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V. The Colorimetric Properties of the Spectrum.
By J. Guip, 4.R.C.S., F.Inst.P., F.R.A.S., National Physical Laboratory.

(Communicated by Sir JosepH PrTAVEL, F.R.S.)

(Received February 19, 1931—Read April 30, 1931.)

Introduction.

Those properties of the eye which determine its behaviour in the measurement of
luminous intensity and colour are completely defined by two sets of numerical data
which express, as functions of wave-length, its behaviour to monochromatic radiation
throughout the visible spectrum in respect of these two aspects of the visual effect
of a stimulus. The first of these functions is embodied in the “ Relative Visibility **
curve of the spectrum, and the second is embodied in a curve showing the locus of the
spectrum on the “ colour triangle ”” of some trichromatic system.

These two functions may be combined to give the “ mixture curves ” of the spectrum,
by means of which we can calculate both the photometric and colorimetric values of
any stimulus from its spectral energy distribution.

The nature and significance of these various functions are sufficiently well understood
to need no explanation here.

The visibility function of the normal human eye has been known to a high degree
of accuracy for some time, and in 1924 the International Commission of Illumination
agreed to accept, as representing the normal eye for photometric purposes, a set of data
based on an analysis of all the modern determinations.t Except for some uncertainty
at the two extremities of the spectrum these data are unquestionably closely represen-
tative of the normal eye.

No such accumulation of data exists for the colorimetric properties of the eye. CLERK
MaxweLL] first determined the spectrum locus on a colour triangle constructed in
accordance with NEwWToN’s law of colour mixture, and also deduced mixture curves
of the spectrum for himself and his assistant, using as primaries spectral radiations of
wave-lengths 0-6307 ., 0-5286 p and 0-4573 ., approximately.

* The writer is not alone in objecting to the use of the word “ visibility >’ in connection with the luminosity
function, but prefers to continue its use under protest until some more acceptable term is substituted
by general agreement,.

T ¢ Recuil des Travaux ’ p. 67 (1924) ; see also K. S. Gisson and E. P. TyNDALL, ¢ Bur. Stds. Sci. Papers,”
No. 475 (1923).

1 “ Sci. papers,’ vol. 1, pp. 410444 ;  Phil. Trans.,” vol. 150, p. 67 (1860).
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150 J. GUILD ON THE COLORIMETRIC PROPERTIES OF THE SPECTRUM.

MaxweLL’s results indicate that the spectrum he employed was very impure, particu-
larly in the blue-green part of the spectrum. This gave an entirely fictitious approxi-
mation of the spectrum locus to two sides of the colour triangle and led MAXWELL to
conclude that ““. . . all the colours of the spectrum may be compounded of those
which lie at the angles of this triangle,” and that there was * strong reason to believe
that these are the three primary colours corresponding to those modes of sensation
in the organ of vision.”

These conclusions have long been known to be quite untenable, there being no spectral
colours which are in any sense Primary colours or from which all other colours can be
compounded.

Determinations by other methods were made by Koénie and DieTErICT* and by
ABNEY.T

Certain modifications in K6n16’s data were made by Ives} to obtain better agreement
with luminosity relationships; and WEAVER§ analysed the results of Konic and
DierterIcI and ABNEY, reduced them to a common denominator, and obtained a set
of values based on them which was recommended for general use by the Colorimetry
Committee of the Optical Society of America in 1922 ; but, as far as the writer is aware,
no attempt has been made, since those of K6N1G¢ and ABNEY, to obtain further experi-
mental information on the chromatic functions until quite recently.

The tendency to elaborate and correct the meagre data of the earlier investigations,
rather than to initiate fresh experimental work on the subject under modern experi-
mental conditions, has no doubt been due to difficulties, supposed to be inherent in
such investigations, which have only been removed by the progress made on the
theoretical side of the subject during the last ten or fifteen years. Ivms} | first
directed attention to the simple relations existing between the different modes of
presentation of the facts of colour mixture, and in particular pointed out that if the
trichromatic coefficients of the spectrum (coordinates of the spectrum locus on the
colour triangle) were known for any one set of primaries they were, in fact, known
for any other possible set ; and similarly for the spectral mixture curves.

Following on the work of IvEs, the present writery simplified some of the trans-
formationsinvolved and, in particular, showed that the trichromatic coefficients of the
spectrum could be measured on any trichromatic colorimeter, and the results converted
to any desired set of standard spectral primaries by a transformation requiring no
additional experimental work.

Towards the end of 1926, in the course of the work on colorimetric standardlsatlon

* ¢ Z. Psychol. Physiol,” vol. 4, p. 241 (1892).
T ¢ Phil. Trans.,” A, vol. 205, p. 333 (1905).

1 ¢ J. Frank. Inst.,” vol. 180, p. 673 (1915).

§ ‘J. Amer. Opt. Soc.,” vol. 6, p. 527 (1922).
|| ¢ J. Frank. Inst.,” vol. 195, p. 23 (1923).

9 ¢ Trans. Opt. Soc.,” vol. 26, p. 95 (1924-25).
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carried out at the National Physical Laboratory, it became necessary to obtain more
reliable values for the spectrum than those available. It was only possible at the time
to carry out the measurements for seven observers, but this was regarded as sufficient
for the internal purposes for which the results were immediately wanted. The work
was carried out, and a colour triangle and set of mixture curves were prepared, as
presently to be described.

These results were not published for general use because it was at first thought that
seven observers constituted much too small a group to give a reasonably close approxi-
mation to a “normal ”’ eye, and it was intended to extend the measurements to a
very much larger group at a later date. Pressure of other work prevented this intention
from being carried out as soon as had been hoped. Meanwhile the seven-observer data
had been used for various purposes, and had proved surprisingly satisfactory.

During this period a similar investigation was carried out by W. D. WrieHT at the
Imperial College of Science. WRIGHT used an entirely different type of apparatus*
from that employed at the National Physical Laboratory, but adopted the standard
conditions recommended by the Laboratory as regards field size and ‘ white ” light.
He obtained the trichromatic coefficients of the spectrum for ten observers, and pub-
lished theset in terms of three spectral primaries of wave-lengths, 065 w (red), 0-53 w
(green), and 0-46 p. (blue). In a later paperf WricHT has calculated mixture curves
of the spectrum based on his own determination of the trichromatic coefficients and
the International Visibility curve.

The trichromatic coefficients for his ten observers agreed so closely with those of
the seven observers examined at the National Physical Laboratory as to indicate that
both groups must give results approximating more closely to ““normal ” than might
have been expected from the size of either group, and made it desirable to publish
the N.P.L. results without waiting for measurements on additional observers. It was
hoped that international agreement on a standard white light for colorimetry might
have been reached during 1930, and that the results presented in this paper could be
given on that basis; but such agreement has not yet been attained and it is felt
undesirable to withhold publication any longer. If international discussion should
result in the general adoption of a standard white differing from that hitherto adopted
at the N.P.L., the values here given can easily be converted to such new basis.

Expervmental Arrangement.

The colorimeter employed for the determination of the trichromatic coefficients was
made by Adam Hilger, Ltd., and is of the type designed by the writer for general

* ¢ Trans. Opt. Soc.,” vol. 29, p. 225 (1927-28).

1 ¢ Trans. Opt. Soc.,” vol. 30, p. 141 (1928-29).

1 ¢ Trans. Opt. Soc.,” vol. 31, p. 201 (1929-30).
Y 2
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152 J. GUILD ON THE COLORIMETRIC PROPERTIES OF THE SPECTRUM.

colorimetric purposes. Asit has been fully described elsewhere,* it is merely necessary
to say here that the working primaries of the instrument are obtained by passing the
light from an opal-bulb gas-filled lamp through red, green and blue gelatine filters.
The three primary stimuli so obtained can be blended in any desired proportions in
the matching field of the instrument. The particular filters employed were chosen so
that the great majority of colours met with in industry and commerce can be matched
by some blend of the three primaries, but provision is made.for transferring any one
of the primaries to the same side of the matching field as the colour under test in order
to deal with colours which lie outside the colour triangle of the instrument primaries.
The transferred primary appears with a negative coefficient in the result. As the
spectrum locus lies completely outside the colour triangle for any set of real primaries,
this procedure of adding one of the primaries to the colour under test and matching
the combination by means of the others is necessary in all measurements on the spectrum.

—

—" O

The arrangement of apparatus is shown in diagrammatic plan in fig. 1. The colori-
meter, A, has a square field of view, divided into two rectangular portions by a horizontal
dividing line. One of these portions, the test field, contains the colour to be matched.
The other, the matching field, contains a blend of the instrument primaries, which are
regulated by the three control handles on the right, their amounts being measured on
accurately divided scales attached to the shutters which determine the amount of light
passing through each of the filters.

* Guild, ¢ Trans. Opt. Soc.,” vol. 27, p. 106 (1925-26).
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When it is necessary to introduce any one of the primaries into the test field, as in
the present work, the amount so introduced is regulated by the control handle at the
front of the instrument. No separate scale is provided for evaluating the amount of
primary so transferred. It is evaluated on the main scale of that primary, as explained
later.

The size of the aperture which bounds the field of view is such that each side of the
square subtends an angle of approximately 2° at the observer’s eye. This size of field
was chosen for the following reasons :—

It lies almost entirely within the average ‘ yellow spot’’ of the retina, and is of
similar dimensions to the field to which the standard visibility data apply. It is of
the greatest importance that quantitative work on the properties of the eye should
all apply to the same region of the retina, and colour-matching apparatus with fields
extending beyond the macula lutea may give results which are not at all representative
of foveal vision. Kxperiments also showed that for such small fields the simple two-
part division was the most advantageous. The Lummer-Brodhun contrast patches,
which provide a great increase in sensitivity, either in photometry or colour matching,
could not readily be incorporated in such a small field. The use of a tripartite field,
which is sometimes advocated as a means of reducing errors due to fatigue and successive
contrast, was found to involve a definite loss in sensitivity owing to the narrowness
of the strips.

The monochromatic light was obtained from a 40-watt automobile headlight lamp,
B, the filament of which was focussed by means of an achromatic, spherically corrected
lens, C, and prism, D, on the slit of a constant deviation monochromator, E. The
exit slit of this instrument serves also as the entrance slit of a second monochromator,
F, of which the exit slit is situated at the focus of the lens system, to be described
presently, which constitutes the entrance window of the colorimeter.

The exit slit of the second monochromator is made slightly wider than the image,
formed at it, of the exit slit of E, so that no part of this image is obscured.

For the normal use of the colorimeter in measuring the colour of materials, the window
of the instrument consists of a lens of clear colourless glass, having a focal length of
about 20 cm. The specimen is placed at the focus of this lens, and the light passes
as a collimated beam through the matching prism, after which a second lens, at the
inner end of the observation tube, produces an image of the specimen in the plane of
the observation pupil. The purpose of this is to prevent any structure possessed by
the specimen, for example, the texture of fabrics, from appearing in the field of view
and destroying the sensitivity of the match. For measurements’ on the spectrum, if
the slit of the monochromator is situated at the focus of the lens-window, an image
of the spectral line is formed at the observation pupil of the colorimeter and the test
field appears filled with light of the appropriate colour. Owing, however, to the fact
that the spectral light is concentrated within the limits of a narrow slit at the observer’s
eye, the appearance of the field is marred by streaks and other defects, due partly to

¢
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154 J. GUILD ON THE COLORIMETRIC PROPERTIES OF THE SPECTRUM.

strize, dust particles, ete., in the optical system, and to the “ museca volitantes > pro-
duced by non-homogeneity in the media of the eye itself. Such a system is, in fact,
of the type which one would arrange for the purpose of showing up such defects.
Further, while the spectral light is confined to this slit-aperture, the instrument primaries
are not, but completely fill the circular aperture of the observation pupil of the colori-
meter. The fact that the spectral light is, in effect, seen through a different observation
pupil from the other constituents of the colour match has the result that parallax
effects are introduced by the slightest movement of the eye. These two causes are
sufficient to destroy all precision of measurement. To obtain good matching conditions,
in which both fields can be made to look identical, with a sharp, almost invisible,
dividing line, it is necessary to ensure not only that the light is uniformly distributed
over the cross-section of the beam as it passes the field aperture, but also that it is at
least approximately uniformly distributed over the observation pupil through which
it enters the eye.

To effect this in the present investigation use was made of a spreading device which
the writer has previously described in connection with another type of instrument.*
This consists of a crown of rotating lenses, of about
1 metre focal length, as illustrated in fig. 2, situated
close to the fixed lens constituting the window of the
colorimeter. The axis of rotation of the crown was
vertically above the lens-window so that each lens
of the crown was co-axial with the fixed lens when
passing through the lowest point of its circular orbit.
The slit of the second monochromator was placed at
the focus of the combined system, so that its image
was in the plane of the observation pupil. When
the crown of weak lenses is set in rotation, by means
of the motor G, fig. 1, each lens, as it passes across
the window, causes the image of the slit to move in an arc-shaped path across the
observation pupil, and the effect, when the rotation is rapid, is to spread out the
image of the slit into a band about six or seven millimetres broad. The brightness of
this band fades off towards either side, but it is sufficiently uniform over the central
region occupied by the observation pupil, which was kept at a constant diameter of
3 mm. throughout the experiments, to give a field free from the defects described
above.

In addition to the measurements on the spectrum itself it is necessary to make
measurements on a standard white light in order to determine the units of magnitude
in which the quantities of the instrument primaries are to be evaluated, in accordance
with the usual convention that quantities of the primaries which match white shall

Fia. 2.

* GuiLp, ‘ Trans. Opt. Soc.,” vol. 27, p. 139 (1925-26).
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be measured as equal. The quantity scales of the instrument, on which the actual
readings are taken, are, of course, peculiar to the particular instrument employed and
have no significance in the final result but, from the measurements on white, factors
are found for each of the scales which reduce the numerical results to a system of units
independent of the properties of the instrument. Particulars of the standard white
light here used are given in Table I* (p. 179).  The light was obtained by means of a
gas-filled lamp, H, and a liquid filter, I, and was introduced into the field of the
colorimeter by inserting a white diffusing surface, J, just in front of the monochromator
slit. This surface consisted of magnesium oxide smoked on to a metal plate. The plate
was mounted on a swivel joint so that it could be readily swung out of the way to
allow passage of the monochromatic light or swung into position for the measurements
on white.

An adequate system of screening, not shown in the diagram, was arranged to ensure
that no stray light could enter the colorimeter. This was particularly important when
measurements near the extremities of the spectrum were in progress. Relatively
minute quantities of light, reflected from the jaws of the monochromator slit, or reflected
or refracted into the colorimeter by the rotating lenses, would seriously impair the
purity of the spectral radiation towards the blue end of the spectrum. It was not
found to be either comfortable or convenient to carry out the work with the room in
complete darkness, so that precautions had to be taken against stray light. The
screening was tested during the preliminary work, and arranged so that no difference
could be detected in the measurement of a violet field whether the room was com-
pletely dark or illuminated to a convenient extent.

Preliminary tests were also made of the adequacy of the spectral purification effected
by the two monochromators by comparing measurements made on blue and violet
parts of the spectrum with and without the addition of purifying filters. The results
of such tests showed that the purification was sensibly complete.

The wave-length scale of the main monochromator, E, fig. 1, was carefully calibrated
against a series of emission spectra. It was refocussedf for each wave-length in accord-
ance with a curve of focus settings obtained by preliminary experiments. The type
of focus adjustment provided on the instrument was tested and found to introduce no
irregularity in the wave-length calibration.

The slit widths were made as narrow as was consistent with adequate working illumi-
nation near the extremities of the spectrum, and were kept at the same widths throughout
the work, reduction of illumination in the brighter portions of the spectrum being
effected by a resistance in the circuit of the lamp, B.

The precise wave-length range transmitted by the monochromator at different parts
of the spectrum was not determined, but preliminary tests were made, with slits of

* See also footnote to p. 163.
T This is accomplished, in the type of instrument employed, by movement of the object glasses, the
slits remaining in fixed positions.
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156 J. GUILD ON THE COLORIMETRIC PROPERTIES OF THE SPECTRUM.

approximately double the width, which showed that no appreciable slit-width correction
had to be made at any part of the spectrum.

- The second monochromator did not require calibration. It had merely to be set
so that the image of the exit slit of E was approximately in the centre of the exit slit
of F, which, as has already been stated, was appreciably wider than this image.

Experimental Procedure.

When the preliminary work involved in calibrating the various parts of the apparatus
had been carried out, the procedure adopted in testing the seven subjects* was as follows.
A supervisor, who was thoroughly familiar with the apparatus and the routine to be
followed, adjusted the monochromators to the desired wave-length, regulating the
intensity of the monochromatic light to a suitable value by means of the resistance in
the lamp circuit. He also performed the operation of inserting in the test field a
suitable amount of whichever primary had to be “ transferred,” regulating the amount
of this to be a little in excess of that required, so that positive amounts of all three
primaries were required to match the resultant colour. It is better to do this than to
attempt to transfer the exact amount required to enable the resultant colour to be
matched by the two remaining primaries, particularly when testing subjects who are
inexperienced in manipulating the instrument. The transferred primary remains
constant in amount, producing, in combination with the monochromatic light, a colour
which the subject can match by manipulating the three primary controls. It is
necessary, however, that the transferred primary should not be very much in excess
of requirements, otherwise some sensitivity is lost, particularly near the short wave-
length end of the spectrum. Conditions having been adjusted by the supervisor to
suit himself, a few preliminary settings were made by the subject to render him familiar
with the particular colour match. From these preliminary settings the supervisor
judged whether the amount of transferred primary was sufficient for this subject or
whether it could profitably be reduced. When optimum conditions had been arrived
at a series of ten settings was made, the scale readings being taken down by the super-
visor. All three primaries were disturbed between each observation. Usually one such
series was sufficient, but if the individual observations varied too much a further set
would be taken.

At the conclusion of the series the amount of transferred primary was evaluated.
This was done by cutting off the monochromatic light, leaving only the transferred

# The author desires to record his thanks to Dr. A. F. A. Young, Messrs. A. G. WiLLiams, W. J.
StockweLL, L. C. Corpre and H. J. AuBer, of the staff of the Optics Division of the National
Physical Laboratory, and to Miss LamBERT, of the staff of the Research Laboratories of the
British Woollen and Worsted Industries, who acted as subjects ; and to record his further indebtedness
to Dr. Youna, who conducted the tests on some of the subjects, and performed frequent checks on the
lamp and filters used.
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primary in the test field, when it could be matched by a suitable setting of the same
primary in the matching field, the other two primaries being closed down. The trans-
ferred primary was thus evaluated on the same scale as that in the matching field.
As such a measurement involves no colour difference, it is unaffected by the peculiarities
of the observer’s colour vision. It was therefore performed by the supervisor in order
to minimise the amount of observational work called for from the subject.

While this measurement was being carried out, and during the readjustment of the
apparatus for another wave-length, the subject rested his eye by closing it, or by
looking around the moderately lit laboratory, as he felt disposed. Each subject made
measurements at wave-length intervals of 0-01 ¢ from 0-40 p to 0-48 v ; at intervals
of 0:005 p. from 0-48 p. to 0-53 w; and again at intervals of 0-01 p from 0-53 p to
0:70 p.

Four or five measurements on the standard white, each consisting of ten observa-
tions, were interspersed at more or less regular intervals during the spectrum observa-
tions. The mean of all the white light measurements made by the subject was used
to deduce his “ white-light factors ” by which his readings on the three primary scales
had to be multiplied in order to reduce his measurements to the conventional basis
that equal quantities of the three primaries match white.

From his reduced readings, the ““ unit equations ” for the spectrum were obtained,
that is, equations of the form |

Q, = aR + bG + cB

where @ 4+ b+ ¢=1. The symbol Q, represents the ° colorimetric quality > of a
monochromatic stimulus of wave-length A in terms of the three primary stimuli which
constitute the working primaries of the colorimeter.

Quantitatively, the amount of the monochromatic stimulus represented by the above
equation is one “ trichromatic unit,” or T. unit for short. A quantity » times as great,
or n T. units, is represented by an equation in which the coefficients of the primaries
are in the same proportion as a, b and ¢, but add up to n. The conception of trichro-
matic units for evaluating stimulus quantities is of very great convenience, as the
writer has shown elsewhere,* in facilitating the solution of colour mixture problems.

Results.

" The most direct method of exhibiting the results of colorimetric measurements on
the spectrum is to plot three separate curves showing the variation with wave-length
of the trichromatic coefficients @, b and ¢ of the unit equation. Fig. 3 gives these curves
for the seven observers, and illustrates the nature and magnitude of the differences

* ¢ Trans. Opt. Soc.,’ vol. 26, p. 139 (1924-25).
VOL. CCXXX.—A Z '
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exhibited by the members of this group. Fig. 4 gives the mean curves for the group,
and in Table IT the mean coefficients are given at wave-length intervals of 0-05 p.,
the values referring, of course, to the arbitrary and unspecified primaries of the Labora-
tory colorimeter. As these tabulated coefficients are the basis of all the subsequent
calculations, they are given to a greater number of significant figures than have any
colorimetric significance in order to prevent accumulation of arithmetical errors in such
transformations as may be applied to them. When the mean results were plotted as
in fig. 4, the points all lay on perfectly smooth curves. In order, however, to obtain
values of a higher order of numerical consistency for the small coefficients, these portions
of the curves were plotted on a large scale, smoothed out, and the values read from
the smoothed curves. This process is adequate for the small coefficients, but, in parts
of the spectrum where the curves are steep, ambiguity may exist as to values at wave-
lengths intermediate between the experimental points. This uncertainty can be
eliminated by a method of interpolation which I have previously used (loc. cit., 1924-25)
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in obtaining intermediate values from Konie’s data. The coefficients were read
from the smoothed curves at wave-length intervals of 0-001 ., and plotted on a large-
scale colour triangle. The best locus was drawn through them, care being taken to
make it pass through all the experimentally determined points. FErrors in the inter-
polated values were then revealed by points lying appreciably off the plot, and by
irregularities of spacing along it. The lateral errors were first corrected, and then
measurements were made of the distances of the various points along the locus, as
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measured from suitable datum points. These were plotted in a series of graphs,
and smooth lines put through them to remove obvious irregularities. From such
curves corrected positions were found for the various interpolated points. The
location of these on the triangle gave the trichromatic coefficients, and enabled
the coefficient curves to be filled in with certainty in the regions between the
observations.
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- This method of interpolation is valuable for revealing discrepancies which cannot
be detected from the coefficient curves themselves.

By the foregoing means I obtained for the working primaries a complete set of
coefficients, at intervals of 0-001 y, which accurately fitted the observations, and which
varied in a proper manner in the intermediate regions. The values given in Table 1T
(p- 180) are taken from this set.

Lumanosity Factors.

The trichromatic unit, while it is the basis of the quantitative relations involved
in colour-mixture calculations, is a purely arbitrary conception, and gives a measure
of quantity in units peculiar to each stimulus, or rather to all stimuli which have the
same colorimetric quality. In many practical problems the initial quantitative data
are necessarily expressed in quantity units which are common to all stimuli; that is
to say, in units of luminosity. To make it possible to change from luminosity units
to trichromatic units, and vice versa, it is necessary to know the relative luminosities
~ of trichromatic units of the primaries.

The luminosity factors were determined for the working primaries of the colorimeter
by the following method. Three filters were obtained of the same colour as those
constituting the primaries of the instrument and their transmission factors were
determined, as presently to be described, for incident light from a gas-filled lamp at
2900° K.

Light from such a lamp was then thrown on the magnesium oxide screen, J, fig. 1.
One of the filters, say the red, was placed in front of the colorimeter window, and the
brightness of the transmitted light was matched by means of the red primary alone.
The other filters were treated in the same way, the intensity of the illumination on the
screen J being kept constant throughout. From the three scale readings thus obtained,
and the known values of the relative luminosities of the light transmitted by the
respective auxiliary filters, the relative luminosities per scale division of the three primary
scales were obtained. As each measurement in this process consists of a brightness
match between two identical stimuli the results are unaffected by the colour vision of
the observer and give the true luminosity factors per scale division for any eye for
which the assumed transmissions of the auxiliary filters are correct.* Itis not, however,

* Accurate identity between the auxiliary filters and the primaries of the instrument is not essential.
It is brightness only that is being matched, and a slight colour difference in the field of view is immaterial
provided it is not enough to reduce the sensitivity of the settings. If the colour differences are sufficient
to prevent satisfactory brightness matches with only one primary at a time, the colour can be equalised
by introducing small amounts (positive or negative) of the other primaries, as required. The luminosity
contributions of these are easily eliminated from the results. The auxiliary filters ought not, however,
to differ greatly from the primaries, particularly in the case of the blue, otherwise the luminosity of the
blue primary itself is swamped in that of the others and accurate results are impossible.
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the luminosity factors per scale division of the instrument which we require for the
present purpose, but the factors for trichromatic units of the primaries. This was
obtained by dividing the luminosity factors per scale division by the mean white-
light factors for the seven observers.

The method is extremely easy and accurate when once the transmission factors of
the auxiliary filters have been determined. This, however, presented some difficulty.
The straightforward procedure, if the visibility curve of the seven observers had been
known, would have been to calculate the transmission factors from this visibility curve
and the spectrophotometric curves of the filters. It was not feasible, however, to
obtain the actual visibility curve of the observers* and it was intended to assume, as
a first approximation, that their mean visibility curve was normal. Unfortunately
the regions of the spectrum involved, in the case of the red and blue filters, are those
for which the standard visibility data are of doubtful accuracy as representing the
normal eye. A computation of the transmissions, using the standard data, gave the
following values :—

Actual. Relative,

Per cent.
Red filter .. .. .. .. .. 1-488 1-00
Green filter .. .. .. .. .. 5-233 3-51
Blue filter .. .. .. .. .. 0-179 0-120

These gave luminosity factors for the primaries in the ratio Ly : Lg: Ly = 1 : 2- 60, :
0-171.

These factors, when employed in the normal use of the colorimeter, gave luminosity
results which were inconsistent with other evidence, and the value for the transmission
of the red filter was suspected of being in error. This was recalculated, using the
visibility data for the red end of the spectrum given by HypE, ForsyTHE and Capy.}
This gave the transmissions of the filters in the ratio 1:3+93:0-13 and luminosity
factors for the primaries of 1:2:92:0-18. The discrepancy of over 10 per cent. in
the red-green ratio is serious, and a direct determination of the relative transmissions
of the auxiliary filters, for the 2900° K source, was made by Dr. A. F. A. Youne
and the writer, using a flicker photometer] under the standard conditions for flicker
photometry. Although our visibility curves were not known, the mean of our ratios
for the standard yellow and blue test solutions used to check observers for hetero-
chromatic photometry was within } per cent. of the normal value. The relative trans-
missions determined by us were 1:3-88:0-12, giving luminosity factors for the
primaries in the ratios 1:2-88:0-17. This red-green ratio agrees to within 1% per

* See Appendix I.
T ¢ Astrophys. J.,” vol. 48, p. 65 (1918).
I ©J. Sci. Instruments,” vol. 1, p. 182 (1924).
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cent. with that based on Hypr, ForsyTaE and CapY’s visibility data, and bears out
the conclusions of other workers that for the special purpose of computing the trans-
missions of deep red filters these data are more representative of the average eye than
are the standard data.

The luminosity factors based on these measurements, when used in the ordinary
routine of colorimetry, gave results which were consistent with all other available
evidence. A more severe check on them was obtained in the process of calculating
the trichromatic distribution curves of the spectrum, as described in a later section.
To obtain numerical consistency in these curves a slight reduction in the green factor
from 2-88 to 2-86 had to be made, and the values finally arrived at for the luminosity
factors of the working primaries were, therefore

LR:L(}:LB——"I :2:86:0-170

It is usual to express these factors on such a numerical basis that their sum is unity.
For their practical utilisation in colorimetric work we have found it to be more con-
venient to keep one of them, say the red, as unity. This reduces by one-third the
numerical work involved in using the factors.

By multiplying the trichromatic coefficients of each unit equation throughout the
spectrum by these factors, and adding, we obtain the luminosity factor, ,L, for a
trichromatic unit at each wave-length. It is useful to have these tabulated once and
for all, as their use effects considerable simplification in many colour problems, such,
for example (loc. cit. 1924-25), as the computation of the hue wave-length and colori-
metric saturation corresponding to any stimulus.

The corresponding luminosity factor of the standard white for which the unit equation
is, by choice of units, (1/8)R + (1/3)G -+ (1/3)B, is equal to a third of the sum of the
luminosity factors of the primaries, that is, in the present case, L, = 1-34. By pre-
paration of the data in this way much of the arithmetical work common to a large
number of colorimetric computations is done once and for all.

Transformation to Standard Reference Primaries.

The results presented in the previous sections, being referable to the working
primaries of the particular colorimeter employed in their determination, are not in a
suitable form for general use. They must be transformed to a system of which the
primaries are susceptible of simple and unambiguous definition without reference to
any particular instrument. Much diversity of opinion exists as to the most suitable
system of reference primaries. In order to keep this paper free from matter not
relevant to the treatment of the results, I shall not discuss this problem here, but shall
simply use, for the present purpose, the primaries adopted at the National Physical
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Laboratory as standards for colorimetric specification.* These primaries are mono-
chromatic radiations of the following wave-lengths : —

Red = 0-700 p.
Green = 0-5461 p.
Blue = 04358 p.

The unit equations of these primaries, expressed in terms of the working primaries,
were found by interpolation of the values in their neighbourhood to be

R=1-0604 R, —0-0604 G, +0B,.
G=0-600R, +0-9552G, —0-0152B,.
B =0-0492, R, — 0-0638; G, -+ 1-0146 B,,.

where R, G and B now refer to the standard reference primaries, and R,, G, and B,
refer to the working primaries.

From these equations the transformation equations for converting data from the
R, G, B, system to the R G B system were calculated by the method described in
reference (loc. cit. 1924-25). These are :—

R, =1-1315R 4+ 0-0510 G 4 0-0009 B.
G,= —0-0720 R + 0-8951 G + 0-0156 B
B, = —0-0595R -+ 0-0539 G + 0-9835 B.

Applying these equations to the data of Table II, the values in Table III, columns 2,
3 and 4, were obtained in terms of the standard reference primaries.

In fig. 5 the results are shown in the colour triangle, using rectangular co-ordinates.
The advantages of this form of colour chart, as compared with the traditional equi-
lateral triangle employed by MaxweLrL, have been discussed elsewhere. It is now
almost universally used for the graphical representation of colorimetric results.

In a diagram of this kind we may choose any pair of the primaries as co-ordinates.
G and B are chosen in fig. 4, as this gives a less elongated shape to the spectrum locus
than either of the other arrangements.

* A particular trichromatic system has been adopted for the last few years at the National Physical
Laboratory as a standard reference system for colorimetric specification.

The “fixed points ” of this system are determined by the three monochromatic radiations of wave-
lengths 0-700 ., 0-5461 p. and 0-4358 p, and the heterochromatic stimulus provided by the N.P.L.
standard white light.

The considerations on which this system was adopted are discussed, and complete particulars of the
N.P.L. standard white are given in another paper (‘“ On the ‘ Fixed Points’ of a Colorimetric System,”
in course of publication), and need not be repeated here. It is only necessary, for the purposes of the
present paper, to give the properties of the white light, as listed in Table I. Column 3 gives the ordinates
of the energy distribution curve, based on the best experimental evidence at present available, and column 4
the ordinates of the luminosity curve, assuming the international standard visibility data, which are
given for reference in column 2. ‘
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It is also advisable to use a scale for the blue primary twice as open as that for the
green. This enables some of the important features of the spectrum locus to be
exhibited more advantageously without unduly increasing the size of the whole diagram..

By introducing the luminosity factors of the working primaries into the transformation
relationships the corresponding factors for the standard primaries are found to be in
the ratio

Lg:Lg:Lg=1:4-41:0-052.

Applying these values to the transformed trichromatic coefficients, we obtain the values

b
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-~ 05
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of L, applicable to the new system of primaries. These are given in column 5, Table
IIT (p. 182). The factor for white, in this system, becomes L, = 1-82;.

The locus of the spectrum on the colour chart, together with the luminosity factors
of the primaries, completely defines the eye with respect to those properties which
determine the colour-match relations of all stimuli, whatever their spectral constitution.
From the geometrical properties of the chart the effect of combining any number of
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constituent stimuli can be calculated. The problem of calculating the colorimetric
quality of a heterochromatic stimulus from the distribution of energy in its spectrum
is simply a special case of the general colour-mixture problem, since any such stimulus
can be regarded as a synthesis of a number of sensibly monochromatic constituents.
The relative intensities of these elementary constituents may be converted from an
energy basis to a luminosity basis by means of the visibility curve, and then converted
to the quantity basis appropriate to the colour chart, that is to say, to trichromatic units,
by means of the luminosity factors. These processes are purely arithmetical, and,
when the spectral distribution of the stimulus has been obtained in such units, the
colorimetric quality may be obtained by the successive application of NewTon’s law to
the mixture of the elementary constituents. = The application of this procedure to a
stimulus comprising a large number of monochromatic constituents is, however,
extremely tedious. It is only mentioned toshow that the computation of colorimetric
quality from spectro-photometric data involves no special principle.

The work involved in such calculations can be enormously reduced by an initial
combination of the colorimetric data with the visibility data to obtain the spectral
distribution curves of the primaries.

The Spectral Distribution Curves of the Primaries.

In these curves the ordinates at any wave-length are in the proportions determined
by the trichromatic coefficients for that wave-length, but their sum is proportional to
the quantity, in trichromatic units, comprised within an infinitesimal wave-length
band, centred at that wave-length, in the spectrum of a stimulus of known spectral
energy distribution.

The curves of this type are usually termed the ““ mixture curves ” of the spectrum
for the primaries in question, but this term is unsuitable as it could equally well be
applied to describe the trichromatic coefficient curves of fig. 4, and often is used in
that sense. In a recent paper* Mr. DEaANE B. JUDD has introduced the general term
“ distribution curves ” to replace the various names hitherto used. This term seems
much more suitable than any of the others in general use.

The spectral distribution curves based on the foregoing colorimetric measurements
were worked out in the first instance from the data as given in Table II. They could
have been worked out equally well directly from the transformed data of Table III,
but it was considered preferable to complete the calculations in terms of the working
primaries, as any discrepancies revealed in the process would be more easily related
back to the original observations than if the transformed data had been used.

The procedure adopted was designed to obtain from the colorimetric observations a
set of spectral distribution curves of the primaries such that their luminosity summation

* ¢ Bur. Stds. Research Paper,” No. 163 (1930).
VOL. CCXXX.—A : 2 A
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would accurately fit the standard visibility data. Although, as pointed out in an earlier
section, the standard data do not fit the present group of observers, and almost certainly
do not represent any reasonably “normal ” eye, for such purposes as computing the
transmissions of red glasses in which the extremities of the spectrum are of relatively
great importance, they are generally agreed to be a very close approximation for all
other purposes, and for such purposes should fit closely any moderate-sized group
of observers, chosen at random. This assumption might be unsafe for a group of only
seven if there were no check on its validity. The various criteria which the spectral
distribution curves should fulfil do, however, provide such a check.

The method of calculation was as follows. The ordinate of the luminosity curve
of the white light (see Table I) at any wave-length A, was divided by ,L,, the lumino-
sity factor of a trichromatic unit at that wave-length. The quotient, #, is a measure
of the relative intensity of the spectrum at this wave-length, expressed in trichromatic
units. Then if the coefficients of the unit equation are @, b and ¢, the ordinates of the
distribution curves are na, nb and nc.

This process is essentially identical with that of splitting up the luminosity ordinates
among the three primaries in proportion to their luminosity values, but in practice
effects some saving in arithmetical work as compared with the direct application of
that process.

The areas under the three distribution curves represent the relative contributions of
the primaries in matching the standard white and should be equal. If any incon-
sistency exists in the initial data the areas will not be equal, and the error must be
sought for in one or other of the following causes :—

(@) Inconsistency between the assumed visibility curve and that which actually fits
the observers,

(b) Errors in the trichromatic coefficients.

(¢) Errors in the determination of the luminosity factors of the instrument primaries.

When the curves were calculated with the experimentally determined luminosity
factors of Ly :Lg: Ly =1:2-88:0-17, the areas were as nearly equal as mattered
in practice, but in order to get a higher order of arithmetical consistency, they were
recalculated with the slightly reduced values of 2-858 for Lg, and 0-169 for Ly, which
gave areas as nearly equal as could be determined by careful planimetry.

The curves were then transformed to the reference primaries and are given in Table 111
for the N.P.L. standard white light, and also for the equal-energy spectrum, in which
form they are best adapted for general work. These equal-energy curves give a
luminosity summation identical with the standard visibility curve.

The conclusion to be drawn from the fact that the curves fulfil the three criteria
of fitting the experimentally determined trichromatic coefficients ; fitting the normal
visibility curve; and having luminosity factors for the primaries which agree with
the independently determined values for these factors as closely as such determinations
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can at present be made, is that the mean visibility curve of the seven observers is
sufficiently close to the standard curve that their colorimetric results do not differ to
a material extent from those of an eye accurately represented, as regards its visibility
function, by that curve.

It does not prove complete accuracy either of the colorimetric data or of the assumed
visibility curve. An infinite number of independent criteria would be required to
establish this, since the experimental data may vary independently at every point.

But if the three specified criteria can be fulfilled, the data must be very nearly con-
sistent in every respect, unless there are a number of quite fortuitous compensations in
the errors. The latter state of affairs is sufficiently improbable to justify the presump-
tion that the distribution curves obtained are a close approximation to the true curves
pertaining to the same normal eye as is defined by the standard visibility data. It is
important to point out, however, that in the absence of the check afforded by the
- independent measurements of the luminosity factors of the primaries, no such con-
‘clusion could have been drawn. It is possible to fit any set of trichromatic coefficients,

within reason, to any assumed visibility curve by choosing suitable values for the
luminosity factors of the primaries. This is easily done in a few trials by successive
approximation, and values for Ly : Ly : L are obtained in the process which give
an exact luminosity summation to the assumed visibility curve. But these luminosity
factors may be quite fictitious, and may not represent the proportions by luminosity,
in which the three primaries have to be combined to match white. This is especially
the case with the blue primary. Owing to the relatively low luminosity of this primary
as compared with the red and green, and the manner in which the positive and negative
values of these two primaries appear in the blue and violet region of the spectrum, a
small error, either in the trichromatic coefficients in this neighbourhood, or in the
assumed visibility curve in the neighbourhood, may make a large difference in the value
of Ly which is required to give the desired luminosity summation. In fact, errors in
the trichromatic coefficients in the blue and violet region, which would be sub-limenal
as regards colour discrimination, may produce large errors in the luminosity factor to
be attributed to the blue primary, and would give distribution curves which were quite
unreliable for computations involving stimuli which have localised concentrations of
energy in different parts of the spectrum. Thus it is no proof of the accuracy of a set
of spectral distribution curves that luminosity factors can be found which give a
luminosity summation approximately or even identically fitting the normal visibility
curve. This only means that they will give correct results for the white light on which
they are based by definition of units, or for lights not differing too much from this in
spectral energy distribution. Additional criteria, based on the quantitative relations
of stimuli which are either monochromatic or at least of high colorimetric saturation,
must be fulfilled. The comparison of the values of Ly : Lg: Ly which are required
in order to fit the colorimetric data to the visibility data with their true values, as
obtained independently, is one such check, and is probably the easiest to apply.

' 2 A2
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Comparison with other data.

Reference was made in the introduction to the results recently published by W. D.
WrigHT (loc. cit., 1928-30). WRIGHT’S results refer to ten observers, and his experi-
mental conditions, as regards field size and the white light used to evaluate his units,
were the same as those employed at the National Physical Laboratory. The uniformity
in these two essential conditions renders WrieHT’S results strictly comparable with
those obtained in the present investigation. In all other respects the experimental
conditions differed in the two investigations. WRrIieHT employed a colorimeter (loc. cit.,
1927-28) in which the primaries were obtained spectroscopically and whieh differed
completely in all points of manipulation and calibration from the writer’s colorimeter
and the auxiliary apparatus of fig. 1, and a comparison of the results should reveal any
serious errors due to systematic causes which affected either determination. }

In making a comparison it is preferable to consider the unit equations and their
loci on the colour chart rather than the spectral distribution curves of the primaries,
as it is in the unit equations that the colorimetric work lies. WRIGHT’S results were
first published in terms of his own working primaries, but in the discussion of his second
paper (loc. cit., 1929-30) he tabulates them in terms of the N.P.L. reference primaries.
It is also of interest to compare the results worked out by WEAVER from the data of
ABNEY and Konig, which were recommended for general use by the Colorimetry
Committee of the Optical Society of America (loc. cit., 1922). .

To render these comparable with the others it is necessary to transform the data
from WEAVER’S primaries to the N.P.L. reference primaries, and also to change the
units so that they refer to the N.P.L. white instead of “ Abbot noon sunlight.” The
process employed was as follows. From a large scale graph of WEAVER’s coefficients
the unit equations of the N.P.L. primaries were found to be :—

R=100R + 0@ + OB’
G=0-391 R -+ 0-588 G’ + 0-021B’
B=0R + 0-004 G’ + 0-996 B’

where R’, G’ and B’ denote WEAVER’s primaries. From these the transformation
equations for transforming from the R’, G’, B’ system to the R, G, B system were
calculated to be ' :

R'=+42962R +0G -+ OB
G'=—1-970 R + 1-0049 G — 0-037 B
B’ = +0-008R — 0-0049 G +1-037 B

These equations were used to transform both the unit equations and the ordinates of
the distribution curves for the equal energy spectrum. The latter curves were required
in order to effect the change of units corresponding to the different white lights. The
data, as first transformed, refer to the N.P.L. primaries, but the units are such that the
Abbot sunlight occupies the W point on the colour chart. To relate the values to the
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N.P.L. white, the distribution curves for the equal energy spectrum were multiplied
out by the energy ordinates of the N.P.L. white and replotted. The areas under the
curves were in the ratio ‘

R:G:B=0-366:0-322:0-312

These figures are therefore the coefficients in the unit equation of the N.P.L. white
in the system defined by WEAVER’s distribution curves, the N.P.L. standard reference
primaries, and the Abbot sunlight.

The change of units required to put the N.P.L. white at the W point of the chart is
effected by multiplying the coefficients of R, G and B in the transformed unit equations
by the respective factors

0-3/0-366; 0-3/0-322; 0-3/0-312
2.e.,
0-911 ; 1-035 ; 1-068

The new coefficients thus obtained are in the correct proportions, but will not, in general,
add up to unity. By dividing throughout by their sum the new unit equation is
obtained. -

By these means we obtain WEAVER’S data on the system defined by the N.P.L.
reference primaries and the N.P.L. white, on which basis they may be compared with
the determinations of WrigaT and the author.

The three sets of data are plotted together on the colour chart in fig. 6. The dots
refer to the N.P.L. values, and the crosses and circles to those of WrIGHT and WEAVER.
It will be observed at a glance that there is very close agreement between the N.P.L.
values and WRIGHT's. It is impossible, on the scale of fig. 6, to draw separate loci
for them from the red end of the spectrum to 0-535 1. The spacing of the points along
the locus is also in quite close agreement. The wave-length displacement along the
common part of the locus nowhere exceeds the hue-discrimination limen.*

From 0-53 u the loci definitely diverge until they converge again at the blue primary.
The apparent divergence is, however, much exaggerated in this part of the diagram.
We have to interpret it in terms of colour difference. The displacements along the
curves nowhere exceed about 0-001y, which again is less than the hue-discrimination
limen. As regards the separation of the loci, this is greatest at about 0-50 u. If we
draw a line from W through the point 0-50 p. on the N.P.L. locus, it meets WRIGHT'S
locus at about 0-499 pu. The displacement along the radial line corresponds to a
difference in colorimetric saturation of 24 per cent. There is no very precise published
data on colour discrimination in directions normal to the locus. From the observations
of Jones and Lowryf, the saturation discrimination limen in the neighbourhood of the
locus is between 2 and 3 per cent. Less than this can be detected in the mean of a

* GurLp, ¢ Proc. Opt. Convention,” part 1, p. 61, fig. 8 and Table 5 (1926).
t ¢ J. Amer. Opt. Soc.,” vol. 13, p. 25 (1926).
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series of colour measurements, but 2} per cent., if not actually sub-limenal, is certainly
not much beyond it. Thus the greatest differences exhibited by the two sets of data
from the red extremity of the spectrum to the neighbourhood of the blue reference
primary, when interpreted in terms of colour discrimination, are either definitely
negligible or near the border line. This does not mean that the differences have no
significance. From the means of a large number of observations colorimetric values
can be determined within very much narrower limits than are indicated by the discri-
mination limen in their neighbourhood, and the difference between the two curves either
represents a real, though small, difference in the colour-vision of the two groups of
observers, or a systematic difference introduced by a slight difference in the standard
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white light as set up in the two laboratories, or by some other instrumental discrepancy,
But the differences, from whatever cause arising, are negligible in the sense that a
colour match made by an observer accurately represented by one set of data would
not be considered wrong when looked at by an observer represented by the other set

The details at the blue end of the spectrum are too congested in fig. 6 for proper
examination. In fig. 7 this region is shown, for the two modern determinations, on a
much larger scale. Several interesting features may be noted. Both determinations
show that a quite definite and progressive change in colour takes place right to the
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violet extremity of the visible spectrum. The distribution of the points from the blue
primary to 0-40 p. is very similar in both loci.

This feature is one on which some uncertainty has existed, some writers holding the
view that there is a constant colour range in the violet as there is at the red end of
the spectrum. The progressive change shown by the Konig-Ives data has been
attributed to errors arising from stray light. Such an assumption is untenable as an
explanation of the form of the loci in fig. 7. Apart from the precautions taken in both
investigations to exclude stray light, neither curve exhibits the sharp curl inwards
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towards white which would be caused by appreciable impurity in this part of the
spectrum. .

- A second feature of both curves is the slight inward bend at 0-43 n.. When this
feature was observed in the N.P.L. curve, I attributed it to experimental error, as
the displacement from a curve without this bend is completely sub-limenal. The fact,
however, that the same phenomenon, despite its slightness, emerges from the results
of the two separate investigations, suggests that it may be real, for I am unable to
account for it by any peculiarity in experimental conditions which could be common
to both investigations. The wave-length at which it occurs was, of course, in a different
.relationship to the working primaries in the two investigations, and the actual colour
matches involved in determining this point on the locus were quite dissimilar in the
two cases.

As regards the divergence of the two loci, this would be sub-limenal in a single colour
match except, perhaps, towards the extreme end of the spectrum.

The general conclusion to be drawn from this comparison is that WricHT’S results
and the author’s are sensibly identical, in the sense previously indicated that if we
regard each set of data as accurately defining the properties of two hypothetical
observers, neither observer would be able to disagree definitely with a colour match
adjusted by the other. At most parts of the spectrum they would be absolutely satisfied
by the same match, and in regions where disagreement is greatest they might, at the
worst, be doubtful. This applies to the severe test of colour matches in which the
test colour is monochromatic. In all cases involving less saturated colours, the dis-
crepancies become of correspondingly less importance. -

WEAVER’S curve, on the other hand, differs materially from the two others. The
closest agreement is in the red to green region. Here the discrepancies, though
considerably greater than those between WrIGHT’s data and the author’s, are not
excessive. In the green to blue region the disagreement is very pronounced. Here,
again, it has to be pointed out that the apparent difference is over-emphasised by the
diagram, and that a true comparison can only be made on the basis of the colour
difference corresponding to the displacements. It is clear, however, that throughout
this region the average departure of the curve from the other two is about five or six
times as much as their own separation, the ratio being in some parts much greater
than this.

- This agrees with our experience at the Liaboratory when using the Konig-Ives data
for colorimetric computations. These data were found to give values for saturated
colours from red to green which were in quite good agreement with experimental colour
matches of various kinds; but for colours of other hues, unless these were of com-
paratively low saturation, serious discordance was found. WEAVER’s values are, of
course, only partly based on Konia’s data, and partly on ABNEY’S, and it is claimed
for them by Primst, GiBsoN and MuNSELL* that they give a closer approximation to

* ¢ J. Amer. Opt. Soc.,” vol. 8, p. 28 (1928), summary.
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experimental measurements by the monochromatic-plus-white method than the Ko6nie-
Ives set. Jupp (loc. cit., 1930) has computed, by the method of least squares, the
best value of the luminosity factors of the primaries, and shows that the distribution
curves, when evaluated by these factors, summate to a visibility curve which differs
from the standard curve by amounts which * are negligible in comparison to differences
between individual visibilities.”

The improvement, as compared with the Konie-Ives data, is not very pronounced.
Of the eight comparisons published in reference 20, WEAVER’S data gives a better value
of the hue wave-length in five cases, and K6N16-IvEs in three. As regards colorimetric
saturation (“ Purity ” in the American literature), the K6N1g-IvEs values are nearer
the experimental result in five cases, WEAVER’S values in two, and in one case they
gave identical results.

None of the eight comparisons relate to stimuli of hue wave-length between 0-49 p
and 0-53 ¢, which is the region of the chart where the discrepancies are greatest. In
any case, however, comparisons of experimental results and those computed from the
energy distribution of the stimuli are not an adequate substitute for a direct check
on the spectral relationships themselves, because the inaccuracies of the spectral data
become of decreasing importance as the extent of the spectrum comprised within the
stimulus increases. The best check on the spectral data consists of an experimental
comparison of the colour match relations of spectral colours with those predicted by
the application of NEwToN’s law to the locus on the colour chart. Experiments of
this kind readily demonstrate that the bulgein the blue-green region of either Kénic’s
locus or WEAVER’s is excessive for any ordinary observer.

As regards the spectral distribution curves, I have already pointed out that a fit
with the visibility curve, whether partial or complete, is no proof of consistency, unless
the luminosity factors attributed to the primaries are correct, in accordance with some
independent check. In the original publication of WEAVER’s data (loc. cit., 1922)
values are suggested for these factors which, when transformed to the N.P.L. reference
primaries, would make the luminosity factors for these primaries 1:6-8:0-098.

The values computed by Jupp, when similarly adapted to the N.P.L. primaries, are
1:4-84:0-066. The latter are much nearer the values obtained from the N.P.L.
determination, namely, 1:4-41:0-052, but differ from them by amounts which are
large compared with any possible uncertainty in the experimental work on which they
are based. '

Thus WEAVER’S data do not fulfil the condition of quantitative self-consistency even
reasonably well.

A Proposed *“ Normal > Eye for Colorimetry.

Determinations of the type herein described fulfil two functions. They are, in the
first place, additions to our quantitative knowledge of the behaviour of the human
VOL. CCXXX.—A ~ 2B
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eye. From this point of view there can be no question of standardising data; no
question of defining any set of experimental results as “ true,” or as representing the
performance of the average eye. Kvery new group of observed facts must be put in
its proper relationship to those already known in order to build a structure of knowledge
concerning the phenomena of vision which becomes more comprehensive in scope and
more secure in its foundations with every accession of properly accredited facts. The
experimental results given in the present paper are presented, and their relations to
others discussed, simply as a contribution to the growing structure, to be verified,
modified or superseded as and when other information becomes available.

There is, however, a utilitarian aspect of such determinations which makes it desirable
to standardise certain data for use in technical and industrial work. The international
photometric scale which governs the output of large industries concerned with the
production of illuminants, necessitates the elevation of some particular set of visibility
data to the dignity of a standard, to be used universally in all computations carried
out for technical purposes. Such standards do not necessarily stand for all time, but
remain fixed until such time as they may be altered by the decision of properly repre-
sentative bodies in the light of such new information as may have accrued since the
adoption of the standard. Hopeless confusion would arise if every lamp manu-
facturer, or every photometric standardising laboratory, employed units based on
individual judgment as to the most accurate visibility data available at any particular
time.

In the same way a standardised set of trichromatic data, to be accepted as repre-
senting the ““ normal ” eye in technical colorimetric work, has long been overdue. No
such standard has hitherto been adopted because of the extreme paucity of the data
on which to base one. Such standardisation cannot usefully be effected until data are
available which can be regarded as sufficiently near the truth that they are not likely
to be seriously modified by future determinations. The new results of the present
paper, taken in conjunction with those of WriGHT, indicate that this stage has been
reached, and that a “ normal ” eye for technical colorimetric work can now be adopted
as a standard, with the same status, and limitations as to permanence, as the Inter-
national visibility curve.

The number of observers covered by these two investigations is not large, but the
fact that they were tested in two groups, in different institutions, and by different
experimental methods, and that the results of the two groups agree so remarkably well,
gives an authority to the two investigations which neither could have claimed separately,
even had the same total number of observers, or more, been involved ; and shows
that when proper care is taken to obtain suitable experimental conditions, and to
employ properly standardised auxiliary equipment, a close approximation to the
properties of the average eye may be obtained from a comparatively small group of
observers. The two groups, as has been shown, are in agreement for all practical
purposes, and I suggest that the mean of their results are suitable for standardising
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as the “mnormal” colorimetric data for technical purposes to correspond with the
standard “ normal ” visibility data. I have given serious consideration as to whether
any use can profitably be made of the K6N16-ABNEY figures, or any part of them, in
giving greater weight to a proposed “ normal ”’ set, but have concluded that these can
only be regarded as of historical interest, and of no value for this purpose. This conveys
no reflection on the work of these great pioneers in the metrology of vision. It has to
be borne in mind that neither K6N16 nor ABNEY carried out their investigations with
the object of providing precise numerical data for technical needs, which were, indeed,
non-existent when their work was carried out. In both cases the object of their
researches was concerned with the theory of the visual process; and their methods of
experiment, and methods of reducing their figures from the combined results of normal
and abnormal subjects, were determined by that object, and involved approximations
both of an experimental and theoretical kind which are not admissible in work directly
aiming at accurate numerical results. Not only so, but the experimental equipment
of those days, and the precision with which such auxiliary constants as, for example,
the reference white, could be specified, were naturally inadequate when judged by
present-day requirements. These reasons are, I think, sufficient justification for dis-
regarding the old work, in so far as the numerical results are concerned, and basing a
provisional standard on the two investigations which have been directly concerned with
obtaining precise data in accordance with modern experimental requirements.

In Table IV, columns 2, 3 and 4, are given the trichromatic coefficients which are
the mean of the two sets. On the basis of the relative size of the groups, WrieHT S
values should have been weighted in the ratio of 10 to 7. On the other hand, any
part of the difference which may be due to incomplete identity in the auxiliary standards
employed is more likely to be associated with WricHT’S values, owing to the greater
facilities for the accurate maintenance and checking of such standards at the National
Physical Laboratory. Putting these two opposing considerations against each other
an unweighted mean of the two sets of data seems most reasonable. The mean trichro-
matic coefficients are shown plotted in the colour chart in fig. 8.

In obtaining the spectral distribution curves, columns 6 to 11, Table IV (p. 185),
T have not taken the average of WrigHT's distribution curves and my own. Owing to
an oversight on my part, WRIGHT was not supplied with a statement of the actual
energy distribution curve of the N.P.L. standard white light, and deduced his mixture
curves from an assumed black-body distribution for a temperature of 4800° K. While
the colour of this light is fairly close to that of the N.P.L. white, it is not necessarily
identical with it. WRIGHT’S curves and the author’s are, consequently, on a slightly
different basis.

The distribution curves corresponding to the mean colorimetric data have therefore
been worked out ab enitio, by fitting the latter to the standard visibility data, by the
same method as was described in connection with the author’s own curves.

The luminosity factors of the reference primaries which were necessary to obtain com-
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plete consistency in the mean data, were Ly : Lg: L =1:4:39:0:048. These differ
slightly from the values which fit the author’s own data, and which were consistent
with the independent determination of the factors of the working primaries of the
Laboratory colorimeter.* Values more closely agreeing with these could have been
obtained by neglecting WrIGHTS values between 0-44 p and the end of the spectrum,
but as the independent check of the luminosity factors was only made in one of the
investigations, and as the discrepancy is small enough to be within the range of overall
uncertainty in the values, it appeared preferable to retain the mean colorimetric data
throughout, and to accept the new values for the luminosity factors.

The data of Table IV therefore fulfil the following conditions :—

1. The unit equations are a straight mean of those obtained by WricrT and the
author.

* WrRIeHT was unable to determine the luminosity factors of his own working primaries to his satisfaction,
and so there is no check on the luminosity relationships obtainable directly from his work.
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2. The spectral distribution curves, when weighted by the luminosity factors of the
primaries, summate exactly to the standard * normal » visibility curve.

3. The luminosity factors are in reasonably close agreement with those determined
by independent methods in the N.P.L. investigation.

Those conditions are not, of course, affected by expressing the data in terms of any
other set of primaries, real or otherwise, or by altering the units so as to base their
relative magnitudes on a standard white differing in colour from the N.P.L. white.
The procedure involved in a change of reference white is simple. The ordinates of
the distribution curves of the equal-energy spectrum are multiplied by the ordinates
of the energy distribution curve of the new white and re-plotted. The relative areas
under the R, G and B curves give the coefficients in the unit equation of the new white
expressed on the old system. If these are o, «’’ and «’”’, say, the factors by which
the coefficients on the old system must be multiplied, in order to place the new white
at the W point of the colour chart, are respectively 0-3/a’, 0-3/a’" and 0-3/a"’. The
figures first obtained in multiplying the coefficients of a unit equation by these factors
will not in general add up to unity, but by dividing through by their sum the new unit
equations are obtained. If the old luminosity factors of the primaries are 1 : Lg : Ly

14 !
o o
the new factors are 1 : —Lg : —5,Lip.
o o

To change the spectral distribution curves to the new system of units we simply
have to multiply the ordinates of each curve by the appropriate factor. These new
curves will be of the correct shape and, when weighted by the new luminosity factors,
will give a visibility curve of the correct shape. This is all that is required, the actual
scale of the ordinates being immaterial for any practical purpose. The scale may,
however, be adjusted to make the luminosity summation of the curves numerically
identical with the visibility curve by multiplying all ordinates by a suitable factor.

The proposal to standardise the data of Table IV does not, therefore, necessarily
carry with it the proposal to adopt either the N.P.L. system of reference primaries,
or the N.P.L. standard white. The question whether the visual relations embodied in
the data are suitable to represent a standard normal eye for technical colorimetry, may
be, and ought to be, considered separately from those questions which are relevant to
the choice of suitable reference standards.

Tn conclusion I have to acknowledge my indebtedness to Dr. A. F. A. Younea, who,
in addition to the assistance with the practical work acknowledged earlier, carried out
the calculations of the spectral distribution curves for the working primaries of the
colorimeter ; and to Mr. H. G. W. HArDING, junior observer in the Optics Division
of the National Physical Laboratory, who performed all the numerical work of trans-
forming the results to the reference primaries, of reducing the WEAVER data to the same
basis, and of computing the mean data of Table IV.
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ArpeENnDIX 1.

The Trichromatic Determination of both Photometric and Chromatic Functions.

The method adopted in the present paper for obtaining the spectral distribution
curves for a group of subjects, assumed to be at least nearly normal in the mean of
their properties, by combining their experimentally determined trichromatic coefficients
for the spectrum with an assumed normal visibility curve, is a simplification of a general
method which may be employed for obtaining both the trichromatic coefficients and
the visibility curve for any subject from one set of measurements carried out entirely
on a trichromatic colorimeter.

The observations made by the subject are the same as those described in the present
paper, being merely those involved in obtaining the trichromatic coefficients of the
spectrum in terms of the working primaries of the colorimeter. The additional informa-
tion required consists of a radiometric calibration of the apparatus providing the mono-
chromatic illumination, in order that the relative energy value of the monochromatic
radiation in the test field of the colorimeter may be known for each ““ set-up ”” employed
in the series of measurements.

With this additional information it is possible, by starting with assumed values of
the luminosity factors of the instrument primaries, to obtain, by successive approxima-
tion, the true values of these factors for the subject, and his own visibility curve which,
when combined with his colorimetric values for the spectrum, will give a self-consistent
set of primary distribution curves in accordance with the criteria discussed in the body
of the paper.

The complete method was not employed for the present work because there was
not available, at the time when the work was done, sufficiently sensitive radiometric
equipment for evaluating the energy intensities.
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TasLe I.—N.P.L. Standard White Light.
A = wave-length (in u).
V, = ordinate of International Standard Visibility Curve ; (I.C.I., 1924).
E, = ordinate of Energy Distribution Curve; values reduced so that E = 100 at
A =0-56 p '
V,E, = ordinate of Luminosity Curve. Values at every 0-005 . interpolated.

OF

A

SOCIETY

OF

| .
! A. V)‘. E,\. V,\E)\. A V)\. E)\. V,\E,\.
1
0-38 — 28-0 —_ 0-60 0-631 92-1; 58-15
0-385 —_ 320 — 0-605 — 90-6 51-26
0-390 — 355 — 0-61 0-503 89-4; 45-00
0-395 — 39-0 — 0-615 — 88-7 39-28
0-62 0-381 88-05 33-57
0-40 0-0004 43-2 0-017 0-625 — 87-6 28-09
0-405 —_— 47-4 0-036 0-63 0-265 87-4 23-16
0-41 0-0012 51-54 0-062 0-635 — 87-4 18-95
0-415 — 55-7 0-120 0-64 0-175 87-64 15-34
0-42 0-0040 60-1; 0-241 0-645 — 87-8; 12-20
0-425 — 64-0 0-473
0-43 0-0116 67-3 0-781 0-65 0-107 87-9; 9-41
0-435 — 70-1 1-161 0-655 — 87-9; 7-24
0-44 0-023 ° 72-6 1-67 0-66 0-061 879 5:36
0-445 — T4-4 2-27, 0-665 — 877 3-85
0-67 0-032 87-5 2-80
0-45 . 0-038 759 2-88; 0-675 —_ 87-2; 2-03
0-455 —_ 771 372, 0-68 0-017 86-9; 1-48
0-46 0-060 78-2 4-69 0-685 — 86-65 1-04
0-465 — 79-2 5-87 0-69 0-0082 86-3 0-71
0-47 0-091 80-1 7-29 0-695 — 86-0 0-503
0-475 — 80-8 9-13
0-48 0-139 81-2 11-29 0-70 0-0041 8565 0-351
0-485 — 81-5 13-91 0-705 — 852 0-251
0-49 0-208 81-65 16-98 0-71 0-0021 84-6 0-178
0-495 — 81-55 20-96 0-715 — 83-9; 0-121
0-72 0-00105 83-2 0-087
0-50 0-323 80-9 26-12 0-725 — 82-65 0-:062;
0-505 — 79-75 32-40 0-73 0-00052 81-6 0-042;
0-51 0-503 791 3977 0-735 — 80-7 0-029
0-515 — 79-4 48-15 0-74 0-00025 79-7 0-020
0-52 0-710 81-1 57-57 0-745 — 78-9 0-013
0-525 — 83-9 66-47
0-53 0-862 8675 7477 0-75 0-00012 777 0-009
0-536 — 89-6 81-74 0-755 — 76-4 0-0065
0-54 0-954 92-35 88-09 0-76 0-00006 75-1 0-004,
0-545 — 94-8 93-15 0-765 — 73-9 —
0-77 — 727 —
0-55 0-995 97-1 9662 0-775 — 71-3 —
0-555 — 98-9 98-81 0-78 — 69-8 —_
0-56 0-995 100-0 99-50
0-565 — 100-3 98-39
0-57 0-952 100-1 95-30
0-575 — 99-3 90-31
0-58 0-870 97-9 85-15
0-585 — 9615 79-29
0-59 0-757 94-7 71-66
0-595 — 93:6 64-80
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Tasre II.—Mean Trichromatic Coefficients of Seven Subjects tested at the National
Physical Laboratory.

A = wave-length (in p).

«0, ete. = coefficients in the expression ,a,R + ,0,G + ,¢,B, in which ,a, -+ b, + .c, = 1.
This represents the colorimetric quality of a monochromatic stimulus
of wave-length A in terms of R, G and B, which denote the working
primaries of the instrument on which the measurements were made.

7 = luminosity factor of one * trichromatic unit”” of monochromatic stimulus
of wave-length A, = ,a,Ly + ,0,Lic + ,cig, where Lg, Lg and Lgare
the luminosity factors of the primaries, and have the values 1-00, 2-858

and 0-169.
Trichromatic coefficients.

A ula uba. uCa- . wlia.
0-38 0-0683 — 0-0819 1-0136 0-0055
0-385 0-0683 — 0-0819 1-0136 0-0055
0-39 0-0683 — 0-0819 1:0136 0-0055
0-395 0-0683 - — 0-0819 1-0136 0-0055
0-40 0-0683 — 0-0819 1-0136 0-0055
0-405 - .0-0670 — 0-0808 | 1-0138 0-0074
0-41 0-0655 — 0-0795 1-0140 0-0097
0-415 0-0638 -— 0-0780 1-0142 0-0123
0-42 0-0613 — 0-0754 1-0141 0-0172
0-425 0-0590 — 0-0725 1-0135 0-0231
0-43 0-0554 — 0-0688 1-0134 0-0300
0-43b5 0-:0502 — 0-0646 1-0144 0-0370
0-44 0-0443 — 0-0596 1-0153 0-0456
0-445 0-0365 — 0-0528 1-0163 0-0574
0-45 0-0262 — 0-0448 1-0186 0-0703
0-455 00130 — 0-0327 1-0197 0-0919
0-46 — 0-0030 — 0-0175 1-0205 0-1194
0-465 — 0-0255 -+ 0-0056 1-0199 0-1629
0-47 — 0-0554 0-0420 1-0134 0-2359
0-475 — 0-0980 0-1010 0-9970 0-3592
0-48 — 0-1531 0-1843 ) 0-9688 0-5374
0-485 — 0-2290 0-3125 0-9165 0-8190
0-49 — 0-3178 0-4839 0-8339 1-2061
0-495 — 0-4120 0-6964 0-7156 1-6992
0-50 — 0-5010 0-9247 0-5763 2-2392
0-505 — 0-5550 1-1290 0-4260 27437
0-51 — 0-5660 1-2870 0-2790 3:159%4
0-515 — 0-5250 1-3670 0-1580 34086
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TaBLE II (continued).

a
/)

A A

A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

) §

A \

4
y

a
, §

S

Trichromatic coefficients.

A ufa uba uCa ulia.
0-52 — 0-4440 1-3620 0-0820 3:462H
0-525 — 0-3430 1-:3020 0-0410 3-3850
0-53 — 0-2390 1-2230 0-0160 32590
0-535 — 0-1417 1-1410 0-0007 3-1194
0-b54 — 0-0500 1-0590 — 0-0090 2-9751
0-545 + 0-0404 0-9740 — 0-0144 2-8217
055 0-1279 0-8890 — 0-0169 2-6658
0-585 0-2143 0-8030 — 0-0173 25064
0-:56 0-2977 0-7190 — 0-0167 2-3498
0-565 0-3796 0-6360 — 0-0156 2:1946
0-57 0-4600 0-5540 — 0-0140 2-0410
0-575 0-5380 0-4740 — 0-0120 1-8907
0-58 0-6120 0-3980 — 0-0100 1-7478
0-585 0-6815 0-3270 — 00085 1-6146
0-59 0-7427 0-2640 — 0-0067 1-4961
0-595 0-7980 0-2070 — 0-0050 1-3888
060 0-8465 0-1570 — 00035 1:2946
0-605 0-8876 0-1150 — 0-0026 1-2158
0-61 0-9238 0-0780 — 0-0018 1-1464
0-615 0-9523 0-0490 — 0-0013 1-0921
062 : 0-9748 0-:0260 — 0-0008 1-0490
0-625 0-9925 0-0078 — 00003 1-0147
0:63 1:0068 — 0-0068 00000 0-9874
0-635 1-0188 — 0-0188 0-0000 0-9651
0-64 1-0290 — 0-0290 0-0000 0-9461
0-645 1-0370 — 0-0370 0-0000 0-9313
0-65 1-0430 — 0-:0430 0-0000 0-9201
0-655 1:0480 — 0-0480 0-0000 0-9108
0-66 1-0509 — 0-:0509 0-0000 0-9054
0-665 1-0532 — 0-0532 0:0000 0-9012
0-67 1-0550 — 0-0550 0-0000 0-8978
0-675 1:0565 — 0-0565 0-0000 0-8950
0-68 1-0580 — 0-0580 0-0000 0-8922
0-685 1-0590 — 0-0590 0-0000 0-8904
0-69 1-0599 — 0-0599 0-0000 0-8887
0-695 1-0603 — 0-0603 0-0000 0-8880
0-70 1-0604 — 0-0604 0-0000 0-8878
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TaBLE III.—Mean Spectral Measurements for Seven Observers tested at the National
Physical Laboratory.

A

= wave-length (in u).

M, ete. = coefficients in the expression @, R + b,G + ,¢,B, in which ,a, + b, + .6, = 1.
This represents the colorimetric quality of a monochromatic stimulus of
wave-length A in terms of R, G and B, which denote the primaries of
the N.P.L. standard reference system, namely, monochromatic stimuli
of wave-lengths 0-700p., 0-5461p, and 0-5358 ..

ordinates of the distribution curves of the primaries for the spectrum of

I ete. =

., ete.

uLz\

"‘Nots.

the N.P.L. standard white light (Table I). The numerical scale is such
that ,aLx + ,bLe + Lz = E,V,, the ordinate of the luminosity
curve of the white light, where Ly, L and Ly are the luminosity
factors of the primaries and have the values 1-00, 4-410 and 0-052.

= ordinate of the distribution curves of the primaries for an equal-energy

spectrum in which E has the arbitrary value 100 at all wave-lengths.

= luminosity factor of one “ trichromatic unit ” of monochromatic stimulus
of wave-length A, = ,a,Ly + ,b\Lg + L.

—In the same way as the ordinates of the white light distribution curves,

when weighted by the luminosity factors of the primaries, summate to give the
luminosity curve of the white light, those of the equal-energy distribution curves,
when similarly weighted, summate to give the luminosity curve of the equal-
energy spectrum, s.e., the standard visibility curve.

A B

Ordinates of Spectral Distribution Curves.

THE ROYAL A
SOCIETY

OF

PHILOSOPHICAL
TRANSACTIONS

Trichromatic
Coefficients.
I ulin N.P.L. White Light. Equal-energy Spectrum.
ula. uba. uCa. wAA- wba. wCas elA- ¢ba. eCa+
0-38 0-0228 |—0-0152 | 0-9924 | 0-0074 | 0-0000 | 0-000 0-000 0-0000 | 0-0000 | 0-0000
0-385 0-0228 |—0-0152 | 0-9924 | 0-0074 | 0-0062 |—0-004 0-268 0-0194 |—0-0125 | 0-8375
0-39 0-0228 |—0-0152 | 0-9924 | 0-0074 | 0-0154 |—0-010 0-671 0-0434 |—0-0282 | 1-890
0-395 0-0228 |—0-0152 | 0-9924 | 0-0074 | 0-031 |—0-021 1-341 0-0797 |—0-0538 | 3-438
0-40 0-0228 |—0-0152 | 0-9924 | 0-0074 | 0-052 |—0-035 2-280 0-1204 |—0-0810 | 5-278
0-405 0-0212 |—0-0142 | 0-9930 | 0-0102 | 0-075 |—0-050 3-504 0-158 |—0-105 7-392
0-41 0-0196 |—0-0133 | 0-9937 | 0-0126 | 0-096 |—0-06b5 4-890 0-187 |—0-127 9-485
0-415 0-0174 |—0-0119 | 0-9945 | 0:0166 ] 0-126 |—0:086 7-186 0-226 |[—0-154 | 12-901
0-42 0-0144 |—0-0097 | 0-9953 | 0-0234 ] 0-148 |—0-100 | 10-251 0-246 |—0-166 | 17-042
0-425 0-0117 |—0-0073 | 0-9956 | 0-0313 | 0-177 |—0-110 | 15-046 0-277 |—0-172 | 23-509
0-43 0-0073 |—0-0041 | 0-9968 ] 0-0410 | 0-139 |—0-078 | 18-988 0-207 |—0-116 | 28-214
0-435 0-0011 |—0-0006 | 0-9995 ] 0-:0505 | 0-025 |—0-014 | 22-979 0-036 |—0-020 | 32-780
0-44 |-—-0-0060 (+0-0037 | 1-0023 } 0-0624 |—0-161 |--0-099 | 26-825 |—0-222 |-}0-136 | 36-949
0-445 |—0-0155 | 0-0095 | 1-0060 ] 0-0787 |—0-448 0-275 | 29-080 |—0-602 0-370 | 39-086
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TaBrLe III (continued).

L

Y |

Ordinates of Spectral Distribution Curves.
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2¢c2

Trichromatic
Coefficients.

ulia. N.P.L. White Light. Equal-energy Spectrum.

ula “uba. uCa- wlha. wha. wCA. ea. eba. eCa.

. —0-0280 | 0-0163 | 1-0117 ] 0-0965 |—0-837 0-487 | 30-246 |—1-103 0-642 | 39-850
. —0-0443 | 0-0267 | 1-0176 | 0-1263 |—1-307 0-787 | 30-012 |—1-695 1-021 | 38-926
0- —0-0644 | 0-0400 | 1-0244 ] 0-1653 |—1-827 1-135 | 29-065 |—2-336 1-451 | 37-168
0- —0:0925 | 0-0604 | 1-0321 ] 0-2276 |—2-386 1-558 | 26-619 |—3-013 1-967 | 33:610
0- —0-1312 | 0-0930 | 1-0382 ) 0-3329 |—2-873 2:036 | 22-735 |—3-587 2-542 | 28-383
0- —0-1881 | 0-1475 | 1-0406 | 0-5165 |—3-32b 2-607 | 18-395 }|—4-115 3:226 | 22-766
0- —0-2651 | 0-2274 | 1-0377 | 0-7919 |]—3-780 3-242 | 14794 |—4-655 3-993 | 18-219
0- —0-3788 | 0-3577 | 1-0211 ] 1-2513 |—4-211 3-976 | 11-351 |—5-167 4-879 | 13-928
0- —0-5254 | 0-5465 | 0-9789.] 1-9355 |—4-609 4-794 8-588 |—5-645 5-871 | 10-518
0 —0-7019 | 0-8049 | 0-8970 | 2-8947 |—5-082 5-828 6-495 |—6-232 7147 7-964
0- —0-8948 | 1-1165 | 0-7T783 | 4-0697 |—b5-743 7-166 4-995 |—7-099 8-858 6-174
0- —1:0395 | 1-4224 | 0-6171 | 5-2656 |—6-396 8-752 3-797 |—8-020 | 10-974 | 4-761
0- —1-0985 | 1-6678 | 0-4307 | 6-:2789 |—6-958 | 10-564 2-728 1—8-796 | 13-3b5 3-449
0- —1-0326 | 1-7733 | 0-2593 ] 6-8011 |—7-311 | 12-555 1-836 }]—9-208 | 15-812 2-312
0- —0-8684 | 1-7228 | 0-1456 | 6-7367 |—7-421 | 14-723 1-244 |—9-150 | 18-154 1-534
0- —0-6669 | 1-5838 | 0-0831 ]| 6-3220 |—7-012 | 16-652 0-874 |—8-358 | 19-847 1-042
0- —0:4739 | 1-4283 | 0-0456 | 5-8275 |—6-080 | 18-326 0-585 |—7-009 | 21-125 0-674
0- —0-3070 | 1-2838 | 0-0232 ] 5-3562 |—4:685 | 19-592 0-354 |—b5-229 | 21-866 0-395
0 —0-1613 | 1-1520 | 0-0093 | 4-9192 |—2-888 | 20-629 0-167 |—3-127 | 22-338 0-181
0- —0-0277 | 1-0264 | 0-0013 | 4-4984 {—0-574 | 21-254 0-027 |—0-605 | 22-420 0-028
0- +0-0928 | 0-9102 |—0-0030 | 4-1066 |--2-183 | 21-415 |—0-071 J+2-248 | 22-055 |—0-073
0 0:2040 | 0-8007 |—0-0047 | 3-7348 ) 5-397 | 21-184 |—0-124 5-457 | 21-420 [(—0-125
0- 0-3047 | 0-7006 |—0-0053 | 3-3944 | 8-932 | 20-537 |—0-155 8932 | 20-537 |[—0-:155
0- 0-3976 | 0:6076 |—0-0052 | 3-0768 | 12-714 | 19-430 |[—0-166 | 12-676 | 19-372 |—0-166
0- 0-4837 | 0-5210 |—0-0047 ] 2-7811 | 16-575 | 17-853 |—0-161 | 16-558 | 17-835 |—0-161
0- 0-5627 | 0-4412 (—0:0039 | 2-5082 | 20-261 | 15-886 |—0-140 ] 20-404 | 15-998 |—0-141
0- -0-6338 | 0-3691 {—0-0029 | 2-2614 | 23-865 | 13-898 |—0-109 | 24-377 | 14-196 |—0-111
0- 0:6976 | 0-3049 |—0-0025 | 2-0421 | 27-086 | 11-839 |—0-097 | 28-171 | 12-313 |—0-101
0 0-7513 | 0-2504 {—0-0017 | 1-8555 | 29-015 9-670 |—0-066 | 30-639 | 10-211 |—0-070
0- 0-7981 | 0-2028 {—0-0009 | 1-6924 | 30-558 7-765 [—0-034 | 32-647 8:296 |—0-036
0 0-8352 | 0-1650 [—0-0002 | 1-:5629 | 31-074 6-139 |—0-007 | 33-721 6-662 |—0-008
0- 0-8706 | 0-1294 | 0-0000 | 1-4412 | 30-966 4-602 0-000 | 34-179 5-079 0-000
0- 0-8990 | 0-1010 [ 0-0000 | 1-3444 | 30-091 3381 0-000 | 33-640 3-780 0-000
0- 0-9208 | 0-0792 | 0-0000 ] 1-2701 | 28-478 2-449 0-000 | 32-106 2-761 0-000
0- 0-9379 | 0-0621 | 0-0000 | 1-2118 | 25-983 1-720 0-000 | 29-509 1-953 0-000
0- 0-9512 | 0-0488 | 0-0000 | 1-1664 | 22-908 1-175 0-000 | 26-151 1-341 0-000
0- 0-9618 | 0-0382 | 0-0000 | 1-1303 | 19-707 0-783 0-000 | 22-548 0-896 0-000
0- 0-9705 | 0-0295 | 0-0000 ] 1-1006 | 16-710 0-508 0-000 | 19-119 0-581 0-000
0 0-9778 | 0-0222 { 0-0000 | 1-0757 | 13-943 0-317 0-000 | 15-908 | 0-362 0-000
. 0-9835 | 0-0165 | 0-0000 | 1-0563 | 11-359 0-191 0-000 | 12-930 0-217 0-000
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TasrLe IIT (continued).

a
N
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Ordinates of Spectral Distribution Curves.

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Trichromatic
Coefficients.
" N.P.L. White Light. : Equal-energy Spectrum.
u®a. uba. uCa. whA. wha. wCa. elne eba- eCa.
0-65 | 0-9877 | 0-0123 | 0-0000 § 1-0419 | 8-921 0-111 0-000 | 10143 0-126 0-000
665 0-9913 | 0-0087 | 0-0000 | 1-0297 § 6-970 0-061 0-000 7-925 0-069 0-000
66 0-9933 | 0-0067 | 0-0000 | 1-0228 | 5-206 0-035 0-000 5-923 0-040 0-000
665 0-9949 | 0-0051 | 0-0000 | 1-0174} 3:765 0-019 0-000 4-293 0-022 0-000
67 0-9962 | 0-0038 | 0-0000 | 1-0130 } 2-753 0-011 0:000 | 3-146 0-013 0-000
675 0-9973 | 0-0027 | 0-0000 | 1-0092 | 2-006 0-005 0-000 2299 0-006 0-000
68 0-9983 | 0-0017 | 0-0000 | 1-0058 | 1-469 0-003 0-000 1-689 0-003 0-000
685 0-9990 | 0-0010 | 0-0000 | 1-0034 | 1:036 0-001 0-000 1-196 0-001 0-000
69 0-9996 | 0-0004 | 0-0000 § 1-0014 ] 0-709 0-000 0-000 0-822 0-000 0-000

+695 0-9999 | 0-0001 | 0-0000 | 1-0003 | 0-503 0-000 0-000 0-585 0-000 0-000

-70 1-0000 | 0-0000 | 0-0000 | 1-0000 | 0-351 0000 0-000 0-410 0-000 0-000
-705 1-0000 | 0-0000 | 0-0000 | 1-0000 )} 0-251 0-000 0-000 0-295 0000 0-000
-1 1-0000 | 0-0000 | 0-0000 | 1-0000 } 0-178 0-000 0-000 0-210 0-000 0-000
-715 1-0000 | 0-0000 | 0-0000 } 1-0000 | 0-121 0-000 0-000 0-144 0-000 0-000
-2 1-0000 | 0-0000 | 0-0000 } 1-0000 } 0-087 0-000 0-000 0-105 0-000 0-000
-725 | 1-0000 | 0-0000 | 0-0000 | 1-0000 § 0-063 0-000 0-000 0-076 0-000 0-000
13 1-0000 | 0-0000 | 0-0000 } 1-0000 § 0-043 0-000 0-000 0-052 0-000 0-000
-735 1-0000 | 0-0000 | 0-0000 | 1-0000 § 0-029 0000 0-000 0-036 0-000 0-000
-4 1-0000 | 0-0000 | 0-0000 { 1-0000 § 0-020 0-000 0-000 0-025 0-000 0-000

-745 1-0000 { 0-0000 | 0-0000 } 1-0000 § 0-013 0-000 0-000 0-016 0-000 0-000
- 750 1-0000 | 0-:0000 | 0-0000 j 1-0000 | 0-009 0-000 0-000 0-012 0-000 0-000
<755 | 1-0000 | 0-0000 | 0-0000 § 1-0000 | 0-007 0-000 0-000 0-009 0-000 0-000
0-760 1-0000 { 0-0000 | 0-0000 | 1-0000 | 0-005 0-000 0-000 0-006 0-000 0-000

yA \
V. \
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TaBLE IV.—Proposed Spectral Data for “ Normal ” Eye, based on Mean Colorimetric
Results of GuiLp and WRIGHT.

A = wave-length (in u).

W ete. = coefficients in the expression R -+ ,b,G + ,¢.B, in which ,a, + ,b,
+ 46, = 1. This represents the colorimetric quality of a monochromatic
stimulus of wave-length A in terms of R, G and B, which denote the
primaries of the N.P.L. standard reference system, namely, monochro-
matic stimuli of wave-lengths 0:700y, 0-5461 . and 0-4358 .

o, ete. = ordinates of the distribution curves of the primaries for the spectrum of
the N.P.L. standard white light (Table I). The numerical scale is such
that _a Ly + ,b.Lg + .cLs = E,V,, the ordinate of the luminosity
curve of the white light, where Ly, Lg and Ly are the luminosity factors
of the primaries, and have the values 1:00, 4-390 and 0-048.

< etc. = ordinates of the distribution curves of the primaries for an equal energy
spectrum in which E has the arbitrary value 100 at all wave-lengths.
uL',\ = luminosity factor of one ““ trichromatic unit > of monochromatic stimulus

of wave-length A, = ,a,Lg + ,b.L¢ + cLg.

Note.—In the same way as the ordinates of the white light distribution curves,
when weighted by the luminosity factors of the primaries, summate to give the lumino-
sity curve of the white light, those of the equal-energy distribution curves, when
similarly weighted, summate to give the luminosity curve of the equal energy spectrum,
v.e., the standard visibility curve.

A B

Ordinates of Spectral Distribution Curves.

Trichromatic

Coefficients.
A ulia N.P.L. White Light. Equal-energy Spectrum.
udA. uba. uCA. wAA. whA. wCA- eta. l D €Ca-

THE ROYAL A
SOCIETY

OF

PHILOSOPHICAL
TRANSACTIONS

0-38 0-0204 |—0-0106 | 0-9902 | 0-0214 | 0-00000| 0-00000| 0-00000f 0-00000| 0-00000| 0-00000
0-385 0-0204 |—0-0106 | 0-9902 | 0-0214 | 0-00084|—0-00044| 0-041 0-0026 (—0-0014 | 0-128
0-39 0-0204 |—0-0106 | 0-9902 | 0-0214 | 0-0031 |—0-0016 | 0-150 0-0087 |—0-0045 | 0-423

395 0-0204 |—0-0106 | 0-9902 | 0-0214 | 0-0075 |—0-0039 | 0-364 0-0192 |—0-0100 | 0-933

-40 0-0204 |—0-0106 | 0-9902 | 0-0214 | 0-0165 |—0-0086 | 0-800 0-0381 |—0-0198 | 1-851
-405 0-0191 |—0-0101 | 0-9910 | 0-0223 | 0-0307 |—0-0163 | 1-595 0-0649 |—0-0343 | 3-366
41 0-0177 |—0-0096 | 0-9919 | 0-0232 | 0-047 |—0-0256 | 2-648 0-092 |—0-0497 | 5-136
-415 0-0162 |—0-0089 | 0-9927 | 0-0248 | 0-078 |—0-043 4-798 0-141 |—0-077 8-611
42 0-0137 |—0-0074 | 0-9937 | 0-0289 | 0-114 |—0-062 8-271 0:-190 |—0-102 | 13-750
+425 0-0114 |—0-0060 | 0-9946 | 0-0328 § 0-164 |—0-087 | 14-346 0-257 |—0-135 | 22-422
43 0-0072 |—0-0037 | 0-9965 | 0-0388 | 0-145 |—0-074 | 20-061 0-215 |(—0-111 | 29-804
435 0-0011 |—0-0005 | 0-9994 ] 0-0469 | 0-027 |—0-012 | 24-760 0-039 |—0-018 | 35-310
0-44 |—0-0070 |4-0-0039 | 1-0031 | 0-0583 |—0-201 |40-112 | 28-737 |—0-276 |+4+0-154 | 39-599

0-445 ]—0-0178 | 0-0093 | 1-0085 | 0-0714 |—0-567 0-296 | 32-125 [—0-762 0-398 | 43-161
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TaBLE IV (continued).
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Trichromatic
Coefficients.

A wLia- N.P.L. White Light. Equal-energy Spectrum.

ula. ub,\. uCa- wla. wb,\. wCa. ,,'a,\. gb,\. eCa.
0-45 —0-0315 0-0161 1-0154 0-0879 ]—1-033 0-528 33:-298 1—1-362 0-:696 43-889
0-455 |—0-0487 0-0264 1-0223 } 0-1163 }—1-560 0-846 32-751 1—2-024 1-097 42-479
0-46 —0-0697 0-0405 1:0292 | 0-1575 1—2-076 1-207 30:661 }|—2-656 1-543 39-223
465 |—0-0983 | 0-0632 1-0351.} 0-2288 |—2-521 1:621 26-547 [—3-182 2:046 33-511
47 —0-:1376 | 0-0970 1-:0406 | 0-:3382 |—2-967 2:091 22-435 |—3-703 2-610 28-002
475 |—0-1990 | 0-1520 1-0470 0-5185 |—3-505 2-677 18-440 §—4-335 3-312 22-810
48 —0-2846 0-2367 1-0479 | 0-8048 |—3-992 3-320 14-698 [—4-916 4-089 18-101
485 |—0-4019 | 0-3689 1-0330 1-267 |—4-411 4-049 11-338 |—5-411 4-966 13-907
-49 —0-5527 | 0-5613 | 0-9914 1-959 1—4-792 4-866 8:595 |—bH-869 5-960 10-527
<495 |—0-7480 | 0-8440 | 0-9040 3-:001 |—b-225 5-896 6-315 |—6-406 7:229 T-743
-50 —0-9494 1-1727 0-7767 4-236 |—b-8bbH 7-232 4:-790 {—7-240 8-942 5-923
-505 ]—1-0800 1-4750 06050 5-424 [—6-451 8-810 3-614 }—8-088 11-045 4-531
+51 —1:1203 1-6964 | 0-4239 | 6-347 |—7-018 10-628 2-666 §—8-876 13-441 3-359
-515 |—1-0311 1-7647 0-2664 6:729 |—7-378 12-627 1-906 [—9-292 15-904 2-401
-52 —0-8637 1-7114 | 0-1523 6-657 |—7-471 | 14-804 1-317 }—9-214 18-258 1-625
-525 |—0-6739 1-5849 | 0-0890 6:288 |—T7-124 16-754 0-941 1—8-492 19-972 1-122
-3 —0-4879 1-4406 0-0473 5-839 |—6-248 18-448 0-606 |—T7-203 21-268 0-698
-536 1—0-3165 1-2944 | 0-0221 5-367 {|—4-821 19-715 0-337 1—5-381 22-008 0-376
54 —0-1617 1-1530 } 0-0087 4-900 1—2-907 20-727 0-156 1—3-148 22-446 0-169
-545 |—0-0279 1-0267 0-0012 4-479 {—0-580 21-351 0-025 1—0-612 22525 0-026
-bb +-0-0859 | 0-9166 |—0-0025 4-110 H-2-020 21-551 |(—0-:059 [+2-080 22-195 [—0-061
555 0-1990 | 0-8064 |—0-0054 3-739 5-259 21-312 |—0-143 5-318 21-551 |—0-144
56 0-3032 | 0-7029 |—0-0061 3-389 8:-904 | 20-639 |—0-180 8:904 | 20-639 |—0-180
565 0-3988 | 0-6068 |—0-0056 3-062 12-813 19-496 |—0-180 12-771 19-432 |—0-179
57 0-4864 | 0-5185 [—0-0049 2:762 16-782 17-889 |—0-169 16-767 17-873 |—0-:169
B75 0-5664 | 0-4376 [—0-0040 | 2-487 20565 15-888 |—0-145 20708 15-999 |—0-146
58 0-6376 0-3655 |—0-0031 2:242 24-221 13-882 |—0-117 24-748 14-184 |—0-120
585 0-7003 | 0-3020 |—0-0023 2-026 27-407 11-819 |—0-090 28-507 12-294 |—0-094
59 0-7572 0-2442 |—0-0014 1-829 29-674 9-570 |—0-055 31-344 10-109 |—0-058
595 0-8031 0-1979 |—0-0010 1-672 31-126 7-670 |—0-039 33-258 8:195 |—0-041
60 0-8406 | 0-1600 [—0-0006 1-543 31679 6-030 |—0-023 34-374 6-543 |—0-025
605 0-8738 | 0-1267 |—0-0005 1-430 31-324 4:542 |—0-018 34-574 5:013 |—0-020
61 0-9010-| 0-0995 {—0-0005 1-338 30-310 3-347 |—0-017 33-881 3:-7142 |—0-019
-615 0-9219 | 0-0786 |—0-0005 1-267 28-586 2-437 |—0-016 32-224 2:-747 |—0-017
62 0-9385 | 0-0620 |—0-0005 1-211 26-020 1-719 |—0-014 29-552 1:952 |—0-016
625 0-9526 0-0479 |—0-0005 1-163 23-008 1-157 [(—0-012 26-256 1-320 |—0-014
63 0-9639 | 0-0366 |—0-0005 1-125 19-852 0-754 |—0-010 22-714 0-862 |[—0-012
-635 0-9732 0-0273 |—0-0005 1:093 16-876 0473 |—0-009 19-309 0-542 |—0-010
-64 0:9799 | 0-0206 [—0-0005 1-070 14-047 0-295 |[—0-007 16-024 0-337 |—0-008
-645 0-9853 | 0-0152 [—0-:0005 1-052 11-428 0-176 [—0-005 13-006 0-201 (—0-007
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TasBLE IV (continued).

Ordinates of Spectral Distribution Curves.

JA '\

/ y

A

a
)\
LU

Trichromatic
Coefficients.

wli. N.P.L. White Light. Equal-energy Spectrum.

ulA. uba. uC . wdA. . wDx- wCA- e, ba- eCa.

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

[eNoNoNeNoNo o] [N eNeNoeNoNoNo Ko NoNol OO0 O

) ¢

0-9889 | 0-0111 | 0-0000 | 1-038 8:969 0-101
0-9917 | 0-0083 | 0-0000 } 1-028 6-989 0-059

0 10-200 0-114 0-000
0
0-9937 | 0-0063 | 0-0000 | 1-021 5:215 0-033 0-
0
0

7-949 0-067 0-000
5-934 0-038 - | 0-000
0-9950 | 0-0050 | 0-0000 | 1-017 3-765 0-019 4-292 0-022 0-000
0-9961 | 0-0039 | 0-0000 | 1-013 2-754 0-011 -000 3-147 0-012
0-9971 | 0-0029 | 0-0000 | 1-010 2-005 0-006 0-000 2-297 0-007
0-9976 | 0-0024 | 0-0000 } 1-008 1-470 0-004 0-000 <691 0-004
0-9985 | 0:0015 | 0-0000 | 1-005 1-037 0-002 0-000 196 0-002
0-9993 | 0-0007 | 0-0000 | 1-002 0-706 0-001 0-000 -818 0-001
0-9997 | 0-0003 | 0-0000 | 1-001 0503 0-000 0-000 -584 0-000

« e e

888 8888888888 88888

1-0000 | 0-0000 | 0-0000 J 1-000 0-251 0-000 0-000 -295 0-000
1-0000 | 0-0000 | 0-0000 | 1-000 0-178 0-000 0-000 -210 0-000
1-0000 { 0-0000 | 0-0000 | 1-000 0-121 0-000 0-000 -144 0-000
1-0000 | 0-0000 | 0-0000 | 1-000 0-087 0-000 0-000 -105 0-000
1-0000 | 0-0000 | 0-0000 } 1-000 0-063 0-000 0-000 0-077 0-000
1-0000 | 0-0000 | 0-0000 | 1-000 0-043 0-000 0-000 0-0563 0000
1-0000 | 0-0000 | 0-0000 | 1-000 0-029 0-000 0-000 0-036 0000
1-0000 | 0-0000 | 0-0000 | 1-000 0-020 0-000 0-000 0-025 0-000
1-0000 { 0-0000 | 0-0000 | 1-000 0-013 0-000 0-000 0-017 0-000

1
1
0
0
1-0000 [ 0-0000 | 0-0000 } 1-000 0-351 0-000 0-000 0-410 0-000
0
0
0
0

1-0000 | 0-0000 | 0-0000 | 1-000 0-009 0-000 0-000 0-012 0-000
1-0000 | 0-0000 | 0-0000 } 1-000 0-007 0-000 0-000 0-009 0-000

SSSS S50 S

8

1-0000 | 0-0000 | 0-0000 § 1-000 0-003 0-000 0-000 0:004 0-000

[eNeNoNoNoNo o] [eNelolofoNoRo e e Ne) [eNoloNaNoNe)

1-0000 | 0-0000 | 0-0000 | 1-000 0-002 0-000 0-000 0-003 0-000 -00
1-0000 | 0-0000 | 0-0000 } 1-000 0-001 0-000 0-000 0-001 0-000 - 00!
1-0000 | 0-0000 | 0-0000 } 1-000 0-000 0-000 0-000 0-000 0-000 -00!
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