Acid Red 85; (4) Cl Reactive Orange 13; 
(5) Cl Vat Brown 49; (6) Cl Disperse Orange 13; (7) Cl Reactive 
Yellow 86; (8) Cl Reactive Blue 80; (9) Cl Acid Green 25 :1; (10) 
Cl Disperse Blue 87; (11) Cl Acid Violet 41; (12) Cl Disperse Blue 

35. 
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The dyer’s most important variable therefore affects all three Munsell variables. 

The terms normally used by dyers to describe differences in appearance which 

can be eliminated merely by altering the amount of dye on the fibre axe fuller if 

more dye appears to be present and thinner if less appears to be present (Morton 

1976). s 
The dyer’s second variable, that of hue, is quite straightforward; the addition 

of a smaller amount of a shading dye causes mainly a change in hue angle and 

the dyer normally describes such a change as redder, yellower, greener or bluer. 

If two dyeings are judged to be equal in depth and hue but do not match they 

differ with respect to the dyer’s third variable, that of brightness which can be 

most readily defined by defining its opposite quality. If a trace of a black dye 

is added to any chromatic dyeing this makes it flatter, the original dyeing being 

described as brighter. The addition of a trace of the dye of complementary hue 

will have the same effect, of course. 
The locus of dyeings containing increasing amounts of added black is called 

the dullness Une and duller is sometimes used as synonym for flatter. Typical 

dullness lines are shown in figure 11.3 (McLaren 1972, Cooper and McLaren 

1973a). 

Figure 11.3 Depth and dullness lines of typical dyes. (A) Cl Reactive 
Yellow 2; (B) Cl Reactive Orange 2; (C) Cl Reactive Red 3; (D) Cl 
Reactive Violet 1; (E) Cl Reactive Green 44; (F) Cl Reactive Black 4. 
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It will be readily seen that, strictly speaking, the terms flatter and brighter 

should not be applied to grey or black dyeings because the effects will be 

identical with fuller and thinner. Brighter is, however, a term widely applied to 

greys and blacks and seems to be synonymous with blueness (McLaren 1973). 
It is obvious that the colorimetric differences lighter/darker, weaker/stronger 

can only be converted into the dyer’s differences fuller/thinner, brighter/flatter 

if one locates the position of standard in an L*C* diagram and the direction of 

the depth line; it is then reasonable to assume that the dullness line lies in the 

direction of L* = C* = 0. 

The paint technologist’s variables of perceived colour 
The paint technologist’s variables are also based on the visual effects caused by 

changes in pigment formulation and the major difference from the dyer’s 

variables arises from the fact that white is also a colorant. If paint A contains 

more white pigment than B, A will be described as whiter than B and, con¬ 

versely, B will be described as deeper than A. The paint technologist also 

recognises the dyer’s variable of brightness but his terminology is cleaner and 

dirtier. The presence of more or less chromatic pigment is described as stronger 

or weaker. 
Again the conversion of the colorimetric differences into the paint technolo¬ 

gist’s variables can only be done by plotting in an L*C* diagram and it is further 

comphcated by the fact that all inorganic and some organic pigments give depth 

lines like those in figure 11.4(fl) whilst most organic pigments give depth lines 

hke those in figure 11.4(h). The cause of the difference must lie in the spectral 

refractive index of the pigment. 

The quantification of whiteness 
The usefulness of a colorimetric method for quantifying whiteness has been 

recognised since 1934 when the first whiteness formula was published 
(MacAdam 1934). Since then there have been many more - whiteness formulae 

are much more numerous than colour difference formulae - and in 1967 the 

CIE began an evaluation of the most important. This study turned out to be 

extremely protracted as it was not until 1982 that the CIE whiteness index was 

devised 

W= 7+ 800(x„-x)+ 1700(:(^„-:i^) 

where x, y and Y are the colorimetric values for the specimen under D65 (2° or 

10° observer) and Xn,y„ the chromaticity co-ordinates of the light source. 

The perfect reflecting diffuser has a whiteness index of 100.00, materials 

treated with a fluorescent brightening agent giving values as high as 150. When 

increasing amounts of such agents are applied to a white substrate, its appear¬ 

ance becomes whiter. The Hghtness does not increase to any extent but the 

chroma does - in the direction of blue. However, this blueness only becomes 

apparent if the material, illuminated by daylight, is seen against fresh snow, for 
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Figure 11.4 Depth lines of typical pigments. (A) Cl Pigment Yellow 
34; (B) Cl Pigment Orange 1; (C) Cl Pigment Orange 5; (D) Cl 
Pigment Red 104; (E) Cl Pigment Green 13; (F) Cl Pigment Red 12; 
(G) Cl Pigment Brown 6; (H) Cl Pigment Yellow 24; (I) Cl Pigment 
Green 41; (J) Cl Pigment Blue 27; (K) Cl Pigment Violet 23. 

example. The specific hue imparted by the agent is important and the index 

is accompanied by a tint factor 

%= 1000(x„-x)-650O„-y) 

TV, 10 ~ 900(x„^ lo^-^io) ““ 650(>’„^ lo^Tio)- 

If T^/ is near zero, the hue of the specimen is that of the blue psychological 

primary (see chapter 4) which has a dominant wavelength of 466 nm. The more 
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positive the value of T the greater the indicated green-ness; the more negative, 

the greater is the indicated redness. 

Chromatic adaptation and colour constancy 
When coloured surfaces are vie'wed in a colour matching cabinet under simulated 

daylight and this source is suddenly interchanged with a tungsten source the 

appearance of all of the colours changes, the most prominent being that whites 

appear yellow. This is sometimes termed a ‘colorimetric colour shift’ and is 

quantified by the change of position in the xy diagram, the change for a white 

surface being shown by the positions of D65 and A in figure 8.7. If, however, 

the observer views the surfaces in a room wholly lit by tungsten lamps the 

yellowness gradually diminishes and after a short period whites again appear 

white and other colours revert, more or less, to their daylight appearance. This 

phenomenon is termed ‘chromatic adaptation’ and it undoubtedly evolved so 

that the benefits which the possession of colour vision conferred on the animal 

in food and predator recognition would apply to all phases of daylight which can 

vary from a colour temperature as low as 1500 K at sunrise and sunset to over 

10 000 when shadowed areas are illuminated by the light from a cloudless blue 

sky. {Note: the colour temperature of daylight is simply the temperature to 

which a body would have to be heated to emit light of a similar colour.) This 

progressive reversion is termed the ‘adaptive colour shift’ and if it is incomplete, 

the difference between the perceived colours after complete adaptation to both 

illuminants is termed the ‘resultant colour shift’. 
The effects of chromatic adaptation were first studied by Exner working in 

Helmholtz’s laboratory in 1868 but, in spite of the amount of experimental and 

theoretical information acquired being so vast that.‘even in cryptic summary 

form it would fill an entire book’ (Bartleson 1977) there is not, as yet, a signifi¬ 

cantly better method of calculating resultant colour shifts than that devised by 
Kries (1905). This was based on the assumption that chromatic adaptation was 

caused by a reduction in cone sensitivity by factors which were constant for 

each cone and which were governed solely by the colour of the adapting light. 

Once the observer has become chromatically adapted to tungsten light any 

resultant colour shift can only be recognised if the observer possesses a good 

colour memory which is very rare. Also the shifts which occur in the colours 

of natural objects - animal, vegetable or mineral - if recognised, are accepted 

as being perfectly normal: they rarely result in a change in the major hue 

descriptor, e.g. blues may be seen to be redder but not red enough to be 

described as purples. The colours of natural objects, therefore, possess 

acceptable colour constancy as do individual dyes and pigments. Certain 

combinations do have inadequate colour constancy under tungsten light the 

classical combination being Cl Acid Violet 17 and Cl Acid Yellow 3. These dyes 

will yield blue and green shades on wool but under tungsten light the colours 

would be described as purple and brown. The reflectance curves of these dyeings 

are shown in figure 11.5. The high reflectance at the red end of the spectrum is 
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Wavelength (nm) 

Figure 11.5 Reflectance curves of blue and green dyeings of very low colour 
constancy. 

the cause of the colour change which, in the USA would be described as ‘flares 

red’. 

For many years colour constancy was adequately assessed by switching 

between simulated daylight and tungsten light in a colour matching cabinet. As 

chromatic adaptation would not occur what is being assessed is the colorimetric 

colour shift and as this is always greater than the resultant colour shift the 

method was reliable. 

When fluorescent lamps were introduced in 1939 unacceptable changes in 

colour occurred even after chromatic adaptation but these were correctly 

regarded as a fault of the lamp. This prompted the development of the CIE 

colour rendering index (Ra) which is based on the colour difference between 

eight test specimens under the illuminant and under a reference Uluminant of the 

same colour temperature. Below 5000 K the reference is a blackbody radiator, 

above 5000 K, the appropriate D illuminant (CIE 1974). The early halophos- 

phate lamps — still the most common type — had an Ra of about 55 and the 

introduction of additional phosphors to give the de luxe lamps resulted in an 

increase in Ra to over 90 though only at the expense of reducing the luminous 

efficiency from about 75 lumens/Watt to about 40. None of these fluorescent 

lamps, however, required any additional test for colour constancy. 
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The introduction of the three-band lamp, which was discussed in chapter 8, 

not only had a marked effect on metameric matches but also had an effect on 

colour constancy. The resultant colour shifts usually consisted of an increase 

in perceived chroma which is quite acceptable to the general public, so much so 

that the light from the prototype three-band lamp was even described as ‘con¬ 

siderably more attractive than daylight’ (Haft and Thornton 1972). Occasionally, 

however, a pronounced hue shift occurred and this is well illustrated by three 

dark brown shades, devised by Carbone (1962) and dyed on wool with 

(1) Acid Red 1 

Acid Yellow 17 

Acid Blue 45 

Acid Green 16 

(2) Acid Red 1 

Acid Yellow 17 

Acid Orange 10 

Acid Blue 45 

(3) Acid Red 1 
Acid Orange 10 

Acid Blue 45 

Acid Blue 47 

Figure 11.6 Reflectance curves of brown dyeings varying in colour constancy. 
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whose reflectance curves are shown in figure 11.6. Under tungsten and any 

pre-1975 fluorescent lamp even the colorimetric colour shift is only slight but 

after chromatic adaptation to the Philips three-band lamp, Colour 84, only No. 2 

would be described as having the same colour as in daylight while No. 1 would 

be described as being a much redder shade of brown and No. 3 is unmistakably 

a green. The CIE, with commendable caution, states that the metamerism index 

‘is not suitable for determining the resultant colour shift or specifying the 

colour constancy of a single object colour when the illuminant is changed’ so 

colour constancy must continue to be assessed visually by inspection under 

simulated daylight, tungsten and Colour 84, the Philips three-band lamp having 

a greater effect on colour constancy (and on metamerism) than the Westinghouse 

three-band lamp, Ultralume (Colour Measurement Committee 1976). 



12 
Computer Match Prediction 

A symposium on colour held in the USA in 1940 was attended by about 
150 paint, pigment, and dye men, both executives and technologists, 
illuminating engineers, and plastic experts. Four nationally known 
speakers regaled this audience with 2 hours of spectrophotometry, CIE 
system, colour standards, effect of illuminant on object color, photo¬ 
electric colorimetry and so on. The audience became drowsy, with here 
and there someone frankly snoring. At the end of the symposium, the 
chairman called for questions. There were a few polite queries by the more 
wakeful, but most of the audience remained in a state of suspended anima¬ 
tion, and soon the discussion died away practically to zero. The chairman 
insisted ‘Now that you have the experts at your disposal’, he said, ‘this is 
your chance to find out what you want to know about color’. Thus 
spurred, a paint man got to his feet and said, ‘What I want is a photo¬ 
electric colorimeter that will read the proportions of the pigments required 
to produce a color match for a specimen’. Like magic the somnolence 
disappeared. The audience snapped to attention and the ensuing discussion 

was followed both eagerly and intelligentlyf. 

Two years later a method of doing this (though not with a colorimeter) was de¬ 

veloped at the UK Paint Research Station (Duncan 1963) although the method 

was not published until 1949 (Duncan 1949). It was, however, completely 

impractical as each calculation took several hours and match prediction only 

became a practicable proposition when computers became available in the late 

1950s. Since then it has become the most important industrial application of 

colorimetry. Because it is also the most complex, no attempt will be made to 

cover the subject in depth but the basic principle will be described together with 

an historical account of the key developments. Other reviews have been 

published by Brockes (1965), Gall (1973), Kuehni (1975) and Best (1981). 
Figures 12.1-12.3 are reflectance curves of dyeings made with increasing 

amounts of typical red, yellow and blue dyes: they also illustrate the general 

shapes of the curves of white paints, whose reflectance curves are similar to 

those marked ‘substrates’ to which have been added increasing amounts of red, 

I Quoted from Judd and Wyszecki 1975, p. 446 by kind permission of John Wiley and Sons 

Inc. 
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Wavelength (nm) 

Figure 12.1 Reflectance curves of increasing depths of red dye. 

yellow and blue tinters. Figure 12.4 is the reflectance curve of a dyeing made 

with a mixture of the three dyes and if it were possible to predict the reflectance 

curve from a knowledge of the amounts of the components used, this would 

form the simplest basis for the inverse process — match prediction. 

The change in reflectance with increasing concentration is clearly wave¬ 

length-dependent and at any wavelength the relationship between the two is not 

simple. One therefore requires a function of reflectance such that a given 

increase in the concentration of dye in the dyebath produces the same change in 

the value of the function, e.g. an increase from 0.1% to 0.2% must cause the 

same change as an increase from 1.0% to 1.1%. The function must, therefore, be 

linear. Additionally, this increase must also produce the same change if the 

reflectance has been reduced by the presence of any amount of any other dye: 

the function must, therefore, also be additive. 
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Figure 12.2 Reflectance curves of increasing depths of yellow dye. 

In the case of solutions, we have already encountered such a function, the 

optical density, or the log of the reciprocal of transmittance when the latter is 

expressed on a 0-1 scale. In his early studies Atherton (1955) used a similar 

function of reflectance, 1/r, because of its simplicity but in later work he and 

most other investigators used a more complex but much more reliable function. 

This had its origins in a study of radiation through a foggy atmosphere (Schuster 

1905) from which Kubelka and Munk derived an exponential relationship 

between reflectance and a coefficient of absorption K and one of scatter S 
namely 

_ __^[l — exp(—2/z0] 

^ K + S + Q - {K + S- Q) ex^i- 2hQ) 
Q = s/K(K + 2S) 

(12.1) 
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Wavelength (nm) 

Figure 12.3 Reflectance curves of increasing depth of blue dye. 

where r is the reflectance on a 0-1 scale at a particular wavelength and h the film 

thickness (Kubelka and Munk 1931). The laws of scattering are complicated and 

will not be discussed here: interested readers will find the bibliography of 

Billmeyer and Richards (1973) a useful source of further information. Such a 

relationship could, at that time, only be utilised graphically but later, in what 

Judd and Wyszecki (1975, p. 426) described as ‘an amazing study’, Kubelka 

derived equations involving the hyperbolic functions sin/z, cos/z and cot/z which 

could be solved numerically (Kubelka 1948). These coefficients are, to a first 

approximation, both hnear and additive. If K and S are the values for unit con¬ 

centrations of colorants, and and those for the substrate or white 

pigment present then the values for any combination of colorants 1, 2, 3... 

present in concentrations Ci, C2, C3... are as follows: 

Km — C1K1 + C2K2+C3K3... + Kyfj (12.2) 
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Wavelength (nm) 

Figure 12.4 Reflectance curve of a brown dyeing made with red/yellow/blue 

mixture. 

and 

= ^1*^1 +^2‘5'2+<^3*^3 ••• +'5'w (12.3) 

It was fortunate for the development of computer match prediction that the 

ratio KjS was related to reflectance in a surprisingly simple manner 

KlS = {\-rfl2r (12.4) 

and its inverse 

r=/f/5+l-[(/:/5'+1)2-1]®-^ (12.5) 

where r is the reflectance (on a 0-1 scale) of a specimen so thick that an increase 

in thickness has a negligible effect on the reflectance. This is termed ‘reflectivity’ 

and given the symbol r^. The subscript will be omitted for clarity but will 

always be implicit. 
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The function (1 -rfjlr was first used extensively for pigment identification 

with surface colours as the shape of the curve of log (1 rj^llr, like that of log 

density in the case of transmittance, is independent of colorant concentration. 

Pineo invented a cam for the Hardy which plotted log (1 r^jlr as a function of 

wavelength (Pineo 1940), its use in pigment identification being described by 

Abbott and Stearns (1944) and as an aid in colour matching by Derby (1952). 

Its most important use, however, was for predicting the reflectance values of 

colorant mixtures from 

(K/S)m=-—;r- (12.6) 
CiSi + C2S2 + c-iS^... + 5w 

and a further simplification arose from the fact that in the case of dyes, and of 

pigments used to produce pale shades, virtually aU of the scatter is caused by 

the substrate or white pigment present, els'!, C2S2 and Css's... can therefore 

be set to zero so that 

{K/S)m = (C1K1 + C2K2 + C3K3 . .. + A'w)/Sw 

= Cl(Kl|S^f^) + C2iK2|S^ff) + c-iiK-ijSyf) ... + Aw/Sw (12.7) 

This overall simplification made it possible for Davidson and Hemmendinger 

to market the first computer for match prediction in 1958. The computer was 

an analog computer. 

1958-68, the era of the analog match prediction computer 
The computer which Davidson and Hemmendinger designed is shown in figure 

12.5 and a comprehensive account of the method of using it was given at a 

symposium organised by the Society of Dyers and Colourists in 1963 (Davidson 

et al 1963). It became affectionately known as comic (Colorant Mxture 

Computer) and the equation it solved was 

A(A/5) = {KIS)s-c,{KIS\ + C2{KIS)2+ c^iKlS)^... (12.8) 

the modification being the introduction of the term (K/S)s which is the K/S 
value of the target shade derived from equation (12.4) and A(KIS) which is the 

difference between (A^/5')s and the predicted value. The value of (KIS)q was 

corrected for absorption by the substrate which eliminated the term 

The numerical values of K/S at sixteen wavelengths (400, 420 ... 700 nm) for 

a known concentration of each dye are represented by the settings of sixteen 

resistances in individual plug-in boxes, up to five of which can be inserted into 

the computer for matching purposes. The K/S values of the target shade are 

similarly represented by resistances whose values are set by the sixteen dials at 

the top of the control panel. On the oscilloscope these values appear as sixteen 

dots representing an inverse of the reflectance curve — the lower the reflectance, 

the greater the absorption, the higher the value of K/S. The operator then 

chooses three suitable dyes and inserts the corresponding plug-in boxes. Adjust- 
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Figure 12.5 The first computer for match prediction. 

ment of the first three concentration dials in the lower centre of the panel brings 

the dots down toward a horizontal reference line representing A{KlS) = 0 and 

the operator’s task is to get each dot on the line: the similarity between this task 

and the modern video game is obvious. If the operator could not achieve 

linearity he would try different three-dye combinations. If this failed then four- 

or five-dye combinations could be tried. This was, however, completely un¬ 

satisfactory as the use of more than three dyes or chromatic pigments is only 

acceptable under exceptional circumstances, i.e. when metamerism must be 

eliminated and this cannot be achieved with three-colorant mixtures. 

At this stage the whole operation has been completely independent of the 

CIE system of colour measurement and as it was usually impossible to achieve 

linearity with any three-dye combination Davidson and Hemmendinger resorted 

to the CIE system by incorporating a tristimulus difference computer (tdc) 

into COMIC. This was based on the first adequate theoretical treatment of match 

prediction using the CIE system made by Park and Stearns (1944). 

If a perfect match is obtained, whether metameric or not, the tristimulus 

values of the match will be identical with those of the target shade for a given 
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illuminant/observer combination. AX, AX and AZ will therefore be zero and 

these values are given by 

AX = X(12.9) 

and the corresponding equations for AX and AZ, where Ar is the difference in 

reflectance between the match and the target shade at wavelength X. As r can be 

calculated from KjS using equation (12.5), Ar can be obtained from A(KlSf 

which the computer has solved, using the relationship 

r = A(K/S) X drld(KlS). (12.10) 

Substituting this value in equation (12.9) gives 

X = Y,SxA(K/S)[dr/d(KlS)]dX (12.11) 

and similar values for AY and AZ. Davidson and Hemmendinger issued tables 

of values for d/'/d (X/5') as a function of r which were then set on the sixteen 

dials on the left of the console. The concentration dials were then adjusted 

until the three meters above the dr/d(X/5') dials read zero. 
When the first prediction was evaluated it was rarely close enough to be a 

good commercial match. The comic could be used to determine what correc¬ 

tions should be made either by measuring the reflectance values and entering the 

16 KIS values into the computer via the dials below those used for the target 

shade or by determining AX, AY and AZ with a colorimeter and using the tdc: 

most operators, however, preferred to utilise their professional expertise and 

deduce the necessary adjustments from visual inspection. 
About 200 COMIC were sold in the USA, UK, Western Europe, South Africa 

and Japan between 1958 and 1968 and a British analog computer of similar 

design was marketed by Redifon for a few years from 1965. The most interest¬ 

ing feature of this instrument was that it was interfaced to a spectrophotometer 

so that the sixteen potentionmeter dials were set automatically (Cutler 1965). 

Davidson and Hemmendinger had already interfaced a comic with a Hardy at 

the specific request of one of their American customers but had found the cost 

to be ‘far beyond a reasonable level’ (Tilleard 1964). 

The use of the digital computer for match prediction 
In 1955 Atherton of the Dyestuffs Division of ICI built an analog device for 

match prediction based on the shadows of wires bent to represent reflectance 

functions (Atherton 1955) and in the following year he wrote what was 

probably the first match prediction program for a digital computer. The com¬ 

puter was the Ferranti Pegasus and the program used KjS values as it was 

designed for textile dyeing (Alderson et al 1961). A single prediction took 

■j The CIE symbol for relative spectral power distribution is S: as this symbol has always 

been used for the Kubelka-Munk coefficient of scattering, care must be taken to avoid 

confusion. 
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20-60 seconds of computing time and although this was remarkably fast it will 

be interesting later to compare this time with that taken by a modern computer. 

In 1957, Duncan, whose first prediction had been made by a mixture of 

graphical and mechanical calculator methods, also wrote a program for the same 

computer using separate K and S values for paint matching (Duncan 1964). 

Most of the programs for digital computation which have been written over 

the years have been designed to obtain identical tristimulus values from the start 

and not identical reflectance curves. The basic method of achieving this is to use 

the equation 

/f/5 = Ci^l + C2^2 + C3^3 (12.12) 

which is a simplified version of equation (12.7). From equation (12.5), r can be 

calculated and from the sixteen values of r, XYZ values can be obtained in the 

usual manner. 
The XYZ values of the target shade can therefore be expressed by three 

non-hnear equations in which the only unknowns are c^, and C3. It is possible 

in principle to solve these equations but only by a method of successive approxi¬ 

mations. This is the method Park and Stearns used but it could take up to 2 

hours (Stearns 1951). These equations can, however, be easily solved by a digital 

computer using the generalised Newton-Raphson iterative algorithm. Allen also 

devised an iterative solution based on an inverted matrix (Allen 1966). Both 

employ partial differentials which correspond to the dr/d(A'/S') familiar to 

COMIC users. They can be regarded as mathematical expressions of the way in 

which the concentrations of the dyes change with the position in XYZ space of 

the point representing the calculated match. Over small volumes of XYZ space 
these partial differentials are reasonably constant. They are then applied to the 

differences in X, Y and Z between the first solution and those of the target 

shade and Aci, AC2 and Acg calculated. The revised values are then taken and the 

operation repeated until either the XYZ values are virtually identical, say within 

±0.05, or a pre-set number of iterations have been carried out at which point the 

attempt is abandoned. 
In most respects the digital computer approach to match prediction was far 

better than that of the analog computer, the most important exception being cost. 

The Pegasus computer cost about £100 000 in 1960 whereas a comic + TDC +100 

plug-in boxes cost about one tenth of this sum. (Inflation has made £100 000 in 

1960 equivalent to £600 000 in 1982.) Whilst it was possible to hire time on 

such computers which meant that a prediction could be obtained for about 

£1.50 at 1982 prices, this was not an attractive proposition until it became 

possible to install a terminal in the colour laboratory linked to the time-share 

computer by telephone and this did not occur in the UK until 1968. The 

potential market for analog match prediction computers therefore existed only 

as long as the much superior digital approach was either prohibitively expensive 

or operationally unattractive. 
The next landmark in the history of match prediction was the introduction 

of Instrumental Match Prediction (imp) by ICI Dyestuffs Division (Alderson 
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et al 1963). This was based on a computer (Elliott 803B) installed solely for 

match prediction, i.e. a dedicated computer — and customers of the Division 

were encouraged to install colorimeters and to telex RGB values together with 

essential details concerning sub-strate, dyeing method and dye class. A computer 

match prediction would then be returned within an hour or so. This enabled 

even the smallest concern to experience the undeniable benefits of match 

prediction at the cost of only a few hundred pounds for a colorimeter. Even 

this expenditure was rendered unnecessary in 1970 with the introduction of 

the ICI Colour Atlas described in chapter 7: the XYZ values of the 1379 

colour samples were stored in the computer which had also been programmed to 

calculate the effect of any one of the 25 grey filters used to obtain a match. 

Within a few months of the introduction of imp the American Cyanamid 

Company introduced a similar service and during the following years all the large 

dye manufacturers installed computers for match prediction as part of their 

technical service though no others issued a general invitation to their customers 

to submit RGB or XYZ values. 
In 1966 Pretema marketed the Pretema Colour Computer (pcc) which was 

a digital computer storing the KjS values of each dye on magnetic tape. As soon 
as the sixteen reflectance values of the target shade had been entered via the 

keyboard and the three wavelengths chosen — ideally those of the absorption 

peaks - the computer generated the first prediction which gave the same reflec¬ 

tance values at these wavelengths together with the XYZ values and those of the 

target shade. If these were not close enough the operator had to modify the 

prediction and input the new concentrations until they were (Rohner 1965). 

This operation was actually more difficult than the corresponding stage with 

COMIC and it is surprising that the computer was not programmed to carry 

out iteration as methods of doing this had already been published. 

In 1966 IBM supphed a match prediction program for users of their 1130 

computer which, needless to say, was fully capable of carrying out all the 

calculations involved in match prediction. In 1967 a digital version of the 

COMIC was marketed as comic II but, unfortunately, the computer specially 

built for this purpose was inadequate and manufacture ceased shortly after¬ 

wards. Before considering the next and the most important stage in the develop¬ 

ment of computer match prediction it is convenient to refer to the major 

modifications which have been made in the mathematics of match prediction 

most of which were only possible with digital computers. 

The use of separate K and S values 

It is always better to use separate K and S values for match prediction in the case 

of paints and of plastics but absolute values are not necessary: relative values wiU 

suffice and the following method of determining them is an extension of that 

devised by Duncan (1949). 

A white pigment is chosen as standard and given as value of 1: is then 

the KjS value of a paint made with 100% of this white pigment. Paints are then 

made up with a coloured pigment alone (mass tone) and with this pigment let 
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down with the white pigment such that c + w= \ where c and w are the concen¬ 

trations of the coloured pigment and the white pigment. Reflectance curves are 

then plotted and K/S values calculated 

(K/S)^ (white) 

(KIS)mt (mass tone) 

(KjS\j^ (let down). 

The coefficient of scatter, S, of the coloured pigment is then given by 

parts of white (^/‘S')ld~'^w 
S = ■-X -^-;- 

parts of colour iKlS)y[j — (KlS\D 

and 

K = SxiKlS)MJ- 

If the reflectance of a mass tone of the coloured pigment is as high at some 

wavelengths as the white pigment then the coloured pigment (cp) should be 

mixed with a black pigment (b) when 

(^/‘^)mT black (^/‘^)mixture 
S —-- X- 

Ratio CP: B (^/‘S')mixture (^/*^)mT yellow 

and 

K S X (K/S^j^j yellow- 

The Saunderson correction for paints and plastics 
This was devised (Saunderson 1942) to take into account specular reflectance 

and internal reflectance which are not allowed for in basic Kubelka-Munk 

theory. 
The Saunderson-corrected reflectance, r, is 

1 — — ^2(1 

where ki is the Fresnel reflection coefficient we encountered in chapter 9. This 

can usually be set at 0.04 and ^2 is an empirical constant for which the value of 

0.4 suggested by Saunderson has proved satisfactory. Because spectrophoto¬ 

meters vary in the extent to which they exclude the specular component it is 

better, for match prediction purposes, to measure with the specular component 

included and to apply the Saunderson correction. 

The Pineo correction for textiles 
This was devised to allow for the fact that the deepest dyed textile does not have 

zero reflectance. It is 

K/S = [I-(r- ro)?l2(r - ^0)^^" 
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where Vq is the minimum reflectance and n an arbitrary constant for which 

experience has shown the best value to be 1 (Pineo 1940). The best method of 

determining Tq is not, as one might expect, to dye a full black shade but to dye 

increasing depths of a yellow: the minimum reflectance achieved is invariably 

less than that of any black and is used as for all wavelengths. 

Non-linear K/S values 
Both the Pineo and the Saunderson corrections improve the linearity of K and S 

with concentration but there is often a significant residual non-linearity with 

textile dyes after applying the Pineo correction. This is mainly due to the fact 

that the dye on the fibre at the end of the dyeing operation is usually not 

linearly related to that in the dyebath at the start. McDonald et al (1976) 

allowed for this by using the thermodynamics of the dyeing process to predict 

the amount of dye in the dyebath required to give the amount on the fibre 

which the Kubelka-Munk approach gives. The laboratory analyses required, 

however, are so extensive that this method has rarely been used and the most 
satisfactory method is a simple two-stage prediction. A straight line is fitted to 

that portion of the KjS against concentration curve which is linear — at low 

values — and the corresponding KjS value used to derive the initial prediction. 

Using a conventional non-linear interpolation formula, the true KjS values for 

the concentrations predicted are calculated and used in the final prediction. 

Metamerism 

Because the digital computer generates a sixteen-point reflectance curve, if the 

corresponding values for the target shade are also known, the CIE index of 

metamerism can be calculated for any iUuminant. Whilst this can be restricted 

to those sources under which the goods may be inspected a better method is to 

calculate under Philips Colour 84 and the Westinghouse metamer detecting 
lamp as described in chapter 10. 

The era of systems marketing, 1969 . . . 

By 1969, in spite of the availability of digital computers and programs, the 

growth rate of companies using match prediction was only rising very slowly. 

The chief reason for this state of affairs was that two separate pieces of 

expensive equipment - the spectrophotometer and the computer - had to be 

purchased from different companies and a program obtained or written. 

To get these functioning properly for routine match prediction an expert 
is needed who knows how to work with colours, who is fully acquainted 
with the conditions and requirements of the dyehouse, who has a sufficient 
knowledge of colour measurement and computing recipes, who is able to 
assist in programming and who is capable of supervising the subsequent 
routine operation of the computer installation. Alternatively, a team 
capable of deahng with these requirements must be assembled. 
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(Thurner and Wtirz 1966). These obstacles were formidable to aU except the 

largest companies and only began to be overcome with the introduction of the 

concept of complete systems marketing by two companies: Instrumental Colour 

Systems Limited in the UK in 1969 and Applied Color Systems Incorporated in 

the USA in 1970. This development was, in one respect, a natural progression 

once it became feasible to interface a spectrophotometer to a digital computer 

because this could be powerful enough to carry out the calculations necessary 

for match prediction and to have adequate capacity to store the reflectance 

values for all the calibration dyeings or pigment formulations. If the electronic 

engineering expertise in such a company was augmented by the kind of experts 

Thurner and Wiirz described, a single company could design, assemble, program 

and install a complete match prediction unit, train staff for routine operation 

and program modification if desired and provide a continuous maintenance 
service for every component. The experts are, of course, very much more cost 

effective in a systems company as their expertise benefits hundreds of 
companies, not one. Many of the large companies who pioneered match pre¬ 

diction in the 1960s have found it better to replace their obsolete units with 

those developed by systems companies of which four were prominent in 1982. 
The original purpose of computer match prediction was to eliminate the 

lengthy and costly stage of producing in the laboratory a dye recipe or pigment 

formulation which would match the shade in question. This benefit, however, 

has now become of secondary importance as the speed of modern computers has 

made automatic colorant selection feasible with much greater cost savings. 

Though this technique will be described in a textile dyehouse context, it is 

equally applicable to any coloration process where there is more than one 

way of achieving the desired shade. 

Automatic dye selection 
For a given fibre and specific fastness properties a dyehouse will normally hold 

in stock a minimum of ten to twelve chemically different dyes from various 

manufacturers. Over the years the dyer has built up a shade bank containing 

recipes for hundreds or even thousands of shades, no recipe normally containing 

more than three dyes. These recipes have withstood the test of time but one 

factor was rarely, if ever, considered before the introduction of computer match 
prediction: the cost of each in comparison with other three-dye combinations 

which would have been equally suitable technically. 
The speed of modern computers is now so great that, instead of the dyer 

identifying the three dyes to be used, predictions can be made of every possible 

three-dye combination (or four- or five-dye combination if needed for com¬ 

pletely eliminating metamerism). At this stage the prudent dyer will increase the 

number of potentially useful dyes as up to twenty can be handled by the 

computer in a reasonable time. Every possible three-dye combination will be 

tried - there is no point in trying to program the computer to eliminate 
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attempts to match a red shade with two yellows and a blue, for example. 

Successful combinations are then printed out in a form which will permit the 

dyer to make the best choice. This will not always be the cheapest because its 

metameric index may be too great but by printing out combinations in order of 

increasing cost within ranges of metameric indexes the right choice can be made. 

When this has been done for a large number of shades it is usually found that 

some dyes in stock never appear in the chosen predictions and there can then 

be further savings by reducing the inventory. 

Minimum pigment loading 

In the areas of surface coatings even greater cost savings are possible by using 

Kubelka-Munk calculations to determine the minimum pigment loading required 

to give the preferred hiding power as assessed by coating a black and white card 

with a coating of the appropriate thickness (Best 1981). The same technique is 

also appHcable to achieving the desired opacity in a plastic with minimum 
pigment loading. 

Extensions to other users 

Modern minicomputers, which are ideal for match prediction, can be accessed 

independently by other users, each with his own spectrophotometer — for 

prediction, recipe correction or quality control etc — or merely a terminal if the 

computer is to be used for other purposes. Amongst the infinite variety of other 

purposes the production of complete work sheets, stock control with re-ordering 

signals, control of semiautomatic weighing machines and automatic dyeing 
machines, may be mentioned. 

Figure 12.6 A typical modern computer match prediction system. 
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A typical modern system for match prediction by a single user is shown in 

figure 12.6. Such a system would cost less than £40 000 (at 1982 prices) and, 

whereas at the start of digital computer match prediction, computing a recipe 

having identified the thi-ee colorants to be used would take between 20 and 60 

seconds, today the time should not exceed 0.5 seconds. 

Match prediction systems are now operating successfully in textile dye- 

houses and printworks, and in the paint, plastics, paper (dyeing and printing), 

cosmetics, food and candle manufacturing industries (Best 1981) saving millions 

of pounds annually in colorant costs alone. This is, unquestionably, the most 

impressive achievement of the method of colour measurement envisaged by 

Maxwell in the middle of the last century and brought to fruition by the 

pioneers who, in 1931, created the CIE system. 
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Computer match prediction, 153-67 

analog, 158-60 
digital, 160-2 
systems marketing, 164-7 

Cone nomenclature, 73 
sensitivity curves, 69,73 

Cones, 72, 73 
Congo red, 57 
Conjugated chain, 29 
Copper, as mordant, 5 
Copper acetate, 4 
Copper arsenite, 59 
Copper silicate, 2 
Covalent bonding, 57 
Crimson, 8 

Crocus sativus, 4 
Cyan (colour name), 66 
Cyclic adenosine monophosphate, 78 
Cyclic guanosine monophosphate, 78 

Dactylopius coccus, 8 
DartnaU’s standard shape, 

of visual pigment absorption coeffi¬ 
cient, 76 

‘Day-Glo’ printing inks, 39 
Daylight, overcast, 99 

CIE simulations, 99,100,103 
Daylight simulators, 

CIE method of assessing, 115 
Deepening, 26 
Defective colour vision, 70, 71,82-4 
Dehydrogenase, 77 
Dehydroretinal, 75 
AE, symbol for colour difference, 121 
Density, 118 
Depolarisation of nerve cells, 78 
Depth of shade, 93 
Deuteranomalous trichromats, 83 
Deuteranopia, 82 
4.4' diaminostUbene 2.2' disulphonic acid, 

37 
Diazabicyclo (2,2,2) octane, 51 
Diazo reaction, 14 
Diazomethane, 30 
5.5' dibromoindigo, 10 
6.6' dibromoindigo, 10,11 
Dichromats, 82 

neutral points of, 83 
Didymium glass, 26 
Diffuse reflectance, 109 
Diradical, 47 

Direct dyes, 56 
Discovery or invention, 13, 22 
Disperse dyes, 58,59 
Dominant wavelength, 106 
Double-dyed cloth, 9 
Dye woods, 15 
Dyeing, methods of, 56 
Dyes and pigments: number marketed, 20, 

21 
reasons for large number, 61 

Egyptian blue, 2 
Electron abstraction 51 
Energy, increase in following hght absorp¬ 

tion, 32 

Energy level diagram, 24, 33, 35 
England, decline of dye industry in, 16 

rebirth of dye industry in, 17 
Eosine, 16, 43 
Equal energy spectrum, 96 
Euclidean colour space, 141 
European Colourfastness Establishment, 60 
Excitation, frequency of, 44 
Excitation purity, 106 
Excited state, 24 

C-T, 24 
n-TT*, 24 
TT-TT*, 24 
singlet, 33 
triplet, 42 

Extender, in paints, 28 
Extinction coefficient, molar, 25 
Eye lens, yellowing with age, 85 

Fading, 5,15,44 
lamps, 61 
quantum efficiency of, 47 
spectral regions causing, 44 

Fastness of dyes, 60,61 

Fastness Tests Co-ordinating Committee, 61 
FBA, 37 
Ferric oxide, 1 
Filler, in paints, 28 
Flare, 149 
Flash photolysis, 48, 51 
Fluorescein, 38 
Fluorescence, 36-42 

Fluorescent brightening agents, 37, 113 
Fluorescent dyes, 38 
Fluorescent radiance factor, 110 
Fluorescent whitening agents, 37 
Food coloration, 59, 60 
Forbidden transitions, 42 
France, decline of dye industry in, 16 
Franck-Condon principle, 33 
Fresnel relationship, 108 
Frequency of excitation, 44 
Furan vapour, 51 
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Ganglion cells, 79, 80 
German Fastness Commission, 60 
Germany, growth of dye industry in, 16, 17 
Glauconite, 2 
Gloss, 109 

trap, 110 

Goniophotometric curve, 108,109 
Grand teint, 60 

Green colorants, difficulty of obtaining, 26 
Green colours, obtained by mixture, 65 
Grey Scales, 60,138,139 
Ground state, 24 
Guaranteed fadeless, 45 

angular measure of hue, 142 
Haem, 23 
Haematin, 8 
Haematoxyhn, 8 
Haiiyne, 2 

Helmholtz reciprocity principle, 110 
Henna, 4 
Hering theory, 71 
Horizontal cell, 79 
Hue, definition of, 89 

angle, 142 
difference, 143,144 
unitary, 70 
unique, 70 

Hund’s rule, 42 
Hydrogen atom abstraction, 47-9,54 
Hydrogen bonding, 49 
Hydrogen peroxide, 

decomposition, 49 
formation during tendering, 45,46 

Hyperpolarisation, of nerve cells, 78 
Hypsochromic shift, 26 
Hypsorhodopsin, 77 

ICI Colour Atlas, 91 
Identification of dyes, 119 
Illuminants, 

CIE A, B,C,99 
D65,103 
ID65,116 

Illuminating and viewing conditions, 109 
choice of, 111 

Imperial violet, 14 
Indanthren Yellow G, 20 
Indanthrone, 3, 45 
Indican, 6 
Indigo, natural, 2, 6, 16 

synthetic, 17,45 
use as colour name 7 
use as dye, 2 
use as pigment, 2 

Indigo 5.5' disulphonic acid, 12 
Indigo plantations, 18 
Indigofera tinctoria, 6 
Indigotin, 18 

Indirubin, 18 
Indoxyl, 6 
InduUne, 16 
Ingrain dyes, 58 
InsolubHisation, 58 
Integral masking, 28,67 
Integrating sphere, 109,110 
Intensity, 26, 89 
Internal conversion, 35 
International Standards Organisation (ISO), 

60,125,127 
Internuclear distance, mean, 33 

Intersystem crossing, 42 
Invention or discovery, 13, 22 
Iron, as mordant, 5 
Iron oxides, 1 
Isatin, 17 
hath tinctoria, 6 
Isomerase, 77 
Isorhodopsin, 75 

K/S values, 157 
Kermes, 7 
Kermesic acid, 7 
von Kries, and chromatic adaptation, 149 
Kubelka-Munk equation, 157 

Lacewing, 75 
Lake, definition of, 2 

^max> 
Language, 

introduction of colour names, 1,70, 92 
Lapis lazuh, 2 
Lateral geniculate nucleus (LGN), 79 
Lawsonia alba, 4 
Lead, as mordant, 12 
Lead antimoniate, 2 
Leather, dyeing, 59 

fastness tests, 61 
Leuco-indigo, 6 
Light absorption, 24-8 
Light fastness, 61 
Light scattering, 

by fibres, 158 
by pigments, 55, 65,156 

Light sources, see Sources 
Lightness, definition of, 89 

differences, 123 
Linear transformation, ofx^ diagram, 122 
Logwood,8 
Lo-kao, 12 
Lone pair electrons, 24 
Luminance, 103 
Lumirhodopsin, 77 
Lycopene, 29 

absorption spectrum, 34 

MacAdam elhpses, 122,123 
Macular pigmentation, 85 
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Madder, 5,16 
Magenta, 14 
Malachite, 2 
Malachite green, 47 
Manganese oxide, 1,4 v 
Mass-coloration, 55 
Mauveine, 14 
Maxwell triangle, 97 

spot, 102 
Membrane potential, 78, 79 
Mercury, as mordant, 12 
Metachrome method, 56 
Metamerism, quantification of, 127 

defintions of, 85,128-30 
index of, 128 
lamps for detecting, 128 

Metarhodopsin I and II, 77 
Methylene blue, 16, 53 
Microspectrophotometry of cone pigments, 

72 
Models of colour vision, 81 
Molecular orbitals, 24 
Monastral Blue B, 3 
Mordanting, 5,56 
Mordants, 

alum, 5 
chromium, 5 
copper, 5 
iron, 5 
lead, 12 
mercury, 12 
sodium stannate, 13 
tannin, 13 
tin, 12 

MunseU, 
Book of Colour, 90 
Color Tree, 90 
colour space, 90 
Renotation System, 90 
Variables, 91 

Murex, 9,12 
Murexide, 12 

n-TT* transition, 24 
N-retinylidine opsin, 77 
Natural Colour System, 91 
Natural dyes, 4-11 
NBS unit, of colour difference, 124 
Nerve cells, 71,78 

all-or-nothing response, 71,79 
amacrine, 79 
bipolar, 79 
horizontal, 79 

Neutral points, of dichromats, 83 
New dyes, rate of addition, 20, 21 
Night bhndness, 74 
Non-metameric matches, 85 
Non-sensitisers, 

in tendering, 48 

Numerical standards, 117 
Old fustic, 9 
Opponent-colours theory, 71 
Opsin, 74 
Optic nerve, 79 
Optical bleaches, 37 
Optical Society of America (OSA), 90, 97 
Orbitals, 24 
Orpiment, 2, 7 
OSA-UCS specimens, 90 
Oxygen, 

excited state-singlet, 49 
ground-triplet, 49 

TT-TT* transition, 24 
Paper, dyeing, 59 

printing, 67 
Pararhodopsin, 77 
Particle size of pigments, 55 
Patents, British and German, 17 
Pauli exclusion principle, 24, 33 
Perceptibility of colour differences, 136 
Perfect reflecting diffuser, 108 
Perkin’s mauve, 14 

as a lake, 3 
Petit teint, 60 
Phasic cells, 80 
Phosphorescence, 42 
Photo-oxidation, 45 
Photosensitive pigments, 74 
Phthalocyanine, 3 

copper, 3 
iron, 3, 22 
nickel, 22 

Picric acid, 11,17 
Pigment, definition of, 55 
Pigments, 

use in burial rites, 1 
use in cave paintings, 1 
use for mass coloration, 55 
use for surface coloration, 55 
use on textiles, 4 

Porphyropsin, 75 
Primaries, 

additive, 64, 65 
imaginary, 97 
psychological, 70, 93 
RGB (CIE), 97 
subtractive, 27, 64, 65 
XYZ (CIE), 99 

Printing, non-textile, 55,67 
Printing, textile, 56 
Procion dyes, 57 
Projective transformation, 

of xy diagram, 122 
Protanomalous trichromats, 83 
Protanopia, 82 
Prussian blue, 2-4, 28,55 
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Purity, 26, 89 
excitation, 106 

Purple line, 98 

Purpura, 9 

Quantum efficiency of dye fading, 47 
Quinine, 13,15 

R-bands, 49 
Radiance, 110 

factor, 110 
Radiationless transition, 43 
Reactive dyes, 57 

growth of, 62 
Realgar, 2 
Reciprocity principle, 110 
Red lead, 2 
Red ochre, 1 
Red-shift, 26 
Reflectance, 110 

factor, 108 
standards, 108,116,117 

Reflected radiance factor, 110 
Reflectometer values, 110 
Refractive index, 28,109 
Regular reflectance, 108 
Related colour, 92 
Resonance forms, 31 
Retina, 63, 74 
Retinal, 75 
Retinal densitometry, 72 
Retinene, 74 
Retinol, 75 
Reverse intersystem crossing, 43 
Reversed optics, 113 
Rhamnus utilis, 12 
Rhesus monkey, 79 
Rhodamine B, 5G, 39 
Rhodopsin, 75 

action of light on, 76 
bleaching and regeneration of, 77 

Rhynchota, 8 
Riemannian colour space, 122,137 

Rods, 72 
Rose bengal, 53 
Rotational energy levels, 33 

Rubia tinctorum, 5 

Safflower, 4 
Saffron, 4 
Salt linkage, 56 
Saturation, 26, 89 
Saxe blue, 12 
Scattering of light, 55, 65, 156 

coefficient of, 155 
Schotten-Baumann reaction, 57 

Selected ordinate method, 
for calculating tristimulus values, 116 

Sensitisers in tendering, 48 
Shade sorting, 137 

Shocking pink, 14 
Simon and Goodwin charts, 122 
Singlet state, 33 
Slow fluorescence, 42 

Smalt, 2 
Society of Dyers and Colourists (SDC), 19, 

60,117 
Solid solution, 58 
Soluble blue, 14 
Solvent dyeing, 59 

Soot, 1 
Sources, 

CIE A, B,C, 100 
ID65,116 

Spectral match, 85 
Spectral radiance factor, 110 

reflectance factor, 110 
Spectrally non-opponent cells, 79 
Spectrally opponent cells, 79 
Spectrophotometers, 108-19 

abridged, 113 
calibration, 116 
interfaced to computers, 116 
manual integrator for, 116 
recording, 112 
reflectance, 108-16 
sources for, 113 
transmittance, 118 

Spectrum locus, 97 
Specular reflection, 108 
SPEX (specular component ^eluded), 110 

Spin reversal, 42 
SPINC (specular component included), 110 

Staining scale, 139 
Stage theories, 

of colour vision, 81 
Stamp, Ulac postage, 3 
Standard Fading Hour, 61 
Standard observers, CIE, 

2°, 96 
10°, 102 

Standards of reflectance 
coloured, 117 
fluorescent, 116 
white, 108 

Strength, determination of, 118 
Substantivity: definition, 4, 56 
Subtractive colour mixing, 64, 65 

Sulphur dyes, 58 
Surface coating, 55 
Swedish natural system, 91 
Switzerland, rise of dye industry in, 16 

Synapses, 79,80 
Synthetic dyes, 11-21 

Tanning (of human skin), 44 
Tendering, 44-54 

activated oxygen theory of, 47 
electron abstraction theory of, 51 
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hydrogen abstraction theory of, 47 
Terre verte, 2 

Tetramethyl-p-ben/oquinone, 48, 52 
Tetraphenylcyclopentadienone, 50 
Three-band lamps, 103,104 
Tin, as mordant, 5 
Titanium dioxide, 28 
Tonic cells, 80 
Topping, 9 
Transfer printing, 59 
Transmitter, 78 
Trichlorotriazine, 31, 57 
Trichromatic theory, 63-7 
Trichromats: 

deuteranomalous, 83 
normal and anomalous, 83 
protanomalous, 83 

Trilinear co-ordinates, 97 
Triplet state, 42, 47 
Tristimulus colorimeter, 119 
Tristimulus values, 95 
Tristimulus values, calculation of, 101 

by selected ordinate method, 116 
by weighted ordinate method, 116 

Tritanopia, 82 
Turkey red, 5 
Tyrian purple, 9-11,12,18 
Tyriverdin, 11 

UCS diagram, 121,122,124,126 
Ultramarine, natural, 1, 2 

synthetic, 3 

Ultraviolet, absorber, 40,44 
excitation, 39 

Unique hues, 70 
Unitary hues, 70 

F(\) curve, 102 
Vat ting, 6 
Vibrational energy levels, 33 
Vibrational relaxation, 35 
Visual cortex, 81 
Visual pigments 74 
Vitamin A, 74 
Vividness, 89 

Wavelength, 

complementary, 106 
dominant, 106 

Weighted ordinate method, 116 
White lead, 2 
White porcelain clay, 1 
White standards, of reflectance factor, 108 
Whiteness, quantification of, 147 
Witt, theory of colour and constitution, 22 
Woad, 6 

xy chromaticity diagram, 106 

Yellowness of vision, 85-8 

Zinc oxide, 46 
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Of related interest 

Colour Vision Deficiencies V 

G Verriest (ed) 

This volume contains the 5 invited 

and 69 contributed papers presented 

at the Fifth Symposium of the 

International Research Group on 

Colour Vision Deficiencies held in 

June 1979. 

Themes covered include the 
neuroanatomy of colour vision 

processes, clinical examination 

methods, congenital and acquired 

defects, reports of population and 

genetic studies, as well as various 

other ophthalmological and 

occupational aspects of colour vision 

deficiencies. 

1980 xii + 412pp 245 X 175mm illus 

CIP data: 617.7'5 RE921 

ISBN 0-85274-415-3 

Colour Science in Television 
and Display Systems 

W N Sproson 

This book gives an introduction to 

basic colorimetry before proceeding to 

discuss colour analysis for cameras. 

Colour display tubes and optical 

components, such as filters and prism 

splitter blocks, are considered in 

detail, particularly with regard to 

spectral power distributions and 

chromaticity coordinates. In an 

appendix the author gives an example 

of how calculators and 

microcomputers can be used to 

calculate tristimulus values and 

chromaticity. 

1983 xiv-l-222pp 240 x 160mm illus 

CIP data: 621.388'04 TK6670 

ISBN 0-85274-413-7 
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