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Abstract  

Colour and colour perception have long been subjects for scientific 

enquiry. 	It was only in the 19th century, however, that some 

understanding of colour vision and its relationship to colour mixing 

emerged. Much of this knowledge evolved through the work of Young, 

Brewster, Helmholtz and Maxwell. It is not too much to say that 19th 

century investigations of colour perception were initiated by Young's cele- 

brated trichromatic theory of vision. 	While the concept of primary 

colours is as old as art and science itself, and the concept of three 

primaries can be traced to the 17th century, it was Young who first saw 

that this idea might be made the basis of a theory of colour vision. 

Young's idea of red, green and violet as primary colours was contrary 

to the received opinion of red, yellow and blue. There was no argument 

about choosing between violet or blue but there was considerable confusion 

over whether yellow or green should be chosen as primary. Since 

.Young's choice had been made on the basis of doubtful spectral observations, 

other scientists were led to repeat his experiments. 	This, in part, 

led Brewster to a series of experiments on the spectrum from which he 

evolved in 183/ an ingenious but erroneous spectral theory. All spectral 

colours were to be compounded from three primary colours, red, yellow 

and blue which occupied equal lengths in the spectrum. 

Brewster's theory raised considerable controversy among physicists 

which was not settled until 1852 when Helmholtz showed that Brewster 

had been the victim of several subjective illustions concerning colour. 

He showed also that the confusion over colour mixing, and hence over 
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Brewster's theory, was due to two different processes being considered 

equivalent, additive and subtractive colour mixing. The distinction 

between these processes marked a turning point in understanding colour 

mixtures and colour vision. 

Helmholtz's work served as the basis of a mathematical theory of 

colour by Grassmann and that theory together with certain ideas from 

photometry served as the basis of Maxwell's experiments in colour vision. 

Maxwell showed that colour could be measured, and hence transformed a 

qualitative science into a quantitative one. He confirmed Young's 

trichromatic hypothesis as well as his choice of primaries and showed 

that colourblindness, a much discussed parallel study, could be 

understood in terms of Young's hypothesis. Equally interesting is the 

fact that Maxwell's experiments reveal him as a first rate experimental 

physicist, a fact which is apparently little appreciated; for this 

reason his experiments are described in detail. 
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Preface  

The nature of vision, and especially colour vision, is a fascinating 

subject to scientist and layman alike. Undoubtedly it is simply because 

colour plays such an important role in our daily lives. But there is 

certainly another reason as well. The subject cuts across all 

boundaries, embracing the widest possible spectrum of knowledge. 

Philosophers, physiologists, psychologists, physicists and others have 

all had something to say about vision. It is in this, perhaps, that 

both its fascination and challenge lie. 

Because of its interdisciplinary nature, a thesis on the history of 

colour vision cannot fall neatly into any of the usual pigeon-holes 

such as history of physics, history of physiology, etc. 	Of necessity 

it is an eclectic study along with its subject. However, to bring 

the subject within manageable boundaries, I have concentrated on one 

aspect of the subject which to me is one of the most exciting. 	That is 

simply the fact that to a remarkable extent the subject does fall within 

the scope of physics in the sense that optical experiments can be 

performed which yield considerable knowledge about colour vision. 

Therefore, I have concentrated on those aspects of the science which 

historically could be treated by the methods of physics. Restricting 

the field even more I have chosen the period of 1800 to 1860 because 

this was one in which three immortal scientists, Young, Helmholtz and 

Maxwell, brought the infant science of colour vision to a new maturity. 

The story opens with a great speculation by Young which itself had roots 

in the 18th and 17th centuries and closes with its confirmation by 

Maxwell some 55 years later. 	But the close of this story is also the 



opening of another, one which continues today as a field of active 

research. It is interesting to see in this respect that the science 

of colour perception participated along with the other sciences in the 

19th century in evolving toward its modern form. It is hoped that this 

thesis will constitute a small contribution to the growing body of 

scholarship in 19th century science. 

In preparing this study I am indebted to my thesis supervisor, 

Professor A. R. Hall who has given most graciously and generously of 

his time and advice. Dr. M. B. Hall has also been a cheerful and 

willing source of help. Special thanks are due to Mr. Leslie Jones who 

drew many of the figures. Grateful acknowledgement must be made to 

Central School District No. 1, Harrison, N.Y. for their generous support 

during 1969-70. Last, but not least, I must acknowledge my wife whose 

moral support contributed considerably in completing this work. 
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Introduction 

Studies of colour combinations, colour classification schemes and 

the mechanism of colour perception were continuing themes throughout 

19th century science. The latter problem might seem to be a subject 

suitable for physiologists, while colour classification schemes might 

seem suitable problems for artists; but both were in fact attacked 

largely by physicists in the first half of the 19th century. The 

greatest figures in 19th century physics were deeply interested in 

various aspects'of colour. Young, Brewster, John Herschel, Biot, Airy, 

Helmholtz, Maxwell and others all made important contributions to the 

science of colour vision. Helmholtz, physiologist as well as physicist, 

attacked the problem more as a physicist than a physiologist, while that 

universal man, Thomas Young, broached a theory of colour vision as part 

of a physical theory of light. Thus many 19th century physicists saw 

among their problems that of finding a theory for colour perception.  

which they considered as a problem in optics. 	As in so many areas they 

were eminently successful, laying the foundations for much 20th research 

into the subject. 

A peculiar difficulty in all colour problems lay in the fact that 

no experimental basis existed either for understanding colour combinations 

or for determining the sensitivity of the eye to individual colours. 

Without an experimental basis hardly any theoretical understanding was 

possible. Both problems lay largely outside the realm of the great 

physical theories emerging in the early 19th century. Hence the study 

of colour combinations and colour perception was perforce a descriptive 
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one concerned more with qualitative observations and speculative 

hypotheses than with exact measurements and mathematical expression. 

This being the case it seems remarkable that it should have attracted 

the mathematical physicists. And yet it did so with the result that by 

about 1860 a good understanding of the colours perceived by the eye was 

available together with a mathematical understanding of colour combinations, 

the latter supplied essentially by the eminent mathematician Grassmann. 

Moreover, from being a science with practically no experimental techniques 

available in 1800, by about 1860 a definite corpus of devices and 

techniques had evolved for studying colour combinations and colour 

perception. 	It is the purpose of this thesis to review the work in 

colour combinations, colour classification, colourblindness and colour 

perception in the period of 1800 — 1860 which led to such understandings. 

In passing, it is worth noting that while the investigators of this 

period succeeded in determining the sensitivity of the eye to certain 

colours, the physiological mechanism of colour perception is still an 

active research problem. The events described form the prelude to modern 

research in colour vision. 
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CHAPTER I 

Thomas Young: His Speculation About Three-Colour Vision 

The first steps towards a theoretical understanding of colour 

perception came early in the 19th century. Thomas Young in his Bakerian 

Lecture of 1801 proposed to the world his new theory of light,1 the 

undUlatory theory, which is so much associated with his name. It was, 

however, as Young himself said,2 not an entirely new theory but more 

intended to "refer some theories...to their original inventors, support 

them by additional evidence, and to apply them to a great number of 

diversified facts, which have hitherto been buried in obscurity."3 

It was in the context of this last phrase that Young introduced his 

famous theory of three colour vision. 

Following a few introductory remarks, Young initiated the exposition 

of his undulatory theory by first hypothesizing a universally pervading 

luminiferous ether and next hypothesizing that "undulations are excited 

in this Ether whenever a Body becomes luminous."4  These statements are 

the substance, respectively of his Hypotheses I and II. Now these 

hypotheses, plus several others we need not mention, play the classic role 

of being the basis for proving various physical propositions in the later 

body of the paper. But there is a strong implication that Young regarded 

these hypotheses rather as established facts than as conjectures. For 

Proposition IX concluding the paper reads 

Radiant Light consists in Undulations of the luminiferous 
Ether.5 

Such a proposition is exactly the essence of Hypotheses I and II so that 

in making this statement as a proposition Young is implying that the 
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conceptions originally proposed as hypotheses are now to be regarded as 

deductively proved. Indeed referring to both Proposition IX above and all 

the preceding arguments in his paper Young said "this proposition is the 

general conclusion from all the preceding: and it is conceived that they 

conspite to prove it in as satisfactory a manner as can possibly be expected 

from the nature of the subject."6  Thus Young had come full circle using 

his hypotheses to prove his hypotheses and now regarding in particular his 

first two hypotheses as firmly established physical facts. 

Having established the existence of an all pervading luminiferous ether, 

and the existence of undulations excited in the ether by luminous bodies, 

Young proceeded to an application of the theory in accordance with his 

plan. In Hypothesis III he stated 

The Sensation of different Colours depends on the different 
frequencies of Vibrations, excited by Light in the Retina.? 

Following his program of referring his theories to their original inventors, 

Young invoked a long series of passarfrom Newton's works. In order to 

follow Young's mode of thought and argument we shall follow his quotations 

of Newton to some extent but still more briefly than Young's original use 

of them. Immediately after stating the hypothesis Young invoked Newton 

as follows: 

The objector's hypothesis, as to the fundamental part of it, 
is not against me. That fundamental supposition is, that the 
parts of bodies when briskly agitated, do excite vibrations 
in the ether, which are propagated every way from those bodies 
in straight lines, and cause a sensation of light by beating 
and dashing against the bottom of the eye, something after the 
manner that vibrations in the air cause a sensation of sound 
by beating against the organs of hearing. Now the most free 
and natural application of this hypothesis to the solution of 
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phenomena, I take to be this: that the agitated parts• of 
bodies, according to their several sizes, figures, and motions, 
do excite vibrations in the ether of various depths or 
bignesses, which, being promiscuously propagated through that 
medium to our eyes, effect in us a sensation of light of a 
white colour; but if by any means those of unequal bignesses 
by separated from one another, the largest beget a sensation 
of a red colour, the least or shortest of a deep violet, and 
the intermediate ones of intermediate colours; much after the 
manner that bodies, according to their several sizes, shapes 
and motions, excite vibrations in the air of various bignesses, 
which, according to those bignesses, make several tones in 
soun4...8  

Newton was actually defending here quite another matter. Robert Hooke 

had taken Newton to task for supposedly espouding a theory of corporeality 

of light in his first optical paper. 	Hooke had insisted that his own 

hypothesis of pulses or waves in a uniform medium was just as feasible 

as Newton's and had even implied that it was better. Newton then in the 

passage above was replying to Hooke, defending himself against some 

rather unwarranted criticism. Newton was showing that he had only 

suggested the possibility of corpuscles of light and that actually such 

a possibility had quite some similarity to Hooke's own concept. For just 

before the above passage Newton wrote 

For certainly it has a much greater affinity with his own 
Hypothesis, than he seems to be aware of; the Vibrations of 
the Aether being as useful and necessary in this, as in his. 
For, assuming the Rays of Light to be small bodies, emitted 
every way from Shining substances, those, when they impinge 
on any Refracting or Reflecting superficies, must as necess-
arily excite Vibrations in the aether, as Stones do in water 
when thrown into it.9 

Then the passage quoted by Young followed (after two more sentences) in 

order to amplify this thought. In this context Newton's meaning in the 

passage quoted by Young is clearer and makes better sense; but for Young 
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it well suited his purpose, illustrating from the Master the point Young 

himself wished to make. 

The passage from Newton quoted above by Young was followed closely by 

a second quotation from Newton 

To•explain colours, I suppose, that as bodies of various sizes, 
densities, or sensations, do by percussion or other action 
excite sounds of various tones, and consequently vibrations in 
the air of different bigness; so the rays of light, by impinging 
on the stiff refracting superficies, excite vibrations in the 
ether,--- of various bigness; the biggest, strongest or most 
potent rays, the largest vibrations; and others shorter, 
according to their bigness, strength, or power; and therefore 
the ends of the capillanenta of the optic nerve, which pave 
or face the retina, being such refracting superficies, when 
the rays impinge upon them, 'they must there excite these 
vibrations, which vibrations (like those of sound in a trunk 
or trumpet) will run along the aqueous pores or crystalline 
pith of the capillamenta, through.the-.optic nerves.,-intO ,the 
sensorium;---and there, I suppose, affect the sense with various 
colours, according to their bigness and mixture; the biggest 
with the strongest colours, red and yellows; the least with the 
weakest, blues and violets; the middle with green; and a 
confusion of all with white, much after the manner that, in 
the sense of hearing, nature makes use of aerial vibrations of 
several bignesses, to generate sounds of divers tone; for the 
analogy of nature is to be observed.1° 

Newton has here implied an analogy between sound and light in terms of 

waves. He has not, however, so far as Young's quotation would show 

really explicitly compared waves of sound with possible waves of light. 

This Newton did in the next few sentences: "And further, as the harmony 

and discord of sounds proceed from the proportions of the aereal vibrations, 

so may the harmony of some colours, as of golden and blue, and discord of 

others, as of red and blue, proceed from the proportions of the aethereal."11 

This passage, however, Young saw fit not to use, contenting himself with 

implied analogy only. But as far as Young was concerned, that analogy 



with nature was the only thing actually observed for there is a direct 

connection in him between this passage in Newton and his own work in 

acoustics in the 1790's where Young also tentatively proposed the idea. 

40044641i96.4 	And it is not clear whether he had yet performed any 

interference experiments of his own. We will see, however, that he 

recognized Newton's rings as an interference phenomenon. 

Young's quotation from Newton just above was followed closely by his 
the. litters 

last passage frolaktiarLes work: 

Considering the lastingness of the motion excited in the bottom 
of the eye by light, are they not of a vibrating nature?--Do 
not the most refrangible rays excite the shortest vibration,— 
the least refrangible the largest? May not the harmony and 
discord of colours arise from the proportions of the vibrations 
propagated through the fibres of the optic nerve into the brain, 
as the harmony and discord of sounds arise from the propogations 
of the vibrations of the air?1?  - 

All this is reminiscent of the Scholastic philOsopher appealing to Ancient 

authority for support. The quotations were, of course, intended rather as 

buttresses for Young's own views than as mere references of the theories 

to their original inventors, as he proposed at the beginning of his 

lecture. For regardless'of what Young has made of these passages it 

should be clear that for Newton they were stated merely as matters of 

argument or possible supposition; for Newton they did not represent nor 

imply a final or true opinion. Indeed Young's last quotation above 

consists of Newton's Quarries no. 16, 13, and 14, from the Opticks quoted 

by Young in that order. Comparing these with the complete statements it 
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is clear that Young has taken parts from each query and put them together 

in the order above to make a coherent argument in support of his own 

theory. But for Newton they did not represent any coherent argument. 

They were, as the term "Query" implies, matters of conjecture only. 

Tedious though these long quotations may be it must be remembered that 

it is Young in fact doing the quoting. In effect, his justly famous theory 

of three colour vision was simply added to all these quotations as a short 

scholium; all his hypothesis had done at this point was to neatly summarize 

several passages of Newton's conjectures. And his entire argument for 

his hypotheses consisted in these quotations. It was the consequence of 

having embraced what were essentially Newton's conjectural arguments 

which led Young to his three colour theory as we shall now see. 

Assuming a." priori that sight itself consists of some sort of motion 

in the retina, the questions arose: what types of motion are most suitable 

to the retina, and how shall the retina be constructed to allow these 

motions to take place? 

To the first of these questions Young proposed that the motion of the 

retina is "rather of a vibratory than an undulatory nature."13 It is 

akin to a resonant motion with points on the retina "vibrating in perfect 

unison with every possible undulation."14 This question settled, one 

was led directly to that of the retina's construction. 

If the undulatory hypothesis of light is correct, and Young assumed it 

was, then different coloured lights consist of undulations of different 

wavelengths. Indeed, Young gave a table of colours15  in terms of 

wavelengths calculated from Newton's measurements on thin films, or what 

we would nova call Newton's rings. Therefore he clearly demonstrated 
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this conception of different colours. But as there can be an infinite 

variety of wavelengths and hence colours, each sensitive point of the 

retina on first thought would have to be capable of an infinite variety 

of vibrations. Young found it impossible to imagine that each point of 

the retina contained an infinite number of particles in order to effect 

such colour vision. Hence, he proposed an alternative scheme. 

- It had been known since Newton's early optical papers that different 

prismatic colours could be superimposed to give intermediate colours. 

Moreover, Newton had shown that the spectral colours could be combined 

to give so-called white light. Finally, white light, Newton had shown, 

could be made from fewer than the seven spectral colours although the 

minimum number of colours required he did not know. Since Newton had 

implied that at least three colours were necessary to produce white light 

and since there was a long standing popular notion to the effect that 

three primary colours only were needed to reproduce all tints including 

white, Young proposed each point of the retina to be "put in motion more 

or less forcibly"
16 

by only three "principal" colours. Contrary to 

popular historical notion he chose at this time red, yellow and blue rather 

than the red, green and violet usually associated with his name. We 

shall see presently that he did in fact later change his opinion to red, 

green and violet under the influence of sketchy evidence produced by his 

friend William Hyde Wollaston and his own incorrect conclusions from it. 

Returning to Young's original argument, he then said that if the 

wavelengths of red, yellow and blue were in the ratieiof 8,7,6, or nearly, 

as determined from his table of wavelengths, then the eye would see all 
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colours created by such vibrations or by vibrations in numerical ratios 

close to these. Thus, for example, 

the undulations of green light being nearly in the ratio. of 
6i, will affect equally the particles in unison with yellow 
and blue, and produce the same effect as a light composed of 
those two species: and each sensitive filament of the nerve 17  
may consist of three portions, one for each principal colour. 

One must conclude here that interesting though it may be, touched with 

genius though it may be, these statements by Young have not been based 

on any real observations or experiments. The entire theory was proposed 

tough analogy with sound. In fact his constant quoting from Newton 

indicated a heavy reliance on the work of others--- and that was done 

129 years before! Young himself had said at the outset that no new 

experiments were needed for his theories and he indeed remained true to 

that doctrine. Certainly there was no anatomical evidence for such a 

colour receptor scheme nor did it rule out the possibility that a single 

receptor might be sensitive to all three colours or even to seven spectral 

colours. In fact, as just noted, the concept of three colours to make 

white was basically a popular but unproved notion. Perhaps the genius 

involved here was that Young was able to collate materials from disparate 

sources and push the sound—light analogy far beyond the limits his 

predecessors ever dreamed of. Therefore, one must say that the theory of 

three colour vision attributed to Young arose in him as a speculation 

only, having initially no real observational nor experimental basis. 

Moreover, he initially chose the wrong colours, red, yellow and blue and 

we shall now see how he came upon his justly famous choice of red, green 

and violet. In passing, however, it is worth mentioning that Young's 
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attempt to make his colleagues think that Newton had embraced the wave 

theory actually did succeed in at least one notable case. In a paper of 

1833 Sir George Biddell Airy, Astronomer Royal, and early proponent of 

the undulatory theory stated "I think that Dr. Young has fully made out... 

that Newton was a believer in the theory of undulations. "18 

The Choice of Principal Colours Revised 

About seven months after Young's Bakerian lecture new observations on 

the structure of the sun's spectrum caused Young to reconsider his choice 

of principal colours. William Hyde Wollaston had been pursuing a series 

of researches on the refractive and dispersive powers of prisms. The 

results of these researches Wollaston read before the Royal Society on 

June 24, 1802.19  The paper is remarkable in that Wollaston did nothing 

less than effectively invent the spectroscope and initiate the modern 

science of spectroscopy.20 But, of course, this was not really the aim 

of his researches nor of the paper. In a passage relegated to the very 

end of the paper, Wollaston stated, 

I. cannot conclude these observ.Aions in dispersion, without 
remarking that the colours into which a beam of white light is 
separable by refraction, appear to me to be neither 7, as they 
are seen in the rainbow, nor reducible by any means (that I can 
find) to 3, as some persons have conceived; but that, by 
employing a very narrow pencil of light, 4 primary divisions 
of the prismatic spectrum may be seen, with a degree of 
distinctness that., I believe, has not been described nor 
observed before.a 

Wollaston admitted sunlight into a darkened room through a slit 1/20 inch 

wide.22 Some 10 to 12 feet beyond the slit the sunlight was incident on 

a flint glass prism "free from veins"23  which he held next to his eye. 

The arrangement is shown below, from Wollaston's plate. Viewed in this manner 
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Wollaston stated "the beam is seen to be separated into the four following 

colours only, red, yellowish green, blue and violet."24  Crossing the 

spectrum were several dark lines described by Wollaston as follows; 

The line A that bounds the red side of the spectrum is 
somewhat confused, which seems in part owing to want of 
power in the eye to converge red light. The line B, between 
red and green, in a certain position of the prism, is 
perfectly distinct; so also are D and E, the limits of 
violet. But C, the limit of green and blue, is not so 
clearly marked as the rest; and there are also, on each 
side of this limit, other distinct dark lines, f and g, 
either of which, in an imperfect experiment might be 
mistaken for the boundary of these colours.45  

Clearly, what Wollaston has viewed here are some of the Fraunhofer 

lines. But whereas some years later these were correctly interpreted as 

absorption lines in the sun's atmosphere, Wollaston's interpretation of 

the lines, and hence the structure of the spectrum was quite different. 

He thought that by having attained a degree of dispersion beyond that 

of Newton or anyone else previously he had found a more fundamental 
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composition of the spectrum. For Wollaston, the sun's spectrum correctly 

consisted of four colours, not seven as Newton had shown, and these must 

be red, yellowish-green, blue and violet. The dark lines were then 

dividing lines or boundaries between the different parts of the spectrum. 

This is clear not only from the remarks made above but also from his 

consistent usage of terminology indicating the lines are dividing lines 

between the colours. He even clearly stated how "the colours are most 

clearly divided"
26 in a passage on the experimental technique he employed. 

Thus whereas he somewhat pompously warned his listeners that the lines 

he called f and g were not boundaries between colours he himself was a 

victim of that very error. 

For confirming evidence on spectra in general, Wollaston also examined 

the spectrum of the lower part.of a candle flame and the "blue line of electric 

light,"27 possibly a spark from a static electric discharge. In each 

we find the constant use of terminology indicating a divided, sectioned 

spectrum so it is clear that Wollaston thought he had discovered a new 

fact concerning the composition of the spectrum. For him the solar 

spectrum was a discontinuous phenomenon as opposed to the contiguous 

hues seen by his predecessors. Thus the four colours he mentioned as 

existing in the sun's spectrum were interpreted by Wollaston as the 

purest colours of the spectrum. There should be no "pure" orange, yellow, 

or indigo in the sun's visible spectrum according to this analysis. 

Wollaston's paper was followed only seven days later by another by 

Young on the production of colours by light.
28 Here, as in his previous 

paper (the Bakerian Lecture), Young's primary aim was to further advance 
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his undulatory theory of light rather than discuss colour vision. So 

once again the parts of importance to vision were relegated to a somewhat 

inconspicuous portion of a paper really devoted to another topic. 

Mentioning Wollaston's "very interesting observations"
29 Young 

reported that he had repeated the experiments with "perfect success."
30 

(Fast work, indeed, unless Wollaston had informed Young of his results 

before the formal reading of his paper). Young, believing in the 

correctness of Wollaston's interpretation of the sun's spectrum, on the 

basis of this alone modified his choice of principal colours for colour 

vision. Said Young, 

In consequence of Dr. Wollaston's correction of the 
description of the prismatic spectrum, compared with these 
observations, it becomes necessary to modify the supposition 
that I advanced in the last Bakerian lecture, respecting 
the proportions of the sympathetic fibres of the retina; 
substituting red, green and violet for red, yellow and blue, 
and the numbers 7, 6 and 5 for 8, 7, and 6.31  

A curious fact to note is Young's choice of red, green and violet for 

the primary colours. One wonders still why he chose these since 

Wollaston had mentioned red, yellowish—green, blue and violet as the 

spectral divisions and Young seemingly achieved the same results upon 

repeating the experiment. A clue to Young's thinking is given in his 

Course of Lectures on Natural Philosophy published in 1807. 

Here again he referred to Wollaston's experiment and his "more 

effectual separation of the colours"32  than that of Newton or anyone to 

date. Taking over Wollaston's interpretation completely, Young stated, 

The spectrum formed in his manner consists of four colours 
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only, red, green, blue, and violet, which occupy spaces 
in the proportion of 16, 23, 36, and 25, respectively... 
the colours differ scarcely at all in quality within their 
respective limits, but they vary in brightness; the greatest 
intensity of light being in that part of the green which is 
nearest to the red. A narrow line of yellow is generally 
visible at the limit of the red and green, but its breadth 
scarcely exceeds that of the aperture by which the light 
is admitted, and Dr. Wollaston attributes it to the 
mixture of the red with the green light.33  

The remark about the appearance of a yellow line and its constitution 

is most interesting. Certainly Wollaston made no mention of such a line 

in his 1802 paper. Hence, on this basis no such interpretation of the 

line is possible. Nor does Wollaston seem to have continued these 

dispersion researches of 1802. The Royal Society Catalogue of Papers 

lists no title of Wollaston's dealing with dispersion or spectral analysis 

between 1802 and 1807. Where then does Young's remark come from? It 

would seem that it was either a Private communication from Wollaston or 

simply a gratuitous attribution to Wollaston on the part of Young. But 

the latter is out of character with Young's careful scholarship and it 

is not unlikely that it mad simply have been a remark by Wollaston to 

Young. There is in any case no record of a letter by Wollaston to Young. 

However Young cam to choose red, green and violet as his primary 

colours, he found it 

certain that the perfect sensations of yellow and of blue 
are produced respectively, by mixtures of red and green and 
violet light, and there is reason to suspect that those 
sensations are always compounded of the separate sensations 
combined... and we may consider white light as composed of 
a mixture of red, green and violet only...34 

Ultimately most important to this theory was a series of confirmatory 
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experiments on colour mixing performed by Young. For the theory to work, 

the three colours chosen must be combinable into white light as Young 

implies in the above quoted passage. At some time in the interval between 

1802 and 1807 Young performed confirming experiments by painting circular 

discs with different colours "in any way that may be desired"35 and 

then revolving the discs. When such a disc is painted with different 

sectors of colours, the disc, upon revolving, gives a single tint due 

to the combined effect of the different coloured sectors. From such a 

series of experiments one can produce the colour combinations mentioned 

by Young. And with a single disc painted with sectors of red, green and 

violet in proper proportions one can produce a greyish imitation of 

white. Such combinations, except the greyish white, are shown in colour 

plates by Young in his Lectures3
6 
 But it is highly doubtful if Young 

ever produced even a good approximation to white in this manner as he 

implies he did in his description of the experiments. For, as we shall 

see, even Ilaxwell some fifty years later could only achieve a grey or 

off—white using a much improved version of the coloured disc method 

Young used. That Young should have inferred the formation of white light 

in such experiments is, of course, reasonable; his inference was 

strengthened by still another colour mixing method which he felt gave a 

good white. Young stated 

If we mix together, in proper proportions, pu
rity, exhibiting these colours in their greateet.purity, and 

place the mixture in a light sufficiently strong, we obtain 
the appearance of perfect whiteness; but in a fainter light 
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the mixture is grey, or that hue which arises from a combin-
ation of white and black.37 

Here he certainly employed a mixture of powders, a method of colour 

mixing described by Newton, 'which would seem to confirm the disc 

experiments. There is rather an irony in Young finding support from 

these two types of experiments for Helmholtz in 1852 showed that neither 

method could give supporting evidence to the other.38 How fortunate it 

was then for Young to have rejected his original choice of primary 

colours, for had he tried to make white from red, yellow and blue by the 

disc method he would have failed and certainly could then have found no 

support from the powder method. 

Finally, it is most interesting to note that in Young's opinions on 

colour vision expressed in the Lectures he makes no mention of the 

vibrations originally ascribed to the retina, the single supposition which 

had first led him to propose the three colour theory of vision. The 

original "raison d'etre" for the theory was gone but the theory itself 

remained. 

In conclusion, I cannot resist the remark that the events described 

here are almost a case history of bow a series of brilliant speculations 

and even brilliant errors led to a great discovery. Young's original 

hypothesis in the 1801 Bakerian lecture had- absolutely no physical nor 

anatomical basis while his subsequent modified choice of colours was 

founded on faulty interpretation. Even the publication of the theory 

took place as relatively insignificant parts of papers devoted to other 

topics. That it should have captured the imagination of so many people 
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afterwards is remarkable. And that it did so was the great merit of 

Young's theory. 
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CHAPTER II 

Spectral Analysis by Coloured Filters and 
Brewster's Theory of the Spectrum 

Introduction  

Young's theory of vision, regardless of its origins, placed the 

question of colour perception on a testable basis. He thought he had 

himself confirmed his own theory. But his experiments were certainly 

not definitive; and Wollaston's interpretation of his spectrum experiment 

left some people uneasy. David Brewster and John Herschel some twenty 

years later saw fit to comment on--and disprove---the spectral 

interpretation of Young and Wollaston. Therefore the question of primary 

colours was certainly still an open one. 

In order to investigate the existence of primary spectral colours it 

was really necessary to have available so—called 'pure' colours. As no 

artificial monochromatic light sources were then available, this meant 

that it was necessary to isolate monochromatic beams from the solar 

spectrum by slit arrangements. On the other hand, if yellow light, as 

seemed possible, really had no independent existence in the spectrum 

such an arrangement would be of doubtful validity and probably self—

defeating. Clearly, what was needed was a new technique for producing 

monochromatic light from the spectrum together with a deeper understanding 

of the spectral structure itself. Happily both Brewster and Herschel 

provided such techniques beginning in 1822. 

The work of neither man was initially aimed at problems of colour 

vision. But both recognized the importance of their work for other 
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problems relating to the questions of the existence of yellow in the 

spectrum, the spectral structure and the primary colours. Brewster 

followed his early work of 1822 to a seemingly logical "solution" of the 

question of the primary colours in 1831. On this subject Herschel, more 

wisely, reserved judgement. It is nevertheless against this background 

of the need to produce monochromatic light and to determine the primary 

colours that we should view the following story. 

Early Work of David Brewster  

Astronomers had long been using coloured or smoked glasses to attenuate 

the light through their telescopes. William Herschel described their use 

in telescopic observations in his famous infra—red paper of 1800.1 

Coloured glass spectacles had also been prescribed for people with 

"tender vision,"2  those whose eyes were particularly sensitive to bright 

light. Truly they viewed the world through rose coloured glasses---as 

well as greens and blues.3 Indeed, prevailing choices in colours changed 

with the fickleness of fashion which fact seems to have first attracted 

Brewster's attention to colour filters. Somewhat tongue—in—cheek, 

Brewster wrote that this fickleness "unless checked by the application of 

some principle, may soon carry us through all the colours of the spectrum."4  

And so Brewster set out to find the required principle for prescribing 

coloured spectacles. 

He first found that looking through a piece of blue glass caused him 

quite some pain. Just what he viewed through the glass is uncertain but 

careful experimenter that he was, he immediately set out to find the 

cause of his pain, this time using a candle instead of the original and 
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presumably much brighter source. In front of the candle he placed a 

prism and between the prism and his eye he placed the blue glass. He 

thus viewed the candle's spectrum through the glass. Expecting, no doubt, 

to find a homogeneous blue light, he found the glass had instead 

the remarkable property of absorbing only the middle rays 
of the spectrum, viz. the Green, Yellow and Orange, and 
transmitting the Violet and the Red. The spectrum therefore, 
consisted of two separate images, the one Red and the other 
Blue; and hence the eye was not able to see distinctly by 
means of rays of such different refrangibilities. When it 
tried to adapt itself to the blue rays, it became incapable 
of converging the red ones; and when it endeavoured to 
converge the red light to focus, it lost the power of con- 
verging the blue. The effect, in short, was the same as if 
it had attempted, by its muscular power, to adjust itself to 
two different distances at the same time, and therefore it 
became completely exhausted with its fruitless efforts to 
obtain distinct vision."5  

Brewster had made a very fundamental discovery. Coloured glasses do 

not transmit homogeneous light, a "fact" previously taken for granted. 

But equally fundamental and remarkable was his graphic description of 

focusing the eye for different colours. He had done nothing less than 

demonstrate chromatic aberration in the eye. 

These two discoveries, simple bwtelegantly done, solved Brewster's 

problem of rationally prescribing coloured glasses for people with light 

sensitive eyes. Since the coloured glasses-usually prescribed could not 

be made to transmit homogeneous light without obscuring the object, it 

became necessary to find a colour which would produce "the shortest 

spectrum with the greatest illumination."6 To this end Brewster investi- 

gated various differently coloured glasses until he found a yellow-green 

type fitting these criteria. It absorbed most of the red and blue rays 
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leaving essentially the center portion of the spectrum for vision. Thus 

attenuation of the light was effected while difficult focussing due to 

chromatic aberration in the eye was reduced by eliminating the extreme 

portions of the spectrum. It was a nice piece of work. But given this 

solution one wonders about the ability of glass technology at the time 

to consistently reproduce the yellow—green glass he recommends. 

The rest of this initial excursion into filters was devoted to their 

application to microscopes as a means of producing monochromatic light. 

It was still not possible in 1822 to make satisfactory achromatic microscope 

objectives so the search for a monochromatic light source was related to 

the problem of improving microscope images by avoiding the problem of 

chromatic aberration. While here he arrived at no definite conclusions, 

his next paper on filtered light was devoted largely to this problem. 

We need not go into the details of this work which involve a longish 

series of trial and error experiments upon various specimens of glass. 

Instead we shall simply summarize his results, remembering that he wished 

to investigate the manner in which coloured filters absorbed different 

parts of the spectrum. It is also necessary to remember that such results 

were applicable only to that glass used by Brewster. For owing to 

difficulties of glass manufacture it is doubtful if his results, although 

valid, were closely reproducible. Brewster's main results were as 

follows:7  

1. blue glass absorbs all the middle rays of the spectrum 
leaving only the extreme red and the portions of blue and 
violet which are contiguous. By increasing the thickness 
of the glass the blue and violet are absorbed and only the 
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red remains. But some blue glasses absorb the red 
before the violet. 

2. "Green media...attack the spectrum at both extremities, 
but the blue end with more force than the red end. By 
increasing the thickness of the glass, the blue and red 
light gradually diminish, but it is extremely difficult 
to free the green image from the adhering tints." 

3. Yellow glasses absorb violet light and then in decreasing 
ability they absorb blue and green. Such glasses transmit 
red and a yellowish green. 

4. Red glasses do not absorb the opposite ends of the 
spectrum. They absorb best of all the blue rays and 
then in decreasing ability they absorb the violet, then green 
and then yellow. Increasing the thickness of such glass 
will cause even the red itself to disappear. 

These results indicate that Brewster had quite a thorough empirical 

knowledge of the absorption and transmission properties of coloured filters 

on the spectrum. In effect, he had developed a new technique for 

isolating almost any portion of the spectrum he wished; and he then 

applied this technique to an old question raised by Wollaston's spectral 

experiments. Does yellow light have an independent existence in the 

spectrum? As vie have seen, Wollaston, strongly supported by Young, seemed 

to think it did not. But the evidence was far from conclusive, therefore 

leaving the question some 20 years later still unsettled. 

Brewster set up an experiment in which he "obtained a spectrum 

exactly similar to that described by Dr Wollaston and Dr Young."8  This 

spectrum was apparently that described by Young in his Lectures not that 

described by Wollaston himself in his paper of 1802, for Brewster 

mentioned the Lectures in a footnote just before the quotation above. 
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This spectrum he then viewed through a red absorbing glass and a green 

absorbing glass together. Of this he said, 

I was entitled to expect that these portions of the spectrum 
would vanish; but instead of this taking place, the space 
from which these colours were absorbed was in both cases 
occupied by Yellow light, which was not only bright, but 
well defined in its boundaries. This distinct exhibition 
of the yellow space, established beyond a doubt its 
existence in the spectrum. 

From this experiment Brewster concluded that yellow does indeed have 

an independent existence in the spectrum and considered that he had proved 

most convincingly that "the Red and Green spaces, at the place where 

they come in contact, consist of Red and Green rays, respectively mixed 

with yellow rays of the same refrangibility."
10 

What a remarkable conclusion: It violates accepted optical theory 

dating from Newton. Indeed one wonders how chromatic aberration would 

be possible if red, green and yellow light all, have the same refrangibility. 

It is still more remarkable in the light of Brewster's following statement. 

The Yellow, light, therefore, of the solar rays, instead 
of occupying a separate space in the spectrum, has its most 
refrangible rays mixed with green light of equal refrangi-
bility, and its least refrangible rays mixed with red light 
of equal refrangibility. 11 

First Brewster has said that yellow enjoys an independent place in the 

spectrum; but then beyond having an independent place it really spreads 

over a band of red to green consisting of rays of varying indices of 

refraction. It is difficult to understand how a man of Brewster's 

competence could have interpreted different colours as having the same 
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refrangibility. Yet he was quite definite about the observations above; 

being convinced of what he saw the conclusion followed. It might appear 

at first thought that he used too wide a slit thereby causing overlap of 

several different colours. But this was probably not the case as we 

shall see in due course. Could it be that Brewster was an adherent of 

Young's concept of a three colour spectrum and could not quite give up 

the idea even in the face of his own evidence? This is apparently so and 

we shall see further that he ultimately followed this line of interpretation 

to a perfectly reasonable, ostensibly plausible, but ludicrous conclusion 

in 1831. In doing so he precipitated a dispute with Airy and several 

others which paved the way for a sounder understanding of the solar spectrum, 

colour mixing and the primary colours. 

John.F. W. Herschel as a Contrast to Brewster 

As a.nice contrast to Brewster in both experimental technique and 

interpretation of data, certain work on filters by John Herschel deserves 

our attention. In an elegant series of experiments Herschel independently 

discovered essentially the same results as Brewster. But in interpreting 

the results he fax surpassed Brewster. Hence, the contrast is roughly 

that of the intuitive understanding of filtering action by Brewster as 

compared to the fundamental theoretical understanding produced by Herschel. 

Interestingly enough, Herschel did not publish his findings at first but 

only communicated them to Brewster in a letter upon hearing of the 

latter's work. This letter was then published in the Transactions of  

the Royal Society of Edinburgh immediately following the paper by 
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Brewster on monochromatic light for microscopes. 

In 1819 Herschel was performing experiments with polarized light. By 

allowing a polarized prismatic spectrum to fall on crystals of different 

kinds he produced rings of different homogenous colours whose diameters 

he wanted to measure. In this way he hoped to obtain a scale of tints 

developed by different crystals in polarized light.
12 However, he 

experienced great difficulty in obtaining "a tolerably homogeneous ray 

by this means."13 It appears from his description of the experiment and 

this phrase that the crystals were acting as filters for the light, but 

did so poorly. He does not mention a slit technique for producing the 

homogeneous light he wanted. And the absence of such mention would seem 

to imply that such a technique was unsatisfactory---at least for his 

problem. Hence, Herschel looked about for other means of producing 

monochromatic light. 

Taking a clue from the filtering action of his crystals, Herschel 

turned to light transmitted by other transparent media. He hoped to find 

single examples or combinations of filters which would pass only a narrow 

band of wavelengths; or, in the terminology then current, Herschel hoped 

to produce a beam within narrow limits of refrangibility.14 Such 

terminology is itself interesting from the empirical point of view. 

Since the undulatory theory of light was far from an accepted doctrine, 

probably very few people (beside Young) thought of colours in terms of 

wavelengths. But one could proceed experimentally quite satisfactorily 

defining colours in terms of index of refraction. It is an interesting 

example of an operational definition requiring no basic theory of light 
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for its construction. 

Returning to Herschel, he noticed first an almost "total obliteration"15  

of some colours through certain glasses. But other colours intermediate 

to those obliterated, or colours closely bordering on those obliterated 

were transmitted brilliantly. Indeed, these colours then gave an image 

of a "narrow luminous linen
16 when viewed through a prism. By placing a 

glass filter in front of the prism he could see in this way 

an assembledge of more or less sharply defined coloured 
streaks of different breadths and colours, separated by 
some intervals, in some cases absolutely black,---in others 
feebly illuminated.1•7  

(This terminology immediately reminds one of Wollaston's supposed narrow 

line of yellow making one wonder about the composition of his prism.) 

Achieving this interesting observation, Herschel was encouraged to 

continue. He investigated next a ruby—red glass from an old window. This 

was followed by a deep—blue glass tinged with purple, a type then commonly 

used for sugar basins and finger glasses. Apparently any coloured glass 

close to hand was grist for these experiments, as well as those of 

Brewster. Again Herschel found interesting and perhaps unexpected results. 

Anticipating on first thought that the deep blue glass would pass only 

blue light, he found it 

permitted to pass almost the whole red, and a considerable 
portion of the orange; while in strong lights, a sensible 
quantity of yellow, and even a feeble trace of green might 
be perceived.13  

Herschel, the mathematical physicist, tried to find some quantitative 
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interpretation. These results can be illustrated with a curve like the 

following. Here the absissa represent the prismatic spectrum. Although 

F; 7, I 

Herschel does ndksay so it appears that the lengths there represent the 

proportions of the colours in the normal spectrum---as produced by his 

prism. Hence the absissa represent actually a plot of colour. The ordinates 

"are proportional to the number of rays, out of any given quantity, of the 

corresponding refrangibility the medium is capable of transmitting."19 

Essentially, the curve represents the transmission coefficient of the 

glass as a function of wavelength, although we should again be careful to 

note that Herschel made no mention of an undulatory theory of light. The 

curve above represents only the transmitted portion of the spectrum from 

red to green; but the glass, in fact has another transmission maximum 

in the blue-violet region which gives it the characteristic blue colour. 

(See Fig. 2, p. 40). The actual colour of the glass by transmitted light 

will depend on its thickness as Herschel was quick to show as follows: 

Let 

t = thickness of a homogeneous transparent medium 
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C = intensity of a ray of any given colour at first 
incidence on the medium 

y ratio of intensity of the light, after traversing a 
unit thickness, to its original intensity C. 
Note: y4:1 

Then the tint or colour of a beam of light before traversing the medium 

will be 

C+ C' + C" + 

or simply the sum of the intensities of all the colours when mixed. But 

after traversing a thickness t, the tint of the light will be 

,t 	.t 
Cyt + C'y + C"y" + 

In other words, each colour intensity is attenuated by the absorption 

ratio for that colour and the resulting tint is the sum of all the altered 

intensities emerging from the glass. The expression shows further that 

one can alter (in principle, at least) the resultant tint almost at will 

by changing the thickness of the glass as well as the absorption 

characteristic, y, for different colours. Therefore Herschel pointed out 

that although one might think at first that increasing the thickness of 

an absorbing medium simply produces a tint of greater depth but of the 

same colour, according to this expression we cannot say a priori that the 

colour transmitted through a thick medium is the same as that transmitted 

through a thin medium even of the same material. For instance, given an 

absorption characteristic, y, which is moderately small then even a small 

increase in thickness, t, would reduce the terms in yt  to a very small 
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number so that as t increases linearly, y
t 

decreases exponentially and a small 

increase in t could then make y
t 
rapidly approach zero. Then the dolour 

C' or C", etc., which it multiplies rapidly approaches extinction and 

since the net result is a combination of all the transmitted colours the 

thickness of the absorber is critically important. A lovely example 

illustrating this was given by Herschel involving the waters of Lake Geneva 

compared with those of Lake Como. In small thicknesses both appear 

colourless; but in considerable thicknesses, Geneva water is indigo—blue 

while Como water is emerald—green.21 

In a further series of experiments Herschel showed that he could not 

only produce monochromatic light by filtering the sun's spectrum, but that 

he could isolate almost any portion of the spectrum he wished. It was 

necessary only to find filters of suitable transmission characteristics 

and appropriate thicknesses. By using a blue tinged glass (but not the 

same type as before) only 0.184 inches thick he found the glass could 

isolate yellow quite well. He stated that it 

is sufficient to produce a very sharp termination of the 
yellow band on the least refrangible side, and almost to 
obliterate the green. It is of great brightness, and by 
no means that almost infinitesimal line which Dr• Young 
seems to have regarded it; its breadth beihg nearly 1/4th 
of the interval between the red and blue parts of the 
spectrum.20  

This is particularly interesting for Herschel demonstrated here quite 

clearly and convincingly the error of Young's and Wollaston's interpretation 

of the spectrum. Apparently this result, similar to Brewster's, insofar 

as the three colour theory of vision was concerned, was overlooked by 
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later investigators. Thus, even Helmholtz in the Physiological Optics  

conjectured that Young in his choice of three colours "may have been 

guided by the consideration that the terminal colours of the spectrum 

seem to have special claims by virtue of their positions."22  Even if 

this were so, it would not explain Young's choice of yellow originally 

nor green shortly afterwards. As we have seen, Young chose his colours, 

all three, for quite different reasons. 

Brewster's New Analysis of the Solar Spectrum 

The discoveries of the first quarter of the 19th century in spectral 

analysis certainly indicated that there was room for improvement on the 

basic Newtonian conceptions. The infra—red portion of the spectrum was 

discovered in 1800 by William Herschel while the ultra—violet portion of 

the spectrum was discovered in 1801 by J. Ritter. Thus, suddenly, the 

dimensions of the spectrum were enlarged. Then Wollaston saw dark lines 

in the spectrum and announced that the spectrum consisted of only four 

colours, not the seven colours Newton had ascribed to it. Finally, in 

1814, 1821 and 1823 J. Fraunhofer published his epoque making papers on 

the solar spectrum and spectroscopic techniques. Therefore, it appeared 

there was yet a great deal to learn about the solar spectrum and allied 

topics. 

Brewster's work on coloured filters in 1819 and 1822 was certainly part 

of a general trend to investigate the properties of light and the spectrum. 

This work he eventually applied to an analysis of the solar spectrum. 

Indeed, we have already seen his first effort in this direction in his 

paper of 1822. But that was a solitary excursion designed more as a 
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rebuttal of Wollaston's and Young's views than a completely new, thorough 

analysis. To this end he addressed himself in 1831 boldly proposing 

such a radically different view of the spectrum as to jeopardize the 

whole Newtonian conception. 

In redescribing his first experiment in this area of 1822, Brewster 

says he used a purplish—blue glass as a filter. In considerable detail 
4 

he gives an analysis of his observations through the glass although 

unfortunately, he never describes the actual observations themselves on 

which the analysis is made. We are left in the dark, so to speak; and 

we are left to judge for ourselves what these important observations were. 

It seems clear that what he saw was only a portion of the red end of 

the spectrum and some violet contiguous to a very narrow band of blue. 

There would have been no orange, green or yellow. We are aided in this 

Judgement by the similar results of John Herschel mentioned on pages 35 and 36. 

A curve of the transmission coefficient for his glass was given by 

Herschel23 as below, and it seems reasonable to suppose that Brewster's 
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glass would have had similar characteristics. Of this glass Brewster stated 
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This glass absorbed the blue rays, which, when mixed with 
the yellow, made green, and the yellow rays, which when 
mixed with the red, made orange; and by insulating the 
yellow and red, it thus effected a Perfect analysis of 
the compound green and the compound orange.24 

How could he have arrived at this conclusion? The only explanation 

seems to be that blue light mixed with yellow should give green, and yellow 

light mixed with red should give orange. Then having absorbed the blue 

and yellow light there could be no green nor orange. Hence, the only 

colours left to see were red and violet. 

Having produced an analysis of "compound green" and "compound orange" 

Brewster drew the final conclusion that "yellow light has an independent 

existence in the spectrum; and that the prism is incapably of decomposing 

that part of the spectrum (of four colours) which it occupies."25  It is 

interesting to compare this conclusion with Wollaston's interpretation of 

the spectrum. Brewster as noted before had aimed in part at least to 

show that Wollaston and especially Young were wrong about yellow being 

a combination of red and green in the spectrum and that it did have an 

independent existence there. To his own satisfaction here Brewster had 

concluded that yellow does indeed exist independently in the spectrum. 

However, his parenthetical remark is not to be interpreted as meaning 

he thought, as did Wollaston, that the spectrum consisted fundamentally 

of four colours. On the contrary we shall see in a moment that he 

believed in a three colour spectrum. The remark then implies that 

yellow must spread out through the region occupied by the four colours, 

red, orange, yellow and green. Since Y + R = 0 and Y + B = G, according 

to Brewster's conception, orange and green can occur in the spectrum only 
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if the yellow also spreads out through this region. And since he had 

absorbed the yellow these colours, except some extreme rod, were perforce 

absent. This conclusion follows from the "fact" that R + Y = 0. If one 

conceives the red band to extend beyond the band we usually ascribe to it, 

then yellow rays extending towards the red would mix with the red giving 

orange. Significantly the orange was absent when viewed through the 

purplish—blue glass since the yellow had been absorbed. A similar analysis 

can be given for the conclusion that certain blue and yellow rays have 

equal refrangibilities. Not surprisingly, Brewster criticised the 

accepted theory of spectral colours stating "this unequivocal result of 

a simple experiment at once saps the foundation of the prismatic analysis 

of light."
26  

These results lead one to an interpretation of the spectrum in terms 

of three overlapping spectra of simple colours. Since 0 = R + Y, and 

G = B + Y, the implication is that red, yellow and blue are the primary 

spectral colours forming three separate and distinct but overlapping 

spectra. For example, following Brewster,27 the red spectrum can be 

illustrated as in fig. below. The abscissa are the spectral colours 
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The yellow spectrum would be as in fig.4 
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and the blue spectrum would be as in fig. 5. 

Red 
	 Vioiet 

The Spectrum 

The real spectrum is a combination of all the figures above and is 

illustrated as follows: 

Fir. 6 

These are the separate, but overlapping spectra envisaged by Brewster. 

Bach colour has a maximum intensity in that part of the spectrum where 

it is usually seen but each extends beyond those spaces in sharply 

diminished intensity. In addition each colour can be separated froggy the 

others by suitable filtering means, and as can be seen from fig. 6, the 
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three spectra are of equal lengths. 

From these primary colours, the other spectral colours are composed. 

For example, a colour at position X below can be given a simple algebraic 

interpretation, which was done by Brewster, for discussion purposes, as 

follows: 

Viole t 

Remembering that the ordinate represents the light intensity we arbitrarily 

let 

red . ax = 30 rays 

yellow = bx = 16 " 

blue . cx = 2 " 

total = ax + bx + cx = 48 rays of light 

and the "point x will be illuminated with 48 rays of light, viz. 30 of 

red, 16 of yellow, and 2 of blue."
28 

This method of representing a colour is useful for it immediately 

leads to another way of looking at the example. Whatever the primary 

colours may be they must be recombinable into white light in proper 

proportions. This much, at least, of Newton's analysis was preserved. 

Brewster assumed, again arbitrarily, the proportions of red, yellow and 



-45— 

blue (in intensity) required to make white light to be 3, 5, and 2 
respectively. Then subtracting these amounts from those given above and 

adding their total value back again as white, to maintain the original 

intensity, the colour at X may be regarded as being composed of 

red = 27 rays 

yellow = 11 rays 

white = 10 rays  

total = 48 rays 

We '1.each..,  the surprising conclusion that the two blue rays do not add 

any blue tinge to this point of the spectrum. Furthermore, we "know" 

R + Y = 0 so the colour at X is orange "rendered brighter by a mixture 

of white light."29  

The reasoning employed here and the assumptions on which it is based 

lead us to an inevitable and truly remarkable conclusion. Given the colour 

at X in our example, we now know it is composed of three separate primary 

colours all of equal index of refraction. Therefore, they-  cannot be 

separated by a prism; but they can be separated by passing the light 

through absorbing media or filters. 

Suppose then we transmit the light through a medium which absorbs the 

27 rays of red. This is possible in principle. The light emerging must 

consist of 11 rays of yellow and 10 rays of white, or a brilliant yellow, 

according to Brewster's remark above about an orange rendered brighter by 

the white.
30 

Now transmit the light through another medium which absorbs 

the 11 rays of yellow. The light transmitted or emerging must be a 
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monochromatic white! It is a white light undecomposable by a prism and 

heretofore undiscovered. It is small wonder that Brewster could proudly 

write 

The existence of such light has never even been conjectured, 
and its insulation at any point of the spectrum becomes a 
proof of the existence, at that point, of red, yellow and 
blue rays of equal refrangibility.31  

It is truly a remarkable conclusion. One can easily understand 

Brewster's previous remark (p. 42) that these results "sap the very 

foundations of the prismatic analysis of light." For the very basis of 

that analysis is Newton's famous remark that "to the same degree of 

refrangibility ever belongs the same colour, and to the same colours ever 

belong the same degree of refrangibility."32 But Brewster now claimed this 

was not so. His theory implies that one might measure different indices 

of refraction at those parts of the spectrum where red, yellow and blue 

light intensities are maximum. But since each colour extends throughout 

the spectrum maintaining that index of refraction it also implies that 

only these three indices of refraction can possibly exist for a given 

material. This must be the case, for the example of pp.44-5 which assumes 

equal indices could be taken at any point in the spectrum. Hence, the 

"white light" Brewster refers to above cannot be white in the Newtonian 

sense for it is unresolvable by a prism.. It can be analyzed into only 

three colours and then only by filters; let us call it "Brewster's white." 

In general, then, Brewster's discovery and theory, do indeed call into 

question the conception of chromatic aberration as it was understood 

then (and now). Although it does not forbid the possibility of such an 
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idea it is clear that the Newtonian conception would need major modifi-

cation. As we can see, about the only Newtonian idea preserved by 

Brewster was that his primaries must give white when mixed in proper 

proportions. Still, if the theory were correct, it would be a-spectaaular 

discovery rivalling Newton's own analysis of the spectrum. It would 

unquestionably be something to be proud of and ensure immortal fame for 

Brewster; and it would certainly provide the young science of spectroscopy 

with a new and potentially powerful technique. 

For all this one wonders whether Brewster ever actually tried such a 

procedure as outlined above. Did he truly have reason to think he had 

observed a "monochromatic" white light? He never explicitly states that 

he did observe it and he is in fact often vague in describing his 

experimental methods and observations; but there is a strong implication 

throughout the paper that he is speaking from experience. Indeed the 

quotation above seems to say that he really insulated such a light---to 

his satisfaction. Certainly Brewster was too competent and too careful 

an experimenter to make such a statement from conjecture only. There can 

hardly be any doubt that in viewing this "white" light through a prism 

he saw only a feebly illuminated prism face and hence presumed he was 

viewing his new "Brewster's white." We shall encounter some interesting 

conjectures on this point by Hermann von Helmholtz in the next chapter. 

Let us here summarize Brewster's conception of the spectrum based on 

absorbing media, or filtering techniques. 

1. The primary colours of the spectrum are red, yellow and 
blue. These can be combined to give white light and in 



-48- 

appropriate proportions also make the other colours 
of the spectrum. 

2. The three primary colours mentioned above form three 
spectra of equal length. 

3. the spectra overlap so that certain red and yellow rays 
have the same index of refraction; and certain yellow 
and blue rays have the same index of refraction but 
different from that of the red and yellow equality. 

4. because of equal refrangibilities in these parts of 
the spectrum these colours cannot be separated from 
each other by a prism. Therefore, a certain quantity 
of white light will exist at every portion of the 
spectrum which may be exhibited only by filtering 
methods and not by prismatic methods. 

In support of these interpretations Brewster invoked the work of 

John Herschel already described. He stated that Herschel had originally 

embraced these ideas in his 1822 paper. I certainly cannot see where 

Herschel is as explicit as Brewster claimed he was. Herschel did, however, 

write in 1827 that there was a certain plausibility to these arguments.34  

The spectrum viewed through absorbent media, stated Herschel, lost all 

appearance of a "regular gradation of colour from one end of the spectrum 

to the other."35 The space between red and yellow could be made very 

small by choosing a suitable thickness of glass. When such a small space 

was achieved, the transition between red and yellow became quite sudden, 

the orange completely disappearing. Herschel asked, "What then, we may 

ask, is become of the orange; and how is it, that its place is partly 

supplied with red on one side, and yellow on the other?"36  Without 

explicitly answering this question, these observations led Herschel to 

state 
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These phenomena certainly lead us very strongly to believe 
that the analysis of white light by the prism is not the 
only analysis of which it admits, and that the connection 
between the refrangibility and colour of a ray is not so 
absolute as Newton supposed.Y7  

This: ts;. however, the strongest support Herschel gave Brewster in his 

conception of the spectrum. He even qualified his support by stating 

that there were certain objections to Brewster's theory based on data 

from persons with defective colour vision. 

When colourblind persons were presented with optical tints of known 

composition as opposed to the compound pigmented tints of painters, they 

distinguished two colours only, yellow and blue. This defect Herschel 

had found arose only from a defect in the "sensorium" and not from any 

optical properties of the eye nor colouring matter in the humours of the 

eye.38  It is also interesting to note the distinction he made between 

compound colours made optically and those made by paints or pigments. 

Although Herschel had not quite achieved the complete distinction 

between these two phenomena he was certainly the first to recognize that 

they might not be equivalent. In this he slightly anticipated Helmholtz's 

work of 1852. 

. Brewster seemed somewhat annoyed at Herschel's desertion, partially 

at least, from his views. "An obscure physiological fact occuring in 

one eye out of a million, could not, on any principle, effect the result 

of a legitimate induction" according to Brewster.
39 In fact, he could 

now answer Herschel's objection by stating simply that the eyes of 

, colourblind people are insensible to red light.40  r or according to his 

scheme if we remove the red light from a spectrum, there is, of course, 



-50— 

left only yellow and blue. And these are exactly the two colours to 

which such people are sensitive according to Herschel. Iloreover, since 

the red, yellow and blue spectra overlap, those persons insensitive to 

red will still see red objects but of a different colour---green since 

G = Y B. Additionally, blue light is seen in the violet section of 

the spectrum and a greenish—yellow appears in the orange and red sections. 

For such people the spectrum consists of only two colours, yellow and 

blue. Thus said Brewster 

The physiological fact, and the optical principle, are 
therefore in perfect accordance; and while the latter gives 
a precise explanation of the former, the former yields to 
the latter a new and unexpected support.41  

With this remark we have come full circle. Brewster, like Young, had 

discovered a correct fact about colour vision but for the wrong reasons 

and certainly from questionable data. He had beautifully overcome 

Herschel's objections by showing different phenomena supporting the same 

conclusions. Since it is ever the aim of scientists to make their 

theories as general as possible such arguments were very powerful. 

Indeed a few years later Brewster found another application of his 

theory thereby rendering it ostensibly still more general and powerful. 

The application was to some extent a negative one yet still one to be 

reckoned with. In the ongoing discussions at the time over the undulatory 

versus emission theories of light the champions of each side siezed upon 

any new optical discovery as a token of favour to their cause. At least 

they attempted to do so. Brewster, outspoken champion of the emission 

42 
theory, who would not "kneel at the new shrine" of the wave theory, 
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employed his triple spectrum to argue at least against the undulatory 

theory although it admittedly did not necessarily argue in favour of 

the omission theory. 

In a paper in 1833 Brewster argued that the phenomenon of absorption 

of light (which was after all the experimental basis of his theory) 

"militated strongly against the undulatory theory."43 His objection here 

was mainly against the requirements imposed upon the ether medium by the 

phenomena of selective absorption. For example, he pointed out that an 

absorptive substance he had used was absolutely opaque to violet light 

but passed red light freely. Hence on the basis of the wave theory one 

must suppose that the ether contained in the substance was set into 

undulation by the red rays but was immovable when acted upon by violet 

light which differed from the red only in terms of wavelength. Conversely 

there were substances opaque to red and transparent to violet. And he 

pointed out that a certain salt, oxalate of chromium and potash, was 

known to pass a red light whose index of refraction in flint glass was 

1.6272 and another red whose index of refraction in flint glass was 

1.6274 but it would not pass rod of index of refraction (in flint glass) 

of 1.6273. Of this state of affairs Brewster wrote 

Among the various phaenomena of sound no such analogous fact 
exists, and we can scarcely conceive an elastic medium so 
singularly constituted as to exhibit such extraordinary effects. 
We might readily understand how a medium could transmit sounds 
of a high pitch, and refuse to transmit sounds of a low pitch; 
but it i8 incomprehensible how any medium could transmit two 
sounds of nearly adjacent pitches, and yet obstruct a sound of 
an intermediate pitch.44  

Finally experiments with nitrous acid had shown him that it absorbed 
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light from certain parts of the spectrum when in the gaseous state but 

when in the liquid state it passed light from all parts of the spectrum. 

Since the ether of the nitrous acid would presumably exist in a freer 

state when the substance was gaseous, this situation was just the opposite 

of that expected. Hence for these reasons, Brewster could hardly allow 

philosophically the existence of a luminiferous ether and so felt impelled 

to support "the falling temple in which Newton once worshipped."45 That 

is, he found the undulatory theory inconceivable and the emission theory 

which he ascribed to Newton to be the correct theory of light. 

Although his arguments were deftly answered by the Astronomer Royal, 

George Biddell Airy,46  Brewster maintained his opinion and a few years 

later employed his new theory of the triple spectrum to argue against 

the wave theory. It is in this context that the previous paper had been 

important, for Brewster first viewed the phenomena of absorption as 

evidence against the undulatory theory and then saw his own theory, 

derived from those phenomena, as further contrary evidence. In 1837 

he published a paper which compared the experimental similarities and 

differences between absorption phenomena and the colours of thin plates.47 

As before, Brewster pointed out that the phenomena of absorption were 

inexplicable by the theory of colours of thin plates, or in other words, 

the wave theory. They were however inexplicable on the basis of the 

emission theory as well and it was to show that a theory of light 

absorption was wanting altogether that he wrote this comparison.48 Here 

his concept of spectral colours of equal refrangibility played an 

important role as did also his belief in the "non—prismatic" white light 



-53- 

he believed he had isolated. For speaking of the coloured bands seen 

through absorbing media, specifically a smalt-blue glass in this case, 

Brewster wrote, 

The colours  of some of the luminous bands are not the same as  
those of the spectrum, and therefore the glass has removed 
certain colours while it has left others of the same refrangi-
bility. The green, for example, is changed into Yellow by 
the removal of blue rays, and in certain glasses a band, almost  
white, is produced. The colours thus removed are said to be 
absorbed; and by an extensive series of experiments with such 
absorbing substances I have been able to insulate white light 
in the spectrum, which no prism can decompose, and to establish 
the existence of three equal and superposed spectra of red, 
yellow and blue light.49  

We need not go into all the details of Brewster's contrast of thin 

plate colours with absorption colours. Suffice it to say here that he 

found this to be a remarkable point of difference between the two classes 

of phenomena which would need to be accommodated by theory. Although he 

did not explicitly say so it is apparent that he required the wave theory 

to provide more than a mechanism to explain absorption. It would also 

have to explain the change of colour by absorption (as he believed his 

experiments showed) and the equal refrangibilities of light of different 

colours. Then the appearance of his "non-prismatic" white light would 

also have a theoretical basis. Since there was then nothing to indicate 

the possibility of success in this direction, Brewster once again thought 

this was an argument, a negative one, against the wave theory although 

admittedly his experiments likewise had no explanation within a corpuscular 

framework. 

It was stated before that Brewster in his 1831 paper did not describe 
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the actual observations by which he arrived at his theory. Rather he 

gave an analysis and general conclusions from them leaving the reader 

puzzled as to exactly what procedure was followed. He was chastised for 

this some years later by Sir George Biddell Airy who in challenging 

Brewster's theory wrote in reference to that paper 

In consequence of Sir David Brewster having given the details 
of his theory in considerable extent before he gives the 
experiments, the reader may be led to suppose that the,, 
experiments do actually exhibit three such spectra....)'" 

Indeed the theory and experiments described by Brewster are so inter-

woven in the narrative that it is difficult to separate one from the other. 

It seems clear, however, that his theory was ultimately based on one 

class of phenomena and two tacit assumptions. Viewing the spectrum 

through absorbing media he saw changes in the colour of transmitted light 

as compared to the original spectrum. He assumed with everyone else of 

his time, except Young and Wollaston, that the primary colours were red, 

yellow and blue. Indeed he was justifiably convinced that he had shown 

Young's view about the absence of yellow in the spectrum to be wrong so 

perhaps he more than anyone had reason to reject that point of view. 

Finally, however, he did take over Young's view that the spectrum consisted 

of three colours and went on to elaborate that theme. He was particularly 

impressed with the case of absorption of orange and green and the 

juxtaposition of red and yellow in the spectrum. So too was John Herschel 

as we have seen. But we may ask: were not other absorbing media available, 

absorbing any other colours? Were there no other colour juxtapositions 

in the spectrum as a result? Certainly the same method could have been 
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employed, in principle, to argue for a spectrum of primary colours other 

than those chosen by Brewster. A similar point was raised by Herschel 

himself as early as 1827 when he stated with regard to prismatic colours, 

"Any other three prismatic rays may still be equally assumed as fundamental 

colours, and all the rest compounded from them."
51 Although Brewster's 

descriptions of his experiments give very little detail about actual 

procedures and equipment one can infer that these absorption experiments 

depended basically on the glass at hand with no attempts, nor even 

possibility, of making systematic choices between types, or thicknesses 

or both. Brewster did, however, try liquid absorbers using various chemical 

solutions, tree sap and port wine. Additionally he had the experience of 

his justly famous experiments with nitrous acid; but his basic conclusions 

seemed to rest mostly on evidence from the glass absorbers. It is the 

results from these upon which he built his theory while observations from 

other media then gave support to the idea. 

While it seems almost absurd today to consider this reasoning seriously 

we must remember that it took place in a context of serious questioning 

of the structure of the solar spectrum and of the foundations of the 

undulatory theory. It was also the result of trying to achieve mono-

chromatic light by the new technique of filters. Although Brewster 

actually accomplished this, he did so unfortunately with incomplete 

understanding of filtering action. Nevertheless, Brewster was certainly 

a highly respected member of the scientific community and so statements 

by him on matters of such import were almost automatically given respectful 

consideration. No less a person than John Herschel certainly did not 
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disregard these ideas out of hand and even allowed that there might be 

some basis for them. And the Royal Society of Edinburgh awarded its 

Keith Biennial Prize to Brewster in 1834 for this work which is certainly 

an indication that it was highly judged by his peers. Fourteen years were 

to pass without criticism before four leading scientists of the time, 

Sir George Airy, John Draper, Marcedinio Melloni, and Hermann von Helmholtz 

saw the need to dispute these conclusions with him. In raising a dispute 

over the primary spectral colours Brewster stimulated work in others 

which eventually led to an understanding in 1852 of the difference between 

colour combinations of pigments and colour combinations of light. We 

shall now look into the nature of this dispute to see how Brewster's theory 

was viewed by its critics. 

Sir George Biddell Airy and William Whewell: Comments on Brewster's 
Spectral Analysis  

Among those who tbught that Brewster's conclusions were doubtful were 

two luminaries of 19th century science Sir George Biddell Airy, the 

Astronomer Royal, and William Whewell, Master of Trinity College, Cambridge. 

The attack on Brewster's theory was opened by newel]. in 1847 in the 

second edition of his famous work History of the Inductive Sciences. 

Here he mentioned that Brewster's theory of the spectrum constituted a 

modern objection to Newton's theory of refraction heretofore defended 

so successfully against Hooke, Huygens and others. Whewell considered 

that Newton's doctrine of dispersion was completely established by his 

experiments insofar as refraction was concerned. But as to any other 

kinds of analysis, such as that by absorbing media, Newton's experiments 
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did not apply; so that on that basis alone one could not say that the 

spectrum was not capable of Brewster's type of decomposition. For Whewell, 

the cautious scientist and commentator, the situation regarding the 

validity of Newton's law of refraction vis a vis Brewster's theory of 

the spectrum was unsettled. With much justification he wrote that 

"the whole subject of the colours of objects, both opake and transparent, 

is still in obscurity."53  

The latter remarks are contained in the main body of Whewell's narrative 

and are reasonable enough. It was in a note to that particular section 

that Whewell initiated the attack on Brewster's theory. Here he stated 

frankly that he Thought the entire analysis was rather arbitrary including 

both the choice of three elementary colours as opposed to some other 

number, and the particular colours chosen. Surely, thought Whewell, 

Brewster could have obtained the same analysis with any other elementary 

colours. Moreover, he asked whether Newton's experiments proved nothing 

or were they applicable only to light not analyzed by absorption? 

Finally, and most tellingly, he appealed to the authority of the great 

G. B. Airy who according to Whewell had repeated Brewster's experiments 

"with about thirty different absorbing substances, and could not satisfy 

himself that in any case they changed the colour of a ray of given 

refractive power."54 Therefore Vihewell wrote forthrightly that 

After a careful consideration of Sir D. Brewster's asserted 
analysis of the solar light into three colours by means of 
absorbing media, I cannot consider that he has established 
his point as an exception to Newton's doctrined,  

The _dispute was now on for these few comments, just a brief footnote 
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to a long narrative, stimulated Airy to elaborate his opinion of 

Brewster's theory since his name had been mentioned by Whewell. 

Airy now thought it incumbent upon himself to give the public a 

detailed description of the experiments so briefly alluded to by Whewe1l.
56 

At the outset, Airy, also writing in 1847, stated that given the "alleged 

experimental facts"57  of Brewster there was still no sufficient reason 

for choosing red, yellow and blue as primary spectral colours; other 

colours of the spectrum would probably serve just as well.
58 In fact the 

entire problem revolved about only one crucial question; "Is it established 

that the colour of any portion of the spectrum is changed by the use of 

any absorbing media?"59  To answer this question Airy described a series 

of experiments he had performed in 1833 and had then described before 

the Cambridge Philosophical Society. He had not, however, published any 

account of the experiments. He stated first of all that the eye had 

"no memory for colours"
60 and that no real decision could be made upon 

the question above unless two spectra were exhibited side by side; one 

being the altered specimen and the other unaltered. Then an unhesitating 

comparison could be made. This method, of course, had not been used by 

Brewster. 

(As mentioned before Brewster did not tell us exactly his observations. 

Neither did he describe exactly his experimental arrangement. But we can 

piece it together, like his observations, from his papers and his remarks 

elsewhere, mainly in answer to his critics. It seems he had a dark room 

through which light entered by a narrow slit. He viewed the slit 

through his prism so the spectrum produced was received directly on his 
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eyes. The absorbing media he then placed between the prism and his eyes, 

probably close to his face, and he then viewed the "changed" spectrum in 

the same manner. The technique is akin to Wollaston's (except for the 

absorbing media) and is to be contrasted with the method most often used 

since Newton. The latter projected his spectrum on a screen rather than 

viewing it directly in the prism.) 

Having lost his records of the experiment, and frankly quoting from 

memory---some 14 years afterwards---Airy now described his experiment. 

In a darkened room where no extraneous light was admitted he cut a hole 

in one shutter admitting sunlight. The pencil of light thus admitted was then 

incident on a metal plate with a narrow slit and the beam of light then 

passing through the slit fell on a prism. The resultant spectrum was 

incident on a screen. Between the hole in the shutter and the slit he 

placed a holder for the various absorbing media to be tested. A diagram 

of the arrangement is below drawn according to Airy's description. 

F.7. 9 

By this method he obtained a good spectral image showing several of 

the stronger Fraunhofer lines.
61 

In order to compare the modified 

spectrum with an unmodified spectrum the absorbing material was placed 
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in the holder so as to intercept a portion of the light passing through 

the aperture so that the two spectra viewed on the screen would then be 

exactly next to each other and the Fraunhofer lines visible would serve 

as reference lines. I have indicated this by the vertical dashed line 

on the slit in the diagram. The left half, say, would be the normal 

spectrum while the right side would be altered by the filter. 

Airy's absorbing materials, like those of Brewster and Herschel, were 

just about anything available. Bits of coloured glass from a glazier, 

coloured liquids from a chemist shop, and port wine. Unfortunately, Airy 

was not able to say exactly what the materials were. Contrasted with the 

nice laboratory method of comparison above his inability to say exactly 

what he used gives a poor impression, a point Brewster did not miss in 

his reply. 

Airy's conclusion, as we might expect from his purpose of detracting 

• from Brewster's work was simply that the filters produced no change in 

the qualities of the colours. This he thought was undoubted, particularly 

because he viewed the colours in a very dark room, as (he thought) 

Brewster had not. He objected strongly to Brewster possibly allowing 

stray light into his room which would certainly effect the colours he 

saw. Besides these observations Airy decided there was no extension of 

any one colour in either direction from its usual place in the spectrum. 

These results, we observe, are essentially null results and as such 

are somewhat unsatisfying. To look for an expected observation and not 

see it cannot but raise questions about the skill of the experimenter. 

On the other hand, if the experimenter's skill is unquestioned, and this 
would apply to Airy, then one is left in doubt,as to the apparatus itself. 
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Is it sensitive enough, for instance, to exhibit the looked for 

phenomenon? Again if one gives a positive answer to this there is 

lingering perplexity as to the non-appearance of the phenomenon. In 

short, a definite observation, a definite numerical result is preferred. 

If the expected result appears one is happy with the theory on which it 

is based. If a totally different result appears we can at least say our 

theory needs revision:: or replacement. But a null result does not argue 

strongly for either case. Therefore, Airy's null results, although 

correct when viewed with historical perspective, did not then mitigate 

strongly against Brewster's theory although this was most certainly his 

purpose in writing a critique of Brewster's work. 

Brewster's Reply to the Astronomer Royal  

The history of science contains numerous examples of commentaries upon 

various people's work together with replies and defence of that work. 

But if ever a devastating answer to attack was provided, Brewster's reply 

to Airy is a leading example. It is worthwhile quoting at length 

Brewster's opening broadside which sets the tone of the reply. 

The remarks of Mr. Airy in the last Number of this Journal, 
on my Analysis of the Solar Spectrum, have, I doubt not, 
given as much surprise to its scientific readers as they 
have given to me, and this independently of the correctness 
or incorrectness of the results to which they refer. When 
a philosopher examines, and pronounces an opinion upon the 
researches of others, especially upon those which competent 
judges have recognized as sound, he is bound to repeat the 
identical experiments which he challenge's, with similar 
apparatus and similar materials; to state the differences 
which he observes, to inquire into the causes by which such 
discrepancies have arisen, to establish his own views by new 
and effective experiments, and to publish his researches in 
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vindication of his charges against his fellow—labourer 
in science. Mr. Airy, however, has not done this; but, 
as we shall presently see, has followed a course which is 
as unusual in the history of science as it may be 
injurious to its progross.62 

Airy's work as noted before was never published and certainly cannot 

be called definitive so Brewster, naturally enough, stuck to his original 

thesis; absorbing media do change the colours of different parts of the 

spectrum. For if they don't, he supposed, either he (Brewster) had been 

blind for the last fifty years or the Astronomer Royal was colourblind! 

Brewster was also rather insulted by Airy's insistence that direct 

comparison of spectra was required by the absence of colour memory in the 

eye. While it may be true that the eye had no memory for colours, he 

wrote, he knew 

that I have a memory for colours, and that the colours are 
so much committed to memory by fifty year's schooling, that 
without any immediate comparison I can tell whether or not 
the green space has become yellower, and whether or not, by 
certain combinations of absorbing media, I see before me a 
portion of white light standing close to a portion of red 
light in the spectrum, like an almond and a cherry stuck 
together.6.3 

Andflext-ta7 little skeleton emerges from Airy's closet. The method of 

juxtaposition of the two spectra that he had prescribed was Brewster's 

own method. He had shown it to Airy in person some 15 years before when 

the astronomer had visited his laboratory. He had shown it to Airy in 

the context of a comparison of Fraunhofer lines with absorption lines 

caused by nitrous acid gas. Considering this one can well imagine 

Brewster's umbrage at having his own methods turned against him. 



-63- 

Broadside upon broadside, Brewster demolished Airy. His lack of 

skill, his exclusion of extraneous light, his hodge-oodge of media from 

the chemist's shop were all taken up and quashed. Even William Whewell 

did not escape Brewster's inflamed pen for it was, after all, Whewell's 

use of Airy's work in his History of the Inductive Sciences which had 

prompted Airy to write the article and that made him an accessory to the 

fact. Had Whewell read the experiments of Herschel? Probably not 

Did he not think the Royal Society of Edinburgh award recognition of his 

great work? Apparently not. Had Whewell even read Brewster's original 

papers on the subject? Apparently not. As for Airy quoting from memory 

after losing his notes of the experiments, Brewster stated that even 

Airy must have felt his experiments so unworthy that he didn't even 

bother to write them out nor preserve his notes. Said Brewster 

This is the first time in the annals of science that the 
recollections of experiments have been given to the world. 
A philosopher in his decline, when his failing sight and 
his trembling hand are no longer fit for the delicate 
operations of experimental inquiry, may be excused for culling 
up the recollections of his manhood in support or in refut-
ation of some exciting speculation; but no apology can be 
made for those who, with the means and the leisure for 
repeating their experiments, bring forward their recollect-
ions to discredit or to overturn the researches of others 
who have laboured patiently and successfully in the same 
field of scientific research.64 

The net result was that Airy's method and results and their subsequent 

interpretation by Whewell were not to be tolerated. In fairness to 

Brewster there was one particularly valid objection. As stated before, 

Airy had received the spectrum on a screen. This left him open to an 

influence on his retina from both spectra. In.Brewster's own experiments 



-64— 
not a rqy of light entered the room but what passed through 
the narrow slit; the retina was (the) screen, and the 
absorbing medium was held close to the eye and immediately 
behind the prism, the only method of obtaining the purest 
spectrum from a given prism.65 

Afia,whl-eF overcoming the objection about extraneous light,that about 

influence from the other colours was important. It certainly was not 

clear at this time whether there was such an effect or not; nor was it 

clear whether the retina was a valid screen for viewing colours. It 

would seem there was still room for doubt about the validity of the 

method. But there was no doubt in Brewster's mind as he concluded his 

replys 

Mr. Airy, by inferior methods as I think, but by superior 
methods as he thinks, recollects having, fourteen years ago, 
found that these colours were not changed! The :caster of 
Trinity records the last of these results as undoubted 
scientific truth, and strives to transmit it to the latest 
posterity." 

I hope I may be excused from quoting so much of Brewster's paper. 

It is such a masterpiece of savage counter-attack that one can hardly 

flavor or enjoy its contents without quotation. 

In comparing Brewster's original papers (1831, 1834) with this defence 

of his reply Brewster's deep involvement with his theory, certainly 

not unexpected, begins to appear. In his first paper he somewhat 

tentatively proposed that Newton's analysis of light was incomplete 

but not wrong in so far as it went. He questioned Newton's. statement 

about each colour of light having its own indeX of refraction but said 

simply that in the same medium (i.e. a prism) refrangibility is not a 
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complete test of colour. The "homogeneous white light" he thought he 

had isolated was a type of light in addition to that which can be 

dispersed by refraction. Without doubt heihought he had made a new 

discovery but he was not then setting out to overthrow the work of 

Newton. But now in this reply to Airy, Brewster said outright that 

Newton's analysis by, the prism was perfect only "so far as it goes;"
67 

a definite mistake had been committed by Newton in asserting that to the 

same refrangibility always belongs the same colour.
68 

Presumably Brewster 

meant an emphasis here on the word "always" implying there were other 

cases where the same refrangibility could mean different colours. Although 

he fails to say so explicitly, it seems clear that he is referring to his 

overlapping spectra in this regard. 

This is further supported by some comments he made several months later. 

In reply to another criticism of his theory by John William Draper, the 

eminent American chemist,69 Brewster again stated that his spectral 

analysis by absorption not only directly controverts this doctrine of 
PSeet.re, 

Newton but it "absolutely overturns itfl.
70 

I cannot seeop4 the conclusion 

that Brewster genuinely felt he had made a very fundamental discovery, 

one as great as Newton's. Certainly receiving the medal of the Royal 

Society of Edinburgh for this work did everything to support his own 

estimation of its importance. Thus he almost certainly viewed himself 

here in a position analogous to Newton with Airy playing the role of 

Hooke. Interestingly enough, Airy did not reply to Brewster but the 

dispute was taken up against shortly afterwards by Marcedinio Melloni. 
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Marcedinio 7.elloni Criticizes The New Solar Analysis  

Marcedinio Lelloni, an Italian physicist known for his discoveries 

in radiant heat and infra—red radiation, was the next to question 

Brewster's new analysis of solar light. In a paper devoted largely to 

a commentary on the work of Draper71  Lelloni questioned not only Brewster's 

conclusions but also his experimental techniques. While he did not doubt 

that Brewster had seen overlapping spectra of red, yellow and blue he 

did doubt that such a phenomenon truly existed. He attributed Brewster's 

purported observation to his physical arrangements and attempted himself 

to duplicate these results by what bethought Brewster's experimental 

arrangements had been. In doing so, however, he added his own modifications. 

Suppose, he thought, the anterior face of the prism were covered by 

a screen so as to expose only a narrow "fissure" parallel to the prism's 

axis.72  Would red, yellow and blue then be found in every part of the 

spectrum? Clearly, he implied from this question that Brewster's 

experimental results were due to exposing too wide a prism face to the 

incident beam. The purpose of the slit in a spectroscope is to reduce 

extraneous light and also reduce the overlapping of spectral orders. 

(The latter is especially important in a grating spectroscope.) Thus if 

one has a wide slit some of the colours due to part of the slit, say the 

left side, will overlap some of those from another part of the slit, 

say the right side. So if Lielloni's supposition about Brewster was 

correct this could explain Brewster's viewing of overlapping spectra. 

By reducing the slit or "fissure" he proposed to eliminate this error. 

Overlapping could also be the result of viewing the beam too close to 
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the prism itself. At a greater distance the colours would be better 

separated. This possible error too he proposed to eliminate. 

Melloni repeated Brewster's experiments using what he thought to be 

basically Brewster's methods but incorporating his own modifications. 

He formed a spectrum from a circular aperture 10mm in diameter in a metal 

plate placed in the shutter of an otherwise darkened room. Placing the 

prism about 15 ft from the window in a position of minimum deviation, 

he interposed slips of coloured glass between the prism and his eyes. 

Like Brewster he viewed the spectrum directly rather than projecting it on 

a screen. 

The slit modification, for so he thought it was, was effected in an 

ingenious way. Using a method he had developed in 1843 (and which we still 

employ in optical experiments in high school physics) he covered the 

anterior face of the prism with India ink. 

From the middle of this there was removed a longitudinal 
space, which ran from end to end of the darkened band, 
leaving free and uncovered a horizontal line little more 
than a millimetre in width. The slip of blue glass covered 
only two-thirds of the prism counting from the painted 
extremity.73 

With this arrangement Melloni found that the yellow does not spread 

to the red and green sections as Brewster supposed. Instead, the space 

corresponding to the orange, the narrow space which had so much impressed 

Brewster and Herschel, was "occupied by a dark zone."74  The dark zone 

was limited by red and yellow produced by the middle part of the prism 

covered by blue glass. 75  This shows that these colours are independent 

of this spectrum "and belong to spectra of elementary layers superior 
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and inferior to the intermediate line."76  

It is unnecessary to go into all the details of Melloni's criticism 

of Brewster's techniques and concepts. Suffice it to say he concluded 

that the methods employed by Brewster could not be adapted to the 

conclusions Brewster had reached. He stated 

The method proposed by Sir David Brewster...does not therefore 
appear to me adapted to the end in view: and until it shall 
have been proved that the colours of a spectrum, perfectlz 
pure, change by the interposition of a medium placed near 
the prism, the change persisting at every other distance, 
the existence of different colours in the same transverse  
element of the spectrum ought to be regarded as entirely 
hypothetical.77 

In short Melloni rejected the entire conception and opted for the 

original Newtonian doctrine of prismatic analysis whereby each colour of 

light possesses its own unique index of refraction. Contrary to the 

somewhat undignified approach of Airy, however, Melloni in rejecting 

Brewster's theory of the spectrum simultaneously payed him a handsome 

compliment. While he could not accept this particular work of Brewster's 

ho cautioned his audience to remember that Brewster was the author of 

many beautiful works in optics all well confirmed by experiment. And so 

this one mistake by Brewster, like that of Newton in diffraction, should 

never lessen the glory that must belong to his optical researches. 

Brewster returned to the dispute in characteristic style, lucid and 

firmly convinced he was being unjustly attacked. Replying in the same 

polite manner as Melloni he began by saying 

The high and well-merited repuration of M. Melloni, and the 
singular confidence which he seems to place in his own 
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results render it necessary that I should do more than 
merely pronounce them to be incorrect, and to have no real 
bearing, even if correct, upon the views which they are 
brought forward to overturn.78  

The major objection to overcome was that of the slit arrangement for 

limiting the light incident on the prism face. Brewster, as described 

earlier, did indeed employ a narrow slit in his experiments but it had 

been cut in the shutter of his window thus combining both the entry of 

light to the prism and its limitation in one operation. Lielloni's con-

ception of the experimental arrangements of Brewster described in his 

paper was disclaimed by Brewster who said "I never made such an experiment, 

and never would have thought of employing a spectrum thus produced."79  

Indeed the case was just the opposite from what Melloni imagined. Whereas 

Lelloni had cut a circular aperture 10 mm wide in his shutter, he, 

Brewster, had used one much narrower.
80 Again he did not give the 

measurement of his aperture nor even say whether it was rectangular or 

circular; but by allying himself with both Fraunhofer and Wollaston we can 

be reasonably sure it was a narrow, rectangular slit. For he says, 

The spectrum described by Fraunhofer was obtained from an 
aperture one-fiftieth of an inch wide; Dr. Wollaston used an 
aperture of one-twentieth of an inch, while LI. Melloni uses " 
one of twenty-fiftieths,---twenty times wider than Frpnhofer's 
aperture, and eight times wider than Dr. Wollaston's101  

Given the 10 mm wide aperture of Idelloni the separation of the colours 

would naturally be much less complete than in the studies of Fraunhofer, 

Wollaston or himself using narrow slits. Brewster then delivered the 

"coup de grace," 
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I should have been ashamed of my inexperience had I used such 
an aperture and such a snectrum as that which Melloni employed; 
and I can assure him that he has formed a very low estimate of 
the time and labour which I have devoted to these researches, 
and of the manner in which they were conducted.82  

AndAnilrevmar conclude therefore, that it is Melloni who is wrong in 

assuming that Brewster used a wide opening and therefore obtained a complex 

spectrum. Melloni had, of course, used a slit only 1 mm wide painted 

directly on the prism face itself, the 10 mm aperture being used only to 

admit light to the room. This fact Brewster seems to have conveniently 

overlooked or ignored. Nevertheless, it does seem that Brewster used 

quite a harrow slit in the window shutter itself and therefore the original 

objection of Melloni was unjustified. Right or wrong, Brewster thought he 

had disposed of that argument which was the main one in Melloni's criticism. 

The criticism might have been avoided had Brewster somewhere, sometime, 

given the dimensions of his apparatus. 

The remaining details of his reply to Melloni need not engage us. 

Characteristically Brewster put down each objection, finely dissecting 

each of Melloni's statements, comparing them with his own experiments and 

showing how they din  not accord. He concluded, not surprisingly, that 

Melloni could not have read his original paper, nor Airy's comments, nor 

Brewster's replies to them. That does really seem to be the case for 

Melloni only refers specifically to the paper of Draper as the source of 

his knowledge although this does not rule out the possibility of his 

having read Brewster's paper. In any event, we may perhaps excuse both 

Draper and Melloni for even had they read these papers; the experimental 

technique would still have been unclear. It seems that at least part of 
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the dispute in these years was due to lack of good description by 

Brewster of his experimental arrangements. As mentioned earlier, one can 

ultimately piece it together but only as a result of his replies to his 

detractors, sources which they, of course, did not have. 

In overcoming the objections of Melloni, Brewster was able to give a 

new explanation of Wollaston's original prism or dispersion experiment of 

1802. In doing so he seems again to have generalized somewhat his theory, 

something he had accomplished before in overcoming the objections of 

John Herschel based on colourblindness. Undoubtedly Brewster looked for 

such applications as a means of adding strong proofs to his theory. 

Wollaston, we recall, had observed a spectrum of only four colours, 

red, yellowish green, blue and violet. Young had repeated these experiments 

"with perfect success" but modified the choice of yellowish-green to green. 

(The latter may be ascribed to variations between the eyes of Wollaston 

and Young or slightly different atmospheric conditions. What we may ask 

has happened to the orange and yellow of the spectrum? The composition 

of the spectrum so described is due, according to Brewster, to a daylight 

• spectrum. It is a spectrum from a blue sky - but not of direct sunlight. 

And a blue sky spectrum has no yellow in it:
83 Where is the yellow? 

Something has been absorbed by the sky by scattering or reflection from 

the clouds. Since Wollaston and Young had maintained that R + G = Y, 

the colour so absorbed is red. The absorption of rod, or at least part 

of the red, degrades the yellow to yellowish-green. But the green or 

yellowish-green thus produced by absorption of the sky can be rendered 

yellow again by the interposition of absorbing filters in the beam.84 
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This, clearly, will restore the correct intensity ratios for the colours. 

The degraded green can in like manner also be restored to yellowish-white 

and even white. One need only choose the correct absorbents. Thus 

Brewster could conclude 

Hence it follows from Fraunhofer's and Wollaston's and Young's 
observations taken by themselves, that the quality of the 
colours of the brightest part of the spectrum is changed from 
yellow to yellowish-green or green according to Dr. Young. 
And it follows from my observations, combined with theirs 
(i.e. Fraunhofer, Wollaston and Young) or when standing alone, 
that in the same part of the spectrum there exst red, yellow, 
and blue rays of the very same refrangibility. °5 

Brewster had again brought a superior argument to refute another 

detractor. In doing sg it seems to me, he had made his theory stronger 

yet by increasing its scope. It is an important criterion for acceptance 

of physical theory that facts for which the theory was not originally 

designed can be brought within its domain. Brewster had accomplished this 

in overcoming Herschel's objections and now again in overcoming those of 

Melloni. Surely if his theory were ever to be rejected it would require 

considerable analytical thought based upon an irrefutable experimental 

basis. 

Finally in passing, we may note that Brewster here had no need to invoke 

the work of Fraunhofer, except perhaps because' ttits great fame. For 

Brewster had by this time himself far surpassed Fraunhofer having in 1834 

counted over 2,000 lines in the solar spectrum compared to Fraunhofer's 

map of only 354 lines.
86 

Such a singular achievement, well confirmed in 

later years, would indicate that Brewster's ability to separate the 

spectral colours was in his time unsurpassed and would automatically 
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invalidate all the arguments against him concerning an impure spectrum 

with overlapping colours. Strange to say, however, this achievement 

was not mentioned by any of his detractors and although we might ascribe 

this omission to ignorance on the part of foreign commentators (Draper 

and Lelloni) certainly Airy was conversant with events in Britain. As 

mentioned before he had even seen the experiments. Clearly it was an 

inconvenient fact and so was ignored. But equally strange is the fact 

that BrewSter never alluded to this fact himself in his own defence 

which makes one wonder whether he employed the same apparatus in producing 

the spectrum for his absorption experiments as in his map of the spectrum. 

Since he never gives a clear description of his apparatus it is difficult 

to tell. But I think not for the triple spectrum theory was given in 

1831 and based largely on his experiments of 1822 and 1823 while his 

counting of Fraunhofer lines was done in 1833. It does not appear from 

any of Brewster's .writings that he reexamined his absorption observations 

with the equipment available to him in 1833, two years after publishing 

his thesis. 

Regardless of Brewster's success in overcoming objections, there is 

nevertheless a philosophical objection to his experiments and hence to 

his theory. Acceptance of experimental results and their subsequent 

interpretation depends upon their being repeatable. Other people must be 

able to achieve similar results given the same circumstances. From all 

these polemics the fact emerges that no one was able to duplicate 

Brewster's results either by their own methods or by their interpretations 

of• his methods. Apparently even Brewster felt some doubt about this 
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repeatability criterion for in concluding his reply to Melloni he stated 

I feel assured that my Analysis of the Spectrum will be 
confirmed by future observers who may repeat my experiments 
with the same care with which they were made, and without 
prejudice in favour of their own speculations.87 

While Brewster was here referring rathor to experimental methods, his 

words were prophetic. The person who did in fact bring repeatability to 

these experiments was Hermann von Holmholtz four years later. Without 

apparent prior prejudices he did indeed bring a new understanding to the 

questions of absorbing media and primary colours. The answers, however, 

were surely not what Brewster had in mind in the passage above, for the 

net result was to utterly destroy his theory and uphold the supremacy of 

Newton. We shall now look into Helmholtz's work. 
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CHAPTER III 

Hermann von Helmholtz and the Demise of Brewster's Theory 

Status of Brewster's Theory at Mid-Century  

Brewster's new analysis of solar light was really an impressive theory. 

It was apparently based on skilled and seemingly valid observations and 

on the then plausible assumption of red, yellow and blue as primary 

colours. It gave a new "insight" into the refrangibility of light and 

dispersion as a function of wavelength or index of refraction. For beside 

the received theory of.dispersion dating back to Newton's work, one now • 

had an additional conception of colour separation by absorption. An 

important point was that the latter concept was an operational one. One 

knew quite well how to separate colours by absorbing media and on this 

experimental point Brewster had been quite clear. Indeed, one can easily 

imagine an operational definition of a spectral colour in terms of colour 

separation by filters somewhat as follows: Spectral yellow is that part 

of direct sunlight which after passing through a prism, also passes 

through a filter of specified composition and given thickness. We could 

define the supposed red and blue colours similarly. 

The success of any physical theory depends on many factors, not all of 

them necessarily objective judgements. A successful theory for example, 

ought to suggest new relations among the observed quantities besides 

simply correlating many already existing facts. This Brewster's theory 

had presumed to accomplish through predicting the existence within the 

spectrum of homogeneous white light--:-light undispersed by a prism. 
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One can also argue that a successful theory ought to lead to solution of 

outstanding problems. Again we see that Brewster proceeded in this 

direction by explaining the "cause" of red colourblindness and by making 

an attempt at explaining the colours of thin plates in a non-wave theory 

context. The theory, if useful, should include within its framework 

operational definitions in order to allow for quantitative measurement. 

And this we have seen was certainly possible. Moreover, any physical 

theory if not originally quantitative must hold out the promise of becoming 

so. Once again, this criterion was ostensibly satisfied as shown by 

Brewster's semi-quantitative example of making spectral orange out of red, 

yellow and blue primary colours as described on 0.44-5  .That example implied 

that a method of measuring light intensity was needed to confirm the,  

example and to make the example experimentally demonstrable. 

Although no methods existed then by which the relative intensities of 

different parts of the spectrum could be measured, photometric methods for 

intensity measurement did exist and could be viewed as holding out the 

promise of ultimate achievement in this respect. It would not have been 

the first time that a prediction of theory was required to wait for an 

experimental method for demonstration. 

Ultimately, however, all judgements on the value of a new theory will 

stand or fall on the confirmation or lack of confirmation of predictions 

made by the theory and here again Brewster was on strong ground. He had 

predicted the existence of homoseneous white light and claimed to have 

seen it. Thus, in all respects, save that of repeatability Brewster's 

theory seemed to be an important new physical conception bringing new 
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insights to the structure of the spectrum. He, at least, was confident 

that the element of repeatability would be satisfied in due course by someone 

blessed with the same degree of skill as he himself enjoyed. 

It is hardly surrrising, therefore, that the dispute over the theory 

between Brewster on the one side and Airy, Draper and Melloni on the other 

had reached no definitive conclusions in 1848. All these men had aimed 

to show that Brewster had not seen, or could not:have seen the observations 

he claimed to have seen; they even inferred that his experimental technique 

was faulty and inferior to their own. In fact we can see from Brewster's 

replies that the case was just the opposite and on the question of impure 

spectra we have noted that in 1833 Brewster had been able to count some 

1 i 2,000 Fraunhofer lines in the solar spectrum which means that he had 

achieved a degree of dispersion and colour separation unequalled even by 

Fraunhofer. Thus Brewster emerged from each encounter in a stronger 

position than before. As of 1848 nobody it seemed was in a position to 

overthrow Brewster's concepts. And yet, in spite of all, there was lingering 

doubt about their validity for they did not satisfy the demand of repeatability 

in physical science. Furthermore it was certainly difficult to reconcile 

Brewster's theory with that of Newton on dispersion. To accept Brewster's 

concepts implied at very least a revision of the Newtonian thesis of 

refraction, which was so well established by experiment that few scientists 

could look forward to such a task with pleasure. Therefore there 

was a strong metaphysical, if not physical, objection to the theory 

and it seems to me that the efforts of Airy, Draper and Melloni were all 

aimed at toppling Brewster's theory so that this distastful problem would 
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not arise. 

If this theory of Brewster's were ever to be toppled it would be 

necessary to duplicate Brewster's findings, explain all the possible 

sources of error or misinterpretation and finally perform a critical 

examination of the hypotheses on which it rested. The situation was 

perhaps somewhat analogous to the position of the phlogiston theory in the 

1770's and 1780's. While the concept of phologiston ostensibly explained 

many chemical observations it also left lingering doubts such as that 

involving the necessity to ascribe to it a negative mass under more 

critical experimental conditions. The overthrow of that theory involved a 

series of critical experiments, examination of the old hypotheses, and 

finally a replacement of the old theory with a new one. Just as Lavoisier 

played a central role in that story, it was Hermann von Helmholtz who 

played a similar role to Brewster's theory. In this chapter we shall 

examine Helmholtz's work on this problem and on the primary colours as 

described in two pivotal papers of 1852, both published within a short 

time of each other. These papers ultimately set the problem of three-

colour vision in an entirely new framework. 

Helmholtz Defines the Problem 

Helmholtz took up the problem in 1852 with a decided advantage. Not 

only was he a physician and a physiologist, but he was an accomplished 

physicist and mathematician as well. Almost as if this were not sufficient 

he. had an advantage of time not given to anyone else in this dispute. He 

could consider, almost historically, the debate between Brewster and his 

antagonists. He could and did read not only Brewster's original papers 
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but the commentaries of Airy, Draper and Melloni together with Brewster's 

replies. He therefore had, finally, the advantage of knowing Brewster's 

techniques (mainly from his replies) and so could avoid the "heinous" 

error of not repeating Brewster's experiments according to Brewster's 

description. He, moreover, took the charitable point of view that Brewster 

had indeed seen what he claimed to see in the spectrum and set out to 

accomplish essentially three main goals: I) repeat the experiments 

according to Brewster's methods in order to achieve Brewster's results, 

2) analyze all the optical and physiological errors inherent in the experiments 

possibly leading to such results, and 3) repeat the experiments again with 

the errors removed to see whether new results appeared or whether Brewster's 

results remained. It does seem clear, however, that Helmholtz approached 

the entire question by tacitly rejecting all of Brewster's ideas while 

assuming the fundamental truth of the Newtonian conception that "Lights 

which differ in Colour, differ also in Degree of Refrangibility."2 

One point made at the outset by Helmholtz refers to Brewster's choice 

of primary spectral colours. Helmholtz stated that the red, yellow and 

blue primaries chosen by Brewster, although the colours usually chosen for 

such theories at the time, were not correct choices; for the choices had 

been based upon mixtures of pigments rather than of light.3 For example, 

using those particular colours one assumed that yellow and blue made green. 

But Helmholtz stated unequivocally that yellow and blue lights do not 

make green but white.4  Therefore, said Helmholtz, we cannot retain these 

colours as our choice of primary colours but must have others, perhaps 

red, green and violet as advocated by Thomas Young. It should be noted, 
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however, that the choice of primary colours does not really affect 

Brewster's theory. Except for changing the detail, the essence of the 

theory that spectral colours are modified by absorption remains unchanged. 

Thus, Helmholtz passed to the problem of answering the question as to 

whether homogeneous light is or is not altered by passing through coloured 

media. 

Helmholtz repeated Brewster's experiments as closely as possible with 

the object of attempting to see just what Brewster had seen. I qualify 

the statement "as closely as possible" since Helmholtz was required, as 

we were, to piece together the details of Brewster's work from his 

replies to Airy, Draper and Melloni. In describing his attempts at 

duplication he therefore asked Brewster's indulgence "in case I should 

allude to possible sources of error which he has taken pains to avoid."5  

The results of such repetitions were gratifying. In accordance with 

Brewster's request for repeatability Helmholtz'did actually see the 

phenomena stated by Brewster. Said Helmholtz, 

A careful repetition of at least the most important of his 
experiments, carried out in exact accordance with his method, 
and with every precaution hitherto deemed necessary, has 
indeed taught me that the facts which he affirms to have 
observed are described with perfect accuracy; indeed nothing 
else could be expected from so skillful an observer.6  

Moreover, Helmholtz claimed that there was no overlapping of colours 

as Melloni had thought. On the contrary, he recognized the great merit 

of Brewster's later experiments on Fraunhofer lines and so it appeared 

to him that Brewster had possessed better apparatus for colour separation 

by refraction than had Fraunhofer himself "or perhaps any other physicist."7 
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Thus, in short order, Helmholtz set aside the judgements of Brewster's 

critics, justified Brewster's observations, and brought a degree of 

repeatability to his experiments. The problem was now to examine why 

indeed these phenomena were observed. 

The first question to answer was; what was the source of "homogeneous 

white light" Brewster supposed he had discovered. Was there not a source 

of dispersed white light possibly mixed in with the spectrum? There was 

no doubt that the spectral colours were separated very completely so no 

overlapping could take place. Also the amount of light entering the 

apparatus could be carefullYamited by the aperture or slit so that 

problems of extraneous light, one of Airy's main objections, could be 

completely eliminated. Therefore, any dispersed light besides that of 

the spectrum must be sought for within the apparatus itself, a new and 

novel conception of the problem. As we shall see, at least part of the 

apparatus was the eye itself. 

Experimental Sources of Additional Dispersed Light  

The prism itself was an important source of the additional dispersed 

white light. No matter how clear the glass nor how highly polished the 

refracting surfaces of the prism one can always see in its interior a 

considerable number of shining points and minute scratches along the 

surfaces.
8 Both the internal irregularities and the tiny surface scratches 

give rise to dispersed light in an irregular pattern. As this is a 

sensible quantity of light it gives the prism a rather "smoky appearance."9  

Such an appearance can be easily demonstrated according to Helmholtz 

by allowing a pencil of light issuing from an orifice in a dark screen 
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to fall upon the prism. If the eye is then brought into the same line 

as the transmitted rays in such a way that the transmitted light does not 

actually enter the eye, "the little irregularities of the surface and 

mass then appear brightly illuminated against the black ground furnished 

by the screen."
10 

Another problem originating within the prism arises from repeated 

internal reflections from the prism surfaces. Helmholtz refers to a 

five sided prism being used in these experiments, something I have not 

been able to discover in Brewster's work. In these prisms two sides only 

are polished and hence used for refraction, the other three sides being 

.ground dull. The internal reflections of such prisms can be easily 

demonStrated by placing the prism against a dark background and illuminating 

one of the dull surfaces. One can then see within the prism a series of 

reflected images of the dull surf ace1'1  since the two polished sides act 

as angular mirrors giving multiple reflections of the dull side. As used 

in these experiments, the observer looks through one of the polished sides 

into the prism which is tantamount to looking through one of the reflectors. 

One then sees the reflected image of the dull side in exactly the same 

direction as the spectrum one observes normally on looking through the 

prism. This, of course, is not necessarily serious if no incident light 

falls on the dull surface. But Helmholtz stated without hesitation that 

some of the light does normally fall on the dull side. And this means that 

as the observer looks through (or into) the prism he will see not only 

the spectrum as expected but also a reflection of the dull side superimposed 

over the spectrum. The result is a weak light luminosity spread over 
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the spectrum. Now this effect is certainly small and probably not 

usually observed besides the regularly refracted light. But we can now 

easily see that this together with the irregular dispersion previously 

mentioned could well lead to Brewster's observation of "homogeneous" 

white light. According to Helmholtz the three dull sides of the prism 

should be blackened to eliminate this effect.12 

There is finally a third possible optical problem with Brewster's 

experiments involving the absorbing media themselves. The glass filters 

themselves must be considered as small but significant causes of dispersion 

for at least two reasons.13 First the glass itself cannot be considered 

a uniform medium and there will therefore be internal dispersion by mass 

points with the glass filter exactly as in the case of the prism. Secondly, 

we cannot be sure the opposing surfaces are exactly plane and parallel. 

Certainly Brewster never mentioned constructing glass filters as optical 

flats which would have been a very demanding task. 'Moreover, we have 

seen that the glasses used in these experiments by Brewster, Herschel 

and Airy were to a certain extent bits and pieces at hand or at least 

easily obtainable. The glass filters were then simply glass commercially 

manufactured for windows or other practical uses and certainly could not 

be expected to have the required plane-parallel surfaces or uniform mass. 

Therefore, with non-parallel sides each surface will in effect form its 

own optical image. For the first surface will produce an image in the 

usual manner of a lens and light reflected internally from the second 

surface to first surface and back to the second surface will enable the 

second surface to form its own image. Essentially the filter itself acts 
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as two additional lenses in front of the prism or eye and thus causes 

additional dispersion. These secondary images will fall upon the colours 

of the primary image produced by the prism. I have attempted to illustrate 

this in the figure below where for clarity I have greatly exaggerated the 

curvature of the filter surfaces and used a triangular prism for simplicity. 

Fig. 

Although Helmholtz does not mention it, it seems to me that besides 

seeing colours somewhat displaced from their usual positions there is 

a possibility of some colour mixing here from the secondary images of 

the filters with the primary image of the prism. Thus if some red light 

from the secondary image fell on the green of the primary image there 

would be a shift of the character of the spectrum to the yellow and 

account partially, at least, for the apparent spreading of the yellow into 

the red and green spaces which had so much impressed Brewster. (We shall 

.see presently that there is another explanation for this effect dealing 

with colour as a function of contrast). 
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The filters as used by Brewster contribute still another problem; and 

it is here that Helmholtz's training as a physiologist and his interest 

in the eye itself becomes evident. Light emerging from the filters 

finally enters the eye. But the first optical surface of the eye is the 

cornea which, as all optical surfaces, reflects some of the incident light. 

This light must be reflected back to the filter surface and from there 

back again to the eye. As Helmholtz stated, "the image thus formed being 

too near the eye must appear as a bright luminosity in the field of view."14  

All these filtering .nroblems can be eliminated or much reduced by the simple 

expediency of placing the filters between the light source and aperture 

instead of between the prism and the eye,15 as Brewster had done. Airy, 

we recall, had also used this method in his experiments of 1833 although 

only for convenience in producing the two spectra he wished to observe. 

It does, however, lend some additional credibility to his stated results. 

It is interesting to note here that we have now seen four separate 

mechanisms of producing weak light intensities distributed over the primary 

spectra. These have dealt with the non—honogeneous glass of the prism 

producing an irregular dispersion, dispersion by scratches on the prism 

surfaces, internal reflection of the dull side of the prism and finally 

reflection between the eye and the filter surfaces. Probably none of 

these effects are significant by themselves, but collectively they could 

well contribute a noticeable effect, especially "when added to colours 

that have been already greatly weakened by absorption."
16 

This could 

readily account for Brewster's homogeneous white light or at least 

produce subtle changes of tints to colours seen and thereby lead to false 
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observations. And we have seen that refraction from the filter surfaces 

could have led to false positions of colours or colour mixing, again 

contributing subtle changes to the colours observed. 

However, considering Brewster's replies to Airy and Melloni, Helmholtz 

thought it just possible that Brewster might have eliminated these sources 

of error, which possibility, of course, was certainly never made clear by 

any of Brewster's writings. Nevertheless, giving Brewster the benefit 

of the doubt on this, Helmholtz looked for and found other effects within 

the eye itself which Brewster could not possibly have eliminated. It is 

here that Helmholtz in the role of a physiologist brought a new understanding 

to observation of colour not previously considered by physicists thinking 

in optical terms only. Vie have, in fact, already had a hint of this new 

point of view in Helmholtz's mentioning reflection of light between the 

cornea and the glass absorbers. 

Physiological Errors  

The weak light intensity giving the illusion of Brewster's homogeneous 

white light can be attributed to at least two effects of the eye. The 

first is mentioned by Helmholtz as follows: 

I would invite attention to the fact, that when very bright 
light of any kind whatever falls upon a portion of the retina, 
light of the same kind appears diffused as a weak luminosity 
over a great portion of the field of view.17  

It T•seems. -2 likely that we have all seen this effect which is easily 

observed. For example, Helmholtz described an easy way of observing it 

by viewing a candle in a darkened room against a dark background. Using 
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one eye only one can look at the dark background by blocking the light 

from the candle to the eye with a finger. Then remove the finger to see 

the candle itself. Alternating the observation of the dark background 

and the direct candle light 

it will be readily seen, that as often as the rays freely 
enter the eye a white luminosity appears spread over the 
surface, being brighter in the vicinity of the light, and 
spreading itself weakly over the more distant portions of 
the surface. The same is observed when daylight, and most 
strikingly when di;ect sunlight enters the eye from an orifice 
in a dark screen.1°  

The question arises immediately as to the cause of this effect. Ruling 

out a possible subjective cause within the nerve system of the retina, 

Helmholtz argued that dispersion within the eye itself causes light to 

reach "other portions of the retina than those affected by the regularly 

refracted light."19  Diffraction by the pupil, for instance, although 

quite small is probably the main cause. If the distance from the pupil 

to the retina were sufficiently large we should get diffraction rings on 

the retina and the separation of colours this implies. It would be an 

effect analogous to, but not the same as, Newton's rings in the sense 

that there would be alternating circles of bright and dark on the retina 

with the bright circles comprised of different colours. But, in fact, 

the retina is close to the pupil so that the areas of the various rings 

must overlap giving another source of weak light intensity. Therefore the 

pupil of the eye itself in conjunction with its optically short anatomical 

distance from the retina must be considered the source of the weak light 

referred to above. 
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Another anatomical factor contributes to the effect. In 1851 Helmholtz 

had invented and constructed what he called an "eye-mirror" (augenspiegel), 

the first opthalmoscope, by which he could observe the retinas of living 

subjects. Using the technique he found that a noticeable quantity of light 

from the illuminated portion of the retina was reflected from the retina 

back to the pupil. As in any refracting system, this light would then be 

partially transmitted through the lens system but partially reflected back 

again. Therefore, Helmholtz felt that the light reflecting from the retina 

would be reflected back to the retina from the cornea. He ventured the 

opinion that "It is therefore to my mind an undoubted fact, that a portion 

of the light incident upon the eye is deflected so as to fall upon other 

portions of the retina."
20 

We are now in a position to understand what was probably Brewster's most 

unusual result and the one of which he was almost certainly most proud. 

This is his "isolation" of homogeneous white light in the yellow part of 

the spectrum as described in his new analysis of the spectrum in 1831. 

Helmholtz showed at this point that the white light resulted from a mixing 

process of the regularly refracted light with the light dispersed from 

outside and inside the eye. Helmholtz repeated the absorption experiments 

of Brewster using a smalt-blue glass similar to Brewster's. The latter's 

glass had passed coloured bands of the extreme red, a very weak band of 

reddish-orange, a Somewhat weakened yellow band bounded by orange and 

green and finally blue and violet unattenuated. 

The glass used by Helmholtz approximated these conditions as follows; 

the yellow part of the spectrum of skylight was quite feeble when viewed 
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through a single plate of glass. But the spectrum of the sky near but 

not directly looking at the sun showed the yellow band as "a pure and 

shining yellow."
21 Now upon viewing the spectra with two plates of smalt 

glass, the feeble yellow of the skylight spectrum disappeared while in 

the spectrum of direct sunlight the yellow appeared almost white. The 

violet and extreme red were still to be seen brightly illuminated through 

the two plates. And, interestingly, upon looking through three plates 

of glass the yellow band seemed a bluish white. The problem was now to 

explain these apparent colour changes which Brewster had ascribed to the 

absorbing action on the spectrum. 

In another paper Helmholtz had showed the results of mixing various 

colours of the spectrum.22 The result was that a mixture of indigo—blue 

and yellow in different proportions produces a whitish—yellow, then white 

and finally a bluish—white. Now if some of the dispersed light for the 

reasons mentioned before fell on the retina in- the same place as the 

yellow which passes through the absorbent then the colours observed will 

certainly not be exactly yellow. Indeed, 

the colours in the smalt—glass spectrum which lie next to the 
yellow, namely red and green, can, by mixing in various 
proportions, cause the white to approximate to red or green, 
as the case may be, and thus exhibit all the degrees of colour 
which are observed through different thicknesses of the blue 
glass.23  

The discussion above may explain Brewster's observation of white in the 

yellow part of the spectrum. It gives also a plausible reason for 

observing changes of colour of various other parts of the spectrum when 

absorbents are placed in front of the eye. It.is, in fact, due to both 
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an optical effect of dispersion and a physiological effect of producing 

compound colours on the retina of the eye as a result of the dispersion. 

To explain the effects observed by Brewster was certainly an important 

contribution toward pulling down Brewster's theory. But by itself it 

was not enough. Such an approach had after all been taken by Airy, Draper 

and Melloni with little success in terms of acceptance of their own results. 

Even allowing for the novel and perceptive arguments of Helmholtz and 

allowing Brewster all benefit of the doubt these were still not definitive 

arguments against Brewster's theory. They constituted, in the end, only 

plausible hypotheses to explain certain results. What was really needed 

was a means of testing the hypotheses themselves. In other words, Helmholtz's 

concept of colour mixing on the retina itself needed to be tested by 

repeating the absorption experiments in which "the disturbing colours 

shall be totally, or almost totally, excluded from the field of view."24  

Brewster's Exneriments with the Errors Removed 

It was important to view the colours directly as they emerged from the 

prism in order to follow as closely as possible Brewster's procedure. 

Airy, Draper and Melloni had caused Brewster considerable righteous 

indignation by projecting the colours on a screen. • Helmholtz hit upon a 

happy modification of Brewster's method in which he passed the beam of 

sunlight directly through a prism and then selected only certain portions 

of the spectrum for examination by passing the desired portion through 

a Slit. (Brewster had placed the slit before the prism rather than after 

it and so had viewed the entire spectrum instead of an isolated portion 

of it.) Helmholtz described his method in soma detail: 
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Solar rays reflected from a mirrow are permitted to enter through 
a narrow slit into a dark room and to fall upon a vertical prism. 
Immediately behind the latter is a lens which casts the spectrum 
formed by the prism upon a screen. In the latter is a second 
very fine vertical slit. The light of that band of the spectrum 
which falls exactly upon the slit passes through, while the rest 
is cut off. The observer stands behind this second screen, the 
back of which is well blackened, best covered with black velvet, 
and looks at the slit through a second prism of the best 
possible quality.2) 

It is interesting to compare this method to that used by Newton in what 

he described as his "ixperimentum Crucis"26  for Helmholtz's arrangement 

bears a striking resemblance to Newton's. Suspecting after several 

experiments that the different spectral colours exhibited unequal degrees 

of refraction (for a given angle of incidence), Newton set out to confirm 

his suspicions. Without going into all the details of his experiment, 

vie can see the similarity from Newton's diagram of his experiment below.27 

Sunlight enters the room at F, passes through the prism ABC and the 

Fig. 2 

resulting spectrum is incident at the hole C in a board DE. The light 

passes through to another hole, g, in a second board, de, and then through 

a second prism for further analysis. By rotating the prism ABC, different 
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parts of the spectrum were incident at g, and the different colours 

reached different places on the screen between M and N. Since the angle 

of incidence on the second prism was the same for all colours because of 

the collimating effect of the two holes, G and g, Newton had his proof 

that "Light consists of Rays differently refrangible."28 

Helmholtz's method is essentially the same. The narrow slit admitting 

light in his arrangement serves the dual function of Newton's openings 

F and G. He then has a second slit to select only a portion of the 

spectrum for analysis and a second prism to perform that analysis. 

Helmholtz's method differs from Newton's basically in the presence of the 

lens which improves the spectral image. In fact, Newton in other 

experiments on combining the spectral colours also used a lens for the 

same reason. Although the experimental geometry of Helmholtz would fit 

well into the known techniques of his time, the close similarity of his 

arrangement to that of Newton's leads one to suspect that it was inspired 

by Newton's methods.29 This is further confirmed by reading his further 

experiments with the spectrum to be described in chapter five. In effect, 

in these experiments, Helmholtz returned to fundamentals. 

Let us return to HelmholtZ's experiment to see the results. Now if 

there were no irregular dispersion in the first prism (or in the lens) 

only homogeneous light of a particular colour would be incident on the 

second slit. After passing through the second slit, when viewed through 

the second prism such light would not form a spectrum but would appear as a 

narrow band. But there is irregular dispersion as mentioned before due to 

surface scratches, internal reflections and slight non-honogeneities in 
the glass. Therefore, some of this white light will enter the second 
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slit. The result is that this light will be regularly dispersed by.  the 

second prism thus forming a weakly luminous spectrum superimposed on the 

bright band of colour selected from the primary spectrum formed by the 

first prism. But this is in order and eliminates the colour mixing problem 

for dispersion by the second prism of the white light then simply 

superimposes on the primary band of colour (from-the first prism) the same 

colour from the irregular white. Problems of irregular dispersion due to 

the second prism are below the level of sensibility of the observer 
 

and we have now eliminated the problem of colour mixing on the retina of 

portions of the irregularly dispersed white light with portions of the 

regularly refracted spectrum. 

Now came the telling observation against Brewster. Helmholtz used this 

method to isolate the yellow band produced by the smalt-glass. This 

light he then tested by introducing additional plates of smalt-glass 

before either of the slits. The results were now not the same as Brewster's 

although the method itself was essentially his. Where Brewster had 

described a change in the yellow produced by additional plates of glass 

and where Helmholtz had confirmed this without the modification above, 

the result was now that no change of colour of the yellow was observed. 

As Helmholtz said, "the yellow retains its originally pure and saturated 

colour after it has passed through two, three, or even four plates of the 

blue glass."31 

Let us recall here that porbably the most important observation 

Brewster made was with the srnalt-blue glass. In viewing the spectrum 

through this glass he had seen a change in the yellow together with its 
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spreading out beyond its usual boundaries so as to occupy portions of 

the red and green on either side of its usual poSition. And from this 

came his hypothesis of different colours of light possessing equal indices 

of refraction. If Brewster were correct, this change of hue of yellow 

together with the spreading effect should still have taken place. On the 

other hand if Helmholtz's hypothesis about colour mixing in the eye were 

correct we should expect no change in the yellow light with additional 

filters since the other colours have been eliminated. The observations 

mentioned above clearly confirmed the prediction of Helmholtz and 

Brewster's theory became irreconcilable with this observation.32 Helmholtz 

stated that 

In the experiments above described, the light of the yellow 
band on entering the first slit appears actually whitish; 
but when it is viewed through a second prism, it is decomposed 
into pure yellow and light of other colours; hence it does 
not possess the same refrangibility, but, in accordance with 
the explanation given by me, is a mixture of rays of different 
refrangibilities. In Brewster's proceeding, a mixture of foreign 
light, whether in the prism, glass plates or eye could not be 
avoided. From this point of view it is quite intelligible how 
the introduction of coloured media might render the white 
colour of the band in question_more pure, or cause it to 
approximate to red and green.3  

Psychological Effects in Colour Perception  

It would seem that the optical analysis and experiments already 

described by Helmholtz would certainly be sufficient to undermine Brewster's 

theory of the spectrum and the action of absorbing media. But there were 

still other sources of error which until now Helmholtz had only hinted at. 

These involve psychological problems ih colour interpretation as opposed 

to purely optical or physiological phenomena. In particular, Helmholtz 
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was much impressed with subjective effects and colour illusions due to 

contrast and relative brightness of colours, a subject then being much 

investigated by people like Bracke, Purkinje, Helmholtz himself and 

others. These investigations, in turn, can be viewed as part of a general 

series of investigations on optical illusions, a subject which had its 

19th century origins, ironically, in a letter from L. A. Necker to Brewster 

in 1832,34 describing his now famous transparent rhomboid which reverses 

in depth. 

Ernst Briicke had in 185335 pointed out that the appearance of certain 

colours depends upon the brightness of the colours next to them. As 

described by Helmholtz he had shown that 

even quite obscure portions of the field of view appear, 
beside bright colours, to have a luminosity poured over them; 
that this luminosity is sometimes of the same colour as the 
light which excites it 	sometimes complementary to the latter, 
and sometimes altogether different. He names the colour of 
this luminosity the induced colour. By the degree of bright-
ness which he made use of, he found that red induced its 
complementary green, but that green induced green, violet, blue, 
but that blue and yellow did not induce any decided colour.-)6  

Helmholtz upon repeating Brackels experiments found the specific 

effect depended on the brightness of light used. With bright light the 

effect is that of Bracke above but weak light induces the complementary 

colour. In addition, the complementary colour induced, is more vivid if 

the eye is moved instead of letting it rest upon a fixed point. Finally, 

the complementary colour of red is more easily induced than the 

complementaries of violet or green.37 

These results were most interesting in terms of another remarkable 
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observation of Brewster's we have not yet discussed. He claimed to have 

seen (or demonstrated) green light in the red part of the spectrum. Said 

Brewster,. 

When the most refrangible rays are absorbed by certain 
thicknesses of balsam of sulphur, balsam of Peru, pitch, or 
red mica, the blue mixed with yellow, and forming green, may 
be traced vary near the C line of FRAUNHOFER, which is 
considerably within the red space. That the blue extends 
over the whole red space is proved by the same arguments 
which we used for yellow light; for when the red space is 
made of an orange tinge by the absorbtive action of certain 
yellow, orange, and green media, this change can be effected 
only by the absorption of blue light.38  

We Tha-ve7Fseen: how his homogeneous white light can be explained by 

irregular dispersion and his claim of yellow spreading into the red and 

green is explained on the hypothesis of colour mixing ih,the eye. But 

this observation cannot be explained by either of the hypotheses. It is, 

in fact, an illusion caused by the effects of contrast in the eye. 

- Repeating Brewster's experiments, Helmholtz used as absorbing media 

Peruvian balsam, sulphur-balsam and pitch,39  all brown liquids. Employing 

.thin layers of the absorber he viewed a spectrum in which he saw clearly 

red, yellow and green but no blue or violet. In the absence of the other 

colours the green appeared to extend into the yellow and even into the 

reddish-orange. In fact, it seemed to be immediately adjacent to the 

. 	. 
red and the yellow, and orange parts of the spectrum appeared also as 

green.°  The effect was "so vivid that it is indeed difficult to conceive 

that it could be.a subjective illusion."
41 However, it was easily 

demonstrated to be an illusion using the method of isolating colours 

described on page 96. For when the colours were so isolated and then 
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observed through the brown absorbing media they appeared completely 

unchanged and exhibited no tendency toward green.42 

What then was the explanation for the appearance of green next to the 

red? Helmholtz remarked first of all that the extent of the green was 

greater when the eye was allowed to wander over the spectrum than when 

it was kept stationary and fixed on the green portion of the spectrum.43  

The effect of moving the eye from the green towards the red was to allow 

yellow light to strike the retina in the place which had formerly viewed 

the red portion of the spectrum. This tended to generate a blue-green 

secondary colour. Moreover, weak orange light (produced by a thicker 

layer of the absorbents) next to a bright red can appear green by the 

contrast type of illusion pointed out by BrUcke. And this fact could be 

easily demonstrated according to Helmholtz by 

sticking a small disc of paper coloured red by vermillion 
upon a plate of red glass, and holding the latter against a 
very bright ground, the bright firmament for example, while 
the disc is only weakly illuminated. With a suitable strength 
of ilWmination it appears green.44  

These experiments on contrast and induced complementary colours 

indicated that subjective effects could take place in observing the colours 

of the spectrum and that these effects could be used to explain some of 

Brewster's observations. It would seem that Airy was right in denying a 

. memory for colour to the eye, and that Brewster was wrong in supposing, 

contrarily, that his eye after many years' practice did possess a colour 

memory. Not only does it not have a memory but it is apparently easily 

fooled into false observations. In terms of subjective changes of colour 
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due to contrast it seems that Airy's method of comparison of two spectra 

on a screen was certainly the better method. We can understand now why 

he did not achieve anything like Brewster's results since he had clearly 

eliminated or reduced (unwittingly, however,) the causes of subjective 

effects while reducing the irregular dispersion and colour mixing problems 

by placing his absorbing media before the prism rather than after it. 

In terms of Helmholteswork, Airy's remarks in his critique of Brewster 

in 1847 become more meaningful and even tend to corroborate some of these 

results of Helmholtz. One wonders whether Brewster thought of this 

possibility after seeing Helmholtz's paper of 1852; certainly he did not 

acknowledge it if he did. 

The contrast phenomenon also explains an observation of Sir John 

Herschel's (mentioned on p. 48) in which he stated that in looking at a 

spectrum through a smalt—blue glass the transition from red to yellow 

was quite sudden "and the contrast of colours quite striking."45  (It was 

a rather fortuitous choice of words.) What then, Herschel asked, had become 

of the orange? He thought it possible that a colour change had taken place 

as a result of absorption and that Brewster's theory just might have some 

real observational basis. Indeed Brewster had invoked this observation 

of Herschel's in his reply to Airy. However, we can now see that, like 

the previous argument against Brewster, this too must have been a colour 

illusion. Although Helmholtz found that it was not explainable in terms 

of induced secondary colours, the apparent juxtaposition of the red and 

yellow was still an illusion giving the impression that the yellow had 

spread over the portion of the spectrum occupied by the orange. Isolating 
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one band of colour from the other by the method previously described, 

Helmholtz showed that all the colours of the spectrum were in their 

proper positions and hence showed that no colour changes took place as a 

result of absorption. 

There is finally another physiological phenomenon which subtly alters 

the impression of colour. This is the fact that colour in the sense 

of tint (as distinguished from wavelength or hue) depends on the intensity 

of the light so that the same wavelength of light at different intensities 

gives different impressions of colour.46 At very high intensities all 

colours will appear white, a fact hinted at as early as 1704 by Newton47, 

Lambert in 1772,48 and most closely in time to Helmholtz by J. D. Forbes 

in 1848.49  Indeed, the latter said that the brightness of coloured lights 

projected on a screen resulted from the sum of their intensities "and if 

a sufficient number of rays be combined, the result will be a dazzling 

white."50 However, the clear conception of colour sensation as a function 

of light intensity as well as wavelength had escaped all these investigators 

and was only arrived at in 1853 by Hermann Gunther Grassmann and Helmholtz 

himself. We shall not enter into all the details of how Helmholtz 

demonstrated this effect. Suffice it to say he did indeed demonstrate 

the fact satisfactorily using a combination of the method of isolating 

colours and crossed Nichol prisms. He concluded that by careful control 

of the intensity of light and by viewing the colour by reflection from 

uncoated glass plates or a white screen, "the brightness can be dimmed 

without fear of altering any colour."
51 

In applying this reasoning to 

an absorbing solution of a copper-ammonium salt, Helmholtz stated, 
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if, therefore, a certain thickness of the solution of ammonio-
sulphate of copper shows the blue of the spectrum bright and 
whitish, while a greater thickness causes it to appear a deep 
dark blue, we are simply to conclude that this fluid absorbs 
blue-rays, but by no means that it has abstracted white light 
from the blue.52  

We now finally come to an understanding of the four colour spectrum 

obtained by Young and Wollaston, which had shown only red, green, blue 

and violet. Moreover, according to Brewster it was a skylight spectrum 

and not one of direct sunlight. Brewster had explained the absence of 

yellow and orange in the spectrum as due to absorption from scattering 

and cloud reflection. Yellow was scattered or absorbed and since orange 

was a combination of red plus yellow there could also be no orange. In 

view of all the foregoing, this is obviously wrong and the explanation 

lies in varying intensities of colours in the spectrum either of skylight 

or direct sunlight. The observation to explain is simply this: yellow 

in the solar spectrum occupies a prominent, wide space while in the 

skylight spectrum it is much less discernible. 

The first point noted by Helmholtz was that not only is yellow in the 

solar spectrum prominent, it is the most prominent colour and appears 

with "a dazzling brilliancy."53 Also green and red in the solar spectrum 

have considerable intensity and can appear yellowish if bright enough. 

Therefore, yellow appears most prominent. On the other hand, all the 

colours of the skylight spectrum are attenuated so that the apparent 

change of colour of red and green into yellow does not take place. The 

yellow, too, which is ostensibly absent in such a spectrum can definitely 

be seen either by viewing the spectrum under large magnification or by 
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the isolation method already used so successfully. Helmholtz confirmed 

this explanation by converting, in effect a solar spectrum into a skylight 

spectrum.- Viewing a solar spectrum through a pair of crossed Nichol 

prisms, the solar spectrum could be so attenuated so that the yellow 

diminished and the spectrum as a whole took on the appearance of a 

skylight spectrum.54 The same effect could be produced by several 

reflections of the solar spectrum from uncoated glass plates which would 

have the effect of reducing the overall intensity, but not necessarily 

equally for all colours. 

It appears from this explanation that the various attempts by John 

Herschel and Brewster in 1822 to explain Wollaston's experiment were 

incorrectly made. They attempted to show that yellow did have an 

independent existence in the spectrum as contrasted to its being a 

combination of red and :green as Young had stated. They succeeded in 

doing so but by using apparently a solar spectrum instead of a skylight 

spectrum as Wollaston had done. Although Brewster later pointed out 

that Wollaston's spectrum was a skylight spectrum, in his own original 

work of 1823 he mentioned forming "a very brilliant spectrum"55  and then 

adjusting the position of the prism to duplicate Wollaston's spectrum. 

It seems to me that Brewster used a solar spectrum here. And it was 

from this attempt on the part of Brewster that the main observations arose 

leading to his "New Analysis of Solar Light". We must conclude that a 

curious and simple observltion in 1802 led to some great events. In the 

case of Young it led to a correct choice of primary colours of light. 

In the case of Brewster, it vas an important contributing factor to his 
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theory of the spectrum. And this, in turn, had stimulated some remarkable 

results in the case of Helmholtz. 

Concluding Remarks on Brewster 

Brewster's theory ultimately proved completely incorrect and sterile; 

but superficially it seemed so strong as to block further progress in 

understanding colour perception, at least in terms of the composition 

of the spectrum. Thus, there was a necessity to completely overthrow 

Brewster's theory. Now while theory falsification is almost always 

accompanied by arguments for acceptance of an alternative, this procedure 

was not necessary here. The alternative already existed in the form of 

Newton's classic ideas by then transposed to the undulatory framkework. 

So Brewster's theory was not replaced by a new concept of the spectrum. 

It was simply shown to be completely fallacious and based on false 

observations arising from both optical and subjective causes. Thus, this 

pivotal paper of Helmholtz must be viewed not so much as a contribution 

of new knowledge to the problem of colour perception as a necessary sweeping 

away of an obstacle to further progress. We shall see in the next chapters 

what sort of new knowledge did eventually replace Brewster's theory. It 

is appropriate to quote Helmholtt's closing remarks which emphasize this 

point and indicate that Helmholtz was himself aware of the destructive 

role he was playing but of the necessity for doing so. In remarking on 

Brewster's experiments and his repetitions of them Helmholtz stated that 

his own work 

abundantly proves that in his (i.e. Brewster's) method many 
hitherto unobserved influences come into play, which render 
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a sure judgement of the colours impossible and deprive his 
arguments of all force. If the assumed connexion of the 
refrangibility or length of wave with colour is to be proved 
erroneous, it must be done by some more certain method of 
observation, similar, for example, to that which I have 
described in this memoir; a principal condition of which is, 
that the colour investigated be sel:arated from the other 
colours and rendeFed free from every trace of irregularly 
dispersed light.5°  

After this penetrating and thorough analysis of Brewster's theory of the 

spectrum it is amusing and somewhat pathetic to find Brewster still 

defending his theory in 1855 some three years later. In his two volume 

biography of Newton published in 1855 Brewster saw fit to expound his own 

theory in contradiction to the Newtonian system and to answer Helmholtz's 

criticisms. His answer was a far cry from the ringing, indignant blasts 

aimed at Airy and nelloni. As to the influence of colour mixing due to 

irregular reflection and dispersion, Brewster allowed that it would be 

influential and that was the extent of his answer. In reply to the point 

that complementary colours are produced by subjective effects he could 

only answer "if it does disturb the colorific impressions on retinae 

tender and sensitive, (it) had no such effect on ours."57  In characteristic 

polemical fashion still defending himself to the last, Brewster could only 

say that if all these subjective effects were really so, then all the 

colours of nature must be only false hues. . 

We must not now pronounce a rose to be red, and its leaves 
green, till we have stared at them through a chink, or torn 
them from their foot—stalk! The phenomena of absorption 
which we have described we have seen, just as Newton saw his 
seven colours in the spectrum, and Hooke his composite tints 
in the soap—bubble; and now that our eyes have nearly finished 
their work, we are not disposed t mistrust, without reason, 
such good and faithful servants.2 
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Brewster did not seem to realize that Helmholtz had clearly stated 

that he too had seen the results Brewster reported under the same conditions. 

In the emphasized phrase "we have seen" Brewster also seemed to utterly 

reject all possible reasons for his observations implying that such 

optical observations as his were perfectly straight forward and not 

subject to any subtleties. 

Finally at the meeting of the British Association for 1855, Brewster 

repeated these remarks while adding several others in the same vein. 

None of them is very convincing and none of them were answered. Brewster 

himself retired from the battle, unvanquished, with a scathing remark at 

all his detractors; concluding his address he stated 

I may now leave it to my friend Prof. Wartmanq of Geneva, 
our greatest authority on the subject of colour-blindness, 
to determine which of all the parties in this controversy 
are afflicted with that optical disease.59 

Obviouslyhe:,  didn't think he was so afflicted! But this remark, the 

excerpt above and his other arguments make a hollow defence, after all. 

They are the arguments of a literary person rather than an objective 

scientist and in this respect it is interesting to note that Brewster 

supported himself by his considerable literary efforts rather than science 

not being able to find a professorship. Moreover, since he was then 64 

years old it must certainly have been a sad thing to see one of his 

finest "creations," perhaps the best of all in his own estimation, taken 

to pieces and turned to ashes in his mouth. No one could be happy at the 

prospect of seeing part of his life's work ruined. It may have been 

particularly hard for him for the work of all his detractors was published 
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in the Philosophical Magazine of which he was an editor. In publishihg 

this great paper (and another) of Helmholtz's he rather monitored his own 

decline. In stubbornly maintaining his own theory against the work of 

Helmholtz and that of Grassmann and Maxwell, Brewster seems to have rejected 

all current advances in a field which, ironically, he himself had pioneered. 

He lived long enough-7-to 1868----to see himself far surpassed in his 

own field of optics. 

Unfortunately the subject of colour perception has perforce had to 

dwell on one of Brewster's errors without having the opportunity of 

mentioning his successes. He was really a better scientist than this 

narrative would indicate. Certainly he was a leading scientist of his 

time, made many important contributions to optics and deservedly enjoyed a 

high reputation among his peers in an age when science reached a new 

maturity. For example, every beginning physics student knows of "Brewster's 

Law" in which he showed that the index of refraction of a given medium 

is a function of the tangent of the angle of incidence when the polarization 

of the reflected light is maximum. He discovered that many crystallized 

substances have two axes of - double refraction, that unannealed glass 

polarizes light by transmission, that properties of single or double 

refraction with one axis or two axes depend on the fundamental crystal 

form, and various other lesser contributions. Combined with this was a 

voluminous literary output by which he greatly helped to popularize science. 

And finally he played a leading role in organizing the British Association, 

obtaining support and recognition for scientific work from government 

and in reforming Scottish education. In short he led a long and full life 
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and as Richard S. Westfall has said, he "stamped his image prominently 

on his age.  "6o  Therefore, let us honour his spirit for his many important 

contributions to society at large. 
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CHAPTER IV 

The Primary Colours and Colour Classifications.;  Part 1:  
to the Lid-19th Century  

A tradition of philosophical enquiry int&the nature of colour can be 

traced from atleast the 6th century B.C. to modern times.
1 For the Greeks 

the enquiry into the nature of colour was part of their wider discussions 

on the properties and magnitudes of matter. Colour was certainly one of 

the rost obvious natural phenomena to investigate but also one of the most 

difficult. Through this long tradition of enquiry runs the constant theme 

of the choice of primary colours, a theme which we have seen already 

influenced events in the early 19th century. It was always assumed a priori 
that primary colours existed with an objective reality. Certainly Brewster 

took this view and refused to admit any other. Young was influenced by 

the general idea of primary colours prevalent in his time but his choice 

was intimately connected with/theory of vision so that his opinion on the 

choice of colours or their number was less dogmatic than Brewster's. 

Nevertheless Brewster's choice was founded upon the generally accepted 

view that there was one and only one set of primary colours so that no 

other set of three would be practicable. Thus he was not alone in his 

dogmatism on the choice of colours, at least; for a full understanding 

of the nature or primary colours in optical terms emerged only with 

Helmholtz in 1852. 

Except to note the continued existence of this tradition of colour 

enquiry it is not our present purpose to follow these discussions. But a 

few examples to illustrate the point will be interesting. Thus, for 
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Aristotle the primary colours were selected upon two conditions: the 

metaphysical primacy of the number 3, and certain "facts" concerning 

vision. The first condition established the number of primary colours while 

the second determined what these colours were. The number 3 was chosen 

through an analogy with the three diniensions of space: 

Magnitude divisible in one direction is a line, in two directions 
a surface, in three directions a body. There is no magnitude 
not included in these; for three are all and 'in three ways' is 
the same as 'in all ways.' It is just as the Pythagoreans say, 
the whole world and all things in it are summed up in the number 
three; for end, middle and beginning give the number of the whole, 
and their number is the triad. Hence, it is that we have taken 
this number from nature, as it were one of her laws, and make 
use of it even for the worship of the gods.2  

Granted the almost sacred position of this number, Aristotle applied it 

to his choice of primary colours, strangely enough, red, green and blue. 

This selection was based simply upon the presumption that colours were 

related to a certain strength of vision. 

When the sight is fairly strong the colours change to red, 
when it is less strong to green, and when it is weaker still 
to blue. There is no further change of colours, the complete 
process consisting like most others, of three stages; any 
further change is imperceptible.3  

The7phr.a.sez, "like most others" refers to the number 3. Thus, for example, 

for Aristotle the rainbow consisted of three primary colours and the other 

colours seen in it were "due to the contrast of two others; for red in 

contrast to green appears white."4 

Some 2100 years later Goethe could say the following: 

light and its absence, are necessary to the production of 
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colour. Next to the light, a colour appears which we call 
yellow; another appears next to the darkness, which we name 
blue. When these in their purest state, are mixed that they 
are exactly equal, they produce a third colour called green. 
Each of the two first-named colours can however of itself 
produce a new tint by being condensed or darkened. They thus 
acquire a reddish appearance which can be increased to so 
great a degree that the original blue or yellow is hardly to 
be recognized in it.5 

These=itwo,...c examples though separated by such a breadth of time are 

really not very dissimilar. They furnish, I believe, an indication of 

the general lack of understanding of the problem of primary colours until 

the mid-19th century. 

The Arts themselves certainly added considerable stimulus to the 

discussion of primary and secondary colours. For classically it has been 

the business of artists in most cases, to imitate the colours of nature; 

and this they do largely by compounding a variety of hues from a few others. 

Indeed, as soon as one decides to create a work of art in colours the 

• porblem of imitating nature's multi-coloured hues with a limited number of 

pigments arises. Immediately then, as a physical necessity, quite aside 

from scientific or philosophical enquiry, the question of primary and 

secondary colours arises together with a necessity for knowing some 

relationships between them. Pliny mentions that the early Greek painters 

used four basic colours, -white, yellow, red''and black.. (Obviously they 

had not studied Aristotle---or vice versa.) But Leonardo da Vinci apparently 

used six basic colours white, yellow, green, blue, red and black.7 How 

delightful it is to imagine those intrepid artists in the caves of Lasceaux 

pondering problems of primary and secondary colours! 

These discussions, however, whether philosophical or practical, should 
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be viewed in a wider context. In the evolution of science, those sciences 

not readily amenable to mathematical analysis have often turned first to 

a classification process. (In fact, one can view mathematics too as a 

means of classifying physical knowledge.) Thus biology in its early 

modern development needed to classify the various life forms as a prelude 

to further progress.. Geology in the 19th century passed through a similar 

stage. Even chemistry needed a classification system for the elements 

before an understanding emerged of their interrelationships. Early 

investigations of the primary colours as one aspect of studies in colour 

perception should be viewed in the context of attempts at the classification 

of colours. Certainly this problem of primary colours seemed the least 

likely candidate for quantitative experimentation and so the process of 

classification was in effect the only alternative open. 

In the modern era one of the earliest formal attempts at organizing 

colour schemes was made in 1686 by Richard Waller, Secretary of the 

Royal Society in a paper in the Philosophical Transactions.
8 

Waller's 

purpose was to give a useful table of colours for limning and painting 

and he confidently expected the table to "be of some use and advantage 

in describing the Colours of Natural Bodies."9  From a table appended 

to his paper it was possible to determine the composition of each of 

Waller's colours, most of them compounded from red, yellow and blue. 

Said Waller, "I have mixt each of the Simple Yellows and Reds with each 

of the Simple Blews, and these Mixtures give most of the mean colours, 

viz. Greens, Purples, etc."10  Aside from this early formal attempt at 

classifying colours, Waller's terminology is interesting for it indicates 
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that red, yellow and blue were already then rather generally accepted as 

primary colours. 

18th Century Colour Classifications  
Newton's Colour Circle  

Newton's colour circle in the Opticks,11  given as an empirical rule 

for compounding colours, can also be regarded as a colour classification 

scheme. Because of its importance to the rest of this thesis it will be 

described here in detail. The circle is given by Newton as a means of 

answering the following problem-: 

In a mixture of Primary Colours, the Quantity and Quality of 
each being given, to know the Colour of the Compound.12  

To find the proper proportions Newton imagined a circle with its 

circumference apportioned to the various colours. The circle, taken from 

the Ooticks, is below: 

Fig. 1 

The':,  colours are to be homogeneous spectral colours with a gradual 

passing of one colour into the next. The circle is, in effect, a 

rectangular spectrum bent into a cylinder and then viewed in cross—section. 
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Although it is not clear whether the circle was to be divided in the same 

proportions as the colours show in the spectrum, the inference is clear 

that the Seven spectral colours were here to be considered as primary 

colours. Indeed, a choice of so many primary colours seems to be in the 

tradition of the Arts and from this point of view then not very surprising. 

We should note, however, that the choice of seven colours rather than six, 

by inserting indigo between blue and violet, was apparently made in order 

to effect an analogy between the spectrum and the intervals of the 

musical scale.13 Significantly, the red and violet adjoin each other 

thus allowing purple, which is not a spectral colour, to be produced. 

In the section, say from F to G there are all degrees of yellow. 

And G represents the mean colour between yellow and green. In the section 

from G to A are all degrees of green and A represents the mean colour 

between green and blue etc. The circle, r, represents the center of 

gravity of the arch FG. The other circles, p, q, s, etc. represent the 

centers of gravity of the arches DE, EF, GA, etc. respectively. The area 

of each little circle is to be proportional "to the Number of Rays of each 

Colour in the given flixture to be described."
14 Suppose we wish to find 

the result of mixing all the colours. The procedure is (1) find the 

common center of gravity of all the circles p, q, r, s, etc. This is 

represented for the hypothetical case at Z, (2) draw a line from the center 

of the circle, 0, through Z to the circumference. We have then the line 

OY on the diagram. The actual colour is, of course, at Z. But the point 

Y on the circumference shows the part of the spectrum to which this hue 

belongs while the line OZ is "proportional to the Fulness or Intenseness 
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of the Colour, that is, to its distance from white."15 The length of 

the lino from the center of the circle. through the colour to the circum-

ference is then a measure of the tint, or saturation, of the colour; for 

if the resulting mixture should fall on the circumference itself we have 

the fully saturated spectral colour while if it falls on 0 it is white. 

The tint is then the amount of white added to a given saturated colour 

to give it a :p4Ier -  appearance. It should be noted that since Newton 

had shown that all the spectral colours combined give white light, then 

choosing the little circles,p, q, r, etc. to be proportional to the 

number of rays of their respective spectra' - colours must yield white in the 

center of the circle. It is also clear that all colours compounded by 

this rule will give points inside the circle. Points outside the circle 

would have no physical interpretation in terms of the spectral colours. 

Finally there is an implication that colours directly opposite each other 

on the circle will be complementary colours although no two of the little 

circles are directly opposite each other. This difficulty with Newton's 

rule was first pointed out by Biot and became the subject of a mathematical 

investigation by Grassman in 1853 to be discussed later. 

As stated before, this procedure was given by Newton as an empirical 

rule only. As such there was no proof. It does, however, serve to 

organize the colours for producing combinations; it gives a means of 

procedure and even allows the compound colours to be defined operationally 

in terms of angular position along the circumference and linear distance 

from the center. As we shall see, this rule of Newton's exercised the 

main influence on all subsequent attempts at producing a quantitative 
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theory of colour. It was the bfasis for work by Tobias Mayer and 

J. H. Lambert later in the 13th century and J. D. Forbes, Grassmann and 

Maxwell in the 19th century. The latter's method of colour equations, 

a direct descendent of Newton's colour circle, is still the basis for 

colour measurements in researches on colour vision. 

Tobias Mazer 

The eminent German mathematician Tobias Mayer produced a method of 

classifying colours in 1758 that to some extent is still in use. According 

to Eric G. Forbes16 Mayer was probably influenced toward this particular 

work by a combination of three motives. He was an extremely talented 

artist whose early precosity in this direction had played an important role 

in the young Mayer's education and early career. Secondly, he was a noted 

cartographer and there may well have been a need for greater colour 

consistency in producing colouring on maps. Finally, the scientific and 

mathematical side of this many faceted man may well have influenced him 

towards an attempt to reduce art to a mathematical formulation especially 

in view of his artistic talent and experience. Whatever the various 

degrees of influence each of these roles had upon Mayer, he produced a 

very successful theory of colour mixing and classification.17 

As his primary colours Mayer chose red, yellow and blue, a choice that 

we have seen was already in use some 90 years before. But here Mayer 

differed from his predecessors for he aimed at giving the specific 

ratio of the primary colours required to mix all others, whereas Waller 

and even Newton were satisfied with qualitative ideas about the colours 

produced by primaries. With such an objective then, it was necessary 
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to consider the question of standardizing the quantities of primary colours; 

and this can be answered by considering yet another, more fundamental 

question.' In considering transitions from one colour into another, say 

from red to blue, it is desirable that each separate step be large enough 

to be just distinguishable to the eye yet not so large as to appear as a 

sudden change of colour. In other words, transitions between colours 

were to be according to the smallest sensible stages. Therefore, in the 

transitions between red and blue, the question is; how many small changes 

can be made, one at a time, so that the transition is gradual in each 

and yet distinguishable. Mayer felt this number was 12,
18 and therefore 

this number became the standard amount for the primaries from which the 

other colours were to be compounded. This means that in colours mixed 

from the primaries, it will be possible to just distinguish between close 

hues so long as the sum of their separate parts does not exceed 12. For 

example, using r, y, and b for red, yellow, and blue respectively, one 

could have combinations of r
6y6 or y11b1 as (arbitrary) examples of binary 

combinations and r
9y2b1 or r6y3b3 as examples of second order combinations. 

Mayer allowed variations of one unit of colour, but not less than one, 

in his scale of 12 and compiled a list of all possible combinations of 

two or three primary colours. This came to a total of 91 which it turns 

out is a triangular number of side 13, a fact recognized by ?layer. 

Therefore he said that the three primary colours could be represented as 

the vertices of a triangle from which then all the colOur combinations 

could be derived. Imagining weights at each vertex, an edge of the 

triangle between two colours represents gradations between each pair of 



-124 

colours and in going around the perimeter of the triangle we must pass 

through all the spectral colours and also purple. This is done as in 

Newton's colour circle by finding the center of gravity of each different 

combination. Moreover, as in Newton's circle, combinations of three 

primaries, again found by locating the centers of gravity, must all fall 

within the triangle, colours outside the triangle having no meaning in 

this two dimensional array. Indeed, it should be clear that Mayer's 

triangle method of colour classification amounts to a reduced form of 

Newton's colour circle. And in passing we may note that this is the 

origin of the famous triangle of colours used later by Young and Llaxwell 

' 	• and still found in elementary science textbooks. Mayers triangle is shown 

in Figure 2, taken from Forbes' article.19 

The choice of 91 different colours which this scheme allows seems 

rather small compared to the infinite variety of hues found in nature. 

The reason for this is that the system has not allowed for shades or tints 

of the various hues. We have compounded only varieties of the (ideally) 

pure primaries. But the effect these have in perception is certainly a 

function of illumination. For a given level of illumination eachof 

these colours could be further altered by also mixing with the primary 

pigments a darkening or lightening quality. In other words we can have 

gradations of each of these compounds towards white by mixing a white 

pigment into the mixture; and we can have gradations towards black of 

each hue by mixing a black pigment with the primaries. 
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l1ayer recognized this possibility, .even requirement, and allowod the 

primaries to have gradations to'~'lards white to pr~duce tints. llIaintaining 

the scale of 12 this meant that there could be 12 parts of white ultimately 

as one particular colour. But each colour in the scheme is to be composed 

of' combinations of the three primaries suitably diluted; and the pure 

white is ultimately to be composed of equal parts of each fully diluted 

primary. This implies that each primary can be varied in four gradations 

towards white and, carrying the implication further, this means ultimately 

each colour in the triangle would have four gradations towards white. 

Hence there would be 4 x 91 == 364 tints of the colours in the triangle. 



-126- 

This number Mayer recognized as a pyramidal number of side 12
20 
 which 

therefore means a three dimensional array is really needed to account 

for hues and tints. Clearly a similar argument applies to black so that 

there also 364 shades of the original colours; therefore the grand total 

of possible colour combinations in Layer's scheme is 91 + 364 + 364 = 819, 

and a three dimensional array therefore applies to classification of hues, 

shades and tints. This expansion of the triangular array to include lints 

and shades, however, was not published by Mayer and so did not enter the 

literature. 

J. H. Lambert  

Mayer's scheme of triangular colour classification and gradations into 

shades and tints was independently discovered by the mathematician 

J. H. Lambert and published in 1772. In order to classify the mixture 

of three primaries (again red, yellow and blue) together with their shades 

and tints, Lambert employed the same idea as Mayer for combinations of the 

primaries and then extended that triangle to a tetrahedron to account for 

tints or shades.
21 For the base of the tetrahedron he had the colour 

triangle of three primary colours. Then, confining ourselves to tints 

for the moment, he imagined he would dilute each primary towards white by 

one step and also reduce the scale to 11 rather than 12. For as the 

primaries were diluted, the colours compounded of them would become less 

distinguishable and so there would be fewer separate colours. Therefore 

there can be larger steps between each transition until a difference is 

noted and this means a small number of divisions is required. The scale 

reduction accounts for this fact. This accomplished, one could then use 
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these new colours as "primaries" in a new triangle. The new triangle will 

contain 78 colour elements. Then the idea was to repeat the process 

forming another new triangle by diluting each corner colour again towards 

white. Use these as primaries in a new triangle where the sum of the 

colours is to be 10 and this gives a triangle with 66 colour elements. 

By placing each succeeding small colour triangle on top of the previous 

larger one we have a tetrahedral shape, a pyramid as it was called by 

Lambert, in which the apex is pure white. The base is the original colour 

triangle, the same as Ilayer's, and each original primary colour fades 

gradually into white at the top. Such a pyramid contains 91 	78 66 55 +... 

+ 1 = 455 colour elements. Finally following the same procedure going 

towards black, we achieve a second pyramid whose apex is black and whose 

base is again the original colour triangle. If we put the two tetrahedrons 

together at the base it is clear that the entire procedure gives a 

hexahedron black at one apex, white at the other and with the original 

undiluted colour triangle with red, yellow and blue primaries half way 

between the apices. There are in Lambert's system also 819 colour 

variations and one imagines that such a scheme would provide artists with 

a range of colours sufficient to represent a great variety of objects. 

19th Century Colour Classifications  

Similar attempts at colour classification were made in the 19th century 

(and the 20th) together with attempts at fixing a standard colour 

nomenclature. We shall briefly look into a few of these in the first 

half of the 19th century. 

In 1810 the German painter, Philip Otto Runge devised the colour sphere 
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shown in the photograph on the next page. Runge also chose red, yellow 

and blue as primary colours and the pure forms of these together with 

their gradations into each other were located around the equator of the 

sphere. Then going toward one pole, he allowed gradations of white where 

pure white would be located at that pole; similarly he allowed gradations 

towards black to the opposite pole and inwards towards gray. However, 

unlike Mayer and Lambert, Runge attached no scale or standardization to 

this work so his colour sphere must be regarded as a qualitative contribution 

rather than the quantitative attempts of his predecessors. It does, 

however, recognize the three-dimensional requirements for classification. 

The celebrated French chemist, M. E. Chevreul produced a well received 

work on the theory of colour and colour contrast in 183923  in which he 

attempted to define certain principles of colour harmony and contrast. 

Chevreul saw that a colour classification scheme was necessary as part of 

this work and so he added his own idea to those already produced. His idea 

was to arrange the colours along the circumference of a circle with his 

three primary colours, red, yellow and blue spaced at angles of 120°  apart. 

Referring to Fig. 3, each radius was divided into 20 parts representing 

gradations of that colour from white at the center to the "pure" tone of 

that colour somewhere along the radius although the pure tone was not 

necessarily located on the circumference. Chevreul arbitrarily chose the 

number 15 as the pure tone for the red scale and then stated because of diff- 

erences in their reflecting powers, the number chosen for yellow would be lower, 

while that chosen for blue would be higher.24 Then to account for the 
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Plate 1 
Rungels Colour Sphere 
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gradual transitions of one primary colour into another (i.e. combinations 

of two primaries) he conceived that the angles between primaries should be 

further divided giving all the spectral colours and their fine intermediate 

hues. (This is shown also in Fig. 3
25 where, for simplicity, these various 

divisions are shown for one sector only.) Therefore within the circle, as 

drawn completely by Chevreul there are 67 x 20 = 1340 colours representing 

the primaries, their various combinations and their tints towards white. 

To allow for gradations into black Chevreul conceived a quadrant of 

radius equal to the circle and so arranged that it could turn around an axis 

perpendicular to the center of the circle; that is, the quadrant is to rotate 

about the center of the circle in a plane perpendicular to the circle. The 

quadrant is shown in Fig. 4 and the hemisphere it sweeps out is shown in 

Fig. 5.26 The quadrant is divided into 10 radii giving various degrees of 

black mixed with the colour lying below it in the circle. The degrees of 

black are represented in increasing order from radius no. 1 to radius no. 10. 

Therefore, the smallest degree of black is represented by radius no. 1 while 

radius no. 10 represents the maximum amount of black. Radius 10, in fact, 

is perpendicular to the circle itself and can be regarded as the axis 

about which the rest of the quadrant swings. It is black at the top and 

of necessity white at the bottom (see Fig. 5), and therefore represents 

20 degrees of gray considered as white and black mixed. 

In order that each colour may be mixed with black the radii of the 

quadrant are divided into 20 parts as in the circle so that as the quadrant 

sweeps around the circle there will be for any particular colour on the 

circle a corresponding point of the quadrant over it. The general idea 
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is then that for a colour along radius no. 1 the colour is composed of 

1 part black and 9 parts colours; along radius no. 2 the colour is oomposed 

of 2 parts black and 8 parts colour, etc. Along radius no. 10 there are 

only shades of gray, with black at the top of the hemisphere and white at 

. the center of the circle. Gradation in white (tints) take place along 

the plane of the circle. 

The idea is certainly similar to Runge's sphere although since Chevreul 

mentions Newton rather than Rangue, it is more likely that he saw himself 

expanding Newton's colour circle to three dimensions. Chevreul's work 

was well received going through several French and English editions and 

he himself was recognizedos a result of this work and another on colour, 

as one of the most influential colourists of his time.27 However his 

colour solid was inadequate for pigmented colours, his explicit concern, 

since they do not give white in the center of the circle, a fact which he 

himself recognized. Strictly speaking, since the mixture of pigments 

gives new hues by a subtractive process, a mixture of three pigments would 

ideally yield black, a fact which he again recognized.28 Therefore, his 

solid which explicitly applied to pigments borrowed an idea from Newton 

in taking white at the center of the circle while that man's idea had 

been based upon mixtures of light. Vie can see that Chevreul confused the 

two processes of colour mixing here, along with everyone else of his time. 

The solid moreover was almost impossible to construct in practice. For 

on the circle itself there are 1340 colours. Now allowing the gradations 

to black there are 10 x 20 x 1340 = 268,000 colours; more than enough 

certainly for any artist but grossly impracticable to use. 
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Colour Nomenclatures  

The mere classification of colours according to schemes such as those 

above was .thought insufficient for general scientific purposes. There was 

a need for a general agreement upon colour nomenclature as well. It is 

not that language was deficient in colour words; rather it was simply a 

case of confusion over the meaning of many colour words which suggests 

that definitions of many terms were not well fixed. Therefore, this 

confusion, or lack of agreement on meaning, led at times to apparent 

misapplication of colour terms although the term "misapplication" must be 

understood as a relative one since the appropriateness of a particular 

term would clearly depend on one's definitions. Since the late 18th and 

early 19th centuries witnessed considerable expansion of many scientific 

fields there emerged a need for some standardized colour vocabulary. This 

was especially important in the descriptive sciences where a complete 

description of an object must include its colour or colours, where applicable. 

For example, the noted German geologist and mineralologist Abraham Werner 

brought the science of mineral classification to a new understanding in 

this period. However, the colour of a mineral forms an important part 

of its description and Werner found the existing vocabulary insufficient 

for his mineralological requirements. Therefore, he established his own 

nomenclature of colours as an integral part of his mineralological studies 

and classifications. 

For Werner's purposes, he found that 79 tints were sufficient. However, 

for more general purposes 79 tints (and hence names) is certainly 

insufficient especially when compared with the 819 produced theoretically 
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by Lambert and Mayer. Recognizing this limitation Partick Syme, a well 

known painter and painter to the Wernerian Society in Edinburgh attempted 

in 1821 to extend Werner's nomenclature and add to the examples. 29  He 

pointed out the necessity of a generalized nomenclature for science and 

noted also that at present names of colours were often misapplied.30  

Hence, his book was aimed at removing the general confusion existing over 

colour terms and producing a system which might be useful to the sciences, 

especially to zoology, botany, mineralology, chemistry and anatomy. His 

book was based on Werner's system but extended the number of those tints 

to 110, which still seems a rather small number. It is probably this 

reason that his work achieved little success. But beside this the work 

was difficult to use as the photograph of a page of the book below indicates. 

Beside placing quite a strain on one's memory, such attempts at defining 
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colours ran into the same difficulty as the cause precipitating the 

definitions. Each artist depends more on his own subjective feelings and 

experience so that various attempts in this direction of standardizing 

vocabulary simply reflected the general disagreement on many terms. Thus 

lack of success on Syme's part does not necessarily indicate lack of 

appreciation of his work. 

Of all attempts at producing a nomenclature of colours that which had 

the greatest success in terms of stimulating sbientific progress was 

undoubtedly produced by D. R. Hay in 1845 entitled A Nomenclature of Colours. 

This Scottish decorator and artist lived in Edinburgh and was well known 

to the thriving intellectual community of the city both for his outstanding 

talent and for his numerous publications on the relationship between art 

and science. He was an active member of the Royal Society of Edinburgh 

and the Royal Scottish Society of Arts before both of which he gave papers. 

His organization of tints together with appropriate names fell on fertile 

ground in the person of his eminent countryman, the physicist J. D. Forbes. 

Forbes was stimulated by it to write a review in 1849 of the status of 

colour theory. Moreover, James Clerk Maxwell about whom we shall say 

much later on, knew Hay and his work well and was in turn a pupil of 

Forbes. There was therefore a direct line of influence of Hay's work on 

Maxwell as well as an indirect influence through Forbes. Finally we may 

note that Forbes' paper of 1849 was read by Helmholtz so once again Hay's 

Nomenclature had an important indirect influence in reaching a theoretical 

understanding of primary colours and their combinations., 

Hay's objective was the high ideal of improving the education of the 
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general public in "aesthetical science."31 But the proper basis for 

this he thought was first education in the knowledge of colours, and 

so he aimed at achieving "a definition of the almost infinitely various 

colours, hues, tints, and shades"32  arising out of the simple elements of 

colour. These elements were the three primary colours, red, yellow and 

blue, then three secondary coloursl'orange, green and purple. Finally 

he believed, like Goethe whom he quoted several times,33 that "white and 

black are representatives of the principles of light and darkness."34  

They were not to be understood as colours as such but as modifiers of 

colours in the sense of attenuating or neutralizing the pure forms of 

various hues by making them into tints (addition of white) or shades 

(addition of black). This, of course, was itself not new having been 

evident in the work of Mayer, Lambert, Runge and Chevreul. It would seem, 

however, that Hay had not read the writings of these men. 

The major portion of his work is devoted to. a series of colour plates 

such as those in the photographs on p. 138. Generally two plates are to 

be considered together such as plates 3 and 4. Plate 3 consists of tints 

of red in the upper portion contrasted with shades of green in the lower 

portion. They are mixed according to Hay's ratios below35 although he 

does not state the actual pigment material to be used. 

• Plate 3 

figures 1 2 3 4 5 6  
xed 5 10 15 green 5 10 15 
white 15 10 5 black 15 10 5 

Plate 4 exhibits tints of green contrasted with shades of red according 
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to a similar formula: 

Plate 4 

figures 1 2 3 4 5 6 
green 5 10 15 red 5 10 15 
red 15 10 5 black 15 10 5 

In 	plate a colour in the upper half (a tint) is supposed to form 

a contrast with the colour directly underneath it in the lower half 

(a shade). Thus besides exhibiting tints and shades of various hues, Hay 

arranged them as contrasting colours as well. A similar explanation 

applies to plates 5 and 6 which respectively show tints or yellow and 

shades of purple, and tints of purple and shades of yellow according to 

similar formulae. Hay did not limit himself to the primary and secondary 

colours but arranged many more such plates combining primary colours only, 

or secondary colours only, or primary and secondary colours etc., and 

always in terms of contrasts between their various shades and tints. In 

all he achieved some 240 different tints and shades and stated that only 

the expense of the colour lithography (quite remarkable for the time) 

prevented him from completing his system with another 144 colours.
36 

It 

was in short a rather remarkable work, no less so for the considerable 

attention it drew tb itself as for its influence on Forbes and Maxwell, 

already noted. 

J. D. Forbes 

The eminent Scottish physicist, J. D. Forbes, produced in 184937  

probably the most important work in colour theory prior to that of 
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Helmholtz and Maxwell in the 1850's. It was primarily a comprehensive 

review of the status of colour understanding at the time with a detailed 

commentary on the work of Layer and Lambert. Beside a review of other 

people's work Forbes also made some original contributions to the problem. 

Indeed, Forbes initiated his review of the work of Mayer and Lambert with 

an original analysis of an old and seemingly simple problem. Why is the 

best possible result of mixing pigments, in an attempt to produce white, 

always a neutral gray? And why can We not produce white from the spinning 

disc method although we can always achieve gray? 

We recall that Newton had tried to produce white, in analogy to the 

spectral colours producing white, by mixing powders. The best he could 

achieve by a mixture of orange, purple, green and blue was a result which 

"became of such a gray or pale white as verged to no one of the colours 

more than to another."38 Newton had explained the gray result on the 

basig of absorption: 

all coloured Powders do suppress and stop in them a very 
considerable Part of the Light by which they are illuminated. 
For they become colour'd by reflecting the Light of their 
own Colours more copiously, and that of all other Colours 
more sparingly, and yet they do not reflect the Li ht of 
their own colours so copiously as white Bodies do. 9 

The2efore.',:ver; could not expect a "strong or full white". On the other 

hand, Young had claimed to have produced a "perfect whiteness" with mixed 

powders as described in Chapter I. Such a claim, however, is doubtful at 

bests  And, of course, Young had produced only a gray with his spinning 

disc. 

Before passing to Forbes' analysis of this question it is worth noting 
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the explanation given for it by Goethe. That poet, cum physicist, did not 

fail to notice Newton's inability to produce white by mixing powders and 

used it in his vicious, polemical attack on the hitherto impregnable 

"Bastille"40 of Newton's theory of colours. Thus, of Newton's claim to 

have produced white out of the other spectral colours, Goethe said, 

That all the colours mixed together produce white, is an 
absurdity which people have credulously been accustomed to 
repeat for a century, in opposition to the evidence of their, 
senses.41  

The reason for obtaining gray and not white according to Goethe is that 

colours when mixed together "retain their original darkness."42  And 

therefore the darker the colours we start with the darker must be the 

resulting grays which approach black in the limit. But the lighter the 

colours we start with the lighter will be the grays which now approach 

towards white.43 This implies that black and white are limiting positions 

of all colour mixtures and since it is the property of a limit (mathematically) 

that we never actually reach it, all results will simply be varying shades 

of gray. Goethe proposed this explanation presumably as his own but, as 

we have seen, the same idea had been proposed by Lambert, his countryman, 

long before. It seems unlikely that Goethe did not know of Lambert's work. 

In any event it is hardly a scientific explanation of the problem even 

considering the rather undeveloped state of researches in colour at this 

time. 

Hay too attempted to answer this question and produced an explanation 

similar to Goethe's whose work on colour he had read. Hay pointed out 

that although the three primaries red, yellow and blue had long been 
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conceived to make white when mixed, this in fact could not be the case. 

For Hay maintained that colours could be created only by the joint influence 

of light and darkness; colours, therefore, are "an intermediate phenomenon 

between these two principles, the natural concurrence of whith...is a cool 

gray."44 For Hay, light alone did not constitute colour, while a certain 

"proportion of the passive principle of darkness"45  enters into the 

constitution of each of the primaries. Therefore, the principles of light 

and shade must perforce coexist with the colour itself .
46 

The logical 

conclusion was therefore that mixtures of red, yellow and blue cannot 

possibly produce white or black but must yield the intermediate gray. 

These explanations by Goethe and Hay have a distinct Aristotelean flavor. 

From Goethe's point of view such explanations together with his unyielding, 

often irrational attacks on Newton seemed to explain the marked lack of 

attention paid to his theory of colours by the scientific world.47  For Hay, 

this unscientific explanation played a very small role in his overall work 

and so could be overlooked by anyone interested in his very real achievement 

in organizing and classifying colours. Nevertheless, the problem of 

seeming failure to make white out of pigments remained outstanding and it 

is in the context of attempted explanations for this failure by Newton, 

Young, Goethe, Hay (and others) that we should view the following numerical 

analysis by Forbes of this question. He corroborates, albeit hypothetically, 

Newton's explanation of the problem of producing grays as opposed to white 

from pigment mixtures. He also thoroughly refutes such Scholastic-like 

arguments as Goethe's. But in passing we may note that underlying the 

whole problem is really a conceptual diff,icu1tY..•):: Newton had showed that 
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white light was produced by combining the colours of the spectrum. It was 

therefore always assumed, by analogy, that pigmented colours would do the 

same. It-wad ultimately necessary to distinuish the two processes involved 

as a first step towards understanding and this was the route pursued by 

Forbes. 

The first point by. Forbes was that mixing coloured lights projected on 

a screen is an additive process where the resultant brightness is the sum 

of the individual brightnesses of the separate colours. But mixing pigments 

is a subtractive process due to absorption and scattering processes which 

produce "an inevitable quantity of darkness or absorbent faculty in the 

constitution of every artificial colour, whatever be its predominant hue.1148  

For example, suppose we have a paper well coated with blue pigment and 

another well coated with yellow pigment. Suppose they reflect only their 

own colours but at the same time absorb, say, one-half of the incident light 

of that colour. Then it is clear that a compound colour of these two 

pigments spread on a surface must reflect, at best, only one-half of the 

total number of rays of those two colours. And it follows that such a 

procedure cannot and does not make a surface more reflective than before, 

but less. As Forbes stated, 

The process of mixture cannot in any case be expected to 
improve the power of reflecting the pure colours residing 
in the constituent pigments. It is much more likely to 
deteriorate it, which will tend to give a tone of always 
• less absolute brightness to more complex colours.49 

It may seem at first that this is an elementary and even trivial point. 

But the fact that Forbes, a well known and respected physicist, felt called 
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upon to make such statements is an indication of the general confusion 

then concerning the physical mechanism of colour mixing. In fact, the 

use of the word "sum" in conjunction with mixing coloured lights is 

indicative that Forbes at least had achieved a mathematical as well as 

physical conception of that process. Such terminology was almost certainly 

suggested by the mathematical analysis of colour absorption given by 

Sir John Herschel and discussed in Chapter II. Forbes did not, however, 

use any word like "subtractive" in referring to the pigment example above 

but the inference about the mathematical operation is clear. Yet in the 

end, as we shall see, Forbes did ultimately miss the distinction between 

the two processes. 

All the discourse above was preliminary to getting to the actual example 

based upon real measurements. It was intended to set the framework. 

Suppose now we wish to paint a wheel with sectors of red, yellow and blue 

and set it spinning in order to make white. (Notice that Forbes assumed 

along with his contemporaries that these were the correct primary colours). 

Let the circumference of the wheel be divided into 100 parts numbered from 

0 to 1.00 where the 0 and 1.00 coincide. The question is then: what 

proportions of the wheel should be assigned to each colour? 

The correct proportions could be found by experiment (i.e. trial and 

error) which seems to have been Young's method. But they can also be found 

from Newton's colour circle. The little circles representing there the 

centers of gravity of each colour are also the mean colour between that 

colour and the next. The angle between the centers of gravity of red and 

yellow is 91° 54'. 5, between the centers of gravity of yellow and blue 



-144.- 

is 115°  26', and that between blue and red is 152°  38'.5. (It is hard 

to see how he achieved such accurate measurements from the relatively small 

circle given by Newton.) Since the center of gravity of the combination 

must coincide with the center of the circle which is white, we can say each 

colour must be in proportion to the sines of the angles above. (An analogous 

problem is to suppose we have three unknown weights on the circumference of 

a circle whose center of gravity must coincide with the center of the circle. 

that then must be the ratios between the weights? The answer is to make 

them proportional to the sines of the angles between them.) From the 

above proportions and measurements we have 

Red ok sin 91°54'.5 = 0.9031 

Blued.. sin 152°39'.5 = 0.9785 

Yell a( sin 115°26' 	= 0.4593 

If X is the amount of yellow, then from these proportions 2.13X is the 

amount of blue, and 1.96X is the amount of red. Together they must add 

up to the 100 divisions of the wheel so 

5.09X = 100 

and we have the proportions for the wheel as 

yellow . 19.6 

blue . 41.8 

red 	= 38.6 

As the wheel is numbered from 0 to 1.00 in hundreths, however, these will 

be enumerated on the wheel as 0.196, 0.418, and 0.386 respectively. 
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But the important point is this. This method gives proportions for 

mixing spectral colours and tacitly assumes perfect reflection. But we 

have just.seen that surfaces do not reflect 1000 of the incident light even 

of their own colour, a fact well known to Newton. J. H. Lambert had 

published in 1772 the proportions these colOurs do reflect.50  The whitest 

surface reflects 4/10 of white light incident upon it. Yellow reflects 

4/10 of its own colour; the brightest red reflects 1/3 of its colour, and 

blue reflects 1/7 of its colour. 

In order to obtain reflected light from the wheel of the same composition 

(or intensity) as we would get from the spectral colours, we must increase 

their proportions inversely as their reflecting abilities. Therefore, we 

must make the spaces on the wheel 

10 yellow  	Y 	0.490 = 
4 

blue 	 7 B = 2.927 = b 

red  	3 R = 1.157 = r 

white = sum 	 = 4.574 = n 

In other words to match the spectral brightness we would have to make 

the wheel 4.57 times larger than originally planned. Or conversely, if we 

keep the proportions of the wheel as determined only by Newton's colour 

circle, the arithmetic shows that the reflected light will be attenuated 

4.57 times becoming 1/4.57 = 0.21 of its original brightness. But the 

same white light falling on white paper will have 4/10 = 0.40 of its 

original value reflected. Comparing these two we see that the white light 

reflected from the wheel as compared with white. light reflected from the 
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white surface is almost one-half as much. As Forbes said: "This abundantly 

explains why the result is a gray colour, not a bright white."51  It also 

refutes Goethe's argument for obtaining gray rather than white for as 

Forbes stated, 

gray is not an affection of Light at all, but of Surface 
merely. All Light combining the coloured elements in due 
proportion is essentially white, though more or less intense; 
but no Surface can be said to be perfectly white rather than 
gray, except by comparison with another. A surface of white 
paper illuminated by common daylight is gray relatively to a 
similar one placed in full sunshine.52  

The Primary Colours of Young, Wollaston and Brewster  

It is most interesting to view against the background of colour 

classification the choice of primary colours of Young, Wollaston and 

Brewster. We have seen that whereas the generally received opinion that 

red, yellow and blue are primaries goes back at least to Waller in 1686 

and was later carried over into the choice of spectral primaries, Young and 

Wollaston, at least, made a case for a different choice. Indeed Forbes 

remarked that Young's choice was a "singular opinion,"53  indicating 

unequivocably that in 1848, 46 years after its announcement, Young's choice 

of red, green and violet as primary spectral colours had until then been 

neglected although not forgotten. This is probably due to two reasons. 

The first is simply that Young had chosen green instead of yellow as a 

result of Wollaston's experiment described in Chapter I. Young had inferred 

from that work that yellow does not exist independently in the spectrum but 

is composed of a mixture of red and green. But the independent existence 

of yellow in the spectrum had been readily showed by both Brewster and 
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J. Herschel in their absorption experiments while subsequent work by 

Fraunhofer had shown the inadequacy of Wollaston's original experiment. 

Thus the original reason for challenging the general body of opinion no 

longer existed. 

The second reason for neglecting Young's choice in favour of red, yellow 

and blue lies in the fact that his choice can be fitted into the red, yellow 

and blue scheme and this, of course, was a powerful argument against it. 

On the red, yellow and blue choice of primaries one assumes, as Brewster did, 

that red + green = orange. Then Young's statement that red + green = yellow 

can be explained by assuming that green is a compound of yellow and blue. 

According to Forbes "the whole of the blue and a part of the yellow 

-combine with the red to produce a perfect white, which then dilutes the 

outstanding portion of the yellow."54 Thus Young's choice of red, green 

and violet spectral primaries was seen as a special case of the then more 

. conformable choice of red, yellow and blue. It does seem, however, from 

these considerations that any particular choice of primary colours is 

somewhat arbitrary since we can get the same colour combinations from 

different starting points. Clearly it was just this point, based on the 

reasoning above, to which Sir John Herschel was referring in 1827 when he 

said that any three prismatic colours could be chosen as fundamental 

colours. This was the first crack in the absolutist dogma about primary 

colours; but this point of view was not fully documented nor appreciated 

until the work of Helmholtz and Maxwell in the 1850's. Moreover, granted 

that the particular choice is arbitrary the question-').remained: are 

certain choices of colour more fundamental than others? This question 
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was to receive a positive answer from Helmholtz in 1852. Another question 

still unanswered at this time was that raised by Brewster: were certain 

spectral colours really compounds while others were simple? Brewster's 

work on absorbent media appeared to Forbes as conclusive evidence that the 

answer to both questions was "yes". Since orange, green and purples were 

undecomposable by refraction, said Forbes,55  it appeared that Brewster's 

choice of red, yellow and blue as spectral primaries was an absolute kind 

of choice with which Forbes concurred. Thus we see from this point of view 

that there are no other colours at all in the spectrum but red, yellow and 

blue regarded in effect as actual substances, and all other colours are 

compounds of these. In effect, Brewster's choice of primaries and his theory 

of the spectrum (supported by Forbes) asserted the objective reality of those 

three colours whereas Young's choice was simply a physiological (or anatomical) 

one; for Young each spectral colour could and did exist independently and 

the particular colour sensation, as opposed to 'the natural existence of 

some particular colour, was a result of the anatomical receptors in the eye. 

Ironically, it appears that Forbes, one of the outstanding men of his 

generation and one of the teachers of the young Maxwell, was one of the 

few to give Brewster whole-hearted support for his theory of the spectrum. 

Returning to Forbett review of colour theory, he then went on to an 

analysis of the composition of certain colours constructed from a triangle 

like Mayer's but using a standard of eight divisions rather than 12. The 

figure eight seems to have been suggested by some rather questionable 

experiments made in 1835 by the artist George Field,56  some dating back 
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to 1820, which Forbes did not repeat. Referring to Forbes' triangle to 

the right57 we see that the primary 

colours at the angles can be considered 

to form secondary colours at the mid-

points of each side of the triangle. 

Connecting those points gives another, 

smaller triangle which can be used for 

compounding tertiary colours. These 

are the midpoints of the sides of the 

smaller triangle of secondaries. The 
Fig. 6 

process can clearly be continued producing a great "confusion of colours" 58 

with decreasingly smaller triangles. The center, W, is the limit of wuch 

a process and we can see that relatively soon we will reach various 

gradations which will hardly affect our eyes. Forbes showed this law of 

combining secondary and tertiary colours as below" still basing their 

composition on.the arbitrary sum, eight. The colours on the left are the 

primaries, the next column are the secondaries compounded from them, the 

Red _____ 
= 7' 	--Orange 	 • 

----------Citrine 
Yellosw---"---  'IN =_.-gibe,'---- Green hue 
=y --------- Green 8 _________-- 
Blue 	=2/4b4 	_.,,-..-.- Olive ...„.._--------- 	2/3631'2 

.-----b,hy, `----- Purple hue = lis  ---------- Purple------   

Red-  . ____,------- —b47'4 ____________. Russet ------.______ 	bsra?/2 

=re,b2 	O.::: 	Iranire 'tie 
?.8 	--."----,-_,..„ 0 r a n 0.  e 

	

0 -----„, . . 	--- 	0 

Yellow 

	

------ =1.4.//4 	Otrine --' 	raYsb2 

:=.1/4bir2 =y8  

Fig. 7 

next column are the tertiary colours compounded.of the secondaries, etc. 
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The figure bears a slight resemblance to an arrangement in Field's 

Chromatography but is vastly simpler and more easily understood. The colour 

citrine seems to be a somewhat indefinite one. From the diagram above 

one sees that it is composed of four parts of. yellow and two parts each of 

red and blue. But since gray (ideally white) is a mixture of red, yellow 

and blue, this is equivalent to mixing two parts yellow with six parts of 

neutral gray to make the total of eight parts. This shows that the indefinite 

colour citrine is a "yellow verging into gray, one—fourth of the mixture 

being yellow and three—fourths gray."
60 

Consequently its place in the 

triangle must be on the line YW, dividing the line in the ratio-of 3:1. 

It does this by construction. 

Forbes performed a similar analysis of the still more indefinite colours 

listed in the fourth column. Briefly, he showed that in the triangle 

composed of the points Ci (citrine), Ra (russet) and 01 (olive) the next 

set of colours in column 4 will also divide the altitudes of that smaller 

triangle in the ratio 3:1 as in the preceding example. The only difference 

was that with these colours, "the compounds were more neutral, because the 

secondary colours were themselves one stage on the way to neutrality."61  

From these examples and with the help of Hay in actually arranging the 

colours, Forbes came to the following conclusion: 

that all combinations of three primary colours (as far as 
difference of quality is concerned) may be represented by 
transitions from the primary and secondary colours into gray; 
and thence, though it may appear at first sight paradoxical, 
though the quality of a primary or secondary colour(such as 
red or green) is not changed by diluting it with white, it is 
changed by mixing it with gray, or by first mixing it with 
white and then diminishing the intensity of light in the 
mixture.62 
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Clearly such a system of classification was useful in pointing out the 

composition of each colour. It did not, however, include the possibility 

of dilutions of these colours with black or white, the colours being viewed 

tacitly with a standard intensity. Following his own classification scheme 

to its logical conclusion Forbes presented the table of colours on p. 152 

from colours arranged for him by Hay from the specimens in his Nomenclature  

of Colours,
63 

Forbes wished to obtain suites of colours in more durable materials 

than those constructed by Hay. Implying that pigments on canvas, paper, 

etc., are something less than permanent, he related a charming anecdote 

of an earlier attempt by him to obtain painted porcelains and enamels. 

For this he had turned five years earlier, in 1844, to a unique collection 

of coloured enamels in the Vatican. According to Forbes, this collection 

had been founded some two centuries previously for the purpose of creating 

mosaics in the interior of St. Peter's basilica. The success of this 

venture is now to be seen by anyone. As part of the execution of these 

works some 18,000 tints in enamel had been created by an artist named 

Matteoli and the specimens were still preserved in separate cubby holes 

in a great hall of the Vatican. 

Forbes related how he attempted to obtain a selection of these tints for 

the purpose of carrying out his colour classification scheme. Through 

the good offices of a Monsignor de Zedici Spada whom Forbes had had occasion 

to meet he did indeed achieve that end to a certain extent. After long 

delay and "official sluggishness"
64 

 (which hasn't changed very much 

apparently) and considerable entreaties by Monsignor Spada, Forbes received 
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Russet intermediate between red and gray. 
Brown 
Citrine 	••• 
Drab 	••• 
Olive 	..• 
Slate 

Grayish-red.  

* 
:, 

	

Grity-red 	'. .- 

* 
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Gray. 
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Yellowish-orange 

Yellow-orange. 

Orangish-yellow. 

Grayish-orange. 

   . 
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Gray-orange. 	- 
[Brown.] 

* 

Orange-gray. Orangish-gray. 

• ' 
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Grayish-yellow. 
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* 

Gray-yellow. 
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. 

Yellow-gray. 
.  

. 

Yellowish-gray. 

. 

Gray. 'Yellow.' 

Greenish-yellow. 

Yellow-green. 

Yellowish-green. 

Green. 

Bluish-green. 

Blue-green. 
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Bluish-gray. Gray. 
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* 	. 

* 

Purple-gray. 

* 

Purplish-gray. 

-- 
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—_..... 

Colour classification of J. D. Forbes 
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an assortment of 941 pieces of the mosaic tiles. Unfortunately, he had 

long since left Rome and having been unable to supervise the choice himself 

it appeared as though the pieces were selected at random by rather 

indifferent workmen. The result was disappointing for the majority were 

rather indefinite colours and lacked many of his primary (in terms of 

their variations) and secondary colours. The attempt to match Hay's 

pigments with the Vatican tiles failed but Forbes was actually able to 

construct with them a representation of Layer's triangle of colours.
65 

At 

the time of writing, we learn that Forbes had sent off to Rome for some 

more specimens but whether they eve? arrived or not I have been unable to 

ascertain.
66 Indeed, for our story it is not important. The importance of 

Forbes' article was simply that it provided a complete authoritative resume 

of the problems underlying classifying colours and defining primary colours. 

Although we can see clearly that Forbes made the mistake of his predecessors 

in confusing optical and pigmented colours, there can be no doubt that 

this article served an important function in bringing together in a 

convenient and well written form the existing knowledge of the time. The 

short historical resume giVen by Forbes at the beginning of his article 

was closely followed by Helmholtz in his own paper on the subject in 1852. 

Maxwell read this paper and knew Forbes personally so there can be little 

doubt that this resume of the work of Mayer and Lambert together with 

Forbes' own original contributions was probably a key stimulus to the 

next major advances by Helmholtz and Maxwell in the problem of determining 

or understanding the nature of primary colours. 
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NOTES 

IV The Primary Colours and Colour Classifications; Part 1: to the  
Mid-19th Century 

1. Halbertsma, K. J. A., A History of the Theory of Colour, Sivets and 
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Antiquity to the present. 

2. Aristotle, -On the Heavens, English translation by W. K. C. Guthrie, 
Loeb Classical Library, Harvard Univ. Press, 1960, (268a), p. 5 

3. Aristotle, Meteorologica, English translation by H. D. P. Lee, Loeb 
Classical Library, Harvard Univ. Press, 1962, (575a), p. 262 
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5. von Goethe, JohannWolfgand, Theory of Colours (Goethe's Theory of 
Colours), English translation by Charles Eastlake, London, 1840, p. xlii 

6. mentioned in a paper by J. D. Forbes, Hints Towards a Classification  
of Colours, Phil. Mag., vol. 34, 1848, pp. 161-2 
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8. Waller, R., A Catalogue of Simple and Mixed Colours, Phil. Trans., 
No. 179, 1685-6, P. 24 

9. Ibid., p. 25 
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11. Newton, Isaac, Opticks, London, 1704, reprint by Dover Publications, Inc. 
in 1952 based on the fourth London edition of 1730; p. 155 

12. Ibid., p. 155 
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and indigo—blue because the spectrum formed by lost prisms gives a 
comparatively wide band in the blue and it was the width of these 
bands which Newton was comparing with the intervals of the musical 
scale. 
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15. Ibid., p. 156 

16. Forbes, Eric G., Tobias Mayer's Theory of Colour-Yixins and its  
application to Artistic Reproductions, Annals of Science, 26, p. 99 

17. Mayer, Tobias, De Affinitate Colorum Commentatio, published posthumously 
in Georg Christoph Lichtenburg's Opera inedita Tobiae Mayeri I, 
GOttingen, 1775; see further E. G. Forbes, Op. Cit., p. 99. Forbes 
mentions that there is an unpublished manuscript of Mayer's on this 
theme entitled Von den Farben at the Univ. Library, GOttingen. Forbes 
has published large excerpts from the original German manuscript in 
his paper. 

18. Mayer, Von den Farben, from German excerpt published by E. G. Forbes, 
Op. Cit., p. 105 

19. Forbes, B. G., Op. Cit., p. 106 

20. Ibid., p. 107 
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22. Runge, Philip Otto, Farben-Kugel, oder Contruction des VerhRltnisses 
aller Mischungen der Farben zu einander, and ihrer vollstlIndiser  
affinitat, Hamburg, 1810 

23. Chevreul, M. B., The Principles of Harmony and Contrast of Colours, 
translated from the original 1839 edition by Charles Martel, 3rd ed., 
London, 1859 

24. Ibid., pp. 58-9 

25. The drawing is based on that given by Chevreul as a fold-out at the 
end of his book. A similar but more detailed account of these ideas 
appeared later in /demoires de l'Academie, 33, 1861 

26. The hemisphere is a drawing in Farber Birren, The Colour Primer: 
A Basic Treatise on the Colour System of Wilhelm Ostwald, Van Nostrand 
Reinhold, 1969, p. 13 

27. Birren, Op. Cit., p. 13 

28. Chevreul, Op. Cit., p. 57 
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31. Hay, D. R., A Nomenclature of Colour, Hues, Tints and Shades, 
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35. Ibid., pp. 39-40 

36. Ibid., p. 57 

37. see note 6 
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recognition of the phenomenon of physiological colours. But in other 
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CHAPTER V  

The Primary Colours and Colour Classifications; Part 2:  Helmholtz 
and the Theory of Compound and Primary Colours  

So far in this narrative on theories of colour, the underlying problem 

has been that of investigating or determining the composition of various 

colours compounded from simple colours. From the point of view of the 

previous discussion,-the problem has been one of selecting the correct primary 

colours and employing these in a colour classification system. For example, 

Thomas Young had chosen red, green and violet as his simple colours but had 

postulated also an anatomical mechanism for their combination in the eye. 

Brewster's proposal of red, yellow and blue as primary spectral colours was 

based on his absorption experiments together with certain unrealised assumpt-

ions about colour mixing. He had further implied that these colours possessed 

an objective reality in the spectrum. For him, only red, yellow and blue 

light truly existed as such and all other spectral colours were combinations 

of these. Even those who opposed Brewster did so only in terms of his theory 

of the spectrum; they did not argue that red, yellow and blue were not 

primary colours. Mayer, Lambert and Chevreul among scientists, and Field, 

Runge and Hay among the artists similarly argued for red, yellow and blue 

while J. D. Forbes produced a grand review of existing knowledge on the subject 

in 1849 in which he upheld Brewster's theory. He rejected Young's choice out 

of hand holding it to be a singular opinion, not recognizing that an anatomical 

receptor mechanism was really an integral part of Young's conception. 

Brewster's theory of the spectrum, however, was positively refuted as we 

have seen by Helmholtz in 1852 in a paper whose importance was two-fold. 
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First it elucidated the experimental problems which Brewster had encountered 

and showed that his technique had been insufficient to rat rant his 

conclusions. Secondly, by clearing away an old dispute Helmholtz's paper 

opened the way for new understandings. One month after the paper against 

Brewster was published, Helmholtz published the second of his two pivotal 

papers of 1852 in this field.1  Not surprisingly it dealt with the problem 

of primary colours and particularly with mixture of the various spectral 

colours. From the proximity of the two papers in time and certain remarks 

in each referring to the other it is clear that Helmholtz viewed the two 

problems, Brewster's theory of the spectrum and that of compound colours 

with the spectral colours, as two aspects of one overall problem in colour 

perception. Thus he took a wide and fax ranging view of the whole field. 

Considering the wealth of publications on colours  colour harmony, colour 

nomenclature and colour classification, it is remarkable to note that until 

this time there had been no concerted series of controlled experiments on 

colour mixtures. To be sure there were indications that perhaps something 

was amiss in current understanding but there was no explicit evidence that 

mixtures of light were not necessarily equivalent to mixtures of pigments. 

Certainly Young's experiments in this area were rather ad hoc and informally 

performed and even then done only with the purpose of supporting his theory 

of colour vision. Wollaston's work on the spectrum of which Young had made 

so much constituted a single experiment and did not pretend to include a 

conscious effort at colour mixing. Moreover, after the discoveries of 

Fraunhofer, Wollaston's little experiment was seen to be faulty while the 

absorption experiments of both Herschel and Brewster showed that; yellow 
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did indeed exist independently in the spectrum. Brewster, for all his 

efforts in the realm of constructing a physical theory of spectral colour 

never did attempt to mix colours, spectral or otherwise. Indeed, the 

central point of that dispute was to separate the colours. Plateau in 1829 

achieved results with a spinning disc which indicated that yellow and blue 

light possibly did not make green;2 but asthat work was concerned mainly 

with the duration of sight sensation for which the colours had been used as 

a means of timing, his result had been overlooked since it was viewed in a 

different context from colour vision as such. Volkmann had performed some 

experiments in 1838 with a view te toward achieving colour mixtures but his 

method produced at best anomolous results. It donsisted of viewing coloured 

surfaces through a coloured fabric held close to the we and while this vas 

ostensibly a legitimate method of mixing lights the results were uncertain 

• because of the cloth fibres themselves. As Helmholtz said it was like 

looking at a coloured surface through a coloured glass,3  which process tnnded 

to obscure the results. Finally we can say that works by artists who wrote 

on colour such as Field or Hay, as opposed to physicists, were intended 

basically for artistic pUrposes and certainly did not aim at discovering new 

knowledge about colour mixing processes. That Hay's book ultimately had 

such an effect is remarkable and is probably attributable to the scientific 

circle in which he travelled, though not a scientist himself, and hjs 

acquaintance with Forbes and Maxwell. If so, it was a happy accident. 

The fact is that at mid—century although there was much discussion of 

compound colours, colour nomenclatures and other aspects of colour there was 

still no clear conception of the physical difference between mixtures of 
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pigments and mixtures of coloured lights. Thus all optical writers at the 

time in discussing colour mixing chose red, yellow and blue as the primary 

colours simply following an old establiShed tradition without realizing that 

these colour choices ultimately originated from the experience of artists 

and painters. Or if they did realize this fact they simply assumed that 

such experience carried over to physics and mixtures of light. Moreover, 

we have seen that all our writers assumed without question that red, yellow 

and blue form the only possible set of primary colours; they did not consider 

the theoretical possibility that another set of colours might be possible 

in principle. The only person to have recognized this fact was John Herschel 

in his Treatise on Light in which he stated with regard to Mayer's triangle 

of colours 

without departing from Mayer's doctrine, any other three prismatic 
rays may still be equally assumed as fundamental colours, and all 
the rest compounded from them, provided we attend only to the 
predominant tint resulting, and disregard its dilution with white.4 

Although Herschel gave a short mathematical analysis of this point and 

although his Treatise was widely read, this particular fact, or perhaps 

opinion, did not enter the mainstream of knowledge about colour. Thus as 

we shall see in Chapter 8 Maxwell still needed to convince his contemporaries 

that yellow and blue light did not make green and that green was a better 

choice for a primary colour than yellow when dealing with light. 

However, Forbes seems to have discovered this fact shortly after his 

1849 paper, though he did not publish it. We learn about it only through 

a letter from Maxwell to Forbes in 1855. In that letter Maxwell said 



-162— 

I am glad to hear that you think blue and yellow were not 
:-known to produce pink when combined until you discovered it. 
I always considered it a new thing while I was with you but 
I was told of it as an established thing afterwards. I have 
found that most optical writers speak confidently of the same 
mixture as a fine green. Indeed in your paper on Classification 
of Colours you seem to be of that opinion. So that I must 
consider you as the first person who ever attempted to make 
green by spinning blue and yellow, in spite of all experiments 
formerly described, for if any one had really tried it he 
would have been struck by the result, and would have made 
your discovery.5 

Sinbez..,  Maxwell speaks elsewhere in the letter of witnessing Forbes' 

experiments in the summer of 1849 we may presume that that is when Forbes 

made the discovery. Nevertheless the fact was certainly not generally 

known and it seems very unlikely that Helmholtz would have known of this 

result. Upon Maxwell's mind a few years later, however, its significance 

was not lost. 

When Helmholtz viewed the problem in 1852 there was certainly a 

considerable confusion over the nature of mixed colours and a new way of 

thinking about the problem was definitely required. Probably the main 

difficulty in this respect lay in conceiving experimental methods that would 

yield reliable and repeatable results. Beside the powder technique and 

spinning disc technique there were simply no experimental methods available; 

Volkmann's method too must be included in this statement since it was 

unreliable. Moreover, since Helmholtz certainly realized that the powder 

technique resulted in subtractive mixtures while ho wanted additive mixtures 

there was really only one method. Indeed, it was partly because of the 

paucity of techniques in this area that Brewster's absorption method had 

originally seemed promising and that method had in fact yielded fruitful 
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results in interpreting Freanhofer lines as absorption lines. But beside 

a lack of experimental technique there was another difficulty inherent in 

the nature of vision itself. This problem can be made .lear by an analogy 

with music. Two diff6rent tones produce in the ear a combined or compound 

sensation, either harmony or discord. But a practiced ear can always 

distinguish each of the simple tones as well as the compound tone. This 

situation does not obtain in the eye. Here two different colour "tones" 

give rise to a new sensation in which it is impossible for the eye to 

determine specifically what simple colours are being used. In fact, the 

same colour impression can often be produced by different combinations of 

simple colours and it will always be impossible to determine what the simple 

colours were in the combination. Such colour combinations can, of course, 

be separated by physical means. 

But beyond these difficulties lay yet another of far greater importance. 

It involved an insidious and unrecognized assumption about the physical.  

processes involved in colour mixing. The history of science is full of 

examples: of assumptions so self—evident as to be unrecognized and which 

have ultimately led to conceptual crises. The stationary earth, the 

classical principle of relativity, the luminiferous ether and the commutation 

rule in algebra are a few examples. Thomas Kuhn would have us believe that 

the history of science consists of a series of conceptual crises and 

revolutions, with the time between upheavals devoted toworldng out all the 

consequences of the latest paradigms.6  Certainly some of the profoundest 

personalities in science have been those who have analyzed the contents of 

these 'Self—evident" truths. 
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To'the list of unquestioned assumptions in the history of science must 

be added the following one, already hinted at, in the problem of colour 

mixing; it is expressed by Helmholtz as follows; 

This theory, however, has been based from the beginning upon 
a single mode of experiment; namely, that in which colouring 
substances are mixed together, the results being assumed to 
be the same as wot4d follow from the union of the coloured 
lights themselves. 

Certainlyn:y we have had ample example of the truth of this statement from 

Waller in the 17th century to Helmholtz's immediate predecessor, Forbes 

in the mid-19th century. Even Newton had not been free, of this conceptual 

error having mixed coloured powders in order to imitate spectral colours, 

and especially in attempting to make white. Only Sir John Herschel prior 

to Helmholtz seems to have suspected that the results of mixing pigments 

and coloured lights might not be the same. But even with him the idea 

was not clear. Thus we can add Helmholtz to the list of perceptive 

scientists who have recognized the existence of tacit assumptions in the 

work of others and have set out to analyze those assumptions. It was 

Helmholtz's objective in the experiments to be described to show not only 

the.fallacy of the assumption mentioned above but also to show what was the 

correct means of thinking about colour mixing. Vie shall return to this 

point at the end of the chapter. Here we shall describe the experiments in 

detail for they were not only elegantly done in themselves but certainly 

marked a turning point in experimental technique directed towards understanding 

the process of producing compound colours. 

Unlike his predecessors, Helmholtz experimented only with additive 
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mixtures of light. For havihg seen the conceptual error involved in 

previous theory based upon pigment mixtures, he set out to determine all 

possible colour combinations that could be made from mixtures of the 

spectral colours themselves, something never before attempted except by 

Newton and then only in a limited fashion. Helmholtz cut two narrow slits 

in a black screen each inclined to the horizontal at 45°  and joined 

together to form a 8 

downward. At a distance of 12 ft. from the screen he placed his prism which 

in turn was in front of and close to a viewing telescope. The prism was 

placed in a position of minimum deviation (which position gives the sharpest 

spectral image) with its refracting angle oriented vertically. 

Now if one views a vertical slit through a vertically oriented prism, 

the result is a rectangular spectrum where each coloured band is vertical 

and Fraunhofer's lines are vertical. (See Fig. 1, p.167). Now imagine 

that the vertical slit rotates slightly to become an oblique slit. The 

spectral image is then "an oblique-angled parallelogram, with two opposite 

sides horizontal, and two others parallel to the slit."9  (See Fig. 2 p.167 ). 

The result is effectively an oblique spectrum where the colour bands are 

as always parallel to the slit. .If then there are the two oblique slits 

forming a V, as just mentioned, the spectrum formed from one leg will 

partly overlap the spectrum formed by the other leg and since the angle 

between the slits is 90°  in this case the two spectra intersect at right 

angles. The net result is to form all possible binary colour combinations 

of the spectral colours for as Helmholtz said 

V. Thus they formed a right angle in the screen pointing 

Every coloured band of the one intersebts.in the common field 
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.of the spectra each band of the other, and thus we at once 
obtain the total combinations capable of being formed out 
of every two simple colours.1° 

A L drawing of this appears in Fig. 3, p. 167, baked upon Helmholtz's 

Physiological Optics.1/  

Helmholtz used a highly dispersing flint glass prism which enabled him 

to see numerous Fraunhofer lines when used in conjunction with a narrow 

slit illuminated by direct sunlight. He specifically wished these to be 

visible as reference marks for it was crucial to the success of this 

technique that the colours in each separate limb be well separated without 

overlapping each other; in other words he required a pure spectrum. The 

only overlapping desired was to be from the two slits themselves as 

described above. Thus the presence of the Fraunhofer lines as reference 

lines enabled him to assure himself that no overlap took place within each 

separate spectrum. The presence of the Fraunhofer lines had also another 

important purpose. Since the experiment was aimed at producing many binary 

colour combinations, it was necessary to be able to tell which two colours 

produced a given mixed hue. This was esoecially important in view of the 

fact that two different sets of colours can produce the same colour sensation 

in the eye. 

In order to know what colours produced each mixture, Helmholtz mounted 

right-angled cross-hairs in his viewing telescope. (Recall that the 

overlapping of the two spectra takes place at right angles.) The cross-hairs 

could then be aligned with the Fraunhofer lines in each spectrum which, of 

necessity, would intersect at right angles. Accomplishing this, the wires 
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of the cross—hairs aligned on the Fraunhofer lines marked the two spectral 

colours producing a certain compound colour. For actual illumination during 

observation of the colours, direct sunlight was not used as it could not 

evenly illuminate the full length of the slit. Therefore, for purposes of 

actual observations sky—light or sunlight reflected off a white surface was 

employed. 

In the process of observing the mixed colours it was desirable to alter 

the relative intensity of the individual colours producing the compound hue. 

One would then have, in effect, control over three variables in any mixed 

colour; the two simple spectral colours of which it was composed and the 

intensity of one with respect to the other. This can be accomplished by 

revolving the prism from a vertical position to one inclined to the 

horizontal. It was remarked on page 165 that given a vertical prism in 

front of a vertical slit, the spectral image is vertical. But upon rotating 

the slit, keeping the prism stationary the spectral image becomes a 

parallelogram. It is clear then that rotating the prism is equivalent to 

rotating the slit. Thus by rotating the prism the parallelogram images 

already formed maintain their sides of constant length but change their angles 

and this changes the area of the parallelogram. Since the area covered by 

the parallelogram is maximum when its angles are right angles, rotating 

the prism causes the parallellogram angles to become more oblique and thus 

it occupies less space. But since the same amount of light is still 

incident on the slit it must then illuminate a smaller surface thereby 

making the spectral image brighter. 'Turning the prism then will change 

the angle of each slit with respect to the prism, one getting larger and 
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the other smaller, and one spectrum will get brighter and the other dimmer. 

This procedure, however, is pot without its own difficulties. Referring 

to Fig. 2 above, one can see that as the parallelogram spectrum becomes 

more oblique, that is as the parallelogram degenerates into a straight line, 

it will not only become brighter but the bands of colour will be crowded 

very close together.. This is likely to spoil the spectrum's purity and 

thus defeat the purpose of the experiments. Therefore, this procedure can 

be used only within certain rather narrow limits and another method of 

producing intensity changes is needed as well. This Helmholtz accomplished 

"with great facility by placing pieces of paper, oiled or not oiled, of 

greater or less thickness, behind one of the slits."
12 Then one had a 

spectrum of diminished intensity from one slit together with the bright 

spectrum from the other. 

There was, however, in all this still the danger of being deceived in 

one's observations through retinal fatigue due to bright light or through 

contrast effects as Helmholtz himself had described in his paper against 

Brewster. Therefore, it was necessary to isolate the portion of mixed 

colour being observed from all the others surrounding it. This he did 

by the simple expediency of looking through the telescope from a distance 

of about one :;r two feet rather than the usual manner of placing the eye 

directly against the eyepiece. The field of view is then severely 

curtailed and the colour being viewed is free from the disturbing effects 

of the colours closeby. The cross-hairs in the telescope field mark the 

area being viewed as stated before and if these are not visible from the 

distance to the eyepiece they can be made so by looking through a weak 
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concave lens held in front of the eye.
13 This has the effect of making 

the observer fax-sighted! 

One final step completed this careful experimental arrangement. A dark 

movable screen with a small hole was placed at the viewing distance. The 

actual observation of colour was made from behind the screen looking through 

the hole to the telescope eye-piece. This served two purposes. First with 

the very restricted field already mentioned the hole served to mark the 

exact colour combination one was viewing. It eliminated the need to move 

one's head around to locate the colour being observed if viewing was 

interrupted. Secondly, if one wished to know what simple colours were 

producing the mixture a second prism could be held between the hole and the 

eye to resolve the colours. An alternative solution of the latter problem 

was to have a second person close one of the slits so only one of the two 

colours in the mixture remained. Therefore, between the cross-hairs 

aligned on the colours or on certain Fraunhofer lines, the ability to 

resolve the compound colour with another prism and finally the last method 

of closing a slit, the possibility of mistaking the two simple colours 

producing a compound colour was eliminated. The result of all these 

arrangements was that it was "possible to obtain the total combination of 

every two of the simple prismatic rays in all degrees of relative strength, 

and to observe them undisturbed by the presence of other colours.
14 

The main results of observations with this arrangement Helmholtz summarized 

in the small table below.
15 In it he used five spectral colours which he 

felt were sufficiently accurate to represent the spectral colours in all 

their variations, although we will note that purple is not a spectral 
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colour. The five colours are listed at the top horizontally and at the 

left vertically, a mixture of any two of them being their intersection in 

the table. 

Violet Blue 	, Green Yellow Red 

Red Purple Rose Dull-yellow Orange Red 

Yellow Rose White Yellow-green Yellow 

Green Pale-blue Blue-green Green  

Blue Indigo Blue 

Violet Violet 

Table 1 

The most surprising thing to note in terms of the unquestioned acceptance 

of red, yellow and blue primaries mentioned earlier is that of all these 

spectral combinations only that of yellow and blue produced white. (Helmholtz 

called this blue an indigo—blue.) But according to those who held red, 

yellow and blue as primaries, a mixture of yellow and blue should have 

given green, not white. Therefore, we have here at last a definitive 

experimental observation which refuted that belief. It had been based, 

of course, on the mixture of pigments rather than on such mixture of 

lights as Helmholtz had effected. Moreover, in all discussion by previous 

investigators, all the way back to Mayer, on compounding a white from 

different colours, this was the first experimental demonstration of the 

fact since Newton. We shall return to this point at the end of the chapter. 

The fact that yellow and indigo—blue make white and are therefore 

.complementary does not preclude the possibility that other combinations 



-172- 

may produce white. The question naturally arises in this context then of 

finding not only what these other combinations may be but the minimum 

number of.colours needed to make white. 	Heretofore all theories of primary 

colours had simply assumed that three was the minimum number required. There 

was nowhere any definitive experimental evidence that this was so, quite 

aside from the question of selecting the proper colours. Only Newton's 

colour circle indicated that three might be correct if indeed the colour 

circle itself was a valid idea. And this, of course, was ultimately a 

rule-of-thumb method of colour mixing. Therefore, Helmholtz addressed 

himself to this long held assumption that three colours are the minimum 

number of primaries required to make white. 

In the experiments preceding,Helmholtz had used two slits giving two 

overlapping spectra thus producing binary colour combinations. The 

experimental arrangement was modified so that three slits were used producing 

three overlapping spectra. However, the overlapping was to be carefully 

controlled. For since the previous data indicated that yellow is a 

combination of red and green and that yellow plus indigo-blue give white, 

the implication is that it is necessary to overlap red from one slit, green 

from another and some part of the blue-violet region from the third slit. 

In a black screen Helmholtz cut two slits parallel to each other and 

inclined 45
o 
to the horizontal.

16 They were spaced at a distance from each 

other so that "when observed through the prism at the ordinary distance, the 

violet of one fell upon the red of the other."
17 This meant that the 

allowed overlapping strip was purple. The slit used for the violet was 

also made twice as wide as that for the red in order to make good comparisons 
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of the rather feeble violet with the brighter red. Now Helmholtz in a 

modification of the V slit arrangement, cut a third slit at right angles 

to the other two and between them "so that the three slits together 

presented a figure similar to a Z." The green portion of this spectrum was 

allowed to overlap the purple from the other two slits doing so at right 

angles. There were thus formed various compound colours all tending 

toward the white. As before, the relative intensity of the separate colours 

could be changed by rotating the prism. From this arrangement together 

with the nrevious results Helmholtz concluded 

With respect to the combination of three simple colours, we 
may conclude that white can only be the result when rays from 
the three different sections of the spectrum are suitably 
united. At least it cannot be supposed, although all possible 
combinations cannot, of course, be exhausted by experiment, 
that the yellow or yellowish colours, for example, which are 
derived from the red and green sections, can, by the addition 
of one or more colours contained in these sections, red, yellow, 
or green, pass over into white. This remark is also applicable 
to the mixtures of the green and violet, as also to those of 
the red and violet sections. We may, on the contrary, succeed 
in obtaining white from various combinations of three colours 
taken simultaneously from the three sections.18  

An4U- 1-ge - =' have here the first experimental evidence that three spectral 

colours are the minimum required to make white. The long standing 

assumption had at last been tested and verified. 

In addition to testing the assumption about the number of primary colours, 

Helmholtz attempted to find natural complementary spectral colours by this 

arrangement but was able to do so only by arranging the relative intensities 

to obtain a pure, untinted white. His results are below: 
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simple red and compound dull blue—green 

simple green and compound purple—red 

simple violet and compound dull yellow 

Sin667,-.the V 'slit arrangement had indicated that yellow and indigo—blue 

were complementary colours (with no adjustment necessary to their 

intensities) and since these complemOntary pairs were produced rather 

artificially by adjusting the intensities, Helmholtz concluded that there were 

properly only two colours in the spectrum which were complementary, yellow 

and indigo. This, however, was to be proven theoretically wrong by 

Grassmann one year later while further experiments of Helmholtz, inspired 

by Grassmann's work, confirmed the correctness of his theory. 

It seems all discussion of colour in the spectrum harken back to Newton. 

Every investigator whom we have studied so fax found authority for his 

opinions in the work of the Master. Even Helmholtz was not free from this 

tradition (nor Maxwell as we shall see) and he called attention to the fact 

that the few combinations of spectral colours which Newton did mention all 

confirmed his own results.19 Unfortunately, in the passage of interest to 

Helmholtz there was another statement which must have given comfort to 

the proponents of the red, yellow and blue concept of primaries. In 

discussing how he had made binary colour combinations, Newton stated, 

And after the same manner other neighboring homogeneal Colours 
may compound new Colours, like the intermediate homogeneal 
ones, as yellow and green, the colour between them both, and 
afterwards, if blue be added, there will be made a green the 
middle Colour of the three which enter the Composition.20 
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The point being made by Newton was that each compound colour he mentioned 

was always the colour intermediate between the two simple colours. Thus it 

is easier.  to see how most people could have insisted that yellow + blue = green, 

since green is the intermediate between these two in the spectrum. However, 

intermediates need not be the only possible results of colour mixing as 

Helmholtz's work finally showed, for he had demonstrated that yellow + blue 

give white which properly speaking is not a colour. Moreover, the production 

of purple could not be called an intermediate colour between red and violet 

since it does not exist in the spectrum. So far as I know these experiments 

of Helmholtz with the colours of the spectrum are really the first of their 

kind since Newton. No mention of combining spectral colours in the 18th 

century is made by Priestley in his History and Present State of Discoveries  

Relating to Vision, Light and Colours and the previous chapters have covered 

the 19th century. Thus not only was the list of primary colours, based on 

pigment—mixtures, taken for granted as axiomatically true, but it seemed 

that the authority of Newton further strengthened it by experimental 

evidence. From this point of view this series of experiments of Helmholtz 

is then all the more remarkable. The result in terms of combining yellow 

and blue tended to refute a possible argument on colour mixing by Newton 

and, as Helmholtz said, it contradicted "in the most decided manner the 

experience of all painters during the last thousand years."
21 It is 

perhaps no light thing to do away with such a tradition. But the 

experimental evidence could hardly be denied. 

This result raised a problem of explanation. For it is one thing to 

find a piece of evidence refuting an old opinion but another to bring that 
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new observation within the realm of current knowledge. Brewster had with 

some justification dismissed the remarks of Herschel against his theory of 

the spectrum as being one obscure fact out of a million. Therefore, the 

next steps in Helmholtz's elucidation of colour mixing were two-fold: 

1) explain why pigment mixing does not give the same result as light mixing, 

and 2) reconcile the facts from both areas in terms of known optical facts. 

The question is essentially this: what is the physical mechanism by which 

coloured substances act on light? The first point to note is that all 

the substances used for painting are either transparent or at least 

translucent. However, the transparency of the substances is different for 

different wavelengths. 	When light is incident on a coloured surface 

or powder some of the light is immediately reflected from the uppermost 

layer, the surface, as white light. But some of the incident light must 

pass beyond the surface into the layers below where most of the coloured 

rays will be absorbed. Only the colour of light which can penetrate to some 

depth in the surface and be reflected from the interior of the pigment 

materials, again without absorption, reaches the eye. And it is this 

remaining light which gives the surface its characteristic colour. The 

process is a subtractive one, the pigments reflecting back only that light 

to which they are transparent. Such an explanation is confirmed by the 

fact that a glass plate reflects only 1/25 of the incident light from its 

surface while two such plates will reflect 1/13 of the incident light and 

in a similar manner many plates will reflect almost all the incident light.22 

Thus, if one uses powdered glass rather than plate glass one can conclude 

that most of the light is reflected from the interior layers and only very 
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little from the upper surf ace. And so for powdered pigments analogously, 

most of the light is reflected from below the surface and then mainly the 

colour to.which the pigment is transparent. 

What happens then if we mix two coloured powders, say yellow and blue? 

Blue substances are relatively transparent to green, blue and violet but 

stop red, orange and yellow; yellow substances are relatively transparent 

to red, yellow and green but stop blue and violet. When light is incident 

on such a mixture, some of it is reflected from the surface. The blue 

powder reflects blue, the yellow powder reflects yellow and the two surface 

reflections combine to give white. But as noted, the fraction of light 

reflected from the surface is small, most of the reflection taking place 

from the interior layers below the surface. The only kind of light which 

can penetrate both pigments and be reflected from the interior without 

absorption is green. For it is only green to which both powders are 

transparent. Therefore, a yellow and blue pigment mixture should indeed 

give green according to the laws of transparency. iJoreover, since this 

explanation postulates that most of the incident light is absorbed it also 

explains the well known fact that mixtures of two pigments will be darker 

than either of the colours separately. Since the process of mixing pigments 

is inherently a subtractive one while the mixture of lights is inherently 

an additive one, the results of colour mixing from one process cannot furnish 

any information regarding the other.
23 Moreover, the process of pigment 

mixing was at last seen to fall within the domain of the known laws of 

physics while the process of light mixing was seen to be governed by 

heretofore unrecognized laws. A search for the mathematical foundation of 
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the latter occupied later investigators and will be discussed in a later 

chapter. 

Although the experimental method described was a powerful one and 

uniquely his own, Helmholtz sought confirmation of his results by two other 

methods. Of these, one again was his own idea, and the other was the 

spinning disc method. Of the latter we need not say much except to note 

that results he obtained from that method agreed well with, the results of 

mixing the prismatic colours. 

The other method is most interesting and is the essence of simplicity. 

The experimenter places a glass plate with plane—parallel surfaces perpendicu- 

larly on a table.24 See Fig. 4 below.25  Net to the glass plate and flat 

Fig. 4 

on the table he placed a coloured "wafer".
26 The glass will act as a 

partially reflecting mirror and by the usual catoptrical laws the observer 

sees a virtual imago of the wafer on the other side of the glass, flat on 

the table and at the same distance from the glass as the real (object) 

wafer lies. At the image position of the first wafer the observer places 
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a second coloured wafer. This coloured wafer is seen directly by looking 

through the glass. The result must be that the observer is affected by two 

colours which appear to emanate from the same body and he therefore views 

a compound colour produced by coloured lights. The method can even be made 

to produce variable intensities by the simple expediency of changing the 

distance between the wafers and the glass. When the wafers are close to 

the glass, the angle of incidence for the transmitted light becomes so large 

that relatively little light is transmitted. In that case the major effect 

is from the reflected light. But by moving the wafers further from the 

glass, the angle of incidence of the transmitted light is small, most of 

the light will be transmitted and then it is the transmitted colour which 

predominates. As expected, the results of this method fully confirmed the 

earlier results. 

Having now succeeded in producing and even classifying many combinations 

of coloured lights, Helmholtz turned to that age—old problem of primary 

colours. However, he restricted himself to imitating the spectral colours 

rather than all possible hues in nature. His investigations had 

corroborated a rule given by Newton to the effect "that each simple colour 

can be obtained from the union of the two next it."
27 Such a rule we 

should note is inherent in Newton's colour circle and his center of gravity 

method of combining colours. However, Helmholtz added a qualification to 

this rule that the spacing between the two colours must not be too large 

when one wishes to obtain the colour which lies between them. With respect 

to the spectral colours, Helmholtz found that one could produce a compound 

orange from red and yellow which was essentially indistinguishable from 
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the simple spectral orange. Similarly he was able to produce a compound 

indigo from blue and violet indistinguishable from the simple spectral 

indigo. But a compound red of orange and violet was a poor imitation of 

spectral red and he could not produce a good imitation of spectral red froth 

mixtures of any spectral colours. Spectral violet too was but poorly 

imitated by a mixture of indigo—blue and a little red, the mixture appearing 

more white or pink than violet. Imitations of spectral yellow and green 

from their respective neighbors were similarly not good although better 

than the compound red and violet. Thus if the problem of primary colours 

was defined as imitating the spectral colours with the least possible 

number of simple colours, then Helmholtz stated that five colours were 

necessary red, yellow, green, blue and violet,
28 

 which we may note are the 

colours in his table, p. 171. Even on this choice he was somewhat doubtful 

wondering whether differences he had not been able to detect with his 

apparatus might not be detectable in apparatus with a larger field of view.
29 

We must note here that this surprising choice was based on a restricted 

definition of the problem that of imitating only spectral colours. His 

predecessors had never made such a distinction; indeed their object was to 

imitate "nature's" colours, in which category they included spectral colours 

as well as pigmented colours. So Helmholtz was really looking at a different 

problem here. It was nevertheless an uncomfortable choice for the idea 

that primary colours should be three in number rather than five had been 

long entrenched; Helmholtz therefore tried to bring his observations within 

the concept of three primary colours. Towards this end be stated 
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If, however, we wish to limit ourselves to three colours, it 
would be best to choose the three simple ones which admit of 
the least perfect imitation, namely red, green, and violet; 
we should then obtain a yellow and blue, which;  compared with 
the colours of our pigments, would appear saturated, but which 
would not bear comparison with the yellow and blue of the 
spectrum.3° 

Although this sop was thrown to the old theory of three primary colours, 

Helmholtz thought that in terms of actual sensations the trichromatic idea 

of Thomas Young in which there are three basic qualities of sensation would 

have to be abandoned. For he said 

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 simultaneously 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.J1  

Applying similar reasoning to the blue and violet, the theory of colour 

sensations or colour receivers in the eye in the sense of Young would 

require the five colours metnioned above. The three colour theory would be 

sufficient only to classify the non—spectral colours of natural bodies 

in the sense of Lambert and Forbes.
32 And these colours compared to the 

saturated hues of the spectrum are comparatively dull and impure. However, 

Helmholtz was not here proposing a new hypothesis in place of Young's but 

only remarking that on the basis of his experiments it seemed inadequate. 

He did, nevertheless, retain Young's theory in its original form in his 

Physiological Optics for the purpose of trying to understand the physiology 

of colour vision.33  In essence Helmholtz retained Young's theory in that 

work simply for lack of a better alternative. 
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Discussion of Helmholtz's Work  

It was stated on p. 164 that Helmholtz recognized the existence and 

falsity of the tacit assumption that pigment and spectral colour mixtures 

are identical. I think we can consider the events of the last few chapters 

very much as the case history of a tacit assumption, forming a de facto  

paradigm in physics, which ultimately led to anomaly particularly in the 

case of Brewster. The emergence of a new paradigm was the result of 

Helmholtz's perceptive work. 

There are several illuminating examples from the history of science 

of an explicit or tacit assumption (or series of assumptions) acting to 

restrict the progress of knowledge. A classic example is that from Antiquity 

of ascribing only circular motion to the planets. While originally there 

vereseemingly rational reasons for this, albeit metaphysical mostly, the 

idea became so deeply entrenched in later generations as to become an 

unrealized physical assumption. It was only the grim reality of Tycho's 

excellent data that forced Kepler to break the pattern of "circular 

reasoning." 

Mechanics offers a similar example in the Aristotelean law of motion 

that velocity is proportional to force. While this was an intuitively 

reasonable point of view, its very reasonableness, its almost perfect clarity, 

resulted in many fruitless attempts at arriving at a correct law of motion. 

There was additionally, in Aristotelean mechanics an idea that the distahce 

an object moves should be measured to a given place rather than from a 

given place (origin). Thus a falling stone could be viewed as moving 

closer to the center of the universe, its natural resting place rather 
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than simply moving from its starting point. And this, in turn, gave rise 

to the incorrect assumption that the velocity of a falling object is 

proportional to the distance fallen since the distances are measured from 

the ground, or the place to which the object is falling. It was, of course, 

Galileo who overcame both of these conceptual difficulties but, like Kepler, 

not without considerable internal struggle. 

Finally modern times offers the case of the ether viewed in the late 

19th century as the background against which absolute velocities might be 

measured. In other words, the ether was conceived as absolutely at rest 

while it was tacitly assumed that absolute velocities could be observed 

in principle. Against this background, the Ylichelson—Morely experiment 

seemed paradoxical and the explanation offered for it by FitzGerald ad hoc, 

while Lorentz's derivation of the FitzGerald contraction ratio was not 

entirely satisfactory. 

But together with examples of tacit assumptions one can find examples 

of reasonings by analogy which, without discipline, have had similar 

effects. Thus Aristotle assigned a perfection to the heavens which he 

found wanting on the earth and reasoned by analogy that the perfection he 

saw in the circle would be fitting for the perfect heavenly motion. 

.Unquestioned use of that analogy produced what in later years amounted to 

a physical hypothesis about the heavens. Indeed it is very much for 

breaking with that tradition (as well as his optical writings) that we 

can regard Kepler as a physicist as well as a mathematician. 

Similarly from that analogy one can conclude that the imperfect earth 

does not revolve on an axis since perfect circular motion is reserved 
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only for perfect bodies which the earth is not; nor, for the same reason, 

can the earth be revolving around the sun in the realm of heavenly 

perfection. From a false analogy came a self—evident "truth" which later 

generations took over almost without question. 

The ether concept can also be viewed as an incorrect analogy. As the 

analogy between sound and light evolved into the undulatory theory in the 

early 19th century, the ether became the homologue of the medium required 

to transmit sound waves. It was, in fact, a very fruitful analogy providing 

a physical model for development of the wave theory. But when the classical 

principle of relativity was applied to electromagnetic phenomena, the ether 

became an obstacle rather than an aid to progress. For so long as it 

remained, one might always imagine it as an absolute frame of reference. 

At least part of the lesson of Einstein's formulation of relativity was to 

disregard the importance of the ether in order to appreciate the physical 

meaning of Lorentz's transformations. 

It is reasonable, of course, to look for analogies in some well 

developed science in order to aid one's thinking in another. There are 

many successful examples of the use of analogies in science which led to 

successful results, not the least of which was the ether concept. An 

example we have seen is Layer's triangular colour classification scheme. 

For the very concept of triangular numbers came from an analogy between a 

means of ordering numbers and the properties of a triangle. But one must 

recognize that analogy serves only a heuristic function and does not 

necessarily represent a scientific truth or rigid parallel. Similarly in 

teaching one offers analogies to aid the student's conception of a new idea 
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but ultimately the analogy must be withdrawn and the new material understood 

by itself. Dependence on the analogy ultimately limits one's understanding. 

Still, in the final analysis, we have only our daily experience, which is 

fairly primitive, to guide us in our search for understanding, so the use 

of analogy will always be important to scientific progress. Indeed, even the 

study of history if it is conceived as an attempt to understand the present 

through a study of the past, relies heavily on presumed analogies between 

present and past situations. In other words, analogy can serve as an 

important tool of investigation provided that the analogy is restricted and 

not pushed too far. On this Llaxwell said, 

Vie must therefore discover some method of investigation which 
allows the mind at every step to lay hold of a clear physical 
conception, without being committed to any theory founded on 
the physical science from which that conception is borrowed, 
so that it is neither drawn aside from the subject in pursuit 
of analytical subtleties, nor carried beyond the truth by a 
favourite hypothesis.34 

In :fact: -: the difficulties arising from analogies made by Aristotle about 

perfect circular motion, or the analogy that the ether can serve as an 

absolute frame of reference are illustrations of carrying a favourite 

hypothesis too far. 

In this story too we have seen both the use of tacit assumption and the 

use of analogy. There was certainly an incomplete understanding of additive 

and subtractive colour mixtures. But that incompleteness rested on the 

tacit assumption that yellow and blue make green for both pigment and light 

mixtures. Yet that assumption in itself was not ostensibly unreasonable 

for in applying that idea to light one was simply making an analogy between 
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pigment mixtures which were well known within daily experience and light 

mixtures which were not. In this regard it is not too much to say that 

Young assumed an analogy between colour mixing in terms of three primary 

colours and the mode of colour perception in the eye. 

Therefore it seems that the events described in chapters II—V can be 

viewed in the context of a tacit assumption coupled with a false analogy. 

For example, let us look at Brewster's experimental results. Vie have 

recognized the possibility that his new theory could work in principle with 

any other three colours. But to entertain this possibility is to ignore 

the fundamental fact that the theory was inferred from specific observations. 

Once a theory is in existence one might conceivably change some of its 

observables without changing its form. But the real question is, considering 

the original observations, whether Brewster's theory could have arisen from 

his observations had he not been subject to the assumptions that red, yellow 

and blue' are primary colours, and Y + B = G. Although questions of "might 

have been" in history are ultimately unanswerable we can in this case at 

least illustrate how his theory was affected by unrealized hypotheses. 

Let us look at the paragraph on p. 41, repeated here for convenience. 

This "result" seems especially to have impressed Brewster for it served 

as the central point in his 1831 paper and he wrote about it in his earlier 

paper as well (see p. 30). 

This glass absorbed the blue rays, which, when mixed with 
the yellow, made green, and the yellow rays, which when 
mixed with the red, made orange; and by insulating the 
yellow and red, it thus effected a perfect analysis of the 
compound green and the compound orange. 
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Rewritirig 	this paragraph without its dependent clauses and without the 

interpretive remarks at the end it reduces to 

This glass absorbed the blue rays...and the yellow rays... 

TheT:T clauses omitted contain Brewster's tacit assumptions about light 

mentioned above plus the assumption that Y + R = 0 which is correct. With 

respect to this paragraph we have also said that what remained for Brewster 

to see was only red and violet. So rather than state outright what in 

fact he saw as a positive observation, Brewster reported what colours he 

thought the glass absorbed, a basically negative observation. The colours 

he thought were absorbed were blue and yellow which was true enough but it 

was incomplete as an observation, actually, because it absorbed orange 

and green as well. However, because of his assumptions that these colours 

must be compound colours the second part of the paragraph which is inter-

pretative in nature is in reality nothing but an assuumtion, and a wrong 

one. Had he not assumed orange and green to be compound colours and had 

he not further assumed the compounding in terms of red, yellow and blue, 

he would have had no explanation for the absence of the green. And that 

means he could not have applied these primaries to form the other spectral 

colours. If he insisted on the same form of explanation he would at least 

have had to modify his choice of primary colours and the combinations 

obtainable from them in order to fit his observations. But no other 

combinations were known in terms of another possible set of primaries. It 

is therefore a remarkable coincidence that Brewster's absorption observations 

so neatly fitted a ready-made pattern of primary colours and colour combin- 
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ations. There can hardly be any doubt that the ease with which they fitted 

together encouraged Brewster in his line of reasoning toward the triple 

spectrum.. The entire theory in effect was based on an analogy with pigments-

and it in turn became an anomaly in physics violating well developed ideas; 

therefore it had the effect of forcing a reappraisal and redefinition of 

the question of compound and primary colours. 

But in taking up the assumptions made here and the implied analogy 

with pigments perhaps our protagonists are not to be blamed too much for 

even the great Hewton to whom they all looked was deceived on both counts. 

We have already seen that he tried to compound a white with powders by 

analogy with the production of white from spectral colours. But he too 

subscribed to the idea that yellow and blue light make green and did so 

with apparent observational evidence. In his first optical paper, in 

speaking about his (seven) primary colours he stated that "the same colours 

in Specie with these primary ones may be also produced by composition; For 

a mixture of Yellow and Blew m=akes Green."35  Also in the Opticks, probably 

much more influential than this paper, we have already pointed out that 

he leavesthe same impression where in analysing a possible mixture of 

spectral yellow, blue and green he says 

And after the same manner other neighbouring homogeneal Colours 
may compound new Colours, like the intermediate homogeneal ones, 
as yellow and green, the Colours between them both, and after-
wards, if blue be added, there will be made a Green the middle 
Colour of the three which enter the Composition. For the 
yellow and blue on either hand, if they are equal in quantity 
they draw the intermediate Green towards themselves in Compos-
ition, and so keep it as it were in Aequilibrium, that it 
verge not more to the yellow on the one hand, and to the blue 
on the other, but by their mix'd Actions remain still a middle 
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colour. To this mix'd green there may be added some red 
and violet...30  

Although Newton is not claiming here to have made green from yellow and 

blue lights, and although the passage is partly interpretative in nature, 

there can hardly be any doubt that Newton regarded yellow and blue as making 

green and that he supposed combinations of two adjacent colours to yield 

the intermediate colour. This fact is inherent in his colour circle and 

is essentially correct provided the colours are fairly close together. 

Nevertheless, the passage could have been regarded by later readers as 

implying that Newton had actually produced a green mixture of yellow and 

blue light. 

Yet if Newton made these mistakes, it is those who came after him who 

must be faulted. For it appears that in later years, especially in the 

later 18th and early 19th centuries, no one actually tried to reproduce 

his results. They were taken for granted and he became in some respects 

the authority -to whom appeals were made without critical analysis of his 

results. Young is indicative of this attitude not only invoking Newton 

but expressly stating that no new experiments were needed for his theory of 

light. We must, in fact, conclude that so far as the theory of colour and 

colour perception was concerned, until about the mid-19th century, there 

did not seem to be a need for experiments such as Newton's. 

If it is true that no new experiments were needed, the previous chapter 

has indicated that there was ample room for the theoretical discussion of 

colour. So we may now ask how did the tacit assumption already discussed 

and the analogy drawn between pigments and light affect attempts at 
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classifying colours? Vie have already said that where large bodies of 

facts exist with certain similarities but without apparent unification, the 

process of classification has often furnished a starting point in the 

search for some underlying principle. In fact in the process of classification 

we are seeking similarities which may be a key towards a new law. And in 

this process we should recognize that there are four types of similarity: 

1) a genetic type between objects having common or similar origins, or 

events produced under similar conditions such as nuclear reactions yielding 

nuclear particles, 2) structural similarity as between objects having 

similar parts or organs, or homologous relations between certain parts, 

3) functional similarity existing between objects having similar behaviour, 

an exterior similarity, and 4) simply apparent similarity.
37 

In one of these senses the classifiers of colours looked for similarities. 

It is not in category 4 since that after all is the starting point of the 

whole enquiry. It is mostly in category 2 that we should view these 

attempts for each classification was ultimately aiming to show that most 

colours have a structural similarity in the sense that they have three 

component parts; i.e. the primary colours. Classifications then looked for 

the structural relations between the vafious colours. The idea of three 

primaries too might be viewed from the point of category 3 for in being 

inherently uncompoundable from other colours, the primary colours exhibit 

a superficial similarity of physical behayiour while being distinctly 

different in structure. That nobody seems to have realized is that in 

classifying colours and not distinguishing pigment colours from light they 

were implicitly invoking category 1. They assumed a genetic similarity 
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between the two types of colour, implying a common origin. Helmholtz's 

conceptual realization lay in seeing the fallacy of that false classification. 

But this realization then also forced upon him the need to see exactly what 

was the correct classification for spectral colours (light) and hence he 

needed to experiment only with the spectrum. It was this step that marked 

in Helmholtz a sharply different view of the problem over his predecessors. 

For in determining to experiment only with mixtures of the spectrum he 

in effect returned to the very beginning of the whole enquiry. 

Considering the difficulties surrounding an understanding of compound 

colours, not the least of which was Brewster's theory, it seems to me that 

it was Helmholtz who finally did analyze the basis of that confusion. His 

experiments against Brewster and those described in this chapter can be 

viewed very much as a return to Newton. They were a return to fundamentals 

aimed at repeating What were essentially Newton's experiments in order to 

determine truly for himself what combinations Could be had from spectral 

colours. That was, after all, almost the starting point for Newton. At 

the same time, however, it was necessary to perform them ih a highly refined 

version; indeed, rather as in his approach to Brewster's experiments, it 

was necessary to repeat them with the errors removed. For Newton's 

observations of compound spectral colours depended upon moving a white card 

within the field of colours formed from a prism and focussed by a lens or 

moving a comb—like device in front of the pencil of colours to produce 

delimiting slits for certain colours. Certainly these methods did not 

come up to mid-19th century standards. And viewed retrospectively, the 

fact that Helmholtz showed that yellow and blue light make white while 
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Newton's observations implied green, shows that Newton had definitely been 

wrong on this point. 

Helmholtz required results from a stationary arrangement together with 

the ability to look closely at binary combinations without interference 

from other colours. This was never actually achieved by Newton. It was 

part of his genius to see that he could produce both results from the 

simple expedient of the V—slit coupled with the viewing telescope. (He did, 

of course, have an achromatic telescope, a relatively new invention.) 

These were almost the first such experiments since Newton's time and were 

done in a highly convincing and easily repeatable manner. Therefore in 

one blow Helmholtz was able to demonstrate that the heretofore tacit 

assumption that yellow and blue light make green was wrong and with that 

demonstration he forced an abandonment of the pigment analogy upon which it 

was based. Together with his observ7tional evidence he was also able to 

show theoretically that that analogy had been a false one because in fact 

mixtures of pigments and mixtures of light obey quite different laws. So 

no analogy had ever really been possible, even in principle, all those years. 

Considering these events, it seems to me that this work can well be 

judged a scientific revolution in the sense of Thomas S. Kuhn. Although 

this was a small one, it nevertheless had important ramifications for later 

19th and 20th century research in colour perception. For Helmholtz almost 

singlehandedly achieved a physical, or better, an optical understanding of 

compound colours. In this achievement he not only closed one era but 

opened another, one in which he himself, of course, played an active part. 

After this work, necessarily qualitative, the ground was prepared for 
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quantitative and mathematical investigations by Grossmann, Maxwell and 

others. It is significant that the work of Grossmann and Maxwell, whose 

study will form most of the rest of this thesis, followed soon after this 

work of Helmholtz. In much the sense Kuhn speaks of, these two men followed 

almost immediately with consequences of the new paradigm inaugurated by 

Helmholtz. In overcoming the observational and conceptual hurdles facing 

him, it is almost as if, at an earlier time, Tycho Brahe, observer par 

excellence, had been combined in one body with the mind of Kepler. 
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CHAPTER VI 

Hermann Gunther Grassmann: Toward a Quantitative Theory of Compound Colours 

All observational work in colour theory thus far had been essentially . 

qualitative in nature. Classification and descriptions of compound colours 

had been brought to its highest development by Helmholtz in his V—slit 

method of compounding spectral colours. At the same time Helmholtz had 

elucidated the physical difference between colour mixtures of pigments and 

colour mixtures of light, demonstrating that neither method can give any 

information about the other.. In fact, Helmholtz had showed that mixtures of 

pigments could be understood within the normal laws of transparency while 

no theory at all existed to explain mixtures of coloured lights. The 

situation was, then, that with Helmholtz's work of 1852 a considerable body 

of empirical facts was known dealing with compound colours of light but 

there was no explicit understanding by which they could be organized into 

the larger realm of physics. This logical desideratum was supplied by the 

eminent German mathematician and philologist Hermann Glinther Grassmann in 

1853.1  This chapter will deal entirely with Grassmann's paper which formed 

the basis of Maxwell's early colour work and indeed is still the basis for 

researches in colour vision. In what follows the terms colour mixing or 

compound colours will always refer to mixtures of coloured lights. 

In this paper, Grassmann sot out to accomplish two objectives. First 

to show how the empirical facts of colour mixing, especially the observations 
We- 

of Helmholtz, could be given aLmathematical interpretation. The basis for 

this was to be Newton's colour circle suitably modified. Although Newton's 
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was only an empirical device for embracing quasi—mathematically a large 

number of facts, Grassmann regarded it as the correct method in its essential 

concept. .Hence he set out to place Newton's colour circle method of 

describing compound colours on a quantitative basis. 

Grassmann's second objective was to correct what he regarded as a 

fundamental observational error by Helmholtz concerning complementary colours. 

We saw in the last chapter that Helmholtz thought there were properly only 

two prismatic colours which were complementary, yellow and indigo—blue, This 

to Grassmann did not accord with _Newton's colour circle, for this concept 

implied that every spectral colour should have a complementary colour. 

Therefore, in his modification of Newton's method, Grassmann wished to show 

theoretically that every spectral colour does indeed have a complementary 

colour; hence, there must be others besides the single pair observed by 

Helmholtz. 

The Variables of Colour Vision 

Since any physico—mathematical theory must first define its variables, 

and since these variables are usually physically observable phenomena, 

Grassmann at the outset determined "to analyze the impression of colour of 

which they eye is capable into its elements."2  In effect, it was necessary 

clearly to determine what physical parameters are distinguishable by the 

eye. If we consider white light, which Grassmann termed colourless, the 

eye can distinguish only varying intensities. And similarly for a homogeneous 

colour, the eye can distinguish only greater or lesser intensity. Thus one 

variable of colour vision is that of intensity which is mathematically 
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determinable in terms of the wave theory of light and is experimentally 

determinable by photometric methods. 

Another variable exists in the colour itself. At a given intensity level, 

the eye is able to distinguish various homogeneous colours. The colours 

are mathematically determined in terms of their individual and unique 

frequencies which are also experimentally determinable. (Although Grassmann 

considered the variable as frequency, one could conceivably use index of 

refraction to determine colour instead.) This variation of colour Grassmann 

noted is recognized in ordinary speech by the word "tint". The use of a 

linguistic argument here to bolster a mathematical concept is interesting. 

It exhibits the philological skill for which Grassmann was as well noted as 

for his mathematics. And we shall see presently that he made even more use 

of language forms to amplify his mathematical arguments. 

At this point we have defined two colour variables for homogeneous 

colours, tint and intensity. Now we may suppose, as Grassmann did, that both 

the tint and intensity of a given homogeneous colour remain constant. 

There is yet another means of varying the colour impression. This one does 

simply by mixing white (colourless) light together with the original 

homogeneous colour. Then the colour retains its original tint and its 

original brightness but its appearance will become weakened or pale. Again 

Grassmann employed a linguistic argument to illustrate his point. Pointing 

out that our speech already recognized this phenomenon, Grassmann said 

Ordinary language is rich in terms by which this difference 
is characterized; the expressions, intense, deep, pale, dull, 
whitish, which are added to the names of colours, may serve as 
instances.3 
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But.: 	Grassmann thought it was necessary to replace these popular terms 

with a scientific term which would express the physical act of mixing a 

given tint with white light. This third variable he called the "intensity 

of the intermixed white"4  a term which expresses the property of a colour 

of constant tint as being more or less white. It is today usually called 

"saturation". 

To demonstrate that these quantifiable variables gave rise to experimental 

observables, and in order to illustrate that every colour could be 

determined by them, Grassmann suggested a method by which they could, in 

principle, be measured. He supposed two white screens of similar material 

to be hinged together as in the figure below. 

Fig. 1 

The 	white sides of the screen are to be on the outside of the angle 

formed by the hinge. A divided circle between the screens measures the 
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angle between them. Now we let homogeneous light of a given colour be 

incident on one screen (say, the left) perpendicular to the screen. This 

will give - maximum intensity of the colour on the screen as had been shown by 

Lambert in 1760 in his work on photometry. On the second screen we allow two 

lights to be incident, one white and the other a homogeneous colour of 

the same tint as on the first screen and also perpendicular to the screen. 

Therefore, on the second screen we have a mixture consisting of a homogeneous 

colour with a quantity of intermixed white. It is effectively a colour 

with a certain degree of desaturation. If we look at the two screens 

together the colour sensations will now appear to be different. But the 

second screen (with the two lights) can be rotated which procedure will 

produce any desired ratio of intensity between the homogeneous light and 

the white light. Then one can also rotate the first screen so the light 

intensity on that screen becomes less than it was in the original position 

when the light was perpendicular to the screen. Providing that the intensity 

on the second screen is not too great we should be able, by rotating the 

screens, to find a position for each screen "in which both will produce the 

same impression upon an eye observing them both at the same time."5  Since 

the three variables consist of two measurements of intensity (the homogeneous 

light and the intermixed white light) and one of tint (frequency) this 

arrangement can, in principle, measure the two intensity variables in terms 

of the angles formed by the screen while the variable of tint would be 

determined by known optical means. The method is clearly a photometric one, 

using the eye as a null detector device. There is a difference, however, 
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between this concept and the methods of practical photometry then in use. 

In the latter, one generally used lights of the same colour so that the 

only observational problem was one of matching intensities. Here, however, 

one must not only match intensities but colour as well, perfectly possible 

in principle but more difficult in practice. It is interesting to note in 

passing that photometry was by this time a rather well developed science 

and that in this thought experiment Grassmann clearly borrowed its most 

fundamental idea. That is simply that the eye can judge equality of 

illumination between two sources quite accurately although it cannot judge 

their ratio. We shall see in Chapters eight and nine how Maxwell actually 

carried through Grassmann's thought experiment by constructing colour 

measuring photometers. For a brief history of photometry to 1850 see the 

Appendix. 

There is inherent in the example above a new law about colour mixing. 

Suppose the homogeneous light on the left screen is replaced by a mixture 

of lights which has the same appearance. Then the procedure would still 

have been valid since we could still have matched the colour appearances of 

the two screens. Furthermore, suppose the light on the loft screen is a 

mixture of any two spectral colours. Now Helmholtz's data (see table, p. 171) 

showed that such combinations are less saturated than the original colours. 

Therefore, there exists the possibility that the combination can be matched 

on the right screen with some homogeneous colour desaturated with some 

intermixed white. These examples are illustrations of one of Grassmann's 

laws of colour mixtures which can be stated as follows: "every mixture of 

lights can be matched by a definite spectral light or a definite purple 
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mixture (i.e. red and violet) which is mixed with a definite amount of 

white light."6 

The statements above concerning three elements of colour vision, including 

the photometric thought experiment, were ultimately plausibility arguments 

not really intended to be verified. Nevertheless, Grassmann regarded them 

as empirically well proven for he pointed out that no observer had as yet 

been able to mention any other means than these three variables by which 

the sensation of light might be altered. He implied that the evidence in 

favour of any number of elements of colour vision other than three was 

conspicuous by its absence. -Finally there was yet another philological 

argument in favour of this idea for Grassman said 

and moreover, in ordinary language, we only recognize these 
three elements in the description of this phenomenon, so 
that we may affirm with certainty that hitherto only these 
three elements have been observed in the impression of 
colour.? 

We "May,,.  illustrate this point in passing by noting that painters usually 

state that colour can be varied only in hue, tint and shade. In terms of 

Grassmann's nomenclature the artist's hue is Grassmann's tint; the artist's 

tint is Grassmann's intensity of intermixed white (saturation), while the 

term. shade refers to Grassmann's intensity. 

Colour Transitions and Complementary Colours  

Grassmann next stated the hypothesis "that if one of two mingling lights 

be continuously altered (whilst the other remains unchanged), the impression 

of the mixed light is also continuously changed."
8 

While this may seem 

fairly obvious, the fact is this was the first clear and explicit statement 
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of what had previously been only an intuitive concept. For purposes of a 

quantitative theory it was necessary to clearly state the suppositions on 

which it was to be based. This statement is now also known as one of 

Grassmann's laws. 

One method of application of the above principle is to change the colour 

impression by changing the light intensity. By changing either the intensity 

of a given colour, or the intensity of the intermixed white, or both, one 

could change a given colour impression into quite a different sensation. 

For example, if the intensity of the colour itself were decreased to zero 

the light would become colourless since only the intermixed white would 

remain on the screen. At the same time one could increase from zero the 

intensity of quite another colour. Thus one colour would fade out while 

the other faded in giving the sensation that the first colour had changed 

into the second. In effect, the first colour would have changed into the 

second by a continuous transition. Grassmann stated the idea as follows: 

by the continuous diminution of the intensity to zero, a tint 
may gradually pass over into another completely separated from 
it, if the intensity of the latter increase continuously from 
nothing upwards.9 

In the foregoing, the tints themselves have remained constant. But 

colours could also be matched by a continuous change of tint (i.e. frequency). 

There is a continuity of transitions of colour from red to orange to yellow, 

green, blue and violet. There is, however, a continuity of change from 

violet to red through the purples so that those transitions between violet 

and red must also be included in the idea of continuous change of tints. 

Grassmann defined two types of tint transitions.in mathematical terms. 
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Transitions of tint from red through orange, yellow green, blue, violet 

and purple back to red he called positive transitions. Transitions in the 

reverse direction he called negative.
10 These are illustrated in the 

drawing below adapted from Grassmann's paper.11 The poin4s A, A', and X 

refer to the discussion following. 

Fig. 2 

There are then for Grassmann, basically three different ways by which 

"coloured light A may continuously pass into coloured light B."12 These 

are changes of tint in the positive direction, changes of tint in the 

negative direction, or changes of tint by "the light becoming colourless 

once or several times during its transition."
13 By whatever route a colour 

transition takes place, however, Grassmann noted that all transitions must 

be regarded as continuous changes and must be understood to fall within 
This ernalt fret fee. '11100004i Latour% ra Aftel 	Wki" 
the mathematical idea of continuity.1,Arguing again from observation he 

stated 
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the principle of continuous transition...must be regarded 
as perfectly established by experience, as a sudden spring 
in the phaenomena would be apparent even in the most crude 
observations, and such a spring has not as yet been discovered.14  

There were no quantum jumps in colour transitions: 

Grassmann was now in position to show that Helmholtz's observation that 

only yellow and indigo—blue were complementary colours must be wrong. He 

proved the following propostion 

To every colour belongs another homogeneous colour, which 
when mixed with it, gives colourless light.15 

The nature of the proof was a reductio ad absurdum. Taking the given tint 

to be A, Grassmann assumed there was no other homogeneous colour which 

together with A would give white light. And then from this he reached a 

contradiction of the negative assumption thus showing it not to be correct. 

Therefore, the only other possibility, that the colour A did have a comple-

mentary colour must be correct. Since the tint A was any arbitrary colour, 

the proposition was then proved. The proof, slightly modified for clarity, 

follows. 

As above, we take any arbitrary tint A as the given colour. Assume there 

is no other homogeneous colour which will give white light when mixed with A. 

Let us take a second homogeneous colour of any tint. Let the second colour 

have tint X, and intensity Y. We now mix A and X together. Keeping the 

tint X constant, We increase the intensity, Y, of the second colour starting 

from zero. We shall reach an intensity Y where the intensity of A will be 

negligibly small compared to Y. In effect, the tint A will disappear by 
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comparison with X. There will.have been a continuous change in the mixture. 

But since we have assumed the two colours cannot give white the change must 

be one of.tint. Therefore the change has been a continuous one in tint from 

A to X. This is shown on the circle in Fig.2. But transitions in tint are 

either in the negative direction along the circle above, or in the positive 

direction. We now investigate the consequences of the two different modes. 

Suppose tint X is infinitesimally different from A but on the side 

toward positive transition. Then the transition from A to X was positive. 

This is required by the condition that colour transitions be continuous, and 

we can show this as follows.' Remembering that only two colours are involved, 

and that the transition takes place by changes of intensity, Y, we can 

write the following 

Ay- + A 	A 

That is, mixing A with a new intensity level of A (Ay) still gives one 

the same tint A. But by mixing X with A so the transition above takes place 

we can write 

Xy  + A 	Xy  

That is, by increasing the intensity of X sufficiently the transition of 

A to X occurs. Now if X were on the positive side of A, but the transition 

took place in the negative direction there would have to be transitions 

through all the other colours around the circle back to A. And since only 

two colours are involved, and they are infinitesimally close this means 

colours besides those differing infinitesimally from A will be produced 
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which is contrary to observation. Therefore the change from A to X is in the 

positive direction if X lies on the positiveside of A and infinitesimally 

close to A. By the same reasoning we can say if X lies on the negative side 

of A, infinitely close to A, the transition is negative. 

Suppose now in the colour circle in Fig. 2 we have a tint A and opposite 

it the tint A'. It is now desired that the tint X changes continuously 

from A in the positive direction passing through all the colours back to A. 

Each transition is made by changing the intensity Y. Clearly for half. the 

journey around the circle of tints, X lies to the positive side of A so the • 

transitions are positive as shown above. But for the her half of the 

journey X lies to the negative side of A so the transitions must be negative. 

Thus in the process of bringing X around the circle back to A, the sign of 

the transition chances. 

Suppose At  is the tint where the sign change occurs. Then transitions 

are positive just before X reaches A' and transitions are. negative just 

after passing through A'. Suppose further that X passes continuously 

through A'. Since the transitions are being made only by changes of intensity 

(Y) of X, and since the tint must change continuously with changes of Y, 

this means all the tints resulting from an increase of intensity of X lie 

extremely close together on both sides of A'. But this is impossible. An 

increase of intensity of X can give either a positive or a negative transition 

but not both. Hence the assumption that no other colour existed which when 

mixed with A would give white led us to attempt to make continuous transitions 

around the circle. The attempt failed at AI where the transitions change 

sign discontinuously. And it is here that the negative assumption is 
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contradicted. For the implication of this is that to reach A' from A one 

must pass along the diameter of the circle instead of the perimater. But 

the diameter passes through white so a passage from A to A' necessarily 

requires a transition through cftrlessness. And such a transition was 

• specifically allowed by Grassmanr► in the description of the three modes of 

transitions mentioned on p.204. From another point of view, suitable 

combinations of A and A' must give a point in the center of the circle, or 

white, and so A and A' are complementary colours. Therefore, we have shown 

that by assuming colour A has no complementary colour it is impossible to 

make continuous transitions from A to all the other colours. And it follows 

that the original proposition must be correct; every colour has a homogeneous 

colour which, when mixed with it furnishes white. This colour lies opposite 

the given colour along a diameter of the colour circle. 

The foregoing was a proof of the existence of many pairs of complementary 

colours. It did not show specifically what those complementary pairs were. 

Therefore, Grassmann next proceeded to utilize Helmholtz's data to achieve 

that particular goal. Part of this accomplishment lay in a revision of 

the division of Newton's colour circle. It was pointed out in the last 

chapter that it was not clear whether Newton had divided his colour circle 

in proportion to the colours of the spectrum as he viewed them. Moreover, 

even had he done so, his division viewed in 1853 could no longer be considered 

valid as his prism had not sufficient dispersive power. The work of 

Fraunhofer had produced the best description of the solar spectrum to date 

and Fraunhofer's lines were considered as important reference marks in the 

spectrum. Therefore, in order to determine the complementary pairs by 
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Newton's circle of colours, the first order of business for Grassmann was 

to revise Newton's division of the circle according to Fraunhofer's 

description of the spectrum. 

It is not important to go into the details of this revision except to 

note that it was based upon. a comparison of Newton's and Fraunhofer's 

measurements and Newton's description of the limits of colours in the spectrum. 

Grassmann also assumed that the division of Newton's circle by the line OD 

(Chapter 4) between the red and violet would correspond to Fraunhofer's 

B and H lines.
16 Then the procedure was essentially to mark off various 

well known Fraunhofer lines on the circle and from these as reference marks 

lay off the colour divisions according to Newton's and Fraunhofer's measure-

ments. The result is below, taken from Grassmann's drawing.17  The inner 

circle shows the positions of various Fraunhofer lines drawn as short lines 

and marked in capital letters. Then the limits of colours of the circle 

are drawn to the outer circle for clarity. Comparison of this circle with 

Pig. 3 

Newton's requires one to identify the line marked here with Fraunhofer's 

H and B lines with Newton's line OD; one can then see the division is 

similar to that of Newton but, as expected, there are adjustments to the : 



-210- 

sectors allotted to each colour. 

Now we can locate Helmholtz's yellow and indigo-blue complementary pair. 

Helmholtz.had defined the yellow as "lying between the (Fraunhofer) lines 

D, E and about three times more distant from E than from D."
18 

This fixeS 

the position of yellow on the circle. And since the indigo-blue must be 

opposite it along a diameter the latter position is also fixed. These colours 

are shown in the diagram on the dotted diameter and the colours are seen to 

fall within the correct colour sectors on the revised Newtonian colour circle. 

Helmholtz had also reported that red mixed with green 

gives a yellow, which, less saturated, is predominant, passes 
through orange into red, and when green is predominant, passes 
through yellow-green into green. With the green-blue tones of 
the spectrum, a flesh-colour is obtained; with the sky-blue 
ones, a rose-red colour, which when blue predominates, passes 
into whitish violet, but when red predominates, passes into 
carmine-red.19 

Nova:-.! combinations of red and green give rise-to positive transitions. 

When red predominates, the mixture is toward the red, when green predominates, 

the mixture moves toward the green; but roughly equal amounts of red and 

green gave a pale desaturated yellow which indicates a transition toward 

the center of the circle. This is not along a diameter as white is not 

produced, but must be on a line analogous to a chord connecting red and green. 

On the other hand, red mixed with violet or with blue or indigo must have 

given negative transitions. And red and green-blue gave a flesh colour. 

This again is essentially a desaturated colour being according to Grassmann 

"nothing but a red mixed with much white."20 Thus again the combination 

lies along a chord between the colours. Now there can be no transition 
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from the flesh colour along the perimeter to the blue—green; the only 

transition from the flesh colour to blue—green is by "weakening the red until 

it entirely disappears before the white, and the gradual production of bluish— 

green from this white."21 
	

The implication is that flesh colour lies along 

a chord betiaeen red and blue—green and that the diameter between red and its 

complementary colour lies between the two chords described. Thus to go from 

red to blue—green must be via a colourless light (white) transition. And 

Grassmann concluded that the complementary colour of red must lie between 

green and azure—green and be a tint of bluish—green.
22 By similar analysis 

Grassmann produced the folloWing table of complementary colours:
23 

yellow, yellowish—green, green, bluish—green, azure 
indigo, violet 	purple, red, 	orange 

Tbeae:..;-  theoretical results were later fully donfirmed and extended by 

Helmholtz himself who determined the wavelengths for seven complementary 

pairs.24 

The Mathematics of Colour Lixing  

At this point, Grassmann had explicitly established two important 

principles based upon empirical observations; that the number of variables 

involved in colour vision are three, and the fact that a continuous alteration 

of one of two mixed lights gives a continuous variation in the colour 

sensation. These principles accepted, he then employed them to show that 

every homogeneous colour must have a complementary colour. To the two 

empirically established laws, Grassmann now added a third; 
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two colours, each of which has a constant tint and a constant 
intensity of the intermixed white, also give constant mixed 
colours, no matter of what homogeneous colours they may be 
composed.25 

Once again we may remark that although, this statement seems intuitively 

obvious, this was nevertheless the first explicit, clear statement of the 

principle. Thus it was important to state the idea as part of the foundation 

for a theory of colour. Moreover, having stated this concept together with 

the previous principles, the question arose as to how one could exhibit 

these principles mathematically. Grassmann's solution to this question 

gave a new insight into colon/. theory. 

The idea employed was partly implied earlier by Newton's colour circle. 

A given colour (tint) of a given intensity was to be represented by a line 

pointing in a given direction and having a certain length. The fact that 

the direction of the line indicates the tint means that the colours are 

arranged in some order. Since according to Grassmann the colours form a 

continuous series from red to violet and back through purple to red the 

order must form a closed curve which we have already seen he chose to be 

a circle. This then was part of Newton's idea. But the length of Grassmann's 

line represented the intensity of the colour, while the length of Newton's 

line in the colour circle indicated the saturation of the colour, that is, 

Grassmann's intensity of intermixed white. Thus there was an important 

difference at this point. For example, two intensities of the same tint 

might have the ratio m. Then one can be represented by a line x units long 

pointing in a certain direction while the second will be represented by a 

line mx units long pointing in the same direction. 
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Now suppose we wish. to combine two different colours. Then each one is 

represented by a directed line of a certain length originating at the center 

of a circle. The compound colour must lie somewhere between the two components, 

a fact mentioned by Newton and confirmed as we have seen by Helmholtz. And 

it must be indicated by a directed line of some length. Moreover, the 

result is a sum of the two colours. These conditions will be satisfied if 

the result of the combination is found by determining the diagonal of the 

parallelogram of which the two colours form the sides. This is illustrated 

below. 

Parp/e. 

Jndigo 

green 

diagonal points to the tint while its lentth indicates the intensity 

of the compound colour. Thus, the very important implication of the three 

empirical principles so far stated is that combinations of colours behave 

mathematically like vectors. The result of colour combinations is found by 

determining their geometrical (vector) sum. 

Having demonstrated the mathematical property of colour combinations, 

Grassrnann was now able to demonstrate his assumption that the mixture of 

. two constant colours gives a constant compound colour. Let us combine any 
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two colours, a and b. Let there be two intensities of each colour; for, a, 

these will be 0,( and 0.(' , for, b, these will be 	andAo. 	Let one mixed 

colour, ci  be represented by 

a( CU 4- /6 6 174 c 	 (1) 

Let another mixed colour, c', be represented by 

0(1  CE- 	g1 6 = c 	 (2) 

Now a:and b are constant colours; and c and c' are constant, but different, 

mixed colours. A combination of c and c' must also yield a constant colour. 

Mixing c and c' is equivalent to the vector addition 

(oc 	) 	( 4- Ail) L, = C 
	

(3) 

and the colour D must be of constant tint and intensity since it is composed 

fundamentally of the four components, 04,a, N;a1',/91, „sib. 

Now the point was to show that this vector understanding of compound 

colours and Newton's center of gravity method combining colours were 

essentially identical. Let us recall that Jewton had in his circle assigned 

a mean colour to each colour sector. The position of each mean colour was 

marked by a tiny circle whose area was taken as proportional to the 

brightness of the colour. Then the object was to find the center of gravity 

(more properly the centroid) of the little circles representing the mean 

colours. In effect, each little circle was treated as a loaded point whose 

weight (as opposed to area) was proportional to the brightness of the colour. 

Grassmann now modified this method slightly. 
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Grassmann proposed to draw a circle of colours, like that of New-ton's 

but with its divisions altered as we have seen. In the light of the previous 

discussion, a line from the center of Grassman's circle represented a given 

homogenous colour by its direction, while its length represented the light 

intensity. Instead of using mean colours, Grassmann used each particular 

colour involved. For each line he substituted a weight on the circumference 

at the place indicated by the line's direction. The amount of weight vas 

proportional to the line's length. As Grassmann said 

Each of the colours is represented by a loaded point on the 
periphery, in such a manner that the radius belonging to it 
shows its tint, whilst the weight expresses the intensity, 
and determines the centre of gravity .26 

Theli the tint of the compound colour was determined by a line from the 

center of the circle to the center of gravity of the homogeneous components. 

And the intensity of the compound tint was determined by multiplying this 

length of line by the sum of the weights. Vie can prove this procedure 

is equivalent to the proceeding vector addition. Given any number of points 

Pi , P2.... of masses ml , 412.... as below, the center of gravity with 

respect to 0 is found by the following vector method, also duo to Grassmann 

and fitst published by him in an earlier mathematical work: 

Fig. 5 
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Draw the radius vectors 1. -r1
2 
to the points. Then from elementary physics, 

the center of gravity with respect to 0 is 

R 
m
1
r
1 
+ m

2
r
2 
+ 

m1 + m2 
+ (4) 

But each radius vector 11.
1' 
5'2 can be put in rectangular coordinates in terms 

of the unit vectors i and j. Thus 

.4 
r1 	1.. 	2 

r
2 

x
2
i + y

2j 

and we can write equation (4) above as 

m1 (x1 i Y1I)
m

m2(x2i Y23  R 

where LI. m
1 
+ m

2 
+ 	+ mn' the sum of the masses. 

Rearranging the terms, this can be written as 

(m
1
x
1 
+ m

2
x
2
)7. + 

(m1y1 
+ m2y2)j  . th 
	

(7 ) 

Now:-.,J compare this with equation (3) on page 214. We can identify the 

. 
colours, a and b, in that equation with the unit vectors i and 0 —? in equation (7) 

The coefficients multiplying each aolour unit vector,a and b are analogous 

to the coefficients multiplying the rectangular unit vectors above; and, 

of course, the compound colour D is analogous to 	in equation (7). To 

obtain the coordinates of the center of gravity, one need only express R 

in terms of its components and equate the terms rri i and j. Finally, R is 
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a length of a certain amount (determined by the scale chosen) and is 

multiplied by the sum of the weights and so must represent the compound 

intensity. as stated before. Thus Grassmann showed, although in somewhat 

different form, that the method of treating colours as vectors and treating 

compound tints as vector additions was formally identifiable with Newton's 

center of gravity method of finding the tint of a compound colour. However, 

we should be careful to note the distinctions between Newton's original 

idea and Grassmann's modification of it here. 

For Newton the weights on the periphery of the circle represented the 

mean colour of that sector. 'Allowance was not made, explicitly at least, 

for colours at other points on the circle. Grassmann, however, allowed 

weights to be placed anywhere on the circle so that in his method one may 

work with any particular tint and not be restricted to a mean colour. 

Furthermore, the length of the line in Newton's method determined the 

saturation of the colour, taking white at the Center of the circle and the 

spectral colours on the circumference. Grassmann's method utilized the 

center of the circle basically as an origin of colour coordinates, the 

length of his line representing intensity. Nevertheless, despite these 

differences, Grossmann had now shown that Newton's fundamental concept of 

determining compound colours by their center of gravity was consistent with 

all his assumptions mentioned so far. And these in turn were ultimately 

hypotheses drawn from observations. Hence, Newton's original rule, given 

without proof as an empirical statement only, was shown by Grossmann to be 

in reality the basis for a mathematical theory of colour. This, of course, 

was one of the primary goals of his paper. 
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Grassmann's modification of Newton's system accounted for only two of 

his three colour variables, tint and intensity. So far he had not shown 

how his "intensity of intermixed white" could be worked into his description. 

This inconsistency he proceeded to account for with a fourth and final 

assumption. Grassmann assumed 

the total intensity of the mixture is the sum of the intensities 
of the lights mixed.27 

Gragsmama- noted carefully that the term total intensity was to mean the 

sum of the intensities of each colour plus the intensity of the intermixed 

white. Unlike his previous assumptions, this statement was not well founded 

in observation, a fact noted by Grassmann himself .28 Indeed in order to 

be consistent with the vector representation he had also to assume, contrary 

to the wave theory, that the light intensities would be proportional to the 

wave amplitude instead of the square of the amplitude. Nevertheless, 

Grassmann felt that the fourth assumption stated above was not only the 

simplest assumption possible but also the most probable. From this assumpt-

ion he was able to account for the saturation of the compound colour. 

The circle below represents the usual circle of colours with 

Fig. 6 

center 0. For simplicity Grassmann supposed the radius of the circle to 
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represent unit intensity. Points A and B on the circumference represent 

two homogeneous colours. When on the circumference.they represent also 

unit intensity. If their intensities are taken actually as o< and /9 

respectively, then we have two colours 0.A, andA a to compound. Then each 

point is considered to have a weight attached to it and we find the center 

of gravity by the usual process. Suppose C is the center of gravity. Then 

at C the intensity of the compound colour is (0(+A )0C. But the total 

intensity of the compound tint and intermixed white is written in terms of 

the radius OD. According to the hypothesis, that total intensity is 

(0c+A)0D. And we can write 

(ok + )0D = (or. + )0C + (ok +A )CD 

Since the: term on the left had been identified as the total intensity (tints 

plus intermixed white) and since the first term on the right was identified 

as the intensity of the compound tint, it remained only to identify the 

remaining term. According to the hypothesis this must be intensity of the 

intermixed white. We can therefore say that "the intensity of the inter-

mixed white is...equal to the distance of the center of gravity from the 

periphery, multiplied by the sum of the weights.29  

Let us pause here momentarily to summarize Grassmann's method of 

determining colour combinations. Vie have as follows 

1. the spectral colours are arranged in a circle, the data for 

which has been furnished by Fraunhofer and lately by Helmholtz. 

2. the center of the circle is an origin of colour coordinates. 
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3. the direction of aline from the center of the circle determines 

the tint of the colour. 

4. the length of the line represents the intensity of the colour. 

5. the line can be replaced by a loaded point on the circumference 

of the circle, the weight being proportional to the intensity. 

6. the center of gravity of various loaded points, p, represents 

the tint compounded from them. This is mathematically equivalent 

to regarding colours as vector quantities and compound colours 

as the sum of vectors. 

7. the distance from the.  circumference of the circle to the center 

of gravity multiplied by the sum of the weights represents 

the saturation of the colour. 

Except for the seventh point hero, Grassmann regarded the others as well 

established and emanating basically from the concept of colours as vectors. 

And the law of treating colours as vectors he felt was well founded on his 

basic hypotheses. Indeed, he stated that this law of vector addition of 

colours now needed for its confirmation only "a simple but complete series 

of observations for the determination of the series of colours."30 This 

role was played by J. C. Maxwell the following year in the first of his 

many important papers on colour theory. 

Before concluding this chapter it is interesting to look at Lambert's 

colour pyramid from the point of view of Grassmann's three variables of 

colour. We saw in the last chapter that the base of the pyramid consisted 

of a triangle of three primary colours (not to be confused with the three 
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variables defined by Grassmann). Combinations of the primary colours lay 

within the triangle. Then each primary colour was diluted toward white or 

black to form a new triangle, of shorter side, positioned on the one below. 

Eventually one reached the apex of the pyramid which was either white or 

black as the case may be. Let us restrict ourselves to the pyramid terminating 

in white. 

A mixture of each of the primary colours in the triangle is generally 

paler or less saturated than the original primaries. (Although the 

triangle tacitly involved mixtures of pigments, this fact was confirmed by 

Helmholtz for spectral colours as well in his V—slit experiment. See the 

table of his results in Chapter.5). 	Thus one moves toward gray, or 

ideally white, as one moves toward the center of the triange. The base of 

the pyramid therefore represents two of Grassmann's variables, tint and 

intermixed white. It is, in effect, a representation of compound colours 

with the intensity of the colours held constant. If one then wishes to 

alter the intensity of the colours, the third dimension of space was required. 

The dilution of each primary colour toward white in building up the pyramid 

was then tantamount to changing the intensity of the colours. When the 

primaries were diluted with white going toward the apex, the overall ability 

to distinguish one tint from the other was diminished and even destroyed 

by the dazzlingly bright light. Therefore, Lambert's pyramid represented 

a classification of colours in terms of Grassmann's three variables. If we 

suppose the pyramid is changed to a cone, the treatment is still the same, 

Then a projection of the cone from directly above the apex, on to a plane 

gives Newton's colour circle, and we see that Newton's rule for compounding 
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colours employed two variables, tint and saturation with intensity held 

constant. Clearly a similar remark applies to;.layer's triangle system 

which was only a simplified version of Newton's method. 
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CHAPTER VII A 

Interlude: On Colourblindness 

Identification of Colour Defective Vision 

Colourblindness as a deviation from normal vision seems hardly to have 

been recognized before John Dalton's unique self—analysis in 1794. The 

greatest optical writers of the 17th century, Gassendi, Newton and Huygens, 

did not mention the subject at all while developments in optics and 

physiological optics in the 18th century were described in detail by 

1 i Priestley in 1772 with no mention of the subject. Therefore it is clear 

that the subject of colourblindness, as such, did not exist as late as 1772. 

This conclusion'is confirmed by a survey of the Philosophical Transations, 

an excellent guide to topics under general discussion, from its inception 

to 1800. In all this time there were only three short articles on persons 

who could not see colour properly. And, moreover, the first of these, 

appearing in 1684, seems to be a very dubious case, probably better 

classified otherwise as can be seen from the following description: 

A Laid, two or three and twenty years old, came-.to me from 
Banbury, who could see very well but no colour beside Black 
and White. She had such Scintillations by night, (with the 
appearances of Bulls, Bears, etc.) as terrified her very much; 
she could see to read sometimes in the.greatest darkness for 
almost a quarter of an hour.2  

Significantly, the next Phil. Trans. article was in 1777,3  five years 

after Priestley's survey and 93 years after the above description. Here a 

man identified only as Harris described his difficulties to Joseph Huddart 

the author of the article who was a well known hydrographer and manufacturer. 



-225— 

Most interestingly, considering the necessity sometimes for linguistic 

evidence, Harris too was alert to distinctions in language. For he spoke 

of an apparent difference in the vocabulary of colours between himself and 

other persons. Huddart wrote that 

he (Harris) had reason to believe other persons saw something 
in objects which he could not see; that their language seemed 
to mark qualities with confidence and precision, which he could 
only guess at with hesitation, and frequently with error.4 

Indeed:.:..: Harris seems to have been a rather good observer and Huddart a 

good recorder of some difficulties of colourblind people. In an example 

from his youth, Harris described how he had experienced difficulties in 

comparison with other persons in seeing cherries on a tree. Whereas they 

could distinguish the cherries by their colour, he could not distinguish 

between the leaves of the tree and the cherries except by their difference 

in size and shape. Hence, although his visual acuity was as sharp as anyone 

else's (by his own judgement and observation) in situations not so dependent 

on colour differences, in this situation others could see the cherries from 

a much greater distance than he. In this description Harris gave what is 

probably the first intimation of the fact that visual discrimination 

between objects depends upon differences in colour and brightness between 

them and their surroundings. 

Harris' brother, master of a sailing vessel, was also colour defective 

and allowed Huddart to test his vision with bits of coloured ribbon. Being 

asked to identify the colours of the ribbons, this man identified green as 

yellow, orange as green, and red as blue while for the other colours he 
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seems to have been normal. The point here is that these cases described 

by Huddart constitute the first published account of genuine cases of colour-

blindness. Remarkably, Huddart did not seem to recognize that he had made 

a real discovery. The general tenor of his article is one of curiosity, 

certainly justifiable, but also curiosity mixed with disbelief. He did not 

realize that his cases were not singular events, unlike so many of the odd 

curiosities reported in the Phil. Trans.  during this period. 

The next Phil. Trans.  entry occurred in 1779.5  The symptoms of this 

case were rather confusingly given, certainly not as well described as 

those recorded by Huddart. But one significant sentence characterized the 

problem. This man stated that "a full red and a full green are the same."
6 

In addition he gave an account of three generations of his family who had 

either encountered the same difficulty or escaped it so that from his 

geneaology there was a strong implication that the defect was an inherited 

one. Indeed he was then considering its descent to his grandchildren, a 

fourth,generation beginning from his parents, but as yet had none living. 

Since he had a daughter married for some years, such a statement by implication 

is a sad commentary on the infant mortality rate at the time. 

Finally we may remark that Robert Boyle noted extremely briefly a case 

of colourblindness in 168. Describing a conversation with an eminent, but 

unnamed astronomer, Boyle remarked, 

he confesses to me, that there are some colours, that he constantly 
sees amiss, and particularly instanced in one, which in a clear 
day (for so it was when we discoursed together of this matter) 
seemed to him to be the same with that of a darkish sort of cloth, 
that he wore, whilst to me and other men it appeared of quite 
different colour.7 
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What.the.: colour instanced was or what was the colour of the cloth Boyle 

did not report but the fact that there was an apparent identity of two 

distinct colours marks this person as being genuinely colourblind. However, 

Boyle simply reported the case without comment as one one of 14 cases of 

various problems with the eye. Indeed one of these problems seems to stem 

from a thyroid condition rather than being a genuine visual problem although, 

of course, this could not have been known to Boyle. It does, however, 

indicate that most visual problems mere not well distinguished from each 

other. Only cataracts, the majority of the cases reported by Boyle, seem to 

be well recognized. 

The general paucity of literature on the subject of colourblindness in 

these years together with the brevity of those few descriptions one does 

find leads one to suspect that the problem was a difficult one to identify. 

Indeed, Harris' experience indicates that it is difficult for the affected 

individual to recognize the problem within himself. This is most certainly 

due to the difficulty of communication on colours between the colour 

defective person and colour normal persons. Considering that there is 

general agreement within a language on the meaning of words it is only this 

that enables us to converse intelligently about the world. But the colour—

blind person will, of necessity, not agree with the meaning of certain colour 

words and there must then be an attendant linguistic confusion. Thus one 

can expect quite some delay until the colourblind person recognizes that the 

confusion lies within himself and not in the language or in others. Dalton 

summed up this difficulty succinctly by saying "I was always of tho opinion, 

though I might not often mention it, that several colours were injudiciously 
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named."
8 

There is, however, another difficulty the colourblind person experiences 

in communication about colour. Among those from whom he might request 

information about colours there may be a marked disbelief that the person 

seeking information doesn't really see colours exactly as they do. It is 

difficult:to - understand such an attitude since the necessity for spectacles 

had long demonstrated wide variations in sight. But there is no doubt that 

recognition of problems in image formation did not carry over to colour 

perception. Thus, Dalton, having recognized something amiss within himself 

could say, "I have often seriously asked a person whether a flower was 

blue or pink, but was generally considered to be in jest."9  

That most eminent historian, Marc Bloch, has said of writing history that 

"In the last analysis, whether consciously or no, it is always by borrowing 

from our daily experiences and by shading them, where necessary, with new 

tints that we derive the elements which help us to restore the past."
10 

Unquestionably recent attempts at duplicating famous experiments (in which 

I dare to include myself) are certainly aimed at helping us acquire the 

experience necessary to interpret the times or events of which we write. In 

this respect, a few autobiographical remarks may possibly be permitted for, 

being colourblind, I can verify these difficulties from my own experience. 

In .fact, it has been largely through a kind, of self—analysis that I have 

been able to answer the question as to why colourblindness was formally 

recognized so late. 

Although I often seemed to misname colours it was never clear to me 

when young that I did not see colours properly. My parents, for example 
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accused me for years, albeit benignly, of never having properly learned the 

names of the colours. In this, of course,they were correct but it was 

certainly due to the linguistic difficulties already described and not to 

some lack of alertness as I then thought. Nevertheless, for years I was 

always being quizzed with the question "what colour is this," a very tiresome 

business after a while. I remember in elementary school a class exercise in 

which we were given several crayons with the colours printed on them. The 

teacher said words to the effect "now write the colour orange" from which we 

were to look on the orange crayon and copy the name. Naturally I had 

several of the answers wrong resulting in quite some impatience from her 

in my foiling an obviously foolproof spelling scheme. Chemistry in later 

years proved something of a mystery in laboratory exercises which depended 

on colour and it is interesting to learn that the eminent Scottish professor, 

George Wilson, of whom we shall speak much later, was stimulated to 

investigations of colourblindness by noticing students who could not perform 

laboratory work in chemistry depending on colour. Every colourblind person 

eventually reaches an explicit conception of his difficulty; mine was 

graphically revealed to me at a colour test for a driver's license at age 16. 

Upon misnaming two colours, the examiner each time gave me a look of stunned dis 

belief. The situation was saved for me on a retest by my exchanging the 

names of the two colours which had looked almost alike and the examiner 

looked relieved indeed. I really think he thought there was something 

wrong with his hearing rather than with my eyesight. Finally there is 

another effect mentioned by Dalton and experienced by me. As stated on 

page 227 Dalton had said he did not often mention the fact that he was 
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confused about colours. There is certainly a degree of reticence or even 

secrecy in this difficulty. One simply doesn't wish to appear abnormal; 

nor does one always want to be bothered to name colours for disbelieving 

people. For my part I did not speak openly about my difficulties for many 

years after I definitely recognized the problem. Dalton in his later years 

also spoke freely about it but not we note when he was a young man. 

It seems that the historical problem of identifying the existence of 

colour defective vision rested on the difficulty of finding suitable 

individuals. But such individuals were difficult to find because of the 

attendant difficulty of self—recognition and an understandable diffidence on 

their part to discuss it. Moreover, in the late 18th century (and certainly 

before) people were most certainly not exposed to such a variety of colours 

as now and so the opportunity for self—recognition was less than now. 

Clothing was rather drab and buildings were mostly white half—timbered or 

red brick and thus lacked any variety. The main objects for colour 

observation and confusion must have been animals and flora. It is probably 

significant in this respect that Harris mentions cherries while Dalton's 

final diagnosis was made with a geranium. Cases reported in the early 19th 

century also frequently mention inability to see cherries, berries or fruit 

on trees thus tending to verify this presumption. Indeed, if this is so 

there would even be a seasonal factor, rendering short the period of the 

year when there was sufficient variety of colours tocbserve. It is no 

wonder then that colourblindness was recognized so late. ThegradualAmergence 

of the problem as one of scientific value is parallelled by every colourblind 

person in his early life. The whole problem of linguistic confusion and 
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identification of colour defective vision was charmingly summarized by 

Brewster in a parable; 

If one of the two travellers who, in the fable of the chameleon, 
are made to quarrel about the colour of that singular animal, 
had happened to possess this defect of sight, they would have 
encountered at every step of their journey, new grounds of dis-
sension, without the chance of finding an umpire who could 
pronounce a satisfactory decision. Under certain circumstances, 
indeed, the arbiter might set aside the opinions of both the 
disputants, and render it necessary to appeal to some higher 
authority.11  

As 	subsequent events will show, that higher authority ultimately became 

a series of important experiments performed by different investigators over 

a period of about 50 years. 

Unquestionably the first detailed description of colourblindness was 

given by Dalton in 1794 concerning his own defect. It is certainly one of 

the most fortuitous historical accidents that a man of Dalton's scientific 

perception and integrity happened to be colourblind. Without this boost, 

the general problem would have remained unrecognized for an even longer time; 

and without Dalton's great scientific reputation his paper would have been 

ignored completely. We shall show presently that the general problem was 

largely ignored anyway by the most eminent scientists of the early 19th 

century.0n1y. a few thought it a-worthwhile problem to investigate. 

Notwithstanding the difficulties already mentioned, Dalton finally became 

explicitly aware of his problem in 1792 when by accident he observed a pink 

geranium by candle light. Describing that encounter Dalton said 

I was never convinced of a.. peculiarity in my vision, till I 
accidently observed the colour of the flower of the Geranium 
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zonale by candle-light, in the Autumn of 1792. The flower 
was pink, but it appeed to me almost an exact sky-blue by 
day; in candle-light.s however, it was astonishingly changed, 
not having then any blue in it, but being what I called reds  
a colour which forms a striking contrast to blue. Not then 
doubting but that the change of colour would be equal to all, 
I requested some of my friends to observe the phaenomenon; 
when I was surprised to find they all agreed, that the colour 
was not materially different from what it was by day-light, 
except my brother who saw it in the same light as myself. 
This observation clearly proved, that my vision was not like 
that of other persons.12  

Without • going into all the details of Dalton's subsequent investigation 

we can summarize his main results below. 

1. in the spectrum he saw not seven colours (including indigo) 

but only three which he named yellow, blue and purple. And 

he was not sure about seeing the purple. 

2. what others celled red, he called black or a dark shade. 

3. his yellows seemed to include the red, orange, yellow and 

green of others so that from red to green in the spectrum 

he saw essentially one colour, yellow, in varying intensities; 

bright for orange, pale for green. 

Dalton, of course, was never the type to be satisfied with empirical 

descriptions, although in identifying the above symptoms so explicitly he 

had already done a great service. Dalton required an explanation for his 

peculiarity of vision and characteristically looked for a physical cause. 

This he came upon as a result of observing that a sky-blue transparent liquid 

modified the light of a candle making it appear similar to daylight.13 It 

also gave pink, in daylight, the appearance of light blue. From this Dalton 

hypothesized that one of the humours of his eye_was tinged with blue. If 
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this were the case, then the observation of the geranium would be explained. 

Considering pink as a mixture of red and blue, the blue tinged humour 

would absorb. the red rays reflected from the flower but pass the blue rays 

thus giving it the blue appearance. For candlelight Dalton know that the 

proportion of red and orange to blue was higher than ih daylight. Therefore 

the geranium would probably reflect higher proportions of red and orange 

than blue than in daylight. But since he could not see the red and presuming 

that the intensity of the orange was greater than that of the blue, the 

flower would appear a new colour to him under candle light. It would be 

one of his shades of yellow. 7iith one exception, Dalton was able to show 

that this hypothesis fitted all the facts concerning his colour vision. In 

its one failure he could not understand "why the greens should assume a 

bluish appearance ..."14 Dalton also hypothesized that the blue humour of 

his eye must be the vitreous humour for no inspection of the outer part of 

the eye revealed a bluish tinge. 

At this point it is interesting to see within what tradition, if any, 

Dalton viewed this discovery. Reviews of the scientific journals of the 

time show that besides articles of bona fide scientific interest, there were 

many reports of odd curiosities stated simply without further investigations. 

Thus in the Phil. Trans., for example, there are reports on a two—headed 

calf, an extremely loud thunderclap, a deer's horn found in the heart of an 

oak, a fiery meteor, etc. The article by Huddart may certainly be 	seen 

in this tradition of reporting odd curiosities, which in this case proved 

to be an important one. Dalton too lived within this intellectual tradition 

and the Manchester Memoirs in which his paper was published was, of course, 
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no exception. Having definitively investigated himself and his brother 

whom he discovered was also colourblind, Dalton stated "I conceived the 

design of laying our case of vision before the public, apprehending it to be 

a singular one."15 However, he remembered having read the case of Harris • 

and therefore decided to investigate Harris' family further. Accordingly 

he sent some 20 specimens of coloured ribbons to a friend living near 

Maryport where the Harrises lived with instructions to exhibit them to 

the survivors of the Harris family. It turned out that the Harris family 

consisted of 6 sons and 1 daughter of whom four sons were colourblind, 

apparently with symptoms similar to Dalton's. (Huddart had mentioned only 

two of the four sons.) It was this act which really set Dalton's evidence 

apart from all others. For as he himself said, "It then appeared to me 

probable, that a considerable number of individuals might be found whose 

vision differed from that of the generality, but at the same time agreed 

with my own. "16 

This realization together with his subsequent actions following it lifted 

colourblindness out of the category of sinallar occurrence. Dalton 

conducted a further search for similarly affected individuals with the 

result that he was able to find quite a few. For example, in a class of 

25 of his pupils he discovered two whose vision was the same as his; while 

in another class of 25 he found one.
17 He, moreover reviewed the cases 

of his own family and that of the Harrises bringing the latter once again 

to public attention. This review of similar cases was remarkable in 

demonstrating that this "peculiar vision" was not at all singular but 

indeed rather common. It was common, at least, among males, for Dalton 
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remarked that he could not find a single female example.
18 

If his own 

pupils were a guide similar subjects could be easily found, captive as it 

were, in any schoolroom, a hint that was later taken up by Seebeck. The 

review finally hinted strongly that this defect in vision seemed to be 

hereditary since all his well documented cases showed other members;of the 

family similarly affected. However, he seems to have missed the case of 

Scott whose descriptions of the generations of his family in this respect 

was quite convincing. 

In this pivotal paper there was ultimately only one point of disagreement 

between Dalton and other scientists of his generation. The hypothesis of 

a blue vitreous humour did not satisfy Thomas Young or John Herschel. Young 

pointed out in 1807 that Dalton's vision could have another explanation. 

In hypothesizing three sets of colour receptors or nerves as part of his 

.theory of colour vision, Young stated that Dalton's vision could be more 

simply understood by supposing the red receptor to be either absent or 

paralyzed.
19 This would also be able to explain the one fact Dalton left 

unexplained. For assuming the absence of a red nerve receptor we can see 

that a supposedly slightly higher response of the blue receptor over that of 

the green would indeed give greens a bluish tinge, even in candle light 

which has a low blue output. 

Young's explanation was not accepted by Dalton---and not surprisingly. 

For Young's theory and hence his explanation were completely hypothetical 

with little obvious experimental basis while Dalton's blue humour explanation 

had at least one good observational foundation. nvertheless, Dalton wrote 

to John Herschel, probably the foremost optical expert of his time, about 
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the question in 1833 asking his opinion. Herschel by this time had made 

an investigation of the subject himself and replied to Dalton as follows; 

It is clear to me that you and all others so affected perceive 
as light every ray, which others do. The retina is excited by 
every ray which reaches it, nor, so far as I can see, is there 
the slightest ground for believing that any ray is prevented 
from reaching it by the media of the eye. This, I know, is 
contrary to your opinion, but I speak advisedly and after care-
ful consideration...The question, then is reduced to one of 
pure sensation. It seems to me, that we have three primary 
sensations when you have only two.20  

The question of the blue humour was finally settled by post-mortem 

examination of Dalton's eyes in which both humours in both eyes were found 

quite clear and transparent. Young's explanation does in fact seem to be 

the correct one. Spectral sensitivity curves for normal vision and vision 

like that of Dalton are shown in Fig. 1 below.
21 

-- - 
Spectral sensitivity curves for a normal subject and a protanope. 
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shows that there is a much reduced sensitivity to the red end of the spectrum. 
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Indeed, the threshold of vision is shifted markedly toward the orange and 

we can readily understand why for Dalton red objects appeared shadowy or 

black. Suffice it to say here that this work of Dalton's on himself 

together with clear evidence for the frequency of other cases marks the 

real beginning of investigation of colourblindness. The problem was finally 

recognized. 

If the problem was recognized it was also ignored by most of the 

eminent writers on optics, physiology or medicine in the early 19th century. 

A comprehensive review of the literature of this period was conducted by 

Elie Wartmann, professor of Natural Philosophy at the Academy of Lausanne, 

in 1840. Vlartmann showed that the continental writers hardly mentioned 

the subject so that with a few notable exceptions the recent history of 

the subject of colourblindness (which was then called Daltonism) consisted 

of "two or three notices scattered in the Philosophical Transactions and 

in the English journals of medicine and physiology."22 Even the great 

Johannes Lialler, Helmholtz's teacher, barely mentioned the subject in his 

authoritative work Manual of Human Physiology23 and did not mention it at 

all in his Treatise of the Comparative Physiology of Vision in Man and 

Animals.24 In short, it appears that notwithstanding the classic work. of 

Dalton there was still rather little work in the field in the early 19th 

century. There are nevertheless enough refprences, indeed by Wartmann's 

own listing, so that a description of each would be a long and dreary tale. 

We will content ourselves with noting a few of the more important papers of 

this period. 

One of the earliest cases of colourblindness reported after Dalton was 

given in 1822.25 A young man was found to see.red and green as identical 
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colours, blue and pink as identical colours but different from the red and 

green, while indigo and violet were both described as purple. 	While the 

case itself is not extraordinarily interesting, the physician who described 

it, John Butter, then gave a well reasoned analysis of the possible causes 

for this defect, significantly concluding that the cause must be a 

physiological one and not ascribable to the optics of the eye. Brewster, 

as editor of the journal in which the paper appeared, saw fit to comment 

favorably on this conclusion. He pointed out Young's earlier hypothesis 

as contrasted with that of Dalton stating that although there was no evidence 

for Young's "fibres" it was sufficient to suppose the (abnormal) retina was 

insensitive to certain colours.
26 

While he did not therefore embrace 

Young's theory as such it is clear that he knew of it and accepted at least 

the outline of the idea. 

Four years later in another commentary on the known cases of colour-

blindness27  going back to Huddart, Brewster again compared the views of 

Dalton and Young on the causes of insensibility to colour. Here he dismissed 

the view of Dalton as mere conjecture while Young's hypothesis was simply 

stated without comment. The reason was soon apparent for Brewster had moved 

further away from Young's concept to one of his own stating 

If we suppose, what we think will ultimately be demonstrated, 
that the choroid coat is essential to vision, we may ascribe 
the loss of red light in certain eyes to the retina itself 
having a blue tint. If this should be the case, the light 
which falls upon the choroid coat will be deprived of its red 
rays, by the absorptive power of the blue retina, and con-.  
sequently the impression conveyed back to the retina, by the 
choroid coat, will not contain that of red light.23 
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Whateverc:,-  the merits of this idea, more like Dalton's now than Young's, 

Brewster must be viewed as an important contributor to knowledge of colour—

blindness in that he published as editor of the Edinbur'h Journal of Science  

and later co—editor of the Edinburgh Philosophical Journal several articles 

on colourblindness together with commentaries. Considering the paucity of 

work in the field, this served the purpose of keeping the subject alive and 

before. the scientific community. He also showed in this article and another 

in 1829
29 that there were now at least three hypotheses by which to account 

for this peculiar vision. 

Another interesting case of genuine colourblindness was reported by 

George Harvey in 1326.30  Here he described a tailor whose colour vision 

had led him, for example, to repair a gentlemen's dark—blue coat with a 

patch of crimson, and mend a black dress with crimson. Harvey tested him 

by asking him to name colours, to arrange five pieces of cloth in white and 

grey by their shades, and to bring him 8 or 10 specimens of green cloth 

which lay in the shop. In naming colours, the tailor confused dark—blue 

with crimson and black, purple with blue, light green with dark—yellow and 

named red as blue. He could arrange the white and grey clothes but could 

not identify the green cloths he was requested to bring. In fact,he brought 

some of reddish black and blackish—brown as well, unaware of any difference. 

Most interesting, however, was Harvey's explanation for his subject. In 

an obvious allusion to Young he stated 

Of the hypotheses that have been proposed to account for the 
phenomena in question, that which refers it to an insensibility 
to certain impressions of light, appears at once the most simple 
and philosophical.31 
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Harvey's paper was seen as important enough to be translated to French 

and printed in its entirety in the Biblioth;que Universelle for 1827 where 

it certainly received wide continental attention. Pierre Prevost, for 

example, saw fit to comment on it because he thought Harvey's article was 

lacking in not comparing his subject with Dalton or other known cases. 

Referring to Harvey, Prevost wrote, "the subject whose vision he has 

described, appears to differ from the number of those whom I am accustomed 

to call daltonians only by a slight degree of darkness in the shade."32  

And later Prevost stated, "I do not hesitate to pronounce him a Daltonian."33 

Although Prevost did not report on any work of his own here, his remark 

does indicate that the subject was•well known to him. Moreover, the term 

"daltonian" to describe a colourblind person seems to have been in use for 

some time by then and had been according to Wartmann used in oral instruction 

at Geneva since about 1800.34  However, Prevost has the dubious distinction 

of bring the first to use the term in print. 

A very thorough series of tests on a colourblind subject was reported 

by Sir John Herschel in 1827 in his Treatise on Light.
35 They are important 

in identifying yet another case and in their mode of testing. While other 

investigators presented dyed ribbons or wools, or coloured glasses and paints 

to their subjects, Herschel employed only spectral colours. He used 

polarized light which passed through an inclined sheet of mica. For each 

colour desired, the mica was so rotated that either individual saturated 

spectral colours or compound optical colours could be presented to his 

subject. The subject, viewing two circles of colours, was then required 

to name or describe the colours seen. The results of these observations 
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Herschel reported in the table below in which the subject's descriptions 

were compared with that of a normal eye.
36 

Herschel stated his conclusions as follows: 

We have examined with some attention a very eminent optician, 
whose eyes (or rather eye, having lost the sight of one by 
an accident) have this curious peculiarity, and have satisfied 
ourselves, contrary to the received opinion, that all the 
prismatic rays have the power of exciting and affecting them 
with the sensation of light, and producing distinct vision, 
so that the defect arises from no insensibility of the retina 
to rays of any particular refrangibility, nor to any colouring 
matter in the humours of the eye, preventing certain rays 
from reaching the retina, (as has been ingeniously supposed,) 
but from a defect in the sensorium, by which it is rendered 
incapable of appreciating exactly those differences between 
rays on which their colour depends.37 
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The reference to colouring matter in the humours is clearly to Dalton's 

hypothesis and it was upon these experiments that Herschel rejected Dalton's 

concept. From a close examination of these results together with another 

similar series of colour naming experiments Herschel came to the important 

final conclusion that 

It appears by this, that the eyes of the individual in question 
are only capable of fully appreciating blue and yellow tints, 
and that these names uniformly corresoond, in his nomenclature, 
to the more and less refrangible rays, generally; all which 
belong to the former, indifferently, exciting a sense of 

'blueness' and to the latter of Iyellowness'..58  

Herschel's results, while based on only one subject, must be considered 

important for one reason in particular. His Treatise was widely read 

(it was even translated into French) and so these experiments received a 

vide audience. Coming from the authoritative pen of Herschel, they demanded 

and received due attention adding yet another case history to the growing 

subject as well as a new means of presenting colours to subjects. Moreover, 

it is interesting to note that HersChel's discussion of colour blindness 

led directly in his Treatise to a discussion of Mayer's 3-fold classification 

of colours and Young's choice of primaries, topics which have been discussed 

in Chapters 4 and 1 respectively. It was a hint that information on these 

subjects might be forthcoming from data on colour defective people. 

Although Herschel's work differed importantly from that of his contemp-

oraries it maintained two flaws in common with them. Dealing with only 

one subject it was limited in scope. All writers after Dalton reported 

only single cases, which was probably due to the difficulty of finding a 
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colour defective subject. Except for Dalton nobody was interested in 

the frequency of occurrence of colourblindness; so although the field was 

increasing its number of case histories, they were all isolated cases of 

different periods and places. But more imoortant than this was a linguistic 

problem. Herschel's subject had been instructed to name or describe each 

colour. This approach had been followed by all investigators from Huddart 

to Herschel. And certainly it is an obvious way to proceed. But in view 

of the linguistic difficulties we have already discussed, it is clear that 

no investigator could really rely upon the names of colours supplied by 

his subject. Reliance on this procedure tended to mask the nature of the 

defect. One can easily see, for example, from Herschel's comparative 

namings that the person has defective colour perception. But the nature 

of the defect is difficult to appraise in terms of the colour sense lacking 

and the magnitude to which it is lacking. At best such a procedure can 

only identify gross colour recognition difficulties. It cannot be used to 

make a differential diagnosis as to the specific type of defect. None of 

the writers to this time seem to have suspected the occurrence of different 

types or degrees of colourblindness. Until now all subjects were lumped 

together. This logical flaw was noted by A. Seebeck who in 1837 produced 

an important now approach to colour identification by colourblind persons.
39 

As mentioned before, Dalton had hinted that any number of subjects might 

be found in a schoolroom. Seebeck apparently took up this hint for he 

searched for subjects in the two top classes of a Gymnasium. And here he 

found that of 41 students there were five with defective colour vision 

thus illustrating the frequent occurrence of the problem.40  These together 
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with seven other cases plus one of his father's constituted Seebeck's 

group of subjects in whom he diagnosed not only differing magnitudes of 

error but also different types or categories of colourblindness. 

Seebeck's method was simple in conception but probably somewhat arduous 

in execution by the subject. Basically he presented an unordered assortment 

of coloured objects to each individual, who was then requested to sort them 

into a series. By asking for an ordering process, difficulties of 

communication between the subject and Seebeck were overcome while the 

investigator could see from the ordering (or misordering) the colours 

confused by his subjects both as to magnitude and type. Seebeck advised 

against using glossy objects like silk where the intensity of reflection 

tends to make colour identification difficult. Be settled on 300 sheets 

of coloured paper which were given to each subject one after another to be 

ordered. Thus the subject was most certainly faced with a long and detailed 

trial of his colour perception. 

Unfortunately, Seebeck does not state what the nature of the ordering was, 

but since he compared results with the papers with observations by his 

subjects on the spectrum as well, we may guess that he asked for a sequence 

of colours corresponding to the spectrum. However, 300 papers would be more 

than ample in this respect so that within this overall pattern he probably 

also asked for particular colours to be arranged in terms of shades such 

as from dark to light. Then a person who like Dalton saw red and green 

as essentially the same would place red and green papers together probably 

all the dark reds and greens-together and all the light reds and greens 

together. But another person, differently affected, might be able to 
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distinguish all the major classes of colours but might still confuse 

shadings of one colour with another. Thus, for example, a very pale red 

might appear the same as a pale green although the subject could distinguish 

saturated reds and greens. Such a procedure would enable a differential 

diagnosis to be made if such differences between individuals existed. 

Seebeck did, in fact, report confusions of both kinds which supports the 

supposition that this was the kind of procedure used. 

By carefully noting the mistakes made by each subject, by intercomparing 

the orderings of his different subjects and by eliciting criticisms of 

the ordering by one subject from another, Seebeck concluded that there were 

at least two classes of colour defective vision. His first class was 

characterized as having 

a very deficient sense for the perception of all colours; it 
is the most imperfect for red and, which is necessarily 
linked with it, for the complementary green. These two 
colours are little or not at all distinguished from gray. 
Furthermore, for blue which they cannot distinguish too well 
from gray either. Their sense is best developed for yellow 
but also this colour looks ttt,them much less different from 
the colourless than to the normal eye.41 

Persons in the second class were similar to the first in many of their 

colour confusions but were markedly worse in their red and blue confusions. 

Moreover, Seebeck definitely determined that "they have, which is not true 

for the first class, only a weak perception of the least diffracted rays."42 

Thus he identified the protonopes as his second class into which category 

he placod Dalton. 

Besides the ordering of coloured papers, Seebeck also used prismatic 

colours and interference colours. But of these modes of investigation 
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especially the latter, Seebeck noted that the experimenter must rely upon 

the erroneous naming of colours,43 a procedure he was essentially trying to 

avoid. In general it seems from his case histories that he first requested 

the orering process of 300 papers, and having then a knowledge of the 

person's difficulties he confirmed these by additional tests with spectral 

or interference colours. Tests with the spectrum produced by a prism 

and cast on a screen were particularly useful in determining the regions 

of maximum and minimum sensitivity of his subjects to specific colours. 

From this approach also he could determine their limits of sensibility by 

having them draw lines at various parts of the spectrum and then comparing 

these positions with those drawn by himself as a control. It was a procedure 

similar to one followed by Newton, although the latter had done so for 

quite different purposes, and it enabled him to make the observation that 

his second class of subjects could hardly see red at all. This procedure, 

however, was not used as the primary diagnostiC test. 

An interesting confirmation of his classification was devised by Seebeck. 

Noting that class one was similar to class two in many respects but differed 

from it in being able to see red, he thought that class one people might be, 

in effect, converted to class two people if red light was removed. Hence, 

he tested some members of his first class at dusk when the level of red 

light would be very low or even absent. At this time he gave one member 

of his class one the coloured papers to order and found that his mistakes 

now differed from those made under full sunlight. In fact, the mistakes 

were now the same form as his class two subjects under full daylight. 

Therefore, class one people were "converted" to class two and this confirmed 
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his finding that their main difference lay in the degree of perception of 

red. 

Vie can conclude this description of Seebeck by stating simply that he 

performed the first really systematic investigation of colourblindness. 

While Dalton had brought the problem to public attention, investigations 

subsequent to him but prior to Seebeck were largely haphazard, performed 

on single individuals, usually discovered by accident, by asking them names 

of colours. Seebeck showed a new method of approach to the subject, 

emphasized the frequency of occurrence of such people and demonstrated the 

inconclusive nature of previous investigations. He in fact reviewed most 

of the extent literature and from colour identification mistakes described 

there he was able to classify most of those people into his two categories. 

Perhaps not least of all his case histories by taking account of family 

members so affected demonstrated once more and most clearly the hereditary 

nature of the problem. He actually was able to test the colourblind grand-

father of one of his subjects and show that both grandfather and grandson 

belonged to the same class, differing only in the magnitude of their mistakes. 

And, uniquely, this work led Seebeck ultimately to the discovery of a colour-

blind woman which even Dalton had noted was apparently a rare event. 

Notwithstanding the case in the Phil. Trans. already mentioned which was 

doubtful and a unique female case noted since then, also doubtful, this 

woman appeared to be genuinely colour defective. For Seebeck tested her 

by the method of ordering his papers and found that she made the mistakes 

of his class one. It is worth noting as well that Seebeck found her father 

to be colourblind, also in class one, a situation now known to be required 
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for female colourblindness. His case of female colourblindness is probably 

the first true case recorded and actually documented by a valid test 

procedure. 

One thing only Seebeck had in common with his predecessors in this field. 

Like them he too searched for some causal hypothesis for colourblindness. 

Noting Dalton's explanation he contrasted it with Young's by saying "others 

deduce it directly from a lack of sensitiveness of the light nerves."44 

This he had thought at first was a reasonable hypothesis and had initially 

accepted it. However, upon recognizing the distinction between his two 

classes he could not reconcile this hypothesis with two classes of mistakes 

as well as with varying magnitudes of mistakes within one class. Thus 

without rejecting the idea outright he did find the hypothesis insufficient 

for his data.45 Ultimately he found no satisfactory explanation and so 

contented himself by saying the defect must be understood as frequently 

occurring and "as extreme cases of an imperfection which happens often to 

a letter degree without being noticed."46 

Wartmann's memoir. of 1840, previously mentioned, is notable more for 

its detailed review of the state—of—the—art than for its original contributions. 

Indeed, of the latter there are hardly any. Wartmann's research experience 

on colourblindness, as detailed within his memoir, consisted of an investi- 

gation of three subjects only. And of these he saw fit to give a detailed 

report on only one. To be sure, the investigations judged by this singular 

report were detailed ones but they were riore in the style of the predecessors 

of Seebeck. Thus Wartmann's results v;ere subject to the logical flaw 

pointed out by Seebeck and contained no new discovery. At first Wartmann 
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explored Seebeck's method of arranging coloured papers, having read the 

latter's paper in the course of his review. However, his papers were too 

glossy resulting in an intensity factor which tended to mask the results.47  

Therefore, he gave up this method, the best at the time, and resorted to 

the traditional one of exhibiting colours to the subject and asking for 

their name. This he did by several means. In one series of trials he 

asked for the names of the colours in a spectrum produced on a screen; 

another time he asked for the colours of plates of glass seen by transmission 

when held against the sky. These two series were instituted to see whether 

the subject had the same defect when viewing colours by reflected light (from 

the screen) and by refracted light (from the glass).48 This procedure seems 

unwarranted on at least two points. First it implies that the light viewed 

by refraction would be somehow modified as compared with that seen by 

reflection as to give a different sensation. There was nothing in optical 

theory at the time to lead one to such a suspicion. Rather quite the 

apposite. Neither the undulatory theory, by now generally well accepted, 

nor the emanation theory would predict any essential change in the physical 

properties of light undergoing refraction or reflection. Even considering 

polarization effects, well explained within the wave framework, one would 

not expect such a thing. Secondly holding the coloured glasses to the sky 

produced colours essentially by absorption. Since Vlartmann speaks of glass 

plates, one can presume they had faces reasonably plane—parallel so that 

refraction through them would be a secondary factor compared to the 

absorption mechanism. In that, of course, there was a good theory of 

absorption by Herschel given in his Treatise on Light;  there was also 
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Brewster's new theory of the triple spectrum which in 1840 must have been 

viewed seriously. But the absorption aspect of the glass plates was not 

mentioned by Wartmann nor was Brewster's theory. We are not surprised then 

to read that the absorption colours showed that "notwithstanding some 

doubtful appellations, the evident confirmation of the results obtained 

with the solar spectrum."49  

Wartmann's other main observations were made with a polarizing apparatus 

similar to Herschel's by which again the subject was asked for names of 

colours. From this prbcedure and the latter one with coloured glasses, 

Wartmann constructed long tables of mis—named colours which show an obvious 

defect in his subject's vision of red light. But by this time such a thing 

was hardly news and considering the work of Seebeck with numerous subjects 

and their detailed comparisons, the general tenor of this work is inferior. 

Wartmann's single subject, from the tables of mistakes given would apparently 

fit into Seebeck's first class. 

One interesting point, however, Wartmann did make. In referring to 

Fraunbofer lines he stated "it may further be interesting to remark, that 

D***sdes in the whole extent of the solar spectrum which is luminous to 

him, the black stripes of Fraunhofer exactly as an ordinary eye... 

Daltonians therefore perceive darkness where it exists to us also."50 Yet 

considering darkness as the absence of radiation, one could hardly expect 

otherwise. For the seriously colour defective the problem is really 

different; in the presence of light where the normal observer perceives 

an object with colour and good intensity, the colour defective may see it 

only as a shadow or darkness as was pointed out by Dalton himself. 
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Therefore, for a person of Seebeck's class two, for example, Fraunhofer's 

lines in the red will be invisible since the red portion of the spectrum 

itself will be invisible. This point seems to have been overlooked by 

Wartmann. 

Whatever the merits of Wartmann's original investigations, his paper 

was clearly considered a very important onc. It was published in numerous 

journals including Bibliotheque Universelle and Silliman's Journal while 

he gave a report of his work at the meeting of the British Association 

for August 1841 which was duly published in the Proceedings for that 

meeting. Hence, Wartmann's paper received wide attention and we must presume 

that it was considered so valuable for the detail of its review rather than 

for the originality of its research. In this Viartmann was indeed meticulous 

hardly missing any publication on the subject of colourblindness. And, as 

mentioned before, he was equally meticulous in demonstrating the lack of 

publication on the subject from those from whoM it might have been expected. . 

Perhaps his most important contribution tc the emerging science was an 

examination of all the various explanations of colourblindness. We have 

already encountered some of these but there were others also struggling 

for existence. We shall give them all here in order to show the range of 

choice possible at the time.
51 

1. Dougald Stewart (Scottish philosopher): called attention to 

differences of colour perception among men in 1792 in work. 

Philosophy of the Human Mind. Attributed it to a weakness in 

training or poor conception of colours rather than a defect of the 

eye or organism. Strangely enough, however, he was red.blind himself. 
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Dalton: hypothesis of a blue vitreous humour which, by absorption, 

would prevent red rays from reaching the retina. 

3. Goethe: hypothesis that colourblindness is due to lack of blue 

sensation. Colourblind people see only a weak purple, rose-red, 

and pure red. 

4. Brewster (a): hypothesis that the eye is insensitive to colour at 

one of the extremities of the spectrum. This was proposed in analogy 

to work by Wollaston and Chladni on limits of hearing. 

5. Brewster (b): the retina, rather than the humours of thewe, is 

blue tinged and hence absorbs red light. (This hypothesis was made 

after that above and was based on the presumption that the choroid 

coat would be found to be the seat of vision, a point which Wartmann 

overlooked.) 

6. Phrenologists' opinion: "According to the phrenologists, the 

distinction of colours is a faculty which does not depend upon the 

eye, but on a particular part of the brain, which they term the 

organ of colours. Those individuals in whom the portion of the 

brain which is immediately above the eye, beneath the eyebrow, is 

largely developed, possess in a high degree the faculty of distin-

guishing colours. It is thus the imperfection of this organ which 

is the origin of daltonism."52 

7. Muncke: the activity of the optic nerve is concerned with two 
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primary colours, red and blue, and their complementaries, green 

and yellow. Activity of the primaries is initiated by the chemical 

power of light, that of the complementaries by the heating power of 

light. So the nerves are more or less reactant to the heating 

power of colours. Yellow is the best at heating the nerve which 

explains why it is seen best by colourblind people; red is the 

poorest and in colourblind people fails to heat sufficiently. 

8. Young and Herschel: hypothesis that colour defective vision is 

due to lack of activity or absence of one set of colour receptors 

out of a set of three. 

Considering the almost total lack of attention to the subject before the 

last decade of the 18th century, it does seem rather remarkable that all 

these possible explanations existed not so long afterward. Wartmann gave 

the current objections to them as well, except for no. 7. Stewart's 

hypothesis was simply too difficult to reconcile with the facts. And we 

can see for ourselves that it could not be reconciled with the work of 

Dalton and Seebeck. Dalton's hypothesis together with that of Brewster's (b) 

were rejected on the basis of anatomical knowledge. Goethe's hypothesis 

was politely dismissed as not suiting the facts, while Brewster's (a) 

hypothesis likewise seemed to have miscarried in terms of a badly based 

analogy. Wartmann expressed no opinion on that of the phbenologists but 

seems to have thought there was something to it. For in a footnote to that 

paragraph he stated "I must say that among the daltonians whom Z have 

examined, the organ in question was in general but little evident, except 
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in two of them, in whom it was remarkably prominent."53 Moreover he saw 

fit in his concluding remarks to say cautiously that the phenomenon of 

colour blindness might in some cases be recognized by some external sign.54  

Hence, without giving his explicit blessing to this hypothesis, he did not 

dismiss it lightly either. Muncke's concoction was passed over without 

comment and it is significant that this idea never seems to have been 

considered seriously. Even Helmholtz in the Physiological Optics did not 

mention it. Finally Young's hypothesis was passed over with the comment 

that it is only a formula of facts although it is the only one of the hypo-

theses to which there is no objection. 

Actually Young's hypothesis and that of Brewster's (a) are not dissimilar 

and conceivably could be reconciled with eachother. Dalton's hypothesis 

and Brewster's (b) are also similar to each other and contain an element of 

Young's thinking in that they prevent one colour from activating a visual 

sensation. Even Goethe can be complimented in this context in recognizing 

the lack of visual sensation to one colour; but his choice of blue as the 

one lacking violates all the data known at the time. Blue—blindness was 

not to be distinguished until long afterward and is, in fact, a rather rare 

phenomenon. Interestingly enough, there have been any number of hypotheses 

on this subject since Wartmann's time and the subject is still very much 

under active research. 

Wartmann concluded his paper with an explicit, numbered list of facts 

about colourblindness which he had endeavoured to establish. There are 

17 items on the list which makes it too long to repeat here. Suffice it 

to say that his expository paper together with this itemized listing of 
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facts (some of which, however, are doubtful) placed before the scientific 

community a recapitulation of all known work in a framework easily accessible. 

Certainly it demonstrated that the problem was a growing and active research 

topic that was just beginning to clarify its own questions and methods. 

Perhaps the main weakness in Wartmann was a lack of detail concerning 

Seebeck's work. Although Seebeck was often cited, there was never enough 

information given so that the reader would really know what Seebeck did. 

But this weakness was certainly transcended by the positive contributions 

just mentioned. That the paper was undoubtedly esteemed for these merits is 

attested to by its appalmnce in so many journals. 

One person who relied heavily on Wartmann's review was George Wilson, 

Regius Professor of Technology at the University of Edinburgh. Wilson 

conducted a long series of investigations on oolourblind people in 1852-3 

publishing his results in a series of articles in the Edinburgh Monthly  

Medical Journal from Nov. 1853 to Dec. 1854. Besides his own findings 

Wilson included a critical review of past work and current theories of 

colourblindness. Although his critical review was largely based upon his 

own experiences, it also depended considerably on Wartmann's previous review 

plus a second memoir by him in 1848. Unfortunately this reliance on 

Wartmann misled Wilson as to the true nature of Seebeck's work which he 

knew only through Wartmann's brief statements. Thus we are not surprised 

to find Wilson mostly asking his subjects to name colours or to give their 

own descriptions of their confusions, rather than employing Seebeck's method 

for determining detailed information. However, if Wilson can be faulted in 

this respect it is clear that his work was of high caliber and was well 
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received. Indeed the entire series of papers was reprinted in book form55  

in 1855 and received wide circulation. Of special interest is a supplement 

to the original papers attached to the book consisting of Maxwell's first 

news of his own colour experiments. This was in the form of a letter to 

Wilson especially solicited by him for inclusion in his book. The contents 

of this letter will be treated in Chapter 8 . In general, Wilson's book 

brought the subject to the attention of the general public, confirming that 

colourblindness was actually quite prevalent in the population. 

An interesting aspect of the work was its attempt to draw some practical 

conclusions from the experiments. A first illumination in this direction 

had been given by W. H. Tyndall in a letter to the Athenaeum in January 1853. 

Here Tyndall stated that railway signals which employed red, green and white 

lamps at night may be confused and hence lead to accidents. He proposed 

that the red light for danger and the green light for caution could under 

certain circumstances be viewed together and mistaken for the white safety 

signal. Hence he concluded that 

It is not improbable that some of the accidents which have occurred 
in railway travelling have arisen from the colours of the lights 
shown being indistinctly seen; perhaps from a confusion of rays 
from two or more lamps. In some cases most contradictory evidence 
has been given as to the colour of the signal shown.56  

Although Tyndall was not even hinting at colourblindness as the cause 

of such confusion, his letter was read by Wilson, then conducting his 

experiments, who replied in a letter to the Athenaeum in April, 1853. 

Wilson pointed out that the problem of identifying coloured railway signals 

was perhaps more important in daytime when coloured flags and coloured 
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forms were used and that misreading of these signals could well be a result 

of colourblindness on the part of the so—called railway servants.57  The red 

and green signals used on railroads were exactly those confused by colour—

blind people, Wilson stated, and people who could not distinguish these 

colours should certainly not be employed as signalmen or engine driverst 

He could state even then without having completed his own researches that 

enough, I think, has been stated to show that public safety 
requires the directors of our railways to make strict inquis-
ition into the freedom of their servants from so dangerous 
an incapacity as that of colourblindness.78  

Probably the most important part of his letter was its final paragraph 

in which he asked the Athenaeum readers to contribute to the statistics 

of colourblindness by sending him the details of their difficulties. His 

replies were numerous59  and together with his own voluminous investigations 

led to the first good collection of statistics on colourblindness. 

Of all the cases of colourblindness specifically investigated by Wilson 

or communicated to him as a result of his letter, he gave 17 detailed case 

histories. Unfortunately, most are in the form of descriptions by the 

subject of his confusions while Wilson's own tests consisted largely of 

asking for names of colours. To a small extent, however, he did ask for 

some matching of coloured worsteds or for arranging of a few samples of 

coloured cloth. But the matching or arranging was not on the scale of 

Seebeck nor could his reliance on Wartmann's description of Seebeck's memoir 

inform him of Seebeck's method. Hence, the logical flaw of communication 

so long ago pointed out by Seebeck was still continued by Wilson. Hence, 

also he was not able to categorize his subjects well although ha did 
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recognize that a few were truly blind to red. 

His case histories, as such, are individually not interesting nor 

revealing of any particularly new knowledge. However, Wilson did indeed 

attack the statistical aspect of colourblindness on a grand scale. An 

indication of the magnitude and scope of his investigations can be derived 

from his table below:
60 

EXTENT OP COLOUR-BLINDNESS, AS ASCERTAINED BY THE EXAMINATION OP 1154 PERSONS AT EDINBURGH, IN 1852-53. 

. 
. 

Profession. 

• 

NiTonsboeirisof 

Examined. 

Cafsuynidtleid 

Green. 

. 
Confounded Vitelil 

Green. 

Cafeouindoeld 

Green. 

sNoiol  groeurr-.  

Blind. _ 

Pergernsotangso of 

Colour-Blind. 

Prosoolrotuiort-y3)Ifirpderasions 

referred to Unity. 

• 
4th Infantry, 	. 	, 	. 437 6 13 12 31 7'1 1 in 14.1.  

7th Hussars, . 	. 	. 	. 177 5  2 6 13 7'0  1 in 13.0 

Artillery Soldiers,Leith Fort,  123 .2 1 . 2 5 	: 4'0 1 in 24'6 
. . '.. 	. , - 	. 

Professor Kelland's Pupils, 
Edinburgh University, 	. 150 . 	3 0 0 . 	3 2 1 in 50 

. Edinburgh Police, 	.. 	. 158 2 5  3.1 1 .in 31.6 

Students of the Edinburgh , . . • 
Veterinary College, • 	. 

Medical and other attend,' 
ants, 	Royal 	Asylum, 

47 

• 

 0  . 	1 1,  2'1 1 in 47 

. 

Morningside, . 	. 	. 42 2 1 2 11.9 1 in 	8.4 

Dr G. Wilson's Pupils, 	' - .--- .20 • -.2 . 0  0 '2  10.0 	. 1 in 10 

• 1154 21 19  25 65 Average 5.6 Average 1 in 17'7 
, - 	• 

RATIO OF SPECIAL COLOUR-BLINDNESS, AS DEDUCED FROM PREVIOUS TABLE. 
Confound Red with Green, 1.8 per cent., or 1 in 55 ; confound Brown with Green, 1'G per cent., or 1 in GO; confound 

Blue with Green, 2.2 per cent., or 1 in 46. 

Considering that ordinary soldiers at the time came from working class 

• backgrounds while most students were of middle to upper class origins the 

data shows that not only is colourblindness quite prevalent but that it 

knows no social boundaries. However, we must remark again that most of 
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these subjects, especially the soldiers, wore tested by asking for names 

of colours (from D. R. Hay's Nomenclature of Colours). Considering the 

scope of the attempt, Seebeck's method perhaps would have been too long and, 

detailed. Indeed, Wilson attempted to diagnose the soldiers in a space of 

only two weeks time and could not possibly have performed any detailed 

discrimination testing. Thus we can see in the table that no real differential 

diagnoses were arrived at. Interestingly enough, however, he does seem to 

have found some cases of blue—blindness, although the speed of his survey 

and the method of asking for colour names makes the data on this point 

doubtful. However, taken on face value only, column 4 would indicate people 

with difficulty at the blue end of the spectrum, but even the suspicision 

of such a possibility escaped Wilson's attention. This seems surprising 

considering the very detailed nature of Wilson's discussion of current 

theories of colourblindness and his espousal of Young's theory in particular. 

Let us consider them as viewed in 1855 as compared with the 1840 views of 

Wartmann. 

Phrenologists postulated an organ of colour vision, some portion of the 

brain, situated in the region of the frontal sinus and exhibited by a well 

developed superciliary ridge above the eye. Thus colourblind persons 

should be marked by a less developed superciliary ridge because their organ 

of colour vision is absent or reduced in size as compared with the normal. 

It is difficult to understand how such a concept could be considered 

seriously by any functioning scientist. Yet the fact that Wartmann and 

Wilson saw fit to consider it is indicative that the idea could not be 

dismissed. It had at least a "superficial" logic: Thus Wilson considered 
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the phrenologists' opinion but rejected it as unfounded and not fitting the 

facts. His basic attitude towards the idea can be seen from his comparison 

of Newton's and Dalton's heads. Considering the colour sensitive nature of 

Newton's work in optics, Newton was assuredly not colourblind, while Dalton' 

was definitively red—blind. Hence Wilson could say of Dalton 

Those who have seen him, or who are familiar with his busts or 
portraits, will be aware that his head, which remarkably resembled 
that of Sir Isaac Newton, was like it in exhibiting prominent 
eyebrows. The superciliarly ridge in truth, projected very 
markedly so as to overhang the eyes. If any man would have been 
selected by phrenological signs as the possessor of an exquisite 
sense of colour, Dalton would have been. Yet assuredly, if 
Newton and Dalton had been contemporaries, and had simultaneously 
published and compared their descriptions of the colours of the 
rainbow, they must have been hopelessly perplexed to account for 
statements so strangely conflicting, regarding a common object 
of vision.b1  

This was sufficient to show the error of the phrenological point of view. 

But even more to the point was the idea that colour apparently depended on 

vision of three primaries, red, yellow and blue. But the majority of 

colourblind people could see yellow and blue so at most only one—third of 

the organ cited by the phrenologists should have been missing. And therefore 

one might well expect some prominence of the superciliary ridge even in 

colourblind people. Thus the whole theory seemed to Wilson to be full of 

objections but he could not bring himself to completely dismiss the idea. 

Completing his discussion of the subject he stated "it is assuredly desirable 

that observations should be multiplied on this point, and that the condition 

of the brain in the colour—blind should be carefully noted."
62 

So in the 

last analysis he acted the part of the cautious scientist. Indeed his 

position seems reasonable enough. From the phrenologists' hypothesis, 
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however, one might predict that our simian cousins must have a remarkable 

sense of colour. So far as 1 know nobody has specifically tested the colour 

vision of monkeys; and there will certainly be a communication problem 

there: But it would be interesting to know if there are colourblind monkeys. 

It seems that it has always been assumed to the contrary by psychological 

researchers who have trained monkeys (and other animals) to respond to 

different colours. Could it be that the animals were responding to different 

intensities only? 

Another basic idea about colour vision was that of colouring matter in 

the humours of the eye, the choroid or the retina. Suffice it to say here 

that after a detailed discussion of the anatomy of the eye especially as 

now supported by observation of the living eye with the opthalmoscope, 

recently invented by Helmholtz, no evidence for this theory could really be 

_marshalled. Therefore Wilson, while not specifically rejecting it, like 

the former theory could not find it within himself to support it either. 

He contented himself by indicating strongly that no good evidence existed for 

such a conjecture. 

The whole review came down essentially to the theory chosen by Wartmann 

as having no objection to it. The early theory of Young considering the 

absence or paralysis of one of the colour receptors in the retina was 

finally embraced. This could explain the absence of sensitivity to one 

colour and the colour confusion noted in the colourblind on the basis of 

colour reception and mixing by the remaining two receptors. This theory had 

been adopted by Professor Philip Kelland, one of Britain's leading 

mathematicians and editor of Young's works and, perhaps significantly, one 
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of Maxwell's teachers. Kelland argued persuasively in favor of a theory 

like Young's at a meeting of the Royal Scottish Society of Arts in April 1853 

and at Wilson's request wrote out his ideas. These were printed verbatim 

by Wilson who, in essence, accepted them completely.
63 

Considering this 

outright acceptance of Young's hypothesis it is surprising then to see 

Wilson unattentive to the possibility of blue—blindness so strongly hinted 

at by his own statistics. (This possibility was not to escape Maxwell as 

we shall see in the next chapter). He considered explicitly only the 

possibility of partial colourblindness and red—blindness, Seebeck's two 

classes. 

The remainder of Wilson's review of the status of colourblindness knowledge 

is involved with a disucssion of possible cures for which he found none and 

an application of the knowledge to railway signals and ship's navigational 

lights. In this, especially the former, he was undoubtedly the first to 

recognize that some accidents could be accounted for by deficient colour 

vision. Vie shall not go into these discussions but it is worth pointing 

out that he gave a very detailed report on the status and methods of railway 

signals at the time with an analysis of their insufficiencies for their 

purposes. For someone interested in this aspect of the history of 

technology, Wilson's book would be an invaluable source. It would appear 

that the insufficiency of railway signals at this time, partly as a result 

of their colour dependency, led to the later introduction of the block 

signal system combined with semaphores whose message depended more on form 

and position than on colour. 

We cannot leave this subject without a brief note on the origins of the 
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term "colourblindness." Part of the story of the emergence of this subject 

deals with a search for an acceptable nomenclature. Various terms had been 

suggested. Goethe, for instance, had suggested the term "akynopes" to 

characterize persons who see only blue and yellow. The eminent Czech 

physiologist, Purkinje, conceived of four categories of colour defective 

vision which he named achromatopsis, chromatodysopsis, akyanoblepsis, and 

anerythroblepsis, while Sommer employed the term chromato—pseudopsis implying 

a false vision of colours. Wartmann was active in this field as well 

employing the term dichromatopsis for Seebeck's second category and poly-

chromatopsis for Seebeck's first category. None of these terms, however, 

found much favor, being considered as either awkward or not sufficiently 

suggestive of the phenomenon. Of all terms suggested, only the original 

one, Daltonism, was deemed acceptable and sufficiently flexible to provide 

both a noun and an adjective. It was this term which was in general use 

on the Continent. 

Naturally enough, British investigators objected to such a term. Their 

view was generally expressed by William Whewell speaking in commentary tin 

Wartmann's paper given at the British Association meeting in August 1841. 

Vlhewell "doubted the propriety of the name given to this defect: few persons 

would desire to be immortalized through the medium of their defects, and 

Dalton, least of all, required such a means of handing down his name to 

posterity."
64 Whewell's own choice of nomenclature, proposed some years 

earlier, was idiopts and idioptcy for noun and adjective respectively. But 

this was certainly an unfortunate choice and was rejected out of hand by 

everyone. In a commentary oh Wartmann's paper in 1844; Brewster objected 
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to Wartmann's continued use of the "offensive name of Daltonism."
65 

Briefly 

noting all the various terms then available together with their difficulties, 

Brewster stated "we have used the word colour  blindness (sic) because it 

indicates simply blindness to one or more colours."66 Indeed he had used 

it previously in this commentary but now broughtthe term to explicit 

attention. Brewster's terra found ready acceptance. In the English trans-

lation of Wartmann's Memoir on Daltonism (appearing in 1846)
67 

the translator 

added to the title in parenthesis "or colourblindness" apologizing in giving 

a faithful translation for perpetuating Wartmann's use of "daltonism". 

Wilson also adopted Brewster's term as did Maxwell in the titles of his 

first two papers'on colour in 1855, to be discussed in Chapter 8. But 

probably the most important change in attitude came with its acceptance by 

Helmholtz in volume two of his Physiological Optics, published in 1860. 

The modern term by this time had definitely entered the literature. 

The Reception of Young's Theory of Vision: A Reappraisal 

It is usually stated with respect to Young's work on colour vision that 

it was generally ignored until resurrected by Helmholtz. For example, 

Selig Hecht in a technical paper on the then (1930) current knowledge of 

colour perception states of Young's idea; "for nearly fifty years these ideas 

lay buried. They were rescued from oblivion by Maxwell and Helmholtz almost 

at the same time."
68 

Or again, P. J. Bourne also in a technical article 

writes, "the study of the phenomena of colour vision has led to the enunc-

iation of two different sets of theories...the first, duo Originally to 

Young and Helmholtz, assumed that three sensations can take place in the 
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eye..."
69 

While this is a reasonable statement the juxtaposition of names 

implies that little or nothing happened in the period between the two men. 

J. Herbert Parsons has stated 

Young's hypothesis received scant acknowledgement, largely owing 
to his resuscitation of the undulatory theory of light, which 
was regarded as a grave heresy by the major scientists, who 
firmly adhered to Newton's corpuscular theory. It remained 
unheeded until the middle of the nineteenth century, when 
v. Helmholtz and Clerk—Zaxwell adopted it as the explanation 
of their experiments on the mixture of colours.7° 

These authors are all scientists and as such are excellent examples of 

Kuhn's argument that modern textbooks (and we will add scientific communi-

cations) tend to give the history of science a linear, cumulative appearance. 71 

Arguing that modern pedagogy depends very much on textbooks for efficient 

presentation of the current paradigm, Kuhn states that they also "truncate 

the scientist's sense of his discipline's history and then proceed to supply 

a substitute for what they have eliminated."72 Thus a few fundamental 

historical facts are maintained which give the student a sense of belonging 

to an ongoing tradition, the current "paradigms" are substituted for the 

older ones, and from this arises the nascent scientist's linear view of his 

subject's history. This linear view is certainly exhibited in the works 

just cited. Even Helmholtz who participated in the formal acceptance of 

Young's theory stated that 

Young's theory of the colour sensations, like so much else 
that this marvellous investigator achieved in advance of his 
time, remained unnoticed, until the author 	Helmholtz) 
and 11AXWELL again directed attention to it.(3 
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The general opinion of a 50 year silence on Young's concept thus must be 

traced initially to Helmholtz whose Physiological Optics was so widely read 

and studied. From Helmholtz through the persons mentioned above and others 

I have not cited has come the tradition that Young's idea lay neglected. 

Each of the authors obtained his historical "facts" from the previous 

technical writers and perpetuated the idea. We find this tradition more 

recently in Alexander Wood's biography of Young in 1954 in which his entire 

comment on this episode is 

Young's work on colour sensation attracted no immediate attention. 
It was not until Helmholtz rediscovered it, nearly fifty years 
later, that it became effective. He adopted Young's theory with 
some modifications, and it has since come to be known as the 
Young—Helmholtz theory.74 

However, Wood too was a scientist, a physicist here turned historian, and 

thus in this treatment of Young's work he perpetuated the linear history 

theme of Kuhn. It is certainly from this understanding that the term 

Young—Helmholtz theory of colour vision has arisen. But considering the 

discussion in this chapter we must conclude that this historical interpret-

ation is not correct. 

We have seen that as early as 1822 Brewster in his commentary on the 

article by Butter referred explicitly to Young's concept of colour vision 

and thought it a sufficient hypothesis. Harvey in 1826 alluded to Young's 

theory while Brewster again discussed it in public in 1826. John Herschel 

had definitely accepted the idea in 1833 and seems to have done so as early 

as 1327 in his Treatise on Light although he was not as explicit there as in 

his letter to Dalton. Seebeck discussed the various hypotheses regarding 



-267— 

colourblindness in 1837 while not sulogcribing to any. Wartmann, three years 

later, gave a very thorough review of all hypotheses on colour vision 

mentioning Young quite expliCitly and showing that of all possible explanat- 

ions, Young's was the only one without objection. 	His memoir was translated 

to English in 1846 giving it a wider audience and his opinion was repeated 

in another memoir of 1848. Finally we have seen Young's idea adopted in 

1853 by Wilson and Kelland, and, we should note, independently of Helmholtz's 

work of 1852 which Wilson had apparently not read. Thus instead of a 

blanket ignorance or summary rejection of Young's theory until the time of 

Helmholtz, we can on the contrary trace a continued knowledge and reference 

to it from 1822 onward. Far from being ignored, Young's concept was always 

given due consideration, if not acceptance, by those people investigating 

colourblindness. Therefore the general opinion that Young's ideas of colour 

perception were ignored for fifty years cannot be supported. It has been 

perpetuated only because the history of colourblindness in the first half of 

the 19th century has not been studied. 

What does seem to the case is that Young's ideas did indeed initially 

receive a poor reception, largely as a result of Lord Brougham's devastating 

attacks. Brougham concentrated his attack on Young's theory of light not 

mentioning at all his theory of colour receptors and colour vision.75  But 

since that idea was evolved from the wave considerations so vehemently denounced 

by Brougham, anyone following his arguments and rejecting Young's concepts 

of light would perforce reject his theory of colour vision. However, with 

Fresnel's first memoir in 1816 and especially with his subsequent meriteirs 

Young was in effect "rehabilitated." The 19th century controversy over the 
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the undulatory theory was rekindled and anyone:participating passively or 

actively was, in effect, required to read Young's papers or his Lectures  

on Natural Philosophy. Thus to those a few years after Fresnel's first 

memoir who were involved in any colour perception researches, Young's ideas 

would naturally be known. The argument here, however, is not that Young's 

ideas were accepted, but only that they were a part of a continual series 

of discussions. As viewed by 19th century physicists the wave theory of 

light initiated by Young did not achieve complete acceptance until the 

"crucial experiment" of Foucault and analogously we may say that Young's 

ideas on colour vision did not achieve general acceptance until the work 

of Helmholtz and Maxwell. ilaxwell's work will be discussed in Chapters!-'8 and 9 

where we will be able to see that the term Young-Helmholtz theory of colour 

perception would probably be better named the Young-Helmholtz-Maxwell theory. 
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CHAPTER VIII 

James Clerk Maxwell: the Beginning of Modern Methods 

We have seen so far that two critical events on the theory of colours 

occurred in 1852 and 1853. Helmholtz had shown in 1852 that colour mixtures 

of light are not identical with those of pigments and that neither method 

can give information about the other. He had also elucidated the physical 

nature of pigment mixtures while providing a method in his V—slit experiment 

by which colour mixtures of light could be reliably produced. 

The second critical event was Grassmannh paper of 1853 which extended 

Helmholtz's work by providing a theoretical framework within which it 

might be understood. The mathematical variables of colour were for the 

first time clearly enunciated, the theoretical possibility of colour 

equations was demonstrated, the vector nature of the equations was shown 

and Newton's colour circle in revised form was shown to be a basis for an 

overall mathematical theory of colour. In addition, one could now see 

that Newton's colour circle, Layer's colour triangle, Lambert's colour 

pyramid and similar systems were not mutually exclusive ideas but simply 

different aspects, or different graphs, of the three variables of colour. 

One may say, thurefore, that with respect to compound colours and colour 

mixtures, there existed by this time a good qualitative understanding of 

the processes involved together with a mathematical but as yet unconfirmed 

theory of colour. 

One might even go so far to say that these successes formed a new 

paradigm for further work in colour vision. The paradigm did not, of course, 
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provide answers for all outstanding questions. Indeed had it done so its 

utility would have been almost nil. Its success lay in the fresh questions 

it raised, questions whose articulation had scarcely been possible 

previously. Thus one could now ask (1) what are the complementary colour6 

of the spectrum beside yellow and indigo—blue, (2) within what limits do 

these concepts of colour apply to normal eyes, (3) how do colourblind eyes 

differ from normal eyes, (4) can this theory of colour vision be brought 

within the scope of the undulatory theory of light? 

Of these questions we have already noted that Helmholtz himself answered 

the first, measuring the wavelengths of numerous pairs of complementary 

colours. The second question is interesting in terms of an age—old question 

that everyone has asked himself. What does it feel like to be someone else? 

Who has never wondered, for example, whether the sensations experienced 

by ourselves are the same for other people? With the theoretical possibility 

of producing quantitative colour data based onGraasmann's theory it 

became possible to give an answer to this question within the narrow context 

of colour perception. We shall see in this chapter that the great physicist 

James Clerk Maxwell produced experimental methods at once confirming the 

concepts of Grassmann and giving quantitative limits within which normal 

eyes are the same. Following a description of the work of Maxwell we shall 

see that he also provided an answer to the third question in terms of 

Young's hypothesis thereby confirming what until then had only been a 

conjecture. Mathematical attempts at answering question no. 4 we shall 

leave to a later chapter. 
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The Background 

Before beginning this discussion of Maxwell, however, it is interesting 

to note the factors which influenced Maxwell's choice of colour vision as 

a research area. Only rarely is it possible to determine why someone has 

chosen a particular field of interest. Indeed it is probably difficult to 

determine the reasons for oneself. Certainly for a person of Maxwell's 

far ranging genius any problem in physics was grist for his mind as were 

several purely mathematical questions. Hence, strictly speaking we cannot 

answer the question about why Maxwell was interested in colour vision. 

Nevertheless we can trace in Maxwell's life a thread of intrinsic interest 

together with certain important later influences on him. 

Maxwell exhibited early an intrinsic interest in colour. He seems to 

have had an extraordinary eye for colour matching and colour harmony. His 

biographer Lewis Campbell who was Maxwell's school companion when they 

were boys and his life—long friend states about Maxwell's choice of clothing 

that "an 'esthetic' taste might have perceived in its sober hues the effect 

of his marvellous eye for harmony of colour."1 Again we learn from Campbell 

that he and Maxwell had many long talks about poets and general literary 

subjects about which Maxwell "in his critical studies of modern poets...used 

to note their fondness for particular colours,---e.g., the uses of 'white', 

;red,' blackl "ruby,"emerald,"saphire,' in Tennyson and Browning."
2 

This faculty and sensitivity to colour is mentioned also by William Garnett, 

collaborator with Campbell in Maxwell's biography, who status that "Maxwell 

had a great facility for designing, and would frequently amuse himself by 

making curious patterns for wool—work. His designs are remarkable for the 
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harmony of the colouring."3  

It does not follow, of course, that intrinsic interest eventually 

blossoms into professional interest regardless of the ability of the man. 

But certain influences of his education, both formal and informal, seem 

almost certain to have brought Maxwell to a professional interest in colour. 

At the age of 15, Maxwell's father began taking him to meetings of both 

the Royal Society of Edinburgh and the Edinburgh Royal Society of Arts.4 

Scotland at the time was a world center for scientific research, being the 

home of such persons as William Thomson, David Brewster, J. D. Forbes 

and many others of lesser renown today but eminent persons in their time 

such as D. R. Hay, George Wilson, and Philip gelland, the latter being 

one of Britain's leading mathematicians. Thus papers read at the Royal 

Society of Edinburgh were often of outstanding importance in an era when 

physics was reaching a new maturity. For example, William Thomson's classic 

papers on thermodynamics were read before the Society and published in its 

Transactions. Within this milieu Maxwell spent his teenage, and perhaps most 

impressionable years in the presence of some of the most important scientific 

personalities of the century; here he witnessed the announcement of 

important discoveries. An amusing anecdote in this respect is related by 

Maxwell's older contemporary, William Swan another eminent physicist, in a 

letter to his biographers. At a meeting of the British Association in 

Edinburgh in 1850 Maxwell, then just 19 years old, rose to dispute a point 

in the theory of colour with the great Sir David Brewster. The assembled 

dignataries apparently looked on with a mixture of puzzlement and amazement 

while this beardless youth disputed with one of the accepted masters. 
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As Swan said 

I can well remember the half-puzzled;  half-anxious, and perhaps 
somewhat incredulous air, with which the president and officers 
of the section, along with the more conspicuous members who had 
chosen 'the chief seats' facing the general audience, at first 
gazed on the raw-looking young man who, in broken accents, was 
addressing them.5 

Maxwell, however, managed to overcome his shyness and stuck to the point until 

he had gained the respect of his listeners and had said all he meant to say. 

Unfortunately there is no record of Brewster's reply, if any. 

In meeting the leading members of his future profession probably the 

most influential for our purposes were D. R. Hay and J. D. Forbes. Indeed 

Hay had just brought considerable scientific attention to himself by his 

book First Principles of Symmetrical Beauty in which he had first attempted 

to apply mathematical principles to the subjects of form and colour.
6 

It 

was this subject which led Maxwell at the age of 15 to his first original 

scientific work on the construction of ovals. As a result of this work, 

Maxwell became better acquainted with Forbes and this acquaintance continued 

upon Maxwell's entry at the age of 16 to the University of Edinburgh where 

Forbes was Professor of Natural Philosophy. Here Maxwell was Forbes' student 

and the acquaintanceship had an opportunity to ripen into real friendship. 

The spirit of the Scottish Universities seems especially to have favoured a 

close relationship between pupil and master. Or at least it provided the 

opportunity to do so. Merz has said in comparing the English and Scottish 

universities that 

the universities of Scotland, unlike those of England, instead 
of nursing an exclusive spirit, and encouraging only scanty 

. intercourse between teachers and students - of different centres, 
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lived in constant exchange of professors and ideas...Though 
this is destructive of that individual character of the 
university or the college which is so highly prized by many 
English fellows, it is certainly more conducive to the progress 
of studies and of research, and it is the cause why in the 
early history of recent science the universities of Scotland 
have played so much more important a part than those of England.?  

Such remarks, of course, are not intended to slight the Magnificent con-

tributions of English scientists as contrasted with those of Scotland. 

It is simply noteworthy that there was a congenial atmosphere and spirit 

in the Scottish universities which fostered or allowed the possibility of 

intimate acquaintanceship between the professors and their students. 

Moreover, most of the great English men of science worked outside the 

university system (of this, among others, Davy, Wollaston, Young, Dalton, 

Faraday, and Joule are notable examples) while most of the great Scottish 

men of science were university professors examples being such people as 

Black, Playfair, Thomson, Leslie, and Forbes. Thus not only was there a 

congenial atmosphere within the Scottish universities but it was almost 

certain that a nascent scientist would come in contact there with those 

men who were actively pursuing scientific careers and who would become 

later th.at person's colleagues. It was within this spirit and environment 

that 1,:axwell as a student not only became a particular favorite of Forbes 

but was given by Forbes free access to the use of class apparatus for his 

own original experiments.8  

Forbes' own interests included that of colour as vie know and we are not 

surprised therefore to learn in the light of the foregoing that his favorite 

pupil witnessed his colour experiments. As Maxwell himself said, "the 
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experiments of Professor J. D. Forbes, which I witnessed in 1849, first 

encouraged me to think that the laws of this kind of mixture might be 

discovered by special experiments."9  We shall see presently that Maxwell's 

first colour experiments involved a revolving wheel or top in which the 

circumference was divided into 100 parts. But this was precisely the 

procedure followed by Forbes already described in chapter 4 so that Maxwell's 

choice of this method of experimentation and particular division of his 

scale certainly seems influenced by Forbes' work both through personal 

contact as well as through his published paper of 1849. Moreover Forbes 

had attempted to "obtain an equation between certain mixed colours and 

pure gray,"10  which was essentially the attempt we have examined in 

chapter 4. So the suggestion that quantitative colour data might be obtain-

able and equations formed with them seems to have been planted in Maxwell 

at an early age and certainly by October 1850 when ho left Edinburgh to 

. go up to Cambridge. Hence Grassmann's paper of 1853 fell on fertile ground, 

well prepared in the person of Maxwell. 

From 1850 until 1854 Maxwell did not apparently perform any colour 

experiments of a serious nature although it is certain that the idea for his 

colour box (to be discussed in the next chapter) can be traced to at least 

1852. No records exist of experiments made with this first box which in any 

case was aimed only at compounding mixtures of spectral colours. The 

idea for colour experiments and colour equations lay mostly dormant during 

this period while Maxwell was quite busy with his studies at Cambridge, 

and contributing papers to the Cambridge and Dublin Mathematical Journal. 

However, with the attainment of his degree in 1854 and the leisure available 
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with it, his colour interests were taken up once more and it is certain that 

the colour top experiments were taken up by November 1854 as can be seen in 

a letter of Maxwell's to his cousin dated 24 Nov. 1854.11 And now with 

the mathematical possibility of handling such equations provided by Grassmenn 

and the physical method prbvided in part by Forbes, Maxwell's way to a 

major contribution in the theory of colour vision was opened. A concise 

summary of chronology (but not necessarily influence) was supplied by 

Maxwell himself in his letter to George Wilson. In the conclusion 

Maxwell stated 

I have put down many things simply to indicate a way of 
thinking about colours which belongs to this theory of 
triple sensation. We are indebted to Newton for the 
original design; to Young for the suggestion of the means 
of wotking it out; to Professor Forbes for a scientific 
history of its application to practice; to Helmholtz for a 
rigorous examination of the facts on which it rests; and to 
Prof. Grassmann...for an admirable theoretical exposition of 
the subject.12 

Maxwell's Experimental Method 

Colour combinations by a revolving disc or top had been shown by Helmholtz 

to give results consistent with combinations of spectral colours. Therefore 

this technique was raised from the level of laboratory ambiguity to that 

of a legitimate research technique. It was an easy method to employ and 

was the method chosen by Maxwell for his first investigations. Maxwell's 

top, however, differed from those of his predecessors such as Young, 

Helmholtz and even Forbes in a very important manner. For these persons 

the colour had been painted on the disc and was therefore permanent and 

non—adjustable in area. But Maxwell used coloured papers, designed with 



-281— 

slots as shown below,13 so that they could easily fit over the axis of 

the disc. These papers, originally prepared by Maxwell's old acquaintance 

Fig. 2 

D. R. Hay and later by an artist T. Purdiel14  could then lie flat on the 

disc and easily slide over each other. Therefore one could place any 

number of coloured papers on the top and easily adjust the areas exposed. 

Upon fastening the papersvto the disc by screwing down a handle above them, 

the top was then set in a holder and spun by pulling e string as shown in 

Fig. 2 above.15 Maxwell described the procedure as follows: 

the form in which the experiment is most 	1-011: 
manageable is that of the common top. 
An axis, of which the lover extremity is 
conical, carries a circular plate, which 
serves as a support for the discs of 
coloured paper. The circumference of 
this plate is divided into 100 equal parts 
for the purpose of ascertaining the pro-
portions of the different colours which 
form the combination. When the discs have 
been properly arranged, the upper part of 
the axis is screwed down, so as to prevent any alteration in the 
proportions of the colours.16  

'Fig. 3 
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We may note immediately the use of a scale on the perimeter divided into 

100 parts in much the manner as Forbes' disc had been. A view in plan of 

the disc itself containing some of the papers is seen above in Fig.3.17  

Note that the circle itself was not numbered, but simply marked off on the 

perimeter. Between each black triangle (A) there are 10 divisions and two 

dots (:) mark off each five divisions. Therefore, reading the scale 

consisted of actually counting (with these aids) the number of divisions 

exposed by each sector of paper. 

Although the adjustable colour sectors represented an important innovation 

in technique over his predecessors, there was yet one more of perhaps even 

more importance. A second set of coloured papers, of smaller size, was 

placed on top of the first set. These were made half the diameter of the 

lower papers
18 

which then left the outer portion of the larger discs exposed. 

These can be seen in Fig. 3, above. In this case the two smaller papers are 

black and white. With this arrangement then, one saw, upon spinning the 

disc, two colour combinations in such a way that "the resultant tint of the 

first combination will then appear in a ring round that of the second, and 

may be carefully compared with it."19  

The latter phrase "may be carefully compared with it" is most significant. 

For Grassmann had shown just a year before that equations of colour were 

possible in principle and that experimentally such equations would take the 

form of colour matches. This was the central idea of his argument described 

in chapter ti. But the "equals" sign of the equation implies that there must 

be two sets of colours and it was precisely this that Maxwell supplied. His 

colour top affected a physical simulation of Grassmann's equations, the 
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outer colour representing one side of the equation and the inner colour the 

other. Referring to chapter , page 214,  this procedure could be used 

experimentally to equate the colours C and C' in equations (1) and (2) 

rather than adding them as shown there. The procedure is also similar to 

that proposed by Grassmann as a thought experiment in which colours were to 

be matched by lights projected onto adjoining screens. The question then 

remaining was; what colours should be chosen? In answering this question 

it will be interesting to have a brief glimpse of Laxwell's experimental 

philosophy which served as his guide. 

The success of physical investigations, Laxwell said in later years, 

"depends on the judicious selection of what is to be observed."
20 Therefore 

the question of selection of colours can be viewed in the wider context of 

the general procedural problem of selecting only those variables important 

to one's research. And for this a theory of some sort is required as a 

guide. In the case of colour investigationS this was perhaps even more 

important because of the subjective nature of the sensations themselves. 

Referring to these points, Uaxwell stated, 

Now, though every one experiences these sensations, and though 
they are the foundation of all the phenomena of sight, yet, on 
account of their absolute simplicity, they are incapable of 
analysis, and can never become in themselves objects of thought. 
If we attempt to discover them, we must do so by artificial 
means; and our reasonings on them must be guided by some theory. 

 

We have already seen that the theory to be adopted was essentially that 

of Grassmann and that within that theory lay the formal, explicit conception 

of three variables of colour vision. Having given a brief synopsis of 
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existing theory in terms of the number of colour sensations Maxwell stated, 

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. It will be shown 
that it is not necessary to specify any given colours as 
typical of these sensations. Young has called them red, 
green, and violet; but any other three colours might have 
been chosen, provided that white resulted from their com-
bination in proper proportions.22  

Thus the particular choice of colours was not really a crucial question as 

long as it satisfied the latter criterion. Thanks to the work of Helmholtz 

one was not restricted to experiments in terms of a particular set of 

"primary" colours. Nevertheless Maxwell chose red, green and blue papers 

to play a role similar to that of primary colours. 

Maxwell felt called upon to explain his choice of green rather than yellow 

and undoubtedly did so in an effort to avoid criticism. For although the 

observational work of Helmholtz and the theory of Grassmann undoubtedly 

represented an example of a small scientific revolution, it was a revolution 

as all such changes of concepts are only for a rather narrow part of the 

scientific community. 1e have seen, for example, such leading personalities 

as Wilson and Kelland, actual contributors to the field of colour perception 

still referring to yellow as a primary colour as late as 1855, three years 

after Helmholtz's work and two years after its appearance in English in 

the Philosophical Magazine. Brewster, of course, tenaciously maintained 

his position on yellow as a primary spectral colour as we saw in chapter 3. 

Thus it remained to convince the larger community that a real change in 

viewpoint had emerged. In this respect Kuhn has said that 
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the decision to reject one paradigm is always simultaneously 
the decision to accept another, and the judgement leading to 
that decision involves the comparison of both paradigms with 
nature and with each other.23  

For Maxwell certainly this process had already taken place in respect to the 

choice of green rather than yellow. But for the larger scientific audience 

to which his work was aimed, it is questionable how many had yet accepted 

this view. The old concept of primaries was still alive. In fact, it is 

not too much to say that many of those people who had rejected Young's 

choice of primaries were still alive, while the younger men had themselves 

been raised under the old paradigm. This fact is confirmed by Maxwell 

himself with wry humour in a letter to his father in May 1855. Describing 

how he had demonstrated his colour top before the Cambridge Philosophical 

Society, Maxwell said, "there were sundry men who thought that Blue and 

Yellow make Green, so I had to undeceive them."
24 Even the great Sir George 

Stokes seems to have admitted Brewster's theory of the spectrum, or at least 

the experiments upon which it was based; for at a meeting of the British 

Association in 1855, Maxwell described in a letter to his father that 

Brewster was still presenting his theory and that Stokes made a few remarks 

on the paper. "Stokes made a few remarks, stating the case not only clearly 

but courteously," wrote Maxwell; "However, Brewster did not seem to see that 

Stokes admitted his experiments to be correct..."
25 Therefore, it was by 

no means a simple matter to suddenly publish a paper in which yellow was 

replaced by green as a primary colour. In other words then, besides the 

purely logical procedure of theory comparison with nature mentioned above, 

a process of argumentative persuasion was necessary as well to make an end 
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to the old paradigm of yellow rather than green.
26 

In this respect, then, ilaxwell said early in his first detailed description 

of his experiments, that his red, green and blue papers did not at all 

represent primary colours.
27 Instead they were "simply specimens of different 

kinds of paint, and the choice of these was deteriined solely by the power 

of forming the requisite variety of combinations."28 With the first part of 

this statement Maxwell introduced the red, green and blue primaries, as he 

surely viewed them, in the context of the older theory thereby making it 

more palatable and more easily acceptable. Rather cleverly, I think, and 

employing the old idea of paints, rather than light, vhich was more familiar, 

he introduced a major new idea in a way that seemed to be just a variation 

on the old. The second part of the statement is a powerful experimental 

argument, short as it may seem. For as he continued 

if red, blue, and yellow, had been adopted, there would have 
been a difficulty in forming green by any compound of blue and 
yellow, while the yellow formed by'vermillion and emerald green 
is tolerably distinct.29 

The meaning of such a statement was really that red and green light mixtures 

can form yellow, while blue and yellow light cannot form green. This is not 

the case with pigment mixtures, of course, where blue and yellow do give 

green. Hence, had he chosen yellow as a primary colour he could not have 

produced a green from any combination of his three primaries and the number 

of colour combinations possible would have been much reduced. (We shall look 

into this in more detail later when we discuss the results of :!axwell's 

experiments and the colour equations resulting from them.) Knowing this in 
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advance, the obvious choice therefore was to use green and not yellow. 

Maxwell's choice of colours, shown below,
30 

was not limited to one selection 

of each. Within each group there were different tints representing, in 

. 	 • 	, 
Vermilion. 	. 	V . • Ultramarine . 	U 	Emerald Green 	. 	EG 
Carmine . 	. 	C 	Prussian Blue . 	PB 	Brunswick Green . 	. BG - 
Red Lead 	• 	. 	RL 	Verditer Blue . 	VB 	Mixture of Ultramarine 

	

and Chrome • . 	U0 

Ivory Black 	. 	Bk 
- Snow White . 	. 	SNV 

White Paper (Pixie, Aberdeen). 

Table 1 

effect, different degrees of saturation of the various hues. This too was 

a major innovation over his predecessors who could use only one colour at a 

time in any sector of the disc, requiring a new disc for any change of 

colour. 

First Exnerimental Results  

A first example of his data together with directions for operating the 

top were given by Maxwell in terms of making a neutral gray from vermillion, 

emerald green and ultramarine. The three coloured papers were placed on 

the disc while on top of them were placed the half diameter papers of snow-

white and black. The object was then to form a matching neutral gray 

following the prescription for operating the top given by Maxwell: 

The most perfect results are obtained by two persons acting in 
concert, when the oeerator arranges the colours and spins the 

The colour used for Mr Purdie's papers were- 

• Orange Orpimeut . 	00—  
Orange Chrome 	OC 
Chrome Yellow • . 	CY 

• Gamboge 	 Gain 
Pale Chrome 	. 	PC 
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top, leaving the eye of the observer free from the distracting 
effect of the bright colours of the papers when at rest.31  

(It is worth remarking that the operator was Maxwell himself.) By suitable 

adjustments one was soon enabled to find that the outer and inner circles 

were "perfectly indistinguishable, when the top has a sufficient velocity 

of rotation."32 The number of divisions occupied by each colour sector was 

then read off the scale and an equation formed. The result in this case was 

.37 V + .27 U + .36 EG = .28 SW + .72 Bk 
	

(1) 

The total on each side is 1.00 or 100 divisions of the scale. Notice that 

the black sector is much larger than the white which implies that the gray 

formed was a rather dark one; that is, a gray of low intensity. Therefore 

this choice of colours produced a low intensity gray. 

However, other grays of brighter intensity can be produced by using other 

paler colours from the selection above. Maxwell did precisely this in a 

methodical manner. Maintaining on the top two of his standard (or primary) 

colours, he substituted for the third in succession "one of the colours 

which stand under it."33  Hence, he kept two variables constant (although not 

their areas exposed) and substituted for the third. An example of such a 

case, producing a brighter gray was 

.33 PC + .55 U + .12 EG . .37 SW + .63 Bk 	(2) 

It is Certainly possible, of course, to. produce experiments where the 

object is to produce a definite colour rather than gray. However, one must • 

be extremely careful then to be sure the two colours are not simply varieties 
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of each other but are, in fact, identical.34  An example of such a colour 

match was 

.39 PC 	.21 U + 	Bk = .59 V 	.41 EG 
	

(3) 

Such experiments are difficult to perform, however; Maxwell found there was 

an 

inability of the observer to express the difference which he 
detects in two tints which have, perhaps, the same hue and 
intensity, but differ in purity; and also from the comple-
mentary colours which are produced in the eye after gazing 
too long at the colours to be compared.35 

Thus both a genuine linguistic barrier arose in these trials as well as the 

subjective effect of fatigue-induced complementary colours. 

There is also another difficulty in performing matches with hues instead 

of grays which affords us an opportunity to view this procedure from a new 

standpoint. Notice that in the first two examples given the colour matching 

was in terms of gray. The left side of the equations was a gray composed 

of three colours, while the right side was a gray composed of white and 

black. But gray may be regarded as a white of low intensity as was shown 

by Forbes in 1849. Therefore, those equations, or experimental results, 

are not so much colour matches as intensity matches of low intensity white. 

This is consistent with Maxwell's qualification that the three standard 

colours must give white when combined in correct proportions. From this 

point of view, then 1,1axwell's colour top must certainly be viewed as a 

photometer, albeit of very restricted use, and his colour equations mast be 

considered to be derived from photometric data. It is not too much to say 
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that this procedure stems directly from the science of photothetry and that 

Maxwell was effectively employing photometry in obtaining his data. The 

influence of photometry on Grassmann has already been noted and Grassmann's 

influence in turn on Maxwell has also been mentioned. We might well say 

then that Maxwell invented a photometer which simulated .Grassmann's equations. 

This returns us to the point made above that colour matches in terms of 

actual hues, rather than grays, were difficult. At the very inception of 

photometry (see Appendix), Pierre Bouguer had pointed out that intensity 

matching was quite difficult when the lights were not the same colour. For 

Maxwell's case they are difficult to accomplish because two kinds of matches 

are required, colour and intensity. In terms of spinning the top and making 

suitable adjustments to the colour sectors, the equality of the hues could well 

be masked by slightly differing intensities, or vice versa. It is no wonder 

then that Maxwell encountered in these trials linguistic problems. The 

observer, contending with two different phenomena simultaneously, would find 

considerable difficulty in ascribing an apparent non-match to hue or to bright-

ness. Or, in other words, he is contending with two of Grassmann's variables 

at once. Hence he would certainly have difficulty in expressing directions for 

change to the operator. It is worth noting too that in equation (3) above 

black appears on the left side where its purpose is to reduce the intensity of 

the pale chrome and vermillion combination; Considering these difficulties 

it is significant that most of Maxwell's colour equations in his first paper 

are in terms of gray. Such matches are both easier to perform and give more 

accurate data; but we must be careful to note that colour matches by hues 
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are not impossible nor excluded in principle. It was simply practical to 

avoid them when possible, an example of Maxwell following his own advice 

that the success of physical experiments depends on the "judicious selection 

of what is to be observed." Vie shall also see in the next chapter that 

equations achieved by Maxwell from data with his colour box are all 

in terms of white. 

Let us now return to the three equations shown. The question that arises 

is; are these equalities intrinsic to the colours themselves or do they 

actually relate to the constitution of the eye? If they are intrinsic 

equalities they will still appear equal under different lighting or observing 

conditions and therefore the question is answerable by a direct test. 

Maxwell proposed this question and did indeed perform the test. In daylight 

he produced the following match, using carmine instead of vermillion; 

.44 C + .22 U + .34 EG = .17 SW + .83 BI: 
	

(4) 

However, the same colours illuminated by gas-light, a rather yellowish light, 

produced 

.47 C + .03 U + .45 EG = .25 SW + .74 Bk 
	

(5) 

Considering yellow as a combination of rod and green we would expect more 

reflection from the carmine and emerald-green, together with a lowered 

reflectivity from the ultramarine (blue). This is in fact exhibited by 

equation (5) compared to equation (4) and therefore indicates the effect of 

the yellowish gas light on the match. Moreover Maxwell observed the match 

of equation (3) separately through blue, yellow and red glasses. The yellow 
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glass caused the right side to appear redder than the left, the blue glass 

caused the left side to appear redder, while the red glass made the right 

side appear redder. In terms of intensity, the red glass caused the left side 

of equation (3) to appear too dark, while the green glass made it appear too 

bright. These results are exactly those expected in terms of the absorption 

bands of such glasses, previously explained by Sir John Herschel. Therefore, 

the matches are not intrinsic equalities but must certainly relate to the 

eye itself, the only other possibility. 

Maxwell's Colour Construction 

A glance at all the predecessors of Maxwell shows that they were deeply 

interested in some kind of graphical representation of colour mixtures. 

Part of this interest, beginning with Newton, involved early gropings toward 

a clear concept of colour variables. These attempts, we have seen, were 

largely in terms of finding primary colours although the first enunciation 

of those variables came from Grassmann in other terms. But there was still 

a more basic reason for these constructions. Within the history of science 

very little has been written on evolving methods of data presentation, or 

even the awareness within the scientific community that such presentation 

was desirable. I do not propose to write on this, but these colour 

constructions must be viewed as early examples, possibly the first, of 

graphical presentation of data for later reference, much in the modern manner. 

Rather than refer to columns of data such as Richard Waller had given, 

or to pa es of equations such as Maxwell might produce, it was far simpler 

to have a means of reconstructing the data. This was, of course, the 

"raison d' titre" for qewton's colour circle as well as Mayer's triangle, 
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Lambert's pyramid, etc. 

Still more, when dealing with new and unfamiliar phenomena, one ideally 

tries to abstract from empirical data 	some kind of general statement 

about the phenomena. Such a statement in- physical science may take the 

form of an equation (sometimes called a law") or perhaps of an axionlor 

postulate from which mathematical expressions describing the data will be 

derivable. In the absence of these explicit statements, graphical techniques 

or displays may take the place of formulae or axioms. In such cases the 

graphical techniques generally serve as a kind of analogue calculating device, 

furnishing a recipe to obtain answers. Thus these colour constructions most 

certainly represented a kind of substitute for explicit laws and formulae 

regarding compound colours. 'Athin this tradition, Maxwell was no exception. 

Indeed, he produced more and better data than anyone previously and so had 

most need Of a clear representation of his results. Therefore, we shall 

now look into Maxwell's geometrical construction in detail in order to show 

how it exhibited his data, how it functioned as an analogue computing 

technique, how it became a means of predicting colour equations, and finally 

how it related to the theory of three variables of colour vision. 

One each of the three colours, vermillion, ultramarine and emerald—green 

is placed at the vertices of an equilateral triangle. The equilateral 

quality of the triangle is for convenience only as any triangle will serve. 

Laxwell also emphasized once more in this connection that the three colours 

were chosen for convenience only,
36 although it seems obvious.in terms of 

the previous argument (pp. 284-285) that this was only to avoid criticism 

for embracing a nevi and unpopular idea. Now in terms of the idea of 
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representing colours as mass points and finding centers of gravity, all 

colours composed of these three will be represented by a point inside the 

triangle. In other words, any point inside the triangle must represent the 

center of gravity of a combination of the three vertex colours. Following 

Maxwell, let us use the example of the experiment represented by equation (1). 

The object is to locate the position of the neutral gray composed of 

vermillion, ultramarine, and emerald-green. 

In Fig. 4 below one imagines a mass of .37 units at V, one of .27 units 

EG 

Fig. 4 

at U and one of .36 units at EG. Taking the side UV arbitrarily one finds 

the center of gravity between U and V. Calling this point a, and knowing 

the length of a side of the triangle, its position is determined from the 

proportion aV/aU = .27/.37. Now simply repeat this procedure with the 

emerald-green. The center of gravity of a line a(EG) will be called W and 

is found from the proportion 

aW 	.28  
W(EG) 	(. 37 	.27) 

This point is shown in the figure labelled, WI  for white, although the tone 
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produced was actually gray. Ideally, the red, green and blue should 

give white according to Maxwell's own qualification previously mentioned. 

However, because of reflectance losses, the tone is gray and this was the 

point of Forbes' analysis. In order to get reflected light of the same 

intensity as spectral colours, Forbes had Chown that the proportions of 

his wheel would have to be increased inversely as their reflectivities!  

A similar idea was now employed by Maxwell. He noted that the point W 

"is not white, but 0.28 of white diluted with 0.72 of black which has hardly 

any effect whatever except in decreasing the amount of the other colour."37 

What is desired, however, is a full circle of white, or 1.00 SW, rather 

than the gray represented by 0.28 V. Therefore for the purpose of future 

calcuTations, Maxwell employed a kind of normalization procedure in which 

one asks simply: what coefficient, X, is necessary to multiply 0.28 in 

order to give 1;00? The answer is 

0.28 = 3.57  

This number than represents a correction factor which normalizes the 

measurement of white in terms of the qualification that the three standard 

colours must Give white in appropriate proportions. However, it must be 

realised that tiro normalization is with respect to the three standard colours 

chosen, U, V, and M which, by definition, have correction factors of 1 

exactly. Maxwell spoke of the number above as a coefficient to be used so 

that "wherever white enters into an equation, the number of divisions trust 

be multiplied by the coefficient 3.57 before any true results can be 
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obtained. "38 \7e shall see shortly that this concept allowed laxwell to 

make a great number of colour equations and perform analyses with the data 

obtained. 

Let us now consider Ilaxwell's second experimental match exhibited in 

equation (2) which was 

.33 PC + .55 u 	.12 EG . .37 SW 	.63 Bk 	(2) 

The problem here is that PC is not one of the standard colours nor is it 

composed of them. If all colours compounded of the three standards are 

points inside the triangle, what then is the location of other colours not 

compounded from them? We saw that all compound colours in Newton's colour 

circle lay within the circle and he did not consider colours outside the 

circle. Presumably such colours had no physical significance. The same 

tacit assumption was involved in Layer's triangle. A three dimensional 

display was really required as was implied by Lambert's pyramid. It was 

here that Dixwell surpassed his predecessors again for we shall now see that 

the PC can be located with respect to the triangle of colours and the 

coefficient concept above plays a central role in the process. The object 

of the construction that follows is to locate the position of PC with respect 

to the triangle. 

We note that whenever white enters an equation we multiply its experimental 

value by the coefficient to obtain an "ideal" white. Hence, in equation (2) 

we have (0.37)(3.57) = 1.32. It is now 1.32 which is to measure the total 

intensity on both sides of the equation. (There cannot, in principle, be 

any corrected values of the standard .colours, U or EG.) Therefore we 
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subtract the intensity of .55 U + .12 EG (= .67) from 1.32 and obtain a 

value of .65 for pale chrome. This is a corrected or normalized value of 

PC and is to be regarded as an ideal value in terms of the ideal white, 

and not as the actual experimental value. We can now rewrite the equation. 

Following Maxwell's example we will use lower case letters instead of capitals 

for corrected values. Equation (2) with corrected values is now 

.65 Pc + .55 U + .12 EG = 1.32 w 

The interpretation of this equation is that the papers are ideal reflectors 

and that the top has 132 divisions instead of 100. It is now easy to 

locate the pale chrome. The Discussion following is illustrated in Fig. 5 

to the right. Since we know the position of U and EG we begin by finding 

their center of gravity. Calling this point /d it is 

determined from the proportion 

.12 
- .55 

Now since white is the center of gravity 

of the combintion and its position is 

already known, the position of pc must 

lie on a lihe from /0 through w and on 

the other side of w from l' . This point 

is determined by the proportion 

(PC)w 	(.55 + .12)  
13W 	.65 
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This determines the position of pc. And by use of the coefficient for white 

we have now been able to locate a colour outside the triangle of primary 

colours. This is the first time such a thing had been shown possible and 

thereby gave colours not specifically composed of these primaries a physical 

interpretation in terms of such a framework. This step was crucially 

important to the emergence of the chromaticity diagram which we shall 

discuss intheLnoxt chapter. Note also that the procedure has given us a 

coefficient for the pale chrome paper. Observed values of pale chrome must 

be corrected by the ratio 65/33 or 1.97.39 	. 

There is still the question, however, as to whether this construction 

and "method of coefficients" is really valid. If it is, then knowing the 

positions of the coloured papers with respect to the triangle, we should be 

able to reason in reverse from the diagram to the top. In other words we 

should now be able to measure off on the diagram the correct proportions for 

colour matches, and these predicted results should agree with the measured 

values from the top. This procedure was .followed by Maxwell to test the 

experimental results of equation (3). 

Equation (3) for reference is 

.39 PC 	.21 U 	.40 Bk = .59 V 	.41 EG. 	 ( 3 ) 

We have to see if these results are achieved in the diagram. Vie join U with 

pc, and V with EG (already done in the triangle). These lines intersect 

at the point 	But from the diagram y is the center of gravity between 

V and EG and between U and pc. So now simply measuring the proportions of 

the line V(EG), Eaxwell found 
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.58 V 	.42 EG = 1.002( 

On the line U(pc) Maxwell found the proportion, by measurinp, of 

.78 pc 	.22 U = 1.00r 

flow the value of pc found here must be its corrected value as can be seen 

from the preceding examples. Since the normalized values were found by 

multiplying the observed values by the coefficient, here we divide the 

corrected value by the coefficient for pale chrome in order to get the 

observed value. Therefore we have 

.78 pc 
.39 PC 

1.97 

We can now equate the two equations for the point 	, substituting the 

observed value of PC and the result is almost precisely as before in 

equation *(3): 

.39 PC 	.22 U 	.39 Bk 	= .58 V 	.42 EG 

The black we noted previously acted as a darkening agent reducing the 

intensity of the left-hand side. The implication of such a statement is 

that the combination of .39 PC + -.22 U has the same hue (or analogously, 

	

optical wavelength) as .58 V 	.42 EG but is more intense. To obtain the 

same colour sensation which depends on both hue and intensity it is necessary 

to insert the black which darkens the PC and U combination giving intensity 

matching;  a photometric requirement of this procedure. As Maxwell noted 

the black was used "simply to fill up the circle"40 which is legitimate 
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since black is no colour at all, indeed being no light at all ideally. It 

should be noted that the triangle was here used to solve graphically two 

simultaneous equations. An equation was made of each side of equation (3) 

with the colour at r representing the common solution of the equations. 

The important point to see here is that the values measured from the 

diagram are very close to those measured from the top, the difference being 

only 1%. This small difference lay well within the range of error determined 

by Maxwell. In describing his experiments with 10 observers at Cambridge 

in November 1954 he stated that 

the best were accurate to within 11 division, and agreed within 
1 division of the mean of all; and the worst contradicted 
themselves to the extent of 6 degrees, but still never wore 
than 4 or 5 from the mean of all observations.41  

Hence it seems that predictions from Y,axyellis colour construction agree well 

within the observational limits and that the constructional method is 

therefore legitimate. As mentioned before the ability to be able to locate 

colours outside the triangle was a very important improvement over that of 

his predecessors and was the constructional step which alloyed a chromaticity 

diagram to be developed. For reference, the complete colour diagram with all 

the colours located as given by Maxwell is reproduced in Fig. 6 below; the 

number in parenthesis beside each colour is the coefficient for that 

colour and for convenience these are shown tabulated below where the 

coefficients can be seen with respect to the standard colours. 
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Fig. 6 

Coefficient. 
Pale Chrome . 	. 	. 2.0 
Mixed Green (U C) 	. 0.4 
Brunswick Green 0.2 
Emerald Green . 1.0 

'Verditer Blue 	. 0.8 
Prussian Blue 	. 0.1 
Ultramarine 	• 1.0 

Table II 

From experiments on the 10 observers mentioned above and the results 

illustrated graphically in Fig. 6 :  ilaxwell concluded the following:42  

1st. That the human eye is capable of estimating the likeness of 
colours with a precision which in some cases is very great. 

2nd. that the judgement thus formed is determined, not by the real 
identity of the colours, but by a cause residing in the eye 
of the observer. 
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3rd. That the eyes of different observers vary in accuracy, but 
agree with each other so nearly as to leave no doubt that 
the law of colour-•vision is identical for all ordinary 
eyes. 

The third conclusion is interesting in terms of that old question, 

mentioned before, as to whether colour sensations experienced by one person 

are the same as those for someone else. We would certainly argue an affirmative 

answer here simply from Grossmann's linguistic arguments. If words are 

intended to convey the same meanings to different persons, the very existence 

of a vocabulary of colour words and terms upon which there is general agree- 

ment would indicate a positive answer. However, the question appears to have 

actually been put to an empirical test by Maxwell and the wording of his 

conclusion no. 3 leaves no doubt that colours perceived by one individual 

must give rise to equivalent sensations in another. This must certainly be 

an early example, if not the first, of a physohological question receiving 

a direct empirical test. Interestingly enough, Helmholtz shortly afterward, 

provided a similar conclusion for sound impressions in his analysis of the 

ear and hearing. 

Maxwell's Colour Construction and Grassmann's Colour Variables 

Vie have seen so far that Liaxwell employed a theory of three colour 

sensations involving red, green and blue as'standard colours. But Grossmann 

had proposed a theory of three colour sensations involving intensity, tint 

(frequency of the light) and intensity of the intermixed white (saturation). 

Therefore, although there was certainly agreement on the number of variables 

involved, it appeared that there was disagreement on exactly what they were. 
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Grassmann's variables, inferred from empirical and linguistic arguments 

were strongly reasoned. They had the additional virtue of avoiding any 

controversy over primary colours. The choice of three primary colours, 

alternatively, was less strongly based having no known anatomical reason 

and having undergone no really rigorous test. Not even Helmholtz's work of 

1852 could be invoked as "de facto" evidence for this idea since he himself 

had wondered whether perhaps five colours would not be needed to imitate all 

the spectral colours. (See chapter 5). Therefore, If,axwell undertook to 

show that no disagreement in fact existed between the two sets of variables 

and that "the two methods of considering colour may be deduced one from the 

other, and are capable of exact numerical calculation."43 

The situation has at least two important analogues in the history of 

physics. For example given that the law of gravity varies inversely with 

the square of the distance one derives Kepler's first law. However: given 

1:pler's. first law one can deduce the inverse square relation for gravitational 

attraction as vas done by Newton in the Frincipia. Hence they are mutually 

derivable from each other; neither one from a restricted point of view could 

therefore be regarded as more fundamental although we now regard the 

gravitational law as more fundamental since it has wider applications. In 

modern times the wave mechanics of SchrUdinger appeared almost simultaneously 

with the matrix mechanics of Heisenberg and it seemed at first that there 

were two distinct theories available for quantum phenomena. However, 

Schr6dinger showed that they were mutually derivable from each other and 

wore therefore formally identifiable or equivalent theories. This was the 

situation which Liaxwell examined in regard to the variables of colour vision. 
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In order to avoid confusion between the terminology used by Grassmann and 

that to be employed by Maxwell let us first note Maxwell's nomenclature and 

his reasons for it. We may also note that he had already read Grassmann's 

paper so it seems likely that Maxwell's terms were influenced by Grassmann. 

The first variable Maxwell mentioned was "shade." That is, considering 

two objects of the same colour, one could be lighter or darker than the 

other. The second variable mentioned was "hue", or simply the specific name 

of the colour. Finally, considering two samples of the same colour, Maxwell 

noted that they could "vary from purity on the one hand, to neutrality on 

the other."44 This variation be called "tint". Therefore the other set of 

colour variables for Maxwell were shade, hue and tint and for convenience 

they are shown below next to Grassmann's equivalent terms. 

Maxwell 	Grassmann 

shade 	intensity 	. 
hue 	tint (frequency) 
tint 	intensity of intermixed white 

(saturation) 

Unfortunately there is a distinct difference in meaning given to the terra 

"tint" between the two sets of definitions. 

The identity of Maxwell's construction with Grassmann's three colour 

variables is now easy to see. Maxwell shoved that if one draws lines in 

his diagram (page 301) from W to each of the colours located around the 

triangle, one passes through all the colours of the spectrum if they are 

taken in order. Also note from the constructional examples that W lies near 

the center of the triangle while the most saturated colours lie toward the 
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the circle, or far from the center of the triangle. Finally next to each 

colour is its coefficient. The brighter the colour, the larger its 

coefficient. Vie can conclude therefore that hue is determined by an angular 

Position with respect to W and tint (or saturation) is determined by the 

distance of the colour point from. W. Finally the intensity of the colour is 

determined by its coefficient which in turn must be determined in order to 

construct the diagram. Vie should note that i:iaxwell's construction is not 

identioal with that of Grassmann. Indeed Grassmann did not aim to make such 

a comprehensive scheme. What has been shown however, is that the variables 

of hue, shade and tint (or equivalent terms) first explicitly identified by 

Grassmann are formally identifiable on this diagram although the diagram 

itself is based on the assumption of three primary colours. Since the terms 

identified by Grassmann are formally identified here although no mention 

was made of them when constructing the diagram Maxwell concluded that "the 

relation between the two methods of reducing the elements of colour to three 

becomes a matter of geometry."45  Finally, if we compare Maxwell's construct-

ion with that of jeuton's colour circle described in chapter 4, we can see 

that they are essentially the same; thus :,laxwell's colour equations and his 

method of coefficients enabled him to produce the first empirical derivation 

of Newton's organization of the colours. He had carried out Grassmann's 

aim in doing so; and the genius of 1;ewton was confirmed through the genius 

of Maxwell. 

The proof above and Maxwell's emphasis on a three—fold process of colour 

vision is most interesting in terms of Thomas Young's theory of vision. 

That theory we know had been essentially groundless Lt its inception. 



-306— 

Proposed within the context of his undulatory theory, it had been added, 

as that eminent authority "Pooh-Bah" might say, "to give artistic 

verisimilitude to an otherwise bald and unconvincing narrative."46  Young 

had siezed a generally vague popular notion about three primary colours 

and elevated it to the status of formal scientific doctrine. In principle, 

of course, this would be quite legitimate if one could made strong arguments 

from real empirical data in its favor. In general, a criterion for acceptance 

of a hypothesis, at very least for discussion purposes, is that it seem 

reasonable. This process involves strongly based arguments in terms of 

otherwise inexplicable observations. This was the route followed by Faraday, 

for example, in proposing his field concepts. The latter was initially a 

speculation based on minimal evidence and Faraday's metaphysical dislike of 

action-at-aklistance. But over a period of years Faraday was able to 

marshall and produce experimental results all of which had interpretations 

within the field hypothesis; some of his experiments were even fostered by 

the idea itself resulting in new data explainable only within the field 

concept. Thus a major portion of Faraday's career was devoted to the 

process of bringing arguments to bear on the rationality of his hypothesis.47  

This route, of course, was not followed by Young who proposed his 

speculation within the framework of yet another initially unconvincing theory. 

He left it for others to marshall the necessary evidence. Thus for want 

of evidence, for want of fundamental arguments, Young's theory of three 

colour vision withered. But if it withered it did not die. It contained 

just enough of a grain of truth to evoke comments from time to time, as we 

have seen, from people like Brewster, J. Herschel, Forbes, Helmholtz and 
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others. Helmholtz, of course, was largely responsible for the formal 

acceptance of Young's idea. But that acceptance involved the business of 

invoking the necessary empirical observations to make the hypothesis look 

respectable. Helmholtz initiated that process with his V—slit experiments. 

But by themselves they were not sufficient evidence. Wo can say that they 

were necessary but not sufficient. The process of adding evidence was 

continued by Grassmann but that famous paper while convincing had the 

disadvantage, perhaps,of being too intuitive and too theoretical. Again 

it was not sufficient in itself or even together with Helmholtz's work. 

What was required was some hard quantitative data and that was finally 

supplied by Maxwell. The experiments described above and Maxwell's con-

struction should be viewed as his initial contribution to the process of 

placing Young's three colour speculation on a firm empirical basis. They do, 

in fact, indicate also Maxwell's deep commitment to the idea. We shall 

shortly look into more of Maxwell's experiments involving colour—blindness 

but we shall pause here to look into his very graphic illustration of 

Young's theory. 

Within the context of illustrating the three—fold nature of colour vision 

and as a simulation of Young's theory Maxwell proposed in this paper of 

1855 nothing less than a method of colour photography. In the infancy of 

photography, when producing black and white photographs nosed problems 

enough, Maxwell gave the modern steps for producing colour separation 

negatives. 
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His idea was elegantly simple. Using a black and white negative emulsion 

"equally sensitive to rays of every colour"48  the process is as follows. 

(iTote that whether or not such an emulsion was available at the time was not 

a consideration; it was simply a proposal within the paper of what might be 

done.) Employing one plate, photograph a scene through a red filter (plate 

of glass). Then a positive plate from this negative will be opaque where 

the scene reflected little red light and transparent where the scene 

reflected much red light. Placing this positive in a magic lantern with the 

same red filter before the lens will then give a projected image of those 

parts of the scene that were red. Now repeat the operation twice more with 

green and blue filters respectively. Then the three positive plates are 

placed in three separate magic lanterns each with its corresponding filters 

before the lens. Upon superimposing the images a coloured image of the 

scene must be produced including intermediate colours compounded of these 

primaries. Although the anatomical nature of three—fold vision remained 

unknown (and still does) Maxwell convincingly stated that the illustration 

would demonstrate that "the function which Young attributes to the three 

systems of nerves maybe imitated by optical apparatus."49  It was an 

ingenious piece of simulation. 

Most amazingly in 1861 Maxwell did actually achieve this result before 

an audience at the Royal Institution while giving a Friday Evening Discourse 

on colour. A reproduction of the photograph from Maxwell's plates is shown 

in Fig. 7. The filters in this case were various chemical solutions rather 

than glass. The Record of the Royal Institution recorded the result as 

follows 
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Three photographs of a coloured ribbon taken through the three 
coloured solutions respectively, were introduced into the 
camera, giving images representing the red, the green, and the 
blue parts separately, as they would be seen by each of Young's 
three sets of nerves separately. ':ihen these were superimposed, 
a coloured image was seen, which, if the red and green images 
had been as fully photographed as the blue, would have been a 
truly-coloured image of the ribbon. fy finding photographic 
materials more sensitive to the less refrangible rays, the 
representation of the colours might be greatly improved.50  

Now although the concept was technically flawless (it is much ilsed today) 

it was realized some years later that the emulsions than available were 

comoletalv insensitive to red, orange, yellow and green. They had a narrow 

Fig. 7 

0 

sensitivity range from the extreme blue at about 4300 A to the near ultra-

violet at about 3300 A. Therefore the demonstration should not have worked! 
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But the separation plates had been prepared in perfectly good faith by. 

Thomas Sutton a well known lecturer on photography; they were exhibited by 

Maxwell in similar good faith and were seemingly sufficiently convincing. 

Thus arose the question as to what unknown factors were operating when 

Sutton made the plates that allowed the actual colour separation to take 

place. It will be iriterestin3 to take a short tanzent here to see the 

solution to this puzzle. This was produced by Raph M. Evans of the Colour 

Technology Division of Eastman Kodak who repeated Maxwell's (and Sutton's) 

experiment according to Sutton's records using copy positives of Llaxwell's 

original plates then still at the Cavendish Laboratories.51 

The explanation for the red plate turned out to be easy. It is now known 

that many red dyes reflect a good proportion of ultra-violet light as well 

as red. Evans' reflectance curve for a red cloth shows almost 20;; reflectance 
0 

of ultra-violet at about 3700 A. Moreover, the red filter Sutton used, 

a solution of ferric thiocyanate, exhibited similar transmission character-

istics while the glass of Sutton's lens, it was established, had an ultra- 

0 
violet cut-off at about 3,000 A. Therefore the "red" separation plate, 

produced by Sutton was apparently the result of ultra-violet reflection from 

the red Tye in the ribbon. In effect, it was really an ultra-violet 

separation plate! It was as Evans says "a happy accident that neither 

Maxwell nor Sutton could have foreseen."52  This explanation for the red 

plate also explained another puzzle. Of Sutton's three plates, the red one 

was markedly less sharp than the others although evidence from the plates 

themselves shows that he refocussed for each colour. It is clear now that 

he focussed his camera on red light but photographed in ultra-violet which 
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would have a shorter image distance than the red. 

A slightly different explanation arises for the green separation plate. 

Sutton had used a solution of cupric chloride for his filter. But he found 

originally that with a good green solution he was unable to obtain a 

negative after a 12 minute exposure, a very long exposure even then. 

Accordingly he diluted the solution until he was able to produce "a tolerable 

negative"53 after 12 minutes. how it turns out, however, that the actual 

colour of cupric chloride solutions depends on their concentration. Sutton's 

final filter giving him the tolerable negative was he said "very much paler"54  

than the original solution. Repeating this part of Sutton's work, Evans 

. found that his reproduced filter had turned from deep green to bluish-green55  

when he finally achieved the same result as Sutton. Also his transmittance 

curve for this filter indicates a pass-band that just overlaps the upper 
0 

cut-off limit of the film at about 4300 A. Therefore it appears that the 

0 
"green" separation plate was the result of blue light at about 4500 - 4300 A 

reflected from the green portion of the ribbon. Considering these events 

vie are not surprised to note the expression in the Record of the Royal 

Institution that the red and green images were not as "fully photographed 

as the blue." We can conclude therefore that some very fortuitous circum-

stances allowed Maxwell to produce the first colour photograph some 45 years 

before it became technically possible. 

It vas nevertheless in 1861 a very dramatic argument for the three-foldness 

of colour vision. The original proposal in the 1855 paper, following as it 

did the experiments and construction already described, was intended to 

produce the same effect. We have already pointed out that persuasion as 
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well as logic is needed in order to change a paradigm, and that increased 

data to test a hypothesis may be looked at from this point of view. It seems 

to me that this proposal was intended in just this way with respect to the 

old idea of yellow rather than green as a primary colour. The proposal and 

its actual realization six years later were intended to demonstrate the 

validity of the three primary colours, red, green and blue, together with 

Young's original hypothesis that other colours in the eye are compounded 

from these three. There was, however, yet more evidence available for the 

nature of the process, this time obtained from colourblind subjects 

producing colour matches on 1...axwell's top. The experiments are intrinsically 

very interesting (especially for me!) and we will now look into them in 

detail in order to see how they add important corroboration to Young's tri-

chromatic colour vision theory, as well as to Maxwell's colour triangle 

construction. 

Colour Ilquations and Colourblindness  

In the last chapter we traced the effort at identification of colour—

blindness through the first half of the 19th century. These culminated in 

the work of Wilson in which Young's theory of vision was espoused. But all 

this work was qualitative and descriptive depending very much on colour 

descriptions by the affected individuals. No quantitative tests had been 

devised to which individuals might be subjected and which would eliminate 

the communication problervbetween subject and investigator. The closest 

approach in this direction had been the work of Seebeck. And it was from 

Seebeck's work that the concept of blindness to red had arisen, although the 

idea can be traced as we saw to Young and Dalton. However, this concept had 
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been clouded somewhat by tests of so-called red-blind people (Helmholtz's 

term) with the spectrum. Seebeck had shown that of his two classes of 

people, one could hardly see the red end of the spectrum while the others 

could see it fairly well. Dalton who presumably saw little or no red was 

tested in this way by Brewster who declared, contrarily, that Dalton saw a 

spectrum of proper length and hence did see red. Brewster had invoked tlis 

as an additional proof for his triple spectrum. Therefore although Young's 

idea of lack of sensation to red (to explain Dalton's problem) was a 

convenient one there was certainly quite some confusion over just what 

colourblind people saw. A rigorous test was needed in which Young's concept 

could be examined quantitatively and which would eliminate the necessity 

for colour description by the subject. Such a test procedure was supplied 

by Maxwell in these first colour vision researches. 

Among his subjects, Maxwell found four who were decidedly colourblind 

and reported results on two of them. These persons were asked to form 

colour matches with the colour top in much the same manner as with normal 

persons. However, there was a significant difference. The lack of common 

language rather than being a hindrance actually aided the accuracy of the 

observations. For in experiments with normal people there was always the 

chance that the operator (Maxwell) could influence the results since he 

received essentially the same impressions as his subject. Hence in putting 

his questions to his subject for corrections as already described he could 

be influenced by what he himself was seeing. But in testing the colourblind 

this was impossible since the operator and the subject had distinctly 

different impressions. The operator had now to ask different questions 
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and specifically only two: "Which circle appears most blue or yellow? 

Which appears lightest and which darkest?"
56 

The latter question is 

essentially a photometric one designed to achieve equal intensities between 

the two colour circles. The first question is reminiscent of Dalton's 

self—description in which he said he saw only two colours in the spectrum, 

yellow and blue. Thus a truly red—blind person will need to be asked only 

about these colours and then only in the terms in which he sees them. Under 

these conditions 1.1axwell was able to obtain colour matches and hence colour 

equations from observations by his two subjects. One of them using red, 

green, blue, black papers supplied by D. R. Hay was reported as follows, 

where the values given are the mean of several observations 

.19 G + .05 B + .76 Bk = 1.00 R 	 (6) 

The first interesting thing to note here is that only four colours 

(including black) are needed for a match rather than five as in the preceding 

equations. Ignoring momentarily the black, it appears that the combination 

of green plus blue is equivalent to a red. The black then acts as a darkening 

agent reducing the intensity of the green—blue combination. Therefore to 

this subject, and using these papers as standards, the equation shows that 

a dark green—blue is equivalent to a full red.57  It is perhaps better said 

that to the red—blind the full red appears blue—green which interpretation 

is confirmed by an interesting anecdote concerning William V,'hoviell and 

Dalton. At a Cambridge University ceremony - where Dalton was receiving some 

honour, Whewell asked Dalton what other colour his Doctor's gown, a bright 

scarlet, resembled. Dalton pointed to some evergreens outside the window 
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remarking that to him their colour and that of his gown were alike. However, 

the lining of the gown was pink silk which Dalton said he could not 

distinguish from sky blue.58  The latter observation, of course, is exactly 

the same as he reported about his "encounter" with the geranium. 

Now Maxwell applied his colour triangle method to this equation using a 

new diagram since he had a different set of papers. In the triangle to the 

right, Fig.81  the standard colours (Hay's 

papers) red, green and blue are located 

at the vertices. As before we locate the 

center. of gravity of green plus blue 

imagidngweights placed at these vertices 

of amount measured on the top. Calling 

this point /2 , the line BG is divided 

at /2 in the proportion of 19:5. Then 

join /2 With R as shown. Now a very 

interesting insight into the vision of colourblind people becomes possible. 

The equation shows that the tint at ,2 must be essentially the same to the 

colourblind as that at R. It is simply more intense than R and more intense 

in the proportion of 100:24, or almost 4:1. (The latter figure arises from 

the amount of green plus blue required to match the red. The red paper 

represents a full circle of red or 100 divisions; 19 divisions of green and 

5 of blue were clearly much brighter to the subject than the red and needed 

to be darkened to produce the match. They were in fact almost four times 

brighter.) Not only is the point essentially the same as red, but the line 

Rp must represent colours to the colourblind which are all the same but 
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differing only in intensity. As Maxwell said "all intermediate tints on 

the lino RA will appear to them of the same hue, but of intermediate 

intensities."59 

This idea leads to still a further insight. Imagine that some other 

colour beside black could be added to equation (6) on the left in order to 

match the red. The equation could be imagined as 

.19G+ .05 B 4. .76 X = 1.00R 

The question is, where would one locate the unknown colour X? Following 

the center of gravity method the question can be answered. The center of 

gravity of three colours on the left must be at R. The center of gravity 

of B and G has already been located at/g . Therefore, X must lie on the 

other side of R, outside the triangle and is shown in Fig. 8 as point D. 

The point D is located by the proportion 

RD 24 
RA - 76' 

D must represent a sensation to the colourblind which is invisible! Assuming 

one could make a paper of the colour represented at D it would represent a 

pure sensation unknown to a colourblind person. Since it is unknown to him 

or invisible, it is for him equivalent to black. In terms of Young's theory, 

Maxwell had located Geometrically the missing sensation for the red colour-

blind. The actual optical wavelength was to be determined at a later date. 
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There is yet more to this construction. Figure 9 to the left is 

Maxwell's complete drawing exhibiting data 

/

/kw 319 	for this experiment. The positions of white 

 and yellow have been determined from 

observations with normal eyes. On the 

diagram Laxwell has drawn the lines DW, DB, 

DG, etc. These lines are analogous to the 
• 

• . line Da . Along that line, starting from R, 
itUow 2,5 

the subject saw all the same colour but of 

Fie. 9 	 varying intensities. Similarly, for the 

colourblind "the colours belonging to any line ought to differ only in 

intensity as seen by them, so that one of them may be reduced to the other by 

the addition of black only."
60 

Moreover, the line Fa, drawn through white as 

composed of red, green and blue, and produced to SI  is a boundary line for 

the colourblind. Since he does not see the red represented at D, all colours 

above DS must be varieties of blue; those below the line Dg must be 

varieties of yellow. DS is a boundary between the two colours seen by 

Dalton, or Seebeck's class two; i.e. blue and.yellow. 

The original confusion about a missing sensation or the degree of rod 

visible to such people was now cleared. The paper at R is a red and is 

obviously seen by this person. Hence he does see red to some extent. But 

the-normal eye would experience other red sensations out to the position D 

which this person cannot see. Therefore the red sensation is markedly 

truncated for the red—blind person. Expressed slightly differently, if a 

paper were used which reflected the optical wavelength represented by D, the 
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three standard colours for the colourblind subject would be green, blue and 

black. This idea has already been shown in Fig. 1, Chapter 7, in modern 

terms which shows that the threshold of vision for someone like Dalton is 

shifted sharply towards the orange. Thus Maxwell's diagram here represents 

a first attempt at a kind of spectral sensitivity measurement. We shall see 

in the rrierb chapter that he developed this idea further using spectral colours 

to obtain better and more direct data. 

So fax Maxwell had provided strong evidence and arguments in favor of 

a trichromatic theory of colour vision. Perhaps the strongest argument 

elicited by his investigation was the demonstration that the colourblind 

seemed to lack one colour sense just as one would expect on that theory. 

However, the foregoing data and interpretations wore subject to additional 

confirmation. As before, when using normal subjects, Maxwell had showed 

that it was possible to predict colour matches from measurements on the colour 

construction. The second construction used here is basically the same as 

the first, and was formed originally with normal eyes. However, the points 

D, 13 ands were determined from the colourblind data so that the construction 

now exhibits both classes of data. Hence, it should be possible from this 

construction to predict colour matches for the colourblind, a new and 

unusual approach to understanding their vision. This Maxwell proceeded to 

do and we shall look into these predictions in detail since they form the 

capstone to a new framework for understanding colour vision; it is the 

experimental method together with the trichromatic hypothesis which gives 

this new understanding. Indeed the method of colour matching to form 

colour equations is still in use. 
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In fig. 9, p. 31T, notice that the lino DW crosses RB at 	. By measure- 

ment on the triangle we find that 

R 	.1,93 
B23" - .07 

or that 

.07 B+ .93 R = 1.00r 

Similarly, measuring on the line DV we find that wy and D 	in the 

ratio of 

W 	.895 
D - .105 

or that 

.895 D+ .105 W = 1.00 

Thus, as before, the construction is used to solve two simultaneous equations. 

Vie equate these two but note first that the point D was shown to be invisible 

to the colourblind. In equating these two (below) the letter D, following 

Maxwell's example of the "colourblind language," is now called black (arc). 

The measurements predict the following colourblind match which is shown with 

measured values underneath it. 

predicted. .93 R + .07 B = .105 V + .895 Bk 

observation 
of two subjects .94 R + .06 B = .10 W + .90 
together 

one subject .93 R + .07 B = .10 W +..90 Bk 
alone 
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Clearly the agreement is good having a percentage difference of just over 

1% which was previously shown to be well within the limits expected from 

this method and the colour top. 

Extending the line DW toP gives a similar equation between points D, 

g 1  B and G. The results predicted by measurement on the triangle and 

those observed are shown below together with the rest of Maxwell's colour-

blind matches by prediction and observation.
61 

By measurement 	 •43 B+•57 G=•335 W-1-'665 Bk 

	

Observed by N. and X. 	 •41 B+•59 G-34 W+.66 Bk 
By X. alone 	  •42 B+•58 G=•32 	Bk 

We may also observe, that the line GD crosses DX. At the point of inter-
section we have— 

By calculation 	  .87 R+•13 Y=•34 C4+.66 Bk 

	

Observed by N. and X. 	 .86 R+.14 Y=.40 G+ •60 Bk 

	

X. 	 84 R+•16 Y=.31 G + '69 Bk 

	

X. 	 90 R+•10 Y=•27 G+'73 Bk 

Drawing the line BY, we find that it cuts lines through D drawn to every 
colour. Hence all colours appear to the colour-blind as if composed of blue 
and yellow. By measurement on the diagram, we find for red 

	

Measured ... 	•138 Y+•123 B+•749 Bk =HO It 
Observed by 	Y+•11 B+.74 Bk =100 

	
(8) 

.•• 	 Y-I-•11 B+•76 Bk=100 

For green we have in the same way- 

	

Measured ... 	. •705 Y+.295 B=•95 G+•05 Bk 
Observed by N... . •70 Y+.30 .B=.86 G+'14 Bk 	 (9) 

. •70 Y-P30 B=•83 G+.17 Bk 
• 

For white— 

(G). 

(7) 

Measured ... 
Observed by N... 

X... 

. •407 Y+'593 B=.326 W+ •G71 Bk 

. •40 Y+.60 33=-33 1V+.67 Bk 

. '44 l'+'56 B=•33 W+'67 Bk • • • 
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green—blind individuals have given ambiguous results.
64 

The problem is 

still very much an active one. 

An interesting attempt by Maxwell to aid colourblind people in distinguish-

ing colours is noteworthy. We recall that Wilson had shown colourblindness 

was incurable and that coloured glasses were of little use in aiding such 

people. Maxwell, however, pointed out that a person such as the subject of 

equation (6) who saw red and green as identical, could be aided by coloured 

glasses. For a red glass will give a fairly clear transmission of red while 

suppressing green LLI:a giving it an obscure, dark appearance. Viewing 

through a green glass similarly suppresses the red while passing the green. 

Therefore, Maxwell thought that distinctions between red and green could be 

made on the basis of intensity when th3 colours were viewed through the 

appropriate glass. The subject of equation (0 was indeed helped, so that 

in cases of doubtful judgement he was enabled to judge with certainty. This 

perhaps was not entirely new. But Maxwell's predecessors had used only one 

coloured glass in such attempts rather than a comparison of intensities 

with two glasses. Maxwell even went so far as to construct a pair of 

spectacles with one green glass and one red glass. He proposed that the 

affected person view the world simultaneously through two different colours. 

At the time of writing his paper his subject was then using the glasses which 

Maxwell hoped would aid him in discriminating between the two colours.
65 

Unfortunately no further mention of these attempts appear in Maxwell's later 

papers on colour vision nor have I found it mentioned in his correspondence. 

Presumably the results were not up to his expectations. 
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A Brief Recapitulation 

The work of Maxwell described in this chapter represents a culmination of 

various lines of research on colour perception (excepting photbmetry) all 

enriched and enlarged by Maxwell's genius. There were more contributions from 

him to coma but we shall discuss these later where they will be seen as 

refinements in technique together with greater insight into the meaning of 

the work first announced in 1855. In the meantime it is useful to have a 

short recapitulation here in order to see how the diverse investigations 

discussed in previous chapters have now merged. 

The diagram on page 324 is an attempt to illustrate briefly the nature 

of this culmination. It is not intended to imply a linear view of history 

nor is it intended to imply that the work of one man listed above another 

directly stimulated the work of the later investigator. It is only intended 

to show that work in the theory of colour and the theory of colour perception 

can be viewed as developing through semi—independent lines of inquiry. The 

double ended arrows are intended to indicate that none of these lines of 

inquiry are fully independent of each other and that, if anything, there has 

been a kind of cross fertilization between them all. To investigate the 

history of any one of these avenues of colour knowledge would be interesting 

and informative but incomplete without a view of the other. So the following 

few words are intended to explain the summary aimed at here. 

Columns (1) and (2) indicate the facts described in chapters 7 and 1, 2, 

3, respectively. The modern problem of colour perception was introduced by 

Young in the context of his wave theory of light in his Bakerian Lecture 

of 1801. But we have seen that he was probably stimulated in this idea by 



Claxwell — 1855  

3) 3—fold nature of colour vision — 1st empirical data 

4) 2—fold nature of colourblindness — 1st empirical data 

5) Photographic simulation of Young's theory — proposal 

1) Colour top and colour matches 

I 2) Colour equations 	
carries out Grassmann's proposals 

(i) 
	

(2) 
	

(3) 	 (4) 
	

(5) 
Speculative Theories 

	
Primary Colours 	athematical Theories 

of 
	and Colour 	of_  

Colourblindness 
	Colour Vision 

	
Classifications 
	Colour Perception 

	Photometry 

Dalton 1794 

Young.— 1807 <> Young — 1801, 18071F-,— 

1 
Miscellaneous 
cases reported 
(Butter, Harvey, 
Brewster, Herschel, 
Seebeck, etc.) 

• 
Vlartwann — 1840, 1848 

V 
Helmholtz — 1852 
(contra—Brewster) 

Wilson — 1852-3, 
1855  

Norton — 1704 

Mayer — 1758 

Lambert — 1772 

4 Young (and 
Wollaston — 1802) 

Blot — 1816 

1 
Heade — 1816 

Crum — 1830 

— 1839 

Forbes — 1849 

	

Helmholtz 1852, 1853 ÷---> Grassmann 1853 < 	 
(compound colours) 	, 

Bouguer — 1727 

V 
Others 

I 

Brewster — 1831 
(Trichromatic 

Spectrum) 

Schematic Time—Line Outline of Researches which Culminated in Maxwell 



-325— 

the prior work of Newton and the general idea already prevailing of three 

primary colours. In the latter idea Young and Wollaston substituted the idea 

of green as a primary colour rather than yellow. Approximately contemporary 

with Young's concepts was the initiation of the study of colourblindness 

as a scientific subject by Dalton in 1794 and Young's comment on Dalton's 

sight made in 1807 mentioned in chapter 7. Hence, we have an early crossing 

of ideas but still in a very speculative state. Brewster's triple spectrum 

must be viewed as a theory of colour vision since he assigned an objective 

reality to his three spectral primaries. It was even necessary for Helmholtz 

to refute it as a part of his more important work on compound colours. 

Colourblindness investigations in column (1) could and did proceed independ-

ently of the other lines in terms of descriptions of case histories. Still, 

every scientist looks for an understanding of his empirical data beyond mere 

descriptions; and so within this tradition there was also a constant discussion 

of theories of vision, especially Young's. Column (3) does actually represent 

a somewhat linear line of development except that Lambert arrived at his 

colour pyramid independently of the work of Mayer. The arrow linking these 

attempts with that of Grassmann indicates that the work of. Newton, Mayer 

and Lambert may also be viewed as early attempts at a mathematical under-

standing of colour; these attempts, however, were all made in terms of 

classifications of colour which subject Grassmann did not consider. 

Helmholtz's work of 1852 represents a unification of these two lines in 

terms of Young's theory. It was, however, a qualitative union only, subject 

to the corrections and development given by Grassmann. Moreover, the subject 

of colour classification can be traced beyond 1852 well into the 20th century.
6 
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Still in terms of an understanding of colour vision at that time Helmholtz's 

work represented a fusion of two lines of approach. Photometry, as a science, 

developed quite independently of all these other lines of research but 

Grassmann borrowed its ideas to indicate the possibility of performing colour 

matches with light. (See the Appendix for a brief history of photometry 

to 1850). This borrowing is indicated by the single ended arrow. With the 

work of Helmholtz and Grassmann the stage was set for a quantitative 

exploration of colour matching by a photometric method, an analysis of the 

data according to Grassmann's vector conceptions (or Newton's colour circle 

which is essentially the same idea), final acceptance and proof of Young's 

hypothesis of three-fold vision, and a quantitative explanation of colour-

blindness by Maxwell. All these aspects of Oaxwell's work are seen below 

columns 1 - 5 and are intended to indicate that in Maxwell a great deal of 

earlier work was crystallized and bore significant fruit. 

Much has been written on Maxwell as a unifier of electrical knowledge and 

as a founder of kinetic-molecular theory. The purpose of this diagram and 

indeed of this entire chapter is to show that Maxwell was also a great 

unifier of knowledge on colour theory and colour perception. The mark of 

his success has been that a great deal of modern work stemmed from this 

foundation. 

NOTES 

VIII. James Clerk Maxwell: The Bepinning of Modern LIethods 

1. Campbell, L., and Garnet, W., Life of James Clerk Maxwell, London, 
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of the book while Garnett wrote the part on Y,axwell'S scientific work 
which was then edited by Campbell. 
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17. Ibid., plate I, facing p. 154 

18. letter to George Wilson, Op. Cit., p. 157 

19. Enxwell, Experiments on Colour, Cp. Cit., p. 126 



-328— 

20. 	 Address to the Yathematical and Physical Sections of the 
British Association, 15 Sept. 1870, reprinted in Pa ors,. Cit., 
vol. II, p. 217 

On the Theory of Colours, letter to George Wilson, Op. Cit., 
p. 154 
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CHAPTER IX 

Further Contributions of Maxwell  

Another Look at Mixtures of Blue and Yellow  

The paradigm of red, green and blue as primary colours rather than red, 

yellow and blue was initiated as we have seen by Helmholtz in 1852. Maxwell 

took up this idea in his great paper of 1856 but more carefully referred to 

these colours as standards rather than as primaries. In the context of his 

experiments the nomenclature was important for the term primary implies 

something absolutely fundamental whereas he, of course, was using coloured 

papers which at best offered arbitrary definitions. But most interesting 

of all we have seen that the word "standard" was used probably with at least 

one other intention. This involved the shift of paradigm from yellow to 

green as a "primary' colour. For we have seen that although Helmholtz had 

introduced a small conceptual revolution in this respect it was not even 

generally known much less definitely accepted. Hence, Maxwell aimed at 

• avoiding criticism for his choice of green rather than yellow. Indeed he 

had said originally that had he chosen yellow rather than green as a standard 

colour there would have been difficulty in forming a green by any combination 

of blue and yellow whereas the yellow formed by his red and green was 

reasonably distinct. The implication of such a statement is that a wider 

range of colour equations was possible with.the choice of green rather than 

yellow. However, in that paper Maxwell did not go further into that problem 

preferring to proceed with the more important matters we have already 

discussed. 

A fuller insight into that little phrase was given in a short report to 

the British Association later in the year.1  Here he gave results from his 
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experiments analyzed from a different point of view, that of producing 

mixtures of blue and yellow light. Maxwell pointed out that in all methods 

of producing such mixtures, yellow and blue do not make green.2 For confirm-

ation he added that not only was this so when mixing was effected by rapid 

rotation (i.e. his colour top) but also when colours were mixed by viewing 

spectral colours on a screen, viewing stripes of colours through a telescope 

out of focus at a large distance, and by receiving the colours directly in 

the eye. The latter method was an allusion to his colour box, the first 

version of which was originally constructed in 1852 but was not to be 

publicly announced until 1860.3  The method of viewing colours out of focus 

was apparently also due to Maxwell.4  Maxwell in this report oven emphasized 

that he had made experiments with coloured powders, a kind of terminology 

which would look familiar to his contemporaries. But the coloured powders 

were actually painted on discs of paper and used on the top so that the 

method of employing them was really quite different from actually mixing 

powdered pigments. It is clear therefore from these remarks that Maxwell 

was quite conscious of the difficulty of gaining acceptance of a radically 

new idea and was attempting to introduce it in terms of the old conceptions. 

Although there are several similar cases in the history of science, there 

is an interesting, close parallel to this problem in recent military history. 

Mechanized, mobile units were introduced to armies on a large scale in the 

period between World Wars I and II. The idea was at first stoutly resisted 

by traditionally minded generals but gained acceptance rapidly when it 

was shown that such units were the modern counterpart of cavalry and could 

actually adopt some old cavalry tactics.5 
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The most convincing data in respect of the choice of green rather than 

yellow as a standard colour came not surprisingly from the colour top 

experiments. Here Maxwell had explicitly tried to produce compounds from 

his standard colours which would match mixtures of blue and yellow. The 

blue, of course, would here have to be different from the ultra-marine 

standard, and was composed of mineral blue painted on paper. The yellow was 

similarly painted on paper using chrome yellow. Then in a systematic way 

Maxwell attempted to match his standard colours against the blue, then 

against various mixtures of blue and yellow, and finally against yellow. His 

results are in the table below.
6 

Given Colour. Standard Colours. 
V. 	U. 	E. 

Coefficient 
of brightness. 

B„ 100 = 2 	3G 7 	 45 
B, 	Y, , 100 = • 1 	18 17 	 37 
13, 	Yz  , 100 = 4 	11 34 	 49 Table I 
Bs 	Y, , 100 = 9 	5 40 	 • 54 
B, 	Y4 	100 = 15 	1 40 	 5G 
B, 	Y, , 100 = 22 - 2 44 	 64 
B, 	Y, , 100 = 35 -10 51 	 76 
B, 	Y, , 100 = GI -19 GI 	 109 

Y„ 100 = 180 	21 121 	 277 

The two left hand columns refer to the mineral blue and chrome yellow to 

be matched by the three standard colours, vermillion, ultramarine and emerald-

green. The notation of say, B5 Y3' indicates a mixture of five parts blue 
with three of yellow as determined from measurements on the top. The column 

labelled 100 indicates that the amount of blue and yellow occupies the full 

100 divisions of the top. The values for each of the standard colours are 

their relative proportions required to match the blue and yellow combinations; 

they are not the actual number of divisions on the top, but as before were 



-334- 

derived from those measurements. Finally, the "coefficient of brightness" 

is not the same as that used previously but was intended simply to give an 

idea of the relative brightnesses. Comparing the first and second rows, we 

can see that the first introduction of yellow actually decreases the overall 

brightness, while the next several additions of yellow (with consequent 

decreases in the proportion of blue) increase the brightness. This is what 

would be expected and we could interpret these measurements as colour 

equations as follows. Taking the third row of measurements we could write, 

for example 

B6  -1-Y=V+U 	E 
0 2 V

4  U11 B34 (1) 

remembering that the subscripts represent only relative proportions and not 

actual intensity measurements from the top. 

Now the interesting thing to see is that negative values of ultramarine 

are introduced when the proportion of yellow exceeds that of blue. The 

question is: considering the nature of these experiments and the nature of 

colour equations, how do we interpret the negative values. Strictly speaking, 

we would have to write .for row six 

B3 1! .
22 

—
2 

B
44 
	 (2) 

But since compound colours of light involve an intrinsically additive process, 

this means that a mixture of V, U, and B cannot match the blue and yellow 

compound. In fact, we must look at it mathematically, transfer the U to 

the left side and write 
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B3  + Y_ + U2 
 = V

22 
 + B44. 
	

(3) 

But in terms of the top, transferring a colour from one side to the other 

means that it has been changed from either an outer paper to an inner paper, 

or vice versa. So in fact the actual exu)eriment consisted of a match of 

blue, yellow and ultramarine against vermillion and emerald—green. The 

general conclusion, therefore, from these data is that no combination of 

blue and yellow light gives green. And, as said before, that was verified 

qualitatively by Laxwell by other methods as well. 

Negative Colour Coefficients  

The use of negative values of colour in equations allows a further insight 

into the properties of primary colours. In discussing the choice of green 

over yellow as a primary or standard colour the question was raised; is 

there a set of three "correct" colours, or could any set of three be called 

• primary? The implication from the last chapter •was that any three could be 

used although red, green and blue seemed a better choice. We shall now see 

why this is so, following a discussion of colour equations by .Maxwell from 

his major paper on the theory of colour in 1860. 

If we have throe standard colours, x, y, and z, we can, in principle, 

form them into a new compound colour, u, according to the equation 

u =x+y+ z 
	

(4) 

The lower case letters represent as in previous equations the intensities 

of each colour employed in producing u. 

Conceivably, however, allowing negative values of colour, u might be 
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formed according to the following equation 

u =x+y— z 
	

(5) 

where we have arbitrarily chosen z negative. However, we cannot physically 

produce a negative colour since the process of compounding coloured lights 

is intrinsically additive. Therefore vie can transform z in equation (5) to 

the other side and write 

u z=x+ y 
	 (6) 

This means that the colour u z is identical to that of x y. In terms of 

the colour top, u and z would be found on one set of papers, say the outer 

set, and x and y would be found on the other set of papers, the inner ones. 

In other words it is possible to produce a mixture of the colour u with one 

of the selected standards which is identical chromatically to a compound of 

the other two selected standards. 

Following this argument further it is equally conceivable that the colour 

u might be written in an equation as below 

u =x—y— z 
	

(7) 

Then, as before, we must transpose y and z and have instead 

u y z = x 
	

(8) 

This moans that a compound of two of the selected standards plus a third 

colour is chromatically equivalent to one of the standard colours. In terms 

of the colour top the three colours, u, y and z would be found on one set 
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of papers, and x on the other. If we are willing to interpret negative 

values of colour as being transferred to the other side of the equation we 

must conclude that there is no ultimate, fundamental set of primary colours. 

Accepting negative colour coefficients we can see that any colour can be 

matched by any given three colours. Llaxwell expressed this conclusion by 

sayint "we may thus in all cases find the relation between any three colours 

and a fourth, and exhibit this relation in a form capable of experimental 

verification. "7  

Why then did -Laxwell originally choose vermillion, ultramarine and 

emerald-green (i.e. red, blue and green) as standard colours? In his great 

paper of 1856 he had explained this choice simply by saying that it was 

"determined solely by the power of forming the requisite variety of (colour) 

combinations. "8 In terms of the foregoing discussion, however, the answer 

is really that these three colours will produce the greatest variety of 

combinations with positive coefficients than any other set of three. 

Considering the new concepts and methods Kaxwell wished to elucidate in that 

paper, employing negative colour coefficients would have been a needless 

complication. This concept was saved for later. Even so, however, we can 

see that had he chosen yellow rather than green even then as a standard colour 

he could well have written that paper using negative values of yellow in 

some colour equations. In fact, it will be seen shortly that he actually 

did follow such a procedure without explicitly saying so. 

The Colour Box 

A difficulty with the colour top experiments lay in their somewhat indirect 
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operation. In order to achieve compound colours, light had first to reflect 

off the various pigmented surfaces. But pigmented surfaces achieve their 

colour by reflecting a larger intensity of one colour than any other so that 

in fact the actual selection of each single colour is a subtractive one. 

Before one could produce additive colour mixtures, Whibh, of course, the top 

does produce, there was first a subtractive selection process. No doubt 

it was partly for this reason that Maxwell maintained the nomenclature of 

pigments. There was also, as we have seen, a certain subjective interaction 

between the operator and observer which could subtly affect the measurements. 

Since the question underlying all these experiments was that of the 

sensitivity of the eye to various colours, what was really needed was a 

means of direct superposition of coloured lights in a quantitative manner. 

More specifically, since colour vision is due ultimately to the spectral 

colours, it was necessary to find a means of superimposing the spectral colours. 

Considering the nature of Maxwell's experiments, if he was to accomplish 

this he needed a means of superimposing at least three different spectral 

colours in a way which would 1) allow photometric comparison of their joint 

effect with a fourth colour, and 2) allow for intensity measurements of each 

colour in order to form colour equations. 

Maxwell's first attempt in this direction was made in 1852 while he was 

an undergraduate at Cambridge. But this instrument allowed only for mixtures 

of spectral colours; it was not possible to compare photometrically the 

compound colour with a fourth colour.9  An improved version of this instrument 

followed in 1855 which allowed for comparison of two colour combinations 

side by side. Finally Maxwell exhibited a portable version of the colour box 
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at the 1856 meeting of the British Association. It was with the latter two 

instruments that he achieved the results to be discussed here. We should 

note, however, that he experienced considerable difficulties in getting 

consistent results from his colour box (1855 version)
10 which explains why 

he chose to publish first his experiments with the top. The top, in spite of 

the objections raised, was certainly a simple means of achieving reliable, 

repeatable results. 

Maxwell's second colour box is shown below in Figure 1.11 There are two 

rectangular tubes of wood joined together at an angle of 100°. The tube AK 

is about five feet long, seven inches wide and four inches high while the 

sction KN is about two feet long, five inches wide and four inches high. 

BD is a partition. The entire inside is painted black and the only openings 
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to the instrument are a narrow, vertical slit at E and four similar slits 

at the end AC. At the angle there is a lid which can be opened in order 

to adjust the optical parts. L is a convex lens, P and I" are equilateral 

prisms and there is a mirror of black glass at M. A detailed drawing of 

these few optical parts is shown in figure 3. 

The apparatus shown in figure 2 is located at AB. This consists of a 

rectangular frame on which are placed sliders X, Y and Z which in turn are 

attached to six moveable knife edges. These knife edges form adjustable 

slits at X, Y and Z in the diagram and can be adjusted to isolate any three 

portions of the spectrum formed when light is admitted at the slit E. There 

is a scale along which the knife edges move, calibrated in twentieths of 

an inch, used simply to determine the position of the slit. The actual 

tidth of the slit is determined by inserting a wedge-shaped piece of metal 

into the slit. Divisions of the wedge itself give its width at positions 

along its length. To measure the width of a slit it was only necessary to 

insertthe wedge gently into the slit and read off the calibrated width. 

Calibrations of the wedge were in 200thsof an inch. 

One can understand the operation of the colour box by supposing white 

light to enter the instrument at the slit E. Then it will pass through the 

lens and be refracted by the two prisms at P. These prisms will produce a 

pure spectrum at AB, but only the portions passing through the slits X, Y and 

Z will be visible. Suppose that red light is visible at slit X. According 

to the principle of reversibility in optics which states that the path of 

any ray may be reversed or that object and image may be interchanged, we 

can now imagine that if white light were incident at X, only red light would 
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be visible at E. For the given prisms, slit adjustments, etc., all other 

light would be refracted too much or to little to reach E. Therefore, an 

observer at E would see the prism P illuminated uniformly in red light of 

exactly the wavelength allowed to exit at: X when white light was admitted to 

E. 

Now exactly the same arguments can be made for slits Y and Z. At Y for 

instance, suppose we saw green when white light was incident at E. By the 

principle of reversibility, white light incident at Y will show the prisms 

uniformly illuminated in green when the eye is placed at E. And therefore 

if the slit X is also open and white light is admitted through X and Y, the 

observer at E will see a compound of red and green light. The proportions 

of each colour (i.e. their relative intensities) will depend on the width of 

the slits and the intensity of the incident light. It is clear, by the 

same reasoning, that slit Z allows a third spectral colour to be compounded 

with the other two. 

Of fundamental importance is the opening BC. White light passes through 

here to the black mirror at Li, reflecting through the lens to E. It passes 

close to the edge of the prisms but not, however, through them. Therefore 

when white light is incident at AC, the observer at E will see through the 

lens afield of two contiguous portions of light separated by the edge of 

the prism. The left hand part will consist of the colour compounded of 

light passing through the slits. The right hand part is simply that of the 

white light from the mirror. By properly adjusting the slit openings, these 

two fields can be made identical in colour and intensity so that an intensity 

match is produced. Then just as with the top, colour equations can be 
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formed. From another point of view the instrument is clearly a photometer 

which compares the sum of three intensities in one part of the field with 

a single intensity in the other. 

Maxwell set up the box on a table in a room "moderately lighted." The 

source, of course, was sunlight which, however, could not be introduced 

directly at AC as it would then be too bright. Placed outside the window 

was a large board covered with white paper and so arranged as to be uniformly 

illuminated by .the sun. Then the end AC was pointed at the board so that 

the light source for the colour box became sunlight reflected from white paper. 

This gave equal illumination to the slits at BC and also assured that any 

change in the intensity level, say due to a cloud, would affect both halves 

of the photometer fie]u equally. Thus a match made under cloud would be 

closely correct when the sun reappeared and require little readjustment. 

Maxwell, however, made all his measurements under bright sunlight. But it 

is clear that with this arrangement he did not have to wait when the sun 

might go behind a cloud to begin observations for the next readings. 

Thorough experimenter that he was, Iiaxwell also determined whether during 

his experiments any parts of the instrument may have slightly altered their 

positions. This he did by turning the whole apparatus around and admitting 

the light at E. Then viewing at AB he located the positions of the 

Fraunhofer lines D and E in the slits and determined that their positions 

on his scale were the same as before the series of measurements. 

• The Colour Box as a Spectrometer  

The experiments for which the colour box was invented ultimately had for 
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their purpose "the determination of the positions of the colours of the 

spectrum upon Newton's diagram, from actual observations of the mixtures 

of those colours."12 Expressed in slightly different form this means that 

there is a presumption that a plot of the different spectral colours will 

form a closed curve although not necessarily a circle as Newton had 

speculated. The problem was therefore to find the shape of that curve. 

This being so it was necessary ultimately to know the wavelengths of the 

spectral colours employed in the colour equations. Hence, if a chart of the 

position of the spectral colours was to be made, it was necessary to calibrate 

the scale at AB in terms of wavelengths. This requirement in effect turned 

the colour box into a spectrometer. 

To accomplish this Maxwell placed in front of E two pieces of glass with 

plane surfaces kept apart By two parallel strips of gold leaf. Thus there 

was a thin film of air between the plates which created conditions for 

interference. Light reflected from the air film was admitted at E and 

formed a spectrum at AB. The spectrum, however, consisted of interference 

fringes due to interference conditions created by the air film. 

Following Laxwell's argument we can make an analogy between these inter-

ference bands and the fringes seen in Newton's rings. The latter are usually 

produced by an arrangement similar to that below. The thin film of air is 

that between the curved lens and the plane piece of glass. Light from the 

source reflects from a thin inclined plate down through the plano-convex 

lens, passes into the air, reflects off the plane glass plate upwards and 

is ultimately viewed through a microscope above. However, there is an 

internal reflection of the .light at the curved section of the lens. So 
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Fig. 4 Experimental 
Arrangement to produce 
and View Newton's Rings 

Plano-convex Lens 

Glass Plate 

two different rays from the same source are reflected upwards to the Micro-

scope. Since one ray has travelled the thickness of the air film (twice) 

and the other has not there is a path difference between these rays and 

interference is possible. The condition for destructive interference in this 

case is that the path difference be an exact multiple of a wavelength. For 

.constructive interference the path difference must be an odd number of half 

wavelengths. By measuring the diameter of a given ring and the radius of 

curvature of the lens, the wavelength of the light can be calculated. In 

such an experiment the light is monochromatic so the-varying position of the 

interference rings is due to a varying air thickness. The situation can be 

summed up by saying that Newton's rings are a result of a uniform wavelength 

and a variable air film. 

In Liaxwell's case the situation was reversed. The air film was uniform 

and the wavelengths of light variable. A pencil of rays admitted through 
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the glass plates and into E was analyzed into a spectrum and each colour 

experienced the same retardation in path length. Thus liaxwell saw through 

the slits at AB a series of colour interference fringes arranged in the 

order of the spectrum. The conditions for interference are basically the 

same as for Newton's rings. Expressing them somewhat differently, however, 

vie can say that for a complete destructive interference, a dark band, the 

wavelength must be an exact subuultiple of the path difference or retardation. 

And in this case there will be as many dark bands as there are wavelengths 

that fulfill that condition. 

Imagine now that we are looking at these interference bands appearing 

throUgh the slits at AB. There are a series of dark bands, and a series of 

coloured bands going from red at one end of the scale to violet at the other. 

The problem is to find a formula by which we can determine the wavelengths 

of light corresponding to the dark bands. This.will be done in terms of two 

already well known wavelengths, Fxaunhofer's lines D and F. 

:Maxwell began by numbering the dark bands from the red side of the spectrum 

and going toward the violet. The first dark band on the red side be numbered 

as zero and then in order toward the violet as 1, 2, 3, etc. We know that 

in the air film there is a retardation, R, of the light waves. Also for a 

dark band, the air film will contain an integral number of wavelengths. If 

N is the number of wavelengths at the first dark band we can write 

R=N 
	

(9) 

or that the retardation is equal to a certain number of whole wave-lengths. 

Now each successive dark band contains also an integral number of wave- 
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lengths. As we go from red to violet the wavelength '_'decreases so the number 

of wavelengths contained in the air gap increases. So if we call n the 

number of any other dark band, the number of wavelengths contained in the 

retardation is N n. In general for any retardation we can write 

(10) 

or 

_ R 
A - IT + n 

This expression gives us the formula we require to find the wavelength 

assodated with any dark band. But we must now find a means of determining 

R and N. 

In the spectrum observed at AB it was possible to observe several 

Fraunhofer lines of which Maxwell used two for reference. These are also 

dark lines although not caused by interference. Nevertheless the wavelength 

of the Fraunhofer lines can be expressed in terms of the dark interference 

bands. Vie note first that each Fraunhofer line will lie either between two 

interference-caused dark bands, or will coincide with one of them. We can 

count the number, n, of the dark bands up to the Fraunhofer line. If it 

overlaps part of an interference band we can also count (or estimate) a 

fractional part of that band. For the two lines in question let A 1  and X 2 

be their wavelengths. Then the retardation in terms of the Fraunhofer 

lines is 

R 	(N+ n1) A 1  = (IT + '12)X2 
	(12) 
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Solving this for N we have 

N n211 2 - n1 A1 
A 1 — X 2 

(13)  

And putting this back in equation (12) we obtain an expression for R, 

n
2 
- n

1  k R - 
A i  -X 2  AlA 2 

Thus with equations (11), (13), and (1E) and the known wavelengths A i  and A 
2' 

we can calibrate the scale at AB of the colour box. As mentioned before 

Maxwell used Fraunhofer's lines D and F. In his experiments line D 

corresponded to the seventh dark band, and F lay between the 15th and 16th, 

giving n2  = 15.7. So to calculate R and N we have 

D: 	X = 2175 	n
1  = 7 

F: 	X 2  = 1794 	ri2 = 15.7 

in which the wavelengths are in Fraunhofer's units. Putting these values 

into equations (13) and (14) gives 

N ..34 	R = 89175 

and we can now use these constants in equation (11) to find the wavelength 

corresponding to any dark band seen at AB. 

There were 22 bands visible for which the scale could be calibrated. Of 

these Maxwell chose 16 equally spaced and determined their wavelengths and 

(14)  

apparent colours. The results of this calibration are in Table II below.14 
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Seale, i 	. 
20 
24 

. 28 	. 
32 
36 
40 

. 211 
• 48 

52 
56 

• 60 
64 
68 
72 

: 	- 	76 
' - 	80 

- 	• (N + n). 
36.1 
38.3 

. 	39.8 
11.1 

 42.9 
41.3 

 451 
47.0 

 48
9

-
-
3
6 4 

50.8 
51.8 
52.8 
531 
51.7 
55.6 

" 	Ware-1 cug th.  
2450 
2328 
2240 	' 
2154 
2078 
2013 
1951 
1879 
1846 
1797 
1755 
1721 
1688 
1660 

.' 	1630 
1604 

Colour. 
Red. 
Scarlet. 
Orange. 
Yellow. 
Yellow-Green. 
Green. 
Green: 
Bluish green. 
Blue-green. 
Greenish blue. 
Blue.  

. 	• Blue.  
Blue. 
Indigo. 
Indigo. 
Indigo. 

Table II 

Since the experiments wore aimed at determining colour matches in terms 

of three standards, idaxwell chose the colours at scale positions (24), 

(44) and (68). He expressed his reasons for this choice as follows 

I chose these points because they are well separated from each 
other on the scale, and because the colour of the spectrum at 
these points does not appear to the eye to vary very rapidly, 
either in hue or brightness, in passing from one point to 
another. Hence a small error of position will not make so 
serious an alteration of colour at those points, as if we 
had taken them at places of rapid variation; and we may 
regard the amount of the illumination produced by the light 
entering through the slits in these positions as sensibly 
proportional to the breadth of the slits.15 

This can also be regarded as a "sensible" statement in favor of green over 

yellow without antagonizing the still unconverted. In the results to follow, 

slit X corresponds to position (24), Y to (44) and Z to (68) with the 

proviso that the center of the slit is at the particular scale division. 
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First Results  

In operation the box was turned with end AB towards a paper covered board 

illuminated by sunlight. The operator sat at the end AB to manipulate the 

slits while the observer sat at E, shaded from bright light. To make a 

white out of the three standards, the operator sets the center of the slits 

X, Y and Z to their respective positions and "adjusts their breadths till 

the observer sees the prism illuminated with pure white light of the same 

intensity with that reflected from mirror Li."16 To accomplish this there 

must be some communication between the operator and observer. For examples  

the observer may require more red, or less green for which the operator will 

accordingly adjust the width of the slits. Finally if the variable field 

is white but darker or lighter than the constant field the operator must 

suitably adjust all three slits. An initial result was given by Maxwell on 

observations made by himself. 

18.5(24) 	27(44) 	37(68) = 17* 	(15). 

The interpretation of the equation is simply that on the day observed the 

width of slit X was 18.5 units, while its center was on the scale division 

(24); slit Y was measured to have a width of 27 units while its center was 

at the scale division (44); slit Z was 37 units wide when its center was 

at scale division (68); and finally the white compounded from the three 

colours was exactly the same intensity as the constant white, VI*. The 

meaning of the asterisk will be explained later. 

We will note here that in all the measurements to be given, axwell made 

colour matches to white only. This was to avoid as much as possible the 
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problem raised in the last chapter of having two sets of variables to match, 

intensity and hue. By matching in terms of white the photometric problem 

was reduced to comparing intensity only which allowed for better intensity 

judgements. But we shall see presently that there was also an important 

analytical reason for this procedure. 

Returning now to Maxwell's observation ho then changed the position of 

slit X from (24) to (28) and again made a match with white. That was 

16(28) 	21(44) + 37(68) . w 
	

(16) 

where we note that there is no asterisk for the white. If one subtracts 

equation (16) from equation (15) remembering that the numbers in brackets 

are only symbols of slit position and not of magnitude one gets 

18.5(24) — 16(28) + 6(44) = 0 

or 

16(28) = 18.5(24) + 6(44) 	(17) 

Thus Maxwell showed that the new colour (28) can be expressed as a compound 

of two standard colour. (24) and (44) . Following a procedure of combining 

any one colour with two standard colours, Maxwell showed that it was possible 

to produce a white equal in intensity to the constant white. In order to 

accomplish this it was necessary that "the red and yellow colours from (20) 

to (32) must be combined with green and blue, the greens from (36) to (52) 

with red and blue, and the blues from (56) to (80) with red and green."17  

Thus a typical series of observations made by his.wife (identified as X in 
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the paper) and with himself as operator gave the results below.
18 

Oct. 13, 1859. 	 Observer (K.). 

(X) • (Y) 	(Z) 
-181(21) + 32y41)+ 32 (68)=W*. 
1'02(24) + 32y44)+ 63 (80)= W. 
18 (21) + 32y44) + 35 (72) = W. 

,19 (24) + 32 (44) + 31? (,68)=W*. 
19 (24) + 30Y41) + 35 (64) —• 
20 (24) + 23 (44) + 39 (G0)— W. 
21 (24) + 14 (44) + 58 (56) = W. 
22 (24) + 62 (52) + 11 (68)=W. 
22 (24) + 42 (0) + 292(68)= W. 
19 (21)+ 311(41)+ 33 (68)=W*. 
16 (21) + 28 (10) + 32y68) = W. 
6 (24)+ 27 (36) + 32.12(68)= W. 

23 (32) + 11?, (41) + 32Y68)= W. 
17 (28) + 26 (41) + 32y68) = W. 
20 (24) + 33y14) + 321(68)=W*. 
46 (20) + 33 (44) + 30 (68) = W. 

Table III 

The equation involving the standard colours is called the standard equation. 

Since all the other colour equations were to be compared with it in a 

manner similar to that shown above it was necessary to repeat this particular 

observation many times in order to be sure of its accuracy. The standard 

equation is marked with the asterisk. It was also necessary to repeat 

observations of the standard equation to be sure that observing conditions 

had not changed between several sets of observations. There wore in fact 

altogether 20 observations of this equation (for X) from which Maxwell drew 

some interesting conclusions. 

Observational Accuracy in Distinr;uishinp: Colours 

The mean of all these observations gave for the standard equation 

18.6(24) 	31.4(44) 	30.5(68) 	WY, 	 (18) 
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By comparing these values with mean errors in the standard equation it became 

possible to judge the relative accuracy in observations of colour and intensity. 

The table below shows different arrangements of the errors,
19 where the letters 

R, G , B stand for liaxwell's standard colours (24), (44) and (68) respectively. 

. 	 2 	 3 	 4 
(R)= .54 (G — B)= .99 (G 	B) 	2.31 + 13' —1.67 
(G) =1.22 (B — R) — .85 (B + R) =1.59 fir + R. =1.26 
(B) = 1.15 (it —d).= .86 (R + G) = 1-57 VR2+ 	=1.33 

• 
Table IV 

Column 1 indicates the mean deviation of each of the standard colours. 

Column 2 is the mean deviation for differences of errors of two standard 

colours, column 3 is the mean deviation for sums of errors of two standard 

colours)  and column 4 is an rms (or standard deviation) value for observational 

errors in the two colours considered in each row. From these data it is 

immediately clear that red is the most accurately observed colour followed 

in decreasing order by green and blue. 

Now if observational errors of each colour were all independent of each 

other, then the values of the deviations shown in columns 2 and 3 would be 

equal to the rms value of column 4. However, it is clear that the deviations 

of column 2 are consistently smaller than the rms value while those of 

column 3 are consistently larger. Hence observational errors of the standard 

colours (or any other set as well) are not independent of one another. There 

is a systematic error implying that observational errors made in one colour 

effect the errors made in another. In fact, L:axwell concluded that positive 

errors committed in one colour "coincide more often with positive than with 
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negative errors in another colour."
20 In other words:, overreading in a 

particular colour tends to produce overreading in another colour which would 

not be the case if the errors were independent. 

From what has been said throughout this thesis, it is apparent that the 

appearance of a compound colour in terms of hue depends on the ratio of the 

components. (This is the tacit assumotion in the argument on pp. 333-335 

concerning blue and yellow compounds.) But the brightness or intensity of 

a compound colour depends on the sum of the components. The error analysis 

indicates that the difference between two colours is more accurately observed 

than their sum; and from this one can infer that variations in the hue of a 

colour are more easily seen than variations in intensity. Therefore, as 

Maxwell said "the eye appears to be a more accurate judge of the identity 

of colour of the two parts of field (i.e. of the colour box) than of their 

equal illumination."21 In terms of the photometric problem of matching 

two hues we can express this slightly differently. Given two compound 

coloura Al  = x1 	y1  and A2  = x2  y2  which are to be matched, it appears 

that the eye is a more sensitive judge of the equality of the ratios xl 
x
2 	

Yl 
and — than of the sums x1 	y

1 
and x

2 
+ y

2
. This does not contradict 

Y2 
however, the implication made earlier that intensity judgements are best made 

for white. For we may in this case consider white a colour (or better a 

colour sensation). It means only that if matches were made in terms of hues 

other than white, the errors would be larger. 

Further Results and their Analyses 

The ultimate purpose of these experiments, as said before, was to provide 
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data by which the spectral colours could be plotted on a curve by the center 

of gravity method. For this;  data like that of Table III were needed. One 

set of observations was not considered sufficient, however, especially in 

terms of the observational errors Eaxwell had explained. Thus his wife as 

observer actually made four such series of observations and the mean of this 

set were then used for analysis. 	These are given in the table below.22 

44.3 (20) + 31.0 (14) + 27.7 (G8) = W. 
16.1 (28)-4 25.6 (41) + 30.6 (68)-W. 
22.0 (32) + 12.1 (44)+ 30.0 (68)- W. 
6.4 (24) 	25.2 (36) + 31.3 (68)=W. . 

. 	15.3 (24) + 26.0 (40) + 30.7 (68) = W. 
19.8 (24) + 35.0 (46) + 30.2 (68)- W. . 
21.2 (24) + 41.4 (48)4- 27.0 (68)-W... Table V 22.0 (21) + 62.0 (52) + 13.0 (68) = W. 
21.7 (24) + 10.4 (44) + 61.7 (56)-W. 
20.5 (24) + 23.7 (44)+40.5 (60)=W. 
19.7 (24-) + 30.3 (44)-4 33.7 (64)-W. 
18.0 (21) + 31.2 (44) + 32.3 (72)-W. 
17.5 (2-9+ 30.7 (4-9+ 44.0 (76)-W. 	• 
18.3 (24) + 33.2 (41) + 63.7 (SO).- W. 	. 

Now these equations by themselves are not very useful nor even interesting. 

Inspection shows that they are pretty literally a mixed bag of spectral 

wavelengths expressed in triads all matched to white. But considering the 

argument about three standard colours and the use of negative colour 

coefficients, what is required is to reduce these data to a form such that 

each particular colour can be expressed in terms of the standard colours. 

For this, the standard equation is used to eliminate white by the method on 

p. 350. It is worth reneating one of these reductions, remembering that the 

standard equation is equation (18). Let us take the last equation in Table V. 
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Then we write 

18.6(24) + 31.4(44) + 30.5(68) = 17* 

18.3(24) + 33.2(44) + 63.7(80) 	w. 

Subtracting B from A, remembering that the whites are of equal intensity, 

we have 

0.3(24) - 1.8(44) + 30.5(68) - 63.7(80) = o. 

Transposing the colour at (80) we have in terms of the standards 

63.7(80) = 0.3(24) - 1.8(44) + 30.5(68). 	(19) 

Hence, using the standard equation vie have been able to express the wavelength 

at (80) in terms of the standard colours. Repeating this process with the 

other colour equations gives the results shown in Table V1,23  vhere the 

oquation just achieved appears on the last line. Each spectral colour has 

now been expressed in terms of the spectral standard, where for convenience 

the symbols of the standard are placed at the top of the column. 	ljaxvell 

Obsener (K.). 	(24.) 	(44.) 	(68.) 
44.3(20)- 	18.6 + 04 + 2.8 
16.1(28)- 	18.6 + 5.8 - 0.1 
22.0 (32)- 	18.6 +19.3 - 	0.1 
25.2(36)= 	12.2 +31.4 - 0.8 
26.0(40)= 	3.3 +31.4 - 0.2 
35.0(46)- - 	1.2 +314 + 0.3 
41.1(•18)- - 	2.6 +314 .+ 	35 Table VI 

62.0 (52)- - 	3.4 +31.4 +17.5 
61.7 (56)- '3.1 +21.0 +30.5 
40.5 (60)- - 	1.9 + 7.7 +30.5 
33.7 (64)- - 	11 + 	1.1 +30.5 
32.3(72)- + 0.6 + 0.2 +30.5 
44.0 (76)--. 4- 	1'1 + 0.7 +30.5 
• 63.7(80). + 0.3 - 1.8 +30.5 
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was now in a position to draw a curve or graph of the spectral colours in 

terms of given colours. Note that with the exception of colour (46) the 

colours in the table are the same as those of Table II for which the scale 

was calibrated. 

The method by which the wavelengths are to be plotted is essentially 

the same as that of the last chapter. That is, Llaxwell employed an equi-

lateral triangle as a coordinate system with the standard colours at the 

vertices. Then the position of each wavelength was found by locating its 

center of gravity based on the reduced data of Table VI. Lot us plot, for 

example, the positions of (20) and (56). 

13(6g) 

Fig. 5. Locating Colours 
(20) and (56) 

G (11) 

The equation for (20) is 

44.3(20) = 18.6(24 	0.4(44) + 2.8(68) 	(20) 

Vie imagine weights of 18.6, 0.4 and 2.8 units placed at R, G, and B of the 

triangle respectively. Let P be the center of gravity between (24) and (68). 
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We can then write 

18.6 RP = 2.8 PB 	 (21) 

which locates P when the length of the side is known. Next we divide the 

line PG at a point Q, and write 

(18.6 + 2.8) PQ= 0.4 QG 	 (22) 

Again knowing the length of PG (by measurement) we locate Q which, by 

definition, is the point corresponding to the colour (20). This is shown 

in Figure 5 above. 

To locate (56) the equation is 

61.7(56) =-3.1(24) + 21.0(44) + 30.5(68). (23)  

We can write this instead as 

61.7(56) + 3.1(24) = 21.0(44) + 30.5(68). (24)  

We find the center of gravity between (44) and (68) by dividing the line 

BG at D and repeating the process above. D is shown in Fig.5. The center 

of gravity of the compound of (24) and (56) must also lie at D. Since the 

position of (24) is known this implies that the position of (56) must lie on 

a straight line from R through D but on the other side of D. This is 

exactly the procedure followed in 'the last chapter in locating the position 

of pale chrome (pc). Therefore draw the line RD and extend it to F. 

We write now 

3.1 RD = 61.7 DP 	 (25) 
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or 

	

, 	 .1 

	

Dt 	61.7  RD 

which locates the position of (56) since RD can be measured. This position 

is shown in Fig. 5. Maxwell's complete plot for all the colours in Table VI 

is shown below,24 where the colours red, green and blue at the vertices are 

labelled A, B, C respectively. 

C 

Fig. 6. Loci of 
the Spectral Colours 

If one draws a curve through the plotted points, it is immediately clear 

that the spectrum locus forms two sides of a triangle "with doubtful fragments 

of a third side."25  We may also consider that if any three colours lie in a 

straight line, the middle colour is a compound of the other two. Therefore it 

is possible to extrapolate from this diagram the three spectral colours from 

which all others can be compounded. These will lie at the vertices of the 

plotted triangle-like locus, rather than being the standard colours used for 
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the matching experiments. Maxwell estimated R = (24), a scarlet; 

G = (460\1.- and B = (641-). Since all natural colours are ultimately compounded 

from spectral colours it follows that they may also be compounded from these 

three. Indeed, for the first time, Maxwell referred to these as primary 

colours,26 and we must conclude that in effect he did nothing less hare than 

actually determine the three primary colours whose existence until now had 

been only a strong conjecture. It would also.imply that the colour (24) is 

equivalent to the point D of Figure 8, chapter .eight. However, Maxwell- did 

not claim to have actually determined this. 

These results are strictly true only for the one observer. Clearly for 

generality they would have to be repeated for a great many people. Although 

Maxwell was quite aware of this difficulty he was not able to investigate 

many subjects. Still to confirm these methods and ideas, Maxwell made a 

similar series of observations on himself, presumably with his wife as 

operator The procedure followed was exactly the same as before and the 

results were similar but certainly not identical. For himself the standard 

equation became 

18.1(24) 	27 .5(44) 	37( 68) = 67* 	 (26) 

while a plot of his colour matches gave the locus below.27 For iiaxwell the 

colours (32), (36) and (44) are shifted further to the right which means 

that he saw more green in these colours than his wife. Secondly the colours 

(48), (52), (56) and (60) are higher up the side of the triangle than for 

his wife. This means they appear more blue to him than to her. Such results 
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Fig. 7. Spectrum Locus 
According to Maxwell's 
eyes 

were confirmed experimentally. Men a match was made for (K) at colours 

(32), (36) and (40), Maxwell in viewing the match did not see it as such. 

One side of the field was too green. Similarly for the colours (48) through 

(60) aboVe, a match made for (K) with each of these colours appeared too 

blue for Maxwell. Naturally such confirmation worked in reverse; a match 

on the green side of the triangle for Maxwell appeared too red to (K) while 

the second type of match appeared green. Therefore, although both sets of 

eyes were normal and gave similar measurements there were real constant and 

measurable differences between them in the apparent colour of objects. In 

fact, it ,appears that(K) has somewhat better colour vision than Maxwell 

himself. From measurements on himself it is not really possible to extra-

polate three primaries, and it is significant to note the absence of an 

attempt to do so from Maxwell's paper. If we return to the question raised 

in the last chapter concerning whether people see colours alike, the answer 
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is obviously yes. However, they are not seen identically. 

Colours Outside the Triangle  

At this point we can obtain further insight into the interpretation of 

negative colour coefficients and colours plotted outside the triangle of 

standard colours. Lot us compare the method of plotting (56), Figure 5, 

with that of plotting the position of pale chrome in MaYwell's earlier paper. 

(See chapter 8, Figure 5). The method is essentially the same. In each case 

we located a colour by knowing 1) the position of the center of gravity from 

a match with two other colours, and 2) the position of another standard colour. 

Then the locus of the colour in question lay on the other side of the known 

center of gravity. In both cases the colour's position fell outside the 

triangle. But by definition, the perimeter of the triangle and its interior 

give all the colours that can be made from the three standard colours; colours 

outside the triangle have heretofore not been given an interpretation. 

Compare the data in Table VI with the loCus of the spectral colours, 

Figure 6. It will be seen that every colour in the table with a negative 

colour coefficient falls outside the triangle of standard colours. Thus 

strictly speaking we cannot, as said before, compound this colour from the 

three primaries. But we can plot its position. We can give to colours 

falling outside the triangle the same interpretation as on p. 357. Thus an 

equation say (from Table VI) 

62.0(52) —3.4(24) 34.4(44) 17.5(68) 

has the following interpretation. The locus of (52) is plotted as above. 
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Falling outside the triangle it cannot be made directly from the standards. 

But transposing we can write 

60.0(52) + 3.4(24) = 31.4(44) + 17.5(68). 

This means that a photometric match could be produced between the compound 

colour on the left and that on the right. Therefore colours outside the 

triangle really have interpretations mathematically in terms of negative 

colour coefficients. And by transposing the negative term they can be given 

a physical interpretation in terms of Grassmann's original thought experiment 

and Grassmann's laws. Indeed, we should not forget that the principle of 

photometric colour matching was introduced to this subject by Grassmann. 

This then is the meaning of all those colours falling outside the triangle. 

Considering Maxwell's plot in Figure 6, Chapter 8, it is clear that in terms 

of his chosen standard colours, all the other colours must yield equations 

with a negative coefficient. Still given this interpretation it was 

perfectly possible to express all the other colours in terms of the three 

standards, vermillion, ultramarine and emerald-green. 

We should note also one important difference between Maxwell's earlier 

plotting method (1856) and that hero. In his first work with coloured papers, 

a normalization procedure was necessary in order to plot the locus of each 

colour. This was necessary so that all the colour equations, and hence 

each colour, could be referred to a constant intensity white. For that 

purpose the colour top equation 

.37 V + .27 II + 36 EG = .28 SW + .72 BK 
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played the role of a standard equation very much as equation (18) has done 

here. But in these researches no arithmetic normalization procedure has been 

necessary. It will be noticed that the colour points could be plotted 

directly from the data after reduction with the standard equation. This is 

because all the observations were originally made in direct comparison with 

white light in the colour box. And all the whites were, in principle at 

least, of the same intensity since they were observed under the same conditions 

from the same constant source. Thus there was a normalization here too but 

it was accomplished experimentally at the time of observation rather than 

arithmetically. 

The Chromaticity Diagram 

The work here must be considered as the origin of the modern chromaticity 

diagram. This is a curve whose points are the loci of the spectral colours. 

It also represents the quantitative data of colour mixing. Now if it is 

possible to locate the data with respect to one set of primaries, it is 

perfoctly possible to locate them with respect to another set. The procedure 

is analogous to a transformation of axes in mathematics. In that procedure 

one needs only to find the proper transformation equations between sets of 

axes. Similarly we would need to find only the transformation equations 

between one sot of standards and another. It is beyond the scope of this 

thesis to enter into this area of much later development.
28 Suffice it to 

say here with reference to Figure 8 below,
29 that if RGB represent the 

original standards, R'G'B' the new standards, the RGB triangle.can be 

converted into the R'G'B' triangle in a manner equivalent to an oblique 
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projection. In that process the original triangle is converted to an 

isosceles right triangle. Although the original triangle is distorted, the 

• 0.53 

 

; 0.65u 
R 

r• 

Fig. 8. Transformation of 
	

Fig. 9. Modern Form of 
Standard Colours 
	 Chromaticity Diagram. 

(Wavelengths in microns) 

projection has the effect of maintaining; straight lines in one diagram as 

straight lihes in the other. Then plotting the spectral colours in these 

coordinates yields a curve like that of Figure 9 above.
30 This is, however, 

the modern form of the chromaticity diagram representing a later development 

with much more and better data than was available to Maxwell. Nevertheless, 

it is clear from a study of this work of Maxwell's compared with modern work 

that his results and spectrum plot are the direct ancestor of the modern 

chromaticity diagram. Moreover, data for that diagram are still obtained, 

essentially, by employing Maxwell's methods. 

Finally, to be consistent with the previous discussion of colour classi-

fication we should say a few words about the two dimensional nature of 

Maxwell's colour triangle, or the chromaticity diagram. In Chapter 4 we saw 
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several examples of three dimensional colour classifications. The question 

arises concerning the position of the triangle, a two dimensional figure, in 

these discussions. If we follow Grassmann's vector ideas, and Maxwell has 

certainly done so, then a plot of any colour must certainly be a three 

dimensional one. Thero must be three axes in space representing the three 

standard colours. Then knowing the amount of each component of a given 

colour (i.e. the intensity) a point is plotted representing that colour. A 

line from the origin to the point will be a vector representing the colour 

and the vector sum of components yields the length of the vector which is 

proportional to the light intensity. According to Maxwell's development of 

these methods a colour, X, can be represented by an equation such as 

X = rR gG bB 	 (27) 

where R,G,B represent the standard colours and r, g, b are their respective 

intensities. From this equation it is clear that we can write 

r g b 	 (28) 

remembering that Rs  Gs  and B are essentially unit vectors. (See Chapter 6). 

This is simply a statement that the intensities of the hues must be equal. 

Therefore, if we know any two of the three variables, the third one is fixed. 

Hence it becomes legitimate to plot only two variables on a plane diagram. 

This has in fact been done in Figure 9. Alternatively we can say that the 

chromaticity diagram is a projection onto a plane of the colours plotted in 

three dimensions. This being so, a two dimensional plot, either a triangle 

or diagram like that of Figure 9 is a plot of constant intensity. For 
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example, consider Figure 10 to the 

right. The equilateral triangle cuts 

off equal lengths from the axes as 

shown and therefore acts like a plane 

passed through the plot giving a sur-

face of constant intensity. It is 

equivalent to projecting the colours 

from the origin onto the triangle and 

  

that, in turn, is equivalent.to projecting from the top of Lambert's pyramid 

to the base. In other words a plane parallel to the base of Lambert's 

pyramid produ.ces a colour triangle of constant intensity or constant illum-

ination. That the colour triangle could be given such an interpretation was 

not explicitly realized by Eayer, Lambert, Young or the other classifiers 

so this work has now yielded an experimental and theoretical understanding of 

those systems discussed in chapter 4. 

The First Luminosity  Curve 

The original observations are subject to yet more interpretive analysis. 

Considering Table VI we can take each equation there and reduce it to the form 

of equation (27) above by dividing through by the coefficient of the left-hand 

side. Thus the first equation there is 

44.3(20) = 18.6(24) + 0.4(44) + 2.8(68). 

Dividing by 44.3 we have 

(20) = 0.42(24) + 0.009(44) 	0.63(68). 
	(29) 
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This then gives a unit intensity value for the wavelength (20) in terms of 

the three standard colours. If we do this for each colour in the table it 

becomes possible to plot the intensity of the standard colours at different 

points of the spectrum. In other words, plotting the intensity of oach 

.standard colour as a function of wavelength will give three distribution 

curves each of which represents a physiological repponse of the eye. 

Maxwell's results are shown below.31 The curve marked R is the intensity 

3 
M 

• x 

17N\ , 
. 

.. 
I 

"6- 

Y % 
1 

. 

\ 
. 	. 
. 

G 

S 
.- 

, 	.., , 
„ 

 \  • 
.... .,... 

- 20 21 28 32 ,36 40 4448-  tri2-6-6-60---61.  68 72 75 

Fig. 11. Colour 
Taxing Curves. 

distribution of the standard red (24), that marked G for the standard green 

(44) and that marked B for the standard blue (68). The curve S is found by 

adding the ordinates of the three smaller curves. The vertical lines CDEFG 

are the positions of various Fraunhofer lines. 

In modern terms the curves for the three standard colours would be called 

spectral mixture curves while the curve S would be called a luminosity curve. 

It is interesting to compare these curves with a_ similar bet of three 

proposed by Helmholtz. These are shown to the left below.32 It has been 
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mentioned before that in his definitive 

work, Physiological Optics, Helmholtz 

had accepted Young's trichromatic 

hypothesis as a kind of working hypo-

thesis. Thus in giving an•explanation 

of Young's concepts he traced hypothet-

ically, for discussion purposes only, 

the response curves above corresponding 

to Young's three processes. These curves are simply a translation into 

graphical form of Young's original idea that each receptor would have a 

maximum response at one region of the spectrum and diminished response 

throughout the rest of the spectrum. Curve 1 is for the red-sensitive fibres, 

curve 2 for the green and curve 3 for violet. (Helmholtz, contrary to 

Maxwell, chose violet rather than blue as a fundamental colour.) 

What Maxwell had now succeeded in doing was nothing less than produce 

experimentally the responses about which Young had so long ago speculated. 

That Eelmholtz's curves interpreting Young's idea and Maxwell's actual curves 

are rather different should not be surprising. On the contrary there is a 

remarkable similarity between them which)in turn, adds additional evidence in 

favour of-the trichromatic hypothesis. With Young the idea we know had been 

purely speculative. - But the evolution of events we have traced in this thesis 

had been towards increasing the indirect evidence favoring this idea. The 

three-dimensional colour classifications, Grassmann's linguistic evidence, 

Maxwell's geometrical demonstration of the equivalence of hue, shade and 

tint with three standard colours, and the colourblind data all tended to 
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weigh in favor of that theory. Perhaps the best evidence, .but still indirect, 

was Maxwell's indication of the point D in Figure 8, Chapter 8. Indeed the 

best data were really from colourblind individuals who presumably lacked one 

of the sensations required by that theory. Yet if there was any truth in 

Young's original idea, what was ultimately needed was direct evidence of the 

existence of three sensations derived from normal  observers. It is precisely 

this that Maxwell had provided. The speculative nature of the hypothesis had 

been converted by Helmholtz into a prediction that such response curves 

should be obtainable. And Laxwell produced data which confirmed that 

prediction. Philosophically we can say that any concept within physical 

science not definable by operations is meaningless. Concepts which do not 

allow us or permit us to return to measurable phenomena serve no purpose in 

explaining the world. Young's hypothesis in its original form was rather 

of this nature. The lack of anatomical evidence cited against it added 

credence to such a view. Yet in this work, Maxwell transformed that hypothesis 

into an operational one. Therefore, Young's early speculation had now become 

an operational, empirical statement. 

The results above are perhaps even more important than the chromaticity 

diagram whose origin in modern form we can ascribe to Maxwell. That curve 

represents-, as was said, the data of colour matching. It is clear, however, 

that the throe response curves of Figure 11 likewise illustrate that data. 

But they also give some.  insight into the physiological nature of colour 

perception as yell. These curves represent essential facts which "must 

provide the foundation of any adequate theory of colour vision."33  Considering 

their importance it is not surprising to find that a great deal of work after 
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Maxwell, continuing in recent times, has been devoted to achieving improved 

data for spectral mixtures. 

The results discussed thus far were read to the Royal Society in March, 

1860 having been communicated informally in a letter by Maxwell to 

G. B. Stokes in October, 1859.34 Apparently Maxwell was then thinking of 

presenting the results in a paper to the 1-oyal Society for at the end of that 

letter he said 

If you think any of these results proper aliment for the 
Royal Society pray tell me how I may administer it in due 
form, as I do not purpose to be in London. 

The subject is one about which vie have had conversation before, 
so that I have not thought it necessary to do more than indi-
cate new results as you know by what method they must be 
obtained and how they are expressed...35 

The nature of Stokes' reply was obviously positive and the paper, communicated 

to the Royal Society by Stokes who was then S..R. S., formed Maxwell's first 

publication in the Philosophical Transactions. In fact he was nominated on 

the basis of this paper to be Bakerian Lecturer for 1860. Apparently, 

however, he was unable to be in London at a suitable time to deliver it.
36 

So the lecture was ultimately delivered by someone else on a different topic.37 

To a certain extent the paper was incomplete for the observations above were 

produced by colour-normal sighted persons. Their ultimate purpose had been 

to produce a spectrum locus like that of Fig. 6 and luminosity curves like 

those of Fig. 11. Certainly these figures do exhibit all the data obtained 

by colour matching for normal eyes. Maxwell proposed to Stokes, however, 

that the paper sent in and ultimately read in March 1860 be considered as 

38 
"Part I of a more complete one." He wished to have observations with a 
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colourblind subject in order to form colourblind equations and to add 

confirmation to the theory of three-fold colour vision.39  For this purpose 

he had conceived a much improved and more portable colour box but was delayed 

in obtaining observations because his subject was ill for some time.40 

However, between the end of March and mid-April, 1860 Maxwell's subject, a 

former student of his in Natural Philosophy at Marishal College, Aberdeen, 

was sufficiently recovered to produce a.satisfactory set of observations. 

Maxwell wrote a letter to Stokes containing some of these results on April 23,41 

and a post-script to his original paper was received by the Royal Society 

on May 8. Maxwell's reason for awaiting the return to good health of his 

colourblind student ras crucially important. For obtaining consistently good 

observations was not as easy as this narrative might suggest. We have already 

had a hint of this difficulty in the last chapter where we saw that he had 

rejected the observations of two colourblind obvservers as not being suffic-

iently accurate or consistent& In this later paper Maxwell said quite 

plainly with respect to observations with the colour box that 

It is difficult at first to get the observer to believe that 
the compound light can ever be so adjusted as to appear to 
his eyes identical with the white light in contact with it. 
He ha6 to learn what adjustments are necessary to produce the 
requisite alteration under all circumstances, and he must 
never be satisfied till the two parts of the field are ident-
ical in colour and illumination. To do this thoroughly, 
implies not merely good eyes, but a power of judging as to 
the exact nature of the difference between two' very pale and 
nearly identical tints, whether they differ: in the amount of 
red, green, or blue, or in brightness of illumination.42  

Although this statement was made with respect to normal sighted persons it 

was equally true for colourblind observers in the sense that they needed a 
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feeling for the requirements of these observational measurements. This 

necessity was apparently fully appreciated by Maxwell's student. In explaining 

to Stokes why he had waited for his student to get well Maxwell wrote "It is 

not very easy to find colour-blind persons who know what is required to make 

good observations."43  The difficulties of finding competent observers 

explains partially why Maxwell investigated so few people. But it also 

underlines the important point that he may well have been particularly 

fortunate in having found this student for his investigations. 

Colourblind Observations  

Before looking into the results of Maxwell's colourblind data it is 

interesting to examine his new colour matching apparatus. The device is 

shown below in Figure 13.44 As in the other apparatus there are three 
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Fig. 13. Improved Version of Colour Box 

adjustable slits in the front, AB, and an opening for white light in the 

part BC. Light entering the slits X, Y, Z falls on the prisms P and P' 

N 
(with refracting angles of 45o  ), and passes through them to a concave, 

silvered mirror S. It then passes back through the prisms to a small plane 

mirror at e and through the observer's slit at E. The observer then sees a 

colour at E compounded of three spectral wavelengths. 
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At BC white light passes through the channel to a plane mirror M, passes 

through the lens L, reflects again from Mirror M' to the mirror at e. Notice 

that light from M' passes close by the edge of prism P. The observer will 

therefore see two contiguous fields, one of compound colour and the other 

of constant intensity white light. It is clear that the Principle of 

operation of this instrument is essentially the same as that for the other. 

The improvement has been in reflecting the incident light back through the 

prisms which eliminates the need for the limb KN in the previous deVice. It 

also enables the other limb (AK of the first box) to be considerably shortened 

while simultaneously giving greater angular dispersion to the spectrum. The 

apparatus produced a spectrum 3.6 inches long as measured between Fraunhofer's 

lines A and H. Its length was only 3i feet and the device was therefore quite 

portable. Maxwell in his wry humor even claimed it was "warrented to be safe 

when turned upside down and moderately jolted."45  

Maxwell had already shown in his earlier work that vision for so-called 

red-blind individuals is basically a function of two variables. (This 

concept was later to be extended to green and blue-blind persons as well). 

For these protonopes, similar to Dalton or falling in Seebeck's Class 2, we 

recall that the spectrum from red through green appears as a "yellow" of 

varying intensities. Their vision of the red portion of the spectrum is also 

so curtailed that in Maxwell's words "there is not enough in the whole red 

division of the spectrum to form an equivalent to make up the standard white."
46 

Finally the blue-indigo-violet section of the spectrum appears to them 

normally. Maxwell found that for such persons, the green at Fraunhofer line E 

appears a "good yellow" while the blue two-thirds the distance from Fraunhofer's 
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line F toward green appeared a "good blue."47 By this he meant that the 

colours appeared to such persons saturated and pure although how he determined 

this is not clear. It was presumably based on comparison of the spectral 

colours with each other and in conjunction with a subjective question like: 

which colour is seen best or brightest? In any case we have seen that by 

this time there was considerable knowledge of red-blind vision so we may 

accept this statement of Maxwell's as by now constituting simply an application 

of general knowledge. Given these facts, Maxwell chose the two spectral 

positions above as the standard colours for his two-fold or "dichromic" 

observations.48 On the scale of his new instrument the green had the position 

(88) and the blue was at (68). For comparison with normal vision, a red 

standard was also reauired to make white, which position became (104). 

However, it should be emphasized that this position is one for the normal, not 

the colourblind observer. 

For Maxwell's colourblind student an average of ten readings to make 

white gave the standard equation for him as 

• 33.7(88) 	33.1 (68) 	w* 	(30) 

Once again an error analysis like that described before showed that the 

mean of the sum of the errors was larger than the mean of the difference. 

Therefore, for colourblind individuals as well as normal persons differences 

of colour are more easily detected than differences in intensity. In terms 

of a photometric match, observation of equality of hue (regardless of how 

interpreted by the colourblind observer) will be more dependable than those 

of equality of brightness for both classes of people. 
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As a normal subject for comparison, Maxwell reasonably enouBh used 

himself. His standard equation on the new apparatus fr~m a mean of six 

observations became 

·22.6(104) + 26(88) + 37.4(68) = w. (31 ) 

We C[l.l1 noV! re':ll'i te t~e colourblind equation (30) as 

D + 33.1(88) + 33.1(68) = VI (32) 

where D, as in chapter ~, represents the missing sensation. Then we can 

combine equations (31) and (32) by eliminating W, 2.ssuming, of course, 

that the white intensities are equal. This gives for D 

D = 22.6(104) - 7.7(88) + 4.3(68). (33) 

Therefore, this technique C!110V1S us to define D in terms of the three 

standard colours. It does not, however, define the optical wavelength of 

D something vlhich Y!G.S only done much later. Still, it is possible now 

to plot D according to IJaxw(".lll' s methods and althot;1,gh 11a-xwell did not do so, 

result is instructive. 

In terms of an actual photop..letric match, equation (33) must be rswri tten 

as 

D + 7.7(88) = 22.6(104) + 4.3(68) 

And since the intensity coefficients must balance this means the intt~nsi ty 

of D is 19.2. So stri ctly speu.king, equation (34) should be v.Ti tton as 
o 

19.2 D + 7.7(88) = 22.6(104) +.4·3(68) (35) 
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To locate D we begin with the equilateral triangle below with the 

6 168)  

G (es) 

Fig. 14. Possible Geometric 
Location of iassing Sensation D 

standard colours at the vertices. The center of gravity between (104) and 

(68) is located at P from the equation 

22.6 RP = 4.3 PB. 

Then drawing GP the left hand side of the equation means that D is on 

the opposite side of P from G. Measuring GP, D is located from the equation 

19.2 DP = 7.7 PG. 

It is interesting to compare the location of D with Figure 7 which was the 

spectrum locus for Maxwell's eyes. .D is the missing sensation in the colour—

blind subject, but it has been defined in terms of Maxwell's eyes as a 

standard. Comparing the two figures it seems that D is analogous, but not 

identical, to the position (20) in Maxwell's spectrum locus. And lOoking 

up the calibrated wavelength of (20) in Table II we then get at least an 

estimate of the wavelength of the missing sensation. If then the entire 

spectrum locus were laid down for the new apparatus, this implies that the 



-377- 

wavelength of D could be estimated against the curve. This was not done, 

however, by Maxwell. In fact it was not until 1935 that a reliable estimate 

for the wavelength of D was obtainedy49  and that was by a somewhat different 

procedure. 

It should also be pointed out that the data here are for one individual 

and the normal colour equation is also for one individual. Considering the 

difference in normal individuals shown in the first part of his paper, 

another normal person would produce a slightly different standard equation 

and this would necessarily yield a different value for D. Thus what is 

required is a larger variety of observers from which an average standard 

equation could be achieved for comparison with colourblind individuals. 

Moreover, the point D will be variable between red—blind persons on the same 

basis that there are variations between normal observers. Hence, any estimate 

of D is necessarily an average value.(It appears from modern work that D lies 

0 
at about 7,000 A.) The necessity for a larger number of observers was 

recognized by Maxwell who, however, did not have the opportunities in his 

busy schedule for finding them. 

Returning to Maxwell's colourblind subject, he was required to perform 

colour matches in just the same manner as the normal observer. Then using 
■•■ 

his own standard equation, these obser-

vations could be reduced as before to a 

table of data in which each particular 

wavelength is expressed in terms of two 

standard colours. These data are in 

Table VII to the right.50  One of the 

(88.) 
(99.2 + ) = 33.7 
31.3 (96)- 33.7 
28 (92)= 33.7 
33.7 (88)= 33.7 

. 54.7 (84)= 33.7 
71 (82)= 33.7 
99 (80)= 33.7 
70 • (78)= 15.7 
56 (76)= 5.7 
36.  (72)= - 0.3 

	

33.1 (68)= 	0 
40 (64)= 0.2 

	

55.5 (60)- 	1.7 
(57 - ) = - 0.3 

(G8.) 
1.9 
2.1 
1.4 	• 
0 
6.1 

15.1 
33.1 
33'1 
334 
33.1 
334 
334 
334 
334 

Table VII 
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first things to notice from these results are the first and last entries 

in the left—hand column. At the top we have the scale position (99.20. 

This is the red end of the spectrum and we know from Maxwell's normal 

standard equation that the scale positions for red extend to at least (104). 

Therefore this indicates that from the position (99.2) to the extreme red 

end of th© spectrum the colour sensations for this person were all identical. 

The bottom scale position is (57—), where the minus sign means positions 

measured toward the violet end of the spectrum. This position is in the 

blue end of the spectrum. Similarly, therefore, the wavelengths beyond this 

position to the extreme violet produced the same colour sensation. 

As before the data can be converted into a spectrum locus but here 

Maxwell used a different method of—plotting. Since the data are functions 

of two variables only, it is possible to simply plot these results in 

rectangular coordinates. Thus the axes consist of the two colours seen by 

the colourblind observer, his "yellow" or (88) and his blue or (68). We 

recall that what he meant by "yellow" appeared as green to a normal observer, 

so the axes are simply green and blue. Then one divides through the data 

of Table VII by the coefficient of each scale position in the left—hand 

column and that gives the amount of each 

standard colour to plot for a given scale 

position. Drawing a curve through each point 
60 

IV" 
the result was that of Figure 15 to the left51  

Maxwell took the position of.point D "as the 

origin of coordinates,"52  without further 
,Ly,, 

comment. We can, however, get some insight 
Fig. 15. Spectrum Locus for 
Colourblind Observer 
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into this choice based on the previous discussion of plotting colours in three 

or two dimensions. In three dimensions, colours can be plotted in rectangular 

coordinates such as that to the right. If we 

now imagine a projection of the three- 

dimensional plot along the red axis onto the 

B-G plane, the R-axis degenerates into the 

origin and we have a two-dimensional plot. 

But in Maxwell's colourblind subject it was 

exactly the red sensation that was missing. 
	Fig. 16 

So point D in Maxwell's plot is equivalent to R 

the red-axis suppressed from the three-dimensional plot by projection onto 

the B-G plane. In other words, the missing axis is the analogue of the 

missing sensation. This is the modern point:of view and Maxwell does not seem 

to have explicitly realized this equivalence. There was, however, a hint of 

this understanding for he did say that "the triangle of colours is reduced, in 

the case of dichromic vision, to a straight line 'B"Y'."53  Then by drawing 

a line from the origin D to each spectral colour and producing it to the line 

BY, one could find by the ratios the proportion of each standard colour 

appearing in the given spectral colour. 

Finally the same data can be used to plot luminosity curves as before. 

Having divided through by the coefficient of each spectral colour we have 

reduced the data to unit luminosity. Then the intensity of each standard 

colour is plotted against the scale position (or wavelength) giving the 

relative intensity response for that standard. This is shown below in 

Figure 17.54  As before the positions of various Fraunhofer lines are shown in 



-380-- 

terms of the scale. The curve on the left is the green ("yellow") response, 

that on the right the blue response. In this case it is clear that finding 

the resultant or overall response is simple since there is little overlap 
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Fig. 17. Colour Mixing Curves for Red—Blind Observer 

of the separate curves. The dashed line in the middle represents there the 

sum of the two curves, so the overall luminosity curve is simply the outline 

of the green curve to just past G, then the dashed line, and then the outline 

of the blue curve. 

Eaxwell carried out other observations with his colourblind subject using 

his colour top as well as the colour box. But not surprisingly they did 

not differ in the kind of information they yielded from those already discussed. 

Suffice it to say here that at this point Maxwell had achieved his stated 

goal of determining the spectrum locus by Newton's method for normal vision 

and had compared such results with a similar plot for abnormal vision: 

Following the intuitive hint of Newton's regarding the center of gravity of 

colours, the qualitative work of Helmholtz and the explicit theory of 

Grassmam, Maxwell had converted the science of colour perception from an 

almost non—experimental one to a well developed empirical science with its 
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own methods and means of analysis. Modern researches in colour vision can 

be dated from Maxwell. 

These researches also illustrate a relatively little known side of 

Maxwell's scientific career. He is best known, of course, as the theoretical 

physicist "par excellence." He is also known for having been the first 

director of the Cavendish Laboratories where important physical measurements 

were made during his time. But he was not so much personally involved in this 

work. The work described in the last two chapters shows that besides his 

unsurpassed theoretical abilities, he was a first rate experimental physicist 

as well, although this was largely limited to investigations of colour vision. 

It is a mark of the difficulties to be overcome, however, in this field 

that a man of Maxwell's stature was stimulated by it and saw a challenge to 

overcome. Like so much else that this genius touched, he left the science 

transformed. 
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CHAPTER X 

Conclusions  

In reviewing this history we have seen that the basis for a modern science 

of colour measurement can be traced quite directly to Helmholtz, Grassmann, 

and Maxwell. And their ideas in turn have their roots in the work of the 

colour classifiers, Young's speculation about three—fold vision, and 

Brewster's theory of the spectrum. In the period before Grassmann's 

theoretical per, colour science was basically an empirical one. It was in 

fact a science in search of both methods and theory. In this respect, the 

most interesting point to see is that within a space of less than 60 years 

the science of colour perception evolved from one of practically no experimental 

techniques and little theoretical insight into one with a well developed set 

of operational procedures based on a system of sound hypotheses. 

Young had described his colour experiments as stemming from a rotating 

disc and mixtures of coloured powders. Together with early experimenters he 

wrongly considered these as providing equivalent methods of investigation. 

Accordingly, he was able to convince himself that he had made white by both 

methods and so fortunately found support for his theory of vision. Brewster, 

less fortunately, was dragged down by the confusion attendant upon the two 

methods, and the elucidation of the difference between them by Helmholtz 

constituted a fundamental addition to experimental knowledge. For it 

distinguished which types of procedures were forbidden from those that were 

legitimate in investigating compound colours'of light. Negative statements 

like this have been important in other areas of physics as well. For example, 

prior to the 19th century numerous attempts were made at constructing 
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perpetual motion machines. Some of these were quite clever and seemingly 

rational. But with the clear formulation of the first two laws of thermo-

dynamics such machines were seen to be impossible. They were forbidden. Thus 

a kind of economy of thought was established in redirecting efforts away from 

fruitless lines of endeavour. Similarly with Helmholtz's clarification, it 

was then possible to concentrate on finding methods of mixing lights without 

wasting effort by using pigments as well. 

Beisde the disc method of mixing colour (and the pigment method as well 

before Helmholtz) we have mentioned Volkmann's method of viewing coloured 

surfaces through a coloured cloth held close to the eye. This, however, gave 

unreliable results as it was difficult to achieve a uniform mixture. Herschel 

in testing his colourblind subject used mixtures of polarized light. But 

from the manner in which he reported his results it was not clear exactly 

which colours were being mixed. The German physicist and meteorologist, Dove, 

investigating the properties of crystals by passing polarized light through 

them, observed rings of complementary colours.
1 But this work aimed at 

understanding crystalline stress patterns and did not add to experimental 

knowledge of colour mixing as such. Likewise in 1852, he produced a method 

of mixing colours by the stereoscope
2 but once again this work was directed 

at objectives other than that of understanding colour mixing. The subject 

was not even discussed in that paper which aimed at an understanding of 

binocular vision, a topic then much discussed. 

James Challis, the eminent Cambridge mathematician and astronomer, 

recommended as late as 1856 a colour mixing method similar to Volkmann's. 

He mentioned an experiment in which he placed a piece of blue ribbon on top 
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of a yellow ribbon and held the two up to the light.3 He claimed the trans-

mitted light was green! Indeed, he said "the resulting green is most decided, 

and is plainly due to a mixture of lights."4  He even went so fax as to say 

the experiment proved "that blue and yellow light may provide a vivid green."5  

At this late stage it was a remarkable conclusion, all the more so since he 

had read both of Helmholtz's 1852 papers and clearly knew the difference 

between additive and subtractive mixing. Mindful of Helmholtz's results but 

not wishing to contradict Brewster whom he held in high esteem, Challis 

concluded that there must be a physical difference between the so-called 

green light seen in this way and that seen through a prism. It was partly 

to explain this difference that he attempted to construct a mathematical 

theory of compound colours based on the undulatory theory. He was rather 

severly criticised for his experiment and its conclusions by his Cambridge 

colleague, G. B. Stokes, but maintained his conclusions nonetheless. He is 

certainly an example of one of the leading men of his time who did not 

completely accept the conceptual revolution initiated by Helmholtz. But, 

most importantly for our purposes, it is indicative of the paucity of colour 

mixing methods at the time that so keen a mind as Challis' could draw any 

conclusions at all from so inelegant an experiment. 

Besides the techniques already mentioned we can add several others, none 

of which, however, were ever used. Newton in the Opticks, for instance, 

described methods of mixing spectral colours by projecting them on a screen 

held in the hand and intercepting certain colours by slits formed from the 

teeth of a comb.6  Both the screen and the "slit" were held in the hand which 

led to an uncertainty of their position and hence an uncertainty of the 
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the colours actually incident at a spot on the screen. Newton also described 

a method in which a beam of white light was analyzed by a prism, and then 

focussed by a lens onto a second prism which reconstituted the original beam.?  

By stopping any of the colours (from the first prism) at the lens, combinations 

of spectral colours were created in the final beam. This method contains 

the germ of a reliable controlled approach to combining spectral colours; 

but there is no doubt as well that it was neglected by Newton's followers 

until used again by Helmholtz and Maxwell in modified form. 

Regardless of the existence of certain methods for investigating compound 

colours the fact is that only the disc method and pigment mixtures were 

really in use prior to Helmholtz's V-slit experiment. And of these only the 

disc, of course, gave reliable results. Remarkably also, the disc can be 

traced back at least to van Musschenbroek.
8 So it was already a venerable 

technique at the time this story opened. In general, one must conclude that 

experimental techniques for reliably investigating compound colours were 

conspicuous by their absence until Helmholtz's work in 1852. Against this 

background, Brewster 's absorption experiments may be viewed as an early and 

unsuccessful attempt at understanding colour mixtures of light. In the 

absence of methods for producing compound colours, those experiments were 

viewed by him as an important contribution to experimental technique as well 

as to spectral theory. Considering the experimental situation then, Helmholtz's 

carefully controlled experiments of 1852, inspired undoubtedly by Newton's 

own work, must be viewed as a major turning point in the qualitative under-

standing of colour mixtures. They achieve added importance when one considers 

that their results stimulated Grassmann's paper which in turn directly 
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affected Maxwell. Nevertheless, considering that Helmholtz's experiments 

were themselves stimulated by the confusion surrounding Brewster's theory, 

we shall have to give Brewster his due and credit him with at least a 

negative contribution toward an understanding-of colour perception. 

If before 1852 one counts only the disc method as being in use, after 

1852 there were two other methods, Helmholtz's V-slit and his coloured 

wafer method. Possibly one can also count Maxwell's first version of his 

colour box constructed in 1852 while an undergraduate at Cambridge. However, 

as noted in the last chapter, this was not publically announced until 1860 so 

as fax as published methods are concerned the repetoire until that time was 

still the three mentioned above. Moreover, for all of Helmholtz's magni-

ficent achievements, the understanding of colour mixing was still a qualitative 

one. It was Maxwell who transformed that understanding into a quantitative 

one by producing the first significant improvement in the rotating disc 

method. • Before Maxwell the disc had always consisted of colours painted 

directly onto it so that no adjustments were possible. A change of proport-

ions required a change of disc. Maxwell by the use of his slotted papers 

brought it at once to what was its highest state of development. 

Elegant as this top method was .however, it did not permit colour equations 

to be formed from measurements on the spectrum. Since the spectrum (of 

sunlight) must be considered as the ultimate source of colour vision, this 

constituted a fundamental difficulty. Therefore, no sooner had the top 

reached its greatest development than it was superceded by the colour box, 

a more fundamental approach to quantitative colour mixing. From that 

instrument together with his analytical methods adopted from Grassmann, 
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Maxwell was able to produce the first modern chromaticity diagram and the 

first spectral response curves for the eye. It was a grand achievement. 

Within the brief span of 1852-1360 the science of colour perception that 

had so long sought for reliable experimental methods truly became one of 

colour measurement. 

Although the science of colour perception in the early 19th century was 

mainly an observational, empirical one it was not entirely devoid of 

theoretical guidelines. The work of Mayer, Lambert and others in colour 

classification must be viewed as early attempts at a theoretical understanding 

of colour. In a sense, these attempts, like classifications in other 

sciences, formed a kind of analogue to a theory. For if a theory is seen 

as comprising a system of hypotheses and laws which correlate facts, these 

systems did achieve that objective in a limited fashion. Each system contained 

an hypothesis concerning a number of fundamental colours; each employed an 

organizational scheme which acted as an empirical law for producing compound 

colours from fundamental ones. In short, these systems summarized the 

facts of colour mixing as then understood within a logical structure. Still 

their sole function was to summarize; they did not suggest new relationships 

as a fruitful theory should do. They did not really solve any outstanding 

problems nor did they propose any new questions. They constituted an initial 

search for theoretical insight in the formative stage of the science. 

In one respect, however, they provided an invaluable service. For they 

maintained a tradition of discussion of primary colours which was to bear 

fruit by the mid-19th century. Classifications by Mayer and Lambert 

hypothesized three fundamental colours for reasons which were certainly 
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obscure. Not everyone agreed with that notion, Chevreul and Runge being two 

notable exceptions. Yet formally codified in a classification system by two 

well known scientists, it was snatched at by Young as the basis of his three- 

fold theory of vision. Also all classifications except Newton's hinted by 

another route that colour vision was a three-fold process. They all found 

three-dimensional space both necessary and sufficient to categorize all 

shades and tints of colours. There is nothing in three-dimensional space, 

of course, which ipso facto points towards a trichromatic visual response 

mechanism. It is only an analogy and need not follow with compelling 

necessity. But analogy is a kind of induction process. Hypotheses inferred 

by induction from observations likewise need not follow with compelling 

necessity. Other hypotheses and other analogies may well be closer to the 

truth. Only experiment based on predictions or deductions from the hypotheses 

can be the basis for judging their validity. Oddly enough, however, the 

validity of this analogy was first given credibility by yet another analogy. 

Grassmann in arguing for three colour variables showed that language itself 

admits of only three colour distinctions, hue, intensity and saturation. 

So if words enter a language to express generally recognized concepts this 

linguistic situation constituted evidence that three variables of colour and 

no more were already intuitively recognized. Grassmann's analogy was 

ultimately an argument for the validity of existing but unrecognized colour 

data. 

It was, of course, Grassmann who really brought the science of colour 

within the realm of mathematics and experimental physics. In showing that 

colours could be viewed as vectors, in showing that they could be compared 
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and measured photometrically, and in indicating the possibility of colour 

equations he laid the foundations for a science of quantitative colour 

measurement. His approach to colour perception was remarkably different 

from that of the classifiers. Whereas they sought to summarize, he sought for 

observables. Whereas their concepts ware closed...ended, his were open. 

Significantly he never mentioned attempts at classification nor even referred 

to such work; he concentrated solely on identifying quantifiable, mathematical 

variables, on the mathematical nature of colour mixing, and on the latter's 

relation to observations. In the hands of Maxwell, Grassmann's concepts 

became the instrument by which the three dimensional analogue to three-fold 

colour vision was validated. It was7  of course Maxwell as well who 

demonstrated the geometrical equivalence between the concept of three primary 

colours and that of Grassmann's three colour variables. 

A constant theoretical theme throughout this narrative has been that of 

Young's speculation about trichromatic vision, its use by successive 

generations of investigators, and its role as a model for Helmholtz and 

Maxwell. There were, however, two attempts in this period at producing a 

theory of colour based on the undulatory theory. These were made by the 

German mathematician Grailich9  and by Challis. The latter thought that if 

the undulatory theory were true it must be capable of explaining the facts of 

colour mixing.
10  He considered the lack of such an explanation as a logical 

gap in the framework of evidence for the wave theory. In this respect he 

had attempted as early as 1834 to establish an analogy between the composition 

of colours and the composition of vibrations.
11  It was on the presumption 

of this analogy that he returned to the subject in 1856.
12 Grailich's theory 
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is likewise based on this presumption and the two theories are similar 

although Grailich worked out his ideas in greater detail. It is interesting 

to see briefly the main outlines of these attempts. 

In general the problem was to consider, the compound vibrations of ether 

particles resulting from two different trains of waves of different wave-

lengths (or colours). Starting with expressions for the displacement of an 

ether particle from rest, it was possible to determine the interval of time 

during which the particle was on one side of its equilibrium position or the 

other. For simple vibrations (i.e. monochromatic colours) one expects these 

times to be equal. But for compound colours, and hence compound vibrations, 

the analysis shows that the times are not equal. Now one can assume that the 

momentary sensation produced by a compound vibration is the same as for a 

simple one when the time of displacement of the ether particle on one side 

of equilibrium is the same as for a simple colour. This implies then that 

a compouhd vibration stimulates different colour impressions in rapid 

succession which are then combined in the eye into a single sensation. For 

simplicity the mathematical framework assumes that the compound wave is the 

result of simple wave trains of equal amplitudes. This is the only case where 

an analytical expression for the resulting compound wave is possible. In 

the case of unequal amplitudes no general analytical expression is possible 

for combinations of colours and one must resort to numerical examples. 

Therefore, an immediate objection to this type of theory is its severely 

restricted nature. It is possible to have a general theory only for what 

amounts physically to a special case. Grailich's theory in particular gave 

a bad result; his.  calculations showed that a combination of red and violet 
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would have to give green when in fact they give purple. Finally both theories 

beg the question as to the nature of the colour receptor mechanism while 

completely ignoring the large body of empirical data pointing toward three-

fold colour perception. It was Maxwell who put these theories into proper 

perspective when he said of his own work 

it proceeds upon that theory of three primary elements in 
the sensation of colour, which treats the investigation of 
the laws of visible colour as a branch of human physiology, 
incapable of being deduced from the laws of light itself, as 
set forth in physical optics. It takes advantage of the 
methods of optics to study vision itself; and its appeal is 
not to physical principles, but to our consciousness of our 
own sensations.13  

Although Maxwell was referring to his use of three standard colours, his 

remark that the sensations were not derivable from physical theory was 

appropriate. It may well have been prompted by those attempts by Challis and 

Grailich which preceded this particular paper of Maxwell's; however, there is 

no hint of whether this was so or not in the paper nor in any other of 

Maxwell's colour work. Nevertheless it is significant that further attempts 

at such theories are not to be found. In fact, SchrOdinger's mathematical 

contributions to the theory of colour in the 1920's were based on the appli-

cation of vectors to colour mixtures so that his work followed the line of 

development of that of Grassmann and Maxwell which, indeed, has proven most 

successful. 

In conclusion we can see that this science evolved as a rather complicated 

one partly, at least, because it fitted into no standard category. Its 

problems were difficult to define and in the end several different branches 
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of science played important roles in its development. Photometry, mathematics, 

optics, linguistics and physiology each contributed toward an understanding 

of colour and colour perception. It is fitting to let ::,axwell have the last 

word regarding this development. In an address to the British Association in 

1870.Maxwell surveyed briefly the evolution of science in the 19th century. 

Impressed by the close interaction between theoretical and experimental science 

he said 

If the skill of the mathematician has enabled the experimentalist 
to see that the quantities which he has measured are connected by 
necessary relations, the discoveries of physics have revealed to 
the mathematician new forms of quantities which he could never 
have imagined for himself.14 

It is this kind of interplay that has been exhibited by the emergence of this 

science. 
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APP.MIX: ON PHOT0151URY 

Certain aspects of the developing theory of colour in the early and mid-

19th century depended on ideas borrowed from photometry. Brewster's attempt 

to quantify his theory of the spectrum was justifiable superficially at 

least because methods existed by which light intensity could be determined. 

Later developments by Grassmann and Maxwell had their conceptual bases in 

ideas borrowed from photometry. And since the work of these two men did 

indeed provide the foundation for a quantitative theory of colour, photometry 

then must be considered to have made an important contribution to the experi-

mental and theoretical understanding of colour. Therefore, it is appropriate 

to look into the state-of-the-art in the early 19th century together with 

its 18th century origins. 

This appendix is intended to briefly trace the main outlines of the 

evolution of photometry from its beginnings in 1729 to Arago's series of 

memoirs on the subject in 1850. As such it is not intended as an exhaustive 

study of the history of photometry; that is another story. However, the 

Isis Critical Bibliographies for the last 12 years, at least, indicate that 

relatively little has been written on the subject. Only five rather short 

articles are listed, four of them dealing with Pierre Bouguer and one on 

Rumford, both of whom ware 18th century contributors. Nothing is listed on 

the 19th century. Taton's The Beginnings of .lodern Science: 1400-1800 gives 

the 18th century developments one paragraph, while his Science in the 

Nineteenth Century gives the subject 2 pages one of which deals again with 

the 18th century. Perhaps the best secondary account of the 18th century 
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developments is in Wolf's History of Science, Technology and Philosophy in  

the 18th Century but this is only four pages long and makes at least one error. 

Mach gives a good critical discussion of Lambert's photometric work in his 

work The Principle of Physical Optics,  an Historical and Philosophical  

Treatment and I have drawn upon Mach for my writing on Lambert since the 

latter's Photometria was written in Latin which I don't road. But the rest 

of this chapter is drawn from the original sources. Therefore, since so 

little has been written on the history of photometry, and apparently nothing 

on its 19th century developments, this aopendix may at least serve as a brief 

introduction to the early development of photometry. 

One can view the emergence of modern science and particularly physics in 

the 17th century as depending largely oh the ability to measure quite a wide 

variety of physical parameters.' While this view is certainly too narrow, it 

must be said that changes of philosophical points of view of the era were 

not sufficient in themselves to bring about modern science. Some data were 

vital and certainly the emergence of modern science rested partly on the 

development of experimental methods to produce the data. For a largo body 

of physics one can argue that it was reasonably easy to identify measurable 

parameters and produce the appropriate methods. Length, mass (or weight) 

timo, angles, area and volume were fairly easy to determine and indeed 

operational methods for determining these parameters have their roots in 

Antiquity. In the 17th century pressure and temperature wore reduced 

essentially to length measurements. Hence, the basis existed for the 

quantitative study of mechanics and studies of gases and heat. 

In studies of light, however, quantitative measurements were impeded 
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through the conceptual difficulty of identifying the measurable variables. 

Undoubtedly this problem was in turn related to that of finding a satisfactory 

physical theory of light. Thus, lacking a good theory of physical optics, 

one was essentially restricted experimentally to geometrical optics. And here 

the readily identifiable variables were angles, lengths and brightness. Of 

these, angle measure and length measure were anciently known and easily 

performed. The ability to measure angles, for example, led to the correct 

law of refraction and Newton's famous extension of this to colours. From 

length measurements on thin films Newton determined the length intervals 

required for his fits of easy transmission and reflection, which the modern 

point of view .regards as tantamount to measuring the wavelength of light. 

But, of course, the interpretation of one's measurements depends upon the 

conceptual framework in which they are viewed. And so to the holders of the 

emanation theory of light (including Newton himself) these measurements were 

viewed as some action in the ether rather than as properties of the light 

itself. Perhaps the single outstanding quantitative achievement in the 

studies of light in the 17th century was ROmers determination of its finite 

velocity. 

That other most obvious property of light, brightness, was in the 17th and 

early 18th centuries the least susceptible to measurement. For example, 

Newton speaks of the "Number of Rays" of light in the Clittiks in a context 

meaning its brightness.1 But he proposed no method by which this intuitive 

idea might be experimentally determined. Christiaan Huygens attempted to 

compare the light of the sun with that of the star Sirius but by an essentially 

invalid method.2 Thus the ability to measure light intensities escaped the 
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two greatest investigators of light in the 17th century. The problem lay in 

the fact that while the eye is easily able to distinguish differences of 

intensity between two lights, it cannot, by simple observation, determine 

their ratio. Methods for determining the relative intensities of two lights, 

were,. then, conspicuous by their absence until well into the 18th century. 

In fact, the absence of such methods is probably an indication of the 

intrinsic difficulty to be overcome. 

Photometry in Terms of the Inverse Square Law 

The solution to the experimental problem of measuring light intensity 

was given by Pierre Bouguer in 1729 in his .2ssaj_d'Oq' ntiuesurradation 

de la  lumiare. The work was remarkable in that with basically nothing to 

anticipate it, Bouguer laid in one stroke the foundations of modern photo-

metry. The work was so far reaching and the basic solution so simple that 

advances in photometry for the next 100 years were confined mainly to refined 

technique rather than new principles. Moreover, it was only in the latter 

19th century that the possibility emerged of measuring quantity of light in 

absolute physical units rather than as relative to a standard lamp. The 

Essai was considerably expanded and revised by Bouguer and republished in 

1760, two years posthumously, as a treatise3  rather than an essay. It is 

from the Traits that the following account is drawn, but the techniques to be 

discussed below were treated by Bouguer in his Essai of 1729. Perhaps the 

ultimate accolade to Bouguer's photometric conception was paid to him by. 

W. E. Knowles Middleton who said "the interesting thing is that photometry 

was conventional from its very inception."4 Certainly the later Traits 
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reads like a modern textbook. 

Bouguer's first consideration was to note that all measurements of light 

intensity must be relative ones,5  no absolute measurements being possible in 

principle. However, Bouguer noted that this should cause no consternation 

since.  all physical measurements were basically relative to a standard. He 

said 

Is it not exactly the same when in applied mathematics we inter—
compare quantities which are capable of increase or decrease? 
Have we any better idea of the magnitude of the fathom or the 
foot? And do we take the trouble to get to the bottom of the 
nature of extension in the operations of practical geometry?6  

This being so, the first problem then was to determine a standard intensity 

to which other lights could be compared. Bouguer considered using several 

candles as a unit of intensity but noted that this presented experimental 

problems. All the candles should ideally be identical, and all placed at 

equal distances from the surface to be illuminated. Both conditions are 

difficult "or even impossible"7  to fulfill and the idea is open to the 

additional objection that such a standard would involve changes or divisions 

in jumps rather than being adjustable in fine gradations. 

This difficulty Bouguer overcame by the simple expediency of using one 

candle (or oil lamp). Then by moving the candle backward or forward with 

respect to some origin it was possible to have "an infinity of gradations, 

which may be as small as we wish."
8 However, this procedure, and indeed all 

those to follow, depended on the fact that light intensity is inversely 

proportional to the square of the distance from a point source. This law, 

first stated by Kepler,9  Bouguer took as a fundamental assumption explaining 
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it to his readers in the terms usually found in modern elementary physics 

texts. Thus, two major problems were settled at the outset, that of the 

requirements of a standard light and the fundamental relationship by which 

physical measurements with the standard might be executed. 

These conditions out of the way, Bouguer did nothing less than introduce 

the photometer to physics. In order to compare two light intensities, Bouguer 

devised the instrument shown in Fig. 1.
10 It consists basically of a piece 

of cardboard EHD folded at the line CH with two equal diameter holes cut to 

admit the light. The two sources to be compared are placed on the far side 

of the cardboard in such a manner that their light will fall almost perpendicu-

larly on the cardboard. Over the holes one places oiled paper or two similar 

pieces of glass "made equally rough or white with emery or sandstone."11  If 

necessary, one can use some other light diffuser and Bouguer himself stated 

that he used as well two pieces of plain paper "very fine and white" taken 

from the same sheet. The additional piece of cardboard, Cr, is necessary to 

prevent the two lights from comingling and illuminating both surfaces 

simultaneously. Each source is to illuminate only one side of the cardboard 

EHD as shown in Fig. 2, p. 403 in a diagram based on one in Bouguer's work.
12 

The procedure is then to view the two illuminated holes, P and Q, and 

move the sources until the holes appear equally bright. When this is done, 

the intensities are inversely as the squares of the distances and the ratio 

between them is easily found. Bouguer, however, being a very thorough 

experimenter, noted it might not be possible to move the sources sufficiently 

to make their lights appear equal. A modified version of the procedure above,  

then employed identical lenses to converge the lights towards the screen. 
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This is shown in Fig. 3, again taken from Bouguer.13 The procedure is then 

as follows: Measure the distances AK and BL. The light is attenuated by 

the inverse squares of these distances. But each light is further attentuated 

by the distances MP and Q.  This attenuation we can find by taking again 

the inverse square of MP and 'IQ,. Multiplying these two ratios would then 

give us the intensity ratio of the lights. However, a difficulty here is 

apparent in that the exact position of the focus of each lens must be known 

and this is inconvenient; at best it introduces possible errors. Since the 

light diverges from each focus id and N in a cone, illuminating the holes, 

it is clear from the diagram that RS and TX are the bases of the cones, and 

from geometry . 

(RS)2 (MP  
(TX)2 	(P  Q32 

Therefore, instead of knowing the position of the focus of each lens, one 

obtains the required measurement by determining the diameter of the base of 

the illuminated cone. Then one can write, using I for intensity 

IA 
	(AK)2(RS)2 

 

I
B 	(BL)2(TX)2 

Bouguer demonstrated his careful attention to experimental detail by 

giving various cautions in performing these experiments. The cardboard should 

be black to reduce reflection, the procedure should be performed in an 

absolutely dark room if possible, the holes P and q should be the same size 

and not too close together. All these have a very modern sound but most 
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remarkable of all is the statement by Bouguer that upon viewing the two holes 

"it is absolutely necessary that one should be able to see them both in the 

same glance, and if possible it is even well to arrange them in such a way 

that their edges touph.n13 The latter point is basic to modern photometry as 

it is'very difficult to judge the equality of two lights even slightly 

separated. This last requirement Bouguer accomplished by viewing the holes 

through still another "hole made in a final diaphragm, which I use at some 

distance from the eye so that it hides all other objects."14  Thus in this 

description of a photometer, Bouguer not only laid the principles of modern 

photometry but expressed certain cautions and requirements which are still 

applicable. Perhaps his greatest achievement was to realize that the eye 

could be used as a null detector, determining brightness equality or two 

illuminated screens. For these achievements alone one might think his name 

would be remembered by physicists today, but W. E. Knowles Middleton, the 

translator, points out that hardly anyone involved in optics or photometry 

has ever heard of him.15  

An extremely ingenious variation of the method above, shown next by Bouguer, 

is worth our attention. Since it was known in his time that light is 

attenuated by reflection even from polished surfaces and glass mirrors, it 

was of interest to know by what fraction the light intensity was reduced. 

Or what is the same thing, to find the fraction of the incident light reflected 

by a surface. Bouguer's solution to this problem involved a single source 

(a candle) arranged to illuminate two separate surfaces. Then the photometric 

requirement of comparison of two lights was accomplished by viewing the two 

surfaces, one illuminated by reflection and the other directly, and moving 
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the candle to a position where the two intensities appeared equal. His 

arrangement is shown in Fig. 4, page 403.
16 

The surface whose reflectance (a modern term) is to be investigated is 

placed at B in a vertical position. The single source P is placed between 

two screens E and D of the same colour or "equally white."17  They are so 

placed as to make BD = BE and are parallel to each other. Then by looking at 

the surface B one sees the screen D by reflection while at the same time by 

looking just over the surface B one sees the screen E directly. The result 

is to superimpose or overlap the two images upon each other thereby giving 

an appearance of touching each other. The two images are then made equally 

bright by moving the candle to a suitable position along the line DE. When 

equality of the images is achieved their intensities must be in the ratio 

( .2/, 	.2 PD) APE) 1  two lengths easily measured. If the mirror B were a perfect 

reflector, the candle would have to be placed at C, midway between the screens 

for equality of illumination. But since the mirror attenuates the reflected 

light, the candle must be placed closer to the screen D, seen by reflection. 

. 	. Thus the ratio (PD)2  /(PE)2  indicates the fraction of light lost by reflection 

from the mirror. In a later section of the Traits, Bouguer gave the results 

of measurements taken from plate glass, showing that at decreasing angles 

of incidence (measured to the surface instead of the normal) the fraction of 

light reflected increases. Thus, this procedure and the ability to obtain 

quantitative measurements of light intensity led to a new discovery relating 

to reflection. Characteristically, Bouguer again gave various precautions 

to observe. 

An examination of Bouguer's Traits shows him to have been an exceptionally 
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able and ingenius experimenter. We cannot here describe all his elegant 

measurements, so it will be sufficient to indicate some of his other accomplish-

ments. He determined the attenuation of light passing through transparent 

media, demonstrated that the attenuation of light passing through successive:  

equal- thicknesses can be represented by a logarithmic curve, measured the 

intensity of the sun's light at different altitudes, the ratio of intensity 

between the sun and full moon, found that light from the center of the sun's 

disc is brighter than that of its edge, and described the heliometer which he 

had invented in 1748. It is also worth noting that although this period was 

the heyday of the corpuscular theory of light, the operational procedures above 

required no conceptual framework either for their enactment or for inter-

pretation of their results. Determination of light intensity was reduced 

to measuring length. The subsequent history of theories of light seems to 

indicate that this field more than any other in classical physics depended on 

a theoretical conception as a basis for experimentation. Thus it was even 

more of an achievement to produCe experimental techniques independent of a 

theoretical construct. The only assumption really necessary to the whole 

procedure is a tacit one that light is a substantial phenomenon, or as Mach 

has said "a quantity which diminishes in surface density when spread out on 

a larger surface and increases in density when collected, just as in the case 

of dust, a drizzle, or a coat of paint."18  Without this assumption Kepler's 

inverse square law has no meaning. Interestingly enough, this independence 

of photometry on theories of light is still essentially true, the main 

difference being now the existence of highly sophisticated equipment. 

Therefore, when the wave-corpuscle debate of the early 19th century was at 
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its height, photometry went on without hindrance.19 

Bouguer's Traite appeared in 1760. In the same year the celebrated German 

mathematician, J. H. Lambert published an extensive work on photometry 

entitled Photometric,_ sive de mensura et gradibus luuinus,  colorum et umbrae. 

In it he referred to Bouguer and his earlier work, the Essai, in several places 

but states he had not read the Traite which, however, he knew Bouguer was 

composing.20  But he does not give clear credit to Bouguer as the inventor of 

photometry.21  As opposed to Bouguer, the experimenter, par excellence, Lambert 

was primarily interested in producing a critical analysis of the fundamental 

principles of photometry and placing it on a firm mathematical basis.22 In 

this he was highly successful dealing with almost every problem in photometry 

raised since then.23 In face he even developed a system of photometric 

units,24 an essential requirement for later developments. But his physical 

apparatus was poor and limited compared to that of Bouguer. Indeed Yiddleton 

suspects that he was more interested in the mathematics of photometry than 

in photometry itself.25  

Instead of observing two lights as Bouguer had done, Lambert compared their 

shadows by an arrangement shown on the right.26 

Here the sources being compared are 

located at L1, and L2, S is an opaque 

screen, and AB is a wall or another'screen. 

The shadow of the screen S is cast on the 

wall by each light, the lights being so 

arranged that the shadows are contiguous 

but not overlapping. The lights are then 
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moved toward or away from the wall until the two shadows are equally bright, 

that is, of the same density. Then the two light intensities are in the 

inverse ratio of the squares of their distances from the wall AB. Again the 

eye is employed as a null detector although 'judging the relative densities of 

shadow is more difficult than judging the relative intensities of light on a 

screen. Thus while Lambert's shadow device is workable in principle it is 

a less sensitive method than that of Bouguer's. Since most of Lambert's 

principles were expressed or implied by Bouguer,27 we shall simply summarize 

his three main assumptions.28 

1. the intensity of illumination increases in proportion to the 
number of candles (equal light sources) which illuminate the 
surface 

2. it varies inversely as the square of the distance of the light 
source from the illuminated surface. 

it varies as the sine of the angle of inclination. 

While Lambert considered these principles as already established29 the 

explicit statement of the third principle above was due to him. If one extends 

the concept of that statement to a surface element at the illuminating source, 

then the intensity of illumination on the illuminated surface will also 

depend on the angle the rays make to the illuminating surface. Thus if, i, is 

the angle of incidence the rays of light make to the normal to the illuminating 

surface, i', the angle of.incidence (to the normal) the rays make on the 

illuminated surface, I, is the intensity of source for unit values of cos(i) 

and cos(i') and r (see below) the distance from source to illUminated surface, 

Lambert's third principle gives the illumination of a Surface as 



-411- 

I(cos i)(cos i')  
r2 

It is interesting to note that as a system of principles upon which to base 

photometry all three laws are required. Nevertheless, one need not take them 

all as assumptions; it is necessary only that one of them be assumed valid 

and from that the others can be proved by experiment thereby giving them the 

status of empirical laws rather than assumptions. For example, if one assumes 

the inverse square law, then both the first and third laws can be demonstrated 

experimentally with a photometer. On the other hand, one can assume simply 

the first statement, from which the other two are again empirically derivable 

by the photometer.31 However, Lambert insisted on their mutual interdependence3  

and stressed the importance in his work on their critical investigation. It 

is perhaps because of this attitude that Lambert's work became the basis for 

modern photometry rather than Bouguer's. Although Bouguer was mentioned by 

two important later 18th century writers, Priestley33 and Rumford,34 he seems 

to have been almost forgotten by the 19th century photometrists, while 

Lambert achieved immortality (in the 20th century) by having a unit of 

illumination named for him. 

The photometer was brought to a high degree of perfection by that most 

admirable physicist, Benjamin Thompson, Count Rumford. The ideas expressed by 

Rumford were communicated by him from Munich to Sir Joseph Banks, P. R. S., 

in two letters, one in 1792 the other in 1793.
35 It seems that Rumford came 

upon the idea independently of either Bouguer or Lambert for he states in 

the first letter that the method occurred to him while he was making experiments 

to determine the most economical means of illuminating a large "workhouse, 
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or public manufactory,"
36 

the latter being established as a part of his 

famous relief works for the poor in Bavaria. 

Rumford's shadow photometer is shown in the figure on page 413.37 The box 

is 74 inches wide, 10i inches long, x inches deep and painted dull black 
inside to reduce reflection. On the rear wall is fastened a sheet of white 

paper on which one views the shadows. The shadows however were produced by 

two objects rather than the single object in Lambert's method. The two small 

cylinders labelled in the diagram were illuminated separately by the two 

sources to be compared and it is their separate shadows which one views on 

the screen. The two cylinders actually projected four shadows upon the screen 

two of them being in contact exactly at the center of the screen. It was 

these two shadows whose density was to be matched by suitable adjustments of 

the lights. In fact, Rumford was able to eliminate the outer two shadows 

from view by reducing the dimensions of the screen and thereby causing these 

two shadows to fall on the black surface to which it was attached. Altogether, 

the instrument together with accessory equipment was an elaborate affair 

being mounted on a large table and having carrying carriages for the lights 

whose positions cou;d be adjusted by strings and pulleys without removing 

one's eyes from the screen itself. This was certainly a major improvement 

over the previous methods. 

Rumford was particularly concerned with a standard source, finding that 

candles do not emit light of constant intensity for any considerable time. 

Since measurements of different light sources require quite some time and 

should not be hurried if accuracy is required, Rumford required a standard 

source capable of producing a steady, smokeless flame over a fairly long 
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time. For this purpose he chose an Argand lamp, invented by Pierre Ami 

Argand, an oil burning lamp whose flame was enclosed in a glass chimney and 

whose brilliance was adjustable in terms of the length of wick used. 

Ultimately, however, the Argand lamp was adjusted to give a light equal to 

that bf "a cylindric wax-candle, of known weight and dimensions, and which is 

kept merely for that purpose, being lighted and trimmed, and made to burn 

with the greatest possible degree of brilliancy."
38 Thus the actual standard 

was still a (special purpose) candle, but since the Argand lamp maintained 

a steadier light than the candle over longer intervals, the lamp as a copy of 

the candle was substituted for the candle. The procedure is analogous to 

using in the laboratory a kilogram mass, for example, which is a copy by 

comparison with the standard kilogram in Svres. 

We need not go into the detailsof Rumford's experiments or his various 

arrangements. The important point here is to realize that Rumford developed 

the.techniques of photometry to a high degree, producing probably the best 

measurements to that time. We shall simply mention some of his results. He 

first confirmed directly the inverse square law of intensity. By comparing 

his measured values of distance with those calculated (i.e. predicted) from 

the inverse square law he demonstrated a fractional error between them of 

about 1% and often less than 0.5%. Since this was certainly within the limits 

of experimental error, and since the distances employed were as much as 

17 ft., Rumford concluded also that the absorption of light by air must be 

imperceptible. In addition he determined the absorption of light passing 

through various kinds of glass, the fractional loss of light reflected from 

glass mirrors, and compared the intensity of the moon to that of a candle. 
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Finally, in his desire to find a suitable standard source with a constant 

flame over long periods, he made a detailed analysis of various kinds of 

illuminants, such as candles of wax or tallow or bees wax and different sorts 

of oils for lamps. This investigation, partly arising from his duties in 

illuminating the workhouse mentioned earlier, led to quite a number of other 

people in the early 1800's undertaking similar investigations. We shall not 

be concerned with these. But we cannot leave this admirable work of Rumford's 

without noting that his photometer is on exhibit at the Royal Institution of 

Great Britain and that the very term "photometer" is due to him. In his 

second letter to Banks he stated, 

and I have now brought the principal instrument to such a degree 
of perfection, that, if I might without being suspected of 
affectation, I should dignify it with a name, and call it a 
photometer.39 

No such word appears in Bouguer's Traits no is it alluded to by any of the 

writers on Lambert. 

Attempts at Direct Reading Photometers  

The principles of photometry so well worked out by Bouguer, Lambert and 

Rumford in the 18th century seem:10 have been quite neglected in the first 

decades of the 19th century. These years seem to be characterized by attempts 

to devise photometers with built—in scales so that light intensity might be 

read directly on the instrument, instead of the somewhat indirect methods 

already described. Such attempts fall into two main categories, those which 

employed the heating effect of light to measure intensity, and those which 

depended on the extinction of light within the instrument. We shall treat 



-416— 

them here categorically rather than chronologically. 

The first attempt at employing the heating effect of light as a measure 

of its intensity was made by John Leslie, the mathematician and natural 

philosopher, in 1797.40 He fashioned a piece of glass tubing into an 

elongated U-tube at whose ends were attached a round thermometer ball. The 

tubing was filled almost full with a coloured liquid leaving an air space 

between the liquid level in each arm and the thermometer bulb. One bulb was 

constructed of black glass while the other bulb was of clear glass. This 

double-ended, U-shaped thermometer was then placed on a stand against a ruled 

scale. Leslie's idea was that the black glass would absorb heat from the 

incident light while the clear glass would (ideally) transmit the incident 

light. The heating effect would then expand the air inside the tubes 

producing a change in the liquid level directly visible on the scale behind 

the tubes. 

Obviously such an arrangement is still a thermometer being employed in 

a novel way. It would seem at first sight, however, to overcome the necessity 

of using the eye, a rather subjective factor in photometric measurements, as 

a null detector. One need only read the liquid level on the scale. On the 

other hand the instrument by its intrinsic design must direct both its therm-

ometer bulbs to a single source and so the device cannot compare two light 

sources at the same time. One can imagine, however, a procedure in which the 

photometer is first pointed at one source and the liquid levels noted. Then 

it is aimed at another source, and adjusted in distance until the liquid 

levels are again equal after which one cold say that the relative intensities 

were equal. But the procedure is clumsy compared to that of Bouguer to say 
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nothing of Rumford's elegant arrangements. Moreover, one would still have 

to measure the distances between the instrument and sources if one is to use 

the inverse square lavi and this would defeat the primary purpose of the direct 

reading device. strangely enough, Leslie does not mention at all using the 

inverse square law, nor any such arrangement. He states only that by using 

two photometers he could determine the relative properties of coloured 

substances to reflection, absorption and transmission and "in short, perform 

with the utmost facility all those ingdnious exueriments which have exercised 

the sagacity of Bouguer and Lambert. "41  The other 

main attempt in this area was made by William Ritchie 

in 1824.42 His instrument is shown in Fig. 7 on the 

right.43  Once again there is a glass tube filled 

with coloured liquid and set against a scale. In 

place of thermometer bulbs, however, Ritchie placed 

the cylinders ABCD and EFGH. Each cylinder consisted 

of strips of tin plate one end closed by a tin disc 

and the other closed by a glass disc. Thus, CD and EH 

were the ends of the cylinders closed in tin, while AB 

and FG were the ends closed by glass. The whole 

arrangement was to be airtight but not evacuated. 

Inside the cylinders at the place indicated by the 

dotted lines there was placed a circular piece of black 

paper "for the purpose of absorbing the light which 

permeates the glass, and instantly converting it into heat."44 The air then 

expanded causing the liquid to move in the tubes. 
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In use the glass faces of the cylinders were turned toward the two sources. 

The two linuid levels were noted beforehand. Then when light was incident 

on the cylinders, the expanding air within them would cause a change in the 

level readings. The observer was to adjust the instrument to such a distance 

between the two sources that the liquid levels returned to their original 

levels. Thus instead of reading changes of liquid levels and hence changes 

of temperature as in Leslie's photometer, this device depended on equal 

temperatures of air in the cylinders and their resulting equal expansion. It 

is, after all, a rather clever idea substituting for Bouguer's screens, in 

effect two chambers of air. The eye is not used to detect equal illuminations 

as these are read out against the scale. Men equality was reached, one 

simply measured the distances between the sources and photometer and applied 

the inverse square law. 

Because of the constructional difference noted above between Ritchie's 

and Leslie's photometer, Ritchie claimed that his device was "founded on 

principles essentially different" from those of Leslie. But was it really? 

Both instruments are open to a crucial objection. Since both are based on 

the principle of heat absorption, the bast one can say is that they measure 

the heat absorbed, not the intensity of the source itself. For the heat 

absorbed to be translated into a measure of light intensity it would be 

necessary to show that the heat absorbed is proportional to the intensity 

of the incident light regardless of the nature and temperature of its source. 

For example, for discussion purposes only, we might assume that the proport-

ionality between heat absorbed and the light intensity is a linear one. Then 

a graph of such a relationship for a given temperature will be a straight line. 
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It would be necessary then to show that two surfaces have an identical 

straight-line relationship regardless of their natures. For two surfaces, at 

.a given temperature, might each have a straight-line relationship between the 

heat absorbed and the light intensity but they may have different slopes. 

Hence equal quantities of heat absorbed as road by these instruments would 

not actually yield equal light values. Clearly neither Leslie nor Ritchie 

considered this problem, tacitly assuming that the proportionality did indeed 

exist. In fact, the state of physics in 1824 was hardly capable of attacking 

this question. Such instruments were dismissed out of hand by Sir John Herschel 

in 1845 as 

essentially defective in principle, being adapted to measure-- 
not the illuminating---but the heating power of the rays of 
light; and, therefore, must be regarded as undeserving the name 
of photometers.45 

Whether defective in principle or not, we cannot leave this discussion 

without noting the similarity between Leslie's "photometric" methods and the 

celebrated experiments of Sir William Herschel in discovering what we now 

call the infra-red section of the spectrum. Herschel employed thermometers 

outright in his experiments never losing sight of the fact that he was 

measuring the heating effects of the light, not its illuminating power. But 

Leslie's arrangement is after all basically'a thermometer and thermometers 

do essentially measure the heat absorbed (in terms of temperature) by them. 

So if Leslie could view his device as a photometer we might just possibly 

look upon Herschel's experiment as a kind of photometry. If so, it is the 

only successful applicntion of the principle of measuring light intensity 

in terms of its heating effects. 
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It might be expected at this early stage of photometry that there would 

be some confusion over just what constituted photometry as a science. The 

work of Bouguer and Lambert and later of Rumford initiated photometry and 

brought it to a high standard even in its infancy. But not everyone seems 

to have followed their examples. The case of Leslie stands out in this 

respect. Knowing full well of the work of Bouguer and Lambert he felt his 

. own methods were equal to their standard. Others felt the same privilege 

of invention especially in seeking methods for determining the sun's bright-

ness and the transparency of the atmosphere. These problems had occupied 

Bouguer and Lambert as we have seen and to a certain extent Rumford. Such 

questions were viewed at the time as "meteorological" questions. Leslie had 

been stimulated in his photometry researches by such questions. His photometer 

had even been an outgrowth of a hygrometer he invented some years earlier. 

Thus some of the developments of photometric methods in the early 19th century 

grew out of so—called meteorological questions. 

It was in the course of meteorological investigations that J. S. Nicod—Delom, 

in 1816 constructed an interesting and novel photometer.°  In the introduction 

to his paper, Nicod—Delom noted that there was still lacking at that time 

an instrument which could measure light passing through the atmosphere, or 

which could compare, as a thermometer measures the rays of caloric, the 

intensities of light. He set out to rectify this situation. 

In essence his photometer consisted of a cylindrical tube of cardboard 

some 40 inches long open at one end. Inside this tube was a second tube 

fitting snugly against the first. The inner tube carried a scale numbered 

from 1 to 50 and could be pulled well out from the outer tube. The scale was 
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read simply by noting its position against the end of the outer tube which 

acted essentially as a scale holder. One end of the inner tube lay within the 

outer one and the other end was placed against the eye, acting somewhat as 

a sight. The eye-end was even cut to fit the orbit of the eye so that when 

placed against the eye no light at all could enter the instrument. So far it 

is all dark inside the various tubes. 

Within the sliding second tube was yet a third, this one fixed with 

respect to the outer tube and even with its ends. This tube carried a 

circular diaphragm which was to be sighted by the eye looking down the sliding 

tube. Near the open end of the sliding tube was a narrow rectangular window 

cut along the surface of the tube. Light entered the instrument through this 

window. In use one faced this window toward the light in question and then - 

sighted down the tube from the eye opening. One was then supposed to view 

the circular diaphragm or disc towards the other end of the tube by the light 

entering the window. To make an observation, Nicod-Delom recommended that the 

diaphragm be just barely visible at the beginning. Then having previously 

chosen a position where the diaphragm is viewed normally, one slid the tube 

until the diaphragm was opposite that position and read the scale. The 

reverse procedure would certainly seem more reasonable and easily managed but 

the net result is the same. The intensity of the light was measured by the 
ha etet. 

extinction from view of the diaphragm. This was then/directly on the scale 

on the Sliding tube. One had then an instrument which ostensibly gave direct 

readings like a thermometer or spring scale and this, of course, is what 

Nipod-Delom intended to produce. 

Still another attempt at a photometer was produced in 1817 by J. K. Horner.47 



-422— 

Somewhat like Nicoa-Delom, Horner attempted to produce a direct reading 

instrument based on the extinction of light to the observer. Basically, his 

device consisted of a short cylindrical tube through which one fitted a flat 

rectangular plate somewhat in the fashion of a rigid film-strip. In the 

plate were 10 holes, the first open and the others covered with paper in 

various thicknesses. The plate was arranged to slide so that one of the holes 

was placed before the eye. Holding one end of the tube to the eye, the 

opposite end was pointed toward the light source and the light viewed through 

one of the holes in the plate. The observer slid the plate until one of the 

thicknesses of paper extinguished the light. One then had an indication of 

light intensity in terms of thickness of paper. Alternatively to the use 

of paper any thin laminated material could be used, such as sheets of mica. 

Instead of measuring the intensity of light one could also employ a standard 

source and use the procedure to determine the absorption of light by varying 

thicknesSes of different materials. 	 • 

The two previous attempts at. photometers proved to be dead-ends. I have 

found no later reference to Horner's method, and, sadly, only one reference, 

18 years later to Nicod-Delom and that by himself in another paper on the 

same instrument. Neither concepticn involved an application of the inverse 

square law, one of the three fundamental principles of photometry according 

to Lambert upon which the science is to be founded. Measuring light by this 

"method of extinction" may be reasonable but it implies that all observations 

must be made from a standard distance. Thus, in place of a standard source, 

a question much discussed by Bouguer, Lambert and Rumford, one substitutes 

a standard distance. In this way the need for the inverse square law is 
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circumvented. It is doubtful if either author recognized this difficulty for 

no remarks in either paper would indicate that they did. Moreover, the 

method neglects the ability of the eye to judge equality of illumination, 

substituting for this the requirement of judging the extinction of light 

stimulus. The latter is certainly a highly subjective judgement, open to 

wide variations between individuals and even variations within the same 

individual at different times. It is little wonder, therefore, that these 

attempts at direct reading photometers were doomed to oblivion. 

Return to Basic Principles  

The four previous devices, claimed by their inventors to be photometers, 

represented in reality a departure from the fundamental principles given by 

Bouguer and Lambert. With their intrinsic faults they were doomed as useful 

instruments for physics. But indirectly, at least, they served a purpose in 

maintaining the search for improved photometric methods. In fact, the 

inventor of at least one of the devices recognized the basic values offBouguer's 

principles and produced what was perhaps the first real improvement in 

photometer design since Bouguer. 

William Ritchie, inventor of the "photometer" utilizing air expansion, 

apparently experienced quite some difficulty with that instrument. The 

possibilities for difficulties with Ritchie's device were indeed confirmed 

by none other than John Leslie. Although Ritchie had claimed his instrument 

did not resemble Leslie's the latter took issue with him pointing out that 

Ritchie's device was nothing but a modification of his own differential 

thermometer.48 Most significantly Leslie stated it was, 
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only one of the various modifictions of the differential 
thermometer, which in cry earlier experiments I tried for 
measuring small quantities of light, but which I soon laid 
aside, on finding its performance to be quite irregular and 
uncertain.49 

Ritchie himself had stated that his device was sensibly effected by a candle 

at distances up to 30 feet. This statement together with Leslie's above 

.would indicate that the device was so sensitive (to heat) that adjustments 

and measurements were subject to considerable fluctuations and were therefore 

unreliable. It is no wonder that Ritchie looked for other methods, and found 

them lying latent within Bouguer's principles. 

In a paper of 1826,
50 

only 16 months after his previous attempt, he wrote 

the celebrated Bouguer was the first who discovered the important 
fact, that the eye can detect a very small difference between two 
similar illuminated surfaces, when viewed at the same moment,— 
the only principle which has yet been applied with any degree of 
success, in determining the relative illuminating powers of 
artificial flames.51  

Ritchie's new photometer richly deserved the name. A picture of it 

appears in Fig. 8 to the right.52  It consisted 

of a small rectangular box open at both ends 	A 
 

Two rectangular plane mirrors in the box are 

and blackened inside to absorb stray light. 
: 1
1r  

CF and DF and are placed at 450  angles with 

respect to the longitudinal axis of the instru- 	
Fig. 8 

ment. Both mirrors were cut from the same plate 

to ensure that reflections from both would be equal. The mirrors were joined 

at F. In the box was cut a rectangular opening, EG. This was covered with 

F fi 
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a, sheet of fine tissue paper or oiled paper, thus forming a screen. The 

screen was divided at F by the junction of the two mirrors where Ritchie 

'further suggested that a small piece of black card should be inserted to 

prevent the lights from comingling. Therefore, the observer saw effectively 

two adjoining screens, satisfying Bouguer's criterion, where each screen was 

formed by a separate mirror. 

In use the instrument was placed between the two light sources as shown 

in Fig. 8. It was moved toward one o± the other sources until the two screens 

(or both halves of the single screen) appeared equally bright. At that point 

the relative intensities were directly (rather than inversely) as the squares 

of the distances measured to the middle of the photometer. 

Some estimate of the reception of Ritchie's photometer may be had by later 

references to it. Nineteen years later, Sir John Herschel referred to it as 

"a very elegant and simple application" of Bouguer's principles,53  while 

P. G. Tait saw fit to mention it in 1882 in his article on Light for the 9th 

edition of the Britannica.54  It had, of course, by then been superseded.by 

new devices but this photometer was still worth mentioning because it 

illustrated the basic concept of photometry in such a simple way. 

So far in our review of photometers, we have always had to deal with two 

separate screens, or fields, placed next to each other. The problem has been 

to judge equality of illumination of the screens usually by looking for the 

disappearance of a dividing line between them. A very elegant alternative 

to this two screen method was suggested by the chemist Bunsen in 1843. He 

suggested that a single screen be used consisting of a piece of white paper 

on which there is a grease—spot. Then when the paper is illuminated equally 
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from both sides, the grease spot would not be visible except upon close 

inspection. Bunsen's idea was to set up this screen in a line between two 

sources and move it toward One or the. other until the spot disappeared. Then 

turn the paper around and repeat the operation but still observing the same 

side of the paper. Then one would take the mean of the two positions which, 

however, would be very close. 

'A New Principle in Photometry  

Until now no distinction has been made between polarized or unpolarized 

light. All the instruments described so far were employed in unpolarized 

light. But considerable new discoveries concerning polarization effects had 

been made in the early 19th century. These had been initiated by Etienne-Louis 

Malus in 1808 who discovered the first new fact concerning polarization since 

the time of Newton and Huygens. Light could be polarized by reflection. 

Previously polarization was known only through the phenomenon of doublerefract-, 

ion. And, the term "polarization" itself was coined by Malus in 1808 and 

therefore constituted a new addition to the vocabulary of physics. It is not 

within the scope of this chapter to trace the early 19th century researches 

in polarization. That is practically a thesis in itself. We will merely point 

out that following the work of Malus there were conspicuous experimental and 

theoretical researches in the subject carried out largely by Fresnel, Arago 

and Brewster. The importance of Malus' discovery was summarized by no less 

an authority than Arago who stated that Malus "created one of tie most 

remarkable branches of modern optics, and acquired the title which no one 

will ever‘ contest to an immortal renown."55 
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Arago's own work with polarized light led him eventually to see that no 

photometrical investigations using polarized light had ever been made. Indeed, 

he stated that from his first photometrical experiments, dating back as fax 

as 1815,
56 

he sooh discovered that he would have to give up looking in books 

for any principles in this area by which he may be guided. Rather he would have 

to attack the problem from the very beginning borrowing nothing from either 

Lambert or hib successors.57  

In 1845 Arago presented to the Academy of Science of France a unique 

photometer in which the light source was polarized and in which the intensity 

was measured with the aid of a doubly refracting prism and a doubly refracting 

crystal. 	The memoir describing the instrument and its uses, was, however, 

never published there being only a very short, unsatisfying abstract of it in 

Compte Rendu.58 However, five years later Arago presented before the Academy 

a series of seven memoirs on photometry in which his previous results were 

restated, a description of the apparatus given, while new applications of it 

together with new measurements were also included. These memoirs too were 

never published in'Memoires de l'Academie.  (although again there are short 

abstracts in , Compte Rendu") but became available only in the .0euvres  

Compltes de Arago-' published between 1854 and 1860. It is from the latter 

that the following account is mainly drawn. 

Arago's photometer is shown on the following page.59  Here there is a 

vertical screen of white paper LIN held in a wood frame and placed in front of 

a window during experiments. This paper is to be viewed by transmitted light 

(from the window) and as such will form a constant light source. We shall see 

presently how this screen eliminated the need for a standard source. A sheet of 
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glass S is fixed in the holder T in a plane perpendicular to the paper screen. 

Between the screen and the glass are two jigs, E and N, one on each side of 

the glass, whose purpose is to hold a horizontal slit. A view of one of these 

arrangements is shown in Fig. 11. The tube IL is a sighting tube and revolves 

in a horizontal plane about the sheet of glass, from one side to the other. 

The angle the tube makes with the glass is measured by the divided circle GH 

rigidly fixed to the glass holder T. A vernier scale slides along the inside 

of this circle, moving with the sighting tube. According to Arago the tube 

was not fitted with any lenses, for the observations made through it were 

with the naked eye. But a lens of suitable choice for the observer could be 

placed between the eye and the tube to make the edges of the horizontal slits 

(viewed through the tube) appear sharply defined. At the objective end of the 

tube was a narrow vertical slit whose purpose was to limit the field of vision. 

Finally, in front of this slit was fitted a doubly refractive crystal. 

(There is a slight discrepancy in the memoir here for in a full page f oot-

note describing the instrument, apparently not written by Arago, it is noted 

that there is an occular tube L at the end of the sighting tube, moved with 

a rack and pinion gear, whose purpose is to focus sharp images for different 

observers. Clearly, it doesn't matter whether ohe holds a lens in front of the 

tube or whether it is built in as shown in the illustration.) 

Suppose now the tube is to the right side of the glass as shown in Fig. 10. 

The observer now sees the paper screen by both reflected light and transmitted 

light. He sees the right side of the screen by light reflected from the glass 

and passing through the right horizontal slit. He sees the left side of the 

screen by light transmitted through the glass and which first passed through the 
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left horizontal slit. (This is shown by the dotted line in Fig. 10.) In 

adjusting the instrument for observation, the two horizontal slits are arranged 

so that their images, by reflected and transmitted light, are at the same height 

One sees then, through the tube, what appears to be two adjoining, illuminated 

screens. The intensity of the two screens will generally not be equal since the 

proportions of light reflected and transmitted depend on the angle of incidence 

on the glass. One now moves the tube in its circle observing the two images. 

If the movement is such as to diminish the angle between the line of sight 

and the glass, the reflected image increases in intensity while the trans-

mitted image decreases. If the movement of the tube is to increase the angle 

between the line of sight and the glass, the result is opposite. Therefore, 

it is possible in revolving the tube about the glass to find a position where 

the two images will be equally bright. Then the quantities of transmitted, 

and reflected light are equal. It is clear from this procedure that no 

standard of light is required. Recalling Bouguer's method of determining 

reflection from a piece of glass, one needs only a source of constant intensity. 

This is provided by the paper screen illuminated by diffuse daylight through 

a window. There is, however, a tacit assumption in the method above that the 

screen is uniformly illuminated and passes the light itself uniformly. Then 

the optical arrangements are such as to divide the screen into two parts 

whose intensities are to be compared. 

The question at this point is, what does polarized light have to do with 

this equipment? Now the light passing through the glass or reflected from it 

is polarized either partially or totally depending upon the angle of incidence. 

And this, of course, was the essence of Malus' discovery. In observing 
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reflected light through a doubly refracting crystal (which acted as an analyzer 

of the light) he noticed that the intensity of the reflected light could be 

varied from a maximum to nil with each quarter turn of the crystal.
6o 

Thus 

the intensity was a maximum for angles of 0°  and 180°, and nil for angles 

of 90
o and 270

o. This suggested a periodic function as a description of the 

phenomenon and the obvious choice was a cosine function. But since negative 

values of intensity could have no physical meaning, Idalus suggested the 

relation 

IQ 	Imcos20 

where Im 
is the maximum intensity and I6 

 the intensity at some angle (3 of 

the crystal. It is this relation which plays an important role in Arago's 

photometer. 

In Arago's photometer the glass acts as a polarizing element. The light 

passing through the glass or refelcted from it is polarized either partially 

or totally depending upon the angle of incidence. Since the two screens 

then are viewed by polarized light talus' relation above for polarized 

light can be applied. 

Fitted into the instrument is also a bi—refringant prism at K and, as 

mentioned before, a doubly refracting crystal in front of the vertical slit 

of the objective end of the sighting tube. These elements in effect serve 

as analyzers of the light giving further subdivisions of the polarized 

light as required, while the angle S of ::Talus' relation is measured directly 

on the divided scale. 

Arago's first set of observations were aimed.  at confirming experimentally 
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Malus' suggested relation. For it had been suggested on the basis of 

extreme cases only and therefore needed verification at intermediate values 

as well. By some mathematical deductions from Malus' law which we shall not 

go into and by suitable arrangements of the prism and crystal Arago could 

arrange to view only certain proportions between the transmitted and reflected 

beams. Knowing this proportion he could predict according to Malus' law the 

angle at which he should view equal intensities of the screens as explained 

above. These angles could then be measured on his instrument. The success 

of these measurements he reported in his Memoirs of 1845 and 1850.61 Then, 

given that Malus' law was valid, he measured the proportions of light 

reflected and transmitted from a piece of plate glass. Briefly, the first 

results for crown—glass were as follows: 

Angle of Incidence 
(measured to surface) 

ratio of reflected 
light to transmitted 

4°32' 

loll  

4:1 
2:1 

1108 , 1:1 

17°17' IS 1 

26°38' 4' 

It is interesting to compare these varueS with those of Bouguer given in 

his table below.- 
62 Although we do not know what type of glass Bouguer used, 

Table of the Reflections Produced by Plate Glass 
(The number of direct rays is expressed by 1,000) 

Angles of Number Angles of Number Angles of Number 
incidence of rays incidence of rays incidence of rays 
(Degrees) reflected (Degrees) reflected (Degrees) reflected 

2;1 584 , 	15 	. 299 50 34 
5 543 20 222 60 27 
7; 474 25 157 - 	70 25 

10 412 30 112 80 25 
12-1 356 40 57 90 25 
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and so the comparison cannot be exact, it seems that there is quite some 

error in these figures. Presumably his results were faulty as a result of 

pblarization by reflection which, of course, was unknown to him. Indeed, 

Arago's whole purpose was to include polarization effects within the realm 

of photometry. In doing so he made the first major instrumental and theoret-

ical advance in the art since the work of Bouguer and Lambert in 1760. 

In the following memoirs Arago extended the table above to 31 determinations 

of the reflected and transmitted portions covering a range from 4
o 
 to-90°, 

investigated the relative intensity of light from the edge of the sun as 

compared to light from its center, determined the height of clouds, compared 

the intensity of light reflected from various parts of the moon, and many 

other astronomical and meteorological questions involving photometry with 

polarized light. It is not too much to say that Arago in these investigations 

brought the whole art of photometry to a new understanding and a new standard 

of accuracy. 

As stated before it has not been our purpose here to give a detailed 

description of the history of photometry. Rather the purpose has been to 

show that the subject was an active one within physics and was important 

enough to occupy in the person of Arago one of the finest minds of the first 

half of the 19th century. The subject itself has its own intrinsic interest 

but within physics its techniques have been applied to a wide range of 

experiments including astronomy, artificial lighting, electromagnetic 

radiation intensity, etc. In the problem of colour investigations as they 

emerged in the 1850's the concepts of photometry played a key role in the 

minds of Grassmann and Laxwell. Since it was largely these two men who set 
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the pattern for much work that followed, it is important to relate this work 

in a seemingly unrelated field to theirs. The concept of equal intensity of 

illumination of two screens, in particular, was the key innovation in 

Grassmann's and iaxwell's colour investigations. From that came the ability 

to form colour equations which procedure in turn, yielded the great new 

insights into colour perception which have been studied in this history. 

Appendix: On Photometry 

1. Newton, Isaac, Opticks, fourth London edition of 1730, republished 
by Dover Press, Inc., New York, 1952, p. 155 

2. Huygens, Christiaan, Cosmothereos sive do terris coelestibus earumqua 
ornatu conjecturae, as mentioned by Pierre Bouguer in his Traite 
D'Optique sur la Gradation de la Lumiere, Paris, 1760, p. 46, see 
note 3 following. The page number here refers to the edition cited 
in note 3. 

3. Bouguer, Pierre, Traite D'Optique sur la Gradation de  la Lumiere, 
Paris, 1760, English translation by W. E. Knowles iliddleton, University 
of Toronto Press, 1961. (Page references in the following notes are 
to the English edition.) 

4. Ibid., p. 20 

5. Ibid., p. 20 

6. Ibid., p. 20 

7. Ibid., p. 20 

%',8. 'Ibid., p. 21 

9. Kepler, Johannes, Ad Vitellionem paralipomena, 1604, as stated by 
Mach, Ernst, The Principles of Physical  Optics, an Historical and 
Philosophical Treatment, reprint of original 1926 English edition by 
Dover Publications, Inc., New York, p. 13 

10. Bouguer, Op. Cit., p. 23 

11. Ibid., p. 23 
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12. Ibid., p. 24 

13. Ibid., p. 24 

. 14. Ibid., p. 27 

15. Ibid., introduction by Middleton, p. v 

16. Ibid., D. 28 

17. Ibid., p. 28 

18. Mach, OD. Cit., p. 17 

19. Photometry, however, might be said to have led to the revival of 
corpuscular ideas in the form of the quantum theory almost 100 years 
later. For, as is well known, it was the necessity of explaining 
various radiation distribution curves determined in the 1890's that 
eventually led Planck to the quantum concept. And, of course, the 
determination of those curves was basically a photometric problem. 
They are, in effect, intensity curves. 

20. Middleton, introduction to Bouguer's Traits, Op. Cit., p. xi 

21. Ibid., p. xi 

22. Mach, OD. Cit., p. 14 

23. Wolf, A., A  History of Science, Technolcy,y and Philosophy in the 
18th Century, 2nd ed., George Allen and Unwin, Ltd., London, 1962, 
vol. 1, p. 168 

24. Middleton, Op. Cit., p. xi 

25. Ibid., p. xi 

26. adapted from Mach, OD. Cit., p. 15 

27. Mach, Op.  Cit., p. 16 

28. Ibid., p. 15 

29. Ibid., p. 15 

30. Ibid., p. 16 

31. Ibid., pp. 15-16 

32. Wolf, Op. Cit., p. 169 
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33. Priestley, Joseph, The History and Present State of Discoveries  
Relating to Vision, Light and Colours, London, 1772. Priestley 
gives a rather good account of Bouguer's photometer and photometric 
principles based on the TTaitg. Strangely enough, however, he does 
not mention Lambert at all in regard to photometry although the 
latter's Photometria was published in 1760. 

34. Thompson, Benjamin, Count Rumford, Experiments on the Relative  
Intensities of Light Emitted by Luminous Bodies, The Complete Works 
of Rumford, American Academy of Arts and Sciences, Boston, 1875, 
vol. iv, p. 27; the mention of Bouguer is made in a footnote which 
is a later reprint and revision of his first photometry publication 
of 1794. In the original version published in the Phil. Trans. 
(see note 35) no mention was made of Bouguer. However, the changes 
incorporated into the later reprint are to be found in Rumford's 
own handwriting in marginal notes in the Royal Institution copy of 
the Phil. Trans. for 1794. The later reprint footnote states that 
he did not see Bouguer's work until 1801, a statement which does not 
appear in Rumford's marginal corrections of the Royal Institution's 
Phil. Trans. Here he only alluded to an "Ingenious French Philosopher" 
presumably Bouguer. Lambert is not mentioned in either version. 

35. Thompson, Benjamin, Count Rumford, An Account of a Ilethod of Measuring 
the comparative Intensities  of the Light emitted by luminous Bodies, 
Phil. Trans., 1794, part 1, p. 69. Both letters were published under 
the single title. 

36. Ibid., p. 67 

37. Ibid., Tab. X, after p. 106 

38. Ibid., p. 82 

39. Ibid., pp. 72-73; the emphasis is Rumford's 

40. Leslie, John, Description of a Hygrometer and Photometer, Nicholson's 
Journal, vol. 3, 1800, p. 461. Although the paper was published in 
1800, Leslie states in it that the instrument was constructed in the 
Autumn of 1797, p. 467 

41. Ibid., p. 467 

42. Ritchie, William, On a new Photometer, with its application to 
determine the relative intensities of artificial light, etc., 
Phil. Trans., vol. cxv, 1825, p. 141. (The paper was read in Dec. 1824.) 

43. Ibid., plate xii, p. 146 

44. Ibid., p. 142 
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45. Herschel, Sir John F. W., Article on Light, Encyclopedia Metropolitana, 
London, 1845, vol. 4, p. 349. (This article is frequently referred 
to as Herschel's Treatise on Light.) 

46. Nicol—Delom, J. S., Description D'Un Photometre Nouveau, Biblioteque 
Universelle, vol. 1, 1816, p. 255 

47. Horner, J. K. Description D'Un Photometre, Biblioteque Universelle, 
vol. 55, 1834, P. 55 

48. Leslie, John, Letter from Professor Leslie to the Editor on Mr. Ritchie's 
Experiments on Heat, and New Photometer, Edinburgh New Philosophical 
Journal, vol. 4, 1827-23, p. 171 

49. Ibid., p. 171 

50. Ritchie, William, On a new Photometer founded on the Principles of  
Bouguer, Trans. Roy. Soc. Edin., 1826, vol. X, p. 443. It is 
interesting to note that the paper was communicated to the Society 
by Brewster. 

51. Ibid., p. 444 

52. from Herschel's Article on Light, OD. Cit., Plate 1. The illustration 
here is much superior to that given by Ritchie in his paper, the latter 
being really just a schematic drawing. 

53. Ibid., p. 350 

54. Tait, P. G., Article on Light, Encyclopedia Britannica, 9th ed., 
vol. 14, 1882, p. 583 

55. Arago, Francois, Biographies of Distinguished Scientific Men, London, 
1857, p. 387. It is interesting to see that Arago included himself 
in the collection (as an autobiography) and no doubt with complete 
justification. Unfortunately, he does not give an account of his 
scientific work, which in the other biographies forms a major section 
of each. 

56. Arago, Francois, Premier M6moire sur la nhotometrie, Demonstration 
experimentale de la loi du carre du cosinus, Compte Rendu, 1850, 
p. 306 

57. Ibid., p. 308 

58. Arago, Francois, Optiquo---Photometrie, Compte Rendu, vol. 21)  1845, 
PP. 346-7 
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59. Arago, Francois, "Deuxieme 1.1emoire 
Completes de Francois Ara,.;o, Paris 
pp. 196-7. The description of the 
pp. 198-202. 

Sur la Photometrie", Oeuvres  
and. Leipzig, 1858, vol. X, 
apparatus is from the same source, 

60. This is true only when the angle of incidence is larger than Brewster's 
polarizing angle for at Brewster's angle the light is completely 
polarized. 

61. see notes 55 and 57 

62. Bouguer, Op. Cit., p. 98 
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